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In 2008, the time at which this dissertation is written, numerous papers are available on
CNTFETs with sophisticated features, like several gates, high-κ dielectric or advanced electrode
materials. However, nearly all papers only report on individual single devices, i.e. prototypes
with probably very long fabrication time. Perhaps they cannot be fabricated twice. Except for
[106], no publications are available on the large scale fabrication of CNTFETs, even with simple
back gated devices. Hardly any data is available on yield, reproducibility or reliability.

In basic research on nanoelectronic devices for future generations of integrated circuits, two
important aspects must be studied. First, new concepts must be developed. Their feasibility
must be demonstrated, their theoretical and experimental limits investigated. In the research
on nanotube electronics, it has been shown that s-SWNTs can act as the channel in field-effect
transistors. In contrast to graphene FETs, devices with high on/off ratio have been demonstrated
using carbon nanotubes. The second aspect in nanoelectronic research as in engineering science
generally is the demonstration of fabrication feasibility, i.e., the investigation of the possibility of
transferring to large scale fabrication and integration of the devices. The reproducibility and the
reliability must also be investigated, as well as the degradation of the electrical characteristics
within a period of time. To evaluate the possibility of integrating new devices in industrial
processes, a statistical evaluation of relevant parameters must be performed.

The self-aligned fabrication process for Pd contacted and PMMA-passivated CNTFETs reported
in the previous chapter enables the production of almost one thousand devices on a single wafer
in only a few days, using standard CMOS equipment. To perform an evaluation with statistical
relevance of the CNTFETs, more than 20 wafers have been produced. The results of these
experiments and measurements are reported in this chapter (see also list of publications and
conference contributions, 3).

5.1 Statistical evaluation of CNTFET fabrication process.

5.1.1 Definitions and framework of statistical evaluation.

To perform the statistical evaluation of the process for PMMA passivated CNTFETs reported in
the previous chapter, eight wafers out of more than 20 wafers were selected. The eight wafers
belong to two different batches: lot TT, produced in August 2007 and lot FRA, produced in
January 2008.

• On six wafers: one complete chip (102 devices) of the regular chips (see Fig. 4.1a top
right corner and b) is measured. The chip is always chosen at the same location near the
center of the wafer. Approximately 8% of the devices are found to be defective due to
process failure, inducing e.g. dielectric breakdown under one contact, absence of contact
or presence of particles between the layers.

• On two wafers: only two thirds of the devices of the regular chip situated near the center
of the wafer could be measured due to adhesion problems of the Pd contacts. The problems
probably resulted from some resist residuals after development.

The statistics presented below are only based on CNTFETs without process failure because the
goal is to evaluate the yield of in situ growth process and not the quality of standard processing
techniques like optical lithography which are well-known and would quickly be improved with
more advanced equipment in industry.
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The total number of CNTFET devices which are taken for statistical evaluation is 647. The 647
CNTFETs have a nominal channel width (S/D width) ranging from 5 to 50 µm and a nominal
channel length (S/D spacing) between 1.6 and 6 µm. The evaluation of each transistor is based
on the transfer characteristics measured at Vds = -400 mV and a gate voltage ranging from -3
and 3 V. According to their current in the on-state (at negative gate voltages) and off-state (at
positive gate voltages), the devices are classified into four groups: “high on/off ratio”, “small
on/off ratio”, “metallic” and “no link”. Table 5.1 gives the definition of these groups. The

on-current on/off ratio device type

< 1 nA ∼1 no link
≥1 nA ≥103 high on/off ratio
≥1 nA ∈

�

2;103� small on/off ratio
≥1 nA <2 metallic

Table 5.1: Classification of CNTFETs according to their transfer characteristics.

group “no link” corresponds to the devices with on-currents well below 1 nA, typically below
10 pA. These devices are basically defective because no SWNT links source and drain: source
and drain are open. The devices are labeled in this work as “non-working devices”. The three
other groups have been already described in the previous chapter (see subsection 4.3.3). The
groups with high and small on/off ratios correspond both to devices which have clearly different
current levels at positive and negative voltages. In high on/off ratio devices, the link between
source and drain is composed exclusively of s-SWNTs, probably a single s-SWNT (see the end
of subsection 4.3.3). In small on/off ratio devices, either the link between S/D is formed by
a single larger diameter SWNT inducing a smaller band gap or, most likely, the S/D link is a
mixture of one metallic and one semiconducting SWNTs. The fourth class of devices, called
“metallic”, includes devices for which the gate voltage has no or very little influence on the
current, i.e., their current on/off ratio is below 2. However, only devices with high on/off ratio
are good quality devices and suitable for applications in CMOS technology (as a replacement
for MOSFET for example).

To evaluate our in situ fabrication process, three different “indicators” are calculated and
compared:

• the percentage of functional devices (with any sort of SWNT(s) link between S/D) within
all measured devices, it is called here “process yield”. It gives an indication on the accuracy
of the SWNT growth, especially on the SWNT density.

• the part of good quality devices (with high on/off ratio) within all measured devices, which
is essential to evaluate the suitability of the process.

• the distribution of device types (metallic, high or small on/off ratio) within the functional
devices which gives an indication on the selectivity (semiconducting over metallic) of the
in situ growth of SWNTs.
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5.1.2 Process yield, good quality devices percentage and device type distribution.

In the 647 measured devices, only 188 do not show any current between source and drain
leading to a process yield of 71% (see Fig. 5.1). The individual process yield for each of the eight
wafers is given in Table 5.2. The yield is found to fluctuate between 61 and 81% depending
on the wafer. A small fluctuation in the thickness of the catalyst could explain these changes
because catalyst thickness strongly influences SWNT density, and thus the probability of S/D
link.

Total devices: 647

Functional devices =
Process yield

459 (71%)

Non working devices 
(open S/D)
188 (29%)

Figure 5.1: Process yield, all wafers to-
gether.

wafer
name

functional
devices

devices
with open

S/D
% %

TT30 75 25
TT32 71 29
TT33 68 32
FRA2 62 38
FRA3 69 31
FRA4 80 20
FRA5 61 39
FRA9 81 19

Table 5.2: Process yield for each of the
eight wafers.

Accordingly, 459 devices are found to have some kind of functionality, i.e., one or several
SWNTs connecting source and drain. The distribution of the device type within these 459 de-
vices is given in Fig. 5.2. As a result, 58% of the functional devices show high on/off ratio.

Metallic SWNT 
as S/D link

39 (8%)

Small 
on/off ratio
156 (34%)

High on/off ratio
264 (58%)

Total devices: 459

Figure 5.2: Distribution of device type
within functional devices.

wafer
name

high
on/off
ratio

small
on/off
ratio

m-
SWNT
as S/D

link
% % %

TT30 78 22 0
TT32 70 21 7
TT33 60 26 14
FRA2 51 39 10
FRA3 64 36 0
FRA4 36 46 18
FRA5 73 20 7
FRA9 43 48 9

Table 5.3: Distributions of device type, for
each of the eight wafers.

However, the distribution is fluctuating from one wafer to the other. The same explanation as
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for fluctuations in the number of devices with at least one SWNT link is assumed: The aluminum
and nickel thicknesses probably fluctuate causing deviation in the SWNT density.

Lastly, the quantity of good quality devices (fully functional high on/off ratio devices) within
all measurable CNTFETs (i.e., without damaging due to the process) is a very important indi-
cator. Based on the measurement of the 647 devices mentioned previously, 41% of the devices
exhibit high on/off ratios (see Fig. 5.3). Looking at the percentage for each of the eight wafers
separately (Table 5.4), the part of high on/off ratio devices can reach almost 60%. This is a very
satisfactory result for a first approach and considering university laboratory equipment. Numer-
ous improvements, such as an even more precise control of the catalyst thickness or a better
optimization of the gas mixture/growth time, could increase the percentage of high on/off ratio
CNTFETs.

Total devices: 647

Good quality devices
(high on/off ratio)

264 (41%)

Other
383 (59%)

Figure 5.3: Distributions of good quality
devices within all devices.

wafer high
on/off
ratio

other

% %

TT30 59 41
TT32 50 50
TT33 41 59
FRA2 32 68
FRA3 44 56
FRA4 29 71
FRA5 45 55
FRA9 35 65

Table 5.4: Distributions of good quality de-
vices within all devices, for each
of the eight wafers.

The yield of the novel fabrication process reported in this work should be compared to similar
assignments. Unfortunately, comparable statistics made by other research groups could not
be found in literature. Tseng and co-workers who also report on a large scale fabrication of
CNTFETs, do not mention any percentage of working devices [106]. Apparently, their process
leads to the fabrication of devices in which it is very probable that several SWNTs link source
and drain, reducing probably the yield of good quality (high on/off ratio) transistors.

5.1.3 Influence of device geometry on process yield and device type distribution.

In the last subsection, the calculations of process yield, part of good quality devices and distri-
bution of device type were performed on devices including all different nominal channel lengths
and widths. This gives a first impression on the quality of the process reported here. However,
it sounds logical that the yield of the process fluctuates according to the parameters of the
designed device geometries and this also needs to be investigated.

First, Fig. 5.4a shows the influence of the nominal channel width on the percentage of non-
working devices. As expected, the part of devices without any SWNT as channel reduces drasti-
cally with increasing S/D width. This is easily explainable: The wider the electrodes, the higher
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Figure 5.4: Dependency of non-working device percentage with nominal device channel width (Fig. 5.4a).
Dependency of device type distribution with nominal device channel width (Fig. 5.4b, Fig. 5.4c
and Fig. 5.4d). S/D spacing: 2 to 3 µm, considered here as equivalent. Total devices: 231,
working devices: 185.

the probability that at least one SWNT forms a link. Furthermore, Fig. 5.4b to c shows the distri-
bution of devices within the working ones. The part of small on/off ratio devices also increases
with increased S/D width for the same reason. Indeed, it is more probable that several SWNTs
are contacted when the S/D electrodes are wider. However, the percentage of devices with
high on/off ratio remains constantly high and the percentage of devices with metallic behavior
remains constantly low, again confirming the robustness of the in situ process.

A summary of the influence of the nominal channel length (S/D spacing) on device func-
tionality is given in Fig. 5.5. Similarly to the S/D width influence, the S/D spacing affects the
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Figure 5.5: Evolution of the process yield (Fig. 5.5a) and the devices distribution (Fig. 5.5b, Fig. 5.5c and
Fig. 5.5d) with increasing S/D spacing (nominal channel length). S/D width: 10,15 and 20 µm,
considered here as equivalent. Total devices: 105, working devices: 69.

probability that one or several SWNTs link the adjacent electrodes. The closer the S/D spac-
ing, the more likely that even short SWNTs can form the channel. This explains why the part
of non-working devices is found to increase with increased space between the electrodes (see
Fig. 5.5a). In the same way, the contribution of small on/off ratio devices decreases with in-
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creased S/D spacing, although this tendency is not as clear as for increased S/D width (see
Fig. 5.5b). Again, devices with metallic behavior are very rare and high on/off ratio devices
form the majority, whatever the geometry. Again, this is a very satisfactory result in view of the
suitability of the developed fabrication process.

5.1.4 Attempts to improve yield by piranha cleaning

There are several possibilities to explain the observation that devices are not working (i.e.,
without S/D link). Either the density of the tubes is too low and not well adapted to S/D
geometry or too many SNWTs are defective. Defects could e.g. originate from contaminations
during the fabrication process [107]. Shimauchi et al. [99] cleaned the CNTs after growth using
piranha cleaning. This solution is composed of four parts of H2SO4 and one part of H2O2 and
is supposed to remove any organic substances by oxidation. Shimauchi et al. demonstrate that
this cleaning reduces the hysteresis and reinforces the effectiveness of the PMMA passivation
[99].

To try to improve the yield of the fabrication process and/or to reduce the hysteresis, four
wafers were immersed in a piranha solution after CVD (i.e., before lithography) but in all other
aspects processed in the same way as reported in subsection 4.4.2. However, no differences in
the transfer characteristics of the high on/off ratio CNTFETs could be observed. The hysteresis
remains fluctuating between 0.9 and 1.8 V, based on the evaluation of 16 devices using the
transfer characteristics. There is no significant change with respect to the hysteresis in the
CNTFETs without piranha cleaning in which the hysteresis fluctuates between 0.8 and 2.2 V.
Fig. 5.6 shows two examples of sweeps which are as satisfactory as the ones in Fig. 4.27 except
that the on-current is slightly reduced (380 nA instead of ∼1 µA). Fig. 5.6a shows a device with
high on/off ratio and high hysteresis, whereas the device in Fig. 5.6a shows on the contrary
reduced hysteresis together with reduced on/off ratio. This tendency is also observed on the
devices which are not cleaned with the piranha cleaning (see later subsection 5.3.2).
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)

Vgs (V)

Ion/Ioff = 

2.7×106

Ioff = 0.14 pA

Hyst.: 1.53 V

(a) Device with high on/off ratio and large hystere-
sis.
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2.4×104

Ioff = 0.14 pA

(b) Device with smaller on/off ratio and reduced
hysteresis.

Figure 5.6: Two examples of transfer characteristics measured on devices with semiconducting SWNT as
channel. The SWNTs have been cleaned in a piranha solution after growth.
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Additionally to the fact that the cleaning does not improve the characteristics of the transis-
tors, it also decreases the process yield drastically, as shown in Fig. 5.7a. Only a few percent
of the whole transistors have a SWNT connection between source and drain. The devices dis-
tribution within the working ones (see Fig. 5.7b) shows some improvements compared to the
distribution of the working devices fabricated without having cleaned the SWNTs in a piranha
solution (see Fig. 5.2). The percentage of the devices with high on/off ratio is increased, which
is an advantage for the process. However, the absolute number is reduced (see Fig. 5.7c and
Fig. 5.3). It must be concluded that the piranha cleaning neither improves the yield of the
process nor reduces the hysteresis width. These results are not in accordance with the ones
of Shimauchi et al. [99]. Probably we have a cleaner process than Shimauchi et al., this is
why the supplementary cleaning is not necessary and does not improve the yield. Since the pi-
ranha cleaning does not show any advantages in the present work, it will not be used in future
investigations.

Non working devices
(no current between S/D)

259 (74%)

Working devices
91 (26%)

Total devices: 350
(a) Yield of the CNTFETs fabri-

cation process with piranha
cleaning.

Metallic SWNT 
as S/D link

5 (5%)

Small 
on/off ratio

17 (19%)

High on/off ratio
69 (76%)

Total devices: 91
(b) Devices distribution within the

working devices.

Good quality devices
(high on/off ratio)

69 (20%)

Other
281 (80%)

Total devices: 350
(c) Part of good quality (i.e., high

on/off ratio) devices within all
measured devices.

Figure 5.7: Statistics on CNTFETs fabrication process with piranha cleaning. All S/D spacings and widths
together.

5.2 Discussion on devices with small on/off ratios or metallic SWNT S/D links

As already explained, the devices which have an on/off ratio between 1 (i.e., continuous
current independent of gate voltage) and 2 (i.e., the current for positive gate voltages is the half
of the current for negative voltages) are considered as devices which have a metallic SWNT as
electrical link between source and drain electrodes. 21 of such devices have been analyzed in
detail. The results are given in Fig. 5.8. The majority of the devices have a fairly high current
between 500 nA and 4 µA, as shown in Fig. 5.8a. Devices with “perfect” metallic behavior, i.e.,
in which the current is perfectly constant, are found to be very rare. Most devices have an on/off
ratio between 1.5 and 2. This corresponds to the fact that only armchair SWNTs are real metals,
zigzag and chiral nanotubes for which n-m is a multiple of three are only quasi metallic because
they have a narrow band gap induced by their curvature. The curvature of armchair nanotubes
does not have any influence on their band gap due to their symmetry but these nanotubes by
which n=m are statistically less frequent than the ones with n-m = 3 k. The rareness of real
metallic SWNTs has also been reported by other researchers [108, 109, 110].
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Figure 5.8: Statistics on devices with metallic SWNT as source/drain link.

As already mentioned, the group of devices called small on/off ratio devices exhibit an in-
termediate on/off ratio between 2 and 103. 26 sweeps of such devices have been evaluated.
The distribution for the on-current, given in Fig. 5.9a is found to be similar to the one of the
“metallic” group. Most devices have an on-current below 3 µA. Interestingly, a large majority
of the devices exhibit an on/off ratio below 12 (see Fig. 5.9b), whereas less than 30% of the
devices have a ratio between 12 and 42 and only a few devices between 100 and 300. The first
category corresponds most likely to devices with a mixture of a thin s-SWNT and a m-SWNT as
channel. For higher ratios devices, the assumption that a single thicker s-SWNT serves as S/D
link is more probable.
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Figure 5.9: Statistics on devices with small on/off ratio.

To prove that m-SWNTs and s-SWNTs in parallel possibly form the channel of devices with
reduced on/off ratios, three devices, called device 1 to device 3, have been selected from the
measured CNTFET database. Due to the large number of evaluated transfer characteristics, it is
possible to select appropriate devices:

• device #1 with a high on/off ratio (see Fig. 5.10a)

• device #2 with a gate independent current (metallic, see Fig. 5.10a)

• device #3 with a small on/off ratio but same Ion as device #1 and same Io f f as device #2
(i.e., Ion,device#1 = Ion,device#3 and Io f f ,device2 = Io f f ,device3, see Fig. 5.10b)

The result, presented in Fig. 5.10, is very convincing because adding the sweeps of device #1
and #2 point by point exactly resembles the sweep of device #3 (see Fig. 5.10b). This supports
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our assumption that devices with reduced on/off ratios (below 12) are most likely formed by
multiple SWNTs in parallel. A better control of the density of in situ grown nanotubes should
lead to the reduction or even elimination of such devices and increase the percentage of high
quality CNTFETs. Also, the use of a short burn impulse of current to eliminate metallic SWNTs,
as mentioned in section 4.2, could be used to turn devices with small on/off ratios into devices
with high (or at least higher) on/off ratios.
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(a) Transfer characteristics of device 1 (high on/off
ratio) and device 2 (metallic behavior). Both de-
vices have the same Ion.
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(b) Transfer characteristics of device 3 (small on/off
ratio, same Io f f as device 2) compared to the
addition of the currents of the devices 1 and 2.
The characteristics are almost identical.

Figure 5.10: Experiment to demonstrate the possibility that devices with small on/off ratio have two parallel
SWNTs as channel: one metallic and one semiconducting.

5.3 Analysis of CNTFET electrical parameters based on a large number of devices.

In this section, 90 transfer characteristics have been chosen randomly within all high on/off
ratio CNTFETs which have been completely evaluated, i.e., the following quantities have been
determined from I-V sweeps: the current in the on-state (Ion, at negative Vgs), the current in
the off-state (Io f f , at positive Vgs), the threshold voltages of forward and backward sweeps
(Vth, f and Vth,b) and the subthreshold slopes. Moreover, the ratio of both currents (Ion/Io f f )
and the hysteresis (i.e., difference of both threshold voltages = Vth,b-Vth, f ) have been calculated
from the measured elements. Mean values and distributions are also computed and plotted for
each quantity. From these electrical parameters, one can judge the quality of the devices. At
the end of the section, the results are compared to the requirements given by the International
Technology Roadmap for Semiconductors (ITRS) of 2007 (the newest ITRS at the time of writing
of this PhD) as well as to published data of comparable devices from well recognized groups
working on CNTFETs.

5.3.1 Preliminary remarks on nominal/effective channel lengths and widths

In view of conventional MOSFETs, effective channel widths and lengths are very important
parameters since they are used e.g. to compute device normalized currents. For MOSFETs,
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the effective channel length is the distance between the S/D junctions, i.e., between the doped
regions within the silicon substrate. The effective channel length can be computed from the
gate length (geometrical data known from the lithography step) since the doping process is self
adjusted: the gate serves as implantation mask. The MOSFET effective channel width is equal
to the lateral dimension of the gate electrode (in polysilicon or metal) structured on top of the
oxide. For the CNTFETs fabricated in this work, effective channel lengths and widths are not
related to the geometrical data determined by the lithography step. Fig. 5.11 right illustrates
the four different quantities. Nominal channel length and width are the geometrical dimensions
of the palladium source and drain electrodes whereas the effective channel length and width
are determined by the SWNT which links S/D.
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Figure 5.11: Schematic of CNTFET indicating nominal channel length and width, as well as effective chan-
nel width and shorter and longer possible effective channel lengths.

CNTFET effective channel width

The electrically relevant channel width is the diameter of the SWNT or in the case of multiple
SWNTs in parallel the sum of the individual diameters. The 90 devices which have been selected
to perform a statistical evaluation of the CNTFET electrical parameters exhibit high on/off ra-
tios combined with farily steep subthreshold slopes. Hence, we assume that the channel is most
likely formed by a single s-SWNT, leading to a channel width around 1 nm, the average diameter
of the SWNTs grown in these experiments.

CNTFET effective channel length

The question of the effective channel length is more difficult to answer. It is determined by the
orientation of the SWNT. If the SWNT has grown perpendicularly to the electrodes, the channel
length is minimal and equal to the nominal channel length (S/D spacing). However, because of
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their random orientation during growth, the SWNTs can also have grown in a slanting direction
not perpendicular to the S/D electrodes (i.e., non-directed growth). This situation is illustrated
in Fig. 5.11 right. For given nominal channel length and width, a maximal effective channel
length can be computed (see Fig. 5.11 bottom left). Table 5.5 shows examples of minimal and
maximal effective channel lengths for different given geometrical S/D dimensions. The values

Wnom (µm) Lnom (µm) Le f f , min (µm) Le f f , max (µm)

5 2 / 3 / 4 / 5 / 6 2 / 3 / 4 / 5 / 6 5.4 / 5.8 / 6.4 / 7.1 / 7.8
10 2 / 3 / 4 / 5 / 6 2 / 3 / 4 / 5 / 6 10.2 / 10.4 / 10.8 / 11.2 / 11.7
15 2 / 3 / 4 / 5 / 6 2 / 3 / 4 / 5 / 6 15.1 / 15.3 / 15.5 / 15.8 / 16.2

Table 5.5: Effective channel lengths according to nominal device length and width.

are distributed over a wide range and partly overlap: when comparing two devices, a smaller
nominal channel length does not imply a smaller effective channel length and vice versa.

Accordingly, the effective channel length of the devices is unknown. However, only this effec-
tive channel length is electrically relevant and can be used to judge on device performance, e.g.
to verify if, similarly to MOSFET, Ion is inversely proportional to the channel length. Statistics on
the influence of the channel length on electrical parameters using the nominal channel length
would be irrelevant and were not performed in this work.

Clearly, aligned in situ growth of SWNTs would be a major advantage. Some published results
of other groups indicate that aligned growth seems possible when using sapphire substrates in-
stead of SiO2 substrates [111, 112]. During this PhD, some preliminary experiments on sapphire
substrates were performed, using directly the parameters optimized for SWNT growth on SiO2.
The results are not yet satisfactory, further investigations are required.

5.3.2 Statistics and discussion on electrical parameters

In this subsection, the statistical evaluation of the electrical parameters of the selected 90
devices fabricated with our novel CNTFET fabrication process is given to test process suitability
and reproducibility. All nominal channel lengths and widths, i.e., S/D electrodes dimensions,
are evaluated together for two reasons: firstly, most devices show very similar transfer charac-
teristics for any S/D width or spacing. The on- and off-currents, the slope and hysteresis are
not completely random. Secondly, the effective channel width is situated around 1 nm for all
devices, since it is assumed that a single SWNT with a diameter around 1 nm links S/D. Only a
variation in effective channel length, which has been previously analyzed (see subsection 5.3.1),
is implied by the variations in S/D dimensions. The following discussion on electrical parame-
ters will take this variation into account.

Within the 90 devices selected for statistical evaluation, 29 devices have been fabricated with
an oxide thickness of ∼30 nm, 44 devices with ∼40 nm, 14 devices with ∼90 nm and three
devices with a ∼250 nm thick SiO2 layer. The SiO2 thicknesses have been verified by ellipsome-
ter measurements. According to their oxide thickness, the devices show quite different transfer
characteristics. Accordingly, three different statistical evaluations are performed for each eval-
uated electrical parameter, one for 30 nm, one for 40 nm and one for 90 nm SiO2 thickness.
The three devices with a 250 nm thick SiO2 layer are statistically rather insignificant and thus
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only used for hysteresis evaluation (see Fig. 5.21). Note that the thickness of the metal catalyst
layer lying on the SiO2 layer, which has been used to catalyze SWNT growth, is identical for all
samples (0.9 nm of Ni on 5 nm of Al). The resulting sacrificial catalyst layer (AlxOy , Ni clusters)
is thus presumed to have the same thickness for all devices.

On-current

Fig. 5.12 shows the three distributions of the on-current for devices with 30, 40 and 90 nm
thick SiO2. The distributions look similar. The mean values are found to vary between 1 and
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Figure 5.12: Distribution and average value of the on-current at Vds = -400 mV for different silicon dioxide
thicknesses. The x axis has a logarithmic scale.

2 µA, depending on SiO2 thickness. However, no clear relationship between oxide thickness and
on-current can be observed, the variations in the mean on-current are attributed to statistical
fluctuations. From the on-current, the corresponding on-resistance can be calculated. As a
result, the s-SWNT on-resistance is found to be much higher than the theoretical value. 2 µA at
-400 mV for one SWNT leads to 200 kΩ whereas the theoretical limit for SWNTs is 6.5 kΩ. This
high value is most likely due to an imperfect contact between SWNT and palladium, as already
mentioned.

The variations of the on-current for devices with same oxide thickness may be caused by fluc-
tuations in the effective channel length, since it is known from the conventional MOSFET that
the on-current depends on the channel length. Since the electrically relevant channel length
and width have been shown to fluctuate even for devices with the same nominal geometry, it
should be determined whether the fluctuations of the on-current can be entirely attributed to
different channel dimensions or if other facts may also influence the on-current. For this in-
vestigation, 37 devices are selected with the same oxide thickness (approx. 40 nm) and nearly
the same nominal channel length (2 to 4 µm). The dispersion of the on-current is represented
in Fig. 5.13, according to the nominal channel width. Each dot represents a device. For each
different nominal S/D width, the corresponding effective channel length range can be calcu-
lated (see Table 5.5). The ranges are indicated in Fig. 5.13. If an analogy with MOSFET is
done, the on-current should be inversely proportional to the channel length for a given channel
width (here assumed to be equal to 1 nm). In Fig. 5.13, the red bars represent the Ion ranges
which correspond to the effective channel length ranges when assuming that for each nominal
S/D width, the device with the highest Ion has the shortest possible effective channel length. As
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Figure 5.13: Influence of S/D electrodes width on on-current. Total devices: 37. SiO2 thickness: 37-40 nm.
S/D spacing: 2 to 4 µm, considered here as equivalent.

a result, the variation of the on-current for devices with an S/D width of 10 µm corresponds
approximately to the possible variation of their channel length: the on-current which ranges
from 0.2 to 2 µA corresponds to a channel length of 2 to 20 µm, almost the maximum channel
length possible (15.5 µm). For devices with S/D widths of 25 or 50 µm, the variation of Ion is
much smaller than expected for the effective channel length variation. In contrast, for devices
with S/D widths of 5 and 15 µm, the dispersion of the on-current is much wider and cannot be
explained only by a difference in the channel length. A locally degraded quality of the SWNT/Pd
contacts, due to process variations or external contamination, may explain a drastic reduction
in the on-current in some devices.

Off-current

The magnitude of the off-state leakage current is an important feature in view of power con-
sumption in an integrated circuit. Fig. 5.14 shows the distributions for the off-current of the
fabricated CNTFETs. The median value (i.e., center of the distribution in the sense that half the
devices have a smaller off-current) is indicated on the off-current distributions, instead of the
mean value, because the small number of devices with high off-currents would have a mislead-
ingly major contribution in the simple arithmetic mean value. Io f f is found to be distributed
between 51 fA (smallest value, see Fig. 4.27d) and 100 pA for more than 85% of the devices.
The few devices with increased off-currents may contain a larger SWNT as the channel (dia-
meter> 1.5 nm). More than half of the devices have an off-current below 1 pA with a good
portion even below 100 fA. Such remarkably reduced off-currents make the devices compatible
with ultra low power applications.
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Figure 5.14: Distribution and average value of off-current for different silicon dioxide thicknesses. The x
axis has a logarithmic scale.

On/off ratio

Fig. 5.15 shows the distribution of the on/off ratio for devices with different oxide thicknesses.
Low off-currents combined with high on-currents leads to excellent on/off ratios: A large major-
ity of the devices have an on/off ratio in the 106 range. This proves that the in situ CVD method

2 4 6 80
10
20
30
40
50
60
70

To
ta

l d
ev

ice
s: 

29

101010

Fr
eq

ue
nc

y 
(%

)

 Ion / Ioff ratio
10

Mean: 3.6 106

(a) SiO2 thickness: 30 nm.

2 4 6 8
0

10
20
30
40
50
60
70

10

To
ta

l d
ev

ice
s: 

44

101010

Fr
eq

ue
nc

y 
(%

)

 Ion / Ioff ratio

Mean: 2.1 106

(b) SiO2 thickness: 40 nm.

10 10 10 10
0

10
20
30
40
50
60
70

2 4 6 80
10
20
30
40
50
60
70

Mean: 6.7 106

 Ion / Ioff ratio

Fr
eq

ue
nc

y 
(%

)

To
ta

l d
ev

ice
s: 

14

(c) SiO2 thickness: 90 nm.

Figure 5.15: Distribution and average value of the on/off ratio for different SiO2 thicknesses. The x axis has
a logarithmic scale.

for SWNT growth is suitable for the fabrication of high on/off ratio devices. High on/off ra-
tios are obtained only when the band gap of the SWNTs is sufficiently high, i.e., when their
diameter is small enough. This disproves the argument that “CVD leads to large CNT diameter
and thus small on/off ratio devices”. This argument is often written in publications promoting
other growth methods, as in [100]. Furthermore, in [100], the method of the direct assembly
of ex situ grown SWNTs on predefined areas on the wafer leads to devices with a much lower
on/off ratio than thosefor each evaluated electrical parameter grown within this PhD, i.e., only
∼ 5.105.

122 5.3 Analysis of CNTFET electrical parameters based on a large number of devices.



Subthreshold slopes

Fig. 5.16 shows the distributions and mean values of the subthreshold slope in devices with
30, 40 and 90 nm SiO2. As already mentioned, both forward and backward subthreshold slopes
are identical for most devices. In the few cases in which the sweeps are slightly different, a mean
value of both slopes is used for statistical evaluation. Contrary to the on- and off-currents, a clear
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Figure 5.16: Distribution and average value of the slope for different SiO2 thicknesses.

relationship between slope and SiO2 thickness can be observed. The slope is situated between
122 mV/dec (steepest slope of all devices, see Fig. 4.27b) and 300 mV/dec for the majority of
devices with 30 or 40 nm SiO2 whereas the slope shows values degraded to 400 mV/dec for
devices with a 90 nm thick SiO2. The influence of the oxide thickness on the slope is also known
from the MOSFET technology: the thinner the oxide, the better the switching properties of the
device. In Fig. 5.17, the mean slope is plotted versus the SiO2 thickness. When fitting the curve
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Figure 5.17: Mean slope versus SiO2 thickness, from Fig. 5.16.

linearly, a possible value for ultra down-scaled devices is obtained. As a result, the minimum
slope which could be obtained is approximately 170 mV/dec, which is a fairly disappointing
result since the theoretical limit of MOSFETs at 300 K is 60 mV/dec. The results concerning
the slope are insufficient to prove that CNTFETs are a possible replacement for conventional
MOSFETs. Further investigations should be performed to understand the origin of the degraded
slope and to optimize it.

Threshold voltages and hysteresis

In this work, the threshold voltage has been defined by geometrical extrapolation, directly
from the transfer characteristics (see subsection 4.3.3). Typically, the threshold voltage of CNT-
FETs in literature is found to be sometimes negative, sometimes positive, depending on the gate

Chapter 5. Analysis of large-scale production of CNTFETs and applications for future industrial use 123



voltage cycling range or on the measurement direction (increasing or decreasing gate voltage).
The achievement of a stable and reproducible threshold voltage is definitely a challenge for CNT-
FET researchers intending to prove that CNTFETs can replace MOSFETs in the future. Fig. 5.18
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Figure 5.18: Distribution and mean value of threshold voltages for different SiO2 thicknesses.

shows the distribution of the threshold voltages of both forward and backward sweeps. The
mean value of the forward sweep threshold voltage is 2, 240 and 190 mV for devices with 30,
40 and 90 nm SiO2 thickness respectively and for a cycling range of -3 to 3 V. For the backward
sweep, the values are 1.51, 1.57 and 1.59 V. The threshold voltages seem to be independent
of the SiO2 thickness. However, the distributions are quite wide. From the difference between
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Figure 5.19: Distribution and average value of the hysteresis for different SiO2 thicknesses.

forward and backward threshold voltages, the hysteresis is obtained. The hysteresis is found to
be around 1.4 V for all SiO2 thicknesses, with Gaussian distributions around the mean values, as
seen in Fig. 5.19. By measuring hundreds of devices, one important feature could be recorded:
devices with fairly reduced on/off ratios combined with high on-currents (above 500 nA) often
exhibit reduced hysteresis. This correlation is obvious when plotting hysteresis versus on/off
ratio for the 66 devices with Ion greater than 500 nA (device SiO2 thickness: 30, 40 or 90 nm).
The very interesting result of this study is given in Fig. 5.20: there is effectively an apparent
relation between on/off ratio of high on-current devices and the magnitude of hysteresis. 83%
of the devices are found to be between two lines (log(on/off ratio) = 5.7 hysteresis - 0.7 and
log(on/off ratio) = 5.7 hysteresis - 3.7). Since a reduced on/off ratio for devices with similar
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Figure 5.20: On/off ratio versus hysteresis for devices with Ion >5 107.

high on-current is most likely due to a decreased band-gap (increased SWNT diameter), it can
be concluded that the hysteresis is dependent of the SWNT band-gap, i.e., of the diameter of
the tube. This means that for CNTFET applications taking advantage of hysteresis effects (see
section 5.4), very thin SWNTs should be preferred. On the contrary, when the hysteresis is un-
desirable, e.g. in logic circuits, the diameter of SWNTs need to be increased, but at the cost of
the on/off ratio. The SWNT diameter/hysteresis width dependency can be explained by the fact
that for a given Vg , smaller diameter SWNTs lie under a higher electric field than thicker SWNTs,
since the electric field at the interface oxide/SWNT is inversely proportional to the diameter of
the tube (for small diameters) [104]. The higher electric field in smaller diameter SWNTs in-
creases the number of electron trapping/detrapping into the gate oxide (see subsection 4.3.4),
and thus the hysteresis effect.

A final question should be answered concerning hysteresis. It should be clarified, whether the
magnitude of the hysteresis is influenced by the SiO2 thickness in CNTFETs or not. According
to Fig. 5.19, no clear dependency can be observed and the mean hysteresis is around 1.4 V.
A further analysis is performed by plotting the average hysteresis of seven groups of devices
versus their SiO2 thickness. The oxide thicknesses 30 and 32 nm are separated into two groups
(for all other parameters, they were considered as equivalent). The same is done with the
thicknesses 37, 38 and 40 nm. The 14 devices with a thickness around 90 nm form another
group. Lastly, three devices with a very thick SiO2 layer (250 nm) are also taken into account
as the seventh group. The result is given in Fig. 5.21. Except for 250 nm, each main hysteresis
is calculated as an average value of around 15 devices. The bars represent the corresponding
standard deviation. Both main hysteresis and standard deviation are found to be independent
of the oxide thickness. They are all almost equal to the mean value for all devices together,
i.e., 1.39 V. However, hysteresis has been shown to be caused by charge trapping/detrapping
from the gate oxide (see subsection 4.3.4). If the traps are located into the SiO2 layer, the
hysteresis will increase with increasing SiO2 thickness. Since this is not the case, we believe that
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the principal source of electron traps causing the hysteresis is not the SiO2 but the sacrificial
catalyst, i.e., the aluminum oxide. Indeed, it has been demonstrated that ultra thin layers
of Al2O3 (8 nm) contain electron traps [113]. The catalyst used for all tests is composed of
0.9 nm Ni on 5 nm Al before SWNT growth. This most likely results to a constant AlxOy layer
thickness, which in turn is assumed to deliver a constant amount of electron traps. Accordingly,
scaling down the SiO2 layer to a few nm, but keeping the catalyst constant, would not affect
the hysteresis magnitude. This is clearly a disadvantage if CNTFETs are supposed to replace
MOSFETs in logic circuits, as the hysteresis is in this case a parasitic phenomenon. However, for
applications in which the hysteresis is desirable, it becomes a great advantage. This is the case
when CNTFETs are used e.g. as memory cells (see section 5.4).
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Figure 5.21: Hysteresis versus SiO2 thickness for devices with on/off ratio > 103. All S/D dimensions to-
gether. Total devices: 90.

5.3.3 Performance evaluation - ITRS benchmark

To evaluate the suitability of the CNT devices fabricated within this PhD, the average elec-
trical parameters reported in the previous subsection are compared to the parameters given by
the International Technology Roadmap for Semiconductors (ITRS). The ITRS is the reference in
semiconductor technology. Semiconductor industries around the world have agreed jointly on
the future requirements of devices and circuits for the next 15 years. An extract of the ITRS
2007 is reproduced in Table 5.6. The indicated geometrical and electrical requirements are the
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Year of Production 2016 2017 2018 2019 2020 2021 2022

Physical Gate Length (nm) 9 8 7 6.3 5.6 5 4.5

EOT (�A) 5.5 5.5 5.5 5 5 5 5

Vdd (V) 0.8 0.7 0.7 0.7 0.65 0.65 0.65

Vt,sat (mV) 110 109 114 119 123 115 118

Id,sat (µA/µm) 2627 2533 2804 2768 2677 2799 2786

Isd,leak (µA/µm) 0.44 0.48 0.45 0.47 0.43 0.62 0.6

on/off ratio x103 6.0 5.3 6.2 5.9 6.2 4.5 4.6

Table 5.6: Extract of Table PIDS2b: “High-performance Logic Technology Requirements — Long-term
Years”, in “Process Integration, Devices, and Structures”, ITRS 2007 [114].

ones for MOSFETs in Microprocessor Units (MPU) and Application-Specific Integrated Circuits
(ASIC) in the next 8 to 15 years.

Physical gate length

For the CNTFETs in this work, the physical gate length corresponds to the effective channel
length. The devices produced in this PhD work have been realized with conventional optical
lithography, and their gate lengths above 2 µm are of course not comparable with the require-
ments of the ITRS (i.e., below 10 nm). The reduction of the oxide thickness should be the
subject of future works.

Equivalent oxide thickness

The Equivalent Oxide Thickness (EOT) is a parameter which is used when the gate dielectric
of the device is not SiO2 but a material with another dielectric constant (κ). It is calculated as
the equivalent SiO2 thickness which is needed to obtain the same gate capacitance as the one
obtained with the other dielectric. The materials implied in the ITRS table are high-κ dielectrics,
so that the required EOT of 0.5 nm turns into a higher physical thickness for these dielectrics,
e.g. 1.15 nm for Al2O3. In this work, the dielectric is a dual layer composed of a layer of
SiO2 covered by a layer of sacrificial catalyst. Currently, the catalyst layer is investigated by
reference-free total reflection X-ray fluorescence analysis with synchrotron radiation in cooper-
ation with the “Physikalisch-Technische Bundesanstalt” in Berlin [115], to determine the exact
composition of the Al/Ni based insulator, and thus its dielectric constant κcat . When assuming
that the Al layer converts entirely into Al2O3 whereas the Ni layer turns into a discontinuous
layer of Ni clusters, the gate oxide after growth is composed of a double layer of Al2O3 on SiO2.
According to [116], the Al2O3 thickness resulting from the oxidation of Al can be assumed to
be approximately 1.4 times the original thickness of the Al layer. For a 5 nm thick Al layer, the
resulting Al2O3 is thus 7 nm thick. In equation (5.2), the required SiO2 underlayer thickness
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following the ITRS requirement (i.e., EOT = 0.5 nm) is calculated, based on the calculation of
the equivalent capacitances in equation (5.1).

1

Cequ
=

1

CSiO2

+
1

CAl2O3

⇔
EOT

ε0 κSiO2

=
TSiO2

ε0 κSiO2

+
TAl2O3

ε0 κAl2O3

(5.1)

⇒ TSiO2
= EOT −κSiO2

TAl2O3

κAl2O3

= 5− 3.9
7

9
< 0 nm !!! (5.2)

Accordingly, the combination of 0.9 nm Ni on 5 nm Al as catalyst before growth cannot be used
to obtain an EOT of 0.5 nm, as required by the ITRS. With the same calculations, it can be found
that a minimum EOT of 4 nm can be reached with this catalyst combination when using a SiO2

underlayer of 1 nm. In the same way, the EOT of the devices fabricated within this PhD can be
obtained: underlayers of 30/40/90 nm SiO2 correspond to EOT of 33/43/93 nm.

Power supply voltage

Vdd is the power supply voltage, which corresponds to Vds for our CNTFETs. The ITRS require-
ments are between 650 and 800 mV, which is entirely compatible with the devices reported here
since the CNTFETs are already fully functional at a drain voltage of only 400 mV.

Saturation threshold voltage

Vt,sat is the saturation threshold voltage, corresponding to Vth, f and Vth,b. The threshold volt-
age which defines the beginning of the conductive state of the device, should be around 115 mV
in the next 8 to 15 years according to the ITRS. The mean values of the forward threshold
voltage for devices with 30, 40 and 90 nm SiO2 are 20, 240 and 190 mV which corresponds ap-
proximately to the ITRS requirements. However, the ITRS gives requirements for n-MOSFETs,
and implies that forward and backward threshold voltages are similar, i.e., that no hysteresis
effect occurs. As shown in chapter 4, the hysteresis effect cannot be avoided in our CNTFETs,
which is a major counter-argument for a direct use of CNTFETs as MOSFET replacement in logic
circuits.

Drive current

Id,sat is the drive current (given here for a n-type MOSFET). It corresponds to Ion. In order to
compare CNTFETs with MOSFETs, an on-current in µA/µm needs to be used, i.e., normalized
to channel width. As already mentioned, the CNTFETs fabricated in this work have a channel
width of around 1 nm (a single SWNT), i.e, the current should be multiplied by 1000 to obtain
the current normalized to channel width. Moreover, looking at the CNTFET output character-
istics (see Fig. 4.17 for an example), the drain-source current is not found to saturate and is
linear to 1 V. This means that the on-currents measured at -400 mV should be doubled for com-
parison with the ITRS requirements, as the power supply, Vdd , is around 0.8 V. According to
Fig. 5.12, Ion,mean is situated around 1 to 2 µm, leading to a majority of devices with 2000 to
4000 µA/µm @ -800 mV. Since the ITRS mentions currents around 2600 µA/µm for the next 8
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to 15 years, the big majority of the CNTFETs show sufficiently high or even higher on-currents
than required.

Off-state leakage current

Isd,leak is the off-state leakage current corresponding to Io f f , which is found to be smaller than
1 pA for approximately half of the devices (see Fig. 5.14). The off-current should be normalized.
1 pA for a 1 nm thick SWNT converts to 10−3 µA/µm, which is a good result, in accordance with
the ITRS (∼ 5 10−2 µA/µm). However, the CNTFETs are measured at a drain-source voltage of
only 400 mV. It should be investigated in a future work, whether the off-current increases with
increasing Vds to 800 mV. Moreover, Isd,leak is indicated for an EOT of approximately 0.5 nm,
while the CNTFETs of this work have EOT between 33 and 93 nm. From the MOSFET tech-
nology, the leakage currents in the off-state are known to increase drastically when decreasing
SiO2 thickness, this is one of the reasons for the use of high-κ dielectrics. However, comparing
the distributions for the three different oxide thicknesses in Fig. 5.14, no real difference can
be seen. Io f f is not found to be increased for decreased SiO2 thickness. This should be further
investigated for ultra down scaled SiO2 layer. A reduction of the off-currents when replacing
MOSFET with CNTFETs would be very promising.

On/off ratio

The on/off ratio is not indicated in the original table of the ITRS. It has been appended into
Table 5.6 as the result of Id,sat/Isd,leak. The requirements of the ITRS are situated around 5.103,
whereas more than half of the CNTFETs show an on/off ratio above 106, clearly exceeding the
requirements of the ITRS.

5.3.4 Performance evaluation - Comparison with other CNTFETs

The second performance evaluation for our novel CNTFET fabrication process is a comparison
between the transfer characteristics measured on our devices and the sweeps obtained by other
groups fabricating CNTFETs. Within the numerous published papers on CNTFET fabrication
and evaluation, four papers have been selected for comparison based on the following criteria:
only CNTFETs with a single gate have been chosen. CNTFETs with complicated layer arrange-
ment like double gate or floating gate are not comparable. Also, only Pd contacted CNTFETs
have been chosen. There is no report on a more suitable metal than Pd for contacting p-type
CNTFETs. Lastly, only papers which are well-recognized by the scientific community and which
are often cited have been taken into account. The first selected paper, published by Javey et al.
from Stanford University in Nature in 2003, is the first report on Pd contacted CNTFETs [30].
Furthermore, two papers, one from Infineon and one from IBM, have been selected, which re-
port on CNTFETs with back gate structure and Pd electrodes [117, 118]. Lastly, the paper of
Tseng et al. from the University of California at Berkeley has been selected because this is one
of the very rare groups which also reports on the evaluation of several hundreds of CNTFETs
[106]. When CNTFETs with different geometries are mentioned and measured in these four
papers, only the CNTFET with back gate electrode and Pd contacts is taken into account. The
electrical properties of these four devices are summarized in Table 5.7. These values have been
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extracted from transfer characteristics published in the papers and need to be considered for
this reason as approximate values. To simplify comparison, the mean values of our CNTFETs are
also indicated in Table 5.7.

EOT
(nm)

L (µm) Vgs range Ion Io f f On/off
ratio

Slope
(mV/dec)

Vth, f (V)

[30] — Nature, 2003
67 3 -8 to 2 V 3 µA @ 100 mV ∼ pA 106 150 0

[117] — Nano Letters, 2005
12 0.36 -2 to 2 V 3 µA @ −100 mV 0.4 pA 7.5 106 80 0.1

[118] — IEEE Electron Device Letter, 2005
10 0.6 -2 to 2 V 9 µA @ −500 mV 100 pA 105 200 0.2

[106] — Nano Letters, 2006
160 2 -15 to 15 V 7 µA @ not indicated 4 pA 106 1250 -10

Mean values from this work (median for Io f f )
33 2-50.4 -3 to 3 V 1.5 µA @ −400 mV 0.18 pA 4 106 199 0.0
43 2-50.4 -3 to 3 V 1.0 µA @ −400 mV 1.5 pA 2 106 214 0.2
93 2-50.4 -3 to 3 V 2.1 µA @ −400 mV 0.73 pA 7 106 255 0.2

Table 5.7: Four important examples of Pd contacted and back gated devices found in literature compared
to the devices fabricated within this work (SiO2 underlayer: 30 nm).

Concerning the on-current, Javey et al. obtain in [30] a better result than the average currents
of the devices fabricated in this work, i.e., 3 µA @ 100 mV for long channel devices (3 µm)
instead of 1 to 2 µA @ -400 mV. As their devices are supposed to have only a single tube as
S/D link, this turns to an on-resistance of ∼ 33 kΩ. They also fabricate devices with shorter
channel (300 nm) and obtained an ultra low on-resistance of 10 kΩ (@ 1 mV), i.e., almost the
theoretical limit of 6.5 kΩ. The diameter of their SWNTs, i.e., 3.5 nm, is bigger than those in this
work, which leads to the normalized current of 860 µA/µm @ 100 mV. However, no indication
about the number of fabricated devices with comparable properties is given. The results refer to
a single transfer characteristic for each different device geometry. The on-currents in [117] and
[118] are logically much higher due to reduced channel lengths (360 and 600 nm only). The
on-current of [106] is also higher, but the drain voltage is unfortunately not indicated so that
no comparisons are possible.

Concerning the off-currents, our devices show improved performances compared to the other
groups. This proves again the suitability of the devices reported in this work for low power
low voltage applications. Due to excellent on- and off-current properties, our devices show very
competitive on/off ratio, i.e., an average value above 106.

Concerning the subthreshold slope, the results of [30] are comparable to our results (i.e.,
200-250 mV/dec for EOT of 33-93 nm) since the subthreshold slope is found to be around
150 mV/dec for an EOT of 67 nm. On the contrary, the slope of [106] is found to be much
worse (1250 mV/dec) which could be explained by the very large gate voltage cycling range.
Indeed, we also noticed that the slope increases slightly with increased gate voltage cycling
range (see Fig. 4.22). In [117], Seidel et al. obtain an excellent result, i.e., a very steep slope
of 80 mV/dec for a device with 360 nm as channel length, which can be explained by the ultra
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thin EOT they used (i.e., 12 nm). However, they also show that the lateral down-scaling of the
transistors degrades substantially the subthreshold slope, in a similar way as in short channel
MOSFETs. Their 18 nm channel device, which is the CNTFET with the shortest channel length
ever published, shows indeed a degraded slope of 200mV/dec. Note that there is again in the
paper neither an indication of large-scale fabrication, nor of the reproducibility of the results.

Lastly, the results obtained for the forward threshold voltages are comparable to ours. For
reduced gate voltage cycling ranges (-2 to 2 V), Vth, f is close to 0 V. In [106], the high value of
Vth, f (i.e., -10 V) is easily explainable through the very large Vg cycling range (i.e., -15 to 15 V).
Such a Vg cycling width / Vth, f magnitude dependency was also observed during this work (see
Fig. 4.22). However, none of the four papers give any indication of backward threshold voltages,
since they only plot the forward sweep of the transfer characteristics. The hysteresis effect is
neither commented on nor mentioned so that no comparison with our results are possible.

5.4 Application of CNTFETs as memory cells

When looking at the previous results, the hysteresis of the CNTFETs fabricated in this work is
found to be a very reproducible effect and could be an advantage for memory technologies, i.e.,
CNTFETs could be used as memory cells which store an information in the form of a bit (“0” or
“1”) and retain it for a sufficiently long time.

Fig. 5.22 shows the evolution of the hysteresis in the transfer characteristics of a s-SWNT CNT-
FET for different gate voltage cycling ranges. When the gate voltage cycling range is enlarged,
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Figure 5.22: Transfer characteristics of CNFTET: development of hysteresis width (i.e., memory window)
with increasing gate voltage cycling range, basics of memory operation. Oxide thickness:
40 nm.

the shift in the threshold voltage of the forward and backward sweeps becomes wider (see also
subsection 4.3.4). This voltage-programmable shift may also be called memory window, which
forms the basis for CNTFETs working as memory devices. The operation is explained as fol-
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lows: when the gate voltage cycling starts with 5 V, the current measured at a fixed reading
voltage of Vgs = 2 V is equal to the off-current (∼ 60 fA). In contrast, when the gate voltage
ramp starts with -5 V, the current measured at Vgs = 2 V corresponds almost to the full on-
current (∼ 200 nA). The gate voltage Vgs = 2 V is called read voltage whereas the gate voltages
Vgs = 5 V and Vgs = -5 V are the write voltages for a logical “1” and “0” respectively.

The voltage-programming also occur when, instead of a continuous voltage ramp, a discrete
gate voltage pulse is applied. As shown in Fig. 5.23, applying a gate voltage pulse of -5 V is
sufficient to obtain nearly the on-current value of 10−7 A at a reading voltage of 2 V. Accordingly,
when applying a programming gate voltage pulse of 5 V and subsequently reading at 2 V, the
measured current is equal to the off-current of 10−13 A. The “0” and “1” current levels are
seen to be temporally stable and stay within the same decade when measuring them 120 times
successively, which corresponds to four and two minutes, respectively. The current ratio at the
reading voltage between the logical “1” level (on-current) and the logical ”0” (off-current) is
called in this work the 1/0 ratio. To insure sufficient signal-to-noise properties this ratio should
be as high as possible. The device in Fig. 5.23 exhibits a 1/0 ratio of 106. Comparing with
some other groups who published on CNTFET memory cells, such a high 1/0 ratio cannot be
found. Radosavljevic et al. published on non volatile memory based on ambipolar transistors
[102]. However, the measurement of Ids versus time and Vgs is not shown so that no comparison
of on/off ratio can be done. In [119], the ratio of the logical levels is only about 102. Fuhrer
et al. published on high mobility CNTFET memory cells [61]. However, the Ids versus time
and Vgs measurement is plotted without using the logarithmic scale so that a comparison is
not possible. To the best of our knowledge, the CNT memory devices processed in this work
possess the highest “1/0” ratio ever published of about 106 already at ultra low drain bias of
Vds = -400 mV.
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Figure 5.23: Cycling of CNTFET memory cell. Applied gate voltage and measured drain-source current
plotted versus time.

Fig. 5.24 illustrates the endurance, i.e., the reproducibility of the “0” and “1” current levels
after performing several write operations. The current obtained by reading remains at the same
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level and depends only on the programming gate voltage applied before (i.e., -5 or 5 V). Also,
the current levels do not depend on the previous history of read/write cycles.
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Figure 5.24: Reproducibility of drain voltage levels for different applied gate voltage cycles. By applying
Vgs = -5 V (5 V), a logical “0” (“1”) is written. By applying Vgs = 2 V (read voltage), the Ids are
measured, which gives the information if a logical “0” or a “1” has been stored.

As shown in the previous sections, all fabricated devices which contain a single s-SWNT as
channel (58% of the working devices, i.e., devices with at least one SWNT as S/D link) work
in a similar way. Accordingly, they can all be used as memory cells. To confirm this, many
devices have been measured as memory cells in the same way as presented in Fig. 5.23. All
measurements give the same satisfying result. Consequently, the yield of high quality memory
cells within all functional devices is 58%. By adjusting the SWNT density (through the catalyst
thickness) and/or the geometry of devices (S/D width/spacing), the percentage of small on/off
ratio (i.e., 34% of all functional devices) can be reduced or eliminated. In the same way, the
portion of non-working cells (devices without SWNT) can be eliminated. The only problem is
the remaining few percent of devices with exclusively metallic tubes. They cannot be used as
memory cells because their current does not (or not sufficiently) depend on the gate voltage.
However, in memory application, the so-called redundancy technology is well-known and ex-
tensively used. It means that more cells are fabricated than those normally addressable. The
additional cells are used if necessary to replace defective cells within the normally addressable
cells, which are detected during the test phase [120]. For this reason, the selective growth of
s-SWNTs over m-SWNTs is not crucial in memory technology. Important is that the process is
optimized for the growth of a single SWNT per cell (i.e., a single SWNT links source and drain
electrodes).

As a conclusion of this section, the novel process reported in this PhD work is suitable for large-
scale fabrication of CNT memory cells (see list of publications and conference contributions, 1).
Since the hysteresis measured at a gate voltage cycling range of 3 V is found to be independent
of the SiO2 thickness (see subsection 5.3.2, especially Fig. 5.21), the charges participating in
the memory effect originate most likely from the sacrificial catalyst (i.e., the aluminum oxide)
rather than from the SiO2. Accordingly, this process is applicable for devices with downscaled
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EOT. Moreover, the nanometer scaled size of the SWNTs opens the possibility of a high density
integration of the memory cells: Bit density in the range of the terabit per square centimeter are
theoretically expected for carbon nanotube based memories when an appropriate lithography
method is used [121, 122].

5.5 Conclusion

In this chapter, an evaluation of the yield and capability of the novel self-aligned fabrication
process for Pd contacted and PMMA passivated CNTFETs reported in chapter 4 has been per-
formed on a large scale, i.e., based on the measurement of almost 700 devices. Statistics on
electrical parameters based on the complete evaluation of transfer characteristics are performed
on 90 devices with different oxide thicknesses.

The results are encouraging. The percentage of functional devices (with any kind of SWNT
connection) is above 70%. Within this 70%, almost 60% of the transistors are high on/off ratio
devices. The other devices exhibit either a metallic SWNT as S/D link (8%) or a reduced on/off
ratio (34%) due to a mixture of s- and m-SWNTs which serve as channel. Both non-working
and small on/off ratio devices should be eliminated by further optimization of the catalyst and
the device geometry, leading to exactly one SWNT per device. The electrical parameters are
found to be fairly competitive when compared to other leading groups working on CNTFETs or
to the ITRS requirements for the next 8 to 15 years. The on-current of present CNTFETs should
be increased by improving the contact between Pd and SWNTs, e.g. by annealing the devices
after fabrication. The hysteresis is found to be a stable phenomenon, both in the time and by
comparing all devices with each other.

Lastly, the utilization of CNTFETs as non volatile memory cells is found to be very promising,
probably more than as replacement for the MOSFETs in logic circuits. The CNTFET fabrication
process reported in this work is suitable for the production of memory cells firstly because, a
100% yield is not necessery in memory manufacturing due to the use of redundance technology,
which solves the problem of the remaining devices with metallic SWNTs. Furthermore, the
devices produced in this work can be down scaled since the hysteresis is not found to depend
on the SiO2 thickness. We believe that the hysteresis is caused by the charges located in the
sacrificial catalyst or at the interface SiO2/catalyst. The catalyst thickness being only a few
nanometers (EOT∼3 nm), reducing the SiO2 underlayer to 1 nm would correspond to a reduced
EOT of 4 nm.
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6.1 Conclusions

Carbon nanotubes field-effect transistors are recognized as a major topic in nanoelectronics
because they could replace traditional MOSFETs in future generations of integrated circuits. The
active part of CNTFETs, i.e., the channel, is formed by a semiconducting single-walled carbon
nanotube, the growth of which represents one of the great challenges of CNT technology. Most
publications on this topic report on a separate growth of nanotubes, which often requires com-
plicated manipulation and assembly after growth. However, this is not practical for fabrication
of integrated circuits with millions of transistors.

One major goal of this PhD thesis deals with the investigation of the large scale integration
of CNTFETs. The work reports on the development of a novel fabrication process for CNTFETs,
which is self-aligned and based on in situ growth of carbon nanotubes, i.e., the growth directly in
their final place on the wafer. With this process, feasibility of mass fabrication of CNTFETs could
be demonstrated for the first time. The major novelty of the process consists in the introduction
of a “sacrificial catalyst”. The sacrificial catalyst is composed of a bilayer of aluminum and nickel
of precisely optimized thickness, which transforms itself into an insulator (aluminum oxide cov-
ered with nickel nanoclusters) during the high temperature growth process. When comparing
to the often practiced external production of SWNTs with subsequent coating or placement, the
in situ growth method is more reliable, time-saving and reduces the risk of contamination of
SWNTs. Furthermore, we used a complete in situ approach, i.e., not only the growth of the
nanotubes, but also the formation of the catalytic particles occurs in situ. Although in situ CNT
growth can also occur from particles which are externally fabricated and subsequently randomly
disperse on the substrate, this approach often exhibits large distribution in cluster diameter and
thus variations in CNT diameter and electrical characteristics. In contrast, the process presented
in this work requires only standard electron-beam evaporation of common metals (Al/Ni). The
simple optimization of the metal thicknesses (down to 0.9 nm) allows the precise control of the
size and the density of the catalytic nickel nano-particles and thereby the control of the diameter
and the density of the SWNTs. The in situ grown SWNTs have a diameter of approximately 1 nm
and a narrow diameter distribution. With this simple and time saving novel fabrication process,
more than 15,000 CNTFETs have been fabricated, using only standard CMOS equipment.

An extended electrical characterization of the devices has been performed. First, the hysteresis
in the transfer characteristics of CNTFETs has been studied in detail. It has been demonstrated
that the most probable cause of hysteresis is related to trapping and detrapping of electrons:
electrons of the SWNTs are injected into aluminum oxide traps at high positive gate voltages
and are detrapped at high negative gate voltages. The electron charge which is trapped in the
aluminum oxide adds to the gate potential “seen” by the SWNTs, which causes the hystere-
sis. Since the Al/Ni sacrificial catalyst used for all tests has a constant thickness, the resulting
aluminum oxide after processing has also a constant thickness and thus, a constant amount of
traps. This explains why the hysteresis of the device transfer characteristics has been found to
be constant, i.e., independent of the thickness of the SiO2 underlayer. This indicates that the
fabrication process proposed in this thesis has a potential for further down scaling.

Based on the comprehensive study which has been performed, the hysteresis is found to be
a very stable and reproducible effect. Accordingly, CNTFETs are very suitable candidates to
be used in memory applications. Details on the operation of s-SWNT memory cells have been
presented in chapter 5. The current ratio at the reading voltage between the logical “1” level
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(on-current) and the logical ”0” (off-current) is up to 106, which is, to the best of our knowledge,
the highest current ratio of logical levels ever published for CNT memory cells. The “0” and “1”
current levels are temporally stable indicating the possibility for non-volatile memory usage.

The suitability for mass fabrication of this process has been verified on more than 15,000
devices. Extended yield statistics on 700 devices have been performed, leading to the result of
41% of fully functional high on/off ratio devices (better than 103) within all fabricated devices,
i.e., devices with source/drain spacing ranging from 1.6 to 6 µm and width from 5 to 50 µm.
Optimization of the device geometry should further improve the yield drastically. Almost one
hundred of the devices have been completely evaluated, i.e., on- and off-currents, threshold
voltages and subthreshold slopes have been recorded and analysed to perform statistics on de-
vice performance and reliability. The devices exhibit very good performances, at a very low
drain source biais of -400 mV. Table 6.1 summurized the parameters of devices with a SiO2

thickness of 30 nm. Such a low-voltage low-power technology is compatible with mobile appli-
cations. Moreover, all parameters show a quite narrow distribution of their values around the
mean value (see chapter 5, subsection 5.3.2).

Ion on/off ratio slope

best value 5.8 µA 2.3×107 122 mV/dec
mean value 1.5 µA 3.6×106 199 mV/dec

Table 6.1: Performances of CNTFETs fabricated within this PhD, with an SiO2 thickness of approximately
30 nm.

On the one hand, this well-grounded study clearly attests to the potential for large scale
manufacturing of CNTFETs for future industrial applications. On the other hand, the process is
also a remarkable technolgy platform for research on CNT electronics because a large number of
devices can be realized easily and in a short time, which opens the possibility to investigate the
influence of numerous fabrication parameters or environmental impacts on CNTFET electrical
characteristics and reliability.

6.2 Future prospects

The scalability of CNTFETs, which is a major requirement for replacing MOSFETs in logic
applications or for being used in memory technology, needs to be investigated more in detail.
For example, CNTFETs with sub-100 nm channel length could be fabricated by means of elec-
tron beam lithography. Special alignment marks are already available in the mask for optical
lithography which has been designed during this PhD. The marks allow the alignment of two
patterning steps on each other, i.e., the electron beam lithography (patterning of the narrow
channel region) on the optical lithography (patterning of the source and drain electrodes).

As an additional perspective, the process developed in this thesis opens the possibility to
fabricate circuits, either by structuring a top gate on the in situ-grown SWNTs or by using
isolated buried bottom-gates on silicon-on-insulator wafers. Theoretical studies on circuit and
device design in the on-going collaboration with the Nanoelectronics Lab of IMS (Laboratory
of Integration From Materials to System) in Bordeaux, France, could further complement this
investigation.
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In this context, further structural characterization and correlation with electrical results ap-
pear also to be of interest. For this, the PMMA layer needs to be etched off on wafers which have
already been measured extensively with the semiconductor parameter analyzer. Subsequently,
AFM and C-AFM measurements on unprotected SWNTs and structures need to be performed to
enable precise measurements of effective channel length (i.e., length of the SWNT). From the
comparison with the macroscopic measurements, e.g. transfer characteristics, a better under-
standing of the CNT devices should result, which would allow further optimization of CNTFETs
fabrication.

The influence of alternative S/D electrode materials could also be investigated, to confirm the
theoretical expectation outlined in chapter 2. For example, it could be verified if the fabrication
of unipolar n-type CNTFETs is possible when using a metal with the appropriate work function
(e.g. Al). The realization of stable n-type CNTFETs, which do not convert into p-type in vari-
ous ambient environments, is a major requirement to make the devices suitable for industrial
production.

The final perspective discussed is related to the investigation of CNTFETs as sensors. The
observed hysteresis in CNTFET transfer characteristics is a first evidence that the devices are very
sensitive to their environment, which means that they have a potential as sensors in numerous
applications, like in biology or chemistry. Intensive research activities in carbon nanotube based
sensors have been reported over the past years, since carbon nanotubes may have the potential
of revolutionizing the sensor industry [123]. The CNT technology developed in this thesis is an
ideal basis for sensor research (when using the fabrication process for unpassivated CNTFETs)
and may be used in a future work as a technology platform to test different applications, also
in collaboration with other research groups, working in biology or chemistry. For example, the
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Figure 6.1: Illustration of proposed CNTFET-sensor for virus detection. The semiconducting SWNT is func-
tionalized with a suitable receptor to allow selective bonding of virus.

detection and identification of single viral particles is possible using functionalized CNTFETs
acting as sensors as illustrated in Fig. 6.1. The binding of a virus to a suitably functionalized
semiconducting SWNT may measurably affect the characteristics of the SWNT due to a charge
transfer with the virus. The virus detection is thus performed electronically via the CNTFET
which alters its transfer characteristics in presence of a virus (see also list of publications and
conference contributions, 4).
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Appendix: Investigation of SiO2 roughness

To investigate SiO2 roughness, comparisons of the roughness of different materials has been
carried out. Fig. 0.2 shows the AFM measurements of silicon and SiO2 roughnesses. The rough-

(a) silicon (b) SiO2 after catalyst patterning

Figure 0.2: Comparison of surface roughness measured by AFM.

nesses are evaluated with two indicators: mean and RMS roughnesses. The program calculates
the roughness either for the whole scan (“image statistics”) or for a defined region (“box statis-
tics”). The reference plane for roughness calculations is called mean plane and is calculated as
average of all height values (Z) of the whole scan or of the selected box, as expressed in equa-
tion (6.2) where N is the number of points of the whole scan or of the selected box. It can be
negative because the Z values are measured relative to the height value when the microscope is
engaged, considered as zero. [124]

M P =
1

N

N
∑

i=0

Zi

The mean roughness is then the arithmetic average of the surface height deviations (absolute
values) measured from the mean plane, as expressed in equation (6.2).

mean roughness =
1

N

N
∑

i=0

|Zi −M P|
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The RMS roughness is the root mean square average of height deviations taken from the mean
plane, as expressed in equation (6.2).

RMS roughness =

s

1

N

N
∑

i=0

(Zi −M P)2

As a result, the roughness of a silicon wafer after chemical cleaning is found to be under 0.1 nm
whereas the roughness of SiO2 after catalyst patterning is about 0.3-0.4 nm (see 0.2). This is
sufficient to detect 1 nm diameter SWNTs lying on the surface but a small incertitude about the
measurement of their diameter can appear. According to the scan line chosen to do the cross
section, the diameter of the measured SWNTs can be smaller or larger, due somewhat to AFM
tolerance (in the sub-nm range) and mostly to residual SiO2 surface roughness. For this work,
it has been decided to always take as a result the cross section along the line giving the biggest
SWNT diameter.

142



List of publications and conference contributions

Publications

1 L. Rispal, U. Schwalke, “Large-Scale In Situ Fabrication of Voltage-Programmable Dual-Layer High-κ Dielectric
Carbon Nanotube Memory Devices With High On/Off Ratio,”, IEEE Electron Device Lett., vol. 29, pp. 1349-
1352, 2008.

2 L. Rispal, T. Tschischke, H. Yang, and U. Schwalke, “Polymethyl Methacrylate Passivation of Carbon Nanotube
Field-Effect Transistors: Novel Self-Aligned Process and Effect on Device Transfer Characteristic Hysteresis,”
Jpn. J. Appl. Phys., vol. 47, pp. 3287-3291, 2008.

3 L. Rispal, T. Tschischke, H. Yang, and U. Schwalke, “Mass-Production of Passivated CNTFETs: Statistics and
Gate-Field Dependence of Hysteresis Effect,” ECS Trans., vol. 13, p. 65, 2008.

4 U. Schwalke and L. Rispal, “Fabrication of Ultra-Sensitive Carbon Nanotube Field-Effect Sensors (CNTFES) for
Biomedical Applications,” ECS Trans., vol. 13, p. 39, 2008.

5 L. Rispal, R. Heller, G. Hess, G. Tzschöckel, and U. Schwalke, “Self-aligned Fabrication Process Based on Sacri-
ficial Catalyst for Pd-Contacted Carbon Nanotube Field-Effect Transistors,” ECS Trans., vol. 11, pp. 53-61,
2007.

6 L. Rispal, Y. Stefanov, F. Wessely, and U. Schwalke, “Carbon Nanotube Transistor Fabrication Assisted by Topo-
graphical and Conductive Atomic Force Microscopy,” Jpn. J. Appl. Phys., vol. 45, pp. 3672-3679, 2006.

7 L. Rispal, T. Ruland, Y. Stefanov, F. Wessely, and U. Schwalke, “Conductive AFM Measurements on Carbon Nan-
otubes and Application for CNTFET Characterization,” ECS Trans., vol. 3, pp. 441-448, 2006.

Conference contributions

Oral Presentations

8 L. Rispal, T. Tschischke, H. Yang, and U. Schwalke, “Mass-Production of Passivated CNTFETs: Statistics and Gate-
Field Dependence of Hysteresis Effect,” in Abstracts of the 213th Electrochemical Society Meeting, Phoenix
(USA), 2008, p. 1026.

9 U. Schwalke and L. Rispal, “Fabrication of Ultra-Sensitive Carbon Nanotube Field-Effect Sensors (CNTFES) for
Biomedical Applications,” in Abstract of the 213th Electrochemical Society Meeting, Phoenix (USA), 2008,
p. 1240.

10 L. Rispal and U. Schwalke, “Structural and electrical characterization of carbon nanotube field-effect transistors
fabricated by novel self-aligned growth method,” in 3rd International Conference on Design and Technology
of Integrated Systems in Nanoscale Era (IEEE DTIS 2008), Tozeur (Tunisia), 2008, pp. 1-5.

11 U. Schwalke and L. Rispal, “Mass-Fabrication of Voltage-Programmable Non-Volatile Carbon Nanotube Memory
Devices,” in Abstract of the 214th Electrochemical Society Meeting, Honolulu, USA, 2008, p. 2109

12 L. Rispal, H. Yang, R. Heller, G. Hess, G. Tzschöckel, and U. Schwalke, “Self-aligned Fabrication Process for
Pd-Contacted and PMMA-Passivated Carbon Nanotube Field-Effect Transistors,” in Extended Abstracts of the
2007 International Conference on Solid State Devices and Materials, Tsukuba (Japan), 2007.

List of publications and conference contributions 143



13 L. Rispal, R. Heller, G. Hess, G. Tzschöckel, and U. Schwalke, “Self-aligned Fabrication Process Based on Sacri-
ficial Catalyst for Pd-Contacted Carbon Nanotube Field-Effect Transistors,” in Abstract of the 212th Electro-
chemical Society Meeting, Washington (USA), 2007, p. 1204.

14 L. Rispal, F. Wessely, and U. Schwalke, “Fabrication-Process for CNTFETs Based on Sacrificial Catalyst: Device
Characterization and Conductive-AFM Measurements,” in Nanotech Northern Europe 2007, Helsinki (Finn-
land), 2007.

15 L. Rispal, T. Ruland, F. Wessely, and U. Schwalke, “Characterization of Carbon Nanotube Field Effect Transistor
(CNTFET) Fabrication Process by Atomic Force Microscopy (AFM) and Conductive-AFM,” in Euromat 2007,
Nürnberg (Germany), 2007.

16 L. Rispal, T. Ruland, Y. Stefanov, F. Wessely, and U. Schwalke, “Conductive AFM Measurements on Carbon
Nanotubes and Application for CNTFET Characterization,” in Abstract of the 210th Electrochemical Society
Meeting, Cancun (Mexico), 2006, p. 1045.

17 L. Rispal, F. Wessely, Y. Stefanov, T. Ruland, and U. Schwalke, “CMOS-compatible Fabrication Process of Carbon-
Nanotube-Field-Effect Transistors,” in IEEE EDS Workshop on Advanced Electron Devices, Duisburg (Ger-
many), 2006.

18 L. Rispal, Y. Stefanov, R. Heller, G. Tzschöckel, G. Hess, K. Haberle, and U. Schwalke, “Topographic and Conduc-
tive AFM Measurements on Carbon Nanotube Field-Effect Transistors Fabricated by In-situ Chemical Vapor
Deposition,” in Extended Abstracts of the 2005 International Conference on Solid State Devices and Materi-
als, Kobe (Japan), 2005.

19 L. Rispal and U. Schwalke, “Carbon Nanotube Devices Integrated in the CMOS Process Using Chemical Vapour
Deposition,” in Euromat 2005, Prague (Czech Republic), 2005.

20 T. Ruland, Y. Stefanov, L. Rispal, and U. Schwalke, “Application of Atomic Force Microscopy in Resist Struc-
ture Evaluation,” in 8th International Symoposium on Metrology and Quality Control (ISMQC), Erlangen
(Germany), 2004.

Posters

21 L. Rispal and U. Schwalke, "Self aligned fabrication process for carbon nanotube based field-effect devices:
transistors, memory cells and bio-sensors.," in 10th Annual Workshop on Semiconductor Advances for Future
Electronics and SENSORS (SAFE), Veldhoven (The Netherlands), 2008.

22 F. Wessely, L. Rispal, and U. Schwalke, “Mix-and-match Lithography Based Ultrathin-body SOI Nanowires and
Schottky-S/D-FETs,” in 10th Annual Workshop on Semiconductor Advances for Future Electronics and Sen-
sors (SAFE), Veldhoven (The Netherlands), 2007.

23 L. Rispal, Y. Stefanov, F. Wessely, and U. Schwalke, “Atomic Force Microscopy and Electrical Characterization of
Carbon Nanotube Devices Fabricated by Chemical Vapor Deposition,” in Seeing at the Nanoscale III, Santa
Barbara (USA), 2005.

144



List of advised student thesis

• S 251 W. Kutschenko: Herstellung und Auswertung von in-situ-kontaktierten Kohlenstoff-Nanoröhrchen.
2005

• S 255 P. Hofmeyer: Zusammenfassung des aktuellen Standes der Forschung zu Kohlenstoffnanoröhrchen-
Transistoren. 2006

• S 258 H. Yang: Passivierung von Kohlenstoff-Nanoröhrchen Feld-Effekt-Transistoren mittels PMMA zur
Verbesserung der elektrischen Eigenschaften. 2007

• S 259 T. Tschischke: Optimierung des selbst justierten Herstellungsprozesses von PMMA-passivierten Kohlen-
stoff-Nanoröhrchen Feld-Effekt-Transistoren. 2007

List of advised student thesis 145



146



Bibliography

[1] S. Iijima, “Helical microtubules of graphitic carbon,” Nature, vol. 354, pp. 56–58, 1991.

[2] L. V. Radushkevich and V. M. Lukyanovich, “title is in russian,” Journal of Physical Chemistry (of Soviet Union),
vol. 26, p. 88, 1952.

[3] S. Iijima, “High-resolution electron microscopy of crystal lattice of titanium niobium oxide,” J. Appl. Phys.,
vol. 42, pp. 5891–5893, 1971.

[4] H. W. Kroto, J. R. Heath, S. C. O’ Brien, R. F. Curl, and R. E. Smalley, “C60: Buckminsterfullerene,” Nature,
vol. 318, pp. 162–, 1985.

[5] M. S. Dresselhaus, G. Dresselhaus, and R. Saito, “Carbon fibers based on c60 and their symmetry,” Phys. Rev.
B, vol. 45, pp. 6234–6242, 1992.

[6] J. W. Mintmire, B. I. Dunlap, and C. T. White, “Are fullerene tubules metallic?,” Phys. Rev. Lett., vol. 68,
p. 631, 1992.

[7] N. Hamada, S. Sawada, and A. Oshiyama, “New one-dimensional conductors: Graphitic microtubules,” Phys.
Rev. Lett., vol. 68, p. 1579, 1992.

[8] D. S. Bethune, C. H. Klang, M. S. de Vries, G. Gorman, R. Savoy, J. Vazquez, and R. Beyers, “Cobalt-catalysed
growth of carbon nanotubes with single-atomic-layer walls,” Nature, vol. 363, pp. 605–607, 1993.

[9] S. Iijima and T. Ichihashi, “Single-shell carbon nanotubes of 1-nm diameter,” Nature, vol. 363, pp. 603–605,
1993.

[10] L. X. Zheng, M. O’Connell, S. K. Doorn, X. Z. Liao, Y. H. Zhao, E. A. Akhadov, M. A. Hoffbauer, B. J. Roop,
Q. X. Jia, R. C. Dye, D. E. Peterson, S. M. Huang, J. Liu, and Y. T. Zhu, “Ultralong single-wall carbon
nanotubes,” Nature Mater., vol. 3, pp. 673–676, 2004.

[11] S. Sawada and N. Hamada, “Energetics of carbon nano-tubes,” Solid State Commun., vol. 83, pp. 917–919,
1992.

[12] L.-C. Qin, X. Zhao, K. Hirahara, Y. Miyamoto, Y. Ando, and S. Iijima, “The smallest carbon nanotube,” Nature,
vol. 408, pp. 50–50, 2000.

[13] N. Wang, Z. K. Tang, G. D. Li, and J. S. Chen, “Single-walled 4 a carbon nanotube arrays,” Nature, vol. 408,
pp. 50–51, 2000.

[14] L. Guan, K. Suenaga, and S. Iijima, “Smallest carbon nanotube assigned with atomic resolution accuracy,”
Nano Lett., vol. 8, pp. 459–462, 2008.

[15] M. S. Dresselhaus and M. Endo, “Relation of carbon nanotubes to other carbon materials,” in Carbon Nan-
otubes Synthesis, Structure, Properties, and Applications (M. S. Dresselhaus, G. Dresselhaus, and P. Avouris,
eds.), Springer, Berlin, 2001.

[16] J. Tersoff, “Empirical interatomic potential for carbon, with applications to amorphous carbon,” Phys. Rev.
Lett., vol. 61, pp. 2879–2882, 1988.

[17] R. Saito, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus, “Electronic structure of graphene tubules based
on c60,” Phys. Rev. B, vol. 46, p. 1804, 1992.

[18] R. Saito, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus, “Electronic structure of chiral graphene tubules,”
Appl. Phys. Lett., vol. 60, pp. 2204–2206, 1992.

Bibliography 147



[19] N. W. Ashcroft and D. N. Mermin, Festkörperphysik. Oldenbourg Verlag München Wien, 3. Auflage, in
German, 2007.

[20] J. R. Chelikowsky and M. L. Cohen, “Electronic structure of silicon,” Phys. Rev. B, vol. 10, pp. 5095–5107,
1974.

[21] S. Reich, C. Thomsen, and J. Maultzsch, Carbon Nanotubes. Basic Concepts and Physical Properties. Wiley-Vch
Verlag GmbH and Co KGaA,Weinheim, 2004.

[22] P. R. Wallace, “The band theory of graphite,” Phys. Rev., vol. 71, pp. 622–624, 1947.

[23] http://www.stochastic-lab.com/archim.html.

[24] S. Reich, J. Maultzsch, C. Thomsen, and P. Ordejón, “Tight-binding description of graphene,” Phys. Rev. B,
vol. 66, pp. 035412–1–5, 2002.

[25] X. Blase, L. X. Benedict, E. L. Shirley, and S. G. Louie, “Hybridization effects and metallicity in small radius
carbon nanotubes,” Phys. Rev. Lett., vol. 72, pp. 1878–1881, 1994.

[26] C. T. White, D. H. Robertson, and J. W. Mintmire, “Helical and rotational symmetries of nanoscale graphitic
tubules,” Phys. Rev. B, vol. 47, pp. 5485–5488, 1993.

[27] T. W. Odom, J.-L. Huang, P. Kim, and C. M. Lieber, “Atomic structure and electronic properties of single-
walled carbon nanotubes,” Nature, vol. 391, pp. 62–64, 1998.

[28] C. T. White and T. N. Todorov, “Carbon nanotubes as long ballistic conductors,” Nature, vol. 393, pp. 240–
242, 1998.

[29] J. Kong, E. Yenilmez, T. W. Tombler, W. Kim, H. Dai, R. B. Laughlin, L. Liu, C. S. Jayanthi, and S. Y. Wu,
“Quantum interference and ballistic transmission in nanotube electron waveguides,” Phys. Rev. Lett., vol. 87,
p. 106801, 2001.

[30] A. Javey, J. Guo, Q. Wang, M. Lundstrom, and H. Dai, “Ballistic carbon nanotube field-effect transistors,”
Nature, vol. 424, pp. 654–657, 2003.

[31] A. Javey, J. Guo, M. Paulsson, Q. Wang, D. Mann, M. Lundstrom, and H. Dai, “High-field quasiballistic
transport in short carbon nanotubes,” Phys. Rev. Lett., vol. 92, p. 106804, 2004.

[32] T. Guo, P. Nikolaev, A. G. Rinzler, D. Tomanek, D. T. Colbert, and R. E. Smalley, “Self-assembly of tubular
fullerenes,” J. Phys. Chem., vol. 99, pp. 10694–10697, 1995.

[33] J. Kong, H. T. Soh, A. M. Cassel, C. F. Quate, and H. Dai, “Synthesis of individual single-walled carbon
nanotubes on patterned silicon wafers,” Nature, vol. 395, pp. 878–881, 1998.

[34] A. Loiseau, P. Launois, P. Petit, S. Roche, and J. P. Salvetat, Understanding Carbon Nanotubes - From Basics to
Application. Springer, Berlin Heidelberg New-York, 2006.

[35] M. O’Connell, Carbon Nanotubes: Properties and Applications. Taylor and Francis Group, Boca Raton London
New-York, 2006.

[36] S. M. Sze and K. K. Ng, Physics of semiconductor devices, vol. Third edition. Wiley, 2007.

[37] J. Tersoff, “Schottky barrier heights and the continuum of gap states,” Phys. Rev. Lett., vol. 52, pp. 465–468,
1984.

[38] R. T. Tung, “Chemical bonding and fermi level pinning at metal-semiconductor interfaces,” Phys. Rev. Lett.,
vol. 84, pp. 6078–6081, 2000.

[39] R. T. Tung, “Formation of an electric dipole at metal-semiconductor interfaces,” Phys. Rev. B, vol. 64,
pp. 205310–1–15, 2001.

148 Bibliography



[40] F. Leonard and J. Tersoff, “Role of fermi-level pinning in nanotube schottky diodes,” Phys. Rev. Lett., vol. 84,
pp. 4693–4696, 2000.

[41] S. Heinze, J. Tersoff, R. Martel, V. Derycke, J. Appenzeller, and P. Avouris, “Carbon nanotubes as schottky
barrier transistors,” Phys. Rev. Lett., vol. 89, pp. 106801–1–4, 2002.

[42] J. Guo, A. Javey, H. Dai, S. Datta, and M. Lundstrom, “Predicted performance advantages of carbon nanotube
transistors with doped nanotubes as source/drain,” Cond. Matt., http://arxiv.org/abs/cond-mat/0309039,
2003.

[43] A. Raychowdhury, A. Keshavarzi, J. Kurtin, V. De, and K. Roy, “Carbon nanotube field-effect transistors for
high-performance digital circuits - dc analysis and modeling toward optimum transistor structure,” IEEE
Trans. Electron Devices, vol. 53, pp. 2711–2717, 2006.

[44] S. J. Tans, A. R. M. Verschueren, and C. Dekker, “Room-temperature transistor based on a single carbon
nanotube,” Nature, vol. 393, p. 4952, 1998.

[45] R. Martel, T. Schmidt, H. R. Shea, T. Hertel, and P. Avouris, “Single- and multi-wall carbon nanotube field-
effect transistors,” Appl. Phys. Lett., vol. 73, pp. 2447–2449, 1998.

[46] B. Shan and K. Cho, “First principles study of work functions of single wall carbon nanotubes,” Phys. Rev.
Lett., vol. 94, pp. 236602–1–4, 2005.

[47] R. Martel, V. Derycke, C. Lavoie, J. Appenzeller, K. K. Chan, J. Tersoff, and P. Avouris, “Ambipolar electrical
transport in semiconducting single-wall carbon nanotubes,” Phys. Rev. Lett., vol. 87, pp. 256805–1–4, 2001.

[48] H. Dai, A. Javey, E. Pop, D. Mann, W. Kim, and Y. Lu, “Electrical transport properties and field effect transis-
tors of carbon nanotubes,” NANO, vol. 1, pp. 1–13, 2006.

[49] C. Chen, D. Xu, E. S. kong, and Y. Zhang, “Multichannel carbon-nanotube fets and complementary logic
gates with nanowelded contacts,” IEEE Electron Device Lett., vol. 27, pp. 852–855, 2006.

[50] Y. F. Hu, K. Yao, S. Wang, Z. Y. Zhang, X. L. Liang, Q. Chen, L. M. Peng, Y. G. Yao, J. Zhang, W. W. Zhou, and
Y. Li, “Fabrication of high performance top-gate complementary inverter using a single carbon nanotube and
via a simple process,” Appl. Phys. Lett., vol. 90, pp. 223116–3, 2007.

[51] S. Heinze, J. Tersoff, and P. Avouris, “Electrostatic engineering of nanotube transistors for improved perfor-
mance,” Appl. Phys. Lett., vol. 83, pp. 5038–5040, 2003.

[52] J. Appenzeller, Y. M. Lin, J. Knoch, and P. Avouris, “Band-to-band tunneling in carbon nanotube field-effect
transistors,” Phys. Rev. Lett., vol. 93, pp. 196805–1–4, 2004.

[53] M. Pourfath, H. Kosina, and S. Selberherr, “Geometry optimization for carbon nanotube transistors,” Solid-
State Electronics, vol. 51, pp. 1565–1571, 2007.

[54] W. Kim, A. Javey, R. Tu, J. Cao, Q. Wang, and H. Dai, “Electrical contacts to carbon nanotubes down to 1 nm
in diameter,” Appl. Phys. Lett., vol. 87, p. 173101, 2005.

[55] B. Shan and K. Cho, “Ab initio study of schottky barriers at metal-nanotube contacts,” Phys. Rev. B, vol. 70,
pp. 233405–1–4, 2004.

[56] P. G. Collins, K. Bradley, M. Ishigami, and A. Zettl, “Extreme oxygen sensitivity of electronic properties of
carbon nanotubes,” Science, vol. 287, pp. 1801–1804, 2000.

[57] T. Yamada, “Modeling of carbon nanotube schottky barrier modulation under oxidizing conditions,” Phys.
Rev. B, vol. 69, pp. 125408–1–8, 2004.

[58] A. Modi, N. Koratkar, E. Lass, B. Wei, and P. M. Ajayan, “Miniaturized gas ionization sensors using carbon
nanotubes,” Nature, vol. 424, pp. 171–173, 2003.

Bibliography 149



[59] S. Ghosh, A. K. Sood, and N. Kumar, “Carbon nanotube flow sensors,” Science, vol. 299, pp. 1042–1044,
2003.

[60] E. S. Snow, F. K. Perkins, E. J. Houser, S. C. Badescu, and T. L. Reinecke, “Chemical detection with a single-
walled carbon nanotube capacitor,” Science, vol. 307, pp. 1942–1944, 2005.

[61] M. S. Fuhrer, B. M. Kim, T. Dürkop, and T. Brintlinger, “High-mobility nanotube transistor memory,” Nano
Lett., vol. 2, pp. 755–759, 2002.

[62] J. Kong, N. R. Franklin, C. Zhou, M. G. Chapline, S. Peng, K. Cho, and H. Dai, “Nanotube molecular wires
as chemical sensors,” Science, vol. 287, pp. 622–624, 2000.

[63] T. Someya, J. Small, P. Kim, C. Nuckolls, and J. T. Yardley, “Alcohol vapor sensors based on single-walled
carbon nanotube field effect transistors,” Nano Lett., vol. 3, pp. 877–881, 2003.

[64] C. Staii, A. T. Johnson, M. Chen, and A. Gelperin, “Dna-decorated carbon nanotubes for chemical sensing,”
Nano Lett., vol. 5, pp. 1774–1778, 2005.

[65] M. Freitag, Y. Martin, J. A. Misewich, R. Martel, and P. Avouris, “Photoconductivity of single carbon nan-
otubes,” Nano Lett., vol. 3, pp. 1067–1072, 2003.

[66] L. Larrimore, S. Nad, X. Zhou, H. Abruna, and P. L. McEuen, “Probing electrostatic potentials in solution
with carbon nanotube transistors,” Nano Lett., vol. 6, pp. 1329–1333, 2006.

[67] A. Fujiwara, Y. Matsuoka, H. Suematsu, N. Ogawa, K. Miyano, H. Kataura, Y. Maniwa, S. Suzuki, and
Y. Achiba, “Photoconductivity in semiconducting single-walled carbon nanotubes,” Jpn. J. Appl. Phys.,
vol. 40, pp. L1229–L1231, 2001.

[68] J. A. Misewich, R. Martel, P. Avouris, J. C. Tsang, S. Heinze, and J. Tersoff, “Electrically induced optical
emission from a carbon nanotube fet,” Science, vol. 300, pp. 783–785, 2003.

[69] M. E. Itkis, F. Borondics, A. Yu, and R. C. Haddon, “Bolometric infrared photoresponse of suspended single-
walled carbon nanotube films,” Science, vol. 312, pp. 413–415, 2006.

[70] G. Zhang, P. Qi, X. Wang, Y. Lu, D. Mann, X. Li, and H. Dai, “Hydrogenation and hydrocarbonation and
etching of single-walled carbon nanotubes,” J. Am. Chem. Soc., vol. 128, pp. 6026–6027, 2006.

[71] R. Seidel, G. S. Duesberg, E. Unger, A. P. Graham, M. Liebau, and F. Kreupl, “Chemical vapor deposition
growth of single-walled carbon nanotubes at 600 c and a simple growth model,” J. Phys. Chem. B, vol. 108,
pp. 1888–1893, 2004.

[72] J. Lin, P. Xuan, and J. Bokor, “Characterization of chemical vapor deposition growth yields of carbon nan-
otube transistors,” Jpn. J. Appl. Phys., vol. 44, pp. 6859–6861, 2005.

[73] A. Tselev, K. Hatton, M. S. Fuhrer, M. Paranjape, and P. Barbara, “A photolithographic process for fabrication
of devices with isolated single-walled carbon nanotubes,” Nanotechnology, vol. 15, pp. 1475–1478, 2004.

[74] N. R. Franklin, Y. Li, R. J. Chen, A. Javey, and H. Dai, “Patterned growth of single-walled carbon nanotubes
on full 4-inch wafers,” Appl. Phys. Lett., vol. 79, pp. 4571–4573, 2001.

[75] L. Delzeit, C. V. Nguyen, R. M. Stevens, and J. Han, “Growth of carbon nanotubes by thermal and plasma
chemical vapour deposition processes and applications in microscopy,” Nanotechnology, vol. 13, pp. 280–
284, 2002.

[76] D. Widmann, H. Mader, and H. Friedrich, Technologie hochintegrierter Schaltungen. Springer, Berlin, 2.
Auflage, in German, 1996.

[77] Product Information (Betriebsanweisung, Schwingquarz-Schichtdicken-Messgerät QSG 301). Balzers Aktienge-
sellschaft für Hochvakuumtechnik und Dünne Schichten, in German, 1981.

150 Bibliography



[78] C. L. Cheung, A. Kurtz, H. Park, and C. M. Lieber, “Diameter-controlled synthesis of carbon nanotubes,” J.
Phys. Chem. B, vol. 106, pp. 2429–2433, 2002.

[79] R. Seidel, M. Liebau, G. S. Duesberg, F. Kreupl, E. Unger, A. P. Graham, and W. Hoenlein, “In-situ contacted
single-walled carbon nanotubes and contact improvement by electroless deposition,” Nano Lett., vol. 3,
pp. 965–968, 2003.

[80] G. Schmalz, “Uber glätte und ebenheit als physikalisches und physiologishes problem,” Zeitschrift des Vereines
deutscher Ingenieure, pp. 1461–1467, Oct 12, 1929.

[81] N. Jalili and K. Laxminarayana, “A review of atomic force microscopy imaging systems: application to
molecular metrology and biological sciences,” Mechatronics, vol. 14, pp. 907–945, 2004.

[82] DimensionTM 3100 Manual. Digital Instuments Veeco Metrology Group, 2003.

[83] T. Brintlinger, Y.-F. Chen, T. Dürkop, E. Cobas, M. S. Fuhrer, J. D. Barry, and J. Melngailis, “Rapid imaging of
nanotubes on insulating substrates,” Appl. Phys. Lett., vol. 81, pp. 2454–2456, 2002.

[84] A. Holleman and E. Wiberg, Lehrbuch der anorganischen Chemie. Walter de Gruyter and Co., Berlin, 71.-80.
Auflage, in German, 1971.

[85] T. Hertel, R. E. Walkup, and P. Avouris, “Deformation of carbon nanotubes by surface van der waals forces,”
Phys. Rev. B, vol. 58, pp. 13870–13873, 1998.

[86] M. S. Fuhrer, J. Nygard, L. Shih, M. Forero, Y. G. Yoon, M. S. C. Mazzoni, H. J. Choi, J. Ihm, S. G. Louie, and
A. Zettl, “Crossed nanotube junctions,” Science, vol. 288, pp. 494–496, 2000.

[87] U. Hübner, W. Morgenroth, H. G. Meyer, T. Sulzbach, B. Brendel, and W. Mirande, “Downwards to metrology
in nanoscale: determination of the afm tip shape with well-known sharp-edged calibration structures,” Appl.
Phys. A, vol. 76, pp. 913–917, 2003.

[88] Y. Nissan-Cohen, J. Shappir, and D. Frohman-Bentchkowsky, “Measurement of fowler-nordheim tunneling
currents in mos structures under charge trapping conditions,” Solid State Electronics, vol. 28, pp. 717–720,
1985.

[89] A. Bachtold, M. S. Fuhrer, S. Plyasunov, M. Forero, E. H. Anderson, A. Zettl, and P. L. McEuen, “Scanned
probe microscopy of electronic transport in carbon nanotubes,” Phys. Rev. Lett., vol. 84, pp. 6082–6085,
2000.

[90] M. S. Kabir, R. E. Morjan, O. A. Nerushev, P. Lundgren, S. Bengtsson, P. Enokson, and E. E. B. Campbell,
“Plasma-enhanced chemical vapour deposition growth of carbon nanotubes on different metal underlayers,”
Nanotechnology, vol. 16, pp. 458–466, 2005.

[91] P. G. Collins, M. S. Arnold, and P. Avouris, “Engineering carbon nanotubes and nanotube circuits using
electrical breakdown,” Science, vol. 292, pp. 706–709, 2001.

[92] Allresist, http://allresist.de/wMedia/pdf/wEnglish/produkte_photoresists/AR_P5400.pdf. Gesellschaft fuer
Chemische Produkte zur Mikrostrukturierung MBH, 2008.

[93] R. Seidel, A. P. Graham, E. Unger, G. S. Duesberg, M. Liebau, W. Steinhoegl, F. Kreupl, W. Hoenlein, and
W. Pompe, “High-current nanotube transistors,” Nano Lett., vol. 4, pp. 831–834, 2004.

[94] W. Hoenlein, F. Kreupl, G. S. Duesberg, A. P. Graham, M. Liebau, R. Seidel, and E. Unger, “Carbon nanotubes
for microelectronics: status and future prospects,” Mater. Sci. Eng. C, vol. 23, pp. 663–670, 2003.

[95] R. V. Seidel, Carbon Nanotube Devices, Dissertation, Fakultät Maschinenwesen der Technischen Universität
Dresden. PhD thesis, 2004.

[96] K. Chatty, S. Banerjee, T. P. Chow, and R. J. Gutmann, “Hysteresis in transfer characteristics in 4h-sic
depletion/accumulation-mode mosfets,” IEEE Electron Device Lett., vol. 23, pp. 330–332, 2002.

Bibliography 151



[97] U. Schwalke and Y. Stefanov, “Process integration and nanometer-scale electrical characterization of crys-
talline high-k gate dielectrics,” Microelectron. Reliability, vol. 45, pp. 790–793, 2005.

[98] W. Kim, A. Javey, O. Vermesh, Q. Wang, Y. Li, and H. Dai, “Hysteresis caused by water molecules in carbon
nanotube field-effect transistors,” Nano Lett., vol. 3, pp. 193–198, 2003.

[99] H. Shimauchi, Y. Ohno, S. Kishimoto, and T. Mizutani, “Suppression of hysteresis in carbon nanotube field-
effect transistors: Effect of contamination induced by device fabrication process,” Jpn. J. Appl. Phys., vol. 45,
pp. 5501–5503, 2006.

[100] S. A. McGill, S. G. Rao, P. Manandhar, P. Xiong, and S. Hong, “High-performance, hysteresis-free carbon
nanotube field-effect transistors via directed assembly,” Appl. Phys. Lett., vol. 89, pp. 163123–1–3, 2006.

[101] K. Bradley, J. Cumings, A. Star, J.-C. P. Gabriel, and G. Gruener, “Influence of mobile ions on nanotube based
fet devices,” Nano Lett., vol. 3, pp. 639–641, 2003.

[102] M. Radosavljevic, M. Freitag, K. V. Thadani, and A. T. Johnson, “Nonvolatile molecular memory elements
based on ambipolar nanotube field effect transistors,” Nano Lett., vol. 2, pp. 761–764, 2002.

[103] J. S. Lee, S. Ryu, K. Yoo, I. S. Choi, W. S. Yun, and J. Kim, “Origin of gate hysteresis in carbon nanotube
field-effect transistors,” J. Phys. Chem. C, vol. 111, pp. 12504–12507, 2007.

[104] A. Robert-Peillard and S. V. Rotkin, “Modeling hysteresis phenomena in nanotube field-effect transistors,”
IEEE Trans. Nanotechnol., vol. 4, pp. 284–288, 2005.

[105] S. K. Kim, Y. Xuan, P. D. Ye, and S. Mohammadi, “Atomic layer deposited al2o3 for gate dielectric and
passivation layer of single-walled carbon nanotube transistors,” Appl. Phys. Lett., vol. 90, pp. 163108–1–3,
2007.

[106] Y. C. Tseng, K. Phoa, D. Carlton, and J. Bokor, “Effect of diameter variation in a large set of carbon nanotube
transistors,” Nano Lett., vol. 6, pp. 1364–1368, 2006.

[107] C. Klinke, A. Afzali, and P. Avouris, “Interaction of solid organic acids with carbon nanotube field effect
transistors,” Chem. Phys. Lett., vol. 430, pp. 75–79, 2006.

[108] J. Cao, Q. Wang, and H. Dai, “Electron transport in very clean, as-grown suspended carbon nanotubes,”
Nature Mater., vol. 4, pp. 745–749, 2005.

[109] S. Rosenblatt, Pushing the limits of carbon nanotube transistors. PhD thesis, 2006.

[110] R. V. Seidel, A. P. Graham, B. Rajasekharan, E. Unger, M. Liebau, G. S. Duesberg, F. Kreupl, and W. Hoenlein,
“Bias dependence and electrical breakdown of small diameter single-walled carbon nanotubes,” J. Appl.
Phys., vol. 96, pp. 6694–6699, 2004.

[111] X. Liu, S. Han, and C. Zhou, “Novel nanotube-on-insulator (noi) approach toward single-walled carbon
nanotube devices,” Nano Lett., vol. 6, pp. 34–39, 2006.

[112] Q. Yu, G. Qin, H. Li, Z. Xia, Y. Nian, and S.-S. Pei, “Mechanism of horizontally aligned growth of single-wall
carbon nanotubes on r-plane sapphire,” J. Phys. Chem. B, vol. 110, pp. 22676–22680, 2006.

[113] R. Ludeke, M. T. Cuberes, and E. Cartier, “Local transport and trapping issues in al2o3 gate oxide structures,”
Appl. Phys. Lett., vol. 76, pp. 2886–2888, 2000.

[114] “Process integration, devices, and structures,” The International Technology Roadmap for semiconductors,
2007.

[115] B. Beckhoff, R. Fliegauf, M. Kolbe, M. Müller, J. Weser, and U. G., “Reference-free total reflection x-ray
fluorescence analysis of semiconductor surfaces with synchrotron radiation,” Anal. Chem., vol. 79, pp. 7873–
7882, 2007.

152 Bibliography



[116] I. Vrublevsky, V. Parkoun, J. Schreckenbach, and G. Marx, “Effect of the current density on the volume
expansion of the deposited thin films of aluminum during porous oxide formation,” Applied Surface Science,
vol. 220, pp. 51–59, 2003.

[117] R. V. Seidel, A. P. Graham, J. Kretz, B. Rajasekharan, G. S. Duesberg, M. Liebau, E. Unger, F. Kreupl, and
W. Hoenlein, “Sub-20 nm short channel carbon nanotube transistors,” Nano Lett., vol. 5, pp. 147–150, 2005.

[118] Y.-M. Lin, J. Appenzeller, Z. Chen, Z.-G. Chen, H.-M. Cheng, and P. Avouris, “High-performance dual-gate
carbon nanotube fets with 40-nm gate length,” IEEE Electron Device Lett., vol. 26, pp. 823–825, 2005.

[119] J. B. Cui, R. Sordan, M. Burghard, and K. Kern, “Carbon nanotube memory devices of high charge storage
stability,” Appl. Phys. Lett., vol. 81, pp. 3260–3262, 2002.

[120] G. Campardo, R. Micheloni, and D. Novosel, VLSI-design of Non-volatile Memories. Springer, Berlin, 2005.

[121] M. Leonid, “Concept of nonvolatile memory based on multiwall carbon nanotubes,” Nanotechnology, vol. 17,
pp. 2475–2482, 2006.

[122] T. Rueckes, K. Kim, E. Joselevich, G. Y. Tseng, C. L. Cheung, and C. M. Lieber, “Carbon nanotube-based
nonvolatile random access memory for molecular computing,” Science, vol. 289, pp. 94–97, 2000.

[123] N. Sinha, J. Ma, and J. T. W. Yeow, “Carbon nanotube-based sensors,” J. Nanosci. Nanotechnol., vol. 6,
pp. 573–590, 2006.

[124] NanoScope Software 6.11 User Guide. Veeco Instrments Inc., 2003.

Bibliography 153



154



Curriculum vitae

Lorraine Rispal

Date of birth 04.07.1980
Place of birth Paris (France)
Citizenship french

Employment

Since 2004 Technische Universität Darmstadt, Electrical Engineering and Information Technology,
Institute for Semiconductor Technology and Nanoelectronics
PhD student

Education

2002-2004 Technische Universität Darmstadt, Electrical Engineering and Information Technology
Option: Microelectronics
Certification: graduate engineer (very good)
Double diploma: Two years studies in Darmstadt replace the third year in Supélec so
that the student obtains both certifications after six years of study.

2000-2002 Ecole Supérieure d’Electricité (Supélec), Gif-sur-Yvette, Frankreich
Electrical Engineering, Information Technology and Computer Sciences
Certification: Diplôme d’ingénieur de l’Ecole Supérieure d’Electricité
Supélec (short for “Ecole Supérieur d’Electricité”) is one of France’s prestigious
Grandes Ecoles, one of the top in its field of electrical and computer engineering.

1998-2000 University Paris XI (Orsay, France)
Science de la matière (physics and chemistry)
Certification: DEUG (intermediate diploma) (very good)

1991-1998 High Schools, Brétigny sur Orge/Arpajon, Frankreich
Certification: Baccalauréat (very good)

Darmstadt, den 19. August 2009

Curriculum vitae 155


