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ABSTRACT 
For nanotube-based electronics to become a viable alternative to silicon technology, high-density aligned carbon 
nanotubes are essential. In this paper, we report the combined use of low-pressure chemical vapor deposition 
and stacked multiple transfer to achieve high-density aligned nanotubes. By using an optimized nanotube 
synthesis recipe, we have achieved high-density aligned carbon nanotubes with density as high as 30 tubes/μm. 
In addition, a facile stacked multiple transfer technique has been developed to further increase the nanotube 
density to 55 tubes/μm. Furthermore, high-performance submicron carbon nanotube field-effect transistors 
have been fabricated on the high-density aligned nanotubes. Before removing the metallic nanotubes by electrical 
breakdown, the devices exhibit on-current density of 92.4 μA/μm and normalized transconductance of 13.3 μS/μm. 
Moreover, benchmarking with the aligned carbon nanotube transistors in the literature indicates that our devices 
exhibit the best performance so far, which is attributed to both the increased nanotube density and scaling 
down of channel length. This study shows the great potential of using such high-density aligned nanotubes for 
high performance nanoelectronics and analog/RF applications. 
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1. Introduction 

The application of carbon nanotubes in solid-state 
electronic devices has stimulated considerable interest 
due to the extraordinary electronic properties carbon 
nanotubes can offer [1–5]. Among various types of 
devices, carbon nanotube field-effect transistors have 
been extensively used in the demonstration of digital 
[6–10], analog, and radio-frequency (RF) [11–16] 
integrated circuits. Transistors using single nanotubes 

have been studied and found to offer way better 
performance compared to silicon transistors in terms 
of drive-current density, normalized transconductance, 
mobility etc., when the performance metrics are 
normalized to the nanotube diameter. Besides single 
nanotube transistors, another approach is to employ 
multiple parallel aligned nanotubes and treat them as 
a thin-film transistor. Among many nanotube synthesis 
techniques, aligned carbon nanotube growth [17–23] 
is most desirable for electronic devices owing to its 

Nano Res. 2010, 3(12): 831–842 ISSN 1998-0124
DOI 10.1007/s12274-010-0054-0 CN 11-5974/O4
Research Article  

Address correspondence to chongwuz@usc.edu  



 Nano Res. 2010, 3(12): 831–842 

 

832

advantages of registration-free fabrication, high 
device yield, superior device performance, and small 
device-to-device variation. For aligned nanotubes, 
one of the most important metrics is the nanotube 
density. High-density aligned nanotubes can be 
extremely helpful in improving the current driving 
capability, transconductance, and cut-off frequency of 
devices.  

Inspired by the superior electronic properties of 
carbon nanotubes and the significant advantage 
aligned nanotubes can offer, field-effect transistors 
using aligned nanotubes have been reported by 
many research groups including our own [21–24]. 
However, the nanotube density has typically been 
restricted to 5 to 10 tubes/µm, which greatly limits 
the electrical performance such as drive-current and 
transconductance of the nanotube transistors. As a 
result, producing high-density aligned nanotubes has 
become one of the greatest challenges, and significant 
effort has been devoted to optimized one-step 
synthesis [25] and the recently-reported two-step 
synthesis [26]. On the other hand, little has been done 
to investigate the potential applications of such 
high-density aligned nanotubes for high performance  
nanotube transistors. 

In this paper, we report another method of producing 
high-density aligned nanotubes, as well as their 
application in high performance submicron nanotube 
transistors. We report the use of low-pressure chemical 
vapor deposition (LPCVD) to reproducibly achieve 
perfectly aligned nanotubes with density as high as 
30 tubes/μm. A stacked multiple transfer technique 
was then used to transfer the aligned nanotubes from 
multiple starting samples to one target substrate, 
thus, allowing us to double, triple, or quadruple the 
nanotube density. A density of 55 tubes/μm has been 
demonstrated and further increases can be envisioned. 
Carbon nanotube field-effect transistors were then 
fabricated on the high-density aligned nanotubes. 
Electrical measurements found that for the devices 
with channel length L = 0.5 μm, the increase in 
nanotube density leads to five-fold and eight-fold 
increases in the on-current density (Ion/W) and 
normalized transconductance (gm/W), respectively, 
compared with our previous devices fabricated on 
nanotubes with a typical density of 5 tubes/μm [24]. 

Moreover, benchmarking with the aligned carbon 
nanotube transistors in the literature indicates that 
our devices exhibit the best performance so far, 
which is attributed to both the increased nanotube 
density and scaling down of channel length. The 
electrical measurements also suggest the great potential 
of using our high-density aligned nanotubes for analog 
and RF devices and circuits. 

2. Results and discussion 

High-density aligned nanotubes were synthesized 
using LPCVD with an ethanol bubbler and was carried 
out at 500 Torr. We have tested various growth 
conditions within the range 850 °C < T < 950 °C, 300 
Torr < P < 760 Torr, and found 900 °C and 500 Torr to 
be the optimum growth condition for our chemical 
vapor deposition (CVD) system. More details about 
the nanotube synthesis process are described in the 
experimental section. After synthesis, field-emission 
scanning electron microscopy (FE-SEM) was used to 
inspect the sample, and an image of the as-grown 
nanotubes on a quartz substrate is shown in Fig. 1(a). 
The image shows high-density uniform aligned 
nanotube growth between the catalyst stripes. The 
width of the catalyst stripe is 4 μm and the distance 
between two different stripes is 100 μm. Our LPCVD 
synthesis process is very reproducible, and uniform 
growth can be achieved throughout the sample. 
Using this LPCVD recipe, a typical nanotube density 
of 15–20 tubes/μm can be achieved throughout the 
sample, while a density of 30 tubes/μm can be achieved 
under optimal growth conditions at certain locations 
of the sample. Figure 1(b) shows an FE-SEM image of 
the aligned nanotubes at higher magnification, and 
the average nanotube density is measured to be 
around 27 tubes/μm. Atomic force microscopy (AFM) 
was used to quantify the nanotube diameter, and the 
AFM image of the high-density aligned nanotubes is 
shown in Fig. 1(c). The nanotube density is around 19 
tubes/μm in this image and the diameter distribution 
is plotted in Fig. 1(d), from which the nanotube  
diameter is measured to be 1.388 ±  0.457 nm. 

Carbon nanotube structural defects and impurities 
play an important role in determining the ultimate 
transport properties of nanotube-based devices. We 
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performed micro-Raman spectroscopy measurements 
using an excitation laser energy of 2.32 eV on the high- 
density aligned nanotubes as well as on the nanotube 
arrays with regular nanotube density (~5 tubes/μm) 
that were obtained using methane as the carbon 
source. Typical normalized stacked Raman spectra of 
high and low nanotube density samples show a nearly 
identical D-band to G-band intensity ratio (ID/IG) of 

0.017 (Fig. 1(e)), which suggests that the use of ethanol 
during high-density nanotube synthesis did not yield 
increased structural defects or additional oxygen 
functionalities on the nanotubes. However, a significant 
broadening of the Raman G’-band of around 31.6 cm–1 
gives evidence of an increased inter-tube interaction 
for high-density nanotubes (Fig. 1(f)). This can be 
attributed to the formation of nanotube bundles or to 

 
Figure 1 High-density aligned carbon nanotubes synthesized by LPCVD. (a) FE-SEM image showing the aligned nanotubes grown on
quartz substrate. (b) FE-SEM image at high magnification showing the as-grown aligned nanotubes with an average density of 27 tubes/μm.
(c) AFM image showing the aligned nanotubes with an average density of 19 tubes/μm. (d) Diameter distribution of the nanotubes extracted
from the AFM image. The diameter is 1.388 ± 0.457 nm. Raman spectra showing the (e) D-band and (f) G′-band of the as-grown aligned
nanotubes with high-density (30 tubes/μm) using ethanol LPCVD and typical density (5 tubes/μm) using methane CVD. (e) Inset: Radial
breathing mode (RBM) of the high density nanotube sample 
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the close proximity of certain nanotubes forming the 
parallel arrays on the high-density sample. Moreover, 
the radial breathing mode (RBM) frequency of the 
high density sample (shown in the inset of Fig. 1(e)) is 
186.97 cm–1. This corresponds to a nanotube diameter 
of 1.326 nm, which is consistent with the AFM mea-  
surement results. 

Compared with the density of 5 tubes/μm reported 
in our previous publications [23, 24], the above- 
reported nanotube density of 30 tubes/μm using 
ethanol LPCVD is a significant improvement. To 
further improve the nanotube density, multiple transfer 
can be used which allows us to transfer nanotubes 
from multiple quartz samples to one target substrate 
thus, multiplying the density. The multiple transfer 
technique utilizes the gold film plus thermal release 
tape method reported in our previous publications 
[23, 24], which allows the transfer of the as-grown 
nanotubes from quartz substrates to Si/SiO2 substrates 
or many other substrates. More details of our nanotube 
transfer method are discussed in the experimental 
section. We have previously reported the layer- 
by-layer multiple transfer technique [23], in which 
we transfer the nanotubes to Si/SiO2 substrates using 
gold film, etch away the gold, and then repeat the 
transfer. However, this technique was limited to two 
samples, beyond which the adhesion between the 
gold film and the substrate became problematic. 
Here, in order to overcome the adhesion problem, we 
developed a stacked multiple transfer method, in 
which the gold film containing the aligned nanotubes 
can be repeatedly transferred on top of the previous 
gold film, and etched at the same time using the gold 
etchant, so that the nanotubes collapse onto the 
substrates. We have tested our stacked multiple 
transfer technique and found that the same transfer 
process can be repeated up to four times without any 
adhesion problem. The above-mentioned multiple 
transfer process is illustrated schematically in Fig. 2(a), 
and the FE-SEM images of the aligned nanotubes 
before transfer, after one-time transfer, two-time 
transfer, and four-time transfer are shown in 
Figs. 2(b)–2(e), respectively. The corresponding 
densities are 15 tubes/μm, 15 tubes/μm, 29 tubes/μm, 
and 55 tubes/μm. From the SEM images, one can find 
that the multiple transfer process indeed increases 

the nanotube density effectively. 
We have found that in order to achieve high-yield 

transfer, it is crucial to use thin gold film and keep 
the perturbation during the gold etching process to a 
minimum. Moreover, as the density increases, the 
demands on the orientational alignment increases. 
Therefore, it is crucial to use accurately diced 
samples and perform careful alignment during the 
multiple transfer process. Additional information 
about the stacked multiple transfer process can be 
found in Fig. S-1 of the Electronic Supplementary 
Material (ESM). We also note that the nanotubes after 
transfer are not as straight as before, which can be 
attributed to the perturbation experienced by the 
nanotubes during the gold etching and deionized (DI) 
water rinsing step. This slight waviness can lead to 
increased tube-to-tube interactions, and may result in 
unwanted cross-talking and limit the high-frequency 
performance of the nanotube transistors. Therefore, 
methods to improve the straightness of the transferred 
nanotubes such as the use of supercritical drying 
during the etching process are worthy of further 
investigation. Moreover, by combining our LPCVD 
and stacked multiple transfer technique, it should  
be possible to achieve a nanotube density of 100 
tubes/μm or 200 tubes/μm in the future, which is 
critical in order to ensure sufficient performance gains 
over state-of-the-art silicon complementary metal- 
oxide-semiconductor (CMOS) transistors with shrinking  
lithographic dimensions [27]. 

High-density aligned carbon nanotubes are very 
important and desirable for analog and RF applications 
where the frequency response of the device matters 
[28, 29]. Intuitively, higher nanotube density will 
result in higher drive-current and larger transcon- 
ductance. Since the cut-off frequency of the device 
is ≈ π× +m gs gd/[2 ( )]Tf g C C , increasing the nanotube 
density should increase the device cut-off frequency 
approximately proportionally [29]. Moreover, if we 
define the nanotube filling ratio as nanotube density 
times nanotube diameter divided by one micron, as 
the nanotube density increases, the filling ratio 
increases. Ideally, we want the device channel to be 
covered with closely packed aligned carbon nanotubes 
with a filling ratio of 100%. This will increase the 
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transconductance (gm) without a significant increase 
in the parasitic capacitance, allowing the maximum  
RF performance to be achieved [29]. 

To evaluate the electrical performance of such high- 
density aligned nanotubes based on multiple transfer, 
back-gated transistors were fabricated. 50 nm SiO2 was 
used as the back-gate dielectric, and the source/drain 
electrodes were patterned by photolithography.  

2 nm Ti and 60 nm Pd were deposited by e-beam 
evaporation, followed by a lift-off process to form the 
source and drain metal contacts. Photolithography 
plus O2 plasma was used to remove the unwanted 
nanotubes outside the device channel region in order 
to achieve accurate channel length and width, and to 
remove any possible leakage between the devices. A 
schematic illustration of the back-gated nanotube 

 

Figure 2 Using stacked multiple transfer to further increase the nanotube density. (a) Schematic illustration showing the stacked
multiple transfer process. (b) FE-SEM image of the as-grown aligned nanotubes on a quartz substrate with a density of 15 tubes/μm.
(c, d, e) FE-SEM images showing the aligned nanotubes transferred to Si/SiO2 substrates with one-time, two-time, and four-time transfer,
respectively. The corresponding average densities are 15 tubes/μm, 29 tubes/μm, and 55 tubes/μm 
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transistor used in this study is shown in Fig. 3(a). 
Such back-gated transistors were made with channel 
width (W) of 10, 20, 50, 100, and 200 μm, and channel  
length (L) of 4, 10, 20, 50, and 100 μm. 

We have carried out electrical measurements on 

such back-gated nanotube transistors with various 
channel lengths, channel widths, and different 
nanotube densities. The results are summarized in 
Fig. 3. Figure 3(b) exhibits the variation of on-current 
densities (Ion/W) with channel length (L) for transistors 

 
Figure 3 Electrical measurements of the back-gated nanotube transistors using nanotubes with one-time, two-time, and four-time transfer.
(a) Schematic illustration of the back-gated transistor with high-density aligned nanotubes. (b) Plot of the current density (Ion/W) versus 
channel length (L) for devices fabricated using nanotubes with different density. (c) Plot of Ion/W versus the reciprocal of channel length 
(1/L) for devices fabricated using nanotubes with different density. Plots of (d) the normalized transconductance (gm/W) and (e) device
mobility (μdevice) versus channel length for devices fabricated using nanotubes with different density. (f) Plot showing variation of Ion/W, 
Ion/Weff, gm/W, and gm/Weff with nanotube density for the high-density aligned nanotube transistors 
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with different times of transfer and thus, different 
densities. The definition of on-current here is the 
drain-current measured at VD = 1 V and VG = –10 V. 
This figure indicates that as the nanotube density 
increases, the drive current also increases, as expected. 
The highest on-current density is around 41 μA/μm 
and is achieved in the devices with four-time transfer 
and channel length of 4 μm. To give more insight into 
the relationship between the on-current density and 
channel length, the on-current density is plotted 
against the reciprocal of channel length, as shown in 
Fig. 3(c). From the figure, one can find that the 
on-current density is approximately inversely  
proportional to the channel length. 

Transconductance (gm) is another important figure 
of merit for nanotube field-effect transistors as it 
dictates the cut-off frequency of the devices. The 
normalized device transconductance (gm/W) of devices 
with various channel lengths is plotted in Fig. 3(d). In 
this figure, gm is extracted from the maximum slope 
of the transfer characteristics measured at VD = 1 V, 
and is normalized to device channel width. From the 
figure, one can find that as channel length increases, 
gm/W decreases, which is because gm/W is inversely 
proportional to the channel length. Moreover, similar 
to the on-current density, the normalized transcon- 
ductance is also approximately proportional to  
nanotube density. 

The device mobility can be further extracted based 
on the normalized transconductance. When VD = 1 V, 
devices operate in the triode regime, so that the 
device mobility can be calculated from the following  
equation 

μ = ⋅ = ⋅
g

md
device

D ox D ox

d
d

gIL L
V C W V V C W

        (1) 

where L and W are the device channel length and 
width, VD = 1 V, and Cox is the gate capacitance per 
unit area. Cox can be calculated using the parallel plate 
model and the effective device mobility can thus, be 
derived. We note that a more rigorous model can be 
used by considering the electrostatic coupling between 
nanotubes to derive the nanotube mobility [21, 30]. 
However, the model assumes that the nanotubes are 
equally spaced. In order to obtain the capacitance 
accurately, non-ideal effects such as nanotube bundling, 

uniformity of nanotube density across the device 
channel, and percentage of nanotubes bridging the 
source/drain electrodes has to be taken into con- 
sideration, and those are difficult to model rigorously. 
We have calculated the effective device mobility of 
transistors with various channel length, width, and 
nanotube density, and the results are plotted in 
Fig. 3(e). It is worth noting that we did not attempt to 
account for the contact resistance between the nano- 
tubes and the source/drain electrodes. Therefore, we 
observe that as the channel length increases, the device 
mobility increases, indicating that there is certain 
amount of contact resistance in the metal/nanotube 
contacts. As the channel length increases, the effect of 
metal/nanotube contacts become less significant and 
the mobility increases [21]. The highest effective device 
mobility from the back-gated transistors is around 
607 cm2 V–1s–1 achieved in devices with four-time  
transfer and 100 μm channel length. 

To further elucidate the properties of the nanotubes, 
we define effective channel width (Weff) as the average 
nanotube diameter multiplied by the total number of 
nanotubes in the channel. Figure 3(f) summarizes the 
variation of Ion/W, gm/W, effective on-current density 
(Ion/Weff), and effective normalized transconductance 
(gm/Weff) as a function of nanotube density. The 
effective on-current density and effective normalized 
transconductance are defined as the Ion and gm of the 
devices normalized by the effective channel width. 
Ion/Weff and gm/Weff are good measures of performance 
per nanotube and can be calculated from the equations  
below 

=
⋅
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// I WI W
D d
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⋅

m
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/
/

g W
g W

D d
       (2) 

where D stands for the nanotube density in tubes/μm 
and d is the nanotube diameter which is measured to 
be around 0.0014 μm for our nanotubes. From Fig. 3(f), 
we can find that Ion/W and gm/W, which represent the 
device performance, increase monotonically with 
nanotube density, while Ion/Weff and gm/Weff, which 
represent the nanotube performance, decrease with 
nanotube density. The Ion/Weff decreases by about 
21.1% and gm/Weff decreases by about 12.7% as the 
nanotube density increases from 15 tubes/μm to 55 
tubes/μm. The slight decrease in nanotube performance 
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can be attributed to the formation of nanotube bundles 
during the multiple transfer process, and is found to 
be not detrimental to overall device performance. 

Similar to the silicon metal-oxide-semiconductor 
field effect transistors (MOSFETs) widely used in 
current semiconductor industry, nanotube field-effect 
transistors with better performance can also be 
achieved by scaling down the channel length to the 
submicron regime as well as by increasing the gate 
strength by adopting high-κ dielectric layer. A 
schematic illustration of such a high performance 
submicron nanotube transistor is shown in Fig. 4(a), 
and the device fabrication processes are briefly 
described as follows. First, individual back-gates are 
patterned using photolithography on top of the 
Si/SiO2 substrate, and 5 Å Ti and 50 nm Au were 
deposited to act as the back-gate electrode. 50 nm 
HfO2 was then deposited by atomic layer deposition 
(ALD) to act as the gate dielectric. High-density 
aligned nanotubes were then transferred to the 
substrate with a Ti/Au back-gate and HfO2 gate 
dielectric. The rest of the fabrication steps including 
the source/drain electrodes patterning and unwanted 
nanotube etching are very similar to those used in the 
fabrication of the back-gate transistor discussed 
previously except that an I-line wafer stepper (GCA 
Autostep 200) was used to pattern the source/drain 
electrodes instead of a contact aligner. The use of a 
stepper allows us to achieve minimum channel 
length of 500 nm in a scalable manner. An FE-SEM 
image of the channel of a typical high performance 
submicron nanotube transistor (L = 500 nm) is shown 
in Fig. 4(b) where the average nanotube density is  
around 30 tubes/μm. 

The electrical performance of such high performance 
devices was characterized. Figures 4(c), 4(d), and 4(e) 
are the transfer characteristics (ID–VG curves) measured 
at VD = 1 V for a transistor with W = 50 μm and L = 
500 nm before and after electrical breakdown. From 
the curves, one can find that before electrical break- 
down, the on-state current of the device (Ion) 
measured at VD = 1 V and VG = –5 V, is 4.62 mA, which 
corresponds to Ion/W of 92.4 μA/μm. To the best of 
our knowledge, this on-current density is the highest 
so far reported for aligned nanotube transistors. The 
maximum transconductance (gm) of the device is 

measured to be 663.3 μS, which corresponds to gm/W 
of 13.3 μS/μm. We note that the on-off ratio of the 
device is only around 3 due to the coexistence of both 
metallic and semiconducting nanotubes. This result 
agrees with the typical 1/3 metallic nanotube ratio 
assuming equal conduction from metallic and semicon- 
ducting nanotubes.  

By using automated electrical breakdown techniques 
as discussed in our previous work [23], metallic 
nanotubes were selectively removed and the on-off 
ratio of the device underwent a significant improvement 
to around 1000, accompanied by a degradation of the 
on-current of around 90% (Fig. 4(e)). Assuming a 1/3 
metallic nanotube ratio, one should expect around 
33% on-current degradation after electrical breakdown. 
The much higher observed degradation of 90% in our 
measurements can be explained by the unintentional 
damage of semiconducting nanotubes under large 
electrical stress during the electrical breakdown 
process. It is possible that along with the metallic 
nanotubes, some defective semiconducting nanotubes 
can also be damaged under high VD biases. More 
importantly, besides the defective semiconducting 
nanotubes, there may be some large diameter 
semiconducting nanotubes which have small bandgaps 
and thus, will have small on/off ratios. These 
semiconducting nanotubes can also be destroyed 
during the electrical breakdown process since they 
cannot be turned-off completely. Both reasons 
mentioned above account for the degradation in the  
on-current of 90%, instead of the expected 33%. 

From Fig. 4(d), after the electrical breakdown, 
Ion/W is 8.3 μA/μm and gm/W is 2.2 μS/μm. Compared 
with the results from devices fabricated using 
aligned nanotubes with typical density (5 tubes/μm) 
reported in our previous publication (Ion/W = 1.7 
μA/μm and gm/W = 0.28 μS/μm) [24], the values of 
Ion/W and gm/W reported here are 5 times and 8 times 
better, respectively. The improvements are due to 
both the higher nanotube density and the adoption of  
a high-κ gate dielectric. 

Figure 4(f) shows the output characteristics (ID–VD 
curves) of the device measured under different gate 
biases. Under small negative VD biases, i.e., |VD| < 
|VDSAT|, the device operates in the triode regime, and 
the ID–VD curves appear to be linear, indicating that 
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Ohmic contacts instead of Schottky contacts are 
formed between the metal and the nanotubes. Under 
larger negative VD biases, i.e., |VD| > |VDSAT|, the 
device enters the saturation regime, and the drain 
current begins to saturate. For curves with more 
negative VG biases (black and red curves), no clear 
saturation behavior is observed from the output 
characteristics. The reason is that |VDSAT| is larger for 

more negative VG biases, so that the device stays in 
the triode regime within the VD sweeping range. 
Moreover, the asymmetric behavior in the 1st and 
3rd quadrants is due to different electrostatics for 
positive and negative VD, as reported previously [31]. 
In the 1st quadrant, where “drain” voltage is positive 
and “source” is grounded, the source and drain 
terminals are actually swapped since the source for a 

 
Figure 4 Electrical properties of high performance submicron transistors with high-density aligned nanotubes. (a) Schematic view of
the high performance submicron nanotube transistor with Ti/Au individual back-gate and 50 nm HfO2 high-κ dielectric. (b) FE-SEM image
showing the channel of a submicron high performance transistor. The channel length is 0.5 μm and the aligned nanotubes in the channel
have an average density of 30 tubes/μm. Transfer (ID–VG) characteristics (red: linear scale, green: log scale) and gm–VG characteristics
(blue) of a high performance nanotube transistor (L = 0.5 μm and W = 50 μm) measured at VD = 1 V (c) before and (d) after electrical
breakdown. (e) Comparison of the transfer characteristics of the same device before and after electrical breakdown. (f) Output (ID–VD)
characteristics of the same device after electrical breakdown 
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p-type transistor is the one with higher voltage. So as 
“drain” voltage increase, |VGS| increases so that the  
current increases approximately quadratically. 

To justify the high performance of our high-density 
nanotube transistors, they were benchmarked with 
previously published work, and the results are 
shown in Fig. 5. The drive-current (Ion/W) is plotted 
versus year for the previously published aligned 
nanotube transistor work from University of Southern 
California (USC) [23, 32, 33], University of Illinois at 
Urbana-Champaign (UIUC) [15, 20, 26], Stanford 
University [34, 35], and Duke University [36]. From 
the figure, one can find that by increasing the nanotube 
density and scaling down the channel length, our 
devices with 0.5 μm channel length exhibit a drive- 
current of 92.4 μA/μm, which is the best reported 
performance to date. This indicates the great potential 
of using our approach for future beyond-silicon  
nanoelectronics and RF applications. 

 
Figure 5 Benchmarking the high performance submicron nano- 
tube transistors using high-density aligned nanotubes with the 
previously published work. The drive-current (Ion/W) is plotted 
versus year for the previously published aligned nanotube transistor 
work at USC, UIUC, Stanford, and Duke 

3. Conclusions 

In conclusion, we have developed a LPCVD and 
stacked multiple transfer technique to achieve high 
density aligned nanotubes with density up to 55 
tubes/µm. High performance submicron nanotube 
transistors have also been fabricated based on the high- 
density aligned nanotubes and electrical measurements 
show that the devices exhibit pronounced higher 

performance in terms of Ion/W and gm/W compared 
with devices fabricated on aligned nanotubes with 
typical density. Our approach holds great potential for  
high performance analog and RF applications. 

Experimental 

Aligned nanotube synthesis. Photolithography was 
used to pattern stripes on the stable-temperature (ST)- 
cut quartz substrate (Hoffman Materials Inc.). 2 Å 
iron was then deposited using a thermal evaporator 
followed by the lift-off process to form the catalyst 
stripes. The samples were first annealed in air at 900 °C 
for 1 h, and LPCVD was then used to grow aligned 
nanotubes between the catalyst stripes at 900 °C. The 
feed gases were 300 standard cubic centimeters per 
minute (sccm) H2 and 120 sccm Ar flowing through 
an ethanol bubbler kept at 0 °C. The furnace was 
connected to a mechanical pump and the pressure 
inside the quartz tube was kept constant at 500 Torr  
using a butterfly valve. 

Nanotube transfer. 30 nm gold film was deposited 
onto the quartz substrates containing nanotubes, and 
thermal release tape (# 3198M from Nitto Denko) was 
used to peel off the gold film together with the nano- 
tubes, which was then pressed with a polydimethyl- 
siloxane (PDMS) stamp against the targeted substrates 
preheated on a hotplate at 140 °C for 10 seconds. After 
this process, the thermal tape was peeled off with the 
PDMS stamp. Finally, oxygen plasma was used to clean 
the tape residue and gold etchant was used to remove 
the gold film, leaving only aligned nanotubes on the  
target substrate. 

Acknowledgements 

We acknowledge financial support from the Focus 
Center Research Program (FCRP)—Center on Func- 
tional Engineered Nano Architectonics (FENA), Joint 
King Abdulaziz City for Science and Technology 
(KACST)/California Center of Excellence on Nano 
Science and Engineering for Green and Clean Tech- 
nologies, and the National Science Foundation (Nos. 
CCF-0726815 and CCF-0702204). We thank Professor  
Stephen Cronin for access to the micro-Raman system. 



Nano Res. 2010, 3(12): 831–842 

 

841

Electronic Supplementary Material: Additional infor- 
mation about the stacked multiple transfer process  
is available in the online version of this article at  
http://dx.doi.org/10.1007/s12274-010- 0054-0. 

Open Access: This article is distributed under the terms 
of the Creative Commons Attribution Noncommercial 
License which permits any noncommercial use, 
distribution, and reproduction in any medium,  
provided the original author(s) and source are credited. 

References 

[1] Bockrath, M.; Cobden, D. H.; McEuen, P. L.; Chopra, N. G.; 
Zettl, A.; Thess, A.; Smalley, R. E. Single-electron transport 
in ropes of carbon nanotubes. Science 1997, 275, 1922– 
1925. 

[2] Wildoer, J. W. G.; Venema, L. C.; Rinzler, A. G.; Smalley, 
R. E.; Dekker, C. Electronic structure of atomically resolved 
carbon nanotubes. Nature 1998, 391, 59–62. 

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

[4] Tans, S. J.; Verschueren, A. R. M.; Dekker, C. Room- 
temperature transistor based on a single carbon nanotube. 
Nature 1998, 393, 49–52. 

[5] Martel, R.; Schmidt, T.; Shea, H. R.; Hertel, T.; Avouris, Ph. 
Single- and multi-wall carbon nanotube field-effect transistors. 
Appl. Phys. Lett. 1998, 73, 2447–2449. 

[6] Derycke, V.; Martel, R.; Appenzeller, J.; Avouris, Ph. 
Carbon nanotube inter- and intramolecular logic gates. Nano 
Lett. 2001, 1, 453–456. 

[7] Liu, X.; Lee, C.; Han, J.; Zhou, C. Carbon nanotube field- 
effect inverters. Appl. Phys. Lett. 2001, 79, 3329–3331. 

[8] Bachtold, A.; Hadley, P.; Nakanishi, T.; Dekker, C. Logic 
circuits with carbon nanotube transistors. Science 2001, 294, 
1317–1320. 

[9] Javey, A.; Wang, Q.; Ural, A.; Li, Y.; Dai, H. Carbon 
nanotube transistor arrays for multistage complementary logic 
and ring oscillators. Nano Lett. 2002, 2, 929–932. 

[10]  Chen, Z.; Appenzeller, J.; Lin, Y.; Oakley, J. S.; Rinzler, A. 
G.; Tang, J.; Wind, S. J.; Solomon, P. M.; Avouris, Ph. An 
integrated logic circuit assembled on a single carbon nanotube. 
Science 2006, 311, 1735. 

[11]  Amlani. I.; Lewis, J.; Lee, K.; Zhang, R.; Deng, J.; Wong, 
H. S. P. First demonstration of AC gain from a single-walled 
carbon nanotube common-source amplifier. IEEE International 
Electron Devices Meeting (IEDM), San Francisco, USA, 
2006, pp 559–562. 

[12]  Li, S.; Yu, Z.; Yen, S.; Tang, W.; Burke, P. Carbon nanotube 
transistor operation at 2.6 GHz. Nano Lett. 2004, 4, 753–756. 

[13]  Louarn, A.; Kapche, F.; Bethoux, J. M.; Happy, H.; Dambrine, 
G.; Derycke, V.; Chenevier, P.; Izard, N.; Goffman, M. F.; 
Bourgoin, J. P. Intrinsic current gain cutoff frequency of 
30 GHz with carbon nanotube transistors. Appl. Phys. Lett. 
2007, 90, 233108-1–233108-3. 

[14]  Nougaret, L.; Happy, H.; Dambrine, G.; Derycke, V.; 
Bourgoin, J. P.; Green, A. A.; Hersam, M. C. 80 GHz field- 
effect transistors produced using high purity semiconducting 
single-walled carbon nanotubes. Appl. Phys. Lett. 2009, 94, 
243505-1–243505-3. 

[15]  Kocabas, C.; Kim, H.; Banks, T.; Rogers, J.; Pesetski, A.; 
Baumgardner, J.; Krishnaswamy, S.; Zhang, H. Radio 
frequency analog electronics based on carbon nanotube 
transistors. Proc. Nat. Acad. Sci. 2008, 105, 1405–1409. 

[16]  Kocabas, C.; Dunham, S.; Cao, Q.; Cimino, K.; Ho, X.; Kim, 
H.; Dawson, D.; Payne, J.; Stuenkel, M.; Zhang, H.; Banks, 
T.; Feng, M.; Rotkin, S. V.; Rogers, J. A. High-frequency 
performance of submicrometer transistors that use aligned 
arrays of single-walled carbon nanotubes. Nano Lett. 2009, 
9, 1937–1943. 

[17]  Ismach, A.; Segev, L.; Wachtel, E.; Joselevich, E. Atomic- 
step-templated formation of single wall carbon nanotube 
patterns. Angew. Chem. Int. Ed. 2004, 43, 6140 –6143. 

[18]  Ismach, A.; Kantorovich, D.; Joselevich, E. Carbon nanotube 
graphoepitaxy:  Highly oriented growth by faceted nanosteps. 
J. Am. Chem. Soc. 2005, 127, 11554–11555. 

[19]  Han, S.; Liu, X.; Zhou, C. Template-free directional growth 
of single-walled carbon nanotubes on a- and r-plane sapphire. 
J. Am. Chem. Soc. 2005, 127, 5294–5295. 

[20]  Kocabas, C.; Hur, S.; Gaur, A.; Meitl, M.; Shim, M.; Rogers, 
J. Guided growth of large-scale, horizontally aligned arrays 
of single-walled carbon nanotubes and their use in thin-film 
transistors. Small 2005, 1, 1110–1116. 

[21]  Kang, S. J.; Kocabas, C.; Ozel, T.; Shim, M.; Pimparkar, N.; 
Alam, M. A.; Rotkin, S. V.; Rogers, J. A. High-performance 
electronics using dense, perfectly aligned arrays of single- 
walled carbon nanotubes. Nature Nanotechnol. 2007, 2, 
230–236. 

[22]  Patil, N.; Lin, A.; Myers, E. R.; Wong, H. S. P.; Mitra, S. 
Integrated wafer-scale growth and transfer of directional 
carbon nanotubes and misaligned carbon nanotube immune 
logic structures. Proceedings of the 2008 VLSI Technology 
Symposium, Honolulu, USA, 2008, pp 205–206. 

[23]  Ryu, K.; Badmaev, A.; Wang, C.; Lin, A.; Patil, N.; Gomez, 
L.; Kumar, A.; Mitra, S.; Wong, H. S. P.; Zhou, C. CMOS- 
analogous wafer-scale nanotube-on-insulator approach for 
submicrometer devices and integrated circuits using aligned 
nanotubes. Nano Lett. 2009, 9, 189–197. 



 Nano Res. 2010, 3(12): 831–842 

 

842

[24]  Wang, C.; Ryu, K.; Badmaev, A.; Patil, N.; Lin, A.; Mitra, S.; 
Wong, H. S. P.; Zhou, C. Device study, chemical doping and 
logic circuits based on transferred aligned single-walled carbon 
nanotubes. Appl. Phys. Lett. 2008, 93, 033101-1–033101-3. 

[25]  Ding, L.; Yuan, D.; Liu, J. Growth of high-density parallel 
arrays of long single-walled carbon nanotubes on quartz 
substrates. J. Am. Chem. Soc. 2008, 130, 5428–5429. 

[26]  Hong, S. W.; Banks, T.; Rogers, J. A. Improved density in 
aligned arrays of single-walled carbon nanotubes by sequential 
chemical vapor deposition on quartz. Adv. Mater. 2010, 22, 
1826–1830. 

[27]  Patil, N.; Deng, J.; Mitra, S.; Wong, H. S. P. Circuit-level 
performance benchmarking and scalability analysis of carbon 
nanotube transistor circuits. IEEE Trans. Nanotechnol. 2009, 
8, 37–45. 

[28]  Guo, J.; Hasan, S.; Javey, A.; Bosman, G.; Lundstrom, M. 
Assessment of high-frequency performance potential of 
carbon nanotube transistors. IEEE Trans. Nanotechnol. 2005, 
4, 715–721. 

[29]  Rutherglen, C.; Jain, D.; Burke, P. Nanotube electronics for 
radiofrequency applications. Nature Nanotechnol. 2009, 4, 
811–819. 

[30]  Cao, Q.; Xia, M.; Kocabas, C.; Shim, M.; Rogers, J. A.; Rotkin, 
S. V. Gate capacitance coupling of singled-walled carbon 

nanotube thin-film transistors. Appl. Phys. Lett. 2007, 90, 
023516-1–023516-4. 

[31]  Zhou, C.; Kong, J.; Dai, H. Electrical measurements of 
individual semiconducting single-walled carbon nanotubes 
of various diameters. Appl. Phys. Lett. 2000, 76, 1597–1599. 

[32]  Liu, X.; Han, S.; Zhou, C. Novel nanotube-on-insulator 
(NOI) approach toward single-walled carbon nanotube devices. 
Nano Lett. 2006, 6, 34–39. 

[33]  Ishikawa, F.; Chang, H.; Ryu, K.; Chen, P.; Badmaev, A.; De 
Arco Gomez, L.; Shen, G.; Zhou, C. Transparent electronics 
based on transfer printed aligned carbon nanotubes on rigid 
and flexible substrates. ACS Nano 2009, 3, 73–79. 

[34]  Lin, A.; Patil, N.; Ryu, K.; Badmaev, A.; De Arco Gomez, 
L.; Zhou, C.; Mitra, S.; Wong, H. S. P. Threshold voltage 
and on–off ratio tuning for multiple-tube carbon nanotube 
FETs. IEEE Trans. Nanotechnol. 2009, 8, 4–9. 

[35]  Patil, N.; Lin, A.; Myers, E. R.; Ryu, K.; Badmaev, A.; Zhou, 
C.; Wong, H. S. P.; Mitra, S. Wafer-scale growth and transfer 
of aligned single-walled carbon nanotubes. IEEE Trans. 
Nanotechnol. 2009, 8, 498–504. 

[36]  Ding, L; Tselev, A.; Wang, J.; Yuan, D.; Chu, H.; McNicholas, 
T. P.; Li, Y.; Liu, J. Selective growth of well-aligned 
semiconducting single-walled carbon nanotubes. Nano Lett. 
2009, 9, 800–805. 


	Synthesis and Device Applications of High-Density Aligned Carbon Nanotubes Using Low-Pressure Chemical Vapor Deposition and Stacked Multiple Transfer  
	1. Int
	2. Results and discussion 
	3. Conclusions 
	Experimental 
	Acknowledgements 
	References 
	Electronic Supplementary Material 
	Synthesis and Device Applications of High-Density Aligned Carbon Nanotubes Using Low-Pressure Chemical Vapor Deposition and Stacked Multiple Transfer  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /Basemic
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /E-B1
    /E-B1X
    /E-B2
    /E-B2X
    /E-B3
    /E-B3X
    /E-B4
    /E-B4X
    /E-B5
    /E-B5X
    /E-B6
    /E-B6X
    /E-B7
    /E-B7X
    /E-B8
    /E-B8X
    /E-BD
    /E-BKB
    /E-BKBX
    /E-BKH
    /E-BKHX
    /E-BX
    /E-BZ
    /E-DY
    /E-F1
    /E-F1X
    /E-F2
    /E-F2X
    /E-F3
    /E-F4
    /E-F4X
    /E-F5
    /E-F5X
    /E-F6
    /E-F6X
    /E-F7
    /E-F7X
    /E-F8
    /E-F9
    /E-F9X
    /E-FX
    /E-FZ
    /E-H1
    /E-H1X
    /E-H2
    /E-H2X
    /E-H3
    /E-H3X
    /E-H4
    /E-H4X
    /E-H5
    /E-H5X
    /E-H6
    /E-H6X
    /E-H7
    /E-H7X
    /E-HD
    /E-HT
    /E-HT1
    /E-HT2
    /E-HX
    /E-HZ
    /E-KY
    /E-SXT
    /E-TT
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /E-X1
    /E-X1X
    /E-XF1
    /E-XFX
    /E-XFZ
    /E-XT
    /E-XY
    /E-YB
    /E-YT1
    /E-YT2
    /FencesPlain
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /GBK_S
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Black-SemiBold
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black-Se
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light-Li
    /Helvetica-Condensed-Light-Light
    /Helvetica-Condensed-Oblique
    /Helvetica-Condensed-Thin
    /Helvetica-Conth
    /HelveticaExt-Normal
    /HelveticaExtObl-Heavy
    /HelveticaExtObl-Light
    /HelveticaExtObl-Normal
    /HelveticaInserat-Roman-SemiB
    /HelveticaInserat-Roman-SemiBold
    /Helvetica-Light-Light-Italic
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /HelveticaNarrowBoldLefty
    /Helvetica-Narrow-BoldOblique
    /HelveticaNarrowLefty
    /Helvetica-Narrow-Oblique
    /HelveticaObl-Heavy
    /Helvetica-Oblique
    /HelveticaObl-Thin
    /Helvetica-Roman-SemiB
    /Impact
    /Kingsoft-Phonetic
    /LucidaConsole
    /LucidaSansUnicode
    /MicrosoftSansSerif
    /MingLiU
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MSOutlook
    /MT-Extra
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Regular
    /NSimSun
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PMingLiU
    /SimHei
    /SimSun
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TrueFrutigerLight
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.12500
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.12500
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




