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Abstract:This paper reports the fabrication of bottom-gate carbon nanotube thin film transistors (CNTTFTs) of varying
dimensions on a flexible polyimide substrate using 99.99% and 95% semiconducting purity single-walled carbon
nanotubes (SWCNTs) for the formation of channel thin film and their electrical performance study at room temperature.
The CNTTFTs uses hafnium dioxide(HfO 2) as high dielectric constant gate dielectrics. The devices exhibited p-type
behavior in both the cases of CNTTFTs with 99.99% and 95% semiconducting purity SWCNTs used for fabrication.
The flexible CNTTFT with 99.99% semiconducting purity SWCNTs of channel length( L) =50µm, width (W )=50 µm
has exhibited an on-current of 2.33mA, on/off current ratio of 1.39X10 4, a mobility of 4.68 cm2/Vs, the
transconductance of 45.7 µS and a subthreshold swing of 716.94mV/decade. The CNTTFT of L=50 µm, W=50 µm
with 95% semiconducting purity SWCNTs has exhibited an on-current of 2.33mA, on/off current ratio of 1.3 X10 3, a
mobility of 4.61cm2/Vs, the transconductance of 43 µS and a subthreshold swing of 933 mV/decade. This work
demonstrated that the flexible CNTTFTs which used 99.99% semiconducting purity SWCNTs outperforms the flexible
CNTTFTs which used 95% semiconducting purity SWCNTs and have exhibited higher on/off current ratio, mobility,
transconductance, and lower subthreshold swing. This work also demonstrates that for the better electrical performance
of flexible CNTTFTs should have SWCNTs of higher semiconducting purity and density.
Keywords: carbon nanotubes, carbon nanotube thin film transistors, channel, mobility, on/off current ratio.

1. Introduction
Nowadays flexible applications, for example, integrated circuits, e-paper, electronic tags, artificial skin,
wearable displays, sensors, digital circuits, fingerprint scanners are implemented using carbon nanotube thin
film transistors (CNTTFTs) are demonstrated in the works [1-7]. The thin-film of single-walled carbon
nanotubes (SWCNTs) is used as the channel materials for the fabrication of CNTTFTs on flexible substrates
are demonstrated in the works [1-7]. SWCNTs have the advantages of their extremely good electrical and
mechanical bendable properties [8-11]. But other channel materials amorphous and organic semiconductors
have low mobilities and only used for low -frequency applications [12-14]. The electrical parameters such as
maximum on current, on current density, on-off current ratio, subthreshold swing, mobility, transconductance
of CNTTFTs on rigid and flexible substrates are extracted to decide the performance of CNTTFTs
[3,6,8,15,16,17]. Based on these parameters the feasibility of the devices to be used for the practical flexible
electronics applications is decided. Mainly the important electrical parameters of CNTTFTs are on-off
current ratio,mobility and on current density. These parameters can be improved by the considering the type
of the flexible substrate, the density of the SWCNTs deposited in the channel area,orientation of the
nanotubes (aligned or random network) [18,19,20,21,22,23,24,25], semiconducting purity of the
SWCNTs,the type,thickness and process used for deposition of gate dielectric, the metals used for the
formation of source, drain and gate electrodes [3,6,7,8,10,16,17]. The current work focus on the fabrication
of CNTTFTs using varying semiconducting purity SWCNTs solutions of 99.99% and 95% for the channel
thin film development and electrical parameters are studied with varying length and width of the devices. The
electrical parameters are also compared with the similar works appeared in the literature.

2. Devices fabrication
In this work, the fabrication of bottom-gate CNTTFTs with photolithography steps were used for patterning
of the source, drain and gate electrode, and SWCNTs thin film formation. The SWCNTs thinfilm was
deposited by immersion method on aminoisopropyl triethoxysilane (APTES) [18,19,20] functionalized HfO2
surface. Procedural steps for fabrication of bottom-gate CNTTFTs are shown in figure1.
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Figure1. Procedural steps for fabrication of bottom-gate CNTTFTs (a) Polyimide substrate pasted on the Si
wafer. (b) Patterned PPR layer. (c) Patterned Ti/Au gate. (d) Patterned gate dielectric HfO 2. (e) Patterned
SWCNTs deposited on HfO2 surface. (f) Patterned Pd/Au the source and drain electrodes. (g) Patterned Ti/
Au for large area source, drain, gate contact pads.
The GDSII format of the Clewin layout was used by the laser writer LW 405 to edit masks on iron-oxide
coated plates. The flexible polyimide tape 5413M with silicone adhesive of the width 25.4mm, length of 40
mm and a thickness 75µm was pasted on the 2 inch Si wafer is shown in the figure1(a). The polyimide
substrate fixed on the Si wafer was preheated at 90oC for 5 minutes prior to the lithography process. The
photolithography wascarried out by double-sided aligner DSA EVG 620. The developed PPR patterned for
bottom-gate is as seen in figure 1(b). The patterning of the metal titanium/gold (Ti/Au) for the gate was done
by photolithography procedure. The bottom-gate metal titanium/gold (Ti/Au) of thickness 10/50nm was
deposited by 4-target E-beam evaporator (4-TEBE) and patterned using photolithography is as seen in figure
1(c). Subsequently, the deposition of gate dielectric HfO2 of thickness 10nm was done by RF sputtering and
patterned using photolithography is as seen in figure 1(d). The deposition of SWCNTs on the HfO 2 layer
after the APTES functionalization of dielectric was done to rise the density of the nanotubes deposited. The
95% semiconducting purity SWCNTs solution was procured from the Nano Integris Inc., USA. The solution
obtained was in the form of a solvent-surfactant solution with a concentration of 1.0 mg SWCNTs in 25 ml
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solution. The APTES functionalization procedure starts with the immersion of the substrate in sulphochromic
acid for 2.5 minutes. Then the substrate was washed in deionized (DI) water thoroughly to generate OH
bonds and dried using N2 gas. The substrate was heated for 1 hour at 120oC and a 10-2mbar pressure. A
solution of 600 microlitres of 3-aminoisopropyltriethoxysilane and 20ml of isopropyl alcohol (IPA) were
made ready for immersion of the substrate. The substrate was immersed for 15 minutes in the prepared
solution in argonambient. The argon gas was filled in the chamber to avoid polymerization of
APTES.Subsequently, the substrate was rinsed in IPA, dried using argon gas and then kept in a 95%
semiconducting purity SWCNTs solution for 70 minutes to deposit SWCNTs. Sodium dodecyl sulphate
(SDS) residuals on the SWCNTs were eliminated by dipping the substrate in IPA, then washing in DI water
and dried by blown of nitrogen gas. The patterning of SWCNTs was done by O 2 plasma etching to retain
SWCNTs only in the channel region. The patterned SWCNTs after O2 plasma etching is shown in figure
1(e).
The source and drain electrodes of metal palladium/gold (Pd/Au) of thickness 8/20nm was deposited by 4TEBE and patterned using standard photolithography and lift-off is shown in figure 1(f). The deposition of
bigger source, drain, and gate electrode contact pads of metal Ti/Au of thickness 8/50nm was done by RF
sputtering and patterned using standard photolithography are shown in figure 1(g).
The CNTTFTs fabricated were of channel length (L) 3, 4, 5, 8, 10,15,20,30,40,50,75 and 100µm and channel
width (W) 3,5,8,10,15,20,30,40 and 50µm. As a final step of the fabrication process, the flexible polyimide
substrate was removed from the 2 inch silicon wafer.

3.Results and discussion
In this section the discussion on the images of SWCNTs deposited taken by field emission scanning electron
microscope (FESEM) and the Raman spectroscopy data of different semiconducting purity SWCNTs on
gate dielectrics, electrical characterization comparison and the study of extractedelectrical parameters the
normalized on current (ION/W), on-off current ratio (ION/IOFF), transconductance ( gm ) and carrier mobility
(µcarr.) of flexible CNTTFTs which uses 95% semiconducting purity SWCNTs (95CNTTFTs) and 99.99%
semiconducting purity SWCNTs (99CNTTFTs) with varying channel length (L) and width (W).

3.1 Images and Raman spectroscopy data of SWCNTs thin film, and photographs of fabricated
CNTTFTs
To know the density of the deposited SWCNTs on the polyimide substrate the FESEM image was taken is
displayed in figures 2(a) and 2(c) respectively. In both the cases, the density of the SWCNTs deposited is
around 105nanotubes/µm2. The Raman spectroscopy data was used to evaluate the semiconducting purity of
the SWCNTs and to find whether the presence of metallic nanotubes is lower or higher. The Raman
spectroscopy radial breathing modes (RBM) data of the deposited 95% semiconducting purity SWCNTs
shows peaks after 200cm-1 which specifies the existence of some percentage of metallic carbon
nanotubes[26] are as seen in figure 2(b). But the Raman spectroscopy RBM data deposited of 99.99%
semkiconducting purity SWCNTs shows the spectroscopic peaks concentrated less than 200cm-1 specifies
the presence of almost no metallic carbon nanotubes and higher semiconducting nanotubes[26] are as seen
in figure 2(d). Figure 3(a) and 3(b) shows the images of SWCNTs made contact with one of the Pd
electrodes.
Photograph of the polyimide substrate on which the CNTTFTs were fabricated after it was removed from
the 2 inch Si substrate is as seen in figure 4(a). Microscopic images of an array of 4 flexible CNTTFTs
fabricated on the polyimide substrate are shown in figure 4(b). Microscopic image of a CNTTFT of L=4µm,
W=30µm is as seen in figure 4(c). The FESEM image of CNTTFTs fabricated were taken and shown in
figure 4(d).
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Figure 2. FESEM images and Raman spectroscopy data of SWCNTs. (a) FESEM image of 95% purity
SWCNTs deposited. (b) Raman spectroscopy data of deposited SWCNTs of 95% purity. (c) FESEM image
of 99.99% purity SWCNTs deposited. (d) Raman spectroscopy data of deposited SWCNTs of 99.99%
purity.

(a)

(b)

Figure 3. FESEM images of SWCNTs made contact with electrodes. (a), (b) SWCNTs established contact
with one of the Pd electrodes.
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Figure 4. Microscopic images, photograph, and FESEM image of the fabricated flexible CNTTFTs. (a)
Photograph of the polyimide substrate removed from the Si wafer. (b) Microscopic images of the 4
CNTTFTs fabricated on a polyimide substrate. (c) Microscopic image of a CNTTFT of L= 4 µm, W= 30
µm. (d) FESEM image of fabricated flexible CNTTFTs
3.2 Electrical characterization
Electrical characterization of the CNTTFTs which uses 95% and 99.99% semiconducting purity SWCNTs
was conducted. The electrical characterization of flexible CNTTFTs was done using fast IV-measurement
Agilent B 1500A semiconductor device analyzer. The electrical performance parameters on current, on-off
current ratio, transconductance, the mobility of 95CNTTFTs and 99CNTTFTs are calculated and plotted
against the channel length with varying widths for the comparison. The output characteristics of 95CNTTFT
and 99CNTTFT of L=50µm, W=50µm are as seen in figures 5(a) and (b) respectively. The output
characteristics of 95CNTTFT and 99CNTTFT exhibited p-type behavior. The peak on saturation current
measured at VGS=-25V for 95CNTTFT and 99CNTTFT are 992.56 µA and 812.59µA respectively. The
peak saturation current in 95CNTTFT observed is more when compared to the 99CNTTFT because of the
presence of more metallic nanotubes in the 95% semiconducting purity SWCNTs compared to the 99.99%
semiconducting purity SWCNTs. The extracted output drain conductance of the 95CNTTFT and
99CNTTFT at VGS =-15 V are 29.78 µS and 26.37 µS respectively. The transfer characteristics of both
95CNTTFT and 99CNTTFT at VDS= -40V is shown in figure 5(c). The measured on drain currents of
95CNTTFT and 99CNTTFT are almost same at the higher magnitude of V GS, because at higher magnitudes
of VGS the semiconducting nanotubes are also started conducting as metallic
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Figure 5. I-V characteristics of flexible bottom-gate CNTTFTs. (a) Output characteristics of the CNTTFT
which used 95% semiconducting purity SWCNTs for the channel thin film. (b) Output characteristics of the
CNTTFT which used 99.99% semiconducting purity SWCNTs for the channel thin film formation. (c)
Transfer characteristics of the CNTTFTs at a drain to source voltage (V DS) of -40 V which used 95% and
99.99% semiconducting purity SWCNTs.
nanotubes [27] whereas the higher current is measured at lower values of VGS for 95CNTTFT than
99CNTTFT because of the existence of more metallic nanotubes in the SWCNTs present in the channel
area of 95CNTTFT compared to 99CNTTFT.
3.2.1 Electrical characteristics parameters extraction and plots
The extracted electrical characteristics parameters on current (ION), normalized on current or on current
density, on-off current ratio, transconductance, carrier mobility are estimated and plotted against channel
length is shown in the figure 6 .
Using the equation (1) carrier mobility is calculated.
 carr.  Lg m / VDS CoxW
(1)
Where L and W are the channel length and width of flexible CNTTFT, VDS =drain to source voltage, Cox is
the gate capacitance per unit area. The Cox is estimated using equation (2) and is estimated by taking into
consideration the electrostatic coupling between the nanotubes [28, 29, 30].

Cox  {CQ1  (1 / 2 o ox ) ln[( o sinh(2t ox /  o )) / R ]}1  o

1

(2)
1/  o be regarded as the nanotubes linear density and is about 10 tubes/µm, the value of nanotubes
t
C
quantum capacitance Q considered from the work [31] is 4 X10-12 F/cm, ox is the oxide thickness = 40
nm, the value of the radius of nanotubes R =1.5nm and the dielectric constant (  0 ox ) at the interface
where the nanotubes are placed is 3.9 X 8.85X10-14 F/cm. The value of Cox estimated using equation (2) is
4.0091X10-8 F/cm2. The estimated values of Cox and g m are used in the equation (1) to calculate

carr. of
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95CNTTFT and 99CNTTFT of L=50µm,W=50µm. The estimated values of carr. of 95CNTTFT and
99CNTTFT are 4.68 cm2/Vs and 4.61 cm2/Vs respectively.
The on-current plotted against channel length is as seen in figure 6(a). The measured on-current of the
95CNTTFT of L=5µm,W=50µm is 4mA. It indicates that the on current is highest for
devices of shorter channel length and higher width. With the increase in channel length and the decrease of
a channel width of both 95CNTTFT and 99CNTTFT the on-current decreases. The on-current of
95CNTTFT is little more when compared to the 99CNTTFT for the identical dimensions of devices. The
increase of current as the width increases is due to the more number of carbon nanotubes are participating in
carrying the current. The on-current density (ION/W) plotted against channel length for 2 different widths of
5µm and 50 µm is as seen in figure 6(b).
The on current density also reduces with the increase of length and the decrease of a width of 95CNTTFT
and 99CNTTFT. The measured maximum on current density of 95CNTTFT and 99CNTTFT of
L=5µm,W=50µm are 0.08 mA/µm and 0.078 mA/µm respectively. The on-off current ratio variation with
channel length is as seen in figure 6(c).
The on-off current ratio increases with the increase of channel length in both 95CNTTFTs and
99CNTTFTs. This is due to the possible bridging of metallic carbon nanotubes between the source and
drains in short channel length devices than long channel length devices of both the types. The 95CNTTFT
on-off current ratio is lower than the 99CNTTFTs for a particular dimension of the device. This is because
of the current when the device is off is more in the 95CNTTFTs than 99CNTTFTs due to the existence of
more number of metallic SWCNTs in 95CNTTFTs. The metallic SWCNTs conduct at very lower and with
no gate potentials also. Because the carbon nanotube network comprises of semiconducting and metallic
nanotubes, if the density of metallicnanotubes crosses the percolation threshold then the network will
become metallic. In order to attain the highest current drive with good off-state characteristics, the fraction
of metallic nanotubes will have to be reduced [32]. The maximum on-off current ratio exhibited by
99CNTTFT of L=5µm, W=50µm is 1.49X104. For the same dimensions, the maximum on-off current ratio
shown by 95CNTTFT is 2.307X103. These values are higher than the on-off current ratio reported in [33].
As the channel length increases the transconductance (gm) of both the types of CNTTFTs decreases is as
shown in figure 6(d). The variation of transconductance is inversely related to the channel length of the
devices. As the channel length increases the channel resistance increases and it effects the transconductance
adversely[3]. The highest normalized trans conductance (g m/W) of 99CNTTFT and 95CNTTFT of L=5µm,
W=50µm exhibited in the present work are 3.164µS/µm and 2.44µS/µm respectively. These values are
higher than the value of gm/W = 0.1 µS/µm reported in [3]. The observed values of on-off ratio and
transconductance are high in the this work because of the higher density of deposited SWCNTs. The carrier
mobility increases with the increase in channel length of both the types of devices 95CNTTFT and
99CNTTFT is due to the electron scattering dominated at the metal-nanotube contacts than the electron
scattering in the channel [3] is shown in figure 6(e). The similar variation is observed in the CNTTTFTs of
the work [34,35]. The highest carrier mobility observed in the present work is 5.55 Cm2/Vs for the
99CNTTFT of L=100 µm, W=50 µm and for 95CNTTFT of same dimensions exhibits 5.03 Cm2/Vs. The
higher carrier mobility is exhibited in this work is than CNTTFTs in [33] because of the higher
semiconducting purity and density of the SWCNTs deposited than the CNTTFTs in [33].
Subthreshold swing exhibited by 99CNTTFT and 95CNTTFT of L=W=50µm of this work are
716.94mV/decade and 933 mV/decade respectively. The subthreshold swing reported in [36] is 1200
mV/decade for a device L=W=100µm. The subthreshold swing of the present work is lower than the
CNTTFTs in [36] since the deposition density of SWCNTs is higher and the gate dielectric used is of
higher dielectric constant compared to the used in [36].
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Figure 6.Electrical performance parameters variation against channel length of 95CNTTFTs and
99CNTTFTs. (a) On current variation against channel length with various W. (b) On-off current ratio
variation against channel length (with W=50 µm). (c) Current density against channel length with various
values of W. (d) Trans conductance variation against channel length (with W=50 µm). (e) Mobility
variation against channel length (with W=50 µm).
4. Conclusion
In this work, the fabrication of bottom-gate flexible CNTTFTs using 99.99% and 95% semiconducting
purity SWCNTs and the effect of semiconducting purity of SWCNTs on the electrical performance of the
flexible CNTTFTs was demonstrated. In both flexible CNTTFTs the deposition density of the SWCNTs
was higher around 105 CNTs/µm2. In both the cases, the extracted electrical performance parameters I ON,
ION/W and gm decrease with the increase in channel length of the flexible CNTTFTs, whereas the I ON/IOFF
and µcarr. increases. The flexible CNTTFTs with 99.99% semiconducting purity SWCNTs have
outperformed the flexible CNTTFTs with 95% semiconducting purity SWCNTs in on-off current ratio,
transconductance, mobility, subthreshold swing because higher semiconducting purity SWCNTs were used.
The flexible CNTTFTs of present work have demonstrated higher I ON/IOFF, gm and µcarr. compared with
the CNTTFTs considered from the literature because high dielectric constant HfO 2 was used as gate
dielectric and higher deposited semiconducting purity and density of the SWCNTs. This work demonstrates
that for the better electrical performance of flexible CNTTFTs should have SWCNTs of higher
semiconducting purity and density.
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