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a b s t r a c t
Suspended individual carbon nanotubes show great promise in use as gas sensors, as they are not only highly sensitive and selective, but can be operated at a few μW of power consumption. This work reports on a novel architecture and process ﬂow to reduce the voltage range needed for a full sensor characterization to the values given
by modern technology. The developed fast and ﬂexible fabrication run yields CNTFET devices with varying gate
distances, improving gate coupling up to 25 times to previous own studies. Devices with long gate distances (dg
= 1.84 μm) show a 3.2-times improved signal to noise ratio (voltage shift upon gas adsorption over signal variation) when compared to short gate distance devices (dg = 0.24 μm).
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
To reliably detect gas concentrations relevant for human health [1–
3], as low as 40 ppb for NO2 exposure as an average annual limit [4], sensors need to be highly selective and must have low enough minimum
detectable signals. Furthermore to alert overexposed individuals, short
response and recovery times below 1 min are necessary. Finally, to enable the use in autonomous sensor nodes and air monitoring systems
the operation in ambient conditions and at ultra-low power budget become key requirements.
In order to fulﬁll all these requirements, research groups have explored both novel materials and miniaturization. Silicon nanowires
[5,6] have been used as sensing elements, achieving detection limits
down to 10 ppb in the presence of humidity. In dry conditions the
limit of detection is several orders of magnitude higher and observed
hysteresis hinders reliable sensor calibration.
Metal oxide based sensors, either as nanoparticle ﬁlms [7,8] or nanowires [9,10], show great promise in terms of response and recovery
times. However, their cross-sensitivity towards other analytes, especially humidity, is not desired in most applications. Furthermore the required high operating temperature substantially increases the power
consumption in most of these sensors.
Carbon based nanostructures, such as graphene [11,12] and carbon
nanotubes [13], show high sensitivity towards NO2. When building
CNT sensors with a suspended channel [14], hysteresis and drift [15]
as well as the power consumption [16] can be signiﬁcantly reduced.
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An additional beneﬁt of eliminating charge traps, when moving away
from the oxide to a suspended architecture, is the reduction of ﬂicker
noise, which leads to an increase in the signal to noise ratio [17]. With
the dry transfer process [14] the CNT as the sensing element is without
signiﬁcant chemical or other process residues and a reduction of cross
sensitivity to humidity [18] can be observed.
Nevertheless, the required voltage range to perform a full gate
sweep and acquire a complete transistor characteristic spans a range
of several tens of volts [15–17]. This large voltage range however is
not compatible with ultra-low power bias and read-out circuits [19–
23] and would render the ultra-low power argument for these materials
void. Therefore, this study presents a novel sensor architecture and process ﬂow, that signiﬁcantly reduces the operating voltages of the device,
without compromising previous achievements, such as the suppression
of hysteresis or low power consumption.
2. Methods
To reduce the voltage range needed for a full sensor characteristics,
the well-known relationship of the coupling efﬁciency with the gate
distance is exploited [24]. For a more quantitative evaluation on the enhancement that can be expected, an electrostatic COMSOL simulation
on the proposed architecture is performed. Fig. 1a shows the electrostatic potential for large gate distances (dg = 1.84 μm) and Fig. 1b for
short gate distances (dg = 0.24 μm). When numerically evaluating the
simulation at the edge of the electrode and one nanometer above its
surface, which should correspond roughly to the middle of the nanotube
in the device, an increase in the potential of 3.8 times can be found for a
reduction of the gate distance by a factor of 7.6.
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Fig. 1. COMSOL simulation of proposed architecture showing the effective potential Veff reaching the source electrode (S) over the applied bias Vapplied at the gate electrode (G); a) large
gate distance dg = 1.84 μm; b) small gate distance dg = 0.24 μm, insert shows detail of contact area.

In order to build a carbon nanotube ﬁeld effect transistor with the
desired architecture, without compromising previous achievements
(e.g. the suppression of hysteresis), a fast and ﬂexible process ﬂow
needs to be developed. Fig. 2 introduces a novel fabrication scheme to
achieve high ﬂexibility in the design and short lead times under the
use of standard materials and fabrication techniques. By shifting the fabrication from a multi-user poly-Si MEMS process (PolyMUMPS,
MEMSCAP as used in previous works) to a Si wafer based process, the
minimum feature size can be reduced. This results in a smaller device
footprint and the possibility to freely adjust oxide thicknesses, enabling
ﬁne-tuning of crucial design parameters such as the gate distance.
After depositing 30 nm of Al2O3 (Fig. 2a) via atomic layer deposition
the source and drain electrodes are patterned on a SiO2 layer with a
chlorine based ICP etch (Fig. 2b). To draw the electrodes deeper and
roughly set the gate distance a ﬂuorine based ICP etch is used (Fig.
2c). With a second lithography, the receiving structure for the carbon
nanotube transfer is deﬁned by removing the outer edges of the alumina (Fig. 2d) and the silicon oxide (Fig. 2e) layers. Then this mesa
structure is patterned deeper into the underlying silicon (Fig. 2f, approx.
50 μm). The following vapour HF etch (Fig. 2g) allows to ﬁnely tune the
gate distance dg, whilst creating an undercut of the same depth. The
maximum achievable gate distance is limited by the thickness of the
SiO2 layer, which in the present case is 2 μm. The before mentioned undercut enables the simultaneous, self-aligned patterning of source,

drain and gate electrode with one single metal evaporation (Fig. 2h,
0.5 nm Cr and 40 nm Pd), which signiﬁcantly simpliﬁes and accelerates
the fabrication process.
To assemble the CNT on the electrodes (Fig. 2i), a dry transfer following the work of Muoth et al. [14] is used. Herein the as-grown CNT is
mechanically transferred from the growth substrate to the receiving
structure on the device under the use of a micromanipulator.
By adjusting the duration of the ICP and vapour HF etch the gate distance can be readily tuned, as shown in Fig. 3a) for dg ≈ 1 μm and Fig.
3b) for dg ≈ 1.84 μm. The channel length lchannel can be varied by
implementing various designs on the same mask and is shown for
lchannel ≈ 4 μm (Fig. 3c) and lchannel ≈ 8 μm (Fig. 3d). Fig. 3e) and the
magniﬁed view f) show the assembled CNTFET after transfer of the
nanotube. As scanning electron microscopy alterates the CNTFET behaviour, by induction of defects and/or deposition of amorphous carbon on
the nanotube channel [14]. The device in Fig. 3f shows a representative
sensor that was not used for gas analysis.
In order to evaluate the gate coupling and the behaviour upon gas
exposure, CNTFETs with a short gate distance (dg ≈ 0.24 μm) and
with a long gate distance (dg ≈ 1.84 μm) are characterized in dry air
and upon exposure to NO2. For this study, a channel length lchannel of
approx. 2 μm is chosen. For electrical characterization, a full gate
sweep (from −4 V to +4 V) is performed every 5 s using a pulsed measurement scheme following Mattmann et al. [25]. This pulsed

Fig. 2. Schematic view of fabrication process; the three electrodes are denoted by S for source, D for drain and G for gate.
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Fig. 3. SEM images of devices with a) 2 μm channel and 1 μm gate distance, b) 2 μm channel and 1.8 μm gate distance, c) 4 μm channel and 1 μm gate distance, d) 8 μm channel and 1 μm gate
distance, e) 2 μm channel and 1.8 μm gate distance after CNT transfer and f) close up view of suspended CNT spanning between source and drain electrodes (brightness and contrast
adjusted).

measurement scheme alternates between increasing gate bias pulses
and switching back to zero. To avoid charge trapping and therefore suppress hysteretic behaviour these switching pulses need to be sufﬁciently
fast (5 ms in the present case). For the measurements the source-drain
bias Vsd = 0.5 V is held constant for all characterizations. The acquired
data is averaged over the last 10 min, of the one-hour long gas pulses
for dry air and NO2 exposure, which equals to 120 averaged measurements per each shown transfer characteristic. The signal variation σ is
deﬁned as the average of the standard deviations of these values in
dry air and NO2 over said 120 measurements. Its value is given in mV.

3. Results and discussion
Fig. 4a shows the transfer characteristics of two long gate distance
devices (dg = 1.84 μm, yellow and red curves) and two short gate distance devices (dg = 0.24 μm, blue and green curves) in dry air at ambient conditions. The observed average voltage shift when going from
long to short gate distances, evaluated at a constant source-drain current Isd = 30 nA (black, dashed line Fig. 4a), is 529 mV. The Isd value
for analysis is chosen such that it lies in a region where the voltage

shift shows a high sensitivity for all the devices under consideration
and lies well above the noise ﬂoor of the measurement system.
When analyzing the transfer characteristic in log scale (Fig. 4b), it
can be seen that the acquisition of a complete transfer characteristic
for long/short gate distances requires a voltage range of 0–2 V/0–1 V respectively. This means that a reduction of gate distance by a factor of almost 8 times improves the gate coupling by a factor of 2. On one hand
this is only about half the expected value from the simulations, on the
other hand it is a 25-fold improvement towards previous designs [15].
To explain the discrepancy between simulation and results it has to be
stated, that the performed simulation takes purely electrostatic considerations into account and no speciﬁc CNT related physics. Furthermore,
the receiving structures thin out slightly during lithography and etching, as well as the alignment of the CNT cannot be guaranteed to be
fully perpendicular to the electrodes, and hence the exact channel
length is unknown.
Additional focus for the new architecture was put on bringing the
different electrodes regions as close together as possible. Fig. 1 and the
scanning electron micrographs (Fig. 3) show, that the source and
drain electrodes overlap in horizontal perspective. This means that the
sensor does not feature any unnecessary air or oxide gaps, which

Fig. 4. CNT transfer characteristics for short gate distance devices (dg = 0,24 μm, blue and green curve) and long gate distance devices (dg = 1.84 μm, yellow and red curve), Vsd = 0.5 V for
all measurements; a) normal scale, dashed line indicates constant current sensing at 30 nA; b) log scale, dashed lines indicate necessary voltage range for acquiring full transfer
characteristic.
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Fig. 5. a) Transfer characteristic in dry air (solid lines) vs exposure to 1 ppm NO2 (dotted lines), square shows the magniﬁed view in b); b) magniﬁed view of subthreshold region, grey
areas inserted to help visualize shift upon gas exposure; black, dashed line indicates the threshold of 30 nA for constant current sensing; device 1 shows slightly hysteretic behaviour upon
gas adsorption.

could account for any shielding of the ﬁeld applied through the gate
electrode. Nevertheless, the origin in the difference in ON-current or
threshold voltage among devices with the same gate distance remains
unclear. Variation in how the CNT actually forms the contact (and the
difﬁculty in exactly reproducing this), could account for the variation
in the ON-current.
The effect of exposing the CNTFETs to a gas concentration of 1 ppm
NO2 is displayed in Fig. 5a) (dotted lines for gas exposure). As can be
seen, the variation in the ON-current of the different devices varies signiﬁcantly even for the same gate distance (device 1 and 2). Therefore, in
order to reliably evaluate a signal upon gas adsorption, this work will
focus on the voltage shift at a constant low current of 30 nA (constant
current sensing, dashed black line in Fig. 5a) rather than evaluating
the change in current at a given gate bias condition (constant voltage
sensing) as was done in previous works [17].
Fig. 5b) shows the magniﬁed view of the subthreshold region
around 30 nA. The average gate voltage difference upon gas adsorption
between long and short gate distance devices is 700 mV. The average
shift from dry air to 1 ppm NO2 in long/short gate distance devices is
270 mV/99 mV respectively. This behaviour is expected as the same
gas induced shift of the potential needs to be compensated for with a
larger applied voltage in longer gate distance devices due to their
weaker coupling. When analyzing the signal variation σ over the last
10 min of the one-hour gas exposure pulses (Table 1), no clear correlation can be found to the gate distance. This means that the signal to
noise ratio, deﬁned as the voltage shift upon gas adsorption over the signal variation, is enhanced 3.2-times on average when comparing devices with long gate distances to devices with short gate distances. As
can be seen in Fig. 6 this behaviour is even more apparent for lower concentrations, resulting in a 12-times enhancement for 50 ppb and 25times for 200 ppb on average. The reasons why device 1 shows slightly
hysteretic behaviour upon gas exposure need to be further investigated.

circuits, for example the characterization of a short gate distance sensor
could be run over the voltage source used as power supply in Son et al.
low-power, wide dynamic-range current readout circuit, utilizing only
1.5 V [23]. Logically the shorter the gate distance is, the more efﬁcient
the gate coupling becomes and therefore the smaller the voltage variation needs to be for such a sweep. This on one hand speaks for choosing
short gate distances at the lower limit of the fabrication process, for sensor operation.
On the other hand, when device to device variations have to be taken
into account (Fig. 5a), ﬁxed current sensing seems to be a more reliable
signal then ﬁxed voltage sensing. This naturally means that a larger voltage shift upon gas adsorption, as it happens for large gate distances is
more desirable. As the noise-ﬂoor seems to be independent from gate
distance, the signal to noise ratio therefore is higher for long gate distance devices.
These contrasting trends actually help to determine the optimum
operating window for suspended, individual carbon nanotube ﬁeld effect transistor gas sensors. The gate distance should be chosen as large
as possible such that it still permits acquiring a full transfer characteristic within the voltage limits of the read-out circuitry used for the desired
application. To gain deeper insight into the mechanism, as well as the
origin of the variation in ON-current and threshold voltage for devices
with the same gate distances, it is recommended to signiﬁcantly increase the number of devices measured.

4. Conclusions
The observed voltage range to acquire a full transfer characteristic is
compatible with prevalent CMOS technology and low-power read-out
Table 1
Voltage shift ΔVg at Isd = 30 nA for 1 ppm NO2 exposure and signal variation σ, averaged
over 120 measurements.

Device 1 [mV]
Device 2 [mV]
Device 3 [mV]
Device 4 [mV]
a

At Isd = 30 nA.

ΔVg [mV]a

σ [mV]

ΔVg/σ

79
118
271
268

7.8
5.7
4.8
6.3

10.1
20.7
56.5
42.5

Fig. 6. Voltage shift over signal variation plotted over NO2 concentration (50, 200 and
1000 ppb).
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