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ABSTRACT: Thousands of reports have demonstrated the
exceptional performance of sensors based on carbon nanotube
(CNT) transistors, with promises of transformative impact.
Yet, the eﬀect of long-term bias stress on individual CNTs,
critical for most sensing applications, has remained uncertain.
Here, we report bias ranges under which CNT transistors can
operate continuously for months or more without degradation. Using a custom characterization system, the impacts of
defect formation and charge traps on the stability of CNTbased sensors under extended bias are determined. In addition
to breakdown, which is well-known, we identify three
additional operational modes: full stability, slow decay, and
fast decay. We identify a current drift behavior that reduces dynamic range by over four orders of magnitude but is avoidable
with appropriate sensing modalities. Identiﬁcation of these stable operation modes and limits for nanotube-based sensors
addresses concerns surrounding their development for a myriad of sensing applications.
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of hours,27 a time period comparable to the operating lifetime
of some one-time use sensors, but shorter than the intended
operating period of many sensor applications.
Literature reporting continuous operation of a CNTFET for
more than a few hours is sparse.24,25,27,29 Some studies indicate
stability on the basis of infrequent/intermittent measurements
or reported data spanning hours or less;30 meanwhile, others
have reported considerable instabilities related to nanotube
breakdown, degradation, reactivity, large threshold voltage
shifts, and so on.31−33 Passivation of a CNT channel has been
shown to make devices more robust,33 but does not eliminate
the possibility of electrically induced degradation, especially
under varying ambient conditions in which many sensors
explicitly require the nanotube to be exposed. This lack of
published data demonstrating the eﬀects of bias stress on
CNTFETs over long time scales is an obstacle to the ﬁeld.
With companies such as Sensigent, C2Sense, Nano̅mix, and
Alpha Szensor pursuing commercialization of CNT-based
sensors and many groups seeking to demonstrate novel sensor
morphologies, published long-term data should be available to
guide and catalyze these eﬀorts.

arbon nanotube-based sensors have received widespread
attention for decades, with hundreds of papers on
biosensors alone appearing within two years of the ﬁrst
nanotube device.1−3 Since then, there have been numerous
demonstrations of sensors that make use of nanotubes as the
semiconducting channel in a carbon nanotube ﬁeld-eﬀect
transistor (CNTFET), such as gas sensors,4−7 protein
concentration sensors,8−11 antibody-based biosensors,12−15
single-molecule time-response biosensors,16−18 DNA sensors,19−21 and many others.16,22,23 Despite this strong research
activity, the ﬁeld still lacks fundamental understanding of how
CNTFETs respond when operated under bias stress
conditions relevant to many sensor applications, including
long periods in the on-state, reacting to periodic gate voltage
sweeps, or responding to intermittent application and removal
of voltage.
The eﬀects of bias stress have been studied for thin-ﬁlm
CNT network devices,24−27 but with the exception of reports
characterizing CNTFET breakdown,28 little has been done to
explore bias stress for CNTFETs with channels of one or a few
parallel CNTs. The studies that report bias stress results for
CNT thin-ﬁlm devices have focused primarily on gate bias
stress,26 rather than the combination of gate and drain bias
stress which is applicable to most device applications. Further,
these studies have observed gate bias stress eﬀects over periods
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Figure 1. CNTFET structure, chip packaging, and custom measurement system. (A) CNTFET schematic with Pd source/drain contacts, 90 nm
SiO2 gate dielectric. (B) Scanning electron microscopy (SEM) image of a device set. (C) Photo of a CNTFET chip with 64 devices packaged for
testing. (D) Photo of custom PCB with manual device selection and electrical characterization using precision SMUs. (E) Photo of fully automated
PCB measurement platform: stand-alone, wireless, and programmable.

Figure 2. Long-term characterization of multiple CNTFET devices using custom PCB with SMUs. (A) Initial and ﬁnal subthreshold and transfer
characteristics of a device biased for a week. (B) Comparison of drain current stability over 24 h for devices with diﬀerent numbers of CNTs in the
Hold
channel. (C) Drain current of same device for two separate weeks under distinct drain voltages VHold
DS and a common gate voltage VGS . A relatively
steady state was observed under both bias conditions after initial stabilization of trap state occupancy.

concurrently in a fully automated manner. This enabled
investigation of the time response of CNTFETs under various
sensor-relevant conditions, including long-term bias stress,
intermittent bias stress, and periodic voltage sweeps. We
demonstrate stable operation of CNTFETs in air for weeks,
while also demarking voltage zones that lead to stability, slow
decay (days), fast decay (hours), and failure. These results
show that trap ﬁll rates can cause large signal drift and a
reduction in dynamic range from 83 to 6 dB when sensors rely
on static drain current readings, necessitating speciﬁc measurement approaches to avoid these limitations.
The device structure used in this work was chosen to be
similar to the majority of previously studied CNT-based
sensors (Figures 1A and B) so that the results may have close
applicability to the ﬁeld as a whole. The fabrication process
used loosely follows common fabrication methods,28,35−39 with

The lack of long-term testing of CNTFETs is due, in part, to
the traditional testing apparatus used to characterize CNTFET
devices. Probe stations and semiconductor device analyzers are
typically utilized together when characterizing CNTFETs.
These systems are normally shared resources with high
demand, such that it is uncommon for one experiment to
have the opportunity of monopolizing both pieces of
equipment for weeks at a time. Additionally, micromanipulators are susceptible to mechanical vibrations and temperature
variations,34 both of which can compromise the contact quality
at some point during an extended test. What is needed is the
ability to perform long-term characterization of CNTFETs
without variability from the characterization setup, so that the
speciﬁc stability of the carbon nanotubes can be examined.
For this study, we developed a measurement platform that
allows for robust, long-term testing of many CNTFETs
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many potential sensor applications. If a sensor relies on drain
current readings from intermittent applied bias, then this
settling eﬀect may cause a large drift in background current
that could be misinterpreted as a sensing response. At the very
least, it suggests that CNTFET-based sensors operated in this
constant current-monitoring state would need to ﬁrst be biased
for long enough to reach the steady-state condition. However,
many sensor applications are not able to tolerate “warm-up”
stabilization times on the order of several hours. Pulsed
measurements,42 suspended nanotubes, and coated nanotubes43 have all been proposed as solutions to this problem
of charge traps, but each imposes additional restrictions on the
operation or fabrication of the sensor.
As validation that charge traps are the primary source of the
current settling, the devices could be reset by performing a full
gate voltage sweep (from on- to oﬀ-state of the transistor and
back again). After the full sweep, the current under a certain
bias condition is nominally the same, regardless of any previous
decay or settling. This gate-sweep-induced reset redistributes
trapped charges, with the additional beneﬁt of allowing the
transfer characteristics of the device to be determined. The
remainder of the experiments presented here employ these
periodic reset sweeps of the gate voltage. We also found that
grounding all device terminals for 30 s was an eﬀective way to
redistribute charges in trap states and reset the device without
requiring a full gate voltage sweep; however, simply removing
the applied voltages and allowing device terminals to ﬂoat (no
grounding and no applied bias) was not suﬃcient to enact a
full reset (Figure S11). As with the gate voltage sweep,
electrical grounding also redistributes charges that had ﬁlled
trap states, but if the terminals are only allowed to ﬂoat then
reapplying the ﬁxed bias condition leads to the device
resuming its current decay behavior, indicative of charge
traps that have remained ﬁlled/emptied and not reset. The
eﬀectiveness of these reset conditions supports the hypothesis
that the observed current decay (Figures 2B and C) is due to
bias-dependent trap states being ﬁlled or emptied of charge.
The eﬃcacy of the device reset is seen in Figure 3A, where
static bias conditions were interspersed with periodic gate
sweeps, yielding a series of settling-followed-by-stabilization
Hold
curves. The static bias (VHold
DS and VGS ) was held for intervals
tHold = 6 h, with the set of subthreshold curves (Figure 3B)
obtained between each interval. Although it takes more than an
hour for the biased devices to reach steady state, this eﬀect can
still be observed in CNTFETs biased for only a few minutes at
a time, as in Figure 3C. Throughout this entire process, the oﬀstate (Figure 3B) and on-state (Figure 3D) remain unaﬀected,
showing there is no lasting change to the device.
It has been shown previously that CNT current settling
curves can be modeled by a sum of three exponentials with
distinct settling rates.29 As a result, curves like those shown in
Figures 3A and C were ﬁt to triexponential models, as shown
in Figure S12. The three settling rates were found to be on the
order of 30, 1000, and 7000 s for all devices studied, with the
1000 s component providing the largest contribution. The
settling behavior of the devices occurs in both ambient air and
vacuum conditions (5 × 10−4 Torr), as shown in Figure S13,
indicating that the majority of trap states are contributed by
the substrate,44 adsorbed water,45 or a source separate from the
ambient air. Consistent with other works, we observed a
threshold voltage shift between air and vacuum conditions,
likely due to the eﬀect of removing oxygen gas from the
environment.29

all fabrication and characterization procedure details included
in the Supporting Information (Figures S1−S4).
As discussed previously, the traditional test setup used to
characterize CNTFET devices is not well-suited for long-term
testing. To circumvent the issues with the traditional setup, the
CNTFET chips were secured in ceramic packages using silver
epoxy, and wire-bonds were formed to provide electrical
connection between each device electrode and the pins of the
chip package/carrier (Figure 1C). Once packaged, a chip was
easily inserted into a 68-pin PLCC socket that provides
extremely reliable contact to the devices and serves as an
adapter from the relatively fragile contact pads to a variety of
robust electrical connectors. Utilizing this socket, a custom
printed circuit board (PCB) was designed to receive the
packaged chip (Figure 1D) and connect to commercial source
measure units (SMUs) for reliable and automated long-term
testing.
The limiting resource in the setup described above is the
costly and bulky precision SMUs. Bypassing the need for these
SMUs would allow for many tests to be performed in parallel
as device selection could be programmed and controlled
remotely. Further, a standalone measurement PCB would
allow for the characterization to be performed in diverse
environments by simply relocating the hand-held board. These
advantages, and others, were realized by designing a custom
wireless PCB (Figure 1E). This board is able to apply up to 8
independent voltages, multiplex between devices, and measure
currents as low as 10 pA. Complete descriptions of both
measurement PCBs are available in the Supporting Information.
Utilizing the capabilities of these custom testing systems,
long-term bias stress on CNTFETs was explored using static
bias voltages VHold
(drain-source voltage) and VHold
(gateDS
GS
and VSweep
were
source voltage), while dynamic voltages VSweep
DS
GS
used to extract device metrics. After an initial settling time,
devices exhibited stable performance in the on-state, even
when biased continuously for a week at a moderate drain3
source voltage VHold
DS = −0.5 V (∼10 V/cm), as shown in
Figures 2A and C. Because the devices were exposed to an
open-air lab environment throughout the tests, most drift and
noise in Figures 2B and C is attributed to changes in room
temperature, adsorbates, and ambient lighting40,41 (Figures
S6−S8). This noise is relatively small (standard deviations of
83 nA and 294 nA with coeﬃcients of variation of 6% and 4%
at VHold
DS = 0.1 and 0.5 V, respectively) and no net change in
current was observed after the initial settling period, exhibiting
a reasonably steady state of operation at these particular bias
conditions, an encouraging outcome for use of CNTFETs in
sensors where the nanotube is exposed to a varying
environment while under constant bias.
Prior to operating in the steady state, the CNTFETs
presented a dramatic settling of the drain current (Figures 2B
and C), almost halving the initial value, which occurred over
the course of ∼3 h regardless of the applied VHold
DS (Figure S9).
This settling behavior is attributed to changes in trap state
occupancy resulting from the applied gate bias.24 Importantly,
at the end of the week, the subthreshold and transfer
characteristics of the device were reevaluated and found to
be unaﬀected by the long-term bias stress (Figure 2A, also
Figure S10 for more examples). Hence, the current settling
behavior is a reversible rather than a permanent eﬀect.
While the substantial settling of the current does not
represent lasting degradation to the device, it is problematic for
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Figure 3. Reset of drain current settling by periodic gate voltage
sweeps. (A) Repeated CNTFET drain-current settling during static
bias intervals of 6 h. Intervals are interspersed by (B) 30 s gate sweeps
that reveal the stability of CNTFET characteristics over time. (C)
Drain-current settling curves with intervals of 5 min show a 30%
reduction in current, but (D) transfer characteristics taken between
intervals still show no change in the on-state performance.

Having conﬁrmed CNTFET stability under moderate bias
(|VHold
DS | ≤ 0.5 V), the impact of increasing VDS was explored.
Consistent with previous work,28,39,46 we observed an upper
limit breakdown voltage (VBD) beyond which the devices
would fail immediately due to joule heating. To determine
what other degradation may occur prior to breakdown, we
incrementally increased VHold
DS after several static bias intervals.
An unanticipated eﬀect of the increasing bias stress were two
distinct, irreversible decay modes for the nanotube current.
The gradual decay observed in Figure 4A occurred over time
scales of days with a steady decline in overall on-state
characteristics (Figure 4B). The on-current (Ion) in Figure 4A
is the drain current at VSweep
= 0.5 V and VSweep
= −15 V,
DS
GS
collected from transfer curves measured after every tHold (1 h)
of static bias. This slow decay mode has an onset voltage of
VSDM: when VHold
DS ≥ VSDM and the CNT has been under bias
stress for many hours, the decay begins to occur. For the
device in Figures 4A and B, Ion decayed by ∼25% over 5 days,
with a change in the static bias VHold
DS of only 0.4 V, with the
majority of the current reduction occurring at high carrier
concentrations (Figure S14). Further evidence of stability
below VSDM and slow decay above this threshold is provided in
Figure S15.
Increasing VHold
DS well beyond VSDM was found to result in a
distinct change in the decay rate, characterized by a drop in Ion
by more than an order of magnitude in a few hours. This fast
decay mode has an onset voltage of VFDM (Figures 4C and D),
which was 2.2 V, still over 2 V below the breakdown voltage.
Decay on similar time scales have been observed in multiwalled
nanotubes,38 but a diﬀerent mechanism may be at play here.
Eventually, when VHold
DS reached VBD = 4.9 V, the nanotube
experienced complete breakdown.
Four distinct ranges of device operation, determined by the
applied VDS, have been identiﬁed (Figure 4E). As long as VDS is
below VSDM, the CNTFETs demonstrated full stability with no
signiﬁcant degradation over time. Above VSDM, slow decay in

Figure 4. Slow and fast decay modes of CNTs at increasing bias. (A)
= 0.5 V revealing slow
Hourly measurements of on-current at VSweep
DS
decay. Gate sweeps were performed hourly, in between intervals of
static bias with VHold
DS increased by 0.1 V at the end of each day. (B)
Transfer curves from the hourly gate sweeps, measured over 5 days.
(C) Continuous drain-current measurements revealing fast decay
(with gate sweeps taken hourly, causing the reset behavior). VHold
DS was
incremented more aggressively, and decay occurred over the course of
hours instead of days. (D) Transfer curves of the device
demonstrating an initial slow decay and then sudden fast decay
after VHold
DS > VFDM. (E) Summary of operation modes and relevant
voltage thresholds for a CNT with a 50 nm channel length.

on-state performance occurs with ∼5% loss per day. Beyond
VFDM, the devices enter fast decay, decreasing performance by
approximately 43% per hour. Finally, if VDS approaches VBD,
the device is in danger of immediate failure. These onset
voltages vary somewhat from device to device but will most
likely depend on channel length in a manner similar to that
observed previously for the breakdown voltage.28 In contrast to
the reversible eﬀects of trap ﬁlling observed with VDS < VSDM,
the reduction in on-current seen in each of these decay modes
is permanent.
The sensitivity of many CNTFET-based sensors increases
with the dynamic range of its drain current modulated by the
gate ﬁeld, with some change in the vicinity of the CNT causing
the modulation. The impact of diﬀerent static bias conditions
on this dynamic sensing range (especially based on the traprelated settling behavior from Figures 2 and 3) is explored in
Figure 5. Drain current trends were measured in hour-long
intervals, each at a unique VHold
GS , interspersed by gate voltage
sweeps in the manner discussed previously (Figure S16). In
Figure 5A, the color of the plotted drain current changes from
blue to orange across each hour-long interval. Changes in VHold
GS
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many derive their sensitivity from electrostatic gating eﬀects.18
Based on Figure 5C, the hour spent monitoring drain current
reduces the dynamic range from electrostatic gating by 4
orders of magnitude, transforming the response curve into a
nearly ﬂat line. This is of signiﬁcant import for the multitude of
such sensors dependent on electrostatic gate-induced sensing.
These results suggest that in order to maintain high
sensitivity and dynamic range, CNTFET-based sensors should
be operated by sweeping the control gate as frequently as
possible to redistribute charge, allowing the analyte to retain
strong electrostatic control over the channel. Nanotubes
themselves oﬀer suﬃcient stability under moderate bias
conditions, even when operated for months at a time (Figure
S17), making the proper consideration of charge traps the
most important aspect for stabilizing a CNTFET-based sensor.
When sweeping the gate bias over a range of values is not
possible for a given sensing system, alternating the gate
between two values (e.g., on/oﬀ or positive/negative) should
be an eﬀective alternative. Reducing the trap state density
could also help, but trap states will always be present to some
degree,48−50 and often the sensing environment itself
introduces traps that may be unavoidable,29,45,51 making this
proposed sensor operation approach of great signiﬁcance.
In conclusion, we developed an electrical characterization
platform that allowed for the long-term interrogation of
CNTFETs under various bias conditions. Four distinct
operational modes were identiﬁed based on applied drainsource bias, wherein devices held at suﬃciently low voltage
exhibited stability for months of continuous operation. As
applied bias increases beyond the full stability range, CNTs
experience irreversible slow and then fast decay until eventually
breaking down. The inﬂuence of charge trapsa known
challenge for CNT-based devices of nearly every typeon the
long-term electrical stability was also identiﬁed, presenting a
reversible settling eﬀect on the current. It was shown that this
settling eﬀect has signiﬁcant implications for the dynamic
range of a CNTFET-based sensor that operates continuously
under ﬁxed bias conditions. There are strategies for dealing
with this trap-induced settling to preserve the dynamic range in
such devices. Ultimately, these results describe what behaviors
are to be expected when CNTs are stressed by continuous and
variable biases over long periods of time and demark
conditions under which the CNTs are electrically stable,
providing valuable insight for the further advancement of the
thousands of diverse CNTFET-based sensors that have been
proposed.

Figure 5. Loss of dynamic range during periods of static bias. (A)
Monitoring drain current over hour-long static bias intervals with
VHold
GS incremented each interval. Charge traps cause current to drift
toward a common “Terminal” value regardless of applied gate ﬁeld or
“Initial” current. (B) Another view of the same data, plotting each
data set from panel A in the same window with log-scale drain-current
axis, revealing substantial reduction in dynamic range over time. (C)
Extracted comparison of initial and terminal sensor response shows
reduction in responsiveness to gating eﬀects, which are the dominant
transduction mode for many CNTFET-based sensors.

lead to diﬀerent trap state occupancy conditions and thus
diﬀerent drain current settling behavior.
When VHold
GS is positive, the “initial” level of the drain current
clearly resides in the CNTFET oﬀ-state; yet, over the course of
the hour of static biasing, trapped charges cause the gate to
lose control over the channel, leading to an increase in drain
current over time. In short, the positive applied gate ﬁeld is
gradually ﬁlling traps with electrons, which are in turn gating
the nanotube into the on-state. In fact, regardless of the initial
drain current value, it drifts over time toward a common value,
controlled by the charge traps. Thus, the range of initial
current is much wider than the range of terminal current
(Figure 5B), indicating a substantial decrease in dynamic range
over time when the device is subjected to static bias conditions,
and a much less favorable eﬀective device response after time
has elapsed in the static bias state (Figure 5C).
To interpret the span of drain current values as the dynamic
range of a sensor, as suggested in Figure 5b, we must consider
that what is ultimately being sensed in this data set is the static
Hold
gate bias, VHold
GS . Along those lines, we may consider VGS to be
a simulation of the eﬀect of an analyte. This stands to reason if
CNTFET sensors function by analytes inducing an electrostatic gating eﬀect, similar to VHold
GS . Although there are several
mechanisms by which CNT-based sensors can function,47
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