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ABSTRACT

Tonic liquids enable efficient gating of materials with nanoscale morphology due to the formation of a nanoscale double layer that can also
follow strongly vaulted surfaces. On carbon nanotubes, this can lead to the formation of a cylindrical gate layer, allowing an ideal control of
the drain current even at small gate voltages. In this work, we apply ionic liquid gating to chirality-sorted (9, 8) carbon nanotubes bridging
metallic electrodes with gap sizes of 20nm and 10nm. The single-tube devices exhibit diameter-normalized current densities of up to
2.57 mA/um, on-off ratios up to 10% and a subthreshold swing down to 100 mV/dec. Measurements after long vacuum storage indicate that
the hysteresis of ionic liquid gated devices depends not only on the gate voltage sweep rate and the polarization dynamics but also on charge
traps in the vicinity of the carbon nanotube, which, in turn, might act as trap states for the ionic liquid ions. The ambipolar transfer charac-
teristics are compared with calculations based on the Landauer-Biittiker formalism. Qualitative agreement is demonstrated, and the possible
reasons for quantitative deviations and possible improvements to the model are discussed. Besides being of fundamental interest, the results
have potential relevance for biosensing applications employing high-density device arrays.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (hitp://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0034792

Single-walled carbon nanotubes have been a subject of study for
nearly three decades, and over 20 years have passed since the first car-
bon nanotube transistor had been reported by Tans et al.' Since then,
research in the field of carbon nanotube electronics has explored the
potential of both high-performance and thin-film transistors,”
and with the recent realization of the first carbon nanotube-based
microprocessor,” the vision of carbon nanotubes replacing silicon
seems to be within reach. As in classical silicon electronics, reducing
the channel length of a carbon nanotube transistor enhances the

device performance, and sub-10 nm channel lengths have been dem-
onstrated in solid-state devices.”” One of the challenges in making
ultra-short channel devices is the fabrication of the gate dielectric and
electrode in closest proximity.

A rather simple, low-cost approach is employing liquid gating,
where the double layer that forms on any surface is subjected to an
electrolyte that functions as an insulating layer appropriate for electric
field gating.” ® A disadvantage of liquid gating is the inherently low
ion mobility in electrolytes, which makes liquid gated devices not
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suitable for high-frequency transistors. Consequently, the cutoff fre-
quency of electrolyte gated organic transistors is currently limited to
the kHz regime™ and even the predicted 10 MHz'"" is far below the
100GHz'""* operation shown for solid gated CNT transistors.
However, for ultra-low power operation devices'~ and for biological
and chemical sensing applications, where the response time is less
demanding, liquid gating—in particular, in water-based electrolytes—is
of great interest.* Also, the usage of a hydrogen-doped poly(ethylene
glycol) monomethyl ether gated CNT transistor as an artificial synapse
was already realized."” Several groups have demonstrated liquid gating
as an effective way of gating carbon nanotubes using a range of differ-
ent electrolytes, such as NaC e (O PEO/LiCIO,4 polymer,19 and
phosphate buffer.””** More recently, ion gels consisting of the ionic
liquid [EMIM][FAP] and a fluorinated polymer were also used.”” Tonic
liquids and gels have the great advantage that their vapor pressure is
negligible, and as molten salts, their screening length is expected to be
on the scale of the ionic radii and, hence, sub-nanometer.

While these existing works took advantage of the large capacitance
and nanoscopic dimension of the ionic double layer, a reduction in the
source/drain dimensions—i.e., the other critical parameter for transistor
miniaturization—has not been tested extensively. In this work, we con-
sequently investigate ionic liquid gated ultra-short channel transistor
devices with source-drain separations down to 10 nm, which—as we
show—exhibit superior electrical characteristics. Since the experiments
were performed with mono-chiral (9, 8) carbon nanotubes, and due to
the short channel length of the devices, a direct comparison with a
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rather simple model calculation based on the Landauer-Biittiker for-
malism for a ballistic carbon nanotube is possible; this lays the basis for
future in-silico optimization of device parameters.

Our nanotubes were produced by a selective catalytic CVD
method,””” dispersed in toluene by wrapping in poly(9,9-di-n-dode-
cylfluorenyl-2,7-diyl) (PFD), and purified and length sorted by gel
filtration. For details, we refer to Refs. 27 and 28. The absorption spec-
trum in Fig. 1(a) gives evidence for a high content of (9,8) nanotubes
and the presence of (8,7), (9,7), (10,8), and (10,9) species in minor
concentrations in the dispersion. To comply with the nominal charge
transfer length for side-contacted nanotubes,” fractions of length-
sorted (9,8) nanotubes were selected for depositions such that nano-
tubes were at least 200nm longer than the distance between the
source-drain electrodes. Mono-chiral (9, 8) nanotube transistors with
Pd source-drain electrodes were fabricated on 300 nm SiO,/p-doped
Si substrates by electron-beam lithography, metallization, and simulta-
neous electric field site-selective-assisted deposition of single nano-
tubes (dielectrophoresis),”” as illustrated schematically in Figs. 1(b)
and 1(c). A representative contact with a gap size of 20 nm before
nanotube deposition is shown in Fig. 1(e). Since scanning electron
imaging before measurements is not advisable and after the applica-
tion of the ionic liquid not possible, we refer for images with nano-
tubes to comparable devices shown in Ref. 27.

The electrochemical window given by the anodic and cathodic
limits is defined as the difference between the reduction and oxidation
potential of anions and cations, respectively. Here, an increasing water

CNT solution

—

lonic liquid

FIG. 1. (a) Absorption spectrum of length-fractionated, PFD-polymer wrapped carbon nanotubes dispersed in toluene containing mainly the (9, 8) chirality. (b) Deposition of
CNTs from the dispersion by dielectrophoresis at bias voltage Vpep onto Pd electrodes/300 nm-SiO,/p-Si. After CNT deposition, the sample was rinsed with toluene. (c) and
(d) Measurement of drain current (Ip) vs source bias (Vs) and ionic liquid gate voltage (Vi ). (€) Scanning electron micrograph of a device before nanotube deposition. The

gap size between Pd electrodes is 20 nm. The scalebar is 100 nm.
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content results in narrowing of the electrochemical window at both
the cathodic and anodic limits, which is most likely caused by water
electrolysis.”’ Depending on the water content, different anodic and
cathodic limits for [EMIM][TFSI] can be found in the literature. For
24 h 333 K vacuum dried samples (H,O content 105 ppm), O’Mahony
et al.’’ measured —2.2V (—2.4V) as the cathodic limit and 2V
(2.2V) as the anodic limit vs an fc/fc™ reference electrode at a current
density of 1 mA/cm® (5 mA/cm?). For an H,O content of 3385 ppm in
an ambient atmosphere, the cathodic limit reduces to —1.2V (-2V)
and the anodic limit to 1.6 V (1.7 V). In a different approach where the
ionic liquid is dried with sparging N, (no water content given), the
cathodic and anodic limit vs an Ag/AgCl reference electrode is
—2.07V and 2.2 V.” For the liquid gating in our experiments, a small
drop of the ionic liquid 1-ethyl-3-methylimidazolium bis(trifluorome-
thylsulfonyl)imide [EMIM][TFSI] was placed on top of the sample. To
reduce the water content, our samples were stored for 12 h at 50°C
and 5 mbar in a vacuum oven prior to further investigations. In our
measurements, we have used probe needles made from beryllium
copper, whereby the electrode material could have some influence on
the electrochemical window due to irreversible electrode reactions at
the reductive and oxidative limits. However, for all our measurements,
we never exceeded |Vgs| < 1.9V (typically <1.5V) to stay within the
electrochemical window as lower bound. Moreover, the overall device
behavior did not change when sweeping up to 1.9V compared to the
1.5V sweeps, indicating that no irreversible electrochemical reactions
take place. Transfer and output curves were measured at room tem-
perature in a high vacuum using the wiring scheme in Fig. 1(d) using a
Lakeshore CRX-VF probe station. A Yokogawa 7651 DC source was
used to apply Vpg to the drain electrode. To allow for highly accurate
current determination, the drain current I, was measured using a cur-
rent preamplifier (1211 DL Instruments) and an HP 34401 A voltage
meter. For the gate voltage Vs and gate current I, a Keithley 2450
was used. The charge transport calculations are based on the
Landauer-Biittiker formalism,” and consider assumptions for the
band alignment, doping, temperature, and gate control imperfection
due to quantum capacitance. The code has been implemented in
python, and the main code, as well as the input functions and parame-
ters, is available online.”* The simulation model allows simple and
quick calculations by considering a perfect ballistic nanotube, where
losses occur only at the CN'T/electrode contacts.

The electrolyte gated CNT transistors typically show on-off ratios
up to 10* a subthreshold swing down to 100 mV/dec, and a maximum
diameter-normalized current density of 2.57 mA/um. The latter value
slightly outperforms 2.41 mA/um® of a solid gated CNT transistor
with similar device dimensions at the same source-drain voltage of
—0.5V, which demonstrates the high quality of our devices. We have
measured various devices that are labeled with #1-3 for a channel
length of 20 nm and #4-5 for a channel length of 10 nm. Output and
transfer characteristics of a 20nm channel length CNT transistor
(device #1) are given in Fig. 2 for negative Vps (a) and (b) and positive
Vps (c) and (d). The transfer curves for all devices exhibit ambipolar
transport for electrons and holes. Despite the short channel length of
20 nm, only small short channel effects were observable: For one, at
small Vs, the output curves exhibit a non-ideal saturation of the
drain current Ip. Second, in the transfer characteristics, a slight
Vps-dependent shift of the threshold voltage Vy,, which is related to
drain-induced barrier lowering,”” could be measured. The current

scitation.org/journal/apl

plateaus in Fig. 2(b) for Vs < 0 can be associated with contributions
of the second band, as will be explained in the theory section. Even
devices with a channel length of only 10 nm show almost ideal electri-
cal device characteristics with a complete saturation in the output cur-
rent, well-defined off and on regime in the transfer curves with a steep
subthreshold slope (see the supplementary material, Fig. 1, device #5).
The absence of noteworthy short channel effects can be explained by
the high capacity and, hence, large gate coupling of the ionic liquid
that allows for an almost complete control of the charge carrier density
throughout the CNT.”® The best measured subthreshold swing for a
10 nm channel length transistor (see the supplementary material, Fig.
2 device #4) was 100 mV/dec, which compares well with 94 mV/dec of
solid-state gated short-channel FETs (Lg, =9 nm)* and again under-
lies the excellent electrical parameters of our devices. A more detailed
comparison between this work and literature can be found in the
supplementary material, Table 1.

It is noticeable in all our transistors that the transfer curves are
shifted to positive gate values, which indicates p-doping of our transis-
tors. We consequently have analyzed the threshold voltage in greater
detail to find the cause of the p-doping. Since the extraction of Vy, for
small Vg in the p-branch for negative Vg of the transfer characteris-
tics is delicate due to different slopes with intermediate plateaus [see
Figs. 2(b) and 2(d)], we focus on Vpg= —0.5 V. The Vy, values in our
measurements are 0.2V [device #1, Fig. 2(b)], 0.22V [device #2,
Fig. 3(a)], and 0.28V [device #3, supplementary Fig. S3(d)]. An
overview of all Vy, values can be found in the supplementary material,
Table 2. In the literature, two main physical reasons for p-type doping
are discussed. For one, metal-induced p-doping at the SWCNT/Pd
electrode interface’”” has been observed for short channel lengths
down to 9 nm.”” However, the p-doping due to the Pd electrode is not
expected as large in our FETSs as in traditional CNT-FETs, where the
tube is usually embedded into metal electrodes. In contrast, in our
devices, the tubes lie on top of the contacts™’ and are potentially addi-
tionally protected from contact metal-induced doping by the polymer
wrapping around the CNTs. While we cannot exclude contact-
induced doping altogether, we anticipate that a second scenario domi-
nates in these particular measurements, the p-doping, namely, residual
oxygen dissolved in the CNT’s surrounding ionic liquid. The physical
reasons for p-doping of oxygen can be a modification of the barrier
height at the semiconductor metal interface’' or that oxygen adsor-
bates act as electron trap states (thus leading to hole doping) since the
LUMO of oxygen lies in between the CN'T’s bandgap.** Also, a combi-
nation of both effects has been shown to be possible.*’

To investigate the influence of residual oxygen and water on the
electrical device characteristics in further detail, we performed addi-
tional measurements while keeping the samples in vacuum (see the
supplementary material, Fig. 3). The initial measurements (which
were discussed until now) were conducted in the first two days after
loading the samples into the chamber at a pressure of 6.2 - 2.5 x 10>
mbar. After storing the samples in vacuum for more than two weeks,
the pressure had dropped to 1 x 10> mbar and we performed a sec-
ond measurement. In this second measurement (again measured at
Vps = —0.5V), Vy, decreases for all three devices both in the p-branch
for negative Vs and in the n-branch for positive Vs (see the supple-
mentary material, Table 2). This effect becomes particularly obvious
by applying positive Vg in device #1, whereby Vy, decreases about
0.15V-0.18 V for different Vg values (see the supplementary material
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FIG. 2. Electrical transport measurements of the (9, 8) carbon nanotube device (#1) with a channel length of 20 nm under ionic liquid gating measured within two days after
loading the sample in the vacuum setup at a pressure of 6.2 — 25 x 10~ mbar. (a-b) P-type and (c) and (d) n-type transfer and output characteristics measured at a Vg
sweep rate of 26mV s~ (solid lines: forward sweep; dashed lines: backward sweep). Gate voltages (Vgs) and Source-drain voltages (Vps) are indicated. For the measure-

ments in (b) (d), we started the gate sweep at Vgs=+ 1.5V (Vgs=—1.5V).

Fig. 4 and supplementary material Table 3). These results indicate
oxygen to be the main reason for the initial strong p-doping (as
previously reported”’ *’) instead of metal-induced p-doping since in
this case, the threshold voltage should not be affected by different
pressures. It has to be mentioned that water molecules cannot fully
excluded to be the reason for the initial p-doping. However, we could
not find conclusive evidence in the literature for this argument.

A further non-ideality of our devices is the hysteresis between
forward and backward sweep in the transfer characteristics. Hysteretic
behavior in nanoscale transistors is well-known,""*’ and the higher
back sweep current hysteresis [see Fig. 2(b)] can be explained by a
slow polarization change in the ionic liquid caused by the diffusion of
mobile ions in the liquid electrolyte.'”">*” Note that the measure-
ments conducted in Fig. 2(b) were performed as p-type, i.e., starting at
+1.5V Vg, and it follows that, e.g., for Vps = —10mV, for both hole
and electron conduction, the current is larger upon tuning the Fermi

level toward the bandgap (i.e., on both p- and n-sides, the current is
larger upon tuning that particular conduction channel off). We also
find for measurements in the p-mode [also compare Fig. S1(b)] that
for high Vpg, the direction of the hysteresis for hole conduction
reverses. We anticipate that the reason is that for increasing Vpg, the
total current increases, and hence, more charge carriers can be
trapped. Charge trapping (potentially by residual water™ or oxygen
molecules around the nanotube'*"”) dominates the slow polarization
effect of the ionic liquid, which results in a lower back sweep current
hysteresis for Vpg=—0.5V [see Figs. 2(b), 3(a), and supplementary
material Figs. S1(b) and S3(d)]. In the second measurement performed
after the devices had been stored in vacuum for more than two weeks,
the counterclockwise hysteresis is reduced consistent with a reduction
in the water and oxygen concentration, as also put forward in the liter-
ature previously”** [see the supplementary material, Fig. $3(d) again
for high Vpg|. The remaining small hysteresis might be due to residual
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FIG. 3. P-type transfer characteristic of (a) device #2 (p=5.4 x 10> mbar, measured within two days after loading the sample in the vacuum setup) with Le, = 20 nm. (b)
and (c) first measured (p=2.5 x 1075 mbar and Vs sweep rate, 26 mV s~') p- and n-type transfer characteristics of device #1. (d) P- and n-type transfer characteristics of
the same device after storing the sample in vacuum (p=1 x 10~ mbar and Vg sweep rate 10mV s~ ). (e) Schematic illustration of the higher pressure first measurement
with electron traps (oxygen and water) in the vicinity of the nanotube, which attracts the EMIM™ cation of the ionic liquid. (f) Analog scenario with reduced traps after storing
the sample in vacuum for the lower pressure second measurement. With less trapped electrons and, hence, less attracted cations, the hysteresis decreases.

water still present in high vacuum, as recently shown by Kettner
et al,"® and due to the still existing slow polarization effect. We have
found a further interesting point upon measuring the devices for small
Vbs (|[Vps| =10, 50, and 100 mV), which had a smaller water and
oxygen content {for most devices, this was the case after storage for

two weeks in vacuum [Fig. 3(d)], and others apparently were cleaner
and showed this effect immediately [e.g., Fig. 3(a)]}. The effect can be
seen clearer in the devices presented in Figs. 3(b)-3(d) for the electron
branch (positive gate-source voltages). While after directly loading the
devices [Figs. 3(b) and 3(c)] on the electron side, a higher current back
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FIG. 4. Simulations (a) and (b) band alignment of the carbon nanotube with respect to the source (s) and drain (d) contact, with the energy difference E;; and E,, of the first
and second pair of bands, the doping parameter A, source-drain voltage Vps, and gate voltage Vgs. (c) Calculated transfer characteristic for a (9,8) carbon nanotube using the
Landauer-Biittiker formalism with parameters E4; = 0.879eV, E;, = 1.533 eV, A=0.5€V, T=2300K, screening length / = 1.7 nm, and dielectric permittivity of the ionic liquid

e=12.

gate hysteresis could be seen (consistent with the slow polarization
dynamics of the ionic liquid), after two weeks in vacuum, all hysteresis
for Vs > 0 has vanished [see Fig. 3(d)]. This is surprising at first sight
since a priori one might anticipate that the polarization dynamics
of the ionic liquid is not dependent on the residual water content
and should affect both Vgg < 0 and Vg > 0 branches similarly.
One can explain the effect, however, as schematically shown in
Fig. 3(e), by anticipating that oxygen and water in the vicinity of
the tube trap electrons, which, in turn, then attract cations from
the ionic liquid. These trapped cations remain longer in the vicin-
ity of the tube, thus leading to the higher current back sweep hys-
teresis for Vgs > 0. While it is well established that oxygen
molecules can act as electron trap states,””*® it has been shown
that water molecules can trap both electrons’” and holes.”” We can
only speculate why for ionic liquid gated CNT transistors, water
tends to trap predominantly electrons. If the number of trap states
is reduced, the cations become more mobile, and hence, the hyster-
esis reduces. We, thus, believe that this is a hysteresis mechanism
for ionic liquid gating, which is relevant at the slow sweeping fre-
quencies that we have used and complements the usually found
hysteresis mechanism of ionic liquids at higher frequencies. As a
consequence, for the same sweep rate of 10mV s~ ', forward and
backward sweeps for positive Vg are almost identical in Fig. 3(d),
whereas the hysteresis remains observable for negative V.

The influence of oxygen and water is further underlined by com-
paring the electron and hole conduction branches between the first and
second measurements. Supplementary material Figs. S3 and 3(b)-3(d)
show that in the second measurement (i.e., after devices had been stored
in vacuum for more than two weeks), I, in the p-branch decreases,
while I,, in the n-branch increases. This effect has been widely

discussed”' " and can be explained by a reduction in the oxygen con-
centration in vacuum with a subsequent reduction in the injection barrier
for electrons at the contacts. The superior electron conduction in the sec-
ond measurement in Fig. 3(d) in the absence of hysteresis and almost
identical curves for positive and negative Vs for Vgs > 0 indicates
nearly ideal electron transport characteristics without external influences.

After discussing the non-idealities in the electrical characteristics,
we now try to obtain possible experimental knowledge for device
improvement by performing the charge transport calculation based on
the model developed on the basis of Landauer-Biittiker (LB) formal-
ism for a ballistic carbon nanotube as described in the supplementary
material, Sec. S1. The effect of the quantum capacitance has been taken
into account, as described in the supplementary material, Sec. S2. The
main code, input functions, and all parameters are available in a
repository.”*

Having computed both quantum and electrostatic capacitances,
we have found that for a given ionic liquid (dielectric permittivity
€ =12 and”' screening length [ = 1.7 nm’”) the quantum capacitance
has the same order of magnitude as the electrostatics gate capacity
and, thus, cannot be neglected. Figures 4(a) and 4(b) illustrate the
CNT’s band alignment for zero Vgs and Vs > 0. In the proposed
model, the shift of the Fermi level due to p-doping is taken to be
0.5eV, so that the Fermi level slightly penetrates the first valence
energy band. This is consistent with Ref. 40, which shows that even for
the on-top contact, the Fermi level lies slightly below the valence band
edge. The p-type simulated data for varying Vpg values [see Fig. 4(c)]
show V-shaped transfer characteristics and a threshold voltage shift to
lower Vg for increasing negative Vps. Concerning the shape and
structure of the curves in Figs. 2(b) and 3(a), the experiment and
model are in qualitatively good agreement. The slight asymmetry in
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the on-state current of the experimental data might be attributed to
different Schottky barriers for electrons and holes, whereby the LB
model assumes symmetric Ohmic contacts. At Vgs ~ —0.25...—0.5V
in Fig. 4(c), the current increases again after a first saddle point due to
the contribution of the second band. The increase in the current
occurs steadily, because of the quantum capacitance (see the supple-
mentary material, Fig. S8). A saddle point with a subsequent increase
in the current can also be seen in the experimental data in Fig. 2(b).

Both experimental and simulation data feature ambipolar trans-
fer characteristics, which is explained by a strong gate control due to a
liquid gate. As shown in Fig. S8 of the supplementary material,
the effect of the quantum capacitance does not affect the magnitude of
the subthreshold swing. An experimentally observed SS value of
100 mV/dec (vs theoretical 60 mV/dec) has to be, thus, related to the
residual polymer (PED), short-channel effects, and other factors.

Except for the high drain-source voltage, the experimental data
demonstrate a diverse shape of the transfer curve, while the model
always predicts V-shaped characteristics. This cannot be explained by
internal nanotube properties and is not captured by a proposed model.
We may speculate that it may be caused by shallow charge traps,
where de-trapping requires higher drain-source voltages.

Another important discrepancy between the model and the
experiment is the difference in the on-current, which reaches two
orders of magnitudes. As far as the tube contacts are p-type doped, we
expect no Ohmic barriers at least for the p-branch. The current reduc-
tion can, thus, be primarily related to the effect of the polymer wrap-
ping, which may increase an effective distance between the tube and
the metallic electrode; this may be critical in on-top geometry where
orbitals of the metal only overlap with a few bottom C atoms of the
tube. As a result of these two effects, despite a considerable overlap
(~100nm contact length), the tube may still be unable to accept all
the current from the metal. In Ref. 40, it has been shown that the nec-
essary contact length quickly increases as the coverage of the tube by
the metal decreases. The expected increase in the tube-metal separa-
tion due to the residual polymer would facilitate this effect greatly, as
the orbital overlap drops exponentially with the interatomic distance.

In summary, we have shown high-performance nanoscopic
SWCNT transistors in which the use of an electrolyte gate allows effi-
cient control of the electrostatics in the nanoscopic channel even though
the channel is made as short as 10 nm. Our transistors show a small sub-
threshold swing down to 100 mV/dec and diameter-normalized current
densities as high as 2.6 mA/um, which is comparable to all-solid-state
short-channel SWCNT transistors." Whereas a higher current back
sweep hysteresis in ionic liquids usually is attributed to the ion dynamics
in the ionic liquid itself, we have identified that electron trapping can
also lead to the same type of hysteresis. The favorable device characteris-
tics allow good comparison with the developed model based on
Landauer-Biittiker formalism, including the effect of the quantum
capacitance. Based on this model, the theoretically reachable perfor-
mance of fabricated devices has been estimated, and the experimental
data have been validated. From the simulations, we can deduce that a
reduction of traps influencing the subthreshold slope and the better con-
tact between the SWCNTs and the metal will improve the device charac-
teristics even further.

See the supplementary material for additional electrical measure-
ments and details on the simulation.
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