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ABSTRACT. While carbon nanotube transistors present outstanding performances based on key
metrics, large-scale uniformity and repeatability required in printable electronics depend greatly
on proper control of the electrostatic environment. Through a survey of polymer dielectric
encapsulants compatible with printing processes, a simple correlation is found between the
measured interfacial charge density and the onset of conduction in a transistor, providing a
rational route to control the electrical characteristics of carbon nanotube transistors. Smooth and
continuous balancing of the properties between unipolar p type and n type transport is achieved
using a molar fraction series of poly(styrene-co-2-vinylpyridine) statistical copolymers combined
with an electron donating molecule. We further demonstrate the easy fabrication of a p-n diode

which shows a modest rectification of 8:1.
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INTRODUCTION
Progress in semiconducting single-walled carbon nanotubes (sc-SWCNTSs) purification and

t!? enables the low-cost and large-area fabrication of soft, flexible,>* stretchable and

enrichmen
transparent electronic devices—logics,®’ displays,® sensors,”!> and even more complex systems
such as electronic skin'® and three-dimensional integrated circuit architecture'*—from solution
processes and printing techniques. Functional components necessitate the control of parameters
beyond current carrying capabilities and on/off ratio: The performances of such devices are
tributary to the carrier mobility, the operation power, and their device-to-device variations.
Moreover, control over the carrier type allows the creation of complementary integrated circuits.
SWCNT devices are, however, sensitive to external interferences and exhibit unipolar p type
conduction under normal conditions, with Oz adsorption inducing a Schottky barrier that
suppresses electron injection at metal-SWCNT contacts'>! and with the O, / H,O redox couple
that hinders electron transport in the channel.!”

A widely used solution to mitigate the effects of ambient gases consists of encapsulating the
device under a dielectric coating.'® The coating layer can be subject to uncontrolled electrostatics
as a result of incomplete stoichiometry and traps, while high k dielectrics also display interfacial
dipoles because of the presence of polar chemical groups,'® with consequences on the carrier
type, mobility, and threshold voltage. The intentional tuning of the coating layer bulk and
interfacial charge density can be exploited to control the device properties, even yielding
unipolar n type conduction.’*>* Nevertheless, there remains a technological gap as inorganic

coatings are not adapted to printing techniques due to high temperature, vacuum processing,

while most polymer coatings reported to date are either hydrophilic* or yield p type devices.**



The threshold voltage Vr is a key metric of field-effect transistor (FET) characteristics
reflecting the flat band potential and built-in electric fields due to fixed charges in the proximity
of the channel active material. As a quantitative metric of a FET turn-on voltage, Vr is closely
related to the operation mode (depletion or enhancement) and operation power. In this work, we
surveyed more than 20 polymers with moderate to high degree of hydrophobicity for carbon

nanotube network field-effect transistor (CNN-FET) encapsulation,®*%

affording control over
the threshold voltage and other characteristics parameters by rational selection of passivation
materials and their combinations. We report a simple linear relationship between Vr and the
charge accumulated at the immediate carbon nanotube interface. With a better handle on the
electrostatic environment and associated charge trap density, reduced day-to-day and device-to-
device variations can be expected. Poly(2-vinylpyridine) (P2VP) was found to produce the most
negative threshold voltage for hole transport while polystyrene (PS) had amongst the most
positive. A combination of the two polymers in a blend or as copolymers allows a continuous
tuning of transistor parameters. Moreover, the addition of an electron-donating molecule, 4-(2,3-
dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-dimethylbenzenamine (N-DMBI), to P2VP
converts an ambipolar transistor to an air stable unipolar n type one. This simple materials
combination is a concrete solution to the complementary p and n type transistors required to
implement logic gates in printable electronics, in analogy to CMOS devices. This work is readily

transferrable to printing in ambient as a low temperature process for low-cost and flexible

electronics.



RESULTS AND DISCUSSION

a Polymer
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Figure 1. (a) Schematics of an encapsulated CNN-FET. (b) Schematics of the charge

measurement setup (left) and the probe setup (right).

In order to simplify our study, we chose the prototypical bottom gate transistor configuration
on Si02/Si [Figure 1(a)]. With this architecture, the gating action is decoupled to a great extent

from the encapsulation layer'

and various encapsulating polymers can be studied without a
precise knowledge of layer thickness. This is in contrast with a top gate configuration where the
top dielectric layer also acts as the gate dielectric and interfacial dipoles perturb charge

transport. '’

We note that conclusions drawn here should be valid and therefore be tested for top
gated devices. Our strategy also circumvents large differences in SWCNT surface coverage that
may arise when preparing the random network on bottom gate polymer dielectrics with various
surface energies.

We first set to test the hypothesis that the triboelectric effect, or the tendency of a material to

pick up a charge through contact or friction, has an influence on the charges present at the CNT /

dielectric interface and thus alters the characteristics of CNN-FETs. With this goal in mind, we



selected two polymers in the triboelectric series where the first should pick up mainly negative
charges while the second should have a positive charge uptake. Based on availability and
chemical similarity, we chose PS as the “negative” polymer and P2VP as the “positive” one.?®
We tested two approaches to build series with varying fractions of the monomers: simple
blending of PS and P2VP and statistical copolymers of the respective monomers. We present
here only the results of the latter. The blending results are similar, albeit with more dispersion in
the data, and are available in the Supp. Info. (Figures S4 to S7). Statistical copolymers were thus
acquired at different molar fractions of the styrene (S) and 2-vinyl pyridine (2VP) monomers
(11.5, 25, 40, 70 2VP mol%). The end points of the series were the homopolymers (0%: pure PS
and 100%: pure P2VP).

A series of CNN-FETs were prepared on SiO»/Si (Fraunhofer chips, Gen 5, 230 nm oxide,
channel dimensions: 20 X 2000 pm) and the transfer characteristics were measured prior to
encapsulation to assert a restricted variability in the dataset. After an overnight annealing at 200
°C under rough vacuum, the CNN-FET chips were encapsulated with different polymer
dielectrics from the 2VP mol % series. The annealing step reduces the amount of water at the
CNT / SiO> interface, and consequently lessens the p doping effect of the O, / H,O redox
couple!” and improves n type conduction after encapsulation. A smaller quantity of oxidative
species at the interface is likely to promote n doping stability. Dedoping of the CNTs by
annealing typically decreases the current density of the p branch and improves the hysteresis and
off-state current (see Figure S3, Supp. Info.)

The charge density at the sample surface was measured capacitively and Figure 1(b) depicts
the experimental setup (left part). Essentially, a capacitive probe is hovered 500 um above the

device and the potential with respect to the supporting conductive base plate is measured with an



electrometer. A brass plate of the same height as the sample serves as the reference. The transfer
characteristics are measured at the probing station (right part) where the sample can also be
charged or discharged. The sample is displaced along with the base plate mounted on a linear
translation stage. Thus, the measurements are carried on without handling the sample and
therefore avoiding spurious charging/discharging of the sample. More details are provided in the
Methods section and in the Supp. Info.
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Figure 2. (a) Transfer characteristics of CNN-FET encapsulated with a series of P(S-co-2VP)
statistical copolymers at various 2VP mol%. Gate potential limits were fixed at Vo = £ 6 V and
Vps = -1 V. The extremes at 0 and 100% are encapsulated with PS and P2VP, respectively. The y

axis is on a log scale. (b) The extracted threshold voltage as a function of the 2VP mol%. (c) The



extracted threshold voltage as a function of the residual capacitive charge at 0 V. Negative and

positive indicate the direction of the sweeps.

Encapsulation of comparable CNN-FETs with homopolymers and statistical copolymers with
different mol% of 2VP yields the transfer characteristics displayed on a log scale in Figure 2(a).
For pure PS (0 mol% of 2VP), the characteristics show the typical behavior of CNN-FETS that
have been exposed to the atmosphere. A large p branch is present with an on/off ratio larger than
10*. Some hysteresis is present, which likely means that the interface is not completely
dehydrated. The threshold voltage Vr of that curve occurs close to 0 V. As the 2VP mol% is
increased, the on-state current of the p branch decreases and Vr shifts towards negative values.
An n branch concurrently appears and follows the reverse trend in on-state current up to 100%
2VP where true ambipolar characteristics are measured. The extracted Vr vs 2VP mol% can be
seen in Figure 2(b) where the content-dependent shift is plotted for both the p and n branches in
forward and reverse sweeping directions, where possible.

The CNN-FET transfer characteristics from the polymer series can be correlated with the
measured charge density. In Figure 2(c), V1 is compared against the charge density measured
after a voltage cycle on the gate electrode from +20 V to 0 V (discharging at 0 V is done over 1
minute). In the grounded state (at 0 V), the residual charge density (presumably distributed over
the sc-SWCNT network) counterbalances the built-in electric field due to fixed charges in the
surrounding dielectric environment. Therefore, a negative number means that the polymer
dielectric holds positive fixed charges and vice versa for a measured positive charge density. The
clear correlation hence indicates that positive charges and the electric field they create close to
the nanotubes effectively offset the applied field from the gate electrode and push the threshold

voltage towards negative values. With control of the mol% of monomers and varying charge



affinities, Vr and other characteristic parameters such as the on-state current (see Figure S8,
Supp. Info.) can thus be tuned in a simple manner.

The result can be described using the theory developed for metal-oxide-semiconductor field-
effect transistors (MOSFET). For a CNN-FET, we expect Vr to follow the functional form f{ Vs,

wB, Qcn, ...), whereas for a MOSFET, the equation reads:*’

2&5qN4(2¢5) (1)

Vi = Veg + 2¢p + )
COX

where Vr is the threshold voltage, Veg the flat band potential, g the Fermi level from intrinsic

Fermi level, Cox the oxide capacitance and Qcnt the charge density on the CNT network. Also,

Vg = ADyg— (Qr+ Qm+ Qt)/C and A®yg = P — Pg with Or as the fixed charges density in
X

[0)

the surrounding dielectrics, Om as the mobile charges density at the interface, Q: as the filled
charge traps density, &m and ®s is the work function of the metal and semiconductor,
respectively. Fixed charges are immobile under an applied electric field. In inorganic oxides,
unsatisfied stoichiometry is the main cause of fixed charges. In polymers, they may be caused by
ionized pendant groups or dangling bonds. Mobile charges can move back and forth in an
electric field or a temperature gradient and thus contribute to hysteresis. They are usually related
to alkali ions and the presence of water increases their mobility. States that reside within the
dielectric’s band gap and that can exchange charges with the semiconductor act as charge traps.
In polymers, they may be due to interfacial dipoles, ionizable groups and impurities in the free
volume.

According to Eq. (1), the accumulation of charges in the bulk and at the interface should offset
the threshold voltage. Given that dielectrics of different chemical natures will have different
charge affinities, it should be sufficient to know the dielectric’s total charge density to predict, at

least qualitatively, the threshold voltage. Despite differences between CNN-FETs and MOSFET,



we expect the result for the copolymer series to extend and apply generally to any polymer and
blend encapsulation layers. Factors affecting the threshold voltage aside from trapped charges in
the bulk and at the interface include the CNT coverage, which also influences the network
capacitance.”®? For instance, a more positive Vr is expected for increasing CNT density? in
unipolar p type FETs.

With the current control over transistor fabrication, direct comparison of V1 from CNN-FETs
encapsulated with vastly different polymers—and thus various charge affinities, dielectric
constants—is possible but present some technical difficulties. Although good sample uniformity
was achieved for the copolymer experiments, mainly due to the similarities between the
polymers, solvents and the short time over which the experiments have been performed,
similarly low variability of CNT coverage was not realized for the homopolymer series, for
which fabrication and measurements of samples extended over several months. Combining the
effect of CNT coverage with variations in other key parameters, direct comparison of Vt for the
homopolymer series has been found inconclusive. We further developed a method for comparing
this heterogeneous set of dielectrics. The method alleviates the effect of the change of effective
dielectric constant caused by encapsulation and variations in CNT coverage by taking Vr as the
reference charging voltage. The protocol is fully described in the Methods section. Briefly,
transfer characteristics were first obtained using a fixed range of gate-induced charges Qind
(typically = 650 uC m™) rather than a fixed range of gate voltages. In this procedure, a
symmetric sweep with respect to Qind (since Qina = 0 at Vr) leads to asymmetric gate sweeps
(unless Vr = 0). We used 16 gate sweeps to obtain drift-free transfer characteristics where Vr
typically tended to a stable value (see Figure S2, Supp. Info.). With Vr determined, the charge

density measurement was performed with samples cycled between charged (at Vr) and



discharged states (at 0 V, grounded). The charging voltage, Vr, was chosen because it loosely

approximates a flat band condition where the static charges are compensated.
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Figure 3. ‘Master’ relationship of the p branch threshold voltage to charge density. Adjusted R*:
0.967, intercept: (-0.2 = 0.2) V, slope: (-0.036 + 0.001) V cm? / nC, capacitance per area: about

28 nF/ cm?.

Results for the homopolymer series together with the copolymers are shown in Figure 3
(channel dimensions: 20 x 2000 um, 230 nm oxide) where a linear relationship (adjusted R*:
0.967) is found between Vr and the charge density. We found an intercept of (-0.2 £0.2) V and a
slope of (-0.036 = 0.001) V cm? / nC. The intercept value near 0 V emphasizes the intuitive
concept that a CNN-FET enclosed in an environment free of charges should have a Vr
determined by A®wms, ys and Vp. Remarkably, the linear relationship obtained from a wide
variety of polymers of different chemical natures and relative permittivities indicates that a
simple capacitor relationship Q = C-V with a common capacitance applies. This common
capacitance’s physical origin is still ambiguous, but it is likely related to the self-capacitance of
the CNT network: The extracted capacitance per area of 28 nF / cm?® is fairly larger than the
values calculated using the parallel plate capacitor model (15 nF / cm?) and cylindrical model
(~ 7nF / cm?)?*% (see Supp. Info. for details). The parallel plate model roughly describes the

CNT network as a continuous sheet and is dependent on the dielectric’s thickness and relative
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permittivity. It should be considered a limit case that appropriately approximates a CNN-FET
when the CNT linear density A" is high or when the dielectric thickness is large. The
cylindrical model is a better representation of a CNN-FET as it also takes into account the
reciprocal capacitance between nanotubes. Comparison between encapsulated samples built on
90 nm and 230 nm oxide showed no measurable differences (see Figure S11, Supp. Info.). The
same conclusion was drawn from samples having different thicknesses of encapsulation layer
(results for PVAc are shown in Figure S13, Supp. Info.). Both results indicate that the measured
charges are located near the nanotube interface or in the network. The extracted capacitance is
also much lower than the self-capacitance 128 nF / cm? of a network with a CNT linear density
Ao of 3.2 um™ and quantum capacitance Cq ~ 4.0 X 107 F/ m.*! The lower value may also be
due to charge leakage in the interval between charging and measurement, which leads to a lower
effective capacitance. However, this quoted value is for a full subband, whereas applying a gate
bias equal to threshold voltage brings the Fermi level only to the band edge. We obtain a network
capacitance value of ~ 30 nF / cm? for a partially filled subband with the Fermi level 10 meV
from the band edge and Ao of 3.2 um™. Alternatively, we hypothesize the existence of a charge
layer in proximity with the CNT layer, charges that are injected and removed upon applying an
external field, and which are further localized at the very interface of the SWCNTs and the
polymer, possibly because of an enhanced electric field in the proximity of nanotubes. Using the
extracted capacitance value in a parallel plate capacitor model, we obtain a 95 nm distance d
with a typical relative permittivity of 3.0 (for polymer encapsulants), in stark contrast with the
values computed from Cao et al.’s cylindrical model (d = 1.4 nm at Ag! = 3.2 um™ and d = 38
nm at Ag! = 10 pm™, Rent = 0.65 nm, see Figure S11 and text, Supp. Info.) Although a crude

approximation, the latter model with Ao = 3.2 um™ yields a value that agrees reasonably well
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with the expected injection distance through a dielectric, but such mutual capacitors would show
a dependency on the relative permittivity, which was not observed here.

The question remains as to the sign and magnitude of the charge traps for one type of polymer
versus another. Significant research efforts have been put into understanding triboelectric series,
and reports have correlated the charge uptake to the pKy (basicity index) of an analogue to the
polymer.?® Following the same route, we were only able to verify qualitatively this observation
with our system (see Figure S14, Supp. Info.). Our observations indeed show a weak correlation
of the measured charge density in this work with the triboelectric charge from Diaz et al.*°
Similarly, a weak dependency could be observed with respect to the pK, and the Gutmann’s
donor number of analog molecules. Therefore, the ability of the surface to act as a base in the
Lewis sense is a factor to consider when choosing an encapsulating material for SWCNT
devices. Our results are in agreement with the model put forth by Fowkes et al. relating the acid-
base properties of a surface to its position on the triboelectric series.**?

The acid-base properties can favorably be combined with the polymer hydrophobicity. We
singled out P2VP as one such polymer that exhibits both basic properties and low water affinity.
In P2VP, the nitrogen atom is positioned in ortho configuration and is not accessible for

hydrogen bonding with water molecules. It is quite basic with a pKy of 4.98, the strongest

amongst our test series.*°
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Figure 4. (a) Transfer characteristics of a CNN-FET (1000 nm oxide) doped with N-DMBI and
encapsulated with a layer of P2VP spiked with N-DMBI showing the stability over time. (b)
Extracted on-state current of a CNN-FET device doped with N-DMBI, but left uncapped, as
compared to a device doped with N-DMBI but protected by a layer of P2VP containing N-

DMBI, as a function of time.

By itself, P2VP encapsulation yields ambipolar transfer characteristics, at best [as seen in
Figure 2(a)]. Taking advantage of its basicity and hydrophobicity, we tested the ability of P2VP,
as an encapsulant, to protect n type molecular doping from oxidation. N-DMBI, an efficient
electron donor for CNT FETs,** was dissolved in ethanol (1% w/V) and deposited by spin
coating. As shown in Figure 4(a) and Figure S15 (results of the blank and unprotected devices
are included in the Supp. Info.), both capped and uncapped devices with N-DMBI doped CNTs
initially displayed unipolar n type behavior (channel dimensions: 40 X 1000 pm, 1000 nm oxide).
For the uncapped device however, a p branch rapidly reappeared upon interacting with oxygen
and water in air. As can be seen in Figure 4(b), the electron on-current drops hundredfold after 7
days for the unprotected devices. In contrast, devices doped with N-DMBI and protected with a
capping layer (P2VP with 1% N-DMBI) showed significantly more stable n type behavior. After

an initial threefold decay over approximately 7 days, their on-state current stayed constant for an
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extended period. Unipolar n type characteristics were indeed observed for up to 43 days of
storage in ambient, at which point a small p branch was again observable [Figure 4(a)].
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Figure 5. (a) Schematics of the diode. (b) Picture of the diode showing the partially encapsulated
channel. (c) Transfer characteristics of the device prior (bare, red) and after partial encapsulation

of the channel (partial, violet), and of a fully encapsulated CNN-FET (blue) for comparison. (d)
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Output characteristics of the partially covered diode showing rectification. Inset: Comparison to

a fully covered device on a log scale.

Stable n type CNN-FETSs based on the N-DMBI and P2VP combination have been tested in the
simplest of device, a diode working on the principle of a p-n junction.>>3® Using fairly large
channels, 650 x 2000 um, a p-n junction was created by covering half of the channel with 0.2%
w/w N-DMBI and 20% w/w P2VP [Figure 5(a) and (b)]. The stripe of P2VP containing N-
DMBI forms the n region of the diode while the p region forms naturally from air exposure.
Balancing of the doping of the p and n regions is crucial in the fabrication of a p-n junction
because this is how the built-in field is established. We thus adjusted the N-DMBI concentration
such that the p-n junction’s maximal drain-source current would be reached close to Vg = 0 V
and found 0.2% w/w to be optimal. Figure 5(c) shows the transfer characteristics of the device
before encapsulation where a unipolar p type device is obtained with 5.5 pA on-state current,
5500 on / off ratio and 29.7 cm? / V s maximum mobility. A similar device fully encapsulated
with N-DMBI / P2VP displays a unipolar n type characteristic 4.2 uA on-state current, 125 on /
off ratio and 11.5 cm? / V s maximum mobility. The two transistor types are fairly symmetric
and good diode properties may be expected around Vg = 0 V. As shown in Figure 5(c), the
transfer characteristic of the p-n device follows the expected dumbbell shape output for p and n
polarity transistors connected in series. The maximum current of 730 nA (negative-going sweep)
close to Vg ~ 0 V is also consistent with this picture. Since the device in not fully encapsulated, a
hysteresis is still present and may be more significant than for unipolar p-type transistor.
Current-voltage characteristics reveal a modest level of rectification 4:1 at Vg = 0 V [Figure
5(d)]. The rectification ratio improves to 8:1 when the gate potential is raised to +5 V.

Breakdown is not observed within the Vps range. In comparison, the output characteristics of a

15



fully encapsulated n type device [Figure 5(d), inset] at Vg = +5 V shows approximate ohmic
behavior. While the performance of p-n diodes can be improved with further optimization, this
work highlights the ease of fabrication of complementary electronic elements with materials and

process relevant to printing.
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CONCLUSIONS

The electronic transport properties of CNN-FETs can be controlled by the choice of polymer
encapsulation layer. Of note is the continuous tuning of turn-on voltage, from unipolar p type to
ambipolar transistors. Through a survey of over 20 homopolymers and copolymers, a simple
relationship, the so-called “master” curve, was obtained and relates the threshold voltage Vr to
the interfacial charge density present in close proximity with the carbon nanotubes. Polymer
dielectric encapsulation layer thus appears as an important component of the toolbox to tune and
control the electric properties of devices based on SWCNTs and other high surface area
semiconducting materials.

In order to further tune the threshold voltage and achieve unipolar n type transistors, an
electron-donating molecules—prone to oxidation when left in air—was encapsulated with
hydrophobic P2VP. Devices showed excellent stability for a period longer than a month. In an
effort to demonstrate application to complementary electronics, we built a p-n junction that
exhibits rectification. The usefulness of polymer dielectrics really comes into force when they
combine other desirable properties such as hydrophobicity and when used in conjunction with
dopant molecules.

We have thus highlighted the importance of polymer dielectrics in the materials stack entering
in the fabrication of SWCNT-based devices. It follows that control of the SWCNT / dielectric
interface is crucial to improve the stability, operation mode and electrical characteristics of the

devices, and to enable functional circuits based on complimentary logics.
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METHODS

Materials: Unless noted otherwise, all materials were used as purchased. The following
polymers were acquired: poly(methyl methacrylate) (medium MM, Aldrich, cat. no 18,224-9),
polystyrene (Mn = 45k, Aldrich, cat. no 33,165-1), poly(vinylidene difluroride) (Aldrich, cat. no
18,270-2), nylon 6-6 (Aldrich, cat. no 18,112-9), cellulose acetate (39.8 wt% acetyl content, avg.
Mx = 30k (GPC), Aldrich), poly(2-vinyl pyridine) (MW 40k, cat. no 21382-10), Teflon AF
(Dupont, grade 400S2-100-1), poly(vinylidene chloride-co-methyl acrylate) (MW ~ 90k,
Aldrich, cat. no 430404), poly(vinyl acetate) (MW ~ 100k, Aldrich, cat. no 189480), cellulose
nitrate (collodion solution, Aldrich, cat. no 09986). The poly(styrene-co-2-vinyl pyridine)
copolymers were purchased from Polymer Source Inc. with various molar fractions of styrene to
2-vinyl styrene monomers and had the following characteristics: 11.5 mol% 2VP, cat. no P7612-
S2VPran, Mn = 34.5k, Mw = 46.5k ; 25 mol% 2VP, cat. no P7610-S2VPran, Mn = 28k, Mw =
38.5k ; 25 mol% 2VP, cat. no P7611-S2VPran, Mx = 36.5k, Mw = 47.5k ; 77 mol% 2VP, cat. no
P7616-S2VPran, M = 28.5k, Mw = 44.8k). Blends were obtained by mixing two homopolymers
(P2VP / PS) at the given weight fractions in a common solvent.

CNN-FET Fabrication: The carbon nanotube network field-effect transistors (CNN-FET)
were fabricated using the following procedure: The substrates, complete with pre-existing
source-drain electrodes, were purchased from the Fraunhofer Institute (Dresden). They are made
of degenerately doped silicon wafers with 90 or 230 nm of thermal grown silicon dioxide with
interdigitated gold electrodes deposited on top of the dielectric. The channel width was 2 mm
with available channel lengths of 2.5, 5, 10 and 20 um. Alternatively, substrates with 1000 nm
thermal oxide were used. Those substrates had electrodes deposited by electron beam

evaporation (T1/ Au), forming a rectangular channel 40 pm long and 1000 um wide. Substrates
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were cleaned first by ultrasonication in acetone for 5 minutes, followed by 5 minutes of
ultrasound in isopropyl alcohol (IPA). Substrates were blown dry using a stream of Nz, then
immediately placed in an ultraviolet (UV) / ozone cleaner for 30 minutes. Substrates were used
within 20 minutes for the SWCNT deposition step. A solution of enriched semiconducting
poly(9,9-di-n-dodecylfluorene) (PFDD)-wrapped carbon nanotubes’’ was prepared at an
approximate concentration of 2 pug / mL in toluene from dilution of a 480 pg / mL mother
solution. The diluted solution was subjected to ultrasound for 90 minutes prior to SWCNT
deposition. For SWCNT deposition, the soaking method was used. Specifically, substrates were
placed in a Petri dish, and then covered with the 2 pg / mL SWCNT solution. The Petri dish was
covered for 16 minutes to avoid evaporation of the solvent. After this time, the substrates were
soaked for 5 minutes in toluene, then 5 minutes in IPA, and finally dried by a jet of N2. The
samples were baked on a hot plate at 150 °C for 5 minutes. To complete the CNN-TFT
fabrication, the edges of the substrate were gently wiped using a clean room grade swab dipped
in methanol. The substrate back side was scratched using a diamond scribe and the gate electrical
contact was established using copper tape (temporary) or silver lacquer (permanent).

Polymer Encapsulation: Polymer encapsulation was performed using the following
procedure: CNN-FET samples were annealed at 200 °C overnight under rough vacuum and were
kept on a hot plate at 150 °C prior to encapsulation. Polymer solutions were prepared in advance
in an appropriate solvent and concentration. Conditions are listed for each polymer in Table S1
of the Supp. Info. The encapsulation step was carried out using spin coating, where the CNN-
FET sample was briefly cooled down, set on a vacuum chuck, and then covered with the polymer

solution. Spin coating proceeded in two stages, at speeds and times listed in Table S2 of the
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Supp. Info. A bake, sometimes in two steps, was done afterwards to remove the residual solvent.
Finally, the electrode pads were opened up using a blade manipulated under a stereomicroscope.
Generation of the ‘Master’ Relationship: A modified measurement technique was
implemented that tracks the threshold voltage of a device in order to obtain the transfer
characteristics with constant gate-induced charge density limits of -650 to +650 pC / m? for all
encapsulated devices, regardless of the relative dielectric permittivity of the capping polymer.
First, the effective relative dielectric permittivity of the assembly of the underlying silicon

sub

dioxide (&™ ~ 3.9) and the capping dielectric (variable &P, Table S3, Supp. Info.) were
evaluated according to the relation &° = (&% + &) / 2. The capacitance per surface area in a
parallel plate approximation was thus estimated as Cetr = €0 &° / d, where d is the gate dielectric
thickness. The gate-induced charge density Qina i1s the product of the effective surface
capacitance and the overdrive voltage (Vg - Vr): Qind = Cetr (Vo - Vr). Then, transfer
characteristics were obtained using gate potentials that are equivalent to Qind¢ bounded by the
limits -650 and +650 uC / m?. The range of gate potentials thus becomes dependent on the
threshold voltage Vr of the device. First, 3 full transfer characteristics were acquired with Vr
arbitrarily set to 0 V, before evaluating Vr on the fly (extrapolation to Ips = 0 from a linear
regression of the p branch points above 70% of the maximum current) and adjusting the Vg
limits accordingly. For every subsequent sweep, Vr was reevaluated and the Vg limits were
readjusted to correspond to -650 and +650 uC / m?. Because the measurement imposes a gate
bias stress to the dielectric, the Vr value will monotonously drift and tend to an equilibrium

value. Therefore, a total number of 16 sweeps was acquired for each device, and the last quasi

equilibrium value of Vr was kept for the ‘master’ relationship.
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Knowing the Vr value for the encapsulated device, the measurement of the charge density at
Vr was then obtained. The setup was made of a capacitive brass probe with a 2.38 mm (3/32 in)
circular cross-section held 500 um above the sample, which was laid on a large brass plate
connected to the back gate electrode. The sample was first discharged: a grounded probe tip was
connected to the drain electrode with the gate electrode also grounded and the sample was
discharged for 60 seconds, at which point the grounded tip was disconnected. The probe tip was
then connected to the sample’s drain electrode while biased at a potential equal to Vr for 60
seconds, at which point the probe tip was disconnected while still being biased. The sample
charge density was measured by moving the sample underneath the capacitive probe, while
measuring the induced voltage using an electrometer, with the grounded brass plate used as a
reference. The charge density was evaluated as the difference between the voltage at the
grounded brass plate reference and the voltage above the encapsulated sample. This charging
state corresponds to a state where the gate-induced charge density Qing is minimal because Vg =
Vr, and where the measured charge density corresponds mainly to the charges at the CNTs-
polymer interface due to the chemical nature of the polymer, that maintains a built-in potential
influencing Vr. Repeating this cycle of measuring the Vr using the on-the-fly tracking technique
followed by a measurement of the charge density at Vr for every encapsulating homopolymers, a
‘master’ relationship can be generated reflecting the built-in potential at the interface and thus
yielding a predictive power to select a polymer for a desired electrical property, for instance the
threshold voltage.

N type Doping: A solution of 4-(2,3-dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-
dimethylbenzenamine (N-DMBI, Sigma-Aldrich) was prepared in ethanol at a concentration of

10 mg / mL. CNN-TFT samples were prepared the day before using the above procedure and
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kept at 200 °C under rough vacuum until doping. Doping was performed by spin coating of the
N-DMBI solution at 1000 rpm for 1 minute. A further encapsulation step was performed on one
of the samples. A solution of 10 mg / mL N-DMBI in P2VP 15% w/V was prepared in
chloroform. Capping was carried out using spin coating of this solution (stage 1: 9 sec at 800
rpm, stage 2: 30 sec at 3000 rpm). The n type dopant was activated by baking at 80 °C overnight
under rough vacuum.

Diode Fabrication: A solution of 0.2% w/w N-DMBI was prepared in 1-hexanol. P2VP was
added to a 20% w/w concentration and stirred for 3 hours. The p-n junction was made by
covering approximately half of the channel with a stripe from this solution, using a poly(ethylene
terephthalate) blade attached to a three-axis translation stage for fine control.
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