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Vanishing Hysteresis in Carbon Nanotube Transistors
Embedded in Boron Nitride/Polytetrafluoroethylene

Heterolayers

Sandeep Kumar,* Daghan Dagli, Simone Dehm, Chittaranjan Das, Li Wei, Yuan Chen,

Frank Hennrich, and Ralph Krupke*

Carbon nanotube field-effect transistors fabricated on silicon wafers with thermal
oxide often suffer from large gate-voltage hysteresis, induced by charge trapping
sites in oxides, surface hydroxyl groups, and the presence of water molecules.
Surface functionalization and passivation, as well as vacuum annealing and
reduced operating temperature, have shown to diminish or even eliminate
hysteresis. Herein, the fabrication of nearly hysteresis-free transistors on Si/SiO,
by embedding carbon nanotubes and the connecting electrodes in a hexagonal
boron nitride (h-BN) bottom layer and a polytetrafluoroethylene (PTFE) top layer
is demonstrated. The conditions at which catalyst-free synthesis of h-BN on
SiO,/Si with borazine is obtained, and the subsequent liquid-phase deposition of
PTFE, are discussed. Device transfer curves are measured before and after PTFE
deposition. It is found that the hysteresis is reduced after PTFE deposition, but
vanishes only after a waiting period of several days. Simultaneously, the on-state
current increases with time. The results give evidence for the absence of trap
states in h-BN/PTFE heterolayers and a high breakthrough field strength in those
wafer-scalable materials.

Transistors based on single-walled carbon nanotubes (SWCNT' )

traps in dielectric layer,””) or charging of
surface hydroxyl (—OH) groups.”! The
key toward hysteresis-free SWCNT transis-
tors is to form a nanotube environment
that is free of trap states and water mole-
cules. Placing SWCNTs onto oxides func-
tionalized with silanes,”® or hydrophobic
dielectric layers such as Parylene® or
polytetrafluoroethylene (PTFE),'” greatly
reduces p-doping and hysteresis induced
by surface —OH groups, in analogy to
observations with organic semiconduc-
tors.""! Furthermore, coating SWCNTSs
with poly(methyl methacrylate) polymers
or methyl siloxane polymers can provide
the water repellent packaging required
for suppressing water-induced hystere-
sig [47:12713] Also, growing on SWCNTs, a
thin oxide layer below a top-gate metal
can greatly reduce hysteresis,'® although
often a transparent top layer with a
bottom-gate is preferred. An example of

have been extensively studied since their realization by Dekker
and co-workers!”! and Avouris and co-workers.”? Also, although
not shown in all works, hysteresis is observed as an omnipresent
feature, which can be useful for memory applications,”! however
in most cases is unwanted. Several works have identified that
hysteresis is induced by water molecules,**! filling and depleting

hysteresis-free SWCNT bottom-gate transistors fabricated on
SiO,/Si wafers has been demonstrated by Javey and
co-workers via a combination of surface functionalization and
PTFE coating.!'”) Removal of hysteresis has also been shown
by Weitz et al. by growing a self-assembled monolayer on an
Al gate electrode.l'® Yet in practice, while fabricating back-gated
SWCNT transistors on SiO,/Si wafers, these measures do not
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always eliminate hysteresis completely, potentially due to the
defects in the self-assembled layers, oxides or coatings, or due
to water molecules trapped at the metal contacts!*~2! or within
the nanotubes.?? Suspending carbon nanotubes and exposing
to high vacuum,” or cooling to 4K can eliminate hysteresis
completely,?” albeit these measures are limiting the applicabil-
ity. In contrast, the graphene community has realized that pack-
aging graphene into flakes of hexagonal boron nitride (h-BN)
eliminates doping and hysteresis, and boosts mobility, provided
that the h-BN layer is tens of nanometers thick.**! Bockrath and
co-workers have similarly encapsulated SWCNT devices in h-BN
flakes and reported superior current carrying capability;*
however, the integrated nanotubes were metallic, and transistor
behavior was not observed, also not for SWCNTs grown on
h-BN flakes.??®! Herein, we have been targeting a wafer-scalable
fabrication of hysteresis-free SWCNTSs transistors via encapsula-
tion into a h-BN bottom layer and a PTFE top layer. The h-BN
layer was grown on SiO,/Si wafers by a catalyst-free chemical
vapor deposition with borazine as precursor. The devices based
on solution phase-purified (9,8) SWCNTs were built on top of the
h-BN/SiO,/Si substrates using dielectrophoresis (DEP), and sub-
sequently coated by liquid-phase deposition of PTFE. We report
on the h-BN synthesis, the impact of the bottom and top layers on
the device characteristics, and evolution with time.

The synthesis of large-area h-BN has been demonstrated
in previous works by the decomposition of ammonia borane
or borazine on metal foils,”” " on dielectric surfaces,****!
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and by chemical conversion of graphene to h-BN.** Herein,
we decided to avoid transfer processes which are often accompa-
nied with the formation of wrinkles, defects, and impurities, and
grew h-BN directly on the SiO,/Si surface. The process flow in
cross-sectional view and the methods used are schematically
shown in Figure 1a,b. We used borazine as a stoichiometric
precursor because of its high vapor pressure and chemical
reactivity.?®?%35 A stainless-steel bubbler (100 mL) filled with
borazine (5 g) (Katchem, Czech Republic) was connected to an
Ar gas bottle (Linde, purity 5N), and to a high-vacuum oven
(Gero, heating zone diameter: 7 cm, length: 65 cm) via a mass
flow controller (MKS 1179B). The bubbler was cooled to 5°C
to inhibit decomposition of borazine. Boron-doped silicon
wafers (resistance <0.005 Q cm, Active Business Company) with
300 nm thermal oxide were cut into 10 x 10 mm? pieces, loaded
into the center of a quartz tube (Aachener Glas, 2 in. diameter,
50 cm long), evacuated to 10~ 7 mbar and ramped up to 1000 ° C
at a rate of 10°C min~'. Argon (2sccm) was flown through
the borazine-filled bubbler into the heated quartz tube for
10-60 min, depending on the targeted h-BN thickness. We have
estimated the flow of borazine through the oven to 1 mg min ™" at
2 scem Ar flow, assuming that Ar uptakes borazine to the equi-
librium partial pressure of 144 mbar at 5°C when streaming
through the bubbler at 1 bar pressure. During growth, a pressure
of 5 mbar was maintained by reducing the pump speed. After
terminating the gas flow, the sample was kept in vacuum at
1000 °C for 1h to improve crystallinity and to promote further
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—

coating DEP l
«—
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] 1

(©)

Figure 1. a) Process flow comprising CVD synthesis of h-BN, deposition of SWCNTSs by DEP, spin coating of Teflon AF2400 (PTFE), and lithographic
patterning of metal contacts and Teflon layer. b) Schematic on the deposition processes and conditions. c) Scanning electron micrographs of devices
after deposition of (9,8) SWCNTs and before Teflon coating. The SiO,/Si substrate was overgrown with 80 nm h-BN.
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dehydrogenation. Finally, the furnace was cooled to room tem-
perature (RT) at a rate of <7 °C min™". To avoid premature poly-
merization of borazine to polyborazylene,*® we have ensured to
keep the gas temperature in the gas pipes to below 70 °C. In the
heating zone, two additional dehydrogenation steps occur: at
125-300°C with cross-linking of B—H and N—H and at
700-1000 °C ultimately forming BN.?”) The h-BN films were
characterized by Raman spectroscopy with 532 nm laser excita-
tion at 60 mW power (Renishaw inVia Microscope), and by
reflectometry under normal incidence (Filmetrics F20). X-ray
photoelectron spectroscopy (XPS) measurements were done
using a Thermo Fisher’s K-alpha machine. The samples were
excited with monochromatized Al K-alpha source (1486.6¢eV)
with an X-ray spot size of 400 pm. The ejected photoelectrons
were collected using a hemispherical 180° double-focus analyzer
with 128-channel detector. The measurements were done with-
out the use of the charge compensation mechanism.

The 45 nm-thick Pd/Cr source drain electrodes with 600 nm
gap size were fabricated on the h-BN-coated substrates by
standard electron-beam lithography and metallization. The
(9,8) semiconducting SWCNTs were produced by selective cata-
lyst chemical vapor deposition,*®3? dispersed in toluene by
wrapping in poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (PFD), and
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purified and length sorted by gel filtration.*”) The SWCNTs were
deposited simultaneously onto 6-7 devices per chip by electric
field-assisted deposition (DEP). For details regarding synthesis,
purification, optical characterization, and deposition of (9,8)
SWCNTSs, we refer to Gaulke et al.”*! Devices were then annealed
at 400°C and 107 mbar vacuum for 4 h. Electrical characteriza-
tion was conducted first without PTFE top layer under ambient
conditions, with an Agilent 4155C semiconductor parameter ana-
lyzer and a probe station with TRIAX probes with a current detec-
tion limit of 30 fA. Transfer characteristics were measured with
back-gate voltage sweeps from —5 to +5V (step size 100 mV,
scan rate 0.5 V s~ %) using source-drain voltages of 0.5 V. For coat-
ing PTFE, the devices were loaded into a nitrogen glove box with
a spin-coater and hotplate and annealed at 150 °C for 1 h. A solu-
tion of poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-dioxole-co-
tetrafluoroethylene] (1g) (Teflon AF-2400, Sigma-Aldrich) dis-
solved in Fluorinert FC-40 (100 mL) (Sigma-Aldrich) was pre-
pared by stirring the solution for 2 weeks at 60 °C. Residual
nanometer-sized PTFE particles were removed by ultracentrifu-
gation for 1 h at 40 000 rpm. The devices were loaded to the spin-
coater and purified 1% PTFE solution (10 pL) was drop-casted
onto the sample surface. For 30 and 45 nm-thick PTFE layers,
the samples were rotated for 60s at 3000 and 1000 rpm,
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Figure 2. a) Raman spectra recorded after CVD. The E;; Raman peak of h-BN is visible on bare SiO,/Si substrates when synthesized at high pressure
(5-10 mbar, black line). Synthesis at low pressure (10~ ° mbar) yields h-BN only in the presence of Pd electrodes: on top of Pd (green line) and nearby Pd
(blue line), not on bare substrates (orange). b) Raman data of high pressure grown h-BN on SiO,/Si, background subtracted and fitted to a Lorentzian
(peak 1372.5cm ™", linewidth 38.7cm™). c) XPS of the h-BN film with the peak binding energies for B 1s and N 1s at 192 and 399.5 eV, respectively.
d) Reflectance spectra of a complete stack of 30 nm Teflon/40 nm h-BN/300 nm SiO,/Si determined by fitting with the transfer matrix method.
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respectively. A thickness of 80 nm was obtained by spin-casting
two times, at 3000 and 1000 rpm for 60 s each. The samples were
then heated—still in nitrogen atmosphere—at 100 °C for 5 min,
150° for 5 min, and 200 °C for 10h. Finally, the samples were
cooled down to RT and unloaded from the glovebox. PTFE
was removed from the metal contact pads by direct electron beam
pattering using an exposure dose of 10 mC cm ™% at 10 keV beam
energy.l*!! Subsequent electrical characterizations were done
under the conditions outlined before. At the end of the fabrica-
tion process, the SWCNT devices are encapsulated between the
h-BN bottom and PTFE top layer (Figure la). SWCNTs within
completed devices cannot be imaged due to the PTFE coating;
therefore, we show in Figure 1c scanning electron micrographs
of four representative SWCNT devices without PTFE coating.
The images were recorded after nanotube DEP. Typically, 1-5
SWCNTs are contacted and visible in the gap region. The under-
lying h-BN layer was characterized by Raman spectroscopy after
the chemical vapor deposition (CVD) synthesis and results are
shown in Figure 2a for synthesis at 5 and 10~® mbar pressure,
on bare SiO,/Si substrates and on substrates with Pd patches.
At high pressure and on the bare substrate, the characteristic
E,q Raman peak for h-BN is observed at 1372.5cm ™" (linewidth
38.7cm "), which is consistent with the measurements on
rrlonolelycel’,[27’3 41 multilayer,m’3 342431 and bulk h-BN.?71 The
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increasing background is due to photoluminescence and has
been subtracted in Figure 2b. At low pressure, h-BN does not
form on a bare substrate; however, in the presence of Pd,
h-BN grows on Pd and next to Pd on the substrate. Indeed,
the growth of h-BN at ultrahigh vacuum conditions has been
observed on different single-crystal metals,**~** whereas here
we see that h-BN growth also occurs in the vicinity of a metal.
The results that we obtain at high pressure (5mbar borazine)
are in agreement with h-BN synthesis on metal substrates,*’!
and on dielectric substrates.!*® Also, borazinel***® and ammonia
borane!*”*" are the most commonly used precursors for h-BN
growth due to stoichiometric ratio of B:N being 1:1. The XPS data
of an h-BN layer on SiO,/Si are shown in Figure 2c. The
peak binding energies for B 1s and N 1s at 192 and 399.5e€V,
respectively, are also consistent with the formation of
h-BN.[2729:32:33.3543] The complete stack of PTFE/h-BN/SiO,/
Si has been characterized by reflectance spectroscopy to analyze
the thicknesses of the individual layers via the transfer matrix
method, as shown in Figure 2d. Refractive indices of PTFE
AF-2400P% and PTFE/h-BN,**! and respective nominal thick-
nesses of the layers were used as starting values in the fitting
procedure. The h-BN layers are homogenous over large areas,
as shown in optical image in Figure S2, Supporting Information.
However, the layers are not single crystalline but have a grainy
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Figure 3. a) Temporal evolution of hysteresis in transconductance curves for 21 devices. The SWCNT devices were encapsulated in three combinations of
Teflon and h-BN layer thicknesses, as indicated. Also, shown are results taken 2 days before the Teflon deposition at t = 0. b—d) Corresponding trans-
conductance curves of representative devices, taken before Teflon deposition (prior), directly after Teflon deposition (initial) and after a week of storage

under ambient conditions (final). Current detection limit is 30 fA.
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structure, which gives rise to a broader linewidth of the Raman
E,, peak (38.7cm™') compared with monocrystalline h-BN
(15.5cm ™" for bulk),””) and is visible in the scanning electron
micrographs in Figure S3, Supporting Information.

We discuss now the gate-voltage hysteresis observed in the
transconductance curves of h-BN/SiO,/Si supported devices
before and after Teflon AF coating. The (9,8) devices were
embedded in three combinations of layer thicknesses: 30 nm
Teflon/40 nm h-BN, 45nm Teflon/40nm h-BN, and 80nm
Teflon/80 nm h-BN. Figure 3a shows the temporal evolution
of the hysteresis of in total 21 devices. The largest hysteresis val-
ues among all layer combinations are observed prior to Teflon
deposition at t = —2 days ranging between 2 and 4.5 V. This is
significantly smaller than the 4.5-6 V range for SWCNT devices
fabricated on bare Si/SiO, (Figure S1, Supporting Information)
and shows that h-BN without Teflon coating yields devices with a
reduced hysteresis. An additional reduction of hysteresis to 1-3 V
is then observed after Teflon coating at t=0, as was expected
due to the water repelling nature of Teflon. However, an unex-
pected further significant reduction is observed over a timescale
of days to weeks, in particular for 45 and 80 nm-thick Teflon
layers. Depending on the waiting time and the layer combina-
tion, the hysteresis becomes eventually smaller than 1 V. A direct
comparison of the transconductance curves for representative
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devices of the three layer combination is shown in Figure 3b—d.
The results resemble similarity to Ha et al.’s work,"” where a
vanishing hysteresis has been obtained after Teflon AF coating
of SWCNTs on an amino acid-functionalized substrate. The
Teflon layers required a thickness larger than 10 nm to be effec-
tive; however, the reduction in hysteresis was instantaneous and
did not show a time dependence, likewise for a complete encap-
sulation in Teflon as shown by Lefebvre et al.*”! Herein, a mini-
mum Teflon thickness of 45nm is required to coat not only
the SWCNTs segment lying flat on the h-BN surface but also
the nanotube segment on the top of the metal electrodes.
Concerning the origin of the temporal evolution of the hysteresis,
itis the long timescale that points to a diffusion process—Ilikely of
water molecules. Interestingly, the transconductance traces show
that the threshold voltage is stable during the hysteresis reduc-
tion; however, the on-state hole current systematically increases
with time after Teflon coating. This shows that the Schottky
barrier reduction for holes is correlated with the reduction of hys-
teresis, possibly via surface dipoles trapped in the contact area
between Pd electrodes and SWCNTSs. Indeed, an obvious differ-
ence to the previous works is that in this work SWCNTs were
deposited on top of the Pd electrodes and hence the contact inter-
face was inevitably exposed to humidity. Because water mole-
cules are known to adsorb on Pd surfaces™ and desorption
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Figure 4. a) On-state conductance, b) mobility, and c) subthreshold slope for 21 devices. The SWCNT devices were encapsulated in three combinations of
h-BN and Teflon layer thicknesses, as indicated. The data have been acquired from the conductance curves measured after a week of storage under
ambient conditions. In part (a), the dashed line represents the 30 fA detection limit of the setup, and in part (c) the theoretical subthreshold slope limit

at 300 K.
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of water from Pd surfaces is slow below 450 °C,>* we believe that

slow repelling of water molecules from the contact area is caus-
ing the time dependence. The direction of the hysteresis loop
in Figure 3b—d is counterclockwise and further evidences that
the source of hysteresis at low gate sweeping ranges is due
to water molecules and associated charges, which redistribute
in response to the gate voltage.*>) At larger gate voltage sweeps,
hysteresis may also depend on charge traps in the dielectric; how-
ever, in light of the observed reduction of hysteresis with time,
we conclude that hysteresis in our devices must be caused by
water-related charge traps that are mobile at RT and traps in
h-BN are absent. The low hysteresis of 0.1 V observed for devices
embedded in 40 nm h-BN/45 nm Teflon and 80 nm h-BN/80 nm
Teflon on SiO, substrates is comparable with devices with CNTs
deposited on self-assembled monolayer (SAM) passivated
oxides,®'®! devices with CNTs overgrown by a top gate oxide,®
and devices passivated with fluoropolymers.'**>'”) A compari-
son table is given in the Supporting Information. Interestingly,
devices with electrodes on top of CNTs placed on SAM passivated
SiO, require an additional hydrophobic packaging to remove
hysteresis,!'”) whereas devices with electrodes on top of CNTs
based on SAM passivated Al,O; show long-term hysteresis-free
behavior without additional packaging.["® In contrast, for devices
with CNTs on top of electrodes, a hydrophobic packaging seems to
be mandatory to eliminate hysteresis as observed in this work
as well. We have also evaluated the transconductance curves
measured after a week under ambient condition storage (final)
with respect to on-state conductance, on/off ratio, mobility, and
subthreshold slope. Figure 4a shows on-state conductance values
up to 107 S and on/off ratio up to 107, with no correlation to the
h-BN and Teflon layer thicknesses. Considering the small number
of 1-5 SWCNTSs per device and the 30 fA current detection limit,
we conclude that the performance is comparable with previous
devices on DEP-deposited polymer-wrapped SWCNTs.*? Also,
field-effect mobilities®® up to 100 cm? V' s ! and subthreshold
slopes[‘%] down to 140 mV dec™?, as shown in Figure 4b,c, are
evidence for the good performance of liquid-phase sorted,
polymer-wrapped SWCNTs embedded in h-BN and Teflon.

In summary, we have observed nearly hysteresis-free trans-
conductance curves for (9,8) SWCNTs embedded in h-BN/
PTFE heterolayers. The reduction of hysteresis after PTFE coat-
ing over a timescale of days has been explained by slow repelling
of residual water molecules that strongly adhere to the metallic
electrodes onto which nanotubes have been deposited under
ambient conditions. Longer waiting times are expected to elimi-
nate hysteresis completely. However, Teflon coating without
breaking the annealing vacuum appears to be a more promising
route to be explored.

See Supporting Information for reference devices fabricated
on Si/SiO,, optical and scanning electron micrographs of synthe-
sized h-BN, and a comparison of the measured hysteresis with
the literature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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