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Abstract: As one of the highest mobility semiconductor materials, carbon nanotubes (CNTs) have
been extensively studied for use in field effect transistors (FETs). To fabricate surround-gate FETs—
which offer the best switching performance—deposition of conformal, weakly-interacting dielectric
layers is necessary. This is challenging due to the chemically inert surface of CNTs and a lack of
nucleation sites—especially for defect-free CNTs. As a result, a technique that enables integration of
uniform high-k dielectrics, while preserving the CNT’s exceptional properties is required. In this
work, we show a method that enables conformal atomic layer deposition (ALD) of high-k dielectrics
on defect-free CNTs. By depositing a thin Ti metal film, followed by oxidation to TiO, under ambient
conditions, a nucleation layer is formed for subsequent ALD deposition of Al,O3. The technique is
easy to implement and is VLSI-compatible. We show that the ALD coatings are uniform, continuous
and conformal, and Raman spectroscopy reveals that the technique does not induce defects in the
CNT. The resulting bilayer TiO,/Al;O3 thin-film shows an improved dielectric constant of 21.7 and an
equivalent oxide thickness of 2.7 nm. The electrical properties of back-gated and top-gated devices
fabricated using this method are presented.

Keywords: carbon nanotube; atomic layer deposition; dielectric; TiOy; nucleation layer

1. Introduction

Atomiclayer deposition (ALD) is a technique predominantly used for the deposition of high-quality
dielectrics. The ALD process occurs via a self-limiting reaction where the substrate is sequentially
exposed to alternating pulses of two gas-phase precursors. This technique enables the deposition of
thin films with excellent step coverage, angstrom-level precision and robust mechanical properties [1],
making it an ideal choice for conformal coating of suspended and high aspect ratio structures.
However, growth of the first few ALD layers on suspended single-walled CNTs is challenging due to
the hydrophobic and inert nature of the nanotube’s surface. Usually, ALD deposition on suspended
low-defect single-walled CNTs results in the formation of nanospheres, originating on nanotube surface
defects [2,3]. The same problem exists for graphene [4,5] and 2D transition metal dichalcogenides [6,7],
such as MoS;, WS, and others. These materials do not have dangling bonds or surface groups on their
basal planes and therefore no nucleation sites are available for the reaction of ALD precursors.

Currently, several surface functionalization techniques exist to promote ALD thin film growth on
the surface of single-walled CNTs. Tubes can be chemically treated [8] with oxidizing agents, acids,
bases, or annealed in plasma [9], which results in a chemical bond formation between functional
groups and CNTs. Such covalent functionalization strategies generally create defects and additional
scattering sites, as well as changing the carbon hybridization from sp2 to sp3. As a result of these surface
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modifications, the nanotube’s exceptional electronic and optoelectronic properties may degrade [10,11].
Another approach is to non-covalently attach different materials, such as DNA [12,13], surfactants [14],
and polymers [15-17]. They do not distort the CNT lattice and do not influence the carbon hybridization.
However, adsorbed molecules can change the local potential at the tube surface, creating scattering
centers and inducing doping effects. These phenomena also influence CNT electronic and optoelectronic
properties and may alter—but not necessarily degrade—device performance. For instance, NO,
functionalization can be used to prepare nanotube [18] or graphene [19,20] surfaces for ALD deposition
of Al,Os; one of the first CNT gate-all-around transistors [21] was fabricated using this strategy.
However, this method requires a NO; source inside the ALD reactor, otherwise the physisorbed NO,
layer will desorb during sample transfer. It was also shown that the NO, layer can strongly degrade
CNT and graphene mobility due to the charged impurity scattering of the functionalization layer [19,21],
which can be improved to some extent by annealing [22]. Although the above-mentioned non-covalent
approaches solve the nucleation problem and promote ALD growth for electronics applications, the
utilized materials should not reduce the overall dielectric permittivity of the gate oxide stack.

Another way to non-covalently prepare the surface of CNTs for subsequent ALD deposition
is to first grow metal or metal-oxide seed layers. If a metal layer is used, it can later be oxidized
in air at room temperature [23] or at elevated temperatures [24]. TEM measurements have shown
that among commonly available metals, only Ti, Y, Ni and Pd show good wetting behavior on CNTs
and result in continuous layers [25]. It was also shown that yttria, deposited by physical vapor
deposition, can be used as both nucleation layer and high-k dielectric, delivering high transistor on/off
ratio and an ideal subthreshold slope of 60 mV/dec [23,24]. The same strategy was used to prepare
graphene [19,26-28] and MoS; [29-31] surfaces. For graphene, it was also shown that TiO; can be
used as a buffer layer, improving the carrier mobility of the nanomaterial [28], whereas Al,O3 buffer
layer may have an inverse effect [32]. It is also important to mention that non-covalent and covalent
pretreatment strategies developed for graphene or other 2D materials cannot always be extended to
CNTs, since the former represent planar structures with grain boundaries and edges—which makes
both pretreatment and ALD deposition an easier task.

In this work, we present a method that enables the uniform and conformal coating of high-k
dielectrics on defect-free single-walled CNTs by ALD. The method utilizes a Ti metal seed layer that is
deposited by physical vapor deposition and oxidized to TiO;. The seed layer, attached to the defect-free
CNTs enables subsequent conformal deposition by ALD. The ALD deposited Al,O3 dielectric coating
on top of titania buffer layer, which is a high-k dielectric itself [33], results in a high-quality pure-oxide
insulator. The study of the resulting thin film, as well as its influence on the CNT electronic and
phonon properties are presented. The process is easy to implement, very large scale integration (VLSI)
compatible, and results in deposition of high quality continuous ALD layers.

2. Results and Discussion

To enable ALD deposition of Al,O3 on defect-free CNTs, a TiO, nucleation layer was formed
by deposition of Ti metal, which was oxidized to TiO, under ambient conditions. To determine the
effectiveness of the TiO; pretreatment in promoting continuous, conformal coating by ALD, samples
were prepared with and without the pretreatment and analyzed by SEM and TEM. Figure 1a shows SEM
images of CNTs coated with 10 nm of Al;O3 by ALD without (left) and with (right) TiO, pretreatment.
Without the pretreatment, the CNTs were inconsistently and discontinuously coated, while with the
TiO, pretreatment, CNTs were consistently and continuously coated along their entire length. TEM
analysis was carried out to further investigate the detailed structure of the coatings. Figure 1b shows a
TEM image of a single-walled carbon nanotube (SWCNT) nominally coated with 10 nm Al,O3 by ALD
without any surface pretreatment. As expected, the resulting thin film was discontinuous, with the
deposited material most likely formed around rare surface defects or starting from the substrate and
extended along the nanotube. When a titanium seed layer was deposited at a nominal thickness of
3 nm and oxidized, the TiO, coating provided sufficient nucleation sites for subsequent ALD of 10 nm
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of Al,O3 (Figure 1c). The resulting coverage was continuous, but not uniform. To increase uniformity,
a 5 nm Ti seed layer was deposited and oxidized. When coated with 10 nm of alumina by ALD, the
coating was continuous, conformal, and the texture was smooth (Figure 1d).

To gain further insight into the morphology and uniformity of the pretreatment layer, further TEM
analysis was carried out on CNTs coated with just Ti converted to TiO,. For the Ti layer, deposited
by thermal evaporation in high vacuum, the mean free path (i.e., distance, which the evaporated
material travels inside the chamber without colliding with gas molecules) is much larger than the
metal target to substrate distance, making it a highly directional technique. This directionality results
in the carbon nanotube shadowing itself and growth of thicker films on the part of the wall facing the
evaporation front. As a result, a TiO; layer with non-uniform thickness is formed and varies from
about a nanometer on the shadowed side to a few nanometers. The sample with an initial 3 nm thick Ti
layer (Figure 1e) resulted in a higher variation of film thickness in the longitudinal direction (pearling
along the nanotube) when oxidized. However, slightly increasing the buffer layer thickness to 5 nm,
resulted in higher TiO, uniformity and continuous coverage of the nanotubes, although the resulting
thin film still shows some thickness irregularities (Figure 1le). Figure 1g,h show the same Al,O3-coated
nanotubes from Figure 1c,d, respectively—rotated ~60° along the nanotube’s longitudinal axis, which
confirms that the CNTs are conformally coated. A high-magnification image of the CNT in Figure 1h is
shown in Figure 1i, showing the uniform, amorphous ALD coating.

Figure 1. Morphology and coverage of CNT dielectric coatings. (a) SEM images of CNTs without TiO,
pretreatment (left) and with TiO, pretreatment (right); (b—i) TEM images of CNTs with (b) 10 nm of
Al O3 only; () 3 nm of Ti converted to TiO, and covered with 10 nm of AlO3; (d) 5 nm of Ti converted
to TiO, and covered with 10 nm of Al;Os3; (e) 3 nm Ti converted to TiO, only; (f) 5 nm Ti converted to
TiO; only; (g) 3 nm of Ti converted to TiO, with 10 nm of Al,O3, rotated over 60° along the nanotube
axis; (h) 5 nm Ti converted to TiO, with 10 nm of Al,Oj3, three different projections of the CNT rotated
over 59° along the nanotube axis; (i) a corresponding high-resolution image of the CNT shown in (h).

Although the cause for the increased uniformity of the pretreatment layer from 3 to 5 nm is not
completely understood, both nucleation layers showed complete coverage when coated with ALD
deposited alumina. Continuous coating with TiO; and later with Al,O3 can be explained as follows:
due to a high binding energy, the initially deposited Ti layer has good wetting behavior on the nanotube
surface [34], forming continuous (but not always uniform) layers. When oxidized, it grows significantly
in size due to a high Pilling-Bedworth ratio (PBRt; = 1.6) [35]. As a result, enough nucleation sites for
subsequent ALD reaction are provided to cover the entire nanotube. Some theoretical calculations show
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strong interaction between titanium and carbon, resulting in covalent bond formation between Ti and
CNTs or graphene [36-38], which contradicts the idea of minimizing interaction between nanotubes
and coatings. However, according to Density Functional Theory calculations, Ti is very reactive with
O, and oxidizes rapidly in its presence, significantly weakening Ti—C interaction upon oxidation [39,40].
Such theoretical considerations allow us to speculate that after oxidation, TiO; only weakly interacts
with the nanotubes. This is supported by Raman and the electrical measurements presented below,
which do not show any degradation of the CNTs, although some changes are observed.

Raman spectroscopy was used to determine the effect of the coating on the phonon properties of
the nanotube. Figure 2a shows Raman spectra obtained from the same nanotube after each step of the
coating process: pristine CNT, after TiO, deposition, and after Al,O3 coating. Raman spectroscopy
shows no D-mode (or at the noise level) for all three experiments. This shows that initial nanotubes
are low defect, as no defects were created during the pretreatment or ALD processes, and suggests
that the technique does not degrade the quality of the CNTs. However, the G mode, responsible for
carbon atom vibrations in circumferential (G~ mode) or parallel to nanotube (G* mode) directions,
underwent noticeable changes. Figure 2 shows that the peak of the G* mode shifts toward the blue,
relative to the pristine nanotube, for the TiO, and TiO,/Al,O3 coated samples. The extent of the
peak shift, determined by a Lorentzian fitting to the data, is shown in Figure 2c and summarized in
the table in Figure 2d. This shift can be attributed to charge transfer and doping [41] or mechanical
stress [42] induced as a result of TiO, deposition. Subsequent coating with alumina showed a further
small G-mode shift toward the blue. It is important to mention that such G peak position changes,
with regard to pristine tubes, had a very large spread with both blue and red shifts across 20 tubes
measured (results not shown here). We hypothesize that this can be attributed to mechanical stress
induction, as nanotubes with different chirality show different Raman response at the same mechanical
stress, demonstrating both blue (e.g., for uniaxial strain) and red (e.g., for torsional strain) shifts [43].
More research needs to be done to study deposition induced Raman modes shifts, which will help to
understand the underlying phenomena and decouple different effects.
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Figure 2. Effect of CNT coating analyzed by Raman spectroscopy before and after each deposition step:
(a) as obtained G and D modes; and (b) G-mode region normalized and fitted with two Lorentzian line
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shapes for G~ and G* modes, separately shown in (c) for each spectrum; (d) A table showing G~ and
G* modes’ peak positions and shift values (in parentheses) extracted from Lorentzian fits for each
processing step. A Residual Sum of Squares of less than x? = 0.03 was obtained for all Lorentzian fits.

To verify that Ti is indeed converted to TiO,, X-ray photoemission spectroscopy (XPS)
measurements were performed using a monochromatic Al Koe X-ray (hv = 1486.7 eV) source. To attain
adequate XPS signal, larger samples were required and therefore carried out on a 5 nm Ti thin-film
deposited on 5i/SiO,, which was oxidized under the same ambient conditions as the CNT samples.
Complete conversion to the oxide is important for transistor applications to suppress source-to-drain
leakage currents via a metallic conduction pathway. In Figure 3a we see clear peaks at 458.5 and
464.3 eV, that correspond to Ti 2p3/; (458.66 eV) and Ti 2py; (464.31 eV), respectively [44], which have
been identified as Ti*" and correspond to stoichiometric TiO,. No peak was observed around 453.86 +
0.32 eV, which would have been expected for metallic Ti [44], and is strong evidence that complete
titanium oxidation was successful.
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Figure 3. Chemical composition and dielectric properties. (a) XPS spectra of titanium layer oxidized in
air for 24 h, confirming complete oxidation of the seed layer; (b) dielectric constant of pure ALD thin
film (15 nm Al O3, red curve) and compound dielectric (5 nm TiO; + 10 nm Al,O3, blue curve) and
their frequency response.

The dielectric quality of titania and alumina layers was also evaluated by fabricating thin-film
metal-insulator-metal capacitors and performing capacitance-frequency measurements in the frequency
range from 1 kHz to 1 MHz. Two capacitors with total oxide thickness of 15 nm were measured: first
with 15 nm ALD Al,O3 and second with 5 nm TiO; (oxidized Ti) plus 10 nm ALD Al;O3. Figure 3b
shows the resulting capacitance-frequency characteristics. Despite having the same thickness and
electrode area, the titania-alumina stack shows over two times higher capacitance (45.8 + 0.3 pF)
compared to the pure alumina capacitor (20.3 + 0.1 pF). From a parallel-plate capacitor geometry, the
alumina and average alumina-titania stack’s dielectric constants of 9.4 and 21.7 (at 1 MHz), respectively,
can be extracted. Such an increase in k value can be explained by a high dielectric permittivity of
TiO,. However, using only TiO; as an insulator is not favorable, since the material has a relatively
small band gap, which may result in thermionic emission and direct current tunneling [33]. Thus, for
few-nanometers-thick dielectric layers, TiO, should be used together with another high-k dielectric
and a balance between these materials sought to optimize the overall thickness while maximizing the
dielectric constant, and keeping leakage current low.

Another important metric in electronic device design, is the equivalent (silicon) oxide thickness
(EOT). The EOT of our devices was calculated using the following equation: EOT = &pesi02A/Cox;
where ¢ is a vacuum permittivity, €s;o; is a dielectric constant of SiO,, and A and C,y are the area
and capacitance of the capacitor, respectively. For 15 nm thick films, an EOT of 6.2 nm was extracted
for the pure-alumina device, whereas an EOT of 2.7 nm was extracted for the titania-alumina device
(lower is better). Such a scale down of the EOT makes the proposed compound dielectric a promising
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candidate for future high-k dielectrics used in CNT- and other nanomaterials-based electronic devices.
The quality of the interface between oxides, ratio of their thickness, as well as a combination of titania
with other high-k dielectrics (e.g., HfO,, ZrO;) are subjects of future studies towards further improved
EOT scaling.

Both back-gated and top-gated CNT field effect transistor (FET) device geometries were employed
to probe the electrical transport properties of the CNTs. Back-gated devices on degenerate Si with 5iO,
as the gate dielectric were employed to compare the TiO,/Al,O3 coated CNTs with uncoated-pristine
CNTs, while the top-gated device allowed us to directly evaluate the TiOp/Al,O3 coatings as the gate
dielectric. Back gated FET measurements confirmed that the TiO, pretreatment technique does not
degrade nanotube properties, nor does the subsequent Al,O3 coating. Figure 4a shows transport
characteristics recorded from a pristine nanotube—a nanotube coated with TiO,—and a nanotube
coated with TiO, and Al,O3. The electrical measurement of the FET shows an on/off ratio of ~10%,
with no degradation in conductance after TiO; deposition and a slightly improved on/off ratio after
the Al,O3 ALD deposition. The latter can be associated with annealing of the contacts during ALD
processing at 300 °C. Device characteristics shift to negative gate voltages, becoming more p-type with
each deposition step.
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Figure 4. Electrical transport properties of CNT FETs. (a) Back-gated transport measurements of CNT
devices, uncoated (pristine-green), with TiO; only (red), and with TiO, and Al,O3 (blue). A schematic
illustration of the device geometry is shown (center), and a false-colored SEM image (right); (b) hole
transport in top-gated CNT transistor. Insets in shows the leakage current. A schematic illustration of
the device geometry is shown (center), and a false-colored SEM image (right).

The possibility of using titania-alumina compound oxide as a high-k dielectric gate stack was
evaluated by fabricating a top-gated CNT FET device. Figure 4b shows transport characteristics of the
device. The observed differences in the threshold voltage between top and back-gated FETs is due
to the difference in gate oxide thickness and dielectric constant: 15 nm thick TiO,/Al,O3 and 100 nm
thick SiO,, respectively. As expected, both devices behave as p-type transistors due to the use of high
work-function electrodes [45]. The electrical measurements of the top-gated device show an on/off
ratio of ~10* and the field effect mobility of the device was calculated using following equation: rg
= gm X L?/C X 1/V 45, where g, is the transconductance, L and C are device length and capacitance
respectively [46]. Capacitance per unit length was calculated as follows: C/L = 27tegeoxt/2t,x, where € is
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a vacuum permittivity, ey is a dielectric constant of the gate oxide (extracted from C-f measurements),
toy is its thickness, and r is the radius of the nanotube. The obtained field effect mobility of pupg =
226 cm?/Vs is comparable with those reported in literature, but far less than some of the “champions” in
the field [47]. However, it is important to mention that field effect mobility is device-specific and many
other effects have an impact on it, such as contact resistance, surface roughness, the quality of interfaces,
measurement parameters, etc. The inset of [;4-V characteristics in Figure 4b shows low gate leakage
current, which was limited by the sensitivity of measurement setup, and was observed at the noise
level—at least an order of magnitude lower than the source-drain current. Such low leakage-current
behavior, together with the extracted dielectric constant and EOT, show that the titania-alumina stack
is a promising all-oxide dielectric. Further, in the top-gated FET, the bottom side of the tube was not
covered with TiO,/Al,O;3. In this configuration, the CNT was in contact with the hydrophilic SiO,
substrate, and water molecules on the surface likely interact with the nanotube, adversely impacting
the CNT transistor performance [48]. Therefore, the fabricated transistor does not achieve its full
potential benefit from the TiO,/Al,O3 high-k dielectric, and can be further improved by fabricating a
surround-gate structure

3. Methods

3.1. Synthesis

The single-walled CNTs presented in this work were synthesized by chemical vapor deposition in
a 1” quartz tube Lindberg/Blue M furnace reactor (Thermo Fisher Scientific, Waltham, MA, USA). A 2A
to 4A thick Fe layer, was deposited on the substrate by thermal evaporation, then heated from room
temperature to 675 °C in 30 min in air to calcinate the iron, followed by 2 min N, purge to remove
residual oxygen. After the purge, samples were further heated in 50 sccm flow of Hj for 20 min to
reduce the iron and form catalyst nanoparticles. Once the CNT growth temperature of 875 °C was
reached, CHy at flow rate of 500 sccm was introduced. Nanotubes were synthesized for 30 min and
then cooled to room temperature in Hy atmosphere. To verify the effectiveness of various coating
methods and conditions, initial studies were carried on CNTs grown across ~3 um trenches etched
in 5i/SiO, wafers and analyzed by scanning electron microscopy (SEM). For TEM investigation, the
nanotubes where grown over 1 or 1.5 um circular holes directly on TEM support films. This process
flow resulted in fabrication of single-walled carbon nanotubes, as evidenced by TEM.

Following the CNT growth, the suspended nanotubes were covered with Al,O3; both with and
without titanium surface pretreatment. The titanium pretreatment consisted of thermal evaporation of
titanium metal at a deposition rate of 0.1 A/s and a pressure of 5 x 10~® mbar or better; the titanium
was oxidized to TiO, by exposing samples to air for 24 h at room temperature. Native oxide is known
to grow on titanium surface quickly—even at low temperatures [49]. Alumina layers were deposited
using trimethylaluminum (TMA) and water precursors (Sigma Aldrich, St. Louis, MO, USA) at 300 °C
in Oxford FlexAl ALD system (Oxford Instruments, Oxfordshire, UK).

To study the impact of the TiO, layer or a TiO,/Al,O3 stack on the electronic properties of the
CNTs, field effect transistors with bottom and top gates were fabricated on degenerately doped Si
(p-type, R < 0.001 Ohm*cm) with 100 nm thermal oxide (UniversityWafer Inc, Boston, MA, USA).
Standard UV photolithography was used to pattern device structures. Cr markers were deposited
by thermal evaporation as alignment markers. Fe catalyst was deposited using thermal evaporation
to define CNT growth areas. Nanotubes were grown using the synthesis methods discussed above.
Lithography was again used to define source, drain and gate electrodes. Cr (2 nm) and Pt (60 nm) were
deposited using an electron-beam evaporator. For the top-gated device TiO,/Al,O3 was deposited,
followed by Cr/Pt gate electrode.

Dielectric properties of the TiO, and TiO,/Al,O3 were evaluated by fabricating metal-insulator-
metal capacitor stacks. This was done by synthesizing oxides, as described above, on a degenerately
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doped prime Si wafer that served as bottom electrode, and fabricating Cr/Au top electrodes using
standard lithography and lift-off process.

3.2. Characterization

To verify the continuity of the dielectric coatings over relatively long tube lengths, SEM was
performed using a Zeiss Ultra 60 SEM (Carl Zeiss AG, Oberkochen, Germany) at an accelerating voltage
of 2 kV. To study the morphology of the titania coating and the interface with the nanotube, TEM
measurements were performed using a JEOL 2100F TEM (JEOL Ltd., Tokyo, Japan) at an accelerating
voltage of 120 or 200 kV. The quality of the CNTs after each fabrication step was verified by Raman
spectroscopy on Horiba Jobin Yvon LabRAM ARAMIS (Horiba Ltd., Kyoto, Japan) confocal microscope,
with 532 nm Nd:YAG laser, focused by a 100x objective of 0.9 numerical aperture. X-ray photoemission
spectroscopy (XPS) measurements were performed on a Thermo Scientific K-Alpha X-ray Photoelectron
Spectrometer System (Thermo Fisher Scientific, Waltham, MA, USA), using a monochromatic Al Ka
X-ray (hv = 1486.7 eV). The spectrum was obtained by integrating the Ti2p region 10 times, with a
spot size of 400 um. A flood gun was used for charge compensation. The Cls carbon peak was used
as an internal reference to compensate for charging effects. Peaks were fit using Avantage software
(Thermo Scientific). The field effect transistor performance measurements were done using an Agilent
4156 Precision Semiconductor Parameter Analyzer (Agilent Technologies, Santa Clara, CA, USA) by
recording the change in Source-Drain current while changing gate voltage at a constant source-drain
voltage. A source-drain voltage of V45 = 50 mV was used to avoid damaging the nanotubes during
electrical measurements. Increasing V45 to higher values resulted in nanotubes being burned in
some devices. With a lower V45, we were able to increase the probability that the devices survive
the entire process, allowing electrical characterization before and after deposition of the dielectric.
A Keysight E4990A Impedance analyzer (Keysight Technologies, Santa Rosa, CA, USA) was used to
obtain capacitance-frequency characteristics and to study dielectric properties of the oxides in the
frequency range from 1 kHz to 1 MHz at an amplitude of 0.01 V.

4. Conclusions

To summarize, we have demonstrated a method for achieving uniform ALD of high-k dielectric
on low-defect suspended CNTs without degrading their properties. A few nanometer thick Ti layer,
oxidized in ambient conditions to TiO,, was used to prepare the surface of inert single-walled CNTs for
subsequent ALD coating of Al;O3;. TEM measurements confirmed that the coatings were continuous
and conformal, and Raman spectroscopy was used to show that the technique does not induce defects.
We show that for thin-film structures, the TiO,/Al,Oj3 stack has a higher gate oxide dielectric constant
relative to Al,Os alone and exhibits alow EOT. FET devices were fabricated and showed the TiO,/Al, O3
dielectric stack to be an effective insulating layer with a low leakage current, and that the coatings
do not degrade the properties of the CNTs. The process uses standard synthetic tools and is VLSI
compatible. We believe that this conformal coating methodology will prove to be effective in the
fabrication of surround-gate CNT FETs. This method may also find applications in a variety of difficult
to coat nanoscale materials and devices, and the exploration of other ALD oxide materials could lead
to dielectrics with further improved properties.

Author Contributions: Conceptualization, A.K.; methodology, A.K., S.A., and T.R.K,; validation, A.K., TR.K.,
S.A., and A K investigation, A.K. and S.A.; writing — original draft preparation, A.K. and T.R.K; writing — review
and editing, A K., TRK, S.A,, and A.T,; supervision, TR K. and A.T.; project administration, T.R.K.; funding
acquisition, A.T. and T.R.K.

Funding: This research was funded by the Office of Science, Office of Basic Energy Sciences, of the U.S. Department
of Energy under Contract No. DE-AC02-05CH11231. Authors also acknowledge financial support from the
Nazarbayev University (small grant 090118FD5346) and the Ministry of Education and Science of the Republic of
Kazakhstan (state-targeted program BR05236454). The authors are thankful to Jeff Urban for his support, and to
Tracy Mattox for helping with XPS measurements.

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2019, 9, 1085 9of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Coy, E.; Yate, L.; Kabacinska, Z.; Jancelewicz, M.; Jurga, S.; Iatsunskyi, I. Topographic reconstruction and
mechanical analysis of atomic layer deposited Al,O3/TiO, nanolaminates by nanoindentation. Mater. Des.
2016, 111, 584-591. [CrossRef]

Grigoras, K.; Zavodchikova, M.Y.; Nasibulin, A.G.; Kauppinen, E.I,; Ernnolov, V.; Franssila, S. Atomic
layer deposition of aluminum oxide films for carbon nanotube network transistor passivation. J. Nanosci.
Nanotechnol. 2011, 11, 8818-8825. [CrossRef] [PubMed]

Javey, A.; Guo, J.; Farmer, D.B.; Wang, Q.; Yenilmez, E.; Gordon, R.G.; Lundstrom, M.; Dai, H. Self-aligned
ballistic molecular transistors and electrically parallel nanotube arrays. Nano Lett. 2004, 4, 1319-1322.
[CrossRef]

Hollander, M.].; Labella, M.; Hughes, Z.R.; Zhu, M.; Trumbull, K.A.; Cavalero, R.; Snyder, D.W.; Wang, X.;
Hwang, E.; Datta, S.; et al. Enhanced transport and transistor performance with oxide seeded high-« gate
dielectrics on wafer-scale epitaxial graphene. Nano Lett. 2011, 11, 3601-3607. [CrossRef] [PubMed]

Dahal, A.; Addou, R.; Azcatl, A.; Coy-Diaz, H.; Lu, N.; Peng, X.; De Dios, E; Kim, J.; Kim, M.].; Wallace, RM.;
et al. Seeding atomic layer deposition of alumina on graphene with yttria. ACS Appl. Mater. Interfaces 2015,
7,2082-2087. [CrossRef] [PubMed]

McDonnell, S.; Brennan, B.; Azcatl, A.; Lu, N.; Dong, H.; Buie, C.; Kim, J.; Hinkle, C.L.; Kim, M.J.; Wallace, R. M.
HfO, on MoS, by atomic layer deposition: Adsorption mechanisms and thickness scalability. ACS Nano
2013, 7, 10354-10361. [CrossRef]

Kim, H.G.; Lee, H.B.R. Atomic Layer Deposition on 2D Materials. Chem. Mater. 2017, 29, 3809-3826.
[CrossRef]

Banerjee, S.; Hemraj-Benny, T.; Wong, S.S. Covalent surface chemistry of single-walled carbon nanotubes.
Adv. Mater. 2005, 17, 17-29. [CrossRef]

Kim, S.; Kim, H.J.; Lee, H.R.; Song, ]. H.; Yi, S.N.; Ha, D.H. Oxygen plasma effects on the electrical conductance
of single-walled carbon nanotube bundles. |. Phys. D Appl. Phys. 2010, 43, 305402. [CrossRef]

Cognet, L.; Tsyboulski, D.A.; Rocha, ].D.R.; Doyle, C.D.; Tour, ].M.; Weisman, R.B. Stepwise quenching
of exciton fluorescence in carbon nanotubes by single-molecule reactions. Science 2007, 316, 1465-1468.
[CrossRef]

Hirsch, A. Functionalization of single-walled carbon nanotubes. Angew. Chem. Int. Ed. 2002, 41, 1853-1859.
[CrossRef]

Xu, Y.Q.; Barnard, A.; McEuen, P.L. Bending and Twisting of Suspended Single-Walled Carbon Nanotubes in
Solution. Nano Lett. 2009, 9, 1609-1614. [CrossRef] [PubMed]

Zheng, M.; Jagota, A.; Semke, E.D.; Diner, B.A.; Mclean, R.S.; Lustig, S.R.; Richardson, R.E.; Tassi, N.G.
DNA-assisted dispersion and separation of carbon nanotubes. Nat. Mater. 2003, 2, 338-342. [CrossRef]
[PubMed]

Islam, M.E; Rojas, E.; Bergey, D.M.; Johnson, A.T.; Yodh, A.G. High weight fraction surfactant solubilization
of single-wall carbon nanotubes in water. Nano Lett. 2003, 3, 269-273. [CrossRef]

Hill, D.E; Lin, Y,; Rao, AM.; Allard, L.E,; Sun, Y.P. Functionalization of carbon nanotubes with polystyrene.
Macromolecules 2002, 35, 9466-9471. [CrossRef]

Chen, R ]J.; Bangsaruntip, S.; Drouvalakis, K.A.; Wong Shi Kam, N.; Shim, M.; Li, Y.; Kim, W.; Utz, PJ.; Dai, H.
Noncovalent functionalization of carbon nanotubes for highly specific electronic biosensors. Proc. Natl. Acad.
Sci. USA 2003, 100, 4984-4989. [CrossRef] [PubMed]

Steuerman, D.W.; Star, A.; Narizzano, R.; Choi, H.; Ries, R.S.; Nicolini, C.; Stoddart, J.F.; Heath, ].R. Interactions
between conjugated polymers and single-walled carbon nanotubes. J. Phys. Chem. B 2002, 106, 3124-3130.
[CrossRef]

Farmer, D.B.; Gordon, R.G. Atomic layer deposition on suspended single-walled carbon nanotubes via
gas-phase noncovalent functionalization. Nano Lett. 2006, 6, 699-703. [CrossRef]

Lin, YM.; Jenkins, K.A.; Valdes-Garcia, A.; Small, ].P.; Farmer, D.B.; Avouris, P. Operation of graphene
transistors at gigahertz frequencies. Nano Lett. 2009, 9, 422-426. [CrossRef]

Wang, L.; Travis, ].].; Cavanagh, A.S.; Liu, X.; Koenig, S.P.; Huang, P.Y.; George, S.M.; Bunch, J.S. Ultrathin
oxide films by atomic layer deposition on graphene. Nano Lett. 2012, 12, 3706-3710. [CrossRef]


http://dx.doi.org/10.1016/j.matdes.2016.09.030
http://dx.doi.org/10.1166/jnn.2011.3471
http://www.ncbi.nlm.nih.gov/pubmed/22400265
http://dx.doi.org/10.1021/nl049222b
http://dx.doi.org/10.1021/nl201358y
http://www.ncbi.nlm.nih.gov/pubmed/21805989
http://dx.doi.org/10.1021/am508154n
http://www.ncbi.nlm.nih.gov/pubmed/25556522
http://dx.doi.org/10.1021/nn404775u
http://dx.doi.org/10.1021/acs.chemmater.6b05103
http://dx.doi.org/10.1002/adma.200401340
http://dx.doi.org/10.1088/0022-3727/43/30/305402
http://dx.doi.org/10.1126/science.1141316
http://dx.doi.org/10.1002/1521-3773(20020603)41:11&lt;1853::AID-ANIE1853&gt;3.0.CO;2-N
http://dx.doi.org/10.1021/nl803861c
http://www.ncbi.nlm.nih.gov/pubmed/19351193
http://dx.doi.org/10.1038/nmat877
http://www.ncbi.nlm.nih.gov/pubmed/12692536
http://dx.doi.org/10.1021/nl025924u
http://dx.doi.org/10.1021/ma020855r
http://dx.doi.org/10.1073/pnas.0837064100
http://www.ncbi.nlm.nih.gov/pubmed/12697899
http://dx.doi.org/10.1021/jp014326l
http://dx.doi.org/10.1021/nl052453d
http://dx.doi.org/10.1021/nl803316h
http://dx.doi.org/10.1021/nl3014956

Nanomaterials 2019, 9, 1085 10 of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chen, Z.; Farmer, D.; Xu, S.; Gordon, R.; Avouris, P.; Appenzeller, J. Externally assembled gate-all-around
carbon nanotube field-effect transistor. IEEE Electron Device Lett. 2008, 29, 183-185. [CrossRef]

Franklin, A.D.; Koswatta, S.O.; Farmer, D.B.; Smith, ].T.; Gignac, L.; Breslin, C.M.; Han, S.J.; Tulevski, G.S.;
Miyazoe, H.; Haensch, W.; et al. Carbon nanotube complementary wrap-gate transistors. Nano Lett. 2013, 13,
2490-2495. [CrossRef] [PubMed]

Suriyasena Liyanage, L.; Xu, X.; Pitner, G.; Bao, Z.; Wong, H.S.P. VLSI-compatible carbon nanotube doping
technique with low work-function metal oxides. Nano Lett. 2014, 14, 1884-1890. [CrossRef] [PubMed]
Wang, Z.; Xu, H.; Zhang, Z.; Wang, S.; Ding, L.; Zeng, Q.; Yang, L.; Pei, T.; Liang, X.; Gao, M.; et al. Growth
and performance of yttrium oxide as an ideal high-k gate dielectric for carbon-based electronics. Nano Lett.
2010, 6, 2024-2030. [CrossRef] [PubMed]

Zhang, Y.; Franklin, N.W.; Chen, R.J.; Dai, H.J. Metal coating on suspended carbon nanotubes and its
implication to metal-tube interaction. Chem. Phys. Lett. 2000, 331, 35—41. [CrossRef]

Fallahazad, B.; Kim, S.; Colombo, L.; Tutuc, E. Dielectric thickness dependence of carrier mobility in graphene
with HfO, top dielectric. Appl. Phys. Lett. 2010, 97, 123105. [CrossRef]

Kim, S.; Nah, J.; Jo, I; Shahrjerdi, D.; Colombo, L.; Yao, Z.; Tutuc, E.; Banerjee, S.K. Realization of a high
mobility dual-gated graphene field-effect transistor with Al,O3 dielectric. Appl. Phys. Lett. 2009, 94, 062107.
[CrossRef]

Robinson, J.A.; Labella, M.; Trumbull, K.A.; Weng, X.; Cavelero, R.; Daniels, T.; Hughes, Z.; Hollander, M.;
Fanton, M.; Snyder, D. Epitaxial graphene materials integration: Effects of dielectric overlayers on structural
and electronic properties. ACS Nano 2010, 97, 123105. [CrossRef]

Zou, X.; Wang, J.; Chiu, C.-H.; Wu, Y,; Xiao, X.; Jiang, C.; Wu, W.-W.; Mai, L.; Chen, T.; Li, J.; et al. Interface
Engineering for High-Performance Top-Gated MoS; Field-Effect Transistors. Adv. Mater. 2014, 26, 6255-6261.
[CrossRef]

Son, S.; Yu, S.; Choi, M.; Kim, D.; Choi, C. Improved high temperature integration of AlO3 on MoS, by
using a metal oxide buffer layer. Appl. Phys. Lett. 2015, 106, 021601. [CrossRef]

Zhang, H.; Arutchelvan, G.; Meersschaut, J.; Gaur, A.; Conard, T.; Bender, H.; Lin, D.; Asselberghs, I.;
Heyns, M.; Radu, I; et al. MoS, Functionalization with a Sub-nm Thin SiO, Layer for Atomic Layer
Deposition of High-«k Dielectrics. Chem. Mater. 2017, 29, 6772-6780. [CrossRef]

Fallahazad, B.; Lee, K.; Lian, G.; Kim, S.; Corbet, C.M.; Ferrer, D.A.; Colombo, L.; Tutuc, E. Scaling of Al;,O3
dielectric for graphene field-effect transistors. Appl. Phys. Lett. 2012, 100, 093112. [CrossRef]

Robertson, J. High dielectric constant gate oxides for metal oxide Si transistors. Rep. Prog. Phys. 2006, 69, 327.
[CrossRef]

Maiti, A.; Ricca, A. Metal-nanotube interactions-Binding energies and wetting properties. Chem. Phys. Lett.
2004, 395, 7-11. [CrossRef]

Burns, G.P. Titanium dioxide dielectric films formed by rapid thermal oxidation. J. Appl. Phys. 1989, 65,
2095-2097. [CrossRef]

Gialampouki, M.A.; Lekka, C.E. TiN decoration of single-wall carbon nanotubes and graphene by density
functional theory computations. J. Phys. Chem. C 2011, 115, 15172-15181. [CrossRef]

Yang, C.K,; Zhao, J.; Ly, ].P. Binding energies and electronic structures of adsorbed titanium chains on carbon
nanotubes. Phys. Rev. B Condens. Matter Mater. Phys. 2002, 66, 041403. [CrossRef]

Khomyakov, P.A.; Giovannetti, G.; Rusu, P.C.; Brocks, G.; Van Den Brink, J.; Kelly, PJ. First-principles study of
the interaction and charge transfer between graphene and metals. Phys. Rev. B Condens. Matter Mater. Phys.
2009, 79, 195425. [CrossRef]

Rojas, M.I1; Leiva, E.P.M. Density functional theory study of a graphene sheet modified with titanium in
contact with different adsorbates. Phys. Rev. B Condens. Matter Mater. Phys. 2007, 76, 155415. [CrossRef]
Felten, A.; Suarez-Martinez, I.; Ke, X.; Van Tendeloo, G.; Ghijsen, J.; Pireaux, ].J.; Drube, W.; Bittencourt, C.;
Ewels, C.P. The role of oxygen at the interface between titanium and carbon nanotubes. Chem. Phys. Chem.
2009, 10, 1799-1804. [CrossRef]

Rao, A.M.; Eklund, P.C.; Bandow, S.; Thess, A.; Smalley, R.E. Evidence for charge transfer in doped carbon
nanotube bundles from Raman scattering. Nature 1997, 388, 257-259. [CrossRef]

Gao, B,; Jiang, L.; Ling, X.; Zhang, J.; Liu, Z. Chirality-dependent Raman frequency variation of single-walled
carbon nanotubes under uniaxial strain. J. Phys. Chem. C 2008, 112, 20123-20125. [CrossRef]


http://dx.doi.org/10.1109/LED.2007.914069
http://dx.doi.org/10.1021/nl400544q
http://www.ncbi.nlm.nih.gov/pubmed/23638708
http://dx.doi.org/10.1021/nl404654j
http://www.ncbi.nlm.nih.gov/pubmed/24628497
http://dx.doi.org/10.1021/nl100022u
http://www.ncbi.nlm.nih.gov/pubmed/20455575
http://dx.doi.org/10.1016/S0009-2614(00)01162-3
http://dx.doi.org/10.1063/1.3492843
http://dx.doi.org/10.1063/1.3077021
http://dx.doi.org/10.1021/nn1003138
http://dx.doi.org/10.1002/adma.201402008
http://dx.doi.org/10.1063/1.4905634
http://dx.doi.org/10.1021/acs.chemmater.7b01695
http://dx.doi.org/10.1063/1.3689785
http://dx.doi.org/10.1088/0034-4885/69/2/R02
http://dx.doi.org/10.1016/j.cplett.2004.07.024
http://dx.doi.org/10.1063/1.342856
http://dx.doi.org/10.1021/jp202130g
http://dx.doi.org/10.1103/PhysRevB.66.041403
http://dx.doi.org/10.1103/PhysRevB.79.195425
http://dx.doi.org/10.1103/PhysRevB.76.155415
http://dx.doi.org/10.1002/cphc.200900193
http://dx.doi.org/10.1038/40827
http://dx.doi.org/10.1021/jp809374j

Nanomaterials 2019, 9, 1085 11 of 11

43.

44.

45.

46.

47.

48.

49.

Wu, G.; Zhou, J.; Dong, ]. Raman modes of the deformed single-wall carbon nanotubes. Phys. Rev. B Condens.
Matter Mater. Phys. 2005, 72, 115411. [CrossRef]

Biesinger, M.C.; Lau, L. W.M.; Gerson, A.R.; Smart, R.S.C.; Payne, B.P.; Grosvenor, A.P. Resolving surface
chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni.
Appl. Surf. Sci. 2010, 257, 887-898. [CrossRef]

Nosho, Y.; Ohno, Y.; Kishimoto, S.; Mizutani, T. Relation between conduction property and work function of
contact metal in carbon nanotube field-effect transistors. Nanotechnology 2006, 17, 3412-3415. [CrossRef]
Khanal, D.R.; Levander, A.X.; Yu, K.M.; Liliental-Weber, Z.; Walukiewicz, W.; Grandal, ]J.; Snchez-Garca, M. A.;
Calleja, E.; Wu, J. Decoupling single nanowire mobilities limited by surface scattering and bulk impurity
scattering. |. Appl. Phys. 2011, 110, 033705. [CrossRef]

Diirkop, T.; Getty, S.A.; Cobas, E.; Fuhrer, M.S. Extraordinary Mobility in Semiconducting Carbon Nanotubes.
Nano Lett. 2004, 4, 35-39. [CrossRef]

Kim, W,; Javey, A.; Vermesh, O.; Wang, Q.; Li, Y.; Dai, H. Hysteresis caused by water molecules in carbon
nanotube field-effect transistors. Nano Lett. 2003, 3, 193-198. [CrossRef]

Martin, M.; Mader, W.; Fromm, E. Oxidation of iron, aluminium and titanium films in the temperature range
50-200 °C. Thin Solid Films 1994, 250, 61-66. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1103/PhysRevB.72.115411
http://dx.doi.org/10.1016/j.apsusc.2010.07.086
http://dx.doi.org/10.1088/0957-4484/17/14/011
http://dx.doi.org/10.1063/1.3611032
http://dx.doi.org/10.1021/nl034841q
http://dx.doi.org/10.1021/nl0259232
http://dx.doi.org/10.1016/0040-6090(94)90166-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Methods 
	Synthesis 
	Characterization 

	Conclusions 
	References



