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Growing highly pure semiconducting carbon
nanotubes by electrotwisting the helicity

Jiangtao Wang', Xiang Jin', Zebin Liu', Guo Yu', Qingqing Ji2, Haoming Wei', Jin Zhang', Ke Zhang/,
Donggqi Li', Zi Yuan', Jiachen Li', Peng Liu™, Yang Wu', Yang Wei®?, Jiaping Wang'3, Qunging Li*3,
Lina Zhang', Jing Kong?*, Shoushan Fan'? and Kaili Jiang ®"3*

Carbon nanotubes (CNTs) are anticipated to be the successor of silicon in next-generation integrated circuits. However, one
great challenge to the practical application of this concept is the need to grow horizontal semiconducting CNT arrays with very
high purity. Here we show that this roadblock can be eliminated by switching the direction of an applied electric field during
synthesis. This electro-renucleation approach twists the chirality of the CNTs to produce nearly defect-free s-CNTs horizontally
aligned on the substrate with less than 0.1% residual metallic CNT. In principle, this residual percentage can be further reduced
to less than 1ppm simply by tuning the CNTs' diameters to around 1.3 nm. Electro-renucleation thus offers a potential pathway
to practical applications of CNT electronics and opens up a new avenue for large-scale selective synthesis of semiconducting

CNTs and other nanomaterials.

Moore’s law era'. Proof-of-concept devices and systems?, such

as CNT-based computers’, three-dimensional chips* and
transistors with a 5nm gate length® or a 40 nm footprint®, have been
successfully demonstrated. The greatest impediment to the indus-
trial application of CNTs in electronics has been the requirement
of obtaining pure semiconducting CNT (s-CNT) horizontal arrays’.
Two approaches have been developed in an effort to meet this chal-
lenge. The first approach is post-growth separation based on den-
sity-gradient centrifugation® or chromatography’. This can produce
high yields of highly pure s-CNTs; however, drawbacks, including
very short product lengths (<1 um) and abundant defects, dramati-
cally degrade the quality of said s-CNTs. The second approach, direct
synthesis via conventional chemical vapour deposition (CVD), can
produce long and defect-free s-CNT horizontal arrays with high
quality. Over the past 20 years, CVD methodologies for the selective
growth of s-CNTs have focused on selective etching'’-"*, molecular
seeding'* and catalyst design'~""—exploiting differences in ther-
modynamics and growth kinetics between s-CNTs and metallic
CNTs (m-CNTs)*>*'. However, even with the most-effective catalyst
design method, the lowest proportion of residual m-CNTs that has
been reported to date is still 1.3% (ref.'”)—which is far in excess of
the requirements of the semiconductor industry.

During a conventional CVD synthesis, the catalyst plays the key
role in determining the chirality of the grown nanotube. In most
cases, nanotube chirality remains the same throughout the syn-
thesis process™. For this reason, catalyst design has been the pri-
mary means used for achieving preferential growth of s-CNTs or
CNTs with a certain chirality’>”*~*. On the other hand, nanotube
chirality can be altered through a renucleation process if a pertur-
bation occurring during CNT growth results in the formation of
a chiral junction (with an associated extra energy cost***) in the
nanotube. But the preferential growth of s-CNTs through the con-
trolled change of nanotube chirality has not to date been reported.

C NTs are thought to be the successor of silicon in the post-

The recently discovered fact that CNTs and their catalysts are
spontaneously charged during Fe-catalysed CVD*~* (particularly,
spontaneous negative-charging when hydrocarbon gas is used as a
carbon source”) suggests that an electric field might be used as a
perturbation to initiate the renucleation process and twist the helic-
ity of the CNTs in a controllable manner.

The electro-renucleation (ERN) approach reported herein can
significantly amplify the renucleation barrier difference between
m-CNTs and s-CNTs, so that m-CNTs may be twisted into semi-
conducting ones by switching the direction of an applied electric
field. This has resulted in the production of s-CNT arrays with very
high purity, and field-effect transistors (FETs) fabricated using said
ERN-grown s-CNT arrays show much better performances than
those previously reported. Further, theoretical analysis indicates
that s-CNT arrays with as low as 1 ppm residual m-CNT contami-
nation can be achieved by further restricting the diameters of the
CNTs. This highly efficient and highly operable ERN approach
should enable large-scale selective synthesis of s-CNTs in the near
future, which in turn should provide a foundation for industrial
applications of high-performance CNT FETs.

Results

Twisting the chirality of CNTs from metallic to semiconducting
by ERN. Figure 1a depicts the ERN system: the substrate, an ST-cut
single quartz crystal with Fe catalyst strips™, is placed between a
pair of graphite electrodes with its lattice-guided growth direction
parallel to the electric field. Figure 1b illustrates the steps involved
in the renucleation process. After the random nucleation of CNTs
at a temperature of 950°C, an electric field is applied to (lightly)
positively charge the catalyst particles. This results in most m-CNTs
acquiring a modest positive charge while s-CNTs remain close to
charge neutral due to their bandgap. At time f,, the polarity of the
electric field is reversed to (heavily) negatively charge the catalyst
particles. This reversal acts to perturb the catalyst particles and
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Fig. 1| Controllably twisting the chirality of CNTs from metallic to semiconducting. a, Schematic diagram of the ERN system. b, Twisting the chirality of
CNTs by reversing the electric field to grow s-CNTs. ¢, Renucleation barrier change as a function of time after the electric field is reversed. d, At time t,,
when the electric field is reversed, the renucleation energy barrier of m-CNT — s-CNT (m — s) is slightly higher than that of m-CNT — m-CNT (m —m); at
time t, (see also the DOS and carrier-filling diagram in b), when the charge stored in s-CNT greatly exceeds that in m-CNT, the m — s renucleation barrier
become much lower than that of m — m. e, Calculated electrostatic energy change versus CNT diameter before twisting (for each chirality change, the
diameter remains almost constant). f, SEM image of the CNTs with chirality changing from metallic to semiconducting. Bright lines and dark lines indicate
m-CNTs and s-CNTs, respectively (they are also labeled by red ‘'m’ and blue ‘s"). Scale bar, 500 nm.

form a chiral junction, complete with an extra energy cost*”, which
connects two different chiralities. In the presence of an electric field,
the renucleation barrier may be expressed as

8Gy(t)=G; — Ap- SN+ 6E, . (t) (1)

where G; is the formation energy of the junction, Ay is the chemi-
cal potential difference between carbon being dissolved in the
catalyst and carbon bound in the nanotube lattice, ON is the num-
ber of carbon atoms in the junction, and 8E,,, () is the electro-
static energy change during renucleation. Since the renucleation
time (~5X107*s, as estimated from the typical growth rate of
~30pmmin~ and a chiral junction length of ~0.25nm) is much
shorter than the charging time (~0.5s, based on measurements of
the charging current), the Fermi level of the CNTs should remain
roughly constant during renucleation. The decrease in electrostatic
energy in the nano-catalyic system will be equal to the work done
by the local electric field, thus 8E,,;.(f) = —q(£) E},(#)-8L, in which
6L is a vector representing the elongation of the CNT during renu-
cleation, ¢q(t) is the time-dependent charge of the catalyst particle
region, and E,,,(t) is the vector sum of correlated local electric field.
Both m-CNTs and s-CNTs have only one atomic shell layer in which
the external electric field is not completely screened by the atomic
electron density. The inducted charge in a particular catalyst region
is determined by both the applied electric field and the local density
of states (LDOS). Different LDOS lead to different a g(f) for each
type of chiral junction—metallic to metallic (m — m), metallic to
semiconducting (m —s) (or semiconducting to metallic (s — m))
and semiconducting to semiconducting (s —s)—the charge g()
is different because of their LDOS. Since the energy levels of the
electron in carbanions CH;™ (—0.08 eV; ref.**) and CH, (—0.21€V;
ref.**) are higher than that in Fe catalysts (—4.5eV), the catalysts
will be negatively charged spontaneously as reported previously”.
Because of this, the Fermi level is shifted to the right of the neutral
point during the growth (Fig. 1b). When the catalysts are positively
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charged, the Fermi level is located in the bandgap of s-CNTs, and
m-CNTs are charged more heavily than s-CNTs. However, when the
catalysts are negatively charged, the Fermi level is raised to maxi-
mum value and over the first van Hove singularity of s-CNTs at
the time of t, (¢,—t, is about 100 to 500 ms, depending on the area
and the distance of the electrodes). In this case, the s-CNT elec-
tronic density of states (DOS) becomes an order of magnitude
larger than the m-CNT DOSY, so that many more extra electrons
can be stored in the s-CNT catalyst region compared to that of the
m-CNTs. The net charge storability of a chiral junction should be
the average of those for the two connected chiralities”’. According
to the formula above, during the formation of the chiral junction,
the renucleation barrier will be lowered by the increased amount of
charge stored in the catalyst region. Figure 1c plots the time depen-
dence of the renucleation barrier for the three different types of
junctions: m —m, m — s(and s - m) and s — s. Prior to time f,, the
renucleation barriers are too high to precipitate a chirality change.
However, by time #,, the charging of the catalyst regions have sig-
nificantly lowered the renucleation barriers. The reduction of the
renucleation barrier for the m — s junction far exceeds that of the
m — m junction. A perturbation provided by the change of outside
electric field overcomes the lower renucleation barrier, leading to a
selective twist in the helicity. Figure 1d illustrates how the m — m,
and m — s junction barriers change between times ¢, and ¢,, which
indicates that m-CNTs tend to be twisted to s-CNTs. In contrast,
the renucleation barrier of s— s junction is much lower than that
of s - m junction, thus s-CNTs remain semiconducting. Figure le
plots calculated values for the decrease in electrostatic energy for
each type of chirality change as a function of the nanotube diameter
(the diameter remains approximately constant, see Supplementary
Note 1 and Supplementary Fig. 1; details of this calculation are pro-
vided in Methods, including a discussion of behaviour of the Fermi
distribution function at high temperatures and an estimate of the
maximum rise of the Fermi level due to the reversal of the elec-
tric field in Supplementary Fig. 2). Differences in the amount by
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which the electrostatic energy decreases are most pronounced in the
1.2nm to 1.5nm diameter range. As shown in the scanning electron
microscope (SEM) image (Fig. 1f), the CNTs on quartz change from
metallic (bright) to semiconducting (dark) when the direction of
the electric field is reversed. This SEM image contrast between the
single-walled m-CNTs and s-CNTs on the quartz substrate results
from differences in the secondary electron emission rates brought
about by the different charge densities’®*". Furthermore, electro-
static force microscope (EFM) is used to characterize this chirality
change*’, showing similar results to SEM (Supplementary Fig. 3).
Figure 2a (2c) shows an SEM image of an FET fabricated on a bright
m-CNT (dark s-CNT). The corresponding electric measurements
in Fig. 2b (2d) confirm that the bright CNTs are metallic and the
dark CNTs are semiconducting.

We found that the percentage of the CNTs undergoing a chiral-
ity change is positively correlated with the amplitude of the parallel
component of the perturbing (changing) electric field. No chirality
changes were observed when CNTs were grown in either an elec-
tric field with only a non-zero perpendicular component or one
whose parallel component remained constant (these situations are
depicted in Supplementary Fig. 4). Since the absolute strength of the
applied electric field is limited by the breakdown voltage of about

300 Vmm™ under growth conditions, to maximize the perturba-
tion, it is better to reverse the direction of the electric field than to
turn the electric field on and off.

Highly pure s-CNT horizontal arrays grown by ERN. Growth
results under three different electric field regimes were compared
to demonstrate the advantages of the ERN method described above.
Regime 1 utilized a conventional growth recipe with no electric
field applied to the CVD system. Resulting arrays were admix-
tures of s-CNTs and m-CNTs, an example of which is presented in
Fig. 2e (therein the region boxed by a yellow line is the catalyst
strip and the upward arrow indicates the growth direction). It is
obvious from their brightness that a large portion of CNTs are
metallic tubes. To show the dark s-CNTs in this mixed-CNT array
more clearly, an ultra-long CNT* was placed flat on the array ori-
ented more-or-less diagonally across the mixed-CNT array. Then
short Schottky barriers appear at the intersections of the dark tubes
and the ultra-long CNT (these are enclosed by blue circles in Fig.
2e). Regime 2 enacted the ERN method developed in this study of
applying an electric field and then reversing it to twist the helicity
during the growth. Results are seen in Fig. 2f, where clearly the
bright m-CNTs have been twisted into dark s-CNTs. The hetero-
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Fig. 2 | High-purity s-CNT array grown by ERN method. a,c, SEM image of a bright m-CNT (a) and a dark s-CNT (c). b,d, The corresponding transfer
characteristic curves of the CNTs in b and d, respectively. Bias voltage is 1V. e-g, SEM images of a CNT array grown on quartz synthesized without an
electric field (e), with an electric field twisting the helicity during growth (f) and with electric field twisting the helicity at the very beginning of the growth
(g). The upward and downward arrows in these images indicate the growth directions, whereas the rectangular regions bounded by dashed yellow lines
in e and g are the catalyst strips. Ultra-long CNTs are placed horizontally across a mixed-CNT array in e and a s-CNT array in f. The Schottky barriers,
enclosed by blue circles, at almost every intersection between the ultra-long CNTs and the dark tubes, indicate the presence of s-CNTs. Scale bars, 4 pm

(a), 8 pm (€), 20 pm (e-g).
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junctions align perpendicularly to the growth direction (resulting
from the almost simultaneous nucleations and similar growth rates
of the CNTs under a strong electric field; see Supplementary Note
2 and Supplementary Fig. 5* and 6). As before, an ultra-long CNT
was placed across the CNT array, and all intersections of the ultra-
long CNT and the aligned CNTs possessed short Schottky barri-
ers (again enclosed by blue circles), confirming that no m-CNTs
existed after the ERN process. Finally, regime 3 reverses the elec-
tric field at the very beginning of the growth. The SEM image of
the resulting as-grown CNT array shown in Fig. 2g, wherein all
the CNTs enclosed by the blue-rectangle are clearly much darker
than those enclosed by the purple-rectangle. SEM imaging tech-
niques***' demonstrate that all the CNTs inside the blue-edged
rectangular area (about 1,200 tubes) are semiconducting, while the
CNTs grown downward inside the purple-edged rectangular area
remain a mixture of m-CNTs and s-CNTs. This mixture growth
can be easily terminated by a trench etched on the quartz substrate
(see Supplementary Fig. 7). SEM images under several magnifica-
tions are shown in Supplementary Figs. 8-10.

Discussion

For further verification of the selectivity, we measured the electri-
cal properties and Raman spectra of the ERN-grown s-CNT array.
The inset of Fig. 3a shows the SEM image of an FET formed by
transferring the ERN-grown s-CNT array onto an SiO,/Si substrate;
herein false colour is used to label the source and drain electrodes.
The corresponding transfer characteristic curve is plotted in Fig. 3a.
This s-CNT-array FET possesses a high on/off ratio (10°) and a two
orders of magnitude higher on-current than the FET fabricated on
an individual s-CNT (as shown in Fig. 2d). This confirms the high
selectivity of the ERN method. Figure 3b gives a comparison of the
on/off ratio of s-CNT-array FETs produced in this study to those pre-
viously reported, from which the exact purity of ERN-grown s-CNT
array is found to be higher than 99.6% (Supplementary Fig. 11).
The results of this study clearly represent a significant leap forward
in improving the purity of s-CNT arrays. Furthermore, source and
drain electrodes were prefabricated with a separation distance of
6 um on the quartz substrate, and the s-CNTs were grown directly
in the channels to prevent the decrease of on-state current induced
from conventional transfer steps (PMMA residue). Using ionic
liquid as the gate dielectric layer results in an on-state current for
one tube of 1.4pA with a 1V bias (see Supplementary Fig. 12, 6 p
m channel length). The on-state current of per ERN-grown s-CNT
is similar to that previously reported®, confirming the high qual-
ity of our tubes. In addition, the Raman spectra of the ERN-grown
s-CNT array shown in Fig. 4a (and Supplementary Fig. 13) exhibit
typical Lorentzian lineshapes in the G-band, and the D peak to
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Fig. 4 | Raman characterization of ERN-grown s-CNT array. a, Raman
spectra of ERN-grown s-CNT array with the excitation wavelength of
514 nm. a.u., arbitrary units. b, Experimental values and theoretical curve
for s-CNT abundance versus nanotube diameter. The uncertainty of the
diameters (horizontal error bars) is roughly estimated to be +0.1nm
according to the Raman peak width of the radial breathing mode (RBM).
The uncertainty of the abundance (vertical error bars) comes from the
limited numbers of the CNTs, which is roughly estimated to be +0.1.

G peak intensity ratio is ~0.005, indicating, respectively, a high level
of purity and a very low incidence of defects for the ERN-grown
s-CNT array”. As illustrated in Fig. le, the difference between the
renucleation barriers for the m — m and m — s junctions depends
on the diameters of CNTs. In this study, catalysts for CNT growth
were obtained by evaporating 2 A Fe, resulting in a distribution of
CNT diameters between 1-2nm. Use of a thicker Fe catalyst (such
as 5A) would result in a wider distribution of CNT diameters, with
more tubes falling outside the useful range indicated in Fig. le, thus
rendering the ERN twisting method less effective. Figure 4b gives
the results based on Raman spectroscopy (utilizing radial breath-
ing mode (RBM) peaks, see Supplementary Fig. 14) for the s-CNT
abundance at different CNT diameters of a sample with some-
what lower purity. A theoretical estimation for the s-CNT abun-
dance as a function of the tube diameter may be obtained using
the renucleation barrier difference versus CNT diameter relation-
ship. The s-CNT abundance, plotted in Fig. 4b, is estimated to be

P=1-0.33exp (—%) —0.67exp (—%), where k

is Boltzmann’s constant and T represents the growth temperature.
Figure 4b indicates that the results from experimental data agree
reasonably well with this theoretical curve, and also that both the-
oretical and experimental values point toward higher selectivity
when the diameters of the CNTs are more narrowly confined (to
the preferred zone of Fig. 1e). Under the growth conditions of this
study, the highest s-CNT abundance is calculated to be 99.9999%
with a nanotube diameter of 1.3 nm.
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Fig. 3 | FET fabricated on ERN-grown s-CNT array. a, The transfer characteristic curves of the s-CNT-array FET with a bias voltage of 1V. Inset is the SEM
image of an FET fabricated on ERN-grown s-CNT array, in which false colour is used to label source and drain electrodes. Scale bar, 3um. b, A comparison
of the on/off ratio of s-CNT-array FETs from the current study to those previously reported (the residual m-CNT percentages are as indicated).
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In conclusion, our discovery demonstrates that the extra elec-
trons in the region of catalyst particles play a more prominent role
in modulating the renucleation barrier, which leads to a high-selec-
tivity renucleation of s-CNTs. Nearly-defect-free s-CNT arrays with
residual m-CNTs less than 0.1% (estimated from SEM images) are
directly obtained as a result of ERN. With more careful tuning of the
diameter of the catalyst particles, we anticipate that the growth of
s-CNT array with the abundance of 99.9999% to meet the require-
ment of semiconductor industry will be eventually achieved in the
near future.

Methods

Preparation of the catalyst strips on ST-cut single crystal quartz. The catalyst
strips on quartz are prepared by lithography and deposition of 0.2 nm Fe with an
electron-beam evaporator.

Growth of s-CNT array. To grow s-CNTs, the furnace temperature is ramped up to
950°C within 10 min in an atmosphere of H, and CH, with flow rates of 500 sccm
and 200 sccm, respectively. Then the gas flow is switched to 5sccm H, and 2 sccm
CH, to initiate the growth; meanwhile, an electric field (200 V. mm™) is applied

for ~20-200s. Then reversed electric field pulses are used to twist the helicity of
CNTs during the growth (see Supplementary Note 3, Supplementary Figs. 15a and
16). Finally, after growing for ~0-4 min, the sample is withdrawn from the high
temperature area, placed in an environment of 1,000 sccm Ar and cooled down
quickly to room temperature within 8 min.

Calculation of electrostatic energy change. According to the definition of
electrostatic energy, 8E, . (t) = —q(t) Ejoca(t)-0L, in which 8L is the vector of
the elongation of the CNT during the renucleation, g(t) is the time-dependent
charge in the region of catalyst particle, and E,,(#) is the corresponding local
electric field vector. According to Gauss theorem, 2¢ \E_ AA = o(t)AA and
ey(E,+ E,)AA=0(t)AA, in which E, is the electric field caused by the surface
charge on the element of area AA, E is the local surface electric field, o(f) is
the surface density of g(t) and e, the vacuum permittivity. Thus E = %: Thus

q()Epea(1)-8L =0(t)EQV, where the increased volume of the tube is 8V =nR*5L;
tatic = _%SL, in which
SL is the length of the junction (0.25nm) and R is the radius of the tube. The surface

charge density is the integral of the product of the element charges, the LDOS of
the junction and the Fermi distribution function f(E) at a temperature of 1,200K,
0

+oo

thatis, o =e | [ LDOS(E)f (E-E

hence, the maximum electrostatic energy change is 6E,

ydE— [ LDOS(E)f (Eg,,,.,—E)dE |

Fmax. Fmax

0 -0
In order to simplify the calculation of the renucleation energy, the LDOS of the
junction is approximated by the average of the DOS before and after the junction
(similar to the results in ref.?”). The Fermi level is chosen to be 0.35 €V above the
average of the spontaneously charging levels of the growth of CNT before and after
the junction as discussed in the following subsection.

Determination of the variation of the renucleation barrier. Before the reversal,

the catalyst particles of upward-grown CNTs in Fig. 1f is positively charged by the
electric field but also partially neutralized by spontaneously charging. Meanwhile,
the thermal ionized H* are repelled by the catalyst particles and attracted by the
negative electrode. When the electric field is reversed, the catalyst particles gradually
become negatively charged with a charging time (¢), resulted from the redistribution
of thermal jons between the electrodes. Consequently, the Fermi level rises until

the extra electrons tunnel to the attracted H* ions. Next, the Fermi level is gradually
drawn back down to the spontaneously charging level, and an equilibrium between
electrons transferring from the carbanions and those tunnelling to H* ions is
established”. This discharge time is labelled as (¢”). The variation curve of the Fermi
level, the charge and the renucleation barrier are given by the following equations:

_t) _t
EF(t)=EFmax[l—e r']e I

q(t) xo(t)=—e

f LDOS(E)f (E~Ey(1))dE
0

0
- / LDOS(E)f (Ex(1)E)dE

2
ARL

8Gi (1) = Gr=Ap - ON = 0

€9

The maximum increase in the Fermi level caused by the external electric field is
estimated by measuring a self-discharging current. When a stronger electric field of
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220V mm is reversed for 10s, an irregularly shaped area is observed on the SEM
image (Supplementary Fig. 2a). The corresponding Raman spectra (Supplementary
Fig. 2b) indicate that the irregular area is amorphous carbon. Presumably the
amorphous carbon is deposited by the self-discharging current from the tip of
CNTs when the Fermi level in catalyst particle region is so high that a large number
of electrons are emitted. With the assumption that each deposited C atom results
from one CH, molecule ionized by a discharged electron, a lower limit on the self-

discharge current can be estimated as [ ~ 3”" , where A is the area (~30 pm?),

ag_cAt
T is the thickness of the amorphous carbon (measured by a step meter, ~100nm),
e represents the element’s charge, a._c is the length of the C-C bond, and At is the

deposition time (10s). According to the Fowler-Nordheim formula*:

— e3E1%)ca1 bxp _ 4 N 2m (¢_EF)3/2
8ah(¢—Ey) 3heEjpeq |

where ] is the current density, E,, is the local electric field, m is the effective
electron mass and @ is the work function. Using data on the DOS of CNTs quoted
from S. Maruyama’s website (http://www.photon.t.u-tokyo.ac.jp/~maruyama/
kataura/1D_DOS.html), I can be used to find the average raised value of the

Fermi level. For example, the value is about 0.7 eV for CN'Ts with chiral indices

of (12,7). Thus, the maximum raised value of the Fermi level may be reasonably
approximated as 0.35eV above its spontaneously charging level (0.4eV). According
to above analysis, in the region of catalyst particle where most of the electrons are
aggregated, the typical charge density is about 0.022 electron per carbon atom

(3.2 electrons per nm) for electro-twisting the helicity (11,8) — (12,7).

SEM images. The SEM (FEI NOVA 450) was operated at 1kV (Figs. 1 and 2) or
10kV (Fig. 3) with a working distance of 5 mm (refs.**-').

FETs fabricated on s-CNT arrays. The as-grown s-CNT arrays are transferred
onto a marked Si substrate with a 100 nm SiO, layer by using poly(methyl
methacrylate) (PMMA). After removal of the PMMA in acetone, another layer of
PMMA is spin-coated onto the silicon slice as the resist. Electrodes are patterned
and formed via electron beam lithography (EBL), followed by deposition of a
50-nm-thick Pd film and a standard lift-off process.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request.
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