Downloaded via Elena Obraztsova on September 4, 2021 at 12:09:57 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IERNAPPLIED
NANO MATERIALS

www.acsanm.org Article

Tunable Doping and Characterization of Single-Wall Carbon
Nanotube Macrosystems for Electrode Material Applications

Alexander A. Tonkikh,* Valentina A. Eremina, Ekaterina A. Obraztsova, Dmitry A. Musatov,
Alexander Yu. Pereyaslavtsev, Esko 1. Kauppinen, and Elena D. Obraztsova

Cite This: ACS Appl. Nano Mater. 2021, 4, 3220-3231 I: I Read Online

ACCESS ‘ M Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: We present an efficient method for easy tuning of Unstable weak p-doping of CNT  Tunable and stable p-doping of CNT

optical and electrophysical parameters of macroscopic objects Viaa"exifsmg via filling by CuCl
formed from single-wall carbon nanotubes (SWCNTs). We have T . “2g g o

) : : e e & * e oo O
developed a unique step-by-step doping procedure by filling the \ 4 \ fe o ﬁ\ fe o

SWCNT inner channels with acceptors and donors in gaseous
conditions. The main parameter that tailors the film properties is the |\
dopant concentration in the SWCNT channels varied through the /
gaseous filling time. The ambient oxygen impact on the doping level

has been measured and analyzed for all considered SWCNT objects. 4

Our approach provides a predictable shift of Fermi level position in ||| swent

the range of 0.1—0.9 eV and the optical band gap edge value between /
0.4 and 1.1 eV. The tuning method was applied to optimize the
thermopower performance of SWCNT films. We have measured the

maximum possible values of the power factor and thermoelectric coeflicient and studied the stability of these parameters in the air
for studied samples. On the basis of the revealed relation between thermopower and sheet resistance, we propose a general approach
for characterization of conducting CNT macro-objects, which we call the “doping map” plotting. This empirical method allows to
predict stable, maximum, or optimal values for the transport, thermopower, and optical characteristics of materials in the air. Our
findings are prospective for prediction and tailoring of SWNT-containing materials properties used in such technological
applications, as electrochemical, sensor, solar cell, or thermoelectric electrode materials.

step-by-step
increasing in the dopant concentration

KEYWORDS: carbon nanotube, encapsulation, nanotube filling, tunable doping, thermopower, air environment

1. INTRODUCTION systems where nanotubes can play the role of both the matrix
and the functional material."”” These methods are primarily
aimed to improve just one single parameter of nanotubes.
However, it is often important to improve and to tune multiple
characteristics of a functional material within the framework of a
single technique. For macro-objects based on carbon nanoma-
terials, tuning is required for the position of the Fermi level, the
work function (WF) of the material, and therefore, the optical
density and transport characteristics.'*~'” Control of these
properties is necessary for various electronic and optoelectronic
devices, such as organic field-effect transistors (OFETs), organic
photovoltaic systems, sensors, and heterostructures.'®'” The
technological methods for tuning the characteristics of micro-
and macro-objects in most cases are based on the deposition of
active substances on the surface of nanotubes or other

Carbon nanotubes are unique nanostructures studied for almost
three decades. This is primarily due to interesting electro-
physical properties, such as ballistic electron transport observed
in individual defect-free nanotubes.' This material is also
interesting from the point of view of its nonlinear optical
properties used in optoelectronics.”* Recently, the CNT-
oriented activity shifted from basic research to technological
applications. In particular, there are several examples of
successful applications of nanotubes as a functional material
for transistors and sensors.”~ In this case, they form macro-
objects usually based on networks of as-synthesized nanotubes
or hybrids of nanotubes with other materials. However,
maintenance of the original outstanding properties of nanotubes
in micro- and macrosystems remains challenging.

At the moment, the modification of macro- and micro-objects
based on nanotube properties and the production of hybrid
systems are rapidly developing trends. The modification
methods include production of systems based on nanotubes of
certain geometries and types of conductivity;® various types of
doping and functionalization;”~"" macro- and micro-objects
morphology change;'”"” as well as the production of hybrid
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nanomaterials.'#'®*® However, these approaches lead to
material contamination, making them difficult to use.

In this paper, we consider two important issues. First, we
demonstrate a way, allowing the formation of a material with
adjusted Fermi level, WF, and electrophysical characteristics
within one approach. We have developed a methodology for
adjusting the electrophysical properties based on tuning of
concentration and type of dopant in the channels of carbon
nanotubes. The technique of filling the internal channels with a
doping matter is not a new way and has been quite successfully
applied, including several works of our research group.”'**"**
However, a controllable variation of the material properties via
the SWCNT internal channel filling has not yet been carried out.

Second, we have developed a simple empirical method for
prediction and achievement of the required values of the
transport and optical characteristics. We propose a simple
approach for the macro-objects composed of carbon nanotubes
doping characterization. This approach is an empirical
representation of the thermoelectric coefficient on the electrical
resistance (specific resistance, sheet resistance (R,y), or
conductivity) dependence. The relation of the conductivity
(6) and the thermoelectric coefficient (S) is usually used to
estimate the mechanism of the charge carrier conductivity.
Transport function 6E (E,T) determines both ¢ and S for a
certain Fermi level (Eg).”” Therefore, from the dependence of S
versus o in the course of Ey. varyin%, the charge transport features
and oE (E,T) type can be found.”* However, the properties of
systems, such as films of carbon nanotubes, depend on a number
of parameters: CNT diameters, content of semiconductor and
metal fractions, nanotube lengths, number of impurities, number
of defects, doping method, orientation of the nanotubes,
junctions, etc.'”*>=?% Therefore, from our point of view, the
majority of approximations for determining the main transport
characteristics of such objects is rather speculative and often
works correctly only for a limited number of specific samples. In
our work, we use the S — R,;/R.,.x dependence and propose a
general approach, which we call the “doping map”, applicable to
all types of macroscopic objects composed of CNTs. This
“doping map” gives us complete information about the initial
and the doped states of the conducting system. Moreover, the
method allows the prediction of the maximum achievable values
of transport characteristics at the adjusted doping level (tuned
Fermi level). Finally, based on the thermoelectric properties, we
demonstrate the achievement of optimal values for parameters
required for a specific application task.

2. EXPERIMENTAL DETAILS

2.1. SWCNT Synthesis and Network Preparation. Thin films of
SWCNTs for all types of experiments were formed from as-synthesized
carbon nanotubes. First, the aerosol chemical vapor deposition
(aerosol-CVD) synthesized SWCNTSs were used for the formation of
conductive thin films.”” These films are networks formed from long
bundles of SWCNTs. The nanotubes produced by this method have a
mean diameter between 1.8 and 2.0 nm. A typical image of the aerosol
SWCNT film is presented in Figure 1 a). The nanotubes arranged in
bundles with a diameter of about 100 nm form a network of uniform
density. The nanotube network density and thickness are controlled by
the accumulation time of SWCNTs on the filter (Millipore, a pore size
of about 0.45 nm) during synthesis. As we have shown earlier, the
aerosol-CVD synthesized SWCNTs can be efficiently filled with various
doping molecules.””*® Moreover, for SWCNTs of large diameter
(about 2 nm), the doping is the most effective because of the higher
Fermi level shift due to the charge transfer in the SWCNTSs with the
smallest bandgaps.
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Figure 1. Scanning electron microscopy images of SWCNT films
prepared by (a) aerosol chemical vapor deposition and deposited of a
filter during synthesis; (b) TUBALL nanotubes separated by the
conductivity type. As a second source, we used TUBALL SWCNTs
provided by the OCSiAl company (Novosibirsk, Russia).

As with the aerosol-CVD nanotubes, the TUBALL nanotubes have
an average diameter of 2 nm. The initial TUBALL powder was
suspended in 2% sodium cholate (SC) aqueous solution (in
concentration 1 mg of SWCNT powder in 1 mL of solution) and
sonicated by the ultrasonic tip Hielscher UP200 (power 200 W) for 4 h
in the ice bath. Thereafter, the suspension was ultracentrifuged
(Beckman Coulter Ultra-Max-E) at 22400 g for 1 h, the supernatant
was extracted and additionally ultracentrifuged at 360 000 g for 1 h.

Aqueous two-phase polymer extraction technique®*"** was used to
separate SWCNTs by type of conductivity. We used two water-soluble
polymers—polyethylene glycol (PEG, 6 kDa, AppliChem) and dextran
(Dx, 70 kDa, AppliChem), and two surfactants—sodium cholate (SC,
Sigma-Aldrich) and sodium dodecyl sulfate (SDS, AppliChem). The
water solutions of polymers and surfactants were prepared in the
following concentrations: 20 wt % Dx, 50 wt % PEG, 10 wt % SC, and
10 wt % SDS. The purest semiconducting fraction was achieved with Dx
6.8% w/v, PEG 6.2% w/v, SC 1.3% w/v, SDS 0.6% w/v at 22 °C. The
purest metallic fraction was achieved with Dx 6.5% w/v, PEG 5.9% w/v,
SC 1.2% w/v, and SDS 0.7% w/v at 22 °C. The final purities of the
semiconducting and metallic fractions of TUBALL SWCNT's were 98
and 95%, correspondingly.

For purification of nanotube fractions separated from polymers and
surfactants, we added sodium chloride solution and ultracentrifuged the
mixtures at 360 000 g for 15 min. Afterward, we used an ultrafiltration
cell for dialysis purposes.

Films of SWCNTSs were prepared by vacuum filtration technique
with mixed cellulose ester (MCE) membranes with 0.2 ym pores. For
optical and electrophysical measurements, strips ((2—3) X 10 mm)
were cut from all types of prepared films. The SWCNT strips were
deposited on glass plates and heated at 200 °C in air for 2 h to remove
organics. An image of thus prepared film is demonstrated in Figure 1b).
Residual polymers and surfactants can be seen on the surface of these
films. However, according to our measurements, it does not
significantly affect the doping procedure. To estimate the thickness of
these films, we performed atomic force microscopy measurements. The
estimated thickness of the films was uniform for every sample and varied
between 100 and 250 nm.

2.2. Microscopy. The SWCNT samples imaging has been
performed using a scanning electron microscope Zeiss Merlin, Carl
Zeiss, Germany. The samples were studied as prepared. Often, the
SWCNT films were deposited on Si or glass substrate. Low accelerating
voltages were used to minimize the charge accumulation.

In addition to scanning electron microscopy, atomic force
microscopy was performed on several samples to measure the thickness
on carbon nanotube films. Titanium microscope, NT-MDT, Russia,
was used for these measurements. To estimate the thickness of films, we
used two approaches. The thickness was measured at the edges and the
folds of the films.

2.3. Doping and Annealing Procedure. First, the samples were
annealed in a vacuum to remove the adsorbed oxygen and water.
Annealing was carried out at temperatures of 100—200 °C either in
evacuated ampules or in a stationary evacuated tubular furnace for 12 h.
The vacuum level reached was 1 X 107> mbar. In the case of ampules,
heating was carried out in a standard muflle furnace. The samples were
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Scheme 1. Scheme of Filling Procedure of the SWCNT Film; HRTEM Image of SWCNTs Filled with Copper Chloride, and 1D
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then exposed to air with a periodic recording of the transport
characteristics of the films.

To fill the SWCNT channels, we applied the gas-phase film
processmég technique (Scheme 1) that we have successfully used
carlier.”>””** Nanotube networks and dopant crystals (cobaltocene,
copper chloride, or iodine) were heated in a sealed tube in an electric
furnace. There were no direct contacts between the nanotube network
and the dopant. The treatment temperature was close to the
sublimation temperature of the dopant materials.

A postfilling procedure includes heating of the filled SWCNT films in
air for 2 h under the same treatment conditions but without dopant
crystals. This step was performed to partly remove the outer-wall
adsorbed dopant crystals.

The internal channels of SWCNTSs were filled with cobaltocene
(Co(CsHy)2, CoCp,) to obtain the n-doped SWCNT films. The
CoCp, treatment was carried out at the temperature of about 180 °C**
over 12 h. We used 1-5 mg of solid CoCp, (Sigma-Aldrich, powder)
for treatment. After filling, the n-doped samples were exposed to air
with the periodic recording of the transport characteristics of the film.

The internal channels of SWCNT's were filled with iodine to obtain
the softly p-doped SWCNT films. The iodine treatment was carried out
in the temperature range of 125—130 °C** over 12 h. About 20 mg of
solid iodine (Sigma-Aldrich, 99.8%) was used for the treatment process.
After the doping procedure, the samples filled with iodine were held in
air with periodic measurements of optical and electrophysical
properties.

The second p-type dopant used for the same SWCNT films was
copper chloride. According to the literature, copper chloride
demonstrated a hlgher, in comparison with iodine, charge transfer
value (p-doping).*>*® A gas-phase treatment by copper chloride was
carried out in the temperature range of 210—230 °C. We used 1—5 mg
of solid copper(I) chloride (Alfa Aesar, metals basis, 99.999%) for
treatment.

The optical and transport properties of carbon nanotubes were
affected by doping.®*~* In this work, the doping approach is based on a
difference between the WF values of carbon nanotubes (~4.95—5.05
eV*?*%) and acceptor material like iodine (~5.5 eV*") and copper
chloride (~6.8—7.0 eV**), or donor material such as CoCp, (ionization
energy ~4.0 eV %), The electron transfer between the CNT states
and the dopant material states depends on their relative energy. In the
case of p-doping, the charge transfer results in depletion of the highest
occupied nanotube electronic state accompanied by the Fermi level
shift inside the valence band of the CNTs,'%* leading to the
metallization of the semiconducting fraction of the macroscopic
sample. In the case of n-doping, the filling of the lowest unoccupied
nanotube electronic state occurs and the Fermi level shifts inside the
conduction band. The magnitude of the charge transfer has to depend
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both on the WF and the dopant concentration, so these features can be
used for doping level control.

For tuning the SWCNT film properties, the method of dopant
concentration in the nanotube channels variation was applied. The
main parameter for the dopant concentration variation was the time of
filling under the same temperature and pressure. We have previously
demonstrated a change in optical properties induced by the filling time
variation for copper chloride doping.”® The effect of doping in the case
of CuCl is several times higher compared to the effect of iodine filling;
therefore, we expected a wider range of doping variation in the
experiment with CuCl. Thus, we have applied two approaches for CuCl
concentration variation in the CNT channels: (1) different treatment
time (from 1S5 min to 26 h) of similar films followed by a comparison of
measured transport and optical parameters; (2) a step-by-step filling of
the same film (with steps of 15 min or 2 or 4 h) accompanied by
measurements of optical and electrophysical parameters of the film
between steps.

In this paper, we discuss only optical and transport features that
confirm the nanotube filling led to doping. Earlier, we published the
HRTEM study”>*"*® with direct confirmation of nanotube filling from
the gas phase and with the atomic resolution of structure formed inside
nanotubes (bottom right image in Scheme 1).

2.4. Optical Measurements of Prepared Materials. The Raman
spectra of SWCNT films were obtained with a Jobin Yvon S-3000
spectrometer and an Ar—Kr laser (Spectra-Physics). The Raman
spectra of SWNTs were recorded with 532 nm excitation wavelength in
the spectral ranges of tangential G-mode (around 1600 cm™) and
radial breathing modes (RBM) (50—500 cm™).

The UV—vis—NIR optical absorption spectra were recorded within a
spectral range of 200—3000 nm with a Lambda-950 spectrophotometer
(PerkinElmer).

2.5. Thermoelectric Power (TEP) Measurements. The thermo-
electric power (TEP) was measured using an ordinary two-probe
method in a specialized vacuum chamber containing a custom-made
TEP probe holder. On gradient heating of the holder plate, the sample
temperatures and the potential differences across the sample were
measured with thermocouples. The chromel—alumel thermocouples
were utilized as probes, but the potential differences were measured by
alumel wires. The samples of “pristine”, CoCp,, and iodine- and copper
chloride-filled SWCNT films were held under the ambient conditions
before the TEP measurements. The measurements were conducted for
a temperature range of 300—425 K (temperature of the hot point of the
sample) and in air.

2.6. Four-Probe Measurements of Electrical Sheet Resist-
ance. Measurements of electrical sheet resistance of SWCNT films
were performed via a common four-probe resistivity technique on
commercially available setup: Jandel RMS-EL/RMS-EL-Z. The
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Figure 2. Raman spectra of step-by-step doped SWCNTs with CuCl gas-phase filling process: (1) film of a mixture of semiconductor and metal
SWCNTs (aerosol-CVD); (2) film of a mixture of semiconductor and metal SWCNTs (TUBALL); (3) film enriched with semiconductor SWCNTs
(TUBALL). The duration of each filling step is 2 h (lines of different colors correspond to the number of doping steps).

measurement range of the setup is from 1 mOhm/sq up to 500 MOhm/
sq with a typical accuracy of 0.3%.

2.7. X-ray Photoelectron Spectroscopy and Ultraviolet
Photoelectron Spectroscopy. XPS spectra were recorded with a
Theta Probe (Thermo Fisher Scientific) using a monochromatic X-ray
source Alka with a photon energy of 1486.6 eV. During the survey, the
differential charging of the sample was compensated using a low-energy
electron beam. To calibrate the binding energy scale, we used the lines
Au 4f, Ag 3d, and Cu 2p with a tolerance of +0.02 eV. Spectra were
recorded in the analyzer constant energy mode. Pass energy during the
recording was 100 eV, a step of 0.1 eV, a delay time of 0.1 s, and the
number of scans 10. UPS spectra were recorded using UV source with a
photon energy of 40.8 eV with negative biasing of the samples (the
position of the Fermi edge on the gold sample was —0.02 eV
(Boltzmann 80/20). Pass energy during the recording was 10 eV, a step
of 0.05 eV, a delay time of 0.2 s, and the number of scans 10.

3. RESULTS AND DISCUSSION

3.1. Raman Measurements. The most convenient and
widely used method for the qualitative characterization of the
doping level of carbon nanotubes is Raman spectroscopy. Under
doping due to the strong electron—phonon interaction, a
softening of the phonon modes of CNT's is observed according
to the Kohn anomaly for the CN'T LO modes.*”*” In the Raman
spectra, the effect is manifested in the shift of CNT G-mode. It
was shown earlier that the magnitude of the G-mode shift is
related to the amount of charge transfer.””>' The magnitude of

the G-mode shift can be related both to the efficiency (WF
difference) of the dopants and their concentration in the
nanotube sample. In the Raman spectra, we previously observed
a difference in G-mode shifts for nanotubes depending on the
dopant type and treatment time.”*

Figure 2 shows the step-by-step treatment of similar films with
copper chloride (each step of the treatment was performed for at
least 2 h at the temperature of 230 °C) leading to a smooth shift
of the G-mode position and peak intensity decrease for all types
of nanotubes. Under the step-by-step treatment, the G-mode
was shifted from 1590 cm™ (for as-prepared films) to 1608
cm™" (for the saturated doping). The absence of the D-mode
intensity growth indicates the absence of oxidative and
destructive effects. The equal changes are observed both in
the step-by-step treatment of one film and in the case of similar
films with different treatment times.>

Doping with iodine also leads to a resolved shift of the G-
mode. However, the effect is much weaker. In the case of
saturated doping with iodine (13 h treatment), the G-mode shift
does not exceed the case of a short-term filling with copper
chloride (2—4 h of treatment).”” As expected in the case of
iodine doping, the change of processing time does not result in
repeatable and stable doping. In case of doping with CoCp, (see
Supporting Information), no significant shifts of G-mode
parameters are observed in Raman spectra, which is associated
with a weak doping effect.”>**
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Figure 3. (a) UV—vis—NIR absorbance spectra of step-by-step doped SWCNTs with CuCl gas-phase filling process; (b) Tauc and Davis—Mott plots:

(ahv)*’* as a fanction of Ey, = (hv — E,).

3.2. Optical Absorption Measurements. UV—vis—NIR
spectroscopy is a standard method for visualizing the doping of
single-walled carbon nanotube macrosystems. In the UV—vis—
NIR spectra, suppression of the absorption bands (E;;,, E,,,, or
Eiim) is the main effect of the doping process (Figure 3a).
Suppression of the optical absorption bands of nanotubes is a
consequence of the Burstein—Moss shift,”>** usually observed
in degenerate semiconductors. For the SWCNTs, this
significantly affects the optical properties of the samples.">****
As in the case of Raman scattering, both methods for varying the
impurity concentration (step-by-step doping or different times
of exposure to copper chloride) lead to a gradual shift in the
Fermi level position, which is manifested in the gradual
suppression of the absorption spectra (Figure 3a). Similar
effects are observed when dopants with different concentrations
are deposited on the surface of CNTs."* To estimate the change
in the optical band gap edge (E ) due to the tunable doping, the
Tauc and Davis—Mott relations were used:*>>° (ahv)" as a
function of (hv — E ) calculated from UV—vis—IR absorbance
coefficient (a) data of CuCI@SWCNT films. The edge of
optical energy gap is estimated by extrapolation of the llnear
dependence which occurs generally in the absorption data, as
shown in Figure 3b). We use the Tauc relation given by”®

n

()" = (hv — Eg) (1)
In our case, the index n is 3/2 in eq 1. The procedure for
selection of the index n for the optical band gap evaluation is
described in detail in the Supporting Information. Calculations
show that for the studied samples, the step-by-step doping with
copper chloride (p-dopant) leads to the optical gap edge (E )
shifting from 0.42 eV (nondoped CNTs) to 1.11 eV (efﬁaently
doped nanotubes) (Figure 3b).

3.3. XPS and UPS Measurements. To confirm the gradual
increase in dopant concentration with the processing time both
in the stepwise and continuous processes, which we consider the
main parameter for tuning the doping parameter, the XPS
method was used. In Figure 4, the XPS-spectra of Cu 2p for
nanotubes with different processing times by filling with copper
chloride(I) are presented. Both CuCl and CuCl, were observed
for all doped samples but in different ratios. The content of

3224

CuCl-treated SWCNT film for 2 hours

A CuCl

CuCl-treated SWCNT film for 7 hours

3
8
2
‘@
g CuCl
§ CuCly Y

sat.

N s |
CuCl-treated SWCNT film for 13 hours
CuCly
CuCly

sat.

CuCl

T T T
950 940 930

Binding energy (eV)

T
960

Figure 4. X-ray photoelectron spectra (Cu 2p region) for CuCl-treated
SWCNT film for 2, 7, and 13 h.

CuCl, increases with the treatment time as indicated by an
increase in the characteristic satellite intensity. The reason for
this may be the disproportionation reaction of copper chloride,
2CuCl — Cu+CuCl,*’ under temperatures above 100 °C,
which corresponds to the filling conditions for SWCNTs. To
estimate the content of copper chlorides in our samples, we
fitted the spectra using the reference data for CuCl (932 eV®°)
and CuCl, (934.7 eV§ "). During decomposition, the Cu 2p,
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Table 1. Fitted Parameters of Cu 2p;,, Components Depending on the Treatment Time, Ratio of Copper Chloride 2+ to 1+, and

Total Copper Content in the Samples

CuCl CuCl,
doping time (h) position (eV) fwhm area (%) position (eV) fwhm area (%) CuCl,/CuCl ration (a.u.) Cu content (at. %)
2 932.01 1.59 78.05 934.24 222 21.98 0.28 225
7 932.02 17§ 50.37 934.43 2.46 49.63 0.99 3.51
13 932.10 1.93 28.34 934.68 2.70 71.66 2.53 3.75
a) UPS data b) Fermi level vs time
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Figure 5. Valence band spectra near the Fermi energy level for initial (black line), for CuCl-treated SWCNT film for 2 (blue line), 7 (orange line), and

13 (green line) h. (a) UPS data; (b) Fermi level position versus treatment time.
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Figure 6. Model “doping map” based on experimental cycle for characterization of SWCNT macro-objects. The key points of S—R;/R i max
dependence of the macro-object system containing SWCNTs: (0) a stable state in the air - “initial” films; (1) not stable in air, undoped sample
(annealed); (2) not stable in air n-doped sample; (3) stable in air p-doped sample. The dashed lines on the graph show the experimental stages carried
out to plot the dependence: the black line is the annealing of the initial sample, the transition from point (0) to (1); the blue line is the n-doping of the
initial sample, the transition from point (0) to (2); the green line is the p-doping of the initial sample, the transition from point (0) to (3); the red line is
exposing of n-doped or annealed samples to air to plot intermediate dependence points (between (2) and (0) or (1) and (0), respectively). Density of
states (DoS) diagram of CNT for the experiments performed. The “doping map” is based on the relation of the thermopower coefficient (x-axis) versus

R/ Rygimax (qu, sheet resistance, y-axis). The (qu/RSq_max)-axis is a logarithmic scale (log scale).
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Figure 7. (a) Empirical “doping map” for the film of mixed SWCNTs (TUBALL) and (b) film enriched with semiconductor SWCNTs (TUBALL).
The “doping map” is based on the relation of the thermopower coefficient versus Ryo/Rq.max (qu’ sheet resistance). The (qu/qu_mx)-axis is a

logarithmic scale (log scale).

components were involved. Satellites were approximated by
fixed Gaussians. The change in position of the Cu 2p;/,
components is shown in Table 1.

The peak position of CuCl practically does not change,
whereas under the short processing times, the CuCl, is in an
unusual position. This may be due to the presence of
insignificant amounts of copper 1+, which according to ref 62
can lead to similar changes in the peak position toward the lower
binding energies. This may also be due to the influence of
organofluorine compounds, which are artifacts of plasma-
chemical etching of silicon.

The data from Table 1 show the dependence of the change in
the ratio of CuCl, to CuCl and the total copper content with
increasing processing time from 2 to 13 h. According to Table 1
data, we expect similar behavior of the Fermi level position shift.
On the basis of UPS data (Figure Sa), we obtain a strongly
logarithmic curve of the Fermi level position depending on the
processing time (Figure Sb). The Fermi level position was
determined by the linear approximation. The difference in the
basic value of the Fermi level can be explained by the initial
presence of oxygen in the starting material (oxygen atoms on the
defects).

3.4. Thermopower Measurements. On the basis of
previous studies of the nanotube film doping and the
fundamental dependence of the Seebeck coeflicient on
conductivity, an approach was proposed for SWCNT macro-
systems calibrating and characterizing.'**>**** The method is
based on a simple empirical reconstruction representation of the
dependence of the intrinsic thermoelectric power coefficient (S)
versus the ratio of the sheet resistance (or specific conductivity
of the films) to the maximum possible sheet resistance of the
studied macrosystem (Ryy/Ryy ms)- Each point of the repro-
duced “doping map” corresponds to the state of the same macro-
object with different positions of Fermi level. In our experiment,
the Fermi level position is tuned by adjusting the dopant
concentration in the CNT channels or by adjusting adsorption
and desorption of oxygen on the CNT surface.
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The diagram in Figure 6 shows the form of S—R;/Ryq.max
dependence and the method of its plotting using the example of
our experimental cycles. On the “doping map”, the four key
points of the system can be noted: (0) a stable state in the air—
weak doping with oxygen (physically and chemically
adsorbed)—usually called as “initial” or “as-prepared” films;
(1) a point with the maximum resistance is the nondoped state
that can be achieved by complete cleaning (annealing) or
reduction of the oxidized sample; (2) not stable in air n-doped
state, which is achieved by doping with frequently used organic
and inorganic n-dopants; (3) stable in air p-doped state, for
example, doping with iodine or CuCl. These key points
conditionally divide the dependence into four segments: (0)—
(1), a weak and unstable p-doping with physically and
chemically adsorbed oxygen; (1)—(2), a weak and unstable n-
doping in the air; (0)—(3), a stable and tunable p-doping region;
region below point (2), n-doping region. In our study, only the
first three segments of the “doping map” are considered, as they
are experimentally reproducible and easily achievable. The (0)—
(1) segment is plotted by periodically measuring the S and Ry
values of the initial SWCNT film after annealing procedure
during the oxygen adsorption. The (1)—(2) segment is plotted
by periodically measuring the S and R values of the SWCNT
film after the n-doping procedure during oxygen adsorption.
This is primarily due to p-doping, which occurs due to the
physical adsorption of oxygen from the environment. Obviously,
the studied system - CoCp,@CNT/0, after charge transfer
occurs, has a common Fermi level. The position of the Fermi
level of this system, or the type of doping, will be determined by
the HOMO—-LUMO of molecules and WF of the SWCNT. In
our case, p-doping with oxygen compensates for n-doping from
CoCp;,. Thus, these segments of the dependence are unstable in
the air. In contrast, the (0)—(3) segment can be fully reproduced
using the controlled p-doping, for example, tunable doping with
CuCl. We consider the oxygen effect for an acceptor filled-
SWCNT film negligible due to a strong doping and a significant
Fermi level shift for this region.”
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Figure 8. “Doping map” of doped with CuCl SWCNT film: (a) film of mixed SWCNTs (aerosol-CVD); (b) film of mixed SWCNTs (TUBALL); (c)
film enriched with semiconductor SWCNTs (TUBALL). The films are filled with CuCl by the step-by-step treatment method: (1) 2 h treatment, (2) 2
h treatment, (3) 4 h treatment. The (qu/ qu_mu)—axis is a logarithmic scale (log scale).

The form of the S—R (/R max curve (as well as S—o) is
primarily determined by the SWCNT density of states.””* S
according to the Mott formula for degenerate semiconductors is
represented

S = (nz)(kg)(%](‘ﬂ%(m)m —E, o

S, according to the Boltzmann equations for nondegenerate
semiconductors, has the form

) ()

where kg is the Boltzmann constant, g is the charge, T is the
temperature, and E is the electron energy.”>®” The sign of the
region at the “doping map” is determined by the type of charge
carriers (g in formula 2 and 3). The shape of the “doping map”
and values are determined by the diameters and type of carbon
nanotubes. The position of the key points on the “doping map”
is determined by two parameters: diameter and Fermi level shift
upon doping with oxygen, which is higher for nanotubes with a
smaller bandgap (larger diameters, respectively).

Figure 7a, b shows the experimentally obtained “doping map”
of the following samples: (1) film containing a mixture of
semiconductor and metal SWCNTs; (2) film enriched with
semiconductor SWCNTs. A simple way to reconstruct a low p-
doping area of the “doping map” is annealing in a vacuum to
remove adsorbed oxygen and water (on Figure 7 is (0)—(1)
region). The sheet resistance and thermoelectric coefficient
must be measured in the air until providing almost complete
restoration of the initial parameters. In Figure 7a, b, point (1) is
the state of the system after annealing at the moment of the
ampule opening. The subsequent black dots show the
adsorption of oxygen from the air. After exposing in the air for
2 days and transport characteristics recovery, this film was filled
with CoCp, to achieve a weak n-doping—point (2). The sheet

kg

=

q

(E - Ey)
kT
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resistance and the Seebeck coefficient were measured daily in
the air for 7 days from the moment the vacuum ampule was
opened (point (2) on Figure 7) until the initial parameters were
almost completely restored. The states of the samples inside the
region of weak n- and p-doping ((2)—(0) on Figures 6 and 7)
are poorly detectable in optical absorption and practically do not
lead to changes in Raman scattering (according to the Kohn
anomaly for the CN'T LO modes™”). This region is characterized
by the weak charge transfer from oxygen molecules (depending
on the diameter, it can reach 0.1 electron from the carbon
nanotube to every oxygen molecule®®). In the case of n-doping, a
low charge transfer is due to the small difference between the
HOMO for CoCp, (ionization energy 4.0 eV”) and the bottom
of the conduction band for SWCNTs (WF about 4,9 eV).
According to the “doping map”, the magnitude of the charge
transfer level at the CoCp, filling is comparable to that of doping
with oxygen from the environment (Figure 6). As in the case of
p-doping with environmental oxygen, for n-doping with CoCp,,
there are no significant changes in the Raman spectra of
SWCNTs (see Supporting Information). However, for transport
characteristics (R, or S), the weak-doping areas ((2)—(0) on
Figures 6 and 7) are strongly sensitive to charge transfer.

The region of stable p-doping ((0)—(3)) is presented in
Figure 7a, b. The method of gas-phase filling of CNTs with
iodine in vacuum ampules was used. We have demonstrated
earlier’ that the sample parameters do not change with time
under oxygen adsorption. For iodine-filled SWCNTs with a
small diameter, the electric charge transfer is up to 0.3 electron
per iodine atom (depending on the iodine structure). The Fermi
level shift is up to 0.23 eV below the top of the nanotube valence
band.”® The drop in electrical resistance under iodine doping
does not exceed an order of magnitude, compared to the area of
weak oxygen doping ((1)—(0) on Figures 6 and 7).***°

The resulting “doping map”, in general, has the shape of an
elliptic curve (which is due to S(E) dependence). The
“intersection” of the curve with the y-axis (Ry/Rygmax = 1)
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Figure 9. Effect of tunable doping of SWCNT films with CuCl on the thermopower coefficient (S)—electrical conductivity (o) relation (red crosses).
The effect of tunable doping of SWCNT films with CuCl on the power factor (PF)—electrical conductivity () relation (blue circles) for (a) film of
mixed SWCNTs (aerosol-CVD); (b) film of mixed SWCNTs (TUBALL); (c) film enriched with semiconductor SWCNTs (TUBALL). The figures

show the maximum power factor (PE,,,,) values stable in time.

corresponds to the annealed film with the highest possible
resistance and the lowest thermoelectric coefficient (E; in the
center of the semiconductor nanotube bandgap). As follows
from the presented experimental results, to complete the
mapping of macrosystem properties in the region of weak n-
and p-doping, the vacuum annealing is sufficient. This is due to
the symmetrical form of almost elliptic dependence (in log
scale) of S—Ry4/Rgmax- The shape varies depending on the
composition and morphology of the film. A discrepancy from
the elliptic shape is manifested for films with pronounced
metallicity Figure 7a and enriched with semiconducting
nanotubes as shown in Figure 7b.

We have applied the “doping map” method to justify of p-
doping with CuCl of SWCNT macro-objects in the air
environment. The concentration of copper chloride in the
internal channels of SWCNT' was controllably varied. Figure 7
shows the “doping map” (S—(Ryq/Rg-may)) for nanotubes with a
narrow diameter distribution (mean diameter about 2 nm),
aerosol-CVD, and TUBALL-type nanotubes. Films of semi-
conducting+metallic nanotubes and sorted semiconducting
nanotubes were prepared from Tuball-type nanotubes. As in
the previous samples, the films were annealed in a vacaum (black
arrow in Figure 8) and exposed in air (red arrow in Figure 8) for
the reproduction of an unstable p-doping region. Then these
films were doped with copper chloride in ampules in a step-like
manner (green arrow in Figure 8): (1) 2 h treatment; (2) 2 +2h
treatment; (3) 2 + 2+ 4 h treatment. The measurements of
transport characteristics were carried out after each treatment
stage. The p-doping area of the “doping map” is characterized by
a smooth change in transport properties converging to an
asymptotic value correlated with the doping saturation observed

3228

in XPS and UPS measurements. The p-doping region is
characterized by high stability of doping, which is primarily
associated with the high Fermi level shift (according to the UPS,
the shift value changes from 0.1 to 0.7 eV, and according to the
Tauc graph, the change in the optical edge is about 0.7 eV). In
our earlier work,* the maximum value of the Fermi level shift
was 0.9 eV for films composed of aerosol nanotubes doped with
copper chloride. Thus, the variation of copper chloride
concentration in the films presented in this work allows tuning
the position of Fermi level from 0.1 to 0.9 eV.

To demonstrate the convenience of the proposed method, we
vary the parameters necessary for the production of effective
thermopower-based devices. Figure 9 shows the S—o and power
factor (PF)-o dependencies for three films described in the
“doping map” (Figure 7), where power factor is the PF = (§%)o.
The plot in Figure 8 can be conditionally divided into two areas
relative to the point of the initial sample (stable in the air under
ambient T = 300 K): the region of unstable p-doping with
oxygen and the region of tunable p-doping with CuCl
According to the experimentally obtained data p-doping with
oxygen, depending on the CNT type and morphology of the film
allows to achieve the highest values (S & 100 4#V/K and PF ~
100 4W/(m K?)) of the coefficient of thermoelectric power
and/or PF. However, without additional protection against
oxygen adsorption (desorption), these characteristics cannot be
stabilized. The initial state (as-prepared sample), which in some
cases demonstrates the highest values of thermoelectric
parameters, are not stable at temperatures exceeding the room
temperature.”” In the region of stable p-doping, the optimum PF
value is observed for these films, which is achieved with the CuCl
doping (at 2 h treatment). This doping is stable for several years,
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and therefore the parameters of conductivity and thermopower
remain static, even at elevated up to 100—150 °C temperatures.
These films do not require additional lamination procedures.
Thus, the developed tunable doping procedure makes it possible
to produce macro-objects with the specified transport and
optical characteristics that are stable in air.

B CONCLUSION

In this work, we present a method for controllable variation of
optical and electrophysical parameters of macroscopic objects
composed of SWCNT's. The main feature of this tunable doping
is the change in the dopant concentration in SWCNT channels
by varying the duration of the gaseous filling procedure. We
demonstrate that doping with copper chloride allows the
variation of the Fermi level position in the range from 0.1 to 0.9
eV and optical absorption edge from 0.42 to 1.11 eV. Also, in this
work, we propose a general approach for calibrating, analyzing,
and characterizing SWCNT conductive macrosystems and
similar structures. The approach is based on the empirical
compiling of the S—R;/Ry;.n.x dependence. We have shown
that a simple vacuum annealing experiment can help to map and
estimate the transport characteristics of SWCNT macro-objects.
Measurement of thermoelectric power between iterations of
SWCNTs step-stage-filling made it possible to register and to
describe the properties of weakly doped SWCNTs. The “doping
map” method allows the complete evaluation of the SWCNT
macro-object capabilities for production of effective electronic
components. The tunable p-doping method based on SWCNTs
filling presented here provides the achievement and conserva-
tion of the maximum possible values of power factor and
thermoelectric power coefficient for investigated films. We
believe that the tuning method developed in this work for optical
and electrophysical properties of nanotube networks adjustment
is promising for the production of elements with a given WF,
transport characteristics, and optical gap.
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