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us chemisorbed oxygen effect on
thermoelectric properties of highly organized
single walled carbon nanotube nanofilms†

Milad Yarali,a Ji Hao,b Mohammad Khodadadi,a Hatem Brahmi,a Shuo Chen,cd

Viktor G. Hadjiev,d Yung Joon Jungb and Anastassios Mavrokefalos*a

The effect of physisorbed vs. chemisorbed oxygen on highly organized single walled carbon nanotube

(SWCNT) ultrathin films is investigated by correlating the thermoelectric properties measured by

a suspended micro-device to the SWCNT structure characterized by Raman spectroscopy and

transmission electron microscopy. The results show that SWCNTs with weakly bonded oxygen

molecules on the surface were determined to be initially p-type with metallic behavior and after

annealing in vacuum they transition to n-type with semiconducting behavior where the charge transport

is dominated by a 2D Mott variable range hopping mechanism due to molecular desorption. The

structural characterization reveals that there is no change in the structure of the SWCNT network,

indicating that the source of the drastic change in electrical properties is due to the molecule interaction

with the surface of the SWCNT. Even though there is a significant change in the electrical properties, the

thermal conductivity remains unchanged. On the other hand, the oxidized SWCNT sample with stronger

C–O bonds exhibits purely p-type metallic behavior that is insensitive to annealing conditions and shows

lower thermal conductivity values because of the enhanced phonon scattering due to the absorbed

oxygen molecules and residual poly-methyl-methacrylate (PMMA).
1. Introduction

The importance of single walled carbon nanotube (SWCNT)
networks in electronic and thermal applications cannot be
understated. Recently, designing engineered carbon nanotube
architectures composed of aligned nanotubes (horizontal or
vertical) has attracted considerable interest due to broad appli-
cations in exible electronic,1,2 optoelectronic,3 eld emission4

and energy storage devices.5 The performance of these architec-
tures is highly dependent on the exact structure of the individual
nanotubes, their interactions within the network as well as their
chemical interactions with the surrounding environment.6 To
more efficiently design the next generation of micro–macro-
scopic functional devices, clarifying the thermoelectric properties
such as thermal conductivity (k), electrical conductivity (s), and
Seebeck coefficient (S) of these aligned CNT network is crucial.
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Over the last two decades, a great number of investigations
have been conducted in studying various thermal and electrical
properties of individual single-walled carbon nanotubes,7–16 multi-
walled carbon nanotubes (MWCNTs),17–19 nanotube compos-
ites,20–24 and lms.25–32 These studies are essential in quantifying
the various external or intrinsic effects on the individual phonon
or charge transport properties of these seminal materials. To
understand their interdependence, on the other hand, it is
essential to performmultiple propertymeasurements on the same
samples. Specically by performing simultaneous measurement
of thermoelectric properties such as thermal conductivity, elec-
trical conductivity and Seebeck coefficient on the same sample,
allows us to quantify both the phonon and electron transport
properties as well as their interdependence not otherwise possible
by single property measurements.33,34 Even though these types of
measurements were performed on individual single- and multi-
walled carbon nanotubes35,36 and supported bulk lms with
broader size distribution of randomly oriented and aligned arrays
of SWCNTs and MWCNTs;37–41 measurements of thin and highly
organized suspended lms composed of SWCNT bundles, that
can have a signicant impact in a broad range of technologies as
mentioned earlier are notably absent.

These thermoelectric properties of SWCNTs have shown to
be extremely sensitive to their surrounding molecular envi-
ronment, specically oxygen, which can have detrimental
effect to their intrinsic properties.31,32 Unfortunately, there are
This journal is © The Royal Society of Chemistry 2017
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contradictory reports on the exact effect of oxygen adsorption
on the SWCNT properties. Some studies which were per-
formed on the bulk lms composed of randomly oriented
SWCNTs showed that adsorbed oxygen molecules on the tubes
surface dope the nanotubes positively due to charge transfer
between carbon atoms and oxygen.31,32,40–42 They claimed that
oxygen removal by high temperature annealing of SWCNTs
under ultrahigh vacuum or inert gas likely leads to hole de-
doping from SWCNT. In contrast to this view, it has also
been proposed that oxygen does not induce hole doping in
SWCNTs.43 Derycke et al.44,45 and Heinze et al.46 have argued
that p-type to n-type transition in electronic character of
SWCNT eld effect transistor (CNTFET) by annealing is
because of the barrier change at the metal–semiconductor
contacts due to oxygen desorption. Therefore, further work is
required to determine which process leads to the observed
changes in the transport properties of SWCNTs.

Moreover, although most of the previous works just focus on
the effect of physisorbed oxygen on electrical conductivity and
Seebeck coefficient of thick (macroscopic) SWCNT mats or
lms, its effect to thermal transport is notably absent. To the
best of our knowledge there are only two contradicting reports
on the effect of oxygen adsorption of multi-walled CNTs
(MWCNTs)39,47 and none investigating its effect on SWCNTs
where we are reporting for the rst time. Jin et al.39 showed an
increase in the thermal conductivity with the desorption of
oxygen for MWCNTs that they attributed to the decrease in the
resistivity of the thermal junctions between the tubes, whereas
Brown et al.47 showed an increase in the thermal conductance of
MWCNTs with oxygen adsorption which they attributed to the
deformation of C–C bonds that affects the phonon modes of
nanotubes.

In this work, we investigate the effect of physisorbed vs.
chemisorbed oxygen on thermoelectric properties of ultra-
thin lms composed of highly organized SWCNT bundles by
utilizing a suspended microdevice. This method allows us to
measure the thermal conductivity, electrical conductivity and
Seebeck coefficient based on a four-probe thermoelectric
measurement procedure reported in details elsewhere that
accounts for the thermal contact resistance between the
sample and the device.48 Therefore, the properties presented
here are the intrinsic sample properties without the uncer-
tainties of electrical or thermal contact resistances. Through
correlating the thermoelectric properties to the SWCNT
structure characterized by Raman spectroscopy and Trans-
mission Electron Microscopy (TEM) and by tting the
measured thermoelectric properties with a two-band model,
we are able to quantify how the physisorbed vs. chemisorbed
oxygen molecules adsorbed to the CNT surface affect the
thermoelectric properties. The results show that desorption
of the weakly bonded oxygen molecules on the surface of
SWCNTs aer vacuum annealing changes the electrical
behavior from metallic p-type to semiconducting n-type while
its thermal conductivity remains unchanged, contradictory
with reports on MWCNTs. On the contrary, purely p-type
metallic behavior and lower thermal conductivity values
were observed for oxidized SWCNT network.
This journal is © The Royal Society of Chemistry 2017
2. Experimental
2.1. Sample preparation

In order to design and build horizontally organized SWCNT
network on SiO2/Si substrates, a template-guided uidic
assembly method was employed. First, a plasma treatment was
used to enhance the hydrophilic nature of Si or SiO2 surface.
Then a photoresist lm, providing hydrophobic surface on the
Si or SiO2 substrate was patterned using optical or electron-
beam lithography techniques and vertically submerged into
the SWNT solution using a dip-coater and then gradually lied
from the solution with a constant pulling speed. We used the
SWCNT-DI (de-ionized) water dispersion (concentration of 0.23
wt%) that was purchased from Brewer Science Inc. (CNTRE-
NETM C100). The nanotubes were CVD grown and of mixed
chirality in nature. The typical length of the SWCNTs was
specied to be between 0.8 mm and 1 mm, with an average
diameter of about 1 nm. Our own AFM and Raman spectroscopy
measurements were mostly in agreement with about �10%
deviation in specied length range and diameter. According to
the vendor, the SWCNTs were not puried, and the dispersion
was a mixture containing a natural ratio of metallic and semi-
conducting nanotubes, which can be assumed to be approxi-
mately 2/3rd semiconducting and 1/3rd metallic in nature.
These SWCNTs were terminated with carboxylic acid groups,
which adsorb ions such as H+ and OH� from the aqueous
solution leading to the presence of a net charge on the surface
of SWCNTs. Using such a lithographically patterned template
assisted dip-coating method, SWCNTs were directly assembled
on hydrophilic surface, between pre-designed photoresist
channels, forming organized SWCNT lateral networks in diverse
geometries with feature sizes ranging from 100 nm to few
microns.49

2.2. Device fabrication

The suspended microdevice used to perform the in situ
measurements is illustrated in Fig. 1(a). The device incorporates
two adjacent silicon nitride (SiNx) membranes suspended by six
SiNx beams over a through-substrate hole. Two platinum (Pt)
electrodes are patterned on each membrane to measure the
electrical conductivity in a four-probe conguration and elimi-
nate the contact electrical resistance. A serpentine Pt resistance
thermometer is patterned on eachmembrane for measuring the
thermal conductivity and Seebeck coefficient based on a four-
probe thermoelectric measurement procedure. The through-
substrate hole under the two membranes allowed us to
conduct TEM measurement of the SWCNT network assembled
on the suspended device.

2.3. Measurement procedure

The widely used poly(methyl methacrylate) (PMMA)-assisted
transfer technique50 was used to transfer horizontally orga-
nized SWCNTs onto a suspendedmeasurement microdevice. To
enhance the adhesion between samples and the membranes,
a dened area of PMMA located on each membrane was poly-
merized, as shown in the Fig. 1(b). This was done by exposing
RSC Adv., 2017, 7, 14078–14087 | 14079

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27846a


Fig. 1 (a) SEM image of the suspended microdevice, (b) SEM close-up
of aligned SWCNT network assembled between the membranes.
PMMA polymerization area is pointed on each membrane.

Table 1 Dimensions of the suspended SWCNT films measured in this
work

Sample
Suspended length
(mm)

Width
(mm)

Thickness
(nm)

1 15.21 � 0.08 1.05 � 0.099 19 � 2.48
2 7.97 � 0.052 0.95 � 0.074 19 � 2.48
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a small concentrated area of the PMMA to 15 kV electron beam
for 1 minute in a scanning electron microscope (SEM). This
polymerization allowed us to anchor the samples on the
membranes and guaranteed their attachment during PMMA
removal by hot acetone.

A total of two highly organized SWCNT nanolms are re-
ported in this work, denoted as sample 1 and sample 2. The
thermal conductance and Seebeck coefficient measurements
were conducted on the samples in a vacuum-pumped cryostat
according to the previously described procedure.33,48,51–53 Both
samples were in contact with all four Pt electrodes on the two
suspended membranes. The four-probe electrical resistance of
the samples was measured by using the two outer Pt electrodes
as current leads and the two inner Pt electrodes to measure the
voltage drop.

Sample 1 was previously air saturated under ambient condi-
tions for several days and then the measurement was conducted
for a temperature range of 300–425 K ascending in temperature
every 25 K (heating path). We then kept the sample at 425 K in
vacuum (10�7 mbar) overnight and performed themeasurements
again starting from 400 K to 300 K descending in temperature
every 25 K (cooling path). Sample 2 was annealed in air at 350 �C
for 3 hours before conducting the measurements from 300–425
K. As discussed later we also annealed the sample in vacuum
(10�7 mbar) overnight to try and reproduce similar results as in
sample 1. Both samples were kept at each temperature for 3 to 4
hours to reach steady state condition and then 3 sets of Seebeck
coefficient data, each of which took approximately 15 minutes,
were taken for each temperature consecutively.
14080 | RSC Adv., 2017, 7, 14078–14087
Upon completion of thermoelectric measurements, the
samples were removed from the cryostat and then TEM and
Raman spectroscopy were performed to correlate the properties
to structure. Dimensions of the suspended segment of the
samples were measured using SEM and atomic force micros-
copy (AFM) (see Fig. S1 in the ESI†) and tabulated in Table 1.
These dimensions were used to calculate the thermal conduc-
tivity and electrical conductivity from the measured thermal
conductance and electrical resistance.

3. Results and discussion
3.1. Structural characterization

TEM and SEM images of sample 1 are shown in Fig. 2(a). No
signicant PMMA residues were observed on the lm and the
structure of this sample remains unchanged upon PMMA
transferring and thermoelectric characterization. This is also
veried by Raman spectroscopy characterization shown in
Fig. S3 (see ESI† for more details). Sample 2 on the other hand
shows some sample deformation as well as the presence of
PMMA residues on the surface as seen in Fig. 2(b). Unfortu-
nately thermal annealing in air was found to be ineffective to
burn out these residues. Similar polymer residue was observed
on the surface of suspended graphene or h-BN samples that
were in contact with a PMMA layer during sample prepara-
tion.54–56 The effect of this unwanted polymer residues on the
thermoelectric properties of this sample will be discussed later.

To fully characterize the sample structures beyond TEM, we
carried out Raman spectroscopy characterization of both
samples aer thermoelectric characterization. The Raman
spectra allow us to obtain the SWCNTs diameter distribution,57

electronic type (semiconducting or metallic),58 appearance of
oxidation induced defects,59 and the degree of nanotube align-
ment along the longest side of a ribbon. Fig. 3(a) shows the
Raman spectra of radial breathing mode (RBM) in the nano-
lms excited with three different laser lines. The RBM is
a characteristic phonon mode of a nanotube in which all atoms
vibrate in radial direction. The RBM phonon frequency uRBM f

1/d and the resonant optical transition energies Eii determines
uniquely the nanotube diameter d and its electronic type.57,58

The RBM of semiconducting andmetallic nanotubes in Fig. 3(a)
are denoted by Sii andMii, respectively, when the laser energy is
close to Eii. For the given diameter distribution in sample 1, the
laser line at 514 nm excites predominantly semiconducting
SWCNTs whereas that at 633 nm mostly the metallic ones. The
weaker RBM spectra of sample 2 excited with 633 nm line is due
to smearing of the resonances by increased number of defects.
The latter is also conrmed by the D- and G-mode Raman
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TEM and SEM images of (a) samples 1 and (b) sample 2. The PMMA residue is pointed out by arrow.
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spectra shown in Fig. 3(b). The spectra of metallic nanotubes
excited with 633 nm exhibit strong increase of the “defect”
D-band. On the other hand, the oxidation of the semi-
conducting nanotubes, seen under 514 nm excitation, results
in their protonation, p-type doping, with associated nano-
tube shrinkage and the corresponding increase of G-mode
frequency.59

The alignment of SWCNTs along the longest side R of
nanolm ribbons was quantitatively determined by measuring
the variation of G-mode Raman intensity IVV of SWNTs with
angleJ between the R direction and the polarization direction
of incident light as shown in Fig. 4. The inset in Fig. 4 displays
Fig. 3 (a) Raman spectra of radial breathing modes in samples 1 (S1) a
metallic (M11) and semiconducting (S33 and S44) SWCNT are shaded in pi
S2 (oxidized SWCNT). Note the upward shift of the G mode in S2 when

This journal is © The Royal Society of Chemistry 2017
a schematic diagram of the Raman conguration for mea-
surement of angular dependence of the G mode intensity in
back scattering conguration and for parallel incident, eI,
and scattered, eS, light polarizations. In this experiment,
the sample was rotated at angle J while keeping the parallel
incident and scattered light polarization directions xed. The
deviation angle of SWCNTs with respect to R is denoted by q.
The line through the data for the IVV(J)/IVV(0) plot presents
a t to the function IVV ¼ A + B cos2 J + C cos4 J. The corre-
spondence between tting parameters A, B, and C and orien-
tation order parameters P2(cos q) and P4(cos q) is given by the
expression:60
nd 2 (S2) excited with three different laser lines. Frequency ranges of
nk and blue, respectively. (b) Raman spectra of D and Gmodes in S1 and
excited with 514 nm laser.

RSC Adv., 2017, 7, 14078–14087 | 14081
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Fig. 4 Angular dependence of G mode intensity IVV in sample 1.
Intensities are obtained by deconvolution of the baseline corrected
spectra using mixed Gaussian and Lorentzian functions. The line
through the data for the IVV vs. J plot corresponds to a fit to the
function IVV ¼ A + B cos2 J + C cos4 J. Schematic diagram: eI and eS
are the direction of incident and scattered light polarizations, R –
direction of longest side of sample 1 ribbon, q – angular deviation of
SWCNTs from R.
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P2(cos q) and P4(cos q) are the average values of second- and
fourth-order Legendre polynomials, respectively, over q from
0 to p. The orientation order parameter P2(cos q) (also known as
the Herman's orientation function) is a measure of the mean
orientation angle, whereas P4(cos q) is needed for a reconstruc-
tion of the orientation distribution function. SWCNTs in the
sample 1 are relatively well aligned along R having P2(cos q) ¼
0.87 and P4(cos q) ¼ 0.48, perfectly aligned SWCNTs are char-
acterized by P2(cos q) ¼ 1, whereas for randomly oriented ones
P2(cos q) ¼ 0.
3.2. Thermoelectric properties

3.2.1. Electrical conductivity. Fig. 5 shows the variation of
electrical conductivity versus temperature for both samples. As
illustrated in Fig. 5(a) the electrical conductivity of sample 1
before annealing (heating path) shows inverse relation with the
temperature from 300 K to 400 K and possess metallic behavior
due to unintentional hole doping from the physisorbed oxygen.
The measured electrical conductivity of sample 1 is comparable
to reported values for aligned SWCNT lms that fall in the range
6–128 Smm�1 depending on the chirality and extent of intrinsic
defects.61–64 Deoxygenating by vacuum annealing localizes the
charge carriers on the nanotubes indicating the presence of
strong disorder at contact points between the bundles in the
SWCNT network.65–67 In result, semiconducting behavior in
14082 | RSC Adv., 2017, 7, 14078–14087
electrical conductivity is observed and its transport mechanism
can be tted by Mott variable range hopping (VRH) mecha-
nism.68 Moreover, because no signicant structural change and
PMMA residue were observed for sample 1 according to
Fig. 2(a), the source of the drastic change in electrical properties
is due to molecule desorption from the surface of the SWCNT.

Mott VRH model describes a system which is strongly
disordered with the charge carriers hopping between localized
states.69 The VRH relationship between conductance and
temperature is given by:68

s ¼ s0 exp �
�
T0

T

� 1
dþ1

" #
(1)

where s is the electrical conductivity, s0 is the prefactor that is
usually considered to be weakly dependent on temperature, d¼
1, 2, or 3 is the dimensionality of the hopping conduction and
T0 is the characteristic temperature that is proportional to the
energy separation between the available states. The upper
temperature limit in which the Mott VRH can operate is deter-
mined by half of the Debye temperature (T# qD/2).70 The Debye
temperature of carbon nanotubes were reported to be 960 K and
1000 K.71,72 Nonetheless, it is not entirely apparent what the
correct Debye temperature value is for carbon nanotubes and it
is expected to be likely identical to that of graphene, graphite
and diamond.73–76 Temperature dependent Debye temperature
of graphite was studied by rst-principle approaches and
determined to be approximately 1600 K to 1700 K at our studied
temperature range.77 Therefore, the Mott VRH can be applied in
our case study and as shown in Fig. 5(b) the temperature
dependent electrical conductivity of sample 1-cooling path is
reproduced by VRH model with d ¼ 2 and T0 ¼ 1351.8 K.

Metallic behavior in electrical conductivity as depicted in
Fig. 5(c) was observed for sample 2 because of oxidization by
annealing in air environment. Also, sample 2 possesses smaller
electrical conductivity when compared to sample 1 due to
disruption of the p-bonded conduction path at either preex-
isting or newly created defect sites on the tubes during
annealing process78,79 and the observed PMMA residue on the
oxidized sample that affects the carrier mobility as it was well
studied for graphene eld-effect transistors (GFETs) by Suk
et al.80 They observed experimentally that higher PMMA residue
on transferred graphene samples results lower carrier mobility
and can hence attribute to reduce electrical conductivity
signicantly.

3.2.2. Seebeck coefficient. Fig. 6 shows the measured See-
beck coefficient as a function of temperature for both samples
used in this work. As illustrated in Fig. 6(a), sample 1 exhibits
positive S during the heating path and negative S during the
cooling path that indicates p-type and n-type behaviors,
respectively. In the heating path S increases slightly from 300 K
to 350 K then starts decreasing signicantly. Aer annealing at
425 K overnight, S changes sign and slowly decreases with
temperature reduction. This sign change of S aer high
temperature annealing of SWCNTs under ultrahigh vacuum or
inert gas was reported previously.31,32,40,41 In this study four
probe conguration was used to eliminate the effect of barriers
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Temperature dependent electrical conductivity of sample 1 for both heating and cooling paths (b) fitting of sample 1-cooling path
electrical conductivity with eqn (1) (c) temperature dependent electrical conductivity of sample 2.
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at the metal–semiconductor contacts. Such a p- to n-type tran-
sition can hence be attributed to hole de-doping of SWCNT
network by desorption of the physisorbed oxygen molecules in
a high vacuum environment at elevated temperature (400 K).
The details could be better explained by a change in density of
Fig. 6 The variation of Seebeck coefficient versus temperature for (a) sam
and (3), respectively. The fitting parameters extracted from the fit of heati
K�2; l ¼ 600 K. The fitting parameters extracted from the fit of cooling pa
d ¼ 2 (the values of T0 and d are determined from electrical conductiv
heating path to eqn (2) are A ¼ 0.04 mV K�2; B ¼ 0.19 mV K�2; C ¼ 0.06

This journal is © The Royal Society of Chemistry 2017
states (DOS) at the Fermi level because of the charge transfer
between the SWNTs and absorbed molecules. Unintentional
doping of as-prepared SWCNT network from the ambient
moves the Fermi level of the semiconducting tubes (S-SWCNT)
inside or close to the valence band depending on doping level.
ple 1. The solid and dashed lines represent fits to the data using eqn (2)
ng path to eqn (2) are A¼ 0.030 mV K�2; B¼ 0.77 mV K�2; C ¼ �0.95 mV
th to eqn (3) are A ¼ 0.16 mV K�2; B ¼ �47.46 mV K�(4/3); T0 ¼ 1351.8 K;
ity data) (b) sample 2. The fitting parameters extracted from the fit of
mV K�2; l ¼ 400 K.
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Vacuum annealing shis the Fermi level towards intrinsic
Fermi level by removing oxygen andmoisture from S-SWCNTs.65

To verify the consistency of the sign change of the Seebeck
coefficient, we reproduced this in another sample went through
two heating/cooling cycles (see Fig. S4 in the ESI† for more
details). Exposing the SWCNT network to ambient air aer the
rst heating/cooling cycle leads to regain its p-type behavior
(positive S) and again transition to n-type (negative S) by
vacuum annealing.

As depicted in Fig. 6(b) sample 2 has large and positive
Seebeck coefficient that increases with temperature as
described in detail below. Annealing the sample overnight did
not reproduce the sign change that occurred in sample 1.
According to Fig. 2(b), PMMA residues are observed on sample 2
that can cause weak p-doping as it was reported previously for
graphene.80,81 However, these residues cannot prevent the
transition from p-type to n-type upon high temperature vacuum
annealing as it was found that a p-CNTFET protected by PMMA
can be converted into an n-FET by annealing in a vacuum at
200 �C which is not stable under ambient air pressure.45 This
implies that annealing the sample in air, the oxygen molecules
are chemisorbed on the SWCNT surfaces and PMMA residues,
oxidizing thus this sample, and results in a larger density of
holes due to a greater number of strongly bound oxygen
acceptors. This makes the SWCNT network permanently p-type
so that even when vacuum annealing was applied, we were
unable to change the S sign.

3.2.3. Two band model. The temperature dependent S can
be used to better clarify the transport mechanism in the highly
organized SWCNT nanolm. The S of a simple metal has
a linear relation with T, while that of a semiconductor displays
1/T dependence.82 When variable range hopping is the
conduction mechanism, S can be described by T(d�1)/(d+1), where
d is the dimensionality of the system.83 The SWCNT network is
inhomogeneous since it contains a random distribution of
metallic and semiconducting elements. Romero et al.40 experi-
mentally observed that even though contact barrier between
ropes in the SWCNT lm can affect the total lm resistance, it is
not signicantly involved in the S. Therefore; such an organized
SWCNT network in this work can be modeled as comprising
semiconducting and metallic tubes in parallel. According to
a two-band model, the total S can be given by the following
equations depending on observed temperature dependent
electrical conductivity.84,85

Stot ¼ AT þ ðBlþ CTÞexp
�
� l

T

�
(2)

Stot ¼ AT þ BT ðd�1Þ=ðdþ1Þ exp �
�
T0

T

� 1
dþ1

" #
(3)

where A, B and C are constant, l is the gap temperature
measured from the midgap to the band edge, d is dimension-
ality and T0 is the characteristic temperature. In both equations
the rst term in the sum is the contribution of metallic tubes
and the second is that of semiconducting tubes. Since the
electrical conductivities of sample 1-heating path and sample 2
14084 | RSC Adv., 2017, 7, 14078–14087
exhibit metallic behavior with 1/T relation, the observed S for
these two cases were tted with eqn (2). On the other hand, for
sample 1 cooling path, as illustrated in Fig. 5(b) the electrical
conductivity follows the VRH eqn (1) so eqn (3) was used to t
the measured S. The lines in Fig. 6 represent ts of eqn (2) and
(3) and the tting parameters are given in the caption of Fig. 6.
Based on the calculated tting parameters, it is noted that the
metallic and semiconducting contributions for sample 1-heat-
ing path and sample 2 are hole-like which is the indicative
of hole doping by ambient air. Also, the magnitudes l corre-
spond to narrow energy gaps of 51.7 and 34.47 meV for sample
1-heating path and sample 2, respectively. Higher carrier con-
centration in oxidized sample leads to smaller activation energy
compared to that of sample 1.86 Signicantly the B parameter in
the tting of eqn (3) to the sample 1-cooling path is negative
demonstrating that the semiconducting contribution is elec-
tron-like and dominated due to hole de-doping.

3.2.4. Thermal conductivity. We further investigated the
temperature dependence of thermal conductivity of both
samples as shown in Fig. 7. Room temperature thermal
conductivities of individual SWCNTs have been determined
through experimental and molecule dynamic studies to be in
the range of 2500–6600 W m�1 K�1.7–9 Lower thermal conduc-
tivities in the range of 20–200 Wm�1 K�1 was observed for bulk
SWCNT lms.37 Such a discrepancy can be attributed to various
effects such as tube–tube contacts and increased phonon scat-
tering due to defect density introduced during lm preparation
methods.

Our measured room temperature thermal conductivity of
sample 1 is well matched with previously reported data in
ref. 6 for the same highly organized SWCNT nanolm and >3
times greater than the recently reported thermal conductivity of
randomly oriented and nanometer thick supported87 and sus-
pended88 SWCNT lms. It is known that the thermal conductivity
is dominated by phonons rather than electrons in the CNT
networks throughout the whole temperature range.39,89,90 Since
the maximum thermal conductivity occurs along the axis of CNT,
fabricating CNT arrays in the aligned fashion could reduce
the contact barriers and phonon scattering as a result. As shown
in Fig. 7(a) the thermal conductivity of sample 1 remains
unchanged aer deoxygenating. This is contradictory with the
report by Jin et al.39 which has showed that for MWCNTs
annealed in inert environment at 100 �C for 4 hours (comparable
with our annealing conditions), a 3-fold enhancement in thermal
conductivity at 300 K compared to the as grown samples, indi-
cating that oxygen desorption increases thermal conductivity
through reducing the resistivity of the thermal junctions between
the tubes. It is also contradictory with the report by Brown et al.47

that showed physisorbed oxygen molecules enhance the thermal
conductance of MWCNTs bundles by 20% due to deformation of
C–C bonds that affects the phononmodes of nanotubes as well as
facilitating the inter-shell transfer of heat in the nanotubes. From
our work, it can be concluded thus that the physisorbed oxygen
molecules have negligible effect on the phonon transport in such
ultrathin SWCNT lm. However, for the chemisorbed sample we
see a different trend, Fig. 7(b) depicts smaller thermal conduc-
tivity for sample 2 compared to that of sample 1 for the whole
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Thermal conductivity versus temperature for (a) sample 1 and (b) sample 2.
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temperature range. The main factors responsible for providing
phonon scattering sites and thereby the signicant reduction in
thermal conductivity of sample 2 are: 1 – chemisorbs oxygen
molecules due to annealing in air that increase the C–O bonds
especially in the defect sites or open ends of CNTs and 2 – the
presence of PMMA residue that was observed on suspended
segment of this sample. The inuence of latter one on scattering
of phonons in suspended bilayer graphenewas reported by Pettes
et al.91 In addition, the thermal conductivity of sample 2 was
observed to be monotonically increasing with the temperature in
the range studied. It was investigated computationally that
introduced defects on SWCNTsmay affect the phonon dispersion
relation and therefore the temperature at which the thermal
conductivity peak occurs can be inuenced.92 The mechanism of
thermal conduction is more complicated for a SWCNT thin lm
with existence of impurities, as in the present sample.
4. Conclusions

This study presents in situ measurement of thermal and elec-
trical conductivity and Seebeck coefficient of highly organized
SWCNT nanolms. Fluidic assembly method was employed to
produce horizontally aligned SWCNT lms with average thick-
ness of 19 nm. The results show that the SWCNT nanolm with
physisorbed oxygen molecules exhibits p-type with metallic
behavior in electrical conductivity. Vacuum annealing leads to
desorption of the oxygen molecule that transitions the nano-
lms to n-type with semiconducting behavior in electrical
conductivity that can be tted with 2D variable range hopping.
However, the thermal conductivity remains unchanged aer the
vacuum annealing. Since four probe conguration was utilized
to perform the measurements and structural characterization
revealed no change in the SWCNT lm structure, we believe that
this remarkable change in the thermoelectric properties of
SWCNT nanolm is purely due to oxygen desorption. Moreover,
annealing the SWCNT lms in air causes the oxygenmolecule to
chemisorb on the SWCNT nanolm surface and (a) transforms
the SWCNT nanolm permanently p-type with metallic
behavior in electrical conductivity and (b) signicantly reduces
This journal is © The Royal Society of Chemistry 2017
the thermal conductivity by enhancing phonon scattering due
to increase in the impurity concentration.
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