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Abstract

The electronic properties of carbon nanostructures such as carbon nanotubes (CNTs) or
graphene can easily be tuned by the action of various doping agents. We present an
experimental study and numerical analysis of how and why metallic and semiconductive
CNTs can be p-doped by exposing them to two interhalogens: iodine monochloride and
iodine monobromide. Simple application of these compounds was found to reduce the
electrical resistance by as much as %3 without causing any unfavorable chemical
modification, which could disrupt the highly conductive network of sp? carbon atoms. To
gain better insight into the underlying mechanism of the observed experimental results, we
provide a first principles indication of how interhalogens interact with model metallic (5,5)
and semiconductive (10,0) CNTs.
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Introduction

Ever since their discovery, individual carbon nanotubes (CNT) have shown many remarkable
properties. They are among the strongest [1, 2], thermally [3-5] and electrically [6, 7]

conductive materials on Earth. However, one of the often underappreciated features is their
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tunability. CNTs can be synthesized or functionalized to have a desired set of properties.
Depending on their architecture on the nanoscale, CNTs can be metallic with very high
electrical conductivity [8] useful for—data/power—transmission or semiconducting with an
appropriate band gap for application in devices. In the latter area, CNTs have recently
reached another milestone and finally outperformed silicon transistors due to quasi ballistic

transport [9].

The electrical properties of CNTs are quite sensitive to the presence of doping agents.
Dopants can either have a physical interaction with the CNT electronic structure or be
chemically embedded into the CNT framework. In the former scenario, electron rich
compounds such as alkali metals [10, 11] or nitrogen-compounds [12, 13] are used for n-
doping, whereas electron-poor halogens [14] or mineral acid [15, 16] are employed for p-
doping. In the latter scenario, the most common approach involves incorporation of boron
atoms (for p-doping) or nitrogen atoms (for n-doping) during synthesis, which in addition to
their influence on electrical properties, also has a significant effect on the material’s

nanostructure [17].

Here we present an experimental study and numerical analysis on the influence of the
addition of iodine and two interhalogen compounds (iodine monochloride and iodine
monobromide) on the structural and electrical properties of CNTs. Empirical data shows
powerful doping of the CNT films with as much as %/3 reduction of electrical resistance,
which, most importantly, is permanent. First principles calculations reveal for the first time

why these compounds tune the electrical performance of CNTs to this extent.
1. Experimental

CNT films were produced by the direct-spinning method reported elsewhere [18, 19]. In

brief, methane was decomposed at 1200°C in hydrogen atmosphere. Due to the catalytic



action of iron from ferrocene, CNT aerogel was formed from carbon feed. Thiophene was
used as promoter to facilitate the synthesis and speed up the process. As-made material was
spun out onto a rotating spindle where it deposited in the form of fibers, which, as the
reaction time progressed, formed a continuous sheet of CNT film. Samples 10 mm x 40 mm
were cut and peeled off from the support for use in the experiments.

The samples were then subjected to treatment with interhalogen compounds. They were
placed in a bath filled with 1M solutions of iodine monochloride or iodine monobromide in
dichloromethane (DCM) for 15 minutes. A sample treated with neat dichloromethane was
also used as a reference. Once the samples were removed from the solutions, they were left to
dry overnight in ambient conditions. Untreated samples were also used as a reference.

A number of microscopy/spectroscopy techniques were employed to characterise the
samples. Scanning Electron Microscopy (SEM, FEI Nova NanoSEM) probed the
microstructure and quality of the CNTs films. Raman spectroscopy (Renishaw inVia, A=633
nm) was used to analyse the surface chemistry of the samples. The intensity ratio (Ip/Ig) of
the defect-induced band (D) to the graphitic vibration band (G) indicated the degree of
structural perfection of the material. For each sample, ten spectra were accumulated between
1150 and 1800 cm™' to eliminate the influence of background. Energy-Dispersive X-ray
spectroscopy (EDX, Bruker Quantax coupled with Nova NanoSEM) was used to record the

elemental composition at 10 keV emission voltage.

Thermogravimetric analysis (TGA, Mettler Toledo TGA/DSC system) was used to measure
changes in chemical and physical properties with temperature. The samples were heated to
1000°C at a rate of 10°C min™' in a 20 ml min™! flow of air.

Resistance measurements were performed with a Keithley 2000 multimeter using a four-

probe method [20]. The 10 mm x 40 mm samples were placed onto custom-designed sample

holders with electrical terminals made of copper. An average and standard deviation among



ten samples for each treatment was determined.. Resistance was normalized to the measured
initial resistance recorded at room temperature to account for variation in thickness among

the samples.

2. Computational

The structural and electronic properties of the halogen doped CNTs were studied in the
framework of the spin polarized density functional theory (DFT) [21, 22] as implemented in
the SIESTA numerical package [23, 24]. The computations which involved full geometry
optimization were performed using the generalized gradient approximation (GGA) of the
exchange-correlation  functional with the Perdew-Burke-Ernzerhof (PBE) [25]
parametrization. The influence of the core electrons was accounted for using norm-
conserving Troullier—Martins [26] nonlocal pseudopotentials cast in Kleinman—Bylander
[27] separable form. The valence electrons were represented with double-( numerical orbital
basis sets localized on atoms, including polarization functions. The van der Waals interaction
between the halogens and the CNT were described using the long-range dispersion correction
to the energy as proposed by Grimme [28]. The kinetic cut-off for real-space integrals was set
to 350 Ry, whereas the Brillouin zone was sampled in the 2x2x20 Monkhorst and Pack
scheme [29] For the band structure and density of states calculations, the kinetic cut-off for
real-space integrals was increased to 600 Ry. The self-consistent field (SCF) cycle was
iterated until the total energy changed by less than 10 eV/atom and the density matrix by
less than 10", The maximum force tolerance acting on the atoms equalled 0.01 eV/A.

To explore the influence of halogen doping on different types of CNT, we consider two
model single-walled CNTs: metallic (5,5) and semiconducting (10,0) together with three
separate halogen doping agents: I, ICl and IBr (Fig. 1). Armchair and zigzag CNTs have
differently oriented sp? bonds along nanotube’s symmetry axis. Therefore, in order to obtain

the most energetically favourable structures, the initial orientation of the halogen molecules



above the lateral surface of both types of CNT were chosen differently for the (5,5) and
(10,0) types. These orientations were maintained after full geometry optimization of all the

systems considered and are shown in Fig. 1.
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Fig. 1 The optimized structures of the (5,5) and (10,0) CNTs interacting with I, IBr and ICI1
molecules. The C and Cl atoms are depicted in yellow using different sized spheres while 1
and Br are shown in blue and in red respectively.

All the calculations were performed using supercells with the lateral separation of CNTs
equal to 20 A, which is large enough to eliminate completely the spurious interaction
between neighbouring cells. Also the halogen molecules were separated from each other by a
distance large enough to assume they were isolated.

In order to quantify morphological changes in the CNT structure induced by

functionalization, we calculated the coefficient of variation of the CNT radius (CV). This is



defined as the ratio of the standard deviation to the mean of the CNT radius (calculated as an
arithmetic average).

The electronic transport properties were studied using the non-equilibrium Green's function
(NEGF) technique, within the Keldysh formalism [30] as implemented in the TranSIESTA
and ATK codes [31, 32]. The computed structures were treated as two-probe systems with the
central scattering region sandwiched between fully relaxed semi-infinite source (left) and
drain (right) copper electrode regions as shown in the insets of Fig.8 (a,d). Both interfaces
between the Cu (100) surfaces and the CNT open ends were fully relaxed.

The current flowing through the scattering region was calculated from the corresponding

Green’s function and self-energies according to the Landauer-Biittiker formula:

2

1) =20 T U)(fi(e — w) — fi(e — p))de (1)
where i) is the electrochemical potential of the left (right) electrode and fiy) is the
corresponding electron distribution. T(g,U) is the transmission coefficient of electrons
incident at energy ¢ through the central scattering region constituting the device under the
bias voltage U=1/e(w- \r), given by the following formula:

T(e,U) = [(e)G" (&)1 (e)G?(e)] 2
where G'® is the retarded (advanced) Green’s function of the central region and I is a
matrix accounting for the coupling of the central region to the right (left) electrode. Hence,

the conductance of the system can be calculated as:

G = G,Tr[T] (3)
2
where G, = 2% is the unit of quantum conductance. Consequently, the resistance R is

expressed as 1/G. To calculate the transmission we used 30 points along the arc part of the
complex contour, 10 on the line of the contour and 16 poles. The complex energy contour
was always set to a value below the lowest energy in the energy spectrum of each system.

The small finite complex part of the real energy contour was set to 10® Ry. The energy



window was chosen in the range of (-2, 2) eV and the number of points on the close-to-real
axis part of the contour in the voltage bias window (n) was chosen to always meet the
criterion U/n=0.01eV.
To get a wider perspective on how interhalogens influence the electrical properties of CNTs,
we have compared our results with a commonly used similar doping agent: iodine [14, 33,
34].

3. Results and Discussion

3.1 Structure and Chemistry

As-made material has a very porous network of loosely bound CNTs due to the fact that it is
formed from a CNT aerogel synthesized in the furnace (Fig. 2a) [35, 36]. We wanted to find
out how dopant treatment affects the microstructure of the material. The results show that,
soaking in DCM (interhalogen compound solvent) causes an increase in packing density of

the material (Fig. 2b).

Fig. 2 SEM micrographs of CNT films. (a) as-made (b) treated with DCM, (c) treated with
iodine monochloride in DCM, (d) treated with iodine monobromide in DCM.

Exposure of directly-spun material to volatile solvents (e.g. acetone, ethanol, DCM) is known

to cause capillary-induced densification [37]. However, the observed densification is much



more notable when interhalogen compounds in DCM are the medium, in which the CNT
films are treated. Addition of both iodine monochloride and iodine monobromide in DCM
brought the individual CNTs and their bundles much closer to each other (Fig. 2c.d).
Supporting evidence is given by the contrast in the observed SEM micrographs. Doped
samples do not have areas of high-contrast which is seen in as-made or DCM-only densified
material. Such high contrast can be indicative of charging of the material, and thus poor
electron propagation. These features cannot be found in the micrographs of ICI- and IBr-
doped material. As will be shown later, that is indeed the case and doping of the CNT films

by interhalogen compounds improves the electron transport to a large extent.
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Fig. 3 (a) Raman spectra of as-made and treated CNT films. (b) position of the G-peak in the
Raman spectra of as-made and treated CNT films.



Furthermore, we carried out Raman spectroscopy of as-made and treated CNT films and
compared the results with the DFT calculations of halogen doped CNTs to get information
about the chemical structure of the material (Fig. 3a). The intensity ratio Ip/Ig of the starting
material showed that it was highly pure with only slight functionalization of the constituent
CNTs. Next, densification of the material by soaking in DCM did not cause any change to the
intensity of the peaks. This indicates that capillary-induced densification only restructures the
material by improving its packing. Exposure of the CNT films to interhalogen compounds
gave only a negligible increase in Ip/Ig, which suggests that physisorption dominates rather
than chemical functionalization. This is beneficial because such an effect preserves the highly
conductive network of sp? carbon atoms and does not disrupt it with unnecessary exohedral
bonds.

Table 1. DFT-calculated structural parameters, CV and band gap energies of isolated XY

(X=I, Y=I,Cl,Br) interhalogen compounds and halogen doped CNTs. The results are
compared to available experimental and other theoretical values.

Interhalogen XY-CNT
CNT compound, XX Bogd length Equilibrium CvV Egap, (€V)
XY (A) distance (A)
I 2.6895 (2.666 [38])
e IBr 2.4923 (2.47 [39]) - ---- -
ICI 2.3482 (2.3207 [38])
— — — 0.0000 0
(5.5) I 2.7105 3.1336 (3.27 [40]) 0.0060 0 (0 [40]D
’ IBr 2.5150 3.0294 (3.07 [40]) 0.0057 | 0(0.02 [40])
ICI 2.3736 2.9738 (3.18 [40]) 0.0048 0 (0 [40D
— — — 0.0003 0.790
(10,0) I 2.6962 3.1801 0.0049 0.356
’ IBr 2.4968 3.0845 0.0045 0.397
ICI 2.3501 3.0320 0.0047 0.432

In support of this conclusion our DFT calculations clearly indicate that halogen molecules
create non-covalent bonding with CNTs, which is in agreement with earlier observations [33,
40-42] and the experimental results of this study. The distance between the CNTs and
interhalogen compounds is around 3 A for all the cases considered (Table 1). The iodine and

interhalogen bond lengths near the CNTs are slightly elongated in comparison to the isolated




case. The metallic CNT is more reactive than its semiconducting counterpart and therefore
induces larger changes in the halogen compound structures [43]. Simultaneously the CNT
structures are less affected by their interaction with the halogens than is observed when
covalently functionalised [44]. The coefficient of CNT radius variation, which is a
standardized measure of the change in nanotube shape, varies between only 0.0045 and
0.0060 and is an order of magnitude smaller than in the case of covalent functionalization

[45].

Analysis of the position of the G-peak in the Raman spectra can give information about the
type of doping caused by a particular treatment. In our case we observed a blue-shift in the G-
peak, which is indicative of electron transfer from the CNTs to the dopants [46, 47].
Electronegative iodine in the form of I* is highly electrophilic and strongly withdraws
electrons from the CNTs, effectively improving hole mobility. The size of the blue-shifts
were found to be consistent with the reported electron affinities of ICI and IBr [40].
Surprisingly, interaction between the CNTs and the halogen molecules induces changes in
electronic properties similar to that found from covalent bonding [44]. I, IBr and ICl
introduce additional impurity bands near the Fermi level (Figure 4), significantly modifying
the band gap energy in the case of the semiconducting CNT (Table 1). In the case of I»
physisorbed to the (10,0) CNT, the band gap was reduced by 55% compared to the pure
(10,0) CNT. As expected, the band gap reduction agrees with the electron donating order of
the halogens: >IBr>ICIl. This trend is consistent with a previous observation of the
metallization of smaller semiconducting nanotube induced by halogen interactions [40]. On
the other hand, physisorption of halogen compounds to the metallic (5,5) CNT does not
significantly change the electronic properties of the system.

To reveal the origin of the impurity bands we plotted the projected density of states (PDOS)

for all the systems considered as shown in Fig. 4.
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Fig. 4 DFT-calculated electronic band structures of the functionalised CNTs along 1" — X of
the Brillouin zone together with the projected density of states (PDOS) of functionalized
CNTs. For comparison, the band structures of pure (5,5) and (10,0) CNTs are denoted by
grey lines. The Fermi energy is set to zero. Impurity bands originating from the presence on
halogen molecules are labelled.
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The main contribution to the impurity bands near the Fermi level comes from the
interhalogen compounds. Also, to a smaller extent, carbon atoms from the CNT backbone
contribute to the impurity band. As expected, the latter contribution is more pronounced for
the metallic CNT than for the semiconducting one. However, analysis of the chemical nature
of the impurity bands clearly shows that for both types of CNT and all interhalogen
compounds, the chemical nature of these bands is very similar. It is important to note that the
additional impurity bands can open new conducting channels and contribute electrons to
existing ones.

As confirmed by EDX (Fig. 5), the interhalogen compounds can be readily physisorbed onto
the CNT films. After treatment with ICI, the CNT film contained 4.4 wt% of chlorine and 1.9
wt% of iodine. Exposure to IBr resulted in 5.8 wt% of bromine and 2.2 wt% of iodine in the

modified CNT film. Densification by DCM did not cause any change as expected.
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Fig. S Composition of the as-made and halogen treated CNT films from EDX measurements.
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3.2 Thermal Stability
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Fig. 6 Thermograms of the CNT films. (a) as-made (b) treated with iodine monochloride in
dichloromethane, (c) treated with iodine monobromide in dichloromethane.
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Thermogravimetric analysis (TGA) (Fig. 6) showed that the as-made material is of moderate
thermal stability. Between r.t. and 500°C we observed a 6% weight loss, which can be
explained by desorption of low molecular weight polyaromatic contaminants commonly
present in the material [48]. In the same temperature range, other non-CNT contaminants
with inferior thermal properties such as amorphous carbon can be combusted. The main
thermal degradation of the CNTs takes place between 500°C and 700°C. The thermogram of
the as-made CNT film (Fig. 6 a) illustrates the dual nature of the material, wherein we have
two main CNT population types with maximum rate of decomposition temperatures at 590°C
and 672°C. Addition of iodine monochloride (Fig. 6b) and iodine monobromide (Fig. 6c¢)
correctly reflects the shapes of the thermograms in the typical range for removal of functional
groups [49]. The weight loss between r.t. and 500°C is 11% for the ICI- and 15% for the IBr-
doped CNT films. The atomic mass of bromine is higher than that of chlorine, and so it has

got a larger contribution to the recorded weight.

3.3 Electrical Properties
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Fig. 7 The influence of interhalogen treatment on electrical resistance.

Finally, we investigated the effect of interhalogen addition on the electrical properties of the

CNT films. Halogens [14, 33] and interhalogen compounds [8, 40] have a powerful doping
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effect on nanocarbon materials. In our case, the highest reduction in electrical resistance
(67%) was when iodine monochloride was employed. Doping by iodine monobromide
accounted for a 42% reduction in electrical resistance. Because some of this effect is also due
to capillary-induced densification, we have also measured the influence of the addition of
neat DCM, which was found to produce as much as a 32% reduction and so this should be
subtracted from the observed performance of interhalogen agents dissolved in this medium.
DCM causes a notable reduction in sample dimensions, which brings the CNTs and their
bundles closer together and so improves the electron transport. The fact that ICI is a stronger
doping agent than IBr follows our previous observation that it has a higher electron affinity
than IBr (Fig. 2b). It is important to note the reason for using a normalized resistance and not
absolute values for this study. The CNT films produced by the direct-spinning method often
have a non-uniform cross-section due to their aerogel nature. This brings a significant error
into precise determination of resistivity in units of S/cm. To have a reliable comparison
between different treatments when undensified CNT films are the starting material, it is often
necessary to normalize the values to the initial resistance measured at room temperature [8,

16].

To better understand the physical mechanism governing the observed reduction in electrical
resistance we have performed transport calculations on interhalogen doped CNTs and
compared them with the iodine reference. As in the experiment, Cu electrodes were used.
Copper is a metal rather weakly interacting with the CNT and this preserves some intrinsic
characteristics of the CNT’s electronic structure when contact is created [50], but also causes
some changes. Charge transfer between the metallic electrodes and the CNT produces band
bending which enables the CNT’s valence band edge to align with the Fermi level of the
electrodes [51]. Due to coupling with the Cu electrodes, armchair CNTs exhibit a reduced sp?

hybridization configuration resulting in a smaller conductance than with CNT electrodes [52].
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Fig. 8 Calculated electrical properties of pure and doped metallic (5,5) and semiconducting
(10,0) CNTs sandwiched between Cu electrodes: (a,d) current-voltage characteristics, (b,e)
zero-bias transmission spectra, (c,f) resistance change with applied voltage, respectively.

The current-voltage characteristics are approximately linear although non-Ohmic behavior is
seen in the high bias regime [50]. On the other hand, semiconducting CNTs sandwiched
between Cu electrodes become metallic [52] due to the breaking of the mirror symmetry of

the nanotube wave functions induced by the localized perturbation of the leads [51]. Metallic
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contacts introduce additional states, the so-called metal-induced gap states [53, 54], around
the Fermi level in an energy region where the DOS of the pure semiconducting CNT does not
have any non-zero values. Since transport through the system is ballistic, the transmission
coefficient at the Fermi level is correlated with the number of bands. Therefore, the
conductance of a semiconducting CNT connected to Cu electrodes is not only higher than of
metal-free semiconducting CNTs but also the characteristic critical voltage for the non-zero
current cannot be observed [55].

Bearing in mind this description of the transport properties of a pure CNT connected to Cu
electrodes, let us focus on changes induced by halogen doping. The calculated current-
voltage characteristics of (5,5) and (10,10) CNTs doped with halogen compounds compared
to the I(U) characteristics of the pristine CNTs are depicted in Fig. 8a and Fig. 8d,
respectively. The transmission coefficients at the Fermi level under zero bias voltage applied
to all (5,5) halogen-doped systems are higher by ~135% than that of the undoped (5,5) CNT
(Fig. 8b). However, the resistance difference (AR = (Rgoped — Rpure)/Rpure) quickly
diminishes with increasing applied voltage, being almost zero when U ~ 0.6V (Fig. 8c). For
higher applied voltages the resistance of the halogen-doped system increases above the level
of the resistance of the pure (5,5) CNT. For the semiconducting nanotubes, which comprise
2/3 of as-made single walled CNTs, the situation is quite different. Only the I> doped (10,0)
CNT has a transmission coefficient higher than that of the pure (10,0) CNT under zero
applied bias (by ~ 23%) (Fig 8e). Upon application of a finite voltage, the resistance of the
ICl and IBr doped CNTs significantly decreases (4R = -49% for ICIl and 4R = -58% for IBr)
when compared with the undoped (10,0) CNT until U = 0.75V when it starts to increase
again (Fig. 8f). The I doped (10,0) CNT follows the same trend but the maximum reduction
in resistance 4R = -63%, is observed when U = 0.5V. It should be also noted that when the

bias is small (U < 0.5 V) the resistance reduction follows the same trend as band gap
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reduction: I» > IBr > ICI (cf. Table 1). Clearly, the calculations confirm the experimental
observations, and thus also show that halogen doping reduces the overall resistance of the
CNT system.

4. Conclusions

In conclusion, all the above results confirm that interhalogen compounds such as iodine
monochloride or iodine monobromide are potent doping agents for CNTs. The processing
route is very straightforward and causes a permanent increase in the material’s electrical
conductivity without disrupting the somewhat fragile sp> highly-conductive network of
carbon atoms. Their addition results in simple, but stable physisorption rather than destructive
chemical functionalization.

Furthermore, in addition to an improvement to the junction resistance caused by increased
packing of the material, the doping agents themselves strongly withdraw electrons from
CNTs, which results in evident p-doping of the material. Closer analysis using first principles
calculations revealed that the halogen-doping agents react with metallic and semiconducting
CNTs differently, and the latter are most affected. The proposed underlying mechanism is
that an impurity band introduced by the doping agent lowers the band gap, which reduces the
overall resistance of the CNT system.

The study demonstrates that interhalogen atoms are a viable alternative to iodine for doping
carbon nanostructures. Their effect is permanent and does not diminish as with iodine, which,

despite a favourable effect on conductivity, easily sublimes away with time.
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