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Abstract 

High conductive carbon nanotube (CNT) yarns are a near challenge to be an alternative to metal in 

electrical wiring. In this work, we largely improve carbon nanotube yarn electrical conductivity by 

chemical doping, annealing treatments (above 2000 °C) and combination of both. We present a 

new efficient CNT p-type dopant based on platinum chloride IV. It decreases the resistivity by a 

factor of 3 and is stable over half a year. The annealing treatments above 2000 °C dramatically 

improve the CNT structural quality by a decade. In addition, we show that the CNT yarn electrical 

resistivity decreases linearly with the CNT structural quality increase and we report the world 

record resistivity for an undoped CNT yarn spun from CNT array (0.76 mΩ.cm). We reveal that 

the CNT structural quality is not the only factor needed to reach high electrical conductivities. The 

increase in CNT structural quality significantly improves the doping efficiency by a factor of 2. By 

systematic measurements of the CNT yarn and web resistance from 3 K to 300 K, we are able to 

explain the influence of the doping, annealing, compaction and CNT length on the electrical charge 

transport. 
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1 Introduction  

Carbon nanotubes (CNTs) are known to have high electrical and thermal properties as well as 

excellent mechanical properties and a low density [1–3]. Individual carbon nanotubes (CNTs) 

possess very low electrical resistivities as low as 5.1 µΩ.cm for a 9.1 nm diameter multi wall CNT 

[4] and typically between 1 and 10 µΩ.cm [5]. The assembly of CNTs into a yarn is therefore a 

possible alternative to metallic wires in aerospace [6] and wearable textile [1]. However, when 

CNTs are macroscopically assembled into yarns, the final resistivity (usually between 12 – 

1000 µΩ.cm [7]) is higher than that of individual CNTs. In our previous work we concluded that 

the intrinsic CNT performances limit the conductivity of CNT yarns spun from CNT arrays [7]. 

The aim of this work is to drastically decrease the resistivity of CNT yarn spun from CNT arrays 

by chemical doping, annealing treatment at very high temperatures (above 2000 °C) and 

combination of both. In the meantime, this work focuses on measuring CNT yarn resistance 

variations as a function of the temperature (3 K - 300 K) to bring out the full CNT yarn electrical 

transport.  

In room conditions, pristine carbon nanotubes are generally p-type semiconductors [8]. P-type 

dopants like AuCl3 [9], I2 [10], or acids such as HNO3 [11] and H2SO4 [12] have already been 

reported as a way to decrease CNT material resistivities. The doping efficiencies (pristine sample 

resistance divided by its resistance after doping) of acids are usually limited around 2 [12,13]. 

However, higher doping efficiencies around 3 are reported for iodine doped CNT sheets [14,15] 

and AuCl3 doped CNT yarn draw from array [16]. Apart from the conductivity improvement, long 

term time stability is also a critical parameter for any electrical application. It is known that iodine 

[17] or AuCl3 [18] doping are deteriorated over rather short time but, unfortunately, most 

publications on doping do not mention this important phenomenon. In this work, we present a new 

patented metallic chloride dopant called platinum chloride IV (PtCl4) [19] (patent: 

US20180142346) that allows both high doping efficiency and very long term time stability. We 

also investigate how this new dopant impacts the electronic transport in the CNT materials.  

The second way to decrease CNT yarn conductivity is to increase the CNT structural quality by 

annealing treatments. However, the CNT structural quality is highly dependent on the annealing 

temperature. Low annealing temperatures do not allow to significantly increase the CNT structural 

quality as attested by Yang et al. [21]. They showed that their CNT yarn G over D band intensity 
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ratio (IG/ID) of the Raman spectra (parameter characteristic of the CNT structural quality) is only 

increased by 1.6 after a 900 °C treatment. Very high temperatures are needed to decrease the 

number of CNT defects. Yamamoto et al. [22] and Mattia et al. [20] showed that the annealing 

temperature needs to be higher than 2000 °C in order to drastically increase the CNT structural 

quality. Yamamoto et al. [22] report that the CNT’s IG/ID is increased by a factor of 10 after a 1 

hour annealing time at 2600 °C. Calculations also show that at those high temperatures, CNT 

defects such as Stone-Wales defects can be healed [23]. This is the reason why, in this work, we 

are using annealing temperatures above 2000 °C and as high as 2450 °C. The number of 

publications on CNT yarns annealed above 2000 °C is limited. Recently, Niven et al. [24] showed 

that after 2.5 hours at  2700 °C the CNT yarn drawn from array IG/ID was increased by a factor of 

4 and its resistivity was decreased from 6.7 mΩ.cm to 2.9 mΩ.cm. Our work is consistent with 

their findings but go further by studying the impact on the CNT yarn electrical transport of three 

different temperatures (2010 °C, 2250 °C, and 2450°C) and for much longer treatment duration (up 

to 72 hours). In addition, we are reporting much better IG/ID improvement and much lower 

resistivities (below the 1 mΩ.cm resistivity limitation faced by all CNT yarns draw from arrays 

[7]). We also investigate the influence of doping an annealed CNT yarn and we show that the 

annealing efficiency is cumulative with that of doping.  

Finally, based on our systematic electrical transport studies of the treated CNT yarns in this work 

and our previous work [7], we are able to clearly identify the factors (CNT interconnections, CNT 

structural quality, doping) affecting the electronic transport of CNT assemblies such as yarns and 

webs.  
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2 Experimental Section  

2.1 Yarn production and characterization 

CNT arrays are produced by a low pressure fixed-catalyst hot filament chemical vapor deposition 

(CVD) reactor (see Dini et al. [7] for more details). The substrate is made of a silicon wafer bearing 

a silica-based layer deposited by Atomic Layer Deposition. A 1.5 nm iron catalyst layer is deposited 

on the substrate by electron beam evaporation. The growth temperature is around 630 °C and the 

precursor gas is acetylene mixed with hydrogen and helium. Produced CNTs have, on average, 6 

walls and a diameter of around 7 nm (see Figure 1a). CNT webs and yarns are spun from 200 µm 

high CNT arrays. In our previous work [7], we extensively studied the CNT web morphology and 

we concluded that our CNT webs are made of individualized CNT bundles (see figure 1b and 1c) 

of 23 nm in diameter on average and made on average of 7 individual CNTs. The CNT yarn 

diameters range from 8 to 15 µm (see Figure 1d). In order to allow a comparison between CNT 

yarns, all CNT yarns used in this work have the same twist angle of 20° ± 3°. The impact of the 

twist angle on the CNT yarn electrical transport was extensively studied in our previous work [7].   
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Figure 1 : As grown CNTs high resolution transmission electron microscope image (a), CNT web 

scanning electron microscope (SEM) images at low magnification (b) and high magnification (c), 

CNT yarn SEM image (d).    

With our CNT growth process, CNT arrays as well as webs and yarns have a very low content of 

amorphous carbon (lower than 1 wt%) and a weight percent of iron catalyst close to 0 wt% (see 

thermogravimetric analysis of the CNTs in supplementary data S1). Scanning electron microscopy 

(SEM) images are performed with a high resolution Zeiss Ultra 55 microscope to measure the CNT 

yarn diameters and CNT array heights. Those measurements are also confirmed by optical 

microscopy.  

Prior to any electrical measurements, CNT webs and yarns are laid on a silicon wafer bearing a 

500 nm insulating silica layer. CNT web electrodes are deposited by gold thermal evaporation. 

CNT yarn electrodes are silver ink printed. Electrical measurements were performed by using the 

standard four probe sensing method through the combination of a Keithley 220 current source and 

two Keithley 6512 electrometers. Prior to any resistance measurements at low temperature, samples 

are pumped under primary vacuum overnight. The temperature was varied from 3 K up to 350 K 
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using a dynamic helium flow cryostat Oxford Instruments CF 1200 D. More details on the 

fabrication process and sample characterizations can be found in our previous work [7]. Raman 

spectroscopy is a powerful technique that can be used to characterize the order of carbon nanotubes 

structures via G (1580 cm-1) and D (around 1360 cm-1) vibration bands The G over D band intensity 

ratio of the Raman spectra (IG/ID) gives valuable information on the crystallinity (graphitization 

degree) and the purity of carbon nanotube materials [25]. Raman spectra were recorded in the 

backscattering geometry using a Renishaw Raman spectrometer. Light was focused onto the 

sample surface using a 100 x (0.9 NA) short working objective lens, resulting in a spot diameter 

around 0.8 μm. The excitation wavelength was 532 nm with a typical laser power of ∼0.5 mW to 

avoid any heating of the CNT yarns. The spectral lines used for the analysis were fitted with 

Lorentzian functions in order to increase accuracy.  

 

2.2 Doping Treatment  

The dopant agent used in this work is platinum chloride IV (PtCl4). It is purchased from Sigma-

Aldrich and has a purity of 99.9 wt%. The PtCl4 is solubilized in pure acetonitrile with a 1 mmol/l 

concentration. Two techniques are used to dope our carbon nanotube samples. The first one is a 

dipping technique. We dipped the CNT web into the dopant solution. After 5 minutes we take it 

out, we apply a twist to densify it into a yarn and we let it dry for one hour in room conditions (air, 

atmospheric pressure and room temperature). Afterwards, electrodes are silver ink printed. The 

second technique is a drop casting method. CNT webs and yarns, connected to their electrodes, are 

put on a hot plate at 100 °C. Dopant solution droplets are deposited on the hot sample surface. Due 

to the low boiling point of acetonitrile (82 °C), the solvent evaporates and the doped sample is 

dried. Each new droplet is deposited after the previous one has totally been evaporated. A total of 

10 dopant solution droplets are deposited on the samples. 

 

2.3 Annealing treatment  

CNT yarns are annealed using a unique technique. We modified our hot filament CVD reactor. For 

a typical use, we can power up to 1000 W through 10 graphitic carbon filaments. Reactor design 

details are given in our previous work [7]. In order to perform high temperature annealing 
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treatments, we are using one single graphitic carbon filament powered up to a maximum of 400 W. 

The carbon nanotube yarn is tightly wrapped around the carbon filament to ensure excellent thermal 

contact (see supplementary data S2).   

The carbon filament used in this work are purchased from Entegris and are 9.2 cm long and 0.5 

mm in diameter. The filament is placed inside our low pressure CVD reactor. In this work all the 

annealing treatments are performed under secondary vacuum (below 10-4 Pa). Due to the voltage 

limitation of the power source (40 V) and the resistance of the carbon filament it is not possible to 

apply more than 400 W on a single filament. The annealing time is tunable and the maximum 

annealing time is 72 hours. It is very hard to measure the temperature of one filament because of 

its small diameter. Pyrometer cannot work in this case and largely underestimates the filament 

temperature due to the cold background. Nevertheless, under vacuum, by using the Stefan–

Boltzmann law we can easily calculate the carbon filament temperature based on its resistance and 

the delivered electrical power. The evolution of the carbon filament resistance with its temperature 

[26] and its emissivity are given by the manufacturer Entegris. The calculated filament temperature 

as function of the power is given in Figure 2. In this study, we are using three different powers: 

200 W, 300 W and 400 W corresponding respectively to 2010 °C, 2250°C and 2440 °C.  
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Figure 2: Calculated carbon filament temperature as function of the power input 
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3 Results and discussion 

In the following section, the decrease of the CNT web and yarn resistance induced by the doping 

treatment, is estimated by the improvement factor (IF) defined as the pristine resistance divided by 

the doped resistance measured in room conditions (see equation 1). 

����	
����
 ���
	� ���� = ������� ������
� �!�� ������

                                      �1� 

The CNT material electrical transport will be analyzed by using both a parameter called resistance 

ratio and the reduced activation energy (W). The resistance ratio is defined as the ratio of the CNT 

material resistance at 3 K over its resistance at 300 K. The reduced activation energy W is defined 

as [27,28]: 

#�$� =  − & ln)*�$�+
& ln�$�                                                                �2� 

where ρ is the electrical resistivity and T the temperature.  

3.1 PtCl4 doping 

In this work, we are using platinum chloride IV (PtCl4) as a CNT p-type dopant. Similarly to other 

metallic chlorides like AuCl3 [29], FeCl3 [30] or CuCl2 [31], PtCl4 adsorbate to the carbon nanotube 

surface inducing a hole charge transfer from the PtCl4 to the CNT. Transmission electron 

microscope (TEM) images of PtCl4 dopant structure on graphene explaining its good stability is 

presented in supplementary information S3-1 and S3-2. Information concerning PtCl4 doping 

mechanism on CNTs are also detailed in previous works of our team by Liang et al [19,32].  

Two methods are used to dope our samples: dipping and drop casting. More details on these two 

methods are given in the experimental section. The drop casting method was applied on both CNT 

yarns and webs. The G band upshifts in the doped CNT web and yarn Raman spectra (see Figure 

3a and b) confirm the p-type doping of PtCl4. The G band upshift is higher for the doped CNT web 

than the doped CNT yarn indicating that the doping efficiency is better for the CNT web [33]. This 

result is consistent with the electrical measurements: the best improvement factor 2.8 is obtained 

by doping a CNT web (see Figure 3c). Its resistance is decreased by almost a factor of 3 and the 

improvement is very stable over time (see figure 3d), the resistance only increases by 15 % over 

half a year. These results prove that PtCl4 is an efficient CNT dopant [34]. However, the 
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improvement factor for a drop casted CNT yarn is poorer (1.7, see Figure 3c). This lower 

performance can be explained by the difference of CNT organization between the CNT yarn and 

the CNT web. CNT webs are made of a 2D network of individualized CNT bundles [7] (see Figure 

1.b and 1c), whereas CNT bundles are tightly packed together in CNT yarns. Hence, due to the 

yarn compaction, it is harder for the dopant to reach all the CNT bundles in a yarn than in a web. 

The dopant will probably stay in the yarn outer rim. In order to allow the dopant to reach all the 

CNT bundles, we dipped a CNT web in the doping solution, then put it out and twisted it (dipping 

method). However, this last method show even poorer results (improvement factor of 1.5, see 

Figure 3c) than the drop casting method. This efficiency difference indicates that the dipping 

method deposits less dopant than the drop casting one. A possible explanation is that, in the dipping 

method, there are two mechanisms in competition: the adsorption of dopant onto the CNT bundle 

surface and the dopant staying in solution. Whereas, in the drop casting method, due to the solvent 

evaporation, there is only one mechanism: all the dopant is forced to stay onto the CNT yarn.  

 

Figure 3: Raman spectra of a pristine (blue) and a drop casting (red) CNT web (a). Raman spectra 

of a pristine (red), dipped (green) and drop casting (red) CNT yarn (b). Improvement factor (IF) 

as a function of techniques and samples (c), Resistance time stability of a doped CNT web (d). 
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Figure 4: Resistance of doped samples versus temperature (a) and their reduced activation energy 

(W) as function of the temperature (b) 

The electronic transport in pristine CNT yarn and web present a semiconducting behavior, i.e. the 

resistance decreases as the temperature increases (Figure 4a). Doped CNT yarns and webs also 

show a similar electronic transport but have a smaller resistance ratio (between 1.5 and 1.8) than 

the pristine CNT yarn and web (between 2.2 and 2.8). As a consequence, the doping treatment 

dramatically reduces the semiconducting behavior of our CNT materials. The resistance ratio 

decreases as the improvement factor increases. For example, the drop casting CNT web resistance 

ratio (1.5) is smaller than that of the drop casting doped CNT yarn (1.7) which is smaller than that 

of the dipped doped CNT yarn (1.8).  

Similarly, the doping impact on the semiconducting behavior is also supported by the reduced 

activation energy curves (Figure 4b). On the whole temperature range (3 K to 300 K), the reduced 

activation energies of the doped samples are lower than those of the pristine ones. This indicates 

that the electrical transport in CNTs is facilitated by the doping treatment (diminution of the 

semiconducting behavior for both yarns and webs). Particularly, the decrease of the reduced 

activation energy (W) slope above 70 K is linked to the improvement factor (see Figure 4b and 

supplementary data S4). Thus, the W slope analysis above 70 K is a useful and complementary 

tool to monitor the doping efficiency.  
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3.2 Annealing treatment  

3.2.1 CNT structural quality and CNT yarn resistivity 

Annealing treatment at high temperature is very efficient to improve the carbon nanotube structural 

quality [35]. In this work, CNT yarns were annealed at temperatures above 2000°C. Three 

annealing temperatures were performed: 2010°C, 2250°C and 2440 °C for various durations up to 

72 hours. Experimental details on the annealing treatment are given in the experimental section. In 

figure 5, SEM images of a pristine yarn (Figure 5a-c) and the CNT yarn annealed at 2250 °C for 8 

hours (Figure 5d-f) reveal that the treatment preserves the CNT yarn physical integrity. 

Interestingly, we noticed that annealed CNT yarns handling did not look different from the pristine 

ones. Qualitatively, mechanical properties are not altered by the annealing treatment. This behavior 

is consistent with Di et al. works [36] where they measured that the CNT yarn drawn from array 

tensile strength was only decreased by 10% after a 2000 °C annealing treatment. After the 

annealing treatment, the yarn is denser and CNTs are better aligned.  

 

Figure 5: SEM images at three magnifications of a pristine yarn (a, b, c) and a CNT yarn annealed 

at 2250°C for 8 hours (d, e, f) 

The CNT structural quality is measured by Raman spectroscopy. We are particularly interested in 

the intensity ratio of the G over D bands (IG/ID) that is proved to be correlated to a density of defects 

in the carbon nanotube structure [37–39]. By Raman spectroscopy we investigate the influence of 
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the annealing temperature and duration on the carbon nanotube structural quality (IG/ID). All 

annealed and pristine CNT yarns Raman spectra have been measured and are reported in Figure 

6a. For annealed samples, we did not notice any changes in the Raman spectra along the yarn 

indicating that the annealing treatment was uniform (see supplementary data S5). Consistently with 

the literature [22,24,40], there is a dramatic increase of IG/ID with the annealing treatment. The 

CNT structural quality is drastically improved by annealing temperatures above 2000 °C. The best 

structural quality is obtained by annealing CNT yarn at 2250°C for 11 hours: the IG/ID ratio is 

increased by a decade, going from 1.6 to 15. Based on the thermogravimetric analysis of our CNT 

(See supplementary data S1), the IG/ID improvement is not due to CNT purification. In figure 6b, 

we present the evolution of IG/ID as a function of the annealing time and the three annealing 

temperatures (2010 °C, 2240 °C and 2440 °C).  
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Figure 6: Raman spectra of pristine and annealed CNT yarns (a), CNT yarn IG/ID Raman spectra 

as a function of the annealing time and temperature (b), Arrhenius plot of data in b (c), annealed 

CNT yarn resistivities as a function of their IG/ID Raman ratio (d) and linear extrapolation of data 

in d to higher IG/ID and CNT yarn literature resistivities (e) : blue cross Behabtu et al.[41], red 

diamond Headrick et al.[42] and black triangle Tsentalovich et al. [43].    

The IG/ID increase is very sensitive to the annealing temperature. The structural quality 

improvement is proportional to the annealing temperature. The higher the annealing temperature, 

the faster the CNT structural quality is improved. Due to the high temperature treatment, a chemical 

reaction is involved for CNT defects healing. As reported in the literature [44–46], the IG/ID can be 

used to monitor the evolution of CNT density defects as function of the treatment. Thus, the IG/ID 

slope as function of time (represented in dotted lines in Figure 6b) can be defined as a healing 
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reaction rate constant. We can clearly see in Figure 6b that the reaction rate constant increases with 

the annealing temperature increase (2010 °C, 2250 °C and 2440 °C). If we consider an Arrhenius 

plot of the healing reaction rate constant with the annealing temperature (Figure 6c), we observe 

that these two parameters are linearly correlated highlighting an activation energy for the CNT 

defect healing reaction. This measured activation energy correspond to the formation energy of 

defect in CNTs and is of 445 kJ/mol or 4.6eV. Interestingly, Stone-Wales defects in graphene and 

CNTs are reported in the literature to have a similar formation energy around 5 eV [47–49]. Our 

analysis of the IG/ID behavior with annealing temperature and duration suggests that Stone-Wales 

defects are healed by the annealing treatment. This work is the first one to experimentally measure 

the defect (Stone-Wales) formation energy for as-grown CNTs.  

The annealing treatment considerably decreases the CNT yarn electrical resistivity in room 

conditions (air, atmospheric pressure and room temperature). The CNT structural quality 

improvement drops the CNT yarn resistivity by a factor of 2 going from 1.6 mΩ.cm for a pristine 

yarn to 0.76 mΩ.cm for a CNT yarn annealed at 2250 °C for 11 hours (see Figure 6d). This 

resistivity value is a new world record for undoped CNT yarns spun from CNT array that up to 

now are limited above 1 mΩ.cm [7]. This experiment proves that a good CNT structural quality is 

crucial to reach a high CNT yarn conductivity. Interestingly, if we extrapolate the linear 

relationship found between the CNT yarn resistivity and its IG/ID ratio (Figure 6d) to high values 

(up to 50 according to the litterature), we notice that the resistivity of CNT yarns spun from CNT 

arrays would still be limited above 100 µΩ.cm whereas the lowest wet spun CNT yarn resistivities 

are found to be as low as 12 µΩ.cm [41–43] (Figure 6e). Hence, the CNT structural quality is not 

the only parameter limiting the conduction in CNT yarns spun from CNT array. The use of 

multiwall CNTs or their organization into bundles could explain the lower performances of CNT 

yarns spun from arrays. Those possible limiting factors will be discussed in the last section.  

3.2.2 Room conditions influence 

Room conditions have no effect on a pristine CNT yarn conductivity but have a big impact on that 

of the annealed CNT yarn. Here, we only present the influence of room conditions on the CNT 

yarn annealed at 2250°C for 8 hours (Figure 7 a and b) but the other annealed CNT yarns are 

similarly impacted.  
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Figure 7: Linear resistances (a) and resistivities (b) of a pristine CNT yarn measured in room 

condition (17µm in diameter) and an annealed CNT yarn (13.8µm in diameter) both measured 

under vacuum and in room conditions.  

The linear resistance of the annealed CNT yarn measured under vacuum is similar to that of the 

pristine CNT yarn (Figure 7a). As expected by the SEM images and the Raman spectra, this new 

result confirms that the annealing treatment does not deteriorate the CNT yarn. The annealing 

treatment densifies the CNT yarn, its diameter shrinks from 17 µm to 13.8 µm. This compaction is 

explained by Suenaga et al. [50] who observed by transmission electron microscopy that defects 

such as Stone-Wales defects induced kinks in CNTs. As a consequence, the reduction of CNT 

defects by the annealing treatment decreases the number of kinks leading to a CNT compaction. 

After 24 hours in room conditions, the annealed CNT yarn linear resistance and resistivity decrease 

by a factor 2.5 going respectively from 155 Ω/mm to 61 Ω/mm and from 2.3 to 0.9 mΩ.cm (see 

Figure 7b). This variation is totally reversible: when pumped under vacuum (below 10 Pa) 

overnight, the annealed CNT yarn resistivity shifts back from 0.9 to 2.3 mΩ.cm. The phenomenon 

takes several hours. This variation is due to a physisorption of O2 and moisture to the CNT surface. 

The oxygen oxidizes CNTs and acts as a p-type dopant. It has already been observed that the CNT 

electrical transport is modified when exposed to air due to the presence of both moisture and 

oxygen [51–53]. The annealing treatment makes the CNT yarn more easily doped by oxygen. In 

order to understand this behavior, we analyze the electrical transport of the annealed CNT yarns 

by measuring their resistance as function of the temperature (from 3 K to 300 K, see Figure 8). 

Prior to this measurement we remind that samples are pumped under primary vacuum overnight to 

remove all residual air.  
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3.2.3 Annealed CNT yarn electrical transport  

 

Figure 8: Resistance as a function of the temperature for annealed CNT yarns (a) and reduced 

activation energy (W) as a function of the temperature for annealed CNT yarns (b) 

The annealing treatment strongly changes the CNT yarn electrical transport (see Figure 8a and b). 

A pristine CNT yarn has a resistance ratio of around 2 whereas a CNT yarn annealed at 2250°C for 

11 hours has a ten times higher resistance ratio (24). The other annealed CNT yarns (72h at 2000°C 

and 8 h at 2250°C) also show a higher resistance ratio respectively 4.5 and 11. The CNT yarn 

resistance ratio and reduced activation energies (W) increase with the CNT structural quality 

improvement. Particularly, the W slope below 70 K becomes more negative shifting from the 

critical regime to the insulator regime (characteristic of the metal-insulator transition [54]). These 

last points show that by reducing the number of CNT defects, the CNT yarn semiconducting 

behavior is strengthened. Indeed, following Crespi et al. [55], part of the SC tubes becomes metallic 

(defect induced metallization). In addition, it is shown that, for multiwall CNTs, defects permit 

interwall electrical conduction [56] whereas only the two outer walls participate to the electrical 

transport in defect free multiwall CNTs [57]. Hence, in our pristine CNT yarn, defects connect the 

walls of our multiwall CNT allowing metallic conduction channels. This is why the pristine CNT 

yarn electrical transport is in the critical regime of the metal-insulator transition. After decreasing 

the number of defects by annealing, the density of available metallic walls decreases and the gap 

of the semiconducting CNTs widen. As a result the yarn electrical transport shifts from the critical 

regime to the insulating regime in the metal-insulator transition.  
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3.3 Combination of annealing and doping treatments  

 

Figure 9: Resistivity (a) and reduced activation energy W (b) as function of the temperature for a 

pristine yarn (black diamond), undoped annealed yarn (grey circles), doped unannealed yarn (blue 

crosses), and doped annealed yarn (red triangle). The stripped arrow represents the resistivity 

decrease by doping a pristine yarn and the “annealed” arrow represents the resistivity decrease 

by doping an annealed yarn.  

 

In order to fully characterize the CNT yarn semiconducting behavior induced by the annealing 

treatment, we are combining both annealing and doping treatments. Figure 9a presents the PtCl4 

doping influences on a pristine and an annealed (2250°C for 8 hours) CNT yarn electrical transport. 

We observe that the doping efficiency is highly better when the CNT yarn is annealed. As said in 

the doping section, a drop casting CNT yarn has its resistivity decreased by a factor of 1.7 (stripped 

arrow). Using the same doping condition, doping an annealed CNT yarn decreases its resistivity 

from 3.4 mΩ.cm to 1 mΩ.cm. The improvement factor is of 3.4 (“annealed” arrow). Thus, the 

doping efficiency is two times better for an annealed than a pristine yarn. Reducing the number of 

CNT defects by annealing treatment make the doping a lot more efficient. As shown in section 3.1, 

the doping efficiency can be characterized by the reduced activation energy above 70 K. When the 

annealed CNT yarn is doped, its reduced activation energy is strongly decreased and becomes 

similar to that of the doped not annealed yarn (see Figure 9b). Even if undoped annealed and 

pristine yarns have two very distinct electrical transport behavior, when doped, their reduced 
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activation energy (W) become similar. We therefore experimentally show that the increase of CNT 

defects largely changes the CNT yarn electrical transport. These results might be explained with 

the density of state diagrams of Figure 10. Before annealing, (Figure 10a), localized gap state 

density (traps) Nt(E) are induced by CNT defects. As explained in [55]: "Anderson localization 

[58] is clearly favored by a disordered defect potential and also by the filamentary nature of the 

electronic states near the Fermi level in a nanotube at the edge of defect-induced metallization". 

Thus, when doped, the localized gap states are partially filled by the carriers induced by doping, 

consequently the Fermi level shift is not very large and the doping efficiency is 1.7 (part of the 

carriers induces by doping are trapped). After annealing (Figure 10b), the defect density largely 

decreases (as stated with the Raman spectroscopy) and consequently the localized gap states 

density decreases. With the same amount of doping species the Fermi level is now able to move 

closer to the valence band and thus a better doping efficiency 3.4 is measured. The charge neutrality 

equation in the material is:  

-. + � =  012  34
ℎ -. = 6 7 0!�8� 9 :8 − 8;
<$ = &8  ��&  � = 0> exp :8> − 8;

<$ =            �3�
C

 

in the pristine case with NA¯  the density of ionized doping species, Q+ the density of trapped 

carriers, p the carrier density and f the Fermi Dirac function while it is just:  

� = 012                                                                               �4� 

in the annealing case with the assumption that there is no more localized state .  

This interpretation is supported by Azadi et al. [59] who calculated that CNT defects induced a 

density of state increase close to the band edges in the CNT semiconducting bandgap. Furthermore, 

our experiment also shows that, CNT defects prevent the CNT yarn from reaching high electrical 

performances and having a good doping efficiency. Our results are also in good agreement with 

Grujicic et al. [60] who calculated that a perfect CNT has a better O2 doping efficiency than a 

defective one. 
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Figure 10: Doped semiconducting CNT density of state with defects (a) and without defect (b) 

 

3.4 Electrical transport scheme for CNT materials (yarn, web) 

CNT theory says that statistically 1/3 of the CNT walls should be metallic. However, CNT yarns 

spun from CNT array, in this work and in the literature, show a semiconducting electrical transport, 

i.e. the resistivity decreases with temperature until room temperature. One superficial explanation 

could be that the poor CNT structural quality induced by growing CNT arrays at low temperature 

hid the CNT yarn metallic behavior. Despite a large increase in the CNT structural quality by 

annealing treatment, a stronger semiconducting behavior has been clearly observed in our 

experiments. Furthermore the better the CNTs are, the stronger the semiconducting character is, 

which completely rules out this explanation. The metallic behavior systematically observed in CNT 

yarns made from other techniques either floating catalyst (commercial yarn) or wet spinning [61] 

(as illustrated Figure 11 a and b) cannot only be explained by the CNT quality. 
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Figure 11: Relative resistance function of the temperature (a) and reduced activation energy (W) 

function of the temperature (b). Piraux et al. [61].  

 A strong difference between the CNT yarn elaboration techniques is that CNTs grown in arrays 

are made of bundles (an average of 7 CNTs per bundle in our case [7]) whereas in the other 

techniques, CNTs are largely individualized [62]. In this last case, as shown by Xu et al. [63], 

metallic CNT percolation paths exist in the yarn structure leading to a transport which looks like a 

metal. On the contrary, due to CNT array growth mechanisms [64], individual CNTs are regrouped 

into bundles. Considering a Bernoulli distribution, the CNT bundle probability of being metallic is 

smaller than that of an individual CNT. This probability can be smaller than the threshold of a 

metallic percolation [62] resulting in the isolation of metallic bundles inside a mainly 

semiconducting environment. In addition, deformations due to Van der Waals interactions between 

CNTs inside a bundle induce a band gap opening in metallic CNTs as calculated by Kim et al. [65]. 

Thus, some CNT bundles inside arrays may have a general semiconducting character. As a 

consequence, bundles may prevent the existence of a large number of metallic CNT percolation 

paths in CNT yarns drawn from arrays. 
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Finally, this work on doping and annealing treatments combined with our previous works [7] on 

CNT yarn densification and CNT length give us valuable information on the global CNT yarn 

electronic transport. Analyzing the CNT yarn electronic transport by using the reduced activation 

energy clearly highlights the different transport mechanism in carbon nanotube materials. We are 

now able to depict the behavior of the reduced activation energy of CNT yarn and web as function 

of the temperature (see Figure 12). 

 

Figure 12: CNT material electrical transport scheme, explaining the shape of the reduced 

activation energy (W) as a function of the temperature in carbon nanotube yarns and webs 

Previously [7], we studied the influence of the CNT yarn density on the CNT yarn electrical 

transport and concluded that the yarn electrical transport below 70 K (low temperature) is 

dominated by the inter carbon nanotube connection. We also showed that the intrinsic carbon 

nanotube electrical transport dominates the electrical transport in yarns above 70 K (high 

temperature). In general, the lower the W value, the easier the electrical transport. This work clearly 

shows that modifying the intrinsic CNT electrical transport by doping and annealing treatments 

changes the W slope above 70 K. In this part, the W slope decreases proportionally to the doping 

efficiency. The lower the W slope is, the better the doping treatment. Thus, the high temperature 

analysis of the W slope is a useful and complementary tool to monitor the doping efficiency. The 
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annealing experiments prove that the number of CNT defects played also a significant role in W 

slope above 70 K. The diminution of the CNT defects density induces an increase in the W slope 

above 70 K. Based on the literature [61,66] a negative value of W above 30 K indicates that the 

CNT yarn electrical transport is dominated by the metallic CNTs. The negative value of the W 

slope seems also to be correlated to the amount of metallic CNTs [66]. Below 70 K, the CNT yarn 

electrical transport is governed by the inter CNT connections. This region is well described by the 

metal-insulator transition. A positive W slope indicate that the transport is on the metallic side of 

the metal-insulator regime and a negative slope on the insulator side. When the W slope is close to 

zero it is called the critical regime. In this region the W slope can be tuned by changing the CNT 

yarn density. All the literature including our work does not report negative W value at very low 

temperature (below 30 K). This graphic scheme (Figure 12) summarize the electrical transport in 

carbon nanotube materials (yarn, web). Our analysis can be extended to other type of CNT 

materials such as network [10], sheets [67] and CNT/polymer composite [68].  

 

4 Conclusion  

High temperature annealing (above 2000°C) of CNT yarn spun from CNT arrays drastically 

reduces the defect density of the tubes as clearly assessed by the Raman spectra and by the factor 

of 10 increase of the IG/ID ratio. Unexpectedly, this improvement increases the semi conducting 

behaviors of the resistance versus temperature of the yarns and doesn't allow to observe the metallic 

behavior typical of yarns made by floating catalyst CVD growth process. We think that this result 

is intrinsic and might be explained by the tubes arrangement in bundles in the case of spun yarn. 

The annealed CNT yarn resistivity measured in room conditions decreases linearly with the 

increase of the IG/ID ratio characteristic of the CNT structural quality. The CNT yarn resistivity 

drop from 1.6 mΩ.cm to 0.76 mΩ.cm after annealing. This resistivity value is a new world record 

resistivity for an undoped CNT yarn spun from CNT array. In addition, we reveal that a good CNT 

structural quality is not the only parameter needed to reach high conductivities. By doping the 

CNTs with a new efficient and stable dopant PtCl4, a decrease of the CNT web resistivity at room 

temperature by a factor of 2.8 is obtained when the dopant solution is deposited by drop casting. 

Furthermore, a two times higher doping efficiency is demonstrated when the CNT yarn is annealed 

beforehand. It proves that CNT defects deteriorate the doping efficiency and prevent a good 
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electrical transport inside CNTs and thus in CNT yarn. The electrical transport analysis of the 

doped CNT yarn revealed that, above 70 K, the reduced activation energy (W) slope is proportional 

to the doping improvement factor. The W slope above 70 K can be used to monitor the efficiency 

of a doping treatment. Thanks to systematic studies of the CNT materials electrical transport, we 

are now able to depict the influences of many parameters such as CNT length, yarn compaction, 

doping and annealing treatment on the global CNT yarn electrical transport. 
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