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Semiconducting single-walled carbon nanotubes syn- 
thesized by S-doping 
Z. J. Li, L. Wang, Y. J. Su, P. Liu and Y. F. Zhang* 

An approach was presented for synthesis of semiconducting single-walled carbon nanotubes 
(SWNTs) by sulfur (S) doping with the method of graphite arc discharge. Raman spectroscopy, 
UV-vis-NIR absorption spectroscopy and electronic properties measurements indicated the 
semconducting properties of the SWNTs samples. Simulant calculation indicated that S doping 
could induce convertion of metallic SWNTs into semiconducting ones. This strategy may pave a 
way for the direct synthesis of pure semiconducting SWNTs. 
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Over the past decades, single-walled carbon nanotubes 

(SWNTs) used as building blocks of nanoscale electronic 

devices have attracted great attention due to their quasi 

one-dimensional structure and unique properties [1-3]. 

Depending on their diameter and chirality, SWNTs can exhibit 

either metallic or semiconducting behavior. However, the 

chirality of nanotubes can not be controlled normally until now 

[4]. How to obtain purely semiconducting SWNTs (semi- 

SWNTs) becomes one of the major obstacles to the widespread 

applications of SWNTs for high performance electronics [5]. 

Several separation approaches for the enrichment of one certain 

electronic type of SWNTs have been developed, such as 

electrical breakdown [6-9], ultracentrifugation [10], selective 

plasma etching [5], electrophoresis [12] and selective chemical 

functionalization [6]. But the problem is that the post- 

treatments processes are tedious beyond controlled and often 

have the disadvantage of damaging or contaminating SWNTs 

samples [7,8]. Recently, preferential growth of Semi-SWNTs by 

chemical vapor deposition (CVD) methods by boron/nitrogen 

co-doping was reported to produce high percentage of 

Semi-SWNTs or a specific chirality distribution SWNTs 

[10-13]. These pioneering studies indicate the possibility for 

selective synthesis of Semi-SWNTs by heterodoping methode.  
S contained compound has often been used as an additive in 

the synthesis of CNTs [14] for increasing the yield of SWNTs or 

DWNTs. Even, Denis et al [15] reported S doping could modify 

the electronic structure of the SWNTs by using first-principles 

calculations. Recently, we tested a technique for the synthesis 

of SWNTs by graphite arc discharge in hydrogen with S doping. 

The as-synthesized S-doped SWNTs showed purely 

semiconducting. Theory calculations elucidate that the metallic 

chirality SWNTs can be converted into semiconductors by 

proper S concentrations doping into the tube wall structure. 

S-doped SWNTs were synthesized by arc discharge between 

two graphite electrodes in hydrogen atmosphere. The graphite 

electrodes were graphite rods of ~6 mm in diameter and made 

with high purity graphite, iron (5 at%) and S (0.1-2.0 at%). 

Briefly, the synthesis apparatus consists of graphite electrodes, 

a water-cooled trap�and a DC power supply which is capable of 
providing the voltage of 150 V and the current of 100 A. 

During DC arc discharge process, the distance between the 

graphite electrodes was maintained about 2 mm. The optimum 
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parameters of current and voltage for the DC arc discharge were 

40 A and 55 V respectively. A magnetic field of ~160 mT was 

applied to confine the discharge plasma, and aligned SWNTs 

thin film can be obtained by adjusting the orientation of the 

magnetic field.  

The as-synthesized SWNTs have been characterized by 

scanning electron microscopy (SEM, JSM-7401F), high- 

resolution transmission electron microscopy (HRTEM; 

JEM2010), UV-vis-NIR absorption spectroscopy and Raman 

spectroscopy (by 514.5 and 632.8 nm excitation). X-ray 

photoelectron (XPS) was used to estimate the contents of sulfur 

and characterize their bonding environments. The electronic 

properties of the as-synthesized SWNTs have also been 

measured by fabricating CNT-FETs devices. The electrical 

properties were studied by two field effect configuration. One is 

thin film SWNTs FETs. The other is FETs based on several 

SWNTs bridging the two electrodes. The electrical properties of 

CNT-FETs were measured by Agilent 4156C. 
Figure 1a shows the typical SEM image of as-synthesized 

SWNTs sample. It can be seen that the SWNTs with clean and 

smooth surface are homogenously distributed and entangled. 

HRTEM (Fig. 1b) provides direct evidence that the nanotubes 

were single-walled with the average diameter of ~1.2 nm. 

Figure 1c shows the XPS of as-synthesized SWNTs. Inset 

shows the high resolution S 2p XPS spectra, which has been 

curve-fitted by Voigt lines to detect bonding structure. In order 

to find whether S incorporated into the nanotubes, the surface 

layer of sample was etched away by Ar+ sputtering for 3 min. 

The broad band can be deconvoluted into two bands at 169.2 

and 167.6 eV, which can be assigned to the C-O and C-S 

bonding structures, respectively. The S concentration in SWNTs 

powders estimated to be 1.4 at %. Figure 1d is the XRD 

patterns of the S-doped SWNTs and undoped SWNTs. The 

major peak at 2�=25.952º is corresponding to (002) reflections 
of polyaromatic. It is worth while noting that the intensity and 

half width of the diffraction at 25.952º increase after S doping. 

FIG. 1. (a) A typical SEM image of as-synthesized S-doped SWNTs. (b) HRTEM image of as-synthesized S-doped SWNTs. (c) XPS spectrum of the as-synthesized 
S-doped SWNTs. (d) XRD patterns of S-doped and undoped SWNTs. 

 

FIG. 2. UV-vis-NIR absorption spectroscopy of the undoped and doped samples.
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These indicate that S doping induces partial aberration of the 

geometry structure of SWNTs while the crystal structure of 

SWNTs is unchanged after S doping.  

Figure 2 and Fig. 3 show the typical optical spectra of an 

undoped SWNTs sample. The UV-vis-NIR absorption 

spectroscopy in Fig. 2 shows that several peaks in the 

semiconducting band arise from the electronic transitions 

between the first pair of van Hove singularities (vHs) in 

semiconducting SWNTs (S11 band) and the second pair (S22 

band). The intensities of the S11 band transition peaks of the 

as-synthesized S-doped SWNTs sample are greatly dominant 

relative to the undoped SWNTs sample while the M11 band 

shows little change, which is indicative of a higher 

Semi-SWNTs content in the as-synthesized sample. Moreover, 

red shift of S11 band (main peak shift) indicates that the band 

gaps of the S-doped SWNTs changed probably. The radial 

breathing mode (RBM) region of SWNTs Raman spectra can be 

used to assign and quantitatively evaluate metallic and 

semiconducting nanotubes [16-18]. As-synthesized SWNTs 

samples were sonicated in ethanol for 10 min, and then the 

suspensions were dropped on glass slides and dried in air. 

Figure 3 shows the meseaured Raman spectra in RBM region. 

The intensities of semiconducting S33 (514 nm excitation) and 

S22 (633 nm excitation) from as-synthesized S-doped SWNTs 

increase, whereas the intensities of the peak attributed to 

metallic SWNTs were disappear.  
For better understanding the S-doping effects into metallic 

SWNT structure, calculations are carried out with the density 

functional theory implemented provided by Dmol3 package [19]. 

Figure 4 shows the band structures by first-principles 

calculations for an S-doped (7, 7) metallic SWNT. The all- 

electron Kohn-Sham wave functions were expanded in the local 

atomic orbital (double numerical polarization, DNP) basis set 

and generalized gradient approximation (GGA) of Perdew- 

Burke-Ernzerhof (PBE) for the exchange-correlation potential 

[20]. The Monkhorst-Pack scheme was used in the Brillouin 

zone with 1×1×10 for all the geometry optimization and total 

energies calculations [21]. Self-consistent field procedure was 

done with a convergence criterion of 10-5 a.u. on the energy and 

electronic properties. As shown in Fig. 4a, a typical metallic (7, 

7) SWNT has no energy band at the Fermi level. The band 

structures of S-doped SWNTs in different concentrations show 

that the energy gaps of about 0.24 eV for 0.71% (Fig. 4b) and 

about 0.29 eV for 1.43% (Fig. 4c) open at Fermi level. It is 

suggested that metallic SWNTs can be converted into 

semiconductors by sulfur doping with proper S concentrations.  

SWNTs field effect transistors (FET) were used to test the 

electronic properties of the S-doped SWNTs. SWNTs solutions 

 
FIG. 5. (a) Output characteristic of as-synthesized SWNTs FET. (b) Transfer curve of the drain current vs gate voltage measured at a drain voltage of 0.4 V, (c) the 
schematic of structure of thin film transistor. 
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were spin coated on a Si/SiO2 wafer to form a random SWNTs 

thin film. The SiO2 surface layer of 80 nm thick acted as a back 
gate electrode. On top of the films, source (S) and drain (D) 

electrodes with a channel distance ~10 μm were made of 10 nm 

Ti, followed by 30 nm Au by electron beam lithography 

technique. The schematic of the SWNTs field effect transistors 

(FET) structure and their electronic properties curves are shown 

in Fig. 5. Figure 5a demonstrates the source-drain current 

increase with increasing negative gate voltage. Figure 5b is the 

transfer characteristic of as-synthesized S- doped SWNTs-FET 

which shows that the on/off ratio is more than 103 by sweeping 

gate voltage at room temperature. In contrast, similar thin film 

field-effect configuration based on the undoped SWNTs sample 

shows the on/off ratio of less than 10, which means that the 

undoped sample may contain a lot of M-SWNTs. 

CNT-FETs device based on the as-synthesized randomly 

networked S-doped SWNTs film not just a few CNTs showed a 

typical field effect characteristic feature, in which the drain 

current increased with increasing negative gate voltage, this 

reveals that the S-doped SWNTs is a p-type semiconductor 

[22-34]. A schematic of the transistor is shown as an inset in Fig. 

5c. This result is consistent with that of the first-principles 

calculations, in which the formation energies of same-diameter 

Semi-SWNTs are lower than those of M-SWNTs because of the 

electronic energy gain resulting from the band gap opening and 

the higher chemical reactively of M-SWNTs due to more 

abundant delocalized electronic states [23, 24]. 

 

In summary, a new method was identified for synthesizing 

semiconducting SWNTs by graphite arc discharge and S-doping 

in hydrogen atmosphere. Experimental data and theoretical 

calculations indicate that the electric properties of S-doped 

SWNTs are typical semiconductors. Typical FET device 

performance was shown from S-doped SWNTs FETs. S-doping 

method has opened a new route for mass production of 

semiconducting SWNTs. 

FIG. 3. RBM of Raman spectra of the undoped and doped samples using laser 

beams of excitation wavelengths: (a) 514 nm, and (b) 633 nm. 

FIG. 4. Band structures of S-doped SWCNTs at different sulfur atom 

concentrations: (a) pristine, (b) 0.71% and (c) 1.43 %, respectively. 
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