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Abstract 

The doping of element (Nb, Ta, etc.) into MoS2, one of the layered transition metal 

dichalcogenides, is a key technology for electronic devices because the lack of the p-type 

MoS2 has limited the range of applications. We report that the Mo1-xNbxS2 thin films were 

synthesized on SiO2/Si substrates by chemical vapor deposition (CVD). It was critical to 

use chloride sources (MoCl5 and NbCl5) for the synthesis of Mo1-xNbxS2. The Nb 

concentration can be increased to 10% by controlling the supplied amount of Nb using a 

separate-flow CVD apparatus. The Raman spectra changed as the Nb concentration 

increased, appearing E2(Nb-S) vibrational mode. The photoluminescence (PL) at 655 nm, 
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attributed to emission from excitons, disappeared, when Nb was incorporated into the MoS2. 

PL due to trions at 680 nm was observed for the Mo1-xNbxS2 thin films. 
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Introduction 

   Transition metal dichalcogenides (TMDCs), particularly MoS2, were studied as catalysts, 

lubricants and substrates for heteroepitaxy from 1970s - 1990s [1-5]. The doping and 

alloying with several elements (Co, Au, Ni etc.) were conducted to improve their 

performance. However, MoS2 did not gather researchers’ attention as a semiconducting 

material at that time.  

The study of layered TMDCs as semiconductor [6-12] has been stimulated by the 

significant progress in graphene research [13,14]. MoS2 and WS2 are widely studied as 

representative materials because MoS2 crystals are commercially available for mechanical 

exfoliation [15-21] and the volatile oxides of MoO3 and WO3 can be used as source 

materials for the chemical vapor deposition (CVD) [22-31]. An advantage of the MoO3 and 

WO3 is that a rugged CVD apparatus can be used to synthesize the monolayer MoS2 and 

WS2. This is because oxide impurities are easily removed from the products due to their 

high volatility and easy sulfurization. Furthermore, the intriguing electric properties of 

MoS2 have attracted many researchers’ attention due to the tunable band gap and 
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direct/indirect transition of the band structure of the monolayer [10,19]. The direct band 

gap of 1.8 eV is suitable for a wide range of applications such as electronics, photonics, 

optoelectronics, sensor and bioimaging.  

It is desirable to fabricate the p-type MoS2 (as-grown MoS2 is the n-type due to S 

defects) for applications in electronic devices because the next use of MoS2 devices is 

based on a p-n junction to fully utilize the excellent electric properties of MoS2. One of the 

available dopants to make p-type MoS2 is Nb. The first demonstration of the Nb-doped 

MoS2 was conducted by sulfurization of Mo/Nb/Mo films deposited by e-beam evaporation 

[32]. However, Mo and Nb were not uniformly distributed in the entire film and the grain 

size of the Nb-doped MoS2 was very small (~50 nm), which is much smaller than that of 

the typical MoS2 synthesized by CVD (10 - 50 µm). Although Sasaki et al. synthesized the 

Nb-doped WS2 from WO3 and Nb metal [33], a large amount of the oxide impurity (Nb2O5) 

was observed in the film due to the high stability and nonvolatility of Nb2O5. In another 

case, the bulk Nb-doped MoS2 was made by conventional chemical vapor transport [34], 

then the monolayer Nb-doped MoS2 was fabricated by mechanical exfoliation. The 

mechanical exfoliation is unacceptable for practical applications because the size, position 

and thickness of MoS2 cannot be controlled. Chemical doping with thiol molecules was 

recently reported to tune the electric properties [35-38]. Although the thiol-terminated 

MoS2 is desirable as a biosensor and for bioimaging [39], it is unsuitable to control the 

carrier type and the carrier concentration to make electronic devices because only a 

fractional carrier was generated from the thiol molecule, and the thiol molecule forms a 

new trapping state due to the long alkyl chain or benzene moiety [38]. In other words, 
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tuning of the carrier type and the carrier concentration is difficult and the carrier mobility 

must be sacrificed as long as the thiol molecule is used. The doping of element is required 

to achieve a high-performance and multifunctional device with a monolayer MoS2 as seen 

in Si technology. Currently, the doping or alloying of MoS2 with Nb by CVD has not been 

studied, while the synthesis of the monolayer MoS2 was reported in many papers [22-31] 

because most researchers prefer to use the oxide precursor in the CVD due to its easy 

handling. However, it is impossible to introduce a dopant element (ex. Nb and Ta) with the 

oxide precursor due to the inevitable inclusion of oxide impurities. Some researchers have 

synthesized several kinds of alloys such as Mo1-xWxS2 [40,41] and MoS2(1-x)Se2x [42] with 

different composition ratios in order to engineer the band gap. Yet, their studies focused on 

the band gap engineering and did not elucidate the carrier doping.  

The present situation must be overcome to realize MoS2-based electronic devices such 

as diodes, solar cells and field effect transistors in the future. CVD with all chloride sources 

is desirable to synthesize the Mo1-xNbxS2 thin films as a practical method. Synthesis of 

MoS2 and NbS2 using a chloride source without seed materials [43-45] now makes the 

doping and alloying realistic.  

In this study, we synthesized the Mo1-xNbxS2 thin films by CVD using MoCl5 and 

NbCl5. The Nb concentration was higher than 1% because the Nb concentration would be 

controlled to the doping level after establishing the method to synthesize the mixed crystals. 

The separate-flow CVD apparatus make it possible to precisely control the Nb 
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concentration because the amount of supplied NbCl5 gas can be adjusted by temperature 

and flow rate. It was found that Nb can be incorporated into the MoS2 thin film up to 10%. 

Experimental details 

The Mo1-xNbxS2 thin films were synthesized using an atmospheric pressure CVD 

apparatus with three separate-flow paths as shown in Figure 1. The apparatus was partially 

modified from the original one [43] to separately introduce the source gases of S, NbCl5, 

MoCl5 for fabricating Mo1-xNbxS2 thin films. The apparatus consisted of a three-zone 

furnace, an outer quartz tube with an inner diameter of 22 mm, three inner quartz tubes with 

the inner diameters of 4 mm, three small one-zone furnaces and three source containers. 

Each zone of the three-zone furnace was called zone A, zone B and zone C from the upper 

stream. The inner quartz tubes conveying the source gases were called the MoCl5 line, 

NbCl5 line and S line. The source gases were emitted and mixed in the region between zone 

A and zone B. We selected MoCl5 as the source material, not MoO3, which is the common 

compound for the synthesis of MoS2 by CVD. It was found in a preliminary experiment 

that a large amount of Nb2O5 was inevitably formed when we used MoO3, which was 

confirmed by X-ray diffraction (XRD) (see Fig. 3(a)) and X-ray photoelectron spectroscopy 

(XPS) (not shown here). It is considered that oxygen contained in the MoO3 is easily 

combined with NbCl5 due to the high stability of Nb2O5. 

The as purchased MoCl5 powder (0.3 g, 99.5 % Kanto Chemical Co., Inc.), NbCl5 (0.3 

g, >99.9 %, Kanto Chemical Co., Inc.) and S powder (1.5 g, >99.5 %, Kanto Chemical Co., 

Inc.) were placed in the corresponding stainless-steel containers. The MoCl5 and NbCl5 
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were handled in a glove box before sealing the containers because they are air-sensitive. 

The sealed containers with ultrahigh vacuum ICF (international conflat flange) aluminum 

gaskets and valves were connected to the CVD apparatus. An air-free atmosphere during 

the whole process when the chloride sources were handled was very important in order to 

guarantee the reproducibility. Nothing is formed on the substrate when the nonvolatile 

oxide covers the surface of the chloride sources. 1 × 1 cm2 SiO2(285 nm)/Si substrates 

cleaned by the RCA method [46] were placed in zone B and zone C. It should be noted that 

the best position of the substrate was 10 cm from the tip of the inner quartz tube (in the 

region between zone B and zone C).  

The Mo1-xNbxS2 thin films were synthesized by the following procedure. The inside 

atmosphere of the entire system including the quartz tubes and the source containers was 

pumped off to lower than 10 Pa using a mechanical oil pump.  Ultrapure Ar gas 

(>99.9995 %) then filled the entire apparatus through the S line. The Ar flow (200 sccm) 

was maintained even while ramping and lowering the temperature to prevent air from 

intruding into the quartz tube. The MoCl5, NbCl5 and S containers were heated to 140 ºC, 

140 - 180 ºC and 240 ºC, respectively. Zones A, B and C were heated to 650 ºC, 1000 ºC 

and 1000 ºC, respectively, at the ramping rate of 250 ºC/hour. The flow rates of the MoCl5, 

NbCl5 and S lines were increased to 200 sccm, 200 sccm and 3000 sccm, respectively, to 

start the reaction. 4% H2 was used as the carrier gas for the MoCl5 and NbCl5 lines. The 

reduction reaction of Mo5+ and Nb5+ into Mo4+ and Nb4+, respectively, which takes place on 

the surface of the substrate, was promoted by the H2 gas. The Cl atoms were efficiently 

removed as HCl [43,45]. The exhaust was bubbled through an NaOH solution bubbler 
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during the CVD. The growth time was defined as the duration of the carrier gas flowing 

through the MoCl5 and NbCl5 lines. The supply of the MoCl5 and NbCl5 gases was abruptly 

shut off by closing the main valve to hinder any undesired reaction while lowering the 

temperature. The three-zone furnace was naturally cooled to room temperature while 

maintaining the S supply to avoid the oxidation of the thin film until the temperature of 

zone B reached 350 ºC. 

The surface morphology of the Mo1-xNbxS2 thin films was observed using an optical 

microscope (OM) (OLYMPUS BX51). XRD (Rigaku Rint Ultima 2000) was performed to 

determine the orientation and lattice constants of the grown films using a θ-2θ method in a 

continuous mode with Cu Kα radiation (λ = 0.154056 nm). The scan step and the scan rate 

were 0.01º and 5 º/min, respectively. Angular resolution calculated by the formula of φ = 

2tan-1(W/2R), where W (width of receiving slit) was 0.3 mm and R (length between a 

sample and receiving slit) was 150 mm, was 0.11º. The chemical composition was 

estimated by XPS (JEOL JPS-9200, Mg Kα (1286.6 eV)). The emission current density 

was 10 mA and the spectra were scaled with C1s (285.0 eV). SpecSurf(software) was used 

for the curve fitting to evaluate the chemical composition ratio. The curve was fitted by 

Gauss-Lorentz (ratio = 0.7) function and background was subtracted using Shirley method. 

The carrier type was determined by the measurement of Seebeck coefficient at room 

temperature. The structure of a selected spot was characterized by Raman spectroscopy 

(Reinshaw Invia) using a 532-nm excitation laser. The photoluminescence (PL) spectra 

were obtained by a Raman instrument in the PL mode.  
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 Results and discussion 

Independent control of the temperatures and flow rates enabled optimizing the amounts 

the source gases, which means that the Nb concentration can be tuned by precisely 

controlling the temperature and flow rate of the NbCl5. While the temperatures of the 

MoCl5 and S were fixed at 140 ºC and 240 ºC, the temperature of NbCl5 ranged from 140 

ºC to 180 ºC. The temperatures of NbCl5 for the synthesis of samples (i), (ii) and (iii) were 

140 ºC, 160 ºC and 180 ºC, respectively. The surface morphology was observed by OM as 

shown in Fig. 2. The number of layers in most regions can be deduced as being more than 

20 (mostly bulk) from the interference contrast [31] and the roughness observed by a laser 

microscope. Although clear triangle domains with a size of 2 µm are seen in the OM 

images of samples (i) and (ii), domains with a clear shape cannot be seen in one of the 

sample (iii). In addition, a lot of black particles were formed on sample (iii). The reason 

why many particles were formed on sample (iii) is discussed later. OM observation 

suggested that there is a maximum Nb concentration into the MoS2 thin film without 

forming particles.  

   The formation of the Mo1-xNbxS2 thin films was confirmed by XRD and XPS. The XRD 

patterns of all samples and pristine MoS2 are shown in Fig. 3(a). The peaks marked with 

red circles were assigned to the (00n) plane of Mo1-xNbxS2. It was critical to use a chloride 

source to synthesize the good quality of Mo1-xNbxS2 because a large amount of oxide 

impurities (Nb2O5) was formed when MoO3 was used as the source material. The XRD 

pattern of  
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Mo1-xNbxS2 synthesized using MoO3 and NbCl5 in the preliminary experiment is also 

shown in Fig. 3(a) (labeled as PE). The oxide formation is consistent with a previous report 

[33] concerning the Nb-doped WS2 synthesized using an oxide source (WO3). The amount 

of oxide impurities must be decreased because they cause degradation of the electric 

properties of the Mo1-xNbxS2. A small amount of MoO2 was detected in samples (i) and (iii) 

even though the inside of the quartz tube was evacuated to lower than 10 Pa before the 

reaction started and ultrapure Ar was used for the CVD. It is considered that the chloride 

gas reacted with a small amount of trace oxygen and water in the quartz tube. While a small 

amount of Nb2O5 was detected in sample (ii), a decent amount of Nb2O5 was seen in 

sample (iii). This is probably due to the chance of oxidation of NbCl5 that became higher 

when the NbCl5 supply increased. It can be concluded that the number of particles increases 

as the oxide impurities increases as seen in Fig. 2 because they can act as nucleation sites 

for forming particles. However, it is noteworthy that the amount of oxide impurities was 

significantly decreased compared to the one synthesized using an oxide source.  

The peaks assigned to (002) of Mo1-xNbxS2 are slightly shifted from the original 

position of MoS2 as shown in Fig. 3(b) (extracted from Fig. 3(a)). The peak centers of the 

pristine MoS2, samples (i), (ii) and (iii) are 14.39º, 14.41º, 14.43º and 14.46º, respectively. 

Unfortunately, the greatest difference of 2θ is smaller than angular resolution (0.11º), 

However, we notice that there is no splitting at (002) peaks in XRD.  The films consisted of 

well-defined triangular domains with the size of ~2 µm (Fig. 2). This size was much greater 

than the thickness of the film (> 20 nm), which was estimated from the greatest roughness 

observed by laser microscope.  Therefore, it is reasonable to assume the size of the 
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crystallites in the (002) direction was the thickness of the film.  By using this assumption 

with the Scherrer equation τ = Kλ / β cos θ, where τ = 20 nm, K~0.9 (shape factor), λ = 

0.154056 nm (X-ray wavelength), β is FWHM of XRD peak, θ is the diffraction angle 

(~7.2°). Then β = 0.007° and far below the angular resolution of the instrument (0.11°). 

Therefore, our XRD would detect the difference of interlayer distances of MoS2 (0.6155 

nm, (002) diffraction at 14.38°) and NbS2 (0.5960 nm, (003) diffraction at 14.85°), if they 

formed different domains.  It is noteworthy that Nb concentrations were deduced as 6 % for 

(i), 11 % for (ii) and 17 % for (iii) if Vegard’s law is applicable. 

   The Nb concentration was evaluated by XPS based on the peak area ratio of the Mo4+ 

3d5/2, Nb4+ 3d5/2 and S2- 2p3/2 peaks and their sensitivity factors. Figure 4 shows the XPS 

spectra of all samples. The chemical ratios of samples (i), (ii) and (iii) were estimated as  

Mo4+:Nb4+:S2- = 0.96:0.04:2.0, 0.90:0.10:1.95 and 0.37:0.63:2.05, respectively. The Nb4+ 

concentrations of samples (i) and (ii) are reasonable when considering the XRD results. 

However, the Nb4+ concentration of sample (iii) evaluated from the XPS is much higher 

than that expected from the XRD results. This is probably because there are amorphous 

regions with a Nb-rich composition and Nb5+ originated from Nb2O5. The lack of triangle 

domains in Fig. 2(c) also implies the poor crystallinity of sample (iii). Nb5+ in sample (iii) 

is attributed to the Nb2O5 when the XRD result is taken into account. By combining the 

XPS result with the well-defined triangular domains shown in Fig. 2, it became clear that 

the Nb concentration can be increased to 10% without forming particles by controlling the 

temperature of the NbCl5. The Seebeck coefficient was measured to determine the carrier 
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type of the Mo1-xNbxS2 thin films. It was evaluated as +44.2 µV/K at 20 °C, which 

indicates that the Mo1-xNbxS2 was p-type.  

   There are three possibilities of how the Nb atoms were incorporated into the Mo1-xNbxS2 

thin films: (a) single layer alloys by replacing Mo with Nb, (b) the MoS2 domain and NbS2 

domain were separately formed, and (c) the MoS2 layer and NbS2 layer were randomly 

stacked. The result of the XRD patterns excludes the possibility of (b). Raman and PL 

spectra were obtained to determine which of (a) or (c) is real in our sample. 

Figure 5 shows the Raman spectra of all samples. The Raman spectra of the pristine 

MoS2 and 3R-NbS2 are also shown for comparison. The in-plane vibrational modes of 

MoS2 and NbS2 are called E2g and E2, respectively, and the out-of-plane vibrational mode 

of MoS2 and NbS2 are called A1g and A1, respectively, as shown in Fig. 5. All the spectra, 

except 3R-NbS2, were normalized with the A1g (Mo-S) peak in order to easily compare the 

ratio of the peak intensities A1g (Mo-S) and E2 (Nb-S), and the spectrum of 3R-NbS2 was 

scaled to clearly see the position of the E2 peak. When the Nb concentration is low (sample 

(i)), the spectrum is similar to that of the pristine MoS2 film. When the Nb concentration 

reaches 10% that was evaluated by XPS, the vibrational modes (E2) related to Nb-S 

appeared. It should be noted that although there are four original peaks (E1, E2, A1 and A2) 

for the pristine 3R-NbS2, only the E2 peak is distinguishable for Mo1-xNbxS2 because the 

intensity of A2 and E1 is low and the position of A1 is overlapped with one of the MoS2 

peaks. The broad band at 100 - 200 cm-1 is due to impurities or defects which are always 

found even in the case of a synthetic NbS2 bulk single crystal [47]. The intensity of the E2 
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mode gradually becomes stronger as the Nb concentration increases. The gradual increase 

in the intensity was consistent with a previous study of MoS2(1-x)Se2x [42] whose S and Se 

were homogeneously distributed in the entire films. Such a transition of the vibrational 

mode was also observed in the Si1-xGex alloy [48]. The peak position is independent on the 

Nb concentration for Mo1-xNbxS2, while a peak shift was observed in the previous studies 

of MoS2(1-x)Se2x and Si1-xGex. The strength of the Mo-S bonding was not significantly 

affected by the Nb concentration since the mass of Nb does not significantly differ from 

that of Mo. This is the reason why the peak intensity changed as the Nb concentration 

changed, while the peak position did not change. Hence, the Raman spectra does not 

exclude the possibility of uniform distribution of Nb atoms in the Mo1-xNbxS2 thin films. 

   The PL spectra were measured in a monolayer region for samples (i) - (iii) to prove the 

formation of the Mo1-xNbxS2 as shown in Fig. 6. The pristine MoS2 thin film has an intense 

peak at 655 nm, which is a unique optical property of MoS2 due to the reduced dielectric 

screening and enhanced Coulomb interaction [49-51]. The small peak at 605 nm is due to 

the spin split valence bands at the K-valley (B exciton) [19, 23, 49]. As Nb was 

incorporated into the MoS2, two noticeable features were observed. One of them is that the 

wavelength of PL from the B exciton was longer than that of the pristine MoS2 (635 nm). 

This can be explained by assuming many body effects induced by an increase in the free 

carrier [52]. The other thing is that the (655 nm) peak due to A excitons disappeared and a 

new peak appeared at 680 nm. This can be interpreted as the major PL origin was changed 

from A excitons to trions. According to Refs. 46 and 47, the PL emitted by A excitons 

strongly depends on the carrier concentration while the one by trions is independent of the 
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carrier concentration. Taking this theory into consideration, it is considered that hole-hole-

electron trions were generated by light irradiation in our Mo1-xNbxS2 thin films while 

electron-electron-hole trions have been mainly studied in the literature [49,50]. When the 

electron concentration in MoS2 reaches 6 × 1012 cm-2, the exciton peak disappeared in the 

previous study and only the trion peak was detected. Assuming that all the Nb atoms were 

ionized in the Mo1-xNbxS2, the hole concentration of sample (i) (lowest concentration) can 

be calculated as 2.3 × 1013 cm-2, which exceeds the minimum concentration that eliminates 

the A exciton peak [49]. Disappearance of the trion peak for sample (iii) is probably due to 

the poor crystallinity and oxide impurities, which is not surprising because the PL spectra 

was influenced by the sample condition even though the measurement condition was the 

same [50]. The PL spectra indicate that the possibility of (c) is eliminated, which means 

that single layer alloys were formed.  

   In this research, p-type behavior of the Mo1-xNbxS2 was confirmed by the measurement of 

Seebeck coefficient as well as the Nb concentration was increased up to 10% without 

forming particles. For such a high impurity level, it should be called as alloying or solid 

solution rather than doping. At a lower concentration (1 - 100 ppm), it is impossible to 

detect the dopant element by XRD, XPS and Raman spectroscopy. However, our approach 

can be applied to make the Nb-doped MoS2 (impurity level is lower than 1%) by precisely 

controlling the amount of the supplied NbCl5 vapor. Additionally, our method can be 

utilized for any combination of TMDCs if the corresponding volatile chloride is available. 

Conclusions 
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We have demonstrated that Mo1-xNbxS2 thin films were synthesized using a separate-

flow CVD apparatus. The chloride source is key to incorporate Nb into MoS2 to exclude the 

oxide impurities. The Nb concentration can be increased to 10% by changing the amount of 

the NbCl5 supply for maintaining the crystallinity, which was confirmed by XRD, XPS, 

Raman spectroscopy and PL measurement. p-type behavior was confirmed by the 

measurement of the Seebeck coefficient. We believe that our demonstration encourages 

researchers to deeply study the doping and develop more practical devices based on the p-n 

junction and valleytronics. 
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Figure captions 

Fig. 1: Schematic illustration of three separate-flow CVD apparatus. Source gases of S, 

NbCl5 and MoCl5 can be separately introduced into the reaction region for controlling the 

Nb concentration. 

Fig.2: Optical microscopic images of Mo1-xNbxS2 for samples (i), (ii) and (iii). 

Fig. 3: (a) XRD patterns of the pristine MoS2 and all samples. The (00n) peaks (marked 

with red circle) were assigned to the Mo1-xNbxS2. The XRD pattern labeled as PE shows the 

 Mo1-xNbxS2 synthesized with MoO3 and NbCl5 as the source materials. (b) Extraction of 

XRD patterns from 14º to 15º. No peak splitting shows that two separate domains of MoS2 

and NbS2 were not formed. 
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Fig. 4: XPS spectra of all the samples. The chemical ratios were calculated using Mo 4+ 

3d5/2, Nb4+ 3d5/2 and S2- 2p3/2 as Mo4+:Nb4+:S2-=0.96:0.04:2.0 for (i), 0.90:0.10:1.95 for (ii) 

and 0.37:0.63:2.05 for (iii). Nb can be incorporated into MoS2 up to 10% without oxide 

impurities. 

Fig. 5: Raman spectra of all the samples. The transformation of the spectra is due to the Nb 

incorporation. Spectra of the pristine MoS2 and NbS2 are also shown for comparison. 

Fig. 6: PL spectra of all samples. Spectra of the pristine MoS2 are also shown for 

comparison. PL from the A excitons disappeared due to the alloying with Nb. 
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