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Abstract  

        In this study, an original hybrid technique based on rapid thermal annealing (RTA) and chemical vapor deposition 

(CVD) was used to synthesis MoS2 and MoO3:MoS2 hybrid thin films at low temperature on indium tin oxide (ITO). 

We show that using the annealing temperature, the annealing duration and the sulfur partial pressure as parameters, it 

is possible to switch from MoO3 (20-25nm) to MoS2 directly without any intermediate compositions. The XPS analysis 

revealed a complete sulfidation at 380 °C without any deterioration of the ITO conductivity. Then, we synthesized 

thinner hybrid films (3nm) of MoO3:MoS2 in order to be used as anode buffer layer (ABL) in planar organic solar cells 

(PHJ-OPVs). We have demonstrated that the hybrid ABLs that appear best suited for use in PHJ-OPVs are those with 

high MoO3/MoS2 molecular ratio which have been treated around 210 °C. The introduction of the hybrid ABL with 5% 

of MoS2 in the PHJ-OPVs based Aluminum Phthalocyanine Chloride and Fullerene leads to a significant improvement 

of the OPV efficiency from 1.29 %  to 2.49%, this was explained by the complimentary advantages of MoO3 and MoS2.  

 

Keywords: Molybdenum disulfide (MoS2); Hybrid layer (MoO3:MoS2); Organic photovoltaic cells; Hole transporting 
layer; Planar heterojunction. 

Corresponding author: hajarftouhi2@gmail.com 

 

 

 

© 2022 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S2468023022003881
Manuscript_5c9376724a25b5593bc4b449b8e778e3

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S2468023022003881
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S2468023022003881


1. Introduction 

At the end of the last century, numerous research works were dedicated to transition metal dichalcogenides 

(TMDs). Indeed their photoconductive properties made them promising candidates for the realization of 

photovoltaic cells. A photovoltaic cell, using WSe2 single-crystal as absorbing layer, had achieved an 

efficiency of 17.5% [1]. However, after several years dedicated to obtaining photoconductive TMD layers, 

it was necessary to admit that these were inoperative to make photovoltaic cells. Actually, it was shown that 

MX2 layer, with M = Mo or W and X = S or Se, were photoconductive after high temperature annealing 

(1073 K) only in presence of Ni [2][3]. Unfortunately, Ni acts as a catalyst and segregates at the end of the 

annealing, which causes it to bypass the MX2 layers, what means that all attempts to build photovoltaic cells 

have failed. 

More recently, following the enthusiasm aroused by the isolated graphene in 2004 [4], a considerable 

resurgence of interest in TMDs has appeared, for indeed, like graphene, they are bi-dimensional with a 2D 

structure [5][6]. There was renewed interest in two-dimensional (2D) materials such as TMDs due to their 

suitability for future applications in optoelectronic devices [7] [8]. In particular, molybdenum disulfide 

(MoS2) was proposed as a hole transporting layer (HTL) in hybrid dye photovoltaic cells (DSSC) [9] and 

organic photovoltaic cells (OPVs) [10][11]. It was also used as anode in lithium batteries where it can be 

substituted to graphite due to its higher specific capacity [13]  

 

MoS2 crystallizes in a lamellar structure. In this two-dimensional material, the atoms forming the S-Mo-S 

sandwiches are strongly bound, while the sandwiches themselves are weakly coupled to each other by weak 

Van Der Waals forces (Figure 1). These van der Waals plans are chemically inert without dangling bonds. 

 

Figure 1– Schematic diagram of MX2 

The fact that MoS2 is chemically inert induces that it can be used in many applications. Thus it can be used 

as a lubricant [14] in transistors [8][15], as catalysts [16] and, as discussed above, batteries [13] and OPVs 

[10] [11] [17] [18]. MoS2 has an indirect band gap of 1.30 eV and a direct band gap of 1.85 eV. These values 

are bulk values, but, in the case of ultrathin layer, it increases and it is 1.8 eV for a monolayer [7] [19]. Carrier 

mobility is quite high for instance a mobility of 200 cm2 V-1 s-1 in single layer has been reported [20]. In the 



case of MoS2 monolayer electron mobility values are widely spread across three orders of magnitude (1-1000 

cm2 V-1 s-1) [7]. 

All that makes that, if, as said above, MoS2 has been probed unsuccessfully as absorbing layer in photovoltaic 

cells, today it is back, but as HTL in OPVs [10] [11] [17] [18]. If many techniques such as mechanical 

exfoliation [21], sputtering [22] pulsed laser deposition [25], chemical vapor deposition [26], sol-gel 

fabrication [23] and electrochemical processes [18] were used to obtain MoS2 thin layers, these techniques 

are not so easy to integrate into the process of making cells which excludes any use of heat treatment at a 

high temperature and any technique that risks to deteriorate the properties of organic materials. Moreover, 

due to specific properties of MoS2 and MoO3, such as band structure, it appears that, instead of using a pure 

layer of MoS2, it is better to use a MoO3:MoS2 hybrid layer as HTL [18]. In fact, if MoO3 is known to be an 

excellent hole extractor, its band structure is not ideal for blocking electrons, but that of MoS2 makes it an 

excellent electron blocker, but not a good hole extractor. Hence the idea of a hybrid layer that allows to 

combine the positive effects of the both materials [18]. Actually, such idea has been already probed through 

PEDOT:PSS-MoS2  [24] and MoO3:MoS2 hybrid HTL [11]. We have already shown that such MoO3:MoS2 

hybrid HTL when deposited by electrochemistry is efficient but it needs a quite complicated post-deposition 

technique [18]. In the present work, we demonstrate that it is possible to grow MoO3:MoS2 hybrid HTL and 

MoS2 layers with a simpler and reproducible technique, using a moderated annealing temperature under 

partial S atmosphere. Starting from MoO3 thin films deposited by sublimation under vacuum, we show that, 

using the annealing temperature and the sulfur partial pressure as parameters, it is possible to switch from 

MoO3 to MoS2, but also to sweep all the intermediate compositions for the hybrid layer. Then, MoO3:MoS2 

hybrid layers were introduced as HTL in OPVs based on AlPcCl/C60 organic planar heterojunction. It is 

shown that this HTL improves significantly the power conversion efficiency.  

2. Experimental details : Methods and techniques  

2.1. MoS2 and MoO3:MoS2 thin films synthesis 

We have used  ITO coated glass substrates provided by SOLEMS, while the chemical products were provided 

by CODEX International. After cleaning and heating the substrates during 10 min at 100°C, they were 

introduced into the vacuum chamber. When a vacuum of 10-4 Pa was achieved, MoO3 was sublimated from 

a tungsten boat; the deposition rate and the layer thickness were measured in-situ using a quartz 

microbalance. Then the sample was introduced into the sulfidation apparatus, which consists in a vacuum 

apparatus equipped with an oven specifically designed for thin film sulfidation (Figure 2). When a vacuum 

of 10-4 Pa is achieved, we proceeded to the MoO3 sulfidation through the process summarized in scheme 1. 

 



 

Scheme 1–  Schematic diagram for the sulfidation process steps 

 

 

 

Figure 2–  Laboratory made sulfidation apparatus.  

 

The vapor pressure of sulfur is very high, it vaporizes at 150°C, so substrate heating is sufficient for 

vaporizing sulfur. The reference temperature during the process was the temperature measured with a 

thermocouple stuck to an ITO coated glass substrate. This annealing temperature, the annealing duration and 

the partial sulfur pressure, were used as parameters to manage the final sulfidized film properties. The 

technique that has been developed in our laboratory to handle the production of MoS2 from MoO3 thin films 

is a hybrid technique, that is to say a combination between two known thin layer deposition techniques: rapid 



thermal annealing (RTA) and chemical vapor deposition (CVD) and we called it RTA-CVD. The RTA-CVD 

technique helps to reduce unwanted reactions that can lead to the formation of unexpected particles. 

2.2. Organic solar cells realization 

In the present work, OPVs were based on planar heterojunctions (PHJ), based on small organic molecules 

deposited under vacuum. Due to the ease in controlling the thickness and morphology of the organic material 

this technique allows obtaining reproducible results. These OPVs are classically based on an organic bilayer, 

which consists of an electron donor/electron acceptor pair (ED/EA), sandwiched between two electrodes. 

About electrodes, The reflexive cathode is an aluminum layer, while the transparent conductive anode is an 

indium tin oxide (ITO) layer, coating the glass substrate [28]. Moreover, in order to achieve OPVs with good 

efficiency, it is necessary to insert buffer layer between electrodes and organic layers. The buffer layer 

between the aluminum cathode and EA, a thin Alq3 (Tris-(8-hydroxyquinoline) Aluminum) film, is 

introduced as electron transporting layer [29]. The hole transporting layer (HTL), between the anode and the 

ED, is the MoO3:MoS2 hybrid buffer layer synthesized following the process described above. The ED/EA 

couple used during this study was the well-known couple AlPcCl/C60. Therefore, the OPVs studies were as 

follows:  

ITO (100 nm)/MoO3:MoS2 (3 nm)/AlPcCl (26 nm)/C60 (45 nm)/Alq3 (9nm)/Al (100 nm), the different 

thicknesses and deposition rates were optimized in previous publications [30]. It must be noted that the 

aluminum top electrodes were thermally deposited, using a mask, which gives an effective active area of 0.10 

cm2. 

2.3. Characterization techniques 

The surface morphology of the different films was visualized using a scanning electron microscope (SEM) 

(Centre de microcaractéristion, Institut des Matériaux Jean Rouxel, Université de Nantes) with a field 

emission scanning electron microscope (JSM JEOL 7600F). The composition of the films has been studied 

by energy dispersive spectrometry (EDS) with a BRUKER Quantax silicon drift detector (SDD) mounted to 

the SEM by visualizing the cross section of films we were able to check precision of the thickness given by 

the quartz monitor.  

Root-Mean-Square roughness (RMS) was estimated using an atomic force microscope (AFM). AFM images 

of the films were taken ex-situ at atmospheric pressure and room temperature. All measurements have been 

performed in Tapping Mode™ on a MultiMode8 SPM AFM (Bruker). A crystal silicon probe of type TESPA 

(NanoWorld) with an imaging resonance frequency around 320 KHz was used. The elastic coefficient was 



40 N/m, the scanning frequency is 1 Hz. The obtained AFM images were analyzed with Gwyddion 2.58 

software, which is mainly used for statistical analyses of surface characteristics. 

The optical absorption was measured from 300 nm to 1200 nm using a UV/visible spectrometer (PERKIN 

ELMER Lambda 1050 spectrophotometer).  

The chemical stats of the prepared films were examined using X-ray photoelectron spectroscopy (XPS) 

measurements were carried out at room temperature on an Axis Nova spectrometer (Kratos Analytical) using 

the Al Kα line (1486.6 eV) as the excitation source. Survey spectra were acquired at pass energies of 80 eV 

(energy resolution of 0.87 eV). Data analysis was performed using CasaXPS software. Binding energy for 

the C1s hydrocarbons peak was set at 284.8 eV in the calibration procedure. The core level spectra were 

acquired with an energy step of 0.1 eV and using a constant pass energy mode of 20 eV, (energy resolution 

of 0.48 eV). The quantitative studies were based on the determination of the Mo3d, S2p, and O1s peak areas 

with 3.32, 0.66, and 0.78 sensitivity factors, respectively. These values were provided by the manufacturer.  

Photoelectron Spectroscopy in Air (PESA) was used to measure the work function, WF, of different HTLs. 

The PESA technique is based on the fact that when a sample surface is bombarded with a slowly increasing 

amount of ultraviolet photon energy, photoelectrons start to emit at a certain energy level. This energy level 

corresponds to WF. When the photoelectron output is plotted on an X/Y axis, with horizontal axis as the UV 

energy applied, and the vertical axis as the standardized photoelectron signal, it is possible to draw a line 

from which it is possible to deduce the C value of the sample. 

Raman spectra were recorded on a Renishaw InVia reflex spectrometer (λexc = 514.5 nm) and Jobin-

YvonLabram HR800 UV (λexc = 325 nm). All experiments were carried out at room temperature, in air on 

thin films freshly deposited on a silicon wafer. The recorded data frequently showed a pronounced baseline 

coming from the silicon substrate, due to of the very thin thickness of the film under interest (MoO3 and 

MoS2).This is the reason why we also worked with a UV laser (Helium-Cadmium Laser) in order to better 

characterize the surface layer, at the expense of the substrate. 

 

3. Experimental results     

3.1 From MoO3 to MoS2 thin films 

We have already shown that, starting from Mo thin films it is possible to synthesize MoS2 thin films by 

sulfidation [31]. The morphology of the obtained MoS2 thin film depends significantly on the experimental 

conditions, mainly from the annealing temperature used during the sulfidation. Porous and inhomogeneous 

films were obtained for sulfidation at 300°C, while homogeneous compact films were obtained at 500°C. 

Such high temperature is not compatible with films deposited onto ITO, because, under S partial pressure, 



ITO at 500 °C loses its conductive properties. In the present study, the starting film was a MoO3 film 

deposited on ITO and not a Mo film. The MoO3 deposited by sublimation were amorphous and slightly 

oxygen deficient (MoO2.7). We started with quite low sulfidation temperature, Ts = 300 °C and we increase 

Ts until we get layers of MoS2. MoO3 layers were deposited by sublimation under vacuum (10-4 Pa), the 

deposition rate and the film thickness were measured by a quartz monitor. During the first part of the study 

dedicated to the synthesis of MoS2 film from MoO3 films, the thickness of the MoO3 films was 20 nm- 25 

nm and the MoO3 deposition rate was 0.05 nm/s. The vacuum before sulfidation was Pv = 10-4 Pa and during 

the annealing it was PSulfur = 10-2 Pa. So, as to keep the process short we have limited the sulfidation time to 

10 min. 

In order to check the efficiency of our sulfidation process we first proceeded to XPS analysis, a summary of 

the obtained results is presented in Table 1, while typical XPS spectra are shown in Fig. 3. 

 

Sulfidation temperature (°C) 300 320 340 360 380 

MoS2 (%) 64 65 81 93.5 100 

MoO3 (%) 36 35 19 6.5 0 

(MoS2 )/(MoO3) Percentage ratio 1.8 1.85 4.25 14 - 

 

Table 1. Influence of the sulfidation temperature on the composition of the MoO3:MoS2 films 
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Figure 3 — Typical XPS spectra of MoO3 films sulfurized at 340°C (a, b) and 380°C (c,d) under sulfur 

partial pressure. 

 

It can be seen in table 1 that for temperature up to 320°C, the sulfidation is far to be complete, beyond this 

temperature the percentage ratio (MoS2) /(MoO3) ratio increases rapidly, to be complete at 380°C. Before 

going further into our study we checked that the MoO3:MoS2 layer obtained was homogeneous. We have 

proceeded to microprobe mapping of visualized surfaces. An example of obtained results, coupled with SEM 

image, are reported in the supporting information S1 for a MoO3:MoS2 film sulfurized at 300°C. It is clear 

that Mo, O and S elements are evenly distributed in the layer, which testifies that the MoO3:MoS2 hybrid 

layers are homogeneous. 

In the case of the film synthesized at 340°C, i.e. for significant but partial sulfidation, the Mo3d doublet 

corresponds to, at least, two contributions (Figure 3a). If the peak at 226.4 eV corresponds to S(2s) [11, 32, 

33], it is necessary to use two doublets to reflect the Mo3d spectrum. The more intense, with Mo(3d5/2) and 

Mo(3d3/2) situated at 229.3 eV and 232.4 eV respectively, corresponds to Mo4+, i.e. to MoS2, while the second 

doublet, situated at 233 eV and 236 eV must be attributed to MoO3 [11, 32]. For the MoS2 film synthesized 

at 380°C (Figure 3c) there is only one Mo3d doublet, which corresponds to MoS2. On the other hand, in 
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Figure 3 b, d, the doublet S(2p) is clearly resolved, with S(2p3/2) situated at 162.1 eV and (S2p1/2) at 163.3 

eV, which corresponds to S-2 only, i.e. to MoS2 [20]. Therefore, it is possible to obtain pure MoS2 films by 

sulfidation of MoO3 thin films at 380°C for 10 min, under partial sulfur pressure, PSulfur = 10-2 Pa.  

The surface visualization by SEM, of the films before and after sulfidation is presented in Figure 4. It can 

be seen that before sulfidation the MoO3 films are quite homogeneous with small grains distributed all over 

the surface, while after sulfidation at 380°C smaller grains are visible at the surface of MoS2 films. 

Nevertheless,   the MoS2 films exhibit some disturbed lines or wrinkles which could be a sign of strain in the 

films. Possibly after annealing and the subsequent cooling, the thermal expansion mismatch between the 

substrate and the layer left the films under tensile strain. 

 

Figure 4– Surface visualization of a MoO3 film not sulfidized (a) and MoO3:MoS2 film sulfidized at 380°C 

(i.e. a MoO3:MoS2 hybrid film) (b) 

Figure 5– AFM images of a MoO3 film not sulfidized (a) and of a MoO3 film sulfidized at 380°C (i.e. a 

MoO3:MoS2 hybrid film) (b) 

 

 



AFM micrographs (5 x 5 µm2) of MoO3 and MoS2 films are visible in Figure 5,  the RMS are 1nm for MoO3 

and 6 nm for MoS2 films. The increase in the RMS in the case of MoS2 films may be due to the thermal 

annealing effect which contribute to grain growth during the sulfidation process. 

The absorbance of the films is shown in Figure 6. While the spectrum of amorphous MoO3 film is featureless, 

two absorption peaks are clearly visible in the absorbance spectra of the others films, mainly in the case of 

MoO3 sulfidized at 380°C. By comparison with a single crystal [33], these two contribution peaks may be 

identified as the excitonic transitions A and B. It must be noted that such excitonic contribution to absorption 

spectra is generally seen in high quality MoS2 at 1.945 eV and 2.137 eV respectively [34].  

 

Figure 6–  Absorbance spectra of MoS2 thin film after sulfidation at 380°C (thin line), MoO3:MoS2 sul-
fidized 5 min at 210°C (thick line) and of MoO3 film before sulfidation (dotted line). The measurements are 

done using the “3DWB det” module and by subtracting the absorbance of the ITO substrates. 
 

 

 It means that the sulfidation temperature needed to obtain homogeneous and high quality MoS2 thin films 

from MoO3 is smaller than that necessary when the starting layer is Mo. It must be noted that after synthesis 

of MoS2 film from MoO3 deposited on ITO, there is no degradation of the ITO conductivity even for 

sulfidation at 380°C. This allows us to use this synthesis process for the grow of hybrid HTL in OPVs.  

Therefore, building on these results, we studied the case of thin layers of MoO3 whose thickness corresponds 

to that used for HTL in cells. Of course, other uses can be considered for these layers of MoS2, but in this 

work we will focus the rest of our study on the optimization of MoO3:MoS2 hybrid layers for application as 

a HTL in OPVs. 
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3.2 MoO3:MoS2 thin films as future hybrid HTLs 

The following part being dedicated to the realization of a performing HTL, we used a layer of MoO3 thick of 

3 nm, knowing that this thickness allows to obtain good results. Therefore, the starting layer was a MoO3 

film thick of 3 nm deposited onto ITO. Here, the goal is to obtain MoO3:MoS2 hybrid layers. Since we have 

shown that MoO3 layers thick of 20 nm are partly sulfidized after annealing at temperatures around 300°C, 

we started this part of the study by using 300°C for 10 min as sulfidation conditions for MoO3 layers thick 

of 3 nm deposited on ITO, the partial S pressure being 10-2 Pa. The hybrid layers to be used in OPVs, it was 

important to know their composition, therefore we first proceeded to XPS analysis.  

First of all, we have studied a MoO3 film. The XPS spectra are shown in Figure 7.  



 

Figure 7–  Mo3d and O1s XPS spectra of a MoO3 thin film (3 nm). 
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Each component of the Mo3d spectra is clearly asymmetric. It means that the spectrum corresponds to two 

Mo3d doublets. The main one, situated at 232.8 eV and 235.9 eV corresponds to Mo3d3/2 and Mo3d5/2 of 

MoO3 (Mo6+). The second one, at 231.6 eV and 234.7 eV can be attributed to Mo5+ [11]. This last contribution 

corresponds to 30% of the whole signal. Such result is not unexpected, it is known that the MoO3 layers 

deposited by sublimation from a heated powder are systematically oxygen deficient. In the present work an 

EDS estimation of the MoO3 films composition has shown that the chemical formula of the deposited layer 

corresponds to MoO2.7. Three contributions are visible in the spectrum of O(1s), the main one, situated at 

530.6 eV, must be attributed to MoO3, while the two others contributions (531.3 eV and 532.5 eV) correspond 

to surface contamination. It must be noted that, the MoO3 film deposited onto In2O3, being quite thin, 3 nm, 

the O1s peak situated at 530.6 eV corresponds to not only MoO3 but also to In2O3.  

Then, we started the study of MoO3:MoS2 hybrid layers using the following process. MoO3 layers, deposited 

on ITO by sublimation under vacuum and thick of 3 nm were introduced into the sulfidation apparatus where 

they were submitted to an annealing at 300°C for 10 min, under S partial pressure (PSulfur = 10-2 Pa). The XPS 

spectra of such hybrid layers are shown in Figure 8.  
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Figure 8 –  Mo3d, S2p and O1s XPS spectra of MoO3:MoS2 hybrid layer (3 nm) obtained after annealing 10 

min at 300°C. 

 

As discussed above, The Mo3d doublet with Mo(3d5/2) and Mo(3d3/2) situated at 228.9 eV and 232.0 eV 

respectively, corresponds to MoS2, while the second smaller one, situated at 232.9 eV and 235.5 eV must be 

156 158 160 162 164 166 168

2p1/2

In
te

n
s

it
y

 (
a

.u
. 

)

Binding energy (eV)

 Experimental curve

 Fitted curveS2p

2p3/2

526 528 530 532 534 536 538

In
te

n
s
it

y
 (

a
.u

. 
)

Binding energy (eV)

 Experimental curve

 Fitted curve
O1s

O-Mo
Surface

Contamination



attributed to MoO3. On the other hand the S2p doublet (161.75 eV, 163.0 eV) corresponds to MoS2, while the 

O1s peak situated at 530.4 eV corresponds to M-O (M = Mo and In, the small thickness of the hybrid layer 

induces the detection of In2O3) and the others contributions correspond to surface contamination. If a 

MoO3:MoS2 hybrid layer is obtained, there is less than 10 at.% of MoO3 for more than 90 at.% of MoS2. 

When such hybrid layer was introduced as HTL in PHJ-OPVs the results were quite bad. Actually, MoO3 

being the hole extracting layer, it must be dominant in the MoO3:MoS2 hybrid layer. It appears from 

preliminary results that the molecular ratio MoO3/MoS2 must be greater than or equal to 5. Therefore, we 

have modified the sulfidation protocol, the duration of the annealing was reduced to 5 min and we have 

progressively reduced the annealing temperature.  

In Figure 3 and 8 the MoO3 contribution represents less than 10% of the Mo3d signal, so, for the simplicity 

of deconvolution of the Mo3d doublet, as the binding energy of Mo5+ it is close to that of Mo6+, we have 

included these 2 components in a single contribution. 

 

Annealing temperature (°C) 300 280 250 220 210 190 160 

MoS2 (%) 90 60 15 8 5 3 1 

MoO3 (%) 10 40 85 92 95 97 99 

MoS2/MoO3 Percentage ratio 0.11 0.66 5.66 11.5 19 32.33 99 

 

Table 2–  Influence of the sulfidation temperature on the composition of the MoO3:MoS2 hybrid HTL layers,  

(Sulfidation parameters others than the temperature: duration 5 min and partial sulfur pressure, PS = 10-2 Pa).  

 

We have seen that, in MoO3 thin films they are two oxidation states for Mo, Mo6+ corresponding to MoO3 

itself and Mo5+ due to oxygen vacancy in the MoO3 film. Nevertheless these two oxidation states pertain to 

MoO3 thin films. Therefore, in Table 2, for calculating the molecular ratio MoO3/MoS2 we have added these 

two contributions to estimate the MoO3 percentage, while the MoS2 contribution corresponds to Mo4+. It must 

be noted that the ratio Mo6+/Mo5+ is stable whatever the sulfidation conditions are. It means that the presence 

of Mo5+ is not at the origin of the sulfidation reaction. The presence of Mo5+ in the hybrid HTL after 

sulfidation is positive for their use in OPVs because it was shown that presence of oxygen vacancies increases 

Jsc, due to the fact that these vacancies open a path for carrier transfer via gap states induced by these 

vacancies [35, 36]. 

From Table 2 it can be deduced that the MoO3:MoS2 hybrid layers that appear best suited for use in OPVs, 

i.e., those with sufficiently high MoO3/MoS2 molecular ratio, are those that have been treated at a temperature 

between 250 and 190°C. 



The spectra of a MoO3:MoS2 hybrid layer after annealing 5 min at 220°C, which composition allows using 

it as HTL in OPV are shown in Figure 9. We can see clearly the three Mo(3d) contributions, Mo 6+ , Mo 5+ 

,due to MoO3, and Mo4+ , due to MoS2, the contribution to MoS2 being notably smaller than that encountered 

in Figure 8. On the other hand, the S(2p) doublet can be attributed to MoS2, while the main contribution to 

the O1s corresponds to metal oxide. 
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Figure 9–  Mo3d, S2p and O1s XPS spectra of MoO3:MoS2 hybrid layer obtained after sulfidation 5 min at 

220 °C. 
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An AFM image of the MoO3:MoS2 hybrid layer obtained after sulfidation 5 min at 220 °C is presented in 

Figure 10. Many small grains are clearly visible. Some seem to form small circles probably initiated by some 

small inhomogeneities present on the surface of the layers. The RMS of these hybrid layers was estimated to 

be around 1 nm. This RMS corresponds to the RMS of the ITO film, which means that the 3 nm thick hybrid 

HTL does not modifies significantly the morphology of the anode of the OPVs. Moreover such small RMS 

is positive for their use in OPVs because it avoids leakage current. 

 

 

Figure 10–  Image AFM of MoO3:MoS2 hybrid layer obtained after sulfidation 5 min at 220 °C. 

 

Since we have seen that pure MoS2 films after sulfidation exhibit some perturbations, we have proceeded to 

the visualization of hybrid MoO3:MoS2 layer sulfidized 5 min either at 220°C or at 330°C. It can be seen in 

Figure.11 the film sulfidized at 220°C (Figure 11 a) is homogeneous, its appearance is similar to that shown 

by the AFM image, with small grains that sometimes appear as pseudo-circles. However, when the hybrid 

HTL is sulfidized at 330°C (Figure 11 b) disturbed lines are clearly visible all over the surface of the film. 

These different behaviors can be attributed to the fact that the sulfidation temperature is only 220° C for 

hybrid HTL, while it was 330 °C in the case of nearly pure MoS2 films (Figure. 4b). Using smaller 

temperature during the sulfidation allows minimizing the thermal expansion mismatch between the substrate 

and the layer, which permits to avoid the apparition of the observed disturbed wrinkles in the films. 



 

Figure 11–  Surface visualization of a MoO3 film sulfidized 5 min at 220 °C (a) and at 330°C (b) 

 

After obtaining at quite low temperature homogeneous hybrid MoO3:MoS2 layers with composition supposed 

to be well suited for its use as HTL in OPVs, we have probed these hybrid layers in PHJ-OPVs. 

3.3  MoO3:MoS2 hybrid layers as HTL in PHJ-OPVs. 

For each deposition cycle we have introduced samples without any HTL, as reference OPV. Typical J-V 

characteristics are presented in Figure 12, while the results are summarized in Table 3. 

Figure 12 presents the characteristics of an OPV without HTL, used as reference OPV, and that of an OPV 

with the optimum MoO3:MoS2 hybrid layer are visible. It is clear that the presence of the HTL improve the 

OPV performances. Without HTL the J-V characteristic is S-shaped, which is due to the bad band matching 

at the contact anode/AlPcCl [37]. On the other hand with MoO3:MoS2 HTL, the cell parameters, Jsc and FF 

are improved, which results in power conversion efficiency nearly double of that obtained without HTL.   

It can be seen from Table 3 that the OPV performance depends significantly on the MoO3:MoS2 HTL 

composition. We have shown that the MoO3:MoS2 ratio decreases when the sulfidation temperature increases 

(Table 2).  



 

Figure 12–  J-V characteristics of OPVs without HTL (▼) and with MoO3:MoS2 HTL (●), in dark (filled 

symbols) and under AM1.5 illumination (open symbols). 
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64 33 3 190  0.61 6.86 52 2.19 

65 30 5 210  0.50 8.66 57 2.49 

62 30 8 220 0.40 7.94 50 1.59 

58 28 14 250  0.38 7.77 48 1.43 

Bare ITO 0.41 7.41 42 1.29 

Table 3–  Variation of the OPVs parameters with composition of the hybrid HTL MoO3:MoS2 

 

If the performances of the OPVs increase with the MoS2 concentration there is rapid saturation of this effect 

and, beyond 5% of MoS2, the performances of cells degrade rapidly. Jsc and FF decrease beyond this MoS2 

critical concentration. About the open circuit voltage (Voc), the introduction of the hybrid HTL increases 

significantly its value due to improvement of the band matching. Nevertheless, Voc decreases systematically 
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when the MoS2 concentration increases. This behavior limits the positive effect of the presence of MoS2 in 

the hybrid HTL. This negative effect will be discussed below.  

4. Discussion 

In the present work, we show that, using MoO3 thin films as precursor, it is possible to obtain in a short time 

(10 min) and at quite low temperature, (T > 340°C) for films with large majority of MoS2 and 380°C for pure 

MoS2 films, MoS2 thin films using a mixed process: chemical vapor deposition (CVD) and rapid thermal 

annealing (RTA). This mixed technique makes it possible to obtain thick MoS2 layers ( 20 – 25 nm) in a 

short time of 10 min and even only 5 min in the case of very thin layer (3 nm). Actually, classical CVD was 

already used to synthesize MoS2, the starting material was often Mo thin films deposited by electron beam 

evaporation [38, 39], it was necessary to use far higher sulfidation temperature (750°C) to obtain 

homogeneous MoS2 layer. That is in good agreement with our previous work [31] where we have shown 

that, starting from Mo thin films a minimum annealing temperature of 500°C was required to synthesize 

homogeneous MoS2 thin films. Nevertheless, as shown by the present work, it is possible to grow 

homogeneous MoS2 thin films at lowest temperature by using MoO3 thin films as precursor. It was already 

shown that it was possible to grow MoS2 from MoO3 by sulfidation. For instance, starting form MoO3 thin 

films, thick of 5 nm and 90 nm, deposited by reactive sputtering, MoS2 thins films were grown by CVD, but 

for annealing temperature and duration being 400°C - 1h, 450°C – 1h, 550°C – 1h and 850°C – 15 min [40]. 

In the present work we were able to grow MoS2 layer from MoO3 layer at lower temperatures, T > 340°C for 

MoS2 layers and T ≥ 200°C for MoO3:MoS2 hybrid layer. Such low temperatures were efficient due to the 

fact that with our CVD-RTA technique, the sulfur source is very close to the MoO3 layer (4 cm) and the 

process takes place under the sulfur vapor (Figure 2), the reaction process being schematized in Figure 13. 

For the technique to be effective the PSulfur/POxygen partial pressure ratio must be sufficiently high, here it is 

around 102 Pa.  Others works propose small temperatures for MoS2 synthesis, for instance 200°C by 

hydrothermal method, but the reaction process needs 24h to be effective [41].  

 

 



 

Figure 13–  Schematization of the sulfidation process of the MoO3 layers ( Tsub is the sulfur sublimation 

temperature and Ts is the sulfidation temperature). 

 

Nevertheless, it is known that the obtaining of MoS2 films through MoO3 sulfidation, involves the initial 

reduction of  MoO3 into MoO2 under sulfur environment, followed by the sulfidation, which usually involves 

quite high temperature in order to avoid the presence of  MoO2 in the final film [10, 11, 7, 6, 3, 1].  In our 

case, lower temperatures are necessary, and we can wonder about the absence of oxide in our layers. First of 

all, concerning the XPS analysis, it should be noted that the signal corresponding to the indium appears 

weakly, whereas, as shown in Figure 3c, the signal due to MoO3 has completely disappeared from the Mo3d 

spectrum, this confirms that there is no more MoO3 even at the MoS2/ITO interface. On the other hand, the 

signal corresponding to Mo4+ is present and it can correspond to MoS2, but also to MoO2. Nevertheless, 

following the literature, Mo4+ bonded to S2- was observed at 229.4 and 232.5 eV [42, 43], while Mo4+ bonded 

to O2- was located at 229.8 and 233.0 eV [42]. It turns out that our study shows that, after sulfidation, the 

measured bonding energies for Mo(3d5/2) and Mo(3d3/2) are situated at 229.3 eV and 232.4 eV respectively, 

which corresponds to Mo4+ bonded to MoS2 following references [42, 43]. Nevertheless, in order to check 

more precisely the presence or not of oxide in our sulfurized films we have submitted our films to Raman 

analysis. Typical spectrum of our MoO3 and MoS2 films are shown in Figure 14. It can be seen that after 

deposition the spectrum obtained corresponds to amorphous MoO3 (Figure 14) with some large band about  

666 cm-1 (B2g, B3g,the asymmetric stretching of the Mo–O–Mo bridge the 820 cm-1 (Ag, B1g) the symmetric 



stretch of the terminal oxygen atoms [44]. On the other hand, the presence of two prominent peaks located 

at 380 and 407 cm-1, corresponding to the E12g and A1g modes for MoS2, indicates that MoS2 is obtained [45], 

while no peaks corresponding to MoO3 or MoO2 are visible.It can therefore be concluded from these studies 

that the presence of MoO2 is unlikely, without however completely excluding it being given the limits of the 

sensitivities of the characterization techniques used.” 

 

Figure. 14– Raman spectra (a) 514.5 nm excitation and (b) 325 nm excitation of thin films of MoO3 (blue 

line) and MoS2 (red line) taken in air at room temperature. Spectra of the Si substrate are also given for 

reference (black line) 

 

 

About the improvement of OPVs efficiency by using MoO3:MoS2 hybrid HTL, it can be justified by looking 

more precisely some specific properties of MoO3 and MoS2. Among the known HTL, MoO3 is often used. 

Actually, MoO3 thin layers deposited by vacuum sublimation are oxygen deficient, making them type n, with 

a work function (WF) of at least 5.9 eV – 5.3 eV in case of exposure to ambient air [42, 43]. Nevertheless, if 

MoO3 is very efficient as hole collector layer, it does not behaves as an electron blocking layer [11, 44] due 

to its conduction band (4.93 eV) and valence band (8.49 eV) values [20]. Moreover, even if it is 



semiconductor due to the presence of oxygen deficiencies, it remains fairly resistive (105 Ω-1cm-1 [45]). All 

that means that OPVs, might be more efficient if an electron blocking layer with better conductivity was 

added to the MoO3 HTL layer. It turns out that MoS2 has the required energy levels to block electrons as it 

was already shown [10, 11, 46].  

It is known that there is a large mismatch of the band structures of ITO/ED interface, which justifies the poor 

efficiency of the OPVs without HTL. When a MoO3:MoS2 hybrid HTL is introduced, J-V characteristics are 

improved, which results in a very significant improvement of the OPVs efficiency. Nevertheless, the trend is 

quickly reversed and when the concentration of MoS2 is 6 or more, the efficiency of the OPVs decreases. In 

order to try to understand such behavior, knowing that the agreement of energy levels at the interfaces is very 

important we proceeded to the measurement of the work function, WF, of MoO3, MoS2 and typical HTL 

using the technique PESA. For MoO3 we have WFMoO3 = 5.31 eV. As said above, far higher value, 6.86 eV, 

was measured under ultra-high vacuum [44, 47]. Nevertheless, it was shown that this value decreases more 

than 1 eV when the MoO3 layer is submitted to room air [42], which is the present case. Therefore we can 

consider that the measured value corresponds to the expected value. The value for MoS2 is WFMoS2 = 4.95 

eV. By comparison with previous studies which gives a value of 4.5 eV [10], this value is large, this may be 

due to some Mo oxidation [11], actually, the sample could be oxidized on the surface because it was not 

possible for us to make the PESA measurements immediately after the sulfidation of the layer. 

In the case of the MoO3:MoS2 hybrid layer obtained after sulfidation 5 min at 220 °C we have WFMoO3:MoS2 = 

5.13 eV, which means that when the percentage of MoS2 present in the hybrid layer increases WF decreases 

slowly from the WF value of MoO3 to that of MoS2. This result is in good agreement with previous studies 

that show that the presence of Mo6+ and Mo5+ , i.e., MoO3 in the MoS2 layers, increases the extraction work 

of the layer [11, 19]. The HOMO of AlPcCl being 5.35 eV, the agreement with MoO3 is very good, while it 

is quite bad with MoS2. The variation of WF with the MoS2 content in the hybrid HTL explains the results 

obtained in Table 3, while the presence of MoS2 decreases the resistance of the HTL and blocks electrons it 

degrades the band matching. Using the hybrid buffer layer MoS2:MoO3, the idea was that such double anode 

buffer layer could allow cumulating the advantages of its both constituents. The MoS2 blocks the electrons, 

while the high work function of MoO3 induces a good band matching at the interface electron donor/anode. 

Moreover the high hole mobility of MoS2 is favorable to improve Jsc and FF as it can be seen in Table 3. But 

this cumulative effect saturates rapidly. Such limitation is explained by the decrease of the WF value of the 

hybrid HTL induced by MoS2. Therefore, it is necessary to obtain the best tradeoff between the positive and 

negative effects of the presence of MoS2 in MoO3:MoS2 HTL. 

 

 



5. Conclusions 

To improve the OPVs efficiency through the use of a MoO3:MoS2 HTL we propose in the present work, to 

control more simply its composition by using an original technique of sulfidation of a MoO3 thin films. MoO3 

layers were deposited by vacuum sublimation, which means that they are oxygen deficient. Then, they were 

sulfidized by vacuum heat treatment under partial sulfur pressure. We first show that it is possible to obtain 

MoS2 films by annealing MoO3 films at 320°C for 10 min, pure MoS2 films being obtained at 380°C. The 

low temperature needed for obtaining pure MoS2 films demonstrates the high sulfidation efficiency of our 

CVD-RTA technique. CVD-RTA technique to be efficient, the PSulfur/POxygen partial pressure ratio must be 

sufficiently high: PSulfur/POxygen = 102. Then, we proceeded partial sulfidation  of MoO3 thinner layers (3 nm) 

to obtain MoO3:MoS2 hybrid layers, in order to cumulate the advantages of MoO3, as a hole collecting layer 

and of MoS2 as electron blocking layer. When a MoO3:MoS2 hybrid layer is introduced as HTL in OPV based 

AlPcCl/C60, we have obtained a significant improvements of the OPV efficiency in the case of the HTL 

presents 5% of MoS2.  Nevertheless a small increase in the MoS2 ratio induces a rapid saturation of this 

positive effect, which was explained by the decrease of the WF of the MoO3:MoS2 hybrid HTL.  
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