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Abstract  

Doping efficiency and stability are crucial requirements for the integration of doped organic 

semiconductors in optoelectronic devices. This work presents a detailed experimental study 

on the air stability of p-doped systems based on a low-bandgap polymer, poly[(4,8-bis-(2-

ethylhexyloxy)-benzo(1,2-b:4,5-b’)dithiophene)-2,6-diyl-alt-(4-(2-ethylhexanoyl)-thieno[3,4-

b]thiophene-)-2-6-diyl) (PBDTTT-c) doped with a strong molecular p-dopant, i.e. 

molybdenum tris[1-(trifluoroethanoyl)-2-(trifluoromethyl) ethane-1,2-dithiolene] (Mo(tfd-

COCF3)3). The electrical conductivity and the optical absorption are measured for different 

dopant concentrations in argon atmosphere, and their variations monitored as a function of the 

air exposure time. The results indicate a clear instability under ambient air related to a 

dedoping process, which is particularly pronounced in ultra-thin (< 50 nm) doped layers. By 

evaluating the stability of the p-doped polymer layers under different atmospheres (ambient 

air, anhydrous air and argon), the detrimental impact of moisture and/or O2(H20)n complexes 

is highlighted. X-ray Photoelectron Spectroscopy (XPS) revealed that the p-doping instability 
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in ambient air can be assigned to changes in the oxidation state of the metallic center as well 

as to an intrinsic degradation of the dopant molecule. This study unravels an important 

degradation mechanism with this class of dopants that should be taken under consideration 

and solved for future integration of ultrathin p-doped layers in printed electronic devices. 

1. Introduction 

Organic semiconductors (OSCs) are promising materials for low-cost,[1] flexible,[2] large-

area[3] production of printed electronic devices. These materials can be employed in their 

semi-conducting state as active layers in organic field effect transistors (OFETs),[4]  light-

emitting diodes (OLEDs)[5] and organic photovoltaics (OPVs).[6–8]  They are also employed 

in their doped state as interfacial layers in optoelectronic devices, to favor the 

extraction/injection of charges[9,10] or in thermoelectric devices.[11,12] In this context, the 

development of an efficient and stable doping process is an important research topic. 

Molecular doping is a powerful tool to tune the electrical properties of OSCs, offering the 

possibility to improve the performance of various organic optoelectronic devices.[9,13,14] By 

blending dopant molecules with high electron affinities (EA), i.e. low-lying LUMO levels (p-

dopants), or low ionization energies (IE), i.e. high-lying HOMO levels (n-dopants) with an 

OSC, it is possible to increase the electrical conductivity by several orders of magnitude[15–

17] and to tailor the energy levels of the host material.[18,19] Over the last years, the research 

in this field has focused on the fundamental understanding of the doping mechanisms as well 

as on the development of processing condition allowing to control the doping efficiency in 

OSCs.[20–23] However, the stability and degradation mechanisms occurring in p-doped 

OSCs received little attention, although it is a crucial aspect for the future integration of these 

materials into printed devices.  

Nonetheless, it is well-known that organic electronic devices can undergo chemical reactions 

with oxygen and/or water, leading to significant performance loss over time when exposed to 
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ambient conditions.[24–26] Organic materials are considered to be kinetically air-stable if 

their EA is below the electron traps from oxygen and water related species, i.e. below 4.0 

eV.[27–30] This criterion is especially challenging for n-doped OSCs, given the low IE of 

efficient molecular n-dopant and also the low EA of the anion host.[12,31] By exposing 

different OSCs to ambient air, recent studies identified a common deep-lying electron trap 

around -3.6 eV that was associated to the presence of O2(H20)2 hydrated oxygen 

complexes.[29,30,32] In this context, Tietze et al. showed that the n-doping effect, after short 

periods of air exposure, remained partially active in organic host molecules with EA higher 

than -3.6 eV.[30,31] 

Contrary to n-type dopants, molecular p-dopants are usually considered as air-stable materials, 

since their LUMO levels lye far below -4.0 eV. To the best of our knowledge, there are no 

studies investigating the air stability of p-doped OSCs. In the literature, p-doped layers are 

mostly processed under inert atmosphere (or vacuum), which obviously tends to minimize the 

risk of air-related degradation mechanisms. Still, air stability is an important requirement for 

the compatibility of p-doped OSCs with printed electronics, as many real device applications 

require thin doped layers (<100 nm) processed in air. 

Here, we present a thorough investigation of the air stability of p-doped OSCs. For this study, 

we chose Poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b’)dithiophene)-2,6-diyl-alt-(4-(2-

ethylhexanoyl)-thieno[3,4-b]thiophene-)-2-6-diyl)] (PBDTTT-c), which is one of the new 

generation donor polymers developed for OPV applications,[6,7] and molybdenum tris[1-

(trifluoroethanoyl)-2-(trifluoromethyl) ethane-1,2-dithiolene] (Mo(tfd-COCF3)3), as a dopant. 

This dopant belongs to a popular class of molecules, specifically developed for the doping of 

organic p-type semiconductors and presents higher solubility compared to previously reported 

Mo-based dopants, such as Mo(tfd)3.[33] Recent studies have already confirmed good p-

doping electrical properties for PBDTTT-c:Mo(tfd-COCF3)3 layers and investigated the 

doping mechanisms in this system.[34–36] 
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After characterizing the conductivity and UV-Vis-NIR absorption of freshly prepared 

PBDTTT-c:Mo(tfd-COCF3)3 layers, we showed that their doping characteristics are not stable 

in ambient conditions. By performing a stability study under different atmospheres, we 

highlighted the negative impact of air humidity on the p-doping stability of PBDTTT-

c:Mo(tfd-COCF3)3 layers. This observation was extended to Mo(tfd-COCF3)3-doped poly(3-

hexylthiophene) (P3HT) layers, indicating that the observed instability is independent of the 

polymer host. X-ray photoemissions spectroscopy (XPS) revealed significant changes in the 

dopant molecule and in the oxidation state of the metal center after air exposure. 

2. Experimental  

2.1. Materials 

PBDTTT-c (PDI: 1.8-2.5, Mn > 23 kDa) was purchased from Solarmer and P3HT 

(regiorandom) and o-Xylene (anhydrous, 97 %) were purchased from Sigma-Aldrich. All 

materials were used as received without further purification.  

2.2. Sample fabrication 

PBDTTT-c (5.5 – 40 g L-1, o-Xylene), P3HT (5.5 g L-1, o-Xylene), Mo(tfd-COCF3)3 (2.0 g L-1, 

o-Xylene) solutions were stirred overnight at room temperature. Immediately before spin-

coating, the appropriated amount of dopant solution (depending on the desired doping level) 

is added to the polymer solution. The doping concentration is given in mol%, i.e. number of 

dopant molecules per monomer unit of polymer. For PBDTTT-c:Mo(tfd-COCF3)3, the final 

polymer concentration varied between 4.7-19 g L-1, depending on the desired layer thickness 

(between 15-200 nm). For P3HT: Mo(tfd-COCF3)3, only 15 nm-thick layers were considered. 

Glass slides for UV-Vis-NIR spectroscopy were cleaned by sequential sonication steps in 

acetone (10 min) and isopropanol (10 min), and dried under argon stream. For electrical 

measurements, XPS analysis, and EPR measurements gold-coated poly(ethylenenaphthalate) 

(PEN) substrates were patterned using photolithography and cleaned by  sonication in an 
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acetone bath (10 min). The spin-coating speeds were varied between 500-1000 rpm, 

depending on the solution concentration and the desired layer thickness. The complete sample 

preparation was performed in an argon-filled glovebox (<5 ppm H2O, O2) equipped with a 

molecular sieve solvent trap. The thickness of samples was determined using a TOHO FP-10 

contact profiler. 

2.3. Characterization methods  

The transmission line method (TLM) was used to measure the conductivity of the doped 

layers. The patterned flexible PEN (12 µm) /gold (30 nm) substrates presented a channel 

width of ca. 14,500 µm and a channel length varying from 50 to 1000 µm. Current-voltage (I-

V) measurements were performed in the dark and inside the argon-filled glovebox with a 

Keithley 2400 SourceMeter. The conductivity was determined from the ohmic region of the I-

V curves. An identical setup was used for the measurement under ambient air. To characterize 

the stability of the electrical conductivity under ambient air, freshly prepared samples were 

exposed to air (dark) and their I-V curves were automatically collected every five minutes, for 

a chosen channel length. The results are plotted in conductance versus time.  

A PerkinElmer Lambda 950 spectrophotometer with integrating sphere was used to measure 

the UV-Vis-NIR absorption spectrum of the solid samples. Total transmission and total 

reflection were measured to obtain the total absorption. The UV-vis-NIR measurements were 

performed under ambient atmosphere. The samples were measured directly after leaving the 

glovebox, limiting the air exposure to a few minutes.  

Cyclic voltammetry (CV) measurements were performed with a three-electrode setup, 

consisting of a platinum electrode as a working electrode (ALS, diameter 1 mm), a platinum 

wire as counter electrode, and a non-aqueous Ag/AgNO3 electrode as pseudo-reference.  

PBDTTT-c measurements were performed in freshly distilled acetonitrile and Mo(tfd-

COCF3)3 in freshly distilled THF. Tetrabutylammonium hexafluorophosphate is used as 

supporting electrolyte (NBu4PF6, Electrochemical grade, Sigma Aldrich, 0.1 M), dried under 
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primary vacuum at room temperature. The dopant was analyzed in solution (2 mM) and the 

polymer was drop-casted on the working electrode (from 4.7 g.L-1 solution in o-Xylene) and 

analyzed as a film. The voltammograms were recorded at a scan rate of 50 mV.s-1 and 

calibrated with respect to the half-wave oxidation potential of ferrocene (Fc+/Fc),. The 

electron affinities of dopants and their anions were calculated using EEA (eV) ≈ 4.8 + 

Ered
onset(V vs Fc+/Fc).[37] The ionization energy of the polymer was calculated using EIE

 (eV) 

≈ 4.8 + Eox
 onset (V vs Fc+/Fc).  

X-ray photoelectron spectroscopy (XPS) analysis were performed with a ULVAC PHI 5000 

VersaProbe II spectrometer using an AlKα X-ray radiation (1,486.6 eV). The residual 

pressure inside the analysis chamber was of 7 × 10−8 Pa. A fixed analyzer pass energy of 23 

eV was used for core level scans, leading to an overall energy resolution of 0.6 eV. Survey 

spectra were captured at a pass energy of 117 eV. All spectra were referenced against an 

internal signal, typically by adjusting the C 1s level peak at a binding energy of 284.6 eV. A 

specific four contacts sample holder manufactured by ULVAC-PHI was used to probe the 

stability of thin doped layers under Ultra High Vacuum condition. The XPS spectra were 

fitted using the casaXPS software in which a Shirly background is assumed and the fitting 

peaks of the experimental spectra are defined by a combination of Gaussian (80%) and 

Lorentzian (20%) distribution. 

Electron paramagnetic resonance (EPR) spectra were recorded with a Bruker EMX 

spectrometer operating at X-band frequency with an ER-4116 dual mode cavity. The 

measurements were done at room temperature and obtained with the following parameters: 

9.655 GHz frequency, 31.65 mW power, and 3.0 G modulation amplitude. To allow a direct 

comparison and avoid morphology variation due to the substrate, the EPR sample is a cutout 

part of TLM flexible devices inserted in a 3 mm internal diameter quartz EPR tube. The film 

is deposited by spin-coating. PEN does not give any EPR signal in the given conditions.   
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3. Results and discussion 

3.1. p-doping of PBDTTT-c with Mo(tfd-COCF3)3 

The redox potentials of PBDTTT-c and Mo(tfd-COCF3)3 were measured with cyclic 

voltammetry (Figure 1a). The reduction of the dopant occurs via two, remarkably stable and 

reversible, one-electron transfers.[38] Such electrochemical stability of the anion and dianion 

species are valuable for long-lasting operations. The successive reduction waves were 

assigned to the LUMO and LUMO +1 levels, calculated at ca. -5.3 eV and -4.5 eV, 

respectively. For PBDTTT, the reduction and oxidation waves also presented 

electrochemically stable and reversible processes, with a HOMO level at ca. -5.1 eV and the 

LUMO level at ca. -3.1 eV. Assuming the absence of intermolecular electrostatic 

interactions,[39] the energy level offset between the HOMO of PBDTTT-c (≈ -5.1 eV) and 

the LUMO of Mo(tfd-COCF3)3 (≈ -5.3 eV) should favor an efficient electrical doping in this 

polymer:dopant system (Figure 1b).  

 
 

Figure 1 – (a) Cyclic voltammograms of Mo(tfd-COCF3)3 (in THF) and PBDTTT-c (in 

acetonitrile). Experimental conditions: scan rate 50mV.s-1, 0.1 M [NBu4][PF6], 0.01 M 

Ag/AgNO3 calibrated Fc+/Fc.  (b) Corresponding energy diagram with the calculated energy 

levels. Filled bars indicate HOMO level, unfilled bars indicate LUMO levels and dotted line 

indicate LUMO+1 level (See experimental section for details). 
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The conductivity and UV-Vis-NIR absorption spectra of freshly prepared PBDTTT-c:Mo(tfd-

COCF3)3 layers were measured as a function of the dopant concentration, varying from 1 

mol% to 30 mol% (1.2 wt% and 36.3 wt%). Regarding the blend solution, the final polymer 

concentration was kept constant at 4.7 g L-1, whereas the final dopant concentration varied 

between 0.3 g L-1 and 1.6 g L-1. All the samples presented a layer thickness of ca. 15 nm. 

Pristine polymer layers exhibited low conductivity of 4 x 10-8 S cm-1, which is consistent with 

the low carrier density expected from neutral polymers.[40] In Figure 2a, the conductivity of 

PBDTTT-c layers is presented as a function of the Mo(tfd-COCF3)3 concentration. Compared 

to previous studies on the same polymer:dopant system, our samples presented exceptionally 

high conductivities.[34–36] The main difference between our processing conditions and those 

reported previously for PBDTTT-c:Mo(tfd-COCF3)3 layers relies on the absence of post-

deposition thermal treatment. Having noticed its negative impact over the conductivity, our 

samples were measured as-cast (Figure S1). For F4TCNQ-doped OSCs, recent articles have 

reported on thermally induced dedoping, which was mostly attributed to the dopant 

desorption.[15,41,42]  

 
 

Figure 2 – Electrical conductivity as a function of the dopant concentration for PBDTTT-

c:Mo(tfd-COCF3)3 layers: comparison with values published in the literature (a). UV-Vis-NIR 

spectra for pristine PBDTTT-c and doped PBDTTT-c:Mo(tfd-COCF3)3 layers (b). 



  

9 

 

A conductivity increase of seven orders of magnitude was observed for PBDTTT-c:Mo(tfd-

COCF3)3 layers, with a maximum of 0.3 S cm-1  at 15 mol% Mo(tfd-COCF3)3 (Figure 2a). 

The saturation beyond a certain dopant concentration was already reported for other doped 

OSCs and correlated to the limited number of dopant anions that can be accommodated in the 

host material, depending on the nature of the polymer-dopant interactions.[16,17,43] 

Therefore, the slight conductivity decrease observed above 15 mol% of Mo(tfd-COCF3)3  

suggests an increase of molecular disorder due to an excess of dopant.[44] 

In order to get insight on the morphology evolution of PBDTTT-c layers with the addition of 

Mo(tfd-COCF3)3, we compared the surface morphology of pristine and doped layers by 

tapping-mode atomic force microscopy (AFM) (Figure S2) and the bulk molecular order by 

grazing-incident wide-angle X-ray scattering (GIWAXS) (Figure S3). No significant 

modification of the diffractograms are observed upon doping. The addition of Mo(tfd-

COCF3)3 up to 20 mol % reinforced the amorphous character of the PBDTTT-c polymer. The 

AFM topography indicated no drastic change in the morphology of PBDTTT-c layers up to 

10 mol% Mo(tfd-COCF3)3. However, for dopant concentrations above 15 mol%, the surface 

morphology changes significantly.  

Figure 2b reports the UV-Vis-NIR spectra for pristine PBDTTT-c and doped PBDTTT-

c:Mo(tfd-COCF3)3 layers. The UV-Vis-NIR absorption spectra indicate that new sub-gap 

absorption bands located at 1100 nm and beyond 2000 nm appear as the Mo(tfd-COCF3)3  

molar ratio is increased. This variation is concomitant with a bleaching of the PBDTTT-c 

π-π* band at  ̴ 650 nm. The absorption bands in the NIR are attributed to sub-gap transitions 

from and to polaronic levels, evidencing an effective doping.[45–47] Above 15 mol% Mo(tfd-

COCF3)3, the absorption spectra shows no significant changes, indicating that no more doped 

PBDTTT-c segments are formed at higher dopant concentration, in accordance with the 

conductivity measurements. As the neutral and ionized absorption signatures of Mo(tfd-

COCF3)3 extensively overlap with the PBDTTT-c ground state absorption feature,[48,49] it is 
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not possible to identify the corresponding molar fraction of neutral and ionized dopant 

molecules, as commonly done for the F4TCNQ doped systems.[50] 

3.2. Impact of air exposure on the doping characteristics  

After characterizing the initial optoelectronic properties of PBDTTT-c:Mo(tfd-COCF3)3 layers 

using conductivity measurements and UV-Vis-NIR absorption spectroscopy, we investigated 

the doping stability under ambient air. For this study, we considered different layer 

thicknesses. The layer thickness of p-doped OSCs can vary considerably in the literature, 

depending on the processing conditions, on the characterization techniques and/or on the 

targeted device.[15,51–54] In terms of stability, Oh et al. have shown that for n-channel 

organic thin-film transistors, the ambient stability increased significantly with the layer 

thickness.[55] Thus, a particular attention was given to this parameter. The dopant molar ratio 

was fixed at 5 mol% (i.e. 5.9 wt%) and samples with four different layer thickness (15 nm, 45 

nm, 100 nm and 200 nm) were prepared by varying the concentration of PBDTTT-c (4.7 g L-1, 

10.0 g L-1, 14.8 g L-1 and 19.5 g L-1
, respectively). 

The initial conductivity of all freshly-prepared PBDTTT-c:Mo(tfd-COCF3)3 layers was ca. 1.5 

x 10-2 S cm-1. The impact of air exposure was investigated by monitoring the conductance 

(see experimental section for details) and the UV-Vis-NIR spectra evolution over time (in the 

dark). All the samples presented a degradation of the doping characteristics upon air exposure, 

evidenced by a conductance decrease combined with a decrease of the NIR absorption bands 

and a recovery of the pristine PBDTTT-c π-π*-absorption band (Figure 3a,b). Moreover, 

Figure 3a clearly shows that the current loss upon air exposure is faster for thinner layers. 

This result highlights the strong influence of the layer thickness on the degradation kinetics. 

One possible explanation would be the diffusion of oxygen and water into PBDTTT-c layers, 

as observed for n-channel organic thin-film transistors.[55] As a result, considering samples 

with similar thickness is crucial for relevant comparative degradation studies. For comparison 
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purpose, we measured the conductance evolution of a pristine PBDTTT-c under the same 

conditions. Contrary to doped layers, the latter presented a conductance increase (close to one 

order of magnitude) with air exposure, which can be attributed to oxygen doping (Figure 

S4).[56] 

 
 

Figure 3 –Doping signatures of PBDTTT-c : Mo(tfd-COCF3)3 layers at 5 mol% under air 

exposure. Relative conductance (G/G0) for layers of different thicknesses (a),  UV-Vis-NIR 

spectra evolution for a 15 nm layer (b), EPR spectra for a 100 nm layer after 1h (black line) 

and 67h (red line) air exposure (c) and conductance evolution for 15 nm layers under different 

atmospheres (d). 

 

The degradation spectroscopic signatures of PBDTTT-c:Mo(tfd-COCF3)3 layers suggest a 

dedoping mechanism upon air exposure. We confirmed this result by EPR spectroscopy. 

Figure 3c shows the EPR spectrum of a 100 nm thick sample measured after 1h and 67h air 
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exposure. The strong signal measured at room temperature is characteristic of organic radicals 

(g ≈ 2.0) and reflects an efficient charge generation upon doping. Upon air exposure (67h, 

dark), the intensity of the signal is significantly decreased. The relative loss of unpaired 

electrons is estimated to be 83 %, as calculated from the double integration of the signals 

(Figure S5). Note that bipolarons, as diamagnetic species, cannot be probed by EPR 

measurement. This result is in accordance with the conductivity loss and the UV-Vis-NIR 

dedoping signatures observed upon air exposure. 

Jacobs et al. reported on chemical mechanisms for dedoping p-doped OSCs by exposing p-

doped films to electron donors with IE low enough to reduce the OSCs to its neutral state.[57] 

This approach was efficiently demonstrated for P3HT:F4TCNQ films, by selecting amines 

with adapted energy levels. In our case, PBDTTT-c:Mo(tfd-COCF3)3 layers are exposed to 

ambient conditions, i.e. water and/or molecular oxygen species present in air. Therefore, to 

gain deeper insights into the impact of water and oxygen on the doping stability of PBDTTT-

c:Mo(tfd-COCF3)3 layers, we performed ageing experiments under different atmospheres: 

ambient air, anhydrous air (<200 ppm H2O) and argon (<5 ppm H2O and O2). Since thinner 

samples presented faster degradation kinetics, this study was performed on 15 nm-thick doped 

layers with 5 mol% of Mo(tfd-COCF3)3. 

The sample exposed to anhydrous air presented a much slower current degradation than the 

one exposed to ambient air (Figure 3d). Under argon atmosphere, the current exhibited only a 

slight decrease in the considered timescale. From these results, we can affirm that moisture or 

hydrated oxygen complexes (O2(H2O)n have an important role in the p-doping instability 

observed in ambient air. We verified if the conductivity of PBDTTT-c:Mo(tfd-COCF3)3 

layers is recovered when returning the sample to the glovebox or drying under secondary 

vacuum (2 x 10 -7 mbar) overnight, as observed in the literature for n-doped organic 

molecules.[30,31,58] Nevertheless, no recovery of the doping characteristics was found for 

PBDTTT-c:Mo(tfd-COCF3)3 layers exposed to air. 
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In summary, a clear degradation of the doping characteristics upon air exposure was observed. 

Yet, AFM topography images do not indicate an obvious change in the morphology of the 

doped layers after air exposure (Figure S6). To rule out the influence of the polymer matrix on 

the p-doping instability, we replaced the PBTTT-c host polymer by rra-P3HT. Interestingly, 

we observed a similar instability for P3HT:Mo(tfd-COCF3)3 layers, evidenced by a fast 

decrease in conductivity and a bleaching of the polaronic absorption bands upon air exposure 

(Figure S7). These results suggest that the air-instability in the considered timescale originates 

from the dopant itself, and not from the polymer host.  

Such air instability of p-doped layers may also occur in other polymer:dopant systems. For 

instance, Brinkmann and coworkers have recently observed unstable p-doping characteristics 

for thin PBTTT:FeCl3 layers exposed to ambient conditions, without further explanation of 

the degradation mechanism.[22] Moreover, we also briefly considered the air stability to the 

widely studied P3HT:F4TCNQ system, and observed unstable doping characteristics under 

ambient air (Figure S8). It is likely that the degradation mechanism involved in these different 

systems are not the same (for instance F4TCNQ is a fully organic molecule without metallic 

center, contrary to FeCl3 or Mo(tfd-COCF3)3 ). In this work, we will limit ourselves to the 

case of Mo(tfd-COCF3)3. However, these findings demonstrate that having materials with 

LUMO levels below -4.0 eV does not guarantees the air stability of doped layers. Degradation 

mechanisms are discussed in the following section. 

3.3. Degradation mechanism of PBDTTT-c:Mo(tfd-COCF3)3 layers under air exposure  

To gain insight into the mechanism behind the instability of Mo(tfd-COCF3)3 – doped OSCs 

under ambient air, we performed XPS analyses. This technique allows identifying the 

chemical state of elements present on a sample surface and is, therefore, a powerful tool for 

studying degradation mechanisms.[24,30] This study was performed using PBDTTT-c as host 
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material. Our choice was based on the higher conductivities of PBDTTT-c:Mo(tfd-COCF3)3 

layers and the fact that this polymer has received less attention in the literature than P3HT.  

XPS analysis were performed on PBDTTT-c: Mo(tfd-COCF3)3 doped layers before and after 

air exposure. To obtain information about the initial state of the pristine materials and to 

properly assign the peaks of the doped layers, pure Mo(tfd-COCF3)3 and PBDTTT-c were 

also analyzed. This section focuses on the S2p and Mo3d core level peak regions. The XPS 

spectra obtained for pristine and doped layers are presented in Figure 4 and their respective 

binding energies summarized in Table 1. Details of peak fitting are given in Table S1-S3.  

For the pristine PBDTTT-c, the S2p core level spectrum presented a splitting into two 

doublets (associated to spin-orbit coupling) at binding energy of 163.7 eV (2p3/2) and 164.9 

eV (2p1/2), attributed to the C-S environment (Figure 4a). The lower intensity S2p doublet at 

higher binding energies were assigned to SOx groups. For the pure dopant molecule, the S2p 

core level spectrum presented doublets at 162.3 eV (2p3/2) and 163.5 eV (2p1/2), which were 

attributed to the sulfur present in the Mo-S-C environment (Figure 4b). A small fraction of 

S2p doublets were found at higher oxidation states assigned to (Sn)
2- and (SO2)-like species, 

which are possibly related to residual impurities from synthesis present in the material. 

Regarding the 3d spectral region of Mo in the pure dopant molecule, spin-orbit coupling also 

induces a splitting of the Mo3d core levels into two doublets (Figure 4c, green area): a higher 

intensity doublet at 229.1 eV (3d5/2) and 232.3 eV (3d3/2), and a lower intensity one at 231.3 

eV (3d5/2) and 234.4 eV (3d3/2). Thus, Mo atoms in the dopant molecule are present in two 

different oxidation states. Besides, the additional peak at 226.7 eV was assigned to the S2s 

core level of the dopant (S2sdop). Comparing with the literature, the Mo3d binding energies 

measured for Mo(tfd)3 and Mo(tfd-CO2Me)3 are similar to those measured for the higher 

intensity doublet of Mo(tfd-COCF3)3.[34,59] The authors suggested an oxidation state of 4+ 

for the Mo coordinates with  tris(dithiolene) ligands, as the binding energies are similar to 

those measured for MoS2 .[60] Therefore, we attributed the doublet at 229.1 eV (3d5/2) and 
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232.3 eV (3d3/2) to the Mo4+ oxidation state and the doublet at 231.3 eV (3d5/2) and 234.4 eV 

(3d3/2) to a Mo fraction at higher oxidation state, between 4+ and 5+. The latter was not 

observed in the aforementioned publications.  

 

 
 

Figure 4 – Mo3d and S2p levels measured by XPS: (a) pristine PBDTTT-c, (b,c) pristine 

Mo(tfd-COCF3)3 and 15 nm Mo(tfd-COCF3)3-doped PBDTTT-c layer at 25 mol% (d,e) 

before and (f,g) after 20h air exposure. 

 

Before performing XPS analyses on PBDTTT-c:Mo(tfd-COCF3)3 samples, we verified the 

stability of 15 nm doped layers in Ultra High Vacuum (UHV) at 10-9 mbar. Using a 

sophisticated sample holder, the current evolution was monitored inside the XPS UHV 

chamber. Only a slight decrease in conductivity was observed after 12h under UHV (Figure 

S9). Thus, we assumed that our doped samples are stable in the XPS measurement conditions. 
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For this experiment, two PBDTTT-c:Mo(tfd-COCF3)3 samples of 15 nm were freshly 

prepared with a dopant concentration of 25 mol%. This molar ratio was chosen to obtain a 

higher intensity of the dopant signal. The first sample was stored in argon atmosphere and the 

second was exposed to air for 20h. Both samples presented an initial conductivity of 

approximatively 7 x 10-2 S cm-1. After 20h, the electrical conductivity of the sample exposed 

to air dropped to 7.5 x 10-5 S cm-1 whereas the one stored under argon atmosphere presented 

no significant change. This result is consistent with the previous ageing test. 

Table 1 - XPS binding energies (eV) of Mo and S levels for pristine bulk materials 

(PBDTTT-c and Mo(tfd-COCF3)3) and for Mo(tfd-COCF3)3-doped PBDTTT-c layers 

(25 mol%, 15 nm) before and after air exposure. The main changes are highlighted in bold 

text. 

 

For the PBDTTT-c: Mo(tfd-COCF3)3 layer kept under argon atmosphere, the S2p spectral 

region presented the C-S environment of the polymer and Mo-S-C environment of the dopant 

at the same binding energies as measured for the pristine materials (Figure 4d). Regarding the 

Mo3d spectra region, we observed the same two doublets of the pure dopant (Figure 4e). In 

addition of the S2sdop, we also observed the S2s core level of the polymer at 228.1 eV (S2spol). 

Note that no Mo doublets are observed in lower oxidation states, as one could expect for 

dopant molecules in its reduced state (after electron transfer from PBDTTT-c). Qi et al. 

presented DFT calculations for the Mo(tfd)3 anion showing that the extra electron is mainly 

accommodated by the ligands and that Mo is only slightly influenced by the reduction.[59] 
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This behavior was observed in different molybdenum sulfide complexes, such as Chevrel 

phases (Mo6S8), used as electrode material for Mg batteries.[61] The charge transfer during 

the reduction process in Mo6S8 involves both metal and ligands, inducing structural 

rearrangements rather than a formal Mo reduction. Additionally, electronic structural 

calculations of metal dithiolene complexes revealed an extensive ligand-metal mixing of the 

frontier orbitals with redox-active ligands.[62] Therefore, conventional oxidation-state 

descriptions are not suitable in these metal complexes. This might explain why we observed 

the same Mo core levels for pure Mo(tfd-COCF3)3 and for PBDTTT-c:Mo(tfd-COCF3)3 layers.  

For the PBDTTT-c:Mo(tfd-COCF3)3 sample exposed to ambient air (20h), significant changes 

in the dopant molecule were detected (Figure 4f,g). In the Mo3d spectral region, we observed 

a smaller fraction of the Mo4+ oxidation state at slightly higher binding energies: 229.9 eV 

(3d5/2) and 233.0 eV (3d3/2). Additionally, a higher intensity doublet appeared at 231.9 eV 

(3d5/2) and 235.1 eV (3d3/2) that can be assigned to a Mo6+ oxidation state.[63,64] No Mo 

component at intermediate oxidations state was observed in this sample. Hence, upon air 

exposure the d character of the Mo atom changes from a d2 (Mo4+) to a d0 (Mo6+), i.e. from a 

conducting to an isolating electronic structure. This observation is in accordance with the 

observed conductivity decrease. Regarding the S2p spectral region, the peaks corresponding 

to Mo-S-C environment in the dopant molecule vanished after air exposure (Figure 4f, red 

area). In contrast, no changes were observed in the peaks assigned to the C-S environment of 

the polymer (Figure 4f, yellow area). Lastly, the total atomic concentration of F in the doped 

layers presented a significant reduction after air exposure (Figure S10).  

Summing up, exposing PBDTTT-c:Mo(tfd-COCF3)3 layers to ambient air (dark) presented no 

change in the polymer core levels, contrary to the dopant molecule, which presented an 

oxidation of the Mo3d core levels and signs of degradation of the dopant molecule. These 

results strikingly indicate that Mo(tfd-COCF3)3 interacts with species present in ambient air 

(moisture and/or hydrated oxygen complexes), even though its EA (≈ 5.3 eV) is located 
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within the air-stability window.[27,30,32]. Dupé et al. observed the transition from Mo4+ to 

Mo6+  when studying the activation of molecular oxygen by molybdenum complexes with 

reduced molybdenum centers, aiming to mimic the activity of molybdenum enzymes.[65] 

These enzymes use mainly water as a source of oxygen.[66] Thus, the stability of neutral and 

ionized p-dopants to water and/or hydrated oxygen complexes might be an important 

requirement to achieve air-stable p-doped layers.   

4. Conclusion 

In this work, the air stability of Mo(tfd-COCF3)3–doped PBDTTT-c layers has been 

investigated in detail. When exposed to ambient air, both conductivity and UV-Vis-NIR 

absorptions have clearly highlighted a phenomenon of dedoping. Such air-induced dedoping 

was particularly pronounced in ultra-thin layers (< 50 nm), suggesting that thicker layers act 

as a kinetic barrier to the diffusion of ambient oxidants. A similar trend was also observed 

when exposing Mo(tfd-COCF3)3-doped P3HT layers to air, indicating that the observed p-

doping instability is independent of the polymer host. The fact that p-doped OSCs were 

mainly studied under controlled atmosphere and/or in thicker layers so far may explain why 

this air instability has not been reported yet. By performing ageing experiments in different 

atmospheres (ambient air, anhydrous air, argon), moisture and/or hydrated oxygen complexes 

were identified as being the critical factor responsible for the p-doping instability under 

ambient air. 

In order to further investigate the air induced dedoping mechanism, a careful XPS analysis of 

PBDTTT-c:Mo(tfd-COCF3)3 doped layers after air exposure has been performed. The dopant 

molecule showed evidences of oxidation, as well as an intrinsic degradation. We can assume 

that the oxidation state of Mo(tfd-COCF3)3 molecules blended with PBDTTT-c is not stable in 

the presence of moisture and/or oxygen hydrated complexes. Thus, the air stability of Mo(tfd-

COCF3)3 – doped OSCs is mainly driven by the stability of the dopant molecule itself. This 
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result invites to reconsider the air stability of other polymer:p-dopant systems, even if pristine 

materials present energy levels in the air-stability window. 

Hence, the process of p-doping OSCs under ambient conditions has to be considered with 

caution, especially when dealing with thin and ultra-thin p-doped layers, as required for 

efficient doped contacts in organic devices. For the large-scale production scenario of printed 

organic electronic devices, an anhydrous environment might be an envisioned solution to 

attenuate the instability of Mo(tfd-COCF3)3 –doped OSCs during fabrication.  
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Material S2sdop S2spol

C-S Mo-S-C Mo4+ Mo4+/5+ Mo6+

S2p3/2 S2p1/2 S2p3/2 S2p1/2 Mo3d5/2 Mo3d3/2 Mo3d5/2 Mo3d3/2 Mo3d5/2 Mo3d3/2

Pristine PBDTTT-c – – 163.7 164.9 – – – – – – – –

Pristine Mo(tfd-COCF3)3 226.7 – – – 162.3 163.5 229.1 232.3 231.3 234.4 – –

PBDTTT-c: Mo(tfd-COCF3)3

before air exposure
226.7 228.1 163.7 164.9 162.3 163.5 229.4 232.6 231.0 234.1 – –

PBDTTT-c: Mo(tfd-COCF3)3

after air exposure
226.7 228.1 163.7 164.9 162.3 163.5 230.0 233.1 – – 232.0 235.1

(vanished)






