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ABSTRACT 

The application of molybdenum oxide in the photovoltaic field is gaining traction as this material can be deployed in doping-free 

heterojunction solar cells in the role of hole selective contact. For modeling-based optimization of such contact, knowledge of the 

molybdenum oxide defect density of states (DOS) is crucial. In this paper, we report a method to extract the defect density through 

nondestructive optical measures, including the contribution given by small polaron optical transitions. The presence of defects 

related to oxygen-vacancy and of polaron is supported by the results of our opto-electrical characterizations along with the 

evaluation of previous observations. As part of the study, molybdenum oxide samples have been evaluated after post-deposition 

thermal treatments. Quantitative results are in agreement with the result of density functional theory showing the presence of a 

defect band fixed at 1.1 eV below the conduction band edge of the oxide. Moreover, the distribution of defects is affected by 

post-deposition treatment. 
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1 Introduction 

The photovoltaic market is rapidly growing [1] and the 
crystalline silicon (c-Si) technology dominates the market [2]. 
As large-area industrial efficiencies have recently overcome 
the 24% mark [3] with passivated emitter rear cell (PERC) 
architecture and the 25% mark [4, 5] with silicon heterojunction 
(SHJ) architecture, there is a demand for novel concepts and 
materials aimed at increasing further the power conversion 
efficiency. The SHJ architecture combines the advantages of 
thin-film silicon technology with a c-Si absorber to selectively 
collect the generated carriers. In other words, it employs the 
so-called passivating contacts technology, since the thin-film 
silicon layers allow collecting the charge carriers efficiently while 
concurrently limiting the recombination losses [6, 7]. Typically, 
SHJ structures use a stack of hydrogenated amorphous silicon 
(a-Si:H) [8–11] for surface passivation and doped layers that 
allow high open-circuit voltage in solar cells leading to record 
efficiencies above 26% [11, 12]. However, a-Si:H layers also 
exhibit parasitic absorption of photons [13], and a limited 
thermal budget [7]. In this respect, the use of transition metal 
oxides (TMO) as an alternative to the doped amorphous silicon 
layers [14] is gaining particular interest owing to their remarkable 
optoelectronic properties including low parasitic absorption. 
Moreover, TMOs deposition can be carried out with simple 
and low-cost processes [15]. In fact, several groups devoted 
research works on TMOs-based solar cells [16–25] achieving 
conversion efficiency values up to 23.5% [26]. Interestingly, 
TMOs exhibit electronic properties favorable for electron  

transport as in case of zinc oxide (ZnO) [27] or titanium dioxide 
(TiO2) [28] and also for hole transport as in case of molybdenum 
trioxide (MoO3) [29], vanadium pentoxide (V2O5) [30] or tungsten 
trioxide (WO3) [21]. In particular, amorphous sub-stochiometric 
MoOx (x ~ 3) is the most common TMO for the hole selective 
contact [15–20]. This material presents good hole selectivity 
and its large energy gap (around 3 eV) allows optical gain 
respect to a standard a-Si:H(p) [19]. On the other hand, the 
holes collection capability of MoOx is subordinate on its work 
function and density of trap states near the conduction band [31]. 
Both properties depend on the deposition parameters and 
post-deposition treatments such as annealing [32].  

Moreover, transition metal oxide can be used to improve 
both rear passivation and hole-selective contact properties  
in thin-film solar cells based on Cu(In,Ga)Se2 (CIGS) [33]; 
furthermore, thin layer of MoOx, obtained by oxidation of Mo 
back contact, has also been applied to control the Se diffusion 
and the growth of MoSe2 in CIGS solar cells improving the 
rear passivation and the electrical properties of these devices 
[34]. Molybdenum oxide is also commonly used in perovskite 
solar cells to prevent sputtering damage to underlying layers [35] 
and as selective contact to extract photogenerated holes [35–37]. 
It should be noted that any optimization of TMOs-based cells 
requires extensive knowledge of the TMO defect density of 
states (DOS), since it actively contributes to the carrier transport 
[15] and significantly changes the electrical properties and  
the passivation ability of the material [33]. For the case of 
molybdenum oxide, the defect density is derived from the 
oxygen vacancies [16]. Albeit prior researches reported on the  
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molybdenum oxide DOS [16, 38], the quantitative effect of 
oxygen vacancies on the density of states in the bandgap of the 
material has not yet been thoroughly investigated, thus restrain-
ing the dissemination of accurate optimizations of SHJ cells 
based on MoOx. Indeed, the need for accurate information on 
TMO DOS has been highlighted in the optimization efforts 
of these layers in SHJ solar cells by numerical analysis [31, 32]; 
nevertheless, in these papers, limited data on DOS have been 
overcome assuming different defect distributions. 

Our work aims to broaden the current understanding of 
the molybdenum oxide defect density of states, expanding the 
comprehension on this topic and providing information for 
accurate and reliable simulations. To obtain accurate results 
on the DOS, we carried out a compositional and morphological 
analysis as well as an electro-optical characterization of several 
MoOx samples analyzing the effects of post-deposition thermal 
treatment. Indeed, the annealing studies have been used 
previously to deepen the understanding of the optoelectrical 
properties of TMOs [39–41]. 

We finally estimate the density of states of such samples 
exploiting the linkage of the absorption coefficient of the material 
with the DOS [42–44]. Moreover, we considered the effects 
introduced by small polaron on the absorption coefficient. For 
this purpose, an absolute photothermal deflection spectroscopy 
(PDS) setup [44, 45] has been used to evaluate the absorption 
in a wide spectral range. This innovative approach can be 
possibly applied to also other transition metal oxides. 

2 Methodology 

In this study, we evaluate the DOS of various MoOx films for 
different thermal processes, environments and layer thicknesses. 
An insight on the material is given through compositional and 
morphological analysis including an optoelectrical characteriza-
tion. All collected data are used for the extraction of the DOS 
and used to investigate the application of MoOx as hole-selective 
passivating contact in SHJ solar cells. Here, we highlight the 
decisive role that these defect states play in an efficient trap 
assisted tunneling (TAT) transport. 

2.1 Sample preparation 

Layers of molybdenum oxide were deposited by physical 
vapor deposition (PVD) technique on quartz substrates. The 
molybdenum(VI) oxide (Sigma-Aldrich, 99.98%) precursor 
was thermally evaporated in a vacuum chamber at 5 × 10−6 mbar 
at rates between 0.2 and 0.5 nm/s. To obtain uniform layers with 
thicknesses aiming at 20, 50 and 100 nm, the substrates were 
continuously rotated at 10 rpm during the deposition process. 
Afterward, the samples were annealed for 30 min at different 
temperatures (100, 130, 150, 200 and 250 °C) and by varying the 
environment conditions: ambient air (atmospheric pressure), 
hydrogen (2 mbar) or argon (2 mbar). After the deposition, in 
order to avoid any additional oxidation process in the MoOx due 
to the air exposure [46], the samples were stored and sealed in 
a nitrogen environment. 

2.2 Characterization of the films 
The thicknesses of the layers were evaluated employing 
spectroscopic ellipsometry (SE) using a combination of Tauc- 
Lorentz and Gaussian oscillators [47]. To get information on 
the composition of the samples, X-ray photoelectron spectra 
(XPS) were measured. Samples were excited with Al-Kα X-ray 
radiation using pass energy of 5.85 eV. The structural evaluation 
of the MoOx films has been investigated by a Raman spectroscopy 
acquired at 514 nm excitation wavelength. The optical absorption 

of the samples was extracted from a photothermal deflection 
spectroscopy (PDS) setup [44, 45], by measuring the deflection of 
a He-Ne laser beam tangent to the sample edge. This deflection 
is proportional to the absorption within the sample and 
exhibits superior sensitivity over transmittance/reflectance 
spectrophotometry; as such, it has been extensively used to 
analyze electronic defects in semiconductors [48] and recently, 
to characterize amorphous transition metal oxides as MoOx, WOx 
and VOx [49]. Finally, measurements of conductivity have been 
performed in a co-planar configuration after the deposition of 
two aluminum electrodes on the MoOx films.  

3 Results and discussion 

3.1 Chemical and structural characterization 

The composition and the presence of oxygen vacancies in the 
MoOx samples were evaluated through XPS. The results shown 
in Fig. 1 are related to the 50-nm thick sample annealed in air 
at 100 °C. The Mo 3d binding region is hereby deconvoluted: 
A doublet structure with peaks at 232.8 and 235.9 eV can be 
highlighted; the spin-orbit separation is 3.0 eV and the intensity 
ratio between the two component peaks is given as 3:2. Thus, the 
Mo 3d level is resolved with the superposition of two doublet 
components: a dominating doublet associated with the Mo6+ 
[50, 51] and a weak doublet shifted 2 eV to lower energy. This 
last component is caused by some surface reduction during 
the deposition process in a vacuum and it is reported as Mo5+ 
states associated to oxygen vacancies [52]; moreover, it has 
been previously shown that these reduced states can be further 
increased by post-deposition annealing [50, 53–55]. In our case, 
XPS measurements show the presence of Mo5+ states in all the 
evaluated samples.  

To identify whether our deposited films present crystalline 
phases after annealing, we evaluated their Raman spectra. 
Figure 2 depicts the results in case of the 100-nm thick MoOx 
layers annealed in air at 250 and 100 °C. The as-deposited sample 
is also shown as a reference for the analysis. We observe that (i) 
there are no sharp peaks in the spectra and (ii) the signal can be 
likely referred to as some background due to the substrate [56], 
indicating that the material is amorphous. Presence of broad 
peaks of low intensity at 470 and 830 cm−1, related to the stretching 
mode for α-MoO3 crystalline phase [57], can be noted in the 
as-deposited and in the annealed at 100 °C sample; these peaks 
decrease at 250 °C while the one at 970 cm−1 starts to increase  

 
Figure 1 X-ray deconvoluted photoelectron spectrum of the Mo 3d binding 

region, of the 50-nm thick MoOx sample annealed in air at 100 °C. Al Kα 

X-ray satellite structures were subtracted before to process the data. 
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Figure 2 Raman spectra of the 100-nm thick MoOx layer as-deposited 

and after annealing in air at 100 and 250 °C. The curves are displaced 

vertically in the graph for better visualization. 

suggesting that the material maintains the amorphous disordered 
structure and a longer annealing time with a higher temperature 
is required to start crystallization [40, 52]. Similar behavior was 
measured for 20-nm and 50-nm thick samples annealed in Air 
and H2, but they are not reported here for the sake of brevity. 

3.2 Optoelectrical characterization 

Figure 3 depicts the absorption spectra of 20-nm thick 
molybdenum samples: Each series of measurements is grouped 
according to the annealing gas (air, hydrogen and argon). It is 
noteworthy that similar trends were also observed for 50-nm 
and 100-nm thick samples. Essentially, the absorption in each 
spectrum grows from lower energies to a peak located around 
1.5 eV; then it decreases to a valley around 2.5–3 eV and finally 
rises exponentially. These absorption measurements are con-
sistent with other results described in Refs. [39, 40]. There are 
no significant differences between the curves in the energy 
interval 3–4 eV; while the peak observed in the Vis-NIR range 
tendentially grows as the annealing temperature rises. This 
increase in the absorption is likely to be referred to MoOx 
reduction in the annealed samples. The only exception occurs 
in the sample annealed in air at 250 °C (see Fig. 3(a)), which 
presents an absorption coefficient slightly smaller than the one 
annealed at 200 °C. The oxidation reaction of the MoOx can 
explain this saturation phenomenon during annealing when 
oxygen is present, bringing evidence that annealing in the 
oxygen-rich atmosphere slows down the generation of oxygen 
vacancies. In fact, when argon and hydrogen are used for the 
annealing, the oxidation reaction does not occur and the 
absorption spectrum of the sample at 250 °C is higher than the 
one annealed at 200 °C, as noticeable in Figs. 3(b) and 3(c). The 
optical band gap, Eopt, of each sample has been evaluated by 
using the Tauc’s law [58], that is from the linear extrapolation 
of the (αh)2 versus h plot. Resulting values lay within the range 
from 2.7 to 3 eV for the 20-nm thick annealed MoOx films (see 
Fig. 4(a)). The as-deposited film presents the highest Eopt, with 
a value slightly above 3 eV; while, by increasing the annealing 
temperature, the gap decreases steadily with the lowest Eopt when 
the annealing is carried out in hydrogen. The optical bandgap 
has been further evaluated by means of other two models. With 
respect to the Tauc’s model, the Ulrich’s empirical model for the 
direct bandgap or the band fluctuation models [59, 60] allow 
distinguishing between the absorption edge and absorption 
tails [61]. The resulting optical bandgaps are summarized in 
Table 1. Regarding Ulrich’s model, the bandgap values are slightly  

 
Figure 3 Absorption spectra of MoOx layers 20 nm thick annealed in 

different atmospheres: (a) ambient air, (b) hydrogen and (c) argon. 

higher (around 3%) than the corresponding optical gaps obtained 
with Tauc’s model. Moreover, these values confirm the descending 
trend with the increasing annealing temperature. The band 
fluctuating model resulted in higher bandgap values respect to 
the Ulrich’s and Tauc’s ones (about 24% higher). Even in this 
case, the same trend with the annealing temperature observed 
with the previous models is confirmed. Indeed, the values 
retrieved with the Tauc’s plot are close to the ones retrieved 
with Ulrich’s model and agree with previous observations [40], 
while the values retrieved with the band fluctuation model 
are higher. 

Figure 4(b) reports the measured conductivity and the 
activation energy, EA, extracted from the Arrhenius equation 
[62] for the same samples of Fig. 4(a). With respect to the 
reference as-deposited sample, the conductivity is lower after  
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Figure 4 (a) Optical bandgap energies of 20-nm thick MoOx annealed in 

different atmospheres. (b) Conductivity (right axis) and activation energy 

(left axis) of 20-nm thick MoOx annealed in air. The dashed lines in (b) 

correspond to the as-deposited reference sample. 

Table 1 Optical energy gap extracted with different models from the 

absorption coefficient of the 20-nm thick MoOx films annealed at different 

temperatures and in different annealing ambiances 

Temp. 
(°C) 

Atm. 
Tauc 

Eopt (eV) 
Ulrich 

EUlrich (eV) 
Band fluctuation 

EBF (eV) 

As-deposited 3.01 3.12 3.67 

100 Air 2.98 3.07 3.62 

130 Air 2.92 3.02 3.62 

150 Air 2.88 2.95 3.57 

200 Air 2.82 2.87 3.54 

250 Air 2.79 2.83 3.54 

100 H2 2.91 2.98 3.57 

130 H2 2.89 2.94 3.53 

150 H2 2.85 2.90 3.56 

200 H2 2.79 2.87 3.55 

250 H2 2.73 2.73 3.55 

100 Ar 2.94 3.03 3.60 

130 Ar 2.92 3.00 3.58 

150 Ar 2.92 2.86 3.40 

200 Ar 2.85 2.89 3.54 

250 Ar 2.76 2.77 3.57 

 
annealing at 100 and 150 °C, while it increases drastically for 
annealing temperature at 200 °C. In line with what observed 
in the absorption spectra of the air-annealed samples (see  
Fig. 3(a)), saturation in the conductivity of the material is noted 
for temperature from 200 to 250 °C. As expected, the opposite 

trend (lower values at a higher temperature) was observed for 
the activation energy. EA at 250 °C is in fact 266 meV against the 
320 meV of the reference sample. This reveal, consistently with 
[55], that the annealing treatment produces oxygen vacancies, 
thus increasing the number of free electrons. As previously 
reported [63], the higher presence of free electrons due to oxygen 
vacancies makes the position of the Fermi level closer to the 
conduction band edge, raising the conductivity of the material 
while decreasing its optical gap.  

3.3 Density of states evaluation 

We have fitted the PDS absorption spectra, ( )α h , by using the 
so-called one-electron approximation [42] 

( ) ( ) ( ) ( ) ( )[ ]  
 i f 1 d
C

α h N E F E N E h F E h E
h

= + - +ò     

(1) 

where h  is the photon energy, C depends on the refractive 
index and on the momentum matrix elements and is assumed 
constant for all the optical transitions [42, 64, 65], Ni(E) and 
Nf (E) represent the density of the initial occupied states and the 
final empty states, respectively, and F(E) is the Fermi-Dirac 
function, which describes the probability of energy bands 
occupancy.  

The DOS can be modeled as the superposition of several 
contributions. Following previous works [42, 64, 66], we assume 
the zero reference for the energy at the edge of the conduction 
band and the following DOS distributions: parabolic for valence 
and conduction bands (NVB(E) and NCB(E) as in Eqs. (2) and (3), 
respectively), exponential for the valence and conduction 
extended states in the band tails (NVBT(E) and NCBT(E)) as in 
Eqs. (4) and (5), respectively), and a single Gaussian distribution 
for the inter-bands states related to n-type defects (ND(E) as in 
Eq. (6)):  

( )VB V G 0V GforN E N E E E E E= - + + £-     (2) 

( )CB C 0C for 0N E N E E E= - ³          (3) 

( ) 0V G
VBT V

0V

exp for
2

G

E E E
N E N E E

E

æ ö+ ÷ç= - >-÷ç ÷çè ø
   (4) 

( ) 0C
CBT C

0C

exp for 0
2

E E
N E N E

E

æ ö÷ç= <÷ç ÷çè ø
      (5) 

( ) ( )
2

D D
D G2

1
exp for 0

22π

A E E
N E E E

WW

é ù+
= - - < <ê ú

ê úë û
   

(6) 

where NV, equal to 7.92 × 1017 cm−3·eV−3/2, and NC , equal to 
6.78 × 1018 cm−3·eV−3/2, are the densities of states at the mobility 
edge of the valence and the conduction band, respectively; the 
values have been calculated [67] considering the values of 
effective masses for electrons and holes reported in [68]; E0V 
and E0C are the widths of the valence and the conduction  
band tails; EG is the energy gap; AD is the area of the Gaussian 
distribution while ED is the position of the Gaussian mean 
respect to the conduction band and W is the full width at half 
maximum. The defects modelled in Eq. (6) are related to the 
desorption of oxygen from the lattice of the MoOx [69]. 

This extrapolation technique is suitable for materials featuring 
an absorption spectrum that increases monotonically, i.e. 
amorphous silicon, germanium alloys and polycrystalline silicon. 
However, MoOx commonly presents a peak in the sub-gap 
absorption region [39], adding complexity to the one-electron 
approximation. This sub-band absorption peak has been ascribed 
to a small polaron [70–74], a quasi-particle that describes the 
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interaction of a trapped electron with the surrounding atoms 
[74, 75]. Furthermore, small polaron is a typical feature of 
transition metal oxides [71, 76–80].  

Thus, to achieve the best fit of the absorption coefficients, we 
introduce an additive term in Eq. (1) to take into consideration 
the polaron contribution. The polaron absorption, αp(E), is 
modeled with a weakly asymmetric Gaussian peak [71, 72, 80] 

( )
( )




2

pp

p
p op

2
exp

8

h EA
α h

h E E

æ ö- ÷ç ÷= -ç ÷ç ÷÷çè ø
         (7) 

where Ap, is the pre-exponential factor, Ep is the polaron binding 
energy, and Eop is the longitudinal-optical phonon energy. The 
values for these parameters are extrapolated from the fitting 
process. The presence of small polarons in MoOx is further 
confirmed by the effect of thermal annealing on the absorption 
spectra (see Fig. 3). As stated above, the absorption increase  
in the annealed samples is likely to be ascribed to reactions  
of reduction, from Mo6+ to Mo5+

 states. These reduced states 
produce crystallographic defects where electrons are confined, 
the so-called “color centers” [39, 76, 81]. The formation of such 
color centers is closely linked to the presence of polaron [76, 
82, 83]. Moreover, small polarons are considered responsible for 
the conductivity in molybdenum oxide [62]. 

Introducing the polaron contribution in Eq. (1) gives the 
following equation 

( ) ( ) ( ) ( ) ( )[ ]  
 i f 1 d
C

α h N E F E N E h F E h E
h

= + - + +ò  

( )


2

pp

p op

2
exp

8

h EA

h E E

æ ö- ÷ç ÷+ -ç ÷ç ÷÷çè ø
                   (8) 

Since the determination of the constant C is needed for the 
quantitative extraction of the DOS parameters, the integral in 
Eq. (8) has been calibrated using the absorption coefficients 
measured at 4 eV; at this energy, the absorption is dominated 
by the optical transition from the valence to the conduction 
band [42]. Moreover, at this energy, the samples share the 
same value of the absorption coefficient, which strongly 
suggests that we can assume the same coefficient C, equal to 
4.13 × 10−31 cm5·eV2. 

Figure 5 presents an example of deconvoluted absorption 
in case of 20-nm thick sample annealed in air at 200 °C. The 
absorption spectrum is composed of many contributions and  

 
Figure 5 Fit (solid line) of the PDS measurement of absorption coefficient 

(empty circles) of the 20-nm thick MoOx sample annealed in air at 200 °C. 

the fit is excellent when they are all summed together. More 
precisely, the optical transitions considered in our procedure 
are: between bands, from NVB(E) to NCB(E), TVB-CB; between 
band tails, from NVBT(E) to NCBT(E), TVBT-CBT; from the valence 
band tail to the conduction band, TVBT-CB; from the valence band 
to the conduction band tail, TVB-CBT; from inter-band defects to 
the conduction band, TD-CB; from inter-band defects to the 
conduction band tails, TD-CBT; polaronic transitions, TPolaron, which 
give rise to the optical absorption peak around 1.5 eV. 

A summary of the parameters resulted from the deconvolution 
process is given in Table 2. The fitting values of distributions 
described by Eqs. (2) to (7) are related to the 20-nm thick MoOx 
layers. We applied this procedure systematically to analyze all 
absorption spectra measured and a perfect fit can be obtained 
also in samples with greater thickness. 

We note that for all the samples the values of E0V are higher 
than the respective E0C, while the as-deposited sample highlights 
the highest values of slope in both the valence and conduction 
band tails. While the values of E0V and E0C related to the annealed 
samples do not show any specific trend in function of the 
temperature, they fluctuate around a mean value of 89 meV 
for the valence band and 53 meV for the conduction band. 

Regarding the defect density, since the absorption coefficient 
of the sample annealed in air at 250 °C does not differ from 
the one annealed at 200 °C, AD saturates at these temperatures. 
However, as Fig. 6 shows, when the annealing is performed in 
different atmospheres, the area of the defects increases linearly 
with temperature. This analysis brings evidence that annealing 
in the oxygen-rich atmosphere slows down the generation of 
oxygen vacancies. The defect area of the as-deposited layer is 
always lower than the ones relative to the annealed sample; in 
particular, AD of the sample annealed in hydrogen or in air 
ambiance at 250 °C is 13 or 7 times, respectively, larger than in 
the case of as-deposited sample. The resulting values of the other 
Gaussian parameters are rather insensitive to the annealing 
process: ED is fixed at around 1.10 eV below the conduction 
band edge with standard deviations varying among 20 and  
30 meV. This energy position is in agreement with reported 
results from density functional theory [69]. Figure 6 also shows 
the data related to the pre-exponential factor of the polaron 
absorption, Ap. The trend is similar to the one observed for the 
area of the inter-band defects. Also, in this case, the parameters 
related to the polaron absorption after annealing are always 
higher than the as-deposited case, given as a reference. Finally, 
EP and Eop resulted unchanged by the annealing conditions, 
with mean values of 1.57 eV and 30 meV, respectively. 

3.4 Application in SHJ solar cells 

The energy band diagram of a solar cell with hole-selective 
contact based on MoOx, with a high trap density inside its 
bandgap, can be sketched as in Fig. 7. The high bandgap of MoOx 
and its low activation energy leads to a broad band-bending at 
the c-Si absorber interface that is crucial for transport selectivity 
and fill factor [84]. The significant energy barrier at the interface 
between the TMO layer and the intrinsic a-Si:H creates an 
efficient electron blocking at the p-type contact whereas the 
photogenerated holes can be collected via tunneling mechanisms 
[85] such as the band to band (BTB) and the trap assisted 
(TA). Since the conduction band, EC, of the MoOx is aligned 
with the valence band, EV, of the a-Si:H(i), the BTB tunneling 
is predominant. Nevertheless, the presence of defects states in 
the bandgap, as investigated in Section 3.3, plays a crucial role 
that supports the carrier transport by TAT [31]. Notably, the 
carrier transport by trap assisted tunneling relies on the extended 
states close to the conduction band of the TMO rather than  
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Figure 6 Area of the inter-band defects (left axis) and pre-exponential 

factor of the polaron absorption (right axis) as a function of the annealing 

temperature for different annealing ambiances. 

 
Figure 7 Sketch of the energy band diagram across the c-Si/a-Si:H(i)/ 

MoOx/TCO stack in a Si heterojunction solar cell under illumination. The 

dashed lines mark the quasi-Fermi level of electrons, Efe, and holes, Efh. 

The scale of x-axis is logarithmic for better readability. 

the oxygen vacancies, which are located about 1.1 eV below 
the band edge. It is worth noting that any optimization of 
MoOx based solar cells has to take into account the effects of 
thermal annealing as any post-deposition treatment increases 
the defects DOS, reduces the activation energy and lowers the 
energy gap of the material. 

4 Conclusions 

In this work, analysis and characterization of amorphous 
molybdenum oxide samples have been performed. For this 
purpose, thin films of non-stoichiometric amorphous MoOx 
oxide were produced by thermal evaporation in vacuo at room 
temperature. The thickness of the films was varied between  
20 and 100 nm and these values were confirmed through 
spectroscopic ellipsometry. Optical spectra displayed a pro-
nounced absorption peak in the near-infrared range which has 
been associated with small polaron absorption. The related 
energy positions remained constant after the post-deposition 
thermal treatment while its peak values increased. The explanation 
of this phenomenon can be found in the binding between the 
small polaron formation and the defect formation, since, during 
the annealing, oxygen deficiencies create positively charged 
oxygen vacancies with accompanying charge-compensating 
electrons. From the fitting of the experimental absorption 
spectra, through the evaluation of optical transition over the 
bandgap and from the result of polaron theory, it was found 
that the inter-band defect density lays centered around 1.1 eV 
below the edge of the conduction band with a width of 20 meV 
while the peak rises in function of the annealing temperature, 
moreover the sample annealed in air are quite insensitive to 
temperature variation over 200 °C. The polaron binding energy 
resulted in approximately 1.57 eV while the longitudinal- 
optical phonon energy in 30 meV. The value of the slope of 
the exponential valence tail resulted slightly higher than the 
conduction tail and showed no change during the annealing 
process while both values are lower than the as-deposited 
sample. 

Numerical information on the DOS of MoOx as well as 
other transition metal oxides is still missing. Without this data, 

Table 2 DOS parameters extracted from the deconvolution of the absorption coefficient for the 20-nm thick MoOx films annealed at different temperatures 

and in different annealing ambiances 

Temp. 
(°C) 

Atm. 
E0V  

(meV) 
E0C 

(meV) 
AD 

(eV−1·cm−3) 

ED  

(eV) 
W 

(meV) 
AP 

(eV−1·cm−3) 
EP 

(eV) 
Eop 

(meV) 

As-deposited 109 84 1.5 E15 1.10 30 2.9 E3 1.57 27 

100 Air 89 59 2.73 E15 1.10 20 1.14 E5 1.58 25 

130 Air 93 55 4.46 E15 1.10 20 2.19 E5 1.57 28 

150 Air 84 43 8.25 E15 1.10 20 3.91 E5 1.58 28 

200 Air 88 56 1.18 E16 1.10 20 4.44 E5 1.55 30 

250 Air 99 59 1.15 E16 1.10 20 4.88 E5 1.53 27 

100 H2 91 49 5.18 E15 1.11 20 2.49 E5 1.57 29 

130 H2 84 35 7.21 E15 1.09 20 3.49 E5 1.57 29 

150 H2 86 42 1.02 E16 1.09 30 5.31 E5 1.58 32 

200 H2 93 64 1.42 E16 1.11 30 7.26 E5 1.57 34 

250 H2 104 65 1.98 E16 1.14 30 1.03 E6 1.56 42 

100 Ar 87 51 4.14 E15 1.11 20 1.98 E5 1.57 29 

130 Ar 85 52 4.71 E15 1.09 20 2.23 E5 1.58 28 

150 Ar 63 59 5.57 E15 1.11 20 3.60 E5 1.61 29 

200 Ar 85 38 1.13 E16 1.10 30 5.96 E5 1.57 32 

250 Ar 103 65 1.76 E16 1.12 30 8.51 E5 1.56 37 
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any simulation of solar cells endowed with such materials  
risk to be not accurate or even physically feasible. From our 
analysis and polaron theory, it was possible to obtain parameters 
useful to simulate MoOx in advanced device simulators 
appropriately. Data shown here represent a first step in the 
characterization framework that can be extended to other 
transition metal oxides exhibiting similar behavior, such as 
tungsten trioxide, vanadium pentoxide, and titanium dioxide. 
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