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ABSTRACT: The effect of six potential contaminants (Cu,
In, Ga, Se, Sn, and Zn) and five potential dopants (Ti, Mn, Sc,
V, and Y) on the electronic and optical properties of
molybdenum oxide (MoO;) contact layers for solar cells
was investigated using point defect analysis based on density
functional theory simulations. Of the contaminants inves-
tigated, Sn, In, and Ga were found to be highly insoluble at all
relevant temperatures and pressures and therefore not a
concern for solar cell manufacturing. Zn, Cu, and Se exhibit
some solubility, with the latter two appearing to introduce
detrimental defect states near the valence band. This
contamination can be avoided by increasing the O, partial
pressure during MoO; deposition. Of the five potential
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aliovalent dopants, Sc, Ti, and Y were disregarded because of their limited solubility in MoO3, whereas V was found to be highly
soluble and Mn somewhat soluble. The effect of Mn and V doping was shown to be strongly dependent on the O, partial
pressure during deposition, with a high pO, favoring the formation of substitutional defects (potentially beneficial in the case of
Mn doping because of the addition of defect states near the conduction band), whereas low pO, favoring interstitial defects.

1. INTRODUCTION

Molybdenum oxide (MoOj) is a material of great interest for a
number of applications, including electrochromism, catalysis,
sensors, capacitors, and thermoelectric devices." It has been
found to be an effective hole contact layer for a range of
different photovoltaic devices, including Si cells,”™* organic
cells,™® quantum dot cells” (interfacial layer), perovskite
cells,* " and cells with kesterite structure absorbers, such as
Cu,ZnSnSe, (CZTSe) and Culn,Ga_,Se, (CIGS).''™"
Ranjbar et al."' reported that the insertion of an interfacial
layer of MoO; between the absorber and the back contact
improved the absolute cell efficiency of CZTSe cells by 1.2%
compared to that of a reference cell, by reducing electron—hole
recombination and chemical reactions at the interface between
the absorber and the back contact. In Si solar cell applications,
MoO; has been employed as a hole-selective front contact,”™*
providing the benefit of reduced parasitic absorption compared
to that from the routinely used doped amorphous Si contact
layer, producing cell efficiencies as high as 22.5%.

Early applications of MoQ; carrier-selective contact layers
for Si solar cells suffered from band misalignments between the
contact and absorber, reducing cell efficiency. Geissbiihler et
al.’ were able to overcome this by limiting the processing
temperature to 130 °C, which ensured an amorphous MoO;
layer. However, this temperature limit is incompatible with
commercial manufacturing processes used to form metal
contacts, such as silver screen printing. Consequently, it has
been proposed that the use of crystalline'* or nanocrystalline'®
structures may allow for higher processing temperatures and
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improved carrier mobilities. Understanding the electronic
structure of crystalline MoOj is therefore crucial to addressing
these issues and improving device performance.

It is known that the electronic structure of MoOj is strongly
dependent on the defects present in the film.* O vacancy
concentration in MoO; has been shown to affect the work
function,'® band gap,'” and conductivity'® of the material. It
has also been suggested that O vacancies induce a defect band
within the band gap of MoO;, which is responsible for the hole
conduction properties of the material.'” In a previous study,”
we used density functional theory (DFT) to show that the
large nonstoichiometry range of the material (MoO;_,) is
accommodated by charge-neutral O vacancies, which do not
require an accompanying charge-compensating defect. We also
predicted the degree of substoichiometry as a function of
processing temperature and O, partial pressure.

Despite the widespread interest in this material, including
several DFT studies investigating point defects,”’~* there has
been little examination of extrinsic defects in MoO;, with the
notable exceptions of H*> and, in our recent report, Si.”’ In
that report, we identified that Si contamination above 1 ppm is
likely at temperatures greater than 700 K and O, partial
pressures lower than 107 atm. Here, we extend the study to
extrinsic defects that are relevant to other solar cell designs that
use MoOj carrier-selective contact layers and for which there
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appears to be limited understanding of how point defects may
affect the device performance. These defects may arise from
contact with different absorber materials (e.g, Cu, Zn, Sn, Se,
In, and Ga from kesterite cells), contact with different
interfacial or cappin§ materials (e.g, In and Sn from indium
tin oxide or ITO"), and/or from contamination during
processing (e.g, Cu from wire sawing of Si ingots into
wafers”®). The feasibility of deliberately doping MoOj to alter
the electronic structure in a way favorable to solar cell
performance has similarly not been considered previously.
Therefore, we also examined the transition metals Mn, Sc, Ti,
V, and Y as potential aliovalent dopants.

2. METHODS

2.1. Defect Concentration Calculations. Equilibrium
defect concentrations are calculated from defect formation
energies, coupled with the enforcement of electroneutrality.
The Arrhenius expression for the concentration of a defect i is

_AEfi(POZ; T) ]

¢(p0O,, T) = m; exp[ KT

(1)

where m; is the multiplicity of the defect, k is the Boltzmann
constant, and AE; is the defect formation energy, which is a
function of temperature and O, partial pressure, as well as the
Fermi level (see eq 2). For each T and pO,, eq 1 was iteratively
solved to find the self-consistent Fermi level that produces a
balance of charged defect concentrations satisfying electro-
neutrality, as described in our previous paper.”® This was done
with the aid of the defect analysis program of Murphy et al.”’
The resulting defect concentrations are then plotted against
temperature and O, partial pressure in the form of Brouwer
diagrams.
The defect formation energy, Ej is calculated using

Ef(pOZ’ T) = Edefect - Ehost * Z njﬂj(po?,' T)

J
+ q(EVBM + ”e) + Echgcor (2)

where Eyp. and E,,, are the energies of the simulated
supercell with and without the defect, respectively. The
summation term refers to the chemical potentials ; of all of
the j atoms that are added (negative) or removed (positive)
from the cell to form the defect, y, is the Fermi level above the
valence band maximum (VBM) Eygy, and Egge is a
correction term to counter the electrostatic interactions across
periodic boundary conditions. The latter term is nearly
negligible in our calculations, but still included, as we exploited
the strong dielectric anisotropy of the material when choosing
the supercell shape, as reported in Lambert et al.”

To overcome the inherent limitation of semilocal DFT in
describing formation energies of O and oxides,”® the chemical
potentials of Mo and O were calculated following the method
of Finnis et al.”’ By linking the chemical potential to the Gibbs
free energy of formation, the concentration of defects can be
predicted as a function of T and gOz. This method is well-
established for intrinsic defects,”” but the current study
requires an extension of the method to account for the
chemical potential of extrinsic defects, presented below.

2.2. Chemical Potentials of Extrinsic Species. To
determine the formation energy of extrinsic defects in MoOj,
the chemical potentials of those species in the reference oxide
must also be determined. A wide variety of methods have been

used to determine the reference chemical potential of extrinsic
defects.’*™*> Previous studies determined these potentials
through direct DFT calculation of the oxide;*° however, this
can cause problems as many of the reference oxides require the
addition of +U terms of differing magnitudes to the metal atom
for accurate simulations, making it difficult to compare
between them. In addition, DFT is known to overestimate
the formation energy of many oxides,*® which could also
introduce significant differences in the results.

One solution is to rewrite the chemical potential in terms of
the known standard energy of formation of the oxide:*”*¢ the
free energy of formation for a binary metal oxide M,O, under
standard conditions is defined as

M,0
AGE T (pOS, T°) = iy o) = HHhngge

) 0 -0
- Eﬂoz(g)(}’ozr T") 3)

Here, we have implicitly removed the dependence of the solid
phases on temperature and partial pressure, as it is negligible
compared to that of the gaseous phase. Rearranging eq 3 gives
us an expression for the chemical potential of the reference

oxide iy 0 (s)

M,0, 0 0
ﬂMxOy(s) = AG; ’(pOz, T°) + Xrss)

Yy 0 70
+ Eﬂoz(g)(pOZI T ) (4)
By construction, the chemical potential of the constituent
species in the oxide must add up to the chemical potential of
the oxide

Hno,) = YHouo) T *Hmom,0) (s)

and if we assume that the oxide is in thermodynamic
equilibrium with the surrounding air, then

1
ﬂO(MxOy)(pOZl T) = Zﬂoz(g)(poﬂ T) ©)

which provides us with an equation for pyy0)

1
Hric,0) P02 T) = ;(”Mxoy(s) - %P‘oxg)(f’oz’ T))
7)
Combining eqs 4 and 7, we find an expression for the chemical
potential of the metal ion in the reference oxide

1 M,0,
ﬂM(MxOy)(POZ’ T) = ;(AGf y(Png %) + XHp(s)
)
+ L, (P08 T

)
- zﬂoz(g)(Pozf T)) (8)

where the dependence on T and pO, of yg,(,) is captured with

a rigid-dumbbell ideal gas model (as is commonly done for
intrinsic  defects®”*”*%), AGM9(pQJ, T°) is taken from
standard chemical tables,” and Hngs) is obtained from a
DFT simulation of the metal crystal. This method ensures that
the chemical potentials of both intrinsic and extrinsic defects
are internally consistent and largely insensitive to the
computational methodology.

2.3. Computational Methods. DFT calculations were
performed using the Vienna ab initio simulation package.*’
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Table 1. Number of Valence Electrons Used for Modeling the 12 Elements

element Mo O Mn Sc Ti
valence electrons 14 6 15 11 12

v Y Cu Zn Sn Se In
13 11 17 12 14 6 13

Defect relaxations were performed at constant volume using
the Perdew—Burke—Ernzerhof (PBE) exchange—correlation
functional”’ and with the rotationally invariant on-site
Coulomb correction*” (+U) of 6.3 eV applied to the Mo d
orbital, consistent with previous studies.” " van der Waals
forces were accounted for with the use of the D3 method by
Grimme et al.*” The electronic energy convergence criterion
for SCF steps was 2 X 1077 eV. All defect calculations were
relaxed at constant volume in a prerelaxed 192-atom supercell
of MoOj; until the energy difference between two consecutive
steps was less than 107> eV. A supercell consisting of 2 X 2 X 3
MoO; unit cells (192 atoms) was chosen as this size exhibits
near-zero Madelung potential, thereby almost eliminating the
effect of electrostatic self-interactions across periodic bounda-
ries. Details of the convergence of the finite size effect can be
found in our previous report.”” A 3 X 1 X 2 k-point mesh was
used to sample the supercells with a Gaussian smearing of 0.1
eV. Projector-augmented wave pseudopotentials were used
with a 500 eV energy cutoff, consistent with previous work on
transition metal oxides.””*>** The number of valence electrons
used for each atom type is listed in Table 1.

Although the PBE functional is known to provide
qualitatively accurate forces and energies for transition metal
oxides, it widely underestimates the band gap of MoO;** In
contrast, the hybrid functional of Heyd—Scuseria—Ernzerhof*’
(HSE06) has been shown to produce accurate electronic band
gaps for MoO; **** Thus, to gain quantitative information on
how extrinsic defects affect the electronic structure of MoOs,
the most relevant defects were simulated again using the
hybrid HSE06 functional, keeping all simulation parameters
the same, apart from the use of the tetrahedron smearing
method with Blochl corrections.”® Due to the prohibitive
computational cost of performing geometry relaxations with
the HSE06 functional in these large cells, these calculations
were restricted to single-point calculations of the prerelaxed
PBE configuration, scaled to the size of the HSE06 structure
using the strains between the pristine PBE cells and the
pristine HSE06 MoOj supercells. In the case of V), applying
this scaling method to a single-point HSE06 calculation
reduced the external cell pressure from 30.36 kB (before
scaling) to 9.19 kB (after scaling), which is in reasonable
agreement with the 5.04 kB defect relaxation pressure of the
relaxed PBE cell. Although this method does not ensure that
the defect and its neighboring atoms will be fully relaxed, it is a
suitable compromise that enables a hybrid functional
investigation of a 192-atom cell, which would otherwise be
impracticable.

3. RESULTS AND DISCUSSION

3.1. Defect Formation Energies. To the best of our
knowledge, no experimental information is available on the
stability of interstitial sites in MoQO;. However, these were not
discounted a priori; instead, we explicitly calculate the energy
of both interstitial and substitutional defects, under all
plausible charge states, for all defects. When the formation
energy of interstitial defects is significantly higher than that of
the substitutional counterpart, their relative contributions
become negligible by construction.
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Figure 1. Stable interstitial sites in the unit cell of MoOj, labeled as i1,
i2, and i3.

In the DFT literature, three stable sites have been reported
for Mo™® and Mg®" interstitials in MoOj; (see Figure 1). Two
of these, the 12 and i3 sites, have also been reported to be
stable for Na and K ions in a DFT study by Tahini et al.”> All
three sites were simulated for charge-neutral interstitials of
each species. To reduce the otherwise vast number of
simulations required, only the most stable interstitial site for
each species was then simulated under all plausible charged
states, under the assumption that the relative occupancy of the
sites would not change significantly for differently charged
defects. Most species preferentially occupy the il interstitial
site inside the van der Waals planes, with the exception of In,
Ga, and Mn, which favor the i2 site. No species preferentially
occupied the i3 site, and in the cases of Mn, the i3 site was
unstable and collapsed into the i2 site.

Figures 2a—c and 2d—f shows the formation energies at
standard conditions (T = 298.15 K, pO, = 0.2 atm) of
substitutional (for Mo) and interstitial elemental defects,
respectively, as a function of Fermi level. These are split into
three groups: one group of dopants and two groups of
contaminants (for ease of viewing). In each graph, only the
lowest formation energy defect for each species at a particular
Fermi energy is shown. A change in dominant charge state
appears as a change of slope of the rectilinear plot.

For all species, substitutional defects are favored at high
Fermi levels, whereas interstitial defects are favored at low
Fermi levels. This is consistent with the lower oxidation state
of all species considered here compared to the 6+ oxidation
state of Mo in MoO;. Notably, V exhibits a negative formation
energy (i.e., exothermic solution) when the Fermi level is very
close to the valence band maximum (VBM) or the conduction
band maximum (CBM). This is unusual and indicative of high
solubility at both high and low free electron energies. All other
species exhibit positive formation energies at all Fermi levels.

3.2. Predicted Defect Concentrations. The total
concentrations of all interstitial and substitutional defects of
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Figure 2. Defect formation energies as a function of Fermi level at standard conditions for substitutional (a, b, c) and interstitial (d, e, f) extrinsic
elemental defects. The 11 defects are split into two groups, dopants (left) and contaminants (middle and right), for ease of viewing. In each graph,
only the lowest energy defect for each species at a given Fermi level is shown.

each element under different conditions of pO, and T were
calculated as described in Section 2.1, with the resulting
concentrations shown in Figure 3. There is a clear trend for
defect concentrations to increase under conditions of high
temperature and/or low O, partial pressure.
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Figure 3. Equilibrium solubility limit for all 11 elemental species at
(a) temperature of S00 K and varied O, partial pressure conditions
and (b) atmospheric pressure and varied temperature. The curves for
Zn and Cu are overlapping.

Many of the species investigated were clearly not soluble in
MoOj; under any conditions considered. For example, even at
MoOy’s melting temperature of 1068 K under atmospheric
conditions, the predicted concentration of Sn defects in the
crystal was only 0.002 parts per trillion (ppt). This is consistent
with a study by Gaigneaux et al. that attempted to create a
ternary Sn—Mo—O solid solution at 823 K, resulting instead in
a two-phase mixture of Mo-doped SnO, and pure MoO;.>*

Of the 11 species investigated, five display moderate
solubility in MoQ;, with concentrations above 1 ppt at
atmospheric pressure and 800 K. These comprise V, Mn, Zn,
Cu (nearly identical concentrations with Zn), and Se. Of these
candidates, V appears to be most easily accommodated within
the MoQj crystal structure, reaching a predicted concentration
of 1 ppm at ~590 K and atmospheric pressure. It should be
noted that these solubility predictions are based on the
thermodynamic considerations only and that the solubility of
some of these defects may be limited by diffusion kinetics.
Additionally, entropic effects in the solid phases (e.g,
vibrational and configurational entropies) were not included
in the analysis.

3.3. Contamination from Specific Photovoltaic
Materials. The defect concentrations were grouped by the
potential sources of contamination: the PV substrates CIGS,
CZTSe, and ITO. For each material, we considered all of the
possible defects that could occur and produced Brouwer
diagrams for a typical processing temperature of 700 K (see
Figure 4).

Irrespective of the substrate material, the dominant defects
are intrinsic O vacancies (charge-neutral) and, at sufficiently
low pO,, small amounts of Mo interstitials (also charge-
neutral), consistent with intrinsic Brower diagrams of MoO, >’
Contact with ITO is not predicted to cause dissolution of In or
Sn in MoO;. For CZTSe and CIGS substrates, some
contamination is predicted to occur under low pO, conditions.
For both of these materials, the dominant extrinsic defects are
the charge—neutral Se interstitial (Se] using the Kroger—Vink
notation™>) for pO, < 107% atm, Cu* for pO, = 107°~107* atm,
and Sejyf, (i, charge —4 state) for pO, > 107¢ atm. For
CZTSe, Cu contamination is accompanied by Zn (as Zn}), in
equal proportions.

3.4. Accommodation of Soluble Species. To examine
how the most soluble species are accommodated within MoOs,
a fixed total defect concentration of 1 ppm was enforced by
shifting the chemical potential of the reference oxide for each
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Figure 4. Brouwer diagrams depicting the predicted concentration of
defects in MoOj; at 700 K when in thermodynamic equilibrium with
(a) ITO, (b) CZTSe, and (c) CIGS. In (b), the Cu and Zn curves are
overlapping.

species while keeping the relative defect energies constant. The
resulting Brower diagrams at 700 K are shown in Figure 5. Cu
and Zn are accommodated in MoO; as charge-neutral
interstitials at all pO, levels, and therefore, their behavior in
the material is independent of the processing conditions. On
the other hand, Mn and V exhibit a switch of dominant defect
from interstitial defects under low pO, conditions to
substitutional defects under higher pO, conditions. For V,
this switch in behavior is coupled with a change in dominant
charge state: above 10™* atm, the dominant defect is negatively
charged (V},,), and below that, it is positively charged (V;).
Notably, doping MoO; with Mn and V leads to a significant
increase in 1+ ionic and electronic intrinsic defects (O

vacancies and holes) as a charge-compensating mechanism
caused by the presence of negatively charged substitutional
defects. This suggests the possibility of using Mn and V
dopants to increase free hole concentrations in MoOj layers,
thereby improving the conductivity of the layer. Se is always
accommodated as an interstitial defect, but the preferred
charge state switches from charge-neutral (Se}) to charge +1
(Se;) as pO, increases. However, here, the charge-compensat-
ing defects are not intrinsic vacancies and holes but negatively
charged substitutions of Se for Mo (Sey;,, Semo Semo and
Sel’\/[o)'

3.5. Effect of Extrinsic Defects on Electronic
Structure. For the five most soluble species in MoO;, we
calculated the electronic density of states (DOS) of the
dominant defects. These calculations were performed using the
hybrid HSE06 functional, which has a band gap very close to
the experimental band gap of the material,*® from relaxed PBE
structures, scaled with the approach described in Section 2.3.
The resulting DOS graphs are shown in Figure 6.

These results can be used to predict the effect of extrinsic
defects in MoO; on solar cell performance. Defects that
significantly reduce the band gap may increase parasitic
absorption of light if the MoO; contact layer is being used
on the sun-receiving surface of the solar cell. Thus, defects
such as Vj;, and Cu are possibly detrimental to the
performance of the solar cell if present in sufficiently high
concentrations.

Although the effect of defect states within the MoO; band
gap on device performance is generally poorly understood, it is
believed that the hole selectivity of MoO; is due to defect
bands near the CBM.">* This likely means that defects that
induce electronic states in the band gap nearer to the CBM,
such as in Mnj, and Zn}* (but not Mn}*), are of less concern or
possibly even beneficial to device performance, whereas states
closer to the VBM as produced by Vi, Cu, Mn}, and Se; will
likely be detrimental because of an enhancement of carrier
recombination.

The results of Figure 6 can be combined with those of
Figure S5 to determine the most favorable preparation
conditions for each species. An exemplar case is that of Mn,
which displays an ambivalent nature. If a Mn-doped MoO;
layer is deposited under high pO, conditions, the dopant will
be accommodated via Mnyj, defects, which are not detrimental
and possibly even beneficial because of the increase in free hole
concentration. However, if the solar cell is processed under low
pO, conditions, the dopant is expected to form Mn]* defects,
which introduces low gap states, causing increased parasitic
light absorption and charge carrier recombination.

Similarly, when doping MoO; with V, it can be seen that
Vit greatly reduces the band gap of MoOj; and creates defect
states near the VBM. This can be countered by processing at
pO, < 107® atm, thereby limiting the concentration of Vj, in
favor of V;, which is likely to be less detrimental to the device.
On the other hand, processing at high pO, leads to the
formation of free holes, which would be expected to lead to
increase the electronic conductivity of the MoOj; layer. Doping
with Mn and V, irrespective of the processing pO, condition, is
also expected to increase the formation of singularly charged O
vacancies as charge compensation mechanisms. This defect
reduces the band gap by around 1 eV, but it does not result in
any detrimental deep defect states.
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Figure S. Brouwer diagrams at 700 K showing the most favorable way to accommodate 1 ppm of extrinsic species Cu, Zn, Mn, Se, and V under
different pO, conditions. Dy, and D; refer to the substitutional and interstitial defects of each species, respectively.

4. CONCLUSIONS

The solubility of extrinsic elemental species in MoO; was
investigated using DFT simulations. For those species
exhibiting solubility under practical conditions, their effect
on the electronic properties of crystalline MoO; was evaluated
to establish their potential use as dopants or their role as
detrimental contaminants. Eleven elements were investigated
and selected because of their presence in the range of
photovoltaic materials where MoOj; is being considered as a
possible hole-selective contact layer (In, Sn, Cu, Zn, Se, and
Ga) or because of being potential aliovalent dopants (V, Mn,
Sc, Ti, and Y). A robust treatment of chemical potential was
introduced to overcome limitations of DFT modeling of
oxides. By relating the chemical potential of all species to the
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experimental standard energy of formation of the parent oxide,
this quantity can be decoupled from the choice of computa-
tional methodology to enable the prediction of intrinsic and
extrinsic defect concentrations as a function of temperature
and O, partial pressure.

The defect species found in photovoltaic materials ITO,
CZTSe, and CIGS were considered as potential contaminants.
It was found that In and Sn from ITO substrates and Ga from
CIGS solar cells are not thermodynamically soluble in MoOj,
even at high temperatures and should therefore not pose a
concern to photovoltaic device manufacturers considering
employing MoOj carrier-selective contact layers. Conversely,
Cu, Zn, and Se contamination of up to ppt concentration is
thermodynamically favorable in MoO;. A density-of-states
analysis showed that Cu and Se contamination was likely to be
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Figure 6. Electronic density of states around the band gap of MoOj;
doped with the most soluble species considered here, as well as the
singularly charged O vacancy. The DOS is aligned with the VBM for
each defect at 0 eV. All DOS calculations were computed with the
HSEO06 functional.

more detrimental than that from Zn in that the most dominant
defects from those species induce states near the VBM, which
would be expected to increase carrier recombination. Our
results suggest that the degree of contamination may be
reduced by lowering the processing temperature and/or by
increasing pO, during the deposition of the MoO; contact
layer on the solar cell absorber material.

Of the potential dopants considered in this study, Sc, Ti, and
Y were found to be insoluble, whereas V appeared highly
soluble and Mn showed limited solubility. The incorporation
of V and Mn dopants in MoO; was found to increase the
concentration of singularly charged O vacancies and holes,
which should act to advantageously increase the conductivity
of the MoO; contact layer. However, the utility of these
dopants is strongly dependent on processing conditions. For
example, if Mn is introduced under high pO, conditions, it will
substitute for Mo as Mnyj,, which would be of little concern to
the device performance, possibly even beneficial because of the
formation of band states near the CBM and the increase in free
holes. However, if introduced under low pO, conditions, it
would be accommodated as an interstitial defect Mn;* and
create lower energy band states that may increase parasitic
absorption and carrier recombination. Conversely, for V
doping, the low pO, dominant V; defects were predicted to
be less detrimental than the high pO, dominant Vy,, defects
because of the band gap reduction. This indicates that it should
be possible to control the ratio of favorable to unfavorable
defect states for MoO; doped with Mn or V by processing
under high pO, or low pO, conditions, respectively.

The current findings can be used to guide the use of MoOj;
as a hole-selective contact layer for photovoltaic devices by
identifying which types of contamination need to be avoided,
identifying possible new dopants that could be used to improve
the optical and/or electronic properties of photovoltaic
devices, and guiding the preparation conditions that are likely
to minimize the presence of detrimental defects. The method
used here could be extended to investigate the solubility of

extrinsic defects in other carrier-selective transition metal oxide
materials, such as TiO,, V,0;, and WO5.
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