AlP | e ™

Band energy control of molybdenum oxide by surface hydration
Keith T. Butler, Rachel Crespo-Otero, John Buckeridge, David O. Scanlon, Edward Bovill, David Lidzey, and
Aron Walsh

Citation: Applied Physics Letters 107, 231605 (2015); doi: 10.1063/1.4937460

View online: http://dx.doi.org/10.1063/1.4937460

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/107/23?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Surface oxidation energetics and kinetics on MoS2 monolayer
J. Appl. Phys. 117, 135301 (2015); 10.1063/1.4916536

First principles study on InP (001)-(2 x 4) surface oxidation
J. Appl. Phys. 113, 103705 (2013); 10.1063/1.4794826

A theoretical investigation on photocatalytic oxidation on the TiO2 surface
J. Chem. Phys. 136, 024706 (2012); 10.1063/1.3676261

First-principles study of GaAs(001)- B 2 ( 2 x 4 ) surface oxidation and passivation with H, CI, S, F, and GaO
J. Appl. Phys. 107, 103720 (2010); 10.1063/1.3369540

Electronic structure of coordinatively unsaturated molybdenum and molybdenum oxide carbonyls
J. Chem. Phys. 130, 064301 (2009); 10.1063/1.3073855

MMR

TECHNOLOGIES

ID STATE CHARACTERIZAﬁdW :

el & i
."rkt . s

o
OPTICAL STUDIES SYSTEMS SEEBECK STUDIES SYSTEMS MICROPROBE STATIONS HALL EFFECT STUDY SYSTEMS AND MAGNETS



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2053834441/x01/AIP-PT/MMR_APLArticleDL_120915/MMR-ArticleDownloads-APL2.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Keith+T.+Butler&option1=author
http://scitation.aip.org/search?value1=Rachel+Crespo-Otero&option1=author
http://scitation.aip.org/search?value1=John+Buckeridge&option1=author
http://scitation.aip.org/search?value1=David+O.+Scanlon&option1=author
http://scitation.aip.org/search?value1=Edward+Bovill&option1=author
http://scitation.aip.org/search?value1=David+Lidzey&option1=author
http://scitation.aip.org/search?value1=Aron+Walsh&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4937460
http://scitation.aip.org/content/aip/journal/apl/107/23?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/117/13/10.1063/1.4916536?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/10/10.1063/1.4794826?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/136/2/10.1063/1.3676261?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/107/10/10.1063/1.3369540?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/130/6/10.1063/1.3073855?ver=pdfcov

APPLIED PHYSICS LETTERS 107, 231605 (2015)

@CrossMark

Band energy control of molybdenum oxide by surface hydration
Keith T. Butler,"® Rachel Crespo-Otero,? John Buckeridge,® David O. Scanlon,®

Edward Bovill,* David Lidzey,* and Aron Walsh'

'Department of C hemistry, University of Bath, Claverton Down, Bath BA2 7AY, United Kingdom
2School of Biological and Chemical Sciences, Queen Mary University London, Mile End Road,

London E1 4NS, United Kingdom

3Universiz‘y College London, Kathleen Lonsdale Materials Chemistry, 20 Gordon Street, London WCI1H 0AJ,

United Kingdom

*Department of Physics and Astronomy, University of Sheffield, Hicks Building, Hounsfield Road,

Sheffield S3 7RH, United Kingdom

(Received 17 September 2015; accepted 27 November 2015; published online 10 December 2015)

The application of oxide buffer layers for improved carrier extraction is ubiquitous in organic
electronics. However, the performance is highly susceptible to processing conditions. Notably, the
interface stability and electronic structure is extremely sensitive to the uptake of ambient water. In
this study we use density functional theory calculations to asses the effects of adsorbed water on
the electronic structure of MoQ,, in the context of polymer-fullerene solar cells based on PCDTBT.
We obtain excellent agreement with experimental values of the ionization potential for pristine
MoOs; (010). We find that IP and EA values can vary by as much as 2.5 eV depending on the oxida-
tion state of the surface and that adsorbed water can either increase or decrease the IP and EA
depending on the concentration of surface water. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4937460]

The application of high work function transition metal
oxide (TMO) layers at electrode surfaces in organic photo-
voltaic (OPV) and organic light emitting diodes (OLEDs)
has become extensive. This is due to the enhanced charge
transport at the interfaces upon addition of thin layers of
TMO; in particular, TMOs such as MoO3;, WOj3, and V,05
have been applied as hole transport layers (HTLs). The addi-
tion of HTLs, as well as improvements in device encapsula-
tion, mean that targets for efficiency and lifetime for OPV
solar cells are now within reach; nonetheless, major chal-
lenges in device manufacture and fundamental questions
regarding operating principles still remain to be answered.

One of the challenges faced by organic electronic devi-
ces is the efficient transfer of charge between the organic
layer and the electrical contact. This has been an active field
of research for two decades, and great effort has been
invested both experimentally and theoretically into under-
standing the factors which dictate these processes. The basic
problem would appear simple: efficient charge transport
across the interface requires electron energy levels in the
contact and organic layers to be well matched, to reduce bar-
riers and achieve Ohmic behavior.'™ Nevertheless, the a
priori identification of optimal organic/inorganic compo-
nents remains extremely difficult. The application of TMO
layers to improve this process has become a popular strategy
with improved performance reported in organic field effect
transistor,5 OLED,G‘8 and OPV’!! devices. Indeed the appli-
cation of inter-layers for improved electrical contacts is
becoming an extremely popular strategy in both organic and
inorganic semiconductor architectures.'>'® Various mecha-
nisms have been proposed for this performance, including
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favorable energy-band alignment and p-type doping of the
organic material by the TMO.'*

MoOs; is an insulating/semiconducting TMO; structur-
ally it is based on strongly distorted edge-sharing octahedra.
The strong distortion of the octahedra leads to the formation
of a layered structure. Molybdenum is in oxidation state (VI)
and the electron configuration is . Chemically MoO, is
also stable; the electronic d” configuration allows the forma-
tion of Mo-Mo bonds, resulting in metallic conduction. Both
MoOj; and MoO, have long been appreciated for their cata-
lytic activity.'> In MoO; the valence band edge is formed
from O p-orbitals, while the conduction band minimum con-
sists of the empty Mo d-orbitals. If the surface is reduced,
the d-orbitals of Mo become occupied, altering the ionisation
potential. The ionisation potential can also be altered by
other surface modifications.

Recent studies into the effects of processing on the per-
formance of devices featuring MoO5; HTLs have emphasised
a number of critical parameters affecting device perform-
ance, primarily layer thickness, metal oxidation state,'®!’
and processing atmosphere.'® It was reported that processing
in air has a large detrimental effect on device characteristics
unless the MoOj3 layer was annealed prior to exposure and
the role of adsorbed water was invoked to explain the
observed changes. The effects of exposure over time were
previously also shown to result in a realignment of MoO,
energy levels and a loss of doping activity.'” Several possi-
ble roles of water have been suggested, from surface hydra-
tion or hydroxylation, modifying electron energies through
the formation of dipole layers,”® to hydrolysis of MoOs
layers into smaller crystallites. '

Density functional theory (DFT) is a useful tool for
probing the influence of surfaces on electron energies.
Recently we demonstrated how modification of the surface

© 2015 AIP Publishing LLC
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of SnO, can tune the band energies to obtain high work func-
tions required for organic electronic applications.?!*?
Monolayers of organic molecules can also have dramatic
effects on the work function, even at low coverage.23 DFT
has also previously been applied to study the electronic
structure of bulk MoO5** and MoOs surfaces? and interfa-
ces of MoOj and organic semiconductors;17 however, the
effect of the ambient water on the energy band levels has
hitherto been neglected.

In this study we investigate how surface modifications
caused by atmospheric exposure affect the electronic energy
levels of MoOj3, considering several possible effects of water
on the MoOj layer. We begin by quantifying the effect of the
surface contribution, demonstrating how altering the surface
oxidation state can shift the electron energies by ~2.5eV.
We then assess how adsorption of water affects the ioniza-
tion potential (IP) and EA, and geometry of adsorption and
electron energies are calculated as a function of water cover-
age. Finally we also consider further possible effects of
water, such as surface hydroxylation and HTL cleavage.

All electronic structure calculations were preformed
using the Vienna Ab Initio Simulation Package (VASP)*
within the projector augmented wave formalism.”’® The
MoO; crystal structure was obtained from experimental coor-
dinates.”” The coordinates were fully relaxed for all degrees
of freedom using the PBESol functional;30 a plane wave cut-
off energy of 500eV and k-point density was scaled to the
unit cell to achieve a uniform sampling with a cutoff density
of 0.04A in reciprocal space as prescribed by Moreno and
Soler.>' From the relaxed coordinates, the electronic band
structure was calculated using the hybrid HSE06 functional *?
These coordinates also used to cleave surface slabs. The slabs
were cleaved along the (010) plane. The IPs were calculated
as the difference between the valence band maximum
(excluding the influence of surface states) and the vacuum
Hartree potential in the calculation. The valence band maxi-
mum excluding surface states is obtained by aligning the core
eigenstates of the Mo ions at the centre of the slab to the
eigenstates calculated for the pure bulk. Further details of this
procedure can be found elsewhere.* The Hartree potential was
analysed using the open-source MacroDensity package.*

We have collated the calculated electronic energies in
an energy-band-diagram (Figure 1) with the highest occupied
molecular orbital (HOMO) energy of a common p-type or-
ganic semiconductor (PCDTBT) and the band energies of
the widely used electrode material, Sn doped In,O; (ITO).
The values calculated for pristine MoO3; (IE=9.66¢V,
EA =6.96eV) compare well with the experientially obtained
values (IE=9.68eV, EA=6.7¢V).*

We begin by considering how the surface influences the
IP and EA. Following the formalism of Bardeen®” it is possi-
ble to separate the slab IP into bulk and surface contributions

IP = [P + Avsulfv Q)

where the AV, term arises from the spilling of electrons
out from the surface®®>” and the IP,,; term is largely deter-
mined by the crystal environment.*®

The surface dipole contribution to the IP of MoOj is cal-
culated by considering the difference between the surface
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FIG. 1. Energy-band-alignment diagram of MoO, for varying states of sur-
face oxidation and hydration with PCDTBT and Sn:In,O5 (ITO). The lower
panel shows energy levels aligned through the vacuum levels of the materi-
als and the electron affinities (EA) and ionisation potentials (IP) are pre-
sented for each system. The various scenarios in the bottom panel can
occupy the HTL in the architecture of the upper panel. MoO, has stoichiom-
etry MoO, g. In MoO, and MoO;OH the shaded regions in the conduction
band indicate occupation by excess electrons. The values for the MoOj; clus-
ters are measurements from Ref. 16. All energies are presented in eV.

electron density and an idealised bulk electron density with
the same number of electrons, but no relaxation of the den-
sity into the vacuum. The effect of the dipole across the sur-
face—resulting from the spilling of electron density—on the
electrostatic potential is then calculated from the Poisson
equation

VQV _ pplanar 7 (2)
€
where pp,anq- 15 the difference between the truncated bulk
electron density and the slab electron density, V is the elec-
trostatic potential, and e is the dielectric constant of the
medium.

The results are presented in Figure 2, where the charge
density of the slab and the difference between the slab and
the resultant electrostatic potential are plotted. We consider
the pristine surface and the reduced surface (Mo;oOzg),
where the top layer of oxygens have been removed, allowing
us to evaluate the effects of the surface structure on the elec-
tron energies.

For the pristine surface there is a net spilling of electrons
out from the surface and the dipole calculated by applying
Equation (2) is 3.3V, a stabilisation of electrons in the slab.
For the reduced slab the situation is quite different; there is a
significantly less pronounced spill-out of electron density.
This is because the excess electron becomes localised on the
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FIG. 2. The effect of the surface dipole on slab electrostatic potential; left,
pristine surface and right, reduced surface. Upper panel shows the slab pla-
nar electron density (q), middle panel shows the surface double-layer (dq),
and the lower panel shows the resultant electrostatic potential (V). The slab
thickness is ~30 A, and the slabs are centered on the abscissa; the vacuums
are ~20 A.

Mo, reducing the oxidation state. The surface dipole is 0.8 V,
a smaller stabilisation of the electrons in the slab. This differ-
ence in surface electrostatic contribution of 2.5V explains
the large difference in the IPs and EAs between the pristine
and reduced slabs (MoO, and MoOj in Figure 1). Note that
these IP and EA values are for the bulk of the material, far
from the surface. However, the excess of electrons associ-
ated with the reduction can also effectively n—type dope the
material, as indicated by the shading in the conduction band
of MoO, in Figure 1.

Water molecules adsorbing on the surface of the MoO;
are considered by placing 0.06, 0.22, 0.5, and 1.0 monolayers
(ML) on the surface and geometry optimising the system.
The water molecules carry a permanent dipole, which may
be expected to affect the ionization potential of the slab by
modifying the AV, term in Equation (1). The influence of
this dipole depends on the distance and orientation of the
double layer from the surface.”” We therefore begin by con-
sidering how the water arranges itself on the surface. In this
case a 3 x 3 supercell expansion of the surface and I'— point
sampling of k—space was used.

As was reported previously,® the most stable position
for a single water molecule per oxygen on the surface is
above the protruding oxygen (note that we refer to this as 0.5
ML coverage, whilst reference 43 refers to it as 1.0 ML cov-
erage), and this corresponds to one water per protruding oxy-
gen, as indicated by the jade squares in Figure 3(d). When
the coverage of the surface is less than 0.5 ML (i.e., 0.06 ML
and 0.22 ML) the position of water adsorption changes; the
preferred site at lower concentrations is the bridging oxygen
(the white squares in Figure 3(d)). This difference in bonding
location is reflected by a shorter water oxygen to surface ox-
ygen separation at lower coverage concentration (Figure
3(a)). In the bridging conformation the water molecules are
h-bonded to two surface oxygens, whereas at 0.5 ML in the
on top conformation the water is H-bonded to one oxygen
and has a separation of the hydrogen in one water to the
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oxygen in the next of ~2.8 A, suggesting that the oxygen
lone pair and the hydrogen could form a weak hydrogen
bond. At 1.0 ML coverage the situation is very different.
After all protruding oxygens are occupied, the next most sta-
ble site is above the bridging oxygen of the surface. We find
that the next layer of water adsorbs here and form a H-
bonded network with the other H,O molecules on the
surface.

The angle between the permanent dipole of each water
molecule and the plane of the surface remains largely con-
stant over up to 0.5 ML of coverage at ~87°. From classical
electrostatics we would therefore expect that as coverage
increases the strength of the dipole contribution is additive.??
However, the water adsorption also affects the double layer
of the slab (discussed earlier). This is evidenced by the strik-
ing observation (Figure 3(c)) that below 0.5 ML the water
acts to decrease the IP and above 0.5 ML it acts to increase
the IP. This means that the concentration of water adsorbed
at the surface will be decisive in determining how the energy
levels of the HTL are affected by atmospheric moisture, with
consequences in terms of band-alignment in device
architectures.

Another important effect of H,O is the break-up and for-
mation of small clusters of MoO5, which occurs by intercala-
tion of water molecules between MoOj; layers.40 Gwinner
et al. demonstrate the effect of this breakup and clustering
on the energy levels of the oxide. We have used the experi-
mental values'® to populate our energy-band-alignment dia-
gram as “MoQOj; cluster.” Here the bandgap widens and the
band edges move closer to the vacuum level.

A water layer at the surface of MoO; has also been
shown to result in a change in the oxidation state of Mo from
+6 to +5,'* which has been associated with a concomitant
opening of the bandgap. Two possible mechanisms for
reduction of Mo by H,O are the removal of the surface O by
hydrolysis or the hydroxylation of the surface O. The former
scenario results in “MoQO,” in Figure 1, and the latter is
“MoO3;0H” in the same diagram. As we demonstrated ear-
lier, the reduction of the surface results in a reduced surface
dipole and therefore a shallower IP.

Hydroxylation has a similar effect on the IP and EA to
the surface reduction. In MoO;OH the band gap has been
observed to increase.'*'” In this case the reduction of
the surface results in additional charge being transferred to
the MoOj layer. The previously unoccupied d-orbitals of the
MoOj3; are now occupied, resulting in a degenerate doping re-
gime with the Fermi level in the conduction band and a
Moss-Burstein shift of the measured optical bandgap;*'
therefore, our calculations are consistent with experimental
observations and we conclude that this is a possible mecha-
nism for the observed reduction of Mo.

Previously we reported how, using thermally annealed
MoOQ,, solar cell performance could be improved by air proc-
essing as opposed to processing in an inert atmosphere.'®
These findings can be broadly aligned with the results of the
materials modelling presented above, which suggest a com-
plex interplay of effects of H,O incorporation at TMO
HTLs. Microscopic factors such as improved doping of the
organic layer and increased Fermi level of the oxide can lead
to an improvement in some aspects of device performance at
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FIG. 3. Properties of the hydrated
surfaces of MoOj. (a) Angles (grey)
made by the water dipole to the surface
normal vector and separations (orange)
of adsorbed water with respect to the
MoOj5 surface as a function of cover-
age. (b) Representative geometry of
water adsorbed to the surface showing
the direction of the water dipole (green
arrow) and separation distance as plot-
ted in (a). (c) Energy-band-alignment
diagram of MoOs with water coverage;
the dashed horizontal lines show the
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well-defined levels of surface hydration. On the other hand,
effects such as fragmentation of the TMO lead to diminished
performance.

We note that water can also play an important role in
determining the morphology and wetting behavior of HTLs
and absorber layers. It has been demonstrated that surface
modification of the HTL can alter interface wetting behavior
and alter photovoltaic performance.*? It has also recently
been shown in hybrid organic-inorganic materials that small
amounts of water can promote crystallisation of the absorber
layer.*® The study of these morphological effects is beyond
the scope of the current study; nonetheless, this important
consideration should be borne in mind when considering
potential effects of atmosphere on device performance.

In conclusion we have studied the effects of altering the
surface of MoOj by the presence of ambient moisture. We
demonstrate how the surface double layer can affect the IP;
altering the oxidation of the surface changes the double-layer
and shifts the IP by almost 2.5eV. We show how the adsorp-
tion of water on the surface can affect the surface polarisation.
We find that low concentrations of water (<0.5 ML) reduce
the IP while higher concentrations (>0.5 ML) increase the IP.
We also explore the effects of surface hydroxylation, which,
like surface reduction, can shift the IP closer to the vacuum
level. These findings provide guidelines and emphasise the
importance of process optimisation to optimise the electronic
properties of the final device architecture.
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