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  1. Introduction 

 Over the past two decades, transition metal oxides (TMO) 
such as molybdenum or tungsten tri-oxide (MoO 3 , WO 3 ) have 
been extensively studied because of their broad range of appli-
cations as hole-injection or hole-extraction layer in organic 
light-emitting diodes (OLED) and organic photovoltaic (OPV) 
cells, respectively. [  1  ]  Recently, the electronic structure of these 
two TMOs has been investigated by ultra-violet photoelectron 
spectroscopy (UPS) and inverse photoemission spectroscopy 
(IPES), which led to three remarkable observations: [  2  ]  fi rst, their 
electronic structures are nearly identical; second, they exhibit 
exceptionally large work functions of  > 6.5 eV; and third, they 
show an n-type behavior, placing the Fermi level just a few hun-
dred meV below the conduction band minimum (CBM). 

 Most reports on TMOs focus on a macroscopic perspective 
and describe device characteristics in due consideration of the 

energetics. For example, Subbiah et al. [  3  ]  
attributed the reduced series resistance 
of an OPV cell with an MoO 3  interlayer 
to band bending at the TMO-aluminum 
phthalocyanine chloride (AlPcCl) inter-
face as measured via UPS. More recently, 
a model for charge injection via MoO 3  
was proposed by Kröger et al. [  4  ]  based on 
the observation of the very large oxide 
work-function and interface dipole at the 
 N , N  ′ -di[(1-naphthyl)- N , N  ′ -diphenyl]-1,1 ′ -
biphenyl-4,4 ′ -diamine (  α  -NPD)/MoO 3  
interface. The high work function of the 
oxide results in a charge transfer from the 
organic semiconductor to the oxide and 
a small energy barrier between the oxide 

conduction band minimum and the highest occupied mole cular 
orbital (HOMO) of the organics. Even though these studies 
have led to a much better understanding of the role of TMOs in 
organic electronic devices, a detailed microscopic description of 
the TMO/organic interface remains to be reached. 

 Here, we seek to provide such a molecular understanding by 
examining the adsorption on a molybdenum oxide surface of 
 π -conjugated organic molecules representing an organic hole-
transport layer. We discuss the effect of both stoichiometric and 
under-stoichiometric metal oxide surfaces on the energy level 
alignment with the hole-transport layer. The enhancement of 
the experimentally observed gap-state density [  5  ,  6  ]  after adsorp-
tion of the organic fi lms on the metal oxides is also evaluated. 
These questions are of particular importance for a thorough 
understanding of the effectiveness of TMOs to further improve 
the performance of organic electronic devices. 

 In the present work, we investigate a representative inter-
facial system MoO 3 /4,4 ′ - N , N  ′ -dicarbazole-biphenyl (CBP) 
( Figure    1  ) via a joint experimental and theoretical analysis. We 
consider both stoichiometric and under-stoichiometric MoO 3  
surfaces and their interfaces with CBP. We observe that oxygen 
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     Figure  1 .     The chemical structure of 4,4 ′ - N , N  ′ -dicarbazole-biphenyl (CBP).  

Adv. Funct. Mater. 2013, 23, 6091–6099

http://doi.wiley.com/10.1002/adfm.201301466


FU
LL

 P
A
P
ER

6092

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

stable surface [  12  ]  (see Figure S1 in the Supporting Informa-
tion). Since each bilayer interacts with the neighboring bilayers 
through noncovalent van der Waals forces, even a small over-
estimation or underestimation of the van der Waals contribu-
tion could cause a large error in the equilibrium geometry; [  13  ]  
hence, we chose to model the MoO 3 (010) and MoO  x  (010) sub-
strates by a slab containing a single Mo–O bilayer based on the 
crystal structure defi ned in another study; [  11  ]  we have used this 
crystal structure as the initial coordinates for the optimization 
of the MoO 3  bilayer slab. All Mo and O atoms were allowed to 
relax apart from the lowest terminal oxygen atoms that were 
kept fi xed at their crystallographic coordinates representing 
“bulk” MoO 3 . In addition, atom coordinates along the  b  direc-
tion were kept fi xed at their experimental values, as done 
elsewhere. [  14  ]  

 As mentioned in other relevant work, [  14–16  ]  there are three 
types of crystallographically distinct O atoms in the vicinity of a 
Mo atom. These are referred to as terminal (O t ), asymmetric (O a ), 
and symmetric (O s ) oxygen atoms ( Figure    2  a), with their distance 
to the Mo atom optimized to be 1.67 Å for O t , 1.76 Å and 2.22 Å 
for O a , and 1.95 Å (two equivalent bonds) and 2.34 Å for O s .  

 The unit cell of the slab for the MoO 3 /CBP system is con-
structed with double the size of the bare MoO 3  slab to accom-
modate the organic adsorbate; the same holds for the MoO  x  /
CBP slab. The DFT-optimized structure of the CBP mon-
olayer adsorbed on the MoO 3  surface is shown in  Figure    3  . 
The CBP molecules were added on the metal-oxide surface 
with an average lateral distance of about 5 Å between the 
nearest-neighboring molecules after relaxation, equivalent to a 
surface density of 3.79  ×  10 13  molecules per cm 2 ; steric effects 

vacancies shift the Fermi level ( E  F ) upwards in energy very 
close to the CB edge in the under-stoichiometric case, while in 
the stoichiometric case, a shift of the Fermi energy is observed 
upon adsorption of CBP. As a result, the deep-lying CB makes 
both the stoichiometric and under-stoichiometric MoO 3  sur-
faces a suitable interlayer to collect electrons from the CBP 
HOMO. Regardless of the appearance of gap states, the HOMO 
and HOMO-1 of the adsorbate are found to be located right 
below the CB edge, which is consistent with the UPS measure-
ments, about 0.2 eV below the CB edge. Thus, gap states due to 
different types of oxygen vacancies are not essential to realize 
effi cient hole-injection and hole-collection at such inorganic/
organic interfaces.   

  2. Methodology 

  2.1. Experimental 

 MoO 3  and CBP fi lms were thermally evaporated in an ultra-high 
vacuum (UHV) growth chamber (10  − 9  Torr) and transferred to 
an analysis chamber ( < 10  − 10  Torr) without breaking vacuum. 
MoO 3  was evaporated from a temperature-controlled Knudsen 
cell at around 420  ° C, while CBP was sublimated from a simple 
quartz crucible. Deposition rates and total thicknesses were 
monitored via a quartz microbalance. UPS was carried out with 
both He I (21.22 eV) and He II (40.8 eV) radiation lines from 
a discharge lamp to study the electronic structure of MoO 3  and 
the energy level alignment with CBP, with an experimental res-
olution of 0.15 eV. X-ray photoelectron spectroscopy (XPS) was 
conducted to analyze the core levels of MoO 3 , for composition 
and chemical analysis, using the Al K α  (1486.6 eV) photon line 
with a spectral resolution of 0.8 eV. [  7  ]   

  2.2. Theoretical 

 The slab approach was used for all systems. Calculations on 
both the stoichiometric MoO 3 (010) and n-type under-stoichio-
metric MoO  x  (010) ( x   =  2.94) slabs with and without adsorption 
of CBP were carried out at the density functional theory (DFT) 
level with plane-wave basis sets using the Vienna Ab Initio 
Simulation Package (VASP). [  8  ]  Periodic boundary conditions 
were implemented giving rise to an infi nite interface on the 
 x – z  plane; a vacuum space of  ≈ 45 Å was enforced between each 
repeated slab along the  y -axis. The Perdew-Burke-Ernzerhof 
(PBE) gradient-corrected exchange-correlation functional was 
used; [  9  ]  all calculations were performed using the projector 
augmented wave (PAW) method [  10  ]  with a plane-wave cut-off 
energy of 400 eV and a   Γ  -centered  k -point grid of 2  ×  1  ×  4 for 
the CBP-covered MoO 3  and MoO  x   surfaces and 6  ×  2  ×  6 for 
the bare surfaces. A Gaussian smearing with a width of 0.05 eV 
was used to determine how partial occupancies are set for each 
wavefunction. 

 The bulk crystal MoO 3  presents an orthorhombic layer 
structure ( a   =  3.963 Å,  b   =  13.855 Å, and  c   =  3.696 Å) with each 
unit cell containing two Mo–O bilayers [  11  ]  parallel to the (010) 
crystal face, which is the most exposed and thermodynamically 

     Figure  2 .     a) Bilayer surface structure of MoO 3 (010); the different types 
of oxygen atoms are indicated. b) MoO x (010) with a terminal O t  vacancy 
site. Mo atoms are presented in light gray and O atoms in dark gray.  

     Figure  3 .     CBP physisorbed on the MoO 3 (010) surface with coverage den-
sity   ρ    =  3.79  ×  10 13  cm  − 2 . The distances of 5.58 Å and 6.59 Å are between 
the closest H atoms of two adjacent CBP molecules along the  x  and  z  
axes, respectively; the distance of 3.54 Å is between the closest H of CBP 
to the O atom of the MoO 3  slab.  
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shows a broad set of gap states in the MoO 3  spectra (high-
lighted through fi ve-fold magnifi cation), which is centered near 
–1.4 eV and extends up to the Fermi level. Upon CBP deposi-
tion, the onset of the molecular HOMO starts very close to  E  F  
and progressively moves away with increasing layer thickness.  

 The signifi cant decrease of the MoO 3  work function with 
increasing CBP layer thickness represents a downward shift of 
the vacuum level. The initial decrease corresponds to a large 
interface dipole, as will be theoretically quantifi ed below. The 
progressive shift of the valence and HOMO levels away from 
 E  F  can be seen as band bending, which is related to a p-doping 
effect of CBP at the very interface between MoO 3  and the CBP 
molecules. Because of the large initial work-function of MoO 3 , 
electron transfer takes place at the interface from the organic 
molecules to the oxide (see below), as has been proposed by 
Kröger et al. [  4  ]  Band bending occurs as a result of a strongly 
p-doped organic interface and of the HOMO level moving away 
from  E  F  due to the absence of charge transfer from the bulk 
of the molecular fi lm. At the interface, as the HOMO level of 
CBP is nearly pinned at  E  F  and MoO 3  is an n-type material, 
Kröger et al. proposed that charge transfer occurs via electron 
extraction from the HOMO of CBP to the conduction band 
minimum of MoO 3 . Further details can be found in the recent 
review by Meyer et al. [  5  ]  

 We now turn to a discussion of the gap state formation in the 
oxide via an XPS analysis.  Figure    5  a shows the evolution of the 
Mo 3d core level peak upon CBP adsorption. The MoO 3  fi lm 
features two peaks at 232.7 eV and 235.8 eV, related to the 3d 
3/2 and 5/2 components of the core level, with a  ≈ 3.1 eV spin-
orbit splitting and corresponding to a nearly stoichiometric 
(Mo 6 +  ) oxide composition. With a few adsorbed CBP mole-
cules, two additional peaks arise at 234.4 eV and 231.6 eV and 
increase in intensity with increasing layer thickness. The posi-
tions of the additional two peaks are consistent with the Mo 5 +   
oxidation state. Thus, the deposition of CBP appears to induce a 
reduction process of MoO 3  at the very interface. These reduced 
MoO  x   species are at the origin of the increased gap state density 
shown in the UPS spectra. It is worth mentioning that Kanai 

are hence avoided between neighboring mol-
ecules. The distance between MoO 3  and the 
CBP backbone was optimized and found to 
be  ≈ 6.01 Å. When this distance is defi ned 
as the average distance of the two N atoms 
of CBP with the plane corresponding to the 
uppermost terminal oxygen atoms, the dis-
tance of each N atom with its closest Mo atom 
was found, after optimization, to be 7.79 Å 
and 7.62 Å (the closest distance between a 
hydrogen atom of CBP and an oxygen atom 
of the slab is 3.54 Å).  

 Oxygen vacancies were introduced after the 
optimizations of the stoichiometric MoO 3  and 
MoO 3 /CBP slabs were fi nalized. The oxygen 
vacancy sites were created by removing one O 
atom per unit cell from the bare MoO 3  slab 
(see Figure  2 b for illustration of a terminal 
O vacancy), which is equivalent to removing 
two O atoms from the MoO 3 /CBP interface 
slab unit cell (the  x   =  2.94 stoichiometry for 
the MoO  x  /CBP slab thus corresponds to a unit cell with 36 Mo 
and 106 O atoms). The oxygen vacancies for the latter case are 
initially located right below the two N atoms of CBP, and the 
coordinates of the new bare MoO  x   and MoO  x  /CBP slabs were 
re-optimized. After the new optimization was completed, the 
distance between MoO  x   and the CBP backbone, as defi ned 
above, was found to be  ≈ 5.95 Å. The distance between the fi rst 
and second N atom of CBP and their closest Mo atom was 
found to be 7.68 Å and 7.60 Å respectively. Illustrations of the 
structures and charge densities in this work are based on the 
visualization tool VESTA. [  17  ]    

  3. Results and Discussion 

  3.1. Experimental Measurements 

 MoO 3  fi lms evaporated in vacuum were deposited on ITO fol-
lowed by the CBP deposition. The smallest nominal CBP thick-
ness observed via UPS measurements is 2 Å, corresponding to 
a fraction of a monolayer. We note that the calculations indi-
cate that the orientation of the CBP long axis is parallel with 
respect to the MoO 3 (010) surface; the backbone length of the 
optimized geometry of CBP was found to be equal to 9.96 Å (N 
to N distance). 

   Figure 4   displays the UPS spectra of CBP fi lms on MoO 3 (010) 
with increasing thickness from 2 to 75 Å. The photoemission 
cut-off (left panel) of MoO 3  is found at 14.3 eV, which corre-
sponds to a work function of 6.9 eV. The valence band max-
imum (VBM) is located at 2.8 eV below the Fermi level (right 
panel) resulting in an ionization energy (IE) of 9.7 eV. We 
observe that a few Å of CBP deposited on MoO 3  cause a rapid 
decrease of the work function, as seen from the shift of the pho-
toemission cut-off towards higher binding energies. The work-
function reduction is  ≈ 0.63 eV for a 2 Å sub-monolayer of CBP, 
and reaches 1.7 eV for a thickness of about 50 Å. A closer look 
at the energy region near the Fermi level (Figure  4 , right panel) 

     Figure  4 .     UPS spectra of MoO 3  and of CBP fi lms on MoO 3  plotted with respect to Fermi level. 
Left panel: magnifi ed view of the photoemission cut-off. Central panel: full UPS spectra. Right 
panel: magnifi ed view of the valence band states near the Fermi level.  
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et al. [  18  ]  identifi ed an increasing gap state density when an 
 α -NPD fi lm is adsorbed on a MoO 3  surface. Furthermore, 
Greiner et al. [  19  ]  demonstrated that gap state formation increases 
in thin fi lm MoO 3  with increasing oxygen vacancy concentra-
tion. Also, as shown in the literature, [  20  ]  O 2 -plasma treatment 
reduces the amount of gap states as well as Mo 5 +   states, which 
confi rms that indeed reduced MoO  x   species 
are related to gap state formation.  

 Other observations also pertain to the 
TMO work function and stoichiometry. It 
has been observed that the high TMO work 
function is highly sensitive to, and decreases 
rapidly with, ambient exposure. [  21  ,  22  ]  How-
ever, short exposure times, as well as full 
solution-processing, still lead to TMO fi lms 
with remarkable hole-injection and hole-
extraction properties. [  21  ,  23  ]  Vacuum annealing 
of exposed TMO fi lms also results in a nearly 
full recovery of the energetics of freshly evap-
orated thin fi lms. [  24  ]  The increased gap state 
density, which is caused by a partial reduction 
process from Mo 6 +   to Mo 5 +   at the metal oxide 
surface, is most likely induced by adsorbed 

hydrocarbon species when samples are air-
exposed, leading to a similar charge transfer 
as discussed above. In Figure  5 b, we show 
that air exposure of freshly evaporated MoO 3  
changes drastically the surface stoichiometry, 
as seen in the rise of a signifi cant amount of 
Mo 5 +   states. By comparing these results with 
those of Figure  5 a, it appears that the chem-
ical composition of MoO 3  briefl y exposed to 
air (15 min) shows strong similarity with that 
induced by the deposition of a fraction of a 
monolayer of CBP.  

  3.2. DFT Calculations 

 To explore the origin of the gap states 
observed in both UPS and XPS measure-
ments and the change in surface electronic 
structure and work-function upon adsorption 
of the CBP molecules, we carried out DFT 
calculations using the theoretical procedure 
described in the methodology section. 

  3.2.1. MoO 3  and MoO x  Bare Surfaces 

 The crystal bilayer structure of the stoichio-
metric MoO 3  bare surface is included in 
Figure  2 a. The calculated DOS shows a band 
gap of 2.13 eV (see  Figure    6  a); this value is 
some 0.9 eV smaller than the experimental 
value of  ≈ 3.0 eV, [  21  ]  which is related to the 
well-known limitation of conventional DFT 
that tends to underestimate the band gap for 
semiconductors and insulators. We observe 
that the top valence bands mainly consist 

of O 2p levels with nearly no contribution from Mo 4d levels. 
This is confi rmed by the illustration of the partial charge 
density corresponding to states 0.15 eV below  E  F  (Figure  6 b), 
which clearly shows that the charge density there is distributed 
around O atoms. On the other hand, the bottom of the conduc-
tion band consists of a major contribution from Mo 4d states 

     Figure  5 .     a) XPS spectra of the Mo 3d core level upon CBP adsorption. b) XPS spectra of the 
Mo 3d core level before and after a 15 min air exposure. The dotted and solid lines correspond 
to the Mo 5 +   and Mo 6 +   peak fi tting curves, respectively.  

     Figure  6 .     a) Total density of states (solid black line), as well as individual contributions from 
Mo (solid gray line) and O atoms (dashed line) for the bare MoO 3  surface. b) Charge density 
corresponding to states 0.15 eV below the  E  F ; the cross-sections formed (ovals) when the 
charge density isosurface is cut by a unit cell edge are also visible.  

Adv. Funct. Mater. 2013, 23, 6091–6099



FU
LL P

A
P
ER

6095

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with the DOS of a terminal vacancy; the main 
difference is that the electron-donor states 
due to the asymmetric vacancy are about 
0.3 eV below the CB edge. Thus, it appears 
that O t  and O a  vacancies are contributing to 
the experimentally observed gap states near 
the Fermi energy. When considering the 
symmetric oxygen vacancy (Figure  7 d), we 
observe a distinct peak, located almost at 
mid-gap,  ≈ 0.75 eV below the CB edge, with 
contributions from Mo 4d and O 2p levels 
similar to those for the O t  and O a  vacan-
cies. We thus obtain both shallow and deep 
donor states on the bare MoO  x   surfaces, 
with the former related to O t  and O a  vacan-
cies and the latter to O s  vacancies. As such, 
we can infer that in practice a combination 
of different types of vacancies could induce a 
complex geometry and hence complex ener-
getics especially if vacancies are created in 
more “bulk-like” locations, that is, in deeper 
layers within the MoO  x   fi lm. This situation 
would be consistent with the broad range of 
gap states observed experimentally via UPS, 
centered at  ≈ 1.4 eV below  E  F  but extending 
up to  E  F  (Figure  4 ). 

 The electron affi nity (EA), ionization 
energy (IE), and work function for the bare 
MoO 3 (010) and MoO  x  (010) surfaces with 
an O t  vacancy are given in  Table    1  . Since 
the bare MoO 3  surface model is an intrinsic 

semiconductor, there are no available experimental data to com-
pare with; we therefore only present its EA and IE values here 
and compare them with the experimentally measured values of 
the n-type MoO  x  . The EA and IE values for both intrinsic and 
n-type surface models are, as expected, smaller than the experi-
mental values, a feature again related to the fact that conven-
tional DFT tends to underestimate the band gap. The calculated 
work function for the n-type MoO  x   surface with an O t  vacancy 
is 6.2 eV, which is 0.7 eV lower than the experimental value. 
A similar trend was observed in our earlier modeling of the 
indium tin oxide (ITO) surface, where the calculated work-func-
tion is more than 1 eV lower than the experimental value. [  26  ]  
However, since we are mainly interested in the change in work-
function caused by the molecular deposition, the difference in 
the absolute value does not affect the conclusions drawn from 
the theoretical modeling; this point was demonstrated in our 

and a smaller contribution of O 2p states. The calculated band 
gap is consistent with earlier DFT calculations at the PBE level 
of theory for bulk MoO 3 , which presented an indirect band gap 
of 1.95 eV. [  16  ]   

 Figure  2 b illustrates the bilayer structure of the under-stoi-
chiometric MoO  x   (010) surface, that is, with one oxygen vacancy 
per slab leading to  x   =  2.94; such low oxygen vacancy concen-
trations have also been observed by Cho et al. [  25  ]  via soft X-ray 
spectroscopy. While we have considered asymmetric and sym-
metric oxygen vacancies as well, here, we have chosen to focus 
on the terminal oxygen vacancies when considering the MoO  x  /
CBP interface systems, since they refl ect the strongest interac-
tions with the adsorbed CBP layer due to closer proximity. 

 The total DOS, as well as the projected density of states 
(PDOS) from individual contributions of Mo and O atoms of 
the bare MoO  x   surface with a terminal O vacancy, are shown 
in  Figure    7  a. Distinct from the case of the MoO 3  surface, the 
DOS for the bare MoO  x   surface with a terminal vacancy shows 
a shallow electron-donor state at  ≈ 0.1 eV below the CB edge, 
which displays a major contribution from Mo 4d states and a 
small hybridization with O 2p states. To further investigate the 
origin of this state, we plot in Figure  7 b its corresponding par-
tial charge density. It is found to be strongly localized on the 
Mo atom right below the oxygen vacancy, since the removal of 
an oxygen atom leaves the neighboring Mo atoms with “dan-
gling bonds”.  

 We note that the DOS of the bare MoO  x   surface with an 
asymmetric oxygen vacancy (Figure  7 c) shows similar features 

     Figure  7 .     a) Total density of states (solid black line) as well as individual contributions from 
Mo (solid gray line) and O (dashed line) atoms of the bare surface of MoO  x   showing an n-type 
semiconductor behavior for a terminal O vacancy and b) its DOS projected partial charge on 
the oxygen vacancy states. c) DOS and PDOS for an asymmetric O vacancy and d) for a sym-
metric O vacancy.  

   Table  1.     Comparison of the electron affi nities (EA) and ionization ener-
gies (IE) of the MoO 3 (010) and MoO  x  (010) bare surfaces between our 
theoretical results and the experimental values published elsewhere. [  2  ]  
The MoO  x  (010) bare surface slab contains a single O t  vacancy per unit 
cell. 

 MoO 3  MoO  x   

 EA [eV] IE [eV] EA [eV] IE [eV]  E  F  [eV] 

Theory 6.3 8.6 6.0 8.2 6.2

Experiment [  2  ] – – 6.7 9.7 6.9

Adv. Funct. Mater. 2013, 23, 6091–6099
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earlier work on surface modifi cation of ITO by a series of phos-
phonic acid molecules. [  27  ]    

  3.2.2. Energy-Level Alignment at MoO 3 /CBP and MoO x /CBP 
Interfaces 

 In comparison to the DOS for the bare MoO 3  surface 
(Figure  6 a), the projected density of states for the combined 
MoO 3 /CBP system ( Figure    8  ) presents similar Mo 4d and O 2p 
contributions as well as distinct peaks originating in the CBP 
molecules. The CBM and VBM of the MoO 3  slab are located 
at the  E  F  (0.0 eV) and –2.1 eV, respectively, corresponding to 
a band gap of  ≈ 2.1 eV for the MoO 3  surface slab. The fron-
tier molecular orbitals associated with the CBP molecules are 
distributed within the band gap of MoO 3 , with the HOMO 
aligned with the CBM of MoO 3  at the  E  F  for the MoO 3 /CBP 
interface, with the nearly degenerate HOMO-1 located  ≈ 0.16 eV 
below the HOMO. This is consistent with the UPS measure-
ments, showing the HOMO of CBP very close to the CBM. 

The molecular characters of both HOMO and HOMO-1 are 
confi rmed by comparing them with the HOMO and HOMO-1 
levels of the isolated CBP. Their energy difference is also close 
to the HOMO and HOMO-1 energy difference of the isolated 
CBP, calculated to be 0.14 eV.  

 As mentioned above, we have primarily considered an O t  
vacancy to the MoO  x  /CBP interface as it is located within the 
uppermost O layer and, hence, the oxygen vacancy is expected 
to strongly interact with the adsorbate due to close proximity. 
The DOS of the MoO  x  /CBP ( x   =  2.94) interface ( Figure    9  ) 
appears very similar to that of the MoO 3 /CBP interface 
(Figure  8 ), except for the levels right below the  E  F  level. The 
PDOS (lower panel of Figure  9 ) shows that these are highly 
mixed levels associated with contributions of both the molyb-
denum atoms from the MoO  x   slab and the carbon and nitrogen 
atoms belonging to the CBP molecules. The charge distribu-
tion corresponding to these levels is shown in  Figure    10  , with 
the level aligned with  E  F  corresponding to the CBP HOMO 
(Figure  10 a), and the state right below the HOMO representing 

     Figure  8 .     Total density of states (upper panel) as well as individual contri-
butions from Mo, O, C, and N atoms of the MoO 3 /CBP interface (lower 
panel).  

     Figure  9 .     Total density of states (upper panel) as well as individual con-
tributions from Mo, O, C, and N atoms of the MoO  x  (010)/CBP interface 
(lower panel).  

     Figure  10 .     Electron charge densities corresponding to a) the HOMO and b) HOMO-1 levels of the CBP molecule in the MoO  x  /CBP system, and c) the 
HOMO and d) HOMO-1 of an isolated CBP monolayer.  
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confi guration, leading to a very small molecular dipole moment 
normal to the surface. The contribution of the surface geometry 
relaxation,  Δ  V  geo.rel. , is also found to be small, at  ≈ 0.08 eV 
and –0.06 eV for the stoichiometric and under-stoichiometric 
surfaces, respectively. Thus, the large work-function change 
(–1.22 eV and –1.11 eV) for both interfaces is found to be asso-
ciated with the contribution of the interface dipole  Δ  V  int.dip. , 
which is induced by a signifi cant charge transfer from the CBP 
monolayer to the surface slab. This is confi rmed by calculating 
the charge-density difference  Δ   ρ  ( y ) averaged within the sur-
face plane ( ac- plane, as shown in Figure  3 , with  y  representing 
the coordinates along the  b -axis) between the interface system 
  ρ   MoO x /CBP ( y ) and each isolated component,   ρ   MoO x  ( y ) and   ρ   CBP ( y ), 
and evaluating the induced potential energy change by solving 
the Poisson equation:

 

d2V (y)

dy2
= − 1

ε0
�ρ(y)

 
 (1)

   

where  V ( y ) is the electrostatic potential energy and   ε   0  the 
vacuum permittivity. The amount of charge transfer  Δ  Q ( y ) is 
estimated by integrating the charge-density difference  Δ   ρ  ( y ) 
along the  y -direction and partitioning it between the surface 
slab and the CBP monolayer. Although a number of dif-
ferent partitioning schemes are available, [  30  ]  here, we chose to 
equally divide the empty space between the top oxygen layer 
of MoO 3  or MoO  x   and the bottom carbon atoms of the CBP 
molecules. 

   Figure 11   displays the calculated results for both the 
MoO 3 /CBP and MoO  x  /CBP interfaces. In both cases, an 
increase in electron density, that is, a positive  Δ   ρ  , is observed 
near the top oxygen layer of the MoO 3  or MoO  x   slab while a 
decrease, that is, a negative  Δ   ρ  , is obtained near the location 
of the CBP molecules; this points to an electron transfer from 
the CBP molecules to the MoO 3  and MoO  x   slab. This is fur-
ther confi rmed by the integration of the charge-density differ-
ence,  Δ  Q , leading to an estimated electron transfer of  ≈ 0.39 
electrons per molecule for the MoO 3 /CBP interface and 0.28 
electrons per molecule for the MoO  x  /CBP interface. Inter-
estingly, the amount of electron transfer at the MoO  x  /CBP 
interface is about 0.1 electrons lower than at the MoO 3 /CBP 
interface; this can be attributed to the electron-donor nature 
of the oxygen vacancy on the MoO  x   surface, which partially 
counteracts the electron transfer from the CBP molecules to 
the surface.  

 The contribution of the interface dipole (  Δ V  int.dip. ) to the 
total work-function change for the two interfaces is given in 
the bottom panel of Figure  11 a,b. In line with the extents of 
charge transfer, the contribution of   Δ V  int.dip.  at the MoO 3 /CBP 
interface is –1.31 eV, about 0.3 eV larger, in absolute value, 
than the  Δ  V  int.dip.  for the MoO  x  /CBP interface, –1.00 eV. 
The summations of the three components ( Δ  V  mol ,  Δ  V  geo.rel. , 
and  Δ  V  int.dip. ) are –1.22 and –1.06 eV for the MoO 3 /CBP and 
MoO  x  /CBP interfaces, respectively, in excellent agreement 
with the DFT-calculated work-function changes for both 
interfaces (–1.22 and –1.11 eV, respectively). This further con-
fi rms the reliability of the DFT-derived work-function change 
and the decomposition mechanism developed in our earlier 
work.    

a mixed level consisting of the CBP HOMO-1 and Mo 4d 
orbitals associated with the O t  oxygen vacancies (Figure  10 b). 
The C-based levels in the gap are related to lower occupied 
molecular orbitals (Figures  8 , 9 ), which partly correspond to the 
gap levels observed experimentally after adsorption (Figure  4 ). 
It is not only the O vacancies that push the Fermi level close to 
the CB edge (Figure  7 ) but also the adsorbate itself (Figure  8 ) 
as observed experimentally in earlier works. [  19  ,  21  ]  We hence 
infer that both the oxygen vacancies and the organic adsorbate 
contribute to the formation of gap states at MoO 3  surfaces 
upon CBP deposition. According to our model, charge transfer 
takes place via the CB of MoO  x   (see the next section). It thus 
seems that the existence of gap states is not essential to realize 
an effi cient hole-injection or hole-collection process; they are 
important, nevertheless, since they are related to the n-doping 
of the MoO  x   surface to make it conductive. Since MoO  x   inter-
facial layers are in general very thin (1–5 nm) when used in 
organic device applications, an n-doped surface might also 
contribute to increase the bulk conductivity.    

  3.2.3. Work-Function Change at MoO 3  and MoO x  Surfaces due to 
CBP Adsorption 

 As shown in Figure  4  via the UPS measurements, the work-
function change of the MoO 3  surface induced by a thin CBP 
layer of  ≈ 2 to 5 Å is –0.95 eV. Our calculated work-function 
change with respect to the MoO 3  surface (using the DFT-calcu-
lated EA for MoO 3  as a reference here) is found to be –1.22 eV, 
in line with the UPS measurements. Interestingly, the work-
function change calculated for the under-stoichiometric MoO  x   
surface modifi ed by the CBP monolayer is –1.11 eV, very close 
to the value obtained for the stoichiometric MoO 3  surface. This 
is consistent with the trend observed in the DOS calculations 
for both MoO 3 /CBP and MoO  x  /CBP interfaces, suggesting 
that the CBP monolayer has the same effect on both stoichio-
metric and under-stoichiometric MoO 3  surfaces. From this 
result, we can conclude that Fermi level pinning and n-doping 
of molybdenum trioxide is not only related to the stoichiom-
etry of MoO  x  , which is suggested in several reports, [  18  ,  28  ]  but 
also to the adsorption of an organic monolayer on the TMO 
surface. 

 As extensively discussed in our earlier work on the modifi -
cation of metal or metal-oxide surfaces by organic molecular 
layers, [  29  ]  the total work-function change  Δ   Φ   of a metal or metal-
oxide surface can be generally decomposed into three inde-
pendent components, coming from i) the electrostatic potential 
energy step ( Δ  V  mol. ) across the molecular layer, ii) the potential 
energy change at the very interface between the molecular layer 
and the surface ( Δ  V  int.dip. ) related to the interface dipole, and 
iii) the work-function change of the bare surface caused by 
surface geometry relaxation upon deposition of the molecular 
layer( Δ  V  geo.rel. ). 

 In the two interface systems discussed here, the contribution 
of  Δ  V  mol.  to the total work-function change, which is related to 
the potential energy step across an isolated CBP monolayer 
at the same geometry as the one optimized for the combined 
system, is approaching zero (0.01 and 0.0 eV for the MoO 3 /
CBP and MoO  x  /CBP, respectively). This is due to the fact 
that the molecules are adsorbed onto the surface at a parallel 
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  4. Conclusions 

 In this work, we have conducted a joint theoretical and experi-
mental investigation of the interfacial electronic properties of 
the stoichiometric and under-stoichiometric MoO 3  surface with 
an organic adsorbate, namely CBP. We have considered dif-
ferent types of oxygen vacancies at the MoO  x   ( x   =  2.94) surface, 
which are found to correspond to electron donor states located 
right below the CB edge or almost at mid-gap. The theoretical 
calculations point to an enhancement of the gap states after 
adsorption of CBP and show that part of the effect originates 
from states belonging to the organic adsorbate. The broad gap 
states observed experimentally for both bare and CBP-adsorbed 
MoO  x   surfaces are thus attributed to: a) different types of 
oxygen vacancies in the metal-oxide, and b) molecular states 
contributed by the organic adsorbate. 

 The HOMO of CBP is found to almost align with the  E  F , 
leading to a nearly zero barrier for electron collection and 
hole injection for both MoO 3  and MoO  x   surfaces. Due to this 
favorable energy level alignment related to effective charge 
injection at the very interface, we indicate that, regardless of 
the existence of gap states below the CB edge, molybdenum tri-
oxide can be a suitable candidate to realize effi cient hole-injec-
tion and hole-collection in metal-oxide/organic interfaces.  
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