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ABSTRACT
In this work we investigate the surface transfer doping
process induced between a hydrogen-terminated (100)
diamond and a metal oxide MoO3, using the Density
Functional Theory (DFT) method. DFT allows us to
calculate the electronic and optical properties of the
hydrogen-terminated diamond (H-diamond) and establish
a link between the underlying electronic structure and the
charge transfer between the oxide materials and the Hdiamond. Our results show that the metal oxide molecule
can be described as an electron acceptor and extracts the
electrons from the diamond creating 2D hole gas in the
diamond surface. Hence, this metal oxide molecule acts as a
p-type doping material for the diamond.

INTRODUCTION
Diamond is a compound semiconductor material with
many electronic applications such as microwave electronic
devices [1], bipolar junction transistors [2] and Schottky diodes
[3]. However, one of the most promising areas for diamond
industrial application is in high-performance field effect
transistors (FETs) used in the production of high frequency and
high-power electronic devices [4]. Its properties potentially
enable devices that are beyond the scope of current systems in
terms of operating frequency, power handling capacity,
operating voltage, thermal robustness and operating
environment. This is due to the fact that diamond has a wide
band-gap of 5.5eV, a thermal conductivity 5 times greater than
4H-SiC of 24 W/cm*K (for CVD diamond), a high breakdown
field of 20Wcm-1 and high hole and electron carrier velocities
of 0.8x107cm/s and 2.0x107cm/s respectively. As a result,
diamond is a superior new candidate for high frequency and
high-power device applications [5].
However, the primary issue that has inhibited the application
of diamond is the lack of a suitably efficient and stable doping
mechanism. The most promising way to dope diamond is by
surface transfer doping (STD), which is achieved by depositing
different materials on the surface of diamond. For example,
organic molecules, such as C60 [6] and C60F48 [7], can be used
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Figure 1. Top) Hydrogen terminated (100) diamond Density of States
(DOS); Middle) MoO3 molecules DOS; Bottom) MoO3 molecule on the
top of an H-Diamond.
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tolerance of 0.01eV/Å was used. GGA-1/2 exchange
correlation was used for all electronic structure calculations. To
obtain a more accurate electronic description of the systems,
DFT-1/2 method was used [14]. DFT-1/2 method is a semiempirical approach that can overcome the error that local and
semi-local exchange correlation density functionals inherently
have when working with semiconductors and insulators. It
works by correcting the self-interaction error of DFT by
cancelling out the electron-hole self-interaction energy by
defining an atomic self-energy potential. However, DFT-1/2
method is not suitable for calculating total energies, hence, we
used GGA for the geometry optimisations and calculating
adsorption energies. The Perdew, Burke and Ernzerhof (PBE)
functional was chosen for all calculations because of the good
match with experimental data (around 5.5 eV) regarding the
value on the band gap in bulk diamond [11].

Figure 2. Simulated systems. The (left hand side) side view and (right hand
side) top view of charge density different for the most stable MoO3-doped
diamond surface.

A Monkhorst-Pack scheme with an 8 x 8 x 1 k-point density
(Å) mesh was used for the Brillouin zone integration. An
iteration control tolerance of 0.0001 with a density cut off of
1x10-6 was used for all calculations with a medium basis set.
The number of pseudo-atomic orbitals in a medium basis set is
typically comparable to that of a double-zeta polarized (DZP)
basis set [15]. The pseudopotential is SG15 and the density
mesh cut-off is 185Ha, which gives a high accuracy with a
medium computational efficiency.

Figure 3. The (left hand side) side view and (right hand side) top view of
charge density different for the most stable MoO3-doped diamond surface.
The purple regions represent electron accumulation and the green regions
represent electron depletion (hole accumulation). The isosurface values are
±0.001 Bohr-3.

RESULTS AND DISCUSSION
Fig. 1 shows the total Density of States (DOS) and the
partial DOS (PDOS) of a hydrogen terminated (100) diamond,
the DOS of a single MoO3 molecule and the DOS of a MoO3doped H-diamond obtained from the DFT simulations. The
PDOS gives us the possibility to separate the contribution of
each atom in the overall profile of the full DOS of the materials.
Also, the PDOS provides information about the different
electronic shells of each element involved in the simulations.
For example, when a diamond is hydrogen terminated the band
gap is 5.9 eV (please see the top plot in Fig. 1). This is very
close to the experimental value of 5.5 eV. Also, PDOS shows
that the conduction band is mainly determined by the carbon pshells. This is exactly what is expected because the carbon is a
p-type element with valence electrons occupying px, py and pz
atomic orbitals. The same plot reveals that the conduction band
is mainly formed by the hydrogen atoms with electrons in the
s-shell. Indeed, each H atom has 1s1 electronic configuration
that makes H an s-type element.

to deposit on the diamond surface and they will act as surface
acceptors to induce holes in hydrogen terminated diamond (Hdiamond). However, the organic molecules are not very stable
in high temperatures and they are not compatible with the
fabrication process. Hence, an alternative approach is to use
inorganic components for STD, such as chromium oxide
(CrO3) [8], molybdenum oxide (MoO3) [9, 10] and vanadium
oxide (V2O5) [11, 12].
In this paper, we would like to explore further than the
previous research and explain in detail the process of STD of
metal oxide materials, such as molybdenum oxide (MoO3), as
a material for achieving such STD in diamond. In order to
achieve our aim, we have performed numerical first principle
simulations based on the Density Functional Theory (DFT).

SIMULATION METHODOLOGY
All calculations were carried out using the Quantumwise
Atomistix ToolKit (ATK) software using the DFT method [13].
The Generalised Gradient Approximation (GGA) exchange
correlation was used for the geometry optimisations of the
system and to obtain the total energies of the interfaced systems
and the individual component parts, i.e. H-diamond and the
oxide layer in question. For all geometry optimisations a force

Following the discussion above, it can be concluded that the
MoO3 molecule has a band gap of around 2.5 eV. This again is
comparable to the reported experimental values of 3.2 eV and
2.8 eV for bulk and polycrystalline MoO3, respectively,
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Figure 4. Dielectric constant plots for a bulk diamond comparing our
calculated results with calculated results by Xiang et al. [8] and experimental
results by Philipp and Taft [17].

obtained by the absorption spectra measurements [16]. The
PDOS plots in Fig. 1 show that the oxygen p-shells are
dominant in the valence bands while the d-shell (states) of the
metal atoms are localised both in the conduction and the
valence band. The Mo atom is a d-element and hence only the
d-shells are visible in the PDOS and active in the chemical
reaction.

Figure 5. The dielectric function of the real (Re [ε]) and imaginary (Im [ε])
parts for the clean hydrogenated diamond surface and the most preferred
MoO3-doped diamond surface. The results are superimposed of the visible
spectrum.

accumulation that occurs near the surface of the diamond while
most of the electron density gained by the MoO3 clearly
migrates to the O atoms. Therefore, the MoO3 acts as a p-type
doping material. This indeed is in agreement with the
discussions above and the data presented in Fig. 1.

The bottom part of Fig. 1 shows the DOS and the PDOS
diagram for MoO3 adsorbed on the H-diamond surface. There
is a shift of the DOS to higher energies and the Fermi Level
(EF) is in contact with the valence states. Moreover, the band
gap of the diamond remains constant but states of the Valance
Band Maximum (VBM) have crossed the Fermi Level, which
in turn means that charge transfer has occurred as previously
occupied states within the H-diamond are now vacant. This
demonstrates that electrons have transferred from the diamond
surface to the MoO3 molecule leaving the hole accumulation
layers. Moreover, this transfer of electrons can be directly
linked with exchange of charge between the oxygen atoms from
the MoO3 molecule and the carbon hydrogen atoms of the Hdiamond. The PDOS for the Mo atoms is virtually not modified
in comparison to the isolated molecule presented in Fig. 1.

To further validate the reliability of our calculation
parameters, we calculated the optical spectrum of a bulk
diamond and plotted the dielectric constant to compare our
results to a recent theoretical study by Xiang et.al. [8] and
experimental data published by Philipp and Taft [17].
The comparison plots for the real (Re [ε]) and imaginary
(Im [ε]) parts of the dielectric constant in Fig. 4 show that our
DFT method produces results in agreement with other
published theoretical work and experimental data. For the bulk
diamond, the spectrums of [100, 010, 001] crystallography
orientation are degenerate and hence only one result for [100]
orientation is presented. The small discrepancies between the
calculated and the experimental curves are due to the inter-band
transitions and neglected exitonic effects in the simulations. It
should be pointed out that the absorption edge corresponding
to the bulk gap of diamond of 5.5 eV is suppressed in the
experimental spectre due to its indirect transition nature.

Fig. 2 shows the atomic position of the simulated MoO3:Hdiamond interface. This configuration has the lowest energy in
comparison to the other twelve systems of varying MoO3
positions and orientations that we simulated. Hence, we used
this system for further analysis.
Fig. 3 shows the electron density change for the most
energetically stable MoO3:H-diamond interface. The blue
regions show where there is a loss of electron density and thus
the accumulations of holes, and the purple regions show where
there is an increase in electron density. Hence, there is a hole

Fig. 5 shows the calculated real (Re [ε]) and the imaginary
(Im [ε]) parts of the dielectric function of the type H-diamond
and the MoO3:H-diamond system. For the pure H-diamond
systems the spectra of [100, 010, 001] diamond crystallography
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orientations are degenerate due to inherent structural
anisotropy. However, this is not the case for the MoO3:Hdiamond [100, 010, 001] surfaces. Depending on the substrate
orientation, there is a significant difference in the visible part
of spectrum. Also, the most significant difference between the
pure diamond and the MoO3:H-diamond systems is at below
400 nm, where, due to the MoO3 molecule, there are additional
absorption features. Hence, this shows that the adsorption of
the MoO3 molecule on the H-diamond surface introduces new
empty states within the diamond band gap that enhances the
optical absorption of the MoO3-doped H-diamond near the
infrared (IR) region.
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CONCLUSION
In this work we have performed the DFT simulations of a
single molecule absorbed on a hydrogen terminated diamond
substate. The PDOS data shows that there is charge transfer
between the MoO3 molecule and the H-diamond. This is also
confirmed by the charge density difference data. Hence, our
results suggest that the MoO3 molecule acts as a p-type doping
material to the H-diamond surface.
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Moreover, our optical simulation suggests that the MoO3doped H-diamond may have great potential in application of
opto-electronic devices for IR and near IR light detection. This
is due to the fact that the MoO3-doped H-diamond systems have
well pronounced peaks below the wavelength of the visible
spectrum in the near IR wave lengths.
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