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Abstract: In this work, we investigate the surface transfer doping process that is induced between
hydrogen-terminated (100) diamond and the metal oxides, MoOs and V205, through simulation
using a semi-empirical Density Functional Theory (DFT) method. DFT was used to calculate the
band structure and charge transfer process between these oxide materials and hydrogen terminated
diamond. Analysis of the band structures, density of states, Mulliken charges, adsorption energies
and position of the Valence Band Minima (VBM) and Conduction Band Minima (CBM) energy
levels shows that both oxides act as electron acceptors and inject holes into the diamond structure.
Hence, those metal oxides can be described as p-type doping materials for the diamond.
Additionally, our work suggests that by depositing appropriate metal oxides in an oxygen rich
atmosphere or using metal oxides with high stochiometric ration between oxygen and metal atoms
could lead to an increase of the charge transfer between the diamond and oxide, leading to enhanced
surface transfer doping.
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1. Introduction

Diamond has many electronic applications, such as microwave electronic devices [1], bipolar
junction transistor [2], and Schottky diodes [3]. However, one of the most promising areas for
diamond industrial application is high-performance field effect transistors (FETs) 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 the
diamond has a wide band-gap of 5.5 eV, a thermal conductivity five times greater than 4H-SiC of 24
W/cm-K (for CVD diamond), a high breakdown field of 20 W-cm™, and high hole and electron carrier
velocities of 0.8 x 107 cm/s and 2.0 x 107 cm/s, respectfully; making it a superior new candidate for
high frequency and high power devices [5-9]. However, the primary issue that has inhibited the
application of diamond in the production of mature electronic devices is the lack of a suitably efficient
and stable doping mechanism. It is well known that conventional substitutional doping is difficult to
achieve in diamond in comparison to other semiconductor materials, such as Si and III-Vs [10]. It is
possible to dope diamond with some atoms; however, boron being the most common and successful.
Boron doping has its limitations; however, the hole mobility deteriorates as the doping concentration
increases and when the doping concentration rises above 3.9x10%cm? the diamond takes on semi
metallic properties [11,12].
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Surface Transfer Doping (STD) provides an alternative doping strategy that overcomes the
intrinsic limitations that are associated with substitutional doping in diamond and, hence, presents a
potential solution for the production of viable electronic devices [13,14]. For STD to occur in diamond,
there are two main prerequisites: hydrogen termination of the diamond surface (H-diamond) and an
electron accepting material in intimate contact with the H-diamond surface. The hydrogen
termination gives the diamond surface a negative electron affinity, which facilitates the transfer of
electrons from the diamond valance band to the surface electron accepting material, creating a quasi
two-dimensional sub-surface hole gas (2DHG) in the diamond.

Figure 1 shows the current model for the band bending mechanism in H-diamond when it comes
into intimate contact with an electron acceptor material.
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Figure 1. Band diagrams showing the interaction of hydrogen terminated diamond with a surface
electron acceptor material.

In the earliest developments of STD, the electron acceptor material was provided by molecules
in the atmosphere that spontaneously adsorbed onto the surface of hydrogen-terminated diamond
[15]. However, the lack of control over the adsorption of the atmospheric species, and the fact they
are readily desorbed by elevated temperatures and fabrication processes, led to research into
alternative electron acceptors that are controllable, more stable, and provide improved performance.
The first experimental work to use alternative surface electron acceptors was by Strobel et al., who
used high electron affinity molecules Ceo and CeoFss in 2004 and 2005, respectively [16,17], with
Edmonds et al. revisiting the use of CeoFas in 2012 [18]. In 2007, Qi et al. implemented the use of the
strong electron withdrawing molecule F+-TCNQ as the surface acceptor to induce STD in H-diamond
reporting areal hole density of 1.6 x 10'® cm [19]. However, these alternative dopants were found to
result in lower carrier concentrations than atmospheric adsorbates and were unstable at elevated
temperatures, despite offering improved controllability of adsorbate on the H-diamond surface. High
electron affinity metal oxides have been utilised as surface acceptor materials in order to improve the
device stability and enhance the carrier concentration in the surface transfer doped H-diamond. Two
of the metal oxides that have been shown in previous experimental studies to improve the
performance and stability of STD in H-diamond are MoOs and V205 [13,14,20-27].

Figure 2 presents a schematic diagram and the conceptual idea showing that when a metal oxide
with suitably high electron affinity (~4.3 eV) is deposited on an H-diamond surface, electrons from
just below the surface of the diamond will transfer to the metal oxide creating the 2DHG in the
diamond. The higher the number of electrons extracted from the diamond substrate to the electron
acceptor material, the higher the hole concertation of the 2DHG, which, in turn, reduces resistance
and increases maximum current in electrical devices. Hence, it is desirable to maximise the charge
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transfer density from the diamond to the electron acceptor. Such an optimization of charge transfer
is highly challenging when utilising randomly adsorbed species from ambient air on to the H-
diamond surface. The species also prove to be unstable at elevated temperatures and offer poor
device reliability. Therefore, the optimisation of the composition and structure of thin metal oxide
films as alternative electron acceptor layers provides greater potential for engineering the STD
process in diamond, and it can result in more robust thermal stability and device reliability.

AR AR

Figure 2. The creation of the two-dimensional sub-surface hole gas (2DHG) just below the diamond
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surface after interfaced with a suitable metal oxide.

When compared to the progress and publication of experimental work, there has been little
theoretical investigation into the STD of H-diamond. In the past, ab-initio and Density Functional
Theory (DFT) first principal studies have been carried out to model the types of interactions and
transfer doping that occurs in the atmosphere by modelling molecules, such as HCl, NHs, H20, NO,
NO, and Os on H-diamond [28-30]. Until very recently, there has been a lack of theoretical
investigation into metal oxide and H-diamond interfaces. Xiang et al. and Xing et al. investigated the
STD between H-diamond and molecules of CrOs and MoO:;, respectively, while using DFT methods.
The publications reported estimated carrier concentrations of 4.7 x 10* cm2 and 9.83 x 103 cm™ for
MoOs and CrOs molecules, correspondingly [27,31].

In this work, we present DFT simulations of STD in H-diamond using automictically thin surface
layers of both MoOs and V205 in order to investigate these charge transfer processes and obtain
detailed scientific understanding of the charge transfer phenomena in such kind of systems. The
interfaces of (100) a-MoQOs and (100) V205 with 2 x 1-(100) H-diamond have been modelled and
resultant STD analysed with a view to better understanding and optimising STD in the diamond.
Although similar DFT studies have already been reported for CrOs and MoOs molecular clusters on
diamond, this work models extended crystalline thin film structures that could better represent real
experimental conditions.

2. Materials and Methods

All of the calculations were carried out with Quantumwise Atomistix ToolKit (ATK) software
(2017, Copenhagen, Denmark) while using the DFT method [32]. Generalised Gradient
Approximation (GGA) exchange correlation was used for the geometry optimisations of all systems
and 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 tolerance of 0.01
eV/A was used. GGA-1/2 exchange correlation was used for all electronic structure calculations. The
pure DFT method is well known for underestimating the bandgap of semiconductors. Therefore, the
DFT-1/2 method was used to obtain a more accurate electronic description of the systems. The DFT-
1/2 method is a semi-empirical 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 [33]. However, the DFT-1/2
method is not suitable for calculating properties that depend on total energy; 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
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experimental data (around 5.5 eV) regarding the value on the band gap in bulk diamond, as shown
in Table 1.
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Table 1. Bandgaps produced for bulk diamond by different functionals using Generalised Gradient
Approximation (GGA)-Half exchange correlation. Perdew, Burke, and Ernzerhof (PBE) was chosen,
because it agreed with the experimental value of 5.5 eV.

Functional Bulk Diamond Bandgap (eV)

BLYP 5.83
BP86 5.68
BPWI1 5.63
PBES 5.42
PWI1 5.62
RPBE 5.64
XLYP 5.86
PBE 5.59

A Monkhorst-Pack scheme with an 8 x 8 x 1 k-point density (A) mesh was used for the Brillouin
zone integration. An iteration control tolerance of 0.0001 with a density cut off of 1 x 10 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 [34]. The pseudopotential
is SG15 and the density mesh cut-off is 185Ha, which gives high accuracy with a medium
computational efficiency.

The H-diamond, MoQOs, and V205 were created and geometry optimised individually by
allowing all of the atoms to fully relax. After this optimisation, the H-diamond and the metal oxide
structures were interfaced and a geometry optimisation process was performed by fixing the
diamond structure while allowing for the oxides to move as a rigid body in all directions. The
interface distances were corrected for counterpoise basis set superposition error and Van der Waals
interactions. In this way, the computational cost is significantly reduced, as the surface atoms of the
two structures were not fully relaxed independently. When the oxides were interfaced with the 2 x
1-(100) H-diamond, a strain of <1% was placed on the MoOs and 1.02% was placed on the V20s.

3. Results

3.1. MoOs: H-Diamond Interface

Figure 3 compares diamond, hydrogen terminated diamond and MoOs band structures and
Density of States (DOS) obtained from the unit cell and super cell DFT simulations. The lattice
parameters of the three systems in Figure 3, are: (a) bulk diamond —face centered cubic a = 3.574 A,
(b) hydrogen terminated diamond —super cell lattice type a =2.527 A, b=10.108 A, c = 27A (the unit
cell for the hydrogen terminated 2 x 1 diamond is a =2.527 A, b =5.054 A and it is in agreement with
the experimental values of 2.52 A and 5.04 A [35]), MoOs—simple orthorhombic a =3.962 A, b =13.86
A, c=3.697 A. The data that are presented in Figure 3a and b show that, when diamond is hydrogen
terminated, the band gap is slightly reduced at the surface due to surface gap states at the valance
band maximum (VBM) and conduction band minimum (VBM), because of the presence of hydrogen
atoms—the most prominent additional bands from the C-H interaction at the VBM have been
highlighted in green in Figure 3b. This is due to the bonding and antibonding C-H states at the VBM
and CBM [36]. Although the band gap of the system has been reduced to 4.50 eV, which is shown in
Figure 3b, the projected DOS plot for the carbon atoms in the bulk of the structure shows their band
gap remains ~5.5 eV. The first two valance sub-bands in Figure 3b, which clearly have higher energies
in comparison to the other sub-bands, arise from the interaction of the first layer of carbon with the
adjacent hydrogen atoms. If these two sub-bands are ignored the band gap for diamond remains ~5.5
eV.

The band gap of 2.84 eV that is obtained for MoOs (Figure 3c) is comparable to reported
experimental values of 3.2 eV and 2.8 eV for bulk and polycrystalline MoOs, respectfully, obtained
by absorption spectra measurements [37]. Thermally evaporated MoOs (as utilised in previous
experimental work [20,26]) forms an amorphous film and, therefore, does not have a well-defined
crystal structure. In our simulations, the MoQOs is built as a perfect crystal and it is most likely the
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reason that the band gap obtained from the DFT is underestimated in the comparison to the reported

experimental values.
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Figure 3. (a) Bandstructure and Density of States (DOS) of bulk diamond showing a band gap of 5.59
eV, (b) bandstructure and DOS of hydrogen terminated (100) diamond showing a reduced band gap
of 4.50 eV due to the highlighted green hydrogen atoms, and (c) bandstructure and DOS of bulk MoOs

showing a band gap of 2.84 eV.

We calculated the optical spectrum of bulk diamond and plotted the dielectric constant to
compare our results to a recent theoretical study by Xiang et al and experimental data published by
Philipp and Taft to further validate the reliability of our calculation parameters [31,38]. The
comparison plots for the real and imaginary parts of the dielectric constant in Figure 4 shows that
our DFT method produces results that are in good agreement with other published theoretical work

and experimental data.
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Figure 4. (a) Real part and (b) imaginary part of the calculated dielectric constant (€) plots for bulk

diamond comparing our calculated results with calculated results by Xiang et al. and experimental
results by Philipp and Taft [31,38].

After the H-diamond and MoQOs units had been fully geometrically optimised, they were
interfaced with a strain of <1% being placed on the MoOs. To geometrically optimise the interface
separation, the H-diamond atoms were fixed, while the MoOs atoms were kept rigid, allowing for the
oxide to move as one unit in the x, y, and z directions. The lattice parameters for the super cell were
a=60.861 A, b=7581 A, and c =30.962 with a vacuum of 19 A.

Figure 5 shows the projected Density of States (PDOS) for the “1s’ electron shells of the hydrogen
and the 2p’ electron shells of the carbon atoms before and after the H-diamond has been interfaced
with MoOs. From the top plot of Figure 5 is clear that, the pure bulk H-diamond still has a band gap

of around ~5.5 eV.
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Figure 5. Projected Density of States (PDOS) plots of Hs and Cs shells before and after the H-diamond
is interfaced with the oxide. The images inset are two-dimensional (2D) cuts in the middle of the

systems just to show what atoms are being projected in the PDOS plots.
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The PDOS diagram reveals that, when the H-diamond is in contact with the MoOs, there is a
shift of the PDOS to higher energies and the Fermi Level (Er) 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 the
electrons transferred from the diamond surface to the MoOs layer, leaving the hole accumulation
layers, as expected from the STD model. Or, in other words, the shift of the Er from the middle of the
bandgap toward the VBM also indicates p-type doping of the H-diamond. This is consistent with the
recent experimental and simulation results that were published by other groups [27].

The PDOS plot presented in Figure 6 shows the opposite trend regarding the band structure in
comparison to the PDOS data for the diamond, which is consistent with the discussion in the previous
paragraph. More specifically, the Mod and Op shells have increased states that lie below the Fermi
level after the MoO:s has been interfaced with the H-diamond, indicating that there has been charge
transfer at the interface. Indeed, this charge transfer corresponds to an acceptance of electrons by the
metal oxide from the diamond substrate.

350 PDOS O'p' and Mo'd' shells before and after being interfaced
—— O “p’ shells before
— Mo ‘d’ shells before
300 B O 'p’ shells after
250 Mo ‘d’ shells after
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Figure 6. PDOS plot of Op and Mou shells before (lines) and after (filled) being interfaced with the H-
diamond. Inset are two-dimensional (2D) crops of the systems being shown in the PDOS, showing
that the line and filled plots denote the MoO:s before and after being interfaced, respectfully.

Additional to the PDOS data, we have analyzed the Mulliken charges and electron density
differences of the interfaced system. The analysis of the Mulliken electron population of the system
presented in Table 2 showed that electron density had transferred from the first four layers of the H-
diamond to the MoOs, with negligible change to the electron density of the atoms deeper within the
diamond. Consistent with the results that are presented in Table 2 is the image in Figure 7, which
shows the electron density change for the MoOs:H-diamond interface. The green 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. The electron density difference isosurface shows that
there is a hole accumulation that occurs near the surface of the diamond, while most of the electron
density gained by the MoO:s clearly migrates to the oxygen atoms. Figure 7 and Table 2 are clear
representations that the H-diamond loses electrons from the layers closest to the surface, showing
that a 2DHG created by surface transfer doping has been formed in the H-diamond. Most of the
charge transferred to the MoOs migrates to the oxygen atoms, rather than the molybdenum atoms
with a total transfer of 3.6 electrons from the H-diamond to the MoOs. Moreover, these results are in
very good agreement with work by K. Xing et al., where they also demonstrate electron transfer from
the H-diamond to the oxide [27].
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Table 2. The calculated Mulliken charges for the MoO3-doped diamond surface.

Material Before Adsorption  After Adsorption Change in Mulliken Charge

H-Diamond 1680.0 1676.4 -3.6
MoO:s 767.9 7715 3.6
Mo 286.7 288.2 1.5
(@) 481.2 483.3 2.1

Surface H Layer 48.4 38.2 -10.2
First Carbon Layer 198.9 203.0 4.1
Second Carbon Layer 188.7 190.8 2.1
Third Carbon Layer 189.8 190.3 0.5
Bottom H Layer 95.5 95.0 -0.5
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Figure 7. Side view of the MoOs:H-diamond interface structure showing the electron density
differences. The purple regions represent electron accumulation and the green regions represent
electron depletion (hole accumulation). The isosurface values are +0.002 Bohr.

Of the total electron density transferred to the oxide film, the oxygen atoms gain 2.1 electrons
and the molybdenum atoms gain 1.5 electrons. The carrier concentration of the H-diamond would be
~6 x 1018 cm?, given that the surface area of the system was ~60 A x 10 A, calculating the charge
transfer per cm?. This is within the range of previously reported experimental carrier concentrations
for MoO:s that was deposited on the surface of H-diamond substrates of 4 x 10'>-1 x 10" cm™2 [20-
22,25,26]. Additionally, it is in very good agreement with the extracted from in-situ four-probe
measurements hole density value of 2.7 x 10 cm and calculated charge transfer per unit cell of 4.7
x 10 cm™ for a monolayer coverage of MoOs, reported by K. Xing et al [27].

Hence, to summarise, our simulations and analysis reveal that the MoOs attracts electrons from
the hydrogen terminated diamond in the interfaced system and there is charge transfer between the
diamond and the oxide and, as a result, the diamond is p-type and the oxide is n-type doped.

3.2. V20s: H-Diamond Interface

In order to further verify our findings regarding charge transfer to MoOs, we have performed
simulations of another oxygen rich oxide experimentally shown to produce STD in H-diamond —
V205 [13,23-26]. We utilized the same H-diamond cell used for the H-diamond:MoOs system and
interfaced it with a fully relaxed V205 unit cell, placing a strain of 1.02% on the V20s to create the H-
diamond:V2Osinterface. The super cell lattice parameters were a =39.231 A, b =12.636 A, ¢ =50, with
a vacuum of 36 A. The interface was optimised by the same process that was used for the H-
diamond:MoOQ:s interfacial distance and position.



Micromachines 2020, 11, 433 10 of 16

Figure 8 depicts the bandstructure and DOS calculated for bulk V20s. The band gap calculated
is 2.76 eV, which is comparable to the optical bandgap of 2.8 eV reported for 100 nm thick thermally
evaporated V20s films [39].

Bulk V,05 Bandstructure and Density of States

Energy (eV)

YG XS RUXS YT2ZG U 0 5 10 15 20
Bandstructure DOS (1/eV)

Figure 8. Bandstructure and DOS of bulk V20s showing a band gap of 2.76 eV.

Figure 9 shows the PDOS for the “1s” electron shells of the hydrogen and the “2p’ electron shells
of the carbon atoms before and after the H-diamond has been interfaced with V20s. When H-diamond
is interfaced with V20s there is a shift of the PDOS of the diamond to higher energies with some states
now crossing the Fermi Level (Er). Indeed, this is very similar to the observed trend when the H-
diamond is interfaced with MoOs, where the VBM is in contact with the Er. This suggests that the
diamond has lost electrons as states in the diamond that were occupied before being interfaced, are
now vacant. The gap between the VBM and CBM remains the same as the diamond’s bulk band gap
value. Additionally, Figure 9 reveals a similar trend regarding the DOS movement to the results that
are shown in Figure 5. Indeed, the Er has moved closer to VBM, which indicated that there has been
charge transfer at the interface and that the H-diamond has been p-type doped.

PDOS H's' shells of H-diamond before interfaced with V205

—— H's’ shells
= C'p’ shellg]
E
0 i . L
-15 -10 -5 0 5 10 15
PDOS H's' shells of H-diamond after interfaced with V205
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= 250 F — C'p’ shellg
= 200}
& 150
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0
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Energy (eV)

Figure 9. PDOS plots of Hs and Cs shells before and after the H-diamond is interfaced with V20s.The
images inset are 2D cuts in the middle of the systems just to show what atoms are being projected in
the PDOS plots.

The PDOS presented in Figure 10 shows that the Opand Va shells have increased states that lie
below Er after being interfaced with the H-diamond, much in the same way that the Op and Mod
shells did. This result suggests that the Vanadium Pentoxide acts in a similar way to the Molybdenum
Trioxide to create a 2DHG in the H-diamond when in direct contact with the metal oxide.
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PDOS O'p' and V'd' shells before and after being interfaced
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Figure 10. PDOS plot of Op and Va shells before (lines) and after (filled) being interfaced with the H-
diamond. Inset are 2D crops of the systems being shown in the PDOS, showing that the line and filled
plots denote the MoOs before and after being interfaced, respectfully.

When the Mulliken electron population (Table 3) of the interfaced system was compared to the
charges of the H-diamond and V:0s individually, it showed that there was a charge transfer of 5.1
electrons from the top four layers of the H-diamond to the oxide, again with negligible transfer
propagating from deeper within the H-diamond (Figure 11), showing a 2DHG, as observed with the
MoOQO:s.

Mot s b lhy Yot R )\

g”gpoy $.0 0 00

600808008,

Figure 11. Side view of the V20s:H-diamond interface structure showing the electron density

J
. . .

differences. The purple regions represent electron accumulation and the green regions represent
electron depletion (hole accumulation). The isosurface values are +0.0025 Bohr=.
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Table 3. The calculated Mulliken charges for the MoO3-doped diamond surface.

Material Before Adsorption After Adsorption Change in Mulliken Charge

H-Diamond 2519.9 2514.8 -5.1
V205 1343.6 1348.7 5.1

\Y 520.4 520.6 0.2

(@) 823.2 828.1 4.9

Surface H Layer 72.4 55.2 -17.2
First Carbon Layer 298.4 305.4 7.0
Second Carbon Layer 283.0 287.1 41
Third Carbon Layer 284.7 285.8 1.1
Bottom H Layer 143.3 142.7 -0.6

Similar to the MoOs, most of the charge transferred migrated to the O atoms in the V205 as
opposed to the V atoms, with an electron density gain of 4.9 and 0.2 for the O and V atoms,
correspondingly, see Table 3. Although there was slightly more charge transfer than was observed
for MoQO:s, the supercell for the V20s:H-diamond system is slightly larger. This meant, when
considering the surface area of the system, the calculated carrier concentration per cm? created by the
V205 was 2.17 x 101 cm, which, in turn, is slightly less than the carrier concentration seen with MoOs.
The experimental carrier concentration of H-diamond with a thin film of V20s thermally deposited
on the surface, by means of Hall measurements, is measured to be 1.8 x 10'® cm= [13]. Previous
experimental result on H-diamond:V20s of reported values in the range of 1.8 x 103 cm2-1.1 x 10
cm?, agree with the carrier concentration we have obtained from our DFT simulations [23-26]. Hence,
our results demonstrate that V20s acts as highly efficient surface acceptor for modulating the carrier
concentration and, hence, surface conductivity of the hole conducting channel on diamond.

3.3. MoOs and V205 Comparison

Figure 12 presents an energy band diagram for H-diamond, MoOs, and V20s materials relative
to the vacuum level (Evac). In terms of the relation of the VBM in diamond and CBM positions of the
oxides both oxides should interact similarly with the diamond substrate. For an adsorbate to accept
electrons and, therefore, inject holes into the H-diamond it must have a CBM that lies below the VBM
of the H-diamond. The CBM of both oxides are at approximately the same energy level below the
VBM of the diamond and, therefore, it is expected that both oxides will yield similar results when
they are interfaced with H-diamond.

2
E—

[0 S — ___Evac

Epea = 6.36V

Epea = 6.7V

Energy (eV)

i E, = 2.8¢V
8 E,=3.2eV ¢

-10 E———

-12
H-diamond MoO, V,04

Figure 12. Energy band diagram showing the VBM and CBM positions for H-diamond (left hand
side), MoO:s (middle), and V205 (right hand side)[30,40,41].
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To evaluate the interaction between the H-diamond and the oxides, adsorption energies for both
oxides were calculated using the following formula:

Eadsorption = EH—diamonds/oxide - EH—diamond - onide (1)

Etdiamondionice is the total energy of the interfaced H-diamond and oxide system. Endiamond and Eoxide
are the energies of the individual components of the interfaced system. Therefore, the adsorption
energy is the difference in energy between the whole interfaced system and each individual
component: H-diamond and the oxide. The adsorption energies for both oxides, as listed in Table 4,
were negative values, which indicate that both processes are driven by a favorable exothermic
reaction. Hence, both oxides can be physically absorbed (physisorption) on the diamond surface. We
believe that the process is physisorption instead of chemical absorption, because the only one 1s H
electrons and the free 2p electron from the C atoms from the diamond surface form a stable covalent
bond. Hence, there is no free electron for the H atom to create a chemical bond with either the
transition metal or the oxygen from the metal oxide.

Table 4. Adsorption energies corresponding to the two different oxides on H-diamond.

Adsorbate Adsorption Energy (eV)
MoOs -2.94
V205 -6.41

However, it can also be said that the adsorption energy is not responsible for increased charge
transfer, given that the adsorption energy of the MoOs is more than two times weaker than the V20s,
yet promotes greater charge transfer at the interface. It appears that the most important factor in the
amount of charge transfer between H-diamond and the two oxides is the amount of O atoms present
in the metal oxide, since, in both cases, this is where the majority of the electron density transferred
at the interface migrates. Hence, our result would indicate that, in order to improve the charge
transfer and, in turn, increase the carrier concentration in the H-diamond, it would be advantageous
to use oxides that have a higher oxygen concentration.

Moreover, metal oxide films are usually deposited onto H-diamond in a vacuum, which can lead
to the formation of oxygen deficient amorphous oxide films. Therefore, we hypothesise that
depositing the oxides in an oxygen rich atmosphere or using oxides that have a higher oxygen
concentration could lead to increased charge transfer and enhanced STD.

4. Discussion

In this work, we investigated models for the surface transfer doping effect induced in hydrogen-
terminated diamond when interfaced with MoOs and V20s. We simulated the interfaces of the
hydrogen-terminated (100) diamond surface with (100) MoOs and (100) V20s while using DFT
calculations. The PDOS data show there is a shift of the VBM and CBM bands when the H-diamond
is interfaced and, thus, a transfer of electrons from the H-diamond to the metal oxides. MoOs and
V205 are both found to readily act as electron acceptors and create a 2DHG in the H-diamond. The
carrier concentration in the H-diamond has been calculated using DFT simulations to be 6 x 10 cm
and 2.17 x 10" cm2 for MoOs and V205, respectfully, which are similar to the previously reported
experimental values. These values are in good agreement with the range of experimental and
simulation studies reported thus far, but underestimate the highest 2DHG carrier concentration
values reported to date for these systems. Further refinement of these models to account for variation
in surface morphology and hydrogen/oxygen coverage of the diamond surface as well as
crystallinity/stoichiometry of the oxide layers will allow for finer optimisation of these models and
provide a deeper understanding of the complex charge transport mechanisms at the hydrogen-
terminated diamond surface.

However, from these simulations, it is clear that the oxygen atoms play a major role in the
amount of charge transfer from the hydrogenated diamond to the metal oxide layers as the majority
of the electron density transferred from the diamond migrates to the oxygen atoms. These results
suggest that either depositing the metal oxide layers in an oxygen-rich atmosphere to reduce oxygen
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deficient oxide layers, or the investigation of new acceptor adsorbates with higher oxygen
concentrations could lead to improved surface transfer doping in diamond. Moreover, our
simulations show that, after depositing MoOs and V205 on the H-diamond surface, the metal oxides
show metallic behaviors due to the fact that the Fermi level is inside of the valence band. This
observation is consistent with very recent experimental work that was conducted at low temperature,
which proves that that MoOs/V20s doped H-diamond systems will show a metallic behavior rather
than carrier freeze out at cryogenic temperature regime [42]. Hence, this allows for the observation
of some exotic quantum transport phenomena, such as phase-coherent backscattering.

Author Contributions: Conceptualization, ].M.; methodology, J.M.; software, ].M writing—original draft
preparation, J.M.; writing—review and editing, V.P.G.; supervision, V.P.G.; funding acquisition, V.P.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Engineering and Physical Sciences Research Council (EPSRC), grants
numbers EP/S001131/1 and EP/P009972/1.

Acknowledgments: We would like to thank David Moran for his advice during the project.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Trew, RJ.; Yan, J.; Mock, P.M. The potential of diamond and SiC electronic devices for microwave and
millimeter-wave power applications. Proc. IEEE 1991, 79, 598-620. d0i:10.1109/5.90128.

2. Willander, M.,; Friesel, M.; Wahab, Q.-u.; Straumal, B. Silicon carbide and diamond for high temperature
device applications. ]. Mater. Sci. Mater. Electron. 2006, 17, 1. doi:10.1007/s10854-005-5137-4.

3. Wort, C,; Balmer, R. Diamond as an Electronic material. Mater. Today 2008, 11, 22-28.

4.  Liu, J.; Ohsato, H.; Wang, X.; Liao, M.; Koide, Y. Design and fabrication of high-performance diamond
triple-gate field-effect transistors. Sci. Rep. 2016, 6, 34757. d0i:10.1038/srep34757.

5. Russell, S.; Sharabi, S.; Tallaire, A.; Moran, D.A.]J. RF Operation of Hydrogen-Terminated Diamond Field
Effect Transistors. IEEE 2015, 62, 751-756.

6.  Kitabayashi, Y.; Kudo, T.; Tsuboi, H.; Yamada, T.; Xu, D.; Shibata, M.; Matsumura, D.; Hayashi, Y.; Syamsul,
M.; Inaba, M.; et al. Normally-Off C-H Diamond MOSFETs With Partial C-O Channel Achieving 2-kV
Breakdown Voltage. IEEE Electron Device Lett. 2017, 38, 363-366. doi:10.1109/LED.2017.2661340.

7. Isberg, J. Diamond Electronic Devices. AIP Conf. Proc. 2010, 1292, 123-128. d0i:10.1063/1.3518277.

8.  Hirama, K; Takayanagi, H.; Yamauchi, S.; Jingu, Y.; Umezawa, H.; Kawarada, H. High-performance p-
channel diamond MOSFETs with alumina gate insulator. In Proceedings of the 2007 IEEE International
Electron Devices Meeting, Washington, DC, USA, 10-12 December 2007; pp. 873-876.

9. Kawarada, H.; Yamada, T.; Xu, D.; Tsuboi, H.; Kitabayashi, Y.; Matsumura, D.; Shibata, M.; Kudo, T.; Inaba,
M.; Hiraiwa, A. Durability-enhanced two-dimensional hole gas of C-H diamond surface for
complementary power inverter applications. Sci. Rep. 2017, 7, 42368. d0i:10.1038/srep42368.

10.  Zhou, D.; Krauss, A.R.; Qin, L.C.; McCauley, T.G.; Gruen, D.M.; Corrigan, T.D.; Chang, R.P.H.; Gnaser, H.
Synthesis and electron field emission of nanocrystalline diamond thin films grown from N2/CH4
microwave plasmas. J. Appl. Phys. 1997, 82, 4546—4550. d0i:10.1063/1.366190.

11.  Yokoya, T.; Nakamura, T.; Matsushita, T.; Muro, T.; Takano, Y.; Nagao, M.; Takenouchi, T.; Kawarada, H.;
Oguchi, T. Origin of the metallic properties of heavily boron-doped superconducting diamond. Nature
2005, 438, 647. doi:10.1038/nature04278.

12.  Ekimov, E.A.; Sidorov, V.A,; Bauer, E.D.; Mel'nik, N.N.; Curro, N.J.; Thompson, ]J.D.; Stishov, S.M.
Superconductivity in diamond. Nature 2004, 428, 542. doi:10.1038/nature(02449.

13. Crawford, K.G.; Cao, L.; Qi, D.; Tallaire, A.; Limiti, E.; Verona, C.; Wee, A.T.S.; Moran, D.A.]. Enhanced
surface transfer doping of diamond by V20s with improved thermal stability. Appl. Phys. Lett. 2016, 108,
042103. doi:10.1063/1.4940749.

14. Ren, Z.; Zhang, ]J.; Zhang, J.; Zhang, C.; Yang, P.; Chen, D.; Li, Y.; Hao, Y. Research on the hydrogen
terminated single crystal diamond MOSFET with MoO3 dielectric and gold gate metal. ]. Sernicond. 2018,
39, 074003. doi:10.1088/1674-4926/39/7/074003.



Micromachines 2020, 11, 433 15 of 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

Maier, F.; Riedel, M.; Mantel, B.; Ristein, J.; Ley, L. Origin of Surface Conductivity in Diamond. Phys. Rev.
Lett. 2000, 85, 16.

Strobel, P.; Riedel, M.; Ristein, J.; Ley, L. Surface transfer doping of diamond. Nature 2004, 430, 439—441.
d0i:10.1038/nature02751.

Strobel, P.; Riedel, M.; Ristein, J.; Ley, L.; Boltalina, O. Surface transfer doping of diamond by fullerene.
Diam. Relat. Mater. 2005, 14, 451-458. d0i:10.1016/j.diamond.2004.12.051.

Edmonds, M.T.; Wanke, M.; Tadich, A.; Vulling, HM.; Rietwyk, K.J.; Sharp, P.L.; Stark, C.B.; Smets, Y.;
Schenk, A.; Wu, Q.H.; et al. Surface transfer doping of hydrogen-terminated diamond by C60F48: Energy
level scheme and doping efficiency. J. Chem. Phys. 2012, 136, 124701. doi:10.1063/1.3695643.

Qi, D.; Chen, W.; Gao, X.; Wang, L.; Chen, S.; Loh, K.P.; Wee, A.T.S. Surface Transfer Doping of Diamond
(100) by Tetrafluoro-tetracyanoquinodimethane. J. Am. Chem. Soc. 2007, 129, 8084-8085.
doi:10.1021/ja072133r.

Russell, S.; Cao, L.; Qi, D.; Tallaire, A.; Crawford, K.; Wee, A.; Moran, D.A.]. Surface transfer doping of
diamond by MoO3: A combined spectroscopic and Hall measurement study. Appl. Phys. Lett. 2013, 103, 20.
Vardi, A.; Tordjman, M.; Alamo, J.A.d.; Kalish, R. A Diamond:H/MoO3MOSFET. IEEE Electron Device Lett.
2014, 35, 1320-1322. doi:10.1109/LED.2014.2364832.

Tordjman, M.; Saguy, C.; Bolker, A.; Kalish, R. Superior Surface Transfer Doping of Diamond with MoO3.
Adv. Mater. Interfaces 2014, 1, 1300155. doi:10.1002/admi.201300155.

Colangeli, S.; Verona, C.; Ciccognani, W.; Marinelli, M.; Rinati, G.V.; Limiti, E.; Benetti, M.; Cannata, D.;
Pietrantonio, F.D. H-Terminated Diamond MISFETs with V205 as Insulator. In Proceedings of the 2016
IEEE Compound Semiconductor Integrated Circuit Symposium (CSICS), Austin, TX, USA, 23-26 October
2016; pp. 14.

Verona, C.; Arciprete, F.; Foffi, M.; Limiti, E.; Marinelli, M.; Placidi, E.; Prestopino, G.; Rinati, G.V. Influence
of surface crystal-orientation on transfer doping of V205/H-terminated diamond. Appl. Phys. Lett. 2018,
112, 181602. doi:10.1063/1.5027198.

Verona, C.; Ciccognani, W.; Colangeli, S.; Limiti, E.; Marinelli M.; Verona-Rinati, G. Comparative
investigation of surface transfer doping of hydrogen terminated diamond by high electron affinity
insulators. J. Appl. Phys. 2016, 120, 025104. doi:10.1063/1.4955469.

Crawford, K.G.; Qi, D.; McGlynn, J.; Ivanov, T.G.; Shah, P.B.; Weil, J.; Tallaire, A.; Ganin, A.Y.; Moran,
D.A.J. Thermally Stable, High Performance Transfer Doping of Diamond using Transition Metal Oxides.
Sci. Rep. 2018, 8, 3342. doi:10.1038/s41598-018-21579-4.

Xing, K.; Xiang, Y.; Jiang, M.; Creedon, D.L.; Akhgar, G.; Yianni, S.A.; Xiao, H.; Ley, L.; Stacey, A.;
McCallum, ].C.; et al. MoO3 induces p-type surface conductivity by surface transfer doping in diamond.
Appl. Surf. Sci. 2020, 509, 144890. doi:10.1016/j.apsusc.2019.144890.

Young, HX,; Yu, Y.; Xu, L.F.; Gu, C.Z. Ab initio study of molecular adsorption on hydrogenated diamond
(001) surfaces. J. Phys. Conf. Ser. 2006, 29, 145-149. d0i:10.1088/1742-6596/29/1/027.

Kim, Y.-H.; Zhang, S.B.; Yu, Y.; Xu, L.F.; Gu, C.Z. Dihydrogen bonding, $p$-type conductivity, and origin
of change in work function of hydrogenated diamond (001) surfaces. Phys. Rev. B 2006, 74, 075329.
doi:10.1103/PhysRevB.74.075329.

Rivero, P.; Shelton, W.; Meunier, V. Surface properties of hydrogenated diamond in the presence of
adsorbates: A hybrid functional DFT study. Carbon. 2016, 110, 469—479.

Xiang, Y.; Jiang, M.; Xiao, H.; Xing, K.; Peng, X.; Zhang, S.; Qi, D.-C. A DFT study of the surface charge
transfer doping of diamond by chromium trioxide. Appl. Surf. Sci. 2019, 496, 143604.
doi:10.1016/j.apsusc.2019.143604.

ToolKit, A. Atomistix ToolKit; Series Atomistix ToolKit 2: Copenhagen, Denmark, 2017.

Ferreira, L.G.; Marques, M.; Teles, L.K. Slater half-occupation technique revisited: The LDA-1/2 and GGA-
1/2 approaches for atomic ionization energies and band gaps in semiconductors. AIP Adv. 2011, 1, 032119.
do0i:10.1063/1.3624562.

Smidstrup, S.; Markussen, T.; Vancraeyveld, P.; Wellendorff, J.; Schneider, J.; Gunst, T.; Verstichel, B.;
Stradi, D.; Khomyakov, P.; Vej-Hansen, U.; et al. QuantumATK: An Integrated Platform of Electronic and
Atomic-Scale Modelling Tools. |. Phys. Condens. Matter 2019, 32, 015901.

Tsuno, F.T.; Imai, T.; Nishibayashi, Y.; Hamada, K. Naoji Epitaxially Grown Diamond (001) 2x1/1x2 Surface
Investigated by Scanning Tunneling Microscopy in Air. Jpn. ]. Appl. Phys. 1991, 30, 1063.



Micromachines 2020, 11, 433 16 of 16

36. Furthmiiller, J.; Hafner, J.; Kresse, G. Structural and Electronic Properties of Clean and Hydrogenated
Diamond (100) Surfaces. Europhys. Lett. (EPL) 1994, 28, 659-664. doi:10.1209/0295-5075/28/9/008.

37. C, SK; Longo, R.C; Addou, R.; Wallace, RM.; Cho, K. Electronic properties of M0oS2/MoOx interfaces:
Implications in Tunnel Field Effect Transistors and Hole Contacts. Sci. Rep. 2016, 6, 33562.
doi:10.1038/srep33562.

38. Philipp, H.R.; Taft, E.A. Optical Properties of Diamond in the Vacuum Ultraviolet. Phys. Rev. 1962, 127,
159-161. doi:10.1103/PhysRev.127.159.

39. Mauger, A,; Julien, C.M. V205 Thin Films for Energy Storage and Converstion. AIMS Materials Science; 2018,
5, 349-401.

40. Melskens, J.; van de Loo, B.; Macco, B.; Black, L.; Smit, S.; Kessels, M.M. Passivating Contacts for Crystalline
Silicon Solar Cells: From Concepts and Materials to Prospects IEEE ]. Photovoltaics 2018, 8, 373-388.

41. Jens, M.; Antoine, L.K. Electronic structure of molybdenum-oxide films and associated charge injection
mechanisms in organic devices. J. Photonics Energy 2011, 1, 1-7. doi:10.1117/1.3555081.

42. Xing, K; Creedon, D.L.; Yianni, S.A.; Akhgar, G.; Zhang, L.; Ley, L.; McCallum, J.C.; Qi, D.-C.; Pakes, C.I.
Strong spin-orbit interaction induced by transition metal oxides at the surface of hydrogen-terminated
diamond. Carbon 2020. doi:10.1016/j.carbon.2020.03.047.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




