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Abstract:
Diamond exhibits many desirable properties that could benefit the development of future

carbon-based electronic devices. Its hydrogen-terminated surface, in conjunction with a

suitable surface acceptor, develops a two-dimensional (2D) p-type surface conductivity
through the surface transfer doping mechanism which can then be harvested for constructing
functional devices. In this study, we have revisited the surface transfer doping of diamond by
a high electron affinity (EA) transition metal oxide, V.Os. Through a combination of in-situ
electrical measurements, Hall effect measurements and first-principles density functional
theory (DFT) calculations, we explicitly show the intrinsic surface transfer doping behavior of

V205, with doping performance superior to other competing TMOs such as MoOsz. The metallic



surface conduction of diamond induced by V20s is persistent down to 250 mK; this when
coupled with the high hole density exceeding 7 x 10' cm offers a promising platform for the
development of advanced diamond surface electronics exploiting many interesting quantum

transport properties of the 2D hole layer of diamond.
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1 Introduction

Diamond is an ultra-wide bandgap, third generation semiconductor material with great
promise for building high-power high-frequency electronic devices by harnessing its
outstanding intrinsic materials properties, such as high breakdown voltage (over 10 MV/cm),
high intrinsic carrier mobility (4500 cm?/Vs for electrons and 3800 cm?/Vs for holes), and
exceptionally high thermal conductivity (22 W/cm K) [1]. Though intrinsic diamond is a bona
fide insulator, it is possible to induce a p-type surface conductivity (SC) by terminating the
diamond surface with hydrogen and exposing to suitable surface acceptors, including air-
induced adsorbates. This represents an alternative pathway to constructing diamond-based
electronic devices without having to introduce substitutional dopants into the diamond bulk
lattice which tends to be problematic [2-4]. Developments based on this surface transfer doping
strategy have yielded diamond surface electronic devices including high-performance field-
effect transistors (FETs) with drain currents up to 1.3 A/mm [5], and a cut-off frequency up to
53 GHz [6]. However, the poor thermal stability of the SC associated with the volatility of
atmospheric adsorbates that originally act as surface acceptors in these devices, has greatly
hampered further device development for practical applications. As a result, it is imperative to
explore more robust solid-state surface acceptors for achieving high-stability SC on diamond

[7-9].



Recently, high electron affinity (EA) transition metal oxides (TMOs), including MoO3, V205,
WO3 and ReOs, were reported as superior alternatives comparing to atmospheric adsorbates
[10-17]. Both M0oOs and V20Os in particular have been reported to be superior surface acceptors
in terms of extremely high hole density exceeding 1 x 10** cm [11] and excellent thermal
stability up to 300 °C [12, 13, 15]. In addition, these two TMOs have been also demonstrated
as gate dielectric layers as well as a surface acceptor layer to reduce the device access resistance
in hydrogen-terminated diamond MOSFETs [18, 19, 20], promising a great potential in
diamond device applications by using the TMO doping strategy. More recently, MoOs has been
systematically studied by a combination of in-situ electrical characterization and first-
principles density functional theory (DFT) calculations [17]. It not only rules out the
confounding effects of atmospheric dopants by in-situ measurement, but also shows a MoO3-
induced metallic conduction down to cryogenic temperature regime [17], opening a way for
investigating the possible quantum effects, such as spin-orbit interaction reported in air-doped
diamond systems [21, 22]. However, no comparable study on V20s transfer doping has been

carried out.

In this work, we have studied the intrinsic surface transfer doping capacity of V.Os using a
combination of in-situ and variable temperature electrical characterization, as well as first-
principles calculations. We show that the very initial V20s deposition already yields a dramatic
decrease in sheet resistance of diamond surface during the in-situ four-point-probe
measurements. The surface transfer doping process between V.0s and the hydrogen-
terminated diamond surface can be modelled successfully by considering the Fermi-Dirac
statistics and charge neutrality across the interface. Variable-temperature Hall effect

measurements from 300 K down to 250 mK further reveals metallic conduction of the 2D hole



layer induced by V.Os transfer doping. The charge separation at the interface with V.05
capping and its impact on the electronic structures were explored by DFT calculation as well.

2 Experimental

(b)

Figure 1. Schematic representation showing electrical set up of : (a) the four-point-probe
measurement, (b) the van de Pauw (VdP) measurement, (c) Hall bar measurement on V205
doped diamond devices. (d) optical image of the V2Os doped hall bar device. The orange
dashed box outlines the V2Os layer while the red hall bar structure represents the hydrogen-

terminated region.

2.1 In-situ four-point probe measurement

Commercial lla (100) single crystal diamonds were terminated in a hydrogen plasma reactor
(Astex system) operating at a power of 1500 W (power density ~ 5.6 W/cm?) with a substrate
temperature set to 850 °C for 10 mins to achieve the hydrogen-terminated 2x1 reconstructed
surface. In-situ characterisation of the sheet resistance of hydrogen-terminated diamond as a
function of V.05 coverage was carried out by using a four-point probe (Jandel) in a custom-

built ultra-high vacuum system with a base pressure of 3 x 101° mbar. Firstly, the hydrogen-



terminated diamond was annealed at 400 °C for 30 minutes, which completely desorbs
atmospheric surface adsorbates while keeping the hydrogen-termination intact [7, 10, 12, 17].
V05 was then thermally deposited on the pristine hydrogen-terminated diamond surface using
a standard Knudsen cell at 775 °C with the deposition rate of 0.15 A/minute measured by a
quartz crystal microbalance. The nominal thickness of V,Os layer was calibrated by using a
correction factor independently determined by spectroscopic ellipsometry (J.A. Woollam M-
2000Dl1). The sheet resistance was measured in-situ as a function of VOs thickness using the
four-point probe as shown in Figure 1a. After pressing the probes onto the sample directly, the
I-V measurements were carried out using a Keithley 2450 sourcemeter. The calculation of the
sheet resistance has been geometrically corrected to account for sample dimensions and probe
spacing [23]. After the in-situ measurements, van de Pauw (VdP) Ohmic contacts were
fabricated on the corners of the sample using conductivity epoxy, as shown in Figure 1b, to
measure the hole density of the VV,0s-doped diamond. Before the epoxy formation, V205 on
the corners of the diamond was scratched off to ensure a direct contact between the epoxy

contacts and the diamond surface.

2.2 Hall bar device fabrication and temperature-dependent Hall effect measurements

Hall bar devices with a width/length of 40 um/200 um were fabricated on the hydrogen-
terminated diamond following standard photolithographic techniques and lift-off processes
reported elsewhere [21, 22]. Hall bar active regions were defined with a protective layer of
photoresist while the uncovered regions of the sample were exposed to a 50 W oxygen plasma
at room temperature and rendered insulating for device isolation. The metal-contact regions
contained a mixture of hydrogen- and oxygen-terminated surface aiming to enhance the
adhesion between metal and diamond surface. 100 nm Pd was then deposited on the diamond

using an electron beam evaporator to form excellent Ohmic contacts which persists even at



cryogenic temperature [24]. As shown in Figure 1d, 20 nm V20s was thermally deposited on
the active hall-bar regions through a shadow mask in a custom-built ultra-high-vacuum (UHV)
system with a base pressure of 3 x 101° mbar after the 400 °C pre-annealing process.

Hall effect measurements of the diamond devices were performed from 0.25 K to 20 K using
a Leiden Cryogenics dry dilution refrigerator with a 9-1-1 T superconducting vector magnet.
A separate Hall effect measurement system (Janis) with a 0.7 T coil magnet was utilized to
characterise the electrical transport properties of both the hall-bar devices (Figure 1c¢) and VdP
device (Figure 1b) at room temperature for reference. A standard low-frequency AC lock-in
amplifiers (Stanford SR830) was employed in the Leiden Cryogenics dry dilution refrigerator
to minimize noise, while a Keithley 2450 Sourcemeter was employed for the Janis system to

achieve DC measurements of V... The Hall voltage V,,, was simultaneously measured using an

Agilent 34410A multimeter to determine the transverse resistance, R,

2.4 Computational Details

In the present work, first-principles calculations within the DFT framework were carried out.
All calculations were performed using the Vienna Ab-initio Simulation Package (VASP) code
based on the projector augmented wave method [25, 26]. The exchange-correlation effects
were treated using the Perdew-Burke-Ernzerhof functional under the generalized gradient
approximation (GGA) [27]. The on-site Coulomb interaction presented in 3d states of
transition-metal ions was corrected by the DFT + U (U = 3 eV) method [28, 29]. A cut-off
energy of 550 eV for the plane wave basis set and a 4 x 4 x1 Monkhorst-Pack k-mesh for
Brillouin-zone integrations were used for structural relaxation. The convergence criteria for
total energies and forces were 10 eV and 10 eV/A, respectively. The slab models, in which
one slab consisting of 10 monolayers of diamond and two layers of H along [001] direction

(including 240 C atoms and 48 H atoms) and a vacuum region of 20 A separating the



periodically repeated slabs, were employed in the calculations. The position of the V205
molecule and the atoms in the top four layers were fully relaxed and the remaining atoms were
fixed during the structural optimization.

3 Results and Discussion

3.1 In-situ four-point probe measurement and VdP Hall effect measurement
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Figure 2 (a) Sheet resistance of hydrogen-terminated diamond surface is observed to decrease
with increasing V20s thickness. The initial resistance values in atmosphere and in UHV are
labelled with red stars. (b) Experimental and theoretical hole density values as a function of
TMO (V205 and MoOs) coverage. The solid red circles represent the experimental data for the
V20s-doped device. Hole densities for the MoOz-doped device taken from ref. [17] (solid blue
squares) are plotted together for comparison. The solid and dashed lines correspond to the best
fits using Eqg. 6 with an initial activation energy (4,) of 2.85 £ 0.1 eV for V205 and 2.3 £ 0.1
eV for MoOs, respectively. (c)The experimental Hall voltage V,,, is seen to vary with applied

magnetic field with a linear fit shown in red.



The hydrogen-terminated diamond was measured, by four-point probe, to have an initial sheet
resistance of 11.44 kQ/« in atmosphere, which is consistent with values reported for the air-
induced, naturally occurring SC of diamond in literature. After placing in UHV for 24 hours,
the sheet resistance slowly increased to 17.51 kQ/« due to partial desorption of the surface
adsorbates, as shown in Figure 2a. Then we annealed the hydrogen-terminated diamond at
400 °C for 30 minutes to completely remove the residual surface adsorbates. The removal was
verified by the in-situ four-point probe measurement which yielded a sheet resistance that
exceeded the limit of the Keithley Sourcemeter. Upon V20s deposition, the sheet resistance of
diamond experienced a significant reduction and saturated at 2.23 kQ/« when the thickness
exceeded 8 A, which is among the lowest reported values on hydrogen-terminated (100)
diamond when compared with other TMOs, such as MoOs [10, 11, 13, 15], WO3 [14] and
Nb2Os [14]. The drastic decrease of sheet resistance at very low V20s coverage is consistent
with photoemission measurements which revealed a strong upward band bending at the surface
of the diamond with a deposited V2Os thickness as low as 1 A [12]. The sheet resistance of the
V>0s-doped hydrogen-terminated diamond sample (after final deposition) was also
independently measured ex-situ in a VdP configuration to be 2.04 kQ/= by using Eqg. (S0) (see
Supplementary Material for details) [30], which shows excellent agreement with the in-situ
four-point-probe measurement and additionally indicates that the V.Os induced surface transfer
doping is stable in air. The VdP device also allowed us to determine the hole density (n,p)
through the Hall-effect measurements. Figure 2c shows the Hall voltage V,., as a function of

magnetic field B from which n,, is calculated to be 7.8 x 10'% cm?

using n,p =
1/(q X V4, /B), inwhich 1, q, V,, and B are the drain current, elementary charge, Hall voltage,
and magnetic field, respectively. This hole density is amongst the highest reported values

achieved for V20s doped (100) hydrogen-terminated diamond [12, 13, 15, 31]. In addition, the

hole mobility is calculated as 39 cm?/V-s, which is considered relatively high at this hole



density range when compared with previous studies. The discrepancy in hole mobility might
be caused by the difference in diamond surface roughness or long-range potential fluctuations

associated with hydrogen-termination quality [32, 33], which is still a subject of debate.

The sheet resistance measured by the in-situ four-point probe can be related to the hole density

as follows:
Po=1/(a-11-n) Eq.(1)

where u and p,., represent the carrier mobility and sheet resistance, respectively. As the carrier
mobility typically decreases with increasing hole density, assuming a constant hole mobility
will result in an overestimation of the hole density at low V.05 coverage. In Figure S2a, the
mobility was plotted as a function of log,,(n,p) based on an independent Hall effect dataset
sampled from a large range of air-doped diamond samples, resulting in an empirical
relationship of log;o(n,p), in which A and B are the fitting parameters. Thus, an empirical
relationship between p,, and n,, can be obtained as (also see Figure S2b):

1
q '[A' Ioglo(nZD)+ B]'nzo

Py = Eq. (2),

which allows us to estimate the induced hole density as a function of V205 coverage as shown
in Figure 2Db. It is clear that n,, steeply increases at low V20s coverage and eventually saturates
at high coverage with a final hole density of 7.2 x 10! cm™, which is consistent with the VdP
Hall measurement results. Such a high hole density demonstrates that VV2Os is a superior surface
acceptor when compared to other TMOs such as MoOs [17], as the saturated hole density is
more than two times higher, as shown in Figure 2b. The dependence of carrier concentration
induced by surface transfer doping on the coverage of surface acceptors can be modelled by
considering Fermi-Dirac statistics and charge neutrality across the interface [2, 8]. The Fermi-

Dirac probability governs the occupation of the acceptors in the following equation:



1
o =Ny =N exp| (E¥™ —E¢) /KT | +1 =46)

in which nzp is the inducd hole density in diamond. N, and N4- are the total areal density for
V205 and negatively charged V2Os acceptors, respectively. The Boltzmann constant and

temperature are represented by k and T respectively, while EX 2% and EF refer to the conduction

band edge of V205 and Fermi-energy level, respectively. The energy term (Eq %5 —Ej) in the

equation above can be rewritten by relating to the other two energy terms A and ug as:

Egzos _ EF _ ( Eé/zo5 _ E\I?iamond ) + ( E\I?iamond _ EF) =A+ U (nZD) Eq(4)

where A is the energy difference between EX 295 and the valence band edge of diamond at the
surface EP1@mond and is referred to as the acceptor energy. ug(n,p) is defined as the energy

offset between the ED13mond and the Fermi energy at the surface; it depends on the hole density

and is modulated by the upward band bending at the diamond surface (more details in Sl).

The spatial separation between electrons trapped in the V.05 and the holes accumulated at the
diamond surface due to the surface transfer doping creates an induced interfacial dipole, (A®),
that modifies the band alignment across the interface by lifting the vacuum level of the surface
acceptors. Therefore, we can rewrite the acceptor energy as A = A, + A®, in which A, =
IPpigmona — EAy, 0, is the initial acceptor energy determined by the difference bewteen the
ionisation energy of diamond and the EA of V.0Os. Based on a simple electrostatic capacitor
model, the magnitude of the interface dipole can be modeled as A®(n,p) = g% X nyp/Cq, in
Co Which is calculated to be 3.23 x 10% e/cm?-V by assuming relative permittivity of 5.7 and
a separation distance of 0.3 nm obtained from DFT calculation. Consequently, the Eq. (4) can

be rewritten as:

Egzos _EF :Ao—l_qz.nZD/CJ +us(n2D) Eq(5)
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Substituting Eq. (5) into Eq. (3) further yields the relationship between n,p and N, :

N,=N,_ =N L

S exp{[A0 +q%-n,, /C, +us(n2D)]/kT}+1 =©

which allows us to quantitatively calculate the hole density at the diamond surface for a given

values of V205 coverage Ny.

In Figure 2b, we use Eq. (6) to fit the hole density as a function of V20s coverage by
considering A, as the only free fitting parameter. The black solid line corresponding to the hole
density calculated with an initial activation energy of A‘gzos =—29 + 0.1 eV fits the
experimental data reasonably well. The extracted initial activation energy of V.Os-doped
diamond is more negative than the one for MoOz reported earlier by us [17], corroborating the
better doping efficiency of V20s on hydrogen-terminated diamond. The obtained activation
energy AXZOS yields an EA of 7.1 £ 0.1 eV for V.05 by adopting an IP of 4.2 eV for diamond,

which is consistent with the literature [34]; this places the conduction band edge of V.05 2.9

eV below the VBM of the diamond.
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Figure 3 Schematic energy band diagram before (a) and after (b) surface transfer doping

using V20s as surface acceptors.

Figure 3 schematically represents the energy level alignment before and after the surface
transfer doping between V20s and hydrogen-terminated diamond. In Figure 3a, the conduction
band minimum (CBM) of V.05 lies approximate 2.9 eV below the hydrogen-terminated
diamond valence band maximum (VBM) due to the very high EA of V20s relative to the very
low ionization energy of hydrogen-terminated diamond as a result of its unique true negative
EA, suggesting that the spontaneous transfer of electrons from the diamond surface to V20s is
energetically favorable. The charge transfer process reaches thermodynamic equilibrium when
the Fermi level on each side of the interface is aligned, as shown in Figure 3b. Due to the strong

upward band bending at the diamond side, the Fermi level goes below the VBM of diamond,
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giving rise to a hole accumulation layer strongly confined at the diamond surface [12]. The
higher EA of V20s and hence more negative initial activation energy as compared to other
TMOs such as MoOs is consistent with its better doping yield, as also demonstrated by other

ex-situ transport measurements [13].

3.2 Variable-temperature transport measurement
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Figure 4 Temperature-dependent transport properties of V205 doped Hall bar devices. (a)
Longitudinal sheet resistance as a function of temperature from 250 mK to 300 K. Inset in (a)
depicts the linear relationship between the sheet conductivity and temperature in the same range
but with a log scale. (b) Hole density as function of temperature from 250 mK to 300 K. The

solid circle represents the air-induce hole density.

After annealing the pristine air-doped Hall bar diamond devices followed by an in-situ
deposition of 10 nm of V.05 on the active regions, results in a significant increase in hole

density from 1.2 x 10 cm™ to 2.1 x 10% cm at 300 K, indicating the superiority of \/2Os for
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surface transfer doping efficiency over the air-doped strategy, which is consistent with the in-
situ measurement results. It is worth noting that the hole density extracted from the Hall bar
device is lower than the one extracted from the VdP device. In addition to the well-known
overestimation of VdP measurements [35], this discrepancy might be caused by potential
photoresist residues left from the photolithographic process during the fabrication of Hall bar
devices, which could affect the local hole density by interfering with the surface transfer doping
process [36]. The negative activation energy of the V2Os surface acceptors owing to the large
EA implies that no thermal activation energy is required to initiate the surface transfer doping
process, thereby preventing carrier-freeze out at cryogenic temperature. Figure 4 shows the
temperature-dependent Hall effect measurements of the V20s (10 nm) doped diamond Hall-
bar device from 300 K down to 250 mK. The V20s doped Hall-bar device exhibits almost no
temperature dependence both in terms of hole density and sheet resistance from 300 K to 20 K,
indicating a metallic rather than a thermally activated conduction in the 2D hole channel
induced by V20s doping. Further cooling down to 250 mK leads to a slight increase in sheet
resistance from 6.6 kQ/= to 7.7 kQ)/=, corresponding to a reduction in hole density from 1.97
x 10" cm to 1.32 x 10*® cm™. The sheet conductivity as shown in the inset of Figure 4a
follows the log,o(T) relationship from 20 K to 250 mK. The logarithmic temperature
dependence rather than exponential is strong evidence for metallic behavior of V205 induced
SC at diamond surface. A similar temperature dependence has also been observed in the air-
induced, ionic-liquid gated SC and MoOs-induced SC in diamond [17, 21, 22]. The reduction
in diamond surface conductivity (and hole density) is caused by guantum corrections to the
classical Drude conductivity, such as hole-hole interaction and phase coherence backscattering
[37]. Consequently, the diamond surface metallic condition down to 250 mK can be realised

by V20s surface transfer doping strategy.
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3.3 DFT Calculation

DFT calculations allow us to gain an atomic level understanding of the interaction between
V.05 surface acceptors and the hydrogen-terminated diamond surface. The modified
adsorption configurations of V20s molecules on hydrogen-terminated diamond surface was
firstly studied by calculating the adsorption energy (AE) of V205 on the diamond surface for

different possible configurations:
AE = EVZOSIH—diamond - Evzo5 - EH—diamond EQ-(g)
where E, 40ng and E\,ZOS,H_diamond are the total energies of the relaxed hydrogen-terminated

diamond surface before and after MoO3z adsorption. Evzo5 is the total energy of an isolated

V20s molecule [38]. In this work, we considered several possible adsorptions configurations
of V205 as shown in Figure S3. According to the optimized structure for the possible
adsorptions configurations, the lowest adsorption energy of -0.66 eV for Parallel A
configuration can be determined as the most favorable adsorption configuration (More details
in SI). Thus we selected Parallel A to explore the surface transfer doping process between V205
and hydrogen-terminated diamond in detail. The charge density difference (Ap) between V20s

molecules and the hydrogen-terminated diamond surface is illustrated in Figure 5a. The Ap can
be calculated as Ap = Py,0, iHdiamond ~ Pv,0, ~ Pridiamond » WNere Oyo. and Pygiamong are the charge
densities of isolated V.Os molecules and the pristine hydrogen-terminated diamond surface.
Py,o, mdiamond FEPresents the charge density of the V205 adsorbed hydrogen-terminated diamond

surface [39]. In Figure 5a, the yellow regions represent the electron accumulation and the blue
regions represent the hole accumulation. This clearly shows the charge transfer between V205
and hydrogen-terminated diamond surface, leaving a hole accumulation layer on diamond
surface and electron accumulation around the O atoms in the V,Os molecules. The Bader

charge population for the pristine and V20s doped hydrogen-terminated diamond surface was
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further evalutaed to quantify the ammount of hole at diamond surface. It shows that each V205
molecule extracts 0.41 electrons from the top layer of the diamond surface. The amount of
charge transfer for each V,Os molecule is comparable to that calculated for V,Os on I1-VI
semiconductors (i.e. ZnS, ZnSe), but is notably higher than those for other types of TMO on
diamond as predicted by our previous DFT work. For example, Xiang et al. showed that each
CrOz gains 0.36 electrons from the diamond surface while Xing et al. demonstrated that each
MoOs gains 0.24 electrons from diamond surface [17, 40]. This places V20s as a superior

surface acceptor among high EA TMOs for surface transfer doping of diamond.

The density of state (DOS) distrubution of the hydrogen-terminated diamond surface before
and after VV.Os adsorption is shown in Figure 5b, which provides insight into the impact of
interfacial charge transfer on electronic structures [41]. For the V.Os-doped hydrogen-
terminated diamond surface, the Fermi level clearly moves into the top of the diamond valence
band, indicating a strong degenerate doping effect and predicting the metallic nature of the p-
type conduction channel induced by V.0s at diamond surface, which is consistent with the
low-temperature Hall effect measurements. Overall the DFT calculations provide strong
theorical support for the interfacial charge transfer process and the superior doping

performance of V.05 on hydrogen-terminated diamond.
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Figure 5. DFT calculations of the V20s adsorbed hydrogen-terminated diamond surface. (a)
Top and side view of charge density differences for the most preferable configuration of V20s
adsorption. The yellow regions represent the electron accumulation and the blue regions
represent the hole accumulation. (b) Density of states distribution of V20s-doped hydrogen-

terminated diamond surface and the pristine hydrogen-terminated diamond surface.

4 Conclusions

In summary, V205 has been demonstrated as a superior surface acceptor to induce p-type
surface conductivity on hydrogen-terminated diamond (001) surface as verified by a
combination study of in-situ electrical characterization, variable-temperature Hall effect
measurements and DFT calculations. After a low coverage deposition of V20s, the diamond
surface is transformed from insulating to conducting as seen by a dramatic decrease in sheet
resistance which eventually saturates at 2.23 kQ/«, corresponding to a high hole density of

approximately exceeding 7 x 10 cm™. The doping process by V2Os is fully consistent with
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the surface transfer doping model employing Fermi-Dirac statistics and charge neutrality,
yielding a negative initial activation energy of - 2.85 eV + 0.1 eV. Consistent with the large
negative activation energy, low temperature transport characterisation reveals a prevailing
metallic conduction in the V20s induced hole conducting channel down to 250 mK,
manifesting its 2D Fermi liquid nature. The superior surface transfer doping of V20s is also
corroborated by DFT calculations which demonstrates charge transfer across the interface and
the degenerate doping effect. This work provides insights into the surface transfer doping of
diamond by V0s, suggesting that this doping strategy could offer an attractive route towards
the development of future high-performance diamond surface electronics as well as quantum

devices working at cryogenic temperatures.
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Supplementary Material is available online or from the authors.
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