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ABSTRACT

The hole mobility of two-dimensional (2D) gas at (001) and (111) diamond/insulator interfaces is investigated theoretically and compared
with experimental data from the literature. It is shown that the surface impurity scattering is the limiting mechanism at room temperature in
most of the H-terminated diamond field effect transistors, where the negative charges created by transfer doping are in the vicinity of the
2D gas. By repelling the negative charges at the metal/insulator interface, as recently reported for the (111) h-BN/diamond interface, we
demonstrate that it is possible to achieve high mobility values of the order of 3000 cm2/V s when a pure phonon scattering occurs. This work
confirms the potential of two-dimensional hole gas diamond field effect transistors for high power and high frequency applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002768

Diamond is a fascinating semiconductor with exceptional physical
properties such as a wide bandgap, a high breakdown electric field (up
to 20MV/cm),1 an outstanding thermal conductivity (20W/cm/K),2

and high carrier mobilities (hole: 2000 cm2/V s3 and electron:
1000 cm2/V s4). These exceptional properties or, more precisely, the
combination of some of these properties make diamond an ideal semi-
conductor for high power and/or high frequency electronics, which
should surpass other materials like silicon, silicon carbide, or gallium
nitride.5 Numerous diamond field effect transistors (FETs) are under
investigation: H-terminated accumulation FETs,6 O-terminated inver-
sion channel FETs,7 metal-semiconductor FETs,8 deep depletion
FETs,9 and junction FETs.10

For some of them, the conducting channel of the ON-state is com-
posed of a two-dimensional (2D) carrier gas at the diamond/insulator
interface, i.e., accumulation and inversion channel FETs. However, the
2D hole channel mobility values reported in the literature range between
3 and 300 cm2/V s11 and are systematically lower than the maximum
hole mobility value reported in bulk material (2000 cm2/V s).3 This
discrepancy is still not understood, and so the potential of 2D hole gas
diamond FETs is still doubtful. Recently, Sasama et al.12 reported a
higher mobility value around 500 cm2/V s for (111) diamond FETs with
a monocrystalline h-BN gate dielectric. The aim of this work is to intro-
duce a full description of the valence bands and hole scattering mecha-
nisms (light hole, heavy hole, spin–orbit, and subbands due to quantum
confinement) in order to calculate the maximum expected hole mobility
achievable in 2D gas diamond FETs.

Numerous experimental data were reported for 2D hole gas cre-
ated on (001), (011), and (111) H-terminated diamond surfaces.12–21

However, limited theoretical descriptions have been reported in the
literature. Li et al.22 considered the assumption of a triangular well in
order to compute the different scattering rates for four scattering mecha-
nisms such as surface impurity scattering, acoustic deformation poten-
tial scattering, nonpolar optical phonon scattering, and surface/interface
roughness scattering. In their work, Li et al.22 describe the valence bands
assuming a triangular shape potential for the confined holes and a
single density of states mass md ¼ ðm�3=2hh þm�3=2lh þm�3=2so Þ

2=3, with
m�hh; m

�
lh, and m�so being the hole effective masses of heavy hole, light

hole, and split-off hole bands, respectively. These rough assumptions do
not take into account the complex situation of holes confined in a 2D
gas and cannot be used to evaluate reliably the highest mobility value
expected in a 2D gas, where phonon scattering by interband and intra-
band mechanisms is dominant.

For the transport calculation in a 2D system, it is important to
consider each band separately (md will be replaced here by m�hh; m

�
lh,

and m�so), to determine their subband energy level due to the confine-
ment in order to calculate their contribution to the different scattering
mechanisms and finally to compute the mobility.

In order to calculate the mobility and carrier distribution within
a 2D hole gas for (001) and (111) diamond surfaces, we solved the
Schr€odinger and Poisson equation self-consistently thanks to next-
nano-software (supplementary material). A metal/diamond/Al2O3

interface has been chosen in order to accumulate a 2D hole gas at the
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diamond/insulator interface. In that way, the calculations reproduce
typical valence band bending and hole confinement at the diamond
surface, which can be achieved by other methods (electron transfer to
an insulating film or surface adsorbates). The thicknesses of the metal/
diamond/Al2O3 stack were 70/50/1000nm. The 2D gas is confined in
the few first nanometers of diamond at the diamond/Al2O3 interface
[as shown in Fig. 1(b) for a gate bias of �80V]. The sheet carrier con-
centration has been varied thanks to the gate bias within the range of
�80V to 0V.

The different subband energy levels, the hole wave functions, and
the corresponding sheet concentrations (phh, plh, and pso) have been
systematically calculated within each subband for hh, lh, and so bands.
The anisotropy of the effective masses from Ref. 23 has been included
in the 2D model for (111) and (001) diamond surfaces (supplementary
material). For gate bias within the range of �80V–0V, the total sheet
hole concentration pS ¼ phh þ plh þ pso ranges between 5� 1013 cm�3

and 5� 1011 cm�3.
Figure 1 shows the density of states, energy levels, and occupation

probability jWðzÞj2 for the first subband level for a gate bias of�80V cor-
responding to a total sheet carrier concentration around 5� 1013 cm�3

for (001) and (111) diamond/Al2O3 interfaces. The light hole and
heavy hole first subbands have the deepest energy level for (001) and
(111) surfaces, respectively, because of the heaviest effective masses,
i.e., m�hh? for (001) and m�lh? for (111). The hole concentration phh,
plh, and pso of each band can be calculated by multiplying the density

of states by the Fermi Dirac function, where the Fermi level is taken
at the origin of the energy.

The 2D hole mobility has been calculated thanks to the
Boltzmann equation within the relaxation time approximation
assuming parabolic bands (with effective masses given in supplemen-
tary material) and taking into account different scattering mecha-
nisms: acoustical phonon scattering (ac), nonpolar optical phonon
scattering (npo), surface impurity scattering (si), and surface rough-
ness scattering (sr).

For the scattering mechanisms relative to phonons in the 2D
case, one needs to consider interband and also intraband transitions.26

In that case, the wave functions of holes scattered from one initial state
to a final one are not always the same. These wave functions and also
the corresponding overlap integrals are determined thanks to the
numerical simulations described in the supplementary material. For
the different scattering mechanism, we assumed the diamond static
relative dielectric constant �s ¼ 5:7. For the ac scattering, the crystal
mass density q ¼ 3515 kg m�3, the velocity of longitudinal acoustic
phonons vk ¼ 17 536m s�1, and the acoustic deformation potential
extracted for bulk diamond (DA¼ 8 eV3) have been introduced in our
calculation. For the final density of state mass m�f , we used the one of
the subband where the hole is scattered. For the npo phonon scatter-
ing, the optical phonon energy at small values of the phonon wave
vector must be considered. We used a representative phonon energy
�hx0 ¼ 165meV. This phonon energy corresponds to an average
energy of the optical phonon modes at the C point of the Brillouin
zone.25 The effective coupling constant (Dnpo ¼ 7� 109 eV/cm),
which takes into account the intraband scattering and the interband
scattering in bulk diamond,3 has been introduced in the model. Then,
a summation over all the possible final states has been computed.
Finally, for the surface impurity scattering, we used the procedure
described in Refs. 22 and 24. We introduced the sheet hole concentra-
tion from the simulation, which is an important parameter for the
screening effect. The surface impurity density nð2DÞimp and the distance d
from the 2D gas to these coulombic centers are the other parameters
to define. nð2DÞimp is the only parameter depending on the specific case of
the diamond/insulator interface. For example, in the case of H-
terminated diamond/Al2O3,

15 each hole is proposed to be created
thanks to the transfer of an electron from the diamond valence band
to any defect in the oxide close to the interface. In the case of transfer
doping (for example, diamond/MoO3

16), the electron transfer is from
the diamond valence band to the conduction band of the oxide. In
both cases, nð2DÞimp ¼ pS þ NSS, where NSS is the surface states density
(fixed charges due to trap defects at the interface).

First, we assumed that NSS � pS, i.e., n
ð2DÞ
imp ’ pS and d¼ 0, and

we neglected the surface roughness scattering to the total mobility.
The comparison between the calculated mobility for (001) and (111)
diamond surfaces and experimental data from FET mobility values
from the literature vs the sheet carrier concentration pS is reported in
Fig. 2. The mobility is limited by si scattering within the whole
range of sheet concentrations ranging between 5� 1011 cm�3 and
5� 1013 cm�3. The ac and npo scattering is almost negligible. The
vicinity of the negative charges to the hole gas induces a strong
decrease in the hole mobility vs the sheet carrier density. These nega-
tive charges are induced by transfer doping or by transfer to a lower
energy state in the oxide. Here, by assuming d¼ 0, the contribution of
the si scattering limitation is most probably overestimated to the total

FIG. 1. (a) 2D density of states of heavy holes, light holes, and split-off valence
bands of (001) diamond vs energy at a Al2O3/diamond interface for a gate bias of
�80 V. The origin of the energy is taken at the Fermi level position. (b) Valence
band edge energy of heavy holes in (100) diamond (black line) vs distance from
the Al2O3/diamond interface for a gate bias of �80 V. The different lines represent
the energy levels of the subbands (red line: heavy holes, green line: light holes,
and blue line: split-off). The occupation probability jWðzÞj2 is shown for the first
level of each band (red dashed line: heavy holes, green dashed line: light holes,
and blue dashed line: split-off). (c) and (d) are the same for (111) diamond.
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mobility (tot). Indeed, if the negative charge distribution in the oxide is
remote few Å from the interface, the 2D hole carrier mobility will be
enhanced to higher values as described in Ref. 22. This is probably at
the origin of the discrepancy between theoretical values and experimen-
tal ones. Our model reproduces the sheet carrier concentration depen-
dence of the mobility, demonstrating that if the negative charges are
confined too close to the interface. Any increase in the carrier concen-
tration will be counterbalanced by a decrease in the mobility. This is
the origin of the limitation of the mobility generally observed at values
lower than 300 cm2/V s in diamond FET. The hole mobility in the 2D
gas is found to be almost identical for (001) and (111) diamond surfa-
ces due to close values of in-plane effective masses, i.e., m�hhk for (001)
andm�lhk for (111), of the most populated subbands.

Recently, Sasama et al.12 reported a high-mobility diamond (111)
FET with a monocrystalline h-BN gate dielectric. Thanks to this sys-
tem, they were able to modulate the 2D hole gas sheet density thanks
to a gate bias, without a significant decrease in the carrier mobility vs
sheet density (see Fig. 3). Their results clearly evidenced that the nega-
tive charges, needed to ensure the neutrality of the whole system, are
not accumulated in the vicinity of the hole gas but at the interface
between metal and h-BN. The induced negative charges are 7 nm
remote from the 2D hole gas, and so higher mobility is reached with
values up to 500 cm2/V s.

In order to theoretically describe these data, we introduced the h-
BN structure in our mobility model with two si scattering mechanisms

by negative charges: for the first one, nð2DÞimp ¼ pS, negative impurities
are 7 nm remote from the interface and for the second one,

nð2DÞimp ¼ NSS surface state density at the interface (with NSS being the
adjustable parameter of the si scattering). The combination of the two
si scattering mechanisms, phonon scattering mechanisms and the
resulting total mobility, is shown in Fig. 3. The surface roughness scat-
tering sr has also been added.

The numerous negative charges remote from the 2D gas are not
detrimental anymore, like in GaAs/AlGaAs modulation doping tran-
sistors or GaN/AlGaN high electron mobility transistors. The charges
located at 7 nm from gas have a negligible effect on the mobility.
However, some traps with density in the range of NSS ¼ 3:5
� 1011cm–2–5:5� 1011cm�2 are present at the interface, limiting
the mobility. The total mobility ranges between 250 cm2/V s and
500 cm2/V s. For pS > 3� 1012cm�2, the hole mobility decreases vs pS
probably because of the surface roughness scattering, which generally
occurs when hole wave functions are confined in the vicinity of the
dielectric interface. The surface roughness scattering has been intro-
duced in the calculation with a correlation length of L¼ 2nm.22 The
root mean square roughness height D ¼ 0:25 nm has been adjusted in
order to fit the data as shown in Fig. 3.

This shows that the mobility can be improved up to 3000 cm2/V s
(ac þ npo) for pure intrinsic phonon scattering if the interface
charge density can be reduced down to a density below 1010 cm�2

and an atomically flat diamond surface (D¼ 0 nm) whatever the
surface orientation. These high hole mobility values are close to
that of low boron doped bulk diamond.3,27 For such high values,
the hole mobility is limited by the phonon scattering mechanisms

FIG. 2. Room temperature hole mobility vs sheet carrier density in (a) (001) and (b)

(111) diamond field effect transistors assuming nð2DÞimp ’ pS. Lines represent the differ-
ent scattering mechanisms: acoustic phonon (ac), nonpolar optical phonon (npo), sur-

face impurities (si) using the assumption nð2DÞimp ¼ pS, and total mobility including all the
scattering mechanisms (tot). Symbols represent the experimental data reported from
the literature: dark and light gray open circles—(001) and (110) Diamond:H/Air from the
study by Hirama et al.,13 black full circle— (001) Diamond:H/Al2O3 from the study by
Daicho et al.,15 black open circle—(100) Diamond:H/Al2O3 from the study by Verona
et al.,19 green open circle—(001) Diamond:H/MoO3 from the study by Russell et al.,16

green full circle—(001) Diamond:H/MoO3 from the study by Verona et al.,19 yellow full
circle—(001) Diamond:H/Nb2O5 from the study by Verona et al.,19 light blue full circle—
Diamond:H/ReO3 from the study by Tordjman et al.,21 red open circle—(001)
Diamond:H/V2O5 from the study by Crawford et al.,20 orange full circle—(001)
Diamond:H/WO3 from the study by Verona et al.,19 orange dashed line—Diamond:H/
WO3 from the study by Tordjman et al.,17 and dark blue full circle—(001) Diamond:H/
ZrO2 from the study by Liu et al.18

FIG. 3. Room temperature hole mobility vs sheet carrier density diamond FETs.
Symbols represent the experimental data reported by Sasama et al.12 for three
high-mobility diamond FETs with a monocrystalline h-BN gate dielectric. Lines rep-
resent the different scattering mechanisms: acoustic phonon and nonpolar optical
phonon (acþnpo), surface impurities (si) with NSS ¼ 3:5� 1011 cm�2 (in blue)
and NSS ¼ 5:5� 1011 cm�2 (in red), surface roughness (sr) scattering with
L¼ 2 nm and D ¼ 0:25 nm at the diamond/insulator interface, and total mobility
including all the scattering mechanisms (tot).
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(ac þ npo) evaluated here thanks to (i) the well-established phonon
constant determined previously3 and (ii) the full description of the
subband structure given above. The maximum expected 2D mobility
value is higher than that of the bulk mobility because of the anisot-
ropy of the effective masses. Indeed, the most populated subband,
i.e., light holes for (001) and heavy holes for (111), has lighter in-
plane effective masses m�k compared to bulk diamond density of
state mass.

In conclusion, this work demonstrates that a high hole mobility
up to 3000 cm2/V s can be achieved in 2D hole gas diamond FETs
with the use of a high quality dielectric able to repel the negative
charges from the 2D gas. Thanks to such high mobility, diamond
FETs will be able to compete with other wide bandgap materials as
SiC or GaN. In order to reach this value, a atomically flat interface
needs to be achieved with trap density lower than 1010 cm�2.

See the supplementary material for the details of the model used
for the calculation including the Schr€odinger–Poisson equation, the
effective masses, the scattering mechanisms, and the mobility.
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