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Diamond has attracted attention as a next-generation semiconductor because of its various exceptional
properties such as a wide bandgap and high breakdown electric field. Diamond field-effect transistors, for
example, have been extensively investigated for high-power and high-frequency electronic applications. The
quality of their charge transport (i.e., mobility), however, has been limited due to charged impurities near the
diamond surface. Here, we fabricate diamond field-effect transistors by using a monocrystalline hexagonal
boron nitride as a gate dielectric. The resulting high mobility of charge carriers allows us to observe quantum
oscillations in both the longitudinal and Hall resistivities. The oscillations provide important information on the
fundamental properties of the charge carriers, such as effective mass, lifetime, and dimensionality. Our results
indicate the presence of a high-quality two-dimensional hole gas at the diamond surface and thus pave the way
for studies of quantum transport in diamond and the development of low-loss and high-speed devices.
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Shubnikov—de Haas (SdH) oscillations are a representative
quantum transport phenomenon that is caused by Landau
quantization of electronic states under an applied magnetic
field [1]. The frequency of the oscillation corresponds to
the extremal cross-sectional area of the Fermi surface per-
pendicular to the magnetic field, whereas the temperature
and magnetic-field dependences of the oscillation allow one
to estimate the effective mass and lifetime of the charge
carriers. The Berry phase associated with the cyclotron or-
bit and Landé g factor can also be estimated. Thus, SdH
oscillations are a powerful probe for investigating the fun-
damental properties of electronic states. One of the systems
in which SdH oscillations have been intensively studied is
the two-dimensional electron and hole gas in semiconductor
field-effect transistors (FETSs); the semiconductors include
emerging two-dimensional materials, such as graphene [2],
transition-metal dichalcogenides [3], black phosphorus [4],
as well as conventional Si [5,6], Ge [7], GaAs [8,9] and
wide-band-gap GaN [10], ZnO [11], Ga,03 [12].

Diamond with the same crystal structure as Si and Ge
is a promising future semiconductor material due to its ex-
cellent properties, such as a wide bandgap, high breakdown
electric field, high thermal conductivity, and high intrinsic
mobilities [13]. These properties are all superior to those
of Si and Ge [14]. There have been extensive studies on
diamond FETs [15-25] aimed at developing applications for
high-power and high-frequency electronics. SdH oscillations
in diamond, however, have been difficult to observe because
of the low mobilities of the charge carriers in FET structures
and have been reported only in our previous paper [26]. In
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that study, the SdH oscillations were observed in ionic-liquid-
gated diamond FETs. Although the SdH oscillations provided
evidence of the two-dimensional character of the hole gas
that accumulates at the diamond surface, no clear dependence
of the oscillations on gate voltage was observed, and the
indicated spatial inhomogeneity of the hole gas remained an
issue to be resolved.

In this study, we create high-mobility two-dimensional
hole gas in diamond using monocrystalline hexagonal boron
nitride (h-BN) as a gate dielectric of diamond FETs [Figs. 1(a)
and 1(b)]. SdH oscillations are detected in both longitudinal
(pxx) and Hall (py,) resistivities with their frequencies clearly
dependent on the gate voltage. The oscillations as well as
the background magnetic-field dependence of p,, and py, are
quantitatively explained by the standard theory of SdH oscilla-
tions. This result, combined with the suggested homogeneity
of the electronic system, indicates the high quality of the
hole gas. The estimated quantum lifetime also provides useful
insights into the carrier scattering, which limits the mobility
of the hole gas.

The fabrication process and the electrical properties of
the devices at room temperature have been reported in de-
tail elsewhere [27]. Briefly, a monocrystalline #-BN was
cleaved by using Scotch tape and laminated [28] on a
hydrogen-terminated diamond surface, which acted as a chan-
nel of FETs. The hydrogen-terminated diamond surface is
stable in air, has a low density of dangling bonds, and
favors the accumulation of holes due to the energetically
high valence band [29,30]. Unprecedentedly high mobilities
>300cm?> V~'s™! were obtained for the holes at room
temperature, thanks to the excellent properties of A-BN
as a dielectric. For the carrier densities exceeding n. =
(4-6) x 10'> cm~2, the channel remains conductive at low
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FIG. 1. Shubnikov—de Haas oscillations in diamond FET with a monocrystalline #-BN gate dielectric. (a) Schematic of a diamond FET
with a #-BN gate dielectric. The diamond surface in the region covered with the 4-BN is hydrogen terminated for p-type conductivity, whereas
the surface in the other region is oxygen terminated for electrical isolation. Al O3 is shown in a limited region in this figure for clarity, but
it covers the entire diamond surface in the actual devices. (b) Schematic of a A-BN/hydrogen-terminated diamond heterostructure. (c) and
(d) Longitudinal [(c) py.] and Hall [(d) p,,] resistivities of device S1 at different gate voltages at 30 mK plotted as a function of magnetic field.
Shubnikov—de Haas oscillations are seen in both o, and p,,. (¢) Frequency of the SdH oscillation in o [= py./ (pfx + p)z,x )], which depends
monotonically on gate voltage. (f) Gate voltage dependence of the sheet carrier densities calculated from the SdH frequency and low-field Hall
resistivity. The figure also shows the carrier density estimated from the gate capacitance and the simulated density of the holes occupying the

split-off- (SO-) hole subband.

temperatures [27]. (See also Fig. S1 of the Supplemental
Material [31].) At lower carrier densities, the resistance in-
creases with decreasing temperature, which is attributed to
localization of the hole carriers. The carrier density n, re-
quired to make the holes conductive at low temperature in
h-BN-gated diamond FETs is an order of magnitude smaller
than that in ionic-liquid-gated diamond FETSs in our previous
studies [32,33]. This suggests that the hole gas in the 2-BN-
gated FETs was of higher quality. Experimental results for
two devices are described in this Rapid Communication. The
Hall mobility at low temperature reached 304 cm?>V~!s~!
at a Hall carrier density 7.9 x 10'> cm~2 in device S1 and
410 cm®> V~'s7 1 at 5.9 x 10'2 cm~2 in device S2. These val-
ues are higher than those (52-91 cm? V~! s7!) in ionic-liquid-
gated diamond FETs.

The magnetic-field dependences of p., and py, measured
at low temperature for ny,; > n. shows SdH oscillations
[Figs. 1(c) and 1(d)]. The gate voltage dependence of the
oscillation is reproducible. The magnetic-field dependences
of px and p,, were nearly unchanged after the gate voltage
was swept back to zero and swept again to the same voltage.
Furthermore, the p,, curves obtained using two different
sets of Hall probes were in good agreement (Fig. S2 of
the Supplemental Material [31]), and the oscillation in py

was consistent with the oscillation in p,, (see below). The
frequency By of the oscillation monotonically increased with
increasing negative gate voltage [Fig. 1(e)]. These results
indicate stable and uniform controllability of the hole gas with
the gate voltage in the present FETs.

A notable feature in Fig. 1(d) is that p,,(B) has a steplike
structure. This is reminiscent of quantum Hall plateaus, but
the present system is unlikely in the quantum Hall regime.
Pxx(B) does not have any corresponding dips at magnetic-field
values where the plateaulike structures appear in p,,(B). The
oscillations in p., and py, would be in quadrature if the
system was in the quantum Hall regime, but the oscillations
in py, and p,, are nearly in antiphase. In fact, the oscilla-
tions in p,, can be understood as normal SAH oscillations
as shown below. Observation of the quantum Hall effect may
be achievable upon further improvement of the quality of the
diamond/A-BN heterostructure.

The frequency of the SdH oscillations provides an estimate
of the carrier density through the relation nggy = (2¢/h)BF.
The carrier density nggy thus obtained is plotted as a function
of gate voltage in Fig. 1(f). Here, ngqy differs substantially
from npgy, which is estimated from the low-field Hall co-
efficient by assuming a single-carrier model. A similar dis-
crepancy between ngqy and np,; was observed in the other
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FIG. 2. Simulated subband structure at the diamond (111) sur-
face. (a) Energies at the top of subbands obtained by solving the
Schrodinger and Poisson equations in a self-consistent manner. The
figure also shows the Fermi level (Ef) and the spatial variation of
potential energy. z is the depth from the diamond surface. The total
hole density is 1.2 x 10" cm™2. The band mixing of the heavy-,
light-, and split-off holes is neglected in the calculation. HH, LH,
and SO represent the lowest subbands of heavy-, light-, and split-
off holes, and HH2 represents the second subband of heavy holes.
(b) Hole density profiles of the lowest heavy- and lowest split-off-
hole subbands for total carrier density of 1.2 x 10" cm™2.

devices (Fig. S3d of the Supplemental Material [31]). Such
discrepancies or missing carriers have been observed in other
heterointerface systems [7,8,34] and in ionic-liquid-gated dia-
mond FETs [26]. They are generally attributed to the existence
of parallel conduction channels with low carrier mobilities
and/or spatial inhomogeneity in the electronic system.

The origin of the discrepancy between nggy and nyy) in
the present system can be specifically inferred by inspecting
the valence-band electronic structure at the diamond surface.
The valence bands in diamond consist of heavy-, light-, and
split-off-hole bands. These bands are split into subbands at
the diamond surface because the motion of the carriers along
the direction normal to the surface is quantized due to the
gate-induced confining potential. Our calculation based on
Schrodinger-Poisson equations indicates that holes occupy the
lowest heavy and lowest split-off subbands for the relevant
range of the total carrier density expected from the gate
capacitance. (Figure 2; see the Supplemental Material [31]
for details of the calculation.) The calculated density of the
holes that occupy the split-off subband is close to ngau(V,).
[See Fig. 1(f).] We infer that only the holes in the split-off
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FIG. 3. Shubnikov—de Haas oscillations for different magnetic-
field orientations. (a) Shubnikov—de Haas oscillations observed for
device S2 at Vgs = —3.5 V for different magnetic-field orientations
at 30 mK. The oscillating component after subtracting the back-
ground is plotted as a function of the applied magnetic-field B,. 6
is the angle between the magnetic field and the direction normal
to the diamond surface. (b) The data in (a) plotted as a function of
B, cos(0), the field component perpendicular to the diamond surface.
The curves in (a) and (b) are vertically offset for clarity.

subband, which have a sufficiently high mobility, lead to the
SdH oscillations. The holes in the heavy-hole subband, with
relatively lower energies and positions closer to the surface,
should have lower mobilities that are not high enough to lead
to SdH oscillations. A further improvement in device quality
and/or application of a higher magnetic field may allow us
to observe the SdH oscillations of the holes in the heavy-hole
subband as well.

The two-dimensional nature of the hole gas expected from
the quantum confinement was evidenced by the oscillations
in different magnetic-field orientations. Figure 3(a) shows
the SdH oscillations observed for different angles between
the magnetic field and the direction normal to the diamond
surface. The maxima and minima of the oscillations shift
towards higher magnetic fields (lower 1/B) as 6 increases.
When the data are plotted as a function of B cos(6), however,
the positions of the maxima (minima) are approximately the
same [Fig. 3(b)]. This indicates that the field component
normal to the diamond surface leads to the oscillation and
thus provides evidence that the hole gas is two dimensional.
The good agreement of the SdH oscillations with the standard
theory for two-dimensional systems (see below) also indicates
the two-dimensional nature of the hole gas.

The effective mass of the carriers that show the SdH
oscillations can be estimated from the temperature depen-
dence of the oscillations. Figure 4(a) shows the oscillations
at different temperatures for device S2 at a gate voltage
Vs of —3.5 V. The oscillation amplitude obtained from
the peak values at 1/B =0.64 and 0.077 (1/T) is plotted
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FIG. 4. Shubnikov—-de Haas oscillations at different tempera-
tures. (a) Shubnikov—de Haas oscillations observed for device S2
at Vgs = —3.5 V at different temperatures. The curves are offset
for clarity. (b) Temperature dependence of the oscillation amplitude
obtained from the peak values at 1/B = 0.64 and 0.077 (1/T). The
line is a fit to the temperature reduction factor Ry [Eq. (5)], providing
an estimate of the effective mass m*/my = 0.54 £ 0.02.

as a function of temperature in Fig. 4(b). The cyclotron
effective-mass m*/my = 0.54 & 0.02 was obtained by fitting
these data with the temperature reduction factor Ry (B, T) =
Qr’m*kpT /heB)/ sinh(Qrw*>m*kpT /hieB). (mq is the free-
electron mass.) This value deviates from 0.375 [35] and
0.394 [36] of split-off holes in bulk diamond. This may
be due to band mixing caused by the gate-induced electric
field [37,38].

Now let us perform a more detailed analysis of the oscil-
lations to obtain further insight into the hole gas. As shown
above, there is a parallel conduction channel presumably due
to the heavy-hole subband in addition to the one that shows the
SdH oscillations. Therefore, we performed an analysis based
on oy, and oy, rather than p., and p,.. oy, and o,, can be
obtained from py, and py, using oy = py/ (05, + p5,) and
Oxy = Pyx/ (,ofx + py2x) [Figs. 5(a) and 5(b)]. oy, and o, fit the
two-carrier model,

en iy eny iy
Oxx = + s 1
[+ GuB? T T+ By M
enu?B en 2B
Oy = 117 o+ 245 . )
14+ (u1B)?* 14 (u2B)

Here, the carrier density obtained from the SdH frequency is
taken as n for the split-off holes. n; for the heavy holes is as-
sumed to be 5n; as the calculation based on the Schrodinger-
Poisson equations provides ny/n; &~ 5 for the carrier density
range corresponding to the experiment. By setting the mobil-
ities ;) and p, as the fitting parameters, satisfactory fits to
both oy, and oy, are obtained. u (12) obtained from oy, and
i1 (o) obtained from oy, are in good agreement [Fig. 5(c)],

x Ry (B, T)Rp(B)Rs cos [m% - n], )

R(B.T) — 2% m*kgT /heB 5

rB.1) = sinh(22m*ksT /lieB)’ )

Rp(B) = exp[—7/(uyB)], (6)

Re = T *m_* 1 (7)
S mg cos (8) |

0 is the magnetic-field orientation relative to the direction
normal to the surface, B = B, cos (6), where B, is the applied
magnetic field. o (=ety/m*) is the transport mobility and
g (=et,/m*)is the quantum mobility, each corresponding to
the transport lifetime 7y and quantum lifetime 7,. Generally,
79 > 1, because all scattering processes equally contribute
to the quantum lifetime, whereas small-angle scattering has
a smaller effect on the transport lifetime [40]. We intro-
duced temperature- and magnetic-field-independent coeffi-
cients ay, (>0) and ay, (>0); ax = ax, = 1 in the original
theory. Note that the above equations are for holes, whereas
those in Ref. [9] are for electrons; therefore, the sign of Aoy,
is opposite. The fitting of Aoy, and Aoy, with Egs. (3)—(7) by
setting fLo, Hg, AxcRs (O ayRs), and Br as fitting parameters
led to a large uncertainty in the obtained parameter values. In-
stead, by assuming that 1 and j1, are identical to 11 obtained
by the two-carrier-model fitting and by setting a,,Rs and Br as
fitting parameters, a reasonably good fit of Aoy, was obtained
as shown in Fig. 5(e). [a,,Rs and By obtained by the fitting
are shown in Figs. 5(f) and 1(e).] Here, Ry was set to unity be-
cause Ry (T — 0) = 1 and the temperature was low enough.
Changing p, within about 20% did not cause any significant
change in the fitting, but making p, twice or half as large
clearly degraded the fitting. (See Fig. S4 of the Supplemental
Material [31].) The parameter set obtained by the fitting to
Ao,y and a,./a,, = 2.5 reproduces Aoy, [Fig. 5(d)]. Thus,
the overall magnetic-field dependences of oy, and o, includ-
ing the SdH oscillations are almost completely explained by
the theory of SdH oscillations [Eqgs. (3)—(7)] together with
the two-carrier model [Eqgs. (1) and (2)]. The same conclu-
sion is reached for the experimental data on another device
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FIG. 5. Detailed analysis of Shubnikov—de Haas oscillations. (a) and (b) Magnetic-field dependence of (a) o, and (b) o,, of device S1 at
30 mK. The dashed lines are fits to the two-carrier model. (c) Mobilities of the two kinds of carrier obtained by the fitting. The figure also
shows the mobility obtained by the single-carrier model using o,.(B = 0) and o,, at low magnetic field. (d) and (e) The oscillating part of
oy, and o,, obtained by subtracting the backgrounds [the dashed lines in (a) and (b)]. The curves are offset for clarity. The dashed lines are
fits to the standard model of Shubnikov—de Haas oscillations. (See the text.) (f) Gate voltage dependence of a,,Rs obtained by the fitting. (g)
Fan diagram, showing the Landau indices plotted versus inverse magnetic fields at which Aoy, has the maxima and minima; dark brown dots
represent the maxima in Ao,,, corresponding to the minima in Ao,,, and light brown dots represent the minima in Ao,,, corresponding to
the maxima in Ao,,. The closed dots are for device S1 at Vgs = —10 to —6 V from top to bottom, and the open dots are for device S2 at
Vs = —4.5 to —3.5 V from top to bottom. The lines are a linear fit, indicating the vertical-axis intercept close to —0.5 for the data of device
S1 at Vgs = —10 and —9 V (blue lines) and close to O for the other data (black lines).

(see Fig. S3 of the Supplemental Material [31]). The deviation
of ay, and a,, from unity in our devices may be associated
with localized states between Landau levels [9]. (See the
Supplemental Material [31].)

The above results suggest that the quantum lifetime is close
to the transport lifetime (10/4~1) in the present system. The
theoretical calculations indicate that wo/u, can be larger than
ten if the spatial separation z; between the impurities and the
carriers, or the Fermi wave-vector kg is large, whereas 110/ 144
is close to unity for the opposite limit [41]. For example,
Mo/ ig =10 if z; is larger than ~1/kg (for zigrr = 0.5-8),

which is often the case in GaAs/Ga;_,Al,As heterostructures.
(gtr is the Thomas-Fermi screening constant.) The decrease
in z; or kp leads to a decrease in po/pg; 1< o/ g<1.2
for z; smaller than ~0.1/kr (for zigtp = 0.5-8). As kp =
0.27-0.47 nm~! for the carriers showing the SdH oscillations,
the above results suggest that z; is smaller than ~0.2-0.4 nm
in our devices. This is reasonable because the major scattering
source in the present system is attributed to negatively charged
impurities on the diamond surface [27].

Interestingly, the sign of Ry obtained above changes with
the gate voltage. For device S1, Rg was negative for Vgg = —9
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and —10 V, but positive for Vgg = —6 to —8 V [Fig. 5(f)]. Rs
was positive for all the gate voltages in the case of device
S2, for which the SdH carrier density was lower than that
for device S1 (Fig. S3j of the Supplemental Material [31]).
The change in the sign of Ry means a change in the phase in
the oscillation, which is also evidenced by the fan diagram
[Fig. 5(g)]: the vertical-axis intercept is close to —0.5 for
the linear fit to the data of device S1 at Vgg = —9 and
—10V, but it is close to O for the other data. This result
suggests that g*m*/my<1 (or 3<g*m*/my<5) for nggg <
2.6 x 102 cm™2 and 1 < g*m*/my < 3 (or 5 < g'm* /my <
7) for ngqy > 3.2 x 10'> cm™2. The dependence of m* and/or
g* on the gate voltage appears to be the origin of Rg changing
sign. Systematic measurements of m* and g* for different
gate voltages will be required to clarify this point. g* can
be determined from the detailed magnetic-field-orientation
dependence of the oscillation; g* = n(my/m*)cos(6¢c) (n =
1,3,5---), where ¢ is the angle at which the oscillation
disappears due to the cancellation between the spin-up and
spin-down oscillations. For such measurements, it will be
important to improve the quality of devices by reducing the
charged impurities on the diamond surface. Another approach
to studying the carrier-density dependence of g* was recently
taken on an ionic-liquid-gated diamond FET [42], although it
was in a carrier-density range an order of magnitude larger
(>2 x 10" cm™2) than in our FETSs.

In summary, SdH oscillations were observed in the longi-
tudinal and Hall resistivities of diamond FETs fabricated with
monocrystalline #2-BN as a gate dielectric. The frequency of
the oscillation clearly depended on the gate voltage, and the
corresponding carrier density could be understood in terms

of the subband structure at the diamond surface. The SdH
oscillations as well as the magnetic-field dependence of o,
and o,, were quantitatively explained using a two-carrier
model and the standard theory of the SdH oscillation for
two-dimensional systems. This result indicates that a high-
quality hole gas accumulated at the diamond surface. The
ratio between the quantum and transport lifetimes is close
to unity, which suggests that the charged impurities at the
interface between diamond and A-BN are the major cause
of carrier scattering. The high-quality hole gas demonstrated
in this study has great potential for low-loss and high-speed
electronics. Furthermore, it will open the door to a broad range
of new research. For example, the low dielectric constant
(=5.7¢p) [43] and heavy carrier effective masses [35,36] of
diamond may lead to strong carrier correlations and exotic
quantum phenomena [44,45]. The small spin-orbit interac-
tion [46] and low concentration of '*C with a nuclear spin [47]
will be advantageous for exploring spintronic applications of
high-mobility carriers in diamond. Furthermore, the possi-
bility of electric-field-induced superconductivity in the low
disorder limit is also interesting [32,48—50]. Thus, our results
pave the way for studies of quantum transport in diamond as
well as practical device applications.

We thank H. Osato, E. Watanabe, and D. Tsuya for their
technical support. We thank J. Inoue for useful discussions.
We also thank T. Ando, S. Koizumi, T. Teraji, Y. Wakayama,
and T. Nakayama for their kind support. This study was
supported by Grants-in-Aid for Scientific Research (Grants
No. 25287093, No. 26630139, and No. 19H02605) and the
“Nanotechnology Platform Project” of MEXT, Japan.

[1] D. Shoenberg, Magnetic Oscillations in Metals (Cambridge
University Press, Cambridge, U.K., 1984).

[2] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y.
Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov,
Science 306, 666 (2004).

[3] X. Cui, G. H. Lee, Y. D. Kim, G. Arefe, P. Y. Huang,
C. H. Lee, D. A. Chenet, X. Zhang, L. Wang, F. Ye, F
Pizzocchero, B. S. Jessen, K. Watanabe, T. Taniguchi, D. A.
Muller, T. Low, P. Kim, and J. Hone, Nat. Nanotechnol. 10, 534
(2015).

[4] L. Li, G. J. Ye, V. Tran, R. Fei, G. Chen, H. Wang, J. Wang,
K. Watanabe, T. Taniguchi, L. Yang, X. H. Chen, and Y. Zhang,
Nat. Nanotechnol. 10, 608 (2015).

[5] A. B. Fowler, F. FE. Fang, W. E. Howard, and P. J. Stiles, Phys.
Rev. Lett. 16, 901 (1966).

[6] K. v. Klitzing, G. Landwehr, and G. Dorda, Solid State
Commun. 14, 387 (1974).

[7] J. Binder, K. Germanova, A. Huber, and F. Koch, Phys. Rev. B
20, 2382 (1979).

[8] H. L. Stormer and W. T. Tsang, Appl. Phys. Lett. 36, 685
(1980).

[9] P. T. Coleridge, R. Stoner, and R. Fletcher, Phys. Rev. B 39,
1120 (1989).

[10] M. A. Khan, J. N. Kuznia, J. M. Van Hove, N. Pan, and J. Carter,
Appl. Phys. Lett. 60, 3027 (1992).

[11] A. Tsukazaki, A. Ohtomo, T. Kita, Y. Ohno, H. Ohno, and
M. Kawasaki, Science 315, 1388 (2007).

[12] Y. Zhang, A. Neal, Z. Xia, C. Joishi, J. M. Johnson, Y. Zheng, S.
Bajaj, M. Brenner, D. Dorsey, K. Chabak, G. Jessen, J. Hwang,
S. Mou, J. P. Heremans, and S. Rajan, Appl. Phys. Lett. 112,
173502 (2018).

[13] C.J. H. Wort and R. S. Balmer, Mater. Today 11, 22 (2008).

[14] S. M. Sze, Semiconductor Devices, Physics and Technology, 2nd
ed. (Wiley, Hoboken, NJ, 2002).

[15] H. Kawarada, H. Tsuboi, T. Naruo, T. Yamada, D. Xu, A.
Daicho, T. Saito, and A. Hiraiwa, Appl. Phys. Lett. 105,013510
(2014).

[16] Y. V. Gulyaev, A. Y. Mityagin, G. V. Chucheva, M. S. Afanasév,
K. N. Zyablyuk, N. K. Talipov, P. G. Nedosekin, and A. Nabiev,
J. Commun. Technol. Electron. 59, 282 (2014).

[17] A. Vardi, M. Tordjman, J. A. del Alamo, and R. Kalish, IEEE
Electron Device Lett. 35, 1320 (2014).

[18] S. Russell, S. Sharabi, A. Tallaire, and D. A. Moran, IEEE
Trans. Electron Devices 62, 751 (2015).

[19] T. Matsumoto, H. Kato, K. Oyama, T. Makino, M. Ogura, D.
Takeuchi, T. Inokuma, N. Tokuda, and S. Yamasaki, Sci. Rep.
6, 31585 (2016).

[20] M. Kasu, Jpn. J. Appl. Phys. 56, 01AA01 (2017).

[21] Z. Ren, J. Zhang, J. Zhang, C. Zhang, S. Xu, Y. Li, and Y. Hao,
IEEE Electron Device Lett. 38, 786 (2017).

121601-6


https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nnano.2015.70
https://doi.org/10.1038/nnano.2015.70
https://doi.org/10.1038/nnano.2015.70
https://doi.org/10.1038/nnano.2015.70
https://doi.org/10.1038/nnano.2015.91
https://doi.org/10.1038/nnano.2015.91
https://doi.org/10.1038/nnano.2015.91
https://doi.org/10.1038/nnano.2015.91
https://doi.org/10.1103/PhysRevLett.16.901
https://doi.org/10.1103/PhysRevLett.16.901
https://doi.org/10.1103/PhysRevLett.16.901
https://doi.org/10.1103/PhysRevLett.16.901
https://doi.org/10.1016/0038-1098(74)90566-3
https://doi.org/10.1016/0038-1098(74)90566-3
https://doi.org/10.1016/0038-1098(74)90566-3
https://doi.org/10.1016/0038-1098(74)90566-3
https://doi.org/10.1103/PhysRevB.20.2382
https://doi.org/10.1103/PhysRevB.20.2382
https://doi.org/10.1103/PhysRevB.20.2382
https://doi.org/10.1103/PhysRevB.20.2382
https://doi.org/10.1063/1.91624
https://doi.org/10.1063/1.91624
https://doi.org/10.1063/1.91624
https://doi.org/10.1063/1.91624
https://doi.org/10.1103/PhysRevB.39.1120
https://doi.org/10.1103/PhysRevB.39.1120
https://doi.org/10.1103/PhysRevB.39.1120
https://doi.org/10.1103/PhysRevB.39.1120
https://doi.org/10.1063/1.106798
https://doi.org/10.1063/1.106798
https://doi.org/10.1063/1.106798
https://doi.org/10.1063/1.106798
https://doi.org/10.1126/science.1137430
https://doi.org/10.1126/science.1137430
https://doi.org/10.1126/science.1137430
https://doi.org/10.1126/science.1137430
https://doi.org/10.1063/1.5025704
https://doi.org/10.1063/1.5025704
https://doi.org/10.1063/1.5025704
https://doi.org/10.1063/1.5025704
https://doi.org/10.1016/S1369-7021(07)70349-8
https://doi.org/10.1016/S1369-7021(07)70349-8
https://doi.org/10.1016/S1369-7021(07)70349-8
https://doi.org/10.1016/S1369-7021(07)70349-8
https://doi.org/10.1063/1.4884828
https://doi.org/10.1063/1.4884828
https://doi.org/10.1063/1.4884828
https://doi.org/10.1063/1.4884828
https://doi.org/10.1134/S1064226914030061
https://doi.org/10.1134/S1064226914030061
https://doi.org/10.1134/S1064226914030061
https://doi.org/10.1134/S1064226914030061
https://doi.org/10.1109/LED.2014.2364832
https://doi.org/10.1109/LED.2014.2364832
https://doi.org/10.1109/LED.2014.2364832
https://doi.org/10.1109/LED.2014.2364832
https://doi.org/10.1109/TED.2015.2392798
https://doi.org/10.1109/TED.2015.2392798
https://doi.org/10.1109/TED.2015.2392798
https://doi.org/10.1109/TED.2015.2392798
https://doi.org/10.1038/srep31585
https://doi.org/10.1038/srep31585
https://doi.org/10.1038/srep31585
https://doi.org/10.1038/srep31585
https://doi.org/10.7567/JJAP.56.01AA01
https://doi.org/10.7567/JJAP.56.01AA01
https://doi.org/10.7567/JJAP.56.01AA01
https://doi.org/10.7567/JJAP.56.01AA01
https://doi.org/10.1109/LED.2017.2695495
https://doi.org/10.1109/LED.2017.2695495
https://doi.org/10.1109/LED.2017.2695495
https://doi.org/10.1109/LED.2017.2695495

QUANTUM OSCILLATIONS IN DIAMOND FIELD-EFFECT ...

PHYSICAL REVIEW MATERIALS 3, 121601(R) (2019)

[22] J. W. Liu, H. Oosato, M. Y. Liao, and Y. Koide, Appl. Phys.
Lett. 110, 203502 (2017).

[23] T. T. Pham, J. Pernot, G. Perez, D. Eon, E. Gheeraert,
and N. Rouger, IEEE Electron Device Lett. 38, 1571
(2017).

[24] R. Karaya, 1. Baba, Y. Mori, T. Matsumoto, T. Nakajima, N.
Tokuda, and T. Kawae, Jpn. J. Appl. Phys. 56, 10PF06 (2017).

[25] Y. F. Wang, W. Wang, X. Chang, X. Zhang, J. Fu, Z. Liu, D.
Zhao, G. Shao, S. Fan, R. Bu, J. Zhang, and H. X. Wang, Sci.
Rep. 9, 5192 (2019).

[26] Y. Takahide, H. Okazaki, K. Deguchi, S. Uji, H. Takeya, Y.
Takano, H. Tsuboi, and H. Kawarada, Phys. Rev. B 89, 235304
(2014).

[27] Y. Sasama, K. Komatsu, S. Moriyama, M. Imura, T. Teraji, K.
Watanabe, T. Taniguchi, T. Uchihashi, and Y. Takahide, APL
Mater. 6, 111105 (2018).

[28] C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S.
Sorgenfrei, K. Watanabe, T. Taniguchi, P. Kim, K. L. Shepard,
and J. Hone, Nat. Nanotechnol. 5, 722 (2010).

[29] F. Maier, M. Riedel, B. Mantel, J. Ristein, and L. Ley, Phys.
Rev. Lett. 85, 3472 (2000).

[30] S.J. Sque, R. Jones, and P. R. Briddon, Phys. Rev. B 73, 085313
(2006).

[31] See Supplemental Material at https://link.aps.org/supplemental/
10.1103/PhysRevMaterials.3.121601 for details of measure-
ment setup, calculation of subband structures, deviation of
the SdH-oscillation amplitude from theory, temperature de-
pendence of longitudinal resistivity at different gate voltages,
Hall resistivity measured with different pairs of electrodes,
detailed analysis of SdH oscillations in device S2, and fitting
to SdH-oscillation data of device S1 by using different values
of quantum mobility.

[32] T. Yamaguchi, E. Watanabe, H. Osato, D. Tsuya, K. Deguchi, T.
Watanabe, H. Takeya, Y. Takano, S. Kurihara, and H. Kawarada,
J. Phys. Soc. Jpn. 82, 074718 (2013).

[33] Y. Takahide, Y. Sasama, H. Takeya, Y. Takano, T. Kageura, and
H. Kawarada, Rev. Sci. Instrum. 89, 103903 (2018).

[34] A. D. Caviglia, S. Gariglio, C. Cancellieri, B. Sacépé, A. Féte,
N. Reyren, M. Gabay, A. F. Morpurgo, and J. M. Triscone,
Phys. Rev. Lett. 105, 236802 (2010).

[35] N. Naka, K. Fukai, Y. Handa, and I. Akimoto, Phys. Rev. B 88,
035205 (2013).

[36] M. Willatzen, M. Cardona, and N. E. Christensen, Phys. Rev. B
50, 18054 (1994).

[37] F.J. Ohkawa and Y. Uemura, Prog. Theor. Phys. Suppl. 57, 164
(1975).

[38] G. Landwehr, E. Bangert, K. von Klitzing, T. Englert, and G.
Dorda, Solid State Commun. 19, 1031 (1976).

[39] A. Isihara and L. Smrcka, J. Phys. C 19, 6777 (1986).

[40] J. H. Davies, The Physics of Low-dimensional Semiconduc-
tors: An Introduction (Cambridge University Press, Cambridge,
U.K,, 1998), Sec. 8.2.

[41] S. Das Sarma and F. Stern, Phys. Rev. B 32, 8442 (1985).

[42] G. Akhgar, L. Ley, D. L. Creedon, A. Stacey, J. C. McCallum,
A. R. Hamilton, C. L. Pakes, Phys. Rev. B 99, 035159 (2019).

[43] S. Bhagavantam and D. Rao, Nature (London) 161, 729 (1948).

[44] S. V. Kravchenko and M. P. Sarachik, Rep. Prog. Phys. 67, 1
(2003).

[45] Y. Kozuka, A. Tsukazaki, and M. Kawasaki, Appl. Phys. Rev.
1, 011303 (2014).

[46] R. Winkler, Spin-Orbit Coupling Effects in Two-Dimensional
Electron and Hole Systems (Springer-Verlag, Berlin/Heidelberg,
2003), Sec. 3.

[47] T. Teraji, T. Yamamoto, K. Watanabe, Y. Koide, J. Isoya, S.
Onoda, T. Ohshima, L. J. Rogers, F. Jelezko, P. Neumann, J.
Wrachtrup, and S. Koizumi, Phys. Status Solidi A 212, 2365
(2015).

[48] P. Phillips, Y. Wan, 1. Martin, S. Knysh, and D. Dalidovich,
Nature (London) 395, 253 (1998).

[49] K. Nakamura, S. H. Rhim, A. Sugiyama, K. Sano, T. Akiyama,
T. Ito, M. Weinert, and A. J. Freeman, Phys. Rev. B 87, 214506
(2013).

[50] K. Sano, T. Hattori, and K. Nakamura, Phys. Rev. B 96, 155144
(2017).

121601-7


https://doi.org/10.1063/1.4983091
https://doi.org/10.1063/1.4983091
https://doi.org/10.1063/1.4983091
https://doi.org/10.1063/1.4983091
https://doi.org/10.1109/LED.2017.2755718
https://doi.org/10.1109/LED.2017.2755718
https://doi.org/10.1109/LED.2017.2755718
https://doi.org/10.1109/LED.2017.2755718
https://doi.org/10.7567/JJAP.56.10PF06
https://doi.org/10.7567/JJAP.56.10PF06
https://doi.org/10.7567/JJAP.56.10PF06
https://doi.org/10.7567/JJAP.56.10PF06
https://doi.org/10.1038/s41598-019-41082-8
https://doi.org/10.1038/s41598-019-41082-8
https://doi.org/10.1038/s41598-019-41082-8
https://doi.org/10.1038/s41598-019-41082-8
https://doi.org/10.1103/PhysRevB.89.235304
https://doi.org/10.1103/PhysRevB.89.235304
https://doi.org/10.1103/PhysRevB.89.235304
https://doi.org/10.1103/PhysRevB.89.235304
https://doi.org/10.1063/1.5055812
https://doi.org/10.1063/1.5055812
https://doi.org/10.1063/1.5055812
https://doi.org/10.1063/1.5055812
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1103/PhysRevLett.85.3472
https://doi.org/10.1103/PhysRevLett.85.3472
https://doi.org/10.1103/PhysRevLett.85.3472
https://doi.org/10.1103/PhysRevLett.85.3472
https://doi.org/10.1103/PhysRevB.73.085313
https://doi.org/10.1103/PhysRevB.73.085313
https://doi.org/10.1103/PhysRevB.73.085313
https://doi.org/10.1103/PhysRevB.73.085313
https://link.aps.org/supplemental/10.1103/PhysRevMaterials.3.121601
https://doi.org/10.7566/JPSJ.82.074718
https://doi.org/10.7566/JPSJ.82.074718
https://doi.org/10.7566/JPSJ.82.074718
https://doi.org/10.7566/JPSJ.82.074718
https://doi.org/10.1063/1.5041936
https://doi.org/10.1063/1.5041936
https://doi.org/10.1063/1.5041936
https://doi.org/10.1063/1.5041936
https://doi.org/10.1103/PhysRevLett.105.236802
https://doi.org/10.1103/PhysRevLett.105.236802
https://doi.org/10.1103/PhysRevLett.105.236802
https://doi.org/10.1103/PhysRevLett.105.236802
https://doi.org/10.1103/PhysRevB.88.035205
https://doi.org/10.1103/PhysRevB.88.035205
https://doi.org/10.1103/PhysRevB.88.035205
https://doi.org/10.1103/PhysRevB.88.035205
https://doi.org/10.1103/PhysRevB.50.18054
https://doi.org/10.1103/PhysRevB.50.18054
https://doi.org/10.1103/PhysRevB.50.18054
https://doi.org/10.1103/PhysRevB.50.18054
https://doi.org/10.1143/PTPS.57.164
https://doi.org/10.1143/PTPS.57.164
https://doi.org/10.1143/PTPS.57.164
https://doi.org/10.1143/PTPS.57.164
https://doi.org/10.1016/0038-1098(76)90092-2
https://doi.org/10.1016/0038-1098(76)90092-2
https://doi.org/10.1016/0038-1098(76)90092-2
https://doi.org/10.1016/0038-1098(76)90092-2
https://doi.org/10.1088/0022-3719/19/34/015
https://doi.org/10.1088/0022-3719/19/34/015
https://doi.org/10.1088/0022-3719/19/34/015
https://doi.org/10.1088/0022-3719/19/34/015
https://doi.org/10.1103/PhysRevB.32.8442
https://doi.org/10.1103/PhysRevB.32.8442
https://doi.org/10.1103/PhysRevB.32.8442
https://doi.org/10.1103/PhysRevB.32.8442
https://doi.org/10.1103/PhysRevB.99.035159
https://doi.org/10.1103/PhysRevB.99.035159
https://doi.org/10.1103/PhysRevB.99.035159
https://doi.org/10.1103/PhysRevB.99.035159
https://doi.org/10.1038/161729a0
https://doi.org/10.1038/161729a0
https://doi.org/10.1038/161729a0
https://doi.org/10.1038/161729a0
https://doi.org/10.1088/0034-4885/67/1/R01
https://doi.org/10.1088/0034-4885/67/1/R01
https://doi.org/10.1088/0034-4885/67/1/R01
https://doi.org/10.1088/0034-4885/67/1/R01
https://doi.org/10.1063/1.4853535
https://doi.org/10.1063/1.4853535
https://doi.org/10.1063/1.4853535
https://doi.org/10.1063/1.4853535
https://doi.org/10.1002/pssa.201532449
https://doi.org/10.1002/pssa.201532449
https://doi.org/10.1002/pssa.201532449
https://doi.org/10.1002/pssa.201532449
https://doi.org/10.1038/26179
https://doi.org/10.1038/26179
https://doi.org/10.1038/26179
https://doi.org/10.1038/26179
https://doi.org/10.1103/PhysRevB.87.214506
https://doi.org/10.1103/PhysRevB.87.214506
https://doi.org/10.1103/PhysRevB.87.214506
https://doi.org/10.1103/PhysRevB.87.214506
https://doi.org/10.1103/PhysRevB.96.155144
https://doi.org/10.1103/PhysRevB.96.155144
https://doi.org/10.1103/PhysRevB.96.155144
https://doi.org/10.1103/PhysRevB.96.155144

