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The critical concentration of superconductor-to-insulator transition in boron-doped diamond is determined in
two ways, namely, the actual doping concentration of boron and the Hall carrier concentration. Hall carrier
concentrations in (111) and (001) films exceed the actual doping concentration owing to the distortion of the
Fermi surface. The high critical boron concentration in (110) films is owing to the effect of the high concen-

tration of interstitial boron atoms. A boron concentration of 3 X 102 cm

inducing superconductivity in diamond.
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I. INTRODUCTION

The discovery of superconductivity in a degenerate semi-
conductor of boron-doped diamond in 2004 (Refs. 1-3)
stimulated the studies of the low-carrier-density supercon-
ductor of a doped semiconductor. The observations of super-
conductivity have been reported subsequently in other doped
semiconductors, namely, silicon,* silicon carbide,” and re-
cently germanium.® The superconducting transition tempera-
ture (T) in boron-doped diamond is high among such doped
semiconductors.”® The zero-resistivity temperature T offset
in (111) films is 7.4 K with the actual doping concentration
ng=8 X 10?! cm™. T, depends on the growth orientation.
T¢ ofpser in (001) films is 3.2 K despite the same boron con-
centration. To provide an insight into the research of super-
conductivity in the doped semiconductor, the quantitative
data about the doping dependence of 7 is investigated in the
wide boron concentration range of 1X10X°<ng<I
X 10%* ¢cm™, considering growth orientations, such as (111),
(001), and (110). Moreover, both the boron concentration ng
measured by secondary ion mass spectroscopy (SIMS) and
the effective carrier concentration ny measured by Hall ef-
fect measurement are evaluated. The ratio of boron concen-
tration ng and carrier concentration ny reveals the
superconductor-to-insulator (SI) transition in boron-doped
diamond more clearly.

II. SAMPLE PREPARATION AND EXPERIMENTS

All boron-doped diamond films were epitaxially grown by
quartz tube-type microwave plasma-assisted chemical vapor
deposition (CVD). (111), (001), and (110) single-crystalline
diamond substrates synthesized under high pressure and high
temperature were employed. The thicknesses of the samples
are above 100 nm, from which we have confirmed that T is
not affected by the sample thickness. To distinguish between
a superconductor and an insulator clearly, the superconduct-
ing transition temperature was defined as the temperature at
which resistivity decreases to 90% of the normal-state resis-
tivity. Actual doping concentrations of boron ny in the films
were measured by SIMS. Carrier concentrations ny were
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=3 in substitutional site is required for

PACS number(s): 71.55.Cn, 74.78.—w, 74.25.Dw, 74.62.Dh

measured by Hall effect measurement in the magnetic field
range of =5 T at 300 K. ny is given by ny=1/(eRp)
=1,B/etVy, assuming that the Fermi surface is simply spheri-
cal. Here, Ry is the Hall coefficient, I, is the current through
the sample, 7 is the film thickness, and Vp is the Hall voltage.
X-ray diffraction (XRD) was performed to evaluate the crys-
talline lattice expansion of boron-doped diamond films. 6-26
curves of (111), (004), and (220) symmetric Bragg reflec-
tions were measured in (111), (001), and (110) films, respec-
tively. Reciprocal space mapping (RSM) of (113) asymmet-
ric Bragg reflections was also performed to evaluate both
perpendicular and in-plane lattice expansions in (111) and
(001) films. The uncertainty of ng, ny and lattice expansion
ratio is minimized by using large samples of 2-3 mm. The
distribution of boron atoms measured by SIMS is
homogenous.? Total errors are less than 40%.

III. DOPING CONCENTRATION AND
SUPERCONDUCTIVITY

The dependence of T on the boron concentration ng
measured by SIMS is shown in Fig. 1. For np<3
X 10?° ¢cm™ in (111) films, the samples do not show the
superconducting transition down to 0.4 K. The sharp drops in
resistivity are clearly observed above that concentration. The
critical boron concentration of SI transition in (111) films is
estimated to be 3X 10 cm™. T in (111) films does not
tend to saturate up to the maximum 7. of 8.3 K with np
=8 X 10*" cm™. T in (001) films is almost the same as that
in (111) films around SI transition. The critical boron con-
centration in (001) films is estimated to be 3 X 10 cm™. T
in (001) films seems to saturate, unlike that in (111) films.
The superconducting transition in (111) and (001) films oc-
curs in the concentration range of 3X10°<ngz<1
X 10?* cm™3, which is a very wide compared with other su-
perconductors (9 X 10" <ny<3x 10 cm™ in SrTiO; and
6X102°<ng<2x10*" ecm™ in La,_Sr,CuO,). Consider-
ing the very wide concentration range, the maximum 7.
=8.3 K may be the optimum. However, the optimum con-
centration has not been estimated because the boron cannot
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FIG. 1. (Color online) Dependence of T on boron concentra-
tion measured by SIMS. Triangle plots are for (111) boron-doped
diamond films, square plots for (001) films, and diamond-shaped
plots for (110) films. Solid lines are drawn so as to fit the data in the
plots. The dashed line shows the measurement limit of the tempera-
ture (0.4 K) in our *He cooling system. The critical boron concen-
trations of superconductor-to-insulator transition are estimated to be
3% 10% cm™ in (111) and (001) films and 9 X 10° ¢m™ in (110)
films.

be incorporated above 1X 10?> cm™ in the present doping
technology. Some theoretical studies predict the higher 7
with increasing the doping concentration. The superconduct-
ing properties in (110) films are also evaluated. It is difficult
to incorporate boron atoms into (110) films. The maximum
doping level in (110) films is 4 X 10> cm™ which is twice
lower than those in (111) and (001) films. Superconductivity
is not observed for ng<9 X 10%° cm™ for (110) films. The
critical boron concentration of SI transition in (110) films is
9X10%° cm™ which is very different from those in (111)
and (001) films.

On the other hand, the relationship between 7 and the
carrier concentration ny (=1/eRy) measured by Hall effect
measurement on the basis of the simple assumption exhibits
a different behavior, as shown in Fig. 2. T as a function of
carrier concentration ny is almost the same around SI transi-
tion, independent of the growth orientation. The critical car-
rier concentration of SI transition is 4 X 10%° ¢cm™. The car-
rier concentration in (110) films is generally lower than
boron concentration. The critical boron concentration of 9
X 10 ¢cm™ in (110) films is much higher than the critical
carrier concentration of 4 X 102° ¢cm™3. In contrast, the criti-
cal boron concentration of 3 X 102 c¢cm™ in (111) and (001)
films is lower than the critical carrier concentration.

Figure 3 shows the relationship between the carrier and
boron concentrations. The Hall carrier concentration exceeds
the actual doping concentration for ng=3x10* cm™ in
(111) and (001) films except one (001) sample. Only in the
superconducting sample, anomaly high carrier concentration
is observed. Hall carrier concentration ny deviates from the
actual doping concentration ng by the Hall scattering factor
ry according to
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FIG. 2. (Color online) Dependence of T on carrier concentra-
tion estimated by Hall effect measurement. Triangle plots are for
(111) boron-doped diamond films, square plots for (001) films, and
diamond-shaped plots for (110) films. Solid lines are drawn so as to
fit the data in plots. All of the solid lines approach 4 X 102 ¢cm™ at
zero temperature. The critical carrier concentrations of
superconductor-to-insulator transition are estimated to be 4
X 10?0 cm™3.

TH
Np=Fy - Nyg=—"1. 1
b= = M
ry is calculated by the ratio between ng and ny. In this work,
ry of (111) and (001) heavily boron-doped diamond is 0.2—
1.0 for assuming that all dopants are activated. The Hall
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FIG. 3. (Color online) Relationship between carrier concentra-
tion ny and boron concentration ng in (111) films. The dotted line is
a fit to ny/ng=1 (one carrier per boron atom). The dashed line
shows the critical boron concentration of superconductor-to-
insulator transition in (111) and (001) films (=3 X 10?® ¢cm™3). The
carrier concentration exceeds the boron concentration for ng=3
%102 ¢m™3. In contrast, the carrier concentration is the below bo-
ron concentration for ng <3 X 10%0 cm™. Inset is a schematic of
the Fermi surface in the (111) plane of k space. The Fermi surface
extends along the {110} directions.
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scattering factor is determined as ry=(7)/{7)?, where 7 is
the relaxation time of the carrier.'® Then, ry, is related to the
scattering mechanism and the band structure. For nondegen-
erate and spherically symmetric band structure, ry>1 is
given. As it is well known, ry=3m/8=1.18 for phonon scat-
tering and ry=3157/512=1.93 for ionized impurity scatter-
ing in the case of the nondegenerate single band. However,
Allgaier'' indicated that anisotropy of the Fermi surface de-
creases ry and induces ry<<1. Carrier concentration exceeds
actual doping concentration due to the distorted Fermi sur-
face. The top of the valence band in diamond (including
other diamond structure such as silicon and germanium) at
the I' point is triply degenerate. When the Fermi level (Ep)
enters into the valence band and the bands move away from
I' point, the three bands split and become anisotropic, as
calculated by Cardona'? and Boeri et al.'3 A schematic of the
Fermi surface in the (111) plane of k space is shown in the
inset of Fig. 3. The Fermi surface extends along the {110}
directions in heavily boron-doped diamond. This distorted
Fermi surface in the valence band causes ry<<1, as is also
indicated in silicon'*!> and germanium.'® Yokoya'” evalu-
ated the band structure with angle-resolved photoemission
spectroscopy in our (111) boron-doped CVD diamond
samples. For ng=3 X 10* cm™, the E. lies around the top
of the valence band. In the heavily doped region, the Ep
enters the valence band. The boron concentration has an im-
portant effect on the position of E; from the valence-band
maximum and superconducting properties. Unlike in silicon
and germanium, the metal-insulator transition (MIT) in dia-
mond is not related to the Mott’s conventional MIT. When
the Er enters into the valence band, the system becomes
metallic. The boron concentration of SI transition corre-
sponds to that of MIT. Intermediate concentration region
(metal, but not superconductivity) does not exist. In insulat-
ing region, the hopping conductivity is observed as also re-
ported by Klein et al.'®

It is generally observed in superconductor metals that Hall
carrier concentration exceeds atomic concentration.!*?’ In
some cases, Hall carrier concentration of superconductor
metals is several times larger than that of nonsuperconductor
metals. The reason for this is that the Fermi surface is not
simply spherical. The Fermi surface of superconductor met-
als is distorted compared with that of nonsuperconductor
metals. The distorted Fermi surface results in large Hall con-
centration and superconducting transition. It is worth noting
that the Hall mobility uy of boron-doped diamond with ng
=3x10% cm™ is 1-10 cm?/V s and close to those of
typical superconductor metals. For example, uy of Pb is
8.4.20

IV. LATTICE EXPANSION

The critical boron concentration of SI transition is differ-
ent among three growth orientation as shown in Fig. 1. On
the other hand, the critical carrier concentration of SI transi-
tion is same independent of the growth orientation as shown
in Fig. 2. This fact leads us to understand that the doping site
is related to superconductivity in diamond. The perpendicu-
lar lattice expansion measured by XRD as a function of bo-
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FIG. 4. (Color online) Perpendicular lattice expansion as a func-
tion of boron concentration: triangle plots are for (111) boron-doped
diamond films, square plots for (001) films, and diamond-shaped
plots for (110) films. Open square plots are reported by Bustarret er
al. Dashed line shows the Vegard’s law using the covalent bonding
radii rg and r¢ of 0.088 nm and 0.077 nm, respectively. Dotted line
is drawn so as to fit the data in plots of (110) films.

ron concentration is shown in Fig. 4. Vegard’s law is the
model representing the lattice mismatch when the dopant
occupies the substitutional site.?! Vegard’s law in boron-
doped diamond is expressed as

B4 _ et g1y 10725y, )
as re nc

where Aa/ay is the lattice expansion ratio. a, is the lattice
constant of the substrate and 3.5671 A in diamond. ry and
rc are covalent bonding radii of boron and carbon atoms,
namely, 0.088 nm and 0.077 nm, respectively. n. is the con-
centration of carbon atoms. The perpendicular lattice expan-
sions in (111) and (001) films fit Vegard’s law. It is deduced
that almost all the boron atoms occupy the substitutional site
in (111) and (001) films and fully activated. An additional
contribution of the deformation potential should be consid-
ered. The free carrier concentration shifts the energies of the
valence- and conduction-band maximums. The change in the
total energy of the semiconductor shifts the lattice parameter.
Bardeen and Shockley?? proposed and Yokota®? introduced
an additional term to the Vegard’s law in p-type semiconduc-
tors. It can be deduced from the results in (111) and (001)
films that the contribution of the deformation potential is
small compared with that of the introduction of substitutional
boron. Thus, the amount of substitutional boron atoms
mainly determines the lattice expansion.

On the other hand, the lattice expansion ratios in (110)
films are far lower than the theoretical values. As the inter-
stitial dopant atoms increase, the lattice mismatch deviates
downward from Vegard’s law. Therefore, it is predicted that
(110) films have a high interstitial boron concentration.
Around the critical boron concentration of 9 X 10°° cm™ in
(110) films, only the boron concentration of 3 X 10 ¢cm™
may occupy substitutional site and contribute carriers related
to the superconducting transition. The first work for the SI
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transition by Bustarret et al.®> and Klein et al.'® can also be

explained from the amount of interstitial boron atoms. The
critical boron concentration of their (001) CVD samples fab-
ricated using a H,/CH,;/B,Hy gas mixture was 5
% 102 ¢cm™, which is higher than that of 3 X 10?° cm™ in
our (111) and (001) films. The lattice expansions in their
works are smaller than those in our (111) and (001) films as
shown in Fig. 4.2* It is indicated that the samples reported by
Bustarret ef al. and Klein et al. have a high concentration of
interstitial boron atoms compared with our (111) and (001)
films. Other possible contribution to the lattice expansion is
B-B dimers. However, the B-B bond length is very large.
The existence of B-B dimers induces upward deviations in
the diamond lattice.?® In the case of (110) films, B-B dimers
do not contribute deviations from Vegard’s law.

Figure 5(a) shows the dependence of T on the perpen-
dicular lattice expansion ratio deduced by x-ray diffraction.
The T dependence is the same except for the heavy concen-
tration range. This indicates that only substitutional boron
induces superconductivity. The lattice expansion ratios ap-
proach 0.25% as T approaches zero, which corresponds to
the situation where the diamond lattice has a boron concen-
tration of 3 X 10%° cm™3. The difference of T between (111)
and (001) films in the heavy doping range is explained by the
shape of lattice expansion. Figure 5(b) shows the dependence
of T¢ on the in-plane lattice expansion ratio. Insets are the
shape of the lattice expansion of (111) and (001) samples. In
(111) samples, in-plane lattice fit the substrate. The crystal-
line lattice is strained like a heteroepitaxitial growth such as
SiGe on Si. In-plane lattice expansion ratio is less than
0.08% of the measurement limit of RSM with XRD. On the
other hand, a relaxed and isotropic layer exists in (001)
samples. Note that the Vegard’s law for the strained layer is
different from Eq. (2) by 1+v/1—v, where v is Poisson’s
ratio.2® However, Poisson’s ratio of diamond is 0.08 which is
much smaller than other materials. The calculated values of
Vegard’s law for the strained and relaxed and layer is differ-
ent by a factor of 1.18. The number is less than the errors of
the measurement. The lattice strain changes the Fermi-
surface toporogy and then ry.%’ In the heavily doped region
of ng~1X10% cm™, carrier concentration in (111) films is
larger than that in (001) films. ry is 0.3-0.5 in (111) films
while ry is 0.7-0.8 in (001) films. This difference may be
attributed to the crystalline lattice strain.

V. CONCLUSION

The critical boron concentration of superconductor-to-
insulator transition in (111) and (001) films is 3
X 102 ¢cm™3, which is different from that of 9 X 10*° ¢cm™
in (110) films. On the other hand, the critical carrier concen-
tration evaluated by Hall effect measurement is a common
value (4 X 10%*° cm™) in the three orientations. Carrier con-
centration is also a valuable parameter in diamond supercon-
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FIG. 5. (Color online) Dependence of T, on (a) perpendicular
and (b) in-plane lattice expansion ratio deduced by x-ray diffrac-
tion. Triangle plots are for (111) boron-doped diamond films, square
plots for (001) films, and diamond-shaped plots for (110) films.
Solid lines are drawn so as to fit the data in plots. Insets are the
shape of the lattice expansion of (111) and (001) samples.

ductor. The high critical boron concentration in (110) films is
due to the existence of interstitial boron atoms. A boron con-
centration of 3 X 10?° cm™ in substitutional site is required
for inducing superconductivity in diamond. Carrier concen-
trations in (111) and (001) films exceed the actual doping
concentration in superconducting region. One of the major
reasons is caused by the distortion of the Fermi surface.
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