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Abstract

The superconductivity transition temperatures Teeonse) Of 11.4 K and Te(offsy Of
7.4 K, which are the highest in diamond at present, are realized on homoepitaxially
grown (111) diamond films with a high boron doping concentration of 8.4 x 10** cm®
(4.7 at%). Tc values of (111) diamond films are more than twice as high as those of
(200) films at the equivalent boron concentration. The Tc of boron-doped (111) diamond
increases as the boron content increases up to the maximum incorporated concentration
and is agrees with the value estimated using McMillan’s equation. The advantageous Tc
for (111) diamond films is due to the higher carrier concentration which exceeds its

boron concentration.
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Diamond is known as a band insulator with a wide band gap of 55 eV.
However, by introducing impurities such as boron into the substitutional sites,
semiconducting diamond can be obtained. Recently, Ekimov et al. have investigated that
heavily boron-doped (4.9 x 10?* cm®, 2.8 at%) diamond synthesized by high-pressure
and high-temperature (HTHP) method exhibits type Il superconductivity at 2.3 K (zero
resistance) *. For superconductivity, they use the metallic transport property of the
impurity band, which is commonly observed in diamond with boron doping levels of
more than 10%° cm®,

The deposition of heavily boron-doped diamond films by means of chemical
vapor deposition (CVD) is a useful technique for improving the quality of diamond
filmsand controlling the density of boron. Moreover, the low-temperature deposition of
CVD diamond makes it possible to fabricate superconducting devices easily. We have
successfully introduced high boron concentrations and a carrier density of 9.4 x 10%°
cm® on polycrystalline diamond films by controlling the growth orientation to (111),
and have realized Tc of 4.2 K 2. This value is higher than the Tc of 2.1 K for heavily
boron-doped (1.9 x 10?* cnm®) diamond deposited on (100) single-crystalline diamond 3.
Due to the advantages of a very high Debye temperature (1860 K), some theoretical

studies on the potential of a higher superconductivity transition temperature Tc have
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been carried out *. In this study, we have successfully introduced high boron
concentrations more than 5 x 10?* cm® into (111) and (100) single-crystalline diamonds
using CVD, and have achieved a high Tc of 7.4 K. The advantages of the
superconductivity transition temperature of (111) diamond will be also discussed.

Homoepitaxial growth is carried out on the HPHT synthetic type Ib (111) and
(100) diamonds. The deposition conditions were 50 Torr chamber pressure and
800-900°C substrate temperature with diluted gas mixtures of methane and
trimethylboron (TM B) in hydrogen. The methane concentration is 3% in hydrogen with
a B/C ratio of 2000 - 12000 ppm. Films of 1 — 4 um thickness were used for the
following measurements.

To characterize the heavily boron-doped diamond films, we employed Raman
spectroscopy (Renishaw inVia Reflex system, 632.8 nm), Hall effect measurement,
X-ray diffraction (XRD: 6 - 26 measurement), secondary ion mass spectroscopy (SIMS),
transport and the measurement of magnetization properties using a superconducting
guantum interference device (SQUID) magnetometer.

Crystal growth orientation is observed by means of the 6 - 20 measurement of
XRD. The (111) and (100) growths are observed on (111) and (100) deposited diamonds,

respectively. The Raman shifts of the heavily boron-doped homoepitaxially grown
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diamond (111) and (100) films are shown in fig. 1. (111) and (100) homoepitaxial
diamond films have equivalent boron concentrations of 8.4 x 10*! cm™ and 8.5 x 10?*
cm® measured by SIMS. Those boron concentrations correspond to the atomic
percentages of 4.7 and 4.9% in diamond, respectively. The two Raman spectra similarly
show two large wide bands at approximately 1210-1230 cmit and 450-500 cmit, which
are typically observed in heavily boron-doped ([B] > 3 x 10%° cm®) diamonds ®°. The
zone-centre optical phonon line normally observed at 1332 cm? is decreased and
widened at this doping level. The decreased peak of the zone-centre optical phonon is
observed as a shoulder of the 1210 -1230 cmi* band, which is similar to the Raman
spectra reported in ref. 1. The origins of the bands at 1210-1230 and 450-500 cm* has
been discussed in the following ° °. Gonon et al. indicated that the band at 1200 cmi? is
atributed to the maxima in one phonon density of state of diamond, and suggested that
this band comes from regions that are disordered due to the heavy boron doping °. The
band at 500 cmi?® is explained by Bernard et al. as being the local vibration modes
(LVM) of boron pairs °. They also point out that this band shiftsto lower wavenumbers
according to the density of the boron pairs in diamond. In our case, the band center of
LVM from the boron pairs on (111) diamond shifts to be lower wavenumbers than that

of (100) diamond, which suggests that a more dense boron pairs exists in the (111)
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diamond film even for equivalent boron contents (8.4 x 10?* cm® for (111), 8.5 x 10?*
cm® for (100)), respectively. The broad band at 1490 cm' on (111) diamond
corresponds to high resistivity surface amorphous carbon. No graphitic layer has been
observed on any diamond films. The surface amorphous carbon layer could be removed
by oxygen plasma treatment after deposition and does not contribute to the
superconductivity.

The superconducting transitions of the heavily boron-doped (111) and (100)
diamond films are identified from the temperature dependence of magnetic
susceptibility under zero-field cooling (ZFC) and field cooling (FC) using the SQUID
as illustrated in fig. 2. Tc is determined to be 7.4 and 3.2 K for the (111) and (100)
diamond films, respectively, from the onset of the diamagnetic transition under ZFC
measurement. These values are almost the same as those for the Teffse) Measured by
resistivity. The magnetic moment signals of the two diamond films do not saturate even
at 1.78 K. It might be due to the inhomogeneous grain connectivity of diamond films.
The hysteresis between FC and ZFC susceptibilities corresponds to the trapped flux
under the field cooling condition.

The temperature dependences of the resistivity are measured on the (001) and

(111) diamond films. The resistance characteristics of the (111) and (100) diamond films
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under the zero field condition as a function of temperature are shown in fig. 3a and b,
respectively. Insets show the magnified views of the resistance at around Te(onss), Which
is determined as the temperature at which the resistance starts to disperse from the
normal-state resistance. Tcotts) IS defined as the temperature of zero resistance. The
resistance of the (111) diamond film starts to disperse from the normal-state resistance
(B=9T)at around 11.4 K (T¢(ons)) and vanishes below 7.4 K (Teoftss)). On the other
hand, Tceonse) @d Teortse) OF the (100) diamond film are 6.3 K and 3.2 K, respectively,
which are twice as low as those of the (111) film. The field dependences on T(onse) and
Te(ottse) Of the heavily boron-doped (111) and (100) diamond films as functions of
temperature are illustrated in fig. 4. According to the weak-coupling BCS theory, the
upper critical field He2(0) can be estimated using the Werthamer — Helfand - Hohenberg
(WHH) formula ™ as Hcz(0) = -0.69(dHc2/dT)t=1cTe and the Teonsay CUNVES in Fig. 4,
which lead to values of Hex(0) of 8.7 and 4.7 T for the (111) and (100) diamond films,
respectively. These values are 2 — 3 times higher than all other values ever reported for
diamond superconductivities 3. These large Hc2(0) values are due to the high Tc of our
diamond and are advantageous for device applications.

Figure 5 shows the experimental results of Teonse) and Teottsay for heavily

boron-doped (111) and (100), and polycrystalline diamond, as well as those reported in
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ref. 1, 2 and 3, as functions of boron concentration. The Teonse) and Te(oftsey OF (111)
diamond films are rose with increasing the boron content without saturation up to
approximately 8 x 10°* cm® (4.5 %). However, the Tc of (100) films seems to saturate at
8.5 x 10%* cmi® with the lower Teftsy Of 3.2 K in (100) diamond. A slightly lower
Teoftsa) O 2.9 K is obtained in (100) diamond with a higher boron cortent (1.4 x 10%
cm®, 7.9 %), which is the highest boron content ever reported. Tc of the heavily
boron-doped polycrystalline film deposited by means of the CVD method with {111}
facets almost fits the tendency for (111) diamond 2. Onthe other hand, Tc of the heavily
boron-doped HPHT diamond reported by Ekimov et al ® fits the tendency for (100)
diamonds. The saturation tendency of Tc in (100) diamond agrees with the previous
result obtained at lower boron doping levels (5 — 7 x 10?° cm®) for (100) diamond films
asreported by Burstarret et al. 3.

Onre of the reasons for heavily boron-doped (111) diamonds have an advantage
on superconductivity compared with (100) diamonds is the higher carrier concentrations
in (111) diamond. The hole carrier concentrations of boron-doped (100) diamond films
are not more than the boron concentration measured by means of SIMS. On the other
hand, the carrier concentrations of the boron-doped (111) diamond films, exhibiting

higher Tc, exceed the boron concentrations in the films. Consequently, most (111)
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diamond films have higher carrier densities even at the level of boron content equivalent
to that of the (100) diamonds. For example, the carrier concentration of the (111)
diamond showing Teertssy OF 7.4 K with the boron concentration of 8.4 x 10%* cmi®, is
1.3 x 10?2 cm®. Similar phenomena, namely, that the carrier concentration of heavily
boron-doped diamond exceeds the boron concentrations in the films, have been reported
previously % 3. Bustarret et al. explained the phenomenon is because of the much
heavier effective mass for the holes or additional conduction channels 3. From the
Raman shift measurement as shown in fig. 1, the 500 cm® band of the heavily
boron-doped (111) diamond shiftsto a lower wavenumber indicating the high density of
boron pairs along <111> directions '°. The bond length of this boron pair of 0.194 nm is
much longer than that of C-C bond (0.154 nm) in diamond. This type of defect might
expand the lattice of diamond !4, resulting in an increase in the density of states in the
valence band. Nakamura et al. have indicated that an increase in the density of states
was identified in superconducting polycrystalline diamond (4.2 % boron content) by
utilizing soft X-ray emission and absorption spectroscopy °. Consequertly, the Fermi
level isobserved 1.3 €V below the valence band maximum.

From the viewpoint of crystal growth, defects, such as B-B pairs, are easily

formed during (111) growth rather than during (100) growth. In the case of the growth
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of diamond with high concentrations of the boron source using TMB, the growth
species might contain many B-C composites. For the growth of (100) diamond, the B-C
species is deposited to produce the surface dimer rows and to expand the terrace as step
growth . This growth mode forms B-B pairs with equal probability along every <111>
directions and expands the lattice homogeneously. This expansion requires a high total
potential energy. On the other hand, for the growth of (111) diamond the growth mode
of which requires three atoms on the two surface diamond atoms ', B-B pairs are
prohibited along with the growth direction of [111], as shown in fig. 6a, because B on
substitutional site 1 cannot form a chemical bond with the B in site 2 of the growth

species. However, when substitutional B is in site 3 in fig. 4b, B of the growth species

can be deposited on site 4. As a result, the B-B pair can be formed along the [in]
direction. The [111] and [111] directions form the B-B pair with the same probability as

in fig 4c and d. Accordingly, lattice expansions along the [ill], [11-1] and [1i1]

directions occur due to the anisotropic formation of B-B pairs. The total potential
energy of (111) diamond with this kind of anisotropic strain might be lower than that of
(100) diamond with homogeneous strain. In fact, (111) diamond is more stable with a
high density of B-B pairs. Consequertly, a higher density of B-B pairs can be formed

compared with (100) diamond films with equivalent boron concentrations. Detailed
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experiments to determine the lattice expansion and density of states at the valence band
are required to explain the large advantage of Tc of heavily boron-doped (111) diamond.
Recently, Tc of heavily boron-doped diamond has been estimated using a

18 \with calculated electron-phonon coupling coefficient A # ©.

McMillan’s equation
Xiang et al. estimated Tc of 4.4 K at the boron content of 2.78% (4.9 x 10?* cm®), a
value which agrees with our results for T(ottsty Of (111) diamond. They also calculated
the higher Tc of 23.6 K as a consequence of an increase in A when the boron content is
increased to be 6.25 % (1.1 x 10?2 cm®). In order to dope a higher density of boron to
increase A, a useful technique is co-doping using nitrogen. The co-doping technique is
effective for increasing the solubility limit, and not only for reducing the ionization
energy of impurities. Introducing a vacancy or a larger impurity atom such as
substitutional Al, might be effective for expanding the lattice constant and hence for
increasing the density of states at the valence band.

This work is supported in part by a Grant-inrAid for Center of Excellence
(COE) Research from the Ministry of Education, Culture, Sports, Science and

Technology. This work is also supported in part by the Advanced Research I nstitute for

Science and Engineering, Waseda University.
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Figure captions
Figure 1.

Raman shift of heavily boron-doped (111) and (100) diamond measured by
microlaser Raman spectroscopy (632.8 nm). The 500 cnit band on (111) diamond shifts
to be lower wavenumbers than that of (100) diamond, which suggests that a more dense
boron pairs exists in the (111) diamond film even at the equivalent boron concentrations

of 8.4 x 10?* cm® for (111) and 8.5 x 10?! cm® for (100) diamond films, respectively.

Figure 2.

Mass magnetizations of heavily boron-doped (@) (111) and (b) (100) diamond
films as functions of temperature. Data are shown for measurements under conditions of
zero-field cooling (ZFC) and field cooling (FC) at 10 Oe. Tc of 7.4 and 3.2 K for (111)
and (100) diamond films, respectively, are obtained from the onset of the diamagnetic

transition.

Figure 3.
Electrical resistivity curves of homoepitaxially grown heavily boron-doped (@)

(111) and (b) (100) diamond films under magnetic fields of up to 8 T. The highest
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Te(onss) aNd Teorfsey Of 11.4 and 7.4 K, respectively, are obtained in (111) diamond film

with the doping concentration of 8.4 x 10** cm®.

Figure 4.

The field dependences of Teonse) @nd Teortse). The upper critical field Hez(0) of

the (111) and (100) diamond films are estimated to be 8.7 and 4.7 T, respectively.

Figure 5.

Experimental results of Tconsey and Te(ottw) fOr polycrystalline, homoepitaxial
(100) and (111) diamond films as a function of boron concentration. Tc values of (111)
diamond films are more than twice as high as those of (100) films at the equivalent

boron concentration.

Figure 6.
The schematic of the growth mechanism of the (111) diamond surface with a

B-B pair. (a) The B-B pair along the [111] direction is prohibited due to the lack of a

chemical bond on B (1). (b) A B-B pair can be formed along on the [ill] direction

between B(3) and B(4). The long bond length of the B-B pair expands the lattice of the

diamond film. The (c) []_’Li] and (d) [1i1] directions form the B-B pair with the same
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probability as [111].
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