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OUTLINE

- (short) historical revue on 
superconducting group IV superconductors

[covalent superconductors] 
a new route to high temperature superconductivity....

- Diamond : superconductivity vs metal-insulator transition

- Superconducting silicon thin films



1960 1970 2000 2010

but Tc limited to a few 100mK

1990
M.L.Cohen (1964)

    J.F.Schooley et al. : SrTiO3
R.A.Hein et al. : Ge1-xTe

H.Kawaji et al. (1995)
Silicon clathrates : 3D semi conductors made of 
face-sharing Si n-clusters (n = 20,24,28). As in 
standard Si, each atom is fourfold (sp3) coordinated 

Tc ~ 4K in NaBa2Si46
[even 7K in Ba8Si46 D.Connetable et al. 2003]

large doping can be obtained by intercalation
 in the center of the cages 

90’ : Cage structures

R.M.Fleming et al. (1991)

C60 buckyball, mostly sp2 coordination 
(folded graphene), semiconducting molecular 
solid (face centered cubic structure)

Tc ~ 30K in Rb3C60

Narrow (t1u) empty band which can by filled 
by intercalation of alcali elements in the 

cavities between the balls



electron-phonon coupling constant 

Fullerenes 
N ~ 10  states/eV/spin/cell

Ve-ph ~ 70 meV
(λe-ph ~ 0.7)

Si-clathrates
N ~ 40  states/eV/spin/cell

Ve-ph ~ 20 meV
(λe-ph ~ 0.8)

�e�ph = N ⇥ Ve�ph

B doped Diamond : BC53 (X.Blase et al. 2003)

Ve-ph ~ 280 meV ...

Ve-ph can be theoretically increased by 

reducing the size of the ball
(i.e. increasing the sp3 character)

Ve-ph ~ 210 meV in C28 
(N.Breda et al. 2000)

replacing Si by C

Ve-ph ~150-250 meV 
(D.Connetable et al. 2003)

expected Tc above 200K !!!



Note : interesting Li1-xBC system : semiconducting 
for x=0, should become superconducting for x>0.2 with 

Tc ~ 150K for x ~ 0.5 (Rosner et al. 2002)

... and N depending on the Boron concentration 

are forbidden due to the large energy penalty for boron clus-
tering in graphite.27 This constraint significantly reduces the
set of possible structures at larger boron concentrations and
thus reduces the sampling error due to the small number of
structures considered for the large supercell.

The results of both sets of boron-doped diamond calcula-
tions are displayed in Fig. 1. Plotted are the Tc values calcu-
lated from the Allen–Dynes formula21 and the quantities used
in the formula: !, "log!exp"ln "# and "2!$""2#. Since
only three integrals over #2F%"& are needed to calculate Tc,
there is no need to explicitly generate an averaged boron
concentration dependent spectral function. Instead, we fit the
three relevant quantities that are linear in #2F%"&—!, !""2#,
and !"ln "#—to functions of boron concentration using a
least-squares procedure. Only the small supercell data set is
used in the fit due to inadequate sampling of the large varia-
tions in the average phonon frequencies of the large super-
cell. The fitting function is a third-order polynomial times the

cubic root function, which is the doping dependence of the
electronic density of states near the band edge for parabolic
bands in three dimensions. The least-squares fit is weighted
by the inverse square root of the number of data points at a
given boron concentration to avoid biasing the fit to the high
concentration regions that have more data points. A limita-
tion of this fitting procedure is that it assumes that the aver-
age boron concentration of the material is equal to the local
average in each supercell, ignoring long-range fluctuations in
boron concentration.

The averaged Tc values correspond to bulk superconduc-
tivity and have a broad plateau near 55 K for boron doping
greater than 20%. A superconducting state may still percolate
through the material at temperatures higher than the bulk Tc
values, their higher Tc being set by an averaged spectral
function including only a subset of the material with above-
average electron-phonon coupling. The variance in electron-
phonon coupling in the data set suggests that there might still
be a substantial fraction of the material able to superconduct
in the 70 –80 K regime. The data suggest a rapid, exponen-
tial increase in Tc for boron doping levels up to around 6%,
associated with the weak-coupling limit of superconductiv-
ity. Beyond 6% boron doping, the material is in an
intermediate-coupling regime, where Tc is less sensitive to
variations in ! and has a broad plateau over a wide boron
concentration. The strong-coupling bound21 on Tc at $*

=0.12, Tc%0.16$!""2#, is plotted in Fig. 2 and has a similar
featureless plateau beyond 6% boron doping. There is a fac-
tor of 3 difference between the strong-coupling bound and
calculated Tc values because ! saturates near a value of 1.
Values of ! between 2 and 3 are required to get within 70%–
80% of the bound in the case of an Einstein phonon spec-
trum.

A few structures in the 54-atom supercell data set have !
values much larger than 1, but their Tc values remain similar
to the !'1 structures. These large ! values are the result of
contributions from a small number of very low frequency
modes and do not represent the effective ! associated with
the higher frequency modes that dominantly contribute to
!""2# and ultimately Tc. Since "log is more sensitive than "2

to the low frequency part of the phonon spectrum, the soft-
ening of a few phonon modes also causes "2 /"log to deviate
significantly from 1. In this scenario, the Allen–Dynes for-
mula penalizes the Tc away from the strong-coupling regime
through the deviation of "2 /"log from 1.21 The correlation
between large "2 /"log−1 and large ! is apparent in Fig. 1.

In the doping regime up to 25% boron concentration,
there appears to be good agreement between the large and
small supercells with regard to their phonon frequencies and
electron-phonon couplings. This indicates a convergence
with respect to supercell size. Beyond 25% boron concentra-
tion, the large supercell has a smaller average phonon fre-
quency that is a result of lattice distortions allowed to de-
velop due to an increased number of structural degrees of
freedom in the larger unit cell. This effect is unlikely to be
converged with respect to supercell size and may lead to
qualitatively different behavior at large boron concentrations.
We regard the value of 25% doping as the onset of lattice
instability and the region beyond is not accurately repre-
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FIG. 1. Average phonon frequencies, coupling constant, and
Allen–Dynes formula Tc values for the large %circle& and small
%box& supercell calculations and the bulk average %line&. The gray-
scale values of the boxes represent the fraction of data points at that
boron concentration in the interval spanned by the box. An outlier is
omitted, !=7.5 at 50% boron doping for the large supercell. Boron
concentrations beyond 25% are in a region of structural instability
for which this study is not sufficiently converged with respect to
supercell size.

JONATHAN E. MOUSSA AND MARVIN L. COHEN PHYSICAL REVIEW B 77, 064518 %2008&

064518-4

Moussa et al. 2008
(see also Calandra et al. 2008)

Tc could reach ~60K around  ~30at-%



1960 1970 2000 20101990

B-hexagonale structure (silimar to graphite)
but σ (sp2) band shifted to EF 
due to presence of Mg2+

MgB2 Nagamatsu et al. 2001

Tc ~ 39K

Weller et al. 2005
CaC6, YbC6

Intercalated graphite
intercalant (~ free electron) ζ-band

Tc ~ 11K

Bustarret et al. 2007
Si:B

Tc < 1K

and also B:SiC (Renet al.2007) or Ga:Ge (Herrmannsdorfer et al. 2009) 

B doped diamond
Ekimov et al. 2004

superconductivity (in sp3 band) 
appears at the onset of 

Metal Insulator Transition
Tc up to 10K (nB < 5%*)

* for large doping :
- clustering of borons into inactive dimers  
- increase of the interstitial boron content





rapidly confirmed in [thick] epitaxial films 
(grown by plasma assisted CVD)

E.Bustarret (2004)

 Hc2(0) ~ 1.5T

001-oriented type Ib diamond substrates

Hydrogen plasma + Methane (4%) 
-> 0.5 µm-thick buffer layer of nonintentionally 
doped material 

Diborane introduced in vertical silica wall reactor 
with [B]/[C] from 1500 to 3000 ppm

High quality µm-thick p-type diamond epilayers

x-ray diffraction : (shifted) narrow lines 
FWHM ~ 10 arc sec ([004] peak)  ~ substrate

but nB (still) < 2.5 at-% 

ments, some care should be taken in order to define an
accurate Hc2 line. This line has been defined from the
classical R=RN ! 90% criterion (where RN is the normal
state resistance corresponding to a resistivity !N "
0:5 m! cm for sample 5). As shown in Fig. 4, the corre-
sponding Hc2#T$ line can be well described by classical
theory [10]. We hence get Hc2#0$ " 1:4 T corresponding
to a coherence length "0 !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"0=2#Hc2#0$
p

" 150 #A for
nB ! 19% 1020 cm&3 ("0 being the flux quantum). We

have also reported in Fig. 4 the line corresponding to
R=RN ! 10%, which gives an indication for the width of
the transition, pointing out that the transition curves
rapidly increase for H > 1 T. Such a broadening may
suggest the presence of quantum fluctuations as also in-
dicated by the almost temperature-independent mixed
state resistivity above 1.2 T. The strength of these fluctu-
ations can be quantified through the quantity Qu !
Reff=RQ where RQ ! $h=e2 " 4:1 k! is the quantum re-
sistance and Reff ! !N=s (s is a relevant length scale for
these fluctuations [11]). Taking !N " 5% 10&4 ! cm and
s" "#0$ " 150 #A for sample 5, we obtain a large Qu ratio
"0:1, being on the order of the Qu values reported in
other systems in which quantum fluctuations are present
[12,13].

For sample 2, the Hc2 line has been deduced from the
shift of the diamagnetic response with increasing fields.
In this case, the rapid broadening of the transition is the
hallmark of a small critical current density (Jc) again
emphasizing the high quality of our films. Indeed, in the
nonlinear regime, the susceptibility is directly related to
Jcd=hac (where d is a characteristic length scale on the
order of the sample thickness) and Jc ' hac=d"
1 Acm&2 for $0 "&0:4. In this case, no saturation was
observed down to 200 mK, indicating some deviation
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FIG. 3. (a) Temperature dependence of the electrical resist-
ance at indicated magnetic fields for the film with nB ! 19%
1020 at: cm&3. The dashed lines correspond to the two criteria
used for the determination of Hc2 (see Fig. 4), i.e., R=RN !
90% and 10% (RN being the normal state resistance).
(b) Temperature dependence of the real part of the magnetic
susceptibility at indicated magnetic fields for the film with
nB ! 9% 1020 at: cm&3. Hc2 has been deduced from the onset
of the diamagnetic signal.
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FIG. 4. H & T phase diagram for the films with nB ! 19%
1020 at: cm&3 and nB ! 9% 1020 at: cm&3. The solid circles
(diamonds) have being deduced from temperature sweeps of
the electrical resistance [see Fig. 3(a)] for R=RN ! 90%
(R=RN ! 10%). The gray area is an indication of the width
of the transition. The solid squares were defined from the onset
of the ac susceptibility [see Fig. 3(b)]. The solid lines are fits to
the data using classical theory [10], for which the only free
parameter is Hc2#0$. The dotted line is a guide to the eye.

PRL 93, 237005 (2004) P H Y S I C A L R E V I E W L E T T E R S week ending
3 DECEMBER 2004

237005-3

Y.Takano (2004)
[111] oriented 

Hc2(0) ~ 10T
Tc up to ~10K for 1022cm-3 = 5 at-%



� = �0exp[�(T0/T )1/4]

RH = RH,0exp[�(T0,H/T )1/4]

n < nc ~ 4.51021 cm-3

Variable Range Hopping conductivity

with [T0,H/T0]th = 0.15

and [T0,H/T0]exp = 500/3700 ~ 0.13
(nB = 2.4.1021 cm-3)



n > nc ~ 4.51021 cm-3 (~ 0.25 at-%)

metal with EF lying in the valence band
of the diamond

(Yokoya et al. 2005)
� = �0 + AT 1/2 + BT

Quantum Interference effects
 (weak localisation +e-e interactions)



E / 1/⇠⌘

for nB = nc

� / T 1/⌘

⌘ ⇠ 3

nB ~nc

⌫ = 1

�0 = 0.1(e2/~)(1/⇠)

where a* is the Bohr radius ~ 3.5A

a⇤/⇠ = (nB/nc � 1)⌫



Tc remains surprizingly high 
close to nc

Tc / (nB/nc � 1)�

� ⇠ 0.5� 0.6

T.Klein et al. (2007) - P.Achatz (2008)

 0.25 at-%  2.5 at-%
2

FIG. 1: Topography image (1.5 × 1.5 µm2) of the sample
obtained at 70 mK. The rms rugosity is 1.8 nm.

In order to probe the LDOS, a small AC modulation of
10 µV rms was added to the sample-tip DC bias volt-
age V and the differential conductance G(V ) = dI

dV (V )
obtained with a lock-in amplifier. At any position above
the sample, V could be ramped and the resulting G(V )
curve giving the LDOS around the Fermi energy mea-
sured. In addition, a static magnetic field perpendicular
to the sample surface could be applied with a supercon-
ducting coil surrounding the STM.

Tunneling spectroscopy performed at different loca-
tions revealed the surface to be superconducting with
very little spatial inhomogeneity. In Fig. 2 we show two
representative differential conductance curves performed
at 70 mK with a tunnel resistance of 20 MΩ and without
any averaging. Most of the experimental spectra can be
well reproduced by a theoretical BCS density of states as
can be seen in Fig. 2 (a). The fit gives a superconducting
order parameter ∆ = ( 285 ± 2 )µeV . A thermal broad-
ening with an effective temperature Teff = 255 mK in
the LDOS calculation indicates that the energy resolu-
tion of our STM is probably limited by unfiltered elec-
tromagnetic radiation which heats the electron bath. No
additionnal parameters to describe pair breaking were
needed. Although the spectrum was almost identical
everywhere on the scanned surface, we also obtained
smaller values of ∆ in several independent experiments
on this sample (for example, see Fig. 2 (b)). This slight
dispersion of the gap value can be either the result of spa-
tial macroscopic inhomogeneity of the doping or be the
consequence of variation in the chemical cleaning of the
surface prior to each run. The temperature dependence
of the order parameter ∆(T ) displayed in Fig. 2 is well
described by the BCS theory with a critical temperature
of 1.85 K very close to the superconducting transition
temperature of 1.9 K obtained by ac susceptibility and
transport measurements. This clearly demonstrates that
boron-doped diamond is well described by s-wave BCS
superconductivity with a measured ratio ∆

kBTc
! 1.74

FIG. 2: Top : experimental normalized tunneling conduc-
tance measured at 70 mK (open circle). Solid lines corre-
sponds to BCS fits with : (a) ∆ = 285 µeV and Teff =
255 mK; (b) ∆ = 260 µeV and Teff = 175 mK. Bottom :
(c) temperature dependance of the BCS gap (open squares)
compared with a BCS law with Tc = 1.85 K (solid line).

characteristic of weak-coupling [13], as expected from
theoretical calculations [4–7]. Nevertheless we also found
a small number of spectra as shown in Fig 2 (b) which
present broader gap edges. In order to explain them,
further investigations of the LDOS for different cristallo-
graphic orientations are needed to investigate a possible
anisotropy of the order parameter.

In a magnetic field, for a type II superconductor a
mixed state forms where magnetic vortices each carry-

B.Sacépé et al. (2006) 

Fully open gap with
�/kTc ⇠ 1.7 i.e. close to BCS value



ab initio calculations -> λ

supercell method

virtual cristal approximation

experimental range 
for Tc measurements
poor overlap between

doping ranges 



standard metals
!el/!ph ⇠ EF /kB✓D ⇠ 100 leading to µ* ~ 0.15 (< µ)

Tc = !exp[� 1 + �

�� µ

⇤(1 + �)
]

but unknown µ* coefficient
(retarded Coulomb pseudopotential)

µ⇤ =
µ

1 + µln(!el/!ph)

!el/!ph ⇠ EF /kB✓D < 3
diamond

inefficient retardation effects µ* ~  µ 
(similar effect in fullerenes for which µ*~ 0.3 remains close to µ ~ 0.4) 

and µ is expected to tends towards 0 at the MIT ? 



Ekimov et al. (2004)

µ* = 0.1

very reasonable agreement 
between calculations and 

Tc obtained by Ekimov et al. (2004)
still taking µ* ~ 0.1

µ* = 0 (BCS)

µ* = 0.1

but for lower nB values Tc much larger 
than calculated values

can be associated with reduced µ (i.e. µ*) 
values in the vicinity of MIT

what about SILICON
nc ~ 1018 cm-3

but no superconductivity 
observed up to 
nB ~ 51020 cm-3 

= SOLUBILITY LIMIT



-> Gas Immersion Laser Doping [IEF, Paris]
OUT OF EQUILUBRIUM TECHNIQUE

Recristalization rate ~ 1010 K/s

nB increases  with number of laser pulses

thickness of doped top layer increases 
with pulse duration (and laser energy)  
    50ns (900mJ/cm2) <=> 100nm)

(Kerrien et al.  2002)

170 nm-thick   4-5 at% 

30 nm-thick   7.5 at%   

35 nm-thick   5 – 9  at% 

E.Bustarret
C.Marcenat et al. (2004)



and analyzed simultaneously by an original isotopic com-
parative method !ICM" !for details see Ref. 12". Atomic con-
centrations are presented in Fig. 1 as a function of the depth
measured by mechanical profilometry with a Tencor P10.
High resolution x-ray diffraction !XRD" curves were then
collected around the #004$ symmetric Bragg reflection of
silicon and are displayed in Fig. 2. A monochromatized
Cu K!1 excitation source led to an angular resolution better
than 5"10−3°.

Data shown in Figs. 1 and 2 illustrate the significant im-
provement of the structural quality and sample homogeneity
with respect to previous publications.1,9 Up to 200 shots
!cB#4.5 at. %", we observe relatively flat boron concentra-

tions !Fig. 1" with a sharp interface, at 80–90 nm, on the
order of 9 nm/decade. The peaks in XRD !Fig. 2" remain
very well-defined with a full width at half maximum on the
order of 0.1°. As the number of laser shots is increased, the
shift to higher diffraction angles illustrates the contraction of
the out-of-plane lattice parameter a! as a result of the pres-
ence of boron atoms with a smaller covalent radius than sili-
con. This is a good indication of a sufficiently rapid recrys-
tallization limiting the diffusion processes and leading to an
homogeneous incorporation of boron on substitutional sites
far above the solubility limit of 1.2 at. %. In this range, as
illustrated by the inset of Fig. 2, the out-of-plane negative
strain deduced from the diffraction patterns varied linearly
with boron incorporation as measured by SIMS, the slope
being in fair agreement with the strain rate coefficient of
Vegard’s law in silicon.13 Above 200 shots, the interface be-
gan to exhibit a shoulder or even a large peak !500 shots"
indicating a pileup of boron at the interface during the pro-
cess. The diffraction peaks did not shift upwards anymore
and remained close to 36°. Their intensity weakened and
their width increased substantially, a second weaker broad
peak even developing around 35.5° for 500 laser shots. This
corresponds to a saturation of the out-of-plane strain around
−3.5%. Since according to SIMS measurements the intake of
boron went on increasing between 200 and 500 shots, one is
led to conclude that in this range, an increasing fraction of
these boron atoms were not incorporated on substitutional
sites. In our experience, the saturation value of 36.1° ob-
served here for the #004$ diffraction peak of Si:B is a quite
general upper limit, independent of our GILD operation con-
ditions.

The superconducting temperatures and upper critical field
have been deduced from ac-susceptibility !$ac" and magne-
totransport !R" measurements. In the $ac measurements, the
films have been placed on top of miniature coils, and Tc has
been obtained by detecting the change in the self-induction
of the coils induced by the superconducting transitions. Both
ac and dc magnetic fields were applied perpendicularly to the
doped layer. Approximate corrections were made to account
for the demagnetization factor, but they do not affect the
determination of Hc2, where the magnetization is zero. As
shown in the inset of Fig. 3, the onset of the diamagnetic
response well coincides with the resistive transition, which is
remarkably sharp in this sample, %Tc%10 mK, while being
only five times larger in the other samples of the series. This
allows an accurate determination of Tc, and the correspond-
ing values have been reported in Fig. 3 as a function of the B
content deduced from SIMS measurements.

No superconductivity was found down to 40 mK for the
two less doped samples with cB%1.4 at. % !50 laser shots"
and cB%2.2 at. % !75 laser shots". For higher boron concen-
tration, the critical temperature increases sharply with doping
reaching 0.6 K for cB%8 at. %. For comparison, the sample
measured in1 displayed a roughly twice smaller Tc with a
much broader transition. The apparent saturation of Tc is
probably nonintrinsic since the incorporated boron in this
range of concentration might be nonelectrically active as
suggested by XRD and by the observation of a maximum
angle of diffraction with broad and less intense peaks !see
above". Calculations within density functional theory and
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FIG. 1. Boron atomic concentration depth profiles deduced from
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and analyzed simultaneously by an original isotopic com-
parative method !ICM" !for details see Ref. 12". Atomic con-
centrations are presented in Fig. 1 as a function of the depth
measured by mechanical profilometry with a Tencor P10.
High resolution x-ray diffraction !XRD" curves were then
collected around the #004$ symmetric Bragg reflection of
silicon and are displayed in Fig. 2. A monochromatized
Cu K!1 excitation source led to an angular resolution better
than 5"10−3°.

Data shown in Figs. 1 and 2 illustrate the significant im-
provement of the structural quality and sample homogeneity
with respect to previous publications.1,9 Up to 200 shots
!cB#4.5 at. %", we observe relatively flat boron concentra-

tions !Fig. 1" with a sharp interface, at 80–90 nm, on the
order of 9 nm/decade. The peaks in XRD !Fig. 2" remain
very well-defined with a full width at half maximum on the
order of 0.1°. As the number of laser shots is increased, the
shift to higher diffraction angles illustrates the contraction of
the out-of-plane lattice parameter a! as a result of the pres-
ence of boron atoms with a smaller covalent radius than sili-
con. This is a good indication of a sufficiently rapid recrys-
tallization limiting the diffusion processes and leading to an
homogeneous incorporation of boron on substitutional sites
far above the solubility limit of 1.2 at. %. In this range, as
illustrated by the inset of Fig. 2, the out-of-plane negative
strain deduced from the diffraction patterns varied linearly
with boron incorporation as measured by SIMS, the slope
being in fair agreement with the strain rate coefficient of
Vegard’s law in silicon.13 Above 200 shots, the interface be-
gan to exhibit a shoulder or even a large peak !500 shots"
indicating a pileup of boron at the interface during the pro-
cess. The diffraction peaks did not shift upwards anymore
and remained close to 36°. Their intensity weakened and
their width increased substantially, a second weaker broad
peak even developing around 35.5° for 500 laser shots. This
corresponds to a saturation of the out-of-plane strain around
−3.5%. Since according to SIMS measurements the intake of
boron went on increasing between 200 and 500 shots, one is
led to conclude that in this range, an increasing fraction of
these boron atoms were not incorporated on substitutional
sites. In our experience, the saturation value of 36.1° ob-
served here for the #004$ diffraction peak of Si:B is a quite
general upper limit, independent of our GILD operation con-
ditions.

The superconducting temperatures and upper critical field
have been deduced from ac-susceptibility !$ac" and magne-
totransport !R" measurements. In the $ac measurements, the
films have been placed on top of miniature coils, and Tc has
been obtained by detecting the change in the self-induction
of the coils induced by the superconducting transitions. Both
ac and dc magnetic fields were applied perpendicularly to the
doped layer. Approximate corrections were made to account
for the demagnetization factor, but they do not affect the
determination of Hc2, where the magnetization is zero. As
shown in the inset of Fig. 3, the onset of the diamagnetic
response well coincides with the resistive transition, which is
remarkably sharp in this sample, %Tc%10 mK, while being
only five times larger in the other samples of the series. This
allows an accurate determination of Tc, and the correspond-
ing values have been reported in Fig. 3 as a function of the B
content deduced from SIMS measurements.

No superconductivity was found down to 40 mK for the
two less doped samples with cB%1.4 at. % !50 laser shots"
and cB%2.2 at. % !75 laser shots". For higher boron concen-
tration, the critical temperature increases sharply with doping
reaching 0.6 K for cB%8 at. %. For comparison, the sample
measured in1 displayed a roughly twice smaller Tc with a
much broader transition. The apparent saturation of Tc is
probably nonintrinsic since the incorporated boron in this
range of concentration might be nonelectrically active as
suggested by XRD and by the observation of a maximum
angle of diffraction with broad and less intense peaks !see
above". Calculations within density functional theory and
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FIG. 1. Boron atomic concentration depth profiles deduced from
SIMS measurements for the indicated numbers of lasers shots in the
GILD process.
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FIG. 2. High-resolution XRD measurements of Si:B films at
#004$ Bragg reflection. The peak at 34.565° corresponds to the Si
substrate and the second peak is characteristic of the doped layer for
the indicated numbers of laser shots in GILD process. Inset: relative
variation in the lattice parameter perpendicular to the surface in %
as a function of the boron concentration cB. Broken line, linear
dependence !Vegard’s law" at low doping.
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X-rays : well defined (shifted) [004] peaks 
up to 200 shots

SIMS : homogenenous doping level up to 
200 shots = 4.5 at% ~ 2.2 1021cm-3 

solubility limit



Tc shifted up 0.7K 

(incomplete transition below ~2.5 at-%)

1.5 at-%

2.2 at-%

3.0 at-%

3.9 at-%

6.8 at-%

1.0 at-%

BAD METAL
ρ0 ~ 200 µΩcm 

R(300K)/R(4K) ~ 1.2
(very flat below 40K)



Tc defined at R/Rn = 0.9

ductivity gap can be obtained by fitting the spectrum with a
BCS expression, which allowed us to determine its tempera-
ture dependence. Figure 2 presents this data for three differ-
ent positions !1, 2, and 3" in sample B3. The distance be-
tween 1 and 2 on one hand and !1, 2, and 3" on the other
hand was, respectively, below and above the estimated su-
perconducting coherence length. At these three different po-
sitions, the energy-gap values coincide within the error bars.

The temperature dependence of the gap is also well fitted
by the thermally smeared BCS prediction displayed as the
continuous line in Fig. 2. It follows for sample B3 a zero-
temperature energy gap !!0"=78"9 #eV and a local criti-
cal temperature Tc=480"30 mK. The critical temperature
accessed in this way is a local quantity. It corresponds to a
value close to the tail of the superconductive resistive bulk
transition !see dotted curve in Fig. 2", which sits at Tc
#510 mK. This distinction between the “resistive” and the
local critical temperature properly reflects the difference be-
tween the transport measurement and the local probing.

In total, we have measured five samples, and more than
100 spectra have been obtained on different spatial positions.
All curves showed similar results, demonstrating that the
data displayed in the previous figures are characteristic of
superconductive heavily boron-doped silicon. The quality of
the tunnel junction has been controlled by recording the dif-
ferential conductance dI /dV at different tunneling resis-
tances, i.e., different sample-tip distances. When changing
the set-point tunnel resistance between 10 and 1 M$, the
tunneling spectra overlap after renormalization with respect
to the normal differential conductance, as expected. Since
samples stayed under air atmosphere before being transferred
inside the cryogenics microscope, buffered oxide etch or di-
luted hydrofluoric acid passivating has sometimes been per-
formed to warrant a clean surface but no significant differ-
ence has been revealed compared to the “as-grown” surface.
Furthermore, we succeeded in fabricating a millimeter square
solid superconductive-normal-metal tunnel junction to probe
the tunneling current averaged on a large scale. The mea-
sured current-voltage characteristic provided a similar differ-
ential conductance spectrum with a superconducting bulk
gap value comparable to the one measured locally by STM.

Finally, the difference in critical temperature of the three
series A, B, and C enabled us to investigate the evolution of
the zero-temperature superconducting energy-gap value with
the critical temperature. Figure 3 displays the series of
$!!0" ,Tc% couples for the whole experimental runs set on the
five investigated samples. The critical temperatures Tc were
determined either by macroscopic transport measurement
!empty symbols in Fig. 3" or, when available, by local tem-
perature dependence measurements, following a similar pro-
cedure such as the one shown in Fig. 2 !full symbols in Fig.
3". In the latter case, the local critical temperature was al-
ways lower than the macroscopic value. All measured data
points are located around the full line corresponding to the
BCS model prediction !!0" /kBTc=1.76. Data with a critical
temperature measured locally mainly agree with the BCS
ratio within the error bars. For the rest of the data, gap values
smaller than the BCS prediction are ascribed to a weakening
of superconducting energy gap, which may occur locally be-
cause of a higher disorder or a lower charge doping at the
surface compared to the bulk of the film.

On a given sample, the measured energy gaps show a
maximum "10% scattering. The same scattering is observed
over small and large distances, see, for instance, sample B1
data in Fig. 3. The disorder accessed through the local super-
conductive energy gap thus sits at a very small scale, on the
order of the mean-free path. The energy-gap variation nor-
malized to the mean value is larger than the width of the
resistive transition normalized to the critical temperature.
Actually, the local energy-gap dispersion measured by STM
gives an accurate picture of the actual spatial variation in the
superconductivity, whereas the resistive transition indicates
only the appearance of a superconducting percolating path
throughout the sample. These two approaches can give a
different picture, depending on the investigated sample. For
instance, sample C1 yielded the sharpest superconducting re-
sistive transition10 of all samples but an energy-gap disper-
sion similar to the one observed in series B sample with a
broader resistive transition. Finally, let us point out that al-
though the gap inhomogeneity observed here is reminiscent
of predictions on superconductivity in highly disordered met-
als close to the metallic to insulator transition,20 our samples
have a doping level two orders of magnitude higher than the
relevant critical threshold.

In conclusion, the tunnel differential conductance spectral
shape, the BCS-compatible dependence of the superconduct-
ing gap with the temperature, as well as the !!0" /kBTc ratio
close to the BCS value are three strong experimental indica-
tions that superconductivity in heavily boron-doped silicon
follows the weak-coupling BCS model. The microscopic gap

FIG. 3. !Color online" Dependence of the extrapolated zero-
temperature superconducting gap !!0" with the critical temperature
Tc for series A, B, and C samples. For full symbols, Tc was locally
determined through the local energy-gap temperature dependence.
For empty symbols, Tc was obtained via macroscopic transport
measurements. The straight line indicates the BCS ratio
!!0" /kBTc=1.76 while the dotted lines show a "20% deviation.
Sample B1 and C1 data with empty !!, "" and full !!" symbols
are measured at a macroscopic distance !i.e., at different runs".
Sample B2 data !#" were measured 0.5 #m apart. Sample B3 sym-
bols !$" summarize Fig. 2 results.
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virtual crystal approximation14 predict Tc!0.3 K "respec-
tively, 3 K# for cB=5 at. % "respectively, 10 at. %# using
MacMillan formula.15 Even if the order of magnitude is cor-
rect, the observed dependence of Tc on cB is strikingly dif-
ferent from these predictions. Tc"cB# is actually very similar
to that observed in doped diamond, with a critical threshold
for doping concentration cc above which Tc increases very
sharply with a quasipower law dependence, Tc! " cB

cc
−1#0.5.

Whereas in doped diamond, cc coincides with the critical
concentration of the metal-insulator transition, in doped sili-
con cc!2 at. %, i.e., about 300 times larger than the con-
centration necessary to induce metallicity. The meaning of cc
in this latter case remains, therefore, rather puzzling and
needs to be clarified by further studies.

Electrical measurements were performed in magnetic field
on the sample with cB!8 at. % "400 laser shots#, which has
the highest Tc and the sharpest transition in zero field. The
results are displayed in the inset of Fig. 4 as temperature was
swept at different fixed magnetic fields. The transitions were
shifted toward lower temperature as the magnetic field was
increased, while remaining sharp and well-defined. No hys-
teresis nor supercooling was observed, indicating a second-
order transition, which is consistent with doped silicon being
a type II superconductor. The upper critical magnetic field
Hc2, defined by the usual criterion as where the resistance is
90% of its normal state value, is plotted in Fig. 4. Note that
the discussion below and the shape of the critical line don’t
depend on the exact criterion used; a R /Rn=50% definition
would only shift slightly the Hc2"T# line.

The temperature dependence of Hc2 is very well-
reproduced within the standard microscopic theory. The full
line in Fig. 4 is a fit to the solution of the linearized Gor’kov
equations neglecting spin effects16 in the very dirty limit, !

"
→0, ! being the electronic mean-free path and " the super-
conducting coherence length. Both the strong curvature and a
four times larger Hc2"T=0 K# observed previously1 were
most probably a consequence of the film inhomogeneity.
Since the Fermi velocity vF is a parameter that cannot be
determined experimentally with any accuracy, the electronic
mean-free path ! and Hc2"0# were estimated in a simple two-
band free electron model17 with light "subscript lh# and
heavy "subscript hh# holes having an effective mass mlh

!

=0.16 me "respectively, mhh
! =0.49 me#, me being the bare

electron mass, and with a total carrier concentration of 4
#1021 cm−3.

The residual resistivity in this sample was on the order of

$o!100 % & cm leading to !=
$%vF

2&
$oe2 " nlh

mlh
! +

nhh

mhh
! #−1!2–3 nm.

The light hole band is expected to play a minor role for the
determination of the upper critical field due to its larger
Fermi velocity and its lower partial density of states. In the
dirty limit, Hc2 is, therefore, related to the electronic mean-
free path ! and to the coherence length in the heavy hole
band "hh by: %oHc2' 3'o

2(2l"hh
"Refs. 18 and 19# with "hh being

renormalized by the electron-phonon coupling constant )ep

!0.3 "Ref. 1# to "hh=
*vF

hh

(+"1+)ep# !1000 nm, + being the su-
perconducting gap. Finally, one obtains %oHc2"0#
!1000–1200 Gauss, which is in good agreement with
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FIG. 3. Dependence of the superconducting transition tempera-
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Hc2(0) decreses from 4000G to 
1000G in better samples

probably type II superconductor
eventhough...

⇠ = ~vF /⇡� ⇠ 1000 nm

� =
p

m ⇤ /µ0e2n ⇠ 60 nm

�/⇠ << 1

 type I superconductivity 
observed in SiC (Kriener et al. 2008)

but...
l ⇠ 3 nm << ⇠

! 0.7�/l >> 1
DIRTY superconductor



supercell method

virtual cristal

Si:BC:B

experimental range 
for Tc measurements

experimental range 
for Tc measurements



µ* = 0.14

Bustarret et al. 2007

very reasonable agreement 
between calculations and 

Tc obtained by Bustarret et al. (2007)
taking µ* ~ 0.14

standard metal value

µ* = 0 (BCS)

µ* = 0.14

but new data (lower nB values) led to Tc 
AGAIN much larger 

than calculated values

can NOT be associated with reduced µ* 
nB >> nc

n* ? : NOT related to MIT : nc ~ 1018 cm-3 



Tc scales 
as λα

with α ~ 2 (0.2)

Has this somerthing to do with 
fractality ?

Feigelman et al. (2007)
Disordered system 

close to SIT

Tc = E0�
1/�C(�)

� = 1�D/3

where D is the fractal 
dimension of eigenstates

numerical calculation 
D ~ 1.3

and 1/γ ~ 1.8 



but...
[A]  λ calculations made without any disorder nor any strain 

(induced in the films by substrate) 

C
[B] if kFl close to 1-3 in C:B

kFl ~ 10 in Si:B

Si



Kawarada et al. 2011

[C] Tc decreses 
with the film thickness 

in C:B

P.Achatz et al. 2008

[D] small MR peak 
(Tc = 1K sample B:C nanocrystalites)

but no real «crossing point)



in Conclusion

- (type II) superconductivity obtained in B doped 
diamond and silicon films

- Tc remains quite large down to the MIT in C:B 
[Tc ~ (nB/nc-1)0.5]

- Tc much larger then expected values deduced from 
ab initio λ calculations in Si:B (nB >> nc)

- possible λ2 scaling of Tc in both Si:B and C:B

Thank you for your attention...


