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The experimental discovery of superconductivityporon-doped diamond came as a major
surprise both to the diamond and to the supercdimdumaterials communities. The main
experimental results obtained since then on siogistal diamond epilayers are reviewed and
confronted to calculations, and some open questomsdentified. The critical doping of the
metal-to-insulator transition (MIT) was found to imode with that necessary for
superconductivity to occur. Some of the criticapements of the MIT were determined and
superconducting diamond was found to follow a cotie@al type Il behaviour in the dirty
limit, with relatively high critical temperature hMes quite close to the doping-induced
insulator-to-metal transition. This could indicdkat on the metallic side, both the electron-
phonon coupling and the screening parameter depanthe boron concentration. To our
view, doped diamond is a potential model-systentherstudy of electronic phase transitions
and a stimulating example for other semiconductach as germanium and silicon.
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Introduction

In 2004, bridging the gap separating the superlesiand the superconducting communities,
Ekimov et al [1] discovered the superconductingavedur of a diamond sample resulting
from annealing graphite with 8 at 2500-2800 K under 8-9 GPa for 5s. These asithor
proposed also a mechanism for the transformatiogragbhite into diamond at high pressure
and high temperature (HPHT), and made a thorougirackerization of the diamond
polycrystal [2]. Similar results were reported ghoafter for polycrystalline [3,4] and (100)-
oriented single crystal [5] diamond films grown kycrowave plasma-assisted chemical
vapour deposition (MPCVD), showing that “zero” s#siity could be observed up to the
boiling temperature of helium (4.2 K), that dopiingluced superconductivity appeared above
about 6 16° B/cm® and that Tincreased with the Boron concentration.

Other methods such as chemical transport readéiparid hot filament-assisted [7] chemical
vapour deposition, as well as heavily boron-dopadoerystalline diamond deposited on
seeded glass substrates [8], were also shown tid weperconducting layers under
appropriate conditions, confirming the robustnes€£kimov’'s seminal observation. Up to
now, T, has been found to reach the 8-10 K range in adases [4,7,9], the exact values
depending not only on the preparation method amdlitons but also on the experimental
characterisation and data analysis procedureseapidithe transition.



A few years before that, the stunning success atgte-like MgB, with a superconducting
transition temperature ;-Tof 39 K [10], and the striking properties of magyaphite
intercalation compounds had shown such light ataset layered structures to be favourable
to superconductivity, as for example in Gathere T reaches 11.5 K [11]. Shortly after
Ekimov’'s discovery, calculations of the band stmwet of B-doped diamond [12-16],
combined with the assumption of a BCS-type pairmgchanism [17], suggested that
superconductivity arose from the coupling. (tential) of phonons with holes at the top of
the o bonding (valence) bands, in a way similar to MgBowever, the 3D nature of the’sp
hybridized carbon network in diamond leads to asdgrof states at the Fermi leval giuch
weaker than in the quasi-2D MgBompound where B is $fhybridized. This results in a
lower (calculated) coupling constakit= gV on the order of 0.4 in diamond doped with 5%
holes instead of up to 1 in MgB

The possibility for a superconducting state to eariis a degenerate semiconductor or a
semimetal has been theoretically explored in the EO50's and early 1960’s [18-19].
Experimentally, after many unsuccessful attemppse tll superconducting transitions were
observed between 50 mK and 500 mK in self-dopedeiG&nhTe and reduced SrEiQn all
three cases, {l) phase diagrams were obtained, while specific heatsurements
established the bulk character of the transitianalfy, tunnel spectroscopy performed on
GeTe [20], measured the superconducting gap widtlarfi showed that aAKgT, ratio of
4.3 could be estimated. These results were comrsld®rthe time to further validate the BCS
model [17] for superconductivity [19]. Despite trapparent success, the “superconducting
semiconductors” angle had not raised much intedteshg several decades, until EKimov’s
results [1] triggered a renewed excitement, whidh pvobably last for some time, now that
superconductivity has been also induced by heavgrbdoping in the parent silicon crystal
[21]. We shall stress here the features specifiditanond that could lead this crystal to
become a model-system for this class of materials.

Boron incorporation at high concentrations

In diamond, contrary to nitrogen, boron is readhilgorporated on substitutional bonding sites
of the lattice, and behaves as an electronic ascepntre with an ionisation energy of about
370 meV. In the 18-10* cm® boron concentration range of interest here, pgstetline p*
films grown by MPCVD on Si substrates as well amataystalline layers (which have
industrial applications as chemically inert eled&s for advanced electrochemical sensing or
processing devices) have been found to have daakttproperties similar (at room
temperature) to those of their single crystal cerpdrts. We shall therefore focus here mostly
on single crystal epilayers grown by MPCVD whiche agenerally better suited for
guantitative studies.

As a result of the larger covalent radius of bofgr= 0.88A) compared to that of carbog (r
= 0.77 A), the substitutional introduction of borimo diamond leads to an expansion of the
lattice parameter. This has been found to follow lthear interpolation attributed to Vegard
as long as the boron content was lower than 092 et.MPCVD epilayers [22, 23]. Above
those threshold concentrations, the expansion $s lgronounced [23,24]. This lower
expansion rate has been attributed both to theibatibn of free holes [23], to the negative
deformation potentials at the valence band maxim@2] and to the occurrence of
substitutional boron pairs [24] which are stabiizey p-type doping [25]. In homoepitaxial
films, this expansion is severely limited in thérfiplane by pseudomorphic growth under
compressive biaxial stress, but the boron-induassitige strain along the growth direction is
easily detected in the double crystal X-ray diffrac curves [26]. A typical data set obtained
at room-temperature on both a (100)- oriented ar{dild)-oriented homoepitaxial film is
represented by intensity contours in figs. 1a andadd shows that the down-shifted {400}



and {111} diffraction peaks originating from theilyyer have a lineshape very similar to that
of the type Ib diamond substrate. In particulae thidth of the rocking curve along the
vertical axis (omega-scan) shows that the mosagfithe HPHT substrate is maintained in
the epilayer for both orientations, whereas thairstdistribution represented by the lineshape
along the horizontal axis (2 theta - omega scacatne somewhat broader in the epilayer.
Finally, the possibility of non-substitutional borancorporation at high doping levels has
been investigated by photoelectron intensity amgdilstribution circular dichroism [27] and
by Nuclear Magnetic Resonance (NMR) on 1 isotope [9]. Both studies confirmed that
the main incorporation site for boron was substnal. However!'B-NMR studies detected
a second boron bonding site of lower symmetry, nadsindant in relatively thin (100)-
oriented epilayers, and which was proposed to bbecal B-H complex [9]. Hydrogen is
known to be present in MPCVD diamond layers angassivate effectively boron acceptors
as well as other defects [28]. Interstitial boran well as boron-vacancy or boron-self-
interstitial pairs are also mentioned in the litera but the stability of these incorporation
sites has been questioned.

Doping-induced Metal-to-Insulator transition (MIT)

As seen in fig. 2, when the boron concentratignwas increased from 4 to about 56m

3 the low-temperature transport properties of (A@@nted p* layers changed drastically
from an insulating behaviour (i.e. the resistiityerges when T 0) to a metallic (and even
superconducting) T-dependence which extrapolatedfitmite normal-state resistivity value at
zero temperature. Given the 10% uncertainty of SiMsolute calibrations, these
experimental results are in excellent agreemerit thié zero temperature model calculations
of the vanishing ionization energy or of the cheahotential for both the insulating and the
metallic phase [26], which yield a critical boronncentration naround 5.2 18 cm®. A
generalized Drude approach, taking into accounirtfleence of temperature but neither the
hopping transport nor weak localization effectss hkso been applied to this system [29] and
yielded a similar critical concentration value lyibetween 4 and 5 1bcm.

Following Mott, we may assume that this transitr@sults from boron-related hydrogenic
states with a Bohr radius; & ea/m* which overlap when greaches awith a.n.”®> = 0.26 as
observed in numerous materials. In this case, gakin 5.7 for diamond and m* = 0.74 for
the holes, the Bohr radiug & estimated at 0.35 nm in fair agreement withuealbased on
the acceptor excited states. The present experanant theoretical estimates foy agree
with experimental data recently obtained on fremding polycrystalline ¥ layers where g

< 4.516°cm?[30] and 3.4 1 cm® < n. < 5.5 16° cm® [4]. However, they are one order of
magnitude lower than those measured in ion-impthrdemond [31] where the doping
efficiency may be strongly reduced by the non-stuiginal incorporation of boron discussed
above.

Below the critical boron concentration, the resisfiincreases ap = poexp(To/T)™, where
the value of the exponent m depends on the hoppmchanism : m = 1 for hopping to the
nearest accessible site, m = ¥ for variable rargmpihg (VRH) assuming [32] a nearly
constant density of states at the Fermi legebgd m = % whenggs reduced by a Coulomb
gap (ES regime [33]). Theyparameter is related to the localisation lerggghwhich is of the
order of the Bohr radius far from the metal-non ahétansition, in a concentration range
where the formation of both the impurity band amel Yalence band tail are expected. Typical
values of 18K and crossovers from the VRH to the ES regimethed to a m=1 variation at
even lower temperature have been reported for liypsingle crystals with ;= 2 1d° cm®
[34]. Closer to the transitiorg;o is expected to increase, leading to lowgwalues, so that
the VRH regime extends to lower temperatures, dhdascase in fig. 2 whereyTs on the



order of a few 19K for ng = 2.4 16° cm® and several 0for ng = 4 16G° cm® with a VRH
regime extending down to 10 K [29].

Above the critical concentration, the normal stadaductivity can be extrapolated to a finite
valueop as T— 0 K, as deduced from the resistivity variationswgh in fig. 2. As a matter of
fact, as shown in the inset of fig. 3a, fergreater than 6 ®cmi® [29], and below a certain
temperature at which the inelastic mean free patioimes of the order of the elastic one, the
resistivity increases slowly when the temperat@weaeduced. In this regime, where weak
localisation effects arising from electron-phonarattering are expected as well as other
electronic correlations, the experimental tempeeatdependence of the conductivity was
found [29] to follow between 3 and 30 K an expressif the type : ¢ = g + ATY? + Be-pnl -
Pronounced “weak localisation” effects have beeteated also in heavily boron-doped
polycrystalline [4] and nanocrystalline [35] dianahrwhile a 0 =g + ATY® variation has
been observed in ion-implanted samples [31].

The critical regime of a second order phase tramsiis generally described by two
characteristic exponents, and n [36]. v relates the correlation length (hefg.) to the
external parameter driving the transition (heggthrough&,c ~ 1/|-nc|’, whereas) relates
the energy and length scales of the system (E":.1litLhas been suggested [36] thatanges
from 1 to 3 depending on the relative importanceowé electron localisation, many body
correlations and screening effects, and there @ree reliminary indications [4,29] that for
p™" diamondn = 3 in agreement with the results obtained on dalézbn. Asc is expected
to vary as Hioc, one expects [36] that = 0.1(é/h)/ Eoc With a4/Ejoc = (Ne/ne — 1Y. As shown

in fig. 3a (solid line),oo follows closely the prediction of the scaling theavith v = 1 and
without any other adjustable parameter [29]. Intast ton, a uniquev value on the order of
1 has been obtained numerically in all systemspeddent of the relative importance of the
one electron and many-body effects. The 1.7 value reported previously [31] for implanted
diamond remains thus to be explained.

Doping-induced Nor mal-to-Super conducting transition
Although an increase of.Wwith either the boron concentratiog ar the free carrier density
has been expected on the basis of VCA calcula{ibh<6,37] and experimentally observed
in some of the early reports [4, 5, 26], systematiedies have remained rather scarce.
Assuming that the mechanism for superconductivigs what proposed by the BCS theory
[17], and further that the semi-empirical solutiohthe Eliashberg equations proposed by
McMillan [38] could be applied to diamond, most dhetical studies have evaluated the
critical temperature Jdthrough :

Te = hog/1. 2keexp[-(1.04(1A))/(A-p (1+0.62\))] (1)
wherewog is a logarithmic averaged phonon frequency (a620 cm® in diamond) and
= g-Uc(0) the strength of the zero frequency limit of tetarded Coulomb pseudopotential
Uc(0). This screening parameter, pas generally been taken by the authors to raatyeeen
0.1 [15], 0.13 [12] and 0.15 [13,14], either beaatisese values lead to a good agreement
with experiments or because the latter value ic&mf usual metals where the Fermi energy
is about two orders of magnitude greater than thenpn energy. Within a simplified
parabolic band description of the valence band mamma and a BCS model for
superconductivity, the curvature of the s s curve may then be discussed [4,5,29,39] as
function of theh and || parameters governing equation (1).
Moreover, a comparison between (111)- and (10@nrted p* diamond epilayers [9,40]
confirmed that above a threshold concentratigramound 5 18 cm® T, increased sub-
linearly with s in the case of (100)-oriented growth and supealintr (111)-oriented
substrates. The fact that the same boron concemireduld lead to quite different. Values



depending on the preparation conditions [40] hasedathe question of the doping efficiency
of boron atoms depending on their incorporation. ditor optimized growth conditions, the
influence of such extrinsic mechanisms should h@vegmain limited, in particular close to
the critical boron concentration (#,29]. As shown in fig 3.b, surprisingly large Values (>
0.4 K) have been obtained whep is only 10% higher than.nn (100)-oriented epilayers
where T followed a (m/n-1)*2 dependence.

Under the assumption that eq. (1) still appliedpdesthe fact that close to. the Fermi
energy becomes smaller than the phonon energye tietetively high values of Tcould be
explained [29] by a slow variation of the electygmenon coupling parametex, (typlcally)\

~ (ne/n-1)°?), together with a pronounced but gradual decreitiee screening parameter p
when i — n.. Such a view, where bothand (1 are rescaled by the proximity of the Metal-
to-Insulator Transition, is not so common, althotigh influence of the proximity of the MIT
on the superconducting behaviour of disordered Isnét@s been studied extensively over the
last years in order to explain the enhancement.ah The vicinity of the MIT [41, 42]. Such
an enhancement has not be reported for diamonar so f

Boron-doped diamond : atypell superconductor in thedirty limit

As indicated by the Hvs T. phase diagrams and D) values published in the first
experimental studies [1,3,5]; pdiamond is a type Il superconductor. A strikingrfanation

of this fact, featuring vortex images (see fig. 4a@fained in the mixed state by ultra-low
temperature STM [43], has been reported recerttig superconducting gap, its temperature
dependence, its relationship to the macroscoptcaritemperature, as well as the shape of
the tunnelling density of states were found to udk/ fcompatible with a conventional weak-
coupling mechanism in a thin and homogeneous (28jted epilayer. More precisely, in
order to generate an image of the vortices, th@rsog tip bias was fixed at the value
corresponding to the coherence peak observed idiffegential conductance spectra at the
gap edge. A contrast on this signal was obtainednwthis peak disappeared in the locally
normal regions present around each vortex coresellaertices formed a partially disordered
triangular Abrikosov lattice (see fig. 4b) and wemet pinned by defects or surface
morphological features (fig. 4a). Spatial variatoof the gap width as well as the
temperature- and orientation-dependences of theslgape [44] have however been observed,
confirming the effect of spatial inhomogeneities anacroscopical signatures of
superconductivity such as the marked broadenintpefransition under moderate magnetic
fields.

The coherence length, can be estimated either from the lowpart of such phase diagrams
or from the dH/dT slope at low field. Typical vatufor ¢ evaluated in one of these ways were
10 nm for polycrystalline HPHT bulk™p diamond [1], 10 to 30 nm for polycrystalline
MPCVD films [4] and 15 and 20 nm for the (100)-oied epilayers leading to the phase
diagrams shown in fig. 4. An estimate of the maae path)m, for the holes in the normal
state has been proposed [4] on the basis of a catntnn of Hall effect and conductivity
measurements at 4.2 Klys;p, was on the order of 0.5 nm in samples where 10 nm. A
London penetration lengtiy,, of 150 nm has moreover been evaluated for thee ddm.
Seeing thalngp << § <<A_, it was concluded that boron-doped supercondgctiamond was

in the dirty limit. Similar conclusions may be dnairom a free-electron description of the
room temperature macroscopic conductivity valuesasueed on superconductive films
(usually in the 200-200@™*cm™ range), from momentum distribution curves of angle
resolved photoemission around the Fermi level (wiyieldedln = 0.5 and 0.9 nm in [44]),
or from a Drude model analysis of their reflecivispectrum (microscopic optical
conductivity) yieldinglmp = 2.5 and 4 nm at room temperature [35,45]. Thieraalues were
obtained on the same epilayers mentioned abovaliwch a phase diagram was published



and¢ values of 15 and 20 nm have been proposed [Hindwere)np << . Moreover, in the
thinnest of these boron-doped layers, both the roemperature scattering ratg, (from
Drude analysis[45]) and the superconducting g&fQ) are known and there is no doubt that
they/2A ratio is of the order of 1700, clearly in the tgirlimit of superconductivity.

Conclusion

In p-type diamond, the critical boron doping of timetal-to-insulator transition (MIT) was
found to coincide with that necessary for supercetidity to occur. Some of the critical
exponents of the MIT were determined while supedoating diamond was found to follow a
conventional type Il behaviour in the dirty limjth critical temperature values remaining
relatively high quite close to the doping-induceulator-to-metal transition. This could
indicate that on the metallic side, both the et@e{phonon coupling and the screening
parameter depend on the boron concentration, anger where the electronic energy of the
system becomes smaller than the phonon energy.

Because diamond has a simple crystallographictsttei@and does not involve magnetism, it
could become an attractive model-system for thedystof superconductivity in low
dimensional structures of controlled dimensions awitere disorder can hopefully be
restricted to the chemical randomness of an idgdadtgutional alloy.
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Figurelegends

Figure la

Iso-intensity contours around the {400} diffractipeak of a (100)-oriented heavily B-doped
diamond epilayer. The abscissa axis correspontteta theta minus omegab(- w) scanning
direction while the vertical axis corresponds te ttmega () offset angle (rocking curve).

Figure 1b

Iso-intensity contours around the {111} diffractipeak of a miscut (111)-oriented heavily B-
doped diamond epilayer. The abscissa axis corrélspaa the 2 theta minus omega
(26 - w) scanning direction while the vertical axis corragg®to the omegauf) offset angle
(rocking curve).

Figure 2

Temperature dependence of the a.c. resistivityr (point) of various (100)-oriented diamond
epilayers with different boron contents measured by SIMS. The doping-induced MIT is
found to occur between 4.0 and 4.8%Em?>.

Figure 3a

Conductivity extrapolated to zero temperature &sation of the boron contentgndeduced
from SIMS measurements on boron-doped diamond {@6ented epilayers. The solid line
corresponds to the prediction of the scaling thedrthe Metal-to-Insulator transition, taking
v =1 (see text). Insert : Temperature dependenteeoélectrical resistance (for two samples
also characterised in fig. 2), rescaled to thegsistance at 100 K, illustrating the weak
localization regime (more pronounced closer to Mid) and the definition of T for the
superconducting transition.

Figure 3b

Critical temperature Jdeduced from resistivity curves (at 90% of thenmalrstate resistance)
as a function of the boron content deduced from SIMS measurements. The open cirde ha
been taken from ref. 1. The solid line correspandk, ~ (ns/ne-1)%° with n. = 4.5 16° cm™.

Figure 4a

Vortex image (1.5 x 1.5 pfhobtained at 100 mK at a magnetic field of 1900dBea (100)-
oriented 75 nm-thick boron-doped diamond epilagaperimposed with a topographic STM
map yielding an rms roughness of 1.8 nm. The vestappear as darker spots.

Figure 4b
Fourier transform mapping of the vortex image shawrfig. 4a, illustrating the disorder
affecting the triangular Abrikosov lattice. The eage vortex spacing was 110 nm.
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Fig.2
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Fig.3a &b
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Fig. 4a







