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Superconductivity in ultra-doped Si1-,Ge, : B epilayers is demonstrated by nanosecond laser dop-
ing, which allows introducing substitutional B concentrations well above the solubility limit and up
to 7at.%. A Ge fraction z ranging from 0 to 0.21 is incorporated in Si : B : 1) through a precursor
gas by Gas Immersion Laser Doping; 2) by ion implantation, followed by nanosecond laser anneal-
ing; 3) by UHV-CVD growth of a thin Ge layer, followed by nanosecond laser annealing. The 30
nm and 75 nm thick Sii1_,Ge, : B epilayers display superconducting critical temperatures T, tuned
by B and Ge between 0 and 0.6 K. Within BCS weak-coupling theory, Tt evolves exponentially
with both the density of states and the electron-phonon potential. While B doping affects both,
through the increase of the carrier density and the tensile strain, Ge incorporation allows address-
ing independently the lattice deformation influence on superconductivity. To estimate the lattice
parameter modulation with B and Ge, Vegard’s law is validated for the ternary SiGeB bulk alloy
by Density Functional Theory calculations. Its validity is furthermore confirmed experimentally by
X-Ray Diffraction. We highlight a global linear dependence of T, vs. lattice parameter, common

for both Si: B and Si1_,Ge, : B, with §T./T. ~ 50 % for da/a ~ 1%.

I. INTRODUCTION

SiGe is a key material for micro-electronics. The pos-
sibility to combine classical SiGe technology with quan-
tum circuits is thus appealing to exploit the large-scale
integration and reproducibility associated with CMOS
devices [1]. Hole spin qubits have been developed in
Ge/SiGe quantum dots [2] and SiGe nanowires [3, 4],
taking advantage from the control on the environment
and the low nuclear spin possible in group IV materi-
als. Furthermore, Ge and SiGe have been incorporated
in Josephson field effect transistors [4, 5], hosted trans-
mon qubits, and their microwave losses have been inves-
tigated [6]. The possibility of inducing superconductivity
directly in thin SiGe layers might furthermore provide an
advantage in coupling SiGe-based classical electronics to
superconducting quantum circuits.

It has been shown that Silicon displays a superconducting
phase when ultra-doped with B [7-10]. An extreme boron
doping concentration is required to trigger superconduc-
tivity in SiB, more than three times the solubility limit.
This concentration, impossible to reach using conven-
tional micro-electronic processes, was obtained using Gas
Immersion Laser Doping (GILD), an out-of-equilibrium
technique combining chemisorption of a precursor gas in
a Ultra-High-Vacuum environment, and nanosecond laser
annealing [10-12]. In this paper, we employ GILD to
ultra-dope with B thin SiGe layers, demonstrating the
realisation of a superconducting phase.

In addition to the intrinsic interest of SiGe supercon-
ductivity, the investigation of the evolution of the super-
conducting critical temperature T, with both B and Ge
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doping allows to better understand what triggers super-
conductivity in Si and SiGe. Indeed, BCS theory in the
weak coupling limit expects T, to exponentially increase
with the electron-phonon coupling A = N(Ep)Ve_pp, the
product of the electron-phonon potential V._,; and the
density of states at Fermi energy N(Er). B doping mod-
ifies both N(Er) and V._,n: N(EF) is related to ng, as
evident in the frame of the 3D free electron model where
N(Er) « (372np)Y/3. In addition, due to the smaller
size of B compared to Si, an important lattice deforma-
tion up to da/a = —3.5% is induced at the same time
[8], affecting the phonon frequencies involved in Cooper
pairing. The incorporation of Ge makes it possible to
modify, solely and independently, the lattice deforma-
tion, allowing to elucidate the relevant parameters that
govern superconductivity.

II. ULTRA DOPED Si1-,Ge, : B
A. Gas Immersion Laser Doping

To attain the extremely high doping levels necessary
to induce superconductivity, we employ fast liquid phase
epitaxy, characterized by recrystallisation times of a few
tens of nanoseconds (see Methods). A puff of the precur-
sor gas (BCl3 or GeCly) is injected onto the substrate
surface, saturating the chemisorption sites, so that the
supply of incorporated atoms is constant and self-limited.
A pulse of excimer XeCl laser (A = 308 nm, pulse du-
ration 25 ns) melts the substrate, and the chemisorbed
atoms diffuse in the liquid. At the end of the laser
pulse, an epitaxial out-of-equilibrium recrystallisation
takes place from the substrate at a speed of ~ 4m/s [13],
achieving concentrations larger than the solubility limit
(~ 1at.% for B in Si). The laser energy density, tuned



Type of Ge incorporation || Thickness (nm) Laser shots B Cp (at.%) | Laser shots Ge | Cge (at.%)
GILD - 5 30 30-400 2.3-10.6 5 0.27
GILD - 15 30 30-400 2.3-10.6 15 0.8
GILD - 200 30 160-475 8-11.2 200 10.7
GILD - Ge 30 220 9.2 5-400 0.27-21.3
Ge CVD 30 30-400 2.3-10.6 - 17.1
Ge implanted (10*° crm™2) 75 3-258 + Bimpl. (5 x 10 em™2) | 1.5-10.8 - 0.27
Reference SiB 30 50-400 3.6 - 10.6 - -

TABLE I. Details on the SiB and SiGeB sample series investigated in this work: Ge incorporation method, thickness, number
of nanosecond laser annealing repetitions, total B and Ge concentrations Cg and Cg. in atomic %.

with an attenuator, controls the melted thickness in the
5-500 nm range. A flat, straight, and sharp (few nm
thick) interface is created between the ultra-doped layer
and the substrate. In order to control the amount of B
and Ge incorporated, the entire chemisorption-melting-
crystallisation process is repeated the desired number of
times (number of laser shots N). The total B (Ge) concen-
tration Cp (Cge) is proportional to the number of GILD
process repetitions N [14-16] (see Methods for previous
works detailing the calibration of the thickness and of B
and Ge concentrations).

B. Ge incorporation

We explore the low temperature electrical characteris-
tics of thin Si;_,Ge,:B films, ultra-doped in boron (B) by
Gas Immersion Laser Doping. Three different methods
are used to incorporate the Ge and control its amount: 1)
Gas Immersion Laser Doping with GeCl, as a precursor
gas; 2) Implantation of Ge and B, followed by nanosec-
ond laser annealing; 3) Growth by UHV-CVD of a thin
Ge layer, followed by nanosecond laser annealing.
N-type Si substrates of resistivity 50 Qcm are used for
all sample series. The substrates are introduced in the
UHV chamber after an acetone and ultrasounds cleaning
to remove organic surface contamination, and 1 minute
Buffered Hydrofluoric acid etch to remove the native sil-
icon oxide.

1) Gas Immersion Laser Doping of Ge
Four samples series are realised by GILD (see Table I):
three with varying B content and a fixed Ge concen-
tration (GILD-5, GILD-15, GILD-200), and one with a
varying Ge content and fixed B concentration (GILD-
Ge). The doped thickness is ¢ = 30nm, corresponding
to a melting time of 30ns on undoped Si by a laser
energy density at the sample level of 1000 mJ/cm?. B
atoms have a high diffusion coefficient in the liquid Si
(D ~ 10~%*cm?/s) and a segregation coefficient near 1
at the high crystallisation speeds attained (k = 0.95)
[17], insuring a homogeneous B distribution within the re-
crystallised layer even for the longer annealing processes
(~ 15 us for 500 cycles of 30 ns). Thus, a homogeneous
distribution is expected even when the B is further sub-

mitted to the subsequent process time of the Ge incor-
poration. In contrast, a graded profile is expected for
Ge, accumulating towards the surface and depleting the
bottom of the layer, an effect of the smaller segregation
coefficient (k ~ 0.6 — 0.8) [18].

2) Nanosecond Laser Annealing of implanted Ge and B
In one sample series (Ge implanted), an implantation
step prior to the nanosecond laser annealing is employed
to introduce a Ge dose of 10'® cm ™2, and right afterwards
asmall B dose (5x 10 em ™2, equivalent to 42 laser shots,
ie. 1.25 at.%). The following GILD processes serve both
the purposes of incorporating in substitutional sites the
implanted B and Ge and increasing the B doping. This
series is thicker than the rest of this work (¢t = 75nm) to
ensure that the implanted atoms, including the implan-
tation queue, are within the melted depth.

3) Nanosecond Laser Annealing of a thin CVD Ge layer
In one sample series (Ge CVD), the Ge is supplied from
an epitaxially grown thin Ge layer. The following GILD
processes serve the purpose of melting the Ge and the
Si underneath, mixing them, and of introducing the B
doping. The epitaxial growth of Ge on Si is carried out
in an UHV-CVD system with a base pressure of 10710
mbar. Pure SiH, and GeH, diluted at 10% in H, are
used as gas sources. The growth time is settled at 20 min
in order to achieve 6nm of Ge [19, 20] (see Methods for
further details).

III. SUPERCONDUCTIVITY IN Si1_,Ge, : B

A. Low temperature measurements

At the end of the B and Ge incorporation, Ti(15
nm)/Au(150 nm) metallic contacts for 4-points measure-
ments are deposited over the doped layers by laser lithog-
raphy and e-beam evaporation. The resistance R of a
region 150 um wide and 300 pm long is extracted from
dc V(I) measurements of averaged positive and negative
bias current (I4.=10 to 50 nA). R is recorded as a func-
tion of temperature (300 K to 0.05 K) and perpendicu-
lar magnetic field (0 to 55 mT) in an Adiabatic Demag-
netisation Refrigerator setup. After the demagnetisation
and relative cool down, the system is left to evolve dur-
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FIG. 1. Typical resistance R vs. temperature 7T super-
conducting transitions for a) the Reference SiB GILD sam-
ples series, containing no Ge and a variable B concentration
Cp = 9.2 — 10.3at.%; b) SiGeB layers from the GILD-Ge
sample series, with constant Cp = 9.2at.% and varying Ge
concentration Cge = 0.8—21.3 at.%. T, and T, indicate re-
spectively the high and low temperature transition for SiGeB
at high doping.

ing the slow (~1.5 hours) temperature increase, giving a
precise evaluation of the superconducting transition tem-
perature. For the transitions in presence of a magnetic
field B, the demagnetisation is stopped at B (instead of
decreasing to zero field as in usual demagnetisation cy-
cles), so that the transition is recorded in presence of a
constant magnetic field.

In order to access the hole carrier density, Hall bars are
realised in a separate reference SiB sample series (see
Methods).

B. Superconductivity evolution with B in Si: B

Fig. 1-a shows typical R(T) superconducting transi-
tions for the Reference SiB samples series, containing no
Ge, with varying total B concentration Cg. The R(T)
curves show a single, relatively sharp transition, of width
AT ~ 0.08 K~ 16%. We observe that the superconduct-
ing critical temperature 7, and the normal state resis-
tance Ry evolve with C'g, the total amount of B incor-
porated. Varying Cp results in a modification of the hole
carrier density ng. For Cg < 6 at.%, all B atoms are sub-
stitutional, providing a hole carrier, and we obtain 100%
activation, with ng = Cp (Fig. 2-b). For Cp > 6 at.%,
the activation progressively lowers with the gradual in-
crease of inactive B complexes, and npg increase slows
down. Finally, at Cp > 9.5at.%, np saturates, as a
result of the formation of B aggregates [16, 21]. As a
consequence, Ry initially decreases with Cp in the full
activation regime, while at higher doping it saturates and
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FIG. 2. a) SiB and SiGeB superconducting critical tempera-
ture 7. at mid-transition vs. total B concentration Cp for
sample series GILD-5, GILD-15, GILD-200, Ge CVD and
Reference SiB. All series are 30nm thick. SiGeB samples
present two transitions at the highest Cge. In this case, the
one leading to the zero resistance state, T, is plotted. b)
Hole carrier density np (substitutional B concentration) vs.
total B concentration Cp extracted from Hall measured in a
dedicated SiB sample series with t=30 nm. Cp is measured
from SIMS (Secondary Ion Mass Spectrometry) concentration
profiles over the layer thickness t: Cp = M. The grey
line is a guide to the eye for SiB (no Ge) evolution.

slowly increases following the increase of disorder and for-
mation of aggregates [16]. In the parameter range of this
work, we are close to Ry saturation, and only little vari-
ations are observed when modifying Cp (see Fig. 1a).
The evolution of T, with Cg is instead marked. T, ini-
tially increases roughly linearly with C'p, to attain a max-
imum at Cg = 8.9 at.%, and then decreases, more slowly,
in the saturation regime (Fig.2-a). The similar evolution
of T.(Cp) and np(Cp) suggests that T, is controlled by
the active concentration ng. However, we observe that T
keeps increasing with C'g even after the saturation of the
hole concentration ng at Cp = 7.8 at.%. Thus, the ques-
tion arises if superconductivity in silicon, besides being
controlled by the carrier density, might be tuned through
the strain induced, at the same time, by the smaller B
atoms. The demonstration of superconductivity in SiGe
by ultra-doping with B, in addition to its intrinsic inter-
est associated to the role played by SiGe in classical (and
quantum) electronics, opens the way to an experimental
answer to this question. The independent incorporation
of B and Ge allows indeed to address, independently, the
role of the carrier concentration and the strain in the evo-
lution of superconductivity.

C. Superconductivity evolution with Ge and B in
Sit1—_.Gey : B

Fig. 1-b shows the R(T') superconducting transitions
of typical SiGeB layers from the GILD-Ge sample



series, with constant Cz = 9.2at.% and varying Ge
concentration Cg., = 0.8 — 21.3at.%. While at small
Ge content the transitions are nearly on top of the
Reference SiB, single, transition, for higher Cg. the
curves show two transitions. The first transition, T,
at higher temperature, accounts for 23 — 24 % of the
resistance drop. The second transition, accounting
for ~ 75% of the resistance, is similarly sharp, with
AT ~ 0.05K~ 13%, and is characterized by a lower
transition temperature T, ;. The decrease of T.; with
Ge concentration observed in Fig. 1-b is a general
occurrence for all B concentrations, and not particular
to the fixed Cp of the curves displayed. Indeed, as
shown in Fig. 2, T, ;(Cp) follows for each SiGeB series
(GILD-5, GILD-15, GILD-200, Ge CVD) a dependence
that mimics that of SiB, but shifted towards lower
T, values, with a shift that increases with Cg.. A
strong disorder induced by the Ge incorporation might
explain such T.; reduction. However, an important
disorder would be evident in the normal state square
resistance at low temperature, Ry, ~ 3€, which
instead remains well below the resistance quantum (see
Fig. 1). Moreover, Ry is only little affected by the
Ge incorporation, and a slight Ry reduction with Cge
is even observed, probably related to a better carrier
mobility in SiGe despite the scattering induced by Ge
random position in the lattice. Thus, the large T,
suppression (07, ;/T.; ~ 50 %) cannot be explained by
the low disorder (0Rn/Ry ~ 10%).

Fig. 3 shows the evolution of T,.; and T} as a function
of the Ge concentration for the sample series GILD-Ge.
T, n is on average constant, globally independent of the
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FIG. 3. Superconducting critical temperatures of the two

resistive transitions T,; (blue) and T, (red) observed in
SiGeB series GILD-Ge (see Fig.1), for a fixed Cp = 9.2at.%
and as a function of Ge concentration Cge. The dotted
line corresponds to the Te of the Reference SiB sample with
Cp = 9.2at.% and no Ge, realised in the same run as the
GILD-Ge series. The grey line is a guide to the eye.

nominal Ge content, and its value is consistent within
7% with the T, expected, in the absence of Ge, for a SiB
layer of the same B doping. In addition, the measured
critical magnetic field H.op, is also compatible with
the SiB reference, H.o ~ 200 to 1000G in the Cpg
range examined. Fitting Heo ,(T) (see Methods), it is
possible to extract the superconducting coherence length
€sigen.n- For Cp =9.2at.% and Cg. = 8—21.3 at.%, we
find £sigen,n, = 59 — 65 nm, similar to SiB £g;p = 60 nm
but with ~ 10% larger value associated to a higher
diffusion coefficient (as also observed in Ry). In
contrast we find, for the low temperature transition
T.; of the same samples, a strong dependence with
Cge, a suppressed H.o; ~ 150 to 350 G, and a larger
&sigen,) = 95 — 140nm varying with Cge, the result of
a roughly doubled diffusion coefficient as compared to
§siB-

Thus, while at low Ge content we observe the behaviour
of a homogeneous SiGeB layer, two regions are present
at high Ge content: one depleted in Ge, behaving as
pure SiB with only slight variations as a result of the Ge
incorporation processes, the other deeply affected by the
incorporated Ge, with a doubled diffusion coefficient and
a suppressed T.. The ratio of the two regions volumes
can be estimated from the height of the two resistance
steps and the diffusion coefficients extracted from the
measured coherence lengths. This results in a Ge-poor
region about 6 times smaller than the nominal Ge region.

D. Superconductivity evolution with lattice
deformation

In order to understand the role of Ge on SiGeB super-
conductivity, and as Ge concentration does not directly
affect the carrier concentration, we focus on the struc-
tural properties of the layer. In particular, we examine
the deformation induced by both the Ge-induced com-
pressive strain and the opposite B-induced tensile strain
in selected samples from the GILD-Ge series and the re-
spective Reference SiB sample. X-Ray Diffraction maps
around the (224) reflection are realised to image both the
in-plane and out-of-plane layer deformations (see Meth-
ods). Two samples are shown in Fig. 4: a SiB layer,
with Cg = 9.2at.%, and a SiGeB layer, with the same
Cp and Cge = 10.7at.%. The SiB layer is partially
relaxed, with an in-plane lattice constant smaller than
that of the Si substrate, as visible from the larger @,
wavevector in SiB as compared to Si. However, upon
incorporation of Ge, the layer evolves back to a nearly
fully strained configuration, with only the beginning of
strain relaxation. This is the result of Ge partially com-
pensating the B induced strain, as age = 5.6578 A >
agi = 54307 A > ap = 3.74 A [22]. From the in-plane
and out-of-plane wavevectors (), and @,, we extract the
lattice parameter of the SiB (SiGeB) layers, reported in

Fig. 4-a, with (Qs; — QsiB)/Qsip = (asiB — asi)/asi
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FIG. 4. a) XRD reciprocal maps along (224) direction for
(left) a SiB sample with Cp = 9.2at.% from Reference SiB
series and (right) a SiGeB sample with Cp = 9.2at.% and
Cge = 10.7at.% from GILD-Ge series. Intensity is depicted
in colour contrast, with cold colours for the lower signal and
hot colours for higher intensities. @, and @, correspond to
the in-plane and out-of-plane wavevectors. The lattice pa-
rameter extracted from the XRD measurements is noted on
each image. b) Optimized lattice constant for the ternary
SiGeB bulk alloy calculated within Density Functional The-
ory (DFT) in the generalized gradient approximation (GGA)
as a function of the Ge fraction, xge and for different values
of the B fraction, zp. The xzg. value lies in the range of 0 to
25 at.% while xp varies between 2 and 8 at.%.

and Q = 1/Q2 + Q2.

Having established the experimental lattice parame-
ters available from the limited number of XRD maps, we
explore their dependence on B and Ge concentration by
performing Density Functional Theory (DFT) calcula-
tions in the generalized gradient approximation (GGA)
for the ternary SiGeB bulk alloy. Special Quasi Ran-
dom Structure approach [23] is used to extract from the
ensemble of all the possible random configurations only
those which provide the most accurate approximation to
the true random alloys. Further details of the DFT sim-
ulations are presented in the Methods section. For the
pure SiGe alloy we find that, in the low Ge concentra-
tion regime, the behaviour of the lattice constant follows
the Vegard’s law for binary semiconductors [24, 25]. In-
deed, the DFT calculated lattice parameter of the al-
loy linearly increases with Ge fraction x¢g., according to
asiGe = Gsi-Tgi+age-(1—g;), where ag;= 5.449 A and
age= 5.789 A are the DFT-GGA lattice parameter of
pure Si and pure Ge, respectively. Once the pure SiGe

alloy case analysed, we calculate the dependence of the
lattice constant on the B concentration for the ternary
SiGeB bulk alloy. We consider a B fraction, xp, ranging
from 2at.% to 8at.% and we vary the Ge composition
from 0 to 25 at.%, matching the experimental parameter
range. As is shown in Fig. 4-b, increasing xp lowers the
value of ag;ge while maintaining the linear Vegard’s be-
haviour. These results demonstrate that, in this chemical
composition regime, the use of a linear interpolation of
the three alloy components is theoretically justified and
can be summarized in the following equation:

aSiGeB = QB *TB T AGe *TGe T As; * (1 —IB _I'Ge) (1)

where ap is determined through a constrained fit (with
ag; and ag. fixed to their GGA values) to be 3.81 A,
which is in very good agreement with the experimental
value measured in Ref. [22]. Even though, due to the
well-known GGA underbinding tendency [26], the simu-
lated pure elements lattice parameters are slightly over-
estimated if compared with the experimental values (by
a few percent difference), the theoretical results fully val-
idate Eq.1.

We thus employ Vegard’s law (Eq. 1) as a function of zp
and zq. to predict the lattice parameters of the samples
shown in Fig. 4, by taking as input the experimental val-
ues of Cp and Cg. and the experimentally determined
ag; = 5.4307 A, age = 5.6578 A and ap = 3.74 A, the B
and Ge fractions x; = C;/ng; being calculated in respect
to the pure Si density ng; = 5 x 1022 cm™3. For the sam-
ples analysed in Fig. 4, we obtain ag;p = 5.2755 A(vs.
asip,xrp = 5.276 £0.005 A), and ag;gep = 5.300 A(vs.
asiGeB,xRD = 9.299 £0.005 A), an excellent agreement,
well within the error associated to 'pointing’ uncertainty
on the XRD maps.

With both experimental and numerical validation, we ex-
tend the 3-elements Vegard’s law to calculate the lattice
parameters a for the samples for which no XRD is avail-
able. To correctly estimate ag;p and ag;gen, only the
substitutional dopant concentration providing a lattice
deformation is relevant. We thus exclude from the follow-
ing analysis the samples with Cg > 9.2 at.%, the concen-
tration range where aggregates appear, rendering inac-
curate the estimation of the substitutional concentration
[21]. The concentration range between the fully activate
regime and the saturation regime 6 at.% < Cp < 9.2 at.%
is however included, as the still-high activation (ratio of
active to total B concentration > 75 %) is limited in this
region by substitutional inactive B complexes formed by
a few atoms (B dimers, trimers) [16]. Such complexes also
induce a lattice deformation, whose value differs however
from that of isolated B atoms [27, 28]. We thus might
expect a maximum error of ~ 20% on the deformation
estimation for these complexes, but, as they account at
most for 25 % of C'p (and only at the highest concentra-
tions), the final induced error on the lattice parameter is
expected within a few %. In the case of Ge, the whole
Cge range is considered, as for the concentrations investi-
gated here, Ge is expected to be fully substitutional [18].



The dependence of T, on the lattice parameter a calcu-
lated from Cp and Cg, is shown in Fig. 5 for Reference
SiB series, GILD-5, GILD-15, GILD-200, GILD-Ge and
Ge implanted. It is remarkable that all sample series col-
lapse in a common linear trend: SiB samples see their
lattice parameter decrease with B doping and 'move’ to-
wards higher T, from right to left; SiGeB samples with
a fixed Cp see the lattice parameter increase due to the
Ge incorporation, and move from left to right to lower
T., over SiB samples with smaller B concentrations. The
multiple methods employed to incorporate the Ge do not
seem to affect significantly the global result, and neither
does the difference between the 30 nm and 75 nm thick
samples series. The series to series deviations from the
average T,(a) observed in Fig. 5 are associated to uncer-
tainties in the lattice parameter of da/a ~ 0.7 %, and can
be traced back to the uncertainty in the determination of
the deformation associated to the few-atoms complexes.
It is noteworthy that modifying the lattice parameter by
da/a = —1% leads to a large change in the superconduct-
ing critical temperature of 07./T,. = 50 %. A strong de-
pendence of T, with the lattice parameter is reported for
other superconductors, such as In,Te [29] or covalent su-
perconductors (like Si and SiGe), such as superconduct-
ing B doped diamond (67,/T. ~ 64 % for da/a ~ 0.2%)
[30] or K3Cgo and Rb3Cgo fullerenes (07T./T, ~ 83 % for
daja ~ 4 %) [31].

Such strong increase of T, upon the reduction of the lat-
tice parameter might be associated to the increase of the
electron-phonon potential V,_,y,, increasing in turn the
electron-phonon coupling A, and thus the T.. Supercon-
ductivity in ultra-doped SiB and GeB was indeed pre-
dicted in isotropic crystalline structures by ab-initio cal-
culations as the result of phonon modes softening [32].
A good agreement was found with relaxed SiB layers
realised by GILD, even though the superconductivity
threshold could not be correctly modelled and was shown
to depend on the lattice deformation [16]. The incorpo-
ration of Ge in the SiB lattice by nanosecond laser an-
nealing allows addressing specifically the electron-phonon
potential independently of the density of states, through
the finely tuned lattice parameter, and will help clarify-
ing the role of lattice deformation in covalent Si and SiGe
superconductors.

IV. CONCLUSIONS

In conclusion, we demonstrate superconductivity in
Si;_.Ge, : B epilayers by nanosecond laser ultra-doping
with B. The B concentration reached, well above the
solubility limit thanks to such out-of-equilibrium tech-
nique, is varied from Cp = 1.5 to 11 at.%, with 100%
activation rate below Cp = 6at.% and over 75% up to
Cp = 9.2at.%. The Ge fraction explored is x =0 to 0.21.
Ge is incorporated in three different ways: 1) through
a precursor gas by Gas Immersion Laser Doping; 2) by
ion implantation, followed by nanosecond laser anneal-

Varying CB - t=30 nm
Y% SiB - Cce=0
® SiGeB - Cce =0.27 at.%
e SiGeB-Cce= 0.8at.%
® SiGeB - Cce=17.1at.%
* Varying Cs - t=75 nm
0,4 [ VY & SiGeB - Cee= 0.27 at.%
Varying Cae - t=30 nm
o SiGeB - CB =9.2 at.%

0,6 **

T, (K)
%

0,2 x
4 ()*

0,0 T T T T T T T
5,25 5,30 5,35 5,40

lattice parameter a (A)

FIG. 5. Superconducting critical temperature vs. lattice pa-
rameter calculated with Eq.1 for Reference SiB series, GILD-
5, GILD-15, GILD-200, GILD-Ge and Ge implanted (see Ta~
ble I All series are plotted, for Cp < 9.2at.%, to avoid the
region where B aggregates are present, affecting the estima-
tion of the lattice parameter.

ing; 3) by UHV-CVD growth of a thin Ge layer, followed
by nanosecond laser annealing. The 30 nm and 75 nm
thick SiGeB epilayers display a zero resistance state, with
superconducting critical temperature T, varying with B
and Ge concentration from 0 to 0.6 K, a superconducting
critical field H.o = 150 to 500 G, and a superconduct-
ing coherence length & = 70 to 140 nm, larger than SiB
layers of equal concentration due to a doubled diffusion
coefficient associated to Ge incorporation. To understand
the T, evolution, we turn towards BCS theory, which pre-
dicts a T, exponential evolution with the electron-phonon
coupling constant A = N(Ep)Ve_pp, the product of the
density of state at Fermi level and the electron-phonon
interaction potential. Starting with the simplest SiB al-
loy, we observe an initial increase of T, with C'g, that can
be associated to the increase of the charge carrier den-
sity (np = 1.5—"7at.%), and as a consequence of N(Ep).
However, T, keeps increasing even when the hole concen-
tration np saturates at Cg = 7.8at.%, as a result of
the formation of B aggregates. We thus explore the role
played by the structural deformations on superconduc-
tivity, by fine-tuning the strain through the modulation
of the Ge concentration at fixed carrier density. To esti-
mate the lattice parameter modulation with B and Ge,
we validate Vegard’s law for the ternary SiGeB bulk al-
loy by DFT-GGA calculations. The theory is in excellent
agreement with X-Ray Diffraction maps, where both the
in-plane and the out-of-plane lattice deformation is mea-
sured. By correlating the T, with the calculated lattice
parameter, we observe a global linear dependence, com-
mon for both SiB and SiGeB layers, and independent on
the Ge incorporation method or on the sample thickness,
with 07T./T. ~ 50% for da/a ~ 1%, highlighting the
importance of structural strain, at fixed carrier concen-



tration.
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Methods
1. Gas Immersion Laser Doping

GILD is performed in an ultra high vacaum (UHV) re-
actor of base pressure 1072—1071% mbar, to ensure a min-
imal impurity incorporation during the melt phase. The
working pressure of the precursor gas is p ~ 10~ >mbar,
high enough to saturate the chemisorption sites and low
enough that photolytic or pyrolytic CVD processes are
avoided.

After the laser melting, the crystallisation front proceeds
towards the surface where the excess impurities contained
in the liquid are expelled, such as Cl whose segregation
coefficient is close to 0 [33].

Thanks to a careful optical treatment of the laser beam,
the energy density at the 2x2 mm? sample level has
~1.2% spatial homogeneity. This ensures the homogene-
ity of the layer thickness, resulting in a flat and straight
interface of the SiGe with the substrate.

Since the laser absorption is sensitive to the layer dop-
ing level, a fixed laser energy results in an increasing
layer depth. In order to obtain a constant doped depth
independent of the B or Ge content, we measure the
layer time-resolved reflectometry, and maintain a con-
stant melt time during the doping by decreasing progres-
sively the laser energy [34]. For instance, the initial en-
ergy value for a melt duration of 30 ns (melt depth of 30
nm) is 1000 mJ/cm?. During B doping, the energy is de-
creased by 13% for 80 laser shots (ng = 5.2at.%) and by
19% for 220 laser shots. During Ge doping, the required
energy variation is smaller, within a few %. The values
of the energy decrease for each doping are common for
all the GILD series, Reference SiB and the Ge implanted
series. When both B and Ge are introduced by GILD, B
doping is performed before the Ge incorporation. Indeed,
a homogeneous B distribution is expected even when the
B is further submitted to the subsequent process time
of the Ge incorporation. In contrast, the Ge profile is
expected to evolve toward the surface during the anneal,
depleting the bottom of the layer [18]. To minimize the
time spent by Ge atoms in the liquid phase, we thus in-
corporate GILD Ge last.

The thickness was calibrated extensively in past works

[15, 21] against the laser energy density by Transmission
Electron Microscopy, X-Ray Diffraction, and direct Scan-
ning Electron Microscope visualisation of a cleaved SiB
section, after selective etch of the undoped Si underneath.
A careful calibration of the total B concentration was re-
alised by Secondary Ton Mass Spectrometry (SIMS) in
previous works for GILD samples [8, 15, 35] and for B-
implanted samples followed by nanosecond laser anneal
[9]. The active B concentration was calibrated by Hall
measurements and X-Ray Diffraction (XRD) [15, 21].
The calibration of the Ge concentration was realised
for GILD samples by Rutherford Backscattering Spec-
troscopy (RBS) both in random and channeling geom-
etry, and confirmed by XRD for samples in the 40-235
nm thickness range and up to 18.5 at.% [18]. In samples
where Ge is first deposited, then nanosecond laser an-
nealed, the concentration was evaluated with RBS, EDX,
TEM and XRD measurements [36, 37].

2. UHV-CVD growth of Ge/Si

The epitaxial growth of Ge on Si is carried out in an

UHV-CVD system with a base pressure of 107! mbar.
Pure SiH, and GeH, diluted at 10% in H, are used as
gas sources. After a modified Shiraki chemical cleaning
[38] the substrates are slowly annealed up to 700°C,
the pressure being maintained below 7 - 1072 mbar.
Afterwards, the chemical surface oxide is removed by
flashing at 990°C, maintaining the low pressure. After
the deposition of a Si buffer layer at 700°C under a
pressure of 4- 1074 mbar, the Ge heteroepitaxy at 330°C
is initiated at a total pressure of 7 - 1073 mbar. The
growth time is settled at 20 min in order to achieve 6
nm of Ge [19, 20].
During the GILD step to incorporate B, the laser energy
is kept initially low and gradually increased over the last
10 process repetitions, in order to limit the time of Ge
diffusion towards the surface and achieve a Ge profile as
homogeneous as possible.

8. Hall measurements

The transverse voltage Vp is measured in a magnetic
field perpendicular to the layer, at room temperature,
with Vg /I = 725, v = 0.68 the Hall mobility factor
[39], I the bias current (10uA), B the applied magnetic
field (0 to 2 T), e the electron charge and ¢ the layer

thickness.

4.  Measurement of the critical magnetic field Heo(T')

R(T) superconducting transitions are measured
for fixed values of a perpendicular magnetic field



from 0 to 55 mT. Both the SiB reference sam-
ples series and a few selected SiGeB samples are
studied [(Cp,Cge) = (9.2,8)at.%; (9.2,21.3)at.%;
(8,10.7) at.%; (10.6,10.7) at.%). In the tempera-
ture range T = 0.2 — 0.5K, SiB follows the ex-
pected trend for a thin superconducting film near T,:
oHeo = %(17 Tlc) The extracted coherence length
is £ = 60nm, in agreement with previous measurements
[15]. The high temperature transition of SiGeB samples
T, n, measured in the same temperature range, follows
the same law, with £ = 59 — 65nm. These values, in
agreement with SiB results, confirm the suppression of
the Ge concentration in the region associated to T, (in
stark contrast with T.; behaviour). The slightly larger
values might be a result of the supplementary processes
to incorporate Ge. Indeed, the diffusion coefficient D
affects £, as £ = /(RD/1.76kpT,).

The magnetic field dependence of the low temperature
transition 7.; of SiGeB samples is also measured,
showing a strong suppression of Hgy; with Cg. and a
larger £ = 70 to 150 nm, a result of an increased diffusion
coefficient and a lower critical temperature.

5. X-Ray Diffraction

The diffractograms are realised with a Rigaku Smart-
lab XRD system with Cu-Kal radiation of wavelength
1.54056 A, operated at 45 kV and 200 mA. The x-ray
beam is narrowed to measure only the central, homo-
geneous part of the laser annealed spot. To avoid the
contribution of the gold contacts in the diffractogram,
the contacts were removed by a KI Au-etch followed by
1 min dip in a 10% HF solution to remove Ti.

6. DFT simulations

DFT calculations were performed by using the STESTA
package [40] whose numerical atomic orbitals basis set al-
lows treating large systems with an affordable computa-

tional cost. The exchange—correlation energy functional
was approximated using the generalized gradient approx-
imation (GGA) as implemented by Perdew, Burke, and
Ernzerhof (PBE functional) [41]. Only valence electrons
have been taken into account with core electrons being re-
placed by norm-conserving pseudopotentials of Troullier-
Martins type. An optimized double-( polarized basis set
was used for Si while a double-zeta plus two polarization
orbitals (DZP2) basis set was chosen for both Ge and B.
All the equilibrium ground state unit cells and geometries
were obtained from conjugate-gradients structural relax-
ation using DFT forces through the Hellman-Feynman
theorem. The structures were relaxed until the force on
each atom was smaller than 0.01 eV/ A. The cutoff of the
grid used for the real space integration was set to 300 Ry
while the self-consistent cycle tolerance for solving the
Kohn-Sham equations was set to 107 eV. A uniform
Monkhorst-Pack grid with 3x3x3 k-points was employed
to sample the Brillouin zone. A supercell of 216 atoms
was considered, which corresponds to a 3x3x3 super-
cell of the conventional 8-atom cell of bulk Si. To take
into account the random nature of the alloy the Spe-
cial Quasi Random Structure (SQS) approach [23] was
adopted. The SQS configurations were generated using
the ATAT code [42] and considering that each atom in
the supercell can be replaced with a probability depend-
ing on its concentration, as shown in Ref. [43]. As a
starting point, a pure Si supercell was considered and
the Ge fraction of atoms was varied from 0 to 0.25 for
several SQS configurations. For each of these configu-
rations, the lattice parameter of the alloy was averaged
over the different configurations and over the three cubic
crystal axis to minimize the error due to numerical fluc-
tuations during optimization. Once the pure SiGe alloys
case was treated, the dependence of the lattice param-
eter on the B concentration was calculated. B concen-
trations from 2% to 8% and Ge composition from 0 to
25% were considered. All the studied systems are substi-
tutional solid alloys in which Si, Ge, and B can occupy
only substitutional lattice sites (interstitial are not taken
into account).
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