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We demonstrate that the third elemental group-IV semiconductor, germanium, exhibits superconduc-

tivity at ambient pressure. Using advanced doping and annealing techniques of state-of-the-art semicon-

ductor processing, we have fabricated a highly Ga-doped Ge (Ge:Ga) layer in near-intrinsic Ge.

Depending on the detailed annealing conditions, we demonstrate that superconductivity can be generated

and tailored in the doped semiconducting Ge host at temperatures as high as 0.5 K. Critical-field

measurements reveal the quasi-two-dimensional character of superconductivity in the �60 nm thick

Ge:Ga layer. The Cooper-pair density in Ge:Ga appears to be exceptionally low.
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Since the first observation of superconductivity in 1911,
the search for new superconducting materials has offered
quite a few surprises, such as the discovery of several
classes of high-Tc compounds [1], but recently also the
observation of superconductivity in the doped elemental
semiconductors diamond [2] and silicon [3]. Although
superconductivity has been observed in several doped bi-
nary semiconductors already starting in the 1960s, e.g., in
doped tellurides such as GeTe [4], in SrTiO3 [5], flanked
and motivated by a considerable amount of theoretical
work [6], as well as in SiC [7] recently, it has not been
seen in the simple elemental representatives at ambient-
pressure conditions before. Superconductivity of Si and Ge
in their metallic high-pressure phases has been reported by
Wittig already in 1966 [8]. However, it needed more than
four decades to drive Si and diamond superconducting at
ambient-pressure conditions, owed to the sophisticated
preparation techniques required and maybe due to the
prejudice that superconductivity might not be possible in
the archetypical semiconductors. Compared to Si and dia-
mond, Ge seems to be even less promising for the search of
superconductivity as theoretical studies predict only a
weak tendency towards superconductivity in heavily
n-type [9] and p-type doped Ge [10].

In order to obtain superconductivity in group-IV semi-
conductors, heavy p-type doping well above the metal-
insulator transition is required. Otherwise the charge-
carrier density of these materials is too low to create a
superconducting state at low temperatures. Ekimov et al.
have observed superconductivity in diamonds containing
high boron (B) concentrations prepared by a high-pressure
and high-temperature technique at temperatures up to Tc ¼
2:3 K [2]. Bustarret et al. [3] have investigated boron-
supersaturated Si layers processed by ultra-short-time laser
melting and found superconductivity at Tc ¼ 0:34 K. For
this work, Ga has been chosen as acceptor atom due to its
high solid solubility in Ge (up to �1 at:% at 700 �C). Ion
implantation as an effective method for introducing high

concentrations of dopants has been used. The ion-beam
technique is highly selective since it allows for a precise
control of the amount of the implanted species and its
depth distribution. Here, we have succeeded in producing
samples with a peak concentration of 8 at.% Ga in a thin
layer of Ge with a full width at half maximum of approxi-
mately 60 nm (see Fig. 1). However, high-dose ion im-
plantation causes severe lattice damage which may be
difficult to anneal as observed for B-doped diamond where
the formation of graphite may further complicate a recon-
struction of the lattice [11,12] and where the superconduct-
ing phase might be located in amorphous boron-rich
intergranular layers and pockets [13]. In Ge (and Si),
annealing of implantation damage is easier to achieve
than in diamond. Here, the challenge is to reconstruct the
crystalline structure without causing long-range diffusion,
precipitation, and subsequent clustering of acceptor atoms
in the supersaturated semiconductor. Flashlamp annealing
in the millisecond range is known to be a versatile tool to
remove the implantation damage and to achieve dopant
activation in thin semiconductor layers [14–16]. Because
of the short thermal-processing time, this method is much
less affected by diffusion and precipitation problems.
Depending on light-pulse energy and duration, flashlamp
annealing leads to solid-phase epitaxial or liquid-phase
epitaxial regrowth of the amorphous layers formed during
the high-dose implantation. Here, we have treated samples
using various flashlamp fluences � after implanting. This
resulted in samples with a slightly decreased peak concen-
tration of 6 at.% Ga after annealing (see Fig. 1), corre-
sponding to 2:6� 1021 Ga atoms=cm3. No evidence for
the formation of Ga clusters or filaments has been found
during careful sample analysis. The charge-carrier concen-
tration of the Ge:Ga samples has been determined at low
temperatures, T � 2:5 K, by means of Hall-effect mea-
surements (see inset of Fig. 3). A summary of the most
important parameters of five samples is given in Table I.
The hole concentration extracted from Hall measurements
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varies considerably with the flashlamp fluence. At a small
fluence, � ¼ 45:5 J=cm2, the hole concentration is up to
1 order of magnitude smaller than the Ga concentration
determined from secondary ion mass spectrometry
(SIMS), indicating the only partial electrical activation of
the dopants. With increasing fluence, the hole concentra-
tion also increases to 1:4� 1021 cm�3 reflecting that half
of the implanted Ga atoms have been activated.

Measurements of the electrical-transport properties were
carried out from 300 K to 20 mK and are presented in
Fig. 2. Data were taken using low ac-excitation currents
(down to 10 nA) in order to keep the electrical current
density in the thin Ge:Ga layer moderate. The unimplanted
sample exhibits the typical behavior of semiconducting

bulk n-type Ge with a resistance drop due to the increasing
mobility upon lowering the temperature, and a subsequent
resistance increase due to carrier freeze-out. The as-
implanted Ge:Ga sample also shows an increasing resist-
ance below about 40 K despite the high doping level. This
is due to the large damage induced by implantation and
implies that the dopants are not electrically activated. In
contrast, the sample which has been flashlamp annealed
(fluence � ¼ 53:6 J=cm2) for t ¼ 3 ms exhibits metallic
behavior, indicating that a significant part of the dopants
has been electrically activated. Below T ¼ 0:5 K, the re-
sistivity drops to zero (Fig. 2) indicating the onset of
superconductivity. In more detail, in the inset of Fig. 2 it
is shown how the annealing conditions influence the nor-
mal and superconducting properties of the Ge:Ga samples.
The residual normal-state resistivity is clearly affected by
the annealing conditions. Upon increasing flashlamp flu-
ence, the residual resistivity drops by a factor of 3.
Compared to that, we observed a more elaborate depen-
dence of the superconducting properties on the annealing
conditions (see Table I). By keeping the flashlamp expo-

FIG. 2 (color). Temperature dependence of the electrical re-
sistance of unimplanted Ge and as-implanted as well as annealed
Ge:Ga (� ¼ 53:6 J=cm2, t ¼ 3 ms) taken in B ¼ 0. Only an-
nealed Ge:Ga exhibits superconductivity below 0.5 K, depending
on the flashlamp fluence � (see inset).

FIG. 1 (color). (a) Ga depth distribution obtained by secondary
ion mass spectrometry (SIMS) of a Ge:Ga sample before and
after annealing (� ¼ 50:8 J=cm2) compared to a Ga profile
simulated for an as-implanted Ge:Ga sample using the SRIM

code [22]. (b) The cross-sectional transmission electron micro-
graph and the diffraction pattern (inset) from the same region
demonstrate that the implanted layer is completely (poly)recrys-
tallized after flashlamp annealing down to about 50–60 nm,
followed by � 10 nm thin wavy interface (indicated by the
left white line) between the polycrystalline layer and the
single-crystalline region. The initial amorphous-crystalline inter-
face is indicated by the right white line. (c) Results of a
channeled-ion Rutherford backscattering (RBS/C) analysis con-
firm the random orientation of the Ge grains. The backscattering
signal for the annealed sample reaches the same value as in
random orientation. For comparison the RBS/C results of unim-
planted (virgin) and as-implanted Ge are shown.

TABLE I. Fluence� used during 3 ms of flashlamp annealing,
critical superconducting transition temperature Tc (taking the
50% drop of R), critical magnetic field aligned in plane, Bck, and
perpendicular to the Ge:Ga layer, Bc?, as well as charge-carrier
concentration obtained from Hall-effect measurement, nHall, of
five Ge:Ga samples.

Ge:Ga sample a b c d e

� (J=cm2) 45.5 48.1 50.8 53.6 62.4

Tc (K) � � � 0.14a 0.45 0.19 � � �
Bck (T) � � � � � � 1.1 0.18 � � �
Bc? (T) � � � � � � 0.30 0.025 � � �

nHall (10
21 cm�3) 0.28 0.32 0.43 1.4 1.0

aFor sample b, a nonzero residual resistance was measured at
T < T�

c .
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sure time constant (3 ms) but varying the fluence stepwise
in the range 45 � � � 62:4 J=cm2, and consequently
varying the maximum annealing temperature, the occur-
rence of superconductivity can be triggered and, when
further increasing �, even suppressed. The fluence of
45:5 J=cm2 is not yet sufficient to induce a sample modi-
fication which allows for the creation of a superconducting
state. At � ¼ 48:1 J=cm2, the onset of superconductivity
is visible (inset of Fig. 2) and the highest transition tem-
perature, Tc ¼ 0:45 K, is achieved at � ¼ 50:8 J=cm2.
Tuning the annealing conditions to higher fluences, super-
conductivity starts to disappear. At � ¼ 53:6 J=cm2, Tc is
reduced to about 0.2 K and at � ¼ 62:4 J=cm2 a super-
conducting transition has not been observed in the tem-
perature range accessible to us, i.e., at T 	 20 mK. The
reproducibility of the annealing process with respect to the
creation of superconductivity has been verified for several
samples prepared separately under identical conditions.
Thus superconductivity only occurs in a narrow region of
optimized parameters; in particular, the activation of
charge carriers appears to be rather delicate. It should be
mentioned that the maximum Tc is not observed in the
sample with the largest charge-carrier concentration 1:4�
1021 cm�3, but in the sample that has only one third,
0:43� 1021 cm�3, of the highest level of activated Ga
atoms instead. The width of the superconducting transition
is rather broad, reflecting the inhomogeneous charge-
carrier profile of the Ge:Ga layers.

The superconducting transition temperature of Ge:Ga,
Tc � 0:45 K, compares well to the one of B-doped dia-
mond [2], C:B, taking into account the qualitative expec-
tation of phonon-mediated superconductors, Tc ��D.
Whereas the ratios of the superconducting transition tem-
peratures, TcðC:BÞ=TcðGe:GaÞ ¼ 5:1, and of the Debye
temperatures, �DðC:BÞ=�DðGe:GaÞ ¼ 1860 K=374 K ¼
5:0, match well, the comparison of these properties with
the data of B-doped Si [3] (Tc ¼ 0:34, �D ¼ 645 K) is
less striking and might emphasize the influence of doping
levels and individual electron-phonon coupling on the
superconducting state of group-IV semiconductors.
However, a reasonable scaling of Tc and�D might support
the notion of phonon-mediated superconductivity in this
material class. Although the critical temperature of Ge:Ga
is about 0.5 K, the critical magnetic field, Bc, reaches a
value slightly above 1 T (see Table I). Both samples that
undergo a complete superconducting transition exhibit a
distinct dependence of the superconducting critical field on
its orientation relative to the Ge:Ga layer. Super-
conductivity remains stable to clearly higher critical mag-
netic fields, Bck, when aligned in plane compared to when

aligned perpendicular to the Ge:Ga plane, Bc?. The an-
isotropy reaches a maximum in the sample which has been
annealed at � ¼ 53:6 J=cm2 where Bck=Bc? ¼ 7 (see

Fig. 3). From a qualitative point of view, this strong an-
isotropy of the critical magnetic field is typical for a thin-
layered superconductor and may be considered as proof

that Ga is incorporated in the Ge matrix homogeneously in
a thin layer in agreement with our structural analysis. The
anisotropy of the superconducting critical field also allows
for excluding superconductivity mediated by Ga clusters in
the samples. The maximum possible in-plane fields, Bck,
are attributed to the so-called Pauli limit where the high
polarization of the electron spins is responsible for Cooper-
pair breaking, whereas Bc? is considered to be related to
the orbital-limiting fields. It is remarkable that the theo-
retical Pauli limit in simple approximation [17], BP=Tc ¼
1:84 ðT=KÞ, is exceeded in the sample with the highest Tc

(0:45 K) and Bck (�1:1 T) annealed at 50:8 J=cm2, where

Bk=Tc ¼ 2:4 ðT=KÞ (see Fig. 4). However, the large rela-

tive width of the superconducting transition hinders further
conclusions. The temperature dependences of BckðTÞ and
Bc?ðTÞ clearly deviate from the one of a simple bulk BCS
superconductor, BcðTÞ ¼ Bc0½1� ðT=Tc0Þ2
. Even the
Werthamer-Helfand-Hohenberg (WHH) theory [18] as a
quantitative approach for type-II superconductors with a
linear upper critical field, Bc2ðTÞ � T at T > 0:5Tc0, does
not reasonably describe the critical field of Ge:Ga as
BckðTÞ is linear down to lower temperatures, 0:1Tc0, and

Bc?ðTÞ is even superlinear at T < Tc0. A more detailed
study of the curvature of Bck;?ðTÞ will be the subject of a
more extended work on Ge:Ga where various scenarios for
deviations from WHH theory (see, e.g., Boebinger et al.
[19]) will be taken into account. From the orbital-limiting
critical field, we deduce the coherence length as in the case

of bulk superconductors according to � ¼ ð�0=2�Bc?Þ1=2,
where �0 ¼ h=2e ¼ 2:068� 10�15 Wb is the flux quan-
tum. From Bc?, one obtains � ¼ 33 (115) nm for � ¼
50:8 ð53:6Þ J=cm2. These values may be taken to estimate

the in-plane critical field, Bckð�Þ ¼
ffiffiffi
6

p
�0=ð��dÞ, where d

FIG. 3 (color). Electrical-transport data of a Ge:Ga sample
(flashlamp annealed at � ¼ 53:6 J=cm2) as function of the
magnetic field aligned in plane Bk (green), and perpendicular

B? (blue). The offset of B (dashed line at �27 mT) results from
frozen flux in the superconducting 20 T magnet after Hall-effect
measurements (red data in inset).
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is the thickness of the Ga-doped layer and
ffiffiffi
6

p
is a correc-

tion factor for a thin-plate geometry [20]. Using d ¼
60 nm leads to Bckð�Þ ¼ 0:81 ð0:23Þ T for � ¼ 50:8
ð53:6Þ J=cm2, in reasonable agreement with the experi-
mental values (Table I). By use of the nonlinear
Ginzburg-Landau theory, the critical-current density Jc of
a thin-film superconductor may be estimated [21] using

Jc ¼ ehns=ð3�
ffiffiffi
3

p
m�Þ. We have measured a critical super-

conducting current of about 10 �A. Using the supercon-
ducting critical-current density, Jc ¼ 10 �A=ð1 cm�
60 nmÞ ¼ 1:7� 104 A=m2 (spanned by the 60 nm thick
Ga-doped Ge layer and the sample width of 1 cm) and the
above calculated coherence length �, allows for an esti-
mate of ns. We obtain a superconducting charge-carrier
density, ns ¼ 2:7� 1014 cm�3 (� ¼ 53:6 J=cm2), which
is by orders of magnitude smaller than the normal-
conducting charge-carrier density, deduced from Hall mea-
surements, n � 1� 1021 cm�3. In this context, an effec-
tive mass of the charge carriers equal to the bare mass of
free electrons,m ¼ me, has been used for simplicity. In the
case of light holes, m � me, ns would be even smaller.

Using �L ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m=ð�0nse

2Þp
for the calculation of the

London penetration depth leads to �L of the order of
102 �m. Such a large London penetration depth makes
the detection of superconductivity by inductive measure-
ments virtually impossible in our thin Ge:Ga layers. Also
the observation of a superconducting transition of Ge:Ga
by means of heat capacity and NMR will be challenging as
only a tiny jump of specific heat and an exiguous decrease
of Pauli susceptibility and NMR Knight shift can be ex-
pected due to the very low Cooper-pair density. Therefore,
the transport measurements reported here appear to be the
only reliable means for the proof of superconductivity.
According to �L=� of about 103–104, Ge:Ga may be

considered as a superconductor in the extreme type-II
limit.
In summary, the finding of superconductivity in

Ga-doped Ge layers sheds new light on doped elemental
semiconductors which might even serve as superconduct-
ing model systems as they allow for a tuning of their
superconducting parameters via a modification of their
hole concentration. The combination of ion implantation
and subsequent flashlamp annealing can be employed to
fabricate tailored thin-layer superconductors. Although the
critical superconducting temperatures of Ge:Ga are far
below those of high-temperature superconductors, there
is a qualitative relationship between these systems con-
cerning their TcðxÞ-phase diagrams. Both in the high-
temperature superconductors and in Ge:Ga, there is a
limited range of the charge-carrier (hole) concentration x
which allows for the occurrence of superconductivity, and
there is an optimum concentration where TcðxÞ is maxi-
mum. For further conclusions, of course, it would be of
interest to explore the detailed relation between annealing
parameters, carrier density, as well as critical temperatures
and to also try other dopants in order to generate super-
conductivity in Ge.
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FIG. 4 (color). Field-temperature phase diagram of the Ge:Ga
sample (flash lamp annealed at � ¼ 50:8 J=cm2) with the high-
est Tc at 0.45 K for two magnetic-field orientations relative to the
Ge:Ga plane (see illustrations).
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