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Critical temperature of thin niobium films on heavily doped silicon
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Measurements of the critical temperature are presented for 20—40 nm niobium films on heavily doped
n- and p-type silicon, for a wide range of silicon doping concentrations and sample preparation methods.
Contrary to a normal-metal —superconductor bilayer, a depression of the critical temperature does not
occur in the semiconductor-superconductor system. We show the absence of a depression to be con-
sistent with conventional theories for the proximity eA'ect between a superconductor and a normal metal.
It is due to the large mismatch in material parameters between the two layers.

I. INTRODUCTION

In the past few years, interest in semiconductor-
superconductor structures has increased because of their
potential for three-terminal superconducting devices. '

Although several structures have been realized that carry
large supercurrents, a detailed understanding of carrier
transport in these structures is lacking. The simplest way
to get insight into heterostructures of superconductors
(S) and semiconductors (Sm) is the study of the critical
temperature of a SmS bilayer. If the semiconductor is de-
generately doped it behaves like a normal metal (%) and
the system can, in principle, be understood as a NS bi-
layer. The easily measured quantity of a NS bilayer is the
critical temperature T,* at which the transition from the
normal to the superconducting state occurs. The behav-
ior of T, of a number of superconductor —normal-metal
combinations has been studied extensively during the
1960s. Qualitatively, the critical temperature of the
superconductor is lowered due to the contact with the
normal metal. Most results can be understood in terms
of a theory for the superconducting proximity effect
developed by de Gennes and Werth amer and co-
workers. ' Because of the presence of the superconduc-
tor, a nonzero superconducting Cooper pair density is
found in the normal metal over a characteristic length

At the same time the pair density in the supercon-
ductor is lowered. The resulting decrease in critical tem-
perature is a measure for the strength of the effect.

An advantage of using a semiconductor instead of a
normal metal is the possibility to vary the carrier concen-
tration. The characteristic length g& in the semiconduc-
tor depends on the doping concentration, which will
affect T,* of the bilayer. A disadvantage is that, at the in-
terface of most metal-semiconductor combinations, a po-
tential barrier is present which is doping dependent. The
limited transparency for charge carriers of this barrier
will diminish the proximity effect and, consequently, the
critical temperature reduction of the superconductor.
Thus, by studying the critical temperature of supercon-
ducting films on a degenerately doped semiconductor, we
obtain information about two properties which are gen-

erally relevant for superconductor-semiconductor hetero-
structures: the penetration depth of Cooper pairs into a
semiconductor and the reduction of the number of pairs
entering Sm due to a barrier at the interface.

In this paper we report on the critical temperature of
thin niobium films on a thick, heavily doped, silicon lay-
er. We use films of thickness in the range 20—40 nm,
with a critical temperature close to the bulk value.

Contrary to our initial expectations and to results re-
ported by others, ' niobium films deposited on heavily
doped silicon have exactly the same critical temperature
as reference films simultaneously deposited on an insulat-
ing substrate. This result is verified for an extensive
range of film thicknesses, silicon doping, and process pa-
rameters. We will show that this null result is consistent
with the coventional proximity effect theory for a NS bi-
layer presented in the next section. Its origin is intrinsic
and lies in the large difference in diffusion constant and
density of states between niobium and silicon.

II. PROXIMITY EFFECT IN A NS OR SmS BILAYKR

A. Normal-metal —superconductor

( To)2
T„=T

(d +b)
(2)

In addition to the film thicknesses, the critical tempera-

The critical temperature of a bilayer with superconduc-
tor thickness dz and normal-metal thickness d& has been
obtained by de Gennes for several limiting cases. The
films are assumed to be in the dirty limit [I ((g, where l
is the elastic-scattering length and g the characteristic
length defined below (Eq. 3)]. For films with thickness
d ) g, de Gennes found the following expression for the
critical temperature TNs ..

2' bgs(T, )

TNs =T„+T, exp( —
2d~ lg~) (1)

(ds+b )

with Th the critical temperature for an infinitely thick
normal substrate:
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ture is determined by the quantities b and g. The coher-
ence length g is given by

1/2
Dx, s"= 2.a, T (3)

B. Semiconductor-superconductor

In principle, the above equations for a NS bilayer can
be used to obtain the critical temperature of a SmS bi-
layer. In doing so, two assumptions are implicitly made
which are not a priori valid in our system. (1) The theory
is based on de Gennes' boundary conditions which as-
sume a highly transmissive interface. Generally, at a
metal-semiconductor interface, a Schottky barrier is
present, greatly reducing the interface transmission. As

In the normal metal, g can be interpreted as the penetra-
tion depth of Cooper pairs originating from S. Equation
(3) represents a diffusion length determined by the
characteristic time ~=A/2~k& T.

The so-called extrapolation length b is discussed below.
It can be expressed in directly measurable quantities
through b =p~gz/ps. "

Before focusing on contacts between a semiconductor
and a superconductor it is instructive to take a glance at
the "ideal" NS interface first, with the only difference be-
tween N and S the presence and the absence, respectively,
of superconductivity in the isolated material. In this sim-
ple case b =gz=gz and the derivative at tl'e interface is
given by db, /dx =b, (0)/b =b, (0)/gs (Fig. 1). Not too
far from the critical temperature, the distance p in S over
which the order parameter decreases from its bulk value
b, b„&k to its interface value A(0) is of the order of
p =a gs, with a ~ 1. Consequently, the derivative at the
interface is also approximately equal to [b,b„,„—A(0)]/
a gs. Equating both derivatives leads to
4(0)/bb„~„= 1/[1+a], hence the order parameter at the
interface equals at most one-half of the bulk value. We
conclude that at the ideal interface the gap is consider-
ably depressed in the superconductor, while b is of the or-
der of the coherence length. As can be seen from Fig. 1,
the extrapolation length b presents a measure for the
strength of the proximity effect, with a small b implying a
strong effect.

we discuss elsewhere, ' at the present high doping con-
centration Schottky barrier theory cannot be applied, but
an upper limit to the interface transmission is posed by
the large mismatch between the Fermi wave vectors of
superconductor and semiconductor. (2) The theory is
valid in the dirty limit (1((g). In our samples the semi-
conductor is not too dirty, l /g being on the order of
0.6—0.9. Hence, it is uncertain to which extent the
dirty-limit approximation is justified for our samples.

The recent proximity effect theory by Tanaka and Tsu-
kada' does not suffer from these two restrictions. In this
theory, reAection and transmission of the wave functions
at the interface, due to the difference in Fermi energy be-
tween both materials, are explicitly taken into account.
The theory is valid near T, . It connects the dirty and
clean (l ))g) limits, and can be shown to reproduce the
results of de Gennes when 1 ((g' and when the Fermi ve-
locities are equal, both for one- and three-dimensional
(3D) systems. The proximity effect is found to be
governed by the coeKcient O. TT for transmission of Coop-
er pairs across the interface. The interface transmission
decreases when the system becomes cleaner and when the
difference between the Fermi velocities becomes larger.
The authors report the same expression for the critical
temperature lowering as de Gennes [Eq. (1)] with one im-
portant modification. The extrapolation length b is re-
placed by b,~=b/o TT.

' Interestingly, a very similar re-
sult has been obtained previously for the dirty limit, ' '
in a straightforward generalization of de Gennes' theory
to include a possible interface barrier. It is demonstrated
that de Gennes' equations for the critical temperature of
a bilayer retain their validity if the extrapolation length b
is replaced by the effective value b,s =b ( 1+C),
C =La/g~o. . Lo is a characteristic length of the order of
a mean free path and cr represents the transmission prob-
ability of the interface.

We conclude that Eqs. (1)—(3) can be used to predict
T, of a SmS bilayer, provided that the eQectiue extrapola-
tion length is used. Additionally, the coherence length in
the semiconductor, gs, is obtained by evaluating Eq. (3)
in terms of semiconductor parameters. Based on a free-
electron model, UF can be obtained from the carrier con-
centration n, density-of-states effective mass I&, and
value degeneracy v:

l /3

VF—
my

3~ n
(4)

h(x) The elastic mean free path is determined by the conduc-
tivity effective mass I,* and the drift mobility p:

b, (bulk) I =VF~„=
mc PVF

h, (0)

ib4
0

FICz. l. Behavior of the order parameter A(x) at a NS inter-
face located at x =0. Symbols are explained in the text.

In Eqs. (4) and (5), a distinction is made between effective
masses, corresponding to different physical aspects of the
semiconductor. The density-of-states effective mass is
relevant for calculating the Fermi energy and related
quantities, whereas the conductivity effective mass is re-
quired for transport phenomena.

Substituting Eqs. (4) and (5) in Eq. (3), the semiconduc-
tor length (in the 3D case) is expressed as



47 CRITICAL TEMPERATURE OF THIN NIOBIUM FILMS ON. . . 5153

ks =
A' m,*p

6~ek Tmd

1/2

(3~ n/v)'

We note that this expression is also useful for theo-
ries for the critical current through superconductor-
semiconductor-superconductor junctions. '

III. SAMPLE PREPARATION
AND MEASUREMENTS

For an observable reduction of the critical temperature
of a niobium film due to the proximity effect, the thick-
ness d, should be not too large compared to its coherence
length gs. Using I = 5 nm and vF = 10 m/s, ' we esti-
mate ps=15 nm (T=9 K). The mean free path l is ob-
tained from the pl product for niobium, '

3.7X10 0 cm, and the typical resistivity measured for
our niobium films, p=7. 5pfl cm. Taking the value for gs
as a guideline, we have optimized a process to fabricate
good quality niobium films of 20—40 nm thickness still
having a critical temperature close to the bulk value of
9.2 K when deposited on an insulator.

Degenerately doped substrates are obtained by im-
planting boron or phosphorous ions into 1 —2. 50, cm sil-
icon with (100) and (111) orientation. The implantation
doses are 4X10' —7X10' cm and the implantation
energy is 100 keV. After implantation, the wafers are an-
nealed at 950—1100'C to remove the implantation dam-
age to the silicon crystal, and to activate the implanted
ions. A temperature of 900 C suKces for this. Higher
temperatures can be used to obtain a Oat doping profile
up to a depth of 300—400 nm. A typical doping profile,
calculated with the simulation program sUpREM III is
shown in Fig. 2.

One-half of the area of each silicon wafer is implanted
while the other half is left undoped. Nb is deposited on
the whole surface, providing a bilayer of Nb on heavily
doped Si and a reference Nb film on an insulating sub-
strate in the same run.

Based on previous experiments one expects that a
thorough cleaning of the semiconductor substrate before
deposition of the superconductor is helpful for the oc-
currence of a proximity effect. ' ' We have varied
methods to clean the silicon surface before the Nb deposi-
tion. The first steps of these processes are the same. A
chemical cleaning is used that grows a protective layer of
1 —2-nm silicon dioxide (measured by ellipsometry) on top
of the cleaned silicon. After this chemical cleaning, we
applied several methods all known from standard silicon
technology.

(1) HF dip. Immersing silicon 10—15 s in a 2% HF
solution rapidly dissolves the silicon dioxide and subse-
quently passivates the reactive silicon surface through
saturation of the dangling bonds at the surface with H
atoms. ' The passivation is stable for several minutes
longer than the time between the HF dip and loading the
sample in the UHV system. Yet, a small amount of hy-
drocarbons may stick to the surface and about 0.1 mono-
layer of carbon is usually found. '

(2) Shiraki cleaning. The thin and volatile oxide
chemically grown on top of the silicon protects its surface
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FICr. 2. Doping profile for a 7X10" cm, 100-keV boron
implantation, calculated with SUPREM III. Dashed curve: as-
implanted profile, solid curve: profile after 30-min anneal at
1000 C.

during transport. After loading the wafer in a UHV eva-
poration chamber, the oxide and possible contamination
disappear from the silicon surface at temperatures higher
than 750'C. This method produces atomically clean sur-
faces. We use a 10-min "heatclean" at 820—830'C. The
temperature of the wafer is monitored using a calibrated
pyrometer.

(3) Bombardment of the silicon surface with Ar+ ions.
Sputtering the wafer removes contamination from the
surface, but it also introduces a certain amount of dam-
age on the surface. Although microscopic details of the
surface after sputtering are unknown, this method has
been used by several authors' ' ' to fabricate SmS het-
erostructures. In these cases phenomena attributed to
the proximity effect are reported. The present sputter-
clean consists of a 4-min bombardment with 1-mA, 600-
eV Ar ions originating from a Kaufman source installed
in the UHV evaporation chamber.

Based on this variety of cleaning methods we have
prepared a series of samples using one of the following
steps prior to deposition of niobium.

(I) (a) HF dip. (b) HF dip followed by 10', 830'C in situ
heatclean. (c) HF dip followed by an in situ sputterclean.

(II) (a) Shiraki cleaning. (b) Shiraki cleaning followed
by in situ sputterclean at 140'C.

Wafers cleaned using methods (Ia), (Ib), and (IIa) have
also been studied by Auger analysis. After method (Ia),
0.05-ML oxygen and 0.1-ML carbon are found. After
method (Ib) only the carbon remains and after method
(IIa) less than 0.01 ML of contamination is present. The
crystalline quality resulting from method (IIa) has been
analyzed by reAection high-energy electron deflection
(RHEED). Perfect 7 X 7 reconstructions on Si (111) can
be observed which are stable for at least 20 h (at a pres-
sure of 10 mbar), indicating an atomically clean sur-
face. Hence niobium is deposited on a very clean sub-
strate surface.

After chemical cleaning the silicon wafers are brought
into an ultrahigh vacuum deposition system with a base
pressure of 10 ' rnbar. Niobium is deposited on the
substrate using electron beam evaporation, at a rate of
1.5 —2 nm/s and a pressure of 2 —10X10 mbar. This
background pressure consists of Hz ( )95%) and small
amounts of H20, CO, CH3, and CH4 ( ~2% each). To
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prevent water molecules from adsorbing on the substrate
it is kept at about 140'C. Immediately after the Nb eva-
poration a 3-nm silicon "capping" is deposited on top of
the Nb, without breaking the vacuum. This procedure is
similar to that described by Park and Creballe for niobi-
urn films on sapphire. The capping prevents oxidation of
the Nb film surface when exposed to air. A metallic ox-
ide layer on top of the superconductor could lead to a
proximity-effect-induced lowering of T, . Of course, an
intrinsically nonsuperconducting amorphous or polycrys-
talline silicon layer is present on the niobium. Since this
silicon is undoped it is an insulator at low temperatures
and no proximity effect should occur between this layer
and the Nb film. The thickness of the films is determined
from a calibrated quartz crystal (accuracy of 3 —5 %).

After Nb deposition the wafers are patterned into a
standard Van der Pauw geometry, for a four-terminal
measurement of the resistivity p. The resistance of the
samples is measured using standard lock-in techniques,
employing a small ac excitation of usually 1 pA. We
have verified that the measuring current has no effect on
the value of the critical temperature by varying it from 50
nA up to 50 pA. The critical temperature is defined as
the temperature at which the resistance of the sample
equals one-half of the value at 10 K. To measure the crit-
ical temperature, the samples are mounted on a copper
block placed inside a vacuum can immersed in liquid heli-
um. The tapered grease seal of the vacuum can is based
on a design described by Swartz. A calibrated germani-
um thermometer is thermally anchored to the copper
block, as is a heating resistor. The copper block is
thermally connected to the helium bath through a
changeable thermal resistor. This setup was developed to
provide good temperature control between 1.5 and 20 K.
The absolute value of the measured temperatures is
known within 0.03 K, for relative measurements the ac-
curacy is 0.01 K.

In Fig. 3, a few points of the resistive transition of a
30-nm niobium film are shown. Typical values for 30-nm
films on insulating substates are p(10 K) = 5 —10pQ cm,
T, = 8.7 —9. 1 K. These values indicate high-quality sarn-
ples. Interfacial NbSi2 is not formed at the low tempera-
tures used in the fabrication process. At least 500 C is
required for silicide formation. ' The absence of non-
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superconducting, metallic surface or interface layers fol-
lows from the near-bulk values for T, : a "dead" layer of
1 nm would already imply a T, depression of about 1

K. ' The spread in the critical temperature values for
different samples on one wafer is of the order of 0.05 K.
The width of the superconducting-normal transition is
defined as the difference between the temperatures at
which 10 and 90%, respectively, of the 10-K resistance is
reached. This width equals typically 0.01—0.02 K, also il-
lustrating the good quality of the thin films.

An overview of the results accumulated for samples of
various film thicknesses, doping concentrations, and
cleaning methods is presented in Table I. This table
represents our key result. For each set of parameters,
films on doped silicon and reference films on undoped sil-
icon have the same critical temperature. The small
difference in critical temperature between films on doped
and on undoped substrates for a given set of parameters
is randomly positive or negative and is of the same mag-
nitude as the variation of the critical temperature over
one wafer. Contrary to what one would expect from the
analogy with superconducting —normal-metal bilayers, a
critical temperature lowering is not observed, indepen-
dent of silicon doping concentration, carrier type, niobi-
um film thickness, and surface cleaning procedure. Ap-
parently there is an intrinsic difference between NS and
SmS systems, inhibiting a substantial decrease of the
Cooper pair density in S.

IV. DISCUSSION

TABLE I. Critical temperature of thin niobium films on in-
sulating and heavily doped silicon substrates (cleaning methods
are explained in the text).

Doping T, T,
(10' cm ) Cleaning Thickness Resistivity doped undoped
and type method (nm) (pQ cm) (K} (K)

FICx. 3. Transition from the normal to superconducting state,
for a 30-nm niobium film with a 3-nm silicon capping, on an in-
sulating substrate. Dots represent the measurement, the solid
curve is a guide to the eye.

Assuming at this point that b,~=b, Eq. (2) can be used
to predict the critical temperature reduction of a thin su-
perconducting film on a massive semiconducting sub-
strate. The use of this equation, valid for an infinitely
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thick substrate, is justified by comparing the semiconduc-
tor coherence length to the depth of the implantation.
The latter is at least 300—400 nm (Fig. 3), which is essen-
tially infinite compared to gs, which equals 8 nm at 9K,
for the highest doped substrate. Using typical parame-
ters for our niobium films and the highest doped sub-
strate, p(niobium) =7.5pQ cm, p(silicon) =550 pQ cm,
we find b =0.6 pm. The large difference in resistivity be-
tween Nb and Si leads to a gigantic value for b. It implies
almost no depression of the order parameter takes place
in S. Using /+=15 nm (T=9 K), the reduction of the
critical temperature predicted by Eq. (2) for our samples
is only 0.01—0.02 K. We conclude that for the limiting
case b,~=b the absence of a depression of the critical
temperature in our measurements is consistent with the
de Gennes' proximity effect theory for a NS-bilayer.

This conclusion is supported by the extensions of de
Gennes' theory' ' ' that are discussed in Sec. II B.
These theories lead to the result that the effective extra-
polation length b,~ is larger than b, if the contact is not in
the dirty limit, or if the interface transmission is smaller
than unity. Thus, the critical temperature shift, which is
roughly proportional to 1/b, z, is even smaller than the
value predicted by Eq. (2). Physically, reduction of the
interface transmission increases the extrapolation length
b, indicating a weakened proximity effect (Fig. 1). When
the system becomes cleaner, the wave character of the
carriers, and consequently, the interface properties, be-
come relatively more important for transport. ' This also
weakens the proximity effect.

Additional support for the above results is supplied by
an advanced treatment of the proximity effect at the NS
boundary by Kupriyanov and Lukichev. The authors
have used the microscopic Eilenberger equations in the
immediate vicinity of the interface to find boundary con-
ditions at the SN or SS' interface, valid at any tempera-
ture and at any interface transmission. In a recent publi-
cation, ' it is argued that these general conditions reduce
to de Gennes' boundary conditions when the interface
transmission is high and the temperature approaches the
critical temperature. Within the microscopic framework
discussed in Ref. 30 the critical temperature of a bilayer
has been obtained only for the limiting case of a bilayer in
the dirty limit, with no interface barriers. Consequent-
ly, the two a priori assumptions discussed above cannot
be justified by this theory. Nevertheless, it provides an
opportunity to compare de Gennes' results to a more ad-
vanced approach. As was shown in the numerical exam-
ple above, according to de Gennes' theory a large
difference in normal-state parameters leads to very small
critical temperature reductions. From Fig. 4, it is clear
that the calculations presented by Golubov et al. in Ref.
32 yield essentially the same results. The critical temper-
ature of a NS bilayer is plotted as a function of supercon-
ductor thickness for 1V infinitely thick. Results of de
Gennes' theory are also shown. Curves are given for two
values of the parameter y=psgs/p~g~; y=0. 02 corre-
spond to the present niobium-silicon bilayer, whereas
y = 1 represents the ideal NS contact with identical
normal-state parameters in X and S. Figure 4 confirms
that the critical temperature depression is very small in
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FIG. 4. Critical temperature T,* of a NS bilayer, compared
to the critical temperature T, of the isolated superconductor, as
a function of the normalized superconductor thickness. The
thickness of N is infinite compared to its coherence length.
Solid curves: theory of the de Gennes (Ref. 8), dashed curves:
theory of Golubov et al. (Ref. 32). The parameter y is defined
through y =psgs/p~g~. y = 1 corresponds to identical
normal-state parameters, y =0.02 corresponds to the Nb-Si bi-
layers under consideration.

our SmS contact (ds/g&=1. 3 —3), if Sm is in the dirty
limit. It is not clear why the depressions predicted by de
Gennes are smaller than Golubov's results. For our
films, a critical temperature depression of 0.1 —0.6 K is in-
dicated by the latter, but it should be kept in mind that
this is calculated for interface transmission equal to uni-
ty. A more realistic calculation would probably yield
considerably smaller critical temperature shifts.

It is interesting to note that, although the approach of
de Gennes and related theories' ' ' is quite difterent
from the approach in Refs. 30—32, a fundamental simi-
larity is present. In both theories, the proximity effect is
governed by two parameters: ' the difference in elec-
tronic properties between N and S (expressed by extrapo-
lation length b, respectively, the parameter y=psgs/
p~g~, which equals b/g ), sand the transmission through
the interface (expressed by o., respectively, a parameter
y~ proportional to the specific boundary resistance).
From the general relation I/p=e N(Ez)D, the large
difference in resistivity is seen to be equivalent to a large
' mismatch" in diffusion constant D and density of states
at the Fermi energy, N(EF ).

Our experimental results can only be compared to an
experiment by Hatano, Nishino, and Kawabe. ' They re-
port critical temperature depressions of about 3 K in a
20-nm niobium film on 3 X 10' cm doped silicon. They
also find a systematic dependence of T,* on the
thicknesses of the Nb film and the doped Si layer. We
have included their surface cleaning technique Imethod
(Ia), cf. Sec. IV] in our five different methods. We also
used up to a factor of 3 higher doping. Nevertheless, we
have not found similar critical temperature depressions.
Our experimental results are supported by the theoretical
analysis presented above, which clearly shows no critical
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temperature depression is to be expected in niobium (or
other metallic superconductors) on degenerately doped
silicon.

V. CONCLUSIONS

We have measured the critical temperature of thin
niobium films on degenerately doped silicon for a wide
range of silicon doping concentrations, Nb film
thicknesses, and different sample preparation methods,
for both n- and p-type silicon. The critical temperature
on doped silicon is compared with a reference film on an
insulating substrate, prepared simultaneously with the ac-
tual sample. Contrary to a superconducting —normal-
metal bilayer, a reduction of the critical temperature due
to the proximity effect does not take place in the
superconductor-semiconductor system. We show the ab-
sence of a critical temperature depression to be consistent
with the conventional theory for the proximity effect be-
tween a normal metal and a superconductor. It is due to
the mismatch in material parameters between the two
layers. The relevant parameter is N(EF)D, the product
of the density of states at the Fermi level and the

diffusion constant. generally, both are substantially
smaller in a semiconductor than in a metal. Physically,
the above implies that the depression of the order param-
eter in 5 is too small to cause a lowering of the critical
temperature.

These results are significant for more complex
superconductor-semiconductor heterostructures. In
these structures, a large mismatch in material parameters
between S and Sm is generally present, leading to an or-
der parameter in S that is independent of position. More-
over, an interface barrier is present, which will inAuence
quasiparticle transport and reduce a possible super-
current.
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