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We present experimental data on proximity tunneling in InGaAs/Inp/InGaAs heterostructures due to
a Nb film which induces superconductivity in the top InGaAs layer. The proximity effect is demonstrat-
ed in tunneling measurements yielding superconducting parameters induced in the top InGaAs layer,
such as the gap, 6, the tunneling density of states, D(E), and their variations with the temperature, T.
We observe a significant smearing of D(E). This is attributed to a spatial decay of the gap into the
depth of the InGaAs layer. Superconductivity in InGaAs is also directly evidenced through measure-
ments of the lateral current using a sequence of Au-Nb-Au pads on InGaAs.

PACS numbers: 74.50.+r, 73.40.Gk, 73.40.Qv, 73.40.Ty

Recent studies of the proximity effect in semiconduc-

tors, such as Si, InAs, InGaAs, and GaAs, have demon-

strated success in the Cooper tunneling through the sur-

face and/or Schottky barriers and in the proximity-
induced superconductivity in semiconductors. ' Coher-
ence lengths as large as 3000 A have been observed in

InAs layers. InGaAs has proven to be a promising ma-

terial, since it has a low Schottky-barrier height (-0.2
eV), and heavy doping (-10' cm ) in the top portion
of this layer makes the Schottky barrier more permeable
for Cooper pairs. These previous investigations' were

motivated by the search for a superconducting field-

effect transistor wherein results were interpreted in terms

of coherence lengths.
Tunneling is known to be the most sensitive probe of

the superconducting state, yielding such important pa-
rameters as the gap, electron density of states, phonon

spectra, etc. Tunneling into normal-metal-super-
conductor (NS) sandwiches has been extensively used

for studying proximity effects in metal-based SNIN
structures (I denotes insulator). In our experiment, we

apply the same method of SNIN tunneling to a semicon-

ductor, NIN-like heterostructure in which the electron
effective masses, m*, and Fermi velocities, t F, are about
20 times, and the densities, n, are about 10 times, lower

than in the metal. The well-advanced semiconductor
heterostructure technology allows preparation of high-

quality barriers of required thickness, shape, and height

which makes the tunneling experiments reproducible and

reliable. Furthermore, the precise control of layer dop-

ing allows the fabrication of markedly thinned Schottky
barriers for efficient Cooper-pair transport into the semi-

conductor. We report here, for the first time, a success-
ful realization of superconductive tunneling in the SNIN
structure in which the NIN part is an InGaAs/InP/
InGaAs heterostructure.

Semiconductor heterostructures are grown by organo-
metallic-chemical-vapor deposition. Subsequently, a
2000-A Nb film is dc-sputter deposited at ambient tem-

perature after surface cleaning in a 1:20 NH3OH:H20
solution. Patterning of the structure to obtain junction

areas of 20x20 pm is accomplished by standard photo-
lithographic techniques. The critical temperature of the
Nb film, obtained by four-probe measurements of the la-
teral resistance, yields T, 9.2 K.

The inset to Fig. 1 shows the basic tunneling structure.
It comprises a 100-A-thick InP insulating barrier
sandwiched by two lattice-matched Ino 53Gao47As layers,
each with electron density n 3x10" cm . The top
100 A of the InGaAs layer with n —I x10' cm serves

(as discussed above) to reduce the Schottky-barrier
width. Two different thicknesses of the top InGaAs lay-

er, d 1000 and 3000 A, are grown so that the thickness
dependence of the proximity effect can be investigated.
The graded 500-A n+ InGai —„P„As layer is used to
minimize a barrier between the tunneling structure and

the n+ InP substrate.
The dynamic resistance, R(V) =dV/dI(V), of our

structure, which was acquired by current-biased, low-

frequency (-500 Hz) lock-in techniques, is shown in

Fig. I for T 4.2 K. The voltage, V, and the applied
current, I, are measured between the Nb and substrate
in a four-probe configuration. Two distinct features are
observed. The first is a superconducting-gap structure
(-1 mV) with a peak of —11 kQ. This gap feature is

absent at 8 K (dashed curve). The second is oscillations,
extending out to a few hundred mV, which are due to
ballistic electron motion across the InGaAs layers. The
period of oscillation (15-30 mV depending upon the
bias, V) agrees reasonably well with the energy values
for the excited levels in the 1000-A InGaAs quantum
well. Thus, we obtain an intriguing combination of both
superconducting and semiconducting properties in the
same structure. At the lowest temperature of the experi-
ment, T= 1.2 K, the superconducting-gap feature dom-
inates the junction resistance, yielding R(0) =330 kQ
and a resistance ratio of R(0)/R(1. 5 mV)-220, which

is indicative of a low-leakage, high-quality barrier. The
corresponding I-V characteristics for different tempera-
tures are shown in the right inset to Fig. 1. The critical
temperature, determined by the disappearance of the

gap, is T, =7.55+ 0.05 K, which is lower than that of
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FIG. 1. Dynamic resistance, R dV/dl, as a function of voltage for T 4.2 and 8 K for the tunneling structure which is schemat-
ically drawn in the left inset. Here, d 1000 A. Right inset: I Vcharacterist-ics for several temperatures.

bulk Nb.
From this dynamic resistance, the dynamic conduc-

tance, cr(V)/cr„, where cr„ is the normal-state conduc-
tance, is obtained and compared with the semiclassical
model:

o (V) " D(E) Bf(E+eV)cr„"— D (0) t) (eV)

2.0

1.5

OOA

o, -0
g, = 0.1
Experiment

(ANb 1.52 meV, Ref. 9). However, using the measured
T, 7.55 K, the ratio 2h/keT, remains at 3.97~0.05,
which is close to that of Nb (3.89, Ref. 9).

where f(E) is the Fermi distribution function and D(E)
is the BCS density of states, i.e.,

0 for IEI (&,
D(0), , f« IEI ».

(E 2 P2) 1/2

Throughout all of these calculations, we have used a
temperature-dependent gap, h(T). In Fig. 2 the experi-
mentally obtained rr(V)/rr„ is shown together with the
curves calculated from Eq. (1). We emphasize the simi-
larity of these curves, although the electronic properties
of the normal states of metals and semiconductors are
vastly different. To take into account that the experi-
mental curve is broadened, in the calculation we redefine
h, by entering a phenomenological parameter a,
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and this expression is used in Eq. (I) for further
analysis. This approach is equivalent to smearing the
gap uniformly as a function of energy for the entire ener-

gy range. A high value of a =0.10 is required to obtain
the best fit, yielding 5 =1.29 meV (for T=O). Note that
this derived gap value is lower than that for pure Nb

FIG. 2. (a) The normalized conductance as a function of
voltage for 1.2 K for two diA'erent proximity-layer thicknesses.
For the case of d 1000 A, the experimental data together
with two theoretical curves for a 0 and 0.1, both using

1.29 meV, are presented. For the case of d =3000 A, only
the data are presented, as discussed in the text. Proposed
energy-band diagrams of our structures for (b) d 1000 A and
(c) d 3000 A are shown.
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The physical origin of the smearing is not completely
understood. We do not believe quasiparticle lifetime
eAects are responsible for such a dramatic broadening.
A position-dependent gap parameter which decreases
from its value at the Nb interface into the bulk of In-
GaAs [as illustrated schematically in Fig. 2(b)] could

play the most significant role. As a result of this spatial
variation, the peak of the density of states is expected to
be broadened: As the voltage is increased, the electrons
tunneling through the InP barrier and moving through
the InGaAs top layer experience different energy gaps.
In this case, the value of 5 1.29 meV could be con-
sidered as a mean value within this energy interval.

The dependence e(V)/cr„ for the sample with d 3000
A is also presented in Fig. 2. One can see a severe
broadening of this curve as well as a high zero-bias con-
ductance. As in the previous case, we attribute this re-
sult to the gap decreasing towards the barrier. Even at
the lowest temperature, 1.2 K, it would appear that a
significant portion of the InGaAs remains gapless, as
shown in Fig. 2(c). This would give rise to a nonsuper-
conducting component, dominating the tunneling current
at low bias. Note also in the conductance data of Fig. 2
the rise in conductance above 1.3 mV. This feature
could be attributed to the appearance of a bound state in

the superconducting part of InGaAs. More experimental
work is needed in order to determine the origin of this
structure. We have been unable to fit the conductance
data for the d 3000 A structure at any a. Finally, we

emphasize that the obtained striking diff'erence in Fig. 2
for the two structures discussed is strong evidence for the
occurrence of superconductive tunneling [SS'IN, see Fig.
2(b)] in the InGaAs/InP/InGaAs as opposed to the
Nb/Schottky-barrier/InGaAs tunneling.

The temperature dependences of the normalized zero-
bias conductances, o(0)/o„, of our two structures are
shown in Fig. 3. We have fitted the data for the

d =1000 A structure using a temperature dependence of
h(T) in Eqs. (1) and (2), and coupling constant
24/kgT, =3.97. Considering our rather simple approach
with two adjustable parameters, a and 5, the fit seems
reasonable. Thus, using these parameters, both o(V)/o„
and the temperature dependence of cr(0)/cr„were fitted.

For the sample with the d =3000 A proximity layer,
we observe a weak temperature dependence for a(0)/0„
and saturation at low temperatures. This contrasts with
the behavior of conventional SIN junctions which exhib-
its a strong drop in zero-bias conductance with decreas-
ing temperature. It is also interesting to note that the
drop in the zero-bias conduction starts at the same tem-
perature as in the 1000-A proximity-layer sample, -7.5

K. One can suggest that this feature originates from the
superconducting part of the InGaAs layer, closest to the
Nb interface. The small fraction of electrons tunneling
through the InP layer and moving ballistically through
the InGaAs proximity layer experiences normal
reflections and returns back, thereby reducing the total
conductance. At low temperatures the gap increases and
the number of electrons involved in this reflection process
(within -2kttT) rises, contributing to the resistance. A
further temperature decrease leads to stabilization of this
process and a conductance saturation. Thus, the pro-
posed picture, because it contains a normal portion in the
top InGaAs layer, is distant from the conventional mech-
anisms for SIN tunneling. This is why our fits for the
3000-A proximity layer have failed at any a.

Besides the thickness dependence of the proximity
layer on superconducting properties, we present here
further evidence of the superconductivity induced in the
InGaAs through the Schottky barrier. Experiments on
a differently designed semiconductor-superconductor
structure were performed. In this case we measure a la-
teral conductance along the top InGaAs layer by using
two gold contacts deposited 0.5 pm from a Nb pad, as
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FIG. 3. The zero-bias normalized conductances as a func-
tion of temperature for the two proximity-layer thicknesses in-
vestigated.
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FIG. 4. The I-V characteristics for T =1.2 and 3.8 K for the
lateral measurements on the structure in the inset. Note the
switching behavior at I 0.05 mA and —0.2 mA.
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shown in the inset of Fig. 4, and we believe that the fol-
lowing interpretation best describes the following data.
The I-V characteristic at T=1.2 K is shown in Fig. 4.
When current is driven between the two gold contacts, it
flows in series through normal and superconducting re-
gions of the 0.5-Itm-long InGaAs channel between the
Au and Nb pads as well as laterally along the
Nb/InGaAs (S-S') sandwich. When the Nb (and In-
GaAs underneath) are superconducting, a voltage drop
between the Au and Nb pads appears only across the
normal part of the 0.5-pm-long InGaAs layer. A smooth
transition to a higher resistance at I) 50 ItA is due to
the gradual removal of the supercurrent in the supercon-
ducting region of this 0.5-Itm-long InGaAs channel. At
higher bias, another transition is observed as a sharp
switch due to the removal of superconductivity in the S-
S' Nb/InGaAs sandwich. The measured lateral critical
current for this sandwich is —10 A/cm . At T 3.8 K
the proximity-induced feature is less pronounced. Thus,
the data shown in Fig. 4 are in accord with the model of
proximity-induced superconductivity in the InGaAs lay-
er.

In conclusion, we have demonstrated for the first time,
SNIN tunneling in Nb/InGaAs/InP/InGaAs where the
layer of InGaAs in contact with the Nb is superconduct-
ing through a weakened Schottky barrier by the proximi-
ty effect. The proximity effect in InGaAs/Nb was also
directly evidenced in a separate experiment of lateral
geometry. The observed proximity effect shows a
dramatic InGaAs thickness dependence. For a proximity
layer of 1000 A, we have fitted a simple model for the
density of states and the temperature dependence of the
conductance using two adjustable parameters to take

into account the observed broadening. The latter, in our
view, comes from a spatially varying gap which decays
from the surface to the tunneling barrier. A gap value of

1.29 meV for the Nb/1000-A-InGaAs proximity lay-
er was derived from the fit.
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