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Andreev reflection in a split-gate-fitted superconductor—normal-metal—superconductor junction is studied
with retro property of Andreev reflection. As the normal metal, the junction uses a two-dimensional electron
gas (2DEG) in a semiconductor heterostructure in the ballistic-transport regime. The differential resistance-
voltage characteristics, measured as a function of gate voltage, show a clear change from current-deficit to
excess-current characteristics. This change is attributed to the Andreev-reflected holes being focused on the
quantum point contact defined in the 2DEG by the split gate.

It is well known that at the interface of a normal-metal
(N) and a superconductor (S) there occurs Andreev reflec-
tion; that is, an electron (hole) incident from the normal-
metal side is reflected as a hole (electron).! Andreev reflec-
tion (AR) has three interesting characteristics: the excess
current, the retro property, and the phase interaction (i.e., the
Andreev-reflected hole undergoes the macroscopic phase of
the superconductor). We proposed a quasiparticle
interferometer® that could be used to confirm this phase in-
teraction experimentally and recently the quasiparticle inter-
ferometer was achieved.> The excess current and the retro
property are related in that the Andreev-reflected hole (elec-
tron) moves back in the direction from which the incident
electron (hole) came and this results in the excess current.
van Son, van Kempen, and Wyder ultilized this retroreflec-
tion for studying the proximity effect at the S-N interface by
using a point contact on the N side.* Nishino et al.> also used
a coplanar-point contact and observed that the Andreev-
reflection probability of the total system increased with de-
creasing point-contact width. These experiments also showed
that Andreev reflection can be used to study the S-N system
spectroscopically, and the backfocusing of hole waves in a
S-N-S junction with a quantum point contact has recently
been studied by computer simulation.®

In the work reported in this paper we experimentally
evaluated the differential resistance-voltage characteristics of
a superconductor—normal-metal—superconductor junction
with a split gate. This kind of _}'unction is called a supercon-
ducting quantum point contact’® (SQPC) and can be used to
study AR systematically.

In a SQPC the normal-metal electrodes of a quantum
point contact”!? are replaced by superconducting electrodes,
and the fabricated SQPC is shown schematically in Fig. 1(a).
As the normal metal we used an InAs-inserted-channel
Ing 55Alg 43As/Ing 53Gag 47As  heterostructure  grown - by
molecular-beam epitaxy on an Fe-doped semi-insulating InP
substrate. The details of the fabrication process are reported
elsewhere.!! The two-dimensional electron gas (2DEG) is
confined in the inserted 4-nm InAs layer and has a high
mobility and a high carrier concentration.'? Two supercon-
ducting Nb electrodes are coupled with the 2DEG. The dis-
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tance L between the two Nb electrodes was 0.2—0.6 pm and
the width W of the electrode was 10 um. At 4.2 K the carrier
concentration Ng, the mobility u, and the effective mass
m* of the 2DEG used in this study were determined by
Shubnikov—de Haas measurement to be 2.3X10'? cm™?
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FIG. 1. Structure of a split-gated junction (SQPC). (a) Cross-
sectional view. Both the normal current and the supercurrent flow
through the two-dimensional electron gas (2DEG) formed in the
InAs layer and are changed by gate voltage. (b) Top view. An ap-
plied gate voltage generates a depletion layer around the gate elec-
trodes and this layer defines a constriction (a quantum point con-
tact) in the 2DEG. The depletion boundary is shown by the dashed
curves. Andreev reflection leads to the reflected holes being focused
in the point contact.
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111 000 cm?/V s, and 0.045m,, , where m, is the free electron
mass. From these values, the coherence length
Ev=nhvg/2mwkpT in the clean limit and the mean free path /
were calculated to be 0.28 um at 4.2 K and 2.8 um, respec-
tively, where v is the Fermi velocity of the 2DEG. There-
fore, the junction belongs to the clean limit (/>¢&y) with
ballistic transport (I>L). As shown in the figure, the junc-
tion has a split gate with a very short gate length L, of less
than 0.1 uwm. This gate configuration made it possible to vary
the Ng and w of the 2DEG underneath the gate by changing
gate voltage V,. This resulted in changes in both the super-
conducting critical current I and the normal resistance Ry
of the junction. When the absolute value of the applied gate
voltage V, is small, I and Ry show oscillations as a func-
tion of V, (i.e., as a function of N, ). This is explained by
Fabry-Pérot interference of the quasiparticles.'* When the
absolute value of the applied gate voltage is large
(Vg<—1 V), the 2DEG underneath the gate electrode is
pinched off and this results in one-dimensional subbands in
the constriction. It was predicted theoretically that the super-
conducting critical current (the maximum supercurrent) in a
SQPC is quantized when the constriction works as a quan-
tum point contact,”® and this quantization as well as the
quantized  conductance =~ was  recently  confirmed
experimentally.'® The clean-limit and ballistic-transport char-
acteristics are essential for observing both Fabry-Pérot inter-
ference and a quantized critical current in a SQPC.

For V, values from 0 to — 1.3 V, the measured differential
resistance dV/dI of the junction with L=0.3 pum and
L,=0.08 pum is shown in Fig. 2 as a function of the voltage
across the junction V. The measured dV/dI is normalized by
Ry, the resistance at V>2A/e (where A is the gap energy of
Nb), because R is not effected by Andreev reflection. When
the supercurrent flows through the junction, extremely sharp
peaks of dV/dI appear near V=0, and these peaks some-
times hide other dV/dI structures. Therefore, a magnetic
field of about 26 G was applied to the junction to suppress
the supercurrent. However, a small dip due to the small su-
percurrent is still evident in each dV/VI-V characteristic. It
is clear in Fig. 2 that as the absolute value of V, increases,
dV/dI-V characteristics change from increasing with de-
creasing V to decreasing with decreasing V. That is, the I-V
characteristics change from the current-deficit state to the
excess-current state. Four junctions were studied and every
junction showed the same change as that shown in Fig. 2.

The observed change in dV/dI-V characteristics can be
explained as follows. When V,= 0, the current flows through
the overall 2DEG between the two Nb electrodes. The I-V
characteristics or dV/dI-V characteristics for V<<2A/e are
strongly dependent on the Nb/2DEG interface characteris-
tics. At the interface, the electrons are either transmitted,
ordinarily reflected, or Andreev reflected. When the reflected
electrons and holes go back to the other electrode, the re-
flected electrons result in an increase of the resistance and
the Andreev-reflected holes (i.e., the excess current) result in
a decrease in the resistance. The dV/dI-V characteristics are
determined self-consistently through these three processes,
which are energy dependent. The transmission, ordinary re-
flection, and Andreev-reflection probability are characterized
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FIG. 2. Measured differential resistance-voltage (dV/dI-V)
characteristics as a function of gate voltage V,. The dV/dlI is nor-
malized by the junction normal resistance Ry and is unity at
V=5 mV. The dotted curve represents the calculated one based
on the OTBK theory.

by the barrier strength Z=H/#A v, where H is the strength
of the -function potential at the interface.!® Calculation by
Octavio, Tinkham, Blonder, and Klapwijk17 (OTBK) showed
that a S-N-S junction with two interfaces of Z>0.75 has
current-deficit characteristics and a junction with two inter-
faces of Z<<0.75 has excess-current characteristics. The dot-
ted curve in Fig. 2 shows the calculated characteristics based
on the OTBK theory'”!® in which the I-V characteristics of a
S-N-S junction were calculated by a Boltzman-equation ap-
proach and showed subharmonic gap structures due to mul-
tiple Andreev reflections (MAR’s) between two S-N inter-
faces. In the theory all elastic scattering is assumed to occur
at the S-N interface, and no energy relaxation is assumed in
the N region. The studied junction satisfied these assump-
tions, since it belongs to the ballistic-transport regime
(I>L) and as discussed later, the contract resistance is much
higher than the sheet resistance of the 2DEG. Therefore, the
OTBK theory can be used to analyze the experimental data
for V,=0. At V=0 the experimental and calculated curves
coincide, except for the sharp peaks measured at V~ *=0.1
mV. These peaks are not due to the supercurrent, since the
supercurrent was suppressed by a magnetic field. They grew
rapidly at temperatures lower than 2 K and are thought to
reflect the bound state generated in the 2DEG because of
Andreev reflection. The experimentally observed details of
these peaks will be reported elsewhere.!® In the calculation
A=1.5 meV was assumed. From the calculated results, we
can evaluate Z=0.85 for V,=0.
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The current-deficit characteristics of the junction for
V=0 indicate that the electrical contact between 2DEG and
Nb is not good from the viewpoint of normal and supercon-
ducting transport. The measured Ry for V,=0 was 58.7
), and the calculated sheet resistance of the 2DEG
(Rys=L/eWNgu) is 0.73 ). Therefore the contact resis-
tance Ry of one interface is about 29 (). The superconduct-
ing critical current I, of the junction was 1.2 uA at 1 K. The
Ryc and I, values of the junction can be compared to
Ryc=16 Q and I,=3.2 puA at 1 K for the junction with the
same L and W but with a Z of about 0.65.

When V,=—1.3 V, the measured Ry was 1.68 k{) and
the resistance of the constriction R-=1.68-0.058=1.622
kQ, which corresponds to the resistance of 1.6133 k() at the
eighth quantized conductance step in a quantum point con-
tact, which shows the quantized conductance in units of
2¢%/h.*1° The 2DEG underneath the gate electrode is
pinched off and the current flows only through the constric-
tion. As shown in Fig. 1(b), in this case the reflected elec-
trons almost do not return to the constriction but the reflected
holes return to it because of the retro property. The returning
holes are measured as a decrease in the resistance. In Fig. 2
this can be seen in the dV/dI-V characteristics for
Ve=—13 V.

In this case, R is dominant in the total resistance R and
the reflected electrons, which contribute to building up the
total distribution of holes traveling to the opposite direction
in the OTBK theory, do not return to the constriction. There-
fore, the OTBK theory can no longer be used for a S-N-S
junction with a quantum point contact. To analyze such a
junction we have to develop a model based on the trajectory
method.”® In a new model the elastic scattering at the inter-
face and the disappearance of the reflected electrons should
be taken into account.

In the intermediate state, between Vg=0 and —1.3 YV,
gate voltage makes a barrier underneath the gate electrode
and the barrier height is determined by the gate voltage. The
transmission probability of the barrier is almost the same for
the electron and Andreev-reflected hole except for the case in
which the energy of electron or hole at the interface is very
close to the Fermi energy (in this case the transmission prob-
ability for the Andreev-reflected hole is enhanced because of
so-called reflectionless tunneling?). Therefore, when V, is
small, for instance —0.5 V, dV/dI-V characteristics almost
never change. As the asbsolute value of V, (i.e., the barrier
height) increases, the parallel conductance of the constriction
gradually contributes more to the total conductance. There-
fore, dV/dI-V characteristics change gradually from current-
deficit to excess-current characteristics. The OTBK theory
cannot be used in this case, since there is elastic scattering in
the N region.

On the measured dV/dI-V characteristics for V,=—1.3
V dip structures were observed at V~2A/ne for up to
n=3, and it is suggested by comparing the measured and
calculated characteristics that these structures are due to
MAR. Moreover, some sharp peaks observed on the mea-
sured dV/dI-V characteristics for V,=0 and —1.0 V are
also thought to be due to MAR, since their voltage positions
are the same as those of the structures for V,= —1.3 V. How-
ever, deep dip structures predicted theoretically are not evi-
dent for V,=0 and —1.0 V. Similar dV/dI-V characteristics
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FIG. 3. Measured dV/dI-V characteristics for another junction
with L=0.3 pum. The resistance of the constriction R, obtained
from the measured Ry for V= —1.35 V corresponds to the seventh
quantized conductance step in a quantum point contact.

were also observed for other junctions. Figure 3 shows dV/
dI-V characteristics for another junction. This junction also
showed a clear change from the current-deficit to the excess-
current state by changing the gate voltage. We cannot explain
that dip structures, especially those at 2A/e, do not appear
for both junctions in Figs. 2 and 3. This is not due to high
value of Z for the junctions. We observed clear dip structures
for a junction with Z=0.85 at 4.2 K,?? and the structure of
that junction was almost the same as that of the junction
studied here. There are some structural differences between
them, but the most important difference is that of the carrier
concentration of the 2DEG, which was 3 X 10'? cm™? for the
previous junction and was 2.3X10'? cm~? for the junction
studied here. To explain the obtained results, some modifica-
tions to the previous theory are needed.

In conclusion, we have fabricated a superconductor—
normal-metal—superconductor junction using an Ings;Alg 48
As/Ing s3Gag 47As heterostructure as the normal metal. The
junction has a split gate that defines a quantum point contact
by applying a gate voltage. With decreasing negative gate
voltage, the measured differential resistance-voltage charac-
teristics showed a change from current-deficit to excess-
current characteristics. This change results from Andreev re-
flection leading to focusing the Andreev-reflected holes,
which can be measured as the excess current at the quantum
point contact. The measurement method described here will
lead to an effective spectroscopy of the S-N interface char-
acteristics, which are very important for understanding trans-
port in a S-N or S-N-S junction.
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