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ac Josephson effects in NbÕInAsÕNb junctions with integrated resonators

K. Biedermann, A. Chrestin,* T. Matsuyama, and U. Merkt
Universität Hamburg, Institut fu¨r Angewandte Physik und Zentrum fu¨r Mikrostrukturforschung,

Jungiusstraße 11, D-20355 Hamburg, Germany
~Received 9 February 2000; revised manuscript received 18 December 2000; published 20 March 2001!

Investigations of the ac Josephson effect in Nb/p-type InAs/Nb junctions are presented. Two distinguished
features of these devices are an integrated resonator formed by the overlap of two Nb electrodes with an
intermediate anodic oxide and their high characteristic voltagesI cRN of about 1 mV. Under radio-frequency
irradiation, we observe Shapiro steps whose widths follow Bessel functions for high irradiated power. Because
of the integrated resonator, self-resonances of the ac Josephson effect can be studied in the current-voltage
characteristics. Using a modified resistively shunted junction model which accounts for the presence of the
resonator and a nonuniform lateral current distribution, we can describe the magnetic-field dependence of the
resonance amplitude. A resonance is also observed when the Josephson frequency is exactly half the lowest
resonance frequency, which is beyond the simple model. A possible explanation is provided by a nonsinusoidal
current-phase relation established under nonequilibrium conditions.
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I. INTRODUCTION

The experimental and theoretical study of the ac Jose
son effect in weak links has attracted much interest in rec
years.1,2 One experimental goal is to use the junctions
local oscillators in the GHz range. Some authors3 use long
Josephson junctions, so-called flux-flow oscillators, wh
current-voltage characteristics are determined by vo
motion.4,5 The most common approach is to build arrays
junctions to reach high power levels of the emitted radiati
A severe problem of this approach is that the junctions h
to radiate phase coherently. The highI cRN products6 of the
critical currentI c and the normal resistanceRN in our junc-
tions of about 1 mV correspond to an estimated power le
on the order of 1mW. This encourages us to investigate th
potential as single-junction sources for the investigation
other mesoscopic devices,7,8 thus avoiding the coherenc
problem. The reason for the highI cRN product is the absenc
of a Schottky barrier between the contact ofp-type InAs and
the superconducting metal Nb as well as nearly matc
Fermi velocities, which results in highly transmissiv
interfaces.9

The radio-frequency~rf! radiation from the ac Josephso
effect at finite voltages between the superconducting e
trodes is emitted into the resonator formed by the overlap
two Nb electrodes with an anodic oxide as a dielectric. Sh
structures are observed in the derivatives of the curr
voltage characteristics at voltages where the Josephson
quency corresponds to a cavity resonance. Weak links us
do not form resonators, however, for weak links resonan
are observed in point contacts10 or microbridges11 when they
are connected to an external cavity. A theory for these
called Fiske steps12 or self-resonances has been developed
Kulik.13 Eck, Scalapino, and Taylor report on a resonance
the current-voltage characteristic when the phase velocity
sociated with the current-density distribution matches
phase velocity of the electromagnetic fields.14 In both refer-
ences, a homogeneous current distribution over the wh
two-dimensional area of a Josephson tunnel junction
0163-1829/2001/63~14!/144512~7!/$20.00 63 1445
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considered. In our device we have to take into account
the current is concentrated only at one edge of the reson
Moreover, we have found that the current is inhomog
neously distributed across the junction width in our jun
tions. Both nonuniformities are contained in our modificati
of the Kulik model. It is well known that inhomogeneities o
the current distribution result in a finite resonance amplitu
even at zero applied magnetic field,15,16whereas a finite field
is necessary to excite the resonances in the homogen
case.17,18 In addition to the peaks at Josephson frequenc
corresponding to cavity resonances, for the first time we
serve a peak at half the lowest resonance frequency in s
junctions.

This paper is organized as follows. In Sec. II we descr
the preparation of our devices and experimental details of
measurements. The magnetic-field dependence of the am
tude of the Fiske resonances is described in an adopted
sistively shunted junction~RSJ! model evaluated in Sec. III
This model takes into account the integrated resonator an
valid for arbitrary current distributions. In Sec. IV we stud
the power dependence of the widths of the Shapiro steps
compare the measured amplitudes of the Fiske resona
with the ones of the RSJ model. A rather good agreement
the integer resonances is achieved. Additionally, we disc
a possible extension of the model to explain the obser
half-integer resonance.

II. EXPERIMENTAL DETAILS

A schematic view of our junctions is depicted in Fig. 1~a!.
The ~100!-oriented InAs wafers are Zn doped with a conce
tration of about 231017 cm23. Mechanical and chemica
polishing is important to achieve a surface smoothness in
nm range, which is necessary for high-quality interfaces
tween InAs and Nb. After the definition of the resist mask
the lower Nb electrode by conventional photolithograph
the first Nb film with thicknesst590 nm is magnetron sput
tered in an Ar plasma at a pressure of 1022 mbar. Two
separatein situ cleaning steps prior to the electrode depo
©2001 The American Physical Society12-1
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tion are important to clean the target and to remove oxi
from the InAs surface, respectively. The electrode pattern
is completed by a lift-off process. After this lift-off step th
Nb electrode is anodically oxidized at one end.19 The oxide
thicknessa>10 nm defines the channel length and is co
trolled during the anodization by the applied voltage, 1
corresponding to 2 nm Nb2O5. Hence, with this method
channel lengths in the nanometer range are easily achie
After the oxidation process the oxidized InAs is removed
wet etching in a 1:1 H2SO4:H2O solution in order to facili-
tate a good contact between the two-dimensional elec
system~2DES! in the inversion layer on the InAs and th
second Nb electrode. This electrode is defined and depo
in the same way as described above. The two Nb electro
are insulated by the intermediate anodic oxide20 overlapping
along a lengthL'3 mm. The junction widthsw in the
samples presented here are 10 and 20mm. We have studied
additional junctions with widths up to 91mm which all show
qualitatively the same behavior. All geometrical quantit
are read from scanning-electron microscopy~SEM! and
atomic-force microscopy~AFM! images.

The measurements are performed in a liquid-helium c
ostat at temperatures down to 1.5 K. Leads are filtered
room temperature with commercially available fed-throu
capacitors. All measurements are done in a four-probe s
under current bias conditions. In measurements with rf ir
diation (n>15 GHz! a cryoperm tube is used for samp
shielding and the wave is guided to the sample throug
coaxial brass waveguide terminated by an antenna. The
ferential resistance is measured by standard lock-in te
niques with a modulating current of 1mA at a frequency of
300 Hz.

FIG. 1. ~a! Schematic view of the Nb/p-type InAs~2DES!/Nb
junction. The resonator is built by the overlap of lengthL and width
w of the two Nb electrodes with the anodic oxide Nb2O5 in be-
tween. ~b! Equivalent electronic circuit for the junction in ou
adopted RSJ model. The cross denotes the Josephson junction
the resistor stands for the quasiparticle current. The resonat
modeled by an LC network.
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III. RSJ MODEL WITH RESONATORS

Josephson junctions are often described by the resisti
shunted junction model.21 The total dc current at a finite
voltage is given by the sum of the time-averaged ac Jose
son current and the quasiparticle current through a resis
In the voltage bias case the time averaged ac Josephson
rent is zero. In the current bias case or if any frequen
dependent elements are present the situation is differ
Hence, we assume a nonzero but small time-averaged
Josephson currentĪ s with u Ī su!I c . A corresponding RSJ
model was first considered by Forder.22 Here, we apply his
results to our specific junction geometry. In Fig. 1~b! the
equivalent electric circuit is depicted. In contrast to Ford
we have to take into account the geometry of the junction
deal with its interaction with the spatially extended eige
modes of the resonator.23 As it is clear from Fig. 1~a! the
Josephson current flows only at one end of the resona
This is different from the rigorously studied case of junctio
where the two-dimensional junction area itself forms t
resonator. Consequently, we use a one-dimensional cu
densityJ over the widthw of the junction. According to our
assumption, we are close to the voltage bias case, where
phase difference across the Josephson junction varie
f(y,t)5vJt1p/22ky.22 The Josephson frequencyvJ

5(2e/\)V̄ is given by the dc bias voltageV̄ across the junc-
tion. They dependence results from a vertically applied ma
netic field producing a fluxF through the junction;k
52pF/(F0w) with the magnetic flux quantumF05h/2e.
To account for the finite time averageĪ s of the ac Josephson
current, we allow for a small phase perturbationf1(y,t)
5Im@w1(y)exp(ivt)#, uf1u!ufu. It corresponds to a voltage
perturbationV1(y,t)5(\/2e)ḟ1(y,t). Thus, beside the un
perturbed supercurrent densityJs05Jc sinf with vanishing
time average we find a current componentJs15Jcf1 cosf
yielding the desired finite time average of the supercurr
density

J̄s5 J̄s152 1
2 J~y!Im@ iw1~y!exp~ iky!#. ~1!

We want to consider junctions with a position-depend
critical current, i.e., a nonhomogeneous current distribut
over the junction widthw. Therefore, we replacedJc by J(y)
in Eq. ~1!. The electromagnetic field excited by the Josep
son radiation within the resonator leads to a modulation
the phase perturbationf1(x,y,t) over the whole resonato
area, which has to be determined to find its influence on
Josephson junction atx50 @see Fig. 1~b!#. The wave equa-
tion

]2f1

]x2
1

]2f1

]y2
2

1

c82 S ]2f1

]t2
1

s

e re0

]f1

]t D 50 ~2!

for f1
18 has to be solved with the boundary conditions

and
is
2-2
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]f1

]x U
x50

5
J~y!

dJ
cos~vt2ky!1

1

gc8

]f1

]t U
x50

,

]f1

]y U
y50

5
]f1

]y U
y5w

50,

]f1

]x U
x5L

50. ~3!

These boundary conditions express the fact that the cur
flows out of the resonator atx50, where the junction is
located. In Eqs.~2! and~3!, we have introduced the dielectri
constant e r of the oxide, the phase velocityc8
5@a/(e rd)#1/2

•c in the resonator,24 where c denotes the
speed of light,g5r /(m0dc8) the ratio of the specific resis
tancer of the junction and the wave impedancezw5m0dc8
of the resonator, anddJ5@(2e/\)m0d#21. The lengthd5a
12l coth(t/l) denotes the ‘‘magnetic thickness’’ of th
resonator,25 determined by the oxide thicknessa, the thick-
nesst of the superconducting films, and the penetration de
l. The conductivitys}Q21 represents losses in the diele
tric, andQ is the quality factor of the resonator. Employin
the ansatz

w1~x,y!5 (
n50

`

an cos~kn@x2L# !cos~npy/w! ~4!

we can solve the differential equation. By inserting it in
Eq. ~1!, the dc component of the supercurrent

Ī S52
1

2E0

w

J~y!Im@ iw1~0,y!exp~ iky!#dy,

5
gc8w

2dJv
(
n50

` Fn
2~k!

22dn,0
ReF 1

11 i ~gc8/v!kn tan~knL !
G

~5!

is found, wherekn5(12(v res/v)22 i /Q)1/2
•v/c8. This ex-

pression describes a series of peaklike contributions to
current at voltages when the Josephson frequencyvJ

5(2e/\)V̄ corresponds to one of the cavity resonances

v res5pc8An2

w2
1

m2

L2
, ~6!

with n andm being integers. The magnetic-field dependen
is given by

Fn
2~k!5Bn

2~k!1Cn
2~k!,

Bn~k!5
22dn,0

w E
0

w

J~y!cos~ky!cos~npy/w!dy,

Cn~k!5
22dn,0

w E
0

w

J~y!sin~ky!cos~npy/w!dy, ~7!
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where dnm is the Kronecker symbol. For a given curre
distributionJ(y) along the junction width, we can calculat
from Eq.~7! the amplitude variation of each resonance wh
the strength of the applied magnetic field changes. Note
it only depends on the ‘‘transverse’’ indexn because of the
one-dimensional nature of our junction model.

IV. EXPERIMENTAL RESULTS: SHAPIRO STEPS
AND FISKE RESONANCES

Under external rf irradiation a Josephson junction sho
steps in the resistive branch of its current-voltage charac
istic. These Shapiro steps26 appear when the Josephson fr
quencyvJ equals an integer multiple of the irradiated fr
quencyv rf . In Fig. 2~a! current-voltage characteristics a
shown for different rf power as well as without irradiatio
and in Fig. 2~b! a current-voltage characteristic and its d
rivative are depicted. Obviously, the Shapiro steps appea
voltagesVn56n•(2e/\)v rf which correspond to the irradi
ated frequency of 15 GHz and their widths modulate with
rf power. TheI cRN product of 640mV is smaller than our
best values that exceed 1 mV. The reason is the relativ
large oxide thicknessa5120 nm of this particular junction
that already approaches the coherence length of
semiconductor9 and thus leads to a weaker coupling betwe
the two superconductors. The excess current of this sam
I exc5162 mA exceeds its critical currentI c580 mA by a
factor of 2. This ratio is typical for our junctions. Distinc
steps are observed in the direct and even more clearly in
differential characteristic at voltages which correspond to
irradiated frequency of 15 GHz. In Fig. 2~c! the critical cur-
rent I c and the widths of the first four steps are shown a
function of the irradiated rf power. As expected from sta
dard theory18 the step widths and the critical current mod
late with the rf power. We plot the step widths against t
square root of the nominally irradiated power since the
current cannot be measured directly. The solid lines are
expected Bessel functionsJn of order n, which for high rf
currents fit the measured data very well. Our junctions
current biased because the impedance of the electronica
vironment is much larger than the one of the junction. D
spite this fact, the step widths follow the well-known relatio

DI 5I c•UJnS Vrf

Vdc
D U ~8!

of the voltage bias case.18 Here, we have the ac voltageVrf
over the contact and the dc voltage positionVdc of the step.
For the calculations in Fig. 2~c! we have used the relation

DI 5k1•uJn~k2• i rf!u. ~9!

The currenti rf is taken as the square root of the irradiat
power andk1,2 are fit parameters. The fits of all steps in Fi
2~c! are done with one set of parametersk1,2. Comparison of
Eqs. ~8! and ~9! yields a constantk1524.7 mA which is
much smaller than the critical currentI c580 mA in the ab-
sence of rf radiation. A possible explanation of this diffe
ence could be the fact that our junctions are current bias
For tunnel junctions very successful models exist that
2-3
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scribe the current bias case.27,28 For weak links with a finite
normal conductivity the situation becomes more complica
because nonequilibrium effects appear as discussed be
Another reason for the observed deviation might be the p
ence of an excess current in our junctions.

In Fig. 3~a! the negative branches of the direct and diffe
ential current-voltage characteristic of a junction with
width w520 mm are shown. The three sharp structures
voltages 0.26, 0.56, and 0.96 mV are Fiske- or se
resonances. These resonances occur when the Josephso
quencyvJ is equal to one of the frequenciesv res of Eq. ~6!
which describes longitudinal and transversal resonance
well as mixed modes. Because the overlap is justL53 mm,

FIG. 2. ~a! Direct current-voltage characteristics for different
powers. Traces from right to left are measured without rf, 0.1
0.182, 0.198, 0.216, and 0.233 mW, respectively. The curves fo
powers larger than 0.182 mW are successively shifted by210 mA.
~b! Direct and differential current-voltage characteristic at 1.7
and nominal power 0.165 mW.~c! Step width of the critical curren
and of the first four Shapiro steps as a function of the rf current.
curves are successively offset by 15mA. The solid lines describe
corresponding Bessel functions. The upper voltage axis is divi
by the voltageVdc,n515(2e/\)v rf531 mV.
14451
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the longitudinal resonances occur at higher voltages and
measure only transversal (m50) Fiske resonances in thi
sample. In junctions with longer overlap we observe a
longitudinal (mÞ0) and mixed (mÞ0, nÞ0) resonances
with voltage positions again given by Eq.~6!. We find that
Eq. ~6! holds for all our junctions with different overlap
lengthsL, widths w, and channel lengthsa.23,29 From the
dimensionsL53 mm andw520 mm of the resonator of the
sample in Figs. 3~a! and 3~b! we find for the lowest reso-
nance frequency (n51, m50) v res51.76 GHz correspond-
ing to a voltage 0.57 mV. Here, the oxide thicknessa510
nm and the thickness of the Nb electrodest590 nm are
taken from AFM images. For the penetration depthl values
betweenl586 nm ~Ref. 30! and l5122 nm~Ref. 31! are
found in the literature. The actual magnitude depends on
scattering length in the Nb electrodes. We use a valuel
590 nm in the calculation of the resonance frequenciesv res.
The resonance at the voltage 0.26 mV corresponds tn
51/2 and will be discussed further at the end of this secti
Note that even when the uncertainties of all geometri
quantities are accounted for, the lowest observed reson
at 0.26 mV cannot be related to an indexn51. From the
experimental traces of the differential resistance we evalu
a step amplitude by inverting the differential characteris
around the resonance and integrating it over the voltage.

,
rf

e

d

FIG. 3. ~a! Direct and differential current-voltage characteris
at 2.2 K. The sharp structures in the differential curve are Fi
resonances due to the integrated resonator.~b! Direct characteristics
in the region of then51/2 resonance for various strengths of t
applied magnetic field. The step amplitude is the difference betw
respective maximum and minimum.
2-4
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fore the integration we subtract a polynomial of second or
to take into account the background which results from
additional conductivity due to multiple Andree
reflection.32,33 The resulting curves for then51/2 resonance
are shown in Fig. 3~b! for different strengths of the magnet
field applied in parallel to the current flow. This is the mo
stable configuration against magnetic-flux penetration. T
model of Sec. III is valid as long as the applied magne
field yields a phase modulation along the junction width, i
the magnetic field must be applied perpendicular to it.

The step amplitude of a Fiske resonance is taken as
difference between maximum and minimum in the nume
cally reconstructed current-voltage characteristic. As
pected, the step amplitude modulates with the strength of
applied magnetic field. The step amplitudes for then51/2
and n51 resonance versus the magnetic-field strength
shown in Fig. 4. We find that then51 resonance has twic
the period in a magnetic field compared to the resona
tentatively labeled asn51/2. The period of then51 reso-
nance of about 1.5 mT is equal to the one of the correspo
ing Fraunhofer pattern. From Eq.~7! we expect a vanishing
step amplitude atB50 for a homogeneous current distrib
tion across the junction width, contrary to our observati
However, if we assume that the current is inhomogeneou
distributed as shown in Fig. 5~b!, the magnetic-field depen
dence of the step amplitude obtained from Eq.~7! fits quali-
tatively well with the experimental data~see dashed line in
Fig. 6!. Obviously, the homogeneous distribution~see dotted
line in Fig. 6! yields a much worse fit. With the same curre
distribution, we also can reproduce quite well the magne
field dependence of the critical current as shown in F
5~a!.18 A direct calculation of the current distribution from
the measured Fraunhofer pattern is not possible due to
not single-valued phase information.34 The assumed curren
distribution is motivated by the SEM image in Fig. 5~c!. It
shows the overlap of the two Nb electrodes. The white
gions are bent Nb edges providing a weaker coupling
therefore a reduced current density compared to the o
regions. We have also calculated the step amplitude for

FIG. 4. Magnetic-field dependence of the step amplitude of
n51/2 ~dashed line! andn51 ~solid line! Fiske resonance. Then
51 resonance exhibits twice the period of then51/2 resonance.
The magnetic field is applied parallel to the current direction.
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n52 resonance and have compared it with the measu
data. The agreement is as good as for the Fraunhofer pa
and then51 resonance.

As depicted in Fig. 4 we measure a half integer se
resonance corresponding ton51/2. Other authors also hav
observed half-integer effects by using an external irradiat
method.35,36 The appearance of then51/2 resonance canno
be explained in the RSJ approach of Sec. III. In fact, it
well known that weak links can show considerable dev
tions from the RSJ model.21 A possible explanation might be
a strong deviation of the phase dependence of the crit
current from sinf behavior in the nonequilibrium state (V

e

FIG. 5. ~a! Fraunhofer pattern at 2.2 K with the magnetic fie
applied parallel to the junction in current direction. The dots a
measured data. The solid line is calculated after Barone~Ref. 18!
with the current distribution shown in~b!. ~c! SEM picture of the
overlap of the two Nb electrodes motivating the current distribut
in ~b!.

FIG. 6. Magnetic-flux dependence of the first integer Fiske re
nance (n51) at 2.2 K with the magnetic field applied parallel to th
junction. The dashed curve is the magnetic-field dependence o
step amplitudeF1

2(k) of our adopted RSJ model with the curre
distribution of Fig. 5~b!. It agrees much better with the measur
data than the amplitudeF1

2(k) calculated with a uniform curren
distribution ~dotted line!.
2-5
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Þ0) of these junctions. The appearance of nonsinuso
current-phase relations in such Josephson junctions du
nonequilibrium is in fact a research field of topic
interest.35,37 For example the authors of Ref. 35 explain t
appearance of a half-integer Shapiro step by the existenc
nonequilibrium, which is described by a theory
Argaman.38 Here, as well as in other publications, e.g.,
Octavio, Skopcol, and Tinkham,39 nonequilibrium effects are
observable depending on the ratio of the relaxation time
the quasiparticles and the time of a Josephson oscillatio
we assume such a strong component proportional to sinf)
and write Js5Ja sinf1Jb sin(2f), we obtain a set of two
coupled differential equations in the approach of Sec.
This cannot be solved easily, but it is clear that it will res
in the appearance of a resonance peak atv5v res, where the
resonance frequencyv res is obtained forn51/2 from Eq.~6!.
Moreover, this resonance will have half the period of then
51 resonance in an external magnetic field as it is obser
experimentally in Fig. 4. The existence of a sin(2f) current
component also leads to half-integer Shapiro steps. Ind
we observe half-integer Shapiro steps up to the orden
57/2 along with a half-integer Fiske resonance correspo
ing to n51/2 in Fig. 7. On the other hand, a sin(2f) com-
ponent of the critical current of considerable strength is
resolved in our measurement of the magnetic-field dep
dence of the critical current. This is consistent with the f
that only at finite voltages nonequilibrium effects a
expected.38 The appearance of nonequilibrium depends
the relation between the time of a Josephson oscillation
the characteristic relaxation timete . In the theory of
Argaman38 the maximum voltage for which nonequilibrium
effects should occur can be estimated byVNEQ5\/(2ete).
Here, te can be estimated35 from the number of multiple
Andreev reflections times the transit timetd of an electron
through the barrier. This transit time depends on the Th
less energyETh5\/td .29 We obtainVNEQ5360 mV for our
samples. In fact, for a wider junction of widthw591 mm we
observe a Fiske resonance corresponding ton53/2 at a volt-
age V5236 mV. Clearly, further research is necessary
achieve a better understanding of the nature of the h
integer resonances in the ballistic regime of weak links.

V. CONCLUSIONS

We have prepared Nb/p-type InAs ~2DES!/Nb junctions
with an integrated microwave resonator. This resona
makes the junctions especially interesting for investigati
of the ac Josephson effect in weak links on semiconduct
Under irradiation we observe Shapiro steps in the curre
voltage characteristics. The step width modulates with
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irradiated power roughly as expected for the voltage b
case. Due to the integrated resonator our junctions sh
Fiske resonances. Their voltage positions and their magn
field dependencies can be understood in a modified
model, which takes into account the integrated resonator
is valid for arbitrary current distributions along the chann
of the 2DES. In addition, we have observed a resona
whose voltage position corresponds ton51/2, i.e., a reso-
nance with half the period compared to the correspond
Fraunhofer pattern. This behavior can be explained by a
ing a sin(2f) term in the first Josephson equation to acco
for the presence of a nonequilibrium situation.
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FIG. 7. ~a! Direct ~dashed line! and differential ~solid line!
current-voltage characteristic of another sample of width 20mm
under irradiation of rf~14.4 GHz!. Half-integer Shapiro steps up t
the ordern57/2 are observed.~b! Differential current-voltage char-
acteristic of the sample in the absence of irradiation with a h
integer Fiske resonancen51/2. The magnetic field is applied per
pendicular to the current flow.
B
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