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Josephson junction oscillators as probes of electronic nanostructures
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We have fabricated high-quality planar Nb/AlOx /Nb Josephson junctions on-chip adjacent to
quantum dots in a near surface two-dimensional electron gas in a GaAs/AlGaAs heterostructure.
When used as a voltage-tunable oscillator coupled capacitively to a quantum dot, the Josephson
junction can produce a localized time-dependent potential of 200mV across the dot at frequencies
in excess of 300 GHz. The fabrication process involves five separate patterning and processing steps
to define the multilayer integrated device. ©1998 American Institute of Physics.
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Recently there has been much theoretical and exp
mental interest in the effects of a high-frequency poten
Vac cos(2pft) on electron transport through small capa
tance mesoscopic structures.1–8 Investigations in the regime
of h f@kBT are expected to yield a multitude of new qua
tum phenomena. For example, recent experiments on s
conductor quantum dots in the Coulomb blockade regime
the presence of high-frequency~20–30 GHz! time-dependent
potentials have demonstrated photon-assisted tunne
where the discrete photon energy becomes observa6

Other time scales for ac transport in semiconductor quan
dots include: the tunneling rate 1/t'10 MHz–10 GHz; the
transit timeh/2pD'1 – 40 GHz, whereD is the single par-
ticle level spacing; the charging energyh/(2pe/C)
'40– 400 GHz, whereC is the total capacitance of th
quantum dot; and the plasmon energy (h/2p)vp>1 THz. A
significant challenge in experimentally probing these hig
frequency regimes lies in the difficulty of coupling millime
ter wavelength electromagnetic radiation to a submicron
ameter semiconductor quantum dot.

In this communication we introduce a new approa
which integrates a local high-frequency oscillator direc
with the device which is under study. It consists of a sup
conducting Josephson junction incorporated on-chip wit
quantum dot which is formed electrostatically in a near s
face two-dimensional electron gas~2DEG!. The Josephson
junction is a natural high-frequency voltage-tunable osci
tor which is fabricated adjacent to the quantum dot.
means of an integrated transmission line coupling struct
the oscillating Josephson voltage signal can be capaciti
coupled to the electron gas. The resulting high-freque
potential is strongly confined to the submicron active reg
of the quantum dot. We have developed a successful fa
cation process and have demonstrated high-quality Jos
son junction oscillators integrated with semiconductor qu
tum dot devices.

a!Electronic mail: westervelt@deas.harvard.edu
5800021-8979/98/84(10)/5808/3/$15.00

Downloaded 26 Mar 2001 to 140.247.57.93. Redistribution subjec
ri-
l

i-
in

ng
e.
m

-

i-

r-
a
-

-
y
e,
ly
y
n
ri-
h-
-

A scanning electron micrograph of a completed in
grated thin-film Josephson junction and quantum dot dev
is shown in Fig. 1~a!, and a schematic of the structure
shown in Fig. 1~b!. The device consists of six metallic Cr:A
gates which are used to electrostatically define the quan
dot, one Josephson junction trilayer, and the structure use
couple them at rf frequencies. The substrate is a Ga
AlGaAs heterostructure containing a high-mobility 2DE
470 Å beneath the surface. Fabrication of a completed de
involves five successive patterning and processing s
aligned to within 100 nm of each other. The patterning
done by electron-beam lithography on a bilayer poly~meth-
ylmethacrylate! ~PMMA! resist using standard liftoff tech
niques.

In order to maximize both the oscillation frequency a
the output power of the Josephson oscillator, high curr
density tunnel junctions with large superconducting ene
gaps are desirable. The Josephson junction in our device
Nb/AlOx /Nb trilayer which was deposited in a dc plasm
sputtering system in 10 mT of Ar without breaking vacuu
By sputtering the Al layer at a rate of 60 Å/min, pinhole-fre
AlOx tunnel barriers of 30 Å thickness were deposited wh
resulted in high critical current densities of 1000 A/cm2.9,10

An AlOx barrier was chosen because of its excellent stab
and low dielectric constant.9 The final 10310mm2 junction
is defined by a SF6 reactive ion etch of the top Nb counte
electrode using PMMA as an etch mask. This etchback of
top Nb layer also serves to eliminate any electrical short
which may have existed across the edges of the junction
to liftoff imperfections. As seen in Fig. 1, an insulating SiOx

layer is then thermally deposited over two edges of the
sephson junction. This prevents shorting of the trilayer
the top Au layer which forms the electrical contact to the N
counter electrode. The insulating SiOx layer and the top Au
layer also extend across the gates used to define the qua
dot in the 2DEG. Together with the bottom Au layer und
the Nb base electrode this extension forms a transmis
line which is capacitively coupled to the source and dr
electrons in the 2DEG quantum dot. The top and bottom
8 © 1998 American Institute of Physics
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layers also aid in the removal of heat from the junction a
to minimize self-suppression of the superconducting ene
gap in the Nb electrodes under bias.

A typical current–voltage (I bias–Vdc) curve of an on-
chip 10310mm2 Josephson junction at 4.2 K is shown
Fig. 2. The observed gap sum value (2D52.3 mV), a mea-
sure of the quality of the Nb films, is somewhat reduc
compared to the clean Nb value of 2D(0)53.1 mV ~Ref. 11!
due to the proximity effect with metallic Al in the barrier an
impurities in the Nb film. The normal state resistance and
critical current of the junction are measured to beRn

51.2V, and I c50.9 mA, respectively. As is expected for
planar geometry, the junction capacitance leads to a hys
etic current–voltage curve symmetric about the origin. Wh

FIG. 1. ~a! Scanning electron micrograph of completed multilayer dev
indicating various features.~b! Schematic of integrated thin-film device. Th
vertical scale is greatly exaggerated for clarity.

FIG. 2. I –V characteristic of 10mm310mm Josephson junction at 4.2 K
I c50.9 mA, Rn51.2V.
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a dc voltage bias is applied across the Josephson juncti
will produce an oscillating voltage signal at a frequency d
termined by the Josephson relation

f 52eVdc/h, ~1!

whereVdc is the average dc voltage across the junction. E
perimentally, we current bias the Josephson junction so
Vdc5I biasRn , whereI bias is the applied current bias. An up
per limit on the operating frequency of our Josephson os
lator is set by the superconducting gap of the Nb, which
this case corresponds to 1.1 THz; a typical operating
quency is 300 GHz, corresponding toVdc'1 mV in Fig. 2.
At this frequency the signal wavelength isl5380mm, tak-
ing into account the dielectric constant of the GaAs ha
plane eGaAs513.1 @l5A(2/eGaAs11)#, which is much
longer than the 10mm length of the transmission line be
tween the Josephson oscillator and the quantum dot. A
result, the phase of the signal across the length of the c
pling structure is approximately constant and we may us
simple ac circuit to model the device.

The equivalent circuit of the integrated Josephson os
lator and quantum dot is shown in Fig. 3.Lp andCp are the
parasitic inductance and capacitance of the combination
the planar Josephson junction and the transmission line
pling structure, andCc represents the coupling capacitan
between the open end of the transmission line structure
the electrons in the 2DEG 470 Å beneath the surface. For
dimensions shown in Fig. 1, we estimate a parasitic ind
tance ofLp51.3 pH. The magnitude of the oscillator sign
across the dot,Vac, will be determined by the total capacitiv
loading of the Josephson oscillator. When the McCum
parameterbc , defined as11

bc5~4pe/h!~ I cRn!~RnCp!, ~2!

is less than unity the junction is not capacitively shunted a
the maximum ac voltage obtainable isVac'I cRn51.1 mV,
at least forVdc,2D/e. The capacitanceCp in Eq. ~2! is
dominated by the capacitance of the planar junction. Fo
10310mm2 trilayer junction with an AlOx barrier 30 Å
thick this capacitance isCp52.1 pF, usingeAl2O3

58 for the
dielectric constant of the AlOx barrier. This givesbc57, so

FIG. 3. Equivalent circuit model of Josephson junction/quantum dot dev
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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the ac voltage signal is partially shunted with the 3 dB po
at 80 GHz, and theI –V curve is hysteretic. Using this valu
of bc , at a typical operating frequency of 300 GHz the ma
nitude of the oscillating potential expected across the qu
tum dot in the circuit model is approximately 200mV.

In summary, we have presented a novel device wh
integrates on-chip a Josephson junction oscillator an
semiconductor quantum dot with coupling structures. W
have developed a process for fabricating these multilaye
tegrated devices which results in high-quality Joseph
junctions with characteristics well suited to their use as hi
frequency sources. By coupling an on-chip oscillator to
single mesoscopic device we may eliminate the need for
ternal sources of radiation and avoid the difficulties involv
with transmitting a high-frequency signal into a millikelvi
cryostat. In the future it may be possible to build on-ch
Josephson oscillators with frequency ranges extending f
a few hundred gigahertz to over 1 THz, allowing the study
a variety of time-dependent phenomena in electron trans
through mesoscopic structures.
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