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Josephson junction oscillators as probes of electronic nanostructures
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We have fabricated high-quality planar Nb/AIONb Josephson junctions on-chip adjacent to
guantum 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 ofgd0@cross 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. 98 American Institute of Physics.
[S0021-897€08)01822-7

Recently there has been much theoretical and experi- A scanning electron micrograph of a completed inte-
mental interest in the effects of a high-frequency potentiarated thin-film Josephson junction and quantum dot device
V. cos(2rft) on electron transport through small capaci-is shown in Fig. 18), and a schematic of the structure is
tance mesoscopic structureg.Investigations in the regime shown in Fig. 1b). The device consists of six metallic Cr:Au
of hf>kgT are expected to yield a multitude of new quan-gates which are used to electrostatically define the quantum
tum phenomena. For example, recent experiments on senflot, one Josephson junction trilayer, and the structure used to
conductor quantum dots in the Coulomb blockade regime irfouple them at rf frequencies. The substrate is a GaAs/
the presence of high-frequent30—30 GHz time-dependent AlGaAs heterostructure containing a high-mobility 2DEG
potentials have demonstrated photon-assisted tunneling’0 A beneath the surface. Fabrication of a completed device
where the discrete photon energy becomes obserfabldnvolves five successive patterning and processing steps
Other time scales for ac transport in semiconductor quanturligned to within 100 nm of each other. The patterning is
dots include: the tunneling rate 7410 MHz—10 GHz; the done by electron-beam lithography on a bilayer poigth-
transit timeh/27A~1—40 GHz, where) is the single par- Y/methacrylat¢ (PMMA) resist using standard liftoff tech-
ticle level spacing; the charging energh/(27e/C)  Niques.
~40-400 GHz, whereC is the total capacitance of the In order to maximize both the oscillation frequency and
quantum dot; and the plasmon energym) w,=1 THz. A the output power of the Jpsephson oscillator, h?gh current
significant challenge in experimentally probing these high-density tunnel junctions with large superconducting energy

frequency regimes lies in the difficulty of coupling millime- 92PS are desirable. The Josephson junction in our device is a

ter wavelength electromagnetic radiation to a submicron diNP/AIOx/Nb trilayer which was deposited in a dc plasma

ameter semiconductor quantum dot sputtering system in 10 mT of Ar without breaking vacuum.

In this communication we introduce a new approachBY SPuttering the Al Iayerfj\&tarate of 60 A/min, pinhole-free
which integrates a local high-frequency oscillator directlyAIOX tunnel barriers of 30 A thickness were deposited which

with the device which is under study. It consists of a super-resuItGd in high critical current densities of 1000 Afch

conducting Josephson junction incorporated on-chip with f\n AlO, barrier was chosen because of its excellent stability

guantum dot which is formed electrostatically in a near sur—f”lnd low dielectric constafftThe final 10<10 wm junction

face two-dimensional electron g48DEG). The Josephson is defined by a Sfreactive ion etch of the top Nb counter

. T . ) .. electrode using PMMA as an etch mask. This etchback of the

junction is a natural high-frequency voltage-tunable oscilla- T . .

tor which is fabricated adiacent to the auantum dot. B top Nb layer also serves to eliminate any electrical shorting
J ne d * BYvhich may have existed across the edges of the junction due

o , . . ._Sephson junction. This prevents shorting of the trilayer by
potential is strongly confined to the submicron active regiony,e top Au layer which forms the electrical contact to the Nb

of t-he quantum dot. We have developed a succe;sful fabr counter electrode. The insulating Si@yer and the top Au
cation process and have demonstrated high-quality Josepyy ey 4150 extend across the gates used to define the quantum
son junction oscillators integrated with semiconductor quanyst in the 2DEG Together with the bottom Au layer under
tum dot devices. the Nb base electrode this extension forms a transmission
line which is capacitively coupled to the source and drain
dElectronic mail: westervelt@deas.harvard.edu electrons in the 2DEG quantum dot. The top and bottom Au
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FIG. 3. Equivalent circuit model of Josephson junction/quantum dot device.
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a dc voltage bias is applied across the Josephson junction it
(@) will produce an oscillating voltage signal at a frequency de-
termined by the Josephson relation

Cr:Au quantum

AlOx
dot gates

f=2€VdC/h, (l)

[
! CrAu .l .
Wﬁ”‘”””#ﬁ”ﬂm whereV . is the average dc voltage across the junction. Ex-
TtisephisHn. TG QuiariiT L6t perimentally, we current bias the Josephson junction so that
(®) V= lpiadRn,» Wherel 4 is the applied current bias. An up-

_ _ _ _per limit on the operating frequency of our Josephson oscil-
FIG. 1. (@) Scanning electron micrograph of completed multilayer device

indicating various featuregb) Schematic of integrated thin-film device. The Iat'or Is set by the SUpercondUCtmg gap OT the Nb, W_hICh in
vertical scale is greatly exaggerated for clarity. this case corresponds to 1.1 THz; a typical operating fre-

guency is 300 GHz, corresponding ¥y~1 mV in Fig. 2.
At this frequency the signal wavelengthNs=380um, tak-
ing into account the dielectric constant of the GaAs half-
layers also aid in the removal of heat from the junction aredlane egaas=13.1 [N=(2/eganst 1)], which is much
to minimize self-suppression of the superconducting energjonger than the 1Qum length of the transmission line be-
gap in the Nb electrodes under bias. tween the Josephson oscillator and the quantum dot. As a
A typical current—voltage lgi,s—Vqo curve of an on- result, the phase of the signal across the length of the cou-
chip 10< 10 um? Josephson junction at 4.2 K is shown in pling structure is approximately constant and we may use a
Fig. 2. The observed gap sum valueA(22.3 mV), a mea- Simple ac circuit to model the device.
sure of the quality of the Nb films, is somewhat reduced  The equivalent circuit of the integrated Josephson oscil-
compared to the clean Nb value cA20)=3.1 mV(Ref. 1) lator and quantum dot is shown in Fig. 13, andC, are the
due to the proximity effect with metallic Al in the barrier and parasitic inductance and capacitance of the combination of
impurities in the Nb film. The normal state resistance and théhe planar Josephson junction and the transmission line cou-
critical current of the junction are measured to Bg  pling structure, andC. represents the coupling capacitance
=1.2Q, andl,=0.9 mA, respectively. As is expected for a between the open end of the transmission line structure and
planar geometry, the junction capacitance leads to a hystethe electrons in the 2DEG 470 A beneath the surface. For the
etic current—voltage curve symmetric about the origin. Wherflimensions shown in Fig. 1, we estimate a parasitic induc-
tance ofL,=1.3 pH. The magnitude of the oscillator signal
across the dov/ ., will be determined by the total capacitive
loading of the Josephson oscillator. When the McCumber

— ' ' ' ] parameters., defined a%
e o
2L 4
> 1k / TM . Be=(4melh)(1:Rn)(RnCp), 2
g
\-; oL I v 4
> -1tk f b is less than unity the junction is not capacitively shunted and
2 J . the maximum ac voltage obtainableVg~I.R,=1.1 mV,
gl ! . s L J at least forVy.<2A/e. The capacitanc&, in Eq. (2) is
2 -1 0 ! 2 dominated by the capacitance of the planar junction. For a
Thias (MA) 10X 10 wm? trilayer junction with an AIQ barrier 30 A

FIG. 2. |-V characteristic of 1gmXx10 um Josephson junction at 4.2 K, thick this capacitance '§P: 2.1 pF, USIng€A|203= 8 for the
1.=0.9mA, R,=1.20Q. dielectric constant of the AlObarrier. This gives3.=7, so
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the ac voltage signal is partially shunted with the 3 dB point  This work was sponsored at Harvard by Grant Nos.
at 80 GHz, and thé—V curve is hysteretic. Using this value ONR N00014-89-J-1592, JSEP N00014-89-J-1023, and at
of B., at a typical operating frequency of 300 GHz the mag-UCSB by Grant No. AFOSR-91-0214.

nitude of the oscillating potential expected across the quan-

tum dot in the circuit model is approximately 2Q0/.
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