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Observation of the AC Josephson effect up to THz frequencies 
in YBCO/PBCO/YBCO ramp-type Josephson junctions 
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We present the response to 100 GHz irradiation of high-To Josephson junction devices for mixer/detector applications in the 
(sub-) mm wave range. These devices consist of a YBCO/PBCO/YBCO ramp-type junction combined with a planar logarithmic 
periodic antenna. The critical current and the t'h-st two Shapiro steps modulate with 100 GHz power according to the resistively 
shunted junction (RSJ) model. At l0 K clear Shapiro steps have been observed up to a voltage of about 7.5 inV. This corresponds 
to phase lockin~ of 3.6 THz AC Josephson oscillations by the 36th harmonic of the 100 GHz signal. The number of observed steps 
is currently limited by the available power, but they are present up to voltages strongly exceeding the l~Rn product of the junction 
at all temperatures. 

1. Introduction 

Josephson junctions are extremely attractive for 
very sensitive detection of high-frequency radiation, 
e.g. for radio-astronomy applications. Junctions made 
of high-T¢ materials should enable operation in the 
far-infrared region at temperatures higher than 4.2 
K, up to 77 K, due to their large energy-gap values 
and high critical temperatures. This means that the 
AC Josephson effect should be present at voltages of  
several millivolts. There are only few studies on high- 
Tc junctions, however, in which the high-frequency 
response up to such high voltages was observed, see 
e.g. refs. [ 1-3].  Since most high-T¢ Josephson junc- 
tions suffer from a strong reduction of the I~Rn prod- 
uct as compared to the theoretical value, the ques- 
tion arises whether their high-frequency response is 
cut off at voltages above the gap voltage, as in SIS 
tunnel junctions [4], or already at voltages just above 
the l~Rn product. 

We are developing a Josephson detector/mixer 
device for high-frequency applications using all high- 
Tc YBCO/PBCO/YBCO ramp-type junctions. In this 
paper we will present the response of  these devices 
to 100 GHz irradiation. First, however, some design 

considerations and lay-out aspects will be briefly 
discussed. 

2. Device descrlpfion 

For efficient high-frequency detector/mixer de- 
vices, with an operating temperature Top between 4.2 
K and 77 K, a junction is needed which fulfills many 
requirements: 
(1) a high Tc ( ~ 8 5  K),  
(2) a critical current Ic that exceeds the noise cur- 
rent at Top, 
(3) an impedance that can be easily matched to in- 
coming radiation and output amplifiers, 
(4) a large I~Rn, product, 
(5) low noise, 
(6) RSJ-like, non-hysteretic current-voltage char- 
acteristics. Furthermore, efficient broad-band cou- 
pling to (sub-) m m  wave radiation is necessary, 
without excessive reflection and dielectric losses in 
the substrate [ 5 ]. YBCO/PBCO/YBCO ramp-type 
junctions can meet most of  these requirements. In a 
recent paper we described the design and fabrication 
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of a high-frequency device based on these junctions 

[61. 
The fabrication process for the ramp-type junc- 

tions has been described in detail in previous papers 
[ 7,8 ]. They show good scaling of their parameters 
with the cross-section area A, as well as a clear Jo- 
sephson behavior. The critical current density Jc de- 
pends exponentially on the PBCO barrier thickness 
L. Junctions with L ~ 10--15 nm show RSJ-like be- 
havior, with R~4 ~ 10 - 7_ 10- s i)  cm 2 and Jc ~ 105- 
103 A c m -  2. Such parameters yield values for R~ and 
Ic that agree well with the requirements. In this study 
a barrier thickness of  about 10 nm was used; the 
width of the junction was 5 p.m. By minimizing the 
length of the overlap to 1-2 p.m, capacitive shunting 
of  the junctions was drastically reduced. The imped- 
ance of the junctions is therefore mainly determined 
by their normal-state resistance. The devices are pre- 
pared on NdGaO3 substrates. 

To improve the coupling of high-frequency radia- 
tion to the junction, it is placed between the termi- 
nals of  a self- complementary circular toothed log- 
periodic antenna, which is well known from detec- 
tion and mixing experiments with low-T~ Josephson 
junctions [5]. It is very suitable for the effective 
coupling to external radiation, since its beam pattern 
is nearly linearly polarized, with maxima in the di- 
rection perpendicular to the plane of the antenna [ 9 ]. 
It has a high, nearly real impedance (about 58 i) as- 
suming a dielectric constant of  20 for NdGaO3 [ 10 ] ), 
and it is nearly frequency independent from 0.01 THz 
to several THz. The antenna of the device used in 
this study is made of YBCO. The log-periodic struc- 
ture is simply patterned into the base and counter- 
electrode of the junction. Figure 1 shows the com- 
plete lay-out. 

Current-voltage characteristics (CVC's)  of  the 
device were measured in an Oxford CF1200 contin- 
uous flow cryostat using a standard four-point tech- 
nique. For this purpose four silver contacts were 
evaporated on the outer region of the YBCO an- 
tenna. As 100 GHz signal source an Epsilon Lambda 
ELMI 10 Gunn diode oscillator was used. After pass- 
ing the radiation through a variable attenuator and 
a section of stainless steel W-band waveguide, it was 
radiated onto the junction through the back of the 
substrate by a standard gain horn antenna. 

Fig. 1. Lay-out of the device. The log-periedic antenna is shown 
in the left part. The upper right inset shows a magnified top view 
of the terminal region of the antenna. A side view of the region 
indicated by the arrow is given in the lower right inset. It gives a 
schematic view of the YBCO/PBCO/YBCO ramp-t~e structure. 
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Fig. 2. Current-voltage characteristics at 10, 30 and 60 K, with 
and without 100 GHz irradiation. Curves with radiation are taken 
at the maximum power level. 

3. Results. 

Figure 2 shows the CVC's of the device at 10, 30 
and 60 K. A critical current was observed up to 
T¢=80 K. This junction has Ic=270 p.A at l0 K and 
R , = 8  fl, which matches reasonably well the esti- 
mated impedance of the antenna. Irradiation of the 
device with a coherent 100 GHz signal causes the ap- 
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pearance of many Shapiro steps on voltages 
V n f n ~ o f ,  where n is an integer, ~0 is the flux quan- 
tum, and f =  100 GHz. Non-integer steps are also fre- 
quently observed in this type of  junctions. Especially 
at low temperatures and at low power values, strong 
steps at n = ½, ~, ~ and sometimes at n = ~ and ~ are 
found. At high temperatures these sub-harmonic steps 
gradually disappear. These observations agree with 
qualitative RSJ model predictions. The junction re- 
sponse to high-frequency irradiation is determined 
by the parameter [2 = ~ f / I ~ R o .  At low temperatures 
the junction is RF current biased (£2< l ), and sub- 
harmonic steps may be present in the excited CVC's .  
At high temperatures, however, the junction is volt- 
age biased (/2> 1 ), and the sub-harmonic structure 
is much smaller. 

At the maximum 100 GHz power, a large number 
of  Shapiro steps is observed in the CVC's (see fig. 
2). At l0 K 36 clear steps can be seen. This corre- 
sponds to AC Josephson oscillations in the junction 
at a frequency of 3.6 THz being phase locked by the 
36th harmonic of  the applied radiation. At higher 
temperatures the maximum number of  observable 
steps gradually decreases. At 30 K 22 steps can still 
be seen, while at 60 K 9 distinct steps remain. In the 
CVC's and in d V / d I  measurements structures were 
observed beyond these highest step numbers that in- 
dicated the presence of even higher order steps. These 
step-like structures, however, were broadened and 
shifted from the correct voltage values. This is pos- 
sibly due to the transition to the voltage state of  one 
of the electrodes of  the junction, which has degraded 
superconducting properties. This effect also causes 
the strong rounding of  the CVC's at higher 
temperatures. 

These measurements show that YBCO/PBCO/  
YBCO ramp-type junctions have a high degree of 
phase locking up to voltages of  at least 7.5 inV. Re- 
cently we studied the 176 GHz response of a ramp- 
type junction with Rn=2.5 f l  and Ic= 100 IxA at 7.5 
K (no antenna was used in that case) [ 11 ]. At 5 K, 
the 6th step at 2.2 mV was clearly present, corre- 
sponding to a Josephson oscillation above 1 THz. 
Only few studies on high-To junctions are found in 
the literature that demonstrate the AC Josephson ef- 
fect up to such high voltages [ 1-3 ]. These studies 
were mainly performed with poorly reproducible de- 
vices, like point contacts [ 1 ] or thin-film bridges 

containing several grain-boundary junctions [2,3 ]. 
A Bessel-like oscillatory behavior of  Ic and the in- 

duced steps is observed for these junctions with in- 
creasing 100 GHz power PRF- Figure 3 shows the 
normalized values of  lc and the fwst two  Shapiro steps 
at 50 K as a function of  the normalized microwave 
amplitude IRF. These data were taken on a junction 
with loRo= 0.35 mV at 50 K, as determined from the 
CVC. The solid lines are the result of  numerical sim- 
ulations based on the RSJ model. The proportion- 
ality factor between I ~  and (PRF) 1/2 Was used as a 
fitting parameter. It was determined such that the 
first measured zero oflc coincides with the one of  the 
calculated curve. The best agreement is obtained for 
~1 ~ 0.3. This value agrees within a factor 2 with the 
value determined from the CVC. The measured step 
amplitudes are lower than the calculated ones, which 
is probably due to noise [ 12 ]. Nevertheless, a good 
fit is obtained, which shows that the high-frequency 
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Fig. 3. Normalized amplitudes ofl¢ (n=0) and the tim and sec- 
ond Shapiro steps (n= 1,2), as a function of the normalized RF 
amplitude/IF. The measured data are indicated by the squares. 
The solid lines are the t~-sult of numerical simulations based on 
the RSJ model with D=0.3. 
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response of this junction can well be described by the 
RSJ model. This result agrees with the previously 
measured RSJ-like response of a ramp-type junction 
to 10 GHz radiation [8 ]. In the previously men- 
tioned study using 176 GHz, the measured ampli- 
tudes of Ic and the first two Shapiro steps could be 
fitted nearly perfectly with a Bessel function, as is 
expected for a junction with Q > 1 [ 11 ]. 

4. Discussion 

An important issue for high-To Josephson devices 
aiming at very high-frequency applications is their 
highest possible operation frequency. In low-To Jo- 
sephson junctions a response to high frequency ir- 
radiation has been observed up to voltages at and 
even far above the gap voltage of these materials 
[ 13 ]. All the measurements agreed well with the pre- 
dictions of the Werthamer theory [ 4 ], including the 
presence of the Riedel peak. In high-T¢ Josephson 
junctions, however, a high-frequency response has 
been observed up to voltages of 4 - l  0 mV [ I-3 ], but 
never near or above the gap. 

Contrary to most low-T~ devices used to study the 
high-frequency response, the I~Rn products of all 
types of high-T~ Josephson junctions are strongly rc- 
duced from the BCS values. In ramp-type junctions 
I~Rn at 4.2 K was found to vary from l to 8 mV, de- 
pending on the barrier thickness [ 8 ]. In a recent pa- 
per the transport mechanism and the reduction of 
the l~Rn product with increasing barrier thickness and 
temperature were analyzed [ 14 ]. The characteristic 
behavior could not be accurately described using 
simple SNS weak-link or SIS tunnel models. It was 
demonstrated that this could only be clone if a SNINS 
model with additional pair-breaking in the PBCO 
barrier was used and a one-impurity tunneling pro- 
cess was taken into account. Other types of high-Tc 
junctions are also often described using localization 
models and additional scattering in the barrier [ 15 ]. 

It is not clear at this moment whether these mech- 
anisms, that cause such a strong reduction of the I~R° 
product, will limit the presence of the AC Josephson 
effect to voltages of about IcR., or if operation near 
the gap voltage remains possible. In fig. 4 we com- 
pare the voltage V,~,, up to which clear Shapiro steps 
are observed in our measurements, with the l~Rn 
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Fig. 4. The voltage V~u, up to which clear Shapiro steps are ob- 
servable in the excited CVC's (triangles), and the foR° product 
measured from the CVC' s ( squares ), as a function of temperature. 

products as determined from the CVC's. Vm~ is at 
least four times larger than Ic.Rn over the tempera- 
ture range of 10 to 70 K and is currently limited in 
the experiments by two obvious factors: 
( l ) The applied 100 GHz power is very small due 
to losses in the waveguide system and impedance 
mismatches and capacitive shunting of the  junction: 
(2) at higher temperatures the influence of noise 
limits V ~ ,  especially since the step amplitude 
strongly decreases at higher step numbers. Taking 
into account such factors, fig. 4 shows that Vm~ is 
not limited by l~Rn. It is not clear from these mea- 
surements if the AC Josephson effect is present in 
these junctions up to the gap voltage. Experiments 
with higher radiation frequencies and theoretical in- 
vestigations should be performed to clarify this ques- 
tion. First results in measurements of NIST indicate 
that Shapiro steps in YBCO/Ag/YBCO junctions 
with I~R, = 10 mV at l 0 K could be observed up to 
voltages of 15 mV [ 16 ]. 

Future device developments will involve the use 
of antennas made of gold instead of  YBCO, to re- 
duce the high-frequency conduction losses. These 
losses are larger in YBCO than in a noble metal for 
frequencies above about 200 GHz [ 10 ]. Realization 
of such a design, however, puts severe demands on 
the fabrication process. For example, the contact re- 
sistance between the leads of the junction and the 



D. Terpstra et al. / AC Josephson effect 155 

gold an tenna  must  be very small  to prevent  bad  cou- 
pling between the junc t ion  and  the antenna,  while 
the area o f  the YBCO leads has to be kept  small  to 
prevent  strong R F  losses [ 6 ]. 

on Mat te r  ( F O M )  and have been suppor ted  by the 
Nether lands  Technology Founda t ion  ( S T W ) .  
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5. Summary 

High-To Josephson devices, consisting of  a Y B C O /  
P B C O / Y B C O  ramp- type  junc t ion  and  a log-peri- 
odic antenna,  were successfully s tudied using 100 
G H z  radia t ion.  Clear  Shapiro  steps were found  up to 
relat ively high voltages. At  1O K the 36th step at 
about  7.5 mV was seen, corresponding to 3.6 THz  
AC Josephson oscillations.  The ampl i tudes  o f  Ic and  
the first two steps is well described by the RSJ model.  
These results imply  that  these devices are very suit- 
able for use as de tec to r s /mixers  at  ( sub-)  m m  wave 
frequencies. I t  is not  clear what  the l imit ing oper-  
at ing frequency for such appl ica t ions  is. We have ob- 
served Shapiro steps up to voltages at least four t imes 
larger than the IcRn produc t  o f  the junc t ion  at  all 
temperatures .  This  means  that  the opera t ion  fre- 
quency is not  l imi ted  by the IcR. product ,  which is 
strongly reduced compared  to the BCS value. 
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