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The modulation of the supercurrent Is of a YBCO bridge by the quasiparticle-injection current 1 o from the YBCO/Au or 
YBCO/PBCO/Au junctions at temperatures of 60-85 K is determined by two effects: ( 1 ) summation of the currents Is and 16 in 
the YBCO bridge, and (2) nonequilibrium suppression of Is by the quasiparticle injection. At a thickness of the PBCO barrier of 
40 nm the modulation of Is can be described by the current-summation effect only. For YBCO/Au structures the current gain 
A/s/A/6 increases linearly with decreasing temperature, reaching the value of 2 at 60 K. Numerical simulations of the current- 
voltage characteristics show an increase of the effective temperature T* of the YBCO bridge under injection only at small thick- 
nesses of the PBCO barrier. Visualization of the voltage drop over the junction area by laser scanning microscopy shows a quali- 
tative agreement with the electrical measurements with respect to the current summation and nonequilibrium effects. 

1. Introduction 

The nonequi l ibr ium behavior  of high-T¢ super- 
conductors (HTS's )  under  external quasiparticle or 
phonon injection, optical or microwave irradiation 
has both a scientific and a practical interest. The low 
carrier density N(0  ) ~ 6 × 1021 c m -  3 is an advantage 

of HTS's  for the sensitive response to an external in- 
fluence. However, the creation of a nonequi l ibr ium 
state at high operating temperatures is rather com- 
plicated for several reasons. An increase of the op- 
erating temperature increases the density of thermal 
quasiparticles NT. This decreases the nonequil ib-  
r ium effects for the same levels of injection or ir- 
radiation. Second, the critical current density Js in 
HTS's  is determined by flux creep with a low acti- 
vat ion energy, which becomes of major importance 
especially at high temperatures. Zeldov et al. [ 1 ] 
showed that under  optical irradiation at tempera- 
tures close to T¢ the response of epitaxial YBa2Cu3Ox 
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(YBCO) films corresponds to a nonequi l ibr ium op- 

tical enhancement  of the flux creep. The behavior of 
HTS structures under  quasiparticle injection at high 
temperatures and the reasons for a J¢ suppression - 
creation of excess quasiparticles or phonons, acti- 
vat ion of the flux motion, heating, or other effects - 

has not been analyzed yet. 
Due to structural simplicity, large current and 

voltage gain and relatively high operating speed, the 
injection-controlled structures are promising for 
practical applications like switching or transistor-like 
elements. A current gain of 95 was found in low-T¢ 
weak-link structures [2,3]. A first study of quasi- 
particle injection in HTS YBCO/A1 structures shows 
a current gain of 5-7 at 4.2 K [4]. 

We have investigated the modulat ion of the su- 
percurrent Is of  YBCO bridges by an injection cur- 
rent from YBCO/Au  or Y B C O / P B C O / A u  junc-  
t ions at temperatures of 60-85 K, as we reported 
briefly in ref. [5]. A current gain K c = A I c / A I c  of 
1.5 at 65 K was obtained for YBCO/Au  structures. 
In this paper we analyze the reasons for the super- 
current modulat ion in YBCO/Au  and YBCO/  
PBCO/Au  planar structures. A nonuni form current 
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density in the YBCO bridges was taken into account 
in the numerical simulations of the current-voltage 
characteristics. Laser scanning microscopy has been 
applied to visualize the spatial current distribution 
in the transport channel under injection. 

2. Device structure and characterization 

Top views and cross-sectional views of the YBCO/ 
PBCO/Au structure are shown schematically in fig. 
1 with indication of the current and voltage termi- 
nals. A planar geometry of the structure was chosen 
to provide uniform injected-quasiparticle flow into 
the YBCO bridge. YBCO and PBCO layers have been 
grown epitaxially on SrTiO3 substrates both by laser 
ablation and by sputtering. The top Au layer has been 
deposited by sputtering. The thickness of the YBCO, 
PBCO and Au layers is ~ 80 nm, 0-40 nm, and ~ 30 
nm, respectively. PMMA e-beam photoresist was 
used to cover the edges of the YBCO strip. The mul- 
tilayers were structured using standard photolith- 
ography and low-power argon or oxygen etching pro- 
cedures. The width of the bridges varies between 8 
and 20 gin. The narrowest part of the bridge is 20 to 
30 lain long and is completely covered by the injec- 
tion contact. The critical temperature T~ of the YBCO 
layers is 86-89 K. The critical current density Jc of 
the YBCO bridges is 5 × 105-3 × 106 A/cm 2 at 77 K, 
indicating a good crystallinity of the films studied. 
No decrease of Jc has been observed during the mul- 
tistep fabrication procedure, as well as during a half- 
year period of storage at room temperature. 

In previous studies of the injection effect in con- 
trolled weak-link structures [2-4] ,  the length of the 
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Fig. I. Schematic view of the YBCO/PBCO/Au structure with 
the indication of the terminals. 

narrowest part of the bridge was an order of mag- 
nitude larger than the length of the gate. In this case 
the generated "normal" overheated zone in the gate- 
contact area propagates along the bridge with ther- 
mal speed, yielding a voltage drop proportional to 
the length of the bridge. The switching time of such 
a system is in the kHz range and below and the op- 
eration mode is latching [2,3]. In the present stud? 
we do not create an overheated normal state in order 
to minimize heating effects. We also restricted the 
length of the bridge to the length of the gate-contact 
to clarify the intrinsic behavior of YBCO in the area 
under injection. 

The uniformit5 of the current distribution of the 
injected quasiparticles through the junction area 
should be estimated. The nonuniformity of the cur- 
rent distribution becomes significant if the length of 
the gate exceeds the transfer length l, [6]: 

l, ~ ( R n . 4 d ~ u / p A u )  ~ 2 t I 1 

Here R w 4  is the product of the normal-state resis- 
tance and the area of the YBCO/Au or YBCO/ 
PBCO/Au contacts. P,.xu is the resistivity of the Au 
layer and dao is its thickness. The YBCO/Au con- 
tacts have R~.4 values of I - 3 × 1 0  -5 ~ c m  2 at 
T~< 7~(YBCO). which increases only 10-20% upon 
lowering the temperature to 4.2 K. For such contacts 
l, is about 200 gin. This is much larger than the length 
of the contact. Addition of a 20-40 nm PBCO layer. 
giving rise to YBCO/PBCO/Au structures, changes 
the Rn(T) behavior. At 80 K we find R~.t ~ 10 --4- 
10- 3 ~ cm 2 and R~-t increases several orders of mag- 
nitude upon lowering the temperature to 10 K. For 
these YBCO/PBCO/Au contacts the value of / ,  is 
even larger. Thus. we may treat the distribution of 
the injection-current density in the contact area as 
uniform. 

3. Results and discussion 

3. 1. Y B C O / P B C O / A u  s t r u c t u r e s  

In fig. 2 we show the critical current lc of the 
YBCO bridge as a function of the injection current 
IG from the YBCO/PBCO/Au gate contact for dif- 
ferent temperatures. For this sample the thickness of 
the PBCO barrier is 20 nm. Similar I t ( 1 , )  depen- 
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Fig. 2. Dependences of the critical current of the YBCO bridge 
of YBCO/PBCO/Au structure with a 20 nm thick PBCO barrier 
on the injection current 16 at several temperatures. 

dences are found if the direction o f l s  and Io  are both 
reversed. In the studied temperature range of  60 K 
to 85 K we find asymmetrical Ic( IG)  dependence - 
an almost linear suppression of  Ic  with parallel flow 
of  IG and Is and a rather nonlinear dependence for 
a flow of  IG in the opposite direction of  Is at 60 K. 
The lower bound of  the temperature range for these 
measurements is determined by the stability of  the 
bridges with respect to large values of  the currents Is 
and IG. 

The behavior of  Is as a function o f  the injection 
current IG is due to two different effects: 
( 1 ) summation of  Is and Io  in the YBCO bridge, and 
(2) additional nonlinear suppression of  Ic  with IG 
even for an opposite direction of  the currents Is and 
I~. The second effect can be attributed to different 
mechanisms - thermal heating, a nonequilibrium 
energy spectrum of  the injected quasiparticles, in- 
jection-enhanced vortex motion, and so on. As we 
will discuss below, the current-summation effect 
yields almost a linear suppression of  Is with I~ for 
the parallel direction of  the current flows and no 
suppression of  Is for the opposite direction of  the 
currents. The current summation effect yields only 
KG~<I. We found that in the Y B C O / P B C O / A u  
structures under investigation the contribution of  
nonlinear effects and the value o f  KG depend on the 
thickness of  the PBCO barrier and on the tempera- 
ture. An increase of  the PBCO barrier thickness de- 

creases the current-gain coefficient, if the structures 
are compared at the same temperature. No current 
gain K6>  1 was found at large thicknesses of  the 
PBCO barrier. Next, we will analyze the measure- 
ments on Y B C O / P B C O / A u  structures with a 40 nm 
thick PBCO barrier to describe the current-sum- 
mation effect. Since the current summation has a 
similar contribution in all the structures studied, it 
can be subtracted later from measurements on struc- 
tures with thinner PBCO barriers in order to extract 
nonlinear effects under injection. 

Figure 3 shows schematically the current-sum- 
mation effect in the YBCO bridge. The total current 
density J = J s + J G  along the YBCO bridge depends 
on the direction of  the injected current with respect 
to the transport current. I f Js  and JG are parallel, their 
sum J s + J G  has a maximum value near the exit o f  
these currents from the junction area, as shown sche- 
matically in fig. 3(b) .  I f  Js and JG are in opposite 
directions, the maximal density of  the total current 
is on the opposite side of  the junction (fig. 3(c)  ). 
Thus, even with a uniform current flow of  IG through 
the contact area, the nonuniformity of  the current 
flow through the YBCO bridge gives different Ic (IG) 
dependences for the cases of  parallel and opposite 
direction of  the currents Is and IG. 

a) 

b) Js t t  J~ 

i Jc ,~ i ' 

c) Js~'~ JG 

Js Jc ! 

1 

Fig. 3. Schematic model of the current distribution along the 
YBCO bridge due to the summation of the supercurrent Is and 
injection current IG. 
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The critical current Ic  of  the YBCO bridges has 
been determined with a voltage criterium of  1-2 gV 
over the bridge length. The analysis of  the current-  
voltage ( I -  V) characteristics o f  the bridges under in- 
jection yields more detailed information on their be- 
havior. Many competing models have been pro- 
posed for the description of  the vortex dynamics in 
HTS's  and their 1 -V characteristics [ 1,7-11 ], using 
e.g. the Anderson-Kim flux-creep model for single 
vortices or collective effects in the vortex lattice. Fig- 
ure 4 shows a typical set of  l -Vcharacter is t ics  of  the 
YBCO bridge. In a log / - log  V plot all curves have a 
negative curvature. The experimental data in fig. 4 
can be fitted rather well to the formula 

E / J ~ p o  exp( - ( J o / J )  ~ ) , (2) 

which was predicted both by the collective-creep [ 10 ] 
and vortex-glass [ 11 ] model. The parameters #, Po 
and Jo can be found by fitting o f  the experimental 
data to eq. (2). For the data in fig. 4 # increases from 
about 1 at 80 K to 1.6 at 65 K. Such values are larger 
than predicted by both models. Our measurements 
have been done without applying a magnetic field, 
which can be a reason for the larger values of  the # 
coefficients, than that predicted by the models 
[10,11]. With applying an external magnetic field 
up to 2 T the I - I "  characteristics have the same neg- 
ative curvature in the log / - log  V plot and can also 

be described by eq. ( 2 ), but with lower values tbr #. 
For the present analysis we apply eq. (2) only for the 
description of  the change in the l - I "  characteristics 
under injection due to the summation of  currents in 
the YBCO bridge. A more detailed comparison of  
the experimental data with different flux-creep 
models is not a topic of  this article. Together with 
the behavior of  injection-controlled structures in an 
applied magnetic field it will be discussed elsewhere, 

Assuming a uniform injection current over the 
junction area: 

.l(.v) = J s  + , l ~ ( x / L  ) . ( 3 

the total voltage drop over the junction length in the 
presence of  the injection current can be written as 

i f J E (x )  dx=po J(.\-) e x p ( -  ( J o / J (  r )  )")  d_v, 

(4) 

where 2 (x )  is given b~ eq. (3). The resulting 1 -1  
characteristics under injection have been tbund by 
the numerical evaluation ofeq.  (4). Figure 5 shows 
the experimental data (shown by markers) and the 
calculated curves (solid lines) for the YBCO bridge 
in Y B C O / P B C O / A u  structures with a 40 nm thick 
PBCO barrier at a temperature of  65 K. A reason- 
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Fig. 4. l -Vcurves  of the YBCO bridge of an YBCO/PBCO/Au 
structure with a 40 nm thick PBCO barrier at different 
temperatures. 
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Fig. 5. 1-V characteristics of the YBCO bridge of an YBCO/ 
PBCO/Au structure with 40 nm thick PBCO barrier at 65 K with 
injection current. Experimental data are given by markers, sim- 
ulated curves are shown by solid lines. 
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able fit has been found for these structures with the 
same values ofpo, J0 and #, as were found for bridges 
without injection at 65 K. Only for an injection cur- 
rent I o=0 .9 Ic  the value J~ =0.9Jo has been used. 
Thus, for thick PBCO barriers the influence of the 
injection current can be interpreted as a summation 
effect of the currents Is and IG in the YBCO bridge 
without any significant change in the temperature of 
the sample and of the substrate Tbath. 

We have proposed earlier [ 5 ] that the Ic suppres- 
sion is due to a current-summation effect: AI~ um~/0. 
Simulation of the I -  V characteristics by eq. (4) with 
nonuniform current distribution J (x )  also gives a 
linear dependence of A/~ um on IG as A/~ m ~ 0.85Io 
This correction is due to the nonlinear dependence 
of the voltage on bias current (see eq. (2) ) .  

In this paper we mainly discuss the case in which 
Is and IG are in parallel directions. Taking the cur- 
rent-summation effect in the YBCO bridge into ac- 
count, the behavior of the structures is rather similar 
for the parallel and opposite direction of the current 
Is, as we discussed earlier [5]. 

3.2. YBCO/Au structures 

The largest current-gain coefficient has been ob- 
tained in YBCO/Au structures. Figure 6 shows 
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Fig. 6. Dependence of the critical current of the YBCO bridge on 
the injection current Io of an YBCO/Au contact at different 
temperatures. 

IC(IG) dependences for the YBCO/Au structures at 
different temperatures. At temperatures close to Tc, 
we have found a small contribution of nonlinear ef- 
fects on the IC(IG) dependence with K c ~  1. Low- 
ering the temperature increases KG, reaching a value 
of 2 at 60 K. The IC(IG) dependences are rather non- 
linear in the temperature range of 60-70 K. A cur- 
rent-summation effect suppresses Ic for I~>  0 only 
linearly. Due to the large current densities, heating 
of the structure and the substrate could be the reason 
for the nonlinear Ic(IG) dependence. Comparing the 
dissipated power P G = I G V G  in the YBCO/Au with 
that in YBCO/PBCO/Au structures with a thick 
PBCO barrier, we find that for the YBCO/PBCO/  
Au structures the absolute value of Pc is larger than 
that for YBCO/Au structures at similar tempera- 
tures. However, in YBCO/PBCO/Au structures at 
dvBco=40 nm there is no current gain (K6~ 1 ) for 
temperatures of  60 to 80 K. Thus, heating due to dis- 
sipated power is small in such planar structures and 
cannot explain the large values of KG in the YBCO/ 
Au structures. For this reason we attribute the cur- 
rent-gain effect to nonequilibrium effects caused by 
injection. 

The current-voltage characteristics of  the YBCO/ 
Au structures under injection can also be simulated 
by eq. (4). Figure 7 shows the experimental data and 
the simulated curves for the YBCO/Au structures at 
65 K. A simulation of the injection effect with values 
of Po, Jo and # estimated for an operating tempera- 
ture of 65 K for the given YBCO bridge, is shown in 
fig. 7 as solid line. They are completely different from 
the experimental data. We attribute this to the non- 
equilibrium effect under injection. In order to take 
this into account we assume that the effective tem- 
perature T* of the YBCO bridge increases under in- 
jection due to nonequilibrium effects. The effective 
temperature T* can be estimated as 
I c (T*)  = I c o - A / ~  Es (IG), where the suppression of 
the supercurrent due to nonequilibrium effects is 
AjNES (IG) =A/~  t - A I U  m =Ico--Ic(IG) --0.851/o 
and/co  is the value of the supercurrent Ic at IG = 0. 
Using the Ic (T) and I -  V dependences of the YBCO 
bridge without injection, we can estimate T* and the 
parameters p~, J~ and p* for this effective temper- 
ature T*. This can be done for all injection currents. 
The calculated I - V  characteristics for such param- 
eters and for the Jc (T*)  value are plotted in fig. 7 
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the crystal defects [ 13, 14 ]. At temperatures  of  60 to 
80 K the average hopping length of  the carriers is 
several nm in the c-axis direct ion of  PBCO. Thus, at 
a thickness of  the PBCO barr ier  of  40 nm the re- 
sulting energy of  the injected quasipart icles can be 
relatively small, typically 5-10% of  the applied bias 
voltage. The major  part of  the voltage drop is due to 
the inelastic motion through the high -resistive PBC() 
barrier.  The si tuat ion can be different at verx low 
temperatures  (when the hopping length increases 
quickly)  or for a thin PBCO barrier.  The YBCO/  
P B C O / A u  planar  structures with a thin PBCO bar- 
rier are under investigation now. 

The nonbolometr ic  increase of  the effective tem- 
perature T* suggests a change in the energy spectrum 
of  the quasipart icles  in the YBCO bridge under re- 
ject ion.  An enhancement  of  the flux creep under 
quasipart ic le  injection in the structures cannot be 
extracted from the available data and needs further 
study. 

by the dot ted  lines. The fit is reasonable.  It could be 
improved  by a better  es t imate of  the parameters  
p~, J~ and/~* under  injection. The main conclusion 
we draw here is the presence of  a significant change 
in the effective tempera ture  T* of  the YBCO bridge 
under  the quasipart ic le  injection. For  the analyzed 
structure this means an increase of  T* of  - 5 - 6  K 
above the tempera ture  of  the system of  Tba,h = 65 K. 

The change of  the effective tempera ture  T* with 
the injection current  IG for the Y B C O / A u  structures 
agrees qual i ta t ively well with the proposed expres- 
sion from Parker ' s  T*-heating model  [ 12 ]: 

PG =Io v~ =c( T *~- T~.a.,). (5) 

as we discussed in ref. [5] .  Here Tb~th is the equi- 
l ibr ium tempera ture  of  the system and c is a coef- 
ficient, which depends  on the in terface-boundary re- 
sistance and temperature .  Direct  appl ica t ion  of  eq. 
(5)  to the YBCO/PBCO/Au structures should re- 
sult in larger effects for structures with a thick PBCO 
barrier.  However,  only the effective energy o f  the 
quasipart icles,  which enter  the YBCO strip, should 
be considered in eq. (5) .  IN Y B C O / P B C O / Y B C O  
structures the t ransport  mechanism through the 
PBCO barr ier  can be descr ibed as variable-range 
hopping with Lifshitz correlat ions at low densit ies of  

3.3. Lasdr .~canning microscOpl, 

To check the validi ty of  the proposed model  it is 
impor tant  to de termine  the current-densi ty  distri- 
but ion in the measurement  area. We have appl ied 
laser scanning microscopy to visualize the spatial 
d is t r ibut ion of  the current in the contact  area. The 
principles of  this technique have been described else- 
where [ 15 ]. Briefly, under laser i r radiat ion the sam- 
ple is locally heated by approximate ly  0,1 K. The 
sample s tudied is biased just  above I~ giving rise to 
a voltage drop across the bridge of  ~ 10-20 t-iV. 
local change of  the current densi ty J in the bridge, 
caused by local heating by the laser spot, results in 
a voltage response AlL Scanning over  the contact 
area, the spatial d is t r ibut ion of  the current densi ty 
can be recorded. The d iameter  of  the laser beam is 
- I t-lm and the repeti t ion rate of  the laser pulses is 
- 10 kHz. Figure 8 shows the spatial image of  the 
Y B C O / A u  structure at 65 K at different ratios of  the 
currents 1UIc. The area of  the contact is marked by 
dot ted  lines for clarity. For structures with a top Au 
layer some compl ica t ions  in the direct reproduct ion 
of  the spatial image arise due to the larger reflection 
of  the Au terminals  of  the injector junct ion.  The im- 
age could be restored by taking into account the re- 
flectance coefficient R(x,  .v) on the junct ion area. 
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a) I~=0 b) I J I c = 0 . 2  

Fig. 8. Visualization of the spatial distribution of the voltage drop 
over the junction area of the YBCO/Au junction by laser scan- 
ning microscopy at different levels and directions of the injected 
current IG. 

However, even without that we can compare the rel- 
ative change of  the response at different IG values. 
Figure 8(a)  shows the response of  the YBCO/ Au  
structure without injection current (IG = 0). For par- 
allel directions of  the currents Is and IG in the YBCO 
bridge at 65 K and for small values of  I U l c  (fig. 
8 (b),  I U I c  = 0.2 ), the voltage drop is located mainly 
near the end of  the bridge. For the opposite direction 
of  the currents and at low values o f  the ratio I U I c  
(fig. 8(c) ,  IG/ Ic= --0.2 ), the main voltage drop is 
on the opposite side of  the bridge. At higher injec- 
tion levels at 65 K (fig. 8 (d) ,  I U l c = 0 . 8 )  the re- 
sponse is much stronger and more uniform over the 
junction area. For the Y B C O / P B C O / A u  structures 
at 65 K the images, shown in figs. 8 (b)  and (c) have 
been found for all injection currents. 

These observations support the proposed model 
for the behavior of  the structures under quasiparticle 
injection. At low injection currents for YBCO/ Au  
structures as well as for all currents for YBCO/  
PBCO/Au  structures, the modulat ion of  the super- 
current is mainly due to the current-summation ef- 
fect in the YBCO bridge channel. At higher levels of  
the injection for the Y B C O / A u  structure a more uni- 
form response to the external laser irradiation shows 
a rather uniform suppression of  the supercurrent over 
the junction area which can be attributed to non- 
equilibrium effects. 

4. Conclusions 

The behavior of  the injection-controlled YBCO/  

Au and Y B C O / P B C O / A u  structures is determined 
by two effects: 
(1) summation of  the transport and injected cur- 
rents in the YBCO bridge, and 
(2) nonequilibrium suppression of  the supercurrent 
due to the quasiparticle injection. 

No current gain was found at 60-85 K for the 
Y B C O / P B C O / A u  structures with a thickness of  the 
PBCO barrier of  40 nm. The PBCO barrier is not 
effective at such a thickness of  the barrier due to the 
small hopping length of  the carriers in the c-axis di- 
rection of  PBCO and extra energy losses in the bar- 
rier. Current-voltage characteristics of  the Y B C O /  
PBCO/Au  structures under injection can be de- 
scribed within the collective-creep or vortex-glass 
models by the current-summation effect in the YBCO 
bridge without significant change of  the effective 
temperature of  the sample. The Y B C O / A u  struc- 
tures show a gain effect AIc/AIG > 1. The current-gain 
coefficient increases linearly with lowering temper- 
ature, reaching a value of  2 at 60 K. An increase of  
the effective temperature T* of  these structures agrees 
qualitatively well with Parker's T*-heating model. 
Visualization of  the voltage drop over the junction 
area by laser scanning microscopy is in agreement 
with the conclusions drawn from electrical measure- 
ments with respect to current summation and non- 
equilibrium effects under quasiparticle injection. 
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