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The signal performances of YBa2Cu3O7−ı (YBCO) direct current superconducting quantum interference
devices (DC-SQUIDs) have been investigated as a function of the thin film structure affected by the growth
process. YBCO thin films of 200 nm thicknesses were deposited by DC magnetron sputtering using dif-
ferent deposition rates between 1.0 nm/min and 2.0 nm/min onto 24◦ bicrystal SrTiO3 (STO) substrates.
The thin film samples were subsequently analyzed by XRD and AFM in order to determine their crys-
talline structures and surface morphologies respectively. The 67 pH directly coupled DC-SQUIDs with
BCO thin films
eposition rate

osephson junctions
C-SQUIDs

4 �m-wide bicrystal Josephson junctions were fabricated, and characterized with respect to their device
performances. The variations in the critical current (Ic), the voltage modulation depth (�V) and the
noise performance of DC-SQUIDs were reported. The SQUIDs having relatively low deposition rate of
1.0 nm/min was observed to have larger voltage modulation depth as well as higher critical current than
that of the samples having larger rate of 2.0 nm/min. The better noise performances were observed as the

eases
film deposition rate decr
characteristics.

. Introduction

Fabrication of superconducting quantum interference devices
DC-SQUIDs) on high temperature superconducting YBa2Cu3O7−ı

YBCO) thin films has been intensively studied for last decades in
rder to establish an appropriate technology essential for high per-
ormance devices [1–6]. A number of researches have been focused
n the design and fabrication techniques in order to improve the
oise performance and peak-to-peak voltage modulation depths of
QUIDs [7–10]. Even though the fabrication complexity of YBCO
osephson junctions has been simplified with bicrystal technology
11–13], the reliability of YBCO based SQUIDs is still the major chal-
enge for many applications such as magneto-cardiography (MCG),
usceptometry and non-destructive evaluation (NDE) [14–16,13].
he major limitations of YBCO SQUIDs are their relatively high
/f noise levels, low output voltage modulation depths (�V) and
ow stability in time during room temperature storage and thermal
ycles [4,6,17]. Most of them are related to the structural properties
f YBCO thin films and junctions on them. Therefore, the research
n the optimization of thin film structure is vital [18,19].
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. The results were associated with the thin film structure and the SQUID
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Critical current density of YBCO thin films depends on the
amount of strong pinning sites inside the film structure [20].
The pinning mechanism improves the current flowing capacity
by reducing the vortex movement through the superconducting
strip line. The pinning sites inside the film structure, which can
be formed by adjusting the film growth process, are based on the
structural dislocations, fine precipitates with non-superconducting
zones and crystalline imperfection. On the other hand, these struc-
tural defects have a strong impact on the noise performance of the
junctions. Additionally, the surface roughness of the film related to
the deposition process is also critical for the junctions’ performance.

In order to enhance the noise performance of DC-SQUIDs hav-
ing identical junctions, the film surface should be very smooth
and homogenous along the grain boundary of the bicrystal sub-
strates [21]. The main sources of 1/f noise in SQUIDs are the thermal
and critical current fluctuations which are probably related to the
homogeneity of the film structure. Another source of 1/f noise is the
hopping of flux vortices between the weak pinning sites along the
junction strip lines. These are directly related to the growth process
of the thin films and the structural formations in the grain boundary
region of bicrystal substrate [22].
Besides the film deposition conditions such as growth tem-
perature, oxygen environment, substrate properties and heating-
cooling rate, the growth speed is another reason for formation of
the structural defects inside the YBCO thin film. It is responsible for
the surface roughness as well. Therefore, it may be useful to obtain

http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:rizwanakram75@gmail.com
dx.doi.org/10.1016/j.sna.2009.04.013
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Table 1
The deposition parameters, transition temperatures, FWHM values and surface
roughness of YBCO thin film samples.

Sample number Film thickness
(nm)

Deposition rate
(nm/min)

Tc (K) FWHM (◦)

1 200 1.0 89 0.26
2 200 1.2 88 0.28
3 200 1.4 89 0.29
4 200 1.6 89 0.31
5 200 1.8 88 0.37
6 200 2.0 88 0.46

F
r

I. Avci et al. / Sensors and

possible correlation between the SQUID performance and YBCO
hin film deposition rate. If the thin film structure and the surface

orphology over the GB region can be manipulated by varying the
hin film deposition rate at fixed growth temperature, then the pri-

ary parameters of the Josephson junctions (the critical current, Ic
nd the normal state resistance, Rn) can be controlled, and hence
he signal performance of SQUIDs can be optimized. For this reason,
e performed a systematic study on the device performance of our
C-SQUIDs by fabricating them onto magnetron sputtered YBCO

hin films having different deposition rates between 1.0 nm/min
nd 2.0 nm/min. The results consisting of the SQUID character-
stics, including I–V, voltage modulation depths and noise levels,

ere associated to the thin film structure and surface morphology
epending on the film deposition rate.

. Device fabrication and optimization

.1. YBCO thin film

In this study, a number of 200 nm-thick YBCO thin films were
eposited by DC magnetron sputtering onto 24◦ (1 0 0) bicrystal
TO substrates. We chose the lower limit of the deposition rate as
nm/min due to practical reasons such as, the time required to
eposit 200 nm thick YBCO film. We varied the thin film deposi-
ion rates between 1.0 nm/min and 2.0 nm/min at fixed substrate
emperature of 780 ◦C. The thin film growth conditions including
rgon and oxygen gas pressures, substrate temperature, oxygena-
ion procedure and cooling rates have been used as optimized
arameters as follows: the film depositions were carried out at fixed
ubstrate temperature of 780 ◦C. Argon and oxygen gas pressures
ere maintained at 0.5 mbar and 0.1 mbar, respectively during the
eposition. The samples were oxygenated at 600 ◦C during 20 min
nder 700 mbar O2 and cooled down to room temperature with
he cooling rate of 30 ◦C/min. The target–substrate distance was
5 mm. We adjusted the deposition time in order to obtain a fixed
lm thickness of 200 nm for all samples. After the deposition, the
hin films were first measured as resistance versus temperature
n order to characterize their superconducting transition temper-
tures and transition widths (Table 1). Superconducting transition
emperatures, Tc, of the thin film samples were found as typically
8–89 K with transition widths of about 0.5 K from Tc-zero to Tc-onset
s presented somewhere else [19]. However the transition widths
f resistance versus temperature characteristics of the 4 �m pat-
erned films were about ∼1.5 K which shows a slight degradation
n the film quality which can be associated with the wet etching
rocess as shown in Fig. 1a.

ig. 1. (a) Resistance versus temperature measurements and (b) AFM images of YBCO t
epresent the increase in the surface roughness from 4 nm to 10 nm as the deposition rate
Fig. 2. XRD analysis of YBCO films grown at different deposition rates.

The transitions of all the samples are similar with slight differ-
ences which may come from the substrate properties. Since the
different substrates purchased from different manufacturers may
give rise to different superconducting properties, we purchased all
the substrates from the same manufacturer in order to eliminate
the additional effects coming from the substrates.

The transition temperatures were observed as similar for all
samples and they almost do not depend on the deposition rate as
expected. However, the surface morphologies varied with different
rates as given as AFM images in Fig. 1b. The mean surface rough-
nesses of the samples were found to vary from 4 nm to 10 nm as the

film deposition rate increase from 1.0 nm/min to 2.0 nm/min.

Besides the surface morphology, we performed XRD analysis on
the samples and determined their crystalline structures depending
on the deposition rate as shown in Fig. 2. The c-axis orientations
of the structures were determined from FWHM values of (0 0 5)

hin films along the grain boundary region of bicrystal substrate. The AFM images
s increases from 1.0 nm/min to 2.0 nm/min.
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Table 2
Design values of our directly coupled DC-SQUID
magnetometers with the YBCO film thickness of
200 nm.

Parameter Value

Lgeo, junc 8 pH
Lkin, junc 5 pH
Lgeo, wash 37 pH
Lkin, wash 17 pH
6 I. Avci et al. / Sensors and

eaks and we found that the degree of c-axis orientation tended
o decrease as the deposition rate increases (Table 1). We observed
ome additional peaks of ab-orientation in the samples deposited
t higher rate. The decrease in the degree of c-axis orientation can
ause a decrease in the amount of pinning sites parallel to c-axis,
hich makes the structure weaker against the movement of flux

ortices.

.2. Josephson junctions

I–V characteristics of the SQUIDs showed significant variation in
he critical current values and the normal state resistance depend-
ng on the deposition rate as shown in Fig. 3. The Ic values decreased
rom 49 �A down to 5 �A while the film deposition rate increased
rom 1.0 nm/min to 2.0 nm/min. It is seen that the IV characteristics
f the JJs shown in Fig. 3 are flux flow type rather than RSJ type.
e associate this to the wet etching process and DI water rinsing

uring the fabrication. These both degrade the edges of the YBCO
lm and would ease the flux entry.

The variations in Ic and Rn values depending on the film growth
peed can be explained as the following: as the deposition rate
ncreases, the film structure becomes probably non-homogeneous
long the GB line resulting in the difference between the two
unctions of the DC-SQUIDs. These non-homogeneous parts can
artially consist of either non-superconducting or weak supercon-
ucting zones depending on the oxygen content of the film in the
B, which may also become the reason of increase in the normal
tate resistance of the junctions. The amount of non- and/or weak
uperconducting parts can differ along the grain boundary, there-
ore, the Josephson coupling can vary for the junctions. Another
eason might be the occurrence of pin-holes or porous structures
hrough the junctions during the high deposition rate. And the last
eason can be considered as the partial decrease in the thickness
f the film at the edges of the junctions because of high surface
oughness at high deposition rate.

.3. DC-SQUID fabrication and characterization

The SQUIDs consisting of directly coupled magnetometer con-

gurations having 4 �m-wide grain boundary Josephson junctions
ere patterned by standard lithography and wet etching process.

he outer dimensions of magnetometers were designed to have
mm × 9 mm leaving 1 mm edges on 10 mm × 10 mm STO sub-

ig. 3. I–V characteristics of DC-SQUIDs at 77 K depending on the film deposition
ate. The inset is showing the decrease of the critical current values of SQUIDs as the
lm deposition rate increases.
Lp 4.7 nH
Ap 27 mm2

Aeff 0.31 mm2

strates to eliminate the edge effects and increase the effective area
of the pick-up loop. The pick-up loop includes a square hole placed
at the center with one edge of 3 mm. The SQUIDs were designed to
have total SQUID loop inductance of Ls ≈ 67 pH, pick-up loop induc-
tance of Lp ≈ 4.7 nH, pick-up loop area of Ap ≈ 27 mm2, and effective
area of Aeff ≈ 0.31 mm2. The total SQUID inductance including the
parasitic inductance of junction strip lines was calculated by using
the coplanar strip line approximation [23] and the design parame-
ters are given in Table 2.

The fabricated SQUIDs were placed into chip carriers made by
printed circuit board (PCB) material having printed feedback coils.
The SQUIDs were then characterized by means of I–V, V–˚ and noise
characteristics regarding the device performance in liquid nitrogen
inside a magnetically shielded environment made of a 2-layer �-
metal.

The SQUID output signals are shown in Fig. 4, which indicates
variation in the voltage modulation depth (�V) depending on the
film deposition rate. V–˚ measurements were made by flux-locked
loop (FLL) electronics inside 2-layer �-metal shield and the SQUIDs
were modulated by 3-turn feedback coil, which was driven with
a 20 Hz saw-tooth waveform having the peak-to-peak amplitude
of 1.5 V. In this configuration, we observed the voltage modulation
of SQUIDs with countable amount of flux quanta as in Fig. 4. The
maximum peak-to-peak voltage modulations (Vpp) of the SQUIDs
tented to decrease from 68 �V to 30 �V as the film deposition rate
increased from 1.0 nm/min up to 2.0 nm/min.
The noise characteristics of DC-SQUIDs were also measured in
the frequency range of 1 Hz to 1 kHz. The measurements were per-
formed at bias currents which provide maximum peak-to-peak
SQUID voltage modulations. As seen from Fig. 5, the noise levels

Fig. 4. Output signals of the DC-SQUIDs depending on the film deposition rate. The
inset is showing (a) the variation of the SQUID voltage modulation depth depend-
ing on the film deposition rate, (b) the layout of the SQUID chip. The SQUIDs were
modulated by 3-turn feedback coil by applying 20 Hz ac signal with 1.5 Vpp.



I. Avci et al. / Sensors and Actua

F
s
n

o
F
t
f
1
s
t
l
t
t
j
w
d
t
s
t
n
o

3

S
l
o
c
t
o
f
t
p
t
t
t
w
t
p
t
h
t
S
T
q
c
p

[

[

[

[

[

[

[

[

[

[

[

[

ig. 5. Noise spectrum of DC-SQUIDs showing flux noises with spectral power den-
ities depending on the film deposition rate. The inset is showing the variation of 1/f
oise levels with the rate.

f the SQUIDs tend to increase with the increasing deposition rate.
or the SQUID having the lowest deposition rate of 1.0 nm/min.,
he white flux and field noises with spectral power densities were
ound as 12 ��0 Hz−1/2 and 80 fTHz−1/2 respectively at 1 kHz. The
/f field noise was found as 155 fTHz−1/2 at 1 Hz. As the film depo-
ition rate increased up to 2 nm/min, the 1/f field noise reached
o the level of 663 fTHz−1/2 at 1 Hz. The increase in the 1/f noise
evels with the increasing film deposition rate may depend on; (1)
he increase in the non-homogeneity and the surface roughness of
he film which can increase the critical current fluctuations in the
unctions, (2) the significant decrease in the critical current value

hich can dominate the effect of thermal noise current, (3) the
ecreasing of the degree of c-axis orientation which can decrease
he amount of strong pinning sites along the c-axis causing the
tructure become more available for hopping the flux vortices in
he SQUID loop. These may be considered as the sources of high 1/f
oise level in the SQUIDs with respect to the high deposition rate
f YBCO thin films.

. Conclusion

The improvement on the device performance of YBCO DC-
QUIDs with respect to voltage modulation depth (�V), 1/f noise
evels, and stability in time are primarily due the optimization
f Josephson junctions. The junction properties such as critical
urrent and normal state resistance as well as the noise charac-
eristics strongly depend on the thin film structure which can be
ptimized by adjusting the growth process. Therefore, using this
act, we performed an experimental study based on the inves-
igation of the effect of thin film growth process on the signal
erformance of YBCO DC-SQUIDs. Concerning the variation in
he thin film structure and surface morphology depending on
he deposition rate, we first characterized the structural proper-
ies of YBCO thin films. The 67 pH directly coupled DC-SQUIDs
ith 4 �m-wide bicrystal Josephson junctions were fabricated on

hose thin films and characterized by means I–V, V–˚ and noise
roperties. The signal and noise performance of SQUID showed
he best results at the lowest deposition rate than that of the
igh rate of 2.0 nm/min. This is due to the variation in the struc-
ural properties of the thin films. A significant degradation on the

QUID performance was observed as the deposition rate increased.
his may be concluded as; the SQUIDs are required high device
uality thin films deposited with very controlled deposition pro-
edure and low deposition rate. Such dependence with the SQUID
erformance and the YBCO thin film deposition process may be
tors A 153 (2009) 84–88 87

applied in addition to the other optimization processes for obtain-
ing high quality and reliable YBCO junction based devices and
SQUIDs.
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