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Abstract—A laboratory prototype RF amplifier for the frequency range 1-10 GHz is designed, created, and
tested. The device is based on high-temperature superconducting quantum interference filters (SQUIFs) and the
technology of bicrystalline substrates. The main characteristics of the prototype SQUIF amplifier are numeri-

cally simulated and measured.
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INTRODUCTION

Cryogenic RF amplifiers based on low-temperature
superconducting (LTSC) quantum interferometers
(SQUIDs) exhibit the record-low noise temperature
T,=50=x 10 mK at a frequency of 0.5 GHz and a tem-
perature of 0.1 K [1]. This noise temperature is approx-
imately 40 times lower than the noise temperature that
can be realized at such frequencies via the use of low-
temperature semiconductor amplifiers with relatively
high carrier mobility [2, 3]. The typical gains of LTSC
SQUIDs are about 20 and 10-12 dB at frequencies
below 1 GHz and from 1 to 4 GHz, respectively [4, 5].
Note that the power consumption of a SQUID amplifier
is lower than the power consumption of its semiconduc-
tor analog by several orders of magnitude. The main
disadvantage of SQUID amplifiers is a narrow dynamic
range, which corresponds to a small linear section on
the sine-shape voltage—field characteristic (VFC). Neg-
ative feedback, which is widely employed at low (up to
10 MHz) frequencies can hardly be used at high fre-
quencies [6]. The VFC range and, hence, the dynamic
range of an amplifier are determined only by character-
istic voltage V,; of Josephson junctions.

In addition, the characteristic voltage determines the
maximum gain and the working frequency of a SQUID.
From the radiophysical point of view, a SQUID can be
classified as a particular case of a parametric amplifier
in which the pump frequency is the Josephson oscilla-
tion frequency: F; =21V, /®,, where ®; =2 x 1075 Wb
is the flux quantum. The maximum gain of a SQUID is
determined by the ratio of the Josephson frequency to
signal frequency F| [7]:

G < F|JF, = 21V, J®,F.. (1)

This expression makes it possible to interpret the
observed decrease in the gain of LTSC SQUIDs with an

increase in the signal frequency from 1 to 8 GHz. (The
measured gain decreases from 20 to 5 dB [8].)

The characteristic voltage of junctions is determined
only by the superconducting material and the SQUID
working temperature. For three-layer (Nb/AlO,/Nb)
Josephson junctions used in LTSC SQUIDs, this volt-
age is no greater than 100-200 uV. For high-tempera-
ture superconducting (HTSC) SQUIDs (at 7= 4 K), the
characteristic voltage can be at least an order of magni-
tude higher than that of LTSC SQUIDs. Therefore, it is
of interest to realize an RF amplifier based on an HTSC
SQUID in which the VFC range and the signal conver-
sion steepness Vg, (Vo = AV/A® =V, /@) can be greater
by an order of magnitude [9]. The dynamic range and
Vg can be additionally increased with a superconduct-
ing quantum interference filter (SQUIF) [10, 11].

The simplest SQUIF is a 1D array of series- or par-
allel-connected SQUIDs. If the areas of the quantiza-
tion loops of the interferometers do not satisfy a general
regularity (are randomly distributed), the SQUIF VFC
is a single peak at zero magnetic field. In the series-con-
nected SQUIF, the peak height increases with the num-
ber of interferometers [12]. This circumstance is an evi-
dent advantage of a SQUIF microwave amplifier in
comparison with a conventional SQUID: A signifi-
cantly greater VFC range determines the maximum
gain and dynamic range. Obviously, the SQUIF disad-
vantage of a SQUIF lies in the fact that the linear
dimension of the array is substantially greater than the
dimension of a single SQUID. This circumstance
impedes SQUIF matching of the SQUIF with an exter-
nal signal source at a high frequency.

The purpose of this study is to analyze the possibil-
ity of realizing a laboratory prototype RF amplifier for
the frequency range 1-10 GHz based on a series-con-
nected HTSC SQUIF.
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At the first stage, we develop the general configura-
tion and design of a series-connected HTSC SQUIF on
a bicrystalline substrate. Then, we match the series-
connected interferometer array with a 50-€ signal
source in the frequency range 0.1-10.0 GHz. We
numerically simulate a SQUIF-based microwave
amplifier, present the main stages of the device con-
struction, and discuss the characteristics of the SQUIF
amplifier that are obtained from dc and microwave
measurements.

1. AMPLIFIER TOPOLOGY

The main elements of a SQUIF-based amplifier are
located in the layers of a thin-film integrated structure.
The SQUIF structure with necessary contact pads is
located in the lower HTSC (YBCO) layer. The antenna
that transfers the signal to the SQUIF is located in the
upper normal-metal (Au) layer that is separated from
the HTSC film by a dielectric (SiO,) layer.

We design the structure with allowance for the fact
that, at a frequency of 5 GHz, the electromagnetic
wave length is 6 cm and, hence, the electromagnetic
wave length in SiO, (¢ = 3.8) is A = 3 cm. Thus, the
amplifier structure can be treated as a lumped struc-
ture if the length of the SQUID array is no greater than
A8 = 3.5 mm.

The SQUIF VEC exhibits a single developed peak
when the number of SQUIDs is N>30[12]. An increase
in number N of SQUIDs leads to an increase in the con-
version steepness; the dynamic range; and, naturally,
the length of the structure at a fixed minimum techno-
logical increment (3 wm in the case under study). In the
first experiments, we choose N = 50, which represents
a reasonable compromise between the technological
and electrodynamic requirements.

In addition, an increase in N results in an increase in
dynamic resistance R, of the SQUIF whose impedance
must be close to a load impedance of 50 €. For the typ-
ical HTSC devices, for which R, of a single SQUID is
1-2 Q, the resistance of N series-connected interferom-
eters ranges from 50 to 100 €. Thus, we employ the
series-connected variant of the SQUIF, although, in
comparison with the parallel variant, it is more sensitive
to the spread of the parameters of the Josephson junc-
tions [13].

Figure 1 demonstrates the mask pattern of a series-
connected SQUIF that consists of 50 interferometers
with receiving-circuit areas that are randomly distrib-
uted in the range 40-400 um?. Each interferometer cir-
cuit is a slit with a fixed thickness of 4 pm in the HTSC
film. The width of the Josephson junctions is 3 wm. For
the measurements of the interferometer characteristics,
the SQUIF structure contains additional contact pads
and the corresponding connections to seven partial
SQUIF interferometers.
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Fig. 1. (a) Mask pattern of the SQUIF structure and (b) a
fragment of the SQUIF array with the position of the slot
line. The dashed line shows the position of the bicrystalline
junction.

For applying an external HF signal, we design a slot
line that is formed in a layer of normal metal (a gold
film with a thickness of 200 nm that is produced via
magnetron sputtering). The slot line is insulated from
the HTSC film with a 400-nm-thick SiO, layer that is
likewise produced via magnetron sputtering. In the
simplest case, the configuration of the slot line with a
thickness of 10 um is a meander that is located above
the SQUIF structure and envelopes each interferometer,
thus providing for the maximum magnetic-flux cou-
pling (Fig. 1b). The line is closed at the end of the
SQUIF structure, so that the slot line can be considered
a closed coil at low frequencies. The total length of the
slot line is 2.5 mm.

2. SIMULATION OF THE PROCESSES

In the framework of the classical approach, when
M; < L, power gain G of a single interferometer is
given by [14]

G=(MVy)

1 _(M,-)sz 2
R,R, L

2o n'L, )

1

where M, is the mutual inductance between the interfer-
ometer circuit and the input coil, L is the inductance of
the interferometer loop, Ry is the SQUID dynamic
resistance, and R; is the input-circuit dissipation that
can be determined from the Q factor of the input circuit.
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Fig. 2. The S parameters calculated in the range 1-8 GHz
for the input antenna shown in Fig. 1b.

For the N-interferometer SQUIF, effective mutual
inductance M is on the order of NM,.

A relatively high gain G can be realized at high cir-
cular currents at the signal frequency in the SQUID cir-
cuit. Such gains provide for the parametric conversion
in the SQUID junctions and, hence, the signal amplifi-
cation. Note the important role of the input dynamic
impedances of single SQUIDs in the calculation of the
mutual inductance of the slot line and the SQUIF. The
input impedances are known for frequencies of about
1 kHz and 100 MHz [15, 16]. For the frequency range
under study, the impedance data are unavailable. In the
first approximation, we can assume that, for the circular
current at a high signal frequency comparable with the
characteristic Josephson frequency, the impedance of
each partial interferometer is close to 2R, where R is the
normal resistance of the Josephson junction [17].

To simulate the processes in the SQUIF amplifier,
we employ the Agilent RF Design Environment 2003C
(RFDE Momentum) software [18]. In the calculations,
the input of the slot line is connected to a signal gener-
ator with an impedance of 50 Q, while the SQUIF is
connected to a 50-€2 load. The value of R ranges from 1
to 10 Q.

Figure 2 shows the S parameters calculated for the
input circuit shown in Fig. 1b in the range 1-8 GHz.

Figure 3a presents the S parameters calculated for a
more complicated input circuit in the range 1-8 GHz.
The reflection of the input signal is insignificant (S, =
—15 dB); hence, the input power is absorbed in the slot
line, which is inductively coupled to the SQUIF inter-
ferometer array.

To estimate the power gain of the SQUIF amplifier,
we must determine mutual inductance M, of the slot
line and a single interferometer (see expression (2)).
For this purpose, in the simulation procedure, the
Josephson junctions in one of the interferometers are
changed by a current meter and the values of ring cur-
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Fig. 3. The S parameters calculated for a more complicated
circuit of the input antenna.

rent [, are determined upon the slot line excitation at the
signal power P =0 dBm (1 mW).

In this case, the external flux in the interferometer
loop is M, x I,, where 1, is the current that flows in the
matched 50-Q slot line:

I = (8P/ReZ)'? = 13 mA. 3)

If normal inductance 3, is greater than unity, the
external flux is almost completely compensated by the
self-induction flux of the interferometer LI.. This flux is
produced by ring current /.. Using the standard formula
from [19] to estimate the geometric inductance of the
interferometer with internal contour dimensions of 4 x
50 um, we can directly estimate mutual inductance M;:

M, = LAI/AI, = 5 pH. “4)

Using expressions (2) and (4), we can find the max-
imum power gain. For the above method of signal
application by means of a slot line, a power gain of
greater than unity can be realized if the minimum value
of the SQUIF transfer function is no less than 1 mV per
flux quantum.

3. CREATION OF A PROTOTYPE SQUIF
AMPLIFIER

We create both three samples that contain test struc-
tures of SQUIFs in the absence of the input slot line and
an array of 50 identical SQUIDs with the area corre-
sponding to the maximum area of the SQUIF interfer-
ometer. All of the devices are created on YSZ (Y-ZrO,)
bicrystalline substrates with off-orientation angles of
24° (12°/12°). To create the structures, we employ opti-
cal photolithography and dry etching in an argon-ion
beam. Laser sputtering is applied to deposit
Vol. 53
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Fig. 4. (a) Plot of resistance vs. SQUIF temperature, (b) /-V characteristic, and (c, d) VFCs in two ranges of the magnetic field.

Y,Ba,Cu;0,; (YBCO) films with a thickness of 200-
250 nm. First, we deposit the buffer (CeO,) layer at the
substrate temperature 7, = 790°C and an oxygen pres-
sure of 0.2 mbar to provide the high-quality growth of
an HTSC film near the bicrystalline interface. Then,
YBCO films are sputtered at the temperature T, =
780°C and an oxygen pressure of 0.7 mbar in the
absence of vacuum interruption.

For both the CeO, buffer layer and the YBCO film,
the deposition processes were preliminarily optimized
on YSZ single-crystal substrates to reach relatively high
critical parameters of the films, in particular, low
roughness of the surface, a high critical temperature,
and a high critical current density.

The X-ray analysis of the crystalline structure of the
film indicates the absence of the a—b oriented phases.
The rotation of the CeO, film relative to the substrate
(45°) corresponds to the optimal growth of the CeO,
film with the minimum deviation of the lattice parame-
ters.

An atomic force microscope (AFM) is used to test
the film surface. The typical roughness of the films (R )
is no greater than 5 nm, which is sufficient to prevent
the contact of the HTSC film with the upper gold layer
via the insulator. The critical temperatures of the YBCO
films are 87-89 K at AT < 1 K. The critical current den-
sity of the film is J, =2 x 10° A/cm?.
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4. DC MEASUREMENTS

The technological spread of the parameters of
Josephson junctions can lead to the incoherent interac-
tion of the interferometers in the SQUIF structure. This
circumstance can lead to the absence of a single peak
on the VFC. To test the created SQUIFs, we measure
the low-frequency response of the samples with respect
to the magnetic field in the temperature range 4-77 K.
First, for all of the structures, we determine the critical
and normal parameters T, I, and R, of the SQUIF
(Fig. 4) and seven single SQUIDs. The response to the
external magnetic field is measured with an external
bias coil that has a conversion coefficient of 22 uT/mA.
The measurements are performed with Permalloy
shields, which allow the Earth’s magnetic field and
external interference to be substantially suppressed.
The results show the presence of several sharp peaks
(Fig. 4c) rather than a single SQUIF peak.

To interpret this result, we measure the spread of
critical currents and normal resistance for the accessi-
ble single SQUIDs in two SQUIFs. The ratio of the
square deviation of the measured critical currents to the
mean value is close to 30%.

Note the three most probable causes of such a sig-
nificant spread of the critical currents of the junctions.
The first is the technological spread of the junction
widths at the production stage. Thus, the junctions
exhibit different effective areas, which can be estimated
Vol. 53

No. 8 2008



938

V, mV

30F

25F

20F

100 200 300 40

1
00 0
B, uT

1 1
—400 -300 -200 -1

Fig. 5. VFCs of partial SQUIDs measured at a temperature
of 40 K.

from the position of the first minimum on the diffrac-
tion dependence of the Josephson junction critical cur-
rent on the magnetic field [20]. The test measurements
on seven partial interferometers yield a relatively small
(about 8%) spread of the junction widths.

Another possible cause of the spread of the critical
currents is the heterogeneity of the transport properties
of the barrier along the bicrystalline interface. It is
known that the transport properties of the grain-bound-
ary junctions (in particular, bicrystalline junctions) are
well described with the Glazman—Matveev model for
tunneling through localized states [21]. In this case,
there is a fundamental relationship between the charac-
teristic voltage V, = IR, and critical current density J,
Vi ~ (J)P, where p = 0.5. In the case under study, we
do not observe such a root dependence of the character-
istic voltage of the junctions on the critical current den-
sity. This circumstance indicates that the spread of the
critical currents of the junctions is not determined by
the heterogeneity of the critical current density of the
junctions along the bicrystalline interface.

The last cause is the spread of the HTSC-film thick-
ness in the junction region at the bicrystalline interface.
This interface always contains a region with defect
crystalline properties, where the normal epitaxial
growth of a film is impossible. Therefore, a layer of the
HTSC film with the perturbed structure that does not
exhibit superconducting properties grows in the inter-
face region at the initial stage. Because of the further
sputtering, this layer appears covered by a high-quality
HTSC film. The thickness of the perturbed layer is pri-
marily determined by the quality of the bicrystalline
junction.

To verify this assumption, we create a structure on a
high-quality SrTiO; bicrystalline substrate. The result-
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Fig. 6. VFC of the SQUIF created on an SrTiO5 bicrystal-
line substrate.

ing SQUIF exhibits a significantly narrower spread of
the junction parameters in the array. (The spread of the
critical currents is 20%.) Figure 6 demonstrates the
VEC of the above structure with a singe characteristic
peak of the SQUIF.

5. MICROWAVE MEASUREMENTS

To measure the characteristics of the SQUIF ampli-
fier in the microwave range, we additionally form the
total structures of the input coil as a slot line on two
samples created on YSZ substrates. The absence of the
main single peak on the SQUIFs in the vicinity of the
zero field does not impede the amplifier testing, and the
maximum response (of about 1 mV) is substantially
greater than the VFC amplitude of known similar LTSC
devices. (The details of the measurement system can be
found in our previous work [3] devoted to the study of
the microwave characteristics of SQUID amplifiers.)
The sample, a thermometer, and a coil that generates
the external magnetic field (used for the SQUIF bias
with respect to the magnetic flux) are located on a
Teflon circuit board with a thickness of 0.8 mm. The
board is placed in a metal box with two subminiature A-
type connectors (SMA) used to set and measure the
microwave signal. A dc bias is set with a 7 insulator,
and the output signal is measured with a cooled low-
noise amplifier. (The noise temperature is 6 K at an
amplifier temperature of 20 K.) Prior to the SQUIF
mounting, we calibrate the input and output circuits.
The S parameters are measured with a Rohde &
Schwarz RS-20 vector network analyzer.

Figure 7 demonstrates the measured frequency
dependence of the SQUIF-amplifier output signal. The
maximum difference between the output power of the
SQUIF amplifier at the optimal bias current and flux
Vol. 53
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Fig. 7. Plot of maximum difference G between the output
powers of the SQUIF amplifier vs. frequency. The result is
obtained at the optimal bias current and flux and at the zero
bias current.

and the output power at the zero bias current is 30 dB.
This difference determines the maximum reachable
SQUIF power gain in the absence of loss in the input
circuit. To estimate the real gain, we measure the trans-
mission coefficient of the total circuit at a low temper-
ature in the absence of a SQUIF. The true power gain
appears to be no greater than 5 dB. In addition, it is seen
from Fig. 7 that the maximum amplified signal is
observed at a frequency of 100 MHz, which is signifi-
cantly lower than the calculated frequency for the input
circuit (5 GHz).

The results directly indicate the occurrence of loss
in the input coil of the SQUID. This condition leads to
both a decrease in the gain and a significant shift of the
working frequency. One of the causes of the loss is the
application of a thin (in comparison with the skin-layer
depth) gold film (200 nm) for the creation of the slot
line. The insufficient magnetic-flux coupling between
the input coil and partial interferometers may be a more
significant factor leading to a low gain. The above prob-
lems will be studied in detail in future investigations.

CONCLUSIONS

The main purpose of this study has been to create a
high-temperature SQUIF and to analyze the possibility
of its application as an RF amplifier. In the framework
of this problem, we have numerically simulated the
processes in various configurations of input antennas.
Data on the creation of HTSC interference filters on
YSZ bicrystalline substrates have been collected. The
main characteristics of samples have been measured.
Prototype SQUIF amplifiers have been created on sin-
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gle chips. For the first time, we have measured the high-
frequency response of a SQUIF-amplifier. The maxi-
mum reachable gain is 30 dB, and the real gain is 5 dB
at a frequency of 100 MHz owing to the loss in the input
circuit.

For the practical application of the SQUIF amplifi-
ers, we need to solve the problem related to the spread
of parameters of Josephson junctions and the transfer of
an RF signal from the antenna to the distributed SQUIF
structure in the absence of additional loss.

The first problem is a fundamental problem for all
series-connected HTSC SQUIFs. It can be partially
solved owing to the better quality of bicrystalline sub-
strates. However, the partial solution can impede the
practical application of SQUIFs as microwave amplifi-
ers. A better approach involves the improvement of the
parameters of classical HTSC quantum interferometers
and the realization of coupling with the input antenna.
The last problem (which is significantly simplified in
the case of a single interferometer) can be solved by
means of a comprehensive study that includes the cal-
culation of the input circuit with allowance for the
dynamic parameters of the SQUID and the improve-
ment of the SQUID creation technology.

The accumulated data on the creation of HTSC
SQUIFs and the integrated structures of input antennas
of the slot-line type can be used in the further develop-
ment of a cryogenic low-noise microwave amplifier.
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