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Abstract We demonstrate that the superconducting film
resonator can be used to accurately and quantitatively
measure the microwave dielectric loss tangent of a variety
of materials. Compared to traditional dielectric resonator
loaded metal cavity method, it has advantage of small
sample size (~2-3 orders of magnitude smaller than the
old method), and much higher sensitivity to measure small
loss tangent values as small as 10> at around 7 GHz band
at cryogenic temperatures. This method can be utilized
widely in study of mechanism of microwave loss at cryo-
genic temperature range, which is extremely important in
superconducting microwave application areas, such as
novel super quantum computers.

Keywords Dielectric loss tangent - Superconducting
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Introduction

Ultrahigh performance microwave dielectrics have been
widely used in microwave passive devices including res-
onators and filters in the area of telecommunication sys-
tems and photonics [1-9]. Low microwave loss tangent,
high dielectric constant and temperature stability are
desired to achieve high device performance. In these three
parameters, the mechanism of dielectric loss tangent is the
one that has been studied by many researchers but still not
understood completely [1-3]. Recently, abnormal behavior
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of microwave loss tangent of dielectric materials at cryo-
genic temperature range, including high-k, low-loss com-
mercial Ba(Zn1/3Ta2/3)O3, (ZI', Sn)TiO4, Ba(Zn1/3Nb2/3)O3
with different dopants, has been studied [10-14]. Absorp-
tion of microwave energy by unpaired spins in d-shell
electrons in transition-metal dopant ions has been attrib-
uted to the root cause for the high microwave loss of a
series of microwave ceramic materials at cryogenic tem-
peratures. Traditionally, the microwave loss tangent of
ceramic materials is measured using the TE(;s mode of a
ceramic resonator mounted in a metal cavity [1, 2]. In this
method, usually a ceramic cylinder sample with diameter
of a few centimeters is loaded in a metal cavity with size of
about three times larger than the ceramic sample. The
microwave loss due to conductivity of metal cavity wall
often limits the sensitivity of loss tangent measurement.
Superconducting parallel plate resonator (PPR), a parallel
plate capacitor structure with two superconducting films
back to back and a dielectric spacer between them was first
introduced by Taber [15] to measure the RF surface
resistance of superconductor films. This method was then
extensively utilized in research studies [16-22]. In this
manuscript, we, in another point of view, will demonstrate
that this device can also be used to measure microwave loss
tangent of any dielectric materials at cryogenic temperature
range with great advantages over the commonly used TEg, s
metal cavity method [1, 2]. Besides the high sensitivity of
loss tangent measurement, the sample size needed for PPR
is almost 2-3 orders smaller than that needed for cavity
method. Also, since a single small high-loss defective
region of a bulk sample can skew the overall quality factor
performance, this method can be used to determine the
material uniformity by measuring many samples from a
single ceramic bulk sample. In this paper, we first explain
the experimental setup and measurement capability of this
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technique, and then use Ni-doped BZT as a case study
example to show its power to characterize microwave loss
of dielectric materials at cryogenic temperature.

Theoretical principle and experiment method

The PPR consists of two superconducting films and one
dielectric spacer, and the spacer is placed between these
two superconductor films to form a sandwich structure. The
resonator is then placed inside a small cavity made of
oxygen free high-conductivity copper (OFHC) which is
gold (purity >99.9 %) plated to minimize the radiation
loss. The details of this device are well described in some
references [15-20]. Here, we use sputtered Nb films (for
measurement up to 9 K), and YBa,Cu3;07_s5 (YBCO) films
deposited on sapphire substrates (for measurement up to
80 K) by sputtering deposition. For the dielectric spacer,
we choose several different materials. These include 2-in.
silicon wafers (Virginia Semiconductor Inc., Fredericks-
burg, VA, USA) of both undoped [25 pm thick ultrathin®,
(100) orientation, resistivity >20 Q-cm] and lightly doped
n-type (125 pm thick) ones, Teflon® FEP films (Du Pont
Electronics, Wilmington, DE, USA, 12.5 pum thick), two-
side polished c-sapphire substrates (1 cm x 1 cm X
0.5 mm), and thin chips Ba(Zn;;3Ta,/;3)O3 ceramics doped
with different amount of Ni ion substituting Zn position
[one can think it as a solid alloy of xBa(Ni;3Tay3)03—
(1 — x) Ba(Zn;3Tay;3)O05] [10-14]. The ceramic was sin-
tered by traditional powder processing method [1-3]. The
Ni-doped BZT sample was processed as described in [10—
14]. First, the pure BZT and Ba(Ni;;Tay;3)03 (BNT)
powder were synthesized separately. Then, the BZT and
BNT powder were mixed into slurry according to desired
atomic ratio by ball milling. The resulting mixed powder
was then used to sinter Ni-doped BZT ceramic samples.
The undoped and lightly doped silicon wafers in this work
will come into carrier freeze-out zone at 4.2 K and shows a
very low microwave loss tangent. The cavity loaded with
the sample is then affixed to the end of a cryogenic dipping
probe which is then inserted into the liquid Helium Dewar.
Two 50-Q semi-rigid coaxial microwave cable was put
inside the dipping probe, at one ends with metal outer
conductor peeled off to make coupling microwave feeding
probes for the ceramic sample in the metal cavity, and at
the other end connected to the HP 8510C vector network
analyzer, from which S, or S»; network parameters can be
collected. The coupling probes can be moved close or away
from the resonator to excite resonance modes. These values
are fit to a circle in the Smith chart to infer the quality
factor. The distance between coupling loops and sample is
adjusted to be weakly coupled so that the unloaded Q can
be determined to better than a few percent. Because only
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the value of the quality factor is sufficient to infer the loss
tangent, a calibrated measurement is not required. The
input source power should be chosen neither too large in
case of the nonlinear effect [16, 20], nor too small to get a
good signal to noise ratio of the Sy, or S, signal intensity.
It should be kept above 10-15 db to measure an accurate
3-db bandwidth of the transmission coefficient. The dis-
tance between tips of coaxial probes and the resonator was
adjusted to be within tenths of a millimeter to get a weak
coupling, in which case the loaded Q and unloaded Q is
approximately equal to each other. Usually, at the begin-
ning of the experiment, the probes were moved barely
touch the sample. During the experiment, the distance was
increased to lower the coupling coefficient until the weak
coupling needed reached. The sharp peaks in S,; or Sj,
diagram correspond to the resonant modes. These modes
can be distinguished from the cavity modes easily by
observing the shift of resonate frequency [15—17] with the
change of temperature, while the cavity modes do not shift
obviously.

The overall unloaded quality factor Q of the resonator
can be well explained by the equation [15]

0'=0y'+ 0"+ 0" =tand + o + (BR/s) (1)

where tand is the loss tangent of dielectric spacer. The
second term is radiation loss which is due to energy radiated
from the surrounding of the resonator, and the third term is
conduction loss caused by surface resistance of supercon-
ductor films. Our goal is to measure tand of dielectric
materials, if in some situation that tand can dominate over
the other two terms in Eq. 1, one can directly measure Q
and use Q™' to replace tand without caring about the con-
duction loss and radiation loss terms. The radiation loss is
proportional to the spacer thickness. o is a parameter that
gives information about the radiation loss. It changes with
the dielectric constant of the spacer. Usually, high ¢, spac-
ers, e.g., LaAlOj (¢, = 25) and Ba(Zn3Ta,/3)03 (¢, = 29)
instead of Teflon (¢, = 2.1), can reduce radiation loss of the
PPR and lead to higher unloaded Q. An inverse square root
law between radiation loss and dielectric constant can be
derived [15], so the higher dielectric constant, the lower
radiation loss, i.e., lower o. The conduction loss is inversely
proportional to thickness of spacers. 5 is given by
B=1/(f x miy) =3.9 x 107> m Q' at 6.5 GHz, where f
is resonant frequency [15].

Results and discussion

The summary of PPR measurement with a series of spacer
materials and Nb films at 4.2 K is listed in Table 1. Note
that an unloaded Q as high as 160,000 was obtained at



J Theor Appl Phys (2016) 10:27-32 29

Table 1 Summary of the PPR ) o ) N N a

measurement with different Spacer material o ! (um) Qu Jo (GHz) o % tano

spacer materials at the Silicon 17 175 158,590 6.8 165910 840,336  1.19 x 107°

temperature of 4.2 K using Nb . 6

flms C-sapphire 115 500 59,123 6.85 62,307 121,951 8.2 x 10
Ba(Zn;;5Tas3)0;  29.0 500 66,801 6.91 71,015 116,279 8.6 x 107°
Teflon FEP 2.1 12.5 17,696  11.08 30,165 273224  3.66 x 107°

% Means the values were scaled to 6.5 GHz

6.8 GHz for Silicon spacer with thickness of 175 pm. This
sets a record for the highest Q factor we measured, ten
times higher compared to ~ 15,000 at the same frequency
range by metal cavity method using high-k, low-loss
dielectric material resonator, like BZT. This is due to the
super-low surface resistance of Nb superconducting films
and very low dielectric loss of silicon at 4.2 K. Other
materials, such as single crystal sapphire substrate, BZT
ceramic chip has smaller Q factor due to higher material
microwave loss. 12.5 um thick Teflon film was routinely
used to determine the surface resistance of superconductor
films. The resonant frequency is around 11 GHz with Q of
18,000, and the calculated surface resistance R is around
10 pQ scaled to 6.5 GHz at 4.2 K. The surface resistance
of the superconductor films will increase as the temperature
goes up according to BCS theory. When it is close to T, Ry
increases dramatically due to loss of superconductivity and
the PPR resonant modes will disappear in the network
analyzer. The temperature dependence of R, of the Nb
films in this study is summarized in Fig. 1. As is shown,
when temperature changes from 4.2 to 6 K, R, increases by
about four times, and the sensitivity of measuring loss
tangent of the dielectric spacer is highly reduced.
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Fig. 1 Unloaded Q and corresponding surface resistance of super-
conducting Nb films as a function of temperature

caring about the conduction loss and radiation loss terms.
As we take a deeper investigation of Eq. 1, we find that the
radiation loss is scaling with s (s is thickness of spacer),
conduction loss is proportional to 1/s, and tand is a constant
independent of s. Thus, there must be a special value of s,
for which the summation of radiation loss and conduction
loss will be minimal and Q will achieve its peak value.
Figures 2 and 3 summarize the relation between the spacer
thickness and unloaded Q factor of PPR, as well as
equivalent surface resistance Ry. As shown in Fig. 2, the
optimal thickness fyax for measuring loss tangent is
around 175 pm for Si spacers. At small spacer thickness
(<100 pm), the unloaded Q increases almost linearly with
it, because the surface resistance dominates in this range.
On the other side, at larger thickness, the radiation loss
begins to dominate. At the intermediate range, around
175 um, the unloaded Q reaches its maximum, about
165,000 at 6.5 GHz. Also, at 500 pum, the unloaded Q is
still better than 120,000. Silicon wafers were chosen as
spacers to study the Q versus thickness relation because
ultra-thin undoped wafers (25 pm thick) are available with
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Fig. 2 Unloaded Q versus spacer thickness of parallel plate resonator
(PPR) using low-loss spacers. The first dot of the thickness 12.5 um
was measured using the Teflon film, those between 25 and 100 um
were measured using the 25 pm thick undoped silicon wafer, and
those between 125 and 500 um were measured using the 125 pm
thick lightly doped n-type silicon wafers. The dots are experimental
data, the solid line is model curving fitting and the dashed line is from
the data in Ref. [15]
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smooth surfaces. They can be easily stacked together to
obtain different thickness between 25 and 500 pm.
Clamping them tightly can minimize the influence of the
air gap between layers. On the other hand, Sapphire sub-
strates usually have low loss, but they are usually thick
(500 pm) and has high hardness so it is very difficult to
polish them into different thickness. Ba(Zn;;Tas/;3)O3
ceramics could be another candidate for polishing because
of its relatively low hardness, but it is very brittle and easy
to break during the machining. The equivalent surface
resistance Rs [15] is defined by

Ry = s/(QB) = Ry + s>¢/f + s tan 6. (2)

It is a quadratic polynomial equation of thickness s. We
can fit this formula to the experimental data shown in
Fig. 3, and extract the surface resistance R of films, the
tand of the dielectric spacer and the radiation parameter o.
In this work, at 6.5 GHz, R, was determined to be 10.8 uQ
for the Nb film, tand was 1.19 x 107 for silicon spacers
and o was 142 x 107> m~" for the PPR with Silicon
spacers. The parameters in Taber’s work were scaled to
12 GHz [15]. Using the scaling rule of R, with frequency,
R, ~ ®?, the parameters can be scaled to 6.5 GHz, which
gives R of 6.75 pQ, tand of 3.66 x 10° for Teflon films
and o of 1.14 x 107> m~'. Compared with Nb films used
in our work, their films have lower surface resistance, but
the dielectric spacer we used, Silicon, is better than Teflon.
The results with other dielectric spacers are listed in
Table 1. Their dielectric constant ranges from about 2 to
30. The quality factor of the spacer material Q4 and tand is
calculated and summarized in Table 1 using these param-
eters obtained by curve fitting and measured Q factor data.
Normally, sapphire is considered as very low-loss material,
and other researchers claimed measured loss of ~107% at
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Fig. 3 Equivalent surface resistance of the PPR using low-loss
spacers
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liquid helium temperature. But our measured loss is not so
low, because there might be trace amount of transition-
metal ions impurities in the sample which cause param-
agnetic loss. For 175 um thick silicon spacer, the sum-
mation of conduction loss and radiation loss is 5 x 107 at
6.5 GHz. This implies that one can measure a dielectric
material loss of 5 x 107> at 6.5 GHz with error within
10 %.

From explanation in the last paragraph, there is an
optimal spacer thickness range around 175 %+ 50 pm,
where the loss tangent measurement has the best sensitiv-
ity. Also, the thinner the spacer material sample, the more
difficult it can be prepared (dicing and polishing) and
handled. Most of the time, during the preparation of cera-
mic chip sample ~ 175 um thick, it ends up with cracking.
So, a thicker spacer material is desired without reduction in
the measurement sensitivity. Since the radiation loss
coefficient o~ 1/,/¢;, one can imagine that using materials
with different dielectric constant, the optimal spacer
thickness tyjax should be different. We can see this from
Fig. 4. It shows the calculated Q versus spacer thickness
relationship only changing the different dielectric constant.
It is clear that by increase ¢ from 2 (e.g., Teflon) to 30
(e.g., BZT), the tyax increases from ~ 110 pm to double
of the value. Also, the curve with higher ¢, has a flatter tail.
It means that the measurement is not so sensitive to the
sample thickness for higher dielectric constant material,
and therefore we get a larger working sample thickness
window, which is favorable for sample preparation and
handling.

As an example for measurement of loss tangent using
this technique, Fig. 5 shows results for temperature
dependence of a series of BZT samples with different level
of Ni ion dopings (3—12 %), as well as sapphire spacer as
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Fig. 4 Unloaded Q of the PPR with different ¢, of spacers. The
curves were drawn based on Eq. (1) with the Ry in this work and tand
of 1.19 x 107° for the silicon spacer
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Fig. 5 Unloaded Q of the PPR with different ¢ of spacers. The
curves were drawn based on Eq. (1) with the Ry in this work and tand
of 1.19 x 107 for the silicon spacer

baseline reference. Although Nb films achieved the highest
Q in our measurement due to super-low surface resistance,
we did not choose it for this measurement. Instead, we
selected YBa,Cuz0,;_s (YBCO) superconductor films
deposited on sapphire substrates, because YBCO has
higher critical temperature (93 K) compared to Nb films
(9.3 K), so can easily measure a larger temperature range
up to 80 K. As shown by the sapphire spacer baseline
reference data (red dot line), the measurement should have
enough sensitivity and precision up to 70 K. The most
interesting phenomenon one can observe is that, at 4.2 K,
with Ni doping increases from 0 % for undoped BZT to
12 % Ni-doped BZT, the Q factor monotonically decreases
and loss tangent goes up. The mechanisms for this phe-
nomenon were well studied in [11-14] which claimed that
the reason is due to resonant spin excitations of unpaired
transition-metal d electrons by microwave energy in iso-
lated atoms (light doping) or exchange coupled clusters
(moderate to high doping). The reason of high loss of
undoped and 3 % Ni-doped BZT at 30-70 K temperature
range is not clear so far, but probably due to some extrinsic
defect-induced absorption mechanisms in these sintered
samples, such as polarons, or shallow level point defects.

Conclusion

Unloaded Q factors of the superconducting PPR have been
measured using different dielectric spacer materials with a
series of spacer thickness. Among these materials, with
ultra-thin Silicon wafers, we obtained a maximum unloa-
ded Q factor of 165,000 (scaled to 6.5 GHz) when the
Silicon spacer is 175 pm thick. Parameters of film surface

resistance, radiation loss coefficient and dielectric loss
tangent were extracted based on the experimental data and
theoretical model of unloaded Q. The effects of spacer
thickness, dielectric constant on the unloaded Q of the PPR
have been analyzed in detail. As a material loss tangent
measurement technique, it uses smaller sample size (~ 1/
500) of traditional metal cavity dielectric resonator
method, with high sensitivity of ~107> around 7 GHz. It
can be feasibly loaded into most common cryogenic mea-
surement experiment setup.
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