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The knowledge of the surface resistance R of superconducting thin film at microwave and
terahertz (THz) regions is significant to design, make and assess superconducting microwave
and THz electronic devices. In this paper we reported the R, of MgB, films at microwave and
THz measured with sapphire resonator technique and the time-domain THz spectroscopy,
respectively. Some interesting results are revealed in the following: (1) A clear correlation
is found between R; and normal-state resistivity right above T¢, p, i.e., Ry decreases al-
most linearly with the decrease of py. (2) A low residual Ry, less than 50 42 at 18 GHz is
achieved by different deposition techniques. In addition, between 10 and 14 K, MgB, has
the lowest Ry compared with two other superconductors Nbs;Sn and the high-temperature
superconductor YBa,Cu;0;_;(YBCO). (3) From THz measurement it is found that the R
of MgB, up to around 1 THz is lower than that of copper and YBCO at the temperature
below 25 K. (4) The frequency dependence of R; follows ", where w is angular frequency,
and n is power index. However, n changes from 1.9 at microwave to 1.5 at THz. The above
results clearly give the evidences that MgB, thin film, compared with other superconduc-
tors, is of advantage to make superconducting circuits working in the microwave and THz
regions.

1. INTRODUCTION

The discovery of binary metallic MgB, with a
superconducting transition 7. of 39 K has stimu-
lated great scientific interest and potential applica-
tions [1]. A number of experiments and calculations
have demonstrated that the pairing symmetry is of
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conventional s-wave type, however, with two gaps
of different size [2-7] Band structure calculations
have shown that its Fermi surface consists of four
bands: two o-type two-dimensional cylindrical hole
sheets (formed by B p,, orbits) and two 7-type three-
dimensional tubular networks, from the 7 bonding
and antibonding bands (formed by B p, orbits). This
compound offers a realistic two-gap system for fun-
damental investigation.

As is commonly known, superconducting
electronic devices made of low- and high-T.
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superconductor have offered superior performance
in the frequency range from microwave to terahertz
(THz) [8-13]. MgB, is also expected to provide
similar performance because of the relative high
T., the s-wave pair symmetry and the relatively
long coherence length [1,3,15,16]. The s-wave pair
symmetry suggests that residual losses ought to
be very low. Furthermore, R is proportional to
exp(—A(0)/kT) for T < T./2, where A(0) is the size
of energy gap at zero temperature. It means that
R of MgB; thin film may achieve low R values at
20 K due to the relative high T.. This temperature
could easily be accessible with modern cryocoolers.
This working temperature is impossible for other
s-wave superconductors, e.g., Nb, NbN, and Nb3;Sn
because their T.s are lower than 20 K. Another
important property is the long coherence length &,
which is around 50 nm. Microwave application will
also benefit from this long coherence length because
grain boundaries will not play an important role in
the microwave nonlinearity. The intrinsic nonlinear
response will be much easier to achieve in MgB,
thin film, which may yield a large power handling.
Moreover, long &; is crucial for the fabrication
of MgB, Josephson junction. The success of the
junction will give great opportunities for MgB; in the
millimeter and THz detectors, which usually have
the performance unattainable by the semiconductor
devices.

Much effort, so far, has been devoted to the
investigation of the microwave and THz properties
of MgB, thin films [17,18-26] The measurements
on residual surface resistance R, however, indicate
large values [18-21]. Also, intermodulation measure-
ment points to the model of Josephson coupled gains
[23]. This means that extrinsic properties, to some ex-
tent, have a large influence on microwave properties.
In addition, there is an increased demand to know the
electromagnetic response in the THz region for de-
signing THz devices and estimating the performance
because the design and estimation are usually numer-
ical simulations, which strongly rely on the input of
precisely measured material properties of MgB, at
THz frequencies as well as on theoretical models. In
this paper we will firstly present microwave surface
resistance measurements on eight MgB, thin films
with the sapphire resonator technique. A correla-
tion between R, and material parameter is observed.
Then, we discuss the temperature dependence of R
at low temperature for random orientation, c-axis
orientation and epitaxial thin films, and conclud that
grain boundary may not have a large influence on R;.
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The comparison of Ry is carried out between MgB;
and Nb3Sn and the high-temperature superconduc-
tor YBa;CuzO7_s(YBCO). We also report measure-
ment on an epitaxial thin film with time-domain THz
spectroscopy (TDTS) [27, 28]. The results show that
R, of MgB; is lower than that of copper at 1'THz be-
low T.. Finally, combining the R value at microwave
and THz, the frequency dependence following " is
observed, However, n changes from 1.9 at microwave
region to around 1.5 at THz region, where w is angu-
lar frequency and n is power index.

2. SAMPLES

Eight MgB, thin films of different quality are
prepared by chemical vapor deposition (CVD) with
post-deposition annealing [29], pulsed laser ablation
(PLD) with in situ annealing [30] and in situ hybrid
physical-chemical vapor deposition (HPCVD) [31]
methods, respectively. The three films deposited on
MgO substrates by the CVD method are randomly
oriented with a thickness of about 600 nm. The three
films deposited on Al,O3 by PLD are c-axis oriented
with a thickness of about 400 nm. The remaining
two films are epitaxial films deposited by HPCVD
on Al,O3 and SiC, respectively, with the thickness
of about 100 nm (on Al,O3) and 300 nm (on SiC),
respectively. T, measurements show that all samples
exhibit a sharp transition of the dc resistivity with a
width of less than 0.3 K. For the sample on SiC, the
highest 7, of 41.3 K was observed.

3. MICROWAVE MEASUREMENTS

In our previous work a sapphire resonator tech-
nique has been successfully employed to measure
Zs = Ry + jouor of MgB, thin films at a frequency
f =w/2x =18 GHz [17,32,33] Here w is the angu-
lar frequency, wo is the free-space permeability, and
A is the penetration depth. The same method is used
in our present investigation. We found in the mea-
surements that the residual surface resistance Ry
(Rres = Rs(T — 0)) of the MgB, thin film is less than
the resolution for R of our setup (about 50 u$).
Hence, the measured R (7) actually represents the
change of R;.

Figure la showed R, at 15 and 20 K depen-
dence on normal-state resistivity py at temperature
just above T.. A nearly linear decrease of Rs was
easily found with the decrease of py. In the study of
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Fig. 1. The dependence of Rs at 15 K(solid symbol) and 20 K (open
symbol) on (a) pp, normal-state resistivity right above T (b) & =
&y/X, where & is the BCS coherence length and A is the electronic
mean free path.

conventional superconductor, the dependence of R
on the material properties could be described within
BCS-theory by the material parameters Ay, vg, A(0)
and A or the two dimensionless quantities o = &y/A
and y(A = 00) = Ar/&. Here, & is the BCS coher-
ence length, v is Fermi velocity, Ay is the London
penetration depth, and A is the electronic mean free
path. Because our study is restricted to MgB, sam-
ples only, y is a constant, and only the R; depen-
dence on « can be addressed. Figure 1b shows the de-
pendence of R on the material parameters o = &y/A
at 15 K (solid symbol) and 20 K (open symbol). «
could be calculated from the extracted quantities
R(T), A(0), A,(0) and py from the temperature de-
pendence of Z; [17,32,33]. Here we only consider the
mw-band coherence length. There is another coherence
length corresponding to the o band. However, we
have found in our previous work the conductivity is
dominated by the & band [33]. In Fig. 1b, the Ry de-
crease on « in different rate. It decrease rapidly with
a, then slowly decrease when « is below around 2.
According to BCS theory, R; is expected to decrease
with decreasing « and saturates around « = 0.7, but
increases again as o decreases further [34]. Our ob-

servation is similar to the BCS calculation. However,
so far, we could not find the expected saturation in
our measurement because of our limited resolution
for Rs. In addition, for the 100-nm thick epitaxial
film on Al,O3; substrate there is a 30—40-nm thick
non-superconducting layer between the Al,O3 sub-
strate and MgB; thin film [31]. For the analysis of
the surface impedance of this particular film we as-
sumed the thickness of the superconducting layer to
be 62 nm: For this value the best agreement between
the dc resistivity determined from microwave and dc
measurements was achieved.

We plot in Fig. 2 the temperature dependences
of Rs below 20 K for the samples with the lowest R
value for each type of orientation. It is found that
temperature dependences are similar although the
orientations are completely different. As we knew,
the different orientations of the grains in the film will
produce the grain boundaries between the grains.
The RF current may be blocked by the boundaries
yielding a percolation effect, or pass through the
boundaries with boundary resistance Ry,. These two
effects lead to additional RF losses. The sizes of per-
colation effect and Ry, are usually dependent on the
misorientation angle of the grains in the film. Conse-
quently, the epitaxial films usually have a lower RF
loss than the random orientation films. The above
observation in Fig. 2 indicates the grain boundary
may not have an important contribution to R; for low
po thin film. This explanation could be further ver-
ified as follows: Firstly, bc measurement could give
an estimate on the contribution of grain boundaries.
Figure 3 shows the temperature dependence of p up
to room temperature for a random orientation film.
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Fig. 2. Comparison of surface resistance of MgB, with YBCO, and
Nb3Sn films. The R curves of MgB, thin films represent the best
R values for films of different crystalline orientations.
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Fig. 3. Typical resistivity versus temperature for a random orien-
tation film made by CVD method.

Ap of about 3.5 uQ cm could be found from this
figure. The typical value of Ap for c-axis orienta-
tion and epitaxial films could also be found in Refs.
[30,31]. All the results show A p(p300k—ps0x) ranges
from 3.5 to 7 ©2 cm for the above three kinds of
samples. These values are similar to that from single-
crystal measurement [36,37]. So, the grains in the
films are well connected. The RF current flows in a
straight path, and grain boundaries effect can be ne-
glected. Secondly, the BCS coherence length is about
50 nm, the mean free path for these three samples
is about 10 nm. This leads to an effective coherence
length of about 10 nm. Hence, a strong coupling ex-
ists between two adjacent grains, and the current
density almost remains the same when the current
passes the grain boundary, which makes the grain
boundary resistance very small. Thirdly, the temper-
ature dependences follow exp(—A,(0)/kT) approx-
imately, where A,(0) is the energy gap of m-band.
Figure 4 shows logarithmic plot of R; and penetra-
tion depth A versus T./T at the temperature below
30 K. A good linear behavior could be found from
penetration depth data. The solid line is depicted
for the guide of clearance. However, R, values de-
viate from linear behavior at about 9 K. It is caused
by the resolution of our measurement. As we have
demonstrated in our previous paper, the rutile res-
onator could achieve a higher resolution on R; [17].
The change of R, ARs, from rutile resonator mea-
surement is also depicted in Fig. 4. The better lin-
ear behavior down to 7 K is found. Here, the solid
line, which lies on the data at 7.2 GHz, is of the
same slope as the previous one. Hence, we believe
the temperature dependences of AR should fol-
low exp(—A,(0)/kT). It implies that grain boundary
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Fig. 4. Logarithmic representations of change of Rs at 18 GHz
(open square), 7.2 GHz (open circle) and penetration depth A
(solid square) versus T./T below 30 K. The linear behavior rep-
resents AR and A follow exp(—A/kT:). The solid line is depicted
for the guide of clearance. Two solid lines have the same slope.

effect do not play an important role in our measure-
ment on low normal-state resistivity samples.

Low Ryes (<50 €2 at around 18 GHz) is ob-
served in our measurement, i.e., R is less than
around 20 . at 10 GHz if w? scaling law is used. This
value is much lower than that in the early reports,
which gave values ranging from 300 u2 to 4.7 m<2
[18-21]. However, recent report after the intensive
efforts on the film deposition techniques, gave Ryes
lower than 50 u€2 at 10 GHz, which is similar to our
present data [17,22]. In addition, Ry values of Nbs;Sn
(7. = 18 K) and high-quality epitaxial YBCO films
deposited on r-cut sapphire are also depicted [8, 38].
We can easily see that MgB, has the lowest R be-
tween 10 K and 1 4 K. From the cryogenic cool-
ing point of view, 10 to 14 K can make a big differ-
ence from 4 K, in particular with regard to cost and
power efficiency of closed-cycle refrigerators. Hence,
MgB, thin films have demonstrated its advantage
over other superconductors working around 10 K for
microwave applications.

4. THZ MEASUREMENT

Using TDTS, we also measured the epitax-
ial MgB, film (7; =39.1 K) on Al,O3; mentioned
above. Our setup utilizes ultrashort broadband THz
pulses generated and detected, respectively, by op-
tical rectification and electro-optic sampling in 1-
mm thick [110]-oriented ZnTe single crystal [27,28].
This technique enables measuring the amplitude as
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Fig. 5. Temperature dependence of R at 0.445 and 1.0 THz. The

Rs of copper at the same frequency is also depicted for compari-
son.

well as the phase shift of the transmitted THz wave;
therefore the complex dielectric response(or, equiv-
alently, the complex conductivity of the MgB, thin
film) can be calculated without any model assump-
tion and without Kramers—Kronig transformation.
The experimental setup, the principle of the mea-
surement, and the method of extraction of the com-
plex are described in [27, 28].

Figure 5 shows the temperature dependence of
the deduced Ry, the real part of Z; = (jou /o), at
two frequencies, 0.455 and 1 THz. The temperature
dependence of R, for copper is also depicted for
comparison [39]. From this figure it is found that
R, for MgB; is lower than that of copper below
T. in the submillimeter wave and THz regions, in
particular, Ry of MgB; is about three times lower
at 450 GHz around 15 K. Some measurements for
YBCO showed that the R value of 0.45 Q at 1 THz
and 15 K, which is about four times higher than MgB,
[40, 41]. Hence, MgB, thin film has also shown its ad-
vantages in the THz region.

Figure 6 shows the frequency dependence of Rq
at 15 K (solid symbol). Usually, Ry at frequency be-
low the gap frequency follows «", where n is power
index. We scaled Ry, measured with sapphire res-
onator at around 18 GHz to THz according to "
scaling law, yielding goods fit with n = 1.5. This
does not agree with the report in microwave re-
gion, where n = 2 was found [19]. Therefore, this film
is also measured with rutile resonator at 7.2 GHz.
Figure 6 shows the temperature dependence of R; at

012 —————1—+—1——

= Measurement
—— Fit (n=1.5)

0.08 |

R.(©)

0.04

ool
0.2 0.4 0.6 0.8 1.0

f(THz)

Fig. 6. Frequency dependence of Ry at THz. The solid line rep-
resents the values scaled from Ry at 18 GHz following to " with
n=15.

18 and 7.2 GHz below 25 K, respectively (Fig. 7).
The inset shows the R, at 7.22 GHz is scaled to
18 GHz, yielding the best fit with n =1.9. This n
value is approximately equal to the reported value
in microwave measurement [19]. Also, it is approxi-
mately equal to that obtained for Nb measurement,
which could be explained in the BCS model [42].
These measurements indicate that n decrease with
the increase of frequency. MgB, thin film will ben-
efit from this change for the electronic application in
THz.
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Fig. 7. The temperature dependence of R at 18 and 7.2 GHz. The
inset shows Ry value at 18 GHz and scaled R from 7.2 to 18 GHz
following " with n = 1.9.
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5. DISCUSSIONS AND CONCLUSIONS

We have firstly illustrated in the above the R;
at microwave. The low R, value below 50 uQ at
18 GHz could be achieved by several kinds of depo-
sition techniques. This is a great progress in making
the film because very low R could be repeatedly ob-
tained. We also found that R decrease almost lin-
early with pg. This may provide a direction to opti-
mize the deposition techniques to reduce further R
value. The comparison between MgB, thin film and
Nb3;Sn and YBCO indicates a temperature nicht (10—
14 K), in which MgBj; is of the lowest Rs. The temper-
ature dependence of R, shows the intrinsic properties
could be obtained. The recent calculations have pre-
sented a low intrinsic nonlinear effect in MgB, thin
film compared with YBCO material [43]. These re-
sults are significant for superconducting planar cir-
cuit. This kind of circuit is compact and light with
high performance [10]. However, the current density
in the center strip of the circuits will peak at the edge
of strip, which will produce large nonlinear effect for
HTSC planar circuits, even at moderate power level
due to weak link and flux penetration, although high
intrinsic power handling is predicted [44-47]. In con-
trast to YBCO thin film, the intrinsic property of
MgB; thin film could be much easier to achieve due
to long coherence length as discussed in the above
[43]. It means microwave devices made of MgB, thin
film is of high power handling. Hence, MgB, offers
the great promising for superconductive passive mi-
crowave devices [48].

The R, at THz indicates a lower value than
YBCO and normal metal. This means contacts and
passive structure in THz superconducting circuits, for
example, antenna, could also be made from MgB;
thin films, in contrast to the present THz devices, in
which the contacts and passive structure is commonly
made from normal metal [13]. In addition, MgB, may
be suitable for fabricating Josephson junction be-
cause it has less anisotropy, fewer material complex-
ities, and a longer coherence length [49]. There are
some reports on investigating multilayers of MgB,
thin films with several other materials, and mak-
ing successful sandwich-type NbN/AIN/MgB, junc-
tion [50-52]. However, there is, so far, no successful
report on fabricating MgB,/insulator/MgB; junction,
which is referred as all MgB, tunneling junction. One
of the future challenges is the fabricating of all MgB,
THz detector with all MgB, tunneling junctions to
replace niobium tunneling junctions working above
20 K.
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