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We present a lab-on-chip experiment to accurately measure losses of superconducting microstrip lines
at microwave and submillimeter wavelengths. The microstrips are fabricated from Nb-Ti-N, which is
deposited using reactive magnetron sputtering, and amorphous silicon which is deposited using plasma-
enhanced chemical vapor deposition (PECVD). Submillimeter wave losses are measured using on-chip
Fabry-Perot resonators (FPRs) operating around 350 GHz. Microwave losses are measured using shunted
half-wave resonators with an identical geometry and fabricated on the same chip. We measure a loss
tangent of the amorphous silicon at single-photon energies of tan§ = 3.7 £ 0.5 x 1073 at approximately
6 GHz and tan§ = 2.1 £ 0.1 x 10~ at 350 GHz. These results represent very low losses for deposited
dielectrics, but the submillimeter wave losses are significantly higher than the microwave losses, which
cannot be understood using the standard two-level system loss model.

DOI: 10.1103/PhysRevApplied.16.014019

I. INTRODUCTION

Low-loss transmission lines are a fundamental require-
ment for integrated superconducting devices operating
at both microwave and submillimeter wavelengths. At
microwave frequencies, the primary driver for low-loss
transmission lines is the development of qubits [1,2]
and microwave kinetic inductance detectors (MKIDs)
[3,4] based on high-quality factor resonators[5,6], as well
as parametric amplifiers based on very long transmission
lines (Ref. [7]). In addition, high-impedance transmission
lines can be used to further integrate microwave elec-
tronics onto the device chip [8,9]. All these devices are
predominantly realized using coplanar waveguide (CPW)
technology, achieving losses corresponding to Q; > 10°
(Ref. [5,6]). However, the planar nature of CPWs leads
to large and complicated designs which can be diffi-
cult to scale. Multilayer structures such as microstrips
[10] and parallel-plate capacitors [11] are preferable in
order to create smaller devices and easily obtain high-
impedance transmission lines, but these structures suffer
from increased losses in the additional dielectric layer.

At submillimeter wave frequencies, astronomical appli-
cations rely increasingly on integrated devices, such
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as multicolor/multipolarization pixels [12], phased array
antennas [13], and on-chip filterbanks [14—16]. These usu-
ally use microstrips, as common mode excitation and
radiation loss become serious issues at higher frequen-
cies [17,18]. However, these devices are usually based on
Nb/SiO; technology, which has a 690 GHz cutoff due to
the critical temperature of Nb and relatively high losses
due to the Si0O;.

The losses of microstrips at these frequencies and sub-
Kelvin temperatures are generally attributed to the exis-
tence and excitation of two-level tunneling systems (TLSs)
in the bulk of the amorphous dielectric. While the macro-
scopic behavior of TLSs is relatively well understood,
their microscopic origin is still for the most part unclear.
Owing to the lack of a microscopic understanding, devel-
opment and investigation of low-loss dielectrics relies
heavily on iterative cycles of deposition and measure-
ment. These loss measurements are usually only carried
out at microwave frequencies, under the assumption that
material properties are comparable at submillimeter fre-
quencies based on TLS theory [19]. As a result, limited
data is available at f > 100 GHz and 7 < 1 K, where
both signal generation and detection become increasingly
challenging.

Measurements comparing microwave and submillime-
ter wave loss were performed by Chang et al. [20]

© 2021 American Physical Society
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and Gao et al. [21] on Nb/SiO,/Nb microstrips at 220
and 110 GHz, respectively, and by Endo et al. [22]
on Nb-Ti-N/SiN/Nb-Ti-N microstrips at 650 GHz. These
experiments combined quasi-optical techniques with dif-
ferent on-chip test devices exploiting either path length
differences [20] or resonant structures [21,22]. However,
these approaches suffer from large intrinsic uncertainties
and are not sufficiently precise to study materials with a
lower loss tangent. In the case of resonant structures, this
can be mitigated by using long resonators at higher mode
numbers, where coupler effects are suppressed.

In this paper, we present loss measurements of supercon-
ducting Nb-Ti-N/a-Si/Nb-Ti-N microstrips at microwave
and submillimeter wavelengths and at sub-Kelvin temper-
atures. We show TLS-like behavior at microwaves, but find
a significant increase in loss at submillimeter wavelengths
which is inconsistent with the TLS standard model.

I1. DEVICE DESIGN

We have designed a chip which combines shunted
microwave resonators (#WR) and in-line submillimeter
wave Fabry-Perot resonators (FPRs). The ©#WR are cou-
pled to a CPW transmission line (henceforth called read-
out line) which runs over the entire chip, terminating in
bond pads connecting the chip to a sample holder via Al
bond wires. The loss as a function of photon number can
be obtained by measuring the readout line transmission
around the resonance frequency of the shunted resonator
and retrieving the loaded quality factor O; and minimum
transmission S min of the Lorentzian dip. The internal loss
factor O; and coupling strength Q. then follow from the dip

(©) | (d)

FIG. 1.

300 nm Nb-Ti-N
250 nm
(b) 220 nm

depth S>1 min = Or/Q; and the loaded quality factor, which
can be expressed as

ch,l Qi

O = nQc1 + O’

(1)

where 7 is the mode number of the resonance peak and Q.
is the coupling strength at n = 1, with Q. = nQ, (see the
Appendix).

For the submillimeter wave case, we excite the FPRs
using a quasi-optical scheme, coupling radiation from a
coherent source via an antenna and CPW line to the on-
chip FPR. The relative power transmitted is measured as
a function of source frequency using a MKID coupled to
the far end of the FPR and read out using the same readout
line as the «WRs. This approach was previously used to
measure CPW FPRs [17].

The design of the chip is given in Fig. 1(a). Six uWRs
with resonance frequencies around 6 GHz are coupled to
the readout line. Of these, four are half-wave microstrip
resonators using Nb-Ti-N/a-Si/Nb-Ti-N microstrips with
a dielectric thickness of # = 250 nm and line width w =
2 um, and two are quarter-wave CPW resonators with a
linewidth of 6 um and slot width of 16 um. The CPW
resonators are deposited directly on the Si substrate, with
uWR6 fully implemented in the lower Nb-Ti-N layer,
whereas the center line of £ WRS is implemented using the
upper Nb-Ti-N layer.

We implement four FPRs on the chip, where each FPR
is connected to its own separate feeding network via two
identical couplers, using the design shown in Fig. 1(b).

B
l AEA’
B

(g-g uoldas

Section A-A’

(a) Chip schematic. Nb-Ti-N CPW structures are given in light blue, the Al/Nb-Ti-N CPW of the hybrid MKIDs is given in

white, a-SI is shown in red, and the Nb-Ti-N microstrip lines are shown in dark blue. One of the CPW microwave resonators (W WRS5)
is also shown in dark blue to highlight the use of the upper Nb-Ti-N layer for the CPW center line. (b) FPR coupler schematic with two
cross sections A-A" and B-B’. The schematic is shown top down with semitransparent layers, in order to clearly show the layout of the
bottom Nb-Ti-N layer which is fully covered by a-Si. (c) Optical microscope image of FP2. (d) Angled scanning electron microscopy
(SEM) image of the FPR coupler. (e) High-resolution SEM image of the microstrip open end. Overetch into the a-Si layer is visible,
with the dotted white line indicating the border between Nb-Ti-N and a-Si. (f) Picture of the device mounted in the cryostat.
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All four resonators are made with identical line and cou-
pler geometry, but have different lengths /gp (FPRI1, 5
mm; FPR2, 10 mm; FPR3, 20 mm; FPR4, 50 mm). This
design is chosen to obtain resonators which, for the same
frequency, have different mode numbers but identical Q;
and Q..

We use a CPW with 2 um line and gap width between
the antenna and the FPR, because we know its loss to
be negligible at submillimeter wave frequencies [17].
The MKIDs are quarter-wave resonators of a standard
AI/Nb-Ti-N hybrid CPW design [4], where incoming
power is absorbed in a short Al central line, leading to
changes in the MKIDs microwave properties which are
measured via the microwave readout line.

III. DEVICE FABRICATION

We start the fabrication process with a 375-pum-thick
4-in. Si wafer (dielectric constant €, = 11.44; Ref. [23])
coated on both sides with a 1-um-thick, low-tensile-stress
(~ 250 MPa) SiN layer (¢, = 7), deposited using low-
pressure chemical vapor deposition (LPCVD). The SiN
on the device side is etched away almost everywhere,
except for small patches below the MKID Al center lines
[24]. For the FPR and ©WR fabrication, we now start by
depositing a 220-nm-thick Nb-Ti-N layer (7. = 15.1 K,
pn = 138 nQcm) on the device side using reactive sputter-
ing of a NbTi target in a nitrogen-argon atmosphere [25].
This layer is patterned and etched to contain the microstrip
ground plane and all CPW elements of the chip. A 250-nm-
thick a-Si layer €, ~ 10, deposited using plasma-enhanced
chemical vapor deposition (PECVD), serves as the dielec-
tric layer of the microstrip [26]. We then define the
microstrip lines in a second Nb-Ti-N layer of 300 nm
(T, = 15.0K, p, = 104 Q2cm), using the same process as
the first Nb-Ti-N layer. With the FPR and £ WR finalized,
we finish fabrication of the MKIDs and microwave readout
line using a 1-um-thick layer of polyimide LTC9505 and
a 50-nm-thick layer of Al (7. = 1.25 K) [27]. Finally, a
40-nm-thick layer of 8-phase Ta (7. = 0.7 K) is deposited
on the backside and patterned into an absorbing mesh for
stray light control [28].

As NDb-Ti-N and a-Si require the same dry etch agents,
an overetch of approximately 40 nm is present for the
lower layers, as highlighted in Fig. 1(e). The thickness
of the lower Nb-Ti-N layer is increased accordingly to
maintain designed antenna and MKID properties.

IV. EXPERIMENTAL SETUP

The ©WRs are characterized in a dark cryogenic setup,
which is optimized for low-background MKID experi-
ments as discussed in [4,29], and using a standard homo-
dyne technique enabled by a commercial vector network
analyzer (VNA). In order to achieve acceptable noise
levels at the low microwave powers required to reach

the single-photon regime, a —36-dB attenuation on the
input, and an amplifier with 36-dB gain on the out-
put are added to the microwave readout chain at room
temperature.

For measurements of the FPR transmission, a 2 x 2 lens
array is mounted on the chip backside and aligned to the
double-slot antennas. Each lens has a hyper-hemispherical
shape with 2 mm diameter, creating a diffraction-limited
beam [30]. The chip is then placed in a Cu sample holder,
which is surrounded by a tight-fitting mu-metal magnetic
shield [see Fig. 1(f)]. This assembly is mounted on the
cold stage of a dilution refrigerator operated at 120 mK. A
TERABEAM 1550 (TOPTICA Photonics AG) photomixer
continuous-wave (CW) source at room temperature emits a
tunable signal in the range of 0.1—1 THz with a step size of
10 MHz and a bandpass filterstack inside the cryostat that
defines a frequency band centered at f = 346 GHz. The
source signal is attenuated with a beam splitter to keep the
MKIDs in a linear operating regime. Frequency multiplex-
ing readout electronics are used to enable simultaneous
measurements of all FPRs [31]. Details on the setup can be
found in [17], which is identical except for the cryogenic
unit.

V. RESULTS AND DISCUSSION

A. Microwave resonators

We measure transmission dips of the £ WRs at 50 mK as
a function of readout power in the range of Py, = —65 to
—157 dBm, as shown in Fig. 2(a) for ¢t WR1. The internal
quality factor Q; of the resonator is then determined at each
power from a Lorentzian fit [32]. We measure S, (f') from
4.7 to 6.7 GHz in 4001 points at 7= 60 mK, excluding
any points falling on a resonance feature, to create a 0-dB
transmission reference. Figure 2(b) shows the resulting Q;
as a function of the average photon number in the resonator
per A/2, given by

Pint
(npn) = W2 )

where Py is the internal power, given for the uWRs by
Pint = mQ*Pread/m Q. With m =2 or m = 1 for quarter-
wave and half-wave resonators, respectively. All uWRs

show a characteristic behavior for TLS loss and can be
fitted using [33]

1 ah(e/2bD 1
O O+ () /n))P? O,

3)

where Q; has a minimum value Q;¢ at photon num-
bers below the saturation value 7, increases with a slope
given by B until other loss source dominate at high pho-
ton numbers, saturating at Q,. As the CPW resonators
do not contain a-Si, their TLS losses are dominated by
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FIG. 2. (a) Transmission for wWR1 at three different readout

powers, with the respective Lorentzian fits shown by the black
dotted lines. (b) Measured internal quality factor Q; as function
of (npn) for all wWRs shown as symbols, with fits of Eq. (3)
shown by dotted lines with corresponding colors.

the metal-substrate and substrate-air interfaces, with crys-
talline Si as substrate [34]. Both Q;p and O, values
(WWRS: Q;0 ~ 2.0 x 10°, 0, ~ 9.5 x 10°. uWR6: O, ~
1.2 x 10°, O, ~ 9.9 x 10°) are comparable with the state
of the art for CPW resonators made of sputtered Nb-Ti-N
[5], indicating an excellent film and interface quality for
both the upper and lower Nb-Ti-N layers (sampled by
wWRS and uWR6, respectively) with no significant degra-
dation due to the fabrication process. We find values of 8
between 0.7 and 0.8 for all resonators, which is consistent
with the literature [33].

Losses in amorphous microstrips are generally domi-
nated by TLS in the bulk dielectric layer [35]. We assume
that losses in the metal-substrate interface can be neglected
here, due to the surface layer quality shown by the CPW
resonators. Consequently, the internal loss factor of the a-
Si film, can be obtained as Q;,si(6 GHz) =27 + 4 x 10°
from an average over all microstrip resonators and using

Oiasi = kan x O; “4)

with the filling factor kg = 0.96 of the microstrip
line, taking the a-Si layer overetch into account [see
Fig. 1(e)]. This value corresponds to a loss tangent
tand = Q; ' =3.7+0.5 x 107, which is expected for

a-Si films [36]. We calculate the filling factor kg by sim-
ulating a short microstrip line in CST MICROWAVE STUDIO
and varying the loss tangent of the dielectric. The relation
between simulated line loss and the set loss tangent is then
given by kg).

B. Fabry-Perot resonators

We measure the transmission through the four FPRs as
a function of source frequency and apply a correction for
directly coupled stray light, using the response of the blind
MKID as introduced in Ref. [17]. Figure 3(b) shows the
resulting spectra containing clear transmission peaks with
an average frequency spacing dF' corresponding to the dif-
ferent resonator lengths. Variations in peak height, as well
as secondary peaks visible in FPR1, can be explained qual-
itatively by standing waves before the FPR modifying the
transmission through the first coupler with a wavelength
corresponding roughly to the electrical distance between
antenna and FPR coupler. For each resonance peak, we
obtain Q; from a Lorentzian fit and the mode number from
the resonance frequency F), using n = F,/dF. The stand-
ing waves before the FPR also introduce an oscillation in
the measured Q;, due to a modified Q..

(a) 4000

3000 |-
&l 2000 |

1000 -

0 | | 1 1 |
200 400 600 800 1000
n
(b) 10 - — FPR1 — FPR2 — FPR3 FPR4
2L

:-9\ 10 3
=
=
£
L o0tk
(0] -
[2]
c
o
8 ‘
2 \
X 10°F

107 E

E_| | | | | | | 1 1
330 335 340 345 350 355 360 365 370
J(GHz)
FIG. 3. (a) Averaged loaded quality factor Q; as a function of

average mode number in the four FPRs. The fit using Eq. (1) is
shown by the black line. (b) Measured spectra of the FPRs, offset
along the y axis for better comparison. Line colors correspond to
the markers in (a).
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In this setup, we do not have an absolute reference for
unity transmission and cannot, therefore, use the height
of the FPR peaks to obtain Q; and Q. independently.
However, as we are measuring different resonators, each
designed with different mode numbers # at the same fre-
quency, we can fit QOr(n) using Eq. (1) to retrieve Q.
and ;. For this purpose, we take the mean value of O,
for each resonator, as plotted in Fig. 3(a), while assuming
that Q; is linear with frequency and that the standing wave
oscillations are sampled well enough to be averaged out.
The resulting mean value then corresponds to the value at
the center frequency of the measurement band, 350 GHz,
whereas the error bars are a measure of both the statistical
scatter and the linear slope over the averaged frequency
range. A fitto Eq. (1) then results in O, ; = 12.4 = 0.7 and
0;=49+03 x 10°.

Following Eq. (4), we then obtain the internal loss fac-
tor of a-Si at 350 GHz as Q;,si(350 GHz) = 4.7+ 0.3 x
103, corresponding to a loss tangent of tan §(350 GHz) =
2.1 +0.1 x 10~* which represents a significantly higher
loss compared with the microwave regime, where
tan§(6 GHz) = 3.7 + 0.5 x 107>, Furthermore, we esti-
mate the maximum incident power at the FPR to be less
than 5 pW, placing the FPR in the single-photon regime
with np, < 8. The increased loss at submillimeter wave
frequencies is in disagreement with the TLS standard
model, where a constant loss is predicted in the single-
photon regime when hw >> kgT, which is the case for both
measurements.

A possible explanation of this discrepancy, could be a
modified TLS model with a frequency dependent density
of states N(f'). Such a model has been recently used to
describe dephasing and noise due to TLS, combining inter-
acting TLS with the power law of N(f') oc (f *) with u ~
0.3 obtained from noise measurements [37]. We find that
a value of © ~ 0.4 would resolve the discrepancy in our
measurement. Note, that the power dependence of § < 1
we find at microwave frequencies is also often identified
with interacting TLS. Alternatively, it is possible that we
observe the low-frequency tail of resonant phonon absorp-
tion peaks at far-infrared wavelengths. Room-temperature
measurements of SiO, and SiN in the far-infrared regime
indicate that such a low-frequency tail could have the rele-
vant magnitude [38,39]. Losses in the Nb-Ti-N film due
to disorder effects should also be considered. However,
we consider this highly unlikely to be the dominant effect,
because measurements on a Nb-Ti-N CPW line with a sim-
ilar film yield a O; &~ 17 x 103 limited fully by radiation
losses [17]. We also find no indication in DC or microwave
measurements that the Nb-Ti-N film quality of either the
top or bottom layer is degraded. The two CPW datasets in
Fig. 2 represent a CPW line from each Nb-Ti-N layer. Fur-
ther experiments in the 1001000 GHz frequency range, in
combination with microwave measurements, are needed to
clarify this issue.

VI. CONCLUSION

In conclusion, we measured the losses of high-Q res-
onators made of Nb-Ti-N/a-Si/Nb-Ti-N microstrips in the
single-photon regime at 6 and 350 GHz. In particular, we
demonstrate an effective method to independently measure
QO; and Q. at submillimeter wave frequencies without an
absolute power calibration, using multiple FPRs on a sin-
gle chip. This method can be easily extended up to the
band-gap frequency of Nb-Ti-N around 1 THz. We mea-
sure a very low loss tangent for the a-Si film at microwave
frequencies, with a power dependence that is consistent
with TLS theory. At submillimeter wave frequencies, we
find an unexpected increase in the loss tangent, which
requires further investigation to identify the root cause.

APPENDIX: MODE NUMBER DEPENDENCE OF
Oc

In Goeppl et al. [40], an equation for the coupling Q-
factor of a FPR (Qext = Q.) is derived as

c

Qext - 21’!(1)()RL Ci

(AT)

with the real load impedance R; = 50 €2, the coupling
capacitance Cy, and the resonator capacitance C = Cj//2,
where C; is the capacitance per unit length and / is the
resonator length. This equation apparently shows a mode
number dependence Qey o 1/n, which is seemingly in
conflict with the dependence Q. o n used in this paper,
which is based on the equation

niw

=—7, (A2)
1821612

c

where Sy . is the transmission through a single coupler.
In the following appendix, we show the derivation of
Eq. (A2), the equivalence between Eq. (Al) and (A2), the
underlying reason for the apparent conflict in mode num-
ber dependence and, finally, why Q. o n should be used
when considering the properties of a FPR.

Equation (A2) is based on the definition of the quality
factor

wEtored

0= ,
P loss

(A3)

where Egqeq 1S the total energy stored in the resonator,
whereas P is the power loss per full resonator cycle.

The power loss per cycle through a single coupler of the
FPR is given by

Ploss = NfEstored|SZ’1/|2, (A4)

where Sy’ s the transmission through the coupler and N
is the number of times the coupler is encountered per res-
onator cycle. For a half-wave resonator, N is given by the
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mode number as N = 1/xn. Combining Egs. (A3) and (A4)
then results in

n2mw
Sy

ch (AS )
The second coupler can then be included to obtain the total

coupling Q-factor as

1 _ 1 n 1 _nw
O Oa Qa [Syv*

where the latter relation retrieves Eq. (A2) for identical
coupling strength on both sides (Q.; = Q).

In order to show the equivalence of Qe = Q,, we start
by taking the ABCD matrix of an isolated coupler as given
by Goeppl et al. [40]

(A6)

A B 1 =
(¢ )= =) @
with w, = nwy and retrieve Sy; . from it as
So1e = 2 (A8)
2T D 1 (iwaCiRy)
where we use
2
Sa1 (A9)

" A+B/R,+CR,+D

under the assumption that the characteristic line impeda-
nces Zy on either side of the coupler are matched to the
load impedance R; .

The absolute square |S21,C|2 then follows as

4a)ﬁ C%Ri

1Sa1.61> = T i 220
1 +4w;CR;

~ 4w.CiR], (A10)

where the approximation follows from the condition of a
small capacitance (w,CyR; < 1) as used by Goeppl et al.
[40]. Note here the proportionality S .| o @?.

Combining Eqs. (A1) and (A10) then results in

20),, CRL

=—, (A11)
1821612

ext

which is not quite identical to Eq. (A2), but already follows
its proportionality of Qex o 1 due to w, = nwy.

We then use vpn = 1/4/(L;C}), the line impedance Zy =
/(L;/C)) and L; the inductance per unit length to obtain
the identity of

Cl y
OnZll . On (A12)
2 UphZ()

which we can rewrite, using @,/vpy = 2 /A, I/A =n/2
(for a half-wave resonator) and the matched impedance

condition Zy = R;, as

a)nCll_ﬂ
2 R,

(A13)

Substituting Egs. (A13) in (A11) we finally obtain the form
of Eq. (A2)

niw
121,12

Oext = = Q.. (A14)

Note here, that the matched impedance condition is only
used to easily show the equivalence, but is not necessary
for either equation to be used on its own. For Eq. (Al) it
is explicitly included due to the presence of R;, whereas
Eq. (A2) includes it implicitly as S,;. is obtained from
electromagnetic simulations and can therefore account for
any impedance mismatch. In addition, any impedance mis-
match does not factor into the mode number dependence.

In order to explain the apparently conflict in mode num-
ber dependence, we suggest, that while Eq. (A1) is based
on a flawless derivation and provides accurate fits to mea-
surements [40], it conflates mode number dependence with
frequency dependence of the coupler and therefore does
not provide an accurate physical interpretation of the mode
number dependence.

The frequency dependence of the coupler can be under-
stood from Eqgs. (A10) and (A11): the couplers used in both
of the papers considered here are fundamentally high-pass
filters operated in the stop-band regime and their trans-
mission is therefore proportional as |S21,c|2 x w?*. Note,
that we omit the subscript » here, as this proportionality
exists independent from the resonant behavior of the FPR
and must therefore be considered separate from the mode
number.

Goeppl et al. [40] argue that Eq. (A1) shows Qex¢ o 1/n.
However, its primary dependence should be understood
as Qext « 1/w, which, when taking the coupler trans-
mission into account, becomes Quy; X w,/w? o n/w?* [see
Eq. (A11)]. In contrast, Eq. (A2) shows a clear separation
of coupler properties (521,) and mode number.

The difference shown here is usually not significant for
single resonators, as both equations will yield the same
results for O.. However, it needs to be taken into con-
sideration when one wants to understand and exploit the
fundamental behavior of a transmission line FPR.

[1] R. Barends, J. Kelly, A. Megrant, D. Sank, E. Jeffrey, Y.
Chen, Y. Yin, B. Chiaro, J. Mutus, C. Neill, P. O’Malley, P.
Roushan, J. Wenner, T. C. White, A. N. Cleland, and J. M.
Martinis, Coherent Josephson Qubit Suitable for Scalable
Quantum Integrated Circuits, Phys. Rev. Lett. 111, 080502
(2013).

[2] F. Arute ef al., Quantum supremacy using a programmable
superconducting processor, Nature 574, 505 (2019).

014019-6


https://doi.org/10.1103/PhysRevLett.111.080502
https://doi.org/10.1038/s41586-019-1666-5

SUPERCONDUCTING MICROSTRIP LOSSES AT MICROWAVE...

PHYS. REV. APPLIED 16, 014019 (2021)

[3] P. K. Day, H. G. LeDuc, B. A. Mazin, A. Vayonakis,
and J. Zmuidzinas, A broadband superconducting detector
suitable for use in large arrays, Nature 425, 817 (2003).

[4] R. M. J. Janssen, J. J. A. Baselmans, A. Endo, L. Fer-
rari, S. J. C. Yates, A. M. Baryshev, and T. M. Klapwijk,
High optical efficiency and photon noise limited sensitiv-
ity of microwave kinetic inductance detectors using phase
readout, Appl. Phys. Lett. 103, 203503 (2013).

[5] R. Barends, N. Vercruyssen, A. Endo, P. J. de Visser, T.
Zijlstra, T. M. Klapwijk, P. Diener, S. J. C. Yates, and J. J.
A. Baselmans, Minimal resonator loss for circuit quantum
electrodynamics, Appl. Phys. Lett. 97, 023508 (2010).

[6] A. Megrant, C. Neill, R. Barends, B. Chiaro, Y. Chen, L.
Feigl, J. Kelly, E. Lucero, M. Mariantoni, P. J. J. O’Malley,
D. Sank, A. Vainsencher, J. Wenner, T. C. White, Y. Yin, J.
Zhao, C. J. Palmstrom, J. M. Martinis, and A. N. Cleland,
Planar superconducting resonators with internal quality fac-
tors above one million, Appl. Phys. Lett. 100, 113510
(2012).

[7] B. Ho Eom, P. K. Day, H. G. LeDuc, J. Zmuidzinas, and A
wideband, low-noise superconducting amplifier with high
dynamic range, Nat. Phys. 8, 623 (2012).

[8] A. Wagner, L. Ranzani, G. Ribeill, and T. A. Ohki, Demon-
stration of a superconducting nanowire microwave switch,
Appl. Phys. Lett. 115, 172602 (2019).

[9] M. Colangelo, D. Zhu, D. F. Santavicca, B. A. Butters, J. C.
Bienfang, and K. K. Berggren, Compact and Tunable For-
ward Coupler Based on High-Impedance Superconducting
Nanowires, Phys. Rev. Appl. 15, 024064 (2021).

[10] B. A. Mazin, D. Sank, S. McHugh, E. A. Lucero, A. Mer-
rill, J. Gao, D. Pappas, D. Moore, and J. Zmuidzinas,
Thin film dielectric microstrip kinetic inductance detectors,
Appl. Phys. Lett. 96, 102504 (2010).

[11] S. Beldi, F. Boussaha, J. Hu, A. Monfardini, A. Traini,
F. Levy-Bertrand, C. Chaumont, M. Gonzales, J. Firminy,
F. Reix, M. Rosticher, S. Mignot, M. Piat, and P. Boni-
facio, High g-factor near infrared and visible al203-based
parallel-plate capacitor kinetic inductance detectors, Opt.
Express 27, 13319 (2019).

[12] M. J. Myers, K. Arnold, P. Ade, G. Engargiola, W.
Holzapfel, A. T. Lee, X. Meng, R. O’Brient, P. L. Richards,
H. Spieler, and H. T. Tran, Antenna-coupled bolometer
arrays for measurement of the cosmic microwave back-
ground polarization, J. Low. Temp. Phys. 151, 464 (2008).

[13] P. A. R. Ade et al, ANTENNA-COUPLED TES
BOLOMETERS USED IN BICEP2, Keck Array, AND
SPIDER, Astrophys. J. 812, 176 (2015).

[14] A. Endo et al, First light demonstration of the inte-
grated superconducting spectrometer, Nat. Astronomy 3,
989 (2019).

[15] E. Shirokoff, P. S. Barry, C. M. Bradford, G. Chattopad-
hyay, P. Day, S. Doyle, S. Hailey-Dunsheath, M. 1. Hollis-
ter, A. Kovacs, C. McKenney, H. G. Leduc, N. Llombart, D.
P. Marrone, P. Mauskopf, R. O’Brient, S. Padin, T. Reck,
L. J. Swenson, and J. Zmuidzinas, in Millimeter, Submil-
limeter, and Far-Infrared Detectors and Instrumentation
for Astronomy VI, edited by W. S. Holland, International
Society for Optics and Photonics (SPIE, 2012), Vol. 8452,
p. 209.

[16] G. Cataldo, E. M. Barrentine, B. T. Bulcha, N. Ehsan,
L. A. Hess, O. Noroozian, T. R. Stevenson, K. U-Yen,

E. J. Wollack, and S. H. Moseley, Second-generation
design of micro-spec: A medium-resolution, submillimeter-
wavelength spectrometer-on-a-chip, J. Low Temp. Phys.
193, 923 (2018).

[17] S. Hahnle, N. v. Marrewijk, A. Endo, K. Karatsu, D. J.
Thoen, V. Murugesan, and J. J. A. Baselmans, Suppression
of radiation loss in high kinetic inductance superconduct-
ing co-planar waveguides, Appl. Phys. Lett. 116, 182601
(2020).

[18] M. Spirito, G. Gentile, and A. Akhnoukh, in 82nd ARFTG
Microwave Measurement Conference (2013), p. 1.

[19] W. A. Phillips, REVIEW ARTICLE: Two-level states in
glasses, Rep. Prog. Phys. 50, 1657 (1987).

[20] C. L. Chang et al., Low loss superconducting microstrip
development at argonne national lab, IEEE. Trans. Appl.
Supercond. 25 (2015).

[21] J. Gao, A. Vayonakis, O. Noroozian, J. Zmuidzinas, P.
K. Day, and H. G. Leduc, Measurement of loss in super-
conducting microstrip at millimeter-wave frequencies, AIP
Conf. Proc. 1185, 164 (2009).

[22] A. Endo, C. Sfiligoj, S. J. C. Yates, J. J. A. Baselmans, D.
J. Thoen, S. M. H. Javadzadeh, P. P. Van Der Werf, A. M.
Baryshev, and T. M. Klapwijk, On-chip filter bank spec-
troscopy at 600—700 GHz using NbTiN superconducting
resonators, Appl. Phys. Lett. 103, 1 (2013).

[23] J. W. Lamb, Miscellaneous data on materials for millimetre
and submillimetre optics, Int. J. Infrared Millimeter Waves
17, 1997 (1996).

[24] L. Ferrari, O. Yurduseven, N. Llombart, S. J. C. Yates,
J. Bueno, V. Murugesan, D. J. Thoen, A. Endo, A. M.
Baryshev, and J. J. A. Baselmans, Antenna coupled mkid
performance verification at 850 ghz for large format astro-
physics arrays, IEEE Trans. Terahertz Sci. Technol. 8, 127
(2018).

[25] D. J. Thoen, B. G. C. Bos, E. A. F. Haalebos, T. M.
Klapwijk, J. J. A. Baselmans, and A. Endo, Superconduct-
ing nbtin thin films with highly uniform properties over
a & 100 mm wafer, IEEE Trans. Appl. Supercond. 27, 1
(2017).

[26] B. T. Buijtendorp, J. Bueno, D. J. Thoen, V. Muruge-
san, P. M. Sberna, J. J. A. Baselmans, S. Vollebregt,
and A. Endo, Characterization of low-loss hydrogenated
amorphous silicon films for superconducting resonators,
arXiv:2012.07692 (2020).

[27] S. Hahnle, O. Yurduseven, S. van Berkel, N. Llombart,
J. Bueno, S. J. C. Yates, V. Murugesan, D. J. Thoen, A.
Neto, and J. J. A. Baselmans, An ultrawideband leaky lens
antenna for broadband spectroscopic imaging applications,
IEEE Trans. Antennas Propag. 68, 5675 (2020).

[28] S. J. C. Yates, A. M. Baryshev, O. Yurduseven, J. Bueno,
K. K. Davis, L. Ferrari, W. Jellema, N. Llombart, V.
Murugesan, D. J. Thoen, and J. J. A. Baselmans, Surface
wave control for large arrays of microwave kinetic induc-
tance detectors, IEEE Trans. Terahertz Sci. Technol. 7, 789
(2017).

[29] P. J. de Visser, J. J. A. Baselmans, J. Bueno, N. Llombart,
and T. M. Klapwijk, Fluctuations in the electron system of
a superconductor exposed to a photon flux, Nat. Commun.
5,3130 (2014).

[30] D. F. Filipovic, S. S. Gearhart, and G. M. Rebeiz, Double-
slot antennas on extended hemispherical and elliptical

014019-7


https://doi.org/10.1038/nature02037
https://doi.org/10.1063/1.4829657
https://doi.org/10.1063/1.3458705
https://doi.org/10.1063/1.3693409
https://doi.org/10.1038/nphys2356
https://doi.org/10.1063/1.5120009
https://doi.org/10.1103/PhysRevApplied.15.024064
https://doi.org/10.1063/1.3314281
https://doi.org/10.1364/OE.27.013319
https://doi.org/10.1007/s10909-007-9678-1
https://doi.org/10.1088/0004-637X/812/2/176
https://doi.org/10.1038/s41550-019-0850-8
https://doi.org/10.1007/s10909-018-1902-7
https://doi.org/10.1063/5.0005047
https://doi.org/10.1088/0034-4885/50/12/003
https://doi.org/10.1063/1.4813816
https://doi.org/10.1007/BF02069487
https://doi.org/10.1109/TTHZ.2017.2764378
https://doi.org/10.1109/TASC.2016.2631948
https://arxiv.org/abs/2012.07692
https://doi.org/10.1109/TAP.2019.2963563
https://doi.org/10.1109/TTHZ.2017.2755500
https://doi.org/10.1038/ncomms4130

S. HAHNLE et al.

PHYS. REV. APPLIED 16, 014019 (2021)

[31]

[32]

[33]

[34]

silicon dielectric lenses, IEEE Trans. Microw. Theory Tech.
41, 1738 (1993).

J. van Rantwijk, M. Grim, D. van Loon, S. Yates,
A. Baryshev, and J. Baselmans, Multiplexed readout
for 1000-pixel arrays of microwave kinetic inductance
detectors, IEEE Trans. Microw. Theory Tech. 64, 1876
(2016).

M. S. Khalil, M. J. A. Stoutimore, F. C. Wellstood, and K.
D. Osborn, An analysis method for asymmetric resonator
transmission applied to superconducting devices, J. Appl.
Phys. 111, 054510 (2012).

M. Molina-Ruiz, Y. J. Rosen, H. C. Jacks, M. R. Aber-
nathy, T. H. Metcalf, X. Liu, J. L. Dubois, and F. Hellman,
Origin of mechanical and dielectric losses from two-level
systems in amorphous silicon, arXiv:2008.07489 [cond—
mat.mtrl-sci] (2020).

J. Wenner, R. Barends, R. C. Bialczak, Y. Chen, J. Kelly,
E. Lucero, M. Mariantoni, A. Megrant, P. J. J. O’Malley,
D. Sank, A. Vainsencher, H. Wang, T. C. White, Y. Yin, J.
Zhao, A. N. Cleland, and J. M. Martinis, Surface loss simu-
lations of superconducting coplanar waveguide resonators,
Appl. Phys. Lett. 99, 113513 (2011).

[35]

[36]

[37]

[38]

[39]

[40]

014019-8

W. K.-G. Daalman, Ph.D. thesis, Delft University of Tech-
nology (2014).

A. D. O’Connell, M. Ansmann, R. C. Bialczak, M.
Hofheinz, N. Katz, E. Lucero, C. McKenney, M. Neeley,
H. Wang, E. M. Weig, A. N. Cleland, and J. M. Marti-
nis, Microwave dielectric loss at single photon energies
and millikelvin temperatures, Appl. Phys. Lett. 92, 112903
(2008).

L. Faoro and L. B. Ioffe, Interacting tunneling model for
two-level systems in amorphous materials and its predic-
tions for their dephasing and noise in superconducting
microresonators, Phys. Rev. B 91, 014201 (2015).

G. Cataldo, E. J. Wollack, A. D. Brown, and K. H. Miller,
Infrared dielectric properties of low-stress silicon oxide,
Opt. Lett. 41, 1364 (2016).

G. Cataldo, J. A. Beall, H.-M. Cho, B. McAndrew, M. D.
Niemack, and E. J. Wollack, Infrared dielectric properties
of low-stress silicon nitride, Opt. Lett. 37, 4200 (2012).

M. Goppl, A. Fragner, M. Baur, R. Bianchetti, S. Filipp, J.
M. Fink, P. J. Leek, G. Puebla, L. Steffen, and A. Wall-
raff, Coplanar waveguide resonators for circuit quantum
electrodynamics, J. Appl. Phys. 104, 113904 (2008).


https://doi.org/10.1109/22.247919
https://doi.org/10.1109/TMTT.2016.2544303
https://doi.org/10.1063/1.3692073
https://arxiv.org/abs/2008.07489 [cond-mat.mtrl-sci]
https://doi.org/10.1063/1.3637047
https://doi.org/10.1063/1.2898887
https://doi.org/10.1103/PhysRevB.91.014201
https://doi.org/10.1364/OL.41.001364
https://doi.org/10.1364/OL.37.004200
https://doi.org/10.1063/1.3010859

	I. INTRODUCTION
	II. DEVICE DESIGN
	III. DEVICE FABRICATION
	IV. EXPERIMENTAL SETUP
	V. RESULTS AND DISCUSSION
	A. Microwave resonators
	B. Fabry-Perot resonators

	VI. CONCLUSION
	A. APPENDIX: MODE NUMBER DEPENDENCE OF QC
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


