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A microwave kinetic inductance detector (MKID) is a cutting-edge superconducting detec-
tor. It comprises a resonator circuit constructed with a superconducting film on a dielectric
substrate. To expand its field of application, it is important to establish a method to suppress
the two-level system (TLS) noise that is caused by the electric fluctuations between the two
energy states at the surface of the substrate. The electric field density can be decreased by
expanding the strip width (S) and gap width from the ground plane (W) in the MKID cir-
cuit, allowing the suppression of TLS noise. However, this effect has not yet been confirmed
for MKIDs made with niobium films on silicon substrates. In this study, we demonstrate
its effectiveness for such MKIDs. We expanded the dimension of the circuit from (S, W) =
(3.00 um, 4.00 um) to (S, W) = (5.00 um, 23.7 um), and achieved an increased suppression
of 5.5dB in TLS noise.

Subject Index H02, H20, H21, H22, H50

1. Introduction
A microwave kinetic inductance detector (MKID) is a cutting-edge superconducting detector
[1,2]. Its readout scheme is based on natural frequency-domain multiplexing. This enables the
reading of a large number of detector signals by using a pair of readout cables, each of O(1000)
pixels [3,4]. It thus enables the minimization of the heat load entering the detectors via cables.
These advantages ensure that MKIDs are suitable for applications in radio astronomy [5-7].
For the radio detection, each MKID comprises an antenna-coupled superconducting res-
onator that is coupled to a feed line. As illustrated in Fig. 1, the resonator circuit and feed
line are constructed using a coplanar waveguide (CPW) on a dielectric substrate. Resonances
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Fig. 1. (a) Schematic of the MKIDs. Each MKID comprises an antenna-coupled superconducting res-
onator that is coupled to the feed line. (b) Cross-sectional view of the CPW for the resonator film. In this
study we define the center strip width, gap width, and thickness as S, W, and d, respectively.
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Fig. 2. Illustration of the typical MKID noise spectrum in the phase response. It consists of three noise
components: GR noise, TLS noise, and readout noise.

of each MKID are monitored with the transmittance of the microwaves fed into the MKID.
The radiation entering via the antenna breaks the Cooper pairs in the resonator film.! This
is detected as a variation in the resonance, i.e. a variation in the resonant depth (known as
amplitude response), and a variation in the resonant phase (known as phase response). The
phase response is more commonly used because its responsivity is approximately one order of
magnitude higher than that of the amplitude response [8,9].

The noise property of the MKID is usually characterized in a Fourier space. Fig. 2 illustrates
the typical shape of a power spectrum density (PSD) in the phase response. There are three
noise components: generation-recombination (GR) noise, two-level system (TLS) noise, and
readout noise [10,11]. A source of GR noise is the generation and recombination of the quasi-
particles in the resonator. Moreover, it is proportional to the number of quasiparticles, which
depends on the physical temperature of the MKID and the critical temperature (7) of the film
material, as well as the power of the input signals via the antenna. The mean time for recombi-
nation, known as the quasiparticle life time (7 gp), 1s typically 10-1000 ps in the case of MKIDs
made with an aluminum film. Therefore, there is no MKID response above this frequency, and
the GR noise behaves as white noise below the frequency of 1/(2wt4p). The readout noise is
dominated by the thermal noise of a cold low-noise amplifier (C-LNA) in the readout chain.
This is generally maintained below the level of the GR noise. As described in the next section,
the TLS noise is caused by electrical fluctuations at the surface of the substrate. This noise is

"We phrase Cooper-pair breaking as quasiparticle generation.
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Fig. 3. Mechanism of TLS fluctuation. The electrical field of the readout microwaves excites the energy
states from the ground state to the excited state. De-excitation occurs over a finite length of time. These
excitations and de-excitations are the origins of the electrical fluctuations. Therefore, the TLS noise de-
pends on the frequency and power of the readout microwaves.

Ground state

frequency dependent, and is of a higher magnitude in the lower-frequency region. Therefore,
it is difficult to maintain low noise in the low-frequency region. Thus, the mitigation of TLS
noise can enable the extension of low noise to the low-frequency region.

The magnitude of the TLS noise depends on the superconducting material at the resonator
and the substrate material. Concerning the effect of substrate materials, a previous study
demonstrated that an MKID using a silicon substrate achieved lower levels of TLS noise than
an MKID using a sapphire substrate [12]. Similarly, studies conducted to assess the effect of
superconducting materials demonstrated that aluminum generates higher levels of TLS noise
than other materials [13].

However, aluminum ensures sensitivity to millimeter or sub-millimeter waves owing to its
low gap energy that is necessary for Cooper-pair breaking. Therefore, minimizing the amount
of aluminum used in the MKID circuit is a practical approach to mitigating the TLS noise,
based on which a hybrid-type MKID [14] was designed. Its resonator comprises two different
materials, and several combinations can be considered: niobium titanium nitride (NbTiN) and
aluminum, titanium nitride (TiN) and aluminum, or niobium and aluminum. Although this
hybrid-type MKID using NbTiN or TiN achieved good TLS noise suppression [15], the fa-
cilities that can use these materials are limited. Moreover, their fabrication is not simple [16].
Therefore, it is beneficial to develop a methodology of TLS noise reduction for niobium MKID.

Expanding the CPW geometry is another approach to suppressing the TLS noise [17]. To
assess this approach, a study was conducted on MKIDs using niobium films on sapphire sub-
strates [17]. However, there have been no published studies on MKIDs using niobium films on
silicon substrates.

In this study we characterize the TLS noise for an MKID using a niobium film on a silicon
substrate, and compare the magnitude of the TLS noise between two different CPW geometries.
Our methods and results are presented as follows: In Sect. 2, we describe the properties of TLS
noise. In Sect. 3, we describe the design and fabrication of the MKID devices. In Sect. 4, we
characterize the TLS noise of these MKIDs. In Sect. 5, we discuss the difference in TLS noise
between the two different CPW geometries. Finally, we state our conclusions in Sect. 6.

2. Two-level system noise

TLS noise is caused by electrical fluctuations between the ground state and an excited energy
state at the surface of the substrate. The fluctuations between the two energy states are caused by
readout microwaves that create electric fields at the surface of the CPW), as illustrated in Fig. 3.
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Fig. 4. Illustration of the expected PSDs for the MKID using niobium on the silicon substrate. The
vertical axis is normalized by (4Q,)? for the TLS noise study, as represented in Eq. (1). Here, we assume
O, = 10°. For the MKID fully made with the niobium film the GR noise is negligible because its 7 is
high (9.2 K). The response speed of the readout microwaves in the resonator is described as the resonator
ring time (tes = Q/7f;), which is typically 0.1-10 us. There is no response to TLS fluctuation above the
frequency 1/(277 T pes).

As a result, fluctuations in the dielectric constant of the substrate cause fluctuations in the
resonant frequency of the MKID. TLS noise can be characterized based on its dependence on
three parameters. First, it has frequency dependence owing to the time intervals from excitation
to de-excitation between the two energy states. Second, it has readout power dependence, which
can be characterized by using the power law on the readout power.”> Third, the TLS noise has
temperature dependence. The occupancy of the excited states and the relaxation rate tend to be
high when the device temperature is high [18]. Therefore, we obtain lower TLS noise at higher
device temperatures.

We modeled the PSD for the TLS noise study based on the frequency (f), stored internal
power in the resonator circuit (Py,¢), and device temperature (7),

f o Pint o T o
PSD = (400 x Nrs (475Hz) (—40dBm> (0.331() ’ M

where Q; is a quality factor of the resonator; Ntg represents the magnitude of the TLS noise;
and ay, o p, and a7 are the power-law indices of frequency, internal power, and device temper-
ature, respectively. P;,; was calculated using the following formula according to Ref. [18]:

2
f[_grcp read s (2)
where Q. is a quality factor related to the coupling between the resonator and the feed line,
and P.,q 1s the power of the readout microwaves in the feed line. Then, we measured PSDs
by changing the readout power as illustrated in Fig. 4. Following this, we extracted the model
parameters N1rs, oy, and a p from the measured PSDs. As discussed above, we expected negative
values for oy, ap, and a7. For the MKID made with the NbTiN film on a silicon substrate,
these parameters were measured at oy ~ —0.5, ap ~ —0.5, and a7 ~ —2, [19]; identical results
were obtained for the MKID with niobium film on a sapphire substrate [21]. In this study, we
assumed o7 = —2 considering the limited cooling capacity.

NrLs depends on the electric field density. We expected a lower electric field density with a
wider CPW structure, as illustrated in Fig. 5. The concept we demonstrated in this study is that

Pint =

’In general, a lower noise level is obtained with a higher readout power. However, the TLS fluctuation
also depends on the readout power. We observe a combination of these in the PSD.
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Fig. 5. The electric field density depends on the CPW geometry. Top and cross-sectional views of the
CPW for MKIDs with narrow (a,c) and wide (b,d) geometries. The electric fields from the center strip
line to the ground plane are illustrated in the cross-sectional views. The wide geometry has a lower electric
field density than the narrow geometry.

Table 1. CPW parameters for the two types of MKID used in this study.

Substrate Film material  Film thickness (d)  Strip width (S) Gap width (W)

Narrow-MKID silicon niobium 200 nm 3.00 um 4.00 um
Wide-MKID silicon niobium 200 nm 5.00 um 23.7 um

a lower Ntrs is obtained with a wider CPW structure. We expected to obtain approximately
four times lower than Nt s with a four times wider CPW structure.

3. Design and fabrication of MKIDs

We fabricated two types of MKID, one with wide CPW geometry and the other with narrow
CPW geometry. The main differences in their dimensions are the strip width and gap width in
the CPW, as summarized in Table 1. The MKID with wide CPW geometry is denoted as “Wide-
MKID?” and the other as “Narrow-MKID.” There have been simulation studies of the relations
between the electric field density and CPW geometries [17,20], and they roughly obtained that
the electric field density is inversely proportional to the strip width and gap width. With this
knowledge, we expect that the electric field density of the Wide-MKID would be approximately
6 dB (i.e. four times) lower than that of the Narrow-MKID. Hence, the Wide-MKID generates
lower TLS noise than the Narrow-MKID.

The MKIDs used in this study were fabricated using equipment at RIKEN. They comprised
a niobium film of 200 nm thickness on a (100)-oriented Si wafer; their images are presented in
Fig. 6. In the next section we characterize eight Wide-MKIDs and nine Narrow-MKIDs. We
note that the MKIDs used in this study were designed specifically for the TLS noise study and
are not hybrid-type MKIDs. They only use the niobium film as components, and thus the GR
noise is negligible compared to the other two components— it is approximately two orders of
magnitude lower than the readout noise.
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Fig. 6. Images of (a) Narrow-MKID and (b) Wide-MKID.
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Fig. 7. Diagram of the readout system. Readout microwaves (bandwidth of 200 MHz) were generated
and sampled at a speed of 200 MHz [24]. The microwaves were up-converted and down-converted using
an IQmixer (MLIQ-0218L, Marki Microwave) and a local oscillator (FSL-0010, NI Microwave Com-
ponents). The readout power into the MKIDs was amplified with warm amplifiers (ZX60-83LN12+,
Mini-Circuit) and tuned with variable attenuators. The readout power from the MKID was amplified
with a cold low-noise amplifier (C-LNA, LNF-LN4_8C, LOWNOISE FACTORY), as well as warm
amplifiers.

4. Characterization of MKIDs

4.1. Cryostat and readout system

We characterized the MKIDs at a temperature below 0.35 K. Our cryostat comprised a vacuum
chamber, and first, second, and third radiation shields. The first and second shields were cryo-
genically cooled using a pulse tube refrigerator (PT407RM, Cryomech Co. Ltd) and maintained
at 40 K and 3 K, respectively. Within the second shield, geomagnetism effects were maintained
below 2 mG using magnetic shields (A4K, Amuneal Co. Ltd) set on the shield surface [22]. The
third shield was a light-tight copper box, and was cooled using a *He-sorption refrigerator (Niki
Glass Co. Ltd.), inside which we set the MKIDs. The Wide-MKIDs and Narrow-MKIDs were
maintained at respective temperatures of 0.330 K and 0.348 K, and monitored with a 0.003 K
accuracy.

A diagram of the readout circuit is shown in Fig. 7. The microwaves were generated using
a digital-to-analog converter (DAC) with up-conversion using a mixer and a local oscillator
(LO). Additionally, the microwave power at the insertion of the cryostat was adjusted from
—19dBm to —81 dBm using a variable attenuator (LDA-602, Vaunix Co. Ltd). With the atten-
uation of coaxial cables and attenuators set at 3 K and 0.35 K respectively, the microwave power
into the MKID device (P;eaq) was reduced to the range —60 dBm to —122 dBm. The output mi-
crowaves from the MKID were amplified by 40 dB, with the C-LNA set to 3 K. To minimize
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thermal loading and the attenuation of microwaves we used a cable of superconducting mate- g

rial to connect the MKID device to the C-LNA. The output power of the microwaves from the g

cryostat was maintained in the range —31dBm to —93 dBm, whereas the power entering the g

mixer was set to —11dBm using the additional variable attenuator. Return microwaves were o

measured using an analog-to-digital converter (ADC) after down-conversion using the mixer <§_

. [}

and the LO. Two channels each of the DAC and ADC were employed, at a sampling rate of s

200 MHz. For each frequency tone, the amplitude and phase responses were extracted based on ‘_‘;

direct down-conversion logic [23], and the down-sampled signals were recorded at a frequency E,

below 1 MHz. c

2

. . g

4.2.  Resonant frequencies and quality factors =

The resonant frequencies were identified based on the transmittance of the microwaves as a %

function of frequency, as shown in Fig. 8. For each resonance, the in-phase (/) and quadrature N

N

(Q) components were simultaneously measured, as shown in Fig. 9(b). Each resonance exhibits o

a similar circular response in the /-0 plane, and the MKID response is measured by the vari- s

ation in the radius (amplitude) and phase. Q, for each MKID is measured as the full width of é

the half minimum of the transmittance for each resonance. The radius of the resonant circle N
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Table 2. Resonant frequencies and quality factors for each MKID.

MKID £, [GHZ] 0; [x 104 0[x 109 Q[x 104
N1 4.00 10.8 12.7 68.9
N2 4.02 10.3 11.0 77.3
N3 4.03 7.32 9.15 27.2
N4 4.30 3.89 4.08 70.2
N5 4.32 3.92 4.17 63.2
N6 4.32 4.02 4.23 78.6
N7 4.59 1.29 1.28 77.0
N8 4.90 1.59 1.60 73.4
N9 4.92 1.64 1.55 81.0
Wi 5.45 1.52 1.60 21.0
W2 5.48 3.42 3.77 24.1
W3 5.48 1.31 1.32 40.8
W4 5.49 2.82 3.81 8.57
W5 5.53 2.54 5.92 4.39
W6 5.54 5.87 10.5 12.8
W7 5.55 3.51 3.57 37.6
W8 5.59 1.29 1.35 19.0

represents the ratio Q,/Q., and the internal quality factor (Q;) is calculated using the formula

1 1 1
— =4 —. (3)
Or O 0.
O; represents the energy stored in the resonator over its energy loss. The resonant frequen-
cies and quality factors for each MKID, measured at P,q = —90dBm, are summarized in

Table 2. To facilitate comprehension, the Wide-MKIDs were labeled as W1, W2,..., W8, and
the Narrow-MKIDs as N1, N2,..., N9. Notably, the radiation loss of the microwaves increases
with the size of the CPW geometry (the details are described in Sect. 5). Hence, Q; for the
Wide-MKIDs is lower than for the Narrow-MKIDs.

4.3.  Analysis of power spectrum density

The time-ordered data (TOD) for each MKID were measured after identifying the resonant
frequency, and three TODs were sampled for each MKID at every readout power condition:
100,000 samples with a 1 MHz sampling rate (i.e. a duration of 0.1s), 100,000 samples with a
100 kHz sampling rate (i.e. a duration of 1s), and 10,000 samples with a 1 kHz sampling rate
(i.e. a duration of 10s). The PSD was obtained as a function of the frequency by applying
a fast Fourier transformation (FFT) for the three TODs. Fig. 10 presents the PSDs of the
Narrow-MKID for three different Pi,; conditions. Here, the PSD was normalized by (40,)> to
characterize the TLS noise, as expressed in Eq. (1), and P, dependence as well as frequency
dependence was observed. This is consistent with the estimation in Fig. 4. Moreover, Pj,; was
varied from —45dBm to —30 dBm in 2 dBm steps.

The correlation of the TLS noise was characterized using Py, and the sampling frequency.
As mentioned above, the contribution of the GR noise was negligible. Additionally, the con-
tribution of the readout noise was removed from the final calculation. The readout noise was
estimated as the averages of the high-frequency points (>474 kHz) in each PSD, from which it
was subtracted.
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Fig. 10. Measured PSDs for the Narrow-MKID (N1) at three different P;,; conditions. A reduction of
the normalized PSD was observed while increasing P;,.. As mentioned in Fig. 4, there was no response to
TLS fluctuation in a short timescale below the resonator ring time (~10 us). The readout noise (>10° Hz)
is inversely proportional to the readout power. However, the reduction of the PSD in the lower-frequency
region (<10* Hz) is less significant owing to the P;,; dependence of the TLS noise.
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Fig. 11. Magnitude of the TLS noise as a function of Pj,,.

Fig. 11 presents the P;, dependence of the TLS noise for one of the Wide-MKIDs and one
of the Narrow-MKIDs. Each data point is an average in the frequency range 450-500 Hz for
each Pj,. N1Ls and o p were extracted by fitting using the formula in Eq. (1). The Ntrs and ap
values measured for each Narrow-MKID are summarized in Table 3, and the measurements for
each Wide-MKID are summarized in Table 4. According to their averages, the Wide-MKIDs
had approximately 5.7 dB lower Ntrs than the Narrow-MKIDs. All the op values that were
obtained are consistent with our estimation, as discussed in Sect. 2. Additionally, they are also
consistent with the values obtained in previous studies («p ~ —0.5) [21].

To characterize the frequency dependence, averages in the five frequency regions were consid-
ered for the data collected under the condition P;,; = —40 == 1 dBm: 90-100 Hz, 180-200 Hz,
450-500 Hz, 900-1000 Hz, and 1800-2000 Hz. The results are shown in Fig. 12. N1 and ay
were also extracted by fitting using Eq. (1). The values obtained are summarized in Tables 5
and 6 for the Narrow-MKIDs and Wide-MKIDs, respectively. Consequently, it was confirmed
that the Wide-MKID has approximately 5.5 dB lower N1 s than the Narrow-MKID, and that
o 1s statistically consistent between the Wide-MKIDs and the Narrow-MKIDs. The overall
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Table 3. Internal power dependence of TLS noise for the Narrow-MKIDs. For the average, the error was
assigned as the standard deviation of each value.

Ntrs + 200 [dBc/Hz] ap[x 10_1]
N1 5.59 £0.05 —4.14 £0.12
N2 4.90 £ 0.06 —4.42£0.17
N3 4.52 £ 0.06 —4.23+0.13
N4 4.80 £ 0.06 —3.77£0.12
NS 3.93£0.07 ~4.25+£0.13
N6 4.66 £ 0.07 —4.21£0.16
N7 5.68 £0.10 ~4.98 £0.19
N8 5.73 £ 0.09 ~5.41+0.21
N9 5.36 £ 0.10 —4.58 £0.22
Average 5.0610¢ —4.44 +0.49

Table 4. Internal power dependence of TLS noise for the Wide-MKIDs. For the average, the error was
assigned as the standard deviation of each value.

Ntrs + 200 [dBc/Hz] ap[x 10_1]
w1 0.18702 —8.47 £ 0.62
w2 —0.97+0-1¢ —6.61 £ 0.26
w3 -1.70102 ~7.43 +£0.78
W4 —1.49%03 —7.72 4 0.90
W5 —1.45%03 —5.59 +0.68
W6 —-1.22£0.11 ~4.17 £0.58
w7 —0.83 £0.12 —5.79 £ 0.59
w8 1331024 ~5.20 £ 0.35
Average —0.6511% —6.37 £ 1.44

-190
-+ Narrow-MKID

+  Wide-MKID

~195 \\\\\\]?\\~\\\\¥>\\\\\\\\\\\#
e
~200
- +

—205

PSD/(40Q,)? [dBc/Hz]

10? 10°
fregency [Hz]

Fig. 12. Magnitude of the TLS noise as a function of frequency.
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Table 5. Measured frequency dependence of TLS noise for the Narrow-MKIDs. For the average, the
error was assigned as the standard deviation of each value.

MKID NrLs + 200 [dBc/Hz] ar[x 1071]

N1 5.4540.08 —1.80 £+ 0.49
N2 4.824+0.10 —2.38 £ 0.61
N3 437 +£0.10 —3.48 £ 0.80
N4 4.81+0.11 —342+1.19
NS5 3.81 £0.11 —1.56 4+ 0.63
N6 4.73 +£0.10 —2.48 +0.31
N7 5.90 4 0.12 —1.80+1.19
N8 6.03 4 0.12 —2.91+0.80
N9 5.2240.13 —2.46 +0.38
Average 5.0719%¢ —2.46 +£0.71

Table 6. Measured frequency dependence of TLS noise for the Wide-MKIDs. For the average, the error
was assigned as the standard deviation of each value.

MKID NrLs + 200 [dBc/Hz] ar[x 1071]

Wi —0.09793! —2.54 +£0.63
w2 —1.081037 —1.30 £0.52
w3 —1.01%9733 —1.35+£0.52
W4 —0.00"03) —1.79 £ 0.50
W5 —0.58+03% —2.93+£0.94
W6 —1.14 £0.18 —3.49 +0.54
w7 —-0.72£0.15 —2.08 £0.35
W8 191403 —2.58 £0.71
Average —0.23*19% —2.26 £0.77

average (ay = —0.24 £ 0.07) 1s also consistent with that of previous studies (ay ~ —0.5), within
its uncertainty (~0.2) [19,21].

5. Discussion
We successfully reduced TLS noise by employing a wide CPW geometry fabricated specifically
for this study. The overall difference in Ntg that we observed between the two types of MKID
is approximately 5.5dB, according to the naive averages from Tables 3—6. The uncertainty of
O; in this measurement is below 2%, and it propagates to be 4% uncertainty for Ny s. We
interpret this improvement to result from the reduction in the electric field density at the CPW.
As mentioned in Sect. 3, the magnitude of the electric field density for the Wide-MKID was
predicted at approximately 6 dB lower than for the Narrow-MKID. As this estimation is close
to the observed improvement for the Ntg, it can be inferred that our results support the TLS
noise mechanism described in Sect. 2.

However, despite reducing the TLS noise, the wide CPW geometry possesses a disadvantage:
the wide gap in the resonator circuit causes radiation loss in the microwaves fed into it [25-27],
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which degrades the internal quality factor,

1 1 1 1
= —, (4)
Qi QiO Qloss Qload

where Qjo, Oloss, and Qjoag represent the quality factors that depend on the material, radiation
loss, and external loading, respectively. In the laboratory measurement the external loading was
negligible, and Q; was limited by Qjos. For the Wide-MKID (Narrow-MKID), we estimate
Oloss ~ O(10%) (O(10%)) based on numerical simulation [25,28]. This estimation explains the
differences in Q; between the two types of MKID in Table 2. In the case of ground-based
astronomical observations from the Earth, the effect of the radiation loss is negligible because
external loading from the atmosphere is dominant. For example, to successfully demonstrate
the negligible effect of radiation loss, we estimated Qjoaq ~ 2 x 10* at the Teide Observatory in
the Canary Islands in a frequency band of 150 GHz [29].

6. Conclusions

We studied TLS noise using two different types of MKID. The magnitude of the TLS noise
for the MKID with wide CPW geometry was found to be 5.5dB less than that with narrow
CPW geometry, which was close to the expected reduction of 6 dB in the electric field density
at the CPW. Additionally, the indices of the internal power and frequency dependence of the
TLS noise are statistically consistent with those of previous studies. This is the first study to
suppress the TLS noise by expanding the CPW geometry using MKIDs made with niobium
film on a silicon substrate.
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