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Terahertz Band-Pass Filters for Wideband
Superconducting On-Chip Filter-Bank Spectrometers

, Kenichi Karatsu
Akira Endo

Alejandro Pascual Laguna

Abstract—A superconducting microstrip half-wavelength res-
onator is proposed as a suitable band-pass filter for broadband
moderate spectral resolution spectroscopy for terahertz (THz) as-
tronomy. The proposed filter geometry has a free spectral range of
an octave of bandwidth without introducing spurious resonances,
reaches a high coupling efficiency in the pass-band and shows very
high rejection in the stop-band to minimize reflections and cross-
talk with other filters. A spectrally sparse prototype filter-bank
in the band 300-400 GHz has been developed employing these
filters as well as an equivalent circuit model to anticipate systematic
errors. The fabricated chip has been characterized in terms of
frequency response, reporting an average peak coupling efficiency
of 27 % with an average spectral resolution of 940.

Index Terms—Astronomy, band-pass filter, DESHIMA, filter-
bank, microwave Kkinetic inductance detector (MKID), on-chip,
spectrometer, superconducting, terahertz (THz), wideband.

1. INTRODUCTION

EXT generation imaging spectrometers for far-infrared
N astronomy [1]-[4] will benefit from the development of
compact on-chip terahertz (THz) filter-banks [5]-[7] with a
spectral resolution matched to the typical emission linewidth of
extra-galactic sources of R ~ 500 [1]. This advancement will
allow the construction of true integral field units [8], which are
crucial for the tomographic mapping of the early Universe [9]—-
[11], but are yet nonexistent in the far-infrared regime.
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The single-pixel on-chip THz filter-bank spectrometer
DESHIMA is based upon NbTiN, a superconducting material
with a critical temperature of 7. ~ 15 K, which allows circuitry
with negligible conductor loss up to the the gap frequency
feap =~ 1.1 THz. The former version of DESHIMA [5], despite
showing technological readiness for astronomy at a ground-
based telescope [12], had several issues in its filters. The reported
performance of the 49 channels sampling the 332-377 GHz
spectrum averaged to a spectral resolution of (R) =~ 300 and
a coupling efficiency of 8% with respect to the signal entering
the filter-bank. Both the low coupling efficiency and the low
spectral resolution were caused by the radiative losses in its
coplanar filters and the ohmic (conductive and dielectric) losses
in the bridges balancing the potentials of the ground planes.
Moreover, the filter design used was incompatible with broad-
band operation. In order to allow for truly wideband and highly
efficient filter-bank spectrometers a new band-pass filter design
was required. As we shall see later in the manuscript, coplanar
technology is not suitable for THz filter-banks because it incurs
in radiation problems. For this reason, we opted for microstrip
technology to develop the new filters.

In this article, we propose the design of a microstrip band-pass
filter suitable for mid-resolution broadband THz on-chip spec-
trometers. We target filters with a coupling efficiency to the de-
tectors as high as possible, an octave of instantaneous bandwidth
free from spurious resonances and a moderate spectral resolution
of R = 500. The rest of this article is organized as follows.
In Section II, we revisit the concept of the superconducting
on-chip filter-bank spectrometer. In Section III, we investigate
the foundations of resonators as band-pass filters and construct
a circuit model, largely inspired by [13], [14], to study large
filter-banks. In Section IV, we explain why coplanar waveguide
(CPW) technology should not be used for THz filter-banks
and motivate the use of microstrips instead. In Section V, a
microstrip band-pass filter geometry is proposed and used to
design a filter-bank sparsely sampling the spectrum 300-400
GHz, whose fabrication details and measurements are discussed
in Section VI. Section VII concludes this article.

II. ON-CHIP FILTER-BANK SPECTROMETER

In this article, we specifically target a fully sampled supercon-
ducting on-chip THz filter-bank spectrometer with a constant
spectral resolution R = 500. Such a spectrometer couples THz
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Fig. 1. Conceptual drawing of a superconducting on-chip filter-bank spec-
trometer based on MKIDs. Note the different filter technology and shape with
respect to [5].

radiation to the chip with a broadband antenna, which trans-
forms the incoming radiation onto a guided mode. From the
antenna, a superconducting transmission line, hereinafter called
through-line, guides the wideband signal with virtually no loss
of power [15] to the filter-bank, where it is sorted into subbands
and subsequently detected. Any remaining power not detected
by the filter-bank is eventually absorbed in a matched lossy trans-
mission line terminating the through-line to avoid reflections.
Before and after the filter-bank there are a few weakly coupled
detectors which, thanks to the their wideband response, serve
for calibration and diagnostic purposes. A schematic drawing of
such a device is depicted in Fig. 1 and described in great detail
in [5].

Each of the N band-pass filters in the filter-bank is tuned
to channelize a subband of the broadband THz signal from the
through-line to the detector, where the filtered signal is sensed
and read out. Since the aim is to fully sample the whole opera-
tional bandwidth fi,;, : fimax With a constant spectral resolution
R = f;/0f; and response cross-overs at —3 dB, each filter has an
exponentially lower central frequency ( f;) and a narrower —3 dB
pass-band (4 f;) following the relation f; = fiax(1 + R™1) 74!
for the ¢th channel from the highest frequency, which is defined
as fmax = fmin(l + Ril)N71~

Every subband is sensed with a hybrid microwave kinetic
inductance detector (MKID) [16], [17], which uses a small
aluminium strip to absorb the radiation coupled through each
filter at frequencies beyondits gap frequency fgap, ~ 90 GHz. By
capacitively coupling an array of MKIDs with slightly different
lengths to a single readout line, each detector can be simultane-
ously sensed at a different frequency with a comb of microwave
probing tones, allowing a highly frequency-multiplexed readout
scheme [18], [19].

III. RESONATOR AS A THZ BAND-PASS FILTER

Each shunted band-pass filter should maximize the coupling
efficiency in the pass-band, i.e., the power transferred from the
through-line into the MKID; and in the stop-band it should not
affect the THz signal on the through-line. The ideal top-hat
band-pass response could be approximated with multiple fil-
tering elements [20], [21], however to limit the chip complexity,

Through-line
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Fig.2. Resonator as a band-pass filter from a circuit point of view, and (b) an
energetic point of view.
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Fig.3. Frequency response of an isolated lossless band-pass filter with spectral
resolution R as in Fig. 2. The analytical expressions (6)—(8) are shown with dots
and the results of the numerical circuit model are represented with solid lines.

this is not done. Moreover broadband lumped-element solutions
like [22] become very complex at THz frequencies due to their
electrical length. Thereby, we have investigated resonators as a
simple broadband distributed band-pass filter solution, as these
naturally provide an octave of spurious-free bandwidth for a
half-wavelength resonator. The bandwidth of the Lorentzian
pass-band of these resonators is controlled by means of the
coupling strength of the surrounding couplers.

By defining the ports of a single band-pass filter coupled to a
through-line as in Fig. 2(a), the figure of merit to maximize on-
resonance is the coupling efficiency or | S31 |?; and off-resonance
the transmission coefficient |S2;|?, so that most of the power is
extracted on-resonance and off-resonance the filter does not load
the through-line. It turns out that for a lossless filter, if no extra
filtering structures like band-stop filters in the through-line are
added [23], [24], at most 50% of the input power can be extracted
on-resonance (|S31|? = 50%). The remaining 50% of the input
power is evenly split between reflections (|S11|? = 25%) and
power let to continue in the through-line (|S2;|? = 25%). This
frequency response is illustrated in Fig. 3. In the following,
we shall see this band-pass filter in two different ways: as a
distributed circuit model [see Fig. 2(a)], and as a resonator with
several energy-leaking mechanisms [see Fig. 2(b)].

Authorized licensed use limited to: TU Delft Library. Downloaded on December 08,2021 at 11:01:19 UTC from IEEE Xplore. Restrictions apply.
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A. Resonator Perspective

The quality factor () of a resonator relates the average energy
stored in it ( Egtoreq) to the power lost Pjog; by the energy-leaking
mechanisms at its resonance frequency fy by the expression

<Estored> o fO

Q - 27Tf0 Ijlost B ﬁ

For the resonator of Fig. 2(b), the energy-leaking mechanisms
are two couplers and any internal loss mechanism in the res-
onator. One coupler leaks energy from the resonator to the
through-line with an associated quality factor Q).;, and the
other coupler to the detector with @Q).o. The loss mechanisms,
represented by @;, will be radiative or dielectric losses for a
superconducting device. As a result, the loaded quality factor
Q) of the resonator can be written as

Q' =Q4 +Qu +Q; " 2

Following a similar approach as in [25] and [26], the three-port
network S-parameters of the shunted half-wavelength resonator
of Fig. 2 may be approximated for frequencies f around the
resonance f by means of the quality factors of its components.
The dots in Fig. 3 illustrate the equations of

. Sulfo)
Si(f) = 15 00k
fo
Sar(fo) + j2Qu I
: f—fo
1+ 520Q, 7
_ Sai(fo)
S31(f) ~ W
fo

being S11(fo), S21(fo), and Ss1(fo), the values of the S-
parameters on-resonance; which in turn are given by

—Q

(D

3)

So1(f) = 4)

®)

S11(fo) = ﬁ = O (6)
So1(fo) = % = % (7)

V2Q:1Qc2
Qeo + Q1 (1 + %)

where ¢; is the internal quality factor of the equivalent two-port
network depicted in Fig. 2 and it is defined as

g = Q' +Qa) " )

This allows to rewrite (2) as
Ql=Qa +a

By equating to zero the derivatives of (8) with respect to Q1
and (.2, one can find that the configuration that maximizes the
coupling efficiency on-resonance, for a desired loaded quality
factor (; and a given internal quality factor @);, is when the two
couplers have the same (). with a value of

2Q;Q
Qi— Qi

S31(fo) = ®)

(10)

Qc:ch :Qc2 = (11)

® Q=500
40 40
X 30 = 30
o o — Q.= 1000
£_90 — Q=250 Z_20 Q. = 1500
& Q1 = 500 & Q. = 2000
10 Q=150 10 — Q. = 3000
— Q= 1000 — Q. = 4000
0 0
10 10* 10° 10 10* 10°
Qi Qz
(a) (b)
Fig. 4. Maximum coupling efficiency as a function of the internal quality

factor Q; for (a) several cases of loaded quality factor @; and (b) several cases
of coupling quality factor Q. = Q.1 = @2, with the location of Q); = 500
emphasized with dots.

Under this condition, the coupling efficiency in (8) is maximized
and peaks at

(Q-Q) 20f 20

207 QZ  (2Qi+Q.)?
which is represented in Fig. 4 as a function of the internal quality
factor Q; for different values of Q. = Q.1 = Q2. It becomes
apparent that, to obtain a high coupling efficiency (|S31(fo)[?),
the internal quality factor must be much larger than the targeted
loaded quality factor (Q; > Q).

S5 (fo)? =

B. Circuit Perspective

On the other hand, an equivalent circuit representation as
in Fig. 2(a) also allows us to investigate these resonators with
simple microwave analysis techniques. The resonator is repre-
sented by a transmission line whose losses are characterized
by @Q; = B/(2«), relating the real and imaginary parts of the
propagation constant v = « 4 j3. The length of the resonator
is determined by the resonance condition %{Ziﬁnlter = 0, which
gives a slightly shorter length than 1/2 due to the detuning
introduced by the couplers. The couplers surrounding the half-
wavelength resonator are modeled by capacitors, which are
designed to provide the coupling quality factor of (11) following
an energetic approach as in [27] with Q. = 27/|Sq|?, where
|Sap|? is the transmission through a series capacitor between
ports a and b. This transmission can be calculated for a series
capacitance C using the following expression relating the S and
ABCD parameters [28]:

5, = 2R

CZg 4 (jwO) 1+ 28

(13)

where Z¢ and Z} are the normalizing impedances at ports a and
b, respectively. The capacitor at the through-line side has Z§ =
Z8ra /2 and Z§ = Z3°S, whereas the capacitor at the detector
side has Z§ = Zg§°t and Z§ = Z}°.

From these considerations, the unit cell of the filter-bank, the
band-pass filter of Fig. 2(a), can be fully described in trans-
mission line terminology for a given resonance fy and a given
resolution R = Q; = fy/d f. By cascading a network comprised
of these filters branching off a transmission line, a full filter-bank
can be analyzed with a circuit model as depicted in Fig. 5 to
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Fig.5. Filter-bank circuit model using the unit cell of Fig. 2 for each channel.

obtain the S-parameters relating every port: input (1), detectors
(1) and termination (2) of the filter-bank. To ease the calculations,
an ABCD matrix approach was employed to link each pair of
ports while the other were kept loaded. The S-parameters of
the whole filter-bank can be easily obtained by means of the
transformations in [28].

We analyze the response of a filter-bank fully sam-
pling the octave band 220-440 GHz with N = 347 band-
pass filters designed to have a spectral resolution in isola-
tion of R = @Q; = 500. Losses, characterized by @; = 3300,
are also accounted for in every transmission line. To min-
imize them, the filters are monotonically ordered along
the through-line from the highest frequency ( fy.x) to the lowest
(fmin), starting from the antenna side. The separation between
contiguous filters along the through-line Liyy, ; is chosen to
be Athrui/4, being Ay, the effective wavelength of the mi-
crostrip mode propagating in the through-line at the resonance
of the th filter. This distance must be kept in order to prevent ad-
ditional reflections from appearing within an octave band, which
would degrade the performance of a broadband filter-bank.

The S-parameters for the filter-bank just described are de-
picted in Fig. 6. As can be seen, the performance of the different
channels of the filter-bank is similar to that of an isolated filter
with a few differences: first, the average peak transmission in
Fig. 6is (|S;1(f:)|?) ~ —5.6dB (instead of —4.4 dB as expected
from (12) for an isolated filter with Q; = 3300) due to the over-
lapping pass-bands of the filters; and second, the leading filters
of the filter-bank (higher frequencies) get more power due to the
coherent addition of the reflections from the lower frequency
filters in the proximity to their second harmonic. The reflection
level at the input of the filter-bank (|S11 |?) remains below —6 dB
until the second harmonics of the low frequency resonators ring
at frequencies higher than 440 GHz. The fraction of the input
power transferred to the absorber terminating the through-line
(S21]?) is high for frequencies below the operational band of the
filter-bank and reduces as the different filters extract power from
the through-line. An indication of how much of the input power
is extracted by all the filters combined can be calculated using
PO 2181 |?, which averages to —3.5 dB in the band of opera-
tion in Fig. 6. The rest of the power is reflected at the entrance
of the filter-bank, absorbed in its termination or associated to
losses. The loaded quality factor averages 422, which is lower
than the intended value of 500 due to the interaction of the filters.

IV. ON-CHIP TECHNOLOGY: CPW VERSUS MICROSTRIP

In this section, we delve into the choice of on-chip technology,
as this decision carries important consequences for the overall
performance of the filter-bank. First of all, because the metals
used are superconductors, conductor losses are negligible [29].
Dielectric losses, on the other hand, depend on whether the di-
electrics in the proximity of the transmission lines are crystalline,
e.g., crystalline Si, or amorphous, e.g., deposited dielectrics
like a-Si [30]. Lastly, radiation losses largely depend on the
technology choice and the overall size of the transmission line.

Despite the relatively easy manufacturing of CPW technol-
ogy, this type of transmission line is problematic to work with at
THz frequencies due to its support for two fundamental modes:
the differential mode, for which the electric fields on the two
slots have opposite directions [see Fig. 7(a)], and the common
mode, with electric fields in the two slots oriented in the same
direction [see Fig. 7(b)]. The differential CPW mode is the
weakly radiative fundamental transmission line mode of this
structure; e.g., a differentially excited superconducting CPW
with a total width of 6 pm has shown a very low radiation
loss (Q; ~ 15 000) [15]. On the contrary, the common mode is
mostly a broadband radiative mode associated to a leaky wave
when the slots are placed between two media with different
permittivity [31].

A combination of these two fundamental modes will exist with
any asymmetry around a CPW, and will thereby incur excess
radiation loss at high frequencies (resulting in a low Q;) [5],
[32], [33]. Balancing the potential of the grounds with bridges
will only reflect the common mode, but it will not convert it to a
differential mode. As a result, to minimize radiation loss in CPW
structures at high frequencies, symmetry must be preserved.
However, because the filter-bank concept requires to channelize
the energy into parallel detectors, the symmetry will necessarily
be broken in the through-line and the filters.

To explicitly show the mode-conversion of a CPW-based tank
circuit at high frequencies, we simulate in CST Microwave
Studio [34] the typical “elbow” coupler, extensively used for
MKID designs [35], as a THz half-wavelength resonator. The
simulations consist of CPW structures on an infinitely thin
superconductor with a sheet inductance of 1 pH/[J on top of a Si
substrate. In Fig. 7(c), we observe that the differential mode in
the through-line actually couples more strongly to the common
mode than to the differential mode in the coupled line. Fig. 7(d)
shows that a resonator excited with a common mode will have
in comparison with a differentially excited resonator: a much
broader resonance, due to the stronger coupling and the larger
energy leakage [as seen from (10)]; and a shallower dip, due
to the excess radiation losses [appreciated in (7)]. Lastly, in
Fig. 7(e), we observe the same two modes of Fig. 7(d) get inter-
twined in the response of a differentially-fed through-line with
an “elbow”-coupled resonator. This is detrimental for both the
differential mode resonance and for prospective neighboring fil-
ters using the degraded transmission around the common mode
resonance. Furthermore, a poor off-resonance transmission will
also occur due to the use of a CPW through-line as in [5], whose
asymmetric loading with filters will induce a common mode
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Fig. 6. Simulated response for a filter-bank circuit model (see Fig. 5) fully sampling the octave band 220-440 GHz with N = 347 filters ordered fimax — fmin,

with a targeted spectral resolution of R = Q; = 500, and an inter-filter separation of Liy,,; = Athru,i /4. The simulated loss corresponds to Q; = 3300, resulting
in a maximum coupling efficiency of —4.4 dB for an isolated filter following (12). Neighboring filters cross-talk and as result the performance of the filter-bank is
different with respect to the isolated filters: the average peak coupling strength is approximately —5.6 dB and the average loaded quality factor around 422. The
pass-bands of four filters at around 250, 300, 350 and 400 GHz have been emphasized for clarity.
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Fig. 7. Subfigures (a) and (b) show the two fundamental modes of a CPW: respectively, differential (DIF) mode and common (COM) mode. Subfigure (c) shows

the mode conversion from a differentially-excited CPW to an “elbow”-coupled CPW. Subfigure (d) shows the large difference in the dips associated to a straight
CPW half-wavelength resonator excited with DIF mode or COM mode at port 1 with an arbitrarily small port impedance to emulate a short-circuit. The COM
mode shows a much broader and shallower resonance than the DIF mode, which is associated to higher losses (lower Q);). Lastly, subfigure (¢) shows the response
of a differentially-excited CPW structure consisting of a through-line and a resonator. We observe sharp and broad dips similar to the ones associated to the two
different modes in subfigure (d), which indicates that the CPW resonator allows both modes to be excited. The DIF resonance is largely deteriorated by the COM
mode dip. Moreover, the COM mode spoils the transmission for subsequent filters in the through-line.

on it and will thereby largely deteriorate the overall filter-bank
performance with excess radiation losses. As stated earlier, CPW
bridges will not transform the common mode to a differential
mode but rather reflect it, being eventually radiated.

On the other hand, microstrip lines only support a single
well-confined fundamental mode whose radiation losses are
negligible [32]. However, practical microstrip devices require
deposited dielectrics, which incur more losses than crystalline
substrates as reported in [36] for microwave frequencies. At THz
frequencies data on dielectric loss is very sparse: a CPW on crys-
talline Sapphire shows a (); in excess of 15 000 [15], whereas
microstrips fabricated from NbTiN and plasma-enhanced chem-
ical vapor deposition (PECVD) SiN report (); ~ 1400 at 200
GHz [37], and NbTiN microstrips on PECVD a-Si [30] show
Q; ~ 4750 at 350 GHz [38]. Despite the dielectric losses in
deposited a-Si still being high for an ideal THz filter-bank, these

are sufficient to design and build microstrip-based filters, thereby
avoiding the mode-related issues of coplanar technology.

V. BAND-BASS FILTER DESIGN

In this section, we design a superconducting I-shaped mi-
crostrip resonator to work as a THz band-pass filter. In Fig. 8§,
this geometry and its superior performance are compared against
other structures such as the O-shaped and the C-shaped res-
onators. For all the three geometries, the microstrip layer is
made of a thin NbTiN superconductor film with a sheet kinetic
inductance of Lj = 1 pH/O. The microstrip sits on 300 nm of
a-Si (¢, = 10) and it is backed by a NbTiN ground plane with
Ly, = 0.448pH /0. The resonators are parallel-coupled to the
surrounding microstrip lines through 300 nm gaps. The resonator
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Fig. 8. Comparison of the S-parameters simulated in Sonnet [39] of three microstrip resonator geometries: (a) an I-shaped resonator, (b) a O-shaped resonator
and (c) an C-shaped resonator. The three geometries show optimal performance on-resonance with @Q; = 500, however, the O-shaped resonator shows a spurious
resonance close to the intended one. The C-shaped resonator works well overall but the I-shaped resonator has a much better off-resonance performance. The

I-shaped resonator has a high-Q spurious resonance associated to the coupling bar, but this falls beyond the octave band of interest.

microstrip lines are 450 nm wide, with the exception of the
vertical bar of the “I”” resonator, which is 1.1 pm.

These three geometries have been simulated in Sonnet [39]
and their S-parameters in Fig. 8 show optimal on-resonance per-
formance at 500 GHz (as described in Section III) and a loaded
quality factor @; ~ 500. The second harmonic of the resonators
rings at twice the frequency, at ITHz. The O-shaped resonator
resonates when its perimeter becomes one wavelength, but it
also shows a spurious resonance at a slightly lower frequency
than the intended one associated to a mode with current nodes in
the middle of the coupling bars [40]. The spurious mode of the
O-shaped resonator is in fact the fundamental resonant mode of
the C-shaped half-wavelength resonator. This one, on the other
hand, shows no spurious resonance and it has been successfully
used for the filter-banks in [6] and [26]. Lastly, the I-shaped
resonator shows the best off-resonance performance with the
lowest reflections (|S11|?) of the three resonators. This filter
rings when the overall length measured between one coupler
extreme to another extreme of the other coupler becomes half-
wavelength as shown in the inset of Fig. 8(a). Despite having a
spurious resonance (~ 1030 GHz) associated to the resonance of
the coupling bars, this could be tuned to fall beyond the intended
octave free spectral range. Thereby, we choose the I-shaped
resonator option as it shows the best overall performance.

The actual implementation of the I-shaped resonator is de-
picted in Fig. 9, which deviates slightly from the inset of Fig. 8(c)
with port 3 being terminated in a short-circuit to ground at
A/4 from the coupler and port 4 becoming port 3 in Fig. 9
as the only output to the detector. This filter comprises two
couplers (horizontal bars of the “T”’), which are narrow microstrip
lines (450 nm wide) coupling the resonator through a 300 nm
gap to either the through-line or the detector line, controlling,
respectively (.1 and Q.o with their length. The 1.1 gm wide mi-
crostrip connecting the two couplers (vertical bar of the “T”’) was
designed to have half the characteristic impedance of that of the
coupler microstrip lines, resulting in an overall electrical length
of the resonator of ~ A /2, measured from one coupler extreme,
through the vertical bar of the “1,” to another extreme of the other
coupler. The microstrip line on the detector side is short-circuited

|
<— Antenna

Short-circut /
to GND

Polyimide
Al

B-B’

L A A

Fig. 9. Views of the I-shaped microstrip band-pass filter. The thicknesses in
the cross-sectional views A-A’ and B-B’ have been scaled by 150% to emphasize
the layering (except for the Si wafer, which is not to scale). A slanted hatch is
displayed over the parts cut.

to ground at roughly 2 /4 from the coupler in order to coherently
reflect the filtered THz signal to the MKID while providing with
a low electric field at the microwave frequencies of the readout
to minimize TLS noise contributions [41].

The filter inside the dotted cyan box in Fig. 9 is simulated in
Sonnet [39], and its performance is compared against the circuit
model described in Section III-B. The comparison in Fig. 10
shows an excellent agreement between the performance of an
I-shaped filter in isolation and the circuit model, with a slight
deviation for the reflections off-resonance. We then investigated
the arraying of four contiguous filters with an inter-filter sepa-
ration Lihyu,i = A¢hru,i/4. The agreement between the model
and the full-wave simulations was found to be excellent in
Fig. 11; with a large difference in computation time between
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Fig. 10. Comparison of the simulated S-parameters of 1 filter using Son-

net [39] [resonator of Fig. 8(c)] and the circuit model of Fig. 2(a).
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Fig. 11. Comparison of the simulated S-parameters of four contiguous filters

separated by A¢hry,; /4 using Sonnet [39] and the circuit model of Fig. 2(a).

Sonnet [39], taking approximately 2 h, and the model coded in
MATLAB [42], lasting less than 0.5 s, using the same computer.
This result is also relevant for claiming that our filters have a very
low level of indirect cross-talk given that our circuit model can
represent well their interactions with a transmission line model.
With these results, we were confident that we could use this code
for predicting the behavior of a large filter-bank with hundreds
of channels (like depicted in Fig. 6), which would be otherwise
a prohibitively heavy simulation.

VI. SPARSE FILTER-BANK CHIP

In this section, we describe and characterize a spectrally
sparse filter-bank consisting of 11 I-shaped filters in the band
300400 GHz as schematically shown in Fig. 1. Each THz filter
pass-band is separated from its neighboring channels by 10 GHz
in order to disentangle their response and get a full spectral
characterization of their performance in semi-isolation. Each
spectral channel (each filter-MKID pair) is physically separated
from the next down the through-line by Linru,i = TA¢hru,i/4-
The targeted spectral resolution of the 11 filters was ¢); = 500,
which would require Q. = Q.1 = Q.2 ~ 1179 to maximize the
coupling efficiency for Q); = 3300 following (11). However,
because previous experiments had consistently shown an in-
crease of (). with respect to the design value, for this chip
we took the ansatz of designing for a lower coupling quality
factor of (). = 500. In order to decrease the (). of the filters,
while preserving their dimensions and the location of their THz

40.0um

$4800 5.0kV 21.8mm x1.30k SE(M)

Fig. 12.  Colored SEM micrograph of a fabricated THz filter with an MKID
on the top left of the image and the through-line in the bottom right.

resonances, the a-Si dielectric thickness was increased from
300 nm to 370 nm and the sheet kinetic inductance L;, of the
microstrip top layer changed from 1 pH/J to 1.17 pH/LI.

A. Fabrication

The fabrication route of this chip is similar to [38] and it is
described in great detail in [43]. It starts with a 260nm-thick
NbTiN layer (T, = 15 K, p = 90.0 puf2cm) being deposited on
top of a Si wafer using reactive sputtering of a NbTi target in a
Nitrogen—Argon atmosphere [44]. This layer is then patterned
using photo-lithography with a positive resist and etched to
define the microstrip filter-bank ground-plane and the central
conductor of the CPW readout line. Afterward, a 370 nm-thick
a-Si layer is deposited at 250 °C using PECVD [30] and pat-
terned to provide the dielectric support for the microstrips of the
filter-bank. The microstrip lines are defined in a second NbTiN
layer (T, =15 K, Ry, = 12.29Q/0" on a-Si) 113 nm thick
using a mix-and-match recipe employing a negative resist with
electron-beam lithography to accurately pattern the smallest
parts of the chip (e.g. filter-bank) and photo-lithography to define
the coarser parts (e.g. MKIDs, readout lines, antenna, etc.) in a
single lithographic step. After the double exposure, the resist is
developed and the pattern is etched into a 1pm-thick layer of
polyimide is spin-coated on the wafer, cured and patterned to
provide the support for the bridges balancing the grounds of the
CPW in the GHz readout and also to provide a good electrical
contact between the Al and the NbTiN at the MKIDs. The 40
nm-thick Al (T, = 1.25 K, p = 1.9 uQcm) layer is laid next,
defining the central conductor of the narrow CPW section of the
MAKIDs. Lastly, a40 nm-thick layer of 3-phase Ta (7. = 0.95 K,
p = 239 pQem) is deposited on the backside as an absorbing
mesh for stray-light control [45]. The colored scanning electron
microscope (SEM) micrograph in Fig. 12 shows a THz filter of
the fabricated chip.

! Estimate using a four-probe resistance measurement at the edge of the wafer
and the typical spatial variations of a film deposited with a small NbTi target in
a Nordiko 2000 sputtering machine [44].
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Fig. 13. Pseudo transmission coefficient through the filter-bank estimated
from (14), which is the averaged frequency response of the three wideband-
coupled MKIDs trailing the filter-bank divided by that of the three leading it.
The right-hand side panel emphasizes one of the skewed Lorentzian fits to the
data with Eq. (15).

B. Measurements

To characterize the fabricated device, the chip is placed inside
a commercial Bluefors dilution refrigerator, where it is cooled
to 120 mK. The chip is placed directly facing the cryostat
window through an infrared filter stack with approximately 60%
transmission [46] in the band 100-700 GHz to limit the thermal
loading. Moreover, we employed a wire-grid polarizer and a
cryogenic quasi-optical band-pass filter stack (338-273 GHz
half-maximum pass-band) to minimize stray radiation on the
chip. From the outside, a continuous-wave THz photo-mixing
source (Toptica Terabeam 1550) illuminates the chip with a
tunable single THz frequency. By sweeping the frequency of the
source while recording the phase response of the tones probing
the MKIDs, the frequency response is obtained with a spectral
resolution of ~ 50 MHz.

In the forthcoming study, we will experimentally evaluate
all the relevant filter parameters, anticipating that the coupling
strength of the wideband couplers |S3P|?, which is needed to
normalize the coupling efficiency of the filters (|S;1(f)|?), is
not known with high accuracy due to fabrication tolerances and
three-dimensional (3-D) effects which are difficult to simulate.
Therefore, we use the strategy of freeing the parameter |S3;P|?
and combining the peak and dip analyses to get the best consis-
tent estimate in terms of coupling efficiency of the filters.

In the first analysis, we measure the transmission through the
filter-bank, |S21(f)|?, which may be estimated from the ratio
between the averaged phase response of the three wideband-
coupled MKIDs after and before the filter-bank [respectively

(Ra(f)) and (RYE (f))] as

(Ra ()

|Sa1(f)] “m~

(14)

The dips emerging in Fig. 13 correspond to the filters extract-
ing power from the through-line. Both the resonance frequency
fo and the loaded quality factor (); may be directly obtained by
fitting the resonances of the pseud otransmission coefficient in

Fig. 13 using a skewed Lorentzian function

Az + Ay(f — fo)) (15)

L(f) = 4 (1 P T T

which follows from (4). From the estimation of the resonance
frequency fy, the loaded quality factor (); and the transmission
dip depth [S21(fo)| = V' L(fo)/A1, (7) allows the retrieval of
¢;- Then, by means of (10), Q.1 can be retrieved. An estimate of
the coupling strength of the filters may be obtained at this point
assuming Q. = Q.1 = Qo in (8) and (9), which simplifies (8)
to

(2+Q2q_q>2 ~ |Su(fi)?.

Using the assumption Q.1 = Q.2, @; may be calculated from
(9). This analysis on the dips of the | So1 (f)|? estimate of Fig. 13
results in the following average values: (Q);) =~ 960, (Q.) ~
2860, (|S;1(fi)|?) ~ —5.7 dB and (Q;) ~ 2890.

In the next analysis, we measure the coupling efficiency of
each filter |S;1 (f)|?, which may be estimated with

2 Bateri(f)
S~ T )y

where Rgier i (f) is the phase response of the MKID attached
to the ¢th filter. The underlying assumptions for these estimates
are that all the MKIDs have the same responsivity and that the
filter-bank does not reflect a lot of power in-band. By fitting
the peaks with the prototype function of (5), the peak efficiency
and the loaded quality factor can also be obtained. Subsequently
using the knowledge of (), g;, Q1 from the dip analysis and the
peak coupling efficiency of the filters | S;1 (f;)|?, the parameter
Q.2 may be obtained from (8) as

2ch
(14 Qe1/Qi)2|Su (fi)|*

The three-port network internal quality factor (); can be obtained
henceforth by means of (9).

The problem with the peak analysis using (17) is that, although
we can directly measure the MKID reponses Rgiger ;(f) and
RPL(f), the wideband coupling strength |S¥|2 cannot be di-
rectly obtained. Hence, we perform a consistency check between
the dip and peak analyses. To do so, we overlay in Fig. 14(a) the
mean value of the coupling efficiencies (|S;1(fi)|?), obtained
from the dip analysis with (16), and the one obtained from the
peak analysis by letting | S3/°|? change in (17). In order to avoid
data from low signal-to-noise ratio (SNR) measurements, the
filters analyzed are well-within the 320-370 GHz quasi-optical
pass-band, which is determined by the lens antenna in combina-
tion with the quasi-optical band-pass filter stack. It is apparent
that the value that makes these experiments self-consistent is
|S¥P|? ~ —24 dB, which is also in agreement with the design
value simulated in Sonnet [39] for this structure. Moreover,
the dispersion between the average quality factors is reduced
with this value as shown in Fig. 14(b). With this congruent
combination between the peak and dip analyses, based on the

1S51(fo)|* = (16)

|31 (17)

Qe2 = (18)
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Fig. 14.  Subfigure (a)is a consistency check between the peak and dip analyses
for the average fitted coupling efficiency of the filters (|S;1(f;)|?) using the
strength of the wideband couplers |S'§*’1b 2 as a free parameter. The value of
\Sg‘f’lb\Q ~ —24 dB (dot) makes the peak and dip analyses agree. Subfigure (b)
shows the quality factors Q;, @1 and Q.2 as a function of the strength of the
wideband coupler.
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Fig. 15. Frequency response measurement of the pseudocoupling efficiency
of the different filters estimated with (17). The right-hand side panel emphasizes
one of the Lorentzian fits to the data. Only 7 out of 11 filters are visible above the
noise floor due to the narrow quasi-optical pass-band determined by the antenna
and the quasi-optical filter stack used.

uncertainty of the strength of the wideband coupler, the filters
can now be fully and unequivocally characterized.

Fig. 15 depicts the coupling efficiency of the different band-
pass filters as a function of frequency when estimated using
(17) with a coupling strength for the wideband-coupled MKID
of |S¥P|? ~ —24 dB as inferred previously. By fitting the peaks
with the prototype function of (5), an average peak efficiency of
(|Si1(f:)|?) ~ —5.7 dB can be obtained for those filters well-
within the quasi-optical pass-band. Fig. 16 collects the different
quality factors of these filters, whose average values are: (Q);) ~
940, which may be obtained from either the peak or the dip
analyses; and (Q.1) =~ 2860, (Q.2) ~ 2680, and (Q;) ~ 3300
which are acquired by combining the dip and the peak analyses.

C. Discussion

The yield of this chip has been 100%, with 11 detectors
observing 11 different THz pass-bands. The central frequencies
of the filters have been observed to shift upward by ~4% from
their designated values. This frequency upshift is likely due a
the sheet kinetic inductance reduction in the top NbTiN layer
caused by a lower resistivity than expected.

The measured data for those filters well-within the quasi-
optical pass-band show a modest peak coupling efficiency of
(|Si1(f:)|?) ~ —5.7 dB and a loaded quality factor of (Q;) ~

A Qa
104 [ v Qe a ¥

<

10
300 320 340 360 380 400
Frequency [GHz|

Fig. 16. Measured quality factors of the filters using the peak and dip analyses.
tys [nm]
0 50 113
4 N
1 T T T T
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Fig. 17. Simulated coupling quality factor variation as function of the mi-

crostrip metal thickness (typg) and the a-Si over-etch using the fabricated di-
mensions of the filters, the measured electrical properties of the superconductors
and the dielectric loss reported in [38]. Instead Qges is the design performance
of the fully planar coupler using nominal dimensions and electrical properties
on a lossless dielectric. The dot is the simulation with the closest approximation
to the fabricated coupler shown in the micrograph of the inset.

940, which is higher than the targeted spectral resolution of
500. Both these results may be explained from the moderate
internal quality factor (Q;) =~ 3300 (which is slightly lower
than the dielectric @); reported in [38]), and the high coupling
quality factors (Q.1) ~ 2860 and (Q.2) =~ 2680 of the couplers
surrounding the resonators.

In order to understand why Q). was too high with respect to
the design value (Q4° = 500), we carefully inspected the filters
using SEM. As can be seen in the inset of Fig. 17, the a-Si was
over-etched around 100 nm after patterning the top NbTiN layer.
The rest of the dimensions from the fabricated filters were altered
by at most 5%. These fabrication tolerances have been analyzed
in CST Microwave Studio [34] for a coupler in the through-line
side of a filter nominally designed to operate at 350 GHz. @) was
found to strongly vary as a function of the dielectric over-etch
as illustrated in Fig. 17. With the 100 nm over-etch measured
we expect a threefold increase in ). with respect to the design
value, i.e. Q. ~ 3 - Q4 = 1500. This qualitatively agrees with
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the observed increased quality factor, but is still quantitatively
underestimating the measured Q...

To partially compensate the impact of this fabrication toler-
ance, as well as for that of the thickness of the microstrips, we
investigated the effect of redepositing 35 nm of a-Si on top of
the filter-bank to reduce (). by a factor 1.8 as simulated in CST
Microwave Studio [34]. This addition has partially compensated
the effect of these 3-D features, yielding (Q.1) ~ 1790 and
(Qe2) ~ 2010, resulting in (Q;) ~ 640 and a peak coupling
strength {|S;1(fi)|?) &~ —5.8 dB. The loaded quality factor has
been reduced as intended, however the coupling efficiency has
notincreased due to alower (Q;) ~ 2140, which s likely caused
by higher dielectric losses in this 35 nm a-Si layer (deposited at
100°C) [30], which is also sensed by the microstrip fields.

By properly tuning the coupling strength to
Q1 = Qe2 ~ 1179, a loaded quality factor of @; ~ 500
and a peak coupling efficiency of (|S;1(f;)?) ~ —4.4dB
should be within reach with the measured (Q;) = 3300. Further
improvement of the performance requires the development
of low-loss and low-stress deposited dielectrics such as SiC.
Moreover, to enhance the coupling efficiency beyond —3 dB, the
spectrum could be oversampled with more filters as described
in [13], however, this would require an engineering effort to
coherently or incoherently add the filtered signals at the detector
level. Furthermore, sharper response tails could be achieved by
adding extra filtering structures [13], [20], [21], which can be
beneficial to reduce cross-talk between neighboring channels.

VII. CONCLUSION

In this article, we propose a band-pass filter design suitable for
mid-resolution broadband THz spectroscopy. The proposed fil-
ter geometry consists of an I-shaped microstrip half-wavelength
resonator that couples energy with a spectral resolution R =
Qi = fo/0f from the through-line to the MKID sensing the
spectral channel. From simulations, this resonator achieves on-
resonance the optimal —3 dB coupling efficiency with a loaded
quality factor of @; ~ 500. Off-resonance, an extremely low
disturbance is incurred by the filter to the through-line signal
over a free spectral range of an octave, thus allowing for the
arraying of many resonators in a large filter-bank configuration.

A filter-bank chip sparsely sampling the 300400 GHz spec-
trum with these I-shaped resonators has been fabricated in-house
following a newly-developed microfabrication recipe. This fab-
rication route has shown a great level of reproducibility and
accuracy, yielding a 100% channel yield and achieving all the
filter dimensions within 5% error from their nominal values. The
frequency response measurements of this chip showcases filters
with a moderate spectral resolution of (R) = (Q;) ~ 940 with
no spurious resonances in the band 300-400 GHz. The measured
peak coupling efficiency averages (|S;1(f;)|?) ~ —5.7 dB ~
27%, being currently limited by dielectric losses and amendable
tolerances in the microfabrication such as the over-etch into the
a-Si dielectric due to the patterning of the top NbTiN layer.
This tolerance has largely increased the coupling quality factors
Q1 and Q.o of the filters, which in turn has given rise to an
exceedingly large average loaded quality factor at the cost of a

moderate coupling efficiency. To amend the performance of the
filters from this fabrication tolerance, a dielectric patch has been
redeposited on top of the filters to attempt the recovery of the
intended coupling quality factor.
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