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Abstract

We discuss the design and optimization of the absorber for Terahertz Intensity Map-
per, a balloon-borne kinetic inductance detector spectrometer. The novel “chain-
link” absorber design offers excellent performance, independent optimization for
both polarizations, and robust fabrication. Electromagnetic simulations indicate in-
band absorption efficiency over ~ 90% in both linear polarization modes. DC meas-
urements on different film thicknesses indicate the desired sheet resistance.
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1 Introduction

Understanding the history of star formation throughout cosmic time would provide
significant insights into the processes of galactic evolution. The far-infrared (FIR)
wavelength band contains valuable information to address this question because (A)
FIR spectral lines are relatively un-extincted, and (B) half of the total energy output
from the cosmic star formation has been absorbed by interstellar dust and re-emitted
in the FIR [1, 2].

The Terahertz Intensity Mapper (TIM) is a NASA FIR balloon mission, which
serves as a vital technological and scientific stepping stone to future orbital missions
such as the Origins Space Telescope [3]. TIM aims to constrain the cosmic star for-
mation history by measuring redshifted [CII] and other diagnostic FIR lines at cos-
mic noon (0.5 < z < 1.5) [4]. To achieve this, TIM carries a 240-420 ym R ~ 250
grating spectrometer fed by a 2 m warm reflector, partitioned into a long wavelength
(LW: 317-420 yum) and a short wavelength (SW: 240-317 ym) module.

To approach photon-noise-limited performance with high scalability, TIM
employs feedhorn coupled aluminum kinetic inductance detector (KID) arrays oper-
ated at 250 mK. KIDs are non-equilibrium superconducting detectors consisting of
thin-film, high-Q micro-resonators that absorb incident radiation and respond by
changing resonance frequency and quality factor [5]. Due to high resonance quality
factors, their primary advantage is built-in frequency division multiplexing, allow-
ing large numbers of KIDs to be read out on a single RF/microwave circuit.

In this paper, we will present a novel absorber design (Sect. 2), which we call the
“chain-link” (CL) design and discuss its advantages over the previous “quasi-mesh”
(QM) design. We optimize the CL design using electromagnetic simulations and
present the performance for both SW and LW in Sect. 3. A key parameter for the CL
performance is the aluminum resistance, and the material’s DC measurements are in
Sect. 4. We will summarize and give an outlook in Sect. 5. Throughout this work,
we follow the figure format and, in some cases, even the wording of our previous
publication [6].

2 Absorber Design

Our KIDs design uses a separate inductor and capacitor to form a resonator, often
referred to as lumped element KID [7]. Following our previous QM design for LW
module [6, 8, 9], the inductor is a 500 nm wide aluminum meander patterned onto
a silicon wafer with integrated back-short (Fig. 1). The inductor is front-side illumi-
nated by a conical feedhorn, which essentially also works as an absorber for photon
absorption. The absorber is identical for each pixel on the same module, and the
capacitors are different for each pixel and are designed to achieve 500-2000 MHz
readout frequencies.

@ Springer



Journal of Low Temperature Physics (2022) 209:525-533 527

Air —
Aluminum

Air gap Radiation
Back short L . Absorber Choke rings

10.0kV 8.6mm x2.50k SE(U) 20.0um

[§

Fig. 1 A 3-D rendering of a single absorber pixel in HFSS. The circular rings around the absorber are the
choke structure to reduce the cross-talk between pixels. B Side view cartoon of a single pixel from LW
band. Photons propagate from the top port through a flared circular waveguide onto the aluminum mean-
der, which is front-side illuminated. A back-short layer of 100 nm aluminum is sputtered on the other side
of the silicon wafer. C Top view of the fabricated meander geometry under an optical microscope. One
meander consists of 52 identical unit cells. Also shown in part in this image is the circumference of the
inner choke ring. D Zoomed in image of a single unit cell under a scanning electron microscope. SW band
shares similar geometry, but the relevant scale is reduced by 1.323 (circular waveguide radius, absorber
size, choke ring radius, etc.). The exceptions are air gap and line width remaining 50 and 0.5 pm, respec-
tively. The back-short thickness for LW and SW is 27 and 20 pm, respectively. (Color figure online.)

Instead of the QM design, we have developed an improved absorber we call the CL.
design, which utilizes reactive aspects of the meandered structure to boost the absorp-
tion efficiency. The horizontal (y axis in Fig. 1C, D) parallel baselines provide photon
absorption along the horizontal direction but result in almost no efficiency for the ver-
tical (x axis) polarization [6]. We first add inverted *U’ shape bumps to the straight
line to provide efficiency in both linear polarizations. However, the impedance in the
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vertical direction is still insufficient. We then add smaller winglet structures on the *U’
bump to create a longer current path. One of the immediate advantages compared to
the previous QM design is there are relatively more parameters to tune, and it enables
more independent optimization over x and y-polarizations. The next section presents
the detailed considerations of the optimization over these parameters.

3 Finite-Element Simulations
3.1 Optimization Considerations

We carried out a program of simulations using the commercial finite-element
method electromagnetic software ANSYS-HFSS.! To efficiently achieve the best
design, we perform the optimization in the following steps of increasing the size
scale: (i) To maximize the in-band absorption efficiency in both polarizations, we
investigate the parameters for the unit cell (Fig. 1D). We optimized over six parame-
ters for the design of a unit cell: line width, cell pitch distance, line distance between
two *U’ bump arms, length of the U’ bump arms, length of the winglets, and the
neck distance between the straight line and the first winglet, with emphasis on the
last four parameters since this is the novel part of the CL design. The line width and
cell pitch distance are first set to be 0.5 ym and 60um, respectively, mainly based
on the initial design [6]. Then, we sweep the four-dimensional parameter space with
the last four items. The optimized values are 9.0 ym, 30.0 ym, 4.0 ym, and 5.3 ym,
respectively. Note that there are other parameters to change, for example, the number
of winglets. As we proceed with these aforementioned six parameters and the result
reaches our initial design goal, we did not implement optimization over more param-
eters. (ii) The target inductor volume for these KIDs is 100 ym?, which is sufficient
to achieve a detector noise equivalent power < 10717 W Hz'/? as shown by simula-
tions and previous experimental results [9, 11]. To reduce the detector volume and
fit into the circular choke rings, we simulate different total numbers of identical cells
and the overall shape of the absorber. We start the absorber design in a square shape
with 8 X 8 unit cells, and then, we remove 12 cells from the corners and result in a
52-cell design. (iii) To minimize the cross-talk between pixels, we study the param-
eters such as the width of each choke ring and the thickness of the air gap. (iv) We
finally simulate the entire pixel together and “fine-tune” some of the parameters to
ensure the performance is still within our proposed target.

3.2 Simulation Results

Figure 2 shows the performance of the present design. The incoming power from
the waveguide is distributed to five different parts, each measured independently
in HFSS: energy dissipated on the absorber (P ), reflection back to the waveguide

! https://www.ansys.com/products/electronics/ansys-hfss, version 19.2.

@ Springer


https://www.ansys.com/products/electronics/ansys-hfss

Journal of Low Temperature Physics (2022) 209:525-533 529

100 Long Wavelength Short Wavelength
S
> 80 A
1%}
2 H \
o
= 601 1 I
& 1 1
v 1 1
§ 404 i i
g | :
5 0] —®— Excitation =E, Avg=93.101% ! 141 —e— Excitation = F, Avg=94.296%
8 —e— Excitation = E, Avg=90.517% H H —e— Excitation = E, Avg=92.190%
< oLt T T T T L T 1 T T T 1 T
101 1 1 1 1
1 —e— Avg=0.186% 1 I —o— Avg=0.415% 1
9 H —— Avg=0.212% | H —o— Avg=0.471% H
~ 1 1 1 1
1 1 1
Y 1004 | 1
© 1 1 1 1
3 : ' :
v 1 1
Q -1 ! 1
o 10714 1 E ! :
g : :
< 1 1
1 I
1072 L T . T L .
S
[}
()]
©
% 1
1 1
s : |
£ ! !
=] I 1 1 1
3 ! —— Avg=0.362% | H —e— Avg=0.606% !
a ! —— Avg=0.467% | ! —e— Avg=0.742% !
107211 T T T T L T L T T T L T
700 750 800 850 900 950 1000 1000 1100 1200 1300
Frequency (GHz) Frequency (GHz)

Fig.2 Simulation results of the optimized design for the LW and SW models. The waveguide is excited
by a single circular 7E|; mode, and both x and y excitations are plotted. Left and right columns are LW
and SW module, respectively. Top, middle, and bottom rows are absorption efficiency, leakage through
air gap, and leakage through silicon wafer, respectively. All powers are normalized to the input power.
Vertical lines delimit the desired bandwidth. (Color figure online.)

(IS,,1%), absorption by the choke rings (P,), and radiation escaping the pixel
through the air gap (Pag) and the substrate (P;,). The absorbed and radiated powers
are defined as P; = f Re(S - n)dA;, where S is the Poynting vector, and n is the unit
outward normal vector of each surface A;. The average optical efficiency over both
LW and SW modules is above 90%. For each module, absorption at low frequen-
cies is suppressed by the waveguide cut-off frequency. Leakage through the air gap
and substrate indicates sub-percent cross-talk. The higher leakage at higher frequen-
cies might be caused by the shorter wavelength compared to the constant physical
dimensions of air gap and substrate thickness.

In addition to the excellent performance, CL design also benefits from other
aspects than the QM design: (i) QM design has relatively few parameters to tune

@ Springer



530 Journal of Low Temperature Physics (2022) 209:525-533

Table 1 Performance comparison for the previous and new designs

Module Design Minimum line ~ Airgap  Line width R, Efficiency
spacing (ym) (um) (um) @/ %
Long Wavelength ~ Quasi-Mesh 0.3 25 0.4 2 > 80
Long Wavelength Chain-Link 1.2 50 0.5 1 > 90
Short Wavelength ~ Chain-Link 0.7 50 0.5 1 > 90
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Fig.3 LW simulation on computing cluster with finer mesh. Blue line labeled as PC has the same mesh
density as Fig. 2. (Color figure online.)

and non-trivial dependence of polarization. In contrast, the winglet structure in
CL design provides more parameters to tune and is relatively independent to
orthogonal polarizations. (ii) To provide a single current path, required to func-
tion as a KID’s inductor and still remain capacitively connected for the absorp-
tion, QM design relies on tight gap between mesh vertices. The CL design
improves this constraint by a factor of 4. (iii) The air gap is 2x larger, which
reduces the possibility of unwanted shorts between detector array and feed-
horn block and improves the machine tolerance for detector packaging. See Liu
et al. [10] for details. (iv) Line width for CL design is 100 nm wider (500 nm vs.
400 nm) than QM design. The line width is unchanged for the SW module and
still results in high efficiency. (v) The assumed sheet resistance is lower for the
CL design, which is desired because achieving low sheet resistance is easier than
high resistance for the proposed material of aluminum. This was also the initial
challenge when inherited from the MAKO titanium nitride (R /R4 ~ 100)
design. We note here that our first fabrication of the aluminum absorber resulted
in narrower line width ~ 0.4um, and lower sheet resistance R, ~ 1Q/00. We
thus perform additional simulations under the variations of the line width, sheet
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Fig. 4 Aluminum sheet resistance as a function of temperature for three different film thicknesses. (Color
figure online.)

resistance, and air gap thickness. The results show that the CL performance is
stable. Table 1 summarizes the improvements compared to the previous design.
The QM design results in even lower efficiency with R, = 1Q/001

3.3 Convergence Study

FEM simulation results may be sensitive to the number or size of the meshed
elements, especially in a model with a fine structure. We thus repeat the simula-
tion at higher mesh densities with a computing cluster. Figure 3 /eft shows that
the cluster computation provides 7X finer mesh and suggests that the coarser
(but adaptive) mesh used in Fig. 2 captures the absorber’s behavior with good
fidelity.

4 DC Measurements

To measure the performance of detectors with different film thicknesses, we have fab-
ricated LW testing detector array with 20-, 30-, and 40- nm-thick aluminum in the
JPL Microdevices Laboratory. This section presents the DC measurement results of
the transition temperature 7, and sheet resistance R, which are essential parameters
to model resonators following the standard application of Mattis-Bardeen theory and
test the assumption used in optical efficiency simulation. We have also fabricated and
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cryogenically tested a 45-pixel prototype array. The detailed dark and optical testing
results are presented in Janssen et al. [11].

The superconductivity measurements were performed in Quantum Design Physi-
cal Property Measurement System (PPMS). A helium-3 insert extends the accessible
temperature to 1 K. Multiple standard four-point measurements of a variety of DC test
structures on the 30 nm samples deposited along with the same detector array show a
T.=128+0.04 K and R, = 0.7Q/0. We then focused on the 1000 ym long, 2 ym
wide DC testing structure and measured aluminum samples with different film thick-
nesses, as Fig. 4 shows. Each measurement was performed at a stable temperature
with a —0.01 K temperature increment and 2 yA excitation current. The T, of these
films increased with decreasing film thickness. The change of R, indicates that we can
approach the desired R, = 1€/ sheet resistance by adjusting film thickness. The
result is similar to Chubov et al. [12].

5 Summary

This study has demonstrated a meandered aluminum KID absorber forming CL
design for TIM with high absorption efficiency (> 90%) in both x and y-polar-
izations. The power loss through the wafer and air gap is low, indicating mini-
mal optical cross-talk between pixels. Compared to the previous QM design, CL
design improves robustness and optical efficiency. The first prototype has been
fabricated and cryogenically tested. DC measurements on different film thick-
nesses indicate the expected transition temperature and desired sheet resistance.
We are currently optically testing the LW module. This effort will be the subject
of a future publication.
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