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To protect superconducting qubits and enable rapid readout, optimally designed Purcell filters are essential. To sup-
press the off-resonant driving of untargeted readout resonators, individual Purcell filters are used for each readout resonator.
However, achieving consistent frequency between a readout resonator and a Purcell filter is a significant challenge. A sys-
tematic computational analysis is conducted to investigate how fabrication variation affects filter performance, through fo-
cusing on the coupling capacitor structure and coplanar waveguide (CPW) transmission line specifications. The results indi-
cate that the T-type enclosing capacitor (EC), which exhibits lower structural sensitivity, is more advantageous for achieving
target capacitance than the C-type EC and the interdigital capacitor (IDC). By utilizing a large-sized CPW with the T-type
EC structure, fluctuations in the effective coupling strength can be reduced to 10%, given typical micro-nanofabrication
variances. The numerical simulations presented in this work minimize the influence of fabrication deviations, thereby

significantly improving the reliability of Purcell filter designs.

Keywords: superconducting circuit, Purcell filter, coplanar waveguide, capacitor structure

PACS: 85.25.Am, 84.30.Vn, 84.32.Tt, 03.67.Lx

1. Introduction

Quantum computing systems based on superconducting
circuits have received substantial attention due to their flexibil-
ity in design and the potential for integration through micro-
nanofabrication technology.!!! However, quantum states are
delicate and susceptible to environmental noise and various
types of losses. Therefore, it is imperative to understand the
decoherence mechanisms and optimize the circuit design to
achieve high-fidelity qubit state readout and control. There
are many mechanisms affecting qubit lifetime,>?! includ-
ing losses induced by two-level system (TLS),[>*> Purcell
effect,!7] and quasiparticles (QP).!®! The energy relaxation
rate I is given by

I = Til = ItLs +1qp + Ipurcell + I0ther- (D
Purcell effect is a crucial mechanism of loss, and it refers to the
coupling of a qubit with external circuits through a resonator.
This coupling leads to the emission of photons from the qubit
into the environment, thereby reducing the coherence time of
superconducting qubits.

In recent years, researchers have explored various band-
pass or band-stop filters to inhibit the Purcell effect.[!%-17] Pur-
cell filters include the widely used A /4 resonant filters,!!3]
the A /2 CPW resonator,!!8! and filters explored by Bronn

et al.,1"% Reed et al.'”! and Heinsoo er al.?%! These filters
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differ in their coupling characteristics, bandwidth, footprint
[20]

structure, and performance stability. Heinsoo et al. im-
plemented a A /4 filter with the same resonant frequency as
the readout resonator to achieve improved suppression while
maintaining good readout efficiency. The implementation
challenge of the filter lies in achieving consistent resonant fre-
quency in a stable and reliable manner between the readout
resonator and the Purcell filter. As is well known, excessive or
insufficient etching of the edges of the pattern may lead to pat-
tern deviation in the fabricating process. Therefore, the vari-
ations in capacitance and inductance break frequency consis-
tency of expected design and lead to poor filter performance.
These fabrication deviations exhibit spatial randomness in the
preparation process and have statistical patterns. However, it
is a challenge to accurately quantify and eliminate them in
a single preparation. Recently, researchers used a set of air
bridges to adjust the frequency of the CPW resonator, achiev-
ing frequency matching between the readout resonator and the
Purcell filter.”!! To avoid trials and errors in experiments, this
work combines the circuit simulations and the finite element
calculations to analyze the microwave transmission character-
istics and coupling structure design of the Purcell filter (Hein-
s00 et al.?"1) under graphical edge etching deviations. This
study provides design guidance for optimizing the structure of
the CPW, filters, and feed lines, so as to significantly improve

the performance stability of the Purcell filter.
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2. Filter structure and transmission characteris-
tics

Based on the microwave circuit theory, the relaxation rate

of qubits induced by external circuits is related to the qubit

capacitance and the input impedance of the external circuit,
which can be related by!”!

Cq
Re (¥ (@)’

where C; represents the qubit capacitance, and ¥ denotes the
admittance from the qubit observation to the external circuit.

2

T JPurcell =

The transmission line circuit models of four different Purcell
filters (Figs. 1(a)-1(d)) are established. As depicted in Fig. 1,
the readout resonator frequency @, is 6.3 GHz, and the qubit
capacitance Cg is 80 fF. The coupling capacitance Cy between

qubit and resonator is 5 fF. The coupling capacitance Ci be-
tween feedline and resonator is 12 fF, and its quality factor
Oc ~ 3000. Using Eq. (2), the values of Tj purcen at differ-
ent qubit frequencies are obtained. Without the protection of
Purcell filter, the qubit lifetime is limited by Purcell effect.
Filter C can provide excellent protection of qubits in a nar-
row frequency band. Filter B shows improved performance in
a wider range of frequencies. Filter D demonstrates the best
results and 77 purcenn €xceeds 1 s when the qubit frequency is
below 5 GHz. In the commonly used filters A and B, the filter
bandwidth is much greater than the readout resonator band-
width, resulting in relaxed requirements for fabrication toler-
ances. However, in filter D, both bandwidths are small and
comparable to each other, making the design extremely sen-
sitive to fabrication errors. Next, the structural characteristics
about filter D is analyzed.
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Fig. 1. (a)-(d) Schematic diagrams of filters A, B, C, and D, with light blue parts being main structures of filters; (e) variations of lifetime
T purcell Of qubit with frequency under protection of Purcell filters, (f) typical So; curve with two dips for filter D. The red dot data comes from
the circuit simulation model, and the black curve is fitted according to Eq. (3).

As shown in Figs. 1(d) and 1(f), the filter system com-
prises two distributed A /4 resonant cavities with identical fre-
quencies, a capacitor of Ci,, a coupling capacitor C,, between
the transmission line and the filter, and a coupling capacitor
of Cj between the filter and the readout resonator. The ca-
pacitor Cj, ensures that the majority of reflected signals from
the resonant resonator can reach port P2.12%! The capacitor G,
determines the coupling strength between the filter and the
transmission line, and the capacitor Cj determines the coupling
strength between the filter and the readout resonator. When the
capacitors are well designed, the S| curve obtained by circuit
model displays two dips.

Heisnoo et al.?°! analyzed each coupling parameter in
the circuit (including the resonant frequencies of the filter and
the readout resonator) by using the input—output theory. This
analysis is performed by fitting the following equation

Sa1 1+
1-T'  1+Re(T)
Ka(W +2i4p + K3)
A2 4 (Yy + 214, + &) (1 +2iAp + 1)

3

where I is the reflection coefficient of the port P1, K is the
linewidth after taking into account the environment, 7, and 7
are the intrinsic dissipation rates of the resonant cavities a and
b, A, (4p) is the detuning between the driving frequency of
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the input field and the bare resonant frequency a (b) of the
respective mode, K, is the coupling strength between the Pur-
cell filter and the feedline, xj, is the weaker coupling strength
between the readout resonator and the qubit driving line, J is
the coupling strength between the Purcell filter and the read-
out resonator. The focus is on the following system parame-
ters: filter frequency ®,, readout resonator frequency @, filter
bandwidth K, filter-readout resonator coupling strength J, and
the effective coupling strength k¢ for evaluating the readout
efficiency of the readout resonator.

% (KP—RC{\/—]6J2+ (k) —2i (R — wp))z}) - @)

Figure 1(f) shows a typical S»; curve for filter D system
with J/2m = 8.8 MHz, @;/2n = @,/2n = 6.08 GHz, and
Kp/2m = 45.5 MHz. The split occurs when the two resonator
frequencies are aligned and the size of the split depends on
the coupling strength J, while the symmetry of the split valley
is related to the alignment of the two frequencies. According
to Eq. (4), J and the frequency consistency determine the ef-
fective coupling strength x.g. The Kefr tends to be maximized
when @, = @,, which is very important for fast readout.

Keff =

3. Sensitivity analysis of coupling capacitance

The first step is to establish a microwave transmission line
model of the filter system. The rapid scanning analysis is per-
formed on various system parameters. Figure 2 illustrates the
influence of fabrication tolerance on the coupling capacitances
C, and Cj in comparison with an initial design (C, = 36 {F,
Cj = 2 fF). As depicted in Fig. 2(a), it is clear that the de-
viation of C, from its design value (36 =4 fF ~ £11%) can

M |

Interdigital capacitor
il

B B

100 100 pm

significantly influence the filter frequency and lead to a break-
ing of the symmetry of the S>; curve, which should be strictly
avoided in the device design stage. On the other hand, the de-
viation of Cj from its design value (241 {fF ~ 4:50%) has a
limited effect on the symmetry of the double dips (as shown
in Fig. 2(b)), but it does alter the separation between the two
dips.
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Fig. 2. Analysis of Purcell filter parameters: (a) C, ranging from 32 fF to
40 fF and (b) Cj ranging from 1 fF to 3 fF, with single factor scanning used.
The initial values are @; = @, ~ 6 GHz, G, = 40 {F, C;, = 36 fF, and G = 2 fF.
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Fig. 3. Typical design of Purcell filter in finite element calculations with parameters G, = C, = 40 fF, G = 2 {F, showing (a) CPW etching
error diagram, (b) interdigital capacitor, (c) C-type capacitor, (d) T-type capacitor, (e) sensitivity analysis of coupling parameters by adjusting

structures of the CPW and coupling region (Cp).
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Typically, the primary source of capacitance deviations in
the system stems from excessive or insufficient etching of the
pattern edges in the fabrication process. To simplify compu-
tational analysis, we assume that all pattern edges exhibit uni-
form etching error behaviors within a single fabrication pro-
cess. Finite element calculations are employed to design an
interdigital capacitor with a capacitance of 40 fF. This struc-
ture features a finger and gap width of 6 um, a finger length
of 100 pm, and a footprint size of 124 umx270 um. The cal-
culation results reveal that the capacitance sensitivity to pat-
tern edge etching deviations is about 4.5 fF/um.*?! In the re-
lated experiments, the actual finger width is measured to be
in a range between 4.8 pm and 5.4 um. The combination of
these calculation results and experimental measurements in-
dicate that the fabrication process can result in a maximum
deviation of 5.4 fF in the actual capacitance, potentially sig-
nificantly affecting device performance. In the present pro-
cess, ensuring the stability and reliability of capacitors C,, and
Cin is a major challenge. One strategy to reduce sensitivity is
to increase the characteristic size (L) of the capacitor. With
an L of 12 um, the capacitance sensitivity of the interdigital
capacitor decreases to about 2.1 fF/um, and the overall de-
vice size is 250 umx317 pum, 2.3 times larger than the previ-
ous pattern. Another strategy involves the use of an enclosing

[23-23) a5 depicted in Fig. 3. The enclosing capacitor,

capacitor
with its large block area, is less sensitive to edge fluctuations.
Moreover, the size of enclosing capacitor is much smaller. Fi-
nite element calculations show that the capacitance sensitivity

is 3.5 fF/um (1.8 fF/um) for L =6 pm (L = 12 um).

4. Synthetic design of Purcell filter

In the filter system, an enclosing capacitor is utilized for
the coupling structure C,, as depicted in Fig. 3, due to the sen-
sitivity characteristics of capacitors. The C-type and T-type
capacitors are designed based on the different opening direc-
tions surrounding electrode structure. Specifically, the open-
ing of the C-type capacitor is directed towards the transmission
line, and the opening of T-type capacitor towards the filter. To
achieve a relatively small capacitance Cj between the resonant
resonator and the filter, two rectangular designs are employed.
Our computational model takes into account the enclosing ca-
pacitors and the interdigital capacitor, each with a character-
istic size (L) of 12 um. Additionally, we consider three types
of CPW structures. These CPWs are characterized by trace
width (w) and clearance (s), with a characteristic impedance
of 50 Q and dimensions of 10 um—5.6 wm, 13.2 um-7.5 pum,
and 16 um-9 um, respectively. The pattern edge deviation in
the fabrication process is denoted as dL, and the filter struc-
ture is systematically analyzed at an interval of £0.5 pm for
dL. A silicon (Si) substrate, with a dielectric constant of 11.5,
is employed in this study.

Prior to conducting the extensive numerical calculations,
we determine the appropriate grid size for the relevant core
pattern region to ensure the model’s grid independence. Uti-
lizing finite element calculations, the system parameters are
extracted by fitting the S>; curve through using Eq. (3) as de-
picted in Figs. 4(a), 4(c), and 4(e). Under the ideal design
condition (dL = 0 um), we achieve the optimal coupling pa-
rameters. The fitting result yields &ef/2m ~ 20 MHz and
@y — @, ~ 0 MHz. From our previous analysis, it is clear
that C,, experiences fluctuations in the presence of excessive
etching or insufficient etching deviations. Consequently, Kef
decreases sharply as fabrication variation increases. The com-
parison between the C-type capacitor and the interdigital ca-
pacitor shows that the .¢ fluctuation with a T-type capaci-
tor can be reduced by 20%—40% under the same CPW condi-
tion. On the other hand, the calculation results indicate that
increasing the size of the CPW helps mitigate the influence
of etching deviations on the coupling strength. For example,
in the dL = +0.5 um range, a T-type capacitor with 10 pm—
5.6 um CPW shows a significant k¢ fluctuation: 0%—-60%.
However, a T-type capacitor with 16 pm—9 um CPW shows
only 0%—-10% &ef fluctuation in the same dL range, and the
frequency difference @; — @, achieves the mildest fluctuation
(< 10 MHz).

Figures 4(b), 4(d), and 4(f) show the average values and
standard deviations of the coupling parameters at a dL interval
of £0.5 pm. This provides an alternative perspective to ex-
amine the relationship between key structural combinations of
filter and the stability of microwave characteristic. In the three
capacitor designs, it is evident that the fluctuations of the sys-
tem parameters Kefr and @ — @), linearly decrease as the size of
the CPW increases. The average value of the T-type capacitor
design also approaches the target value more closely. Calcu-
lations reveal that the offset of pattern has a negligible effect
on J, and the coupling strength J remains stable in a range of
dL ==+£0.5 um.

It is noteworthy that despite the C-type and T-type ca-
pacitors sharing the same structural shape, their sensitivity re-
sults are different from each other. These capacitor structures
are equivalent to the mutual capacitance between the central
electrode and surrounding electrodes, but they also encompass
the self-capacitance between the central (or surrounding) elec-
trode and the metal ground. The connection area of the T-type
capacitor with the resonator is located in the center, and the
average distance between the central electrode and the metal
ground is large (~ 67 pum), while the surrounding electrodes
are close to the metal ground (~ 12 um). The self-capacitance
fluctuation of the central electrode is minimal under fabrica-
tion variation, while the self-capacitance of the surrounding
electrode exhibits significant fluctuation. The resonance fre-

quency is mainly determined by the mutual capacitance, the
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self-capacitances of the electrodes, and the coplanar waveg-
uide part of the resonator. The T-type capacitor achieves op-
timal sensitivity of both mutual capacitance and ground ca-
pacitance simultaneously, so that the fluctuation of the reso-

nant frequency is minimal, and the filter coupling parameters
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are highly stable. By suitably increasing the size of the CPW
and employing a larger T-type capacitor structure, the coupling
fluctuations caused by pattern edge deviations during fabrica-
tion can be mitigated, thereby leading to stable performance

of Purcell filter devices.
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Fig. 4. Sensitivity analysis of filter coupling parameters and etching errors for multiple specifications of 50-Q CPW structures with various 40-fF
capacitor configurations, showing (a) correlations between CPW edge etching deviation (dL) and effective coupling strength Keg, (b) average and
standard deviations of Kegr under different combinations, (c) correlations between dL and @; — @, (d) average and standard deviations of @; — @, under
different combinations, (e) correlations between d_L and coupling strength J, and (f) average and standard deviations of J under different combinations.

5. Conclusions

The stable and reliable performance of Purcell filter is
crucial for qubit protection and rapid readout. This work sys-
tematically studies the main factors affecting the performance
of individual Purcell filter during device preparation based on

numerical analysis, by focusing on the structure of the cou-
pling capacitor between the filter and the transmission line, as
well as the CPW. The comparison with interdigital capacitors
shows that using large-sized enclosing capacitors can reduce

the sensitivity to structural edge fluctuations. By combining a
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large CPW (w—s: 16 pm-9 pm) with a T-type enclosing ca-
pacitor structure (L = 12 pm) the effective coupling strength
fluctuation of the device can be reduced to 10% with a maxi-
mum 0.5-pm edge deviation.
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