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ABSTRACT 

Scalable superconducting qubit architectures demand qubits with long coherence times—a critical prerequisite for 
developing practical quantum computers. To achieve a compact circuit footprint, we have designed a superconducting qubit 
featuring a meander-structured coplanar waveguide capacitor, termed the “Smon.” Numerical simulations of the electric 
field distribution demonstrate that the Smon exhibits a significantly lower energy participation ratio (EPR) than both Xmon 
qubits and conventional rectangular planar transmon qubits. For an in situ comparison between Smons and conventional 
rectangular planar transmons, we propose a two-dimensional (2D) hybrid qubit array test structure. The capacitor electrodes 
of the devices are fabricated using tantalum. Measurements of the Smon’s coherence properties yield an energy relaxation 
time (T1) ranging from 30 to 359 µs and a dephasing time (T2) between 18 and 20 µs. These results confirm that 
superconducting quantum circuits with enhanced integration density and long coherence times are experimentally feasible, 
thereby offering a viable pathway toward high-performance large-scale superconducting quantum computers.

1. Introduction

Recent advancements in superconducting qubit architectures have significantly improved quantum coherence while 
addressing critical challenges in dielectric loss mitigation [1]. Remarkable progress has been made in achieving longer 
coherence times, with state-of-the-art devices reaching millisecond-scale energy relaxation time (T1) through parallel 
development trajectories including novel qubit designs, materials engineering, and fabrication-process optimization. 
Fabrication breakthroughs continue to push performance boundaries. Single-step lithography was developed for Xmon 
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qubits, with an average T1 of 50 µs [2–4]. Despite these advances, the field lacks comprehensive solutions that 
simultaneously address both geometric field concentration and materials-induced losses.

The pursuit of noise-resilient qubits has spurred innovations in circuit topologies. Recent breakthroughs include the 
demonstration of two-dimensional (2D) transmon qubits with a T1 exceeding 1 ms, achieved using a tantalum-on-silicon 
architecture [5], as well as fluxonium qubits with a maximum Ramsey coherence time T2* of 1.48 ms [6]. Other notable 
advances encompass the Unimon qubit, which integrates charge insensitivity with intrinsic noise protection [7,8], and 
various merged-element transmon (“mergemon”) variants that leverage the intrinsic junction capacitance to enable compact 
device implementations [9].

Material innovations have proven equally crucial for improving coherence. Recent studies have demonstrated that 
high-resistivity silicon (Si) substrates can significantly reduce bulk substrate loss compared with traditional sapphire 
substrates [10–12]. The fin merged-element transmon (FinMET) architecture leverages anisotropic Si etching to fabricate 
atomically flat tunnel barriers [13], while optimizing the thickness of aluminum (Al) films has enabled planar transmon 
qubits to achieve T1 exceeding 500 µs [14,15]. Additionally, research has established direct correlations between the 
properties of metal films and the decoherence induced by two-level systems (TLSs) [16]. 

In this work, we propose a novel superconducting qubit design termed the “Smon,” which combines geometric 
optimization with advanced materials engineering to achieve both a high-coherence performance and a compact form 
factor. 

Building upon the successful mergemon concept [17–19], the Smon incorporates a meander-structured coplanar 
waveguide capacitor that markedly reduces edge field enhancement while maintaining a small footprint. This design 
effectively addresses the characteristically elevated TLS density associated with large junction areas in previous devices. 
Experimental results demonstrate that the Smon achieves coherence times on par with those of state-of-the-art transmons, 
with T1 values ranging from 30 to 359 µs and the dephasing time T2 values between 18 and 20 µs. Through detailed 
finite-element simulations, we further show that the Smon exhibits significantly reduced energy participation ratios (EPRs) 
compared with conventional qubit designs, indicating effective suppression of dielectric loss. Finally, we propose a 2D 
hybrid qubit array architecture that integrates Smons with transmons, highlighting the potential of this design for scalable 
quantum computing applications.

2. Experiments and methods

2.1. Chip fabrication

A sapphire substrate was used for the chip fabrication. Fig. 1 shows the fabrication process flow of the Smon chip. The 
sapphire substrate was cleaned in piranha solution to remove organic contaminants immediately before loading into the 
magnetron sputtering equipment. The tantalum (Ta)-layer deposition employed direct-current (DC) magnetron sputtering 
under optimized process parameters. A 200 nm-thick Ta film was deposited at a power of 150 W, pressure of 5 mTorr (1 
mTorr = 0.133322 Pa), and substrate temperature of 400 °C, achieving uniformity (±5%) and low surface roughness (Ra; < 
0.5 nm). Coplanar waveguides were then patterned in the first lithography step by means of microlens array (MLA) laser 
direct writing on an AZ5214 resist at an exposure dose of 170 mJ·cm–2. This was followed by reactive ion etching (RIE) 
with CF4:CHF3 plasma, preceded and followed by oxygen plasma ashing treatments (5 min pre-etch and 10 min post-etch) 
to eliminate both developmental photoresist residues and etching-induced polymerized contaminants. Next, the Josephson 
junction—that is, the Al/AlOx/Al junction—was defined in a bi-layer resist stack consisting of poly(methyl methacrylate) 
(PMMA) and methyl methacrylate copolymer (MMA) using electron-beam lithography (EBL) at a dose of 1600 μC·cm–2 
and later deposited using the two-angle evaporation technique. Finally, a lift-off process was performed to remove the 
photoresist and obtain the desired structures. The chips were subsequently diced into squares. The completed devices were 
packaged into a sample holder and measured in a dilution refrigerator with a base temperature of about 10 mK.



3

3
3

Fig. 1. Schematic of the microfabrication process flow for the superconducting qubit devices. Blue rectangles represent sapphire substrates, gray 
rectangles denote tantalum (Ta) thin films, and green patterns indicate photolithographic masks, with the photolithography and Ta etching 
processes shown only for the qubit region. The simplified Josephson junction structure is highlighted in red. Arrows indicate the sequential flow 
of the process: (a) substrate cleaning, (b) Ta film deposition, (c) lithographic patterning, (d) dry Ta etching, (e) electron-beam lithography (EBL) 
and Josephson junction fabrication, and (f) the final flat structure. 

2.2. Smon design scheme

To investigate the correlation between capacitor geometry, electric field distribution, and the resulting decoherence 
sources in our qubit design, we systematically analyzed three representative superconducting qubit capacitor topologies, as 
illustrated in Fig. 2. Figs. 2(a)–(c) present the three-dimensional structural schematics of the transmon, Smon, and Xmon 
configurations, while Figs. 2(d)–(f) display the corresponding simulated electric field distributions, revealing how 
geometric variations directly influence field localization and fringe field behavior. In transmon designs, a large shunt 
capacitor remains essential for suppressing charge noise while preserving adequate anharmonicity [2]. Conventional 
approaches utilize coplanar capacitors; however, the size constraints of these capacitors lead to elevated fringe fields at their 
edges (Fig. 2(a)) [20–22]. Recent innovations such as the mergemon integrate capacitors with Josephson junctions, but this 
integration comes at the cost of increased TLS density, a consequence of the enlarged junction areas [23–25]. In this work, 
we introduce a planar meander-structured parallel-plate capacitor as the shunt element of the transmon (Fig. 2(b)), with a 
capacitance calculated as follows [26]:

𝐶 = 𝜀0∑𝑁
𝑘=1

𝑤𝑘𝑙𝑘

𝑑𝑘
(1)

where C denotes the total capacitance of the planar meander-structured parallel-plate shunt capacitor, 𝜀0 is the vacuum 
permittivity, and N meander segments with widths wk, lengths lk, and spacings dk (k = 1, 2,…, N) enable precise 
capacitance tuning while avoiding junction overlap. 

Fig. 2. Simulated electric field distributions and structural schematics of three superconducting qubit capacitor designs. (a–c) three-dimensional 
(3D) schematic illustrations of the capacitor geometries: (a) transmon qubit, (b) Smon qubit, and (c) Xmon qubit. (d–f) Corresponding 2D 
cross-sectional views of the simulated electric field distribution for each design, presented as color maps. The arrows in (d–f) highlight regions 
of pronounced field concentration, illustrating the relationship between geometric design and field localization. wk: width; lk: lengths; dk: 
spacing.

The text describes the contribution of various loss mechanisms to the decoherence of a superconducting qubit, focusing 
on the EPR as a key metric for quantifying the dielectric loss from TLSs. The total energy relaxation rate (1/T1) of a 
superconducting qubit can be expressed as a sum of contributions from different loss channels:
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1
𝑇1

≈
1

𝑇1, TLS
+

1
𝑇1, qp

+
1

𝑇1,rad
  (2)

where 𝑇1, TLS represents the loss due to TLSs, primarily at material interfaces; 𝑇1, qp represents the loss due to 
quasiparticle tunneling in the superconducting electrodes; and 𝑇1,rad represents the loss due to electromagnetic radiation.

As the text correctly states, for well-designed and shielded qubits, the TLS loss at interfaces often dominates the 
relaxation rate, such that the other terms (e.g., qp and rad) can be comparatively small. The relationship between the qubit’s 
energy relaxation time and these interface losses can be formulated using the EPR, as follows:

1
T1

=
ω
Q = ω∑i

pi

Qi
+ Γ0 (3)

where pi is the EPR for the ith interface/material, representing the fraction of the total electric field energy stored in that 
specific dielectric region; i denotes the metal–substrate (MS), metal–air (MA), and substrate–air (SA) interfaces; ω is the 
angular frequency of the qubit; Q is the total quality factor of the system; Qi is the intrinsic quality factor associated with the 
dielectric loss of the ith material; and Γ0 is the residual relaxation rate due to non-dielectric losses.

The quality factor Qi is inversely related to the material’s loss tangent (tanδi). For a material with dielectric constant εi, 
the relationship is

1
𝑄TLS

= ∑ 𝑝𝑖 tan𝛿𝑖                   (4)
where QTLS denotes the intrinsic quality factor corresponding to quantum tunneling TLS losses.

The interface layer typically has a thickness of about 3 nm. Our simulation framework utilizes an idealized metallic 
layer with negligible thickness; the interfacial electric fields are then determined by rigorously enforcing the boundary 
continuity conditions [27,28].

  𝐸s∥ = 𝐸j∥     (5)

𝜀s𝐸s⊥ = 𝜀j𝐸j⊥ (6)

where Es denotes the interfacial electric field components, and Ej corresponds to the adjacent dielectric regions. Here, 𝐸s∥ 
and 𝐸j∥ denote the tangential (parallel) components of the electric field on each side of the interface, while 𝐸s⊥ and 𝐸j⊥ 
represent the normal (perpendicular) components, and 𝜀s and 𝜀j represent the permittivities of the two media at the 
interface. The simulation parameters are defined as follows: The dielectric constant of the metal oxide is fixed at 10, the 
thickness of the interface layer is uniformly set to 3 nm, and the vacuum gap between capacitors is maintained at 5 µm. 
These parameters enable the calculation of component-specific EPRs, which are summarized in Table 1. Our analysis 
reveals that the EPR at the MA interface is markedly higher than that in conventional planar transmon architectures.

𝑝𝑖 ≈ ∫𝑉𝑖

𝜀𝑖𝑬𝑖⋅𝑬∗
𝑖 d𝑉𝑖

𝑈tot
(7)

where Vi is the volume of the ith interface/material. Ei and E*
i  denote the electric field vector and its complex conjugate, 

respectively. Utot corresponds to the total energy integral over all components of the system. 
The Smon design offers multiple advantages for large-scale quantum processors. To demonstrate this potential, we 

have developed a 2D qubit array, whose results confirm that the Smon can be effectively integrated into scalable quantum 
computing architectures. The Smon design addresses these limitations by integrating optimized geometry with advanced 
materials and fabrication techniques, thus providing a balanced approach to achieving both high coherence and compact 
device dimensions.

Table 1 

Capacitance matrix.

Row Column
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Bottom_pad Bottom_pad Ground Lower_left Lower_middle Lower_right Top_pad Upper_left Upper_right

Bottom_pad 118.998 52.599 −10.374 −11.070 −10.428 −31.937 −0.519 −0.518 −0.518

Bottom_pad 52.598 32.217 −13.502 −10.852 −13.541 −52.253 −13.521 −10.825 −13.549

Ground −10.374 −13.502 25.913 −1.211 −0.098 −0.512 −0.036 −0.023 −0.018

Lower_left −11.070 −10.852 −1.211 25.205 −1.206 −0.486 −0.023 −0.023 −0.023

Lower_middle −10.428 −13.541 −0.098 −1.206 25.197 −0.512 −0.018 −0.023 −0.035

Lower_right −31.937 −52.253 −0.512 −0.486 −0.512 118.477 −10.925 −11.071 −10.364

Top_pad −0.519 −13.521 −0.036 −0.023 −0.018 −10.925 25.470 −1.210 −0.098

Upper_left −0.518 −10.825 −0.023 −0.023 −0.023 −11.071 −1.210 25.919 −1.211

Upper_right −0.518 −13.549 −0.018 −0.023 −0.035 −10.364 −0.098 −1.211 25.919

 “bottom_pad” refers to the two symmetric lower electrode pads of the capacitor; “ground” denotes the ground electrode serving as the 
reference node; “lower_left,” “lower_middle,” and “lower_right” respectively represent the left, middle, and right segment nodes of the lower 
meander structure; “top_pad” refers to the upper electrode pad symmetric to “bottom_pad”; and “upper_left” and “upper_right” respectively 
denote the left and right segment nodes of the upper meander structure, matching the lower segments to form the parallel-plate capacitive 
structure.

3. Results and discussion

3.1. Simulation and testing

Through comprehensive finite-element simulations, we quantitatively modeled the interelectrode electric field 
dynamics within the Smon architecture. These simulations revealed statistically significant correlations between geometric 
parameters and decoherence mechanisms. Our analysis focused specifically on interface losses, complemented by detailed 
simulations of the EPRs at distinct interfaces. The relationship of the EPRs at different interfaces for the two types of qubits 
is summarized in Table 2 [29]. Fig. 2 shows the Smon qubit optimization: a suspended planar capacitor with bridge-coupled 
Josephson junctions. The capacitive gaps are a uniform 30 µm. Josephson junctions (red) are embedded between symmetric 
coplanar capacitors (blue) formed on a bottom substrate (grey). The central junction field intensity of the Smon (Ec_S = 1.95 
× 1011 V·m–1; red arrow) and the edge characteristic field intensity (Ee_S = 1.44 × 1011 V·m–1; black arrow) demonstrate a 
reduced edge field concentration compared with that of conventional designs. The corresponding transmon regions, the 
central junction field intensity (Ec_T = 5.21 × 1011 V·m–1) and the edge characteristic field intensity (Ee_T = 9.13 × 1011 V·m–

1) highlight steeper field gradients at the junction edges. The Xmon central junction field intensity (Ec_X = 3.15 × 1011 V·m–

1) and the edge characteristic field intensity (Ee_X = 3.21 × 1011 V·m–1) show improved uniformity over the transmon but a 
higher central field density than the Smon.

Table 2 

EPRs at different interfaces for Smon and transmon qubits [29].

Material Property
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δ (nm) ε EPR Smon Transmon

MA 5 9.8 pMA(×10–

6)
7.2540 8.2161

SM 2 9.8 pMS(×10–3) 0.9930 1.1247

SA 5 3.8 pSA(×10–3) 0.2701 0.3060

Substrate 430×103 11.7 T1 (μs) 192.87 170.75

pMA, pMS, and pSA represent the energy participation ratios of the MA, MS, and SA interfaces, respectively; δ represents the 
thickness of the interface layer; and ε represents the dielectric constant of the interface. Metal–metal interface is 
disregarded.

High-frequency structure simulator (HFSS) simulations demonstrated a 98% reduction in electric field energy for the 
Smon, compared with the transmon and Xmon designs (Fig. 2(a)), with the peak field intensity kept below 10 kV·m−1 (Fig. 
1(d)). This optimized structure exhibits a 60% lower dielectric loss tangent (2.6 × 10–4) while retaining both immunity to 
critical current noise (Ic > 10 mA) and a large Josephson-energy-to-charging-energy ratio (EJ/EC > 50).

Each Smon is capacitively coupled to a dedicated control line and a readout resonator. The Purcell filter is designed as 
a λ/4-type transmission line resonator, in which λ represents the operating electromagnetic wavelength. Asymmetric 
coupling between the resonator and input/output lines is realized by interdigital capacitors, and the coupling capacitance at 
the output port is notably greater than that at the input port. This design ensures that nearly all signal-carrying photons are 
directed into the output amplification chain for detection. To eliminate cross-talk between qubits, the Smons are spaced 
sufficiently far apart to avoid direct coupling. Additionally, fixed-frequency qubits are employed in all our designs to 
mitigate the noise induced by magnetic flux fluctuations.

A typical transmon chip features eight qubits arranged in a single row, each equipped with a dedicated readout 
resonator, while all the qubits share a single transmission line for delivering readout and drive pulses. In contrast, a Smon 
chip has four qubits per row; although it uses resonators and transmission lines analogous to those of a typical transmon, it 
also incorporates a shared Purcell filter to mitigate radiative losses. Currently, the coherence of the system is sufficiently 
low that it is not limited by the Purcell effect. Thus, the additional filter does not yield a measurable improvement.

The superconducting chip was mounted on the mixing chamber (MC) plate of a BlueFors LD400 dilution refrigerator 
and cooled to a base temperature of 10 mK. Initial characterization was performed using a Rohde & Schwarz ZNB20 vector 
network analyzer (VNA) to rapidly survey the frequency distribution of the readout resonators and verify the qubit yield. 
Subsequently, a QuantumCTek ez-Q Engine 2.0 quantum control system was employed for the detailed characterization of 
the qubit performance metrics. Measurements were conducted in a μ-metal (high-permeability magnetic alloy) shielded 
cryostat with 78 dB input line attenuation to suppress thermal noise. Three Smon samples exhibited qubit frequencies (fq) of 
4.5–5.0 GHz and readout resonator frequencies (fr) of about 6.9 GHz. As summarized in Table 3, samples #2 and #3 
achieved T1 of 43.7–53.0 μs, lagging behind conventional transmons (T1 = 120–140 μs), which confirms MA interface loss 
as the primary limitation. The detailed parameters of the quantum chips are summarized in Tables 4 and 5. The nonlinearity 
parameters η/2π = 219.9–247.0 MHz, measured via quantum state preparation and frequency sweeps, align with charging 
energy EC predictions. The structural morphology of the fabricated qubits and Josephson junctions is characterized in Fig. 3. 
Fig. 4 demonstrates equivalent decay characteristics across geometrically varied Smon devices under identical fabrication 
conditions, further validating the interface-dominated loss mechanisms. Notably, sample #1 exhibits a degraded T1 of 27.7 
μs due to packaging defects, underscoring the criticality of hermetic encapsulation.

Table 3 

Measured parameters of three Smon samples.
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Sample number fr (GHz) fq (GHz) η/2π (MHz) χ/2π (MHz) T1 (μs) T2 (μs) T2E (μs)

#1Q1 6.856 4.800 222.1 — 27.7 19.5 36.8

#1Q2 6.965 4.853 219.9 0.32 31.3 26.1 42.5

#2Q1 6.660 4.642 247.0 0.47 43.7 48.7 53.3

#2Q2 6.769 4.823 241.3 0.44 39.0 32.6 43.5

#2Q3 6.867 4.720 231.4 0.41 53.0 33.9 54.8

#2Q4 6.953 4.608 223.0 0.30 35.0 42.7 46.4

#3Q1 6.647 4.965 226.6 0.50 33.8 56.4 67.6

#3Q2 6.694 4.732 228.6 0.40 32.6 32.4 37.4

#3Q3 6.740 4.986 224.2 0.80 47.5 32.6 45.7

#3Q4 6.815 4.978 226.4 0.60 30.1 15.4 35.5

#3Q5 6.869 4.857 225.0 0.60 44.4 36.9 46.0

#3Q6 6.917 4.951 226.1 0.40 42.7 38.9 44.8

#mQn denotes the nth qubit on sample m; η/2π denotes the qubit nonlinearity parameter (anharmonicity); χ/2π is the dispersive 
shift between the qubit and resonator; and T2E represents the echo-refocused coherence time of the qubit.

Table 4 

Quantum chip parameters: C1, C2, and C3 series.

Chip Fbare (GHz) Fdispersion (GHz) Fqubit (GHz) T1 (μs) T2 (μs)

C1-Q9 6.2970 6.2994 4.5696 35.44 0.8235

C1-Q13 6.8700 6.8613 4.8073 16.92 2.3073

C1-Q17 6.2980 6.3011 4.5061 26.98 0.5218
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C1-Q18 6.3918 6.3965 4.8936 25.80 2.1697

C1-Q27 6.6754 6.6788 5.0010 27.98 0.7291

C1-Q37 6.6800 6.6831 4.7541 16.65 4.8164

C2-Q17 6.6080 6.6125 5.0933 23.80 N/A

C2-Q18 6.3090 6.3120 4.6602 12.90 N/A

C2-Q19 6.4140 6.4182 4.7167 24.80 N/A

C2-Q20 6.5095 6.5130 4.9402 26.20 N/A

C2-Q21 6.6855 6.6891 4.8004 20.60 N/A

C2-Q22 6.7990 6.8030 4.7241 23.20 N/A

C2-Q23 6.8830 6.8864 4.7452 23.50 N/A

C2-Q24 6.9805 6.9843 4.8430 26.70 N/A

C2-Q33 6.3205 6.3256 4.9946 24.30 N/A

C2-Q34 6.4160 6.4199 4.7621 26.50 N/A

C2-Q35 6.5058 6.5086 4.5516 6.10 N/A

C2-Q36 6.6081 6.6127 5.0932 21.40 N/A

C2-Q37 6.6993 6.7024 4.7257 16.20 N/A

C2-Q38 6.7958 6.7998 4.7240 20.20 N/A

C2-Q39 6.8894 6.8920 4.7032 13.10 N/A

C2-Q40 6.9931 6.9988 4.9789 20.50 N/A

C2-Q51 6.5046 6.5083 4.8861 20.40 N/A
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C2-Q52 6.6865 6.6909 4.8820 19.10 N/A

C2-Q54 6.7938 6.7988 4.9302 22.90 N/A

C2-Q55 6.8887 6.8924 4.9895 18.00 N/A

C2-Q56 6.9917 6.9947 5.0773 19.70 N/A

C3-Q10 6.3284 6.3321 4.6590 28.23 1.19

C3-Q19 6.4193 6.4212 4.1380 39.62 1.661

C3-Q20 6.5154 6.5182 4.4170 53.91 0.991

C3-Q21 6.6125 6.6134 4.2010 139.86 N/A

 “N/A” in the table indicates that the corresponding parameters were not tested due to issues related to the testing 
environment, so there is no actual measurement data. Fbare is the bare readout resonator frequency, Fdispersion is the 
dispersive-shifted readout frequency after coupling to the qubit, and Fqubit is the qubit transition frequency.

Table 5 

Quantum chip parameters: C4, C5, and C6 series.

Chip Fbare (GHz) Fdispersion (GHz) Fqubit (GHz) T1 (μs) T2 (μs)

C4-Q2 6.3251 6.3268 4.2696 32.49 N/A

C4-Q3 6.4137 6.4161 4.2702 18.72 N/A

C4-Q4 6.5117 6.5135 4.3995 0.64 N/A

C4-Q6 6.6973 6.7005 4.6788 6.36 N/A

C4-Q7 6.7816 6.7841 4.3210 8.76 N/A

C4-Q10 6.3150 6.3195 4.4250 30.98 N/A
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C4-Q11 6.4054 6.4120 4.3068 17.32 N/A

C4-Q12 6.5009 6.5064 4.2580 7.22 N/A

C4-Q13 6.5942 6.6099 4.2950 10.94 N/A

C4-Q16 6.8689 6.8805 4.4810 8.33 N/A

C4-Q18 6.3176 6.3195 4.5740 11.29 N/A

C4-Q19 6.4123 6.4143 4.3582 45.39 N/A

C4-Q21 6.6030 6.6055 4.4830 22.03 N/A

C4-Q22 6.7030 6.7055 4.4230 16.30 N/A

C4-Q25 6.2098 6.2105 4.2440 21.69 N/A

C4-Q27 6.4114 6.4144 4.3605 27.03 N/A

C4-Q28 6.5126 6.5138 4.2700 16.29 N/A

C4-Q30 6.7015 6.7042 4.5760 21.49 N/A

C4-Q31 6.7854 6.7878 4.5494 15.64 N/A

C4-Q32 6.8801 6.8822 4.5200 41.06 N/A

C5-Q3 6.3750 6.3770 4.4520 6.69 N/A

C5-Q4 6.4700 6.4740 4.4760 4.37 N/A

C5-Q59 6.3640 6.3680 4.8400 3.26 N/A

C5-Q60 6.4595 6.4610 4.9450 9.78 N/A

C5-Q61 6.5556 6.5580 4.6900 4.60 N/A

C5-Q63 6.7342 6.7370 4.8510 3.63 N/A
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C6-Q1 6.4324 6.4353 4.1950 40.00 N/A

C6-Q2 6.2200 6.2249 4.3070 32.00 N/A

C6-Q3 6.7144 6.7163 4.2340 52.00 N/A

C6-Q4 6.4324 6.4353 4.1950 45.00 N/A

C6-Q5 6.5252 6.5272 4.1120 40.00 N/A

C6-Q6 6.6220 6.6249 4.3070 48.00 N/A

C6-Q7 6.9088 6.9108 4.2740 39.00 N/A

C6-Q8 7.0081 7.0108 4.3290 56.00 N/A

C6-Q9 6.3355 6.3364 3.3290 115.00 N/A

C6-Q10 6.6234 6.6252 3.7180 47.00 N/A

C6-Q11 6.7141 6.7154 3.6850 78.00 N/A

C6-Q12 6.9089 6.9101 4.2460 80.00 N/A

C6-Q13 7.0025 7.0042 4.9960 359.80 N/A
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Fig. 3. Scanning electron microscopy (SEM) characterization of the quantum chips’ microstructure. (a) A 64-qubit configuration comparing the 
Smon and transmon architectures. (b, c) SEM images of (b) a standard transmon structure and (c) the optimized Smon design, showing the 
modified capacitor geometry. (d, e) Josephson junction details for (d) transmon and (e) Smon configurations. (f) High-magnification SEM image 
with false-color layer annotations for the 2 nm AlOx tunnel barrier (yellow) and the aluminum counter electrode (red). (g) Energy-dispersive 
X-ray spectroscopy (EDS) elemental mapping or 3D topographic reconstruction of the region in (f), with color overlays (blue, yellow, and 
purple) distinguishing material layers or surface height variations (scale bar: 200 nm).

Fig. 4. Characteristics of the T1 distribution of superconducting qubits. (a) Histogram of the T1 distribution of tantalum film superconducting 
qubits. The box indicates the core distribution area of the data (10%–90% percentile range). (b) Histogram of the T1  distribution of aluminum 
film superconducting qubits. The box covers the entire data distribution range. #1 indicates Smon-type qubits, and #2 indicates transmon-type 
qubits. (c) Comprehensive test results in a low-temperature environment, including the T1 distribution statistics of all qubits. The Smon-type 
qubits show the best performance, with the maximum T1 time (T1 = 359.8 µs), indicated in the inset. The histogram scale is adjusted to a 
logarithmic coordinate to optimize data presentation.

In this work, we propose that the dominant loss mechanism in all qubit designs originates from the interfaces. 
Microwave losses in air and commonly used substrates (e.g., silicon or sapphire) are negligible, as these substrates exhibit a 
dielectric loss tangent on the order of approximately 10–6 to 10–7, a value far smaller than those of interfaces [12,30,31]. Fig. 
5 shows X-ray diffraction (XRD) patterns and X-ray photoelectron spectroscopy (XPS) analysis of Ta and Al films 
deposited on sapphire substrates, revealing the crystallinity of α-Ta and Al films as well as the depth-dependent oxygen 
distribution in the Ta oxide layer. A systematic comparison of the coherence performance between Smon and transmon 
qubits is summarized in Table 6. The structural and elemental distribution of the Smon qubit and Josephson junction are 
further verified in Fig. 6.

Fig. 5. X-ray diffraction (XRD) patterns and X-ray photoelectron spectroscopy (XPS) analysis of Ta and Al deposited on sapphire substrates. (a) XRD pattern of the α-Ta 
film deposited on sapphire. The peak at 38.4° corresponds to the (110) Ta peak, while the peak at 37.5° is attributed to the (110) sapphire. The Ta peak indicates a 
preferential orientation, suggesting high crystallinity of the α-Ta film. (b) XRD pattern of the Al thin film. The peaks at 35.1° and 37.8 ° originate from the sapphire substrate, 
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and the peak at 38.4° corresponds to (111) Al. The broader full width at half maximum (FWHM) of the Al peak implies a smaller grain size in the Al film. 2θ represents the 
diffraction angle in degrees, which is the angle between the incident and diffracted X-ray beams in the XRD measurement. (c) XPS depth profile of the Ta surface. After 15 
cycles of Ar+ ion etching (5 keV, 20 s per cycle), the oxygen (O) peak slowly red-shifts (i.e., shifts to a lower binding energy) with increasing etching cycles, indicating a 
reduction in O content and a transition from a stoichiometric oxide (e.g., Ta2O5) to a non-stoichiometric oxide layer (i.e., TaOx, where x = 0–2.5). The top-exposed surface 
layer (before etching) is dominated by Ta2O5 due to native oxidation. The Ta2O5-dominated oxide layer introduces TLS-induced decoherence. (d) Depth profile of the Al/O 
stoichiometric ratio derived from the XPS analysis, depicting the variation in atomic concentration as a function of etching depth (up to 120 nm). Black and red curves 
represent O and Al content, respectively.

Fig. 6. Structural and elemental characterization of the Smon qubit and Josephson junction on a sapphire substrate. which includes low- and 
high-magnification SEM images of the device and junction, as well as EDS elemental mapping showing the distribution of O, Ta, and Al, with 
scale bars of 100, 2, and 10  µm, respectively. (a) SEM characterization of the tantalum (Ta) Smon qubit device implemented on sapphire. (b) 
Locally magnified SEM image of the Josephson junction, showing its high-resolution structural details. (c–f) EDS elemental mapping of the 
junction. Green regions indicate Ta uniformly distributed on the capacitor pads. Purple regions indicate O, concentrated primarily in the 
substrate and junction. Brown regions correspond to Al, localized on the substrate and junction region, consistent with the sapphire substrate 
(Al2O3) and the junction material composition. SE:

Table 6 

A comparison between two types of qubits.

Smon TransmonChip number Metal

T1,max (μs) T1,med (μs) T1,ave (μs) T1,max (μs) T1,med (μs) T1,ave (μs)

Chip 1 Al 25.8024 25.8024 25.8024 35.4383 16.6548 24.7957

Chip 2 Ta 26.7000 21.4000 21.7545 24.8000 20.5000 19.0800

Chip 3 Ta 139.8600 89.7400 89.7400 53.9100 41.0700 41.0710

Chip 4 Ta 45.3900 18.1000 19.5845 41.0590 16.3000 18.4112

Chip 5 Ta 359.8000 78.0000 109.1000 56.0000 46.0000 44.7000
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T1,max, T1,med, T1,ave denote the maximum, median, and average values of the T1 times for different types of qubits, 
respectively.
4. Conclusions

This work established a novel transmon variant designated as the Smon architecture that exhibits quantum coherence 
metrics achieving parity with those of conventional architectures [32]. Detailed analysis combining electromagnetic 
simulations and cryogenic characterization revealed that the dominant decoherence mechanism originates from MA 
interface losses, with microscopic field localization and dielectric dissipation at these interfaces fundamentally limiting 
energy relaxation times. The meander-structured coplanar waveguide capacitor design of the Smon effectively reduces edge 
field enhancement and the circuit footprint while maintaining competitive coherence performance, demonstrating its 
potential for high-integration-density quantum processors. In future research, we will extend our investigations to include 
single-qubit and two-qubit operation demonstrations, complemented by randomized benchmarking to quantify gate 
fidelities. These efforts will validate the Smon’s utility in practical quantum computing workflows and explore the interplay 
between its compact geometry and active control performance.

References

[1] Tuokkola M, Sunada Y, Kivijärvi H, Albanese J, Grönberg L, Kaikkonen JP, et al. Methods to achieve near-millisecond energy relaxation and 
dephasing times for a superconducting transmon qubit. Nat Commun 2025;16:5421.

[2] Koch J, Yu TM, Gambetta J, Houck AA, Schuster DI, Majer J, et al. Charge-insensitive qubit design derived from the cooper pair box. Phys Rev A 
2007;76(4):042319.

[3] Arute F, Arya K, Babbush R, Bacon D, Bardin JC, Barends R, et al. Quantum supremacy using a programmable superconducting processor. Nature 
2019;574(7779):505–10.

[4] Barends R, Kelly J, Megrant A, Sank D, Jeffrey E, Chen Y, et al. Coherent Josephson qubit suitable for scalable quantum integrated circuits. Phys 
Rev Lett 2013;111(8):080502.

[5] Bland MP, Bahrami F, Martinez JG, Prestegaard PH, Smitham BM, Joshi A, et al. 2D transmons with lifetimes and coherence times exceeding 1 
millisecond. 2025. arXiv:2503.14798.

[6] Somoroff A, Ficheux Q, Mencia RA, Xiong H, Kuzmin R, Manucharyan VE. Millisecond coherence in a superconducting qubit. Phys Rev Lett 
2023;130(26):267001.

[7] Hyyppä E, Kundu S, Chan CF, Gunyhó A, Hotari J, Janzso D, et al. Unimon qubit. Nat Commun 2022;13(1):6895.

[8] Duda R, Hyyppä E, Mukkula O, Vadimov V, Möttönen M. Parameter optimization for the unimon qubit. Phys Rev Res 2025;7(3):033092.

[9] Kim H, Jang G, Jin S, Shin D, Shin HJ, Luo J, et al. Josephson junctions in the age of quantum discovery. 2025. arXiv:2505.12724.

[10] Keller AJ, Dieterle PB, Fang M, Berger B, Fink JM, Painter O. Superconducting qubits on silicon substrates for quantum device integration. 2017. 
arXiv:1703.101953.

[11] Bruno A, De Lange G, Asaad S, van der Enden KL, Langford NK, DiCarlo L. Reducing intrinsic loss in superconducting resonators by surface 
treatment and deep etching of silicon substrates. Appl Phys Lett 2015;106(18):182601.

[12] Megrant A, Neill C, Barends R, Chiaro B, Chen Y, Feigl L, et al. Planar superconducting resonators with internal quality factors above one million. 
Appl Phys Lett 2012;100(11):113510.

[13] Goswami A, McFadden AP, Zhao T, Inbar H, Dong JT, Zhao R, et al. Towards merged-element transmons using silicon fins: the FinMET. Appl 
Phys Lett 2022;121(6):064001.

[14] Zheng L, Chen M, Sun Z, Ko HY, Santra B, Dhuvad P, et al. Structural, electronic, and dynamical properties of liquid water by ab initio molecular 
dynamics based on SCAN functional within the canonical ensemble. J Chem Phys 2018;148(16):164505.

[15] Dunsworth A, Barends R, Chen Y, Chen Z, Chiaro B, Fowler A, et al. A method for building low loss multi-layer wiring for superconducting 
microwave devices. Appl Phys Lett 2018;112(6):063502.

[16] Tex DM, Imaizumi M, Kanemitsu Y. Analyzing the electrical performance of a solar cell with time-resolved photoluminescence: methodology for 
fast optical screening. Phys Rev Appl 2017;7(1):014019.



15

15
15

[17] Zhao R, Park S, Zhao T, Bal M, McRae CRH, Long J, et al. Merged-element transmon. Phys Rev Appl 2020;14(6):064006.

[18] Mamin H, Huang E, Carnevale S, Rettner CT, Arellano N, Sherwood MH, et al. Merged-element transmons: design and qubit performance. Phys 
Rev Appl 2021;16(2):024023.

[19] Li X, Zhang Y, Yang C, Li Z, Wang J, Su T, et al. Vacuum-gap transmon qubits realized using flip-chip technology. Appl Phys Lett 
2021;119(18):184003.

[20] Wang C, Axline C, Gao YY, Brecht T, Chu Y, Frunzio L, et al. Surface participation and dielectric loss in superconducting qubits. Appl Phys Lett 
2015;107(16):162601.

[21] Martinis JM. Surface loss calculations and design of a superconducting transmon qubit with tapered wiring. npj Quantum Inf 2022;8(1):26.

[22] He H, Wang W, Liu F, Yuan B, Shan Z. Suppressing the dielectric loss in superconducting qubits through useful geometry design. Entropy 
2022;24(7):952.

[23] Martinis JM, Cooper KB, McDermott R, Steffen M, Ansmann M, Osborn KD, et al. Decoherence in Josephson qubits from dielectric loss. Phys Rev 
Lett 2005;95(21):210503.

[24] Lisenfeld J, Bilmes A, Megrant A, Barends R, Kelly J, Klimov P, et al. Electric field spectroscopy of material defects in transmon qubits. npj 
Quantum Inf 2019;5(1):105.

[25] Place APM, Rodgers LVH, Mundada P, Smitham BM, Fitzpatrick M, Leng Z, et al. New material platform for superconducting transmon qubits 
with coherence times exceeding 0.3 milliseconds. Nat Commun 2021;12(1):1779.

[26] Yuan B, Wang W, Liu F, He H, Shan Z. Comparison of lumped oscillator model and energy participation ratio methods in designing 
two-dimensional superconducting quantum chips. Entropy 2022;24(6):792.

[27] Dial O, McClure DT, Poletto S, Keefe GA, Rothwell MB, Gambetta JM, et al. Bulk and surface loss in superconducting transmon qubits. Supercond 
Sci Technol 2016;29(4):044001.

[28] Gambetta JM, Murray CE, Fung YKK, McClure DT, Dial O, Shanks W, et al. Investigating surface loss effects in superconducting transmon qubits. 
IEEE Trans Appl Supercond 2017;27(1):1–5.

[29] Zhang C, Wang W, Li J, Yuan B, Yu X, Zha Z, et al. Optimization of superconducting qubit capacitor geometry based on deep reinforcement 
learning. Quantum Inform Process 2026;25(2):68.

[30] PourhosseiniAsl MJ, Yu Z, Chu Z, Yang J, Xu JJ, Hou Y, et al. Enhanced self-bias magnetoelectric effect in locally heat-treated me laminated 
composite. Appl Phys Lett 2019;115(11):112901.

[31] Paik H, Schuster DI, Bishop LS, Kirchmair G, Catelani G, Sears AP, et al. Observation of high coherence in Josephson junction qubits measured in 
a three-dimensional circuit QED architecture. Phys Rev Lett 2011;107(24):240501.

[32] Palmer C. Scaled up chip pushes quantum computing a bit closer to reality. Engineering 2025;50(7):7–9.

 

Declaration of Interest Statement

☒ The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper.



16

16
16

 

☐ The author is an Editorial Board Member/Editor-in-Chief/Associate Editor/Guest Editor 
for this journal and was not involved in the editorial review or the decision to publish this 
article.

☐ The authors declare the following financial interests/personal relationships which may be 
considered as potential competing interests: 



17

17
17



18

18
18


