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Abstract: We designed, fabricated and characterized parallel-plate capacitor lumped-element 

kinetic inductance detectors (LEKIDs) to operate at near-infrared and optical wavelengths (0.3 

1 μm). The widely used interdigitated capacitor is replaced by a parallel-plate capacitor 

which, for a given resonance frequency, has a larger capacitance value within a much smaller 

space allowing to strongly reduce the size of the pixels. The parallel-plate capacitor LEKID 

array comprises 10 × 10 pixels. The inductive meander is patterned from stoichiometric 52 

nm-thick TiN film (Tc 4.6 K). The parallel-plate capacitor is made of a TiN base electrode, 

Al2O3 dielectric and Nb upper electrode. More than 90 resonances out of 100 within the 0.994-

1.278 GHz band were identified. The resonances exhibit internal Q-factors up to 370 000 at 

72 mK. The array was illuminated using a white light and 890 nm monochromatic near infrared 

LEDs. The estimated quasiparticle lifetime is τqp13 µs. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Over the past 10 years, significant progress has been made in the implementation of visible 

and near infrared LEKID [1–3] in order to build high-performance instruments for 

astronomical applications [4,5]. As reported elsewhere [6], the LEKID which typically consists 

of an interdigitated capacitor shorted by a meandered inductive line, is the most suitable in the 

visible and near infrared [1,2]. The meander features a unique geometry and it is optimized to 

act as an efficient photon absorber. The interdigitated capacitor is sized to tune the LEKID 

resonance frequency within the available band of the readout electronics system. The capacitor 

size should be large enough to maintain a low resonance frequency, typically a few GHz, which 

can be easily measured with inexpensive and easy-to-use readout electronics. However, for the 

classical designs, the interdigitated capacitor can cover up to 90% of the overall pixel surface. 

This is detrimental for many astrophysical applications as it leads to large pixels and a very 

low fill factor. The former calls for fast optics to achieve an important transverse magnification 

or the use of dithering to properly sample the PSF (Point Spread Function) [7] so high spatial 

resolution can be achieved and strongly limits the number of pixels in the detector. The latter 

can be partially solved by the introduction of a micro-lens array. Both compromise the 

performance of visible to near-infrared LEKIDs, which are intrinsically fast and cover a wide 

wavelength range, and pose optical design challenges for the instrument hosting the detector. 
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It is hence desirable to reduce the pixel size in LEKIDs typically from hundreds to a few tens 

of µm. 

In this paper, in order to achieve a smaller pixel size, we develop the parallel-plate capacitor 

LEKID that uses a high dielectric constant material such as Al2O3 (εr10) [8]. The parallel-

plate capacitor geometry is expected to have another advantage: according to the theoretical 

model developed by J. Gao et al. [9], it should be possible to increase the detector's sensitivity 

by reducing the two level systems (TLS) effect usually observed in LEKIDs thanks to the high 

electric field which can be set inside the parallel-plate capacitor through the power driving the 

resonators [10]. Indeed, as reported elsewhere [9,11], TLS generate an intrinsic excess noise 

at the metal/dielectric interface as well as in the bulk substrate that alters the resonance's quality 

factor and the sensitivity. 

2. Design 

For comparison, Fig. 1 shows the sketch of the parallel-plate capacitor LEKID along with an 

interdigitated capacitor LEKID which uses the same meander and is designed to resonate at 

the same frequency. Thus, the parallel-plate capacitor which features a larger capacitance 

occupies a much smaller space allowing to reduce the size of pixels. 

 

Fig. 1. (Left) Sketch of a classical interdigitated capacitor-based LEKID and (right) our parallel-

plate capacitor based LEKID. For comparison, both use the same meander and are designed to 

resonate at the same frequency of 0.942 GHz. At this frequency, a parallel-plate capacitor 
LEKID using a 25 nm-thick Al2O3 dielectric allows to strongly reduce the size of pixels by a 

factor 26. 

As shown in Fig. 1, LEKID consists of a TiN meandered inductor in parallel with a parallel-

plate capacitor, inductively coupled to a 50 Ω CPW feedline. The TiN kinetic inductance per 

square is calculated using the Mattis-Bardeen relationship Lk = ρ/πΔ(T)t where  is the 

reduced Planck constant, t is the thickness, ρ is the resistivity measured before the 

superconducting transition and Δ(T) 1.72kBTc is the superconducting energy gap. To achieve 

best performances, LEKIDs must be cooled below typically Tc/8 [12]. At the beginning of this 

study, because of the limitations of the available fridge which could be cooled down below 

300 mK, we chose stoichiometric TiN films of Tc 4.6 K with resistivity ρ 140 μΩ.cm. These 

values were extracted using 4-point probe measurements. Thus, a TiN film 52 nm thick yields 

a sheet kinetic inductance of Lk8 pH/. To achieve efficient detection between 0.3 and 1 

μm, we set the meander strip width and the gap between strips to respectively wm = 2.5 μm and 

0.5 μm [1]. This would lead to a maximum quantum efficiency of about 17% at 380 nm-

wavelength as reported by B. Mazin et al. [4]. The meander is connected to the parallel-plate 

capacitor through two arms. The resonators are designed to resonate within the available 

readout frequency band of 1-2 GHz. For an inductive strip, including arms, of lm = 523 µm-

length, we expect a total kinetic inductance of Lk = Lk × lm/ wm  1.7 nH and a geometric 

inductance [13] of Lgeo 0.22 nH yielding a fractional kinetic inductance of αTc4.2K = Lk /(Lgeo 

+ Lk ) 0.88. α close to unity guarantees a high sensitivity; hence our interest in an even larger 
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kinetic inductance which is achieved at lower critical temperatures (a Tc around 0.8-1 K is 

usually chosen [1–3]). Another important reason for using large kinetic inductance values is 

related to the readout frequencies which, according to f = 1/2π(LC)0.5, should be as low as 

possible to facilitate the implementation of the readout electronics. Thus, at Tc = 1 K, the 

calculated sheet kinetic inductance and total kinetic inductance are 40 pH/ and 8.36 nH, 

respectively, leading to αTc1K 0.97. As demonstrated below, the large capacitance of the 

dielectric parallel-plate capacitor will offer an opportunity to maintain low readout frequencies 

despite the use of a rather low value of Lk, with a sensitivity probably lower but still satisfactory 

as αTc>1K remains close to unity. Moreover, as stoichiometric TiN’s critical temperature would 

be more homogenous than the sub-stoichiometric [14,15] one over a large substrate area, we 

expect a more accurate frequency positioning and less frequency collisions. 

The parallel-plate capacitor consists of two L × w = 40 × 100 μm superconducting 

electrodes separated by a thin Al2O3 dielectric layer. To tune the frequency resonance, as 

shown in Fig. 4, we reduce the upper electrode's area by removing tiles of of SN = N × 4 × 4 

μm2 where N is the pixel's number. By comparison, for the interdigitated capacitors, the 

frequency is usually tuned by changing the length of one or several micro-strips. As a first 

demonstrator, we devised an array comprising 10 × 10 pixels (i.e., N = 0 to 99). Thus, the value 

of capacitance can be calculated as follows: 

 0 ( )N r F NC S S d    (1) 

where SF = L × w is the full electrode area and d is the dielectric's thickness. We obtain thus 

capacitances between 14.16 and 8.55 pF, whereas it is difficult to realize capacitances larger 

than 1 pF with the classical planar interdigitated capacitor geometry [10]. This yields a 

capacitance per unit area Cs of 3.54 fF/µm2 for the parallel-plate capacitor and 0.056 fF/µm2 

for the interdigitated capacitor. Using: 

 1 2 ( )N N k geof C L L   (2) 

this results in a readout frequency band of 0.965-1.242 GHz and a frequency spacing resf  

ranging from 1.93 MHz between the first two resonators up to 4.13 MHz between the last two. 

The frequency resonance spacing is not quite constant as Δ fN  1/(Δ SN)0.5. For the same 

resonance frequency of around 1 GHz, the parallel-plate capacitor LEKID pixel size is 112 × 

85 μm, whereas it is around 500 × 500 μm if the interdigitated capacitor is used while 

maintaining the same meander. 

In order to improve the RF coupling between the resonator and the 50 Ω niobium coplanar 

waveguide (CPW) feedline, we remove the ground plane on this side of the pixel over its whole 

length. The meander is 1.5 μm away from the 2 μm-width CPW central line. This does not 

affect the performance of the feedline as the length of the portion removed is much smaller 

than the RF readout's wavelength. In addition, the arms which are defined along the central 

line at the same distance (i.e., 1.5 μm), replace almost entirely the removed ground, thus 

contributing to optimizing the RF coupling between the feedline and the pixel as shown by the 

simulations in Fig. 2. They show the simulated forward transmission S21 response of the 

feedline as well as the current density within the parallel-plate capacitor LEKID with a full 

upper electrode using the electromagnetic simulation package SONNET [16]. The simulated 

internal and coupling quality factors are Qi 600 000 and Qc 40 000, respectively. As 

calculated using Eq. (2), it resonates at 0.946 GHz which is the lowest frequency of the array. 

The current distribution shows that the coupling is done thanks to the meander and arms. 
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Fig. 2. SONNET simulation of a parallel-plate capacitor based LEKID with a full upper 

electrode. The left panel presents the forward transmission (S21) signal of the 50 Ω feedline 
showing the LEKID resonance at 0.947 GHz. The right panel shows the current density within 

the meander along with the parallel-plate capacitor. The current is almost entirely confined in 

the meander. 

3. Fabrication 

The sketch in Fig. 3 depicts our sequence of the fabrication of LEKIDs which use sputter 

deposition, 320 and 360 nm UV lithography as well as lift-off techniques. 

 

Fig. 3. LEKID fabrication sequence which consists in (a) TiN meander and bottom electrode 
deposition. The TiN layer is deposited at a rate ~1 nm/s using Ar and N2 flow rates of 

respectively 50 sccm and 6 sccm at a total pressure of 0.6 Pa with a 700 W DC power. These 

deposition conditions lead to a desired Tc of 4.6 K. (b) Nb feedline and ground plane 
deposition. The Nb layer is deposited using a 50 sccm Ar flow rate, 1.1 Pa total pressure and 

500 W DC power. (c) Al2O3 dielectric deposition using an atomic layer deposition technique. 

(d) Nb top electrode deposition using the same parameters as for the CPW feedline. Before each 
deposition, the substrate is cleaned for 2 min with a 50 sccm Ar flow rate, 1.1 Pa total pressure 

and 50 W RF power. TiN and Nb are deposited in a sputtering system equipped with a high 

vacuum load-lock and 6-inch (Ti, Nb) targets. A base pressure of 2.8 × 108 mbar is reached 

before deposition. The substrate is positioned at 80 mm from the target. 

All the superconducting layer/silicon substrate depositions are done with a background 

pressure below 3 × 108 mbar. Interface is crucial to achieving high quality resonances, we 

paid particular attention to substrate cleaning. We used 50 mm diameter and 280 μm-thick high 

resistivity silicon substrate (>15 kΩ.cm) cleaned using a process based on hydrofluoric acid 

(HF). The fabrication process starts with the patterns of TiN 52 nm-thick inductive meanders, 

for the lower rectangular electrodes followed by those of the niobium (Nb) 100 nm-thick CPW 
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feedline. Compared to TiN, Nb has a lower surface impedance making it easier to build the 50 

Ω feedline [1]. The use of 320 nm UV allowed us to easily achieve 0.5 µm spacing within the 

meander. The 52 ± 2 nm-thick TiN layer is deposited at a rate ~1 nm/s using Ar and N2 flow 

rates of respectively 50 and 6 sccm at a total pressure of 0.6 Pa with a 700 W DC power. These 

deposition conditions lead to the desired Tc of 4.6 K (i.e stoichiometric TiN layer). The 

niobium is deposited using a 50 sccm Ar flow rate, 1.1 Pa total pressure and 500 W DC power. 

The 25 ± 1 nm-thick Al2O3 layer is then deposited using ALD technique (Atomic Layer 

Deposition) at a rate of 0.166 nm/min allowing to achieve a compact and thin layer with a high 

accuracy on the thickness. During the deposition, the temperature of the substrate is raised to 

175°C. The Al2O3 layer is then patterned into rectangular panels by optical lithography 

followed by a wet etching process. Finally, the 100 nm-thick Nb upper electrode is deposited 

using the same parameters as the CPW feedline. Note that, right before each deposition, the 

substrate is cleaned with RF argon plasma in the sputtering machine. This is particularly 

important to ensure, on the one hand, the cleanest base electrode surface before the dielectric 

deposition and, on the other hand, the best electrical contact between meanders and upper 

electrodes. 

4. Experimental results 

4.1 Resonances in dark 

 

Fig. 4.(a) Optical microscope picture of the 10 × 10 pixel array and zoom-in picture of four 

pixels. Upper electrodes feature different window sizes to tune the resonance frequency. (b) 
Parallel-plate capacitor array mounted in a gold-plated copper box and wire-bonded to two 50 

Ω SMA connectors. 

Figure. 4 shows the fabricated 100-pixel array which is mounted and Al-wire-bonded to two 

50 Ω SMA connectors in a gold-plated copper box and cooled down to 300 and 72 mK by 

means of two different fridges. The 300 mK fridge which is equipped with a LED is used to 

illuminate the array and perform the first photometric measurements. The 72 mK fridge is used 
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to estimate quality factors as a function of the feedline power. The resonance patterns are 

recorded using a vector network analyzer. Figure 5 shows the forward transmission of the 

feedline where 96 resonances out of 100 were observed within a 284 MHz bandwidth between 

0.994 and 1.278 GHz at 72 mK. The band is very close to the one calculated and simulated. 

Furthermore, the resonances are distributed almost as expected over the fixed readout 

bandwidth. As designed, we can note a tight frequency spacing Δfres at the lower end of the 

band which progressively widens towards the upper end. We measured an average Δfres of 2 

MHz for the first ten resonances and 5 MHz for the last ten. We also observed only 5 

frequency overlaps. These results demonstrate that uncertainties on and dispersion of 

fabrication parameters values, with respect to the design are small and well controlled, 

particularly concerning the Al2O3 and TiN layers. As shown by the histograms in Fig. 6, the 

internal quality factors range from Qi_min 4 × 104 to Qi_max 2.8 × 105 with an average of Qi 

1.6 × 105 when a power on the feedline of 100 dBm is applied. This translates into a loss 

tangent tan δi = 1/Qi between 2.5 × 105 and 3.7 × 106 with an average of 6.6 × 106. The 

measured coupling factors are between Qc_min 9.4 × 103 and Qc_max 6.6 × 104 with an average 

of Qc 2.8 × 104. The total quality factor is QT = 1/(Qi
1 + Qc

1) 2.38 × 104 approaching Qc. 

 

Fig. 5. (a) Forward transmission S21 of the CPW feedline showing 96 resonances out of 100 at 

72 mK measured with a power on the feedline of Pf = 105 dBm. (b) Isolated resonance at f0 

1.009 GHz with Qi_max 378 000 when a feedline power of Pf = 90 dBm is applied. 

These results approach those achieved with dielectrics known to be low loss such as the 

single crystal silicon [17] and amorphous hydrogenated silicon nitride (a-SiNx:H) [18] or even 

vacuum parallel-plate capacitor [19]. Moreover, similar results are obtained with optical planar 

interdigitated capacitor LEKIDs we made using the same fabrication process. At a lower 

                                                                                                Vol. 27, No. 9 | 29 Apr 2019 | OPTICS EXPRESS 13324 



feedline power of 110 dBm, the average Qi decreases down to 0.94 × 105 whereas it 

increases up to 2.1 × 105 at a higher power of 90 dBm. As reported by G. Coiffard et al. 

[10], the improvement of the quality factor with the feedline power is probably due to the 

higher electrical field between the capacitor plates reducing TLS by saturation. However, 

further investigation is needed to quantify the feedline power dependence of Qi in the parallel-

plate capacitor compared to the interdigitated geometry. 

 

Fig. 6. Histograms of internal Qi (top) and coupling Qc (bottom) quality factors for 91 resonators 

out of 100. Qi and Qc are obtained by fitting the resonance plots. The power on the feedline is 

Pf = 100 dBm. 

4.2 Illuminated resonances 

To assess whether our LEKIDs can detect near infrared and visible photons, we illuminated 

the array using a 890 nm monochromatic near infrared and a white light LEDs in the 300 mK 

fridge. No lens was used. The LEDs were placed at a distance of 10 mm from the array on the 

300 mK stage. As shown in Fig. 7(b), switching on the monochromatic LED causes a shift 

towards lower frequencies as well as a reduction in depth of all the observed resonances. The 

same behavior is observed with the visible LED. The arrival of a photon on a given pixel can 

be detected by this change in frequency and depth of the resonance. Since, we do not have 

access to the calibrated LED radiant powers at such a low temperature, these measurements 

are qualitative and did not allow us to deduce noise equivalent power (NEP) which should be 

done in a cryostat equipped with an optical fiber. We also estimated the quasi-particle lifetime 

τqp using an experimental setup shown in Fig. 7(a) based on homodyne detection [20]. The 

quasiparticle lifetime is estimated by probing the transmission signal phase in the time domain 

when the array is illuminated by the monochromatic LED which is modulated by a 1 kHz pulse 

with 1μs width generated by a pulse generator. As shown in Fig. 7(c), the estimated 

quasiparticle lifetime is τqp 13 µs which is consistent with experimental results reported 
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elsewhere [21] using interdigitated capacitor LEKIDs with stoichiometric TiN. Longer 

lifetimes are expected using sub-stoichiometric TiN films (Tc1K). 

 

Fig. 7. (a) Layout of the cryogenic test bench used to estimate the quasiparticule lifetime with 
our parallel-plate capacitor LEKIDs. It operates as follows: a 17 dBm signal generated by a 

local oscillator (LO) is attenuated to 80 dBm using a voltage-controlled attenuator and a 20 

dB attenuator before reaching the LEKIDs into the 300 mK fridge. The signal modified by the 
resonators is then amplified by a 30 dB-gain cryogenic low noise amplifier (a Narda-MITEQ 

amplifier) and two room temperature amplifiers that feature a total gain of 35 dB. The amplified 

signal is then mixed with the reference signal (the LO signal) and down converted to a DC 
signal by an IQ Mixer in order to extract the amplitude and phase. These two components are 

amplified then digitalized by an oscilloscope at a 2.5 GSPS/s sample rate. (b) All resonances 

illuminated with a 890 nm monochromatic LED at 320 mK when a feedline power of around 

80 dBm is applied. At this temperature, the average internal quality factors decrease to ~8.7 × 

104 with a maximum of 1 × 105. The slope is due to the readout system. (c) Quasiparticle 

lifetime estimate. The inset shows one of the resonances (f0 = 1.0152GHz, Qi 50 000, Qc 17 
400) when the array is illuminated by the 890 nm monochromatic LED leading to a frequency 

shift up to Δf0 100 kHz. The low Qi compared to the average value at 320 mK is due to the 

high power (around 80 dBm) on the feedline. 

5. Conclusion 

In conclusion, we demonstrated the technology to build arrays of Al2O3-based parallel-plate 

capacitor LEKIDs. The resonators which were successfully frequency multiplexed thanks to 

the change of the upper electrode area, featured high quality factors (>105). We think that this 

is probably due, on the one hand, to the low amount of defects in the Al2O3 layer deposited by 

atomic layer deposition, and on the other hand, to a weaker TLS noise saturated by the high 

power applied on the feedline. For a given frequency readout bandwidth, compared to the 

interdigitated capacitor geometry, the use of the parallel-plate capacitor allows to significantly 

reduce the size of optical LEKIDs resonating at rather low frequencies (1-1.3 GHz). 

Perspectives include, the use of sub-stoichiometric TiN with a lower Tc (1 K instead of 4.6 

K), and thus a larger kinetic inductance which will yield lower resonant frequencies (<1GHz) 

with better performance, particularly in terms of sensitivity. This will significantly facilitate 
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the implementation of the readout electronics. Beyond astronomy, the low loss Al2O3-based 

superconducting resonators achievement would also be great interest to other superconducting 

circuits such as quantum bits [22] and quantum memories. 
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