
・ハフニウム薄膜成膜手法：RFスパッタリング 
ターゲット：Hf + Zr (Zr ≦ 3%)、純度99% 

　Ar圧力と印加電力を変更し、膜質を評価。 

基板はSi基板(380 umt) 
スパッタ時間はいずれも5分 

・RRR測定 
RT測定により、常温時と液体窒素温度での残留抵抗比を評価 

・XRD測定 
X線回折法により、ハフニウムの結晶性を評価
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1. 集中定数型力学インダクタンス検出器 LEKID －Lumped element kinetic inductance detector－
・超伝導体薄膜で構成された共振器 
・エネルギー検出器として動作 
エネルギーギャップ2Δを超えるエネルギー流入 
　→クーパー対破壊 
　→超伝導体の力学インダクタンスが変化 
　→共振周波数変化として読み取る 

・単層薄膜を用いるため作製が容易 
・多素子化に向く 
・従来のKIDに比べ、有感面積が広い[1] LEKIDのデザイン
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these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iqLs also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, qLs.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy hn . 2D are

absorbed in a superconducting film cooled to T ,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hhn/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (T c ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a ¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T ,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.
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検出原理 [2]

2. 超伝導体 ハフニウムHfの利用 3. 成膜条件最適化の動機
・KIDの運用にはTcの1/10以下の温度下が必要  
・エネルギーギャップと転移温度の関係 2Δ＝3.25kBTc 
→ 低いTcが高感度化に寄与 

・ハフニウム(Hf)の転移温度 128 mK[2] 
→ KIDで利用した場合、動作環境は～12 mK以下 
→ Hfが希釈冷凍機で到達できる最低温下で実用可能な材料 

・アニールや成膜時温度の変更でTc調節可能[3] 

軽い暗黒物質や 
極稀事象探索へ応用 

本研究は光科学技術研究振興財団令和6年度研究助成を受けたものです。XRD測定は 
理化学研究所 創発物性科学研究センター (CEMS) 物質評価支援チームの協力による。

4.ハフニウムの成膜・性質評価手法 5. 成膜条件の選定
・成膜したハフニウム 
銀色の金属光沢 
（酸化をすると青みがかる） 
条件により異なるが >数十 nmの膜厚で成膜 

・RRR測定 
主だった傾向なし。 
300 W、低圧力が比較的高RRR 

・XRD測定 
Hfのピークを確認。 
Hf(010)はスパッタ条件により 
見えたり見えなかったり。 

min{I(010)/I(002)} = ∞

@Ar press. 0.1 Pa, Power 100 W etc…


max{I(010)/I(002)} = 72% 

@Ar press. 1.1 Pa, Power 100 W 

RRRとXRDで系統的なスパッタ条件 
による確認できなかった。 

To Do 
✦ RRR測定、XRD測定それぞれで良い条件についてTc 確認 
✦ LEKIDの作製・評価

測定：10 mK@KEK, QUP

LEKID 14素子 
Hf 50 µm厚

超伝導転移確認。 
共振は確認できず。

物理事象
フォノン

基板

超伝導体共振器 暗黒物質の反跳
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・試作したLEKIDの極低温評価 

・超伝導薄膜はクリーンルーム内で成膜。 
2025年度にクリーンルームがキャンパス内 
で移転のため、装置の調整が必要

理研和光キャンパス

設定可能な主なパラメタ 
‣ Ar圧力 
‣ 印加電力(Power) 
‣ ターゲット-基板間距離 
‣ 温度
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RRR =
R(room temp.)

R(77K)
残留抵抗比

Hf(010), (002)のピークを測定。 
intensityの比 I(010)/I(002)を比較。 
これが小さい方がKIDの性能が良い[4]
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=) 成膜条件を決め直し、 
LEKIDの応答を確認したい


