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低温物理学研究室の活動・教育方針

研究対象となる物理現象は広範囲（興味次第で広がる）
超流動ヘリウム３の多自由度波動関数の実空間観測，

量子渦などトポロジカルな構造体の探索，

相転移による位相欠陥の生成と宇宙論の実験的検証，

制限空間における新奇対称性超流動相の探索，

量子界面のダイナミクス，量子相転移，量子乱流，，，，

方針：新しい実験装置を開発して新しい発見に
近づく力をつけるために、研究開発力を鍛えます。

研究内容について詳しく知りたい方の研究室訪問大歓迎

理想的物質系ヘリウムを舞台とする基礎物理
⇒シンプルな構成要素（フェルミオンのヘリウム３とボソンのヘリウム４）
＋制御された環境 >> 普遍的な物理現象を精密に理解しよう！
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FIG. 1. CAD image of a typical H1 device. No substrate is shown in this
figure. The springs also serve as electrical connections from the center plate
to the external bonding pads on the chip.

using a specialized CAD software called L-Edit. The designs
were then sent to the company for fabrication. In this pro-
cess, the following layers are deposited on the substrate: three
polysilicon layers (Poly0, Poly1, Poly2) used as the structural
material, one silicon nitride layer (Nitride) used for electrical
isolation from the substrate, two phosphosilicate glass (PSG)
layers (first and second oxide) as sacrificial layers, and a metal
layer (METAL) used for improved electrical connectivity. The
label, material, and thickness of each layer patterned on the
wafer is listed in Table I. The process is carried out on 100 mm
wafers (1–2 ! cm) and it starts by heavily doping the sur-
face with phosphorus (9–10 !/sq). The layers are deposited
using low pressure chemical vapor deposition (LPCVD) and
patterned by a combination of photolithography and reactive
ion etching (RIE). PSG is used in the process to dope the dif-
ferent Poly layers with phosphorus by annealing the wafer at
1050 ◦C in argon during different steps of the process. The
typical resistivity of a Poly1 layer is 2.61 × 10−3 ! cm. After
depositing and patterning all the necessary layers to create the
structures, the resulting chips are sent to the customer. More
details can be found in the design handbook at the company’s
website.13

The die received from the foundry was diced into smaller
square chips of ∼2.5 mm side length using a diamond saw.
During this procedure, the devices were still coated by a pho-
toresist layer, and the sacrificial layer was still present. This

TABLE I. Thickness of the different layers used in PolyMUMPs.

Layer name Material Thickness (µm)

Nitride Silicon nitride 0.6
Poly0 Polysilicon 0.5
First oxide PSG 2
Poly1 Polysilicon 2
Second oxide PSG 0.75
Poly2 Polysilicon 1.5
Metal Gold 0.75

FIG. 2. SEM pictures of a typical device. An overall view of an H2 device
is shown in the top left figure. The top right figure shows half of the same
device. The bottom left figure shows a more detailed view of the spring of
an H1 device at its anchor point with the substrate. A close up look at the
comb-electrode fingers is displayed in the bottom right figure.

prevents damage to the device because the polysilicon struc-
tures are not yet movable. After dicing, the devices were “re-
leased” using a wet etching procedure. This removes the sac-
rificial PSG layers and frees the mechanically active parts.
A standard process suggested by the foundry is followed for
releasing.13 The etching is done by immersing the chips in
49% hydrofluoric acid for 7 min. After the release process, if
the chips are allowed to dry by exposure to the environment,
the small plates comprising the devices might be pulled to-
wards each other by capillary action and stick together. This
phenomenon is called stiction. To avoid this problem the chips
were dried using a CO2 critical point dryer. After drying,
the chips were packaged in a custom designed 20-pin socket.
Electrical connections were made from the bonding pads on
the chip to the pads on the package by using a West-Bond ball
wedge wire bonder with 0.025 mm thick gold wire. Scanning
electron microscope (SEM) images of a typical released de-
vice are shown in Fig. 2.

III. AFM SURFACE CHARACTERIZATION

Experiments in thin films of 3He have found a possi-
ble non-trivial relation between the roughness of the sur-
face bounding the liquid and the scattering relaxation time of
quasiparticles close to the surface.14 A theoretical description
developed by Meyerovich et al. transforms the problem of
electrons propagating through a film with rough surfaces and
a homogeneous bulk into that of a film with flat surfaces and a
disordered bulk.15–17 This theoretical scheme was adapted to
explain recent experiments in which an anomalous tempera-
ture dependence was observed in the transport properties of a
thin film of liquid helium.18 This theory uses, as an input, in-
formation about the surface’s autocorrelation function, which
is related to the momentum transition probability of quasipar-
ticles scattering off the surface. It is, therefore, imperative to
have a detailed understanding of the topography of the poly-
crystalline plates in our devices. For this purpose, we have
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研究動向：ナノテクの華MEMS/NEMS と基礎物理
ナノ機械系と巨視的量子系は結合するか？

A Kraus et al

Figure 1. The fundamental resonance of the Si/Au beam as seen
in the reflection coefficient of the beam from the linear (L) into the
nonlinear (NL) regime at 4.2 K and 20 mbar He gas pressure. Left
inset: circuit diagram of the experimental setup. The reflected
signal is amplified and detected by the network analyser. Inset on
the lower right: scanning electron beam micrograph of the VWR.
The suspended beam consists of a silicon supporting structure and
a metallized top layer. The gates located on the side of the beam
can be applied to electrostatically tune the beam’s mechanical
resonance.

obviously it decreases with increasing power. The resonator
can be modelled as a typical Duffing oscillator using

y ′′(t) + γy ′(t) + ω2
0y(t) + k3y

3(t) = A sin(ωt), (1)

where y is the displacement, f0 = ω0/2π the eigenfrequency
of the beam, γ = ω0/Q = 4.5 × 105 s−1 represents the
damping constant and the driving amplitude is given by
A = 1.4 × 105 m s−2 at −63 dB m and 2.8 × 106 m s−2

at −37 dB m. The shift to lower frequencies implies that
k3 < 0 in the Duffing equation. Attenuation commonly shifts
the eigenfrequency of a linear resonator to lower frequencies
and deteriorates the quality factor. In the measured resonator
a quality factor of Q ∼ 2 × 103 was determined.

Figure 2(a) shows the measurement of the reflected
power during filling of the sample holder with 4He when the
wire is driven in the linear response regime. The sample
holder was cooled to 4.2 K. The attenuation by the gas
leads to a decrease of the resonance amplitude, a shift
to lower frequencies and a broadening of the resonance.
When liquefaction of 4He occurs (shown in the last trace),
the resonance disappears completely. As seen in this
figure we find even in the linear regime of the resonator’s
response a dispersion when the 4He content is increased.
This corresponds to an effective momentum transfer to the
4He atoms impinging onto the resonator. To estimate this
momentum transfer we calculate the number of accelerated
4He atoms via pV = NkT . The volume V is determined
by the oscillation amplitude of the beam. The momentum
transfer per atom is found to be 3×10−20 N s atp ∼= 690 mbar,
T = 4.2 K (at an excitation power of the network analyser
of −68 dB m).

Increasing the power applied to the resonator a non-
zero amplitude of the resonator is found (see figure 2(b)).

(a)

(b)

Figure 2. (a) Attenuation of the mechanical resonance amplitude
by increasing 4He pressure as indicated until liquefaction occurs in
the linear (L) regime (−63 dB m input power, T = 4.2 K). The
maximum velocity of the beam vmax has been calculated for each
curve and is given on the left-hand side. In the inset a schematical
view for directed phonon generation is sketched. The magnetic
field is oriented perpendicular to the high-frequency current I .
(b) Resonance traces of the beam in the nonlinear (NL) regime at
different 4He fillings (4.2 K). Again the maximum velocity of the
beam has been calculated. The motion is not suppressed
completely in liquid 4He, thus allowing vibrational excitations.

Repeating the measurement in the nonlinear regime enables
us to observe the motion of the beam even in the liquid phase.
This measurement is depicted in figure 2(b): the bottom six
curves are taken in 4He gas while the top four curves are taken
in the liquid phase. The traces change dramatically in the
gaseous phase above 10 mbar, since with increasing pressure
the attenuation of the beam’s motion is increased due to the
scattering of 4He atoms. On the other hand damping in the
liquid depends on the viscosity, which does not change when
supplying more helium. Thus the curves change only slightly
when the beam is immersed in the liquid phase. Hence, we
show that it is possible to create excitations in liquid 4He,
when operating the wire in the nonlinear regime. It should
be noted that this damping might also be explained by the
transverse acoustic impedance Z = ρvL, where ρ is the
helium density and vL the velocity of sound as shown by Lea
et al [6]. To address this question a variety of different beam
geometries have to be built. However, in principle the plane
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Fig. 1 (Color online) Two typical NbTi-coated structures mimicking the vibrating wire. Top: NEMS struc-
ture 200 nm thick, length 15 µm. The electrode on the right enables a capacitive coupling to the vibrating
device. The metal layer is roughly 60 nm thick. Bottom: MEMS structure 5 µm thick, length 1.85 mm.
The metal layer is roughly 150 nm thick. On both SEM pictures, one can see the curvature induced by the
internal stress of the metallic layer created during the film growth [13]. This stress has an influence on the
resonance position [14]. The drive and detection are also depicted, see text

temperatures ever achieved directly inside superfluid 3He [4–6], and has been pro-
posed to build ultra-sensitive low temperature astro-particle detectors [7]. The low
temperature mechanics of these wires (in vacuum) has been extensively studied, es-
pecially with superconducting filaments [8].

It has been realized with the first 4 K measurements of the Grenoble group [9]
that Silicon devices can replace advantageously this “classical” technique. Indeed,
aluminum-coated “goal-post” shaped MEMS1 were tested in the range 1–30 K, and
they displayed perfectly suitable characteristics [10]. Their dynamical parameters can
be very well determined and fit to the 1D (linear and non-linear) oscillator.

Moreover, the “vibrating wire like” geometry is perfectly well suited for low tem-
perature mechanics on its own [10]. The cantilever-based geometry enables to study
fundamentals of mechanics at the lowest temperatures, and can be efficiently used
especially to characterize mechanical properties of metallic coatings. In Fig. 1 we
present two of these structures: one of the size of a conventional vibrating wire (mm
long, µm thick), and another one roughly 100 times smaller (µm long, nm thick) in
the NEMS2 domain. The actuation and detection scheme enables a phase resolved
measurement (which is not the case of most optical techniques [11]), and the deflec-
tions supported by these structures can be huge (while they are limited for a doubly-
clamped beam [12]).

2 Experimental Details

The fabrication method of the MEMS device has been reported in [9, 10]. It consists
in a first chemical etching (KOH) releasing a thin membrane in a Si3N4 protected

1MEMS: micro-electro-mechanical-systems.
2NEMS: nano-electro-mechanical-systems.



３世代５０年にわたる
研究室OBたちとの交流

研究室メンバーとの楽しい活動

低温研で濃い時間
を過ごしましょう


