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Casimir force measurements with micromechanical devices II 



Part I Outline
• Dependence of the Casimir force on geometry:

Proximity Force Approximation (PFA)

Pairwise Additive Approximation (PAA)

• Experiment on strongly deformed surface: 

Measure Casimir force on an array of nanoscale trenches 
with a micromechanical torsional oscillator. 

Up to 30% deviation from PFA and PAA.

Good agreement between measurement and theory, 
taking into account the interplay between geometry 
effects and material properties.
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Geometry dependence of the Casimir force
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PFA: Proximity force Approximation (Derjaguin approx)
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Two common ways to obtain the 
Casimir force for non-planar objects:

PAA: Pairwise Additive Approximation
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Quantum fluctuations: Casimir force vs van der Waals’force

retardation effects: finite propagation speed of light
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Casimir force measurements on deformed surfaces

lll l =

Chan et al., 2008.

Roy & Mohideen, 1999. Chiu et al., 2009.

Normal force on sinusoidal 
corrugations

Lateral force on sinusoidal 
corrugations

Chen et al., 2002.

Normal force on 
deep rectangular 
silicon corrugations
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gold corrugations



Non-trivial boundary dependence of the Casimir force

for l << z,

Fcorrugated(z) = Fflat(z) 
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If d>>z,  for all l,    

Fcorrugated(z) = ½ Fflat(z)

Casimir force for 
perfect metal z

=Chan et al., PRL 101, 
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Buscher & 
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Geometry dependence of the Casimir force
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Two common ways to obtain the 
Casimir force for non-planar objects:

PAA: Pairwise Additive Approximation



Sample fabrication and characterizationSample fabrication and characterization

Solid fraction p = 0.51+ 0.001

histogram of pixel brightness in top view

average from 10 pictures

Depth = 1.07 um 

Deep UV lithoOxide etch 
mask

DRIE Etch 
mask 
removal
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poly-Si plate: 
500 mm x 500 mm x 3.5 mm

Glass sphere: d~100µm

Sputtering: 400nm gold

Sample orientation eliminate lateral motion.

Immediately before pump down
HF remove native oxide layer, hydrogen 
termination of the surface

Experiment setupExperiment setup
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Calibration by electrostatic forceCalibration by electrostatic force
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• Finite element analysis to solve 2D Poisson equation: N >10 000 triangles
• Check convergence: double N changes force by 0.1%
• Proximity force approximation: Fsphere-corrugate= 2 p R Eflat-corrugate

V0: residual voltage
z0:: closest approach distance 

Flat surface

Corrugated surface

Flat surface

Corrugated surface



Casimir force measurementsCasimir force measurements

Pairwise additivity:
flatctrenchc FF ,, 2
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For all l

For all materialFor solid fraction p:
flatctrenchc pFF ,, =

Any deviation of measured force on corrugation from  pFc, flat

� deviation from pairwise additivity (dependence of Casimir force on geometry)

3 samples made from the same silicon wafer

l= 1 um

p = 0.478

l= 400 nm

p = 0.510
gold

silicon
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l  /a=1 l  /a=2

Non-trivial boundary dependence of the Casimir force

Chan et al., PRL 101, 030401 (2008).

Pairwise additive expectation

�¬�¬ /a=1.87/a=1.87 �¬�¬ /a=0.82/a=0.82

z
R

R>>z

lll l =

Theory: Perfect metal 
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Interplay of finite conductivity and geometry effects

optical properties of the material must be included in predicting the 
Casimir force between structures of unconventional shapes, due to the 
nontrivial interplay with geometry effects

Theory: silicon & gold

(LANL & Sandia)
PRA 82, 062111, (2010).
T = 300K

Theory: silicon & gold 

(Guérout, Lussange &
Lambrecht 2010)

T = 300K

Theory: Perfect metal 

(Buscher & Emig 2004)

T = 0

�¬�¬ /a=0.82/a=0.82
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Shallow trench arrays

Contribution of bottom surface not negligible

Distance dependence of PFA is distinct from 
a flat surface.
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PAA

PAA: Top surface only

Theory: Perfect metal

Proximity force approximation (PFA):

Bao, Guérout, Lussange, Lambrecht, Cirelli, 
Klemens, Mansfield, Pai and Chan, 

PRL 105, 250402 (2010).

Theory: gold and 
silicon )T = 0





Part II Outline
A compact, integrated platform for investigating Casimir physics:

• Casimir force between lithographically defined single-crystal 
silicon components with rectangular cross section

No need for external alignment: shape and initial 
separation defined by lithography.

• Integrated distance control by comb actuators: 

Mechanical loop reduced by a factor of 1000.

• Measured Casimir force gradient on a silicon beam agrees with 
exact calculations.

• The first step towards on-chip exploitation of the Casimir force 
in micro/nano- mechanical systems.
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Experiments measuring the Casimir force:

• And many more recent ones……

Torsional pendulum (Lamoreaux) Atomic force microscope (Mohideen)

Micromechanical torsonal
oscillator (Chan)

Micromechanical torsonal
oscillator (Decca)

Parallel flat surfaces 
(Bressi et al.)

Exploitation of the Casimir force on the chip level?



Single crystal silicon; future 
possibility of being atomically 
smooth

Poly-crystalline gold filmsPatch potential

Difficult: Need good etching profile. 
Roughness cannot be directly 
measured.
Comb drive is different for each 
device fabricated

Standard: AFM measures 
roughness

Piezo well-characterized and re-
usable

Sample
preparation and 
characterization

Mechanical loop ~ 70 umMechanical loop ~ a few cmDrift in distance

• No external object. 

• Shape and initial distance of 
interacting elements defined by 
lithography.

• Complex shapes

Need manual alignment. 
Particularly difficult for:

1. Two flat surfaces

2. Two surfaces with nanoscale
features

Alignment

Integrated on-chip platformConventional sphere-plate

Comparison of two approaches for Casimir force measurement
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Non-trivial boundary dependence of the Casimir force

Chan et al., PRL 101, 030401 (2008).
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Controllable distance between beam and movable electrode

1.5 um wide, 
2.65 um thick

100 um

Beam (force sensing element)

Movable electrode

Comb 
actuator

Movable electrode

Movable electrode

2.8 um wide, 2.65 um thick

beam

beam
d

d from 1.92 um to 260 nm

d



Controlling distance with comb drive actuator

Serpentine Spring

One end anchored to substrate

One end attached 
to movable comb

Displacement Dd = a Vcomb
2

0 to 9 V



Fabrication steps

Silicon-on-insulator 
(SOI) wafer

E-beam lithography 
defines aluminum 
etch mask

Deep reactive ion 
etch: direction etch 
of silicon

Release of movable 
components: 
isotropic wet etch 
by HF

C2F6+SF6

Silicon elements automatically aligned



Detection of force gradient through magnetomotive transduction

ac current

Magnetic field, 5T

• The ac current in a perpendicular magnetic 
field generates periodic Lorentz force on the 
silicon beam.

• as the movable electrode is pushed towards 
the silicon beam by the comb drives, the 
Casimir force increases

• resonance frequency shift of the beam is 
proportional to the force gradient

~1 MHz

Lorentz force on  beam. 
Beam vibrates by ~ 1 nm.

5.7 uV
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Residual voltage

d = 1.403 um

d = 349 nm

Between two single crystal silicon 
surfaces that are HF passivated: 
measured Vo ~ -25 mV

( )2' oee VVF -µ



Measured Casimir force on micromechanical beam

Exact calculations by Johnson’s group, using the 
geometry from the cross section
but no roughness correction (~ 3%).

beam

substrate

electrode

Red line: A boundary-
element method (BEM) 
discretization of the beam 
and substrate surfaces, 
combined with fluctuating-
surface-current formulation 
of the Casimir force between 
dielectric bodies.



Future experiments on geometry dependence of Casimir forces:

beam

substrate

electrode

• Casimir force between two rods

• Casimir force in 3-body geometry



Single crystal silicon; future 
possibility of being atomically 
smooth

Poly-crystalline gold filmsPatch potential

Difficult: Need good etching profile. 
Roughness cannot be directly 
measured.
Comb drive is different for each 
device fabricated

Standard: AFM measures 
roughness

Piezo well-characterized and re-
usable

Sample
preparation and 
characterization

Mechanical loop ~ 70 umMechanical loop ~ a few cmDrift in distance

• No external object. 

• Shape and initial distance of 
interacting elements defined by 
lithography.

• Complex shapes

Need manual alignment. 
Particularly difficult for:

1. Two flat surfaces

2. Two surfaces with nanoscale
features

Alignment

Integrated on-chip platformConventional sphere-plate

Comparison of two approaches for Casimir force measurement



Casimir force between silicon components of complex shapes that are pre-aligned



Electrostatic force vs Comb voltage

Red and blue curves taken 20 hours apart: cannot resolve any distance drift. 

Upper bound for distance drift = 0.03 nm/hour

Reduced mechanical loop minimizes long term drift

Vcomb

Displacement 
Dd = a Vcomb

2



Chemical polishing of silicon side wall

http://www.microchemicals.eu/technical_information/silicon_etching.pdf



Chemical polishing of silicon side wall

15 min O2 plasma to 
strip passivation layer

1 min in 100:1 HF

30 sec in TMAH 70C

Scalloping from DRIE

Cleaved surface

Scalloping disappears 
after TMAH etch

Before wet etch After wet etch

x5000 x5000



Summary

A compact, integrated platform for investigating Casimir physics:

• Casimir force between lithographically defined single-crystal silicon components 
with rectangular cross section

No need for external alignment: shape and initial separation defined by 
lithography.

• Integrated distance control by comb actuators: 

Mechanical loop reduced by a factor of 1000.

• Measured Casimir force gradient on a silicon beam agrees with exact calculations.

• The first step towards on-chip exploitation of the Casimir force in micro/nano-
mechanical systems.

Lithographically defined components of complex shapes
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