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Theoretical Study on the Surface Force in Microstructures
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In microstructures such as microsensors and microactuators, a smal attractive force can occur between two contacting surfaces
which affects their operations. Therefore, it is very important to clarify the generation mechanism of this surface fofaedand t
a way to decrease it in order to realize these devices. In this study, the surface force between two contacting suafapes in a s
microstructure was evaluated theoretically and the force magnitudes obtained were compared with the measured values which we
reported previously. Four kinds of basic physical forces, i.e. van der Waals force; capillary force due to capillary @ondensati
water molecules from the humid environment, hydrogen bonding force between adsorbed water molecules, and electrostatic force
baed on a contact electrification were calculated by modeling the contacting parts in the sample. The sample microstucture has
movable plate supported by a cantilever beam and two counter fixed electrodes. The movable plate and one of the fixed electrode
contacts each other when the movable plate is displaced significantly. We found that the van der Waals force, the capillary for
and the hydrogen bonding force could generate surface force magnitudes which were in the range of the measured force value.
From the theoretical analyses and the earlier experimental results, we concluded that the dominant surface force in usual
microstructures is the capillary force due to the capillary condensation of the water when the relative humidity of tiheeemviron
is higher than about 60%; it is hydrogen bonding force between water molecules adsorbed on the two surfaces when the humidity

is relatively low; and it is the van der Waals force when physisorbed water molecules on the surface are almost moved out.

Key Words : microstructure, microsensor, microactuator, surface force, van der Waals force, capillary force, hydrogen bonding
force, electrostatic force

) friction forces between rotors and the substrates which were greatly
1. Introduction .
affected by the surface force between them had large influences on

In microstructures such as microsensors and microactuatorstheir operation such that they determine the maximum rotating
fabricated by semiconductor micromachining technologies, surface speed. Therefore, to clarify the generation mechanism of the surface
areas per unit volume are larger compared with those in force and to find a way to reduce it is very important to realize
conventional macroscopic structures. Further, when movable partsthese microscopic devices which have the movable parts.
in the micromachined structures contact with counter parts By measurements of the surface force using a sample
separated by small gaps, contact areas per unit surface area armicrostructure fabricated by the silicon unisotropic etching
usually larger than those in the macroscopic structures, since thetechnology, we already confirmed that the surface force could be
surfaces of the microstructures are usually smoother. Therefore,decreased by surface treatments to reduce adsorption of water
in the microstructures, interactions between the surfaces aremolecules from environment, such as a heating of the structure
relatively large compared with gravitational force and inertia force and a surface modification to achieve hydrophobic surfaces. This
which are proportional to the volume and the surface force plays means that the interaction force between thin water films on the
important roles in their fabrication processes and in their operations. surfaces have a large contribution to the surface force.

For example, in some microstructures fabricated by surface In this paper, we calculate the magnitudes of the surface forces
micromachining technologies, they couldn’t operate because their generated by various basic physical forces in the sample
movable parts adhered to counter parts separated by small gaps bynicrostructure and analyze the generation mechanism of the surface
the surface forée?. Further, in micro motors formed on substrates, force in the microstructure by comparing the calculated values with

the measured one obtained by our previous experiment.
* Intellectual Property Office, Hitachi Ltd., Hitachi-shi, Ibaraki

(Currently, Fuculty of Systems Engineering, Wakayama University,
Sakaedani, Wakayama-shi, Wakayama)
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2. Microstructure for surface force analysis
and various physical forces

Ibaraki
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Fig. 1 Cross section of microstructure to evaluate surface force

measurement of the surface fd¥cé rectangular movable plate
(length: 130Qum, width: 180@m, thickness: 20@m) supported Fig. 2 SEM photograph of surface of the stopper formed on
by a cantilever beam was formed by the silicon anisotropic etching. the movable plate

On upper and lower sides of the movable plate, counter fixed

electrodes of molybdenum thin films (thickness: 03 were

formed on insulator substrates. A gap width between the movable T R e aee M

plate and each of the fixed electrode wasm3when the

displacement of the movable plate was zero. To avoid direct i LT
electrical contacts of the movable plate with the fixed electrodes
when the movable plate displaced largely, squarg ®i@ films
(15Qum x 15Qum x 0.4um) which were called stoppers were formed

at each corner on the upper and the lower surfaces of the movable
plate. Accordingly, the movable plate could contact with the fixed
electrodes through the stoppers. Especially, when the surface force
between the stoppers and the fixed electrodes is not so large, only
two stoppers at the tip of the movable plate contact with the fixed

electrodes. In this state, the anfleetween the surface of the fixed “"1 QoY K5 B

electrode and the counter surface of the movable plate or the stopper
surface is about 0.0012rad. Fig. 3 SEM photograph of surface of the fixed electrode

Figs.2,3show the surfaces of the Si6topper and the fixed
electrode observed by a scanning electron microscope (SEM). The
stopper surface is much smooth compared with that of the fixed
electrodeFig.4 shows a topographic image of the fixed electrode
observed by an atomic force microscope (AFM). From the image
of the AFM, the amplitudé and the period of the surface
roughness of the fixed electrode are from 10nm to 20nm and from
100nm to 200nm, respectively.

In the previous experiment, when the stoppers at the tip of the
movable plate adhered to the fixed electrode, the surface force
between them was from 1.6x20 to about 1.5x1¢N.

2.2 Various physical forces

In powder technology, objects of studies are micro substances
(powder particles) as well as those in the field of the microsensors

and the microactuators. Since the surface force between the powder

particles has influences on various macroscopic properties of theé™id- 4 AFM (Atomic Force Microscope) image of surface of the fixed

powder, many studies on the surface force have been carried out. electrode
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According to this technology, the basic physical forces working
between the surfaces of the small powder particles are van der Waals
force, capillary force and electrostatic force, which are explained
below.

(1) Van der Waals force

The van der Waals force is a kind of electrostatic interactions
which acts between molecules or atoms and also works between
two macroscopic bodies such as particles and walls when they

approaches each other extremely. The van der Waals force between

the SiQ stopper and the molybdenum fixed electrode in Fig.1is _ o ) ) .
) ] ] ) Fig. 5 Liquid bridge formed between two spherical particles
generated by dispersion force since both, i@ molybdenum

are non-polar. The dispersion eneEjybetween the same kinds of - . R, . .
P p. Eg).b _ of the bulk liquid. However, in very thin liquid films, their physical
molecules or atoms which are electrically neutral and symmetry is . . -
) properties are different from those of the bulk liquid due to
approximated as follows

= 6
E.=0 B 1) powder technology, the water films formed on the solid surfaces

wherer is the distance between the centers of the molecules or theh ) L . S
] ave the properties of the liquid in the relative humidity higher
atoms ang3,, is London constant. London constgyj for the

interactions with the solid surface. According to studies in the

] ) ) ) ~ than about 60% and the capillary condensation is possible in this
dispersion energy between different kinds of molecules is . . . S
] 4 as fol ina Lond 4Bt humidity region. The thickness of the condensed water film in this
approximated as follows using London constgh{san or
PP ) 9 gl Be critical humidity is from 2.9nm to 3.7nirY. Therefore, when we
same kinds of molecules:

b12:\/ ‘ 11j 22 °

According to Hamaker's theory, the dispersion energy between two . S . .
9 vy P 9y the hydrogen bonding force which is the main attraction force

separated macroscopic bodies is calculated by adding all interactiongetvmen the water molecules. When two flat silicon substrates are

among all molecules included in them, i.e. the van der Waals . . - - .
i ] ) bonded in the room temperature in the silicon to silicon direct
potential energy is calculated by the next equetion

p bonding, they adhere by the force from 33/n? to 5x10N/m2

qqu 12 B . . .

E=0 J- vIv - adv, | 3) This adhesion force is considered to be generated by the hydrogen
1

calculate the surface force generated by the adsorbed water in the
humidity less than about 60%, it is necessary to consider directly

2 bonding forcé?.

wherev, andv, are the volumes of the two bodies , dud dy are (3) Electrostatic force

the volume elements of the two badies gpahdg, are the numbers The electrostatic attraction force is generated by transfers of

of the molecules per unit volume in the two bodies. The van dercharge carriers (mainly electrons) between the two contacting
Waals force is almost independent of environmental conditions. bodies. The driving force of the charge transfer is the difference of

(2) Capillary force the electro chemical potentials of the two materials. As a result of

Liquid films existing at contacting parts or narrow gaps between the charge transfer, electric double layers are formed at the

two solids is called liquid bridges. In humid environments, the liquid contacting part, i.e. two counter surfaces are electrically charged

bridges are formed by capillary condensations of water vapor Nio opposite signs each other (contact electrification). When the initial

the environment to the gaps around the contacting part betWeerélectro chemical potential difference between the two materials is

the solids. A force generated by the liquid bridge, i.e. a capillary g\, 10 mented by the electric potential difference in the electric
force is affected by the amount of the condensed water and th%ouble layers, the charge transfer stops
shape of the liquid bridge, which depend on the environmental | yho contact of the insulator and the metal such as that of the

humidity, affinities of the solid surfaces for the water SiO, stopper on the movable plate and the fixed electrode in Fig.1,

(hydrophilicity), the shape of the contacting part and the contactingthe amount of the electrification is determined by the work function

condition. of the metal and that of the insulator from its surface energy levels

When the liquid bridge is formed at the contacting part of same and its trap energy levels. The charge demsj§/n¥] of the electric

sizes of spherical particles as showfig.5, the capillary forcé double layer generated by the contact of the insulator and the metal

working between the two particles is obtained by adding a Frce is expressed as follows:

due to a pressure deficiency within the liquid and a fBraue to

WOW
a surface tension at the narrowest part (neck) of the liquid bridge. o= 1 ed @
When the surface force due to the capillary force is calculated the SR
eN+/ &N, g

liquid is usually treated to have same physical properties as those
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whereW andW_ [eV] are the work functions of the insulator and A

the metal, respectively af [1/(eVn?)] is the density of the surface R Stopper __.--B
energy levels of the insulatd¥, [1/(eVn)] is the density of the @

trap energy level in the insulatat,is the distance between the U/ S

surfaces of the insulator and the metal, which is abQuaAde
andg, are the dielectric constants of the insulator and the vacuum, ;.4

respectively. Electrode

3. Theoretical study of surface force generated by
various physical forces

Fig. 6 Schematic for the calculation method of van der Waals force between

In this chapter, the magnitudes of the surface forces due to four the stopper nad the fixed electrode

kinds of physical forces described in the above are evaluated

theoretically by modeling the device shown in Fig.1 and the wheregis the angle between the lines OA and BB the angle

calculated values of the surface force are compared with thebetween the stopper surface passing through the line OB and the

measured values already obtained. In the investigation, only thesurface of the fixed electrode adds the distance between the

surface force between the stoppers at the tip of the movable platéurface of the fixed electrode and the tip of the stopper (a line

and the fixed electrode is analyzed. perpendicular to the paper through pointt®D)s Hamaker constant

3.1 Surface force due to van der Waals force calculated by the next equation using Hamaker constgntnd

To calculate the van der Waals force between the stoppers and Of the materials of the stopper and the fixed electrode when the

medium between them is vacuum or air:
H=H12=\/ H.,OH,, . (6)
When a medium with Hamaker costay is filled between the

the fixed electrode, we model the vicinity of the contacting part as
shown in the cross sectionfeify.6. That is, we simlify the contact
portion in the next ways.

(a) From the SEM photographs (Figs.2,3) and the AFM image stopper and the fixed electrode, Hamaker constdstcalculated
(Fig. 4), the stopper surface is much smoother than the surface oftS follows
the fixed electrode. So, we asuume that the stopper surface is a H=H,= (V H,OV H )V H,,0V H,,) )

plane (x-y plane) and the surface roughness exists only on the fixed" here Hamaker constatf (=1, 2, 3) is expressed as follows using

d-ondon constang, :

— 2
we regard the density of the fixed electrode as depending on the H; =1eq?B, .
i 2
depth (z co-ordinates) from the surface and beingsame in the sam-ghe measured Hamaker constants are in the ranges fronr’t5x10

depth, i.e. the density is averaged within each plane parallel to thd® 20 x1GJ for metals, from 6 x18J to 15 x16° for oxides and
# x102°J for wate?.

From eq.(5), the van der Waals foFg is calculated as follows:

electrode. To express the surface roughness of the fixed electrod

surface. As the simplest case, we express the fixed electrode wit
the surface roughness of the amplituda a$ follows: the density

pincreases linearly to the depthtoivith increasing the depth and =0 aj
is constanp, in the place deeper than ™ adld=5

(b) Since the thickness of the stopper and that of the fixed H1 . 1 1 @©
electrode are enough large compared with the range where the van 12 ‘tard tan@+¢g) I5(5+h) '

der Waals force is effective (several times of the diameter of thewheredis the distance having the minimum potential energy and
molecule), we regard the fixed electrode as extending infinitely determined by the van der Waals force and Born’s repulsive force.
under its surface. Further, we consider that the stopper shown ifJsually §is about 4A in air. In the numerical calculation of the
Fig.6 is surrounded by two planes passing through straight linessurface force generated by the van der Waals force by eq.(8), as
OA and OB and perpendicular to the surface of the paper and thédamaker constants of the stopper (iénd the fixed electrode
width of the stopper in the direction perpendicular to the paperis (Mo), Hamaker constants for the oxides and the metals described
Since the surface area of the fixed electrode is enough largen the above were used. Further, we Igdt5Qumx2=30Qum and
compared with that of the stopper, we regard the fixed electrode a$=0.0012rad as described in the explanation of the device structure

extending infinitely to x and y directions. and g=1/2rad assuming that the stoppers have side walls
By executing the integration of eq.(3), the van der Waals potentialperpendicular to the stopper surface.
energyE is calculated as follows: Fig.7 shows the surface roughnelssdependences of the surface
HI 1 1 1 h force generated by the van der Waals force calculated using eq.(8)

E=0 121{ tarﬂD tan@ +¢) 3? In (1+J ) ()  when the stoppers and the fixed electrode contact each other, i.e.
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Fig. 7 Surface force due to the van der Waals force between the movable

plate and the fixed electrode as a function of surface roughness of r 7 dn Liquid Bridge
the fixed electrode o (Water Film)
p a
they are placed with the very small spadiigetween them. The R
area between the upper and the middle curves is the range of the R Elzifmde
van der Waals force in air or in vacuum and that between the middle O:

and the lower curves is the force range in the water. In the figure, ) _ _
the range of the measured surface roughness of the fixed eIectrod’élg' 9 Schematic for the calculation method of the capillary force
(10-20nm) is drawn.

The calculated value of the van der Waals force in air or in

between the stopper and a sherical projection on the surface
of the fixed electrode

vacuum is from 7x18N to 4x10*N. This force range overlaps with
that obtained by the measurement (from 1.6l 1.5x10'N).
When the surface roughndsss much larger thad, the van der

We express the surface roughness of the fixed electrode as an array
of spherical projections, i.e. the spherical projections with a radius
Waals force decreases being inversely proportiortalrtam eq.(8). R and a heighh are arranged on the surface of the fixed electrode
. in a manner that their summits form a square lattice with a period
On the other hand, the calculated van der Waals force in the q P
water is from 6x10N to 1.5 x1@N and less than that in air or in

vacuum. That is, the water between the stoppers and the fixed Fig.9 shows the liquid bridge (water film) formed between one

electrode has a shield effect for the van der Waals force betweer‘?pherlcal projection on the fixed electrode and the stopper. The

them. This means that the van der Waals force decreases by thte?taI surface force is calculated by adding the capillary forces

capillary condensation of the water to the contacting part of thebetween the stopper and all of the projections where the formations

stoppers and the fixed electrode. of the liquid bridge are possible. To calculate the capillary force,

In case of<<pand&<<y, eq.(8) is approximated as follows: we further put the next assumptions.

HI 1

F —0
vaw 1Ztand  JS+h) i _ _ . . .
) o fixed electrode perpendicularly) is a part of a circle with a radius
According to eq.(9), the van der Waals force is independent of the . i
) L L (radius of capillary condensation).
tip angleg of the stopper which is influenced by the fabrication

(a) The outline of the surface of the liquid bridge (cross line with

(9) a plane including the line drawn from the top of the sphere to the

o B (b) Contact angles of the water with the surfaces of the stopper
process and the fabrication condition. )
and the fixed electrode are bath
3.2 Surface force due to water layer on surface o
) . (c) When forces to separate the stopper and the projection in
We calculate the capillary force due to the capillary condensed ) ) ) . )
] ) opposite directions are applied to them, the expected line where

water to the contacting part of the stoppers and the fixed electrode . o . )
i ) . the cutting of the liquid occurs is the line along the narrowest part
from the humid environment. Further, we estimate the surface force o

. (neck) of the liquid bridge.
generated by the hydrogen bonding force between the water
(d) Layers of the adsorbed water molecules on the surface of the
molecules adsorbed on the surfaces. ) ) ) )
) stopper and the fixed electrode are not taken into consideration
(1) Capillary force )

o . - (adsorbed water layers on solid surfaces are usually from 2 to 4.5
We model the vicinity of the contacting part as showRiin8. ) o
molecular layers, i.e. their thicknesses are from 0.58nm to 2)3nm
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The radiusR of the spherical projection is given by the next
equation using the heightof the projection and the distange
between their summits.

1 A
R=E % +H7) (10)

Using the anglé between the envelope of the projections and the 1

stopper, the distanak between the n-th projection (Fig.8) and the
stopper is calculated as follows:

d, = (nd 1)Asing + (R+J)cosbO R (11) - -
whered is the nearest distance between the projections and the Aristhen Hemidty
stopper. In Fig.9, the distangebetween the normal line of the i 10 Surface force due to the capillary force between the movable plate
stopper surface passing through the cenfef@e sphere and the and the fixed electrode as a function of relative humidity for
center Q of the circle which is the outline of the liquid bridge is different contact angle of water
given by the next equation by a simple geometrical calculation:
x =V ReFr#+2Ricos ] (RF d. rcos))? . (12) disk, and eq.(16) is transformed into eq.(17).
The radiusB_ of the narrowest part of the liquid bridge is give by In(tH) =0 Ni/pL) ocost an
the following equations: RTR
B =xOrcosr (fora>0) , By settingr=R in egs.(13) and (14), the humidity dependence of
oo - (13) . . . .
B =x0Or (fora<0) the capillary force due to the capillary condensation of the water is
n n !

wherea is the angle between the stopper surface and a straight lin€alculated.
connecting the point Qvith a point on the contact line of the liquid Fig.10 shows relative humidity vs. surface force curves for
bridge and the projection. A forée, due to the pressure deficiency ~Various contact angles of the water in case df=15nm and

inside the liquid and the surface tensfopin the expected line ~ A=150nm (cf. Fig.4). The surface force depends on the humidity
where the cutting occurs are calculated as follows: remarkably and increases with increase of the humidity. The force

1 1 is also influenced by the contact anglef the water to the surfaces
F,=mB%c(—0 —)
R B

c (14) of the fixed electrode and the stopper and are larger for the surfaces
F =2n1Bo " with smaller contact angles, i.e. more hydrophilic surfaces. The
whereo issn the s:Jrface tension of the water (0.0727N/m). The contact angle of the water to metals are zero or very small in the

capillary forceF_ between the n-th projection and the stopper is usual metals with thin surface oxide layeThe contact angle of

give by the next equation: the water to quartz (Sipis also almost zero.
RN face force is from 3x10l O*N in the humidity from 509

The total surface force generated by the liquid bridge between theoUace force Is from sx to 4x10°N In the humidity from 50%

to 60% which is almost same as the humidity in the environment

(15) When the contact anglgis 10 degrees in Fig.10, the calculated

fixed electrode and the stopper is calculated by adéjmyer all

projections where the formations of the liquid bridges are possible.Where the surface force measurement was carridds value of

On the other hand, paramet&sandR  to express the shape of the surface force is near to the maximum value (1.9X10f the

the liquid bridge formed between two spheres shown in Fig.5 Canmeasured surface force.

be estimated by the next Kelvin's equation of the capillary Therefore, the observed surface force also can be explained

condensation: by the capillary force due to the capillary condensation of the water

MipL)ocosd 1 1 into the contacting parts of the fixed electrode and the stoppers.

In(rH) =0 ———— + ), (16) Fig.11 shows the influences of the surface roughness, i.e. the

al R

. . . . . height of the projections of the fixed electrode on the surface force
whererH is the relative humidity of the environmeM, is the d by th lary § The hiaher th o ction heigh
. enerate the capillary force. The higher the projection height
molecular weight of the water (18x3y/mol), R, andR, are g ) y priary ¢ ) pro) ) 9
. N . .. is, i.e. the larger the surface roughness of the fixed electrode is, the
radiuses of curvature (when the liquid bridge is convex, the sign is

. . . . . smaller the surface force becomes. Therefore, the enlargement of
negative) when the liquid bridge is cut by two planes perpendicular

each othemRR is the gas constant (8.314JK/mol) dnd the absolute i
ways to reduce the surface force due to the capillary force as well

temperature. When the thickness of the liquid bridge is enough ~~
as in the case of the van der Waals force.

the surface roughness of the contacting part is one of the effective

smaller than the radiuses of the spheRR, is approximated as ]
L . . . (2) Hydrogen bonding force
-0 because the shape of the liquid bridge is regarded as a thin . . ] )
As described i8 2.2, the capillary condensations of the water
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Hydrogen Bonding Area
Stopper

Fixed
Electrode

e Fig. 12 Hydrogen bonding area between the stopper and a spherical
projection on the surface of the fixed electrode
Fig. 11 Surface force due to the capillary force between the movable plate
and the fixed electrode as a function of relative humidity for
different height of the projection on the surface of the fixed

electrode

between the surfaces, since three dimensional hydrogen bond is
possible between the water molecules.
The total surface force between the stoppers and the fixed

to the small gap between the solids were usually observed in the€l€ctrode is calculated by the product of the hydrogen bonding

relative humidity higher than about 6098, although this threshold force per unit area and the total area where the water films which
humidity is a little different depending on the materials of the solids. Contribute to the surface force are formed. The total area of such
Therefore, in the low humidity condition it is necessary to estimate Water films is obtained by adding the areas of the circles with the

the surface force generated by the surface water layer in other way"2dius given by eq.(18) over all projections where the water films

i.e. we calculate the surface force directly taking the hydrogen &re formed.

bonding force between the water molecules into consideration. When the heighh of the projections is 15nm, the periddf

In the calculation of the surface force generated by the hydrogen th€ Projection array is 150nm and the maximum thickness of the

bonding force, we model the contacting part in the same way as in Vater layer is, (2.9-3.7nm) as described in the above, the maximum

the calculation of the surface force due to the capillary force, i.e. ©f the surface force generated by the hydrogen bonding force in
the surface of the fixed electrode is covered by many spherical the fabricated microstructure was estimated to be from 1:2\k10

projections and the stopper surface is smooth like a plane. to 3.9 x1ON.

The thickness of the liquid bridge in the humidity of about 60% Since this calculated surface force range is almost included in

above which the formation of the liquid bridge of the water is the range of the measured surface force (from about 1?Bxt0

possible is from 2.9nm to 3.7, Therefore, in the calculation  1-9¥10°N), the hydrogen bonding force can also explain the

of the surface force due to the hydrogen bonding force, we supposeEXPerimental results about the surface force magnitude.

that the maximum thicknessof the water film formed in the gap 3.3 Surface force due to electrostatic force

between the stopper and the fixed electrode is in this range. Further, We estimate the electrostatic force due to the contact

we think that the formation of the water film which contributes to €lectrification of the stopper and the fixed electrode. In egN4),
the surface force is possible in the portions where the distance 0 W _is the difference of the Fermi levels of the insulator and the

between the projection on the fixed electrode and the stopper ismetal, and W0 W )/e=V, is the contact potential difference

less thart_ as show irFig.12 In the n-th spherical projection, the between them, wheksis the electric charge of the electron. When

area where such a thin water film is formed is a circle with the the densityN, of the surface level of the insulator is so large as to

radiusr_which is give by the next equation: satisfy the relatiofN, >>¢ /ed, eq.(4) is simplified as follows:

r,=V 2REOTA)I T | (18) o=gV0d, (19)
whered. is the distance between n-th projection and the stopper whered is the distance between the two objects. Magnitude of the
contact potential differencé is usually less than 1V.

and given by eq.(11).
On the other hand, from the measurement in the silicon to silicon W€ calculate the electrostatic force due to the contact
direct bonding, the surface force generated by the hydrogen bonding®!ectrification based on eq.(19). We also suppose that the surface
force between very smooth (mirror polished) surfaces is considered ©f the fixed electrode is covered by the spherical projections and

to be from 3x1EN/m? to 5x1ON/m? 2, Further, we suppose that  the surface of the stopper is smooth like a plane.
the surface force between two surfaces generated by the hydrogen When two objects contact each other, the electron transfer

bond of the intermediate water layer is independent of the distancePetween them takes place by the tunneling effect. The electron
flow due to the tunneling decreases rapidly in the surface distance
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between 10A and 15A. According to Harper, this critical distance the major surface force when the physisorbed water molecules on
d_is 12.7A. The electron transfer due to the tunneling effect is the surface are sufficiently removed. While the relative humidity
possible in the areas where the distance between the surface of the which the major surface force changes from the capillary force
projection and the opposing surface of the stopper is less than théo the hydrogen bonding force depends on the strength of the
distanced.. As a result, the electric double layers are formed in interaction between the water molecules and the solid surface, it is
these areas. In the n-th projection, the area where the electric doubldhought to be about 60% from observations in the powder
layer is formed is a circle with the radiugive by the next equation: ~ technology. Accordingly, the capillary force is dominant in the
r, =V 2REOA)T@Od) . (20)  humidity higher than about 60% and the hydrogen bonding force
As the first approximation, we calculate the electrostatic f6fce  is the main force in the lower humidity region. Further, when the
working in the electric double layer formed by the n-th projection physisorbed water molecules are sufficiently removed, the van der
and the stopper by eq.(21), i.e. we replace the part of the sphericalVaals force becomes dominant instead of them.
surface where the double layer is formed with a plane opposing to Since natural oxide layers are easily formed in air on Si, silicon

the stopper with a distance £d )/2 from it. nitride (SN,) and usual metals except novel metals, their surfaces
g,TIr 2V 2 1 are hydrophilic. Therefore, it is thought that the generation

n 2{(d +d)/2)? mechanism of the surface force in the microstructures fabricated

The total electrostatic force is calculated by addingver all by using Si, SiQ SiN, and the usual metals are same as those in

projections where the formation of the electric double layer is the device investigated in this study.

possible. When the heightof the projections is 15nm, the period

A of the projection array is 150nm and the contact potential 5. Conclusions

differenceV, is 1V, the surface force was estimated to be from

107N to 10°N. Since this calculated value is enough small compared In the microstructure having the movable plate and the counter
with the observed surface force (>1.6%) when the movable fixed electrodes with the small gap between them, the magnitude
plate adhered to the fixed electrode in the fabricated microstructure©f the surface force which works between them when they contact
the contribution of the electrostatic force due to the contact €ach other, were investigated theoretically by modeling their
electrification of the stopper and the fixed electrode to the total contacting parts. The surface forces based on four types of physical
surface force is negligible compared with that of the van der Waalsforces, i.e. the van der Waals force, the capillary force due to

force, the capillary force and the hydrogen bonding force. capillary condensed water, the hydrogen bonding force between
the adsorbed water molecules and the electrostatic force due to the

4. Discussions contact electrification, were studied.
It was found that the van the der Waals force, the capillary force

From the above study, we found that the van der Waals force,2nd the hydrogen bonding force can generate the surface forces
the capillary force and the hydrogen bonding force can generatéVhose magnitudes are in the range of previously measured surface
the surface forces whose magnitudes are included in the surfacérce or near to it.
force range observed in the fabricated microstructure or near to it. Itis thought that the dominant surface force is the capillary force

On the other hand, in our previous experiments, by the When the device is exposed to the high humidity environment and
treatments to reduce physisorbed water molecules on the devicé® hydrogen bonding force in thr low humidity condition. When
surface such as a heating of the device [Lp&nd a chemical the physisorbed water molecules on the surface are sufficiently
surface modification to achieve hydrophobic surfaces (HMDS removed, the van der Waals force is thought to be the major surface
treatment), the surface force could be reduced in major sampledorce instead of them.
and the number of samples in which the movable plate adheded to The electrostatic force due to the contact electrification was
the fixed electrode was decreaged enough small compared with the van der Waals force, the capillary

According to the above study on the van der Waals force, it isforce and the hydrogen bonding force. Therefore, its contribution
expected that this force increases with decreasing the thickness df the surface force is assumed to be negligible.
the water film formed in the gap between the insulator and the
metal, since the water has a shield effect for the van der Waals References
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