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Repulsive Casimir Forces Produced in Rectangular Cavities:
Possible Measurements and Applications
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and A. G. M. Schmidt
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We perform a theoretical analysis of a setup intended to measure the repulsive (outward) Casimir forces
predicted to exist inside of perfectly conducting rectangular cavities. We consider the roles of the conductivity
of the real metals, of the temperature and surface roughness. The possible use of this repulsive force to reduce
friction and wear in micro and nanoelectromechanical systems (MEMS and NEMS) is also considered.

Keywords: Micro and nanoelectromechanical systems; Casimir effect

I. INTRODUCTION important probes of the nature of the quantum vacuum wit
far reaching implications. Because RCFs have been predict
Casimir forces are a well known prediction of QuantumCOHSIStently by different quantum field theoretic technique

. .[9-11, 13] if they are proved not to exist the physicists will
Field Theory, and result whenever the quantum vacuum i e faced with a new puzzle to be solved. Widely accepte

subject to constraints. The Casimir forces are one aSpeffasimirenergy renormalization and regularization procedurt

(F)>f a brgad;ehr sgbjgct'us%a”){ f(efgrred th atg, Casm;lr elﬁe.Ctmay need to be reviewed, as suggested by the only disson
resently, the asimir effect finds applications not only Iy, presented in Ref. [14], were no RCFs are found for

Quantum Field Theory, but also in Condensed Matter Physic :
Atomic and Molecular Physics, Gravitation and Cosmology?eaangu'ar piston.
and in Mathematical Physics [1-3], and its importance for The sign of the Casimir force is also predicted to depen
practical applications is now becoming more widely appre-upon electric and magnetic properties of materials. For ir
ciated [4, 5]. Not withstanding its importance, the Casimirstance, in Ref. [15] it is anticipated that a repulsive force wil
effect is elusive. The attractive Casimir forces (ACFs) pre-exist between two parallel plates if one is a perfect conducts
dicted to exist between electrically neutral bodies were meaand the other is perfectly permeable. More recently, a repu
sured successfully only a few years ago [1]. Presently, théive force between two parallel plates made from dielectri
ACF between a sphere (or lens) above a flat disc covered witiaterials with nontrivial magnetic susceptibility was antici-
metals is claimed to be measured with an experimental relativeated [16]. However, this effect, which could have interestin
error of approximately 0.27% at a 95% confidence level [6],applications for MEMS and NEMS, has not been verified ex
and can be predicted with a theoretical uncertainty at the leveerimentally and no dielectric material exists satisfying th
of 1%. The direct measurement of the Casimir force betweetiequirements on the values of the magnetic susceptibility.

two parallel conducting plates, the original setup studied by |, gpjte of the fact that RCFs are predicted for sphere ar
H. B. G. Casimir [7] in 1948, is even more challenging than e ctangular cavity with perfectly conducting walls, it is rea-

for the sphere above a disc. For that reason it was accomgnaple to expect, as for the case of parallel plates, that th
plished only recently with a relatively poor precisionX®b il also be present inside cavities made from good condu

8]. tors. For that reason, in this article we address the most impc

The measurement of such attractive forces sheds some ligtent practical aspects to be taken into account in an experime
on the question of the nature of the quantum electromagnetintended to measure the force exerted on one of the walls
vacuum. However, very important predictions based on the rectangular cavity: the finite conductivity and roughness c
existence of the quantum vacuum have not received the santiee walls and plate, and the temperature. The choice of re
attention. This is the case of the repulsive Casimir forcesangular cavity instead of the sphere is based primarily on tt
(RCFs). Such repulsive forces (outward pressure on the wallgact that the former could be most easily fabricated with th
are predicted to exist inside of an empty sphere [9] and amavailable techniques for the fabrication of MEMS and NEMS
empty rectangular cavity [10, 11] with perfectly conducting We consider the experimental setup to measure the RCFs to
walls, for the case of Euclidean space. Such repulsive forcemade of a series of microscopic metallic rectangular cavitie
are probably the most striking example of the geometry dearranged side by side, forming an array, with one of the wall
pendent nature of the Casimir effect. However no experimenbpen. The repulsive force is then measured by bringing ne
was performed to measure RCFs. Only a weak dependeneeplate with a flat metallic surface. The forces on the plat
on the geometry was tested measuring the force betweenaae then measured. The use of that can be measured most «
plate with small sinusoidal corrugations and a large spherdy. This setup is presented schematically in Fig. 1(a). We nof
[12]. The measurement of the RCF would be one of the mosthat a different setup was considered in Ref. [17] were a sphe
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is used instead of a flat plate. However, it has to be mentionedbove expression for the energy, suggests that the fétces
that in Ref. [17] it is considered the case in which the radiusand 5 are larger (and positive) in a configuration satisfying
of the sphere is comparable to the cavity length, implying that; < a; < ag, corresponding to an elongated parallelepipec
the ends of the cavities are left essentially uncovered, and For such a configuratioR; is directed inward.

is not clearly explained why in this case one still can expect Fortunately, whenevem; <« a, < ag for a rectangular cav-
the emergence of repulsive forces between the cavities and tlity we can use a simple analytical expression for the Casim
sphere. Furthermore, the roughness of the walls and the roknergy [1, 10]

of the temperature are not considered in the analysis there pre-
sented. It is also not explained how the finite conductivity of
the cavity walls and the sphere were taken into account in the
calculation of the attractive and repulsive Casimir forces.

Its worth to mention that to analyze the flat plate- where(r denotes the Riemann zeta function. The expressiol
rectangular cavities configuration is specially relevant becaus®r the two outward forces are then calculated using Eqg. (:
the moveable pieces of MEMS and NEMS typically involve and the result is
flat surfaces (for example, the rotary pieces in micromotors
and gears), and it is natural to ask whether metallic rectangu-

Ec_hcrtzazaeﬁR@)as s (1 N 1)} 3

72083 © 16m a3 48\a1  a

lar cavities could be used to make such pieces to levitate or, at F=h { TPag _Cr(3) &g n (4)
least, to have their weight or other undesirable forces partially 72023 8m a 48a3]’
compensated by a repulsive force. For that reason, following

the analysis on the RCF measurement we present an anaftd

sis on the possible application of repulsive Casimir forces in 2a R(3) 1

MEMS and NEMS to circumvent the problems resulting from Fs=hc { 23 R |- (5)
friction and wear. 720a;  16m &3

These formulas for the forces reproduce the results obtain
from Eq. (1) to better that%, and because the first term dom-
inates over the others the forces are positive.

) . _ Therefore there are two possible configurations for our sy:
~ Inthis section we argue that for a setup like that presentegem_ In one configuration elongated cavities with heigare

in Fig. 1 the resulting Casimir force on the plate is given by theying horizontally below the plate, like the cavity in Fig. 2(a),
sum of two independent contributions, namely, the RCF proyith the force exerted on the plate correspondingo In
duced by the electromagnetic vacuum modes inside the cavifye other configuration the cavities are standing vertically b
and the attractive force between the plate and the upper pofoyy the plate, like the cavity in Fig. 2(b), with the force ex-
tion of the cavities. erted on the plate correspondingfo If there where no other

The renormalized Casimir energy inside a rectangular cavforces acting on the plate, measuring the RCFs would be
ity with perfectly conducting and perfectly smooth walls at re|atively easy task. The plate could be brought near the op
zero temperature can be derived in various manners [1]. Ayall closing it completely, thus assuring the existence of th
simple expression suitable for numerical calculations was deajectromagnetic vacuum modes that lead to the Casimir e
rived in [11], and in terms of the internal dimensions of theergy Eq. (l) However, when the p|ate is close to the top
cavity a;,a; andag it reads the walls there will be a resulting attractive force that can sul
pass the repulsive force. For that reason, in what follows w
analyze which configuration is the more adequate for an e

II. CASIMIR ENERGY AND FORCES

Ec = _hca1a223 S [(ah)?+ (agm)?+ (agn)?] 2 periment intended to measure RCFs, delivering the strong
1ére I, mn=—c repulsive force compared to the attractive forces between tl
n/1 1 1 plate and the cavity walls.
+77/C@ (;1 + ;2 ;3) . 1) The repulsive forces exerted on the pldgpr F3, are ex-

pected to decrease with increasidgthe distance from the

The term withny = n, = n3 = 0 is to be omitted from the pla.te to'thetop Qf the walls [§ee Fig. 1(a)]. However, a detaile
summation. From the principle of virtual work the force on estimation of this decrease is beyond the scope of the pres

the walls perpendicular to the directionafis simply work. Instead we are going to assume in our calculations th
the forces~, andF; do not depend od. We expect this is a
0Ec reasonable assumption wheneslas sufficiently small in or-
Fi= " oa (2 dernotto disturb the electromagnetic vacuum modes that gi

the most important contributions to the Casimir energy. Thi
and ranges from positive (outward) to negative (inward) de-expectation is based on the fact that in the case the apertt
pending on the relative sizes af,a; andas. The Eqs. (1) at the top of a cavity is smaller thanthe transmission of the
and (2) allow one to search for the configuration of the cavimodes to outside the cavity is kept small [19]. Now the value
ity resulting into the strongest outward forces on the walls.of A that give the most important contribution to the Casimil
The numerical analysis performed in Ref. [18], using theenergy for a cavity satisfying the conditicn < a; < ag,
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FIG. 1: (a) A view of the setup including the rectangular cavities and the plate. The dots denote the possibility of having more cavities ar
side by side. (b) The definitions of the lengths of the cavities and walls shown in a side view.

T Because of the nontrivial geometry involved, in order tc
calculate the ACF between the plate and the cavity walls w
use the pairwise summation technique [21, 22]. This tecl
nigue was shown to give reliable results for the Casimir forc
between bodies of arbitrary shape. For instance, for the for
between a flat plate and a small body of arbitrary shape tt
maximum possible error was estimated to be 3.8% [21] whe
compared to the exact results obtained by quantum field the
retic techniques.

In the pairwise summation technique the Casimir energy
given by

a z z
EQ" = —hcW(eo) %1 d¥rafra—ri|7’,  (6)
v

! Vo

FIG. 2: (a) Cavity lying horizontally below a plate. (b) Cavity stand- whereV; andV, are the volumes of the two interacting bod-
?ng vgrtically b(_alow a plate. Plate is in dark gray and the open Wa”ies, and¥(e,0) is a constant which depends on the material
is indicated in light gray. onV; andV,. This expression for the energy does not tak

into account the fact that the pairwise interaction between tt

atoms in the volume¥; andV;, are actually screened by the
a geometry that closely resembles that of two parallel platesurrounding atoms. In order to partially correct for this fac
(more on that in Section Ill), are those of the order of theavoiding to overestimate the attractive forces we do not int
smallest edgey. Thus, itis reasonable to expect tiiatand  grate over the entire volume of the walls and the plate. Inste:

F3 are constant up td < a;/2. Ford 2 a;/2 the RCF will e consider that interactions are only relevant up to a distan
certainly decrease, and for that reason the relevant distance inside the metal. The resulting volumes of integratian
an actual experiment is restricteddas a; . andV, are shown in Fig. 3, highlighted in light gray. Clearly,

Becausdl < aj, anda; < a; andag, we can separate the from Eq. (6) it is not important to define which volume cor-
total Casimir force between the plate and the cavities into twaesponds t&/; andV, since the variables are interchangeable
components: the RCI,; andF; and the ACF between the For the constartt(g,0) we take its value in the limit of perfect
plate and the top of the walls. This conclusion is not as triv-conductors¥(gz0) = 11/24, and introduce the corrections due
ial as it may seen to be. If the plate were at relatively largeto the finite conductivity later (Section IlI).
distances from the cavities the Casimir energy for the plate- In order to get results that are independent of the exact nur
cavities system should be calculate from first principles conber of cavities in the experimental setup, making the analys
sidering the whole intricate geometry of the cavities. Thatmore general, we employed a simple strategy. We note that t
means, the analysis should be similar to that carried on for pagep of the walls, highlighted in light gray in Fig. 3(a), can be
riodically deformed objects in Ref. [20]. That would also be divided into a series of parallelepipeds. Therefore, because
the case whethex; ~ ap, that means in the case of shallow the additivity of the Casimir energy in the context of the pair-
cavities. For the deep cavities we are going to consider, onlyise summation technique, the final Casimir energy betwee
the interaction between the top of the walls and the plate ishe plate and the walls is given by the sum of the individue
responsible for the attractive force. energy of each segment (a parallelepiped) and the plate. T
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and structures like the cavity walls can be made with hig
aspect-ratios [24, 25]. Consequently, the small dimensions
the cavities pose no problem if they are kept above a few te
of nanometers.

The pressures causedByandFs, wheneven; < ay < ag
goes withl/a%, as can be seen from Egs. (4) and (5). Conse
quently, the smaller the; the bigger the pressure, which is
desirable. However, the smaller the the smaller the ratio
Ai/S, for a givene, therefore diminishing the ratio between
the repulsive and the attractive forces. The lower limit or
a; is then set by the lower practical limit o) because the
walls must be thick enough to ensure good reflectivity to th
electromagnetic modes inside the cavity. Such thickness
roughly determined by the penetration depth of the electr
magnetic fielddo = Ap/(2m), with Ap the plasma wavelength
of the metal. For aluminum(goldy, ~ 107(136) nm [27],
implying & ~ 17(22) nm. Now we note that the intensity
of the incident electromagnetic wave a distandeside the
) o ~_ metal decreases ds= lpexp(—2x/dp). We can ensure al-
FIG. 3: (a) The relt_avant volumes of integration highlighted in light 1,65t no transmission of the electromagnetic waves by ma
gray. (b) Parallelepiped below a large plate. iNg Xmax = € ~ 2 x 8. For that reason, we assume that the

smallest possible thicknessds= 30 nm. For such arm the

smallesta; is approximately 100 nm. As we will see next,
only restriction is that the plate must be sufficiently large toanother reason not to take smaller than 100 nm is that for
be considered infinite, making the calculations independentavities made from real metals the RCFs are predicted to d
of the actual location of the different segments on the top ofrease significantly whenever the smaller side of the cavity
the walls. This condition can be easily fulfilled by a plate only below approximately 100 nm.
slightly larger than the array of cavities because the Casimir We now point out that the configuration of the rectangula
energy decreases very rapidly with the increasing distance. cavity that can lead to the largest ratio between the repulsi

We evaluatedR" analytically with the help oMathemat- and attractive forces on the plate is that of Fig. 2(a). This is s
ica[23] for a parallelepiped with dimensions giventpand ~ because in spite of the fact that both configurations can deliv
arbitrary lengthL, below a plate with thicknesS and lateral ~ the same outward pressures, in practice the Fati&, can be
dimensions that ensure that the final result is close enough fade greater (by one order of magnitude) than the Fafi8s.
that for an |nf|n|te|y |arge p|ate_ This arrangement is dep|ctedTh|S results from the fact that the fabrication of a Vertica”y
in Fig. 3(b). An energy per unity of area is obtained divid- Standing rectangular cavity with thin walls much higher tha
ing E2" by £ x L. The final Casimir energy, including all the 1Hm would be very difficult. This implies thatin genesal
cavities is then obtained multiplying this energy per unit of LUm. Because for such a configuratian< aa, the forcers
area by the top surface of the walls, a procedure equivalent t§ highly constrained [see Eq. (5)] comparedowhich can
summing over the different segments. Moreover, to make oupe made arbitrarily large sin@g is not constrained. For that
analysis more general we assume that there is a sufficientfgason, in what follows we consider only the case the cavitit
large number of cavities that we can calcul&®’ for one ~ are lying horizontally below the plate. This configuration is
cavity and then simply multiply it by the total number of cavi- exactly the one depicted in Fig. 1(a).
ties. In such a case the contribution of the outermost walls that
are partially disregarded are negligible. The area that enters in
the calculation ofEE" is then the effective “attractive area” lll.  CONDUCTIVITY, ROUGHNESS AND
per cavityS = (a1 + & + €)¢, wherei = 2 or 3 depending on TEMPERATURE CORRECTIONS
whether the cavity is lying horizontally or standing vertically

below the plate, respectively. The area of the plate under the The first correction to be taken into account here is that ¢
action of the force$3 is Ag3 = & x ag2. In what follows  finjte conductivity, which alters both ACFs and RCFs. To this
we always calculate the repulsive and attractive Casimir forcegate finite conductivity corrections were calculated only fo
for only one ca.v'ity, but the rgsults are.actually valid for a largepyo simple geometries, namely, for two plane parallel plate
number of cavities as explained previously. and for a sphere above a disc [1, 27]. Such calculations a

Similarly to the case of ACFs the RPCs are only appreciagquite involved, and similar calculations for a rectangular cav
ble when the dimensions of the cavity are in the micrometeity and the interaction between the top of the walls and th
range. This is the first practical aspect that has to be corplate would be even more demanding. Here, instead of ce
sidered in any experiment. Presently, a structure like that irculating the corrections from first principles we adopt anothe
Fig. 1 can be made from metals like gold, nickel, copper, andtrategy and use the results already obtained for plane para
aluminum with the smallest features with tens of nanometergplates.
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In order to justify this approach we note that the Casimirand for goldng(a;) = 0.44(0.62). We stress that the energy
energy for a rectangular cavity satisfying< a; < agisap-  inside the cavity for perfectly conducting walls differs from
proximately that in a region with dimensioas x az between that for parallel plates with area x ag by just 0.8(3)%, there-
two infinite parallel plates separated by a distaace fore justifying our assumptions.

The finite conductivity correction for the ACF was taken
to be the same as that for parallel plates, and the force o
tained from the use of Eq. (6) is simply multiplied hy (d).
This is certainly a good approximation whenever the separ
as can be inferred from Eq. (3). That means the modes intiond is small compared te, because in such a case the top o
side the cavity are approximately the same as those betweehe walls and the plate form a system resembling two parall
parallel plates a distana® apart. Hence it is reasonable to plates. Ford comparable or greater thanwe do not expect
assume that the corrections to the energyfarfdr the rectan-  that this approximation fails completely. This expectation re
gular cavity are adequately described by those to the enerdies on the fact that for larger distances the correction factor
and force between parallel metallic plates. In the notatiomearly 1 and vary at a relatively slow pace, consequently, it
of Ref. [27] we write,Ec = neg(a1)EQ andFy = ne(a1)FY,  less important. Another consequence of the finite conducti
whereE2 andF are the energy and force for a cavity with ity is a rapid decay of electromagnetic fields inside the meta
perfectly conducting walls. The functiong ¢ (x) are the cor- It was for that reason that we considered a fidife the cal-
rection factors that range from approximately 1 at large sepeulation of the ACF. Based on the valuesdgffor aluminum
arations to approximately 0 at the shortest distances. Theswd gold we assum®= 50 nm.
factors depend upon the materials on the walls through their The second correction to the forces that we consider is th
frequency dependent dielectric functions. In our analysis wef surface roughness. What is relevant here is the stochas
modeled the dielectric functions using the plasma model agoughness in both the cavity walls and the plate resulting froi
done in Ref. [27]. In this context, sinag: does not depend the fabrication process. As we did for the finite conductivity
upon a, the correction to the forc&, is the same as that corrections we use the results already derived for the case
for the energy. However, in order to be conservative we astwo parallel plates. The corrected energy inside the cavil
sume that the correction & is the same as that fét, (g can be obtained from the expression for the corrected for
is slightly smaller thamg). In conclusion, we assume that between two plates in Ref. [1] by simply integrating on the
F= np(al)on, whereng (a1) is plotted in Fig. 1 of Ref. [27]  separation, resulting in
andF? is given by Eq. (4). , .

We have chosen to analyze two rectangular cavities with  roughness_ 0 |4, 4 Saisp 60 Saisp 10
dimensions that have a good commitment with the need for Ec =Ec |1+ a + a1 , (10
strong RCF, to be approximate by parallel plates, and to have
reasonable aspect-ratios to meet the requirements of aVa”a%ereédisp is the dispersion (roughly the amplitude) of the
fabrication techniques, namely stochastic roughness. In this approximation there is no d
pendence of the roughness correctionagrandaz. Conse-

T®a;
c 233

= 7
72023’ "

EQ=—h

a = 0.1um, &z = 0.5um, ag = 5um, (8)  quently, the forcem, is corrected by exactly the same factor

and as the energy. To keep the corrections below the 1(5)% lev
it is required tha®gisp/ar < 0.049(0.10). That means for a

a1 = 0.2um, a = 1pm, ag = 5um. ) cavity with a; = 100 nm that the imperfections on the walls

can be as large as 5(10) nm. Presently, by means of el

We consider cavities made from aluminum, for its excellentfon beam lithography a precision in the level of 1.3 nm ha
reflectivity in a wide range of frequencies, and gold, a metaP€en obtained for the fabrication of MEMS and NEMS [28].
widely employed for the fabrication of MEMS. For the cav- However, most usual techniques are not that accurate an
ity with a; = 0.1(0.2)um: F, = 2.1(0.27) pN; the pressure is Precision at the level of 10 nm is most likely to be found in ar

P, = 4.2(0.27) N m~2; for aluminumng (a;) = 0.50(0.68); experiment [24]. As a first approximation the ACF could alst
receive the same correction expressed in Eq. (10).

| Finally we address the role of temperature. An expressic
for the Casimir energy inside a rectangular cavity with finite
temperature was derived in Ref. [26]. It corresponds to addir
the following terms to the energy in Eq. (1)

Paaa '
temp _ . TT218283 &t
Ec ( T2t +712132( 1+ a2 +ag)
aapaz o 1
-

2
(D=1 [ (@l)? + (@am)? + (@an)? + (§ )2

Jr

12 a a ag
ﬂ.,pzl{ [@(aal)?+ (BP)?  [4al)2+ (BP) | [4(aal 2+ (BP)?) }> -
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wheref3 = hc/ksT, with kg the Boltzmann’s constant anid 1

the absolute temperature. For the cavity veith= 0.1(0.2) ym 0.5

at a temperature of 300 K the energy decreases significantly 0.2

by 1.1(4.7)%, while the forc&, decreases just 0.08(0.2)%. Frep 0. 1

The corrections are still very small at higher temperatures. Far 0 65

0.02

IV. FORCE MEASUREMENT 0.01

@ 20 40 J 60 80 100
(nm)

In the present analysis of force measurement we disregard 1

both the temperature and roughness corrections. The former 0.5
because the correction to the force is always much smaller

than the expected experimental accuracy on the force mea- F 0.2

surement; of the order of a few percent in any realistic sce- % 0.1

nario. The later because it could be made suitably small de- 0. 05

pending on the fabrication technique. Yet, we consider the 0.02

most important correction, that of the finite conductivity, that 0' o1

reduce the repulsive force produced by the cavity by half of its 50 75 100 125 150 175 200
original value and the attractive forces by even greater factors (0) d(nm

[27]. Besides being the most important correction, greatly ex-

ceeding the expected corrections due to roughness, the con-

ductivity will depend upon the material the cavity and theFIG. 4: The ratio between repulsivigp) and attractiveRa;) Casimir
plate are made from and only marginally on the fabricationforces for a rectangular cavity as a function of the separakidfrom
technique. In this sense, the corrections due to conductivitihe upper to the lower curve=30, 50, 80, and 100 nm. Cavity
are universal, and do not depend upon the specific fabricglimensions in (a) given by Eq. (8) and in (b) by Eq. (9).

tion technique that will be employed, henceforth justifying the

resent theoretical analysis. . . . . .
P y separatiord is also required. This fact can be illustrated by

As already mentioned in Section Il in the analy5|s we dldthe ratio between the sum of the attractive force at the actu
not model the expected decrease on the repulsive force as_a

f . : L position and the repulsive force and the attractive force at tt

unction of the separatiod. However, it is reasonable to as- . . :

sume that for small separations the repulsive force can be Weﬂlstanced as determined from the experiment,

described by Eg. (4). For small separations we netamall F*  Fa(d+A)+ Fep

compared toa;, because it is the smaller cavity dimension = = T Fad) (12)

that, after all, determines the the smaller frequencies allowed

inside the cavity. For small we can expect a small pertur- whereA represents the relative displacement to the measur

bation on the modes inside the cavity in a large range of fredistance due to the uncertainties. The curves for this ratio a

qguencies, henceforth ensuring the existence of the repulsiyeresented in Fig. 5 for the two cavities and for= 0,41 and

force. +3 nm. The upper(lower) curves are for negative(positive)
The most important information for an experiment designed/VVe note that even foh = +1 nm the errors are in the range

to measure RCFs is the ratio between the repulsive and attrab— 15% and are of the order of the force the experiment in

tive forces as a function of the separatidn In Figs. 4(a) tends to measure (see Fig. 4). Consequently, the distance |

and 4(b) we present exactly this ratio for the cavities withto be measured with an accuracy better than 1 nm. In ord

a; = 0.1um and0.2um, respectively. The results are for the to estimate the required accuracy we note that for a nomin

cavity and the plate made from gold, however essentially theeparatio = 50 nm, an inaccuracy d¥.2 nm implies an un-

same results are obtained for aluminum. We considered fougertainty in the force measurement of approximately5%

differente, from the smallest possible value to one that couldfor both cavities, which is acceptable.

be most easily obtained by the presently available fabrication Our analysis leads to the conclusion that very stringent re

techniques. guirements have to be satisfied by the experimental setup
What we can infer from Fig. 4 is the smallness of the repul-order to allow for an adequate measurement of the RCF

sive force compared to the attractive one in the range of disa rectangular cavity. Such requirements surpass considera

tances at which our calculations are more reliable and precigéose for the experiments already carried out for the measu

(d < a1/2). The ratios are larger for the cavity with = 200  ment of ACFs [1, 6, 8].

nm, and ford = a; /2 = 100nm the RCF amounts to 30% of

the ACF. For the cavity witla; = 100 nm the RCF amounts

to only 10% atd = a;/2. As a consequence of the smallness V. APPLICATIONS

of the ratiosFep/Fat, any measurement of the force exerted

on the top plate has to be very precise. For the static measure-As already mentioned in section I, repulsive forces coul

ment of the force on the top plate a precise knowledge of thédave interesting applications in MEMS and NEMS. In fact
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1.4 ~ TABLE I: The distancedy,d; andd;g as defined on the text for
15 N R cavities made from Al(Au), and dimensions given in Eq. (8).
- el el & (nm) do (nm) ch (nm) dio (nm)
! Tl T 30 88.2(88.1) 89.4(89.5) 107(112)
ogl-TT T 50 100(100) 102(102) 126(135)
0.6 SO
& =20 40 60 80 100 TABLE II: The distancesly,dg 1 andd; as defined on the text for
d(nm cavities made from Al(Au), and dimensions given in Eq. (9).
144 e (nm) do (nm) do.1 (Nm) di (nm)
1200~ 30 135(134) 137(136) 163(166)
- R 50 152(151) 154(153) 186(192)
1 B U
Fat ______ ‘\\:\\\\.\
0.8 _ .= -~ NN
0.6 NN to be of the order of seconds or minutes rather than hours
' SO\ days [29].
(b) 40 60 80 100 120 140 160

To estimate the capability of the repulsive force produce
by the rectangular cavities to compensate for the weight of tt
moveable parts of MEMS and NEMS we determined the dis
FIG. 5: Curves for the ratio defined in Eq. (12) fve= 0 (continu- tancgdo at which the RCF equates the ACF and the distanc
ous),A = +1 nm (dashed) and — +3 nm (dot-dashed).Cavity di- req_uwed to the repulsive force to equa_te the_ACF ado_led to tl
mensions in (a) given by Eq. (8) and in (b) by Eg. (9). weight of a plate made from a metal with an intermediate det
sity p = 8.9 g cm 3 (similar to that of nickel and cooper) and
thickness of Jum and 10um denotedl; andd; o, respectively.

such forces could be the solution for the problems that arét this point we have to note that structures with thicknes
presently imposing severe restrictions on the functioning ofanging from 0.1um up to 10um are usually employed in
MEMS with moveable parts, namely, friction and wear [29]. the fabrication of parts of MEMS and NEMS [25] even wher
The forces caused by friction are usually very large at smalfhe other dimensions of these parts are of the order of a fe
scales [30] when compared to the forces that can be deliyhillimeters [33]. We present in Tabledb, d; anddyo for the
ered by the available driven systems in, e.g., micromotors ang@Vity witha; = 0.1pm, made from aluminum and gold, and
microactuators. Usually friction obeys Amonton’s law (fric- for the thickness of the walls=30nm and 50 nm. In Table
tional force depends linearly on the load through the coeffill the results are presented for the cavity wéth= 0.2um.
cient of friction), however, at small scales friction turns out to !N this case, because the repulsive force is not strong enou
be proportional to the contact area between the surfaces [30pP eduate the weight of a plate 16n thick, we present the
For systems sufficiently large to obey Amonton’s law, repul- istancedp 1 required to sustain a plate with thickness of 0.1
sive forces could be used to reduce the load. For instance, tHn-

rotary piece of a micromotor or gear (usually with the shape In order to better understand the implications of the resul
of a disc) could be lifted by a bottom force that could partially presented in Tables | and Il we have to remember the fact th
or completely compensates for its weight. This force couldthe RCF produced by the cavity on the plate is expected
be the RCF predicted in Ref. [16] or, as we propose here, théecrease with the separatidn Actually, from simple wave
force produced by a set of rectangular cavities placed beneafifopagation arguments, the change on the force is expect
the rotary piece of the micromotor or gears. The first optionto depend upon the ratid/a;. Consequently, we can ex-
requires the use of suitable materials that presently are ngtect a smaller correction (smaller decrease) to the force d
available, and is still a matter of debate whether such forcet9 the separation for the cavity for which the ratiga; is
could actually exist [31, 32]. The second option, the use osmaller. We now note that far= 30 nm do(d1) corresponds
cavities beneath the moveable pieces, could be a simple solt® 88(89)% and 68(82)% of the cavity width fag = 0.1um
tion whenever these pieces were made from metals or couldnd 0.2um, respectively. For that reason the cavity with
at least be covered with a thin metal layer. For smaller sysai = 0.2um is the most adequate for investigations concerr
tems, where the load does not play the most important rolé"g the reduction of friction and wear. Becaudg; is only

in the resulting frictional force, the repulsive forces could beslightly larger thardo, levitation of thin metallic plates caused
used in the same way to reduce the effective weight that has foy RCF is also likely to occur.

be sustained by the rotating pivots or bearings. Consequently, We also suggest the use of an artifice in order to reduce fu
the pivots and bearings could possibly be smaller, leading tther the distances at which repulsive forces could counterbe
a reduction in the frictional force and wear. Such a reductiorance the attractive forces: thiner walls with short height buil
is highly desirable since wear is the most important source obn top of the cavity walls. Thiner walls may assure enough re
failure in MEMS , limiting their continuous operation lifetime flectivity for the electromagnetic modes inside the cavity with

d(nm)
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imately a;/2 a reduction of the repulsive force is expectec
and the curves in Figs. 4 and 5 are no longer precise. Ho\
ever, these curves indicate that even under the more optimis
assumption that the decrease in the RCF is small and that 1

TABLE IlII: The distancesdy,d; anddig as defined on the text for
cavities made from Al(Au), with the dimensions given in Eq. (8),
and with additional top walls.

€ (nm) do (nm) dq (nm) dip (Nm) reliability of our results extends to larger separations, the me
30 78.4(78.3) 79.7(79.7) 96.6(102) syrement may be difficult, unless the cavity walls are suff
50 82.0(82.0) 83.5(83.8) 107(116)  cjently thin. That this is specially true for the case the cavit

hasa; = 0.1um, can be seen from the fact that g3 100nm,

at a separatiod = a; = 0.1um the repulsive force amounts to
TABLE IV: The distancesly,dp.1 andd; as defined on the text for only 50% of the attractive force. Fortunately, we have a bette
cavities made from Al(Au), with the dimensions given in Eq. (9), and situation for the case of a larger cavity since the RCF equat

with additional top walls. the ACF at shorter distances, as can be seen in Fig. 4(b).

g (nm) do (nm) do.1 (nm) dq (nm) It is worth to mention that there seems to be no advantag
30 125(124) 127(126) 153(157) on the use of cavities withy much greater than 200 nm. The
50 132(132) 134(134) 166(173) reason for that is the fact that for cavities with largerthe

ratio Frep/Fat is essentially the same as that &ar= 200 nm
when plotted as a function df/a;. Nevertheless, the RCF and

out further disturbing the modes if they are kept suﬁiciently@?sz Sf’e(z:riizse_rsr:?sn:(gi??]t% E’(?f;bé%rrg? dkg:g(;tisnr?ﬁ:s duergir;r?

short. The small aspect-ratio further facilitates their fabrica- wal ) i
tion. For instance, if the top walls were 15 nm thick and 458Ny actual experiment. . . .
nm high the distances between the top of these walls and the "€ use of the plasma model in the calculation of the finit
plate are predicted to be those presented in Tables Il and I\EOnductivity corrections results in correction factops that

In calculating those distances we summed over the contrib® from 2% to 10% smaller than those predicted using tt
tions from the original wall and the additional top wall. The tabulated data for the dielectric functions of aluminum an
contribution of the original wall is small as can be seen fromd0ld for distances around 100 nm [27]. This fact along witt
the similarity between the results for= 30nm and 50 nmin U conservative assumption that the foFgds corrected by

Tables Ill and IV as compared to the results in Tables | and th€ factomg for the forceF;, may imply that the actual re-
that differ considerably. pulsive forces delivered by the cavities in an experiment a

Itis clear that the introduction of the top walls can consid-9réater than the ones we predicted here by at most 20%. St
erably reduce the required separations. If the top walls ca@n increase in the force does not significantly change_s ourt
be made thiner and taller without further disturbing the modesults because of the strong dependence of the attractive for
inside the cavity is a subject that deserves further theoreticQn the separatiod. More precisely, the distances would de-
and experimental investigation. Triangular structures are als6'®ase no more than 5%.
worth of investigation. Anyhow, for the shorter distances thus The most obvious use of the RCF in MEMS and NEMS
obtained the assumption of a constant RCH waries is more IS t0 levitate structures as we proposed here, preventing fri

reliable, and therefore the results are self-consistent. tion and wear. However, the applicability of such forces i
conditioned to the actual decrease of the RCF with the sepa

tion between the cavities and the upper (plate-like) structur
VI. FINAL DISCUSSION AND CONCLUSIONS As already mentioned the determination of the actual repu
sive force with the distance is beyond the scope of the prese

In this article we presented a realistic analysis of a setuf’O"k: and is expected to be quite involved, specially in th
intended to measure the repulsive forces resulting from th&3S€ that the finite conductivity of the walls are taKen into ac
geometrical constraints imposed on the quantum electromag©UNt- Nonetheless, the results presented in section V, bas
netic vacuum. For realistic we mean that the nonideality of thén the extrapolation of a constant RCF to larger separatior
cavity was taken into account in the calculation of the RCF adndicate that the RCF produced by the rectangular cavity
well as the unavoidable ACF. We took advantage of the simpotent_lal_ly u§eful and the importance of th_e reduction of wee
ilarity between a rectangular cavity satisfying the condition@"d friction in MEMS and NEMS makes it worth of further
a1 < a < ag and two plane parallel plates, considerably sim-/nvestigation.
plifying the analysis. The results thus obtained are expected to
be a very good description of the reality for small ratif®y ~ Acknowledgments
and still reliable when the ratio is arouQcb.
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