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When two surfaces at two different temperatures are separated by a distance comparable to a
mean-free path of the molecules of the ambient medium, the surfaces experience Knudsen force.
This mechanical force can be important in microelectromechanical systems and in atomic force
microscopy. A theoretical discussion of the magnitude of the forces and the conditions where they
can be encountered is discussed. A potential application of the Knudsen force in designing a
cantilever-based vacuum gauge is discussed.2002 American Institute of Physics.
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I. INTRODUCTION physical, chemical, and biological sensors are demonstrated

using microcantilevers. Though Knudsen forces will be small

Knudsen forces are mechanical forces that exist betweep, nost cases involving microcantilever sensors, there exist a
two surfaces at two different temperatures separated by @y cases where Knudsen forces can be large. For example,
distance of one or a fraction of a mean-free path of the molyhen the capacitive detection method is used to monitor mi-
ecules of the medium. Though Knudsen forces are extremely,gcantilever motion in low-pressure conditions. One ex-

small in most cases involving microcantilevers, there exishmpie will be detecting infrared radiation using bimaterial
situations where these forces can be large. _ microcantilevers using capacitive monitoring of cantilever
Microcantilevers are routinely used in atomic force mi- yyotion. To improve the thermal sensitivity of the system, it
croscopy(AFM). In AFM, microcantilevers are brought in can he evacuated to low pressures to decrease the loss of heat
close proximity to a surface to be imaged. The distance begnergy from the cantilever. Knudsen forces can be important
tween the cantilever and the sample surface is equal to thg |\-pressure vacuum AFM where the sample is heated. In
probing tip at the free end of the cantilever. This separation ignjs case, there exists a Knudsen force between cantilever
many microns in most cases: Much higher than the meansng the sample. Another example will be a piezoresistive

free path of the molecules in air at normal pressure. HOWggntilever imaging an object at room temperature in a
ever, AFM can also be used in a vacuum where the mean;;c,um.

free path is larger than the distance of separation between the
cantilever and the sample surfaces. In most cases, there ex-
ists a temperature difference between the cantilever and te BACKGROUND THEORY

surface. This temperature difference can originate from many  QOne of the ways through which a gas in a vacuum sys-
different sources. For example, a piezoresistive cantilever i.em can possess nonuniform density and pressure is the ex-
always at a higher temperature due to resistive heating of thigtence of temperature gradients in the gas or on the confin-
cantilever. Even in the commonly used optical beam deflecing surfaces of the vesskf.In order to study the effect of
tion technique, the cantilever is at a higher temperature dugych thermally induced nonuniformities, we consider a
to laser heating of the surface. If the cantilever and thQ:]osed system Containing a gas of a certain low pressure in
sample surfaces have different optical absorption, that cagquilibrium. The phenomenon of thermal transpiration
lead to a temperature difference between the cantilever ar[ﬁkes p|ace in such a system if we, through some mechanism,
the sample surface. Thus, the two necessary conditions renaintain two different temperaturds andT, in two differ-
quired for Knudsen forces namely temperature differencent interior regions of the system, and if, as a result of this
and separation distances comparable to mean-free pagfifference, a gas transport or a flow region is established so
Iength of the molecules in the immersed medium are Ofteﬁhat a pressure variation froml to P2 s devek)ped there.
encountered in many cases. Knudsefi showed that the following relation holds under the
There are several scenarios where Knudsen forces playfleady-state conditions of the gas at low pressures, that is

role in microelectromechanical systems structures, for exwhen the thermally induced flow and the pressure flow are in
ample, sensors based on microcantilevers. Recently, mamalance
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Experimental and theoretical work have indicated deviations
from this relatiod”® and much work has been conducted to
improve the accuracy of Eql). Two geometries are of par-
ticular importance; cylindrical and planar.

Thermal transpiration systems composed of two concen-
tric cylinders where a temperature gradient along or between
the cylindrical surfaces gives rise to a pressure gradient
which in turn results in transverse and longitudinal force
densities in the flow field have been studied in conjunction
with precise microbalance experimeris? Liang!*~1®
worked an empirical equation for the pressure ratio in(&jy.
based partially on experimental observations. Takaishi and
Sensut’ similarly gave an improved version of Liang’s equa-
tion. Recently, these results were used to study the thermal
transpiration in helium and nitrogen across an individftiat To=T. (1) Po=P (t=ty)
an array of silica Caplllaneg Some related eXpeZT_nggm%?l' FIG. 1. Thermal transpiration system. The molecules of the confined gas
theoretlcaI[Bhatnagar-Gross-Kroo(BGK) mOdeH’ and moving in random directions collide predominantly with the surfaces of the
numerical [one-dimensional and two-dimensional direct vessel and the internal structures.
simulation Monte CarldDSMC)]?>2"-*work can be men-
tioned in this regard. The Knudsen forces arising in such
cases display a peak as a function of the Knudsen nuffiber. |, the jow Knudsen number regimes, the aforementioned
The Knudsen number at temperatdr@nd pressur® for a  q4y fields are associated with a creeping motion of the gas

medium with viscosity composed of molecules of mass (ihermal creep or thermal slijin a thin layer adjacent to the
M, and mean-free-path can be defined for structures with surface®3Thus, the molecules moving with a creep velocity

. . . . . 3
a characteristic dimensiahvia transfer momentum in the flow field as a result of the pres-
ence of a temperature gradient. In this work, we will con-

Kn= ﬁz n /WROT @) sider, in the high Knudsen number regime, the general form
d Pd\V2M,’ of the force between a microcantilever modeled as a planar

object in close proximity to a sample/substrate also modeled

where the universal gas constdry is related to the Boltz- as a flat surface. The cantilever is free to deflect under the
mann constant and the Avogadro’s numbeiRgy=kN,. Us-  Knudsen force but otherwise assumed to be stationary, that is
ing this definition, the force is small in the lownear- any thermal undulations in the microcantilever are assumed
continuum limiy and high (free molecular limit Knudsen to be negligible. The sample/substrate is assumed to be rig-
number regions, and exhibits a maximum in the transitiondly fixed. Furthermore, the degree of participation of the
region, i.e., the pressure region where both molecule-eantilever and substrate in heat conduction will be expressed
molecule and molecule—surface collisions are important in @ terms of two accommodation coefficients for the top and
transport process. bottom surfaces of the cantilever, respectively, and a third for

In the planar thermal transpiration systems, typically athe substrate surface. There are currently sensing and imag-
flow field is set up around and near the surface of a single flahg applications that require one side of the cantilever be
structure or between several planar structures as a result obated, and thus the assumption of two different accommo-
the generation of a temperature gradient and its accompaniethtion coefficients for the two sides of the cantilever is jus-
pressure gradient, for example, in conjunction with thermod+ified.
phoresis and radiometer effet3he former is the the mo- We now more specifically consider a simple vacuum
tion of a small particle in a region of the gas where a tem-system composed of a vessel and a pump as shown in Fig. 1.
perature gradient exists; for example, a flat or sphericalhe pump is turned on at=t, and operates continuously for
particle inside a tube that has a varying temperature along its>t, until the desired mean-free-path is achieved. The
surface®® Similarly, the latter is the phenomenon responsibleinitial (t<t,) pressure, temperature, and mean-free path of
for the rotation of the vane of a Crookes radiometer uporthe confined gas arB(ty) =Pg, T(tg) =Ty, andi(tg)=Ag
exposure of the vane to light and thus generation of a temwhere Py and T, are the atmospheric pressure and room
perature gradient in the direction from the exposed side ofemperature, respectively. Fort,, these quantities are de-
the vane to the unexposed sitfe® This type of energy noted byP(t)=P,, T(t)=T,, and\(t)=\,. The vessel is
transport between surfaces at different temperatures leads ito thermal and mechanical equilibrium with the surrounding
the molecular radiometer force which is the basis of theenvironment, that is the temperature on the vessel surfaces is
Knudsen gauge, which is an absolute pressure g&ug®, uniform and equald, and remains constant at all tinbeAt
and the Knudsen compressdin an attempt to theoretically t=t,, the number of molecules per unit volume of the gas
study such effects, the extent to which energy transfer takeis of such high magnitudes that molecule—molecule, as op-
place when a gas molecule strikes a surface is expressed posed to molecule—surface, encounters dominate the kinetic
terms of the accommodation coefficient introduced byproperties of the gas. For example, for air at room tempera-
Knudser®® ture To=20°C (=293.15K) with pressur®, and character-
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istic lengthd expressed in units oftbar andum, respec-
tively, the Knudsen number E) can be evaluated By

Ko 6.6x 10
"= "pg

dQ=sin6ded¢
()

which for d=1 um (a typical working distance in AFM
studie3 and for atmospheric pressurePy=1 atm
=1013.25mbar yields Kn0.065 corresponding to\g
=65.1nm. Under these conditions, the gas can be consiaHG. 2. The solid angle at the location
ered as a fluid. When the pumping start¢at,, an anisot-
ropy in the velocity distribution of the gas molecules with a
subsequent creation of various flow regimes are establishethe velocity phase spad4, atx .2* Wu® showed by compar-
As the pumping progresses, the number density of the gagg this solution Eq(6) with another formal solution of Eq.
decreases due to the continuous removal of the molecules %) using a surface collision density function as the initial
the pump and thus the mean-free path increases reducing taendition in a diffuse reflection boundary condition that the
dominance of the intermolecular collisions over theproduct of the square root of the directional temperaluje
molecule—surface collisions. For fixed vessel dimensions, wand the number density df) denoted byng, is a constank
thus enter a pressure regime where the frequency dhroughout a gas described lbythat is K=no\T, is an
molecule—surface collisions is of the same or higher order ofnvariant.
magnitude as that of the intermolecular collisions. Returning to our discussion, if we now introduce a con-
For example, for a typical pressure & ,=20ubar vex object, such as a microcantilever into the vacuum system
achieved by a mechanical pump, and a separation distance déscribed by Eq(6), and assume that it is in thermal equi-
d=40um, Eq.(2) gives Kn=82.5, that is the free molecular librium with the Knudsen gas there, then the molecules col-
regime. This corresponds to a mean-free path \gf  liding with the surface of the cantilever will transfer momen-
=3300um=d appropriate for a Knudsen gas. tum to it in such a way that the net momentum of the
At such high Knudsen number regime, the pump ismicrocantilever is zero. If we now increase the temperature
turned off whereafter the velocity distribution of the mol- of the cantilever tol.>T, by some external means such as
ecules will reach an isotropic steady state. No sources oloule heating or optically via irradiance by a laser beam, the
sinks of gas are present at this stage. The microscopic profecal equilibrium is perturbed and a flow field is set up in the
erties of the resulting stationary gas can now be described byeighborhood of the cantilever. The velocity distribution of
the Maxwell-Boltzmann distribution function which is the the molecules in this region will no longer be a Maxwellian
solution of the Boltzmann equation in the absence of interdue to the loss of the isotropicity. As mentioned in the Sec. |,
molecular collisions. No temperature or pressure gradientthe vacuum system is now called a thermal transpiration sys-
exist in the system under these conditions. Denoting the mdem and the kinetic energy transfghermal conductionbe-
lecular velocities byc and coordinates by for a gas under tween the cantilever and the gas can be studied in terms of
the influence of the external fordé the general form of the ability of the surface material of the cantilever to alter the
Boltzmann equation S energy of an incident molecule upon a molecule—surface en-
counter. This can be formulated in terms of the coefficient of
Mﬂ;,v f(x, ¢, t)+F-V f(x, ¢, t)=Q(f, ) accommodatiora which can be written for energy, tempera-
at e T Y ture, or momentum and can have normal or tangential com-
(4) ponents. For example, whex= 1, the incident molecule is
whereQ(f, ) is the collision term and expresses the varia-reflected diffusely after complete accommodation to the sur-
tion of f due to intermolecular collisions. Under certain as-face temperature, whereas in the case0, the reflection is
sumptions regarding the functi@, it can be showf? thata  completely specular, and the temperature of the reflected
Maxwellian distribution is the solution o®=0 for a uni- Mmolecule equals that of the incident. Obviously, in the ab-
form steady state. Neglecting the influence of external force§ence of any directional preferences for the molecules dis-

on the confined gas such as gravity’ for a local Maxwe”iantributed far from the Cantilever, the net momentum trans-
distribution, i.e., the solution to ferred to the cantilever will again be zero if the

accommodation coefficient is equal on both sides of the can-

af(x, ¢, t) - : : ; S
Q(f, f)= +¢-V.f(x, ¢ t)=0, (5) tl!ever. These con5|dgrat|ons are ewdent from Knudsens ra
at diometric pressure difference derived for a vane in a free
f can be expressed at locatia (X, y, z) and at the solid irgt;li?/celillat;)(/colllaon-free) regimé which with our notations

angledQ =sinddéde (see Fig. 2 as
1

3
2 C2 (7)
fa(x, ) 27RT,) M 7 2RT,

=]
AP= S [V1+agr—1+au],

, (6)

whereris the relative temperature, i.e=T./T,— 1. Knud-

whereR is the gas constant, ard, is the temperature of the
molecules in the direction specified by the solid ardflein

sen showed by balancing the flow of molecules in a tube to
zero that the quantitP T~ 2 is a thermal transpiration in-
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showed that the departure from an isotropic distributions
modifies this invariance, and introduced a functi¢r) as a
measure of this departure. Thus, the new invariance for a

variant from which Eq(1) is easily derived. However, \fu K f f 1
(13)
Ny

(15

Knudsen gas confined in a volurivewas shown to be given Similarly, the numerator of Eq9) can be written as
by? 2
YOI () <[ f f f“(x % av, 14
K=ngVTo=n(X)yT(X)I(X)= ——/——,
aVTa=nONTOO1 (%) 00
forallxeV, (8) which using the integral6Al) and(A2) in the appendix can
be written as
where v is a gas specific constant. Here, following Wu’'s
results’? we will utilize this new invariance to derive a gen- ; - c?
eral expression for the force per unit area of the microcanti- f f Tﬁz f c’ exp( T O5RT
lever. This can be accomplished by using E).to calculate o 0 @
the pressure around the cantilever. We thus need to calculate
the functionsT(x) and I(x) in Eq. (8). We first note that 3KRJ J JTado,
since the molecules of massin the residual gas of density
p move randomly and, 2therefore, the average of the square of
H 2\
e o 5 s oot IOS®  an st () 1 5.9 1 gven by
=pRT. Then using the distribution function E(f) and the 2
invariance (8) the temperature at a point in the gasT f fT dQ
= 1/3R(c?) can be calculated by averaging the contribu-
tions toc? from all directions at the solid anglé in the TX)=———F—. (16)
differential volume of the velocity phase spat¥, f f ToY2dO
ITTvenafo(x, c)dV,

[T ynafo(x,c)dV, ©) Having the expression for the temperature at pointhe
¢ function I (x) can be calculated from E@8)

3RT(x)=

where dV,=c?dcdQ) with dQ=singdéde at c

=c(sinédsing, sina_cos<p, _cos@) i_n the spherical coordi- n(x)m ff
nates. The denominator in E(Q) is the number of the mol- 1(x) JT(x)
ecules per unit volume at
1
i 12
n(X):J'fanfQ(X,C)dVC, (10 ffT}{de
Ve Q
X| ———| , (17)
whereas the total number of molecules in the volume f fTallde
=fffvxdvx of the system is
=ffanHWw (11  Wwhich simplifies to
1/2 1/2 ?
_ ) ) [(X)=4m To ' dQ X To (18
where dV,=dxdydz is a differential volume atx
=(X, Y, 2) in Cartesian coordinates. Therefore,
[ [ mtssoms [ [ 222 ay
n X, C = ’
o ¢ N IIl. KNUDSEN FORCE
Ve Ve
(12 We now proceed to calculate the force exerted by the gas

on the cantilever and the resulting static deflection. Referring
to Fig. 3, and utilizing Eq(8) we write for the regions; far
n(x) away from the cantileverx, between the cantilever and the

5 substrate, and; immediately above the cantilever
- 2
=KLEJJT‘ZI exd — ———| de
27R Qo 2RT,
Q

) P(x)l(x)  P(x)l(x2)  P(xg)l(Xg)
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Microcantilever Plane For the two opposite moving streams represented by tem-
peraturesT; andT/, in the region between the cantilever and
- et the substrate at point,, the temperaturd(x,), and the
A act ct HTF 4 Te isotropicity I (x,) can also be calculated from Eq46) and
a [, | 18), respectively, by considering that
X3 cb :||:le e d<<i (18) p y, by 9
a S | 2 T
A f fT}{Zdnzf T;’Zf sinfdod e
‘- a 0 0
X1 / ,
Sample (Substrate) Plane :2J WTi/2d¢
0

FIG. 3. The flow system composed of the microcantilever and the sample/

substrate planes held at temperatufgsndT, respectively, and separated T 2 12
by a distancal smaller than the mean-free-pathof the moleculesn. The =2 f T, do+ f T,de (29
vectorsx; represent the isotropic regiar=1 away from the temperature 0
gradient, the region between the planes2, and the region immediately )
above the cantileveir= 3. T ; ’T
:2( \/T—sfo de+ VTbcf dqv)
=2a(NTi+VTh),
Now, the pressure at points just below and and just above the (\/—s be)
cantilever can be calculated from this invariance in terms ofind similarly
the pressure, temperature, and isotropicity at an arbitrary
point x; in the system resulting in T§1’2d0=277 1 n 1 (25)
[(X1) [T(Xp)
P(xz)= (%) VT(x )P(Xl),
2 ! and thus Eqs(16) and (18) are given by
|(X1) T(XS) I
= T(X2) =TT
P(X3) i) VT (Xl)P(xl). (20) (X2) sTch
. Z(T’T/ )1/4
The total force on the cantilever can then be calculated from |(x,) = sleco (26)
2/ ’ [+r °
\/T—s+ ch
F= $ pas S | -
As mentioned, in the region above the cantilevexatxs,

—[P(x)&,+ P(x3)6]AS, 21) the oncoming st_rearff_rom t_he upper half spageriginates
from the isotropic region with a temperatufe and thus an
wheree,, ande are unit vectors normal to the bottom and jntegration similar to Eq(24) results in

top parts of the cantilever as in Fig. 3.

In order to evaluate the quantities in E80) as given by T(X3)=VT, T
Egs. (16) and (18), the following energy transfer consider- » a
ation introduced by Knudsen is utilized. From a balancing of xg)= 2(T, Ty @7
energy fluxes in a diffuse scattering between two parallel 3 \/T—r+ \/T_ét

plates, Knudsen calculated the heat conduction of the plates ) . )

with different accommodation coefficients by introducing Finally, in the region far away from the cantilever and the
two opposite moving streams of molecufesintroducing ~ Substrate ak=x,, the streams in the upper and lower half
two noninteracting streani&, and T/, as shown in Fig. 3in SPaces have the same temperature which results in

the region between the cantilever and the substrate to repre- T(x) =T, T,=T,,

sent the temperatures of the molecules emerging from the

substrate and the bottom surface of the cantilever with the 2(T,T,) Y
respective accommodation coefficientanda,, we get [(Xy)= —=—==1. (28
C TV,

r asTs+ acb( 1- a-s)Tc
S astacy—asacp

Thus, using Eq(20) in Eq. (21) along with Eq.(28), the
force per unit area from Ed21) is given by

1 [T(Xp) 1 [T(X3)
1(x2) T 1(X3) T,

r

!

:achc+as(1_acb)Ts (22)
cb astacpy—adcp F=P,

: (29

Similarly, noting that in the region above the cantilever the . iolifvi
oncoming stream has the same temperature as that of tif% USing Eqs(26) and(27) and simplifying

residual gadl, as shown in Fig. 3, we have o &{ \/E+ /T_(,:b+ /T_é‘_l} 0
T(,It: aCtTC+(l—act)Tr . (23) 2 Tr Tr Tr .
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Therefore, using Eq$22) and(23) in Eq. (30) the force per  F(x, t) are forces per unit length of the cantilever. Neglect-
unit area for known accommodation coefficiertsof the  ing damping for an undriven cantilever of lengthin the
two sides of the cantilever and the surface of the substratétatic limit, and under the influence of the uniform normal

can be written as force per unit ared given in Eq.(31), Eq. (35) reduces to
F(Te, T, To, P)=0(Ts, T, TPy, (3D d4W(X)
. . o El =FO(L—Xx), 3
where the dimensionless functignis given by dx?* ( ) St
o(Ts, T, Ty)= where® is the Heaviside function. It is noted here that for
cantilevers of arbitrary shape and no particular relation be-
1 \/asTs+acb(1_as) e, \/acb70+as(1_acb) Ts tween length and width, one must solve the full plate equa-
2 astacp—aslcp astacp—asAcp tion for the static deflectiokV(x, y).3° However, in our case,

the length of the cantilever is assumed to be much larger than
+Vl-agtagr—1|, (32)  the width, as in most AFM work, and thus E@?7) is justi-
fied, that isW(x, y)~W(x). We now proceed by integrating

where 7,=T¢/T, and 7,=T./T,. Thus, for fixed &, T;)  Ed.(37) twice fromx—>_L and twice from G- x and utilizing

with i spanning the substrate, cantilever, and the rest gas, ttfeds: (36) and (31) to yield
functiong(Ts, T, Tg) = « is a constant, and the force varies .
linearly with the pressure in the rarefied regime, that is so  W(X, Tg, T, Ty, Py) = a(—xt =X+ —x
long asP, is such that KnP,)>Kn(P,,,) whereP,, is a
maximum pressure beyond which the effect of intermolecu- Xg(Ts, Te, T)), (39
lar collisions will be non-negligible in the surface—gas and
gas—surface energy transport. Then with the constant giv

by

( JF
a=

eor in terms of the maximum deflectioN,,,,, of the cantilever
or givenTg, T., T,, andP,

x\3 x\?
E) +6([) } (39

Wina [ X4

(??) : (33 =3 [(L) ‘
' TS’TC’TF
any variation in @;, T;) only changes the slope of the line

F(P,)=aP,. It can be easily shown from E¢31) by set- V. RESULTS AND DISCUSSIONS

ting 7s=1 or 7.=1 in Eq. (32) that all the limiting cases o o
aep=ay#as; andas=a.,=a,=a with a#1 anda=1 re- The radiation effects are assumed negligible in the heat
duce correctly to the results found in Refs. 6 and 35. Inconduction process considered here. The contribution of ra-

particular, for the case of an isolated cantilever, the form of diation to the heat transfer between the cantilever and the

can be obtained by assuming that the stream emerging fro8fMple can be estimated assuming that the emissiviy
the substrate belongs to the same class of velocities as th@e cantilever materielsilicon nitrite), and sample material,

stream moving toward the top of the cantileveee Fig. 3, IS known. For the cantilever and sample in thermal equilib-
i.e., T., Te—T,. It can then be seen from E(2) thata,  'um with the residual gas, the net radiation exchange is ob-

—1, and from Eq(30) thatg must be given by viously zero. Therefore, assuming that the rest gas is trans-
parent to radiation, increasing the cantilever temperature to
T.>Ts=T,, results in a net exchange af=ol,ly(Ts
—THF.{Wm 2K~ *] in the black-body limit, wherer is

(34  the Stefan—Boltzmann constant, afigl is the configuration

which, as mentioned in Sec. II, will go to zero if eithe,  actor which only depends on the geometry. Modeling the

—ag orTe—T,. sample s_urf:?lce with a disk qf radit®>1, facing the Cz_int_l-

Finally, having the force, we proceed to calculate thelever which is located at a distande=10.0um above it, it

_ 27
deflection of the cantilever. The transverse vibrations of £an bé shown tha#c.=111+(d/R)"]~1. Therefore, the
cantilever exposed to an arbitrary resistive foRfg, t), and ratio y of the radiation delivered diffusely by the cantilever

1
g(Te, Tp)= E[\/l_acb+achC_ \/1_act+ act7el,

an arbitrary driving force=(x, t) can be described BY to the sample surface to that delivered diffusely by the upper
half space of the vacuum system can be shown to be of the

FPW(X, 1) PW(x,t) order y=~g A7, Wheree,s, andA are the ratios of the
El ot + a2 +RX, )=F(x, 1), (35 cantilever to sample emissivities and the areas, respectively.

In the black body limite.c— 1, this would correspond tg
subject to the standard fixed-free beam boundary conditions-1.2x 10~4.
_ _ _ _ We also note here that optical heating of the cantilever

WO, 1) =Wy(0, )= Wil L, 1) =W L, )=0,  (36) via a laser beam results typically in a focused illumination
and the initial conditionW(x, ty) =0, where the positive con- spot along the cantilever and, thus, the temperature is raised
stantskE, I, and p are Young's modulus, area moment of initially in that region giving the cantilever a temperature
inertia, and the mass per unit length, respectively. Usinggradient along its physical length. Existence of such a gradi-
these definitions, it is then understood thHagx,t), and ent could then result in slip flow for a certain region of
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FIG. 4. Force per unit area fa,,=a.,, acting on the cantilever held at a FIG. 5. Force per unit area fa,,=a.,, acting on the cantilever held at a
temperaturelT ;=330 K, while the sample and the rest gas arelgt T, temperatureT,=325 K, while the sample temperature is raised Ttp
=300 K with P,=10.0ubar. =350 K above the rest gas temperatilire- 300 K with P,=10.0ubar.

the accommodation coefficients.,, and ag, the uniform
Knudsen number. Here, it has been assumed that no suébrce per unit area for the casg,=a, with a temperature
gradient is present and the cantilever is uniformly heated. distribution of T,=330K, T,=T,=300K.

The extension of the microcantilever—substrate assembly For the same selection of the accommodation coeffi-
to Lockenvitz modéf' for the vacuum gauge application or cients, the force behaves differently while still in the same
to an array of cantilevers juxtaposed with surfaces at variougirection as before when the sample temperaiige 350 K
temperatures is straightforward. Each cantile@aced be- s higher than that of the cantileva@,=325K, and the rest
tween two parallel surfaces similar to that proposed by LockgasT,=300K as shown in Fig. 5.
envitz) at temperaturd; in such an arrangement would then For the cantilever dimensions just specified, and noting
deflect according to an equation similar to E88), and the  that the force in Eq(31) is in units of N/nf, whereas in Eq.
pressureP; could be extracted froriV,.,, so that the pres- (37) it is in N/m, Fig. 6 displays the cantilever deflection in
sure of the system would bexX;W, . /i. These consider- units of nm, and as a function of the accommodation coeffi-
ations are currently being investigated experimentally by theients for the bottom and top surfaces of an isolated cantile-
authors in order to examine the sensitivity and accuracy ofer held at temperaturé.=330.0 K. As can be seen in Fig.
such an arrangement as a potential vacuum gauge. 6, the deflection changes direction depending on whether the

The results presented here are for a pressBre point (acp, ac) lies to the right- or left-hand side of the line
=10.0ubar. In lieu of Eq.(38), for the same temperature a.,=a., along which the net force is zero. Also, for the same
ratios 7., and 7, the results at other pressurPs=10.0  point in the accommodation plane, the force and thus the
X B ubar can be achieved by multiplying the presented redeflection reverses direction depending on whether the can-
sults by subject toP,<P,,. Using Eqs(31) and(38), we tilever is heatedr,>1 or cooledr,<1. This can be seen
can estimate the Knudsen forces on commercially availablelearly, for example, for the pointa(,, a.;)=(0.9, 0.6) in
AFM cantilevers and their subsequent deflections. In doingrig. 7 at7.=1.0.
so, we will treat the energy accommodation coefficientas
parameters due to the lack of measured material data. W cONCLUSIONS
first note that if the fundamental vacuum frequeiagyof the _
cantilever is known, the parameters representing the elastic 1he results presented here can be used to estimate the

properties of the cantilever can be removed from B8) by temperature and pressure ranges where the Knudsen forces
the substitution become important in microcantilever applications. Similarly,

_[M)?[EI :
o2l (2 0

where\;=1.875 is the smallest positive root of equation 1
+cos\, cosha,=0. However, assuming a rectangular canti-
lever of dimensiong’,=200um length, £, =20um width,
and¢,=0.6um thickness made of silicon with a mass den-
sity of p=2.33g/cni and Young modulus E=1.79

X 10'' Pa, the area moment of inertia can be calculated to be
| =¢,03/12=3.6x 10 m®*. Incidentally, this corresponds

to a mass per unit length @f=p€ ¢, =3.0X 10 8 and thus o
a fundamental vacuum frequency Eq40) of w; cb

= 133-43 kHZ-. . ] . FIG. 6. Maximum deflection of an isolated cantilever heldat 330K in
Figure 4 displays in units of N7, and as a function of  the free molecular regime &, =10.0ubar, andT, =300 K.
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FIG. 7. Maximum deflection of an isolated cantilever as a function of the
relative temperature of the cantilever and the residual gam the free
molecular regime aP,=10.0ubar.

for given temperature distributions and pressure, the magn
tude of the deflection can be estimated using these result
These estimates are important in many cases since, in ge

eral, in order to incorporate the geometrical characteristicsy
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