HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 6 9 FEBRUARY 2004

Effect of thermal variations on the Knudsen forces
in the transitional regime
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When objects are maintained at different temperatures and separated by distances of the order of the
mean free path of the surrounding host gas molecules, gas kinetic forces called Knudsen forces may
be involved. The understanding of this effect may result in some improvements in
microelectromechanical devices and measurement systems. We present the thermal dependence of
these forces in the transitional regime for different gases. In this mode, the Knudsen effect can be
significant and, therefore, become a problem in microscale devices. For this study, a silicon
microcantilever, mounted close to a substrate, is used and changes in temperature are observed by
measuring bending of the microcantilever. Z04 American Institute of Physics.
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A wide range of microelectromechanical devices, basegorous medium with pore diameters comparable to the mean
on microcantilevers, are now used for sensing or imaging afree path of the host gd€ Again, since the two necessary
the microscale. These devices, which are very sensitive toonditions are met, Knudsen forces are involved.
their environment, can operate in different media. However,  Apart from the geometrical and molecular dependences,
under certain conditions, unexpected effects, which may nahese forces depend on two main physical quantities, pres-
be observable at the macroscale, can occur in those devicegre and temperature. A study of the pressure dependence
that involve small distances. An example of these unusualas carried odt® that showed all the different collisional
effects is Knudsen forces. Generally, two conditions are reregimes in a pressure range from below 0.1 mm Hg to atmo-
quired to generate these forces, a temperature gradient andspheric. In fact, in that work, the linear response of cantilever
mean free path of the gas molecules comparable to a chagleflection in the free molecular regime is illustrated as well
acteristic length of the studied device§hese conditions as the effect of thermal transpiration in the transitional re-
may give rise to pressure gradients and result in mechanicgime. The latter effect is evident in that study by the obser-
force. Microcantilevers are commonly used in importantvation of a peakP=P,, in the transitional region, depend-
fields such as chemical, physical, and biological seAsmrs ing on the molecular composition of the surrounding host
atomic force microscopyAFM).2 In these concepts, an AFM gas. The peak pressure is observed at around 128 and 49
cantilever is used and is usually brought close to a samplgym Hg for monatomic gases He and Ar, respectively. More-
substrate and its bending and/or its changes in resonané¥er, similar peaks are observed for polyatomic gases such
frequency are monitored. On the microscale, the temperatui@s air, @, and \; at 37 mm Hg, and at 26 mm Hg for GO
inhomogeneity is usually prevailintf-®> a requirement for In this letter, we report the experimental thermal dependence
obtaining Knudsen forces. But, frequently, the cantilever—Of Knudsen forces in the transitional regime. Our goal here is
substrate distances involved in those devices are mucl® show how the Knudsen effect varies with the temperature
greater than the mean free path of the host gas molecules, 89d thus the absolute temperature measurement of the micro-

these forces are insignificant_ cantilever itself is less vital, but will be the SUbjeCt of a
However, depending on the working pressure range, difforthcoming article.
ferent modes of collisions exist, the continuum regithigh Our experimental setup for measurement of the tempera-

pressurg the slip flow regime, the transitional regime, and ture dependence of Knudsen forces in the transitional regime
the free molecular regimédow pressurg® In fact, by de- s illustrated in Fig. 1. A U-shaped doped polysilicon canti-
creasing the pressure, molecule—molecule interactions béever is controlled by an electronic chip and this device is
come negligible compared to molecule—surface interactiondtroduced into a vacuum system. A mechanical pump allows
because of rarefaction of the gas. Gas rarefaction can resdfte system to operate at low pressuf@<(0.1 mm Hg)

in a mean free path of the gas molecules on the order of thwhile a 500 sccm mass flow meter is used to regulate the
specific length of the device or even larger. Thus, KnudsefOSt gas input flow. The working pressure is thus set to the
forces are no longer negligible in microelectromechanicaP®@k pressuré?, inside the vacuum system. A resistor-
systems(MEMS) at low pressuré.Furthermore, this effect thermal detecto(RTD) monitors the temperature at the can-

can also occur at atmospheric pressure in devices with tilever level and a thermocouple is used to monitor the tem-
perature inside the vacuum system. A focused argon ion laser

” - . (529 nm ling is used to heat the cantilever. An optical den-
Alsp at: the Unlversne}lg Bourgogne, Deartement de Physique, 9 Avenue sity filter allows us to vary the laser power and thus the
Alain Savary, 21011 Dijon, France. .
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FIG. 1. Experimental setup. An Ar ion laser beam is focused onto a micro-!:IG' 2. Initi_a_l data sh_owing the _thermal depe_nde_nce of the Knudsen eﬁe.‘Ct
cantilever inside a vacuum system. A mechanical pump decreases the prée-th?1 trre]msmc;rr:al r_egmlufa for I:rtlelltllm,qugon, alufr nltrogten, and O_X)t/_gen._Thls
sure by evacuating the surrounding gas molecules when the mass flow met%"Slp st_lows € Sblgtnat rom ebloc t||1n afr_np ifieapaci ?régedva_?ﬁ lons ml
controls the host gas flow input. Thus the system is operated at the peaj e cag ! eve[rj—su S r?ti asKsenZ r f? ':/? gtz?]se? S u_t!e : | € near y'th
pressure. The temperature inside the bell jar is monitored by a thermocoup lﬂear epe? ence ? e Eu sen eflect in the transitional regime wi
whereas the temperature of the vicinity of the substrate of the cantilever i§hanges in temperature can be seen.

monitored by a resistor-thermal detector. Thermal variations, at the cantile-

ver level, are made by varying the laser beam power via changes in the . . .

angular position of the density filter. Bending of the cantilever, induced byChosen in relation to the work described abbve.our case,

capacitance changes in the cantilever—substrate system, is measured bjat the gases used, Kn is between 0.1 and 10, which proves
lock-in amplifier. that our experiment is conducted in the transitional redime.
Figure 2 displays measurement of the thermal depen-
with a lock-in amplifier to measure the cantilever bending.dence of the Knudsen effect in He, Ar, air, Gand N,. The
This response displays capacitance variations of thaignal S is the output of the lock-in amplifier at a 1 Hz
cantilever—substrate systefnominal gap sizedg=2 um) sample rate and represents the capacitance variation corre-
when the distance between these two is modified via cantisponding to cantilever bending. We note here that, since the
lever deflectionW(x) at pointx along the cantilever. Then response of the density filter is nonlinear with respect to
the output signal can be shown to be given by an integratiomngular variations, the data in Fig. 2 are displayed as a func-
of S(x) = egUA(X)/{cs[dg+W(X)]}, wheree, is the permit-  tion of the natural logarithm of the incident power density
tivity of free spacelJ is the amplitude of the driving voltage, P;. Measurement of the laser power at the cantilever level,
A(x) is the differential area ax, andc; is the reference inside the vacuum system, was carried out when rotating the
capacitance. Static bending/(x) of the cantilever with density filter, and it showed its expected exponential re-
length L satisfiesW§(4)(x)=F@(L—x), whereF is the im-  sponse. Furthermore, since the cantilever respoBsdye-
posed molecular force scaled with the material properties ofiaves nonlinearly with respect to the incident power density
the cantilever, an® is the Heaviside functiohWe carried  in the pressure regime studied, we have presented the natural
out the same experiment for different gases. logarithm of the signal in Fig. 2. Our analysis of the mea-
The vacuum system was maintained at a temperature cfured data shows that the measured signals vary almost lin-
T=25"°C while data were obtained at peak pressjyeUn-  early with the incident power. The deviation from linearity
der these conditions, the Knudsen number, denitedcan  appears to be of approximately the same magnitude for all
be defined by the ratio of the molecular mean free path the gases examined. This complicated dependence of the
with a specific length of the studied systeinand can also magnitude of Knudsen forces on the magnitude of the tem-
be expressédby Kn=\/d= 5(7RT/2M ,)¥%Pd, wheren  perature gradient can change, depending on the pressure re-
and M, are, respectively, the viscosity and the moleculargime. Such studies must be taken into account for proper
mass of the surrounding medium, aRds the universal gas interpretation of the behavior of many MEMS-based devices.
constanf Furthermore, the method presented can help in minimizing
Table | shows the different experimental parameters foior eliminating the magnitude of the effect of Knudsen forces.
each rest gas environment and gives a Knudsen number cal- In this letter, we have shown that Knudsen forces have a
culation under these conditions. The viscosity is given anearly linear dependence on the relative changes in tempera-
peak pressur®, for T=25 °C1% The working pressures are ture at the cantilever level when the experiment is conducted

TABLE |. Experimental parameters and a Kn calculation under relevant conditions. The viscosity values are
given at the working pressure afid=25 °C. In our case, the specific lengihis equal to 2um.

Working pressureP Viscosity at 25 °C andP,,, Molecular massM ,,

Gas (mm Hg) 7 (1077 PI) (g mol™1) Kn
Air 47.9 186.2 28.950 0.77
Argon 50.2 225.3 39.948 0.75
Helium 120.8 198.4 4.003 0.87
Nitrogen 47.6 177.9 28.013 0.75
Oxygen 47.2 204.3 31.999 0.81
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