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Abstract

In this paper the temperature effects on [110] Silicon cantilevers is analyzed and measured in the range of 25 -100 °C. The quasi-static
electrostatic pull-in instability method developed recently for ultra-thin cantilevers [ Characterizing Size-dependent Effective Elastic Modulus
of Silicon Nanocantilevers Using Electrostatic Pull-in Instability”, Applied Physics Letters, Vol. 94(22), p. 221903, 2009] is employed to
measure the temperature sensitivity of ultra-thin cantilevers. A temperature sensitivity of 81.3 °C/V is obtained. The temperature sensitivity is
mostly due to the temperature dependence of the effective Y oung's Modulus of silicon. It is shown that changes in geometrical dimensions due
to the change in temperature can be neglected. The changes in the effective Young's Modulus due to the changes in temperature are extracted
using an electromechanical-coupled system. The pull-in method showed substantial advantages over other methods used for the study of the
thermal effects on micron and sub-micron structures. The results demonstrate a new concept for a temperature sensor with ultra high
sensitivity.
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1. Introduction

Silicon cantilevers have attracted considerable interest, compared to quartz crystal resonators, in the last few years. They are
demonstrated to be extremely sensitive mass [1], force [2] and displacement sensors [3]. However, the ultra-sensitivity of these
structures, and specifically silicon cantilevers, aso makes them sensitive to other effects. One of the significant effects is the
environmental temperature. As evidence, the force sensitivity of silicon cantilevers is determined by T2, in which T is the
temperature [2]. It has been shown that the inherent temperature sensitivity of silicon over the range of -45 to 85 °C is more than
20 times greater than that of the lowest-grade quartz crystal oscillators [4]. The temperature sensitivity in the silicon cantilevers
is mostly due to temperature dependence of the elastic modulus. It has been shown that the thermal coefficient of the elastic
constant in silicon is negative [4, 5], thus increasing the temperature would cause a softening effect of the material. Recently,
most of the research on ultrasensitive mass or force sensing has been done in a controlled low temperature condition, in order to
reduce the noise of the systems [1,2] and to avoid the temperature induced stiffness changes. However,s this temperature
sensitivity can also be used as a temperature sensing principle, provided that the softening of the cantilever can be quantitatively
measured. In this paper, we investigate the temperature sensitivity of sub-micron silicon cantilevers using the electrostatic pull-in
instability method [6]. Since the voltage can be easily and accurately measured in the method (e.g. uV), the small change due to
temperature change can be captured. The paper is organized as follows; the first part describes the fabrication of sub-micron
cantilevers, the measurement method and experimental results. The second part, the change in the effective Young' s Modulus, £,
is extracted, which islinked to the changes in temperature.
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2. Fabrication and Experimental M easurements

2.1. Fabrication of sub-micron silicon cantilevers

Silicon cantilevers are fabricated from (100) smartcut® silicon-on-insulator wafers with a 1 pm buried oxide and a 340 nm
silicon device layer. The thickness of the SOI wafer is determined by ellipsometric measurements fitted with a multi-layer model.
Cantilevers were patterned by standard photolithography followed by SFg¢ plasma etching. The patterned structures were
underetched in HF solution and dried using the critical point drying technique. The width of the cantilevers is 8 um and the
lengths range from 8 to 100 um. Figure 1 shows a SEM picture of the 340 nm thick fabricated cantilevers.

e

Fig. 1. SEM of 340 nm thick cantilevers with different lengths.

2.2. Electrostatic pull-in instability measurement

This method makes use of variations in the electrostatic pull-in instability [6] of a cantilever. By applying voltage between the
cantilever and the substrate, the electrostatic force deflects the cantilever, as shown schematically in figure 2(a). The electrostatic
force is approximately proportional to the inverse of the square of the gap between the cantilever and the substrate. When the
voltage exceeds the critical voltage, called the pull-in voltage, the cantilever is suddenly pulled into the substrate. Figure 2(b)
shows a SEM image of a cantilever pulled into the substrate. The measurement setup, used in this work consists of a voltage
source, a semiconductor testing probe station and a microscope. The cantilevers are heated up from 25 to 100 °C by a
temperature controlled chuck in an enclosed compartment. The voltage is gradually increased and visua observation of the
substantial color change, shown as an examplein figure 2(c), is used to determine the pull-in instability point.
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Fig. 2. (a) Schematic of the measurement setup and the cantilever. (b) SEM of the cantilevers pulled-in to the substrate. (c) Micrograph of the pull-in
measurement, at initial, half way and after pull-in (left to right) of a80 um long cantilever.

2.3. Electrostatic pull-in instability vs. temperature
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The measurement of the pull-in voltage is repeated for cantilevers of different lengths and for each controlled temperature.
Figure 3(a) shows the pull-in voltage versus different lengths of 340 nm thick silicon cantilevers, the measured inverse
relationship is validated by the theoretical values calculated from [9] and the error is about 3%, which shows the accuracy of the
measurement. Figure 3(b) presents the measured pull-in voltage versus temperature of a 50 um long cantilever, the error of the
measurement is mainly attributed to the temperature uncertainty of the thermal chuck used. Increasing the temperature decreases
the pull-in voltage. This is due to both elongation of the cantilever’'s length and softening of the material by decreasing the E.
However, it has been reported that relative changes of the geometrical dimensions are less than 0.5% [ 2], therefore the change of
E in relation to the temperature is the main reason for the change in the pull-in voltage. A temperature sensitivity of 81.3 °C/V is
found from figure 3(b). Since the voltage can be precisely applied and consequently the pull-in voltage can be measured very
accurately, e.g. with an accuracy of nuV, au-Celsius temperature sensor resolution can be achievable.
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Fig. 3. (&) Pull-in voltage versus length of the 340 nm thick cantilever, (b) shiftsin the pull-in voltage of a 50 pm long cantilever.

3. Temperature effects on the effective Young’'s Modulus

The cantilever is modeled using Euler-Bernoulli beam theory with a constant cross-sectional area along the length of the
beam. The nonlinear electromechanical-coupled differential equation for a cantilever, enhanced with a first-order fringing
correction is presented as[7]:

4 2
gadw__ &vb 2(1+ 0.659_—W(X)) , ()
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The corresponding boundary conditions for a cantilever state as

dw
0)=0, — =
w(0) x|

=0, 2

x=L

where E is the effective Young's Modulus, | is the effective moment of inertia of the cross-section, w is the deflection of the
cantilever, g isthe permittivity of air, V is the applied voltage, b the width of the cantilever, and g is the initial gap between the
cantilever and the substrate.

The temperature induced-shifts in the pull-in voltages of silicon cantilevers are mostly due to the temperature dependence of
the elastic modulus. Therefore, the changes in the £ can be determined from the shifts in the pull-in voltage. The pull-in voltage
shifts of a cantilever due to temperature can be approximately determined as

AV _1AE S AT %)
V 2E

where a is the thermal expansion coefficient which is approximately 2.59x 10° K™ [8] and AT is the change in the temperature.
Using equation (2), one can calculate the changes in the £ with known temperature and pull-in voltage changes. By doing so, the
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AEIE is about -0.778% per °C. The change of pull-in voltage due to the change in geometrical dimensions is about 0.00518%,
thisisin agreement with the previous reporting [2] and is considered to be negligible compared to the E change..

4, Conclusions

In conclusion, we studied the temperature sensitivity of silicon sub-micron cantilevers using the quasistatic electrostatic pull-
in instability. Increasing temperature caused a decrease in the pull-in voltage. This decrease was mostly due to the influence of
the temperature on the effective Young's Modulus of silicon and consequently softening of the cantilever. A temperature
sensitivity of 81.3 p °C/uV was achieved, indicating that sub-micron silicon cantilevers with the quasistatic pull-in instability
method show a promising concept for anew type of ultra-sensitive temperature sensor.
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