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In this research, we applied several new ideas for a novel thermal convection inclinometer
design. (1) A flexible polyimide (PI) substrate was used instead of a silicon wafer so that the
new design can reduce the energy loss of the heater to the substrate. (2) Both the heater and
thermal sensors were formed directly on the PI substrate without floating over a grooved cavity
on a silicon wafer so that the device is more reliable and cheaper. (3) Inert xenon gas was
filled into a hemicylindrical chamber instead of the traditional CO, gas in a rectangular one,
so that we could not only increase the device sensitivity but reduce the oxidation effect. (4) A
stacked layer of aluminum nitride was inserted under each thermal sensor to increase the device
sensitivity. A prototype device was made to prove the performance of the new design.

1. Introduction

Conventional thermal convection accelerometers are manufactured on silicon Wafers,(lf“) and
the chambers are filled with gases such as nitrogen, argon, SFg, CyFg, C3Fg, C4Fs, air, and COZ.(S)
However, the gases with fluoride would be decomposed by heating and harm the environment.
A method of coating a layer of the polyimide (PI) PI-2611 on the silicon was proposed. This
method can reduce the power leakage through the silicon substrate previously applied,®” but
this design applies either air or CO; as the convective gas in the chamber, which may not only
oxidize but reduce the lifespan of the heater and thermal sensors.®

The major idea in this paper is the fabrication of a thermal convection inclinometer on a
flexible substrate, such as engineering PI tape,”’ which is much cheaper than a silicon wafer.
Since the thermal conductivity of the PI [0.06—0.0017 W/(cm-K)] is about one-twenty-fifth that
of silicon [1.48 W/(cm'K)], the use of the PI can considerably reduce the energy leakage out to
the substrate.'” Some studies showed that the sensitivity of the accelerometer can be increased
by using a nonfloating structure on a flexible substrate without a grooved cavity when using a
conventional silicon-based device.!''¥ Besides, the thermal sensors were stacked on a layer of
aluminum nitride (of 1 mm thickness). Moreover, the chamber was filled with an inert gas (xenon)
instead of CO» or air to avoid the component oxidizing effect.>19 Thus, both the reliability
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and life cycle of the accelerometer could be improved. On the other hand, the hemicylindrical
chamber caused the sensitivity to be higher than that with the traditional rectangular chamber.(16-2

Thus, the above-described new ideas were applied in our study to fabricate a thermal
convection inclinometer. Firstly, using the commercial computational fluid dynamics solver
(Computational Fluid Dynamics, ESI CFD-ACE+) one could determine a better spacing
distance (D) between the heater and the thermal sensors. At first, the device was studied
with no stacked layer under the thermal sensors. When the inclination angle () was smaller
than 60°, the sensitivity curve should be an ideal sinusoid; but when 8 was larger than 60°, the
sensitivity curve cannot match the ideal sinusoid. To solve this problem, in this work, we used
a layer of aluminum nitride stacked under each thermal sensor, and then the whole sensitivity
curve became a sinusoid. The reason for introducing the aluminum nitride was that its thermal
conductivity [1.6-3.2 W/(cm-K)] is comparable to that of a copper conductor [4 W/(cm-K)], and
its coefficient of thermal expansion (4.6 x 107%/K) is much lower than that of SiO, (8.5 x 1075/K);
thus, the thermal convective flow in the chamber would be better. Furthermore, it could reduce
the thermal stress at the junctions under the thermal sensors, so the device reliability could be
preserved. Two devices with hemicylindrical and rectangular chambers were made and fixed
on acrylic substrates covered by PI tape; we found that the sensitivity was better with the new
improvements to the hemicylindrical chamber, xenon gas, and the stacked layer of aluminum
nitride. This paper is organized as follows. Section 1 is the introduction. Section 2 concerns
simulations, such as the trade-off of both the separation distance D of the heater and thermal
sensors and the stackness of aluminum nitride. Section 3 concerns the testing of practical
devices. Section 4 is the conclusion.

2. Simulations and Discussion

ESI CFD-ACE+ was used for the simulation. Figures 1(a) and 1(b) respectively show the
side views and parameters of the hemicylindrical and rectangular chambers. The thicknesses of
heater and thermal sensors were set as 0.3 mm. The chamber was filled with xenon gas. The
thermal sensors applied a p-type semiconductor without any stacked layers at first.

The temperatures of the environment and the heater were respectively set as 300 and 373.15
K.182D To improve the sensitivity, in the following section, we discuss the trade-off among
structures, factors, and parameters of devices, such as (1) separation distance D, (2) types of
chambers, (3) types of filling gases, and (4) thickness and material of stacked layers.
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Fig. 1. Side views of devices using (a) hemicylindrical chamber and (b) rectangular chamber.
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2.1 No stacked layers under thermal sensors

Firstly, we vary the separation distance D without any stacked layers under the thermal
sensors. If the device was inclined, the unbalanced thermal convective flow in the chamber
would cause a temperature difference between the thermal sensors. The separation distance
D was divided into three values (1, 1.25, and 1.5 mm). Figure 2 shows the results of the
simulations of sensitivity curves using xenon gas to fill the chambers, in which the results using
the hemicylindrical and rectangular chambers were labeled as H and D, respectively. Note that
when the inclination angle () was smaller than 60°, the sensitivity curves were ideal sinusoids,
but when 6 was larger than 60°, the sensitivities were lower than that of the true sinusoid.

The ideal sinusoidal formula to fit the relationships between AT and 6 in Fig. 2 was found to
be

AT =K x sin(6). M

In Eq. (1), AT is the temperature difference, 6 is the inclination angle (0—90°), and K is a
proportionality constant. The values of D and K for each type of chamber are listed in Table 1
for comparison. Thus, the case of using the lowest D (= 1 mm) and hemicylindrical chamber
was the best, because the thermal convection of the filling gas in the chamber was more
streamlined without the reflection effect produced by the rectangular chamber. Secondly,
we exchanged the chamber types and filling gases (such as CO;, xenon, C4Fg, and air). The
separation distance D was set as 1 mm in accordance with the previous result shown in Fig. 2.
Figure 3 shows the sensitivity curves for different types of chambers and gases for comparison.
Note that the sensitivity curves using C4Fg were always the largest, but C4Fg contains fluoride,
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Fig.2. (Color online) Simulation results of Fig.3. (Color online) Simulation results of
sensitivity curves using different chamber types and sensitivity curves for hemicylindrical and rectangular
separation distances D (1, 1.25, and 1.5 mm). chambers with different gases.

Table 1
Values of K for different chambers and separation distances D.

D (mm) Hemicylindrical chamber  Rectangular chamber
1 18.2 13.1
1.25 15.2 12.1
1.5 12.1 9.6
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which harms the ozone layer, so it was discarded in this study. We could also see that the
sensitivity curves depend on the molecular weight of the filling gas, because in general, the
greater the molecular weight (inertia) of the gas, the higher the sensitivity. These results
matched the molecular weights of C4Fs, xenon, CO, and air, i.e., 220.04, 131.2, 44.01, and 29
g/mol, respectively.

2.2 With stacked layers under thermal sensors

Figure 4 shows the device with stacked layers (W2). Figures 5 and 6 respectively show the
sensitivity curves with CO, and xenon gases in a hemicylindrical chamber with different values
of W2 (1, 1.5, 1.8, 2, and 2.3 mm). Note that only the cases with 2 = 2.3 mm exhibited ideal
sinusoids. Although the use of the stacked layer could solve the one-to-one matching problem
between AT and 6, the thickness should be carefully tuned.

3. Practical Inclinometer Tests
3.1 Inclinometer implementation

Figures 7(a) and 7(b) respectively show the appearance of the devices with hemicylindrical
and rectangular chambers. Figure 8 shows that engineering PI tape could be attached to the

acrylic substrate to prevent the latter from being melted by the heater. Then a heater wire
[Cr (80%)-Ni (20%)] and K-type thermocouples were fixed on the PI tape, as shown in Fig. 9.

Fig. 4. Proposed devices with stacked layers of aluminum nitride under thermal sensors.
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Fig. 5. (Color online) Sensitivity curves with CO; in Fig. 6.  (Color online) Sensitivity curves with xenon
a hemicylindrical chamber with different W2 values. gas in a hemicylindrical chamber with different 72
values.
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(®)

Fig. 7. (Color online) Appearance of devices with (a) hemicylindrical chamber and (b) rectangular chamber.

Fig. 8.  (Color online) Heater wire and thermal sensors (K-type thermocouples) were fixed on engineering PI tape.

3.2 Results of test

In this section, the separation distance D was varied as 2, 4, 6, and 8§ mm. Figures 10 and
11 show the sensitivity curves (using hemicylindrical and rectangular chambers filled with
air and no stacked layer) of the simulation results, respectively. The reason for filling the
chambers with air and not using a stacked layer was to enable easy implementation. Note that
the sensitivities were indeed better when using a hemicylindrical chamber. Moreover, the
sensitivities were always high with the lowest D (= 2 mm), as previously discussed. Note that
drooping effects also appeared at larger inclination angles in both figures, because the stacked
layers were not applied under the thermal sensors for convenience. Also, note that there were
some differences between those curves obtained for the practical devices and the simulated
curves, as shown in Figs. 12 and 13, because two K-type thermocouples were applied in the
practical devices instead of the thermal sensors using the p-type semiconductor adopted in the
simulation.

On the other hand, the results in Figs. 12 and 13 were examined to compare the
performances of the practical device and the simulation model with hemicylindrical and
rectangular chambers. The results for the prototype device and the simulation model were
labeled as I and S, respectively. Note that the sensitivities for D = 2 mm were the best when
using the hemicylindrical chamber in the practical device.

Also, note that there were some differences between the curves for the practical device and
the simulation results in Figs. 12 and 13, because two K-type thermocouples were applied in
the practical device instead of the thermal sensors with p-type semiconductor in the simulation.
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Fig. 11. (Color online) Simulation results of
sensitivity curves for rectangular and hemi-
cylindrical chambers with different D values (2, 4, 6,
and 8 mm).
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Fig. 9. (Color online) Proposed inclinometer with Fig. 10. (Color online) Sensitivity curves of
heater wire and K-type thermocouples fixed on PI inclinometers using rectangular and hemicylindrical
tape. chambers with different S values (2, 4, 6, and 8 mm).
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Fig. 12. (Color online) Sensitivity curves with air in
a hemicylindrical chamber of a practical device and
simulation results.
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Fig. 13. (Color online) Sensitivity curves with air in a rectangular chamber for a practical device and simulation

results.
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Furthermore, the practical devices were roughly made in our lab merely to show the proposed
new ideas and functions for the purpose of demonstration. The photolithography resolution
was not very high and the fabrication processes were not finely tuned, thus the output response
curves shown in Figs. 5 and 6 exhibited some variations and fluctuations. However, the
proposed new ideas and functions were verified to satisfy the intended purpose. If the devices
are precisely fabricated using well-developed semiconductor or MEMS fabs, the performances
would be better.

4. Conclusions

A novel thermal convection inclinometer was proposed by fixing a hemicylindrical chamber
on a flexible substrate (such as PI tape) instead of the traditional rectangular chamber on a
silicon wafer. Furthermore, the heater and thermal sensors were implemented directly on the
flexible substrate instead of over a cavity on the silicon substrate. Therefore, the cost can be
considerably reduced and the device will be more reliable. Moreover, inert xenon gas instead of
the previous CO; was used to fill the chamber to avoid the oxidation effect for both the heater
and thermal sensors. In this work, we also performed a study in which the separation distance
between the components and the thickness of the stacking material of aluminum nitride were
varied to determine their effects.
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