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ABSTRACT 
      In this paper, we demonstrate the thermal effects of 
micro-ovenized clocks embedded in the device layer of a 
vacuum sealed MEMS inertial measurement unit. We 
demonstrate a novel in-plane suspension and heater that 
provides improved thermal isolation within a mm-scale 
chip, compared to in-cap heaters.  We show the interaction 
of three resonators within a single die: an ovenized tuning 
fork, a resonant accelerometer, and a disk resonating 
gyroscope. We demonstrate that a device layer micro-oven, 
which operates at a tenth of the power of an encapsulation 
cap-layer micro-oven, has very small effects on the 
frequency of the other resonators in the die, thus proving 
good thermal isolation in our structures. We show that the 
in-plane heater isolation provides more than a 15X 
reduction of frequency deviation of adjacent sensors. 
 
INTRODUCTION 
      MEMS timing references are improving in stability and 
precision and replacing quartz clocks. To achieve the high 
frequency stability required for inertial sensors, 
temperature compensation methods are essential.  Previous 
work has shown that a combination of passive and active 
compensation methods for epitaxially encapsulated MEMS 
can significantly increase the stability of clocks [1-4]. 
Active compensation has been achieved previously with 
the use of a micro-oven embedded in the encapsulation lid 
of the structures [1, 18]; while this method is successful in 
compensating for temperature changes, it requires a great 
amount of power (approximately 3mW/oC) [1]. The 
dissipated heat can affect the stability and performance of 
other sensors within the encapsulated area due to 
temperature gradients and thermal stresses.  Therefore, it is 
important to minimize the dissipated heat to reduce the 
thermal effects in adjacent elements within the die and 
increase the micro-oven efficiency. 
     Previous work has shown that having a micro-oven 
within the device layer of the die can significantly reduce 
the power required to ovenize devices [2, 5], but no studies 
have shown how this method affects adjacent devices 
within the die. These effects are particularly important in 
inertial measurement units, where multiple sensors are 
packaged in the same die.   
      We demonstrate the thermal effects of a serpentine 
micro-oven located at the anchor of a double-ended tuning 
fork (DETF) in the plane of the device layer, which 
requires much less power (approximately 0.3mW/oC). 
Frequency changes of a resonant accelerometer and disk 
resonating gyroscope (DRG) were tracked with the 
application of heating voltages to the ovenized DETF. 

 
Figure 1: SEM images of episeal encapsulated disk 
resonating gyroscope (left and top right) and resonant 
accelerometer (bottom right). 
 

We compare these results with frequency changes in a 
resonant accelerometer and a DRG packaged in a similar 
die with the application of heating voltages to an in-cap 
micro-oven. 

DESIGN AND FABRICATION 
      In this paper, we study the thermal effects of an 
ovenized element on adjacent sensors. We study a die with 
the layout described in figure 2, which contains a disk 
resonating gyroscope, a resonant accelerometer and an 
ovenized DETF. The disk resonating gyroscope has a 
resonant body with a radius of 300 µm, 16 electrodes on 
the sides and is anchored in the center. The resonant 
accelerometer, whose design is detailed in [17], has two 
resonating beams with dimensions of 160 µm x 3 µm 
connected to a proof mass. The ovenized DETF contains 
two resonating beams with dimensions of 200 µm x 6 µm 
and a micro-oven with 7.5 µm thick beams, located at the 
anchor.  

 
Figure 2: 2D rendering of device layer on the episeal 
encapsulated die.  
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Figure 3: COMSOL simulation of eigen frequency modes 
for each device.  
 
     We model the eigen frequency modes for the devices, 
shown in figure 3. The DRG is operated with the wineglass 
mode (202 kHz), the accelerometer beam and the DETF 
beams are operated at the first order eigen frequency mode 
(775 kHz and 1.06 MHz respectively). The devices were 
fabricated in a 60 µm device layer with a highly-doped p-
type SOI aligned with the <100> crystal orientation using 
an epitaxial vacuum encapsulation process. Figure 1 shows 
a cross section SEM image of the disk resonating 
gyroscope and SEM images of the top view of the DRG 
and accelerometer. 
     For comparison, we studied another MEMS inertial 
measurement unit with a similar layout and fabrication and 
an encapsulation layer micro-oven. In this die, the ovenized 
element is a 300 µm x 300 µm Lamé resonator with a 300 
µm x 6 µm micro-oven located in the cap and connected at 
the anchor, the same design is described in [1]. 

METHODS  
     The temperature dependence of frequency and quality 
factor for each resonator was determined over a range of 
temperatures from -10oC to 70oC, using open loop 
frequency sweeps with a Zurich Instruments digital lock-in 
amplifier and transimpedance amplifiers to amplify the 
resonators’ signal as shown in figure 5. 

The DRG was resonated with a bias voltage of 15V 
and a driving AC voltage of 50mV, whereas the 
accelerometer was biased at 10V and was resonated with a 
driving AC voltage of 20mV. Two power supplies were 
used to apply a split-heater voltage and bias voltage of 20V 
to the tuning fork. A driving AC voltage of 50mV was 
applied at the tuning fork. The current and voltage at the 
micro-oven electrodes were tracked with a multimeter to 
ensure that the voltage applied at the heater was constant 
throughout the experiments. 
 
Table 1: Comparison of encapsulation-layer and inplane 
micro-oven performance and thermal effects on adjacent 
sensors with ovenized element at 70 oC. 
 

 Inplane 
Micro-Oven 

Encapsulation 
Micro-Oven 

Oven Power 15 mW ~ 160 mW 
D f DRG 18.25 ppm 541 ppm 

Accel 47.22 ppm 198.8 ppm 
D T DRG 0.9 oC 26.9 oC 

Accel 2.5 oC 10.3 oC 
 
 

     Infrared radiation (IR) images of the dies were obtained 
using a Quantum Focus InfraScope II. The images, shown 
in figure 5, were captured while in-plane and in-cap micro-
oven devices were heated to assess how the adjacent 
devices within the die were affected by the temperature 
change in the heated elements. Approximate temperature 
of the ovenized element was calculated based on the micro-
oven power to frequency shift ratio [4]. 
 

 
 

Figure 4: Experimental set up: a phase lock amplifier was 
used to collect open loop sweeps of two devices at a time. 
 
 

 
 
Figure 5: IR image of ovenized DETF while heating to a 
power of 71 mW (left), IR image of ovenized Lamé 
resonator while heating to a power of 159.2 mW (right).  
 
RESULTS 
Open Loop Frequency Sweeps 
    The results, shown in figure 6, demonstrate that the 
frequency and the quality factor of the resonating elements 
decreases with temperature as expected for the p-type 
wafer doping [3]. The open loop frequency sweeps 
captured at a range of temperatures, from the set up shown 
in figure 5, were used to map applied heating voltages at 
the micro-oven to the temperature at the ovenized DETF 
and the adjacent devices.   
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Micro-oven Power and Thermal Effects  
     Both in-plane and in-cap ovenized devices were heated 
from 25oC to a device temperature of approximately 70oC. 
The ratio of the device temperature to micro-oven power 
ratio was mapped using the TCF obtained previously for 
the ovenized DETF and with the results discussed in [1] for 
a similar ovenized Lamé. As expected, the power required 
to achieve a temperature change of 45 oC of for the in-plane 
micro-oven was 15mW, whereas for the in-cap heater it 
was approximately 160mW. 
     The application of 15 mW to the DETF in-plane micro-
oven caused a frequency shift for the nearby accelerometer 
and gyroscope of less than 50 ppm, whereas that of the 
ovenized tuning fork was 1000 ppm (see figure 7). Similar 
device temperatures in encapsulation layer micro-oven 
devices required approximately 160 mW heating power, 
documented in [1], which induced nearly 600 ppm 
frequency deviation in adjacent inertial sensors. 
 

 
 
Figure 6: Frequency and quality factor with temperature 
captured in open loop sweeps. 
 
     Overall, the frequency shift for the adjacent resonating 
devices was 15X smaller for the in-plane micro-oven than 
for the in-cap micro-oven for the same amount of 
temperature increase for the ovenized elements. Similarly, 
the temperature increase was less than 3oC for the devices 
adjacent to the in-plane micro-oven. This is a very small 
effect in comparison to the almost 30oC raise in the devices 
adjacent to the in-cap micro-oven.  
     The IR images, shown in figure 5, captured while the in-
plane ovenized DETF and the in-cap ovenized Lamé were 
ovenized show that the heat in the in-plane micro-oven is 
more uniformly distributed among the beams than the in-
cap micro-oven.  We approximate the temperature to be 
215oC at the ovenized DETF, and 47.7 oC at the ovenized 
Lamé resonator based on the ratio of frequency shift to 
oven power. For the inplane oven, we were not able to 
discern any changes in temperature with the IR scope at a 
power lower than 60mW (ovenized element temperature of 
180 oC), thus proving good thermal isolation.  
 
     The location of the adjacent devices with respect to the 
ovenized element seems to affect the frequency shift in the 

devices, as shown by the plots in figure 7, which 
demonstrates that the closest device to the ovenized 
element is affected the most by the temperature change. In 
addition, differences in the ovenized elements could add to 
the frequency shift. A comparison of the same ovenized 
elements and with same layout could provide further 
insights into the effects due to placement of the devices and 
other possible sources of frequency drift. 
 

 
 

Figure 7: Frequency shift in each device with changes in 
micro-oven power required to heat element to 70oC.  
 
CONCLUSION 
      This work demonstrates that in-plane micro-oven can 
provide more than 10X reduction of heating of adjacent 
sensors when compared with in-cap layer micro-ovens. 
Thus, proving that in-plane ovenization temperature 
compensation techniques can significantly improve the 
overall operation of single-chip IMU/Clock systems with 
lower required power and fewer thermal effects on adjacent 
non-ovenized devices. 
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