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Abstract: The mechanical stress in silicon-on-glass MEMS structures and a stress isolation scheme
were studied by analysis and experimentation. Double-ended tuning forks (DETFs) were used to
measure the stress based on the stress-frequency conversion effect. Considering the coefficients of
thermal expansion (CTEs) of silicon and glass and the temperature coefficient of the Young’s modulus
of silicon, the sensitivity of the natural frequency to temperature change was analyzed. A stress
isolation mechanism composed of annular isolators and a rigid frame is proposed to prevent the
structure inside the frame from being subjected to thermal stresses. DETFs without and with one- or
two-stage isolation frames with the orientations <110> and <100> were designed, the stress and
natural frequency variations with temperature were simulated and measured. The experimental
results show that in the temperature range of —50 °C to 85 °C, the stress varied from —18 MPa to
10 MPa in the orientation <110> and —11 MPa to 5 MPa in the orientation <100>. For the 1-stage
isolated DETF of <110> orientation, the measured stress variation was only 0.082 MPa. The thermal
stress can be mostly rejected by a stress isolation structure, which is applicable in the design of
stress-sensitive MEMS sensors and actuators.

Keywords: microelectromechanical system (MEMS); silicon-on-glass; thermal stress; stress measurement;
stress isolation

1. Introduction

Mechanical stress is often an important factor that affects the performance of
microelectromechanical system (MEMS) devices. Some types of sensors are based on stress
transformation effects such as piezoresistive accelerometers [1,2], gyroscopes [3], pressure
sensors [4-6], and piezoelectric sensors [7]. In these cases, the thermal stress in the structure leads
directly to an output error. In other types of sensors and actuators, mechanical stresses can cause
variations in the geometry of the element. For example, in a force-rebalance capacitive accelerometer,
when the stress in asymmetric springs of the structure causes a displacement of the proof mass [8],
the control circuit will generate an electrostatic voltage to correct the offset, resulting in a zero-bias
deviation. In microelectromechanical angular rate gyroscopes, the stiffness of the suspension in certain
directions can be altered when the position of the proof mass is shifted due to stress, so that the
coupling signal and the zero-bias also change.

Generally, temperature is the main factor that causes the structural stress to change. Various
materials such as silicon and glass have unequal coefficients of thermal expansion (CTEs), so that
the internal stress of a structure formed by bonding different materials varies with temperature [9].
The CTE of the material may also vary with temperature; thus, the relationship between thermal stress
and temperature is normally nonlinear. Therefore, the zero-bias deviation of a MEMS sensor is usually
nonlinear with temperature.
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There are several commonly used methods for measuring the stress in various MEMS structures.
The first method is to measure the deformation caused by stress. The structures may buckle in or
out of their plane, and the deformation can be estimated by directly observing the variation in the
alignment point in the structure using an optical profiler [10], or by measuring the resistances between
the deformed beam and the adjacent electrodes to determine which electrode it is in contact with [11].
The second method consists of testing the structure using Raman spectroscopy. During laser irradiation
of the structure, the spectral frequency of the scattered light varies with stress. By comparing the
spectroscopy with that of the unstressed structure, the internal stress at each point of the structure
can be determined [12,13]. The third method utilizes piezoresistivity. To fabricate stress-sensitive
patterns, piezoresistive material was doped into the surface of the structure. The stress in the structure
causes the resistance to vary and the value of the stress can be determined by calculating the measured
resistance of the patterns [14]. The fourth method uses the stress—frequency conversion. The natural
frequency of a doubly clamped beam changes with the axial stress in the beam and can be measured
using a scanning laser Doppler vibrometer system or frequency sweeping instruments, and then the
stress can be determined [15,16].

In this article, the double-ended tuning fork (DETF) is adopted to detect the stress in
a silicon-on-glass (SOG) MEMS structure. The relationships among the natural frequency of the
DETF and the thermal expansion and elastic modulus thermal change of the materials are analyzed.
The microstructures were fabricated, and by testing the natural frequencies of the DETF at different
temperatures, the relationship between the stress in the structure and temperature was obtained.

The design of heat-insensitive structures or stress-isolating structures [17] are two direct ways to
improve the performance of MEMS devices. To reduce stress in the MEMS structure and minimize
its temperature change, this paper proposes a stress isolation structure that isolates the component
core and anchors. To test the effect of stress isolation, the natural frequency of the DETF with the
stress-isolating structure is measured.

2. Stress Testing Structure

2.1. Principle of Stress Test Structure

The stress test structure is designed based on the effect that the natural frequency of the DETF
varies with the axial stress of the beam, and is realized by SOG microprocessing. The structural layer is
phosphor-doped monocrystalline silicon with a concentration of 3 x 10'° /cm3, the substrate is Pyrex
7740 glass, and anodic bonding combines the two. The schematic of the stress test structure is shown in
Figure 1. The DETF is U-shaped, and the ends of the resonant beams are anchored to the glass substrate.
The comb electrodes are arranged on both sides of the beam to drive it with electrostatic force and to
sense vibration by detecting the change in capacitance between the electrode and the beam.
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Figure 1. Schematic drawing of the stress test structure. (a) Top view; (b) the layer stack of the structure.
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In the condition that the beam is not subjected to an axial force, the first-order natural frequency

of the resonant beam is
fo= a2/ (272) \JEL/ (04), (1)

where E is the Young’s modulus, p is the density of the beam material, / is the length, A is the area of
the section, I is the moment of inertia of the section of the beam, and a is a constant approximately
equal to 4.73 [18-20].

As the temperature changes, the structural dimensions and the elastic moduli of silicon and glass
vary, resulting in an axial stress of the silicon resonant beam, and therefore, its natural frequency.
Subjected to an axial force N, the natural frequency of the resonant beam is

f=fov/1+cNR/EI, @

where ¢ = 0.0245775 [19].
From (2), the axial stress ¢ is a function of the natural frequency:

2
o= o[ -1], ©

where b is the width of the beam.
Therefore, the structural stresses at various temperatures can be calculated from the results of the
natural frequency measurements.

2.2. Natural Frequency Sensitivity to Temperature

When the temperature changes, the dimensions of the structure will change due to a thermal
expansion effect. Since silicon and glass have unequal CTEs, the beam withstands axial force.
In addition, Young’s modulus also changes with the temperature. Refer to (1) and (2), the axial
force and the dimensions and the Young’s modulus of the DETF, they are all factors that affect the
natural frequency. In order to determine which factor is the most significant, it is necessary to analyze
the sensitivity of the natural frequency to the temperature.

2.2.1. Stress Analysis

Due to the complexity of the thermal deformation of the whole structure, it is almost impossible
to obtain an accurate stress distribution by an analytical method. Based on the assumption that
the stresses in the glass substrate and the silicon beam are both uniformly distributed, we made
an approximate analysis of the structural stress.

Suppose that the structure has no internal stress at temperature T; then, the temperature variation
is defined as AT =T — T, where T is the temperature. At a temperature close to T, assume that the
CTEs of silicon and glass are both constant. As the force and the reaction force between the silicon
beam and glass substrate are equal,

4 — lpo(1 + a5AT)
lpo (1 + as;AT)

d— lbO(l + DCGAT)

o lbon
= R AT A+ agAT)

I
EgiAg;2n @)

where Ij,,,4 is the distance between the anchors, I is the lj,,4 at Ty, As; and Ag are the section areas
of the beam and substrate, respectively, Es; and Eg are the Young’s moduli of silicon and glass,
respectively, and ag; and ag are the CTEs of silicon and glass, respectively.

Then,
(EGAG + EsiAsi)lpo(1 +acAT) (1 + ag;AT)

Lyond = 5
bond EsiAsi(1+ acAT) + EGAG(1 + ag;AT) ®)
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Es; and E are of the same order of magnitude (130 GPa and 169 GPa in the <100> and <110>
orientations, respectively, for silicon, and 63 GPa for Pyrex 7740), whereas the transverse substrate
surface is much larger than that of the silicon beam; therefore,

lpond = lpo(1 + agAT). (6)

The distance between the anchor points is mainly affected by the CTE of the glass. Hence, the axial
force in the beam is

lbO(l + DCGAT)

— Fc:Ac:
N=Fsi Sl[lbo(1+“5iAT)

- 1} ~ EsiAsi(ag — asi)AT. 7)
Over a wide temperature range, the CTEs of silicon and Pyrex 7740 vary with temperature, and
T
N = ESiASi/TO (ag — ag;)dT. ®)
The difference between the CTEs of glass and silicon is

&p = &KG — &gj. )

After the simplification of Eg; and Ag; to E and A, respectively, the axial force is

T
N=EA/[ apdT, (10)
T0O
the axial stress is .
c=E/[| apdT. (11)
TO

2.2.2. Natural Frequency Variation with Temperature

The CTE of silicon at 20 °C is approximately 2.6 X 10=%/°C, and the CTE of Pyrex 7740 is
3.25 x 107%/°C in the temperature range of 0 to 300 °C [21-23].

Authors of two previous papers [21,22] measured the CTE of silicon at —266-20 °C and
20-1000 °C, respectively. By combining their measurement results, the CTE of silicon in the
temperature range of —60-125 °C is shown in Figure 2.

35 I T W T
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}.
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60 -30 0 30 60 90 120
Temperature (°C)

Figure 2. The coefficient of thermal expansion of silicon.



Sensors 2018, 18, 2603 5o0f 14

The authors of two previous papers [24,25] provided the Young’'s moduli of silicon in various
crystal orientations. The Young’s moduli have different temperature coefficients depending on the
orientation; a past study [26] reported the temperature coefficients for the Young’s modulus of P-type
silicon: Tcyy = —60.14 ppm/°C, Tc1p = —91.59 ppm/°C, and Tcq1 = —73.25 ppm/°C. In this article,
we use the symbol “B” instead of “Tc”.

From (1) to (3) and (11), the natural frequency of the tuning fork is

a®> [|EI 2 T
f =g oa 1+ ucﬁ/m apdT = RyRyRs, (12)

where )
T
R, = a2 /[2711%(14— /T ocSidT> ] (13)
s 10
T T 5
Ry — E0<1+ /T ﬁdT)hobglo <1+ /T ocs,-dT) /(12m), (14)
0 0
5 T
Rs = /1+12¢(lo/bo) /ToszdT, (15)

bo, ho, lp, and Ej are the width, thickness, length of the beam, and Young’s modulus along the length of
the beam at Ty, respectively, and m is the mass of a single arm of the tuning fork.
The natural frequency sensitivity to temperature:
df _ df dRy  df dRy df dRs

AT ~aR, daT T aR, daT T aR; daT’ (16)

As ag; and B are on the order of 10~%/°C and 10~%/°C,

d 2 1 ] 6c12
6cl?
~ RyRa 50 (as; + B) + Sp2 %“D
Ry ~ a?/ (2nl§), (18)
Ra ~ \/ Eolobilo/ (12m) = \/ Eqb3/ (12p0), (19)

where py is the density of silicon at T.
For the proposed structure, Iy, by and kg are 1200 um, 7 pm and 80 pm respectively. The value of
R3 15 0.55 at —60 °C and 1.3 at 125 °C. At a temperature of approximately Ty, R3 ~ 1, so

df ~ 112 /3E0 bo c

For the DETF with <110> orientation in this design,
d
d% ~ 2.1278 x 10*(ag; + B) + 1.8442 x 108ap. (21)

Since wg; and ap are on the order of 10~%/°C and since B is close to 104 /°C, the main factor of
the natural frequency variation is the CTE mismatch between silicon and glass. According to (21),
the sensitivity of frequency to temperature caused by CTE mismatch, Silicon’s Young’s modulus
and CTE of silicon is 120, 1.5, and 0.052 Hz/°C, respectively at Ty. The primary factor causing the
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frequency change with temperature is the mismatch of CTE, the secondary factor is the change of
Young’s modulus, and finally the change of the beam’s geometry size.

2.3. Stress and Natural Frequency Simulations

We constructed the finite element analysis model of the stress test structure in ANSYS. The stress
and natural frequency variations with temperature are simulated for the beams with <100> and <110>
orientations, respectively. In the simulation, the temperature range is set to —55-90 °C. The thermal
expansions of silicon and glass are considered, but the variation in the elastic moduli with temperature
was not taken into account. The structure is assumed to have no internal stress at 20 °C. First,
thermal simulation is carried out to obtain the stress distribution in the structure, and then the stress
distribution is transferred to the modal simulation phase. By the modal simulating with prestress
effect, the vibration modes and corresponding natural frequencies of DETF at different temperatures
are obtained.

For the resonance beam of orientation <110>, the simulated axial stress distribution is uniform
over most parts of the beam, except for the regions adjacent to the two ends. The axial stress at the
geometric center of the beam was taken as the representative of the internal stress.

Figure 3 shows the simulated first differential vibration mode. For DETFs with crystal
orientations <110> and <100>, the corresponding natural frequencies at 20 °C are 42,713 Hz and
35,447 Hz, respectively.

\
~ B:Modal

Figure

Type: Total Deformation
Frequency: 42695 Hz
Unit: m
20177417 10:43

. 32607 Max

28984
25361
21738
18115

14492

— 10869
72461
3623
0 Min

Y

0 000045 0.0009 (m) Z'/L‘ X
e T

0.00023 0.00068

Figure 3. The first differential vibration mode of the double-ended tuning fork (DETF).

3. Stress Isolation

In the SOG structure, the glass layer is much thicker than the silicon layer and has greater rigidity.
In the event of a change in temperature, the silicon layer is forced to elongate or compress with the
glass. By designing a deformable structure to isolate the thermal expansion of the two layers, it is
possible to reduce the stress in the silicon structure.

3.1. Stress Isolator

We designed two types of thermal stress isolators, which are annular and rectangular, respectively,
as shown in Figure 4a,b. They can be used to isolate the thermal deformation mismatch of the silicon
and glass in the x direction. Figure 4c illustrates the use of stress isolators in a MEMS structure.
The core of the sensor or actuator is suspended in a rigid frame, and the frame is connected to the
anchors by stress isolators.
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Due to the flexibility of the isolators and rigidity of the frame in the x direction, the deformation of
the entire structure at different temperatures occurs mainly on the isolators. Since the material of both
the frame and core is silicon, ideally, there is almost no internal stress at any temperature. In reality,
the extent of the stress in the core structure, or the effect of stress isolation, depends on the layout and
parameters of the isolators and the frame.

— .7
2R _:
C
-H$ P
TH"
JY]l -
(b)
core
structure
B1
| — frame
’/
A1 A2

DO — %\ anchor

stress
B1 isolator
~]
™ substrate

()

Figure 4. Two types of thermal stress isolator. (a) Annular isolator; (b) rectangular isolator; and (c) the
usage of the isolators.

During the design process of the structure, the stiffness of the isolator, which depends on its
geometric dimensions, must be determined. However, there is no theoretical solution for the stiffness
of an anisotropic structure, and finite element analysis is required. Referring to Figure 4a,b, in the
stiffness simulation, the left end of the isolator is fixed, and a uniformly distributed force is applied
to the right end in the x or y direction. The displacements of the centroid of the right end face in the
x and y directions were taken as the deflections of the isolator. By dividing the applied force by the
deflections, we obtained the stiffness of the annular and rectangular isolators in the x and y directions.
Table 1 shows the dimensions of the isolators and the corresponding stiffness.

Table 1. Simulation values of the isolator stiffness.

Isolator Type D (um) ¢ (um) Ky (N/m) Ky (N/m)
Annular 100 10 7.324 x 10* 6.547 x 103
Annular 200 10 8.435 x 103 9.031 x 102
Annular 200 20 6.018 x 10* 4.137 x 103

Rectangular 100 10 1.092 x 10° 8.131 x 10*

Rectangular 200 10 1.489 x 10* 4.454 x 10*

Rectangular 200 20 8.764 x 10* 5.543 x 10*
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From the data in Table 1, it can be seen that for the same D and t values, the stiffness in the
x direction (or primary stiffness, Ky) of the annular isolator is lower than but close to that of the
rectangular isolator. The stiffness in the y direction (or secondary stiffness, K, ) of the annular isolator
is less than its primary stiffness by an order of magnitude, whereas the secondary stiffness of the
rectangular isolator is in the same order of magnitude as its primary stiffness.

A rectangular isolator has an advantage over an annular isolator in that it occupies a smaller area
to achieve a certain stiffness. However, the use of annular isolators can simplify the design of the
structural parameters. For example, in the case of Figure 4c, stress isolation is required in both the
x and y directions, so several annular isolators are arranged around the frame. Isolators Al and A2
are used to isolate stress in the x direction, and B1 and B2 are to isolate stress in the y direction. Since
the secondary stiffness of an annular isolator is much lower than the primary stiffness, the x direction
stiffness of the suspension is slightly affected by Bl and B2 and mainly determined by isolators Al and
A2. In the y direction, the opposite is true. The influence of the secondary stiffness can be neglected so
it is easier to determine the isolator parameters.

3.2. DETF with Isolation Structure

To verify the effect of stress isolation, five structures were designed: DETFs with crystal
orientations <100> and <110> without stress isolation, DETFs with orientations <100> and <110>
suspended in a 1-stage stress-isolated frame, a DETF of orientation <110> suspended in a 2-stage
stress-isolated frame. All DETFs are identical. The photos of the structures are shown in Figure 5.

O T —-I

ot
o Lis

Figure 5. The DETFs and stress isolation structures. (a) Stress test structures of orientation <100> with

LR

RARLARRAARAR

(©)

and without stress isolation; (b) stress test structure of orientation <110> with 2-stage stress isolation;
and (c) the details of the DETF structure of orientation <110>.
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The frame width is 100 pm, ensuring the rigidity of the rectangular frame. The isolators are
arranged along the axis of the frame beams because of the high stiffness during the stretching of
the beams. Such an arrangement minimizes the deformation of the frame caused by thermal stress;
therefore, the residual stress in the resonant beam is minimized.

4. Experiment

4.1. Test System

To test the proposed structures, a drive and detection circuit is designed. The experimental system
is composed of the circuit and a dynamic signal analyzer, as illustrated in the diagram in Figure 6.
A pair of differential voltages is applied to the drive/sense combs to generate an electrostatic force.
The vibration causes the capacitance between the combs and beam to vary, and the capacitance is
converted into an amplitude-modulated square wave by a charge amplifier. The signal is amplified
and then demodulated by the carrier. A low-pass circuit filters the demodulated signal and outputs
the beam vibration signal.

= | = ee

generator - -
1~ Vibrating beam AD8034 ADG419, AD8034
- AD8034 Charge amplifier ~ Switch demodulator
U, uy
L} ¥ y
AO AI1 AI2
Dynamic signal analyzer
HP 35670A

Figure 6. Test circuit and apparatuses.

A Hewlett-Packard HP35670A dynamic signal analyzer was used to generate the drive signal,
and both the drive and the vibration signals are fed to the instrument. The frequency response
characteristic of the beam was tested via frequency sweep experiments.

4.2. Test Method

The test samples are packaged in leadless ceramic chip carriers that are soldered to a FR4-based
PCB, and the PCB is mounted in a temperature chamber. The experiments are carried out from
—50-85 °C. The temperature was adjusted to change in steps: 25, 40, 55, 70, 85, 70, 55, 40, 25, 5, —15,
—35, =50, —35, —15, 5, and 25. After the indicated temperature was stabilized at each set point for 45
min, we began the frequency sweeping experiments.

The frequency at which the amplitude—frequency curve reaches its peak is considered the resonant
frequency f,. The quality factor of the vibrating beam can be estimated by dividing the peak amplitude
A, by the low-frequency amplitude Ag:

Q~ A,/ A,. (22)

The damping ratio is
=1/(2Q). (23)
The natural frequency can be calculated by

fo=fr/yJ1-222 (24)

In the experiments, Ay was taken from the amplitude at 3 kHz.
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4.3. Stress of the SOG Structure

The simulated and measured natural frequency-temperature relationships of the DETFs without
isolation are illustrated in Figure 7. Depending on the manufacturing process of the microstructure,
it is assumed that the stress in the DETFs is near zero at 20 °C. Based on the measured frequency
data, the actual stress is estimated according to the frequency-stress relationship (3). Figure 8
illustrates the measured and simulated stress-temperature relationships of the DETFs fabricated
with the SOG technology.

N ———0
T 45 = 1
>
e 300 -~ — — —<110> simulation |
g 15F —+— <110> 1stcycle ||
o —©— <110> 2nd cycle
w It 1 1 T T

0
— 45 T T T T
N —
I L — —_—
=
= 35"
e — — — <100> simulation
qg)_ 25 —+— <100> 1stcycle
L.'E —6— <100> 2nd cycle

15 1 1 1 1 1

-55 -30 -5 20 45 70 90

Temperature (°C)

Figure 7. Natural frequency of the DETFs without stress isolation.
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-15¢ T —>— <100>1stcycle ||
—H8— <100>2nd cycle

-55 -30 -5 20 45 70 90
Temperature (°C)

Axial Stress (MPa)
&

Figure 8. Axial stress of the DETFs without stress isolation.

The results of the simulations and experiment show that the axial stress in the resonant beam
has a nonlinear relationship with temperature. The axial stress is tensile at a temperature above T.
The stress and natural frequencies increase with increasing temperature, but the rate of increase slows
down. At a temperature below T, the axial stress is compressive. As the temperature decreases,
the stress and natural frequency decreases more rapidly. This is because the difference between the
CTEs of glass and silicon (ap) in this temperature range increases as the temperature decreases.

According to the simulation, the stresses in the surface orientations <100> and <110> are
3.93 and 4.93 MPa, respectively, at 85 °C, and —10.04 and —12.59 MPa, respectively, at —50 °C.
In the temperature range of 135 °C the stress vary by 14.0 MPa and 17.5 MPa in <100> and <110>
orientations, respectively.

However, the experiments show that the stress in orientation <100> varied from about —11 to
5 MPa, and the stress in orientation <110> varied from about —18 to 10 MPa from —50 to +85 °C.
The measured stress variations are about 15% greater in the orientation <100> and 50% greater in
the orientation <110>, respectively, than those of the simulation results. The gap between them can
probably attributed to the boundary conditions of the simulation. In fact, the entire bottom of the glass
substrate is glued to a ceramic carrier, but in the simulation, only a very small part of the bottom of
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the substrate is fixed, making it possible to relax the substrate and the DETFs. Also, the ceramic chip
carrier was not modeled and therefore the influence of its thermal expansion was not reflected in the
simulation. The stress difference between the experiment and the simulation shows the stress effect of
the package.

4.4. Effect of Stress Isolation

The simulation data of stress variation with temperature for DETF with a 1-stage stress isolation
structure is shown in Figure 9. The axial stress in the 1-stage-isolated DETF with the orientations <110>
and <100> vary only about 0.1 MPa and 0.085 MPa, respectively, in the temperature range of —50 to
+85 °C. Comparing to the stress simulation result of the DETFs without stress isolation (17.5 MPa and
14.0 MPa with the orientations <110> and <100>, respectively), 99.4% of the thermal stress can be
suppressed using the 1-stage isolation structure.

0.04

I I
—+—[110] isolated
—o—[100] isolated

0.02[

or

Axial Stress (MPa)
o
o
N

-55 -30 -5 20 45 70 90
Temprature (°C)

Figure 9. Axial stress of 1-stage isolated DETF (Simulation).

The experimental data on the frequencies of the DETFs with the stress isolation structure as
a function of temperature are shown in Figure 10. They only change 0.2-0.3 kHz in the temperature
range of —50-85 °C, which is far below the measured frequency variation of 22-40 kHz of the DETFs
without the stress isolation structure (Figure 7).

Hysteresis in the frequency variation with temperature can be seen in Figure 10, which means
there are hysteresis in the stress of the tuning fork. We suspect that the stress hysteresis may be due
to the temperature characteristics of the glue that bonds the DETF chips to the ceramic carrier or the
temperature characteristics of the PCB.

. 36.10 T T T
N
T 36.05f ~ | | —— ;stdcycltle
> 36.00 : : jﬁ nd cycle
§ 35.95 H 1-stage isolation - % 1
& 35.90 <100> | | : i
w

35.85 I I ! ! .
~ 40.90 T T T
z 40.85 —— 1st cycle
N ) X —s— 2nd cycle
0:3) 40.80 M 5age isolation T X | 1
g 40.75 <110>
4070 : :
— 41.50 T T T T T
g 4140 | | | —— 1st cycle
= —&5— 2nd cycle
o - T T -
S 41.30 2-stage isolation
=
QS— 41.20 <110>
w 41.10 1 1 1 1 I

-55 -30 -5 20 45 70 90

Temperature (°C)

Figure 10. Natural frequency of the stress-isolated DETFs.
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The natural frequency of the DETF without stress isolation increases with temperature, whereas
that of the 1-stage isolated DETF decreases. This result shows that the 1-stage stress isolation structure
attenuates most of the stress caused by the mismatch of the CTEs. The negative slope between
frequency and temperature is mainly due to the negative temperature coefficient of the modulus of
elasticity of silicon. The effect of stress isolation is significant.

In Figure 10, the 2-stage isolated DETF has a stronger tendency than the 1-stage isolated DETF,
indicating that there was still a residual stress in the 1-stage isolated vibrating beam. Additionally,
the frequency repeatability of the 2-stage isolated DETF is better than the 1-stage isolated structure.
We considered that the difference between the frequency relative variations of the 1-stage and 2-stage
isolated structures represents the residual stress in the 1-stage isolated beam.

On the basis of the data presented in Figure 10, the relative frequency variations of the 1-stage and
2-stage isolated DETFs with orientation <110> are —0.367% and —0.593%, respectively, from —50 °C
to 85 °C. These data imply that the frequency variation due to the stress in the 1-stage isolated DETF
is 0.226%. According to (3), the stress variation of the 1-stage isolated DETF from —50 °C to 85 °C is
0.082 MPa. Based on the stress variation of 28 MPa in the DETF without the stress isolation structure
of <110> orientation, we can claim that a single-stage stress isolation structure removes the thermal
stress by 99.7%.

Therefore, the axial force is negligible in the 2-stage isolated DETF, and almost all the natural
frequency changes are caused by the Young’s modulus variation in the silicon structure.

5. Conclusions

For the MEMS element fabricated using a SOG process, the mechanical stress in the structure results
from the CTE mismatch between the silicon layer and the glass substrate. The natural frequency variation of
a DETF is determined by the axial stress caused by CTE mismatch, the temperature coefficient of the Young's
modulus of the DETF material and the CTE caused dimension variation. The CTE mismatch dominates the
frequency variation, the effects of the changes in the Young’s modulus, and the dimensions of silicon are 2 and
34 orders of magnitude less than the effect of the CTE mismatch, respectively. The analyses and simulations
show nonlinear temperature-stress relationships. According to the experimental results, from —50 °C to 85 °C,
the thermal stress in the silicon structure varies approximately by 28 MPa with orientation <110> and by
16 MPa with orientation <100>. By suspending the central structure of an SOG element in the proposed stress
isolation structure composed of annular isolators and a rigid frame, the thermal stress can be mostly rejected.
For the stress isolation structure with the dimensions given in this work, a single-stage isolation scheme can
suppress the thermal stress by 99.7%. The stress isolation scheme is applicable in the design of stress-sensitive
MEMS sensors and actuators.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /1424-8220/18/8/2603/
s1, Figure 1. Simulated frequency response of the DETF with orientation <110>; Table 1. Experimental natural
frequencies of the stress test DETFs.

Author Contributions: Conceptualization, Z.C.; Data curation, Z.C.; Formal analysis, M.G.; Funding acquisition,
R.Z.; Investigation, Z.C.; Validation, B.Z.; Writing—original draft, Z.C.; Writing—review & editing, M.G. and Q.W.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Roy, A.L.; Sarkar, H.; Dutta, A.; Bhattacharyya, T.K. A high precision SOl MEMS-CMOS +4g¢ piezoresistive
accelerometer. Sens. Actuators A Phys. 2014, 210, 77-85. [CrossRef]

2. Kavitha, S.; Daniel, R.J.; Sumangala, K. A simple analytical design approach based on computer aided
analysis of bulk micromachined piezoresistive MEMS accelerometer for concrete SHM applications.
Measurement 2013, 46, 3372-3388. [CrossRef]

3. Dellea, S.; Giacci, F; Longoni, A.F.; Langfelder, G. In-plane and out-of-plane MEMS gyroscopes based on
piezoresistive NEMS detection. |. Microelectromech. Syst. 2015, 24, 1817-1826. [CrossRef]


http://www.mdpi.com/1424-8220/18/8/2603/s1
http://www.mdpi.com/1424-8220/18/8/2603/s1
http://dx.doi.org/10.1016/j.sna.2014.01.036
http://dx.doi.org/10.1016/j.measurement.2013.05.013
http://dx.doi.org/10.1109/JMEMS.2015.2441142

Sensors 2018, 18, 2603 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Xu, S.; Sheng, L. A performance prediction model for a piezoresistive transducer pressure sensor.
In Proceedings of the Fifth International Conference on Electronic Packaging Technology, Shanghai, China,
28-30 October 2003; pp. 30-35.

Naito, T.; Konno, N.; Tokunaga, T.; Itoh, T. Doping characteristics of polycrystalline silicon deposited
by chemical transport at atmospheric pressure and its application to MEMS sensor. IEEE Sens. |. 2013,
13, 2899-2905. [CrossRef]

Sundararajan, A.; Hasan, SM.R. Elliptic diaphragm capacitive pressure sensor and signal conditioning
circuit fabricated in SiGe CMOS integrated MEMS. IEEE Sens. J. 2015, 15, 1825-1837. [CrossRef]
Moubarak, PM.; Ben-Tzvi, P; Zaghloul, M.E. A self-calibrating mathematical model for the direct
piezoelectric effect of a new MEMS tilt sensor. IEEE Sens. J. 2012, 12, 1033-1042. [CrossRef]

Dai, G; Li, M; He, X.; Du, L.; Shao, B.; Su, W. Thermal drift analysis using a multiphysics model of bulk
silicon MEMS capacitive accelerometer. Sens. Actuators A Phys. 2011, 172, 369-378. [CrossRef]

Joo, ].-W.; Choa, S.-H. Deformation behavior of MEMS gyroscope sensor package subjected to temperature
change. IEEE Trans. Compon. Packag. Technol. 2007, 30, 346-354. [CrossRef]

Akshdeep, S.; Deepak, B.; Maninder, K.; Prem, K.; Dinesh, K.; Rina, S.; Rangra, K.J. Fabrication and analysis
of MEMS test structures for residual stress measurement. Sens. Transducers 2011, 13, 21-30.

Bhat, S.; Bhattacharya, E. Extraction of residual stress and dimensions from electrical measurements on
surface micromachined test structures. J. Micro/Nanolithography MEMS MOEMS 2009, 8, 031309.

Starman, L.; Coutu, R. Stress monitoring of post-processed MEMS silicon microbridge structures using
raman spectroscopy. Exp. Mech. 2012, 52, 1341-1353. [CrossRef]

Miyatake, T.; Pezzotti, G. Tensor-resolved stress analysis in silicon MEMS device by polarized Raman
spectroscopy. Phys. Status Solidi 2011, 208, 1151-1158. [CrossRef]

Majcherek, S.; Leneke, T.; Hirsch, S. A silicon test chip for the thermomechanical analysis of MEMS
packagings. Microsyst. Technol. 2008, 15, 191-200. [CrossRef]

Tung, R.C.; Garg, A.; Kovacs, A.; Peroulis, D.; Raman, A. Estimating residual stress, curvature and boundary
compliance of doubly clamped MEMS from their vibration response. ]. Micromech. Microeng. 2013, 23.
[CrossRef]

Sun, C.; Zhou, Z.-F,; Li, W.-H.; Huang, Q.-A. A simple method for extracting material parameters of
multilayered MEMS structures using resonance frequency measurements. J. Micromech. Microeng. 2014, 24.
[CrossRef]

Hao, Y.; Yuan, W.; Xie, J.; Shen, Q.; Chang, H. Design and verification of a structure for isolating packaging
stress in SOl MEMS devices. IEEE Sens. J. 2017, 17, 1246-1254. [CrossRef]

Reedy, E.D.; Kass, W.]. Finite-element analysis of a quartz digital accelerometer. IEEE Trans. Ultrason.
Ferroelectr. Freq. Control 1990, 37, 464—474. [CrossRef] [PubMed]

Fukuzawa, K.; Ando, T.; Shibamoto, M.; Mitsuya, Y.; Zhang, H. Monolithically fabricated double-ended
tuning-fork-based force sensor. J. Appl. Phys. 2006, 99, 094901. [CrossRef]

Guo, Z,; Li, B,; Gao, Y.; Cheng, F,; Cao, L. Theory and experimental research for the double ended tuning
fork in MEMS. Sens. Rev. 2016, 36, 217-224. [CrossRef]

Middelmann, T.; Walkov, A.; Bartl, G.; Schodel, R. Thermal expansion coefficient of single-crystal silicon
from 7 k to 293 k. Phys. Rev. B 2015, 92, 174113. [CrossRef]

Watanabe, H.; Yamada, N.; Okaji, M. Linear thermal expansion coefficient of silicon from 293 to 1000 k.
J. Thermophys. Prop. Thermophys. Its Appl. 2004, 25, 221-236. [CrossRef]

Roberts, R.B. Thermal expansion reference data: Silicon 300-850 k. J. Phys. D Appl. Phys. 1981, 14, L163-L166.
[CrossRef]

Hopcroft, M.A.; Nix, W.D.; Kenny, T.W. What is the young’s modulus of silicon? J. Microelectromech. Syst.
2010, 19, 229-238. [CrossRef]


http://dx.doi.org/10.1109/JSEN.2013.2248145
http://dx.doi.org/10.1109/JSEN.2014.2367416
http://dx.doi.org/10.1109/JSEN.2011.2173188
http://dx.doi.org/10.1016/j.sna.2011.09.016
http://dx.doi.org/10.1109/TCAPT.2007.897948
http://dx.doi.org/10.1007/s11340-011-9586-9
http://dx.doi.org/10.1002/pssa.201000696
http://dx.doi.org/10.1007/s00542-008-0655-7
http://dx.doi.org/10.1088/0960-1317/23/4/045009
http://dx.doi.org/10.1088/0960-1317/24/7/075014
http://dx.doi.org/10.1109/JSEN.2016.2646723
http://dx.doi.org/10.1109/58.105253
http://www.ncbi.nlm.nih.gov/pubmed/18285064
http://dx.doi.org/10.1063/1.2194123
http://dx.doi.org/10.1108/SR-05-2015-0075
http://dx.doi.org/10.1103/PhysRevB.92.174113
http://dx.doi.org/10.1023/B:IJOT.0000022336.83719.43
http://dx.doi.org/10.1088/0022-3727/14/10/003
http://dx.doi.org/10.1109/JMEMS.2009.2039697

Sensors 2018, 18, 2603 14 of 14

25. Brantley, W.A. Calculated elastic constants for stress problems associated with semiconductor devices.
J. Appl. Phys. 1973, 44, 534-535. [CrossRef]

26. Bourgeois, C.; Steinsland, E.; Blanc, N.; de Rooij, N.F. Design of resonators for the determination of the
temperature coefficients of elastic constants of monocrystalline silicon. In Proceedings of the International
Frequency Control Symposium, Orlando, FL, USA, 30 May 1997; pp. 791-799.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1063/1.1661935
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Stress Testing Structure 
	Principle of Stress Test Structure 
	Natural Frequency Sensitivity to Temperature 
	Stress Analysis 
	Natural Frequency Variation with Temperature 

	Stress and Natural Frequency Simulations 

	Stress Isolation 
	Stress Isolator 
	DETF with Isolation Structure 

	Experiment 
	Test System 
	Test Method 
	Stress of the SOG Structure 
	Effect of Stress Isolation 

	Conclusions 
	References

