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Abstract

®

CrossMark

Thermal effects, including thermally induced deformation and warm up time, are ubiquitous
problems for sensors, especially for inertial measurement units such as accelerometers.
Optomechanical accelerometers, which contain light sources that can be regarded as heat
sources, involve a different thermal phenomenon in terms of their specific optical readout,
and the phenomenon has not been investigated systematically. This paper proposes a model
to evaluate the temperature difference, rise time and thermally induced deformation of
optomechanical accelerometers, and then constructs design guidelines which can diminish
these thermal effects without compromising other mechanical performances, based on

the analysis of the interplay of thermal and mechanical performances. In the model, the
irradiation of the micromachined structure of a laser source is considered a dominant factor.
The experimental data obtained using a prototype of an optomechanical accelerometer
approximately confirm the validity of the model for the rise time and response tendency.
Moreover, design guidelines that adopt suspensions with a flat cross-section and a short length
are demonstrated with reference to the analysis. The guidelines can reduce the thermally
induced deformation and rise time or achieve higher mechanical performances with similar
thermal effects, which paves the way for the design of temperature-tolerant and robust, high-

performance devices.

Keywords: optomechanics, optical sensing and sensors, microcavity devices, thermally

induced deformation, rise time, design guidelines

(Some figures may appear in colour only in the online journal)

1. Introduction

Optomechanical accelerometers are promising candidates
for high-performance applications due to their resistance to
electromagnetic fields, high resolution and relatively low
noise [1-3]. A typical example of the optomechanical acceler-
ometers that we have investigated is shown in figure 1, which
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consists of a micromachined elastic sensing structure and an
optical cavity-based displacement readout. When the object
that the accelerometer is attached to is subjected to an accel-
eration, the proof mass in the elastic structure moves in the
opposite direction relative to the substrate, with a displace-
ment proportional to the acceleration. This leads to a sharp
change in the output light intensity since the cavity, composed
of a diffraction grating and a high reflective film, is very sen-
sitive to the distance between the grating and the film [4, 5].
Laser-induced effects including light radiation pressure [6]
and photothermal effects [7] have received extensive attention

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. Typical example of an out-of-plane optomechanical
accelerometer that is based on an optomechanical cavity.

over recent decades. The radiation force and photothermal
phenomena on a nanometer scale have been observed and
investigated in the literature and have been used in microac-
tuators [8] and fabrication [9], etc. While at the macroscopic
realm, such as in micro-electro-mechanical systems (MEMS)
structures with a mass of several milligrams, laser-induced
effects, especially thermally induced deformation, have not
been studied systematically.

These effects are of great relevance for the performance
of sensors and comprise some of the main obstacles for pre-
cise measurements that operate over wide temperature ranges,
especially for inertial measurement units (IMUs) such as
accelerometers [10-12]. An accurate evaluation of the thermal
effects of accelerometers, more specifically the deformation
and rise time (related to the response speed of the sensor),
is critical for realizing reliable and stable devices. There
have been many reports that study thermally induced defor-
mation on traditional accelerometers including capacitive
[13, 14], resonant [15, 16], and piezoelectric accelerometers
[17, 18], among others [19]. Their thermally induced defor-
mation mainly stems from the temperature variation in their
operating environments, or the contribution of their electric
elements [20-22]. In contrast, the mechanism of the thermal
effects of optomechanical accelerometers is very different
from the traditional ones, which is attributed to the particular
measuring principle. The light sources in optomechanical
accelerometers, which can be regarded as heat flux sources,
are dominant for the thermal effects, because the mechan-
ical elements are usually passive in typical demonstrations
[1-3, 23-25]. The heat flux comes from the proof mass and
then propagates to the substrate through the elastic suspen-
sions, which leads to a temperature difference profile of
the mechanical sensing element. The temperature profile is
changed by the laser irradiation, along with the heat convec-
tion with ambient temperature. Then deformation, stress and
an unsteady state result. The different geometries and dimen-
sional parameters of the micromachined structure, such as
the length, width, and thickness of the suspensions, influence

these thermal effects. It is evident that geometries and dimen-
sional parameters determine the mechanical performances
such as sensitivity and resonant frequency. This paper aims
to identify the interplay between the mechanical and thermal
performances, and thus proposes optimal design guidelines
to diminish the thermally induced deformation and rise time
without compromising other mechanical performance.

To study the interplay between the mechanical and thermal
performances of a specific type of optomechanical acceler-
ometers with a dimension between macro- and micro-scale,
both finite-element-analysis (FEA) simulation and analytical
calculation are conducted. The laser source is regarded as
an input Gaussian heat source, and the heat convection with
ambient temperature is also considered. To estimate the rise
time, deformation, and output variation, a finite-element
model comprising the micromachined elastic sensing struc-
ture, adhesive layer and structural support is constructed with
thermal loads. We change the geometries and dimensional
parameters of the elastic structure to find the relevant rules.
A prototype of an optomechanical accelerometer was set up
to roughly validate the rules. These variables are adjusted to
obtain the optimum balance between the thermal and mechan-
ical performances. The analysis of the thermally induced
effects is used in conjunction with the mechanical perfor-
mances of this device to construct optimized design guide-
lines. The guidelines aim to reduce the temperature difference,
thermally induced deformation, and rise time without com-
promising mechanical performance, or vice versa, to improve
the mechanical performances of the devices with similar ther-
mally induced effects. The analysis and design guidelines
may pave the way for temperature-tolerant, high-performance
optomechanical devices.

2. FEA modeling

A typical out-of-plane optomechanical accelerometer is
illustrated in figure 2(a) [26]. The incident continuous laser
beam passes through the diffraction grating and strikes the
micromachined sensing structure, which comprises a proof
mass, suspension cantilevers and a silicon substrate. It can be
regarded as an equivalent heat source with a Gaussian distri-
bution attributed to the light intensity distribution.

The micromachined sensing structure is mounted on a
structural support by a heat-conducting glue layer. The heat
transfers from the proof mass to the substrate through the
suspensions and then to the structural support after passing
through the heat-conducting glue layer. There exists a simulta-
neous heat convection between the ambient environment and
the surface of each components.

The laser-induced effects along with the heat convection
change the temperature profile of the sensing structure, which
leads to the thermally induced deformation. Referring to
[27], the scattering force caused by radiation pressure can be
neglected because the dimension of the proof mass in our case
is large enough compared with atoms or nanoparticles, and
the optical power of the incident laser is not very high (~mW).
The thermal side effects are ascribed to the heat flux input,
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Figure 2. (a) Cross-section schematic diagram of the laser-
induced thermal effects of the optomechanical accelerometer. (b)
FEA model of the thermal-mechanical dynamic process of the
accelerometer.

variable ambient temperature, characterizations of the con-
figuration, and other boundary conditions. It is hard to obtain
an analytical solution; hence, we established an FEA model
to estimate the temperature profile, rise time, and thermally
induced deformation, as shown in figure 2(b). This model is a
thermal-mechanical coupling model, which can simulate the
mechanical performances of the sensing structure at the same
time.

First, the heat source affects the thickness of the grating
layer, which changes the cavity length. The grating is made
of a quartz slice, whose thickness is 500 pum. According to
a simple calculation, the temperature variation caused by
laser-induced effects is less than 5K due to the small absorp-
tion coefficient of quartz. Considering the grating’s thermal
expansion coefficient [28], it can be deduced that the length of
the cavity would vary by 1 nm, which is relatively smaller than
the variation of the micromachined sensing structure because
the sensing structure can be regarded as a micro-displacement
amplifier.

In this FEA model, the amplitude of a collimated laser
source with Gaussian intensity distribution has the following
form along the z-axis [29]:

Wi r2 . .
Iwwzmﬂ%m{ﬁmgﬂmﬂmﬁ,a>

where r is the radial distance from the center axis of the beam,
z is the axial distance from the beam’s waist, the center of the

Table 1. Important parameters of the FEA model.

Laser power 1 mW
Spot diameter 0.54 mm
Initial ambient temperature 293 K
Thermal conductivity of silicon 1499 W
m LK™!
Thermal conductivity of adhesive layer 5Wm LK!
Thermal conductivity of support 237 W
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Figure 3. Temperature-dependent parameters of silicon applied in
our model. The black line represents the modulus of elasticity, the
red line represents the Poisson ratio, and the blue line represents the
expansion coefficient.

upper surface of the proof mass is located at the origin point,
w(z) is the radius at the axial distance, w(0) is the waist size,
or spot diameter of the laser, n is the wave number, and ( is
the Gouy phase shift. Hence, the applied Gaussian heat flux
focusing on the upper surface of the proof mass is expressed
in the following form:

" BP, 2r?

0= () ®
where Py is the initial input light intensity factor of the laser
source and B is the absorptivity of power. Although the
absorption coefficient of silicon depends on temperature as
well [30], it is set to be a constant due to the relatively small
laser-induced temperature variation (less than 100K). The
micromachined sensing structures with different dimen-
sional parameters are modeled and meshed via tetrahedral
coupled-field solid element SOLID 98 using the com-
mercial software ANSYS, along with the heat-conducting
adhesive layer and structural support. We take the thermal
conductivity, thermal coefficient of expansion of the mat-
erials and the thermal contact resistance into consideration
in the analysis. Thermal-structural coupling analysis is
chosen to determine the response in the time domain. We
begin with an elastic sensing structure with four straight,
fixed suspension cantilevers. The initial parameters of the
FEA modeln such as the laser power and spot diametern
are included in table 1. The temperature-dependent param-
eters including the modulus of elasticity, Poisson ratio and
expansion coefficient are shown in figure 3, according to the
Hall equation [31-33].
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Figure 4. Curve plots of the normalized acceleration-displacement sensitivity versus the dimensional parameters of suspensions such as
length, width, and thickness along with their fitted curves for (a) four straight suspensions scheme, (b) crab-leg suspensions scheme, (c)
serpentine-leg suspensions scheme, where the gray solid lines represent the calculated values, red dashed lines represent the cubic fitted

curves for the length, green dashed lines represent the minus one fitted
power fitted curves for the thickness.

3. Mechanical performances

Previous studies [34, 35] as well as our prior work [36] have
provided paradigms to calculate the mechanical performances
of elastic sensing structures including acceleration-displace-
ment sensitivity (marked as s,4), resonant frequency, and
stress profile.

More precisely, for an elastic structure with four straight
suspensions, s, 4 can be expressed as [34]

mL>

4Ewr’
where m is the mass of the proof mass; L, w, and ¢ are the
length, width, and thickness of suspensions, respectively; and
E denotes Young’s modulus of the material. It is obvious that
L and t have more considerable effects on sensitivity because
sensitivity is proportional to the cube of L and inversely pro-
portional to the cube of 7 but is only inversely proportional to
w. For crab-leg and serpentine-leg flexure, or other geometries
(such as folded flexure), although the specific expressions are
somewhat different, the tendencies are similar, as shown in
figure 4 and expressed as follows [26]:

3)

Sa-dstraight =

No’Li+1° /3—Noli®

a ” @)
Sa-derab = Uob+13/3—Ugh? | (No—1)%
4 _|_ 0 (2 ZS() 062 + 0 Sgl 2
Sa-dserpentine
N\L? — UjLy? + 2N, L L3
—NL3?> — 2U Ly Ly + U, L4?
= 8s, 2(L13+L23+L33+L43)
L E—
+2L1L3(Ly — L3) + 2L La(Ly — Ly)
i N\L\L, — UyL,Ls + Ny(Ly + L3)Ly )
T, +Li%Ly + Ly’ Ly + (L + L3)2L4

Herein S, =El, S, =GJ, J ~Prw/3, and G denotes the
shear modulus of elasticity. Parameters Ny, N; and Uy, U, are
defined by

LSy + 20158, L*S,

=8 T Jy=— 8 6
21Se +56S.) " 2148, + LS,) ©

0

curves for the width, and blue dashed lines represent the minus 3rd

N — Se(La® —L* =201 L3) =28, (LiLa+LiLa+LsLs)
= 28y (Li+Ls)+2S. (La + Ly)

U _ Sg(L227L42+2L2L4)+2S3L2L3
L= 708, (L+L)+2S.(Li+Ls) °

)

in which L=1[1;+ 16, and L=L,+ L, + Lz + Ly in two
geometries.

In regard to other types of performances, namely the reso-
nant frequency and maximum stress in the structure, we can
estimate them using FEA and theoretical approaches, as well.
The 1st resonant frequency is defined as

_ ok _1 )1
R Sad

where k is the spring constant. Compared with the sensitivity
(sa-0), the resonant frequency changes relatively slowly with
the dimensional parameters of the suspensions. More specifi-
cally, the resonant frequency has a minus 3/2 power regularity
over the length, plus 3/2 power regularity over the thickness
and a 1/2 power regularity over the width. According to the
simulation [37], it can easily be found that the improvement
in sensitivity hardly affects the maximum stress.

In conclusion, for an out-of-plane mechanical sensing
structure, different dimensional parameters of the suspensions
have different weight factors on the impact of mechanical per-
formances. The length and thickness influence the mechanical
performances more significantly than the width. Therefore,
they can be tailored for different aims.

®)

4. Thermally induced effects

In this section we investigate thermally induced effects, and
try to identify the interplay between the mechanical perfor-
mances and thermally induced effects. The variables include
the laser power and spot diameter, the dimensional parameters
of the suspensions and their geometries, as well as the ambient
temperature. The evaluated parameters include the temper-
ature profile, rise time, and thermally induced deformation.
The temperature profile in terms of the laser irradiation,
which subsequently causes thermally induced deformation,
would finally affect the length of the cavity and the output. We
obtain the partial derivatives of the curves of the temperature
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Figure 6. Temperature difference and thermally induced
deformation versus irradiation time for different laser spot
diameters with the same power. The temperature differences are
shown as solid curves, marked as T_d, and the thermally induced
deformation are spot curves, marked as D_d.

difference versus irradiation time and define the rise time by
the point whose derivative is equal to 0.0025.

4.1. Laser influence

Figure 5 depicts the simulated responses including the temper-
ature difference and thermally induced deformation versus the
irradiation time when the laser power increases from Py to
5Py. According to the simulation, the temperature difference
between the center of the proof mass and substrate and the out-
of-plane displacement of the proof mass (thermally induced
deformation) are found to be proportional to the power, that is,
to the input heat flux. Furthermore, it is obvious that the power
of the incident laser is irrelevant for the rise time.

To estimate the impact of the spot diameter of the laser, the
overall heat flux should be identical, which can be described
using the following equation:

HW1 = Bw—?foo exp (—i—:zz) - 2mrdr

oo 9
=H,, = BW—? Jo exp (737;22) - 27rdr,

1105
yd

¢ _ L —_
7 T(xt) x
d 7
d

_ or

| roo-r, o -

(L.t)

Figure 7. Schematic of the simplified sensing structure subjected to
a periodic heat source.

where w and w; are the spot diameters of the laser, and P and
P, are the corresponding power factors.

As depicted in figure 6, the spot diameter has a negligible
impact on the thermally induced effects if the incident laser
power is identical to Py. The small deviation in the simula-
tion results of the different sets of the spot diameter is mainly
attributed to the insufficient mesh number in terms of the
small irradiation area.

A mechanical structure can be excited thermally via bal-
listic heating [38—40]; thus, it is worthwhile to discuss the
thermal resonance under laser excitation.

To qualitatively describe the resonance phenomenon, our
structure is simplified to a 1D case, as shown in figure 7.
Because the substrate and the bulk proof mass are far larger
than the micro suspensions, they can be regarded as two
isothermal objects. Hence the boundary conditions can be
described as

T(0,1) =T
ot =0 (10)
Ox I(Lyt) ’

where T(x,f) is the temperature function of the spatial and tem-
poral values. According to the Cattaneo—Vernotte hyperbolic
heat conduction model [41], the conditions that can excite
thermal resonance can be deduced:

5 1 o OH a (0
oV {H+ c? 6t] e (3t + aﬂ) T(x.1).
(11)
Herein C is the thermal wave speed, « is the thermal diffu-
sivity, p is the density of the material, ¢, is the heat capacity,
and the function of the heat source has the following form:

H(t) = gexp(i2t), (12)

in which € denotes the oscillation frequency of the applied
heat source. The frequency of the heat source should be larger

than \/ﬁ f to produce the thermal resonance, while f is
the critical frequency of the material, which is the reciprocal of
the relaxation time 7 (1.1 x 1073 s for silicon). If the applied
frequency is larger than this critical value, the excitable mode
number of the thermal wave can be obtained:

L
n = 0.6436? =~ (0.6436

wlT

L
— (13)
T
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Figure 8. Curves of the normalized temperature difference and thermally induced deformation versus (a) length, (b) width, and (c)
thickness with fitted curves. (d) Curves of the rise time versus normalized value of length, width and thickness with fitted curves. Simulated
curves are presented as solid lines, and the allometric fittings are presented as dashed lines. The temperature difference and rise time are
directly proportional to the length but inversely proportional to the width and thickness. The thermally induced deformation is proportional
to the minus second power of the width, while plus and minus third power is proportional to the length and thickness, respectively.

by substituting the length of the suspension and the thermal
diffusivity for silicon (9.4 x 10> m? s™'). The critical mode
number for the thermal resonance is approximately five,
which means that five thermal modes can occur if the thermal
wave can be excited. Furthermore, it is found that the thermal
resonance that is produced by a periodic heat source does not
transport energy, which can be derived by both parabolic and
hyperbolic equations [42].

However, the laser source we adopted is a continuous laser.
The laser frequency, which is on the order of 10'> Hz (for
a He—Ne laser with a 632.8 nm wavelength, the frequency is
4.74 x 10'* Hz), is much higher than the critical frequency of
the excited heat source (~9 x 107 Hz). Thus, the thermal reso-
nance in terms of the laser frequency can be neglected, which
means that a continuous laser cannot excite thermal reso-
nance. A periodic chirp laser with an appropriate frequency
can be implemented to investigate the phenomenon. However,
it is beneficial to use a continuous laser for the accelerometer
to avoid the thermal resonance, which may lead to an addi-
tional dynamic displacement.

4.2. Dimensions and geometries of suspensions

The dimensional parameters of the suspension cantilevers
also influence the thermally induced effects. The factors
considered for the suspensions are as follows: length, width,
thickness and geometry. To simplify the discussion, dimen-
sions of the proof mass and silicon substrate as well as other

parameters remain unchanged. Simulated thermal responses
versus the variable dimensions are performed, as shown in
figure 8. As shown in figures 8(a) and (d), the temperature
difference and rise time have a good linear relationship with
the length of the suspensions. In addition, the temperature dif-
ference and rise time are inversely related to the width and
thickness, as shown in figures 8(b)—(d). The simulated curves
are in excellent agreement with those fitted linear or inverse
ratio curves (dashed lines), as demonstrated by the coefficient
of determination, R%, embedded in figure 8.

It is interesting to find that the dynamic thermal responses
can be characterized by the thermal-conductivity-inde-
pendent thermal resistance for this specific metric. We term
the shape factor as CSF = L/S, which is defined by a quo-
tient of the length L and a cross-sectional area S =w X f.
Actually, the thermal resistance is derived from Fourier’s law
of heat conduction, which assumes an infinite heat propaga-
tion velocity. It may not be suitable for this thermodynamic
process, but fortunately the parabolic heat conduction equa-
tion can describe the heat transfer phenomena in our sensing
structure well.

In our case, figure 9(a) indicates that the simulated thermal
responses roughly scale as CSF increases. While for the sus-
pensions with different dimensions but the same CSF (CSF)),
it is evident that the thermal responses are nearly identical
compared with those with different CSF (CSF;), as shown
in figure 9(b). This factor is found to be able to characterize
the thermal effects effectively, especially the temperature
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Figure 9. (a) Curves of the normalized temperature difference and
rise time versus CSF with their linear fitted curves. The solid lines
are the simulated curves, and dashed lines are the fitted ones. (b)
Thermal response versus irradiation time with the two typical CSF
and different dimensional parameters.

difference and rise time. While for the thermally induced
deformation, as sketched in figures 8(a)—(c), the trend dif-
fers since it is relevant to the stiffness of the structure and
the temperature profile of the suspensions. Combined with the
temperature profile, the trend of the thermally induced defor-
mation is slightly different from the mechanical performances
without considering the heat flux input. According to the
allometric fits of the curves, the tendencies of the thermally
induced deformation as a function of length and thickness are
similar to the mechanical sensitivity versus length and thick-
ness (approximately plus or minus third-order relation), but
more sensitive to the decrease in width compared with the
mechanical sensitivity (minus second power versus inversely
proportional relationship).

Preceding simulations are based upon observations on
an elastic sensing structure with four straight, fixed suspen-
sion cantilevers, but the phenomenon is not confined to the
straight cantilevers. When the geometry changes, it is found
that the aforementioned laws still hold if the cross-section
is consistent. We set up two other geometries, as shown in
figures 3(b) and (c). As a comparison, the factor CSF of the
crab-leg and serpentine-leg suspensions is set to be the same
as the straight one. Three sets of temperature profiles and
rise time are almost identical, as shown in figure 10. When
the CSF of these two geometries changes, the temperature
difference and rise time vary almost linearly with the factor,
as verified by the parameter ‘CSF/temperature difference’,
listed in table 2.
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Figure 10. Thermal responses versus irradiation time of different
geometries with the same CSF. The responses and tendencies of
three sets with the same CSF are almost the same. Although there
is a slight deviation between the serpentine-leg set and others, the
deviation is far smaller than that with different CSF, as shown in
figure 9(b).

4.3. Natural convection with ambient temperature

In the FEA model, the heat convection with ambient temper-
ature is also taken into consideration. The sensing structure is
irradiated at the beginning in stage 1. Then, the ambient temper-
ature is adjusted from room temperature (293 K) to 313 K after
the system is stable, with a rise of 20K in stage 2; after that,
the ambient temperature is adjusted to the room temperature
in stage 3. Figure 11 illustrates the thermal response during
the three stages. This indicates that the response attributed to
the natural convection with ambient temperature is far slower
than that in terms of laser irradiation or internal temperature
change. However, the induced deformation, represented by
the blue dashed-dot line, cannot be ignored although the varia-
tion in the temperature difference between the proof mass and
substrate is small. This is mainly because the support in our
case is much thicker and larger (~cm) than the micromachined
sensing structure. The thermal expansion of the support and
the thermodynamic convection process is much slower.

To sum up, the impact of heat convection with ambient
temperature depends on the dimensions of the support and the
substrate. The larger the support compared with the sensing
structure, the slower and larger the response is compared with
that due to laser irradiation.

4.4. Rough empirical evidence

The thermal responses of the optomechanical accelerom-
eter were observed by establishing a prototype, as shown in
figure 12. The sensing structures (proof mass: 8.7 x 107° kg)
with serpentine-leg suspensions (set 1: overall length 12 mm,
width 0.24 mm, thickness 10 um, CSF 5 x 10° m) and crab-
leg suspensions (set 2: overall length 6.35 mm, width 0.3 mm,
thickness 10 pum, CSF 2.12 x 10° m) were assembled with
a diffraction grating to construct an optomechanical cavity,
and this cavity was fixed on a structural support using a heat-
conducting glue. This cavity was rigidly mounted on a high-
precision rotation stage, together with the laser source (Model
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Table 2. Thermal responses of different geometries with different CSE.
Geometries Dimensional Temperature Rise time CSF/temperature
and CSF parameters difference (K) (s) difference (10* m K1)
Straight 0.83 x 10® m 2.5mm x 300 gm x 10 um 12.23 72 6.79
Crab 2.12 x 10°m (1 +5.35) mm x 300 gm x 10 ym 35.99 150 5.89
Serpentine 4.80 x 10°m (1.28 +3.42 4+ 0.8 + 6.02) mm X 77.52 333 6.19
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Figure 12. Prototype of the optomechanical accelerometer for

the static test. Two photodiodes along with two followers and a
differential circuit are employed to realize differential measurement
using an ambient light.
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05-STP-912, Melles Griot Inc.), two photodiodes (Model
S8745-01, Hamamatsu Inc.), a precise kinematic mount and
a processing circuit. To diminish the influence of backward
laser, an optoisolator comprising a polaroid and a half-wave
plate was employed. An adjustable diaphragm was introduced
to control the laser turning on or off. The wavelength of the
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Figure 13. Output voltage of the prototype versus sampling time
along with the laser power change. (a) Output of set 1 when the
incident laser power changes; the blue line is at low power, the red
line represents higher power, and the black line is the simulation
result. (b) Output curves of set 1 and its comparison with set 2; the
green line represents set 2. (¢) Output of set 1 in two stages along
with the measured temperature and the simulated deformation; the
sensing structure was heated to a specific temperature in stage 1,
while it cooled via natural convection with ambient temperature in
stage 2.
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Table 3. Interplay of the mechanical performances and thermally induced effects for an out-of-plane sensing structure.

Evaluation Resonant Temperature Thermally induced
parameters/variables Sensitivity,.q Max stress frequency difference Rise time deformation

Laser spot diameter N/A N/A N/A — — —

Laser power N/A N/A N/A / — a

Length IS — N(372) / / IS

Width N N /(172) N N NN

Thickness ANV NN /(3/2) N N ANV

Ambient temperature N/A N/A N/A a —(much longer) /'

— :irrelevant, /': positive correlation, /' /' positive three-power relation, \: inversely proportional relation, \,\;: inverse square relation, \,\,\\:

inverse three-power relation.

Table 4. Performances of different sensing structures with different dimensions.

Thermally
Resonant Temperature  Rise induced
Dimensions of suspensions CSF Sensitivity,.q Max stress frequency difference time deformation
(thickness x width x length) (10° m) (pm gfl) (MPaperlg) (Hz) (K) (s) (nm)
5 pm x 480 ym x 1.58 mm (Optimal)  0.66 8.16 37.83 174.54 6.68 45 0.83
8 um x 240 pm x 2 mm 1.04 8.21 27.19 174.21 12.01 72 2.62
10 pgm x 240 pm X 2.5 mm 1.04 8.23 21.66 173.93 12.23 72 5.27
20 pm x 120 pm x 2.5 mm 1.04 2.08 18.58 346.42 12.73 72 5.63
40 pm x 60 ym x 2.5 mm 1.04 0.52 18.21 689.65 10.97 71 5.61

incident laser was 632.8nm, and two photodiodes with a
responsivity of 0.33 V nW~! were adopted to achieve differ-
ential measurement with ambient light [43]. Furthermore, a
thermal electrical refrigerator (TEC) was adhered to the opto-
mechanical cavity to adjust the temperature of the sensing
structure.

The real-time responses of two prototypes were recorded
when the tilt angle of the rotation stage was invariant, which
means that the applied acceleration is certain. Herein the
acceleration is 9.8 m s~ in terms of the vertical direction of
gravity.

The output voltages versus measurement time are pre-
sented in figure 13. As marked in this figure, when the sensing
structure was irradiated, the output voltage of the prototype
instantly began to vary. For set 1, this system gradually
entered a steady state after approximately 200s. With respect
to the thermally induced deformation curve of the serpentine-
leg structure when subjected to 1 unit of gravity (blue line in
figure 13(a)), the tendency and rise time match well with the
simulation result, which is shown as the bold black curve in
figure 13(a). There exists a violent oscillation in the exper-
imental result. This is mainly due to the ultra-high sensitivity
of acceleration and phase ambiguity in the interferometry
detection. Small vibrations, air turbulence, or even a switching
of an optoisolator affect the responses. The influence factors
are hard to separate. Then, we changed the incident laser
power by rotating the polaroid, which is shown as the red line
in figure 13(a). The tendency and rise time were consistent
with the former conditions, while the stable output had a bias.
This demonstrates that the rise time is not concerned with the
incident laser power (heat flux).

Figure 13(b) indicates that set 2 can be stabilized faster
than set 1. The rise times of set 1 and set 2 are 60s and 180s,
respectively, according to the simulation.

Figure 13(c) shows the thermal responses in different
stages. Stage 1, which is the overall sensing structure along
with the support, was heated from 299K to approximately
309K and held for 660s; the sensing structure was cooled via
natural convection with ambient temperature in stage 2, corre-
sponding to stage 3 in figure 11. The room temperature was
299K, and heating was carried out via both laser irradiation
and TEC. Because the connection of components is not a rigid
coupling and the thermal expansion is not uniform, the contrast
ratio changes with the temperature variation [34]. However,
the overall deformation can be obtained via the number of the
period of the output. The tendencies of the measured temper-
ature (red solid line) and the output voltage (blue solid line)
match well, as well as the simulated deformation, which indi-
cates that the heat convection with ambient temperature has
a far slower response than that due to irradiation and TEC.
Although there are deviations in the experimental and simula-
tion results, the tendencies are correct. The deviation between
the obtained deformation and simulation result is mainly
because our prototype setup was not integrated; the thermal
expansion of the kinematic mount and even the rotation stage
contributed to the huge deformation.

Because it is hard to obtain the temperature profile of this
extremely brittle MEMS structure, we estimate the temper-
ature response via the thermally induced deformation or
output voltage. In the future, a micro thermocouple can be
integrated in the sensing structure to detect the temperature
profile.

Although the experimental results are not perfect due to
large oscillation and phase ambiguity, the empirical evidence
qualitatively confirms the validity of our transient model,
which can predict the thermal response, including thermally
induced deformation and rise time. The tendency and laws
predicted by the model are critical.
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5. Design guidelines for high performance

Based on the aforementioned analysis, optimized design
guidelines will be proposed in this section, combined with the
mechanical performances and thermally induced effects. This
aims to diminish the thermally induced deformation and rise
time without compromising mechanical performances, or to
realize higher performances with the same thermal effects.

We give a short overview of the relation between the rel-
evant factors and thermal effects, as well as other mechanical
properties, as listed in table 3.

For the mechanical performances, the width carries
less weight than the length and thickness, especially for
the sensitivity. However, for the thermal effects, there is an
increased importance for the width. Specifically, the length,
width, and thickness are three equally important parameters
for the temperature difference and rise time. For the ther-
mally induced deformation, the importance of the width also
increases. To tailor the mechanical performances along with
the thermally induced deformation and rise time, the width of
the suspensions can be fully taken advantage of.

Optimized design guidelines for an out-of-plane sensing
structure can be induced from the discussion. To reduce ther-
mally induced deformation and rise time under the premise that
the out-of-plane sensitivity is still high, adopting suspensions
with a flat cross-section (large width and small thickness) and a
short length is appropriate. For the pursuit of higher sensitivity
without expense of larger thermal effects, the width can be further
increased while the thickness and the length can be decreased to
the same extent, as long as CSF stays the same. Notably, the large
width is the key point in optimized design guidelines.

Table 4 shows the thermal responses and mechanical per-
formances with different dimensions of the suspensions. It is
demonstrated that higher mechanical performances with sim-
ilar thermal effects or smaller thermal effects with the same
mechanical performances can be realized by applying these
design guidelines.

These guidelines are of great significance for designing a
single-axis, temperature-tolerant, high-performance optom-
echanical accelerometer, which commonly contains an elastic
sensing structure and a laser-induced heat source.

6. Conclusion

This paper systematically investigates the thermal effects of
a single-axis optomechanical accelerometer, especially the
laser-induced effects. The temperature difference, rise time
and thermally induced deformation are evaluated via FEA
modelling and then characterized using a thermal resistivity-
related length dimension parameter CSF. The rise time and
response tendency have been verified using a prototype exper-
iment. More importantly, based on the interplay between
thermal effects and mechanical performances such as out-of-
plane sensitivity, optimized design guidelines are proposed to
reduce the thermally induced deformation as well as the rise
time without compromising other performances. Vice versa,
the guidelines can also help achieve higher performances

10

without the expense of more serious thermal effects. The anal-
ysis and design guidelines may pave the way for designing
temperature-tolerant,  high-performance optomechanical
devices, which contain laser-induced heat sources and an
elastic sensing structure with one sensitive axis, and that are
not limited to optomechanical accelerometers.
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