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Abstract: Endoscopic optical-coherence tomography (OCT) systems require low cost mirrors with
small footprint size, out-of-plane deflections and low bias voltage. These requirements can be
achieved with electrothermal actuators based on microelectromechanical systems (MEMS). We present
the design and modeling of polysilicon electrothermal actuators for a MEMS mirror (100 um x 100 um
x 2.25 um). These actuators are composed by two beam types (2.25 pum thickness) with different
cross-section area, which are separated by 2 um gap. The mirror and actuators are designed through
the Sandia Ultra-planar Multi-level MEMS Technology V (SUMMIT V®) process, obtaining a small
footprint size (1028 pm x 1028 um) for actuators of 550 um length. The actuators have out-of-plane
displacements caused by low dc voltages and without use material layers with distinct thermal
expansion coefficients. The temperature behavior along the actuators is calculated through analytical
models that include terms of heat energy generation, heat conduction and heat energy loss. The force
method is used to predict the maximum out-of-plane displacements in the actuator tip as function
of supplied voltage. Both analytical models, under steady-state conditions, employ the polysilicon
resistivity as function of the temperature. The electrothermal-and structural behavior of the actuators
is studied considering different beams dimensions (length and width) and dc bias voltages from 0.5
to 2.5 V. For 2.5V, the actuator of 550 um length reaches a maximum temperature, displacement and
electrical power of 115 °C, 10.3 um and 6.3 mW, respectively. The designed actuation mechanism can
be useful for MEMS mirrors of different sizes with potential application in endoscopic OCT systems
that require low power consumption.

Keywords: electrothermal actuators; endoscopic optical-coherence tomography; microelectromechanical
systems (MEMS) mirror; polysilicon; SUMMIT V

1. Introduction

Microelectromechanical systems (MEMS) have allowed the develop of devices with advantages
such as low cost, small size, high reliability, fast response and easy integration with electronic
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circuits [1-3]. Among these devices, MEMS mirrors have potential applications such as projection
displays [4], tunable optical filter [5], tunable laser [6], Fourier transform spectrometer system [7],
confocal scanning microendoscope [8], optical bio-imaging [9] and optical coherence tomography [10].
For 3D endoscopic optical-coherence tomography (OCT) systems are necessary low cost MEMS
mirrors composed by compact structures that have large out-of-plane deflections, minimum bias
voltage and orthogonal scanning capacity [11,12]. These systems are minimally invasive and can
have high resolution and reliability [12]. For this, the mirrors need high precision actuators that
allow the variation of their tilting angles with low power consumption [13]. To adjust and control the
mirror motion can use different actuators types, including the electromagnetic [14,15], electrostatic [16],
electrothermal [17,18] or piezoelectric [19,20] actuators.

Mirrors with electrostatic actuators have a fast speed, a small mechanical scanning range
at non-resonance (generally 2°-3°) and a large actuator footprint, which can be increased at
resonance [21,22]. This actuation mechanism requires complex fabrication and high drive voltages
about 100 V [23], which constraints its application in endoscopic OCT systems. Other actuators
are the electromagnetics that generate large displacements with small driving voltage and have
fast response time as well as high resonance frequency [24-26]. Although electromagnetic mirrors
register problems with electromagnetic interference (EMI) and need precise assembly techniques of
magnetic materials and metallic coils, limiting they use in endoscopic imaging [26]. On the other hand,
piezoelectric actuators offer a large motion range combined with high speed and low electric energy [27].
Nevertheless, there are several challenges of the MEMS mirrors to develop endoscopic imaging such
as charge leakage, coupling nonuniformity and hysteresis [28]. Other option is a MEMS mirror
with an electrothermal actuation mechanism, which has large deflections caused by low bias voltage
and does not present EMI and electrostatic discharging problems [28-32]. However, these mirrors
require to decrease their footprint size, operation temperature and bias voltage as well as simplify their
mechanical structure and performance. To overcome several of these challenges, we propone the design
of polysilicon electrothermal actuators for MEMS mirrors based on the Sandia Ultra-planar Multi-level
MEMS Technology V (SUMMIT V®) process from Sandia National Laboratories. This electrothermal
actuation mechanism has a simple structural configuration composed by an array of four polysilicon
actuators, which can achieve out-of-plane displacements with low dc voltages. These actuators do not
require materials with different thermal expansion coefficients due to that employ polysilicon layers
with distinct wide, which are separated by 2 um gap. This device has a small footprint size (1028 pm
x 1028 um), compact structure and simple performance with reduced temperatures. The proposed
design includes the modeling of temperature behavior and maximum displacements of the actuators
under steady-state conditions. Our actuation mechanism can be used for the rotation of MEMS mirrors
of different sizes. The rotation orientation of the mirror can be adjusted through the selective biasing
of the four actuators. Thus, the proposed design could be considered for potential applications in
endoscopic OCT systems.

This paper is organized as follows. Section 2 contains the design and modeling of the proposed
actuation mechanism, which includes its electrothermal and structural behavior. Section 3 shows the
results and discussions of temperature and out-of-plane displacements of the actuators using analytical
models. Finally, the paper ends with the conclusion and future researches.

2. Design and Modeling

This section presents the design and modeling of the electrothermal actuators for a MEMS mirror.
It considers the temperature distribution and out-of-plane displacements of the actuators generated by
different dc biasing voltages under steady-state conditions.

2.1. Structural Configuration

Figure 1 shows the design of a MEMS mirror with an array of four polysilicon electrothermal
actuators and springs, which are based on the SUMMIT V process [33]. The surface of the silicon
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substrate below of the actuators and mirror must be etched to allow the free motion of the actuators
and mirror, as shown in Figure 2. Each actuator has two polysilicon structural layers (i.e., poly3 and
poly4 of the SUMMIT V process) of 2.25 um thickness with different cross-section area, separated by
2 pm gap. Thus, the electrical resistances of these layers are not equal, which allow a temperature
change along the actuator when an electrical current is applied. It generates out-of-plate displacements
of the actuator due to Joule effect, whose amplitudes can be controlled varying the current values.
Thus, this actuator does not need materials layers with different thermal expansion coefficients that
simplify its fabrication process. This design includes actuators with inverted structural layers to
achieve out-of-plane motions with opposite directions, as shown in Figure 3a,b. Thereby, the mirror is
connected to two pair actuators with inverted layers that can have displacements in opposite directions,
increasing the tilting angle of the mirror. In addition, four polysilicon springs (508 um length, 5 pm
width and 2.25 pm thickness) with low stiffness are employed to connect the actuators with the mirror.
Due to the small cross-section area and large length of each spring, the four springs have high electrical
resistance that constraint the current flow through them. In this work, the effect of the thermal energy
through the springs and mirror is not considered.

Electrothermal
actuators

- "

Figure 1. Design of an electrothermal actuation mechanism for the rotation of a microelectromechanical
systems (MEMS) mirror.

Electrothermal Eads

actuators

Silicon substrate

Figure 2. View of the MEMS mirror design in a silicon die.

In the design stage, the temperature and out-of-plane displacements of the actuators considering
different dimensions of length (L;) and width (wj, and w,) of the upper (hot) and bottom (cold) beams
are studied. The first structural layer is formed by a polysilicon beam (w.) and the second layer
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is composed by three polysilicon beams of width wy, each one, in which wjy << w,. Figure 3ab
depicts views of the hot and cold beams in two electrothermal actuators with deflections in opposite
directions. In addition, the mirror and springs are designed using the poly4 layer of SUMMIT V
process. In this fabrication process, on the mirror surface can be deposited an aluminum layer
(96 um x 96 pm x 0.7 um). The springs have a connection with low stiffness between the actuators
and mirror, which lets higher mirror tilting.

The operating principle of the electrothermal actuator with bending motion is caused by the
asymmetrical thermal expansion of the two structural layers with different cross section area and
electrical resistance. The resistance of the narrower layer is higher than that of the wider layer. If a dc
bias voltage is applied at the end of the two layers (see Figure 3a,b) then a current flows through them,
generating an increase of temperature in both layers. Due to the difference in the electrical resistance of
the two layers, the temperature and dissipated energy in the narrower layer (high electrical resistance)
is larger than the wider layer (low electrical resistance). This allows more thermal deformation of
the narrower layer, which forces the actuator tip to an out-of-plane motion towards the wider layer.
Therefore, the difference of the thermal deformation between the two actuator layers generates an
out-of-plane motion. Figure 3c depicts the main geometrical parameters of an electrothermal actuator.
In this work, we consider actuators with three different lengths (350 um, 450 pm and 550 pm), constant
thickness (t;, = f. = 2.25 um) and variable width (i.e., wj, of 2 um to 5 um and w, of 20 um to 30 wm).

Hot beams

S
~
N ~,
S, Sso
S >
~ g N.’i i

Hot beams

Cold beam

@) (b)

Figure 3. View of out-of-plane displacements, y;, with directions (a) downward and (b) upward of two
electrothermal actuators with inverted structural layers due to Joule effect; (c) geometrical parameters
of the hot and cold beams of an electrothermal actuator.

2.2. Electrical Model of Electrothermal Actuators

An equivalent electric circuit of the electrothermal actuator is developed to predict the voltage
drop along its hot and cold beams, as shown in Figure 4. For this case, R, Ry and R3 are the electrical
resistance values obtained for each hot beam (wy,), cold beam (w.) and connection between both beams,
respectively. These resistances are calculated including the dimensions of the beams and the resistivity
of the polysilicon layers. For instance, Table 1 shows the values of the electrical resistances for an
electrothermal actuator with the following dimensions: Lj, = L. = 450 pm, wy, =5 um, w, = 30 pm and
ty =t =225 pm.
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Vi

Figure 4. Schematic of equivalent electrical circuit of an electrothermal actuator.

Table 1. Resistance values of the equivalent electrical circuit of an electrothermal actuator considering
the following dimensions: wy, =2 um, w, = 30 um and ¢, = t, = 2.25 pm.

Electrical Resistance ()

Parameter
L;, =350 pm Lj =450 ym L;, =550 pm
Rq 1576.6 2027 2077.4
Ry 105.1 135.1 165.2
R3 1.7 1.7 1.7

2.3. Analytical Modeling of the Electrothermal and Structural Behavior

The electrothermal behavior of a polysilicon beam with length larger than its thickness and width
can be simplified using an analysis in one dimension [31]. The electrothermal actuator (see Figure 3a)
can be decomposed into three line-shape beams connected in series. For this, the first line-shape
beam is obtained combining the three upper beams (hot beams) in a wider beam. Thus, the first
line-shape beam has an equivalent electrical resistance equal to a third of the resistance of an upper
beam. The second line-shape beam is formed by the connection between the upper and bottom beams,
which has a 2.5 um gap. In addition, the bottom (cold) beam forms the third line-shape beam. For this
case, we assumed that the length of the upper (hot) beam (Lj,) is equal to the length of the bottom beam
(L¢): Ly = L, = L. Figure 5 shows a differential element for the thermal analysis of the actuator.

In Figure 5b, heat flow equation is obtained by examining a differential element of polysilicon
beam of width w, thickness ¢ and length As. Assuming steady-state conditions, resistive heating power
in the differential element is equal to heat conduction out of the element. Therefore, the energy balance
of the differential element of the beam with heat losses can be expressed as [31]:

)
ds s5+As

where ] is the current density, k, is the thermal conductivity and p is the resistivity of the polysilicon,
T is the operation temperature, T is the substrate temperature, Q is the shape factor that includes
the impact of the element shape on heat conduction to the substrate and R; is the thermal resistance
generated by the substrate and actuator that are considered wide enough [31]:

T-T,

— kpwt {dT] + JPowtAs — QAsw 1)
S

s = —kpwt{

te  tn ts

Ri=—~+—-+- 2

e Th TR @

where {, is the distance between both the bottom beam of the actuator and SizNy surface, t; is the
thickness of the SizNy film, f; is the thickness of the SiO, film and k;, k;, and ks are the thermal

conductivity of air, Si3N4 and SiO; films, respectively.
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Figure 5. (a) Schematic of the one-dimensional model for an electrothermal actuator; (b) its differential
element; and (c) cross-section of the different layers for the thermal analysis.

The shape factor Q for the heat conduction is given by [34]:

21,
Q=5<—+1>+1 3)

To apply Equation (3) in the electrothermal actuator, we approximated t = tj, = t, and w = w.
The resistivity of polysilicon, p(T), depends of the temperature and its value is determined by:

p(T) = po[1+¢(T = To)] 4)

where pg is the initial resistivity at the substrate temperature and ¢ is the linear temperature coefficient.
Considering the limit as As — 0 for Equation (1), the following second-order differential equation

is obtained:
a7

k, = Q(T To)
2

Ry
The first term on the left of Equation (5) indicates the net rate of heat conduction into the element
per unit volume. The rate of heat energy generation inside the element per unit volume is represented
by the second term on the left. Finally, the rate of heat energy loss of the element per unit volume is
considered in the term of the right side. Substituting Equation (4) into Equation (5), we obtain:

®)

T . 5 200
with 5
2 Q  Jpod
"TORE Ky @)

Solving Equation (6) and applying the solution to the upper (hot) and bottom (cold) beams, we
get the following temperature distribution:

2
Ty (s) = Cre™s + Coeis 4+ T, + JPO ®)
kpm?
JZ00
Te(s) = Cze™* + Cqe ™ + T, + 9)

kpm?2
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with 5
> Q JiiPog
"h T Rtk 10
o Q  J2eog
T RE T Ky an

where T}, (s) and T¢(s) are the temperature distribution along the upper (hot) and bottom (cold) beams,
respectively, and J;, and J. are the current density through the upper and bottom beams, respectively.

To determine the constants C;, we assume a temperature on the anchor pads equal to the substrate
temperature (i.e., T;(0) = Tp and Tc(2L + g) = Tp), a continuity of both temperature (i.e., T;,(L) =
Tc(L)) and rate of heat conduction (i.e., 3w,dT,(L)/ds = w.dT(L)/ds) across the join point of the
upper and bottom beams. By assuming these boundary conditions, the following matrix equation is
determined as:

_ Jipo
1 1 0 0 G Ky,
oMl e~ ML _eMmeL _emeL Co ]3(702 - ];,POZ
= kpm kpm 12
Bwympe™l  —3wymue™™t  —wemee™l  wemee™ Mk Cs ‘ 0 " (12)
0 0 elMe(2L+g) e—Me(2L+g) Cy o
kpmg

The coefficients C; of Equation (12) are determined using operations on matrices. Next, these
coefficients are employed into Equations (8) and (9) to calculate the temperature increase along the
upper and bottom beams due to bias voltages. These coefficients are calculated as:

A(3+d) — emil [Bd (1 + ech(Hg)) + 2Ddemc(L+8)} — A3 — d)e2me(ltg)
(d — 3)e2me(L+8) — (d + 3)e2(me(L+Q)+myl) 4 emul (3 — d)(emnl 4 e=mil)

C =

(13)

(Bd + A3 —d)e™L 4 (d(B+2D) — A3+ d)emhL)ezmc<L+g>)emhL
(d —3 — (d + 3)e2mL)e2me(L+8) 4 2(3 cosh(myL) — dsinh(my,L))em L

C = (14)

Co = D(2(9+d?) + (9 — d?) (e 2"l + el )) + 18Be~"<(L48) + F + 24 A(G + H) 15)
4(G+ H)((3 —d)elmetm)L 4 (3 4 d)elme—mi)L)

Cr— (—6Aem’3<21‘+g)+D((3+d)67mhL+(3—d)em71L)eme+3Bemc<2[‘+g)(emhL—i-e’mhL))esz(L+g) 16
4 — (3,d)g'”c(L+g)+'”hL+(3+d)e”lC(L+S)*"‘hL7(3+d)g3"‘c(L+S)+mhL7(37d)g3"‘C<L+X)*"’hL ( )
ith
™ J2p0
A— — s (17)
M,
2 2
B— Jepo _ IhPO 18
~ kymZ  k,m? 18)
plttc KpMtj,
2
D= 1P (19)
kpmg

F=—6A((3+d)e"s + (3—d)e b )ee(1+8) 4 3B( (34 d)e 2l - (3 — d)e>l ) e~ e(L+) (20)
G = (3 cosh(my,L)sinh(m.g) + dsinh(myL) cosh(m.g)) cosh(m.L) (21)
H = (3cosh(my,L) cosh(m.g) + dsinh(mjL)sinh(m.g))sinh(m.L) (22)
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For the deflection analysis of the actuators, the linear thermal expansion for both upper (ALy,) and
bottom (AL.) beams can be determined as:

L
ALy = oc/ (T(s) — To)ds (23)
0
2L—.&-g
AL = a / (To(s) — To)ds (24)
L

where « is the thermal expansion coefficient of polysilicon.
By substituting Equations (8), (9) and (13)-(16) into Equations (23) and (24), the thermal expansions
of the upper and bottom beams are given by:

AL, = Ix{% (emhL - 1) _ & (e*mhL - 1) + ]’%pOL} (25)

2
kpmh

_ Cs meL [ me(L+ Cy —meL [ —me(L+ ICZPO(L +g)
BLe = af S o (i) - 1)] - S [orm (emitss) ) +km} (26)
The structure of the electrothermal actuator can be considered as a plane rigid frame with two
fixed ends. This actuator (see Figure 6) has a statically indeterminate structure with the degree of
indeterminacy of 3 [35,36]. The bending moment of the actuator structure due to three unknowns (X3,
X5 and X3) is studied using the force method [35]. These unknowns are internal forces (horizontal force
X1, vertical force X, and bending moment X3). The force method will be used to find the redundant
unknowns followed by the virtual work method to obtain the deflection at the tip of the frame.

X1 Hot arm

%, _J(X3 |

2

Figure 6. Rigid structure simplified for the electrothermal actuator regarding three redundant forces

and moments (X7, X, and X3).

The three redundants (X;, X and X3) are calculated through the canonical equations of the force
method, which satisfy the compatibility conditions of the deformations [36]. For this case, the canonical
equations are given by the following matrix form:

i1 S d13 X1 0
dr1 O 23 Xy | = | AL, — AL (27)
d31 03 033 X3 0

where the coefficients ¢;; are called unit displacements that represent the displacements along the
direction of unknown X; caused by action of unit unknown X;. §;; can be determined by the diagram
product of the bending moments related with the unit unknowns X; and X;. These coefficients are

obtained as:
2 3

611 = ——(L —
n = gpr (L +38) + 35

(28)
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010 =10n = _ZLE%C (L+g) (29)
51325312—2221}1—2]5&@‘*'23’) (30)
0 = ?)gEZIC(S +3L) 31)

o = 02 = 5 (g +2L) (32)

b = g+ g8+ 1) (33)

where E is the Young’s modulus of polysilicon, I and I are the moment of inertia of the hot and cold
beams, respectively.

Taking at account the method of virtual work, a unit force F is applied to the free end of actuator
to calculate the maximum out-of-plane displacement:

MrM L?

Smax = £ ds = 6E—Ih(X1L —3X3) (34)

where M is the bending moment due to the virtual unit force and M the bending moment related with
the thermal expansion. The physical and mechanical properties of the polysilicon used in the above
analysis are listed in Table 2.

Table 2. Physical and mechanical properties of the polysilicon beams.

Property Value
Young’s Modulus, E 169 GPa
Thermal expansion, « 25 x 1070 K1
Thermal conductivity, kp, 125 W-m~—1.K™!
Substrate Temperature, Ty 300 K
Linear temperature coefficient, & 125 x 103 K1
Resistivity at Ty, po 20.27 x 107 QO'm
Density 2330 kg-m 3
Poisson ratio 0.23

Solving Equation (27), the unknowns X;, X, and X3 are the follows:

18EII,(AL, — AL.)(Iyg + I.L + I, L)
Xy = 273 272 3 2 2 272 27 o2 23 (35)
L(6I2L3 + 212L2g + 61 I, L3 + 4011, L2 + 81.1,Lg2 + 2I2L2g + 1712Lg2 + 312¢°)

B 6EI. (AL, — ALc) (I2L% + 211, L% + 711, Lg + I?L? + 7I2Lg + 612g?)
§2[612L3 4 2I2L2¢ + 611, L3 + 4011, L2g + 81T, Lg* + 2121.2g + 1712Lg2 + 312¢°]
6EII,L(AL; — ALy) (51, — Icg + I.L + I, L)
g[6I2L3 + 212L%g + 611, L3 + 4011, L2g + 811, Lg? 4 2I?L2g + 1717 Lg> + 312¢3]

X

(36)

X3 =

(37)

Substituting Equations (35) and (36) into Equation (34), we determine the maximum out-of-plane
displacement (dmax) of the electrothermal actuator:

3L.L*(AL, — ALc) (I.L? + I,L* + I,¢* + 61,Lg)
g(612L3 +21212g + 611, L3 + 4011, L2g + 811, Lg? + 212L2g + 1712Lg? + 3128%)

(38)

5max =
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3. Results and Discussions

This section presents the results of the temperature shift and displacements of the actuator caused
by different bias voltages. For this, we considered several variations in the dimensions (width and
length) of the actuator.

By using Equations (8), (9) and (38), we determine the temperature and maximum out-of-plane
displacement of the electrothermal actuator generated by low dc bias voltages. In this analysis,
the initial temperature of the actuator is 20 °C and the length of each actuator is modified between
350 and 550 um. In addition, we regard a variable width (i.e., wy, of 2 pm to 5 pm and w, of 20 pm to
30 um) for the upper and bottom beams and a constant thickness (i.e., t; = t, = 2.25 um). We compared
the results of our models with respect to analytical models of temperature and displacements of
electrothermal actuators reported by reference [31]. For this, we use Equations (7), (8) and (23) of
reference [31] and assume negligible the flexure beam length (i.e., Lf = (0). However, these models are
applied for electrothermal actuators of variable cross-section area with in-plane deflections. In order to
employ these models to our actuators with out-of-plane deflections, we considered that the variables
of width and thickness of their hot and cold beams are equals to the thickness and width of our hot and
cold beams. Figure 7a,b shows the results of the temperature along of the surface of the upper (hot)
and bottom (cold) beams, which are generated by a bias voltage of 2.5 V. This distribution considers
different lengths (350 and 550 um) and two values of width for each upper beam (2 and 5 pm). For all
the cases, the maximum temperature is achieved close to the half of the length of the upper beam.
The shorter beams present higher temperatures than the larger beams due to their less electrical
resistance, which produce higher currents for a bias voltage. For the upper beams of 5 um width, the
temperature decays more slowly along of the electrothermal actuator, as shown in Figure 7b. In the
actuator tip, we observed a significant variation in the behavior of the temperature distribution along
of the hot and cold beams. The results of our analytical models have a similar behavior respect to those
of reference [31]; although, our results register the highest temperature values in all the cases. Next, we
calculate the temperature distribution regarding two actuators of different lengths (450 and 550 um),
which are supplied by different dc bias voltages, as shown in Figure 8a,b. The maximum voltage
of 2.5 V generates the higher temperature magnitudes (147.3 °C and 114.9 °C) for both actuators,
considering our models. For the actuator of 450 um length, the bias voltages of 1.0 V, 1.5 V and 2.0
V increase the temperature up 38.2 °C, 62.1 °C and 97.6 °C, respectively. For the same voltages, the
actuator of 550 pm length has an increment of temperature of 34.0 °C, 52.0 °C and 78.5 °C, respectively.
Also, the temperature distribution along the actuator of 450 pm length was determined varying the
width of the upper and bottom beams, as shown in Figure 9a,b. For upper beams of 2 um width and
bias voltage of 2.5V, the temperature has a low increment of 16.6 °C when the width of the bottom
beam increases from 20 to 30 um. Instead, the temperature distribution decays more slowly for upper
beams of 5 um width, keeping 30 um width for the bottom beam. For these cases, the results of our
models have good agreement respect to those of reference [31].

Figure 10a,b depicts the maximum out-of-plane displacements of the actuator tip as a function of
bias voltage and assuming different length and width values. For these cases and considering 2.5V,
the beam of 550 um length has the larger displacements (10.3 pm and 6.8 um) when wy, = 2 um and
we = 30 pm, respectively. These displacements have direction down due to the higher temperature of
the upper beams. However, if the position of the beams is inverted then the motion of the actuator will
be upward. If the length of the actuator is 450 um and the bias voltage is 2.5 V then the maximum
displacements are 8.9 um and 5.6 um, respectively. The response of our models has good agreement
respect to results of reference [31]. Although the displacements obtained with our analytical models
have higher values than those of the reference [31]. Figure 11a,b shows the maximum out-of-plane
displacements of the actuator (450 pm length and 2.5 V voltage) considering different dimensions in the
width of its upper and bottom beams. For these cases, the larger displacement (8.9 um) is obtained with
2.5 V voltage for beams with wy, = 2 um and w, = 30 um, respectively. In addition, the displacement
of the actuator tip decreases when the width of the upper beams increases. Moreover, if the width
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of the bottom beam increases then the actuator tip will have larger displacements. The electrical
power of each actuator is determined using the equivalent electrical circuit of Figure 5. For an actuator
with wy, = 2 um, w, = 30 um and three different lengths L;,: 350 pm, 450 um and 550, we obtain the
following electrical power: 9.9 mW, 7.7 mW and 6.3 mW. Finally, the displacements of the actuator
tip can be increased with bias voltages higher than 2.5 V, which also will increment the electrical
power. For instance, if the actuator of Lj, = 550 um and wy, = 2 um is biased with 5 V then its maximum
displacement, temperature and power are increased up 59.2 um, 570.3 °C and 25.2 mW, respectively.
Furthermore, the mirror surface area can be scalable to achieve larger values than 10000 pm?. On the
other hand, the surface of the silicon substrate below of the actuators array and mirror must be etched
using DRIE process to allow the free motion of the actuators and mirror under different bias voltages.
Nevertheless, the maximum displacement of the actuators must generate stress less than the rupture
stress of the polysilicon.
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Figure 7. Distribution of the temperature along of the upper (hot) and bottom (cold) beams of an
electrothermal actuator, which considers different lengths (350 um to 550 um) and two width values
for the upper beams: (a) 2 pum; and (b) 5 um.



Micromachines 2017, 8, 203

121 e e e

p————

110 ,,’ Se¢=-Hotbeam Parameters Supply voltage, model
S
a N, L, =550 um «ss+ 1.0V, our model
100 / \\ £, =550 pm = 1.0 V, reference [31]
,/ \\ & f 2 pm * 1.5V, our model
—_ 3 / \\ “ B 2 pm == 1.5V, reference [31]
o / \ i —-20V. del
< 80 ’ . £ =225 pm i
s / ———— \‘ === 2.0 V, reference [31]
2 [' \ == 2.5V, our model
= 70 A LY
g / \ 2.5V, reference [31]
£ 60 , \ Actuator tip
S / /' N \ 7
= I N, ¥
50 [
[}
o
W1
¥
[

100 200 300 400 500 600 700 800 900 1000 1100

Location (y¢m)
(a)
[ Hot beam., sesssnags Parameters Supply voltage, model ]
3 ‘N&‘;" '~... -
140 o o, £, =450 pm === 1.0 V, our model ]
N .." “~, L, =450 pm === 1.0 V, reference [31] h
120F o i3 & =§ Hm == 15V, our model '
W . W, = -
= L & ", I pm == 1.5 V, reference [31] ]
[®) r . @, =30 pm i ]
< L ) kY 4 = 2.25 ym = 2.0 V, our model ]
2100 s % = 2.0 V, reference [31] -
.2 L - +**+ 2.5V, our model 4
- r ‘.. — ]
g. ” 2 “‘ Actuator tip 2.5 V, reference [31] &
E I (7 ]
[~ [ A ]
60 - -
1w ]
y ]
A —
0 100 200 300 400 500 600 700 800 900
Location (z¢m)
(b)

12 0of 19

Figure 8. Distribution of the temperature along of the upper (hot) and bottom (cold) beams of two
electrothermal actuators with lengths of (a) 550 um and (b) 450 pm. This temperature is due to different
bias voltages, whose values change from 0.5 to 2.5 V.
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Figure 9. Distribution of the temperature along of the upper (hot) and bottom (cold) beams of an
electrothermal actuator, modifying the width of the (a) upper and (b) bottom beams. For both cases,
the length of the actuator is 450 um and bias voltage is 2.5 V, respectively.
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Figure 11. Maximum out-of-plane displacements of the electrothermal actuator tip as a function of bias
voltage, varying the width of the (a) upper and (b) bottom beams. For both cases, the length of the
actuator is 450 um and bias voltage is 2.5 V, respectively.

Finally, we developed finite elements method (FEM) models using the ANSYS® software (version
15.0, ANSYS, Berkeley, CA, USA) to predict the out-of-plane displacements of the proposed actuation
mechanism. For this, the pads were negligible and the initial end of each actuator was considered
as fixed support. For these supports were applied a bias voltage of 2.5 V and initial temperature of
20 °C. The FEM models regard polysilicon actuators with the following dimensions: Lj, = L = 550 um,
wy =2 pm, we =30 pm, ¢; = 2.25 um and ¢ = 2 um. Our FEM models include elements solid226 type
with a hexahedral mesh. First, we use a FEM model of a single electrothermal actuator under 2.5V
bias voltage. Figure 12 depicts the out-of-plane displacements of this actuator, achieving a maximum
downward deflection of 10.3 um that well agree with the results (10.3 pm and 8.8 um) of both our
analytical model and that of the reference [31], as shown in Figure 10a. Next, we used a FEM model
composed by four polysilicon electrothermal actuators, four springs (508 um length, 5 um width and
2.25 um thickness) and a mirror. Each one of these actuators has the same dimension respect to the
previous actuator. The initial ends of the four actuators have boundary conditions of clamped support
and temperature of 20 °C. For this FEM model, we studied four different cases modifying the bias
voltage values of the four actuators. For the first case, one actuator was only supplied with a voltage
of 2.5V, keeping the other three actuators without bias voltage (see Figure 13). Thus, the actuator
and mirror have maximum out-of-plane deflections of 7.4 um and 4.8 um, respectively. For this case,
the displacement of the actuator decreases (3.9 pum) respect the response of a single actuator without
connection with springs and mirror. This displacement reduction is due to an increment of the model
stiffness when the four actuators are joined to the mirror. In the second case two actuators are biased
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with 2.5V, obtaining out-of-plane displacements with opposite directions (downward and upward)
that allow the mirror rotation with respect to two of its vertices, as shown in Figure 14. The absolute
value of the maximum displacement of the two biased actuators is 6.7 um, which is 3.5 um less than
that obtained with a single actuator. Two mirror vertices reach maximum displacements of 3.7 um and
—3.7 um, respectively. For the third case, a 2.5 V bias voltage is applied for three actuators, achieving
maximum displacements of 9.2 pm, 7.7 pm and —4.5 pm (see Figure 15). Indeed, two mirror vertices
have displacements of 6.2 um and —1.4 pm that enable the mirror tilting. In the last case all the
actuators are biased with 2.5 V, obtaining the downward and upward deflection of two actuator pairs
as well as the mirror rotation along the x-axis (see Figure 16). The larger displacements of the actuators
and mirror are 7.1 um, —7.1 um, 3.9 and —3.9 um, respectively. In order to reach larger deflection and
tilting of the actuators and mirror, the bias voltage can be increased. Moreover, the rotation orientation
of the mirror can be regulated through the selective biasing of the four actuators. Also, the proposed
actuation mechanism can be employed for MEMS mirrors of larger surface area and their rotation
angles can be controlled using different bias voltages.

J: Static Structural

Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: pm

Global Coordinate System

Time: 1

06/06/2017 12:10 p. m.

10.32 Max
F 9.173
80264 ‘
‘ 6.8798 .
57331
4.5865
34399
22932
1.1466
-1.6786e-5 Min

Figure 12. Out-of-plane displacements of one polysilicon electrothermal actuator (L, = L. = 550 um)
caused by a 2.5 V bias voltage.

D: Static Structural

Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: um

Global Coordinate System

Time: 1

06/06/2017 12:19 p. m.

. 7.3866 Max
6.5215
5.6565
47914

. 39263
3.0612

o 2191

1331
I 046591
-0.39918 Min

Figure 13. Out-of-plane deflections of the MEMS mirror when one polysilicon electrothermal actuator
(Ly = L, = 550 um) is biased with 2.5 V.
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F: Static Structural
Directional Deformation
Type: Directional Deformation@ Ads)

nit: pm
Global Coordinate System
Time:

06/06/2017 12:24 p. m.

6.7449 Max
5.2469
37488
22508
07528
074522
22432
37413
5239
-6.7373 Min

Figure 14. Out-of-plane displacements of the MEMS mirror when two polysilicon electrothermal
actuators (L, = L, = 550 um) are biased with 2.5 V.

H: Static Structural
Directional Deformation
Type: Directional Deformation(Z Axis)
Unit: ym

Global Coordinate System
Time: 1

06/06/2017 12:29 p. m.

9.2423 Max
E 7.7146
6.1868
4.6591
3.1313
1.6035

-4.5075 Min

Figure 15. Out-of-plane displacements of the MEMS mirror when three polysilicon electrothermal
actuators (L, = L, = 550 um) are biased with 2.5 V.

B: Static Structural
Directional Deformation
Type: Directional Deformation(Z Axis)
Unit: pm

Global Coordinate System

Time: 1

06/06/2017 12:36 p. m.

7.082 Max
5 5.509
3.936

-7.0751 Min

Figure 16. Out-of-plane displacements of the MEMS mirror when four polysilicon electrothermal
actuators (Lj, = L, = 550 pum) are biased with 2.5 V.
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Table 3 depicts the characteristics of several MEMS mirrors that use electrothermal actuators.
Based on these devices, our design provides an easy actuation mechanism that does not require
materials layers with different thermal expansion coefficients. It can simplify the actuators fabrication
process and reduce the thermal residual stresses due to the fabrication. The proposed design is based
on SUMMIT V process, which improves the flatness of the structures and minimize thermal residual
strains. Indeed, our design has a minimum footprint size (1028 x 1028) and mirror surface area
(100 um x 100 pum), achieving different rotation orientations of the mirror that are well controlled
using reduced bias voltages. Most of the other designs need different metallic films (e.g., AL, Cu, W or
Pt) deposited on the actuators by sputtering process, which can generate initial thermal strains (i.e.,
initial displacement offset) that can affect the actuators performance. Indeed, our actuation mechanism
can be adjusted for MEMS mirrors with larger surface area than 10,000 tm?, which can be suitable for
potential applications in endoscopic OCT systems.

Table 3. Characteristics of several MEMS mirrors based on electrothermal actuators.

. . Device Footprint Maximum Bias Voltage
Authors Mirror Size (um x url:l) Displacement (um) W) 8

Zhang et al. [18] 900 um x 900 pm 2500 x 2500 312 3
Kawai et al. [37] 3000 pm diameter 5000 x 5000 *- 20
Zhang et al. [38] 1000 pm x 1000 pm 1500 x 1500 70 2
Lietal. [39] 1000 um diameter 2000 x 2000 227 0.8
Espinosa et al. [40] 1000 pm x 1000 pm 1500 x 1500 174 3.5
Koh et al. [41] 1500 um x 1000 pm 6000 x 6000 *- 5
Our work 100 um x 100 um 1028 x 1028 59.2 5

*- Data not available in literature.

4. Conclusions

The design and modeling of an electrothermal actuation mechanism for a polysilicon mirror
(100 pm x 100 pm x 2.25 pm) was developed. These actuators were designed based on the SUMMIiT
V surface micromachining process from Sandia National Laboratories. The actuators are composed
by two polysilicon structural layers, which are vertically separated by 2 pm. The temperature and
out-of-plane displacements of the actuators were determined using electrothermal and structural
models and assuming the polysilicon resistivity as a function of temperature. The electrothermal
models included the rate of heat energy generation, heat conduction and heat energy loss. On the other
hand, the structural model was obtained with the force method and assuming low dc voltages
(0.5 V to 2.5 V). For actuators with lengths of 450 and 550 pum, the higher temperatures and
out-of-plane displacements generated by 2.5V are: 147.3 °C, 115 °C, 8.9 um and 10.3 um, respectively.
These actuators can have upward and downward motion if their structural layers are inverted. Thus,
the mirror tilting can be controlled modifying the position of the structural layers and altering the
actuators dimensions and magnitudes of the dc bias voltages. In addition, the device footprint
size is 1028 um x 1028 um considering electrothermal actuators of 550 pum length. With a bias
voltage of 2.5V, the electrical power for an actuator of 550 um length was 6.3 mW. The proposed
actuation mechanism could be used to obtain the rotation of MEMS mirrors with different surface
area. The rotation orientation of the mirrors can be modified through the selective biasing of the
actuators. This actuation mechanism for MEMS mirrors could be considered for potential applications
in endoscopic OCT systems.

Future researches will include the fabrication and characterization of several electrothermal
actuators array for MEMS mirrors with different surface area using the SUMMIT V process.
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