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Thermal microactuators are used in many micro/nano-technologies. To circumvent undesired

heating of the end effector, heat sink beams are co-fabricated with the thermal actuator and

connected to the substrate. This paper reports a combined experimental and modeling study on the

effect of such heat sink beams. Temperature distribution is measured and simulated using Raman

scattering and multiphysics finite element method, respectively. Our results show that heat sink

beams are effective in controlling the temperature of the thermal actuator. Insights on how to

achieve both low temperature and large actuator displacement for in-situ mechanical testing of

nanoscale specimens are provided. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4773359]

In the field of microelectromechanical systems (MEMS),

electrothermal actuators (ETAs) have emerged as structurally

simple, compact, stable, and high-force actuation appara-

tuses.1–4 ETAs have been exploited in a variety of configura-

tions to achieve desired in-plane motion, such as U-shape,1

V-shape,2,3 and Z-shape.4 They are used in a broad range

of applications, including on-chip nanoscale material testing

systems,5,6 micromotors,7 microtweezers,8 and bistable mech-

anisms.9 The ETAs are heated to high temperature (e.g., hun-

dreds of degree Celsius), which might limit their applications

and thus invokes the need to control the actuator temperature,

especially at the end where end effector is attached. Due to

constraints in microfabrication, solutions to dissipate the heat

are limited. One solution was to leave cuts in the ETAs and

fill with dielectric spacers,3 which however inevitably caused

additional fabrication steps.

Of particular interest is the mechanical testing of

nanostructures using ETAs. MEMS offer unprecedented

opportunities for quantitative in-situ electron microscopy test-

ing of nanostructures.10 ETAs provide stable, displacement-

controlled loading, and become widely used for nanomechani-

cal testing. However, the mechanical behavior can be affected

by temperature (e.g., for silicon11). To circumvent the heating

problem, Zhu et al.6 introduced so-called heat sink beams as a

simple solution. Though predicted by modeling, the effect of

such a design has not been verified by any experiments. In

fact, the modeling treated only the vacuum condition, while

temperature measurement of MEMS devices is typically con-

ducted in air. Generally speaking, although a large amount

of modeling work has been devoted to ETAs, heat dissipation

to air is either neglected12 or considered in specific cases

(e.g., heat conduction through air to substrate),13 with very

few exceptions.14

In this paper, we report experimental measurement

and multiphysics modeling of the temperature profile of a

V-shaped ETA; Figure 1 shows a scanning electron micros-

copy (SEM) image of the ETA. The temperature measurement

was based on Raman scattering in air. Fully 3D multiphysics

(coupled electrical-thermal-mechanical) simulation was used

to treat both the air and vacuum conditions; the air and vac-

uum conditions are of relevance to the Raman measurement

and the in-situ electron microscopy testing of nanostructures,

respectively. For the same ETA, the Raman measurement and

multiphysics modeling were carried out with and without the

heat sink beams; the heat sink beams were carved out by

focused ion beam (FIB). Our results demonstrated that the

heat sink beams play a critical role in reducing the tempera-

ture in the ETA.

The ETAs were fabricated at MEMSCAP (Durham, NC)

using the Silicon-on-Insulator Multi-User MEMS Processes

(SOI-MUMPs).4 Dimensions of an ETA are summarized in

Table I. The temperature measurements were conducted

using a HORIBA LabRAM HR Raman microscope in air

(laser wavelength 633 nm). The laser power was kept below

0.003 mW to avoid laser-induced local heating. The Raman

FIG. 1. SEM image of a nanomechanical testing stage including a V-shaped

ETA (on the right), a load sensor (on the left), and a gap in between where

nanostructures are mounted.a)E-mail: yong_zhu@ncsu.edu.
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signal was collected in backscatter through the microscope

objective, relayed to a grating spectrograph, and detected

using a deep-depletion, thermoelectrically cooled CCD cam-

era. Each measurement took approximately 60 s.

Figure 2 shows the Stokes-shifted Raman spectra of a

representative position (620 lm from the specimen edge) on

the ETA at four different temperatures. Several features

were observed with increasing temperature: (1) the position

of the Raman peaks is shifted toward lower phonon energies,

(2) the Raman lines broaden, and (3) the intensity of the anti-

Stokes signature relative to the Stokes-shifted line increases.

Kearney et al.15 found the peak position of the Stokes-

shifted Raman spectrum to be a robust indicator of tempera-

ture compared to the other two signals, therefore, the Stokes

shift was recorded and analyzed in our experiments. The

Raman spectra were fit to a Voight lineshape function to

determine the Stokes peak location. It is seen that with

increasing actuation voltage, the Stokes peak blue-shifted.

To quantify the effect of the heat sink beams, the Raman

spectra were obtained on the same ETA with and without

heat sink beams (see Figures 1 and S1 for contrast). Follow-

ing the calibration experiment (see supplemental material for

details20), the change in the peak position can be converted

to the temperature rise in the ETA, viz.,

DT ¼ X� X0

�0:0242

K

cm�1
; (1)

where X0 and X are the measured peak positions at the labo-

ratory temperature of 296 K and at the operating tempera-

ture, respectively.

Nonlinear multiphysics finite element analysis (FEA)

was carried out using ANSYS 13.0 to study temperature distri-

bution of the ETA both in vacuum and in air. For the vacuum

condition, the only heat dissipation mechanism is the heat

conduction through the device itself to the anchors (sub-

strate). For the air condition, additional heat dissipation

mechanism is thermal conduction through the air to the sub-

strate and neighboring devices. We found that thermal con-

vection and thermal radiation are negligible.

The simulation is a coupled-field analysis involving

electric, thermal, and mechanical fields. The thermal bound-

ary conditions are zero temperature change at the anchors for

the vacuum condition, but additionally at the surrounding

substrate and the neighboring device (e.g., the load sensor to

the left of the actuator in Figure 1) for the air condition. The

mechanical boundary conditions are fixed displacements at

the anchor sites. Element type SOLID 98 was used for the

ETA and SOLID 70 was used for the air. The laboratory

temperature during the RAMAN experiments (296 K) is set

as the reference temperature in the simulations. The material

parameters used in the simulations are listed in Table II.

Figures 3(a) and 3(b) show the temperature distributions

of an ETA without and with heat sink beams in vacuum,

respectively. Without the heat sink beams, the only heat

FIG. 2. Raman spectra of an ETA at room temperature and three different

actuation voltages. Note that the spectra shown are fitted to a Voight line-

shape function.

TABLE I. Dimension of the SOI V-shaped ETA.

Dimension Symbol Value Unit

Inclined beam length l 296 lm

Inclined beam width b 8 lm

Gap between actuator and sensor d 2 lm

Inclination angle h 10 deg.

Heat sink beam length lsb 50 lm

Heat sink beam width bsb 5 lm

Shuttle length ls 627 lm

Shuttle width bs 60 lm

Thickness t 10 lm

Gap between device and substrate g 400 lm

TABLE II. Material parameters used in the simulations.

Parameter Symbol Value Unit

Young’s modulusa E 160 GPa

Poisson ratioa v 0.28 …

Thermal conductivity of Sib KSi(T) 210658�T�1.2747 W/(m K)

Thermal conductivity of airc Kair 0.026 W/(m K)

Free convection coefficient of aird Cair 20 W/(m2 K)

Thermal expansion coefficiente a(T) �4� 10�12T2þ 8� 10�9Tþ 4� 10�7 K�1

Resistivitya q(T) 5.1� 10�5[1þ 3� 10�3(T� 273)] Xm

aReference 4.
bReference 16.
cReference 17.
dReference 18.
eReference 19.
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dissipation path is to the two anchors of the ETA through the

inclined beams. As a result, the highest temperature is in the

shuttle. With the addition of the heat sink beams to the speci-

men end, more heat dissipation paths are provided (i.e.,

through the heat sink beams to the anchors). Hence the tem-

perature of the shuttle at the specimen end is significantly

reduced. In addition, the highest temperature in the ETA is

lower than that without the heat sink beams.

Figures 3(c) and 3(d) show the temperature distributions

of the ETA without and with heat sink beams in air, respec-

tively. Without the heat sink beams, the temperature distribu-

tion is similar to that in vacuum, except that the temperature

at the specimen end is considerably lower. The temperature

continuously decreases along the shuttle from the opposite

end (605 K) to the specimen end (573 K). This is mainly due

to the heat conduction to the load sensor on the left side

through the air gap. This heat dissipation is quite significant

(i.e., causing �40 K difference at the specimen edge) and

cannot be captured in the previous thermal models.13 With

the heat sink beams, the temperature distribution is nearly

identical to that in vacuum. Since the temperature at the

specimen end is already very low even in vacuum, the heat

conduction through the air gap is insignificant.

Figure 4 shows the measured temperature profiles along

the shuttle (starting from the edge of the sample end) under

two different actuation voltages, which agree very well with

the simulation results for the air condition. With the heat

sink beams, the temperature changes markedly along the

shuttle length. In contrast, without the heat sink beams, the

temperature only changes little along the shuttle length. This

confirms the critical role that the heat sink beams play in

reducing the temperature at the specimen end. There is a

notable discrepancy in temperature (�15 K) between the

experiments and simulations, especially at high temperature.

The discrepancy might come from both experiments and

simulations. Experimentally, alignment drift of the optical

system, the accuracy in determining position of Raman peak,

and the slope of calibration curve fit might cause errors.15

Numerically, material parameters especially temperature

dependent parameters might not be accurate.

For many applications such as the nanomechanical test-

ing, ETAs often need to have both a low temperature increase

and reasonably large travel range at the specimen edge. To

gain insights for proper design of ETAs, additional FEA were

employed to assess the effects of several parameters (number

of thermal beams m, number of heat sink beams n, inclination

angle h, and length of heat sink beams lsb). The simulations

were performed in vacuum as it is relevant for in-situ electron

microscopy nanomechanical testing. Note that no specimen

was attached to the ETA in these simulations. Analytical

approximation showing the ETA displacement as a function

of these parameters was provided elsewhere.6 Several guide-

lines can be drawn as follows (cf. Figure 5): (1) The larger m,

the larger the displacement at a given temperature rise at the

specimen edge. In this case, the temperature in the ETA

remains nearly constant for a given applied voltage, while the

driving force due to thermal expansion and thus the displace-

ment both increase. (2) The larger n, the larger the displace-

ment at a given temperature rise at the specimen edge. This

seems in contrary to the first point. Though more heat sink

beams increase the overall stiffness, they lead to drastically

reduced temperature at the specimen edge. (3) As long as the

length of the inclined beams does not change, the temperature

in the ETA is independent of h. Without the heat sink beams,

the ETA displacement increases with the decreasing h until

�5�, conservatively speaking (when h< 5�, the ETA might

buckle), because the reduction in stiffness outweighs the

reduction in driving force.6 But with the addition of the heat

sink beams, the reduction in stiffness is not that gainful any

more. As shown in Figure 5, inclination angles of 5� and 10�

yielded about the same results. (4) It is advisable to have rela-

tively short heat sink beams. Though smaller lsb leads to larger

FIG. 3. Temperature distributions of an ETA under 4 V actuation voltage.

(a) Without heat sink beam in vacuum, (b) with 6 pairs of heat sink beams

in vacuum, (c) without heat sink beam in air, and (d) with 6 pairs of heat sink

beams in air. For all the simulations, the thermal beams and heat sink beams

are connected to the anchors, which are indicated in Figure 1. The tempera-

ture at the specimen end is (a) 612.7 K, (b) 315.6 K, (c) 572.5 K, and

(d) 315.2 K, respectively.

FIG. 4. Raman measurement and FEA of the temperature profile along the

shuttle (starting from the specimen edge) under two different actuation

voltages. Solid lines represent the FEA results and dots represent Raman

measurements. The dashed vertical line shows the position of the nearest

pair of heat sink beams (from the specimen edge).
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stiffness of the overall device, they dissipate more heat and

thus reduce the temperature at the specimen edge. Overall, 20

pairs of thermal beams, 9 pairs of heat sink beams, 5� or 10�

inclination angle, and 50 lm heat sink beams were found to

offer the best performance (cf. Figure 5).

The tradeoff of adding the heat sink beams is, however,

the decreasing efficiency in loading (or actuating) the speci-

men. A considerable fraction of the heat (power) is dissipated

through the heat sinks, which lowers the ETA temperature for

a given voltage. In addition, part of the load applied by the

ETA is distributed to the heat sink beams. To address this con-

cern, we performed FEA with specimens of different diame-

ters attached to the ETA under two cases: with (9 pairs 50 lm

long) and without heat sink beams. As an example, we used

a silicon specimen (2 lm long, circular cross section and

E¼ 160 GPa). For an ETA with twenty 5� inclined thermal

beams, Figure 6 shows the ETA displacement (at the speci-

men edge) as a function of the specimen diameter. The addi-

tion of heat sink beams dramatically decreases the ETA

displacement. But the temperature increase at specimen edge

also dramatically decreases from 823 to 21 �C (not shown).

Even for the largest diameter of 2 lm, the ETA still moves

0.35 lm with the presence of the heat sink beams, correspond-

ing to a strain of 17.5% on the specimen. Therefore, the

reduced loading efficiency is not an issue for nanoscale speci-

mens (e.g., nanowires with diameters less than 100–200 nm)

or microscale specimens with relatively short length. For long

microscale specimens (e.g.,�2 lm), such reduced loading ef-

ficiency should be taken into account. FEA could be carried

out to optimize the device performance (in terms of loading

efficiency and temperature control).

In summary, we report experimental measurement and

multiphysics modeling of the temperature profiles of a

V-shaped ETA in the cases of with and without the heat sink

beams. The Raman measurement of temperature agreed very

well with the modeling results in air. Heat conduction

through air to neighboring devices is considerable, while heat

convection to the air is negligible. Our work unambiguously

demonstrated that the heat sink beams play a critical role in

reducing the temperature at the specimen end of the ETA. To

reach reasonably large actuator displacement while maintain-

ing low temperature, several design guidelines are provided

including more inclined thermal beams, more heat sink

beams, small inclination angle, and relatively short heat sink

beams. These guidelines will be valuable to design ETAs for

in-situ nanomechanical testing. It should be cautioned that

while mitigating the undesired heating problem, heat sink

beams also reduce the loading efficiency of the ETAs. The

combined experiment-modeling methodology presented here

can be applied to other MEMS devices where temperature

control is desired.
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