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Abstract: The high work density and beneficial downscaling of shape memory alloy (SMA) 

actuation performance provide a basis for the development of actuators and systems at microscales. 

Here, we report a novel monolithic fabrication approach for the co-integration of SMA and Si 

microstructures to enable SMA-Si bimorph microactuation. Double-beam cantilevers are chosen for 

the actuator layout to enable electrothermal actuation by Joule heating. The SMA materials under 

investigation are NiMnGa and NiTi(Hf) films with tunable phase transformation temperatures. We 

show that Joule heating of the cantilevers generates increasing temperature gradients for decreasing 

cantilever size, which hampers actuation performance. In order to cope with this problem, a new 

method for design optimization is presented based on finite element modeling (FEM) simulations. 

We demonstrate that temperature homogenization can be achieved by the design of additional 

folded beams in the perpendicular direction to the active beam cantilevers. Thereby, power 

consumption can be reduced by more than 35 % and maximum deflection can be increased up to a 

factor of 2 depending on the cantilever geometry.  

Keywords: microactuator; shape memory bimorph effect; finite element modeling; e-beam 

lithography; silicon technology 

 

1. Introduction 

Silicon (Si) technology has been well advanced to develop complex micro-electro-mechanical 

systems (MEMS) consisting of various functional units including structural parts, elastic components, 

as well as sensors and microactuators based on electrostatics, magnetomotive or electrothermal 

principles, see e.g., [1–3]. Despite this versatility, current microactuation concepts exhibit a number 

of limitations, including low power efficiency, limitations of downscaling, and technology 

constraints, which become even more severe upon further downscaling to nanometer dimensions. 

Shape Memory Alloy (SMA)-based actuators may overcome these constraints due to their large work 

density of up to 107 Jm⁻3 and favorable downscaling behavior [4].  

The monolithic integration of SMA actuators with active and passive Si structures enables 

various MEMS applications, including switching and tuning functions for mechanics and photonics 

[5,6]. The development of combined Si MEMS and SMA microactuator systems requires monolithic 

integration of SMA films compatible with MEMS fabrication processes. In recent years, monolithic 

fabrication as well as hybrid integration processes have been successfully demonstrated, allowing for 
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parallel fabrication of SMA film actuators on the wafer scale [7–9]. Major challenges are the high 

annealing temperature (minimum 500 °C) and thermo-mechanical treatment required for SMA 

microactuator fabrication, which may cause interdiffusion, delamination, and process 

incompatibilities with other MEMS components [4]. Sputtered NiMnGa and TiNiHf SMA films are 

especially interesting for use in micro- and nanoactuators due to tunable phase transformation 

temperatures, tunable hysteresis, and decent functional fatigue properties [8–11]. 

SMA actuators being thermal actuators require either a direct or an indirect heating mechanism. 

Direct Joule heating can be implemented, in principle, down to nanometer dimensions, as it does not 

require any additional structures such as microheaters. However, direct Joule heating of SMA 

actuators consisting of beam cantilevers with decreasing dimensions results in an increasing 

temperature gradient along the beam length that can well exceed 50 K/µm [12]. As a result, the SMA 

layer undergoes phase transformation only in a local region, which results in a negligible contribution 

of the shape memory effect to the deflection characteristics [12].  

In this study, we present a process for the co-integration of SMA and Si microstructures focusing 

on NiMnGa and NiTi(Hf) films to enable SMA/Si bimorph microactuation and introduce an approach 

to optimize the bimorph actuator layout with respect to temperature gradient in order to maximize 

deflection and to minimize power consumption. 

2. Fabrication of SMA-Si Bimorph Layer 

The process flow under investigation for the fabrication of SMA/Si bimorph microactuators is 

shown schematically in Figure 1. Double beam cantilevers are chosen for actuator layout to enable 

electro-thermal actuation by Joule heating. Silicon-On-Insulator (SOI) wafers with Si device layer 

thickness of 2 µm are chosen as the starting substrate for co-integration. SMA-based films are 

deposited by magnetron sputtering with a thickness of several microns along with a top layer of Au. 

Amorphous SMA films are then crystallized at selected temperatures (500–700°C). First, the pattern 

is transferred to the Au layer by ultra-high-resolution electron beam lithography (EBL) and wet-

etching of Au. Second, the thick SMA films are wet etched by hydrofluoric acid (HF) and nitric acid 

(HNO3) solution, while thin films are dry-etched by reactive ion beam etching (RIBE). Third, the Si 

device layer is structured by reactive ion etching (RIE) using the cryo process. Finally, freestanding 

SMA/Si bimorph cantilevers are obtained by wet etching of the buried silicon oxide using 

hydrofluoric acid. This process flow is compatible with fabricating co-integrated SMA/Si bimorph 

and micromechanical structures. Figure 2a shows a scanning electron micrograph of a typical 

freestanding SMA/Si double-beam cantilever with a non-optimized layout. The SMA and Si layers of 

the bimorph device can be distinguished clearly. 

 

Figure 1. Schematic fabrication process flow of a SMA/Si bimorph microactuator: (a) SOI wafer with 

pre-sputtered and annealed SMA and gold layer, (b) patterning of gold layer using EBL, (c) etching 

of SMA layer, (d) RIE of Si device layer, (e) etching of SiOx sacrificial layer, (f) free-standing SMA/Si 

bimorph cantilever. 
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(a) (b) 

Figure 2. Differential Scanning Calorimetry (DSC) characteristics of SMA thin films: (a) Influence of 

annealing on phase transformation temperatures of TiNiHf films; (b) Phase transformation 

temperatures of a NiMnGa film. 

3. SMA Film Properties 

Energy dispersive x-ray spectroscopy (EDX) measurements show an average film composition 

of Ti38.9Ni48.8Hf11.3 for sputtered amorphous TiNiHf films. Since the films are sputtered in the 

amorphous state, it is possible to adjust the SMA transformation temperatures (i.e., actuator 

operation temperatures) via the annealing temperature. The Differential Scanning Calorimetry (DSC) 

measurements shown in Figure 2a confirm that as the TiNiHf alloy annealing temperature increases, 

the transformation temperatures also increase. The latent heat, thermal hysteresis width, and 

transformation temperatures of the films annealed at 773 K, 873 K and 973 K for 30 min are given in 

Table 1 together with the phase transformation temperatures of a NiMnGa film. Figure 2b shows a 

DSC characteristic of the polycrystalline NiMnGa film, which has been heat-treated at 1073 K. The 

chemical composition of the film has been determined by the inductive coupled plasma method to 

be Ni51.4Mn28.3Ga20.3. 

Table 1. Differential scanning calorimetry data for sputtered TiNiHf and NiMnGa films after different 

annealing heat treatments. 

Material 
Annealing 

Information 

Af 

(K) 

As 

(K) 

Ms 

(K) 

Mf 

(K) 

ΔT 

(K) 

ΔHM-A 

(J/g) * 

ΔHA-M 

(J/g) * 

TiNiHf 773 K–30 min 419.0 412.1 357.9 356.1 58.6 18.5 22.0 

 873 K–30 min 432.9 425.1 370.7 367.1 60.1 19.6 23.7 

 973 K–30 min 439.7 428.9 376.0 371.2 60.7 20.0 24.2 

NiMnGa 1073 K–600 min 355 337 360 326 3 - - 

* Due to the low sample mass an error of 0.5 J g−1 is assumed. 

4. Modelling Approach 

A Finite Element Model (FEM) for mechanical and thermal analyses is developed and 

implemented using COMSOL Multiphysics 5.5. The Electric-Current module, Heat-Transfer module 

and Structural-Mechanics module are coupled together to implement a Joule heating-based 

deflection model of the SMA/Si bimorph devices. The resistive heating due to electro-thermal 

coupling acts as a thermal load for the Solid-Mechanics interface, causing differential thermal 

expansion as well as deformation due to martensitic phase transformation.  

The shape memory effect is described by the Tanaka-type model, in which the martensite 

volume fraction 𝜉ெሺ𝜎, 𝑇ሻ  is introduced which approximates the phase transformation by an 

exponential step function that varies between 1 (martensite state) and 0 (austenite state) depending 

on temperature and stress. In this phase transformation regime, the temperature-dependent material 
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properties are defined by a simple rule of mixture, which introduces two independent parameter sets 

describing the martensite and austenite state. For example, the electrical conductivity 𝛽ௌெ஺ሺ𝑇ሻ of 

SMA is approximated as a mixture of electrical conductivity in austenite phase 𝛽஺ and in martensite 

phase 𝛽ெ, 𝛽𝑆𝑀𝐴ሺ𝑇ሻ ൌ ቀ1 െ 𝜉𝑀ሺ𝛼, 𝑇ሻቁ ∙ 𝛽𝐴 ൅ 𝜉𝑀ሺ𝛼, 𝑇ሻ ∙ 𝜎𝑀, (1) 

Our approach for design optimization is to provide additional folded beam structures (wings) 

at the onset of the double-beam cantilever in a perpendicular direction as illustrated in Figure 3b. In 

this case, the wing width, wing length, and the number of folds (overall path length) of the additional 

structures are the major design parameters for tuning the temperature gradient resulting from Joule 

heating. 

  

(a) (b) 

Figure 3. (a) Scanning electron micrograph of a freestanding SMA/Si bimorph microactuator with 

double-beam cantilever with the non-optimized layout; (b) schematic of a SMA/Si bimorph 

microactuator with additional folded beam structures (wings) for temperature homogenization. 

Table 2 summarizes the material parameters of Si and two different SMA materials (NiMnGa 

and NiTi) used in the simulations. The key material parameters for resistive Joule heating are 

electrical conductivity 𝛽  and thermal conductivity κ. The thermal conductivity of SMA is 

approximated by the Wiedemann-Franz law [13] describing the heat conductivity κௌெ஺ሺ𝑇ሻ as a 

function of electrical conductivity 𝛽ௌெ஺, κௌெ஺ሺ𝑇ሻ ൌ 𝐿଴ ∙ 𝛽ௌெ஺ሺ𝑇ሻ ∙ 𝑇, (2) 

with the proportionality constant 𝐿଴ ൌ 2.45 ൈ 10ି଼ WΩ Kଶൗ  [13]. The thermal conductivity of Si [14] is 

approximated by, 

κௌ௜ሺ𝑇ሻ ൌ 5.0105 ൈ 10ସ Wm𝑇 െ 19.24 WmK, (3) 

For the mechanical response, the necessary input parameters are Young's modulus (E), Poisson 

ratio (ν), and the thermal expansion coefficient (α). In the phase transformation regime, the stress and 

the coefficient of thermal expansion (CTE) values are approximated by the rule of mixture as 

described before.  
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Table 2. Material parameters for coupled electro-thermo-mechanical simulation of temperature 

profiles for SMA/Si bimorph microactuators. Material parameters of TiNiHf films are approximated 

by parameters of binary TiNi films depending on data availability. The Poisson ratio of Si is included 

in the COMSOL material library. A polynomial function approximates the thermal expansion 

coefficient of Si [14] 𝛼ௌ௜ሺ𝑇ሻ ൌ ሺെ3.0451 ൅ 0.035705𝑇 െ 7.98110ିହ𝑇ଶ ൅ 9.578310ି଼𝑇ଷ െ5.891910ିଵଵ𝑇ସ ൅ 1.461410ିଵସ𝑇ହሻ10ି଺ 1/K. 

 
Si 

[15,16] 

NiMnGa 

[17,18] 

NiTi(Hf) 

[19,20] 

Electrical conductivity 𝛽ௌெ஺, S/m 10 𝛽ே௜ெ௡ீ௔ሺ𝑇ሻ 𝛽ே௜்௜ሺ𝑇ሻ 

Thermal expansion coefficient α, 1/K 𝛼ௌ௜ሺ𝑇ሻ 
𝛼஺ ൌ 23 ൈ 10ି଺ 𝛼ெ ൌ 33 ൈ 10ି଺ 

𝛼஺ ൌ 11 ൈ 10ି଺ 𝛼ெ ൌ 6.6 ൈ 10ି଺ 

Young’s modulus E, GPa 169 E ൌ 100 E ൌ 87 

Poisson’s ratio ν 0.22 0.33 0.39 

5. Homogenization of Temperature Profiles 

Figure 4 shows a series of simulated temperature profiles of a NiMnGa/Si bimorph actuator for 

different values of electrical power. A standard double-beam cantilever design (denoted as non-

optimized design in the following) and a temperature-homogenized design with additional folded 

beam structure is considered with 20 µm beam width and 200 µm beam length. The width and length 

of the folded structures are 20 and 60 µm, respectively. In a first approach, a constant layer thickness 

of 2 µm is considered for both SMA and Si layers. The x-position corresponds to the path along the 

beam length. 

 

 

Figure 4. Coupled finite element simulation of temperature profile along x-position of the beam for 

various values of electrical power as indicated. A double-beam cantilever with 20 µm beam width 

and 200 µm beam length is considered: (a) non-optimized design with very high temperature 

gradient, (b) temperature- homogenized design with additional folded beam structure (wings). Less 

power is required to achieve similar maximum temperatures. 
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Figure 4a reveals that very high temperatures occur at the beam tips, while the onset of the 

beams is close to room temperature. At an electrical power of 40 mW, the maximum temperature at 

the beam tip reaches 900 K, while the beam onset has a temperature of 350 K. As a result, a larger 

electric power is required to heat the entire structure, causing heat accumulation at the beam tip. 

Furthermore, for increasing electrical heating power, the temperature gradients along the beam 

lengths are increasing. Figure 4b shows temperature profiles of the temperature-homogenized 

design. Behind the wing structure (x > 50 µm), almost homogeneous temperature profiles occur along 

the beam in contrast to non-optimized cantilever structures. The homogeneous temperature profiles 

eliminate the issue of different phase states at local regions of the cantilevers and, thus, allow for 

complete phase transformation.  

6. Evaluation of Critical Electrical Power and Maximum Deflection 

At typical heat-treatment temperatures between 600 K and 800 K, interdiffusion occurs and, 

consequently, shape memory properties deteriorate. Therefore, a critical temperature of 600 K is 

considered here as the operational limit of the actuator device. Figure 5a shows simulated 

characteristics of maximum temperature at the beam tip as a function of electrical heating power for 

different geometries of non-optimized and temperature-homogenized cantilevers. The critical 

electrical power limits of reaching the critical temperature of 600 K are indicated for both cases. The 

heating is maximum at the beam tip, so the beam tip is taken as the measurement point. The source 

of heat is characterized by the given electrical power. Therefore, the operational power limit is also 

calculated from this critical temperature, as indicated in Figure 5a. For a study on the dependencies 

of beam geometry, a set of different NiMnGa/Si bimorph variants is selected featuring beam widths 

and lengths up to 30 µm and 200 µm (see Table 3). 

Table 3. Geometric dimensions of different variants of NiMnGa/Si bimorph actuators. 

Variant Beam Width, w (μm) Beam Length, l (μm) Wing Length a, h (μm) 

1 2 20 5 

2 2 100 15 

3 4 60 15 

4 20 200 60 

5 30 200 60 

a Only for the folded beam structure; the wing width always coincides with the beam width of the cantilever. 

Comparing variants #1 and #4, the width and length are upscaled by a factor of 10 while keeping 

the width-to-length ratio constant (w/l aspect ratio of 10). The critical electrical power for variants #1 

and #4 for the non-homogenized model is 19.7 mW and 26 mW, respectively. In the case of the 

temperature-homogenized model, this critical power limit decreases to 16 mW and 12.5 mW, which 

corresponds to a 35 % reduction in power consumption. Comparing variants #4 and #5 in Figure 5a, 

a huge difference of 40 % in critical power is observed, resulting from the variation of beam width. 

In the case of 100 µm beam length, both models reveal the lowest values of critical power of 4.5 mW 

(non-optimized) and 3.5 mW (temperature-homogenized), respectively. In all cases, temperature-

homogenized designs reveal lower electrical power to achieve comparable maximum temperatures.  
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(a) (b) 

Figure 5. (a) Simulated characteristics of maximum temperature at the beam tip as a function of 

electrical heating power for different geometries of non-optimized and temperature-homogenized 

cantilevers. The critical electrical power limits of reaching the critical temperature of 600 K are 

indicated for both cases. (b) Simulated characteristics of out-of-plane deflection at the beam tip as a 

function of electrical heating power. The maximum achievable deflections are indicated 

corresponding to the critical electrical power limits. 

Simulated characteristics of out-of-plane deflection at the beam tip are shown in Figure 5b as a 

function of electrical heating power. The maximum achievable deflections are indicated 

corresponding to the critical electrical power limits. Comparing variant #1 of both the non-optimized 

and temperature-homogenized designs, the deflection increases by a factor of 2, and power 

consumption reduces by more than 35 %. In general, for bimorphs, the thickness of SMA/Si layers 

and the length of the cantilever defines the out-of-plane deflection, whereas the beam width has no 

contribution to it. This is observed by comparing variants #4 and #5, where the deflection is merely 

the same for both non-homogenized and homogenized models. However, a significant reduction in 

the critical power limit by 30–40% is present. This implies that the range of power limit can be 

changed without compromising the deflection, depending on the design requirements. 

6. Conclusions  

This study presents an approach to fabricate SMA/Si bimorph microactuators with cantilever 

beam design and to homogenize their temperature profile caused by Joule heating. The focus is on 

NiMnGa and NiTi(Hf) films with tunable phase transformation temperatures. By introducing folded 

beam structures perpendicular to the cantilever structures, the temperature profiles are 

homogenized, allowing for uniform phase transformation. Critical electrical power values are 

determined for different geometric variants indicating the operational limit of the SMA/Si bimorph 

microactuators. By temperature homogenization, we could reduce power consumption by up to 35%. 

Upscaling the temperature-homogenized geometry without changing the aspect ratio w/l allows for 

reduction in electrical heating power by 30-40%. The maximum deflection is increased by a factor of 

2 for the smallest cantilever design under investigation with beam width/length of 2/20 µm. 

300

450

600

750

0 10 20 30 40

300

450

600

750

M
ax

im
um

 te
m

pe
ra

tu
re

 / 
K

13.3 19.7 26 38 4.5 

9.3 12.5 16 3.5 

critical electrical power (mW)

Electrical power / mW

Variant / beam width / length / wing length
      (#1)   2 µm /   20 µm /   5 µm
      (#2)   2 µm / 100 µm / 15 µm
      (#3)   4 µm /   60 µm / 15 µm
      (#4) 20 µm / 200 µm / 60 µm
      (#5) 30 µm / 200 µm / 60 µm

25.5 

0.01

0.1

1

10

0 4 8 12 16 20 24 28
0.01

0.1

1

10

maximum deflection (µm)
for critical power (mW)

6.3

8.3

2.5

0.4

0.8

28

29 28

O
ut

-o
f-p

la
ne

 d
ef

le
ct

io
n 

/ µ
m

 

Electrical power / mW

  Variant  /  beam width  / length / wing length
    (#1)    2 µm /   20 µm /   5 µm 
    (#2)    2 µm / 100 µm / 15 µm 
    (#3)    4 µm /   60 µm / 15 µm 
    (#4)  20 µm / 200 µm / 60 µm 
    (#5)  30 µm / 200 µm / 60 µm 

3.1



Proceedings 2020, 64, 8 8 of 9 

 

Author Contributions: M.K., and E.Q. developed the concept; G.A. developed the simulation model, performed 

the simulations and experiments, analyzed the data and wrote the draft of the manuscript; Z.L. contributed to 

experiments and data analysis; S.C. designed the TiNiHf experiments and analyzed the data; P.V. contributed 

to SMA sample preparation; M.K. supervised the work, reviewed and edited the manuscript. All authors have 

read and agreed to the published version of the manuscript. 

Acknowledgments: This research has received funding from the German Research Foundation (DFG) within 

the priority program “SPP2206–Cooperative Multistage Multistable Microactuator Systems”. Further, we would 

like to thank Duygu Dengiz for supporting us with EDX measurements. 

Conflicts of Interest: The authors declare no conflict of interest 

Abbreviations 

The following abbreviations are used in this manuscript: 

EBL Electron Beam Lithography 

EDX Energy dispersive x-ray spectroscopy 

CTE Coefficient of Thermal Expansion 

DSC Differential Scanning Calorimetry 

FEM Finite Element Modeling 

MEMS Micro-Electro-Mechanical Systems 

RIBE Reactive Ion Beam Etching 

SMA Shape Memory Alloy 

SOI Silicon-On-Insulator  
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