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Zusammenfassung 

Die primäre Zielstellung dieser Dissertation ist die Entwicklung ungekühlter, 

unimorph deformierbarer Spiegel (DM) zum Ausgleich thermischer Linsen in 

Hochleistungslasersystemen. Die sekundäre Zielstellung ist die Entwicklung 

eines Herstellungsprozesses für deformierbare Spiegel, der hauptsächlich auf 

Waferleveltechnologien beruht und somit manuelle Prozesse reduziert. 

 

Der DM besteht aus einem Spiegelsubstrat auf dessen Rückseite eine 

piezoelektrische Schicht zwischen zwei Elektroden aufgebracht ist. Diese Art 

von Spiegeln wurde bereits erfolgreich in Hochleistungslasersystemen 

eingesetzt. Eine weitere Erhöhung der Laserleistungsdichte erfordert jedoch 

neue thermische Kompensationstechniken, bei der die Spiegelperformance nicht 

durch Temperaturschwankungen in der Spiegelbaugruppe vermindert wird. 

Ein während der Untersuchung entwickeltes Mehrlagendesign integriert 

mehrere Schichten in den Spiegelaufbau, dessen thermo-mechanische Parameter 

sich vom Substrat und der piezoelektrischen Schicht unterscheiden. Mittels 

analytischen Methoden und der Methode der finiten Elemente wurde eine 

Optimierung im Hinblick auf großen piezoelektrischen Hub und optimierte 

thermisch-induzierte Deformation durchgeführt. Diese wird entweder durch 

eine homogene Temperaturveränderung in der Spiegelmembran oder durch 

Absorption von Laserstrahlung generiert. Die dabei hervorgerufenen 

Veränderungen werden abhängig von Diskontinuitäten der piezoelektrischen 

Schicht, den mechanischen Randbedingungen, der spiegelnden Kupferschicht-

dicke und der Spiegelfassungsmaterialen simuliert. 

 

Ein aus sechs Arbeitsschritten bestehende Herstellungsprozess eines DMs mit 

siebgedruckter piezoelektrischer Aktorstruktur wurde entwickelt. Fünf Schritte 

sind davon auf Waferlevel prozessierbar. Einzig die Bearbeitung der Spiegel-

fläche mittels eines ultrapräzisen Drehprozesses ist keine Serienfertigung. Im 

Gegensatz zum Stand der Technik für DM ist die elektrische Verdrahtung der 

strukturierten Elektroden auch auf Waferlevel prozessierbar und das Spiegel-

setup ist monolithisch. 

 

Thermisch induzierte Deformationen durch homogene Temperaturveränderung 

kann durch eine sog. zero deflection Konfiguration ausgeglichen werden. Laser-

induzierte Deformationen werden mit gegenläufigen, thermisch homogen 

induzierten Deformationen kompensiert. Dieser Ansatz wird als Compound 
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loading bezeichnet und in einem praktischen Spiegelaufbau umgesetzt. In 

diesem deformierbaren Spiegel wird eine Deformation, induziert durch 1.3 W 

absorbierte Laserleistung, über eine homogene Temperaturerhöhung um 34 K 

kompensiert. Damit wird gezeigt, dass die entwickelten und vorwiegend mit 

parallelen Fertigungstechnologien hergestellten Spiegel für Hochleistungslaser-

anwendungen geeignet sind.  
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Abstract 

The primary objective of this thesis is the development of non-cooled deformable 

unimorph mirrors (DM) for thermal lensing compensation in high-power laser 

systems. The secondary objective is the development of a manufacturing regime 

that consists mainly of batch-fabrication and reduced manual processes. 

  

The DM consists of a mirror substrate with a piezoelectric layer sandwiched 

between two electrodes, bonded on the mirror’s rear surface. These types of 

mirror have been successfully integrated into high-power laser systems; 

however, further increase in laser power requires new thermal compensation 

techniques in which the DMs performance is not affected by temperature 

changes in the mirror assembly. 

 

To achieve this objective, a multi-layer design was studied. The multi-layer 

design integrates several layers with thermo-mechanical parameters that differ 

from the substrate and the active layer into the mirror set-up. Beginning with 

this set-up, an optimization is performed with regard to the required large 

piezoelectric stroke and low thermally-induced deflection by analytical and 

finite element modelling. The thermally-induced deflection of the multi-layer is 

distinguished by their source into homogeneous thermal loading and 

inhomogeneous laser loading. The mirror response upon piezoelectric activation 

and both thermal loadings was simulated with respect to piezoelectric layer 

discontinuity, different mechanical boundary conditions, reflective copper-layer 

thickness, and mirror mount materials. 

 

The manufacturing regime of screen-printed piezoelectric DM is developed. The 

manufacturing process comprises six steps out of which five are batch-fabri-

cation techniques. The mirror surface finishing by means of an ultraprecise 

turning process alone does not involve batch fabrication. In contrast to state-of-

the-art deformable mirror technologies, the electric wiring of the addressing 

electrodes of the deformable mirror is also batch-fabricated and the mirror set-up 

is monolithic. 

 

The thesis presents possible concepts to compensate for thermally-induced 

mirror deformation. Thermally-induced deformation by homogeneous loading is 

balanced by the zero deflection configuration of the multi-layer.  The 

compensation for laser-induced deformation can be achieved by homogeneous 
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thermal loading that can compensate as the deformation caused by the loading 

opposes the laser-induced deformation. This approach is referred to as 

compound loading, and it is investigated in a practical mirror set-up. Here, a 1.3-

W absorbed laser power is compensated by a 34-K homogeneous loading. It is 

concluded that the developed and mainly batch-fabricated DM are suitable for 

high-power laser applications.  
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1 Introduction 

Laser is the acronym for light amplification by stimulated emission of radiation. 

It describes the physical process of light amplification but is now generally 

recognised as a device that delivers (laser) radiation. Laser in the industrial 

practice of material machining is meanwhile an important, and no longer 

imagine living without technology. The laser is a modern beam tool that is used 

for cutting, welding, drilling, marking and ablation. Laser based surface 

modification (hardening and coating) also is standard.  

In laser machining, the laser is focussed onto the workpiece that absorbs the 

electromagnetic energy on its surface. The impact of the laser radiation depends 

on the mechanism of energy absorption, and thus on its exposure time and 

power density. The power density (power per unit area) increases with 

decreasing spot size. Depending on the power density, different processes and 

material changes are induced. The absorbed power density evokes a temperature 

increase around the laser spot in the workpiece. Low power densities increase 

the temperature of the machined material below its melting point. A hardening 

of the workpieces surface is achieved. The further increase of power density 

induces temperatures in the exposed area greater than or equal to the melting 

temperature. This material melt is used for heat-conduction welding. If the 

absorbed energy induces evaporation temperatures in the exposed area, a 

capillary with a diameter in the range of the laser spot is generated and thus, the 

material can be cut. Laser drilling is possible if the power density achieves values 

between 107 W/cm² and 108 W/cm² generating plasma that is ejected due to 

pressure differences between ambient and drill location. Highest power densities 

of 1020 W/cm² are generated for laser-matter-interaction experiments. These 

highest power densities are accomplished by focussing especially developed 

high power lasers to small spot sizes. 

The efficient application of laser machining is attributed to the efficient 

generation and to the efficient coupling of energy into the machined material 

which is characterized by the specific material absorption. The material 

absorption relies on the wavelength, polarization and angle of incidence of the 
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incoming beam. The most outstanding property of the laser is the spatial and 

temporal high precision energy input into the workpiece which causes a 

minimized heat-affected zone.  

Laser machining is contact free and force free. Complex part geometries can be 

machined by applying a 3D tool head. Therefore, application of laser in material 

machining requires the inclusion of the mechanical equipment (machine 

technology) e.g., optical, mechanical and structural components to work as a 

machine tool. Furthermore, the laser beam needs to be guided from the location 

of generation to the work zone by mirrors, lenses and optical fibres. 

Additionally, focussing the laser must be accomplished by lenses or mirrors.  

A high power laser beam interacts not only with the workpiece but also with the 

optical components of the machine tool. This results in a negative impact on the 

laser beam quality, leading to lower power densities applied to the workpiece. 

The absorption of laser power in the optical components causes an increase in 

temperature and thus a corresponding gradient in the optical components. This 

temperature increase induces shape variations in the optical components, 

thereby changing their optical characteristics. Further, the temperature increase 

changes the refractive index of the transmissive optical components due to its 

temperature dependence. Both effects result in unwanted optical path length 

differences over the optical aperture. Thermally-generated optical phase length 

differences degrade the phase front and the beam quality. These unwanted laser-

power-induced changes cause the focus position to shift. In addition, the spot 

size of the laser beam is increased. This phenomenon is referred as thermal 

lensing1.  

Thermal lensing can be reduced by an active optical component in the laser 

chain that introduces an opposed optical path length difference. Such correcting 

optical components are for example deformable mirrors. Their surface can be 

deformed in order to compensate for path length differences. 

The challenge of deformable mirror applications in high-power laser systems 

arises due to the laser-induced deformations of their surface. The mirror surface 

absorbs a fraction of the laser radiation, and the mirror temperature increases 

depending on the optical coating and the heat dissipation capability of the 
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substrate used. Thermal lensing establishes in the deformable mirror itself, 

restricting its working range. Therefore, very few types of mirrors are capable of 

high-power beam shaping.  

Unimorph mirrors that consist of a mirror substrate with a piezoelectric disk 

bonded to the substrates rear surface have successfully been used as active 

mirrors. A dielectric coating is applied on the mirror substrate either before or 

after the bonding of the piezoelectric disk. The minimization of the differences in 

thermal expansion of the substrate and the piezoelectric disk in turn minimizes 

the bimetal effect of the active mirror. The bimetal effect converts a temperature 

change into an undesired mechanical displacement. This construction is referred 

to as athermal. The suppression of the bimetal effect is only possible if less heat 

needs to be dissipated because the frequently used thermally adapted substrates 

(e.g. BK10 or PZT) suffer from low thermal conductivity.  

Another construction method is to select a substrate material that dissipates the 

absorbed radiation; on doing so, temperature gradient and peak temperature in 

the mirror substrate decreases, and consequently, so does the mirror’s surface 

deformation. If the thermal conductivity of the substrate is too low, the resulting 

heat cannot be dissipated and thermal lensing develops. One conventional 

solution involves increasing the optical aperture in order to decrease the power 

density of the laser beam. A lower power density reduces the temperature 

increase at the mirror. Therefore, the requirements for optical coating and heat 

dissipation are reduced. A low mirror temperature change decreases the 

contribution of material instabilities (due to thermal expansion and thus 

reflected by the coefficient of thermal expansion) of the piezoelectric material to 

the deformation. Nevertheless, this approach is not always favourable, as the 

manufacturing labour input strongly depends on the mirrors diameter. The 

larger the mirror diameter the more difficult is the mirror polishing process and 

the bonding of the piezoelectric disk. Further, the associated decrease of the first 

natural frequency due to this approach can limit the application.  

This work addresses the development of deformable mirrors for the application 

in high power laser chains. Special emphasis is put on the thermo-mechanical 

design of the deformable mirror and the development of a manufacturing 
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regime based on batch-fabrication. The objective of the thermo-mechanical 

design considerations is the optimization of the deformable mirror architecture, 

to minimize laser-induced deformations of the mirror surface. The high power 

reliability of the uncooled architecture shall be achieved through a multi-

material design. In addition, the mirror performance is demonstrated with a 

large compensation range of wavefront aberrations at a bandwidth of more than 

1 kHz.  

This thesis is divided into six chapters. After the introduction and the physical 

technical fundamentals, the current state-of-the-art technology in deformable 

mirrors is discussed and the scope of the thesis is educed. The chapter screen-

printed piezoelectric deformable unimorph mirrors examines piezoelectricity as 

the actuating material for deformable mirror, and the screen printed layer 

material characteristics are reviewed.  

A manufacturing concept almost entirely based on batch-fabrication techniques 

is developed. Special emphasis is put on the mirror mount concept. Chapter 0 

reviews the existing analytical models for piezoelectric actuation and 

homogeneous thermal loading. Beginning with these models, an optimization is 

performed with regard to the required large piezoelectric range and low 

thermally-induced deflection. Further, I introduce the zero deflection multilayer 

concept in the setting up of a deformable mirror. The range of the validity of the 

analytical zero deflection approach is determined by the finite element method 

(FEM). In addition, I show the influence of the material inhomogeneity, copper-

layer thickness, and membrane boundary conditions on thermally-induced 

deflection. The applicability of the optimized multilayer (ML) design to 

inhomogeneous loading is the special focus of this chapter. Inhomogeneous 

loading is induced by laser beams. The simulations of the loading are used to 

evaluate the influence of different mount materials and copper-layer thicknesses 

for small laser-induced membrane deformations. The chapter also puts special 

emphasis on the modelling of dynamic behaviour of the mirror membranes. The 

work investigates the influence of the substrate’s copper-layer thickness, its 

initial curvature, and residual stresses in the mirror membrane on the resonance 

frequency. The chapter concludes with the formulation of construction 
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guidelines for homogeneous and inhomogeneous temperature loadings. The 

Experimental verification of the deformable unimorph mirror is performed in the 0th 

chapter of the present thesis. After reviewing the different characterization set-

ups, the obtained results are presented. The results show a large piezoelectric 

stroke of the deformable mirror along with low thermally-induced deflection. A 

new compensation regime for high laser loads (compound loading) is developed 

and tested. The last chapter summarizes and discusses the results. 

  



6 Chapter 1 - Optimization of the thermo-mechanical properties 

 

 



 7 

2 Physical technical fundamentals  

Laser for material machining are characterized by their average power and beam 

quality. The beam quality of a laser beam is specified by the beam parameter 

product (BPP), being the product of beams divergence and the radius ω0 at its 

most narrow point (beam waist). 

 



   M² =   BPP 0  (1)  

M² is referred to as the beam quality factor and λ is the wavelength2,3. In 

theoretically case of ideal beam quality M²  =  1. The beam is diffraction-limited. 

A decrease of the beam quality increases M². A diffraction limited beam with 

M² = 1 equals a single mode laser possessing a Gaussian shaped intensity 

distribution (beam profile). Such single mode laser beams have excellent focus 

abilities leading to smallest possible spot sizes.  

The power density is the quotient of average laser power and the beams cross-

sectional area. In laser machining, the beam is focussed into a small spot 

generating large power density. In case of not reducing the beam quality due to 

aberrations introduced by the optical components, the beam profile will remain 

its Gaussian shape.  

Wavefronts define surfaces of constant optical path length from a certain point 

source. “Rays and wavefronts are always orthogonal to one another”5. A point 

source emits a spherical wavefront whose radius changes with distance to its 

source and becomes a flat wavefront if the source is moved to infinity. In this 

case, the rays are parallel forming a collimated beam. These kinds of wavefronts 

are ideal constructions that serve as reference wavefronts against which other 

real wavefronts can be compared. 

 

Real laser systems and especially high-power laser systems emit with M² > 1. 

They exhibit aberrations that are deviations from the reference wavefronts (cf. 

Figure 1(a)). The aberrations in high power laser systems are mostly thermally 

generated and referred to as thermal lensing. Here, a fraction of the laser power 

is absorbed and converted into heat. The heat needs to be dissipated as 
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otherwise the temperature increases which should be suppressed as this is a 

possible source of aberration due to: 

 

 Deformation of optical components such as lenses and mirrors due to 

their thermal expansion and hence change of their optical properties.  

 Temperature dependency of the refractive index of transmissive optical 

components. Inhomogeneous heating of circular lenses by laser load 

establishes a radial temperature profile and hence a radial gradient of the 

refractive index across aperture. This is disturbing not only in lenses but 

also in laser crystals where also non-radial temperature profiles establish. 

 Deformation of laser crystals by thermal expansion and thermal stress. 

 Thermally-induced birefringence in optical components. 

 Temperature dependency of the thermal conductivity in optical and 

mechanical components. 

 

A laser induced temperature increase of several Kelvins (< 10 K) in the lens 

centre can already result in strong thermal lensing. Typical time constants are 

several seconds. A characteristic is that thermal lensing scales with the absorbed 

power in the laser system and therefore needs an active compensation for the 

aberrations.  

Active compensation for the aberrations or a specific variation of the optical path 

can be generated by changes in the refractive index or geometrical path length 

variations. The change in refractive index can be created by birefringence in 

electro-optical materials, e.g., liquid crystals. Liquid crystals can provide large 

aperture and high resolution; however, energy loss and light scatter due to their 

discrete structure limit their range of application. Furthermore, they have a 

limited thermal range because of the strong temperature dependence of the 

material used. Liquid crystals based light modulators are not within the scope of 

this study as they offer low stroke, low switching rates, and no handling of high 

laser power4.  

The second alternative relies on geometrical path length variations. Such 

variations can be introduced by deforming a mirror surface. The surface of the 
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active mirror used for this purpose is adapted in such a way, that the deformed 

mirror offers the same degree of optical phase difference that is present in the 

laser beam, but with half the amplitude as the beam is reflected and the 

deformable mirror imposed optical path length differences double. Longer 

optical paths lengths are assigned to precursory parts of the wavefront by the 

deformable mirror, thereby balancing wavefronts phase differences (cf. Figure 

1(b)). 

 
Figure 1 (a) Wavefront aberration W(ρ,ϕ), (b) Compensation for wavefront aberration by 

variation of the optical path length by a deformable mirror. 

In order to correct the wavefront using a deformable mirror, the present 

aberrations have to be well-known. However, the phase of a single photon 

cannot be directly measured as there is no possibility to interact with the beam of 

light to determine the instantaneous direction of its electric field vector. We can 

only detect the intensity of light, and not its amplitude or phase5,6. Direct and 

indirect wavefront sensors are available as standard measurement sensors. 

Direct measurements explicitly determine the phase, for e.g., through 

interference with a reference wavefront. Indirect measurements translate 

information related to the phase, for e.g., local wavefront tilt, into signals. 

“Wavefront sensors estimate the overall shape of the wavefront from a finite 

number of discrete measurements”5 at uniform spatial intervals. Within these 
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spatial intervals (subapertures) the wavefront is assumed to be flat and thus 

exhibiting a constant wavefront tilt. The local wavefront tilt/slope of the 

subaperture is determined by the tangent to the wavefront at the centre of 

subaperture. The orthogonal in this point pierces the focal plane. The distance 

between the focus of the reference wavefront and the aberrated wavefront at the 

focal plane is called the transverse ray aberration. The potential of a sensor to 

measure the transverse ray aberration is its ability to measure the slope of the 

wavefront within a subaperture. Sensors that measure small transverse ray 

aberration very precise are referred to as sensors with high sensitivity. In 

contrast, sensors that measure very large transverse ray aberration are referred 

to as sensors with a large dynamic range. 

The requirements for phase sensing depend on the type of application. The 

determination of thermally-induced changes demands for moderate dynamic 

range, high sensitivity and moderate measurement rates of a few Hz. Optical 

testing refers to the determination of the optical surface of optical components, 

e.g., lenses or (deformable) mirrors. Optical testing of deformable mirrors needs 

a high spatial resolution and a large dynamic range since deformable mirrors 

offer large stroke and a large number of actuators between several tens and 

hundred. Optical testing usually refers to moderate measurement rates (in the 

order of a few Hz). On the other hand, sensors used for the compensation for 

atmospheric aberrations need to have a large dynamic range, high measurement 

rate (several hundreds of Hz7) and real-time processing. The measurement 

results need to be insensitive to intensity fluctuations of the radiation to be 

monitored.  

A convenient method for optical testing and aberration measurements is the use 

of Shack-Hartmann wavefront sensors (WFS). The sensor employs a lens array in 

front of a detector (cf. Figure 2). The lens array discretises/divides the aperture of 

the beam into small sub-apertures and focuses the light of each sub-aperture 

onto a detector array (e.g., CCD- or CMOS -camera) that senses the position of 

the focal spot. A reference wavefront provides the focal spot reference positions 

(the pitch of the lens array corresponds to the focal spot). The sensor measures 

the shift in the focal spot between reference positions and aberrated wavefront 
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and thus the slope of each sub-aperture of the aberrated wavefront. The 

wavefront can be reconstructed from these slope measurements. 

  
Figure 2 The lens array focuses discrete parts of the aberrated wavefront onto a CCD array 

with 4 pixel underneath every lens. 

The aberrated wavefront is compared to the reference wavefront. The centre of 

curvature of the reference wavefront coincides with the ideal image point (cf. 

Figure 1(a)). The optical path difference between aberrated wavefront and 

reference wavefront is measured along the radius of the spherical surface. The 

mathematical description of this optical path difference is frequently done by 

sets of polynomials. This is very useful as each polynomial can describe a 

specific aberration. Each polynomial is weighted by its coefficient according to 

its influence on the wavefront.  

Polynomial description of aberrations is typically done by Zernike polynomials8. 

Zernike polynomials are sets of orthogonal polynomials that are defined in a 

continuous fashion over the interior of a unit circle. This work uses sets of 

Zernike polynomials defined in polar coordinates describing the optical path 

difference W(,ϕ) by the sum over the product of i-Zernike polynomials Zi(, ϕ) 

and their coefficients ci.8:  

  (  )  ∑    (  )

 

   

 (2)  

In which ρ is the pupil radius normalized coordinate (0≤≤1) and ϕ is the 

azimuthal angle with 0≤ ϕ ≤2π. The coefficients ci are linearly independent due 

to their orthogonally. Fehler! Verweisquelle konnte nicht gefunden werden. 
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shows the Zernike polynomials and their designation based on ISO 10110-59. 

Figure 3 depicts the Zernike polynomials and their designation up to term 15. 

 
Figure 3 Zernike Polynomials Z1 to Z15. 

In literature, different definitions of Zernike coefficients exist10 e.g. of Noll11, and 

Born and Wolf12 that differ from their normalization factor. This work uses the 

definition according to 13 as shown in the table in A1 that can be normalized by 

the division with their normalisation facto ni (cf. table in A1) as described in 13. 

Therewith, the root-mean-square (rms) value of the aberrated wavefront can be 

calculated as follows: 

 
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Piston, Tip and Tilt are typically not included to calculate the rms-value as they 

do not influence the beam focussing characteristics. In case of compensation for 

thermal lensing, the rms-value is minimized by the activation of the deformable 

mirror. It is also possible to calculate rms-values for a discrete quantity of 

Zernike coefficients. This is advantageous if the performance of active optical 
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elements is evaluated. Deformable mirrors for example are characterized by its 

potential of setting specified Zernike polynomials. In this case, the rms-value for 

i = 1→  ∞ is calculated excluding the desired Zernike coefficient. 

The intensity distribution of the focus can be calculated using a Fourier 

transform of the Gaussian laser beam. In case of a flat or spherical wavefront, it 

is transformed into a Gaussian intensity distribution. In contrast, the focussed 

intensity distribution changes and the peak intensity decrease for aberrated 

wavefronts. The Strehl ratio S, also called the normalized intensity is the ratio 

between the maximum focussed intensity of an aberrated beam and the 

maximum focussed intensity of a reference wavefront. The derivation of the 

formula and its approximation is found in several works14,15,23. For small 

aberrations, corresponding to rms phase aberrations of up to λ/14 (Maréchals 

expression), the focal plane is displaced to its Gaussian focus. The Strehl ratio 

can be approximated by:  

 
22*)

2
( rms

eS 




  
(4)  

The Strehl ratio reduces to unity, S = 1 for diffraction limited optical systems. 

Systems with any aberration (rms > 0) have a Strehl ratio less than 1. A rule of 

thumb for a good image quality is that the phase aberrations remain below7 λ/10 

leading to a Strehl ratio of S = 0.6. This shows the impact of any small aberrations 

on the ability of being focused can be summarized in a number.  
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3 Deformable mirror architectures 

Mirrors that can selectively deform their surface are also referred to as 

deformable mirrors. Such phase-correction mirrors are classified into segmented 

(zonal) and continuous mirrors16 (cf. Figure 4). In the segmented mirror, the 

mirror substrate is segmented into minor parts that can be assembled as the 

mirror surface. In contrast, the mirror surface is continuous in the case of the 

latter classification. Both types of phase-correction mirrors can be further 

classified by the actuation that is used in them. The actuation can act either along 

or against the mirror substrate. A hybrid architecture mirror combines both 

types. Different types of deformable mirrors have been developed in parallel, 

and each of these types has its individual characteristics. The following section 

discusses the state-of-the-art of active optical elements by their optical 

classification. One chapter is devoted to MEMS mirrors and all their possible 

optical classifications. 

 
Figure 4 Optical classification of active optical elements. 

3.1 Segmented mirrors 

Segmented correction mirrors comprise a number of small mirror segments that 

can be moved by means of either a piston or piston plus tip/tilt movement 

system (cf. Figure 4). They are placed closely side-by-side while assembling the 

mirror surface. The movement of the individual mirrors discretely deforms the 

mirror surface. 
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The first practical realization of a piston plus tip/tilt mirror was done by 

Gebhardt and Kendall in 197317 for phase-shaping applications. They built a 20-

segment mirror with differential micrometres screw underneath. Each segment 

is composed of a rectangular (5.15 cm × 8.35 cm) fused silica plate with 

additional metallization, and the segment is supported by an Invar frame. This 

mirror is used in applications involving phase correction of thermal blooming, 

and they can increase the intensity of reflected light by a factor of 1.8.  

Segmented mirrors are also under investigation for use in astronomical 

observations. Hardy18 was the first to implement segmented mirrors for 

astronomical use. Sandler and Hulburd19 introduced a deformable mirror with 

512 rectangular segments, and each segment had a tubular piezoelectric actuator 

underneath. The tubular actuator offers a piston plus tip/tilt movement 

mechanism via the patterning of its exterior electrode. The actuator is divided 

into three electrically isolated domains, with each domain covering most of a 

120° sector that extends along the length of the tube. The advantages of this 

design approach include the ease of fabrication and coating of the small single 

segments and the assembling of the mirror from working modules comprising 4 

× 4 or 14 × 14 segments. Every working module is placed into a casing and 

adjusted via screw adjusters. 

The application of this mirror facilitates atmospheric turbulence compensation 

for white light and the n-mode for a single wave length. Another study by 

Acton reports the design and construction of a mirror with 19 segments and 57 

actuators20. Three piezoelectric stacks are glued to the mirror segments. Each 

segment is hexagonal and measures 2.8 cm across the hexagonal width. The 

mirror surface over all segments has a measurement of 0.1  peak-to-valley (P-

V), and hence, the surface is optically flat. The entire set-up is contained within 

an Invar frame for thermal stabilization. The piezoelectric actuators can easily be 

replaced, and the drift and nonlinearities are compensated by strain gauges. This 

mirror system has been used for solar imaging, and it has led to substantial 

improvements in the quality of the acquired image; a maximal resolution of 0.33 

arcsec for visible wavelengths has been achieved under (1-3)-arcsec seeing 

conditions.  
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Nowadays, segmented mirrors are almost solely used as primary mirrors in 

(extremely) large optical telescopes. The European Southern Observatory21,22 has 

recently developed a scaled-down 61-segment active segmented mirror 

fabricated using Zerodur with an aluminum coating. The side-to-side width of 

each actuator is 17 mm (cf. Figure 5). The mirror serves for testing the alignment 

and phasing of the segments, and every segment has piezoelectric actuators with 

a piston, tip and tilt movement mechanism underneath. The range of segment 

displacement is more than 15 μm with a precision better than 2 nm. The gap 

between the segments is between 80 µm and 150 µm, and the surface roughness 

of each segment is 15 nm rms. A mirror of the European Extremely Large 

Telescope (astronomical telescope) has been designed for a diameter of 42 m, and 

984 hexagonal elements that have equal displacement and surface quality as the 

scaled down 61-segment mirror system. Other segmented mirrors have already 

been in successful operation for many years in astronomical telescopes, e.g., the 

primary mirror of the KECK telescope. 

 
Figure 5 Active segmented mirror composed of sixty-one hexagonal segments. Each hexagonal 

mirror can be controlled via a piston, tip and tilt mechanism. Credit: Picture and text taken 

from the ESO website. 

Segmented mirrors inherently feature a gap between adjacent segments. The 

gaps need to be small as they can impact the overall performance of the mirror. 

The exposed gap area needs to be less than 2 % of the total mirror surface area to 

ensure tolerable energy loss and energy diffraction from the central lobe of the 
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diffraction pattern. When a broadband source is shaped, the mirror segments 

have to be absolutely phased, since modula-2π steps would seriously degrade 

optical performance23. The step response of the segments can be as fast as 100 µs 

depending on the driver, actuator characteristics, and the segment mounting. 

Segmented mirrors are assembled from hundreds of segments with hundreds of 

actuators and associated parts. Large mirrors can be assembled in this manner; 

however, the manufacturing and assembly process is complicated and 

expensive. 

3.2 Mirrors with discrete actuators  

The increase in generated laser power requires correction devices that have a 

high (spatial) resolution and are able to withstand high power densities. Mirrors 

with continuous surfaces and discrete actuators can fulfill these requirements. 

The first deformable mirrors with discrete actuators were based on piezoelectric 

stack actuators. They were developed in 1979 due to the need for low-voltage 

and moderate stroke requirements (>1 µm) for compensation in infrared and 

high-energy systems. In 1990, Ealey et al.24 designed a mirror with 37 actuators 

arranged hexagonally over a circular 16.5-cm aperture. The device operated 

under a 300-Hz bandwidth with 16-µm stroke at a supply voltage of 3 kV. The 

surface quality of the mirror was 223 nm P-V. The mirror showed better 

performance in terms of sensitivity to movement when compared with 

monolithic deformable mirrors used during its time; however, the surface 

quality was not satisfactory and the supply voltages were considered as too high.  

The next development step featured a low-voltage electrodisplacive mirror with 

a supply voltage of 150 V and a stroke of 5 µm through a lead-magnesium-

niobate (PMN:PT) actuator material. In this case, the standard mirror had 241 

actuators that could be scaled up to 2000 actuators, and the mirror was qualified 

for space operation. Further developments in the actuator material (PMN:BA) 

increased the sensitivity of movement of the system by a factor of two. In 

general, developments in actuator technology have resulted in response times 

faster than 300 µs together with a repeatability rate better than 99 % due to 

negligible hysteresis. The electrodisplacive mirror was fabricated using Ultra-
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Low Expansion (ULE®) material and had a surface quality better 32 nm. The 

innovations in this mirror system were driven by the need for a higher number 

of actuators and the consequent need for reducing the cost per actuator. In 1984, 

Itek introduced the concept of cooled deformable mirrors. In such a system, the 

mirror faceplate includes a silicon-multiport pin-fin heat exchanger with 

actuators connected25. The coolant enters and exits the silicon through the 

actuators, and thus, the coolant flow distances are limited. Itek has built a mirror 

with 250 actuators arranged in a square zonal array with a 20-cm cooled 

aperture. Mirrors with discrete piezoelectric stack actuators are nowadays made 

commercially available by OKOtech55, AOA Xinetics26, and CILAS39.  

In 2008, Hamelinck et al.27 introduced a mirror with electromagnetic actuators 

that deformed a thin continuous membrane. In this system, the actuators can 

deform the membrane via push-and-pull movements; each actuator has 

± 10 stroke, nanometer resolution, and heat dissipation of the order of only a few 

milliwatts. The prototype system has 427 actuators with a pitch of 6 mm (cf. 

Figure 6). The actuators are connected via rods that are affixed by means of a 

small glue droplet to the membrane. The 6-inch membrane is composed of 100-

µm thick Pyrex®, and it can be flattened to 28 nm rms by 10 % of the available 

actuator stroke. The resonance frequency is larger than 1 kHz, and the control 

bandwidth is larger than 200 Hz. The large actuator pitch and the large mirror 

size are preferable for astronomical systems and not laser (machining) 

applications. 

 
Figure 6 Prototype of Hamelinck’s mirror system with 61 actuators in one of its assembly 

steps. Credit: Picture and text by Roger Hamelinck. 
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The company Alpao28 has used electromagnetic voice-coil actuators to deform 

mirror membranes. In such a system, solenoids are placed underneath a set of 

magnets that are attached to the membrane29. The advantages of this technology 

include high stroke (>25 µm), displacement, and the facility of using a large 

number of actuators (52–241). Further, the forces exerted by the actuators are 

directly proportional to the currents (linearity errors are less than 3 %). The 

mirror surface is controlled typically to a limit of less than 10 rms nm in closed-

loop mode. The bandwidth of the mirror is > 500 Hz or > 750 Hz depending on 

the mirror model. 

Deformable mirrors with discrete actuators can provide good mirror-surface 

quality and a high stroke. However, their drawbacks include the low heat 

dissipation of the passively cooled assemblies and the difficulties involved in 

replacing the actuators.  

3.3  Deformable mirrors  

In 1974, Feinleib et al.30 reported the first implementation of the monolithic 

construction of a piezoelectric deformable unimorph mirror (DM). The DM set-

up consists of a piezoelectric block (with a thickness of 1.5 cm and a diameter of 

4 cm in the original design) and a bonded glass substrate with a reflecting 

surface on the front. The addressing electrodes are positioned between the glass 

substrate and the piezoelectric block while the common electrode is affixed to the 

rear surface of the piezoelectric block. In currently developed DM set-ups, the 

positions of the common and addressing electrodes have been interchanged (cf. 

Figure 7). The application of an electric field between the common and 

addressing electrodes forces the piezoelectric material to expand along the 

thickness (poling) direction and to contract along the lateral direction as the 

piezoelectric material is poled along the thickness direction. Because the 

piezoelectric block and the glass substrate are joined together, the mirror surface 

changes its shape. This effect is similar to the bending of a bi-metallic strip under 

temperature change. This design is referred to as the unimorph set-up as only 

one layer is active (cf. Figure 7).  
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Figure 7 Cross-section of a unimorph deformable mirror. One segmented electrode is activated 

(shown in red). The activation causes the piezoelectric material between activated electrode 

and ground electrode to contract. 

Primmerman and Fouche31 showed the first experimental evidence of the 

feasibility of compensating for cw convection-dominated thermal blooming by 

using a deformable (unimorph) mirror in 1976. They increased the intensity of 

the laser beam with an emitting power of 2 W by a factor of 1.76. The mirror was 

set-up from a monolithic disk (Ø 3.8 cm) of piezoelectric crystal and a metalized 

glass disk. The DM had 57 electrodes and required a driving voltage of ±1.5 kV 

to achieve a stroke of ±0.5 µm. The desired shape of the mirror surface and the 

required addressing electrodes were calculated in advance. The voltages of the 

addressing electrodes were accordingly to the desired mirror deformation varied 

during the experiments. Steinhaus and Lipson32 proposed a deformable mirror 

with a piezoelectric disk glued onto a glass plate. This mirror system was used 

for the correction of atmospheric turbulence aberrations. In this system, the glass 

substrate and the piezoelectric plate have identical thicknesses (1.5 mm) and 

diameters (5 cm). The common electrode is positioned between the substrate and 

the piezoelectric disk and the rear surface of the piezoelectric disk is patterned 

with the addressing electrodes. The resulting mirror system showed a dynamic 

response that was flat up to 550 Hz. The DM deformed by 1.5 µm when all 12 

electrodes were set at 200 V. The study indicated that the change in voltage 

across one electrode affects the surface at all points on the mirror. This effect 

guarantees a smooth surface under all circumstances. However, the primary 

issue is the polishing of the glass mirror to optical flatness.  
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Schwartz et al.33 investigated the applicability of wavefront correction by means 

of a deformable unimorph mirror in conjunction with a curvature sensor. Their 

study discusses the limits of wavefront correction, and further shows the 

dependency of the limits on mirror boundary conditions and the discreteness of 

the addressing electrodes. The unimorph mirror is composed of a layer of 

piezoelectric material and a substrate layer (e.g., glass or silicon). Further, the 

authors examine a set-up with two oppositely poled piezoelectric layers that are 

bonded together, thereby making the system more sensitive to movement. This 

bimorph set-up requires at least one piezoelectric layer that can be polished to 

optical quality. The second piezoelectric layer can be composed of smaller 

elements, thereby facilitating manufacturing of large mirrors. The mirror has an 

athermal design because the two oppositely poled piezoelectric layers offer 

identical thermal expansion and bonding layer and metallization are small, 

thereby no thermally-induced deflection occurs (in theory). The mirror is simply-

supported at the rim. In 2007, Sinquin et al.34 compared unimorph and bimorph 

large aperture DMs for laser applications. The paper presents the unimorph 

approach improving the polished surface quality from 7 nm rms residual defects 

of the wavefront for bimorph set-up to 3.4 nm rms for unimorph set-up. They 

point out that bimorph architectures suffer in contrast to unimorph architectures 

from print through effects that lower the residual wavefront quality through 

inner electrodes and thicknesses discontinues. These high spatial frequency 

surface effects lead to an energy modulation of the laser 

In 1996, Safronov35 presented a report on deformable mirrors obtained from 

experimental and industrial samples. The study indicates that “small” adaptive 

optics that feature a small number of actuators are most effective in 

compensating for large-scale phase distortions. Such systems are of simpler 

design, cost-effective, and only slightly less effective compared to “large” 

adaptive optics that feature a large number of actuators. During the time of this 

study, the existing mirrors were mainly experimental optical devices, and only a 

few mirrors were available as industrial samples. 

Kudryashov et al.36 have discussed the use of the unimorph deformable mirror 

for atmospheric adaptive optics applications based on theoretical and 



Chapter 3 - Deformable mirror architectures 23 

experimental results of the response functions of the unimorph mirror surface 

and its description by Zernike polynomials. Subsequently, they have estimated 

the efficiency of correcting atmospheric turbulence (by means of the Kolmogorov 

spectrum) with a DM by varying the number of actuators and their shape. 

Experimental and theoretical response functions of the mirror could “verify the 

possibility of efficient application of bimorph correctors to compensate for phase 

distortions caused by atmospheric turbulence36”. In 1998, Dainty and Kudryashov 

provided proof of compensation for laboratory-generated aberrations by a 

bimorph mirror37. They set up a glass water cell to induce turbulence/aberrations 

and a photo diode to measure the Strehl ratio. A deformable mirror with nine 

addressing electrodes optimized the focus intensity of the aberrated beam by a 

factor of two. This DM uses two piezoelectric disks glued to a glass substrate. 

One disk accounts for defocus correction with one addressing electrode while 

the other eight addressing electrodes on the second piezoelectric disk account for 

the correction of higher-order waveform aberrations including defocus, 

astigmatism, spherical aberration, and coma. In this DM system, instead of the 

generally used O-ring support, a glass tube clamps the mirror at its centre. 

Further, their study investigates thermally-induced changes to the mirror 

surface. As a result, the focus changes by 0.38 µm/°C. 

Rukosuev38 introduced the first commercially available adaptive optical (AO) 

closed-loop system for compensating for the aberrations occurring in a laser 

beam during the transmission of the beam from the radiation generation to the 

laser machined material. Their AO system is based on a bimorph mirror similar 

to the one described in 37, a Shack Hartmann wave front sensor and a control 

unit. The focused spot size of the laser was reduced by a factor of three, and real-

time correction was achieved at a frame rate of 25 Hz. The DM comprises a 

copper substrate with cooling channels present between soldered copper disks. 

The cooled mirror was tested under CO2-laser radiation with a power density of 

2.5 kW/cm². The company Cilas39 manufactures commercially available DMs. 

Their DM systems include bimorph and unimorph architectures. Unimorph 

architecture is used mainly in high-power lasers while bimorph architecture is 

used for atmospheric turbulence correction in astronomical telescopes. Both 
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architectures can use additional dielectric coatings. Other deformable mirrors are 

commercially manufactured by TURN Ltd.40 and Active Optics NightN Ltd41. 

Both companies produce bimorph mirrors and unimorph mirrors with 

piezoelectric disks glued onto various substrates (optical fused silica, glass, 

copper, and silicon). 

Very few studies have focused on DMs with screen-printed actuator layers 42,43. 

Rodrigues et al.43 have proposed DMs based on the use of silicon-wafer 

substrates and screen-printed piezoelectric thick film. In their design, the 700-

µm-thick silicon wafer has a diameter of 150 mm with 91 hexagonal actuators 

screen-printed on the rear surface of the mirror. These actuators are screen-

printed to a thickness of 80 µm, and they are sandwiched between screen-

printed gold electrodes with thickness of 14 µm each (cf. Figure 8(a) and (b)).  

 
Figure 8 Silicon wafer (Ø 150 mm, thickness = 700 µm) with 91 screen printed piezoelectric 

actuators and an active optical aperture of 65 mm; (a) Soldered wires, (b) Mirror surface, and 

(c) modular mirror comprising silicon wafer with screen-printed thick film44.  

The mirror is supported by two rubber O-rings with diameter of 100 mm. The 

mirror aperture is 65 mm. The maximum operating voltage is 140 V at which the 

defocus P-V value is 5 µm. In addition, the above study lists the measurements 

of further Zernike polynomials (e.g., tetrafoil with a P-V of 2.8 µm). In the study, 

the initial deformation of the mirror surface occurred during the course of the 

manufacturing process. Therefore, the authors could not implement their mirror 

design in an AO system. No measurements on the thermal behaviour of the 

system are available. 

Deformable mirrors show great potential for laser and imaging applications. 

Their primary advantage is that the continuous faceplate over the entire aperture 
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offers high optical image stability. This architecture features a high stroke and 

large bandwidth of operation. A reduced number of actuators are required for 

this system when compared with those with segmented mirrors or discrete 

actuators. Very few studies have examined the thermally-induced changes in 

such systems. 

Patent research 

This section includes only the patents relevant to DMs. The first basic patent 

dates back to 197545, and it describes a unimorph architecture with a piezoelectric 

wafer30. The piezoelectric wafer is sandwiched between two metallic layers with 

one thin metallic layer acting as the ground electrode. The other metallization 

layer is segmented, thereby enabling a controlled and continuous surface 

deformation. The piezoelectric wafer can also be segmented. The phase 

modulator is used for distortion correction. The first bimorph architecture was 

patented by G. Michelet46 in 1981. An increase in sensitivity is achieved through 

the use of ML piezoelectric material bonded to a mirror and a base plate47. The 

number of piezoelectric layers can be as large as 16. The stacked layers are 

oppositely poled and the electrodes are positioned alternately. The like 

electrodes are connected electrically. In this system, increased stacking of the 

piezoelectric layers leads to decrease in the supply voltage. The ML architecture 

had also been patented by Safronov in 199748 ; however, this system uses elastic 

sealant filled into the cavity of the housing that covers the rear surface of the 

mirror. This reduces labor costs as the elastic sealing damps the pressure of the 

polishing tool. The elastic sealing also increases mirror strength and reliability as 

it damps external impacts and vibrations. Further, the sealing protects the 

piezoelectric actuators from direct damage. Besides elastic sealing, the patent 

also claims the use of a cooling liquid to fill the cavity.  

Möller49 fabricated a DM in which the thicknesses of the passive and active 

layers varied over the mirror aperture. This invention particularly relies on 

technological processes such as spin-coating and molding/casting. The patent for 

heat-dissipating layers in DMs is claimed by Griffith in 200650. The patented heat 

spreader distributes the thermal energy evenly across the mirror and to the 

mirror holder. The dissipating layer (0.2–0.5 mm thick) needs to have high 
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thermal conductivity and a linear coefficient of thermal expansion (CTE) similar 

to that of the active material. Diamond has been identified as the heat spreader 

material, while silicon carbide (SiC) has been used as the substrate material. The 

use of SiC as a substrate material allows the implementation of an annular 

support that extents downward into an annulus (cavity). Diamond can be grown 

directly onto this annular support. PocoFoamTM is suggested as the thermally 

conductive and compliable filler in the cavity. Preumont51 patented a DM using a 

tip/tilt mounting mechanism with flexible electrical connections and a damping 

layer at the rear surface of the mirror. The mirror is composed of materials with 

different thermo-elastic properties, and this provides the required initial 

curvature of the faceplate without actuation. The arrayed active layers are 

preferably applied simultaneously by screen-printing and not discretely 

jointed/glued. 

3.4 Modular / hybrid mirror architecture 

Hybrid mirrors are a combination of deformable and segmented mirrors, and 

they offer the advantages of both principles—a smooth surface and large 

deformation paired with an assembly of large mirrors from many modules that 

are moderately priced. Hybrid mirrors based on this approach are mainly used 

in astronomical telescopes and certain laser-shaping applications.  

Griffith52 discusses the use of structural support for unimorph mirrors from 

underneath instead of the edge (as in the case of the O-ring support). Each 

addressing electrode has its own compliable pillar, thereby resulting in a 

localized zonal response. A dual-stage actuated mirror with different structural 

configurations has been proposed. Therewith, a deformable unimorph mirror is 

supported from underneath by a second unimorph mirror. Both unimorph 

mirrors are supported by compliable pillars. The second lower unimorph mirror 

can also be a stack actuator. Therewith, this dual-stage actuated mirror offers a 

simplified tweeter (high density) and woofer (high dynamic) approach. A flexi-

circuit is used for electrical contacting, thereby resulting in a thin (<1 mm) 

sandwich with plenty of construction options. Rodrigues43,53 has discussed the 

possibility of the hybrid approach based on screen-printed piezoelectric 
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unimorph mirrors. These DMs have hexagonal-shaped silicon substrate with 

hexagonal screen-printed actuators. The DMs are modularly assembled and 

supported by a three-point active kinematic mount to ensure the alignment of 

the piston, tip, and tilt of the single modules. The combination of many such 

identical modules simplifies the control of curvature for a large number of 

actuators (cf. Figure 8(c)). 

3.5 MEMS mirrors  

Micro-electro-mechanical-systems (MEMS) refer to the technology of very small 

electricity-operated devices in the µm-range. They are (mainly) based on silicon 

that has a high optical polish and a plane surface; further, silicon can easily be 

produced by means of batch production. MEMS mirrors are considered as 

special types of mirrors based on their technological characteristics although 

they can also be classified as either continuous or segmented mirrors (cf. Figure 

4).  

Vdovin54 demonstrated the first membrane deformable mirror that had 37 

electrodes, and it was first fabricated by means of bulk micromachining in 1995. 

The micromachined membrane-deformable mirror (MMDM) consists of a thin 

mirror membrane that is mounted at a distance range of 20 µm to 100 µm away 

from the actuator structure. The actuator structure is mounted directly over a 

chip carrier or a printed electronics board, and it has a patterned aluminium 

metallization structure. The deformable membrane is deformed through the 

application of an electrostatic field between the actuator structure and the 

membrane. The initial study proposed the design of a mirror with a 0.5-µm-thick 

silicon nitride membrane with a 10.5 mm × 10.5 mm square aperture. The 

membrane is coated with a 200-nm reflective aluminium layer. The reflecting 

surface is initially plane with a deviation of approximately 633 nm (rms). These 

mirrors have a total stroke of 9.4 µm, and an individual stroke of 0.5 µm for the 

37 actuators. This mirror has been in production since 1997; in addition, standard 

silicon nitride-based mirrors with thicker polysilicon membranes are also 

available. These mirrors feature higher reliability and snap-on protection covers. 

The optical quality is better than 400 nm rms across the aperture with a 1-kHz 
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response. The stroke of the 15-mm mirror is 25 µm (at 400 V), and the metal-

dielectric coatings can handle power levels of up to 600 W cw55. This corresponds 

to power densities of 330 W/cm²; however, power densities of 2 kW/cm² have 

been reported56. 

Bonora57 recently introduced a membrane mirror (37 electrodes) with a thin, 

aluminium-coated nitrocellulose membrane (5-µm-thickness) with an initial 

flatness of less than 60 nm (rms). The maximum stoke at the centre is 10 µm at 

230 V. In a later study, Bonora58 increased the spatial resolution and performance 

of the system for the correction of optical aberrations through the additional 

application of transparent electrodes on the top surface of the membrane. This 

facility of having electrodes on both sides of the membrane allows it to be shifted 

both upwards and downwards. This mirror has successfully been used in com-

mercially available AO systems. This standard mirror system includes drive 

electronics with 32 actuators, an aperture of 11 mm, and a stroke of 10 µm 

(NT83-985)59. 

In 1999, Bifano et al.60 investigated three different types of mirror systems based 

on a parallel plate capacitor with a 5-µm air gap that was fabricated using 

surface micromachining. The mirror systems had identical electrostatic actuator 

structures; however, their mechanical coupling mechanisms to the mirrors 

varied. The study investigated continuous mirrors, segmented mirrors, and 

segmented mirrors with tip/tilt motion, and the feasibility of these designs was 

demonstrated. Bifano et al. demonstrated the performance of a continuous 

mirror with a 2-µm stroke and 10-nm repeatability at 200 V, and no hysteresis or 

drift was observed. The active mirror area of this system is 7 mm × 7 mm, and it 

includes 400 active elements. The surface maps of the mirror system show that 

the actuator pattern has a print through to the mirror layer that results in a 

waffle pattern with a P-V value of 50 nm. The mirror layer also has holes that are 

required to release the sacrificial layers in the machining process. This type of 

mirror is used in two commercially available products, the Multi-DM and the 

Kilo-DM. The Multi-DM has 140 actuators with a stroke ranging between 1.5 µm 

and 5.5 µm and an aperture between 3.3 and 4.95 mm. The Kilo-DM has 1020 

actuators with a 9.3-mm aperture and 1.5-µm stroke. Both mirrors offer a surface 
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finish of better 20 nm rms. The thickness of the mirror membrane determines the 

available stroke, interactuator coupling (generally between 25% and 40%), and 

response time (between 20 µs and 50 µs)61. Interactuator coupling indicates the 

actuator influence on its surrounding membranes that are not directly activated 

by the actuator. These mirrors are applied in commercial adaptive optics kits62 

with a Shack-Hartman WFS, control software, and mounting hardware. 

Electrostatic actuated mirrors with a parallel-plate capacitor set-up have an air 

gap that limits the mirror’s stroke due to “snap through” beyond one third of the 

gap. Various alternatives have been suggested in order to overcome this 

drawback, e.g., building lever structures that magnify the motion63 or the use of 

curved electrostatic actuators64. The last-mentioned system uses surface-

micromachining to create the actuator arrays and flip chips to bond the mirror 

arrays to the top surface of the actuators (cf. Figure 9). The mirror segments are 

hexagonal, and they have a fill factor of 98.6% (with a 6–7-µm gap between 

adjacent elements). The actuator platform lifts the mirror segment automatically 

through engineered residual stresses in the three supporting bimorph flexures.  

 
Figure 9 (a) Diagram of a single mirror segment. Engineered stress in the bimorph flexure lifts 

the mirror segment. The three electrodes enable piston plus tip/tilt movement. (b) Scanning 

electron microscopy image of the Iris AO 37-segment deformable mirror. Credit: Pictures 

taken from 64. 

The residual stresses are engineered via a film of high stress material on a 

polycrystalline silicon suspension. The three underlying electrode ignite the 

piston plus tip/tilt movement of the mirror segments. Mirrors with 37 (PTT111-5 

and PTT111-8) and 163 (PTT489-5 and PTT489-8) segments and apertures of 
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3.5 mm and 7.  mm, respectively, have been reported. Their stroke is between 5 

µm and 8 µm, and a maximum tilt angle of ±8 mrad at a maximum voltage of 

<200 V can be achieved. Due to the electrostatic principle, the hysteresis is below 

0.1%. The optical surface error is <30 nm rms, and the mirror is capable of 

handling powers up to 100 W/cm2. These mirrors have been made commercially 

available by Iris AO, Inc.65 and Laser 2000 GmbH66. 

In research labs, MEMS mirrors utilizing continuous face sheets with up to 4096 

elements have been fabricated for the purposes of high-contrast imaging67, and 

their performance has been successfully demonstrated. MEMS mirrors are 

micromachined devices, and therefore, they can be efficiently fabricated in large 

quantities. These mirrors have high spatial resolution and limited stroke. Since 

the dimensions of the devices make them small and flat, their corresponding 

masses are also low, and their first resonance frequency is high. Their drawbacks 

include the gap between adjacent segments and the etching holes68 on the 

membranes; these result in energy loss with a grating/edge diffraction effect. 

Further, the system is subject to heating. Architectures that have no gaps and 

etching holes result in very thin mirror membranes that dissipate very little heat. 

In the case of (dielectric) breakdown, the faulty actuators are not individually 

replaceable. 

3.6 Discussion of the state of the art solutions 

Chapters 2.1 to 2.5 analyse the various available deformable mirror devices from 

research and industry. Table 1 shows a list of selected commercially available 

devices. I have only selected devices with continuous mirror surface and an 

aperture between 15 mm and 85 mm to ensure their comparability.  

Three actuating principles are available for deformable mirrors—electrostatic, 

electromagnetic, and piezoelectric. Mirrors actuated by piezoelectric stack 

actuators are not considered in the list as the use of stack actuators makes the 

manufacturing efforts high and the devices expensive.  
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Table 1 Commercial deformable mirror solutions. 
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Electrostatic mirrors with continuous and segmented mirror surface are available 

for commercial use. A commonly used mirror is the 15-mm, 37-channel OKO 

MMDM with segmented electrodes underneath the mirror membrane. The 

application of an electric field results in a downward bending of the membrane, 

and thus, the mirror has a large interactuator coupling as the activation of one 

actuator heavily influences the mirror membranes surrounding. The mirror 

membrane is deformed by electrostatic forces that increase hyperbolically with 

the approximation between two plane electrodes. Therefore, large stroke 

capabilities and low driving fields in thin mirror membranes result in low 

restoring forces. Mirror membranes with thicknesses between 0.5 µm and 10 µm 

result in low membrane-heat-spreading capabilities, and consequently, the 

demand for excellent high-power coatings has increased. In addition, a pull-in 

effect acts on the membrane after one-third of the electrode distance (maximum 

stroke) has been traversed. This drawback has been overcome in the PTT111-8 

and NT83-985 mirror systems; however, these are not listed in Table 1 as their 

apertures are only 3.5 mm and 11 mm, respectively65. Restoring forces that can be 

used to avoid the pull-in effect and to reduce the interactuator coupling can be 

delivered by bimorph flexures underneath the segmented apertures. This can 

also be achieved by deposit electrodes on both sides of the membrane.  

An electromagnetically driven mirror features electromagnetic actuators 

underneath the mirror membrane that push and pull the membrane. In such 

systems, the deformed membranes are fairly thin (< 50 µm). The hi‐speed 

DM277‐15 mirror has outstanding actuating capabilities; however, it has no 

specified damage threshold. Consequently, it is not suitable for high-pulse 

energy applications. The manufacturing of these electrostatic and 

electromagnetic mirrors is very straightforward as developers use batch-

fabrication processes.  

Piezoelectrically activated DMs have a piezoelectric disk bonded onto the mirror 

substrate. Piezoelectric actuators inherently include piezoelectric hysteresis, 

creep and relaxation. Consequently that reduces the mirror performance in terms 

of ease of application and control loops are required to address these issues. 

Despite these issues, the simple set-up of these mirror systems and their 



Chapter 3 - Deformable mirror architectures 33 

radiation stability even under high-power conditions (due to the continuous 

surface and well-established coating technologies) has made them popular for 

use in AO systems.  

In contrast to electrostatic and electromagnet mirrors, piezoelectrically actuated 

mirrors are rarely batch-fabricated. The state-of-the-art piezoelectric DM devices 

are mainly handcrafted, with an active layer adhesively bonded on 

miscellaneous substrates. Moreover, the electrical wiring is very elaborate as 

each discrete actuator is (manually) contacted.  

Figure 10 depicts four typical electrical conducting (wiring) configurations for 

addressing electrodes. Each configuration is shown on one-fourth of a 

piezoelectric mirror’s rear surface. The addressing electrodes affixed at the 

mirror’s rear are hexagonally shaped. The structuring of the addressing 

electrodes can be obtained using mechanical shadow masks, advanced 

lithographical processes and etching, and by laser structuring. In particular, the 

latter two technologies result in an excellent resolution with sub-micrometer 

structur size; hence, they are frequently used. The mechanical shadow masks are 

relatively thicker than the structure size. Thus, patterning using mechanical 

shadow masks leads to unwanted metallization merging and the need for a 

mechanical mask mount to address this problem. 

 
Figure 10 Addressing electrodes with four configurations of electrical wiring. Each 

configuration covers one-fourth of a piezoelectric mirror’s rear surface. (1) Glued/soldered 

wires, (2) drawing-out of the electrodes, (3) flexible copper-clad laminates, and (4) 3D-

structuring by lithographic processes or screen printing. 
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The wiring of the addressing electrodes is an aspect which demands careful 

consideration. Typical techniques for wiring include soldering or gluing of thin 

wires onto the addressing electrodes (cf. Figure 10 (1)). Wire soldering and wire 

gluing can lead to deformation of the mirror membrane, which can be caused by 

thermal activation of the bonding layer between substrate and piezoelectric layer 

during soldering, or shrinkage of wire glue drops. The wires also need to be 

strain-relieved and wire-weighting-induced mirror deformation needs to be 

reduced. Wire bonding is an alternative to soldering and gluing. However, the 

process does not allow for interconnection distances of more than 10 mm; the 

distance between the central addressing electrode and piezoelectric layer’s rim 

can be more than 10 mm. One solution is the drawing-out of the electrodes (cf. 

Figure 10(2)) to the piezoelectric layer’s rim. The wire joints are outside the 

mirror aperture in this case. However, a primary disadvantage is the dead space 

between two addressing electrodes or between the electrical wiring and 

addressing electrodes. This dead space is determined by the dielectric strength of 

air (2 kV/mm) and the supply voltage. The integration of electrical wiring into 

the addressing electrodes layout reduces the active area of the addressing 

electrodes, and it increases the total dead space between the addressing 

electrodes. Another possibility is the wiring via flexible copper clad laminates 

(cf. Figure 10(3)). The thin laminates (approximately 100 µm thick) are composed 

of a polyimide (Kapton®) substrate and a single (or double)-sided copper 

cladding69. The copper clad laminate has bores that are filled with fillers such as 

conductive epoxy or small solder droplets. The copper cladding has structured 

conducting lines, and it offers the possibility of integration with an electrical 

connector. This reduces the effects of wire-weighting-induced mirror 

deformation. However, a primary difficulty is the increase of number of 

addressing electrodes that consequently increase the labour input of the single 

interconnections.  

From the technological point of view, the 3D-structuring of electrical wiring is 

pleasing (cf. Figure 10(4)). Photoresist can be used not only for the structuring of 

the addressing electrodes but also for depositing an insulation layer between the 

addressing electrodes and the electrical conductor. Further, it can be used for the 
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subsequent deposition of the conducting line (cf. red in Figure 10(4)). In this 

approach, the gaps between the patterned piezoelectric layers and the height 

differences between the piezoelectric layer and substrate can be bridged. Other 

methods of structured deposition include screen-printing or ink-jet printing 

processes. In particular, screen printing and lithographic structuring are mass-

production compatible, and the labour costs do not vary with the shape, pitch, 

and number of addressing electrodes. 

Another factor to be discussed is the thermal design of the DMs; this issue 

becomes more important in the light of the anticipated increase in laser power 

and the need for beam-shaping. The high-power compatible deformable mirrors 

apply either highly thermally conductive elements as substrate material (e.g., 

copper), thermally adapted (athermal) materials, or a combination of both51. The 

resulting material selection in this manner ensures that the thermally-induced 

deflection is small compared to the piezoelectric stroke. The approach attempts 

to match the coefficient of thermal expansion (CTE) of the substrate and active 

layers. The use of this material selection criterion is limited as the material 

characteristics of piezoelectric materials vary with the production run. The 

general counter measure to address this issue is the manufacturing of several 

mirrors that are characterized and subsequently selected according to their 

intended application purposes. Another widespread approach is the integration 

of cooling channels, thereby increasing the thermal dissipation of the mirror 

substrates. The miniaturization of cooling channels has a physical limit, as the 

coolant flow decreases strongly with decreasing flow cross-section. The cooling 

channels are distributed over the aperture, and their distribution results in a 

non-homogeneous temperature profile over the aperture. These abovementioned 

approaches require high substrate thickness, and relatively thick and/or 

expensive cooling channels; consequently, this decreases the performance of the 

mirror with respect to high deflection and low interactuator coupling. A further 

increase in laser power requires new thermal compensation techniques in which 

the DMs performance is not affected by temperature changes or gradients in the 

mirror assembly. The review of the state-of-the-art and this discussion shows 

that deformable mirrors exhibit good characteristics such as low interactuator 
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coupling, large stroke and simple set-up, but especially the thermo-mechanical 

design and manufacturing regime requires a revision.  

In general, very few mirrors have successfully been applied in industrial and 

research applications. Most devices are used in in academic institutions for study 

purposes or for high-power beam shaping applications. This is mainly due to the 

prohibitive cost of the active optical elements and their complexity of integration 

into adaptive optical systems. Moreover, their successful implementation relies 

on the design and practical set-up of AO systems. Active optical elements, sensor 

elements, and monitoring cameras have to be positioned in conjugated planes to 

effectively compensate for aberrations which demands for highly skilled staff. 

High-power closed-loop AO systems are not easily available, and the wider 

market lacks knowledge about the possibilities of AO systems70. Another 

drawback is the lack of a plug-and-play standard for AO devices; this leads to 

increased integration efforts. These days, (almost) all large optical inventory 

distributors (Thorlabs, Edmund Optics, Laser 2000 GmbH) and AO companies 

(Imagine Optics, CILAS, Turn, ActiveN) feature complete AO systems; 

However, proprietary hardware and software for the devices makes it difficult 

for them to function interchangeably or in a combined manner. These factors 

restrict new applications and markets.  

3.7 Objectives of this thesis 

The primary objective of this thesis is the development of mainly batch-

fabricated non-cooled deformable unimorph mirrors for high homogeneous 

temperature loads and high inhomogeneous laser loads. The active layer of the 

DM is a piezoelectric actuator that acts laterally on the mirror membrane. To 

achieve this objective, I use a multi-material approach. The multi-material 

approach integrates certain layers with thermo-mechanical parameters that 

differ from the substrate and the active layer into the mirror set-up. The 

secondary objective of this thesis is the development of a manufacturing regime 

that consists mainly of batch-fabrication and reduced manual processes. Special 

attention is paid to the simplification of mirror contacting and electrical wiring 

can also be achieved by this approach. 
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A new manufacturing regime for the deformable mirror is developed in this 

thesis. It is based on LTCC substrates and screen-printed actuator structures. The 

screen-printed layer material characteristics and their characterization methods 

are theoretically analysed. Subsequently, the density and indentation modulus of 

the sample screen-printed patterns are measured. The stiffness matrix 

components of the piezoelectric layer are educed. The mount design of the 

screen-printed piezoelectric deformable mirror is subsequently developed.  

A detailed thermo-mechanical analysis is carried out to optimize the multi-

material layer structure. The thickness and diameter of the piezoelectric layer are 

optimized to enable large piezoelectric stroke. Thermal lensing of the deformable 

unimorph mirrors is suppressed or compensated by the thermo-mechanical 

structure exclusive of the piezoelectric stroke application. The thickness of the 

reflective copper layer with respect to the boundary conditions is theoretically 

investigated in order to generate thermally favourable behaviour of the 

deformable mirror under different loading conditions. The thermo-mechanical 

performance of the DM is demonstrated. Further, the measurements of the 

mirror response under homogeneous loading and inhomogeneous (laser) 

loading conditions are presented. Compound loading is theoretically and 

experimentally introduced to compensate for thermal lensing of the deformable 

unimorph mirrors. In addition, I experimentally show the compensation of static 

wavefront aberrations by using the developed deformable mirror. However, an 

optimization of the piezoelectric actuator pattern and the development of a 

dielectric layer with respect to special applications, e.g., compensation for 

thermal lensing, atmospheric aberrations, etc., are not within the scope of this 

thesis.  
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4 Screen-printed piezoelectric deformable unimorph 

mirrors 

This chapter describes the investigations of the actuating layer material and its 

application regime. The chapter begins with an introduction to piezoelectricity 

and its mathematical description. A subsequent section reviews the different 

application methods of piezoelectric materials and the selection of the screen-

printing technology as a suitable method. The screen-printed layer 

characteristics are discussed in section 4.3, and subsequently, the choice of 

substrate selection is addressed. The chapter concludes with the presentation of 

the mirror concept and its manufacturing regime. 

4.1 Piezoelectricity  

Piezoelectricity is the linear interaction caused by the coupling between the 

mechanical and electrical states of certain materials. Several studies have 

analysed this phenomenon71,72,73,74. This thesis is based on the explanations by 

Ruschmeyer75. The mechanical loading of a piezoelectric material causes a 

corresponding electrical loading, thereby resulting in an electric field (direct 

piezoelectric effect). This is a reversible process; materials exhibiting this direct 

piezoelectric effect also exhibit the reverse piezoelectric effect. The reverse 

piezoelectric effect describes the application of an electric voltage that leads to a 

change in the materials shape. 

This effect occurs only in crystalline materials with no centre of symmetry. The 

mechanical loading separates the positive and negative centre of charge in each 

unit cell, thereby resulting in charge accumulation at the outer faces. This effect 

is linear and directional. Charges induced by tension have a sign opposite to 

those induced by compression. Moreover, the effect is reciprocal; the application 

of an electric field results in elastic tension in the crystal, thereby inducing 

expansion or contraction depending on the polarity of the field. 

The existence of a positive and negative centre of charge in each unit cell makes 

the cell an electrical dipole. Dipoles have opposing negatively and positively 

charged ends. Dipoles affect each other by building areas of uniform orientation 
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called Weiss domains. Macroscopic bodies are composed of statistically 

distributed domains showing no polarization or piezoelectric effects. Therefore, 

polycrystalline materials require polarization to be used as piezoelectric 

materials. The application of an electric field results in an expansion of the body 

along this axis of application with a corresponding perpendicular contraction (cf. 

Figure 11).  

 
Figure 11 Piezoelectric sample with definition of the axes. Reverse piezoelectric effect: 

application of an electric field results in an expansion in the direction of the field and 

contraction perpendicular to the field axis. 

The reverse piezoelectric effect (and hence, the change in polarization) can be 

activated by small or large signals. Small signals imply small activation 

amplitudes of the electric field. A large field-induced change in shape requires 

large electric fields (large signals). Large-signal activation of piezoelectric 

actuators results in a larger stroke along with nonlinearities; these are discussed 

in the next section. 

4.1.1 Large-signal activation 

A piezoelectric material undergoes an electric-field-induced change in 

polarization. In the case of a non-polarized sample, the polarization proceeds 

along the initial polarization curve shown in Figure 12(a) (the line of the initial 

polarization curve is dashed in the figure). An increase in polarization leads to 

the movement and switching of the domain walls until all domains are aligned 

along the same direction. A further increase in electric field strength does not 

lead to an enhanced polarization (point 1); the polarization is saturated. 
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Decreasing the electric field strength reduces the polarization until the remnant 

polarization PR value is retained in the absence of an electric field (point 2). The 

application and further increase in opposing electric field strength leads to 

further polarization decrease until it changes the direction and it turns negative 

(point 3) for the coercive field strength Ec. A further increase in the opposing 

field leads to repolarization; however the polarization increases to a maximum 

along the negative direction (opposite direction). The polarization decreases with 

the electric field strength until it saturates as all domains switch to point in the 

opposite direction (point 4). A decrease of the opposing field until its absence, 

and again an increase of electric field changes the polarization to point 5 and 

point 1. The electric-field-induced polarization curve forms a hysteresis loop that 

is characteristic for every material. 

 
Figure 12 Polarization: (a) electric field curve and (b) strain-electric field curve. 

Figure 12(b) shows the large-signal-induced strain in a piezoelectric element 

forming a butterfly loop. From a zero field, the crystal strain is assumed to be 

zero. When the field strength increases, the strain (expansion) correspondingly 

increases in the direction of spontaneous polarization. The sample volume is 

maintained constant, thereby resulting in a contraction perpendicular to the 

electric field (cf. Figure 11). The expansion along the electric field increases until 

it saturates (point 1). When the electric field is decreased, the strain decreases 

and the crystal contracts until point 2. Further decrease leads to the building of 

an opposing field, that strengths is increased until the strain becomes zero (point 

3). At point 3, the direction of the polarization changes because of the strong 

opposed field. The polarization curve is anti-parallel to the spontaneous 
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polarization, and thereafter parallel to the opposed field. The strain becomes 

positive again as the field strength and polarization are parallel. Further increase 

of the opposed field leads to an increase in strain and a corresponding expansion 

of the crystal until it saturates (point 4). A subsequent change of electric field into 

positive leads again to a switching of the domains to the direction of the 

spontaneous polarization at point 5.  

As shown, a non-polarized sample needs to be polarized by poling. Poling 

orients the spontaneous polarization by an external electric field and generates 

the remnant polarization. In the poling process, a large electric field (>Ec) is 

applied for a certain duration and at a certain (elevated) temperature regime. 

Afterwards, deformation, mechanical stress, and mechanical tension reside 

within the domains (also in the absence of an electric field). It is to be noted that 

poling conditions are material-specific.  

Besides the hysteresis and butterfly loops, other large-field induced 

nonlinearities and time variable effects exist. These are listed as follows: 

 Aging is the change in material properties with time. It describes the 

tendency of the piezoelectric material to change back to its original 

spontaneously polarized state prior to poling, e.g., relaxation because of 

domain reorientation over time. Aging is time-dependent; it is very rapid 

immediately after poling (at t0), and aging slows down gradually a few 

days after poling. This phenomenon can be logarithmically expresses as 

follows:  

 

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Here, A denotes the “aging rate” constant that is specific to the 

composition, the microstructure, and the processing history of the 

material. As a rule of thumb, the aging of piezoelectric ceramic is around 

1 % per decade (year), and the effect is neglectible for piezoelectric 

actuators as their polarization is regularly oriented with a large-signal. 

 Relaxation is a time-dependent change in strain (overtravel) due to 

change in the electric field strength. It occurs a few minutes or seconds 

after loading, and it results either in a time-dependent increase in strain 
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under a constant field or a time-dependent decrease in strain with short-

circuiting of electrodes and under no load. Actuators used for positioning 

purposes are affected by this characteristic. 

 The mechanical hysteresis curve of a piezoelectric bending actuator is 

shown in Figure 13. A positive electric field is applied, cycled twice and 

the deflection of the bending actuator is sampled. The distance between 

the rising and falling curves of the deflection is called the hysteresis 

width. The hysteresis width of the curve expresses the electrical losses 

that are dissipated as mechanical work and heat. Mechanical hysteresis 

signifies the dependency of the deflection (elongation) of the activated 

material on its previous (history of) applied electric field. The electrical 

field induced deflection also depends on the velocity (rate) of the change 

of the electric field. Another point is that time-dependent relaxation also 

affects the hysteresis. Hysteresis and relaxation have a superposition. 

Here, relaxation is suppressed as the cycle time is small when compared 

with the relaxation time. The hysteresis width increases with the duration 

of the hysteresis run. Thus, the use of the piezoelectric material as an 

actuator requires position control. 

 

 
Figure 13 Mechanical hysteresis: hysteresis width is the difference  

between the rising and falling curves.  
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4.1.2 Temperature effects 

Pyroelectricity is defined as the reversible change in polarization, ΔP, with 

temperature, ΔConsequently, pyroelectricity is formation of charge in the 

piezoelectric material71,76 

  ipP  (6)  

Here, pi denotes the pyroelectric coefficient. The sample dimensions are 

maintained constant. The spontaneous polarization of the material depends on 

the temperature of the material. In contrast, the inverse effect is referred to as the 

electrocaloric effect, and a reversible temperature change is observed in the 

material under an applied electric field.  

Secondary pyroelectricity is the generation of electrical charge due to thermal 

stress and dilatation caused by inhomogeneous heating71. Other theories define 

secondary pyroelectricity as an additional contribution to primary 

pyroelectricity that can be observed when the sample dimensions are allowed to 

relax during temperature change.  

Piezoelectric materials do not exhibit polarization for a temperatures above the 

Curie temperature, , as the crystal lattice with an absent centre of symmetry 

changes to a symmetric lattice. This fact defines their maximum working 

temperature as (0.5 - 0.75) . Temperature changes also affect piezoelectric 

properties such as charge constant and coupling factor. Material properties such 

as the coefficient of thermal expansion and material stiffness are also affected. 

Very little data is available with respect to piezoelectric materials. The chapter 

titled Evaluation of screen-printed material characteristics reviews the material 

properties of applied piezoelectric, ceramic, and metallization layers. 

4.1.3 Mathematical description of piezoelectricity: piezoelectric 

equations 

A piezoelectric material deforms to minimize its total energy. The internal 

energy density, Win, is composed of its thermal, electrostatic, and mechanical 

energy densities.  



44 Chapter 4 - Optimization of the thermo-mechanical properties 

 

Its total differential is: 

  dSTdDEddW iiin   (7)  

In the equation, entropy σ, dielectric displacement Di, and strain S are 

independent variables while temperature, electric field strength Ei, and 

mechanical tension T are dependent variables. Temperature and entropy are 

scalar quantities. Electric field strength and dielectric displacement are vectors, 

and they are defined with reference to a set of axes. Mechanical tension and 

strain are defined as tensors, and they are expressed as a 3 x 3 matrix. Three 

coordinates are used to express the normal stresses and six coordinates the shear 

stresses. With regard to the reference condition Δ 0, Ej0 = 0, Tµ0=0, the definition 

of the Gibbs energy provides the linear coupled equations77,78: 
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Values that remain constant during the derivation are indicated by superscripts. 

The superscript T indicates a zero or constant stress field and the superscript E 

indicates a zero or constant electric field. For the isothermal case Δ =0, the 

behaviour of dielectric materials under an electric field vector {Efield} is expressed 

by the simplified matrix equations for the direct and reverse piezoelectric effect, 

respectively, as below: 

        TdED field
T    (10)  

        TsEdS E
field   (11)  

The dielectric displacement vector {D} is composed of the dielectric shift 

[εT]{Efield} and a mechanical loading vector {T} applied on the piezoelectric 

coefficient matrix [d]. The permittivity matrix [ε], or the relative dielectric matrix 

is a measure of the polarizability of the material. The permittivity is dependent 

on the electric field, thereby resulting in a nonlinear behaviour (of the large-

signal). The second equation above expresses the strain vector {S} that is 

developed in a piezoelectric element when the electric field vector { Efield } acts on 
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the piezoelectric coefficient matrix [d] of a piezoelectric material and when a 

mechanical loading {T} is applied on a body with the compliance matrix [s]. 

In general, the elastic, dielectric, and piezoelectric constants of piezoelectric 

materials are directional as the materials are polarized in one direction; thus, 

they are anisotropic. In the matrix equations below, the material constants are 

twice subscripted with reference to a set of axes as depict in Figure 11; the 

numeral 3 indicates the direction of positive polarization, and 1 and 2 indicate 

the perpendicular axes. The properties along plane 1 and 2 are isotropic. The 

indices 4, 5, and 6 refer to shear stress along axes 1, 2, and 3, respectively. 

The subscripts have two indices; the first index depends on the direction of the 

material constant and the second index depends on the direction of the applied 

loading (electric field, mechanical tension, or strain). Hooke’s law provides the 

relationship between strain and stress via the elastic stiffness [c] and Young’s 

modulus [E]: 

        SEScT   (12)  

Piezoelectric materials that are used for actuating applications are often lead 

zirconate titanate (Pb[ZrxTi1-x]O3 0≤x≤1) based materials. Such PZT materials 

“have the same matrix elements as piezoelectric crystals that belong to hexagonal class 

6 mm symmetry, for which the same coefficients as those for the 4-mm non-oriented 

polycrystalline material poled in the third direction are needed”94. This results in five 

independent elastic compliance constants [s], three independent piezoelectric 

charge constants and two dielectric constants (Voigt notation) that are related by 

the following expressions: 

 


































































































































3

2

1

15

15

33

31

31

6

5

4

3

2

1

1211

44

44

331313

131112

131211

6

5

4

3

2

1

)(2

E

E

E

d

d

d

d

d

T

T

T

T

T

T

ss

s

s

sss

sss

sss

S

S

S

S

S

S

EE

E

E

EEE

EEE

EEE

 
(13)  



46 Chapter 4 - Optimization of the thermo-mechanical properties 

 

 


































































































3

2

1

11

11

11

6

5

4

3

2

1

333131

15

15

3

2

1

E

E

E

T

T

T

T

T

T

ddd

d

d

D

D

D






 

(14)  

The elastic compliance matrix in Eq. (13) can further be assigned with the 

Poisson’s ratio ν and Young’s modulus and shear modulus Gij as follows: 
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(15)  

Piezoelectric elements are at times modelled with isotropic materials due to the 

lack of elastic material properties. This is also true for the case of analytical 

modelling of certain components such as piezoelectric benders or piezoelectric 

unimorph membranes. For isotropic materials, the matrix can be further reduced 

to only two parameters—Young’s modulus E and the Poisson’s ratio ν.  

 EEEE  321  (16)  

   231213  (17)  
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4.2 Layer deposition 

Piezoelectric actuators can be deposited on mirror substrates by means of several 

techniques including the jointing of piezoelectric disks and several direct 

application techniques of thick film layers. These include modified sol-gel, 

doctor-blade, ink-jet, and screen printing methods. Thin film techniques have 

also been proposed, but they are not suitable for manufacturing multi-material 

deformable unimorph mirrors. This is explored fully in the simulations section. 

4.2.1 Jointing of piezoelectric disks 

Jointing of piezoelectric disks is the assembly of sintered and cut piezoelectric 

plates with a mirror substrate. The commercially available plates are cut to shape 

using a wafer saw, a laser or by means of ultrasonic milling. Subsequently, they 

are assembled manually or via assembling robots. This is a very widespread 

technique; however, with decreasing disk dimensions and disk thicknesses, the 

labour input and costs increase significantly. Further, the adhesive jointing 

between the substrate and piezoelectric layer can become complicated under 

extremely low outgassing or temperature application. 

4.2.2 Direct thick film application 

Direct thick film application techniques provide excellent adhesion between the 

substrate and the active layer as the thick films are sintered directly with the 

substrate. A primary issue is the sintering of piezoelectric film, substrate, and 

metallization due to the thermal mismatch of different materials and the lateral 

clamping of the applied layers. Another challenge can arise due to chemical 

reactions with the substrate material and lead-oxide (PbO)-loss in the 

piezoelectric layer. The development of low sintering material systems 

minimizes these risks.  

Direct application by sol-gel coating is the deposition of suitable materials in 

form of a mixture of suspended precursor materials79. Piezoelectric layers are 

fabricated through piezo-ceramic powder that is present in a metal organic 

precursor. The material is applied via spin-coating or dip-coating covering the 

whole area on the substrate and subsequently structured by etching processes80. 
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Another technique is the application of piezoelectric films by tape casting. Slurry 

composed of low-sintering piezoelectric powder and organic additives are 

applied onto a metalized substrate surface by doctor blade. Thick films can be 

obtained by multiple coating. Several layers of piezoelectric material are 

deposited on the metalized substrate and then laminated and sintered at 

elevated temperatures. Subsequently, the piezoelectric films are laser-

structured86. 

These direct application techniques require an additional structuring step. 

Techniques that feature inherent structuring are ink-jet printing and screen 

printing. The ink-jet technology deposes slurry with ultrafine piezoelectric 

particles onto a surface by means of a high-speed jet stream. The nozzle moves 

over the surface, thereby directly writing the actuator or met-allization layouts. 

Functional materials are deposited using drop-on-demand (DoD) systems, 

thereby optimizing the use of costly materials and enabling fine line-widths. The 

slurry is dried on the substrate at elevated temperatures. Schroth proved the 

actuation capability of ink-jet-printed piezoelectric layers in his study in 199781. 

Subsequent investigations of different PZT suspensions suitable for DoD and 

continuous printing have since been carried out82,83. The major advantage of ink-

jet technology is its sub-nanoliter voxel resolution; however, the method is not 

suitable for deposition of thick films as the drop volume is very small. Typical 

film thicknesses are around 10 µm and below. The deposition of thick films with 

thicknesses of around 100 µm would be possible with this technology, but the 

process would be time consuming, impractical, and costly. For ink-jet printing, 

no single complete technology solution that can be used for the deformable 

unimorph mirror system is currently available. 

4.2.3 Screen printing 

Screen printing is a widespread technique in the manufacturing of thick film 

hybrid microelectrical systems. The material to be deposited by screen printing is 

referred to as ink or paste84,79. A screen is positioned over the substrate and a 

squeegee blade is passed over it. The squeegee blade forces the paste through the 

screen openings onto the substrate. The deposited material is subsequently dried 
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to remove the volatile solvent components. Next, it is fired to burn away the 

organic binder, and the material is sintered. The sintering involves chemical 

reactions that form the final film, thereby providing substrate adhesion and 

ensuring film density. This technique is suitable for mass production as it can be 

used to fabricate large, accurate patterns of material with well-defined 

dimensions at high repeatability rates. Further, it is possible to screen-print 

different actuator mirror layouts onto one substrate. The selected process 

parameters define the achieved accuracy and layer thicknesses. The minimum 

feature sizes of the screen-printing process are line widths of <80 µm in the field 

of electronics and <30 µm in electrical circuits with a web width of <30 µm85. 

Layer thicknesses between 10 µm and 300 µm can be achieved via screen 

printing. Printing of thick film conductors, resistors, dielectrics, and inductors on 

different substrates is a standard process. The development of piezoelectric 

pastes with high actuating capability has been the focus of several research 

groups for the past 20 years86,87,88,89,91 since Baudry provided working proof of the 

principle in 198790. He screen-printed piezoelectric paste onto alumina substrates 

for use as a loud speaker. Recent commercially available substrates include 

silicium, fused silica, metal, and different ceramics such as Al2O3, LTCC, AlN, 

and ZrO. An additive printing process achieves fired piezoelectric film 

thicknesses between 20 and 150 µm91 and ceramic substrates with thicknesses 

down to 150 µm have been processed.  

The characteristics of the screen-printing process in combination with the 

availability of piezoelectric pastes with high actuating capabilities have made 

screen-printing techniques popular for use in the fabrication process of 

deformable mirror systems. The DMs in this study use the screen-printed 

piezoceramic thick film PZ 5100 that has a lead zirconate titanate base (PbZr1-

xTixO3 or PZT). These films are low sintering pastes obtained through addition of 

a low sintering eutectic oxide and a borosilicate glass to a PZT-PMN powder. 

PZT thick film actuator structures are basically prepared using the following 

procedure (S. Gebhardt, personal communication, December 1, 2011): 
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1. Screen printing and sintering of bottom electrode at Ts = 850 °C/0.17 h. 

2. Multiple screen printing (3–5 times according to designated film thickness) of 

PZT thick film. Sintering at Ts = 900 °C/2 h. 

3. Repetition of multiple screen printing (3–5 times according to designated film 

thickness) of PZT thick film. Sintering at Ts = 900 °C/2 h. 

4. Multiple screen printing and sintering (at least two times) of isolation layers at 

Ts = 850 °C/0.17 h. 

5. Screen printing and sintering of top electrode at Ts = 850 °C/0.17 h. 

4.3 Evaluation of screen-printed material characteristics 

The effective material parameters of screen-printed devices depend not only on 

the starting material composition but also on the application regime, sintering 

conditions, the compatibility of the film with the sandwiching electrodes, and 

the substrate material. Moreover, there is little available data on the screen-

printed piezoelectric thick film PZ 5100 and screen-printed metallization layers 

of bottom and top electrode with respect to the material parameters. Therefore, a 

primary challenge is the population of the piezoelectric equations with reliable 

data. The thick film layers are too small and brittle to use the standard 

ANSI/IEEE methods92,72. For the accurate prediction of actuator capability, the 

complete set of piezoelectric, mechanical, and electrical characteristics are 

needed as the usability of simulation models increases with increasing material 

data.  

Standard literature provides a few details on the determination of the material 

parameters of screen-printed thick films; Zarnik et al.93,94 have studied the 

numerical modelling of piezoelectric actuators and measured the mechanical and 

piezoelectric material parameters by nanoindentation and standard resonance 

methods. Standard resonance measurements are not suitable for thick films as 

the standard measurement geometries cannot be manufactured. The 

nanoindentation and standard resonance measurements achieve identical results 

in the case of piezoelectric bulk material. The effects of mechanical loading of the 

piezoelectric ceramic caused by the diamond during nanoindentation do not 

result in a significant electrical charge (direct piezoelectric effect), or stiffness 
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modification of the piezoelectric thick film. This suggests nanoindentation as an 

appropriate technique for evaluating the compliance of piezoceramic thick films. 

Zarnik et al.94 printed PZT paste (53/47) onto Al2O3 substrates fired to a thickness 

of 38–45 µm. They prepared cantilever test samples, and they used a 

nanoindentation method and an adapted substrate-flexure method for the 

determination of the Young’s modulus and of the piezoelectric coefficient d31, 

respectively. The Young’s modulus was measured at the surface of the film after 

the upper electrode was carefully rubbed after poling. The Poisson’s ratio was 

obtained from the bulk material, and it was used to calculate the Young’s 

modulus from the indentation module. The authors defined this modulus as the 

elastic stiffness along polarization c33D since there was no electrical load. They 

used the piezoelectric bulk material ratios to calculate s33E from c33D, and the other 

stiffness parameters. The piezoelectric transverse coefficient e31,f was determined 

by stretching the cantilever and measuring the generated electric charge. The 

work also includes a parametric numerical study showing the insensitivity of the 

cantilever stroke to variations in d33 and d51 that can only roughly be estimated. 

The measured Young’s modulus along the thickness/poling direction of the 

piezoelectric film is reduced by 50 % in comparison to the bulk material with the 

same composition94. Additionally, the measured Young’s modulus shows a high 

standard deviation. This is most probably caused by the high porosity of the 

film. The authors also confirmed the influence of the substrate material on the 

film, and they showed93 that the compliance of the piezoelectric thick film on 

LTCC is nearly doubled for Al2O3. The population of the FEM models with the 

measured and approximated material parameter results in good agreement 

between the experimental measurements and numerical simulations for static 

and dynamic deflection. 

Walter et al. carried out a comparative study determining the Young’s modulus 

of two different screen-printed piezoelectric thick films on Al2O3 measured by 

three different mechanical characterization tests95,96. They tested hard and soft 

piezoelectric thick films using dynamic, quasi-static, and nanoindentation tests. 

The soft-PZT paste was deposited by the Fraunhofer IKTS and the hard-PZT 

paste was deposited by LGEF in Lyon. The measured porosity was 5% and 50% 
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for the soft-PZT film and the hard-PZT film, respectively. Again, the porosity in 

this case causes the Young’s modulus to decrease when compared with that of 

the bulk ceramic. The authors estimated a Poisson’s ratio of 0.3 for the 

substrate and piezoelectric layer and the density of the bottom electrode as 

19.3 g/cm³. The effects of the porosity of the metallization layer caused by the 

screen-printing process are not taken into account. The authors provide no 

values for the density of the piezoelectric layer. The results for the measured 

Young’s modulus of the soft-PZT film were: Edynamic = 51.5 ± 9 GPa, 

Estatic = 52.8 ± 8 GPa, Enano = 66 ± 22 GPa. The authors also measured d31 = -120 ± 

5 pC/N by detecting the free deflection of the sample cantilever using the 

formulae derived by Smits97. Consequently, they applied an electric field and 

measured the cantilever deflection with and without mechanical loading. 

Sivanandana98 uses a similar approach in evaluating the transverse piezoelectric 

property 31
*e  of a screen-printed piezoelectric thick film on alumina by 

measuring the piezoelectric deflection of PZT/alumina unimorphs (L = cantilever 

length, h = substrates thickness): 
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Torah et al.99 investigated the clamping effect of piezoelectric thick films screen-

printed onto a substrate. They conducted a theoretical formulation of the 

clamping effect, and they confirmed the decrease in the measured d33 due to the 

device being fixed onto the substrate and therefore, due to the clamping of the 

piezoelectric device. Simon et al.100 compared piezoelectric thick film 

characteristics with bulk ceramics, and they explained the differences with 

respect to the residual porosity of the films and the lateral clamping of the 

substrate. The effect of the residual porosity on density and permittivity can be 

reduced by applying uniaxial pressure on the film during manufacturing. The 

lateral clamping effect of screen printed thick films is higher for material with 

large coupling factor and large piezoelectric coefficient (d31).  

Banno101 theoretically investigated the relationship between porosity and change 

in material properties by a homogeneous distribution of the pores and a random 
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shape-orientation. Zeng et al.102 investigated the influence of porosity and pore 

shape on the properties of porous PZT 95/5 ceramics. They experimentally 

showed the decrease in the piezoelectric coefficient (d33), dielectric constant (ε33), 

and remnant polarization (Pr) with increase in porosity. Moreover, spherical 

porous PZT ceramics exhibit better material properties than ceramics with 

irregular pores, e.g., they exhibit a higher Young’s modulus due to lower 

microstress. The application of the developed formulae is restricted by the 

limited knowledge of bulk material characteristics. 

4.3.1 Experimental investigation of screen-printed layer characteristics 

Designed sample structures are subsequently fabricated by IKTS, Dresden. They 

were obtained to measure the material characteristics of the screen-printed 

actuator layers on different substrates (cf. Figure 14). Different cantilever and 

circular patterns on LTCC and Al2O3 were screen-printed. The substrate wafers 

were laser-cut for singularization of the single sample structures. The PZT thick 

films have a thickness of tp = 100 µm and the thickness of the substrates is 

ts = 250 µm for Al2O3. All structures were poled at room temperature for two 

minutes at 2 kV/mm. 

 
Figure 14 Screen-printed sample structures: (a) singularized piezoelectric cantilever with 

different cantilever lengths on Al2O3 substrate and (b) different screen-printed cantilever and 

circular membrane structures on LTCC before singularization. 

I obtained microscopic images of the surface’s top view and cross-sectional view 

(cf. Figure 15) for two sample cantilevers in order to investigate the layer 

thickness of the piezoelectric thick films, the metallization thick film, and the 
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substrates. The microscopic images are obtained on polished surfaces with a 

magnification of 20 (cf. Figure 16). The microscopic measurements reveal a 

thickness of 206.9 µm ± 5.0 µm for the LTCC substrate. The bottom metallization 

thickness is 6.7 µm ± 0.7 µm and 7.7 µm ± 1.5 µm for LTCC and Al2O3, 

respectively.  

Measurements of the density for screen-printed thick films were also carried out 

with these sample structures. The screen-printed thick films were relieved from 

the substrate by using hydrofluoric acid, and subsequently rinsed with 

deionized water and dried. Hydrofluoric acid etches not only the gold thick film 

but also the PZT thick film. This is why the residence time is generally kept as 

short as possible. 

 
Figure 15 Schematic of the screen-printed sample structures: surface and cross-section. 

In addition, the PZT thick film is cut and polished, thereby cancelling the 

variation in dimensions and the zone of influence of hydrofluoric acid. The 

substrates were also cut and polished while the metallization layer was 

recovered only from the substrate and cleaned, as its small thickness (≤10 µm) 

could not be polished. The substrate and metal films were measured for 

thickness and lateral dimensions with a gauge and microscope, respectively. The 

weight of the different samples was measured using a high-precision balance, 

and the density was calculated by using the weighing and cubature method.  

The measurement by the weighing and cubature method provided a density of 

3.2 g/cm³ for the LTCC (DP 951) substrate. The manufacturer-specified value was 

3.1 g/cm³, and this difference corresponds to a deviation of less than 3% between 
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the specification and the measurement. Therefore, the validity and applicability 

of this measurement method was confirmed. 

Metallization layer 

The measured density  of the thick film gold electrode on LTCC was 14.8 g/cm³, 

while the theoretical density 0 of gold was 19.3 g/cm³. This corresponds to a 

porosity P of 23.3% and a decrease in Young’s modulus from 78 GPa to 48.5 GPa 

by using the following expressions: 

 
 

(20)  

 )1( 3/2PYY Bulkfilm   (21)  

This linearized model103 does not consider the effect of morphology and pore 

geometry. The effective shape factor of the particles is assumed as unity. The 

change in Poisson’s ratio is evaluated by: 

 
 

(22)  

This evaluation leads to a decrease from 0.42 to 0.26 for the Poisson’s ratio. The 

calculated porosity values need to be carefully considered as the hydrofluoric 

acid etches not only the gold but also other components in the gold layer and not 

necessarily in the same ratio as they occur. Another important point to consider 

is the small physical dimensions of the samples, particularly in thickness. 

Density measurement values can also be obtained by Archimedes' principle and 

a pycnometer. The problem in this case is again the release of the sintered thick 

film from the substrate. The screen-printed metallization layers are very thin, 

and their impact of porosity-induced changes to the Young’s modulus, Poisson’s 

ratio, and density on the deflection and resonance behaviour can be neglected. 

The bulk values of the coefficient of thermal expansion (CTE) are valid for 

screen-printed layers as this property does not depend on porosity104. The 

influence of porosity on heat capacity is not specified for screen-printed thick 

films. The thermal conductivity of screen-printed metallization layers have been 

specified at κ = 70 Wm-1K-1  and κ = 130 Wm-1K-1 for Au105- and Au/Pt106-films. The 
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thermo-mechanical properties of the screen-printed gold layer are summarized 

at the end of this chapter in Table 9. 

 
Figure 16 Microscopic images of polished piezoelectric thick film samples  

on Al2O3 and LTCC substrates. 

PZ 5100 layer 

Figure 17 shows the schematic of the evaluation of the material characteristics of 

screen-printed piezoelectric thick films using the measurements of the film 

density and indentation modulus along surface Yit33 and cross-section Yit11. The 

density and the ratio of the indentation modulus are compared with bulk data in 

order to identify the corresponding bulk material characteristics.  

The Young’s moduli E11 and E33 are calculated by nanoindentation measurements 

and by an educated guess of the Poisson’s ratio. The Young’s moduli values are 

compared with the stiffness parameter of different piezoelectric bulk and glass 

materials. Therefore, the crystal symmetry of the piezoelectric thick film material 

is assumed to be identical to that of the bulk material94. The full stiffness matrix 
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is calculated by taking the same value for the ratio between elastic stiffness 

components cijD (i,j = 1,..,6) components for both the thick films and the bulk. The 

ratio d31/d33 of the bulk material is calculated, and it is used to determine d31 from 

the measured thick film’s d33 value from the literature data. The measurement 

data of the electrical properties of the screen-printed thick film and the 

piezoelectric bulk material are available from the literature, and they are used to 

obtain the complete piezoelectric thick film material characteristics.  

 
Figure 17 Schematic of the evaluation of the material characteristics of piezoelectric thick 

films based on measurements and comparison with piezoelectric bulk data. 

The density of the piezoelectric layer is measured by the weighing and cubature 

method. The measurements reveal a PZ 5100 layer density of 5.94 g/cm³ and 

6.16 g/cm³ for screen-printed piezoelectric layers on Al2O3 and LTCC substrates, 

respectively. Measurements of the closed porosity of screen-printed PZT showed 

a value of 8.5 vol. %107 for alumina substrates; this value amounts to a 

corresponding theoretical density 0 of 6.49 g/cm³ for the PZ 5100 layer on Al2O3 

using equation (20). The expected values for the theoretical density 0 are 

approximately 7.60 g/cm³ (S. Gebhardt, personal communication, December 1, 
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2011) and are considerably higher than the measured values. The density 

measurements of the PZ 5100 layer as obtained by the weighing and cubature 

method suffer from dimensional uncertainties as the post-measurement samples  

show pitting in the polished PZ 5100 layer (cf. Figure 16). As in the case of the 

metallization layer, the release of the layer by hydrofluoric acid can also lead to 

lower measured densities. The sample volume also is small; however, this can 

lead to a lower measured density of the thick film. Further, material variations 

composition is also conceivable. 

Measurements of the indentation modulus of the screen-printed thick film PZ 

5100 on LTCC and Al2O3 substrates are obtained using the MTS NanoIndenter 

G200 with a diamond Berkovich tip. The samples are prepared, and they are 

measured for cross-section polish and surface polish (cf. Figure 15). The 

Berkovich indenter tip is forced onto the piezoelectric material and the resulting 

load-deflection curve is used to calculate the indentation modulus Yit based on 

DIN EN ISO 14577 standards. The indentation modulus is related to the Young’s 

modulus E as follows: 

 
 

(23)  

A reliable measurement set-up needs special requirements. The maximum 

penetration depth needs to be less than the piezoelectric layer thickness (hmax < 

0.1 tp) and greater than the surface roughness Ra (hmax > 20Ra). The film must be 

sufficiently thick to overcome the influence of the substrate’s stiffness. The 

measurements show a penetration depth smaller than 5 µm and thus less than 

5% of the substrate’s thickness. The influence of the substrate stiffness on the 

measurement results can be neglected. The distance between the rim of the 

specimen and indentation needs to be at least 5 times the indentation diameter. 

The test is repeated 10–20 times for different loads of 25 mN, 50 mN, and 75 mN 

along the cross-section. The results are shown for Al2O3 (Table 2) and LTCC ( 

Table 3).  

As seen from the tables, both thick films show decreasing YIT11 values and 

decreasing deviation with increasing probe load. The average YIT11 values are 

74.8 GPa and 79.9 GPa for Al2O3 and LTCC, respectively. The graphical 
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representation shows that the confidence region overlaps for both materials (cf. 

Figure 18). The indentation modulus measured for a force of 75 mN is used for 

further calculations. The Young’s modulus is calculated for Poisson’s ratios of 

ν = 0.2 and ν = 0.3, thereby leading to values between 70 GPa and 74 GPa for 

LTCC, and between 64 GPa and 68 GPa for Al2O3. 

Table 2 Measured indentation modulus of screen printed PZT thick film  

on Al2O3 substrate in cross-section108. 

Indentation force  

[mN] 
25 50 75 

No. of measurements  20 10 20 

Indentation modulus 

YIT [GPa] 
79.4 ± 15,9 74.4 ± 11.5 70.6 ± 5.9 

Young’s modulus E11 

[GPa], ν=0.2 
76.2 ± 14,5 71.4 ± 11.0 67.8 ± 5.7 

Young’s modulus E11 

[GPa] ν=0.3 
72.2 ± 13.7 67.0 ± 10.4 64.3 ± 5.4 

 

Table 3 Measured indentation modulus of screen printed PZT thick film  

on LTCC substrate in cross-section108. 

Indentation force  

[mN],  
25 50 75 

No. of measurements 20 10 20 

Indentation modulus 

YIT [GPa] 
81.4 ± 17.8 81.6 ± 13.5 76.7 ± 8.2 

Young’s modulus E11 

[GPa], ν=0.2 
78.2 ± 17.1 78.3 ± 13.0 73.6± 7.9 

Young’s modulus E11 

[GPa], ν=0.3 
74.1 ± 16.2 74.2 ± 12.3 69.8± 7.5 
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Figure 18 Measured indentation modulus in cross-section. 

The indentation modulus on the surface of the piezoelectric material is measured 

over 10 trials with a loading of 250 mN for both substrates (cf. Table 4 and Table 

5). The surface is again polished for reduction in surface roughness and its effects 

on measurement deviation. The measurements for each substrate were carried 

out separately for two different Poisson’s ratios of ν = 0.2 and ν = 0.3.  

Table 4 Measured indentation modulus for surface of screen-printed PZT thick film on Al2O3 

substrate 108. 

Indentation force  

[mN] 
250 250 

Number 10 10 

Indentation modulus YIT [GPa] 66.0 ± 10.8 62.9 ± 11.1 

Poisson’s ratio ν 0.2 0.3 

Young’s modulus E33 [GPa] 63.4 ± 10.4 57.2 ± 10.1 
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Table 5 Measured indentation modulus for surface of screen-printed PZT thick film on LTCC 

substrate 108. 

Indentation force  

[mN] 
250 250 

Number 10 10 

Indentation modulus YIT [GPa] 62.1 ± 2.7 60.9 ± 4.8 

Poisson’s ratio ν 0.2 0.3 

Young’s modulus E33 [GPa] 59.6 ± 2.6 55.5 ± 4.4 

 

The measurements reveal that the indentation modulus varies slightly between 

the two measurements of the same material but the different Poison’s ratios; 

however, the calculated deviation permits a comparison. A comparison between 

the measurements along the cross-section and on the surface reveals a higher 

stiffness in cross-section. 

The screen-printed thick film is composed of lead zirconate titanate (PbZr1-xTixO3 

- PZT), and Bi2O3/ZnO and a borosilicate glass are added in order to reduce the 

original sintering temperature from Ts = 1200 °C down to 950 °C109. If the 

quantity of the additives are small and homogeneously distributed and thus not 

modifying the mechanical properties one can calculate the modifications in 

compliance (and piezoelectric coefficients) due to the grade of borosilicate glass 

and porosity by the following equations101,110: 
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No data about the actual material composition or borosilicate content of the 

piezoelectric thick films were available. Therefore, I attempted an identification 

of the corresponding piezoelectric bulk material by comparison of the material 

characteristics. I compared the density, c11, c33, and the ratio Y11/Y33 of different 

piezoelectric bulk materials with the measured values of the screen-printed 

piezoelectric material. The piezoelectric bulk materials include two different lead 
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titanate zirconate compositions71 Pb(Ti0.48Zr0.52)O3 (abbreviated form 48/52) and 

(Pb0.94Sr0.06)(Ti0.47Zr0.53)O3 (abbreviated form 47/53) and lead titanate zirconate 

materials from Pi Ceramic GmbH (PIC 255, PIC 151). The complete material data 

for PIC 151 and PIC 255 are shown in the appendix A2 and A3, respectively. The 

materials from CeramTec (Sonox P505, P51, P53)111,112 and Morgan Electro 

Ceramics (PZT-5H)113 as well as borosilicate glass also are used for comparison.  

 
Figure 19 Identification of suitable material by comparison of measured data of PZT thick 

film (TF) with available material. 

The comparison of the density reveals that all the piezoelectric bulk materials 

have a higher density than the screen-printed layer and the borosilicate glass (cf. 

Figure 19). In agreement with the rule of mixture, the density decreases with 

increasing borosilicate glass or porosity content.  

 
Figure 20 Comparison of measured stiffness of PZT thick films (TF) with material 

characteristics of bulk materials. Poisson’s ratio is assumed to be 0.3. 
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The second criterion is that the measured stiffness of the screen-printed film 

(E11film=c11film and E33film=c33film) needs to be smaller than that of the bulk material. 

Figure 20 depicts the comparison results. The criterion Ebulk > Efilm limits the 

selection to 48/52 and 47/53 as all other bulk values show small stiffness values. 

The third criterion relies on the ratio of the stiffness components (cf. Figure 21). 

The ratio of the indentation modulus for the cross-section to surface is equal to 

the cross-section to surface ratio of the films Young’s modulus (at a constant 

Poisson’s ratio). The same cross-section to surface ratio applies to the Young’s 

modulus of the bulk material: 
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For the determination of the ratio of the stiffness components (stiffness ratio), the 

indentation moduli obtained with 75 mN and 250 mN are chosen. The Young’ 

moduli are calculated with Poisson’s ratio of ν = 0.3 from the indentation moduli, 

and values of 55.5 GPa and 69.8 GPa are obtained for E33 and E11, respectively, for 

LTCC substrates. The values for Al2O3 substrates are 57.2 GPa and 64.3 GPa for 

E33 and E11, respectively. The stiffness ratio of the piezoelectric thick film for 

LTCC is 0.80. The material characteristics of 47/53 and 48/52 have stiffness ratios 

of 0.79 and 0.81, respectively. I chose 47/53 as bulk material in order to calculate 

the missing stiffness and elastic compliance constants of PZ 5100 thick film as it 

showed good agreement with the calculated results above (99.8 %). The stiffness 

ratio for the piezoelectric thick film on Al2O3 coincides only by 89.2% with that of 

47/53. This is caused by the small measured surface indentation modulus and its 

large standard deviation. 
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Figure 21 Comparison of calculated stiffness ratio. 

Again, the full stiffness matrix is calculated by taking the same ratio between cijD 

(i,j = 1,..,6) of the stiffness matrix constants for the thick film and the bulk.  

I assume that the piezoelectric thick film’s have the same Poisson’s ratio as the 

bulk material 47/53 of 0.329 and 0.34 for –v12 and –v13 respectively and calculate 

s12 and s13 using equation (26) and the bulk Poisson’s ratio. The calculated ratio of 

s11_Bulk/s11_Film and s33_Bulk/s33_Film are 0.859 and 0.860 on LTCC substrate. The ratio 

s12_Bulk/s12_Film and s13_Bulk/s13_Film are also 0.859 and 0.860 on LTCC substrates. The 

ratio for the calculation of the missing material stiffness constants s44_Film and 

s66_Film are assumed to be 0.86 (mean value). The same routine is applied for the 

determination of the missing material parameter for screen-printed thick films 

on Al2O3. The ratio for the determination of s44_Film and s66_Film on Al2O3 is 0.87. 

Therefore, the compliance components for the thick film on LTCC and Al2O3 

are: 

Table 6 Compliance components for screen-printed thick films and bulk material. 

Parameter TF on LTCC TF on Al2O3 (Pb0.94Sr0.06)(Ti0.47Zr0.53)O3 

s11 1.43 × 10-11 1.56 × 10-11 1.23 × 10-11 

s33 1.80 × 10-11 1.75 × 10-11 1.55 × 10-11 

s12 -4.72 × 10-12 -5.12 × 10-12 -4.05 × 10-12 

s13 -6.17 × 10-12 -5.99 × 10-12 -5.31 × 10-12 

s44= s55 4.53 × 10-11 4.40 × 10-11 3.90 × 10-11 

s66 3.80 × 10-11 3.69 × 10-11 3.27 × 10-11 
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Table 7 Stiffness components for screen-printed thick films  and bulk material. 

Parameter TF on LTCC TF on Al2O3 (Pb0.94Sr0.06)(Ti0.47Zr0.53)O3 

E11 6.98 × 1010 6.43 × 1010 8.13 × 1010 

E33 5.55 × 1010 5.72 × 1010 6.45 × 1010 

v12 0.329 

v13 0.34 

G12 2.63 × 1010 2.71 × 1010 3.06 × 1010 

G13 2.21 × 1010 2.27 × 1010 2.56 × 1010 

 

These evaluations of the compliance and stiffness components of the screen-

printed materials include assumptions and approximation. It is suggested to 

verify the values with a larger number of samples.  

The ratio d31/d33 of the bulk material 47/53 is -0.426. The specified film values of 

d33 are 180 pC/N and 210 pC/N for LTCC and Al2O3, respectively114. The 

application of the bulk ratio -0.426 = (d31/d33) leads to d31 values of -76 pC/N and -

89 pC/N for LTCC and Al2O3 substrates, respectively. Another rule of thumb 

approximation is given by d31 = - 0.33d33, and this calculation leads to lower d31 

values of -70 pC/N and -60 pC/N for Al2O3 and LTCC, respectively. 

Measurements of the dielectric constant and dielectric loss are also available for 

different substrate materials114; these are shown in Table 8.  

Table 8 Electrical properties of screen printed piezoelectric thick film PZ5100 (active 

area = 400 mm²) on LTCC and Al2O3 substrate materials114.  

Property 
PZT on Al2O3 

(99.6 %) 

PZT on LTCC  

(DP 951) 

Dielectric constant (33T/0) 1900 1500 

Dielectric loss (tan ) 0.038 0.033 

Piezoelectric coefficient: d33 [pC/N] 210 180 

Piezoelectric coefficient: d31 [pC/N] 
-89 (calculated) 

-70 (approx.) 

-76 (calculated) 

-60 (approx.) 

Remnant polarization : Pr@50 Hz [µC/cm2] 16 10 

Coercive field: EC@50 Hz [kV/cm] 15 13 

Internal resistance Ris at 30 kV/cm after 30 s [] 2 × 1011 
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As in the case of the data for the mechanical parameters of piezoelectric thick 

films, very little data are available regarding their thermo-mechanical 

characteristics such as thermal conductivity, thermal expansion, and heat 

capacity. Literature data115 from commercially available piezoelectric elements 

(Pi Ceramic GmbH) are assumed to be a good approximation; the values of 

350 Jkg-1K-1, 1.1 Wm-1K-1, and (4–8) × 10-6K-1 are assumed for heat capacity, 

thermal conductivity, and CTE (perpendicular to polarization, hot-wired), 

respectively. 

4.3.2 Stress effects on screen-printed layers 

The formation of stress in screen-printed piezoelectric devices can be attributed 

to the following reasons: (i) shrinkage and constrained densification during 

sintering of screen-printed metallization layers and piezoelectric layers, (ii) 

polarization of piezoelectric layers, (iii) CTE mismatch of substrate and screen-

printed layers (e.g., piezoelectric layer and metallization layer), (iv) application 

of substrate coatings, and (v) shrinkage of the substrate membrane during 

sintering (e.g., LTCC substrate).  

 
Figure 22: Definition of the stress level in the piezoelectric layer 

The stress-forming causes either tensile or compressive stresses in different 

layers. Figure 22 shows deformation of a bilayer by compressive and tensile 

stress in the piezoelectric layer. Shrinkage and polarization of the piezoelectric 

layer induce tensile stress in the piezoelectric layer as the plane-layer contraction 

is suppressed by the substrate (clamping effect). High-temperature sintering 

processes of screen-printed layers and their subsequent cooling to room 

temperature induce residual stress due to CTE mismatches of the piezoelectric 
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and structural layers. Consequently, the membrane bends (as shown in the 

figure), and number of layers and the material characteristics influence the 

magnitude and direction of the bending. 

Several studies have examined the effects of manufacturing-generated stresses 

on piezoelectric stroke, electromechanical properties of the piezoelectric films, 

resonance frequency, and sensitivity of multilayer structures. An increase in 

piezoelectric stroke induced by stress is caused either during the manufacturing 

processes116,117, by externally applied mechanical stress119 or by thermal loading118. 

Piezoelectric benders with manufactured tensile pre-stress116 show increased d31 

values, and thus increased piezoelectric deflection. The increase in d31 is 

attributed to a change in the initial domain configuration (and thus the 

electromechanical properties) under a suitable stress state. 

Externally applied mechanical strains (-T3) induce elastic stresses and 

piezoelectric polarization in the piezoelectric material. The piezoelectric 

polarization creates an internal electric field in the material that acts against the 

mechanical deformation. This is the reason for the strain asymmetry of 

piezoelectric elements between tensile loading and compressive loading and the 

complex electrical boundary conditions in piezoelectric benders74. Externally 

applied stresses in piezoelectric benders result in internal loading and complex 

stress levels. In particular, dynamic stresses in piezoelectric benders may be 

fairly large, and even greater than static stresses74. Finite element simulations 

have the potential to account for all these effects; however, this strongly depends 

on the availability of material data for all the layers. The lack of availability of 

such data leads to the use of linear finite element simulations and piezoelectric 

equations. Linear finite element simulations (neglecting nonlinear material 

behavior) appear to be sufficient for initial estimations of piezoelectric stress 

levels. Piezoelectric equations use the elastic coefficients of the piezoelectric layer 

that are defined for a constant electric field. In reality, the piezoelectric 

coefficients of the piezoelectric equations (cf. sec. 4.1.3) depend on the applied 

loading conditions, loading direction, loading rate, and frequency74. The changes 

in the piezoelectric parameters by temperature are also not taken into account. 

These simplifications are driven by the lack of material data; however, they are 
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valid for the assumptions of small linear and non-linear changes of the material 

data over certain temperature ranges. 

The stress state is also of particular importance for piezoelectric transducers as it 

affects resonance frequency and sensitivity. It is shown that frequency deviations 

mainly originate due to membrane bowing while stiffness variations influence 

the quality factors of vibrations for membrane bowing in the range of the total 

membrane thickness of sol-gel-derived thin film multilayer structures119. Other 

studies120 have confirmed a significant increase in the resonance frequency and 

decrease in piezoelectric stroke caused by (uniform in-plane) stress. In this case, 

the stress-induced membrane bowing is only 20% of the membrane’s total 

thickness. The resonance frequency also depends on the applied electric field121, 

and it decreases with an applied electric field. This change in resonance 

frequency is attributed to nonlinear elastic coefficients (stiffness variations) of the 

piezoelectric layer. In addition, a decrease in the mechanical quality factors has 

also been shown, and this attributed to increase in the air-damping effect as well 

as actuator internal friction. 

4.4 Substrate materials 

The screen-printing of PZ 5100 allows for the application of piezoelectric and 

metallization layers on different materials such as alumina, silicon, and LTCC. In 

the following section, the available substrates are investigated for their 

suitability in DM applications.  

Aluminum oxide 

Al2O3 is a very hard material with a high Young’s modulus (>350 GPa) and a 

density of approximately 3.9 g/cm³. This leads to very stiff mirror geometries 

with a high first resonance frequency and an excellent strength; however, the 

resulting piezoelectric stroke is less. Its heat spreading capability is moderate 

(~ 30 Wm-1K-1 ). The material is inexpensive and offers a good adhesion for 

printed layers and good hermeticity (moisture is not able to seep in and reduce 

quality of prints during firing). The thermal expansion of Al2O3 (between 

5.4 x 10-6 K-1 and 5.8 x 10-6 K-1) matches that of the piezoelectric PZ 5100 thick 

film. 



Chapter 4 - Screen-printed piezoelectric deformable unimorph mirrors 69 

Silicon 

Silicon is widely used as mirror substrate material. It exhibits a good surface 

quality for thin substrate dimensions. Further, silicon has low density, high heat 

conductivity (~150 Wm-1K-1), and good mechanical strength. Silicon allows exact 

dimensional control with micromachining technologies. The CTE is very small 

(2.6 × 10-6 K-1), and it does not overlap with that of the piezoelectric thick film. 

One drawback is lead diffusion from the piezoelectric thick film layers into the 

silicon during firing. The lead diffusion results in thick films with lower 

piezoelectric properties when compared to those with alumina substrates. 

Investigations have shown that the large manufacturing-imposed deformation of 

the screen-printed mirrors cannot be negated by polishing53. 

Low temperature co-fired ceramic (LTCC) 

LTCC is used to fabricate ceramic multilayer circuit boards. The substrate 

material comprises glass ceramic layers that are cofired (fired simultaneously) at 

low temperatures (below 1000°C). The manufacturing process consists of the 

stacking of a preferably even number of green foil layers that undergo sintering 

and are subsequently fired. The ceramic layers have the ability to allow 

embedding of passive components (inductors, capacitors, resistors, and 

dielectrics). Therefore, the layered substrate enables the integration of sensors 

into a monolithic device. The layer can also be structured by integration of 

cavities and cooling channels into the substrate. The 3D-structuring can be used 

to integrate packaging, mounting, or alignment structures. LTCC is used in radio 

frequency and high frequency applications, general purpose packaging, and 

optoelectronic and automotive modules. The technology is also used to construct 

microsystems (fuel cells, drug delivery mechanisms, biological parameter 

monitoring, etc.)122,79. LTCC has mechanical properties similar to those of silicon. 

Moreover, it has a higher CTE that is compatible with the piezoelectric layer. Its 

thermal conductivity is lower than that of silicon. The LTCC sinter process 

causes material shrinkage. However, the LTCC surface cannot be polished to 

optical quality, and it requires some thick film metallization than can be 

processed to optical quality. The overall deformation of the surface is large (in 
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the order of tens of µm) at a specified diameter of 50 mm. Its heat conductivity is 

low (3 Wm-1K-1 ).  

 

The deformable mirror used in this study is based on LTCC. This is motivated by 

its great potential of integration of mechanical cavities for cooling channels and 

mounting aids due its 3D-structural capabilities. Another important fact is the 

possibility of the integration of screen-printed, flat metallization and sensor 

elements into the multi-layered mirror membrane. The integration of flat 

metallization and cooling channels enables thermal balancing and better heat 

dissipation, respectively. The integration of  sensor elements such as strain 

gauges and temperature sensors can facilitate better mirror deformation control. 

4.5 Manufacturing concept 

The proposed uniform deformable mirror is optically classified as a unimorph 

deformable mirror. Its manufacturing is based on processes adapted from 

microtechnology that allows device miniaturization and batch fabrication. The 

miniaturization occurs in the fabrication of thin mirror substrates with large 

mirror diameters and optical apertures. Thin substrates of ~200 µm are layered 

with functional thick films by batch fabrication. The utilization of thick and thin 

film deposition techniques allows for the design of more degrees of freedom in 

structural and thermal aspects. 

The DM is based on LTCC substrates with screen-printed piezoelectric and 

structural thick-film layers. The structural degrees of freedom are the 3D-

structuring capability of the LTCC substrate and the screen-printing of the 

structural and functional layers. The 3-D structuring capability of the LTCC 

substrate is used to integrate the mirror membrane into a rigid LTCC mount. In 

particular, the screen-printing process allows a large structural degree of 

freedom. This fabrication process enables batch fabrication of the actuating 

layers and thus reduces the costs of fabricating the actuator layouts. The 

piezoelectric layer is sintered and joined to the substrate, thereby creating a 

strong interface with a high-temperature working range and potentially low 

outgassing. Metallization layers can be deposited on the front and rear surfaces 
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of the substrate; in addition, they can be integrated into the substrate. The 

layered mirror set-up allows for the development of an ML design. The ML 

design is based on multiple layers with different material properties and layer 

thicknesses that are accurately adjusted by the substrate’s manufacturing and 

thick film deposition processes. Therefore, ML design allows for a new thermo-

mechanical design approach, thereby controlling thermal lensing on deformable 

mirrors. The proposed mirror concept is the combination of a practical mirror 

design with up-to-date fabrication processes that enable the design of more 

degrees of freedom along with batch fabrication. 

The developed manufacturing flow of the DM is shown in Figure 23. The 

substrate material is a multi-layered LTCC that is fabricated by laminating single 

green sheets. These green sheets are composed of a flexible raw material that 

consists of a mixture of glass, ceramic, and organic additives. The single sheets 

are laminated together to form a stack before being sintered to a monolithic 

substrate at about 850 °C. The mirror membrane is reinforced by additional outer 

LTCC layers. The reinforcements serve as integrated mounting aid structures, 

thereby simplifying handling and mounting as they absorb mechanical stresses. 

The manufacturing of the substrate is the first of the six steps necessary to 

complete the DM (cf. Figure 23 (2)-(6)).  

In the second step, the thick film actuator structure is applied onto the rear 

surface of the substrate. By using the screen-printing process, different DM 

actuator layouts can be printed onto one substrate (in one batch). In the third 

manufacturing step, the mirrors are singularized. The singularized mirrors are 

affixed to the mirror mount in the fourth step. The mirror substrate is mounted 

before the application of the thick-film metallization and finishing. 

Subsequently, copper metallization of the front surface is carried out. The LTCC 

substrate is fixed by its reinforcements onto the mounting. Therefore, the copper 

metallization is electroplated onto the LTCC substrate and onto the mount to 

ensure a rigid joint and optimum heat dissipation of the mirror. In the sixth step, 

the mirror surface is finished by means of single point diamond turning (SPDT) 

of the copper thick film; this results in excellent mirror surface quality and high 

reflectivity. The reflective surface may subsequently be coated.  
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Figure 23 The mirror manufacturing concept is comprised from six steps. Schematic shows the 

cross-section of a mirror membrane. 

4.5.1 Mount design 

The mounting of most deformable mirrors is crucial since it heavily affects the 

stroke and the resonance frequency of the mirror. The practical realization of the 

mounting is difficult as the mechanical (mounting) stress can easily be induced 

in the mirror membrane, thereby affecting mirror deflection and resonance 

behaviour also. 
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Figure 24 Mirror mounting options: (a) loose mounting, (b) central clamping, (c) fixed 

mounting, and (d) discrete compliant membrane support. 

Figure 24 shows the typical deformable mirror mounting options: (a) loose 

mounting, (b) central clamping, (c) fixed mounting, and (d) discrete compliant 

membrane support. Loose mounting describes a membrane support that permits 

translation and rotation of the membrane's rim. Central clamping only clamps 

the membrane’s centre, and this enables free translation and rotation of the 

membrane’s rim. Fixed mounting relies on the clamping of the membrane’s rim 

translational and rotational motion. Discrete compliant membrane support 

allows free movement of the membrane.  

Loose mounting and central clamping enable the highest piezoelectric stroke. 

Loose mounting is practically realized by the use of the following: (i) flexible 

rubber O-rings123,124,125,126, (ii) flexures127,128, and (iii) elastic support ring153. In 

contrast, very few mirror systems are found to use central clamping37. Central 

clamping provides excellent heat dissipation as the maximum temperature 

occurs at the membrane’s centre, and consequently, the heat can be removed via 

the central clamp. A disadvantage is that the clamping prevents the active 

piezoelectric deformation of the membrane centre by actuators. Discrete 

compliant membrane supports enable piezoelectric stroke comparable with that 

of loose mounting along with a higher resonance frequency. This can only be 

achieved if the compliant membrane support is particularly soft and can be 

deformed by the piezoelectrically generated force. The resonance behaviour is 
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determined by the patterning of the compliant support structures. Practical 

realizations of this type of support are discussed in 165, and the techniques of 

mounting include the use of discretely deposited bumps 129,52, springs or flexures. 

The heat-dissipation properties depend on the compliant material; soft, highly 

conductive materials are ideal. In addition, providing for a short distance 

between the baseplate underneath the compliant material and the mirror 

membrane can also assist in better heat dissipation. Fixed mounting offers 

reliable and rigid clamping combined with reduced deflection. Fixed mounting 

allows for a two-dimensional contact between the LTCC and the mount; this is 

advantageous for heat dissipation. For the abovementioned reasons, the study 

uses fixed mounting as the choice for mounting the deformable mirror.  

Fixed mounting can be practically realized by clamping, gluing, or soldering. It 

is popularly used in cooled unimorph deformable mirrors. The substrate is 

joined to the level surface of the mounting by retaining rings130, flange-type 

retainers, screws, or springs on the mirror’s rear surface. The (mount and mirror) 

interfaces need to be levelled as their unevenness induces contact stress and 

mount-induced moments in the substrate. Experiments have shown that the 

number of screws used for rear screw clamping affects the resonant behaviour of 

the free membrane. In addition, soft pads130 or gap pad131 may be required to 

overcome the unevenness of the mounting surfaces. The use of gap pads has not 

been considered promising as they have a low thermal conductivity. A rim 

mount realized using adhesive bonding is an obvious choice as it is a very 

simple and inexpensive technique. However, this technique has drawbacks that 

include low thermal conductivity of the adhesive, shrinkage, long-term 

instability and eventual outgassing. For these reasons, I chose Solderjet 

Bumping132,133 as the technology for fixing the mount. In Solderjet Bumping, the 

mating parts are joined by a solder bump that is filled into a conical joining 

geometry. This conical joining geometry has a central bore that is used to solder 

the mount and mirror substrate. Thus, the substrate and mount are form-locked 

and tightly connected. Another advantage is the good thermal conductivity of 

the solder. I chose 24 mechanical fixing joints to guarantee reliable mounting 

conditions and good thermal conductivity (cf. Figure 25). 
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Figure 25 Mirror design concept. (a): cross section of mounted mirror membrane; (b): detail 

with mounting aid structures, mount and solder filled conical bores. 

4.5.2 Reflective metallization 

The choice of a glass ceramic substrate material requires a metallization layer 

acting as the reflective optical surface. I decided on copper as the reflective 

surface due to its excellent thermal conductivity. Thus, in the fourth step, a thin 

metallization layer (titanium/copper) is sputtered onto the front surface of the 

ceramic substrate. Subsequently, I electroplated copper onto the substrate. This 

is a very robust process, and copper-layer thicknesses of up to 150 µm can be 

achieved for a run time of 7 hours. The copper is also electroplated onto the 

mount (Figure 25), thereby increasing the heat spreading capability of the thin 

layer.  

However, the surface of the copper metallization has no optical quality, and it 

needs additional finishing. The finishing process is done by SPDT, which is a 

reliable surface-flattening technique that makes use of a (monocrystalline) 

diamond tool, and by precision machining. The diamond tool can provide a fine 

finish to non-ferrous metals, and it is capable of producing mirrors with surface 

roughness in the nanometric range and micrometric form accuracy. Rotational 

symmetric shapes such as spheres, aspheres, and off-axis aspheres are standard-

use in mirror systems. This process is used to flatten the electroplated copper 

surface and create a mirror surface with optical quality134,135. The mirror 

mounting process is carried out before the application of the reflective thick film 

layers and the SPDT process. This is advantageous in that the mounting does not 

induce stress in the machined mirror membrane. 
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The copper metallization is not athermal to the substrate and piezoelectric layer. 

Therefore, thermal simulation optimizes the copper-layer thickness in order to 

enable self-balancing of the thermally-induced deflection due to homogeneous 

loading and high-laser load capability. Table 9 shows the thermo-mechanical 

properties of the screen-printed metallization layer, LTCC substrate (DuPont 

951), and the galvanic copper layer. The properties of the galvanic layer are 

assumed to be independent of the application regime. 

 

Table 9 Mechanical properties of screen printed thick film layers. 

Material 

[g/cm³] 

E 

[GPa] 

 max

[MPa] 



[10-6 K-1] 

κ (@23°C) 

[Wm-1K-1] 

C        

[Jkg-1K-1] 

Remark 

Au TF 14.8 46 (²) 
0.26 

(²) 
52 14.2 70 160 ²calcul. 

DP 951 3.1 
120 

(150) 
0.24 320 5.8 3 989  

Cu 8.9 117 0.35 69-365 16.7 391 385 
Bulk 

mat. 
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5 Optimization of the thermo-mechanical properties of 

deformable unimorph mirrors 

Objective of this chapter is the theoretical investigation and optimization of the 

thermo-mechanical properties of deformable unimorph mirrors by analytical 

modelling and finite element modelling (FEM). The optimization is performed 

with respect to the interaction of piezoelectric stroke, homogeneous thermal 

loading and laser loading. Based on the manufacturing process, a mechanical 

model of the circular multilayer mirror membrane is set-up (Figure 26).  

The substrate of the deformable mirror is set-up using an even number of LTCC 

substrate layers. The design uses two 100-µm-thick layers (DuPont PT), thereby 

leading to a substrate thickness of 200 µm. The actuating layer is a screen-printed 

piezoelectric thick film located between two sandwiching electrodes. The 

electrode material is screen-printed gold, and the two sandwiching electrodes 

have a thickness of 10 µm each. The investigations of the properties of screen-

printed materials in chapter 4.3.1 are used in this chapter. The substrate’s front 

surface consists of a copper thick film that’s thickness needs to be defined during 

the optimization. The diameter and thickness of the piezoelectric thick film shall 

also be determined. The boundary condition as well of the impact of the 

membrane mount and mount material shall also be defined. 

 
Figure 26 Model of a circular multilayer mirror membrane. 

The chapter on simulations is divided into two sections—analytical modelling 

and modelling by finite element methods. The analytical modelling is used to 

evaluate the thermally-induced changes in the multilayer under homogeneous 

thermal loading and the static deflection of the piezoelectric layer. The thermal 
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considerations define the optimum copper-layer thickness in order to minimize 

the thermally-induced deflection of the multi-material membrane upon 

homogeneous thermal loading. Subsequently it discusses the effect of boundary 

conditions and layer discontinuity under thermal loading. 

The static piezoelectric considerations analyse the actuation potential of different 

piezoelectric layer set-ups dependent on the number of piezoelectric layer. The 

influences of relative thickness and relative stiffness for a piezoelectrically 

actuated multi-layer with clamped edge are also investigated. Based on these 

investigations, the optimum piezoelectric layer thickness and its diameter are 

defined in the next step. The investigations of the static piezoelectric 

considerations are finished with the determination of the number of piezoelectric 

actuators, based on a review of theoretical investigations.  

Extensive FEM simulations are used to evaluate the static and dynamic 

properties of the membrane for piezoelectric activation and the multi-layer 

response upon different thermal loading. The piezoelectric total stroke of the 

multi-layer membrane is simulated subject to copper-layer thickness variations. 

The results are compared with the static piezoelectric considerations. The 

influence of the material model (isotropic vs. orthotropic) is also investigated. 

The dynamic properties of the multi-layer are evaluated subject to stiffness 

variations of the piezoelectric layer, copper thickness, initial curvature of the 

membrane, and residual stress of the membrane. These investigations are 

intended to verify the impact of manufacturing related variations such as 

piezoelectric thick film properties, variations from the anticipated copper-layer 

thickness or stress induced multi-layer deformations on the dynamic behaviour.  

The thermally-induced changes in the membrane are also evaluated. I begin with 

the homogeneous loading of the multi-material, thereby showing the 

comparability between the analytical and FEM models that result in the zero 

deflection configuration. Subsequently, I integrate the structural inhomogeneity of 

the piezoelectric layer and the two boundary conditions (simply supported and 

fixed rim). After defining the boundary conditions, I examine the suitability of 

the mirror mount material under homogeneous and inhomogeneous loading 

conditions. 
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5.1 Analytical modelling 

5.1.1 Thermally-induced changes: homogeneous loading 

The classical beam-and-plates theory is frequently used to calculate and optimize 

two-layer structures136,137; however, it cannot be used in ML set-ups. Very few 

studies have focused on the determination of thermally-induced stresses and 

deflection in thick-film ML systems138. Hsueh139 derived a closed-form solution 

for thermal stresses in elastic ML systems. It is based on the classical beam-

bending theory, and it is suitable for plane geometries via the replacement of the 

Young’s modulus with the biaxial modulus E/(1 - ν). The general solution 

describes the strain distribution in the system by decomposing the total strain 

into a uniform strain component and a bending strain component. The curvature 

r-1 is given as follows: 

 

 
























n

i

iibiiiiiibsss

n

i

iiiiisss

thttthhtEtttE

thTctEtTcE

r

1

1

2

1

2

1

2

1

1

2

)2(3266)32(

)2)(()(2
1



 (28)  

with 

 














n

i

iiss

n

i

iiisss

tEtE

TtEtE

c

1

1

)( 

 (29)  

and 

 

)(2

)2((

1

1

1

2
















n

i

iiss

n

i

iiiiss

b

tEtE

thtEtE

t  (30)  

Here, c denotes the uniform strain component, tb the position of the bending axis, 

and tx the layer thickness. The subscript s denotes the substrate layer and 

subscript i denotes the layer number for the film, and it ranges from 1 to 4 in the 

actual simulation. Layer 1 is the layer in direct contact with the substrate. The 

CTE of each layer is denoted by αx, and T denotes the temperature load. The 

formulae serve to calculate the effects of the thickness of the copper metallization 
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on the deflection for temperature loads of 10 K and 30 K. Copper is used as the 

substrate layer (subscript s for equations (28)-(30)), and its layer thickness ranges 

from zero to 100 µm. The thermal expansion of the piezoelectric thick film is 

varied between (4, 6 and 8)×10-6/K. The complete set of material parameters and 

the layer numbers are given in the following Table 10: 

 

Table 10 Mechanical properties used in the analytic simulation. 

Layer Young’s  

modulus 

Poisson’s  

ratio 

Thickness CTE 

Copper S 117 GPa 0.35 -Variable- 16.7 x 10-6 K-1 

LTCC140 1 120 GPa 0.24 200 µm 5.8 x 10-6 K-1 

Au 2 48.5 GPa 0.3 10 µm 14.3 x 10-6 K-1 

PZT 3 67 GPa 0.3 100 µm -Variable- 

Au 4 48.5 GPa 0.3 10 µm 14.3 x 10-6 K-1 

 

The left hand section of Figure 27 shows the calculated curvature for three 

different piezoelectric CTEs and homogeneous temperature loading between 

zero and 30 K. The curvature is positive in absence of copper (ts=0), and the 

values decrease with increasing copper-layer thickness (ts). At maximum copper-

layer thickness, all the calculated curvatures are negative. The magnitude of the 

curvature increases for increasing temperature loads. Interestingly, for all three 

CTEs of the piezoelectric thick films, there exists a copper-layer thickness that 

induces no thermal deflection over the entire temperature range. The zero 

deflection copper-layer thicknesses are 11.9 µm, 18.4 µm, and 24.4 µm for (4, 6 

and 8) x 10-6 K-1, respectively. Figure 27 (right hand section) depicts the deflection 

of the membrane for temperature loads of 10 K and 30 K. The deflection δ is 

calculated as the following: 

 
r

1

8

²
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(31)  

Here, Ø denotes the diameter of the membrane (Ø = 50 mm). It can be observed 

that for increasing CTE values of the piezoelectric thick film, the slope of the 

deflection decreases. The material set-up becomes more insensitive to variations 

in the copper-layer thickness. From the simulations, it can be inferred that there 
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exists a copper-layer thickness value for which the thermally-induced strains in 

the single layers of the multilayer system balance each other, thereby inducing 

no deflection in the ML system. This type of ML system is referred to as a zero 

deflection configuration.  

 

 
Figure 27 Thermally-induced curvature and deflection for copper-layer thicknesses ts between 

0 µm and 100 µm at a thermal loading of up to 30 K. The CTE of the piezoelectric material 

varies from 4 to 8 × 10-6K-1. Left: Curvature. Right: Deflection for 10 K (blue, dashed) and 30 K 

(red line) loads. The zero deflection copper-layer thickness is insensitive to the temperature 

load. 

However, the confidence of these simulations are limited as the copper layer, 

that serves as substrate layer is very thin compared the (sum) of the remaining 

layers, thereby leading to possible deviations in the calculation of the optimum 

copper-layer thickness. Further, this model is not suitable for very large 
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temperature loads as the material parameters are treated as constants (and not 

temperature–dependent as under actual conditions), and the model assumes that 

the radii of the piezoelectric and metallization layers equal that of the substrate 

layer. The clamped boundary conditions are also not considered while 

calculating the deflection. These limitations are overcome by finite element 

simulations. 

Effects of boundary conditions and layer discontinuity 

The effects of thermal self-balancing for different boundary conditions and 

(structural) layer discontinuities can be studied using a two-way membrane 

electro-thermal actuator (bimetal). It comprises two materials—silicon dioxide 

and aluminium as the substrate and top surface material, respectively, with 

different CTEs141. The deflection magnitude and direction are affected by the top-

layer patterning and the boundary conditions (clamped rim and simply-

supported rim) as qualitatively shown in Figure 28.  

 
Figure 28 Deflection of a circular plate. Two cases are examined: circular and annular top layer 

(blue) with simply-supported and fixed-rim boundary conditions. Ratio A/S is the coverage 

ratio of the substrate. 

Two top layer patterns are studied—a central top layer and an annular top layer.  

The deflection depending on the coverage ratio A/S between the length 

(diameter) of top layer and that of the substrate is shown in Figure 28. It can be 
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observed that the direction of the deflection depends on the patterning of the top 

layer and the boundary conditions. For a clamped rim membrane, the deflection 

is positive for a circular top layer and negative for an annular top layer. This 

proves that, depending on the position along the radius, the top layer contributes 

to either positive deflection or negative deflection. This effect (of possible self-

balancing) can be explained as follows: the top layer has a larger CTE than that 

of the substrate. Heating leads to the expansion of both layers; however, the top 

layer expands more. The central top layer expands, and this leads to an upward 

convex shape, and the uncovered substrate assumes a downward concave shape. 

The annular top layer deforms in a convex downward bow as the covered rim is 

fixed. The tailoring of the upward and downward deflections via the thickness 

along the diameter of the active layer is very interesting in terms of thermal 

compensation as such tailoring would allow the bending effects to balance 

themselves out. The screen-printed mirror set-up consists of five layers of 

(mostly) different materials, thereby providing a multi-material assembly. An 

application of this effect is the tailoring of thermal deflection through the 

patterning of large (expansion) layers. The patterning may also be used to 

introduce thickness variations (inhomogeneities) in one layer in a multilayer 

system. Figure 28 depicts also a decreased deflection in the case of clamped 

boundary condition compared to simply supported BC.  

Here, the active top layer is discussed as a thermally activated layer, but the 

induced deflection can also be activated by a piezoelectric layer. A tailoring of 

the coverage ratio A/S also gives the chance to increase the piezoelectric induced 

deflection compared to the full coverage of a fixed-rim membrane.  

5.1.2 Piezoelectric stroke  

A first, extensive mathematical description of piezoelectric bimorphs consisting 

of two piezoelectric plates has been made by Kokorowski142. Li et al.143 developed 

a theory describing piezoelectric stroke and resonance behaviour of a 

piezoelectric unimorph disk. The bonding and metallization layers between the 

active layer and the passive substrate are neglected. Li et al. assumed a perfect 

bonding under simply-supported conditions at the rim. Another model144 
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proposes the integration of three layers (a substrate layer, piezoelectric layer, and 

a bonding layer) into a simply-supported membrane. The model allows for the 

analysis of the effects of the bonding layer between the substrate and 

piezoelectric layer. Further, the effects of the dimensional variations in the 

piezoelectric layer can be examined via this model. Mo et al.145 have investigated 

the stroke of a circular piezoelectric membrane for different boundary 

conditions, thicknesses and radii of piezoelectric and substrate layers; however, 

their study does not consider the integration of electrode layers. In contrast to 

previous approaches142-144, Pfeifer146 developed working equations for the stroke 

of a circular membrane with a clamped rim, but he has assumed equal radii for 

the substrate and piezoelectric layers. The author introduces the relative 

thickness a and relative stiffness c as follows: 
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The free deflection (stroke) is calculated as follows: 

 
²)²1()²1(4

)1(41
)

2
(

4

3 2

31
caaac

aac

t
Ed

P

field






  (34)  

The indices s and p denote the substrate and piezoelectric layers, and Ø denotes 

the diameter of the disk. Ellis147 investigated the integration of additional active 

piezoelectric layers in order to increase the piezoelectric-induced stroke. He 

studied the actuation potential of four different active layer set-ups—unimorph, 

bimorph, cooperative bimorph, and symmetric bimorph (Figure 29)—under 

clamped edge conditions. The bimorph set-up comprises two piezoelectric layers 

that are inversely poled1 whereas the cooperative bimorph has equally poled 

                                                 

 

 
1 The bimorph set-up has also been referred to as two piezoelectric plates without a passive 

mirror layer. 
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piezoelectric layers that act along the same direction. The thickness of the 

piezoelectric layer is doubled at constant voltage. The symmetric bimorph has 

two inversely-poled piezoelectric layers and a second substrate layer on the rear 

surface, and this may potentially be advantageous for various temperature 

loadings. The use of a five-layer set-up explores the benefits of a piezoelectric 

multilayer.  

 
Figure 29 Active layer mirror set-ups. 

The curvature for each of the designs is given as follows: 

Unimorph: 
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Cooperative bimorph: 
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Bimorph: 
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Symmetric bimorph: 
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The results for the unimorph and bimorph systems are in accordance with those 

obtained by Ning et al.148, and they calculate also the response functions of a 5-

layer bimorph as follows: 
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The response functions for the different layer set-ups are evaluated for the 

simplified deformable mirror design. The relative stiffness value of c = 1.8 is 

calculated by using the ratio ELTCC/EPZT (cf. Table 10). The variation in the 

thickness of the copper layer changes the Young’s modulus of the substrate is 

not taken into account.  

 
Figure 30 Comparison of different piezoelectric layer set-ups. Highest stroke is induced by 

unimorph and cooperative set-ups within the working range. 

The design concept suggests a preferred LTCC substrate thickness of 200 µm and 

an additional copper-layer thickness around 50 µm, thereby leading to a total 

substrate thickness of 250 µm. The thickness of the piezoelectric thick film is 

between 80 and 150 µm. This corresponds to a working range between 3.1 and 

1.7 for the thickness ratio a. The curvatures of the different active layer set-ups 

are plotted in Figure 30 without considering the coefficient )( 31 StEd as it remains 

stable for all set-ups.  
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The simulations show that the unimorph set-up exhibits the largest curvature 

potential for the lower limit of the working range of the thickness ratio. The 

stroke potentials of the unimorph, cooperative bimorph, and the 5-layer bimorph 

are very similar in the working range. The unimorph set-up can be 

manufactured through state-of-the-art screen-printing processes. The 

cooperative bimorph and the 5-layer bimorph set-ups would require multiple 

printing of piezoelectric and metallization layers. The latter process is more 

complicated and thus more expensive. Therefore, I selected the unimorph set-up 

for the study. 

In the next step, the copper-layer thickness and the dimensions of the 

piezoelectric layer and sandwiching electrodes require to be optimized. 

Deshpande et al. have developed “an analytical model and working equations for 

static deflections of a circular multi-layered diaphragm-type piezoelectric actuator”149. 

They present an analytical model based on the classical laminated-plate theory 

(CLPT) for the stroke of multi-layered circular piezoelectric membranes. The 

equations are solved in a closed form, and they are valid for multi-layered set-

ups with different radii of the substrate and the piezoelectric layers. The 

operating voltage is applied to the piezoelectric layer, and the membrane is 

clamped with a fixed rim. The model is derived using the CLPT, wherein a 

multi-layered heterogeneous plate structure is reduced to a kinematically-

equivalent single layer, and it involves the following assumptions149,150: 

 

 Layers are perfectly bonded to each other 

 Materials of each layer are linearly elastic and transverse isotropic 

 Each layer has uniform thickness 

 Strains and strokes are small 

 Plane stress conditions apply 

 Transverse shear on the top and bottom surfaces of the laminate are zero 

 Piezoelectric material is assumed to be polycrystalline film poled along 

the z-axis 

 In-plane strains and in-plane piezoelectric coefficients of the piezoelectric 

film are isotropic and d31 = d32, respectively 
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This model is used to examine the influence of increasing copper-layer thickness 

on the maximum achievable stroke and the optimum diameter ratio between 

active layer and substrate layers.  

 
Figure 31 Optimization of piezoelectric layer diameter for different copper-layer thicknesses. 

(a) Model and (b) simulated deflection of the membrane centre for different copper-layer 

thicknesses. 

The simulation results are shown in Figure 31, wherein Figure 31 (a) depicts the 

simulation model and Figure 31 (b) depicts the simulation results. The results 

provide the stroke value at the centre of the mirror membrane. The substrate’s 

radius is 17.5 mm, and the other material characteristics and dimensions are 

obtained from Table 9 and Table 10.  

First, I carried out a reference simulation without copper metallization (blue) in 

which I varied the radius (ri) of the piezoelectric and the top gold-metallization 

layers. The simulations showed a maximum achievable stroke of 41.8 µm at 

ri = 13.2 mm, thereby corresponding to a ratio ri/ra = 0.75. Subsequently, I 

simulated the influence of the copper metallization on the achievable stroke and 

the optimum ratio ri/ra. An increase in the copper-layer thickness to 150 µm 

results in a corresponding decrease in achievable stroke. The ratio of ri/ra at 

maximum stroke remains stable. This leads to the following conclusion: A thin 

copper layer is preferred for high stroke and the ratio ri/ra is constant at 0.75 for 

the evaluated copper-layer thicknesses. Therefore, the radius of the piezoelectric 
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layer should be fixed at 13.2 mm. The results also show insensitivity to 

deviations from the optimum ratio ri/ra as the stroke decreases by only a very 

small magnitude. The effect of the copper-layer thickness on the stroke is 

depicted in Figure 32. The stroke decreases from 41.8 µm without copper 

metallization to 23.8 µm and 18.7 µm with 100 µm and 150 µm copper, 

respectively. 

 
Figure 32 Influence of the copper-layer thickness on the piezoelectric stroke. 

 

Piezoelectric actuator pattern 

The optimum design of deformable mirrors relies not on maximum achievable 

stroke if all actuators are activated. Here, additional boundary conditions apply; 

such as the potential of cancelation of optical aberrations or the optimum shape 

and number of the actuating patterns. 

The pattern of the addressing electrodes of the piezoelectric actuator influences 

the mirror potential of setting desired surfaces. Besides the optimization of the 

total stroke (described in the previous section), the ratios of mirror diameter to 

the aperture and piezoelectric diameter to the aperture also require optimization. 

The present case of a membrane mirror with clamped edge has also been 

analyzed in the literature151. The simulations reveal ratios of 1.8 and 1.2 for 

mirror diameter to aperture and piezoelectric diameter to aperture, respectively. 

The results are valid for 37 hexagonal or segmented ring actuator structures. 
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Therefore, a mirror diameter of 35 mm gives a mirror aperture of 19.4 mm and a 

piezoelectric diameter 23.3 mm. These optimization results, based on turbulence-

induced phase distortions, are very close to the calculated diameter of 26.4 mm 

of the piezoelectric element in the previous section. The authors151 also show that 

the actuator pattern does not significantly influence the potential to cancel 

turbulence-induced phase distortions as long as they homogeneously cover the 

effective piezoelectric area. 

Vdovin et al.152 have calculated the number of actuators to be placed within and 

external to the mirror aperture for an effective correction of Zernike modes. They 

employ the Poisson’s equation describing the stroke of a unimorph mirror with a 

free edge. For a high-quality correction of low-order Zernike terms up to the 

degree i = 24 (N=4; cf. A1), a total of at least 15 actuators are needed. The total 

number of actuators is given as follows: 

 2/)23²(_  NNActuatorTotal  (40)  

The number of actuators placed external to the mirror aperture is given as 

follows: 

 912_  NActuatorExtern  (41)  

 

Verpoort and Wittrock carried out extensive finite element simulations to 

determine the optimum actuator pattern153. They simulated 11 different actuator 

patterns by calculating the amplitude for Zernike terms (up to 90 terms) and the 

purity of the desired Zernike modes for a said laser aperture. The authors varied 

the shape of the actuator pattern and the diameter of the mirror; however, the 

ratio of the piezoelectric layer diameter to the substrate diameter was maintained 

constant. Their investigation shows an increase in Zernike amplitude and purity 

if actuators are placed external the mirror aperture. Consequently, the substrate 

diameter increases. The ratio of the laser aperture to the substrate diameter for 

ideal mirror set-ups is 0.4–0.5. In contrast to the proposed mirror concept, the 

simulations incorporate the free boundary conditions that are similar to the 

boundary conditions of the simply-supported rim. 
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5.2 Finite element analysis 

The first part of the section on simulations deals with analytical investigations. 

These investigations are adequate for the optimization of material dimensions; 

however, they are also limited due to the assumptions of their base approaches. 

A more realistic description is possible with the finite element method that 

allows for (i) complex geometries of patterned piezoelectric patches with 

piezoelectric passive regions, (ii) the incorporation of residual stresses from 

manufacturing or thermal loading, and (iii) non-linear material behaviour. Finite 

element analysis (FEM) methods consist of three major steps. The set-up of the 

mechanical model including the material databases (pre-processing) is the first 

step. The second step is the application of loads and boundary conditions and 

the solving of the resulting partial equations (solution). The post-processing step 

involves the analysis of the simulation results. “In order to solve the differential 

equations, the continuous system is discretized into a mesh of elements. Each element is 

defined by at least 2 nodes. The differential equations are solved at every node and the 

field values between the nodes are calculated by a polynomial interpolation”154. More 

detailed descriptions can be found in 154,155,156.  

The (subject) matter of this section is a detailed analysis of piezoelectric stroke, 

and the thermal, and dynamic mirror characteristics. I obtain the finite element 

modelling of the dynamic and static performances of the deformable mirror 

membrane as a function of the copper-layer thickness. The second part of this 

section investigates the influence of residual stress and initial curvature of the 

membrane on the resonance behaviour of the membrane. A further set of 

simulations models the thermally-induced bowing of the mirror membrane and 

the thermally-induced frequency shift due to homogeneous temperature loading 

under different mechanical boundary conditions. The simulations define the 

optimum copper-layer thickness according to the mechanical model and its 

boundary conditions. This section is followed by a section that examines the 

choice of the mirror mount material. The last subsection on simulations evaluates 

the laser-induced membrane bowing (inhomogeneous loading). This section also 

verifies the transferability of mirror design strategy from homogeneous loading 

to inhomogeneous loading. The dynamic performance of the DM needs to be 
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investigated with the objective of obtaining a first natural frequency larger than 

1 kHz.  

For these simulations, two different FEM software are used—CoventorWare™ 

and ANSYS Multiphysics 11.0. CoventoreWare™ 2010 is design software that 

enables efficient MEMS modeling. The mirror model is meshed with Extruded 

bricks (parabolic) that use the Pave, QMorph algorithm, and a mesh element size 

of 750 µm and 100 µm along the lateral and thickness directions, respectively. 

The full model is configured and solved by the MemMech solver. The ANSYS 

program uses the element type Plane 223 for all elements and materials156. The 

element’s degree of freedom is set to structural-thermal with a weak (load 

vector) coupling and axisymmetric element behaviour (et, 1, plane 223, 11, 1, 1). 

CoventorWare™ is used to analyse the static and dynamic mirror characteristics 

whereas ANSYS is employed for dynamic and thermodynamic investigations. 

The substrate’s diameter is 17.5 mm, and the piezoelectric and gold metallization 

diameters are 12.5 mm. The other mechanical dimensions are obtained from 

Table 7. 

5.2.1 Piezoelectric stroke 

The static stroke is simulated while the LTCC membrane is clamped at its 

circumference. An electric potential (field) is applied to the top and bottom 

surfaces of the piezoelectric layer. The electric potential of the upper electrode is 

set to 200 V and while that of the bottom electrode is 0 V. The effects of the 

copper-layer thickness on the free stroke of the mirror membrane are 

investigated. The thickness of the copper layer is varied between 10 µm and 400 

µm in 10-µm steps. I investigate the influence of two different sets of 

piezoelectric material parameters—the complete set of stiffness components of 

the material matrix (cf. Table 8) and the simplified piezoelectric material 

parameters from  

Table 10. The results of the CoventorWare™-based simulations are compared 

with the closed-form solution149 that uses the simplified piezoelectric parameters. 

The material data of the other materials are given in Table 9 and Table 10. 
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Figure 33 (a) 3D model using CoventorWare™. The fixed boundary condition is highlighted 

(yellow). (b) Simulation results of both finite element method and closed-form solutions. The 

deviation between both methods increases with increasing copper-layer thickness. 

The piezoelectrically induced stroke is plotted against the copper-layer thickness 

(cf. Figure 33 (b)). The FEM-based simulations and those by Deshpande (cf. 5.1.2) 

show a decrease in stroke with increasing copper-layer thickness. The 

simulations show that, regardless of the material parameter data used 

(simplified or complete), the material parameters do not affect the stroke. 

Material parameters obtained with a simplified database based on isotropic 

materials provide similar simulation results to those obtained with from a model 

of Perovskite crystalline structures (whose complete material parameters are 

available) poled along the z-direction. The comparison between analytical and 

FEM modelling reveals good agreement for copper-layer thicknesses below 80 

µm; larger thickness values lead to a deviation of 20% and above. Therefore, the 

influence of copper-layer thickness on the stroke can only be modelled with 

finite element modelling. 

5.2.2 Dynamic multilayer characteristics 

The five factors that influence the resonance behaviour of the membrane are 

identified. These factors include stiffness variations in material layers, substrate 

thickness, residual membrane stress (cf. 4.3.2), the initial membrane shape, and 
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temperature changes. ANSYS FEM simulations can be used to validate the 

impact of these factors on the membrane resonance behaviour. The analysis type 

is modal, and it uses the Block Lanczos calculation method. 

 
Figure 34 ANSYS model of the piezoelectric membrane. Boundary conditions suppress the 

membrane movement at its rim. The membranes centre can freely move along the y-direction. 

Figure 34 shows the axisymmetric model of the mirror membrane. The dynamic 

properties are evaluated with the movement of the model’s centre being 

suppressed along the x-direction. The movement of the membrane’s rim is 

suppressed along the x- and y-directions. The model is map-meshed. 

Stiffness and copper-layer thickness variations 

Stiffness variations in the utilized materials are induced by the manufacturing 

process or material composition variations, and they lead to statistically 

distributed material values. For example, the Young’s modulus of the LTCC 

material DuPont 951 is specified as between 120 GPa140,157 and 152 GPa158 by the 

manufacturer. The measured stiffness parameter of the screen-printed 

piezoelectric layers can change by up to ±20%. The material values of commercial 

piezoelectric ceramics are also statistically distributed (cf. A2, A3). Therefore, the 

next set of simulations is used to investigate the influence of stiffness variations 

in the piezoelectric material, depending on the copper thickness. The first 

mechanical resonance frequency is calculated for copper-layer thicknesses 

between 0 µm and 300 µm, and 10 µm and 400 µm for the material data sets 2 

and 1, respectively (cf. Table 11). 

The data sets are (nearly) identical for LTCC, copper, and Au; however, the 

stiffness components of the piezoelectric thick film differ. Set 1 is obtained from 

the identification of the layer characteristics (cf. Table 7). Set 2 uses a reduction of 
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7%–8 % in the stiffness components for E11, G12, and G13 when compared to those 

of set 1.  

Table 11 Material parameters: sets 1 and 2 of simulation data. 

Parameter set 1 set 2 

PZT 

E11 6.98 x 1010 6.43 x 1010 

E33 5.55 x 1010 5.72 x 1010 

v12 0.329 

v13 0.34 

G12 2.63 x 1010 2.71 x 1010 

G13 2.21 x 1010 2.27 x 1010 

density 6160 

Cth 350 

LTCC 

E11 12.0 x 1010 

Poisson’s ratio 0.24 

density 3100 

CTE 5.8 x 10-6 

Cth 989 

Copper 

E11 11.7 x 1010 

Poisson’s ratio 0.35 

density 8940 

CTE 16.7 

Cth 385 

Au 

E11 48.5 x 109 46.0 x 109 

Poisson’s ratio 0.26 

density 14800 

CTE 14.2 x 10-6 

Cth 160 

Software CoventorWare™ Ansys 

 

Figure 35 shows the plot of the calculated resonance frequencies and 

measurement data of a screen-printed membrane with electroplated copper. 

Both simulations show an increase in the first resonance frequency value with 

increasing copper-layer thickness. The comparison of the measurement data 

without the use of copper, and with 50-µm and 220-µm copper-layer thicknesses 

shows good mutual agreement.  
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The deviation between simulation with set 2 and experiment is only in the range 

of -20 Hz to 60 Hz. The decrease in stiffness parameter can be explained by 

statistical distribution of the material coefficients. Therefore, future 

thermodynamic investigations rely on set 2. The simulated resonance frequency 

for the case without copper metallization serves as the reference system for 

subsequent FEM simulations. The simulated resonance frequency of the 

reference system is 1592.3 Hz. 

 

 
Figure 35 Resonance frequency as a function of the copper-layer thickness for two different 

sets of piezoelectric material properties. 

Initial curvature of the membrane 

Stress in the piezoelectric layer can cause membrane bowing. Therefore, the 

shape of the stressed membrane differs from the membrane in the plane form. 

Plane stress in the piezoelectric layer induces a spherical membrane bowing. The 

membrane is concavely or convexly curved with a bow in the range of (or even 

larger than) the membrane thickness (cf. Figure 36(a)). For instance, 

measurements of screen-printed mirror substrates show an initial curvature of 

2.5 m with a bow of ~50 µm. Simulations are carried out to investigate the 

influence of membrane bowing on its resonance behaviour. The focus of this 

simulation is to investigate whether the direction or magnitude of the curvature 

determines a resonance frequency shift. The analysis is divided into two steps—

prestress in the membrane that generates the initial membrane curvature and the 
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subsequent calculation of its resonance frequency. The prestress can be applied 

by a force or by a constrained displacement of the membrane centre. In this 

investigation, the prestress is applied by a surface load (pressure) on the surface 

of the top electrode and the induced bow is calculated (cf. Figure 36 (a)). In the 

second step, the geometry of the model is updated to the deformed configuration 

with the generated displacements of the prestress (UPGEOM); however, the 

prestress effects are not included (PSTRES, off). Subsequently, the modal analysis 

is performed. 

 
Figure 36 (a) Mechanical model with fixed rim and applied prestress on the top electrode, (b) 

Modeled change in resonance frequency by initial curvature of the membrane. 

The results show a steep increase in the first resonance frequency for negative 

(concave) bowing (cf. Figure 36 (b)). Positive bowing leads to a small decrease of 

15 Hz at a 25-µm membrane deflection (minimum). Further deflection results in 

an increase in the first resonance frequency. The relative change of first 

resonance frequency is up to 10 % for membrane curvature variations (bowing) 

up to -40 % of the substrate thickness. Bowing up to +40 % of the substrate 

thickness results in less than 2 % relative change of first resonance frequency. A 

polynomial fit (resonance = 0.0133 × bow² - 0.8095 × bow + 1592.3) approximates 

the change in the first resonance frequency, thereby leading to an increase of 

~30 % and ~20 % in the resonance frequency for bowing of -100% and +100%, 

respectively, of the substrate’s thicknesses. Bowing in the range of the substrate 
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thickness induces a strong modification of the first resonance frequency, in 

agreement with the observations for thin films119,120.  

The simulations provide evidence that an initial membrane curvature between 

0 µm and +50 µm for the available screen-printed membranes does not induce 

strong modification of the first resonance frequency. The observed deviation of 

the first resonance frequency between measurement and simulation (deviation of 

about -20 Hz) can be explained by the convex membrane shape variation.  

Residual stress in the membrane 

Residual stresses in the membrane are caused by different mechanisms, and they 

are very difficult to predict and control (cf. sec. 4.2.39. Therefore, simulations 

serve to investigate the influence of residual manufacturing-imposed stresses on 

the membrane deflection and resonance frequency. A prestressed modal analysis 

is carried out for different compressive and tensile prestress levels in the 

piezoelectric layer. The stress level range from -100 MPa to +100 MPa. Positive 

values indicate tensile stresses, and they arise due to shrinkage and polarization 

of the piezoelectric layer. The mirror membrane bends upwards in this case 

(positive bow, cf. Figure 36 (a)). In contrast, compressive stress bends the 

membrane downwards. As in the previous simulation, the copper layer is not 

modelled, and fixed boundary conditions are applied to the membrane’s rim. 

The simulation is divided into two steps. In the first step a large-deflection static 

analysis (NLGEOM, ON) with prestress effects is performed (PSTRES, on). The 

initial state of the piezoelectric layer is defined by the INISTATE command. The 

stress levels are applied only in x and z by assuming a plane stress condition in 

the entire piezoelectric layer (INISTATE, DEFINE,,,,, Sx,, Sz). No stress occurs in 

Sy as the layer can shrink along its thickness direction. The solution of the 

loading reveals stress-induced membrane bowing. The membrane bowing 

(UPCOORD, 1, on) and the stresses (PSTRES, on) are imported to the subsequent 

modal analysis.   

The simulations reveal a different stress-induced membrane deflection for tensile 

and compressive loading (cf. Figure 37). A tensile stress of 100 MPa results in 

164 µm of membrane deflection, while a compressive stress of -100 MPa results 

in a membrane deflection of -300 µm. 
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Figure 37 Membrane deflection for different tensile and compressive stress levels. 

Both tensile and compressive stress level magnitudes ≥10 MPa induce an 

increase in the first natural frequency (cf. Figure 38). The compressive stresses 

increase the first natural frequency by a larger value than that by tensile stresses. 

The analysis of low stress level of ≤10 MPa reveals a small decrease of 3.11 Hz in 

the first resonance frequency for 1 MPa of tensile stress (cf. Figure 38(b)). No 

stress-induced decrease in the first natural frequency is observed for 

compressive stress. The stress-induced shape variations in the membrane are 

large, and they are in the range of the membrane thickness. 

 
Figure 38 (a) Stress-induced resonance shift for stress levels between -100 MPa and +100 MPa, 

(b) Resonance shift for low stress levels. 
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In order to examine if these changes are attributed to the stress level in the 

membrane or to the induced shape variations in the membrane, the variations 

are compared with the simulation results of the initial curvature of the membrane. 

The comparison with the polynomial fit reveals an excellent agreement for P-V 

deflections between -100 µm and 75 µm; this indicates the dominance of the 

shape variations (cf. Figure 39). Therefore, the minimum first natural frequency 

is expected for a 25-µm P-V deflection as in the case of the initial curvature of the 

membrane. Increasing stresses lead to deviations from the polynomial fit of the 

initial shape-variation-induced frequency shift. These variations can either be 

attributed to the stress level in the membrane or to deviations from the 

polynomial fit for large deflections. However, this discussion is not considered 

relevant to the content of this work. 

 
Figure 39 Comparison of the induced frequency shift depending on the membrane deflection.  

However, a question arises to the reason for the different magnitudes of the 

stress-induced deformations. The simulations do not consider material non-

linearity; however, they reveal non-linear membrane behaviour depending on 

the load direction. This is surprising as Hooke’s law shows a linear relationship 

between strain and stress via the Young’s modulus, and it is independent of the 

load direction. In order to understand this effect, the case for 50-MPa tensile and 

compressive prestresses are illustrated in Figure 40 (arrows signify dilatation). 
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Figure 40 Comparison of dilatation and stress Sx for tensile and compressive pre-tension of the 

piezoelectric membrane. The arrows represent the forces in the mirror membrane.  

Tensile stress in the piezoelectric layer contracts this layer and the central part of 

the membrane. The tensile prestress induces an upward bending of the 

membrane that is inhibited by the clamping at its rim (this constraint on the rim 

counteracts the piezoelectric layer contraction). In the case of compressive 

prestress, the membrane is dilated by the stress in the piezoelectric layer. Hence, 

the membrane bends downwards. The dilatation arrows indicate a lower 

restoring force when compared with that for tensile prestress. Thus, the 

compressive stress-induced bowing is larger compared with that for tensile 

prestress. Figure 40 also shows the stress along the x-direction (Sx) corresponding 

to radial stress in the axisymmetric set-up. Tensile prestress induces the largest 

stress level in the discontinuity between the membrane and the piezoelectric 

layer. In the case of compressive stress, the largest value of Sx occurs at the 

membrane centre. The Sx values range from -38 MPa to 112 MPa for tensile 
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prestress and from -101 MPa to 56.8 MPa for compressive prestress. The 

membrane induced-stress magnitudes are comparable in both cases.  

The piezoelectric layer shows reverse trends due to opposite loadings. The 

meshed elements at the piezoelectric layer centre and outer rim show the 

maximum stress values, and these elements and values are deselected to 

eliminate (rough) discretization influences and artefacts (stress concentration at 

geometric discontinuities). After the deselection of the peak stress values, the 

piezoelectric layer shows Sx values between -20.7 MPa and -43.4 MPa for 

compressive loading and between 22.7 MPa and 43.7 MPa for tensile loading. 

These reverse values gain in importance due to the complex strain asymmetry 

between tensile and compressive mechanical loading in piezoelectric elements. 

In case of perpendicular polarized PZT, higher strain occurs for tensile loading 

when compared with that for compressive loading. These effects cannot be 

modelled due to the lack of material data. 

5.2.3 Thermally-induced changes: homogeneous loading 

The analytical simulations confirm the scenario of an ML set-up with a defined 

copper-layer thickness causing no bowing by temperature change. This zero 

deflection ML set-up shall now be confirmed by FEM (ANSYS). The first 

simulation step calculates the thermally-induced bowing for a large-deflection 

(NLGEOM, ON) static analysis of an ML membrane. Temperatures of 10 K and 

30 K are applied in the simulation to all the membrane nodes and the stress 

matrix is calculated (Pstress, on). The shape variation and the stress distribution 

of the membrane is analysed and compared with the closed-form solution. The 

layer thicknesses are obtained from Table 10 and the material properties from 

Table 7 and Table 9. The CTE of the piezoelectric thick film is set to 8 × 10-6 K-1 

and the copper-layer thickness is variable. The ML design is shown in Figure 

41(a). The membrane has a radius of 12.5 mm (radius of the piezoelectric thick 

film). The centre of the axisymmetric membrane is fixed and the thermally-

induced deflection due to homogeneous loading is calculated for 10 K and 30 K 

for copper-layer thicknesses up to 200 µm. The maximum membrane 
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deformation along the membrane radius at the top of the LTCC layer gives the 

thermally-induced deflection.  

The P-V membrane deformation remains stable for large copper-layer 

thicknesses between 100 µm and 200 µm for both loading cases (cf. Figure 

41 (b)). The values are negative as the membrane deflects downwards. Lower 

copper-layer thicknesses decrease the magnitude of the membrane deformation 

steadily until no deformation is introduced. A further decrease in copper-layer 

thickness and the absence of a copper layer lead to an increase in deflection; the 

membrane bends upwards. The membrane deflection along the membrane 

radius for copper-layer thicknesses between 10 µm and 18 µm for the 30-K 

loading is also shown (cf. Figure 41 (c)). Low copper-layer thicknesses of 10 µm 

and 12 µm lead to a concave membrane and copper-layer thicknesses of 16 µm 

and 18 µm lead to convex membrane deformation. A copper-layer thickness of 

14 µm leads to zero thermally-induced deflection. The thermally-generated 

strains are self-balancing at this zero deflection ML configuration. 

 
Figure 41 (a) Mechanical model and boundary conditions, (b) P-V membrane deformation for 

copper-layer thicknesses up to 200 µm at 10-K and 30-K homogeneous loadings. (c) Mirror 

membrane deformation along membrane radius. Zero deflection multilayer set-up requires 

14 µm of copper-layer thickness. 

A comparison between the analytical method and FEM reveals a qualitative 

conformity about the existence of a zero deflection copper-layer thickness. The zero 

deflection copper-layer thickness of 14 µm is smaller than the analytically 

evaluated thickness of 19 µm. The calculated membrane deformations also differ. 

The analytical results are almost double the FEM results. This is due to the 

analytical calculation of the deflection by assuming a circular membrane shape 
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and the utilization of the equation for the circle. Figure 41(c) depicts that the 

membrane deflection is not fitted well by a circle. Nevertheless, the qualitative 

membrane deformation over the copper-layer thickness (cf. Figure 41(b)) is 

comparable with the analytical results for the deflection in Figure 27. The next 

set of investigations evaluates the comparability of the stress in each layer.  

The stress in each layer is calculated and mapped on a path at a distance of half 

the membrane radius along the ML thickness. Temperature loads lead to layer 

dilatation that depends on the CTE of each layer. Variations in CTE (and thus a 

dilatation mismatch) lead to layer stresses. Stress discontinuities occur at the 

interfaces as the values of the elastic moduli and CTE change (differ). The ML 

expands along the membrane radius, and each layer undergoes tensile or 

compressive stresses.  

 
Figure 42 (a) Sx calculated by FEM for temperatures of 10 K and 30 K. Positive values indicate 

tensile stress and negative values indicate compressive stress. (b) Comparison between FEM 

and closed-form solution reveal good agreement of the results. 

Analysis of the stress level (Sx) reveals compressive stresses in the metallic layer 

and small tensile stresses in the ceramic layer (cf. Figure 42 (a)). The compressive 

stresses originate due to the large CTE of the metallic layers, and the expansion 

inhibition is due to the CTE of the ceramic layer. The magnitudes of Sx increase 

with temperature loading as the suppressed thermal strains increase. The fatigue 
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strength2 of the ceramic layers decreases with increasing tensile stresses. The 

manufacturer-specified LTCC tensile strength of 320 MPa140 is not critical 

compared with the occurring stress level. The tensile strengths of the gold thick 

film and copper are 52 MPa and between 69–365 MPa, respectively. Both tensile 

strengths are not reached during the above thermal loadings. 

The zero-deflection FEM results for a temperature of 30 K are compared with the 

ML closed-form solutions of stress distribution from studies 136 and 139 (cf. Figure 

42 (b)). The stress distributions are in excellent agreement, and this proves the 

applicability of the force and moment balances based on the analytical model. 

The large expansion of copper is balanced by those of the gold thick film and the 

piezoelectric layer.  

Effects of boundary conditions and piezoelectric layer discontinuity 

The mirror design features a smaller diameter of the piezoelectric layer with 

sandwiching electrodes when compared with the diameters of the LTCC 

substrate and the copper thick film. The zero-deflection ML approach is applied 

next to the piezoelectrically-optimized DM design. The simulations validate the 

thermally-induced deflection and change in resonance behaviour at a 

homogeneous temperature loading of 30 K with change in the copper-layer 

thicknesses and piezoelectric layer discontinuity. Two boundary conditions are 

investigated—a fixed mirror membrane rim and a simply-supported membrane 

(cf. Figure 43). The mechanical equivalents of these conditions are mirror mounts 

with extremely small CTE values that prevent the expansion of the membrane 

and mirror mounts that allow a thermally-induced deflection identical to that of 

the unmounted mirror membrane and permit rim rotation. The thickness of the 

copper metallization is varied between 0 µm and 200 µm while calculating the 

thermally-induced deflection. The simulations also investigate the influence of 

piezoelectric CTE variations of (4, 6 and 8) x 10-6 K-1 on the thermally-induced 

deflection. The large-deflection static analysis is followed by modal analysis. The 

                                                 

 

 
2 Stress that can be applied to the material, without causing fatigue failure. 
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coordinates of the nodes are modified based on the thermal loading (UPCOORD, 

1, On). The prestress effects are activated (PSTRESS, On) in the simulation and 

the modes are extracted using the Block Lanczos method. The modal analysis is 

executed for a fixed mirror membrane rim.  

 
Figure 43 ML membrane’s centre deflection for CTE values of (4, 6 and 8) x 10-6 K-1 for (a) 

simply-supported mirror membrane and (b) fixed rim boundary conditions.   

Figure 43 depicts the model and the constraints of thermal analysis for both 

boundary conditions. The thermally-induced P-V membrane variations for 

different copper-layer thicknesses and CTEs of the piezoelectric layer are shown 

below each model. The simply-supported membrane (cf. Figure 43 (a)) shows an 

increase in thermally-induced deflection with increasing copper-layer thickness. 

The absence of a copper layer leads to a negative thermally-induced deflection. 

The zero deflection copper-layer thickness for the simply-supported membrane is 

between 5 µm and 20 μm depending on the piezoelectric layer’s CTE. The zero 

deflection copper-layer thickness increases with the piezoelectric layer’s CTE. The 

subsequent modal analysis (not shown) reveals a natural frequency shift that is 
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directly attributed to the membrane deflection, and thus, this shift is minimized 

at the zero deflection copper-layer thickness.  

The fixed boundary condition (cf. Figure 43 (b)) reveals a large negative 

membrane deflection in the absence of a copper layer. The membrane deflection 

magnitude decreases with the copper-layer thickness, and no thermally-induced 

deflection occurs for a copper-layer thickness of around 150 µm. A further 

increase in the copper-layer thickness leads to a (positive) increase in the 

membrane deflection. The zero-deflection copper-layer thickness increases with 

the piezoelectric CTE value. The simulations show a copper-layer thickness 

between 130 µm and 170 µm for zero deflection, depending on the piezoelectric 

CTE value. In a manner similar to the case of the simply supported edge, a 

thermally-induced change in the mirror membrane shape results in a change in 

the resonance behaviour. The stress distribution at 150 µm copper-layer 

thickness under fixed boundary conditions does not induce a change in the 

resonance behaviour. The stress stiffening results in no significant change in the 

resonance behaviour. 

The simulations assume simplified boundary conditions; this is not true for the 

real mirror mount as here a combination of both simplified boundary conditions 

apply. Nevertheless, the simulations provide the copper-layer thickness value 

for both boundary conditions with minimized membrane deflection. The 

application of the DM in high-power laser results in the requirement of excellent 

heat handling properties and thus the choice of the fixed rim over the simply-

supported rim, as the heat dissipation potential increases with the copper-layer 

thickness. The next set of simulations investigates realistic boundary conditions 

through the simulation of the mirror assembly with a mirror membrane and 

mount, and the simulations assist in the choice of the mirror mount material.  

5.2.4 Examination and selection of mirror mount material 

The mount material needs to meet various requirements. The material needs to 

be solderable and exhibit high thermal conductivity and standard machining 

properties along with ease of integration into the optical set-up. The possibility 

of cooling systems within the mount also needs to be considered. Preferably, the 
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mount must not introduce additional membrane deformation due to 

temperature changes.  

Solderability is achieved by the provision of a wetting surface through thin-film 

coating processes (e.g., PVD3 and CVD4) or thick-film coating processes. Metals 

with high thermal conductivity are suitable for mount material. In this section, I 

identify metals that prevent deformation in the thick film metalized mirror 

membrane due to temperature changes.   

 
Figure 44 Simulation model with mount and boundary conditions (figure not drawn to scale). 

Therefore, I simulate the assembly consisting of an LTCC mirror substrate, a PZT 

layer and sandwiching electrodes, solder, and a copper layer grown onto both 

the LTCC membrane and the metallic mount. The mirror substrate is soldered 

using 24 conical joining geometries that are equally spaced in a metallic mount 

with a diameter of 40 mm. The conical joining geometries have bores of 1 mm 

diameter, and they are placed onto the membrane mounting aid and filled with 

solder bumps. The developed axisymmetric simulation model simulates a 1-mm-

wide and 10-µm-thick solder layer (Sn3Ag0.5Cu) between the mount and mirror 

substrate. The conical joining geometries are not modelled. The movement of the 

centre of the model (mirror membrane) is suppressed along the x-direction, and 

the mount’s bottom area of support is allowed to radially expand. Figure 44 

shows the cross-section of the model for a simplified representation.  

                                                 

 

 
3 Physical vapour deposition 

4 Chemical vapour deposition 
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I followed the procedure described in section 5.2.3 for thermal loading. The 

membrane deformation at the membrane centre is detected for copper-layer 

thicknesses of 150 µm, 200 µm, and 225 µm for different mount materials. The 

following mount materials are investigated: aluminium (Al), Invar® (Fe65Ni35), 

Kovar® (Fe-Ni-Co alloy), copper (Cu), W85Cu15 (WCu) and CE7 (Si70Al30). 

Aluminium is chosen because of its application in mechanical engineering and 

its inexpensiveness. Copper has good thermal conductivity. The CTE of Invar is 

very low. The materials W85Cu15, Kovar®, and CE7 are considered because they 

have CTEs similar to that of LTCC. The mount materials exhibit CTEs between 

1.7 × -6 K-1 and 23.8 × 10-6 K-1. 

 
Figure 45 (a) Thermally-induced P-V mirror deformation for different mount materials. (b) 

Comparative representation of the simulation results of membrane deformation for CE7 and 

WCu. 

The results of the P-V membrane deflections show considerable dependence on 

the mount material (Figure 45 (a)). In particular, aluminium (CTE = 23.8 x 10-6 K-

1) and invar (CTE = 1.7 x 10-6 K-1) cause large membrane deformations due to 

their strong CTE mismatch when compared to the CTE of the LTCC substrate. 

The insensitivity of the membrane deflection with copper-layer thickness 

variations increases with the CTE values of the mounts. Kovar® has a CTE 

(5.8 x 10-6 K-1) that is compatible with that of LTCC; however, it causes large P-V 

membrane deflections between -10 µm and -15 µm. Further, Kovar® also shows 
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a considerable dependence on the copper-layer thickness. A copper (CTE = 16.7 × 

10-6 K-1) mount matches the CTE of the thick copper metallization; however, it 

shows a membrane deflection between 22 µm and 23 µm.  

The materials W85Cu15 and CE7 exhibit CTEs of 7.2 × 10-6 K-1 and 7.4 x 10-6 K-1, 

respectively, and they show the lowest deflection and dependence on copper-

layer thickness variations. The comparative representation of W85Cu15 and CE7 

show larger dependence on copper-layer thickness variations for W85Cu15 than 

that for CE7 in terms of the membrane deflection (cf. Figure 45 (b)). The CE7 

material shows the same thermally-induced deflection (0.2 µmK-1) for 

thicknesses of 225 µm and 150 µm. In contrast, for W85Cu15, the deflection 

decreases with increasing copper-layer thickness. This behaviour could be 

explained by the larger Young’s modulus of W85Cu15 when compared with that 

of CE7.  

The boundary conditions of the assembly’s membrane differ from the simplified 

boundary conditions (simply supported and fixed rim). The assembly’s 

membrane rim cannot freely rotate; it is fixed by the solder joints and the copper. 

This is the reason for the large value of the copper-layer thickness at which the 

deformation of the mirror membrane is zero. The simulation results also indicate 

the availability of a zero deflection mount material with a CTE between 9 × 10-6 K-1 

and 11 x 10-6 K-1 for which there is no P-V membrane deformation. These mount 

materials include CE9 (AlSi60), W72Cu28, and CE11 (AlSi50).  

5.2.5 Thermally-induced changes: inhomogeneous loading 

The inhomogeneous loading of a DM is caused by laser beams that show an 

intensity distribution that varies with the distance r to the propagation axis. 

Beams that are mostly used in laser can be considered as Gaussian beams. 

Gaussian beams have transverse electric fields and an intensity distribution I(r) 

that is well-approximated by the following Gaussian function: 
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The Gaussian-shaped intensity distribution implies a non-homogeneous 

absorption, and it induces a non-homogeneous temperature distribution in the 
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mirror membrane. Therefore, inhomogeneous loading differs from 

homogeneous temperature loading by environmental temperature increase, and 

it needs to be simulated. The thermally-induced changes by inhomogeneous 

loading are evaluated by simulations that implement a Gaussian-shaped heat 

flux. The heat flux is applied to the copper surface (line) of the mirror with a 

beam radius r of 1 cm (corresponding to a correctable laser beam with a diameter 

of 2 cm). The movement of the centre of the axisymmetric model is suppressed 

along the x-direction, and the mount’s bottom area of support is allowed to 

move radially. The temperature at the mounts bottom area is maintained 

constant. Figure 46 shows the Gaussian heat flux and the model’s cross-section 

(instead of the axisymmetric simulation model). The temperature change is 

evaluated at three points that are also marked in the figure. Point 1 is located on 

the copper surface and at the mirror centre, and Point 2 is located on the radius 

of the piezoelectric layer and at the mirror centre. Point 3 is on the radius of the 

solder joint on the surface of the deposited copper. This point would be a 

practical measurement point for a hand-held thermocouple unit that can monitor 

the temperature changes in the mirror assembly.  

 
Figure 46 Simulation model of inhomogeneous loading with measurement points 1-3 

 (not drawn to scale). 

Next, I investigate the impact of mount materials and copper-layer thickness on 

the inhomogeneously generated thermal changes. The mount materials are CE7, 
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CE11, and W85Cu15 and their properties are to be find in A4. The investigated 

copper-layer thicknesses are 100 µm, 150 µm, 200 µm, and 225 µm. The term A 

in equation (42) is scaled down until the heat flow is 1 W for every value of the 

copper-layer thickness. Surface convection effects are not taken into account as 

the maximum temperature increase is below 10 K. 

 
Figure 47 Induced deformation at measurement point 1 for different mount materials. 

I evaluate the static and the transient membrane deformation, and the 

temperature increase at the characteristic points 1, 2, and 3 of the mirror 

assembly. Figure 47 depicts the heat-flux-induced deformation at measurement 

point 1. The deformation decreases (linearly) with the copper-layer thickness 

values from 2.5 µm/W to 1.3 µm/W for 100 µm and 200 µm, respectively. Thus, 

one can deduce the insensitivity of the mount material on the laser-induced 

deformation. Therefore, the following transient analysis of the simulation results 

is made solely for the CE7 mount material. 

The transient behaviour of deformation and temperature at point 1 begins with a 

steep increase in the deformation until the curve flattens out (Figure 48). The 

simulated deformation and temperature increase are fitted by the following 

exponential curve:  

 )exp1()( max


t

TtT



  (43)  

The time constants τ are different for deformation and temperature. The 

deformation time constants range between 1.91 s and 0.37 s for copper-layer 

thicknesses of 100 µm and 225 µm. The temperature time constants are larger, 
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and they vary between 1.85 s and 1.37 s. Both, deformation and time constants 

decrease with increasing copper thickness.  

 

 
Figure 48 Laser-load-induced deformation and temperature change at measurement point 1 for 

different mount materials. 

The temperature increases at measurement point 1 are 5.3 K, 3.8 K, and 3.0 K for 

100 µm, 150 µm and 200 µm, respectively (cf. Figure 49). These temperature 

changes are moderate; they are not critical for depolarization of the piezoelectric 

element to occur. The laser-induced temperature changes at measurement points 

2 and 3 are also of note (cf. Figure 49). The simulations reveal a temperature 

decrease with mirror radius and copper-layer thickness. Measurement point 2 

only shows a temperature increase between 1.3 K and 1.9 K for 200 µm and 

100 µm, respectively. The temperature increase at the mirror mount is very 

small, and it is between 0.8 K and 1.0 K for 200 µm and 100 µm, respectively. 

These changes are in the range of the measurement resolution temperature 

monitoring devices such as hand-held thermocouple units. The maximum 

temperature increase occurs at the mirror centre as the highest flux (laser 

intensity) is centered here as the absorbed power is dissipated mainly by the 

copper layer. The thermal conductivity of the mount material plays a 

subordinate role in heat dissipation.  
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Figure 49 Simulated temperature increase on measurement points 1-3. 

5.3 Summary of modelling results 

The modelling results obtained in chapters 5.1 and chapter 5.2 are summarized 

in this section. The piezoelectric stroke decreases with increasing copper-layer 

thickness. Copper-layer thicknesses below 200 µm are preferred for a large 

piezoelectric stroke. A further increase leads to a very small total stroke. This is 

crucial as the piezoelectric layer will be further patterned into at least 15 

segments to compensate for aberrations other than defocus. 

The dynamic investigations show an increase in the resonance frequency with 

increasing copper-layer thickness. Further, a stiff piezoelectric layer increases the 

resonance. The influence of the curvature of a piezoelectric membrane is 

investigated in the next step. I show that the changes in resonance depend on the 

membrane’s bowing direction. Convex bowing of up to 40% induces a relative 

change of less than 2% in the resonance frequency. Concave bowing of the same 

magnitude induces stronger relative changes of up to 10%. Bowing can be 

induced by residual stresses in the membrane. I show that the stress-induced 

bowing depends on the type of stress. A similar magnitude of tensile stress in 

piezoelectric thick films induces lower deflection than that by compressive 

stresses. The changes in the resonance frequency are not attributed to the stress 

magnitude, but to the shape variations and particularly the direction of 
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curvature for the present ML model. These results are important if the resonance 

is critical. Minor tensile stresses in the piezoelectric layer deform the membrane 

by a very small margin, and they induce only a weak resonance shift. Therefore, 

these stresses could compensate for the tensile stress in the copper layer or other 

metallization layers on the LTCC substrate. 

The FEM simulation of the thermally-induced changes reveals the existence of a 

zero deflection copper-layer thickness due to which there is no bowing by 

temperature change for two different mirror membrane boundary conditions—

simply-supported and fixed rim. The zero deflection copper-layer thickness is 

around 10 µm and 150 µm for the simply-supported and fixed rim conditions, 

respectively. The application of a metallic mount and technical mount 

geometries reveals an insensitive zero deflection copper-layer thickness between 

150 µm and 225 µm for W85Cu15 and CE7. The thermally-induced changes by 

inhomogeneous loading using laser also reveal a preferred copper-layer 

thickness between 150 µm and 225 µm to ensure heat removal. The temperature 

increase at the centre is inversely influenced by the copper-layer thickness.  

5.4 Construction guidelines for temperature loading of 

deformable mirrors 

The results of the abovementioned simulations are elaborated into construction 

guidelines for homogeneous and inhomogeneous temperature loading of 

deformable mirrors.  

5.4.1 Homogeneous loading 

Homogeneous temperature loading of deformable mirrors is caused by 

environmental conditions during storage or working. An ambient temperature 

increase during storage can cause reversible or irreversible membrane shape 

variations. Reversible membrane shape variations include temperature-induced 

bowing of the substrate. They become irreversible if the thermally-generated 

bow and stress is too large and the layers delaminate from the membrane or the 

membrane irreversibly breaks. Other reasons include changes in material 

properties or thermally-induced shrinkage. Thermally-induced shrinkage such 
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as that due to post curing of adhesives in the mirror assembly can induce 

permanent membrane shape variations. An ambient temperature increase 

during operation (and thus the membrane bowing) changes the active mirror 

properties. An originally flat mirror can subsequently focus or defocus light. An 

active levelling by the piezoelectric actuators decreases the mirror’s operating 

range, and therefore, a primary objective of deformable-mirror developers is to 

minimize the changes in the mirror membrane by homogeneous temperature 

loading.  

By default, the CTE mismatches between the layers are minimized, thereby 

leading to an athermal design (cf. Figure 51). Practical realizations of such 

designs result in glued PZT disks on BK 10 or Pyrex substrates147,159. Another 

practical realization exclusively uses piezoelectric disks glued together and 

polished to optical quality33. An alternative athermal approach is the application 

of a piezoelectric layer on metal. Suitable metals are include titanium, AlSi70, 

W80Cu20, Mo80Cu20, and W85Cu15 with corresponding thermal conductivities 

of 7.6 Wm-1K-1, 120 Wm-1K-1, 248 Wm-1K-1, 165 Wm-1K-1 and 162 Wm-1K-1, 

respectively. These metal-based substrates are not popularly used as their 

manufacturing and finishing leads to increased labour costs when compared 

with that of glass substrates. The athermal approaches neglect the use of the 

metallization layer of the piezoelectric elements as well as the joining layer 

because they are much thinner than the piezoelectric elements in relative terms. 

The screen-printing process results in constraints in the substrate materials on 

which the piezoelectric and metallization layers are deposited. The substrate 

materials LTCC and Al2O3 are thermally well-adapted; however, the necessary 

structural metallization layer (front side metallization, sandwiching electrodes) 

are thick in relative terms. Therefore, the athermal design approach cannot be 

applied.  

The investigations in sections 5.1.1 and 5.2.3 suggest another approach—an ML 

approach whereby the metallization layers are used to balance thermally-

induced stresses and deflections between the substrate and the active layer. A 

similar ML approach uses functionally graded material (FGM)160 that allows for a 

change in the composition and structure over volume, thereby resulting in 
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corresponding changes in the properties of the material. For instance, an FGM 

configuration can consist of thermal-resistant ceramic and fracture-resistant 

metal161. The material properties of the multi-material set-up can change 

gradually from one to another or stepwise in a discontinuous way, for e.g., along 

the thickness direction of the mirror membrane. In the case of the ML approach 

with stepwise change in material properties, the thickness and homogeneity of 

the single layer qualify the possible self-balancing. In particular, the copper layer 

enables the tuning of thermally-induced deflection. The simulations show the 

requirement of relatively thin copper layers (of 14 µm) for a simply-supported 

ML membrane. Such optimized ML membrane mirrors could be mounted with a 

discrete compliant membrane support, as described in section 4.5.1.  

 

 
Figure 50 (a) Multilayer membrane with zero deflection design and simply-supported from 

underneath on a base plate. (b) The assembly is homogeneously loaded (heated) and the ML 

expands laterally (CTEML = CTEbase). The radial expansion of the mount (base plate) is equal to 

the radial expansion of the ML. The thermally-induced deflection is zero. 
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The simple support must not introduce mirror deformation during mounting, 

storage, and operation. This is ensured by spot-bonding (compliable pillar) and a 

base plate that matches the thermally-induced lateral expansion of the ML (cf. 

Figure 50).  A limiting aspect of the discrete-supported ML membrane is the thin 

copper layer of the designed ML (cf. 5.2.3). Electroplated copper cannot be 

machined to optical quality for a layer thickness of 14 µm. The implementation 

of the mirror mount and the structural inhomogeneity of the piezoelectric layer 

plus its sandwiching metallization layers change the zero deflection thickness (cf. 

5.2.4). The lowest theoretical mirror membrane deformation of a fixed, mounted 

ML mirror membrane is -0.2 µm/K. This value is achieved in the case of a CE7 

mount with 200-µm copper-layer thicknesses. 

5.4.2 Inhomogeneous loading 

Inhomogeneous loading by a laser load changes the mirror requirements as a 

fraction of the laser load is absorbed. The usage of an athermal design approach 

would be possible in this scenario as a temperature increase in the mirror 

assembly would not lead to a bimetal effect. Nevertheless, a large temperature 

increase is a serious drawback that can lead to device failure; simulations show a 

radial temperature decrease from the mirror centre in case of a Gaussian laser 

load. Mirrors that can withstand high (laser) power preferably have a (dielectric) 

coating to decrease the power absorption. A high mirror temperature increase in 

the range of tens of Kelvins can lead to coating delamination and destruction. 

The stress distribution caused by the radial temperature profile can also lead to 

substrate delamination and breakage. The interface between the substrate and 

the active layer (adhesive joint) might post-cure, thereby inducing permanent 

mirror deformation or delamination. Another aspect is the temperature-

dependent thermo-mechanical material properties of the single layers, and thus, 

the discarding of the athermal approach. Moreover, the piezoelectric properties 

are temperature-dependent, and depolarization of the screen-printed layer 

would lead to a mirror fall out. The laser-power-generated heat has to be 

dissipated and removed. The contemporary solution is the usage of a high heat 
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dissipation substrate, e.g., copper, that is bonded with the active (piezoelectric) 

layer (cf. Figure 51).  

 
Figure 51 Thermo-mechanical design approaches for deformable mirrors. 

The goal is to minimize the temperature difference in the mirror and between the 

mirror and the environment. The large heat dissipation and the low occurring 

mirror temperature gradient minimize the mirror deformation. However, the 

drawbacks persist in the form of (i) adhesive interface technology and (ii) the bi-

metal effect. The bimetal effect can be reduced by the application of thermally 

adapted metals with good heat dissipation properties. W80Cu20, Mo80Cu20, 

and W85Cu15 are viable options. 

A new promising construction enables the multilayer concept through the 

application of multiple layers with separate functions (cf. Figure 51). The 

reflective layer is a heat-spreading layer with a large CTE. Therefore, the rear 

surface of the mirror substrate is also equipped with layers that exhibit a large 

CTE. The thermally-generated strains are balanced and the bimetal effect is 

suppressed. The heat-spreading capability of the copper layer is 0.4 kWm-1K-1 

and only a few materials such as silver, diamond, and graphite show higher 
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values. The use of a silver electrolyte (e.g., Atotec Ag 0-56) is a possible 

alternative to copper; it has properties similar to copper. In contrast, diamond 

and graphite are sophisticated materials that are more expensive. Nevertheless, a 

thin-layer CVD diamond5 on precision-tuned or polished mirror surfaces would 

also be an alternative. Thick diamond layers are not suitable as their high 

Young’s modulus would decrease the piezoelectric stroke. Graphite exhibits 

interesting thermo-mechanical properties; however, its use suffers from its 

limited availability. 

Another possibility of the multilayer approach is the pre-compensation of laser-

generated mirror deformation either by manufacturing-imposed mirror 

deformation or homogeneous-thermal-loading-imposed mirror deformation. The 

tailoring of the thickness of the large CTE front surface layer leads to the 

tailoring of the thermally-induced deflection by homogeneous loading. The 

homogeneous loading of the optimized design results in a thermally-induced 

deflection with a rate of -0.2 µm/°C, while a laser loading causes a deflection 

with a rate of 1.3 µm/W. A 40 K temperature increase of the mirror assembly 

results in -8 µm P-V membrane deformation that can compensate for an 

absorbed power of 6 W (1.3 µm/W × 6 W = 7.8 µm). This novel approach of 

specific loading is defined as compound loading and shall be reviewed as part of 

this work. 

The theoretical investigation in case of compound loading show that the 

application of a mirror coating with a reflectivity of 99 % (1 % absorption) would 

lead to a laser load of 600 W compensated by a temperature increase of 40 K. A 

further increase of the reflectivity by a dielectric coating (reflectivity 99.9 %; 1 ‰ 

absorption), leads to a possible laser load of 6 kW. The proposed mirror design is 

suitable to practically realize the pre-compensation of laser generated mirror 

deformations.  

                                                 

 

 
5 prepared by Microwave Plasma, e.g., Fa. Diamond Materials GmbH. 
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A variation of this approach is the application of a temperature gradient to the 

mirror membrane. The membrane is thermally loaded only at its rim. The 

resulting heat is transferred by conduction to the membrane’s centre and surface 

where it radiates outward. A radial temperature profile is established and this 

bends the membrane downwards and compensates for the laser-induced 

membrane deformation. A similar idea has been proposed for thermal lensing in 

transmissive optics; either the transmissive optic element itself162 or a fused silica 

compensation plate163 in front of the optic element is heated by a heating ring. A 

temperature gradient is established, and this changes the optical path in the 

heated element radially to the optical axis. Thus, the design compensates for the 

thermal lensing in optical elements. 
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6 Experimental verification of the deformable unimorph 

mirror design 

This chapter reports on the manufacturing and characterization of a deformable 

mirror. The initial two sections introduce the deformable mirror assembly that is 

set-up based on the optimization in chapter 0. Thus, the realized mirror 

manufacturing regime and the experimental set-up is presented in 6.2 and 6.3, 

respectively. Chapter 6.4 reports on the characterization results—initial surface 

shape (cf. 6.4.1), piezoelectric stroke (cf. 6.4.2), and thermally-induced deflection. 

Special emphasis is put on the evaluation of the mirror response upon different 

thermal loading conditions (cf. 6.4.3 - 6.4.5). The results are compared in 6.4.6 

with the expected values from the simulations. The last chapter gives a proof for 

compensation for large static wavefront aberrations. 

6.1 Deformable mirror assembly 

 
Figure 52 Cross-sectional view of the deformable mirror assembly. 

Figure 52 shows the cross-sectional view of the designed DM assembly. LTCC is 

chosen as the substrate material. Its thickness is set to 200 µm; this value is the 

smallest possible LTCC thickness due to inherent sinter shrinkage and 

polarization of the piezoelectric layer. The thickness of the piezoelectric layer is 

100 µm that is driven by a maximum electric field of 2 kV/mm. Moreover, this 

thickness optimizes the electro-mechanical-layer properties; thus, the actuating 

potential is also optimized. The substrate’s diameter is set to 34 mm under fixed 

rim boundary conditions. The copper-layer thickness is set to 200 µm. This gives 
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a relative thickness of a = 4, and it results due to a trade-off between a low value 

of thermally-induced deflection for copper-layer thicknesses between 150 µm 

and 200 µm and a high piezoelectric stroke with thermally favourable copper-

layer thicknesses.  

 
Figure 53 Comparison between (a) mesh design and (b) screen-printed sample mirror. 

The total number of actuators is set to 19; nine actuators are designed to be 

placed external to the mirror aperture. Each actuator has a hexagonal 

(honeycomb) shape. Figure 53 shows the comparison of (a) the designed mesh 

layout with (b) the screen-printed actuator layout of the unimorph mirror. The 

19 manufactured actuators each have an area of 17.1 mm². Due to each actuators 

shape, an inner and outer diameter of the piezoelectric pattern exist. The outer 

diameter is 24.7 mm while the inner diameter is 21.2 mm. The area within the 

inner diameter is completely covered with PZT thick film while the area between 

inner and outer diameter is partially covered with the piezoelectric layer. This is 

due to the choice of the honeycomb pattern; the pattern cannot completely cover 

an entire circle. The averaged piezoelectric diameter is 23 mm. The piezoelectric 

stroke is maximized by the diameter ratio of the passive LTCC membrane to the 

active piezoelectric layer; this value is 0.75 (see page 88). Another analytical 
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optimization gives the value of 0.67 for an exact reproduction of the Zernike 

modes. The ratio of the manufactured sample is 0.66 with an averaged 

piezoelectric diameter of 23 mm and a manufactured substrate diameter of 

34.7 mm. The calculated optimum aperture diameter ratios are 19.3 and 19.1 for 

ØSubstrate/ØAperture and ØPZT/ØAperture, respectively. The optimum mirror aperture 

needs to be experimentally defined. The designed parameters and the 

manufactured parameters of the developed DM are summarized in Table 12. 

 

Table 12 Design parameters of the deformable mirror.  

Design parameter Value Motivation 

Thickness LTCC 200 µm 

Smaller values are preferred for large piezoelectric stroke, 

Smallest possible LTCC thickness value is chosen due to shrinkage 

and polarization of piezoelectric layer 

Thickness Piezo 100 µm Efield = 2kV/mm, supply voltage = 200 V 

Thickness Copper 200 µm 

LTCC deformation in course of the manufacturing process→ tens 

of µm, 

Negative thermally-induced deflection due to homogeneous 

loading and large heat dissipation for inhomogeneous loading 

Relative thickness 

a 
2.6 Ratio of piezoelectric active to inactive layer thicknesses 

Total number of 

actuators 
19 

As per Equations  (40) and  (41), with a minimum of 15 actuators, 

9 of which are placed externally 

Ratio 

A/S=ØPZT/ ØSubstrate 

 

Design: 0.75 (p. 67) Sample: 0.66 (calculated) 

ØSubstrate= 34.0 mm (152) 

ØPZT= 25.5 mm 
ØSubstrate= 34.7 mm  

ØPZT= 21.2 - 24.7 mm 
 

Design: 0.67 

ØSubstrate= 34.0 mm  

ØPZT= 22.7 mm 

Ratio 

ØSubstrate / ØAperture  
1.8 

Design Sample 

ØSubstrate= 34.0 mm  

ØAperture= 18.9 mm 

ØSubstrate= 34.7 mm  

ØAperture= 19.3 mm (calculated) 

Ratio 

ØPZT/ ØAperture 
1.2  

Sample 

ØPZT= 23 mm (averaged) 

ØAperture= 19.1 mm (calculated) 
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The LTCC has a mounting aid with a thickness of 600 µm on which the electric 

wirings and contact pads are screen-printed. The outer mirror diameter is 43 mm 

to that the metallic mount is adapted by its inner diameter of 44 mm. The mount 

material consists of CE7 that is machined by ultrasonic milling. The mount has 

24 conical bores that are evenly distributed on a mount diameter of 40 mm. The 

bores have a smallest diameter of 0.7 mm at the front and a groove (1 mm × 

0.1 mm) at the rear. The conical bores and the groove (partly) are filled with tin-

silver-copper (Sn3Ag0.5Cu) solder.  

6.2 Mirror manufacturing 

The mirror manufacturing regime is described in section 4.5. This section 

provides the details of the manufacturing steps for mounting, electroplating, and 

finishing of the mirror. 

 
Figure 54 Design of the mounting and attached mirror including a detailed view of the conical 

joining geometry that allows the solder to form a joint between the mirror and the mount. 

The screen-printed mirror membrane is soldered by means of the Solderjet 

Bumping process to the mount. This laser-based soldering process is flux-free, 

and it provides liquid solder droplets of tin-silver-copper (Sn3Ag0.5Cu). The 

solder droplets are jetted onto the mating parts, and they subsequently solidify. 

The diameter of the solder spheres is 760 µm, with each solder sphere providing 

230 nL of solder alloy per droplet. Both the mating parts, i.e., the mount and 

mirror need to be wetted and fixed simultaneously. This is realized by the 
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provision of wetting surfaces and special joining geometries. The wetting 

surfaces on the CE7 mount and on the LTCC mirror substrate (mounting aids) 

consist of TiPtAu6 and TiCu, respectively, and both surfaces are applied by PVD. 

The thin TiCu layer on the LTCC substrate is used for both soldering and the 

subsequent copper plating. The mount (cf. Figure 54) has 24 conical-shaped 

joining geometries in which the liquid solder is deposited. The solidification of 

the liquid solder droplets and their inherent phase transformation ensures a 

material closure between the metallization and the solder, and a form closure is 

ensured by means of the joining geometries. In addition, the solder’s thermal 

conductivity of 56 Wm-1K-1 guarantees thermal contacting between the mount 

and the mirror. 

The copper wetting surface of the LTCC mirror is prepared for soldering by a 

one-minute etching process using 30% hydrochloric acid. This is followed by 

thorough rinsing with de-ionized water and isopropanol and finalized by a 

drying process under a nitrogen atmosphere. The wetting metallization on the 

mounts does not need special treatment. In the study, the process of soldering 

was divided in four runs; three bumps were delivered in the two first runs, six 

bumps in the third run, and twelve bumps in the last run. The bumps of the first 

run are placed at an angle of 120 degrees around the centre of the mirror, and the 

bumps of the second run are placed diametrically opposite those of the first run. 

The next six bumps are placed evenly between the solidified joints; each bump is 

placed with one (empty) joining geometry in between. The last run fills the 

empty joining geometries. The application of the solder droplets was 

accomplished using 20-ms laser pulses from a Nd:YAG laser system with an 

equivalent pulse energy of 3.2 J at a free-flight distance of 1.5 mm from the solder 

spheres. An visual inspection of the solder joints confirmed proper wetting at the 

cone-shaped holes of the mounts. 

                                                 

 

 
6 The titanium layer is used as the adhesion promoter, the platinum layer as diffusion barrier, 

and gold is the finish layer; this results in a total thickness of approximately 500 nm. 
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The electroplating of the copper layer is carried out after the mounting of the 

deformable mirror. This low-temperature process is based on the SurTec® 865 

electrolyte. The electrolyte produces mirror-bright, ductile and low-stressed 

copper layers164. The mirror’s TiCu metallization on its front surface is contacted 

via the electrically-conductive soldered CE7 mount. The screen-printed rear 

surface of the mirror is hot-wired and masked. In this manner, the copper is 

plated onto the mirror’s and (partly) the mount’s front surface. It is also plated 

onto the solder joints. 

The screen-printed membrane is inherently curved, and it is caused by the LTCC 

manufacturing and the shrinkage and polarization of the screen-printed layers. 

The copper layer is electroplated onto the warped (curved) membrane, and it 

needs to be machined to optical quality. The galvanic copper is grown onto the 

curved membrane, thereby acquiring the surface topography of the LTCC 

membrane. The SPDT process is adapted to cut the copper while retaining the 

membrane’s inherent curvature. The process simply flattens the deviation from 

its curvature radius. Thus, a constant copper-layer thickness over the entire 

mirror membrane is achieved. This manufacturing step is challenging as the 

turning tool pushes the mirror membrane away during machining. The mirror 

membrane is strengthened during machining to address this issue (cf. Figure 55). 

Liquid adhesive layers are applied and cured on the rear surface of the mirror 

membrane. This process is repeated several times, thereby increasing the original 

LTCC membrane thickness many times over. A surface profilometer detects the 

changes induced by the membrane strengthening. The tool path for the objective 

curvature is calculated with respect to the membrane curvature induced by 

membrane strengthening. The SPDT process is performed and the machined 

membrane curvature is measured. Depending on the measured membrane 

curvature at this stage, a second SPDT process may be applied. The dissipation 

of the cured adhesive provides the desired membrane curvature. The mirror 

shape remains stable after machining as no additional stress is induced in the 

mirror membrane through the mounting process. 



Chapter 6 - Experimental verification of the deformable unimorph mirror design 129 

 
Figure 55 Single point diamond turning (SPDT) tool path generation. Dashed lines indicate 

the design tool path and solid lines indicate the membrane shape. The tool path is generated 

with respect to the filler-induced deformation and the mechanical load of the SPDT tool. 

In the study, the measurement of the inherent membrane curvature was difficult 

as the P-V membrane-shape was in the range of 50 µm on the front surface and 

more than 250 µm on the screen-printed rear surface (diffuse reflection also 

needs to be considered for the measurement). Two measurement procedures 

were successfully applied—automated surface scanning with a laser 

triangulation sensor (cf. section 6.3.3) and fringe projection. The measurements 

revealed an upward bend with a radius between 1.5 m and 2.5 m in the 

membrane. The objective tool path radius was 2.5 m. 

The machined mirror in its mount needs to be attached to housing with cooling 

and heating properties. Therefore, the mirror mount is attached to a back plate 

onto which a Peltier element and heat sink are fixed (cf. Figure 56). It is to be 

noted that the mounted mirror substrate and the back plate need to be thermally 

very well-adapted. The back plate is mounted on the housing by hinges. This 

link permits free radial expansion of the mount and the back plate. The heat 

dissipation between the housing and back plate is also very low. The joint 

between the heat sink, Peltier element, and back plate is thermally well-

conducting and mechanically radially decoupled. This set-up ensures good 
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thermal connection between the mirror membrane and Peltier element. A weak 

mechanical coupling arises between mirror and the housing as well as between 

the mirror and the Peltier element (heat sink). 

 
Figure 56 (a) Cross-sectional view of the deformable mirror mount with integrated Peltier 

element for thermal control of the mirror. (b) Image of the mounted mirror with applied gold 

coating. 

6.3 Experimental set-up 

The experimental set-up introduces the utilized characterization methods. It 

starts with the adaptive optical measurement set-up that measured the mirror 

response upon piezoelectric activation, homogeneous loading, inhomogeneous 

loading and compound loading. Characterization methods for the investigation 

of the static and dynamic mirror properties are also introduced. 

6.3.1 Adaptive optical measurement set-up: homogeneous loading 

The adaptive optical measurement set-up (cf. Figure 57) consists of a collimated 

laser diode (LD) emitting laser radiation at 535 nm. The laser beam is expanded 

to 25.7 mm and reflected by the deformable mirror. A beam splitter cube (BSC) 

directs the beam to a WFS and a second beam expander (BE 2) compresses the 

beam to the WFS aperture. The WFS (SHSLAB-HR-130-FW; Optocraft GmbH) 

has a dynamic range of 420 µm, a repeatability of 2.1 nm to 3.175 nm, and a 

measurement accuracy of 50 nm. The measurement plane of the WFS is 
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conjugated to the DM plane, thereby ensuring absolute wavefront measurement. 

The data from the WFS are analysed using SHSWorks software (Optocraft 

GmbH), and they are subsequently processed with LabVIEW (National 

Instruments). The LabVIEW also samples the measurement of the mirror 

temperature and controls voltages of the piezoelectric actuators and the power of 

the Peltier element. 

The PC-based digital analogue converter (24-ch, 8-Bit PCI DAC card, OKOtech) 

generates analogue low-voltage signals. Subsequently, the signals are amplified 

to high voltages (HVA 40-ch, OKOtech) that activate the piezoelectric actuators. 

The Peltier element is controlled by a laboratory power supply unit (PSU, EA-PS 

3016-20B, Elektro-Automatik), and it works in a LabVIEW-generated closed loop 

with a temperature sensor (digital thermometer HH506-RA, Omega) that is 

placed very close to the mirror membrane at one of the solder joints on the 

mount. The evaluation of the mirror response and the mirror temperature are 

carried out simultaneously. More details of the LabVIEW-based automated 

measurement and control system can be found in165. 

 
Figure 57 Adaptive optical measurement and control set-up: The collimated beam of a laser 

diode (LD) is expanded by a beam expander (BE 1), and it is incident on the deformable 

mirror. The DM reflects the light that passes through a beam splitter cube (BSC). A second 

beam expander (BE 2) adapts the light diameter to the aperture of the wavefront sensor (WFS). 
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6.3.2 Adaptive optical measurement set-up: inhomogeneous loading  

The adaptive optical monitoring set-up as reported in section 6.3 is additionally 

equipped with a high-power laser path. The high-power laser beam loads the 

mirror and the mirror absorbs a fraction of the reflected power. The consequent 

changes in the mirror surface are analysed (cf. Figure 58). 

 

 
Figure 58 Experimental set-up for inhomogeneous and compound loading. High power laser 

beam is expanded to 20 mm whereat the hard stop ensures the beam diameter. Peltier element 

and piezoelectric actuators (PZT) are hot-wired during inhomogeneous loading and controlled 

during compound loading. 

The high-power laser beam with a diameter of 5.0 mm ± 0.7 mm is expanded to 

20 mm by a beam expander and shaped by a hard stop that provides the 

necessary beam diameter. The expanded beam is incident on the DM at a small 

angle with reference to the normal to the mirror surface. Thus, the diameter 

remains constant and it is not elliptically deformed. The power of the reflected 

beam is measured by a power meter. Moreover, 4% of the incoming light to the 

DM can be detected. Thus, one can calculate the absorption of the mirror 

metallization (zero transmission and scattering). The gold coating of the DM 

provides absorption of 2% and a reflectivity of 98% at the emitted high-power 

laser wavelength. The high-power laser (JenLas® fiber cw 400) emits radiation at 

1070 nm ± 10 nm, and it has an output power up to 400 W. The laser can be 

operated in the continuous-wave (cw) mode or modulated at a 100-kHz 
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repetition rate. The M² value is better than 1.1 and its polarization is random. 

The high-power laser is used with an isolator. The inhomogeneous loading of the 

DM is performed in three stages by varying the duty cycle. The duty cycle is 

maintained constant at 5%, 50%, and 100 %, and the laser power is varied. The 

piezoelectric elements of the DM are hot-wired and the Peltier element is only 

used for the compound loading. 

6.3.3 Additional characterization methods 

    The FLX-2320 (KLA Tencor) thin film stress measurement system is 

used to measure the mirror surface with and without homogeneous 

loading. A laser samples the mirror surface that reflects the light while an 

array of photodiodes detects the light. The measurements are line scans, 

and therefore, multiple repeats are required to obtain an impression of the 

3D-surface. The measurement system also features a hot plate that is used 

to evaluate the thermally-induced deviation in the membrane shape. 

These measurements verify the adaptive optical measurements. 

     A laser triangulation sensor (LTS, Keyence LK-G 10) measures the total 

mirror stroke and the mirror hysteresis. A one-point sensor that is 

mounted on an automated translation stage is used to position the sensor 

in the membrane centre.  

     A single -channel vibrometer (Polytec OFV-511) measures the dynamic 

membrane behaviour. A sinusoidal electrical voltage with an amplitude of 

2 V and an offset of 2 V drives the piezoelectric actuators. The frequency 

of the sinusoidal voltage is varied between 50 Hz and 3 kHz while 

measuring the deflection of the membrane centre. 

     A scanning vibrometer (Polytec PSV 400) is used to evaluate the quasi-

static behaviour of the mirror membrane. A sinusoidal electrical voltage 

(100 Hz) is applied to all actuators with an amplitude of 100 V and an 

offset of 100 V. The voltage varies between 0 V and 200 V. This 

measurement regime enables the detection of the static response of the 

mirror under moderate measurement durations.  
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6.4 Mirror characterization 

Measurements of the initial mirror shape show the feasibility of using the 

developed SPDT process. The piezoelectric-induced membrane shape variation 

validates the mirror usability for wavefront shaping, and the thermally-induced 

membrane deflection shows the feasibility of the mirror’s use under 

homogeneous temperature loading. These measurements validate the ML 

approach (simulation), and allow a comparison of the state-of-the-art solutions.  

6.4.1 Initial mirror shape 

The desired optical membrane shape is spherical; this is caused by the spherical-

shaped screen-printed membrane. The SPDT-machined mirror shape is detected 

by two different measurement methods—the adaptive optical set-up and the 

Tencor FLX-2320 (both measurements are obtained taken with hot-wired 

piezoelectric actuators). The Tencor FLX-2320 measurements are repeated four 

times for an incident angle of 45°, and they show membrane radii of 2.502 m, 

2.503 m, 2.500 m, and 2.497 m (c.f. Figure 59 (a)). The Shack-Hartman WFS 

measurements reveal a P-V value of 32 µm measured on a mirror aperture of 

25.7 mm; the dominant aberration at this shape is defocus (cf. Figure 59 (b)). This 

results in a mirror radius of 2.6 m as determined by SHSWorks. The measured 

deviation from the intended spherical shape is 1.4 µm upon neglecting the 

Zernike polynomials piston, tip/tilt, and defocus (cf. Figure 59 (c)).  

 
Figure 59 Initial mirror membrane shape: (a) Tencor FLX-2320 measurements reveal a radius of 

approximately 2.5 m. The WFS aperture of the adaptive optical set-up is also shown. (b) 

Measurement of the AO set-up. (c) Mirror shape without piston, tip,tilt, and defocus. 



Chapter 6 - Experimental verification of the deformable unimorph mirror design 135 

A portion of the piezoelectric stroke needs to be utilized to actively level the 

deviation from spherical shape. However, the small deviation of 1.4 µm of the 

SPDT-machined mirror membrane from defocus shows the high quality of SPDT 

machining. Thus, the results show the successful deployment of SPDT as a 

simple initial defocus of the mirror membrane can easily be pre-compensated by 

the optical system. Another option would be the reapplication of the SPDT to 

compensate for the deviation from defocus. Therefore, the measured membrane 

deviation would be used to generate the SPDT tool path. 

The investigations in section 5.1.2 show a theoretically increase in the Zernike 

amplitude and purity if actuators are placed outside the mirror aperture. The 

piezoelectric actuator pattern has a diameter of 25 mm. Therefore, the mirror 

aperture to efficiently adapt Zernike polynomials needs to be further 

experimentally evaluated by evaluation of the piezoelectric stroke. 

6.4.2 Piezoelectric stroke 

This section investigates the working range of the piezoelectric actuators by their 

actuator influence function (AIF). An obvious result of the investigation is the 

active balancing (active levelling) of the deviation from the desired curved 

mirror membrane (cf. Figure 59 (c)) and the active setting of mirror shapes, e.g., 

the practical realization of Zernike polynomials by the superposition of the 

stroke of the single piezoelectric actuators.  

The AIF is the mirror’s response to the activation of one actuator; therefore, the 

AIF of each actuator needs to be measured. The individual stroke of the 19 single 

actuator pads characterizes the mirror potential to actively shape wavefronts. 

The AO set-up and the scanning vibrometer are used to evaluate the AIF on the 

mirror membrane. Each actuator is activated stepwise using a electric field of 

2 kV/mm by the HVA, and the corresponding membrane deformation and P-V 

values are measured and calculated by the WFS. The results are validated by the 

scanning vibrometer. The WFS measurements for each of the 19 actuators are 

shown in Figure 60. All actuators are successfully activated. Measurements show 

a peaked AIF as a result of the (relatively) thin substrate. 
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Figure 60 Measured actuator influence function for machined screen printed DM.  

The results of the P-V mirror deformation by both the vibrometer and wavefront 

measurements are shown in Figure 61. The diagram depicts the P-V values of the 

AIFs for all 19 actuators, and it reveals an excellent agreement between the 

different measurement set-ups. This proves that the measurement plane of the 

WFS is conjugated to the DM plane in the AO set-up. The mean value of 

deviation is only -0.01 µm with a standard deviation of 0.09 µm. The deviation 

between both measurement set-ups originates from the non-triggered WFS 

measurements that involve slightly varying times between piezoelectric 

activation and image grabbing; this is due to the influence of piezoelectric 

relaxation. The position of the actuators on the active pattern is also shown. The 

largest deflection is due to the actuator at the centre of the mirror/actuation pad. 

The individual stroke decreases with radial distance from the mirror centre. The 

outer actuators 19, 17, 15, 13, 11, and 9 show the smallest stroke values that range 

1 2 3 4 5

6 7 8 9 10

11 12 13 14 15

16 17 18 19

Actuator No. legend:
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between 1.5 µm and 2 µm. The maximum stroke ranges between 2.6 µm and 

3.6 µm, and it is generated by the inner actuators (1–7).  

 
Figure 61 Graphical representation of the calculated P-V values of the AIFs measured by WFS 

and vibrometer. The comparison reveals good agreement between the two measurement set-

ups. P-V values decrease with radial distance from the mirror centre. Some actuators have not 

been measured by the scanning vibrometer. 

Active levelling 

The next set of experiments analyses the potential of the 19 piezoelectric 

actuators to actively level the mirror membrane (neglecting defocus) for different 

mirror apertures of 15.3 mm, 18 mm, 20.8 mm, 22.5 mm, and 24.5 mm. The 

manufacturing instructions preset the voltage range of the piezoelectric actuators 

from 0 V to 200 V. Therefore, the piezoelectric actuators are set manually to 

voltage levels of 100 V ± 20 V to minimize the P-V and rms deviation. This small 

active levelling working range leaves a large working range for the setting of 

desired mirror shapes. SHSWorks is used to calculate the P-V and rms deviation 

(neglecting the defocus term). The investigated mirror apertures are positioned 

centrally aligned to the actuator patch. The centre of the measurement aperture 

is maintained after the maximum measurement aperture is aligned to the 

actuator patches. Now, the actuators are manually activated in a manner such 

Actuator influence function Shack-Hartmann vs. Vibrometer
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that the P-V and rms deviation are minimized. The optimum voltage distribution 

is detected at the maximum measurement aperture, and it is applied to all other 

apertures. Figure 62 depicts the actuator design with the measurement apertures, 

and a comparison between the uncompensated and actively levelled mirror 

membrane with its corresponding P-V and rms values. The investigations show 

that both P-V and rms deviation increase with mirror aperture. The active 

levelling of the mirror shape halves the uncompensated deviations. The smallest 

deviation of 245 nm and 46 nm for P-V and rms, respectively, occurs for a 

diameter of 15.3 mm. A print through of the single actuators is recognizable. A 

new optimized actuator design would increase the number of actuators to more 

evenly and accurately shape the mirror membrane. This would also minimize 

the print through and the dead space between adjoining actuators. 

 
Figure 62 Image of the screen-printed actuator patterns with corresponding apertures between 

15.3 mm and 24.5 mm. Comparison between uncompensated and actively levelled mirror 

membrane by activation of ±10% of the piezoelectric working range. The P-V and rms 

deviation of the mirror membrane without accounting for the defocus term are also shown. 

Zernike Polynomials 

The successful application of DMs in laser chains relies on their potential of 

compensate for the thermally-generated aberrations or atmospheric distortions. 

Aberrations and DM shapes can be described by Zernike polynomials Zi(ρ,φ) 

and their coefficients ci as described in chapter 2. In this chapter, the mirror 
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potential of setting Zernike Polynomials is evaluated. A 100-V offset voltage is 

applied to all actuators, and positive and negative Zernike polynomials are set 

manually by the activation of selected addressing electrodes for the different 

mirror apertures.  

 
Figure 63 (a) Examples for adjustable Zernike polynomials C3 to C10. (b) P-V membrane 

deformation [µm] for Zernike polynomials in (a). 

The results are shown in Figure 63. Figure 63 (a) shows the measured positive 

and negative Zernike coefficients C3 to C10 for five mirror apertures. The 

magnitude for positive and negative coefficients is comparable. The coefficient 

C3 (defocus) that pertains to defocus is the largest coefficient, and it diminishes 

with decreasing aperture. Astigmatism (C4 and C5) remains constant for 

apertures between 24.5 mm and 18.0 mm. The smallest aperture (15.3 mm) 

corresponds to the smallest coefficient values between 0.7 and 0.8. A continuous 

decrease for comae (C6 and C7) is observable with decreasing aperture. The 

mirror potential for the setting of the spherical aberration (C8) is small for all 

mirror apertures. Only the two largest apertures show values around 0.5. The 

adjustability of trefoil (C9) is constant around 0.5 for all apertures. In contrast, C10 
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shows variability that changes with the aperture. This differing mirror property 

for the same type of shape is caused by the actuator pattern distribution that 

requires the activation of two actuators for one arm of the 120° pattern. Figure 

63 (b) shows the measured P-V mirror deformation. A behaviour similar to that 

of the Zernike coefficients is observable: The magnitudes for the positive and 

negative Zernike polynomials are comparable, and defocus and comae decrease 

with decreasing aperture. The P-V values for all polynomials are >1 µm (other 

than C8) and the two smallest apertures of C6.   

 
Figure 64 Rms deviation from adjusted Zernike coefficients. (a) Positive Zernike coefficients. 

(b) Negative Zernike coefficients. 

An important criterion for the quality of the aperture setting is the minimization 

of the rms-value as the mean deviation from the desired Zernike polynomial to a 

limit below 150 nm. Figure 64 shows the calculated rms values for each 

polynomial. The deviation reduces with decreasing aperture. The smallest 

aperture of 15.3 mm results in deviations of 40 nm ± 10 nm. The deviations 

increase with the aperture but remain below the limit of 150 nm up to an 

aperture of 22.5 mm. The spherical C8 coefficient reaches deviations below 90 nm 

for apertures of 24.5 mm and 22.5 mm. Minor apertures result in decreased 

Zernike coefficients C8 and rms deviations above 90 nm. It is interesting to note 

that both comae remain constant to a limit below 100 nm. Therefore, the 

recommended mirror apertures are 22.5 mm and 20.8 mm as they permit a good 

performance trade-off between large Zernike coefficients and low residuals. The 

images of the pre-set and measured Zernike polynomials C3 to C10 for a mirror 
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aperture of 22.5 mm are shown in Figure 65. For each polynomial, the positive 

(left) and negative (right) shapes are shown. Each desired shape is recognizable. 

 
Figure 65 Examples for Zernike polynomials C3 to C10. Mirror aperture 22.5 mm and 100 V 

Offset applied to all actuators. 

6.4.3 Thermally-induced changes: homogeneous loading 

The following thermally-induced changes caused by homogeneous loading are 

observed: stroke, resonance behaviour, and membrane deformation. A 

homogeneous load applied by the Peltier element heats the deformable mirror. 

The Peltier element is voltage-controlled and heats the mirror from 16 °C up to 

60 °C, thereby resulting in a temperature increase of up to 44 K.  

Total stroke 

The total stroke refers to the P-V deformation of the membrane if all actuators 

are activated. It is measured by the LTS for different copper metallization 

thicknesses upon homogeneous heating by the Peltier element. The 

measurements are repeated at least 15 times at every temperature, and the mean 

value and standard deviation of the total piezoelectric stroke are calculated and 

shown in Figure 66. The mounted screen-printed membrane without copper 

provides a total membrane stroke of 41.4 µm ± 0.3 µm at room temperature. The 

total stroke remains stable between 41.1 µm and 43.4 µm for temperatures up to 

59 °C. The mean measurement values deviate although only a small standard 
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deviation of each mean value is observed. The application of a 50-µm copper 

layer reduces the available total stroke due to the increase in membrane stiffness. 

At 20.9 °C, the stroke is 29.4 µm ± 0.3 µm. The stroke increases gradually with 

temperature at a rate of 0.07 µm/°C. Thus, the stroke at 58.9°C is 31.6 µm 

± 0.7 µm. The application of a 200-µm copper layer (total) results in a stroke of 

14.6 µm ± 0.1 µm at 23.7 °C. No change in total stroke is observed with 

increasing temperature. The total stroke values are between 14.6 µm ± 0.1 µm 

and 17.0 µm ± 0.1 µm. After the machining of the DM, the stroke increases to 

16.8 µm ± 0.2 µm at 22.7 °C. The stroke increases steadily at a rate of 0.1 µm/°C 

until it reaches 19.6 µm ± 0.7 µm. The observed increase in stroke with 

temperature can be attributed to tensile stresses in the piezoelectric layer. This 

effect is observable in all cases other than that with a 200-µm copper layer. 

Tensile stresses in the piezoelectric layer correspond to downward bowing of the 

membrane. 

 

Figure 66: Total stroke of the deformable mirror for different temperatures and copper-layer 

thicknesses. 

Resonance behaviour 

The measurements of the resonance frequency are carried out using a single-

channel vibrometer. The results show the first resonance peak at 1.570 kHz, 

1.845 kHz, and 2.684 kHz without the use of a copper layer, with a 50-µm copper 

layer, and with a 200-µm copper metallization layer, respectively (cf. Figure 
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67 (a)). These values are each measured at 20 °C ± 1°C. The thermally-induced 

frequency shift is 1.12 Hz/°C, and -3.42 Hz/°C without copper metallization and 

with 200-µm copper metallization, respectively. At a 50-µm copper-layer 

thickness, no thermally-induced frequency shift is observable. The machining of 

the electroplated substrate and thus the thin-down induces a frequency decrease 

to 2.588 kHz at 20 °C ± 1°C. The thermally-induced frequency shift is -3.29 Hz/°C 

and thus comparable with the measured value at maximum copper-layer 

thickness.  

 
Figure 67 (a) Frequency of the first resonance, and (b) quality of resonance depending on 

temperature. 

The quality factor Q is considered as a measure of damping of the mechanical 

vibration (mechanical loss) and residual stress. It is the ratio of the frequency of 

the first mechanical resonance to the bandwidth7 of the oscillation. The Q factor 

of the screen-printed mirror is 23 at 20 °C, and it decreases steadily with the 

temperature at a rate of -0.07 per °C to a value of 21 (cf. Figure 67(b)). The 

application of 50 µm of metallization increases the Q factor to 26 at 21 °C. The 

                                                 

 

 
7 Frequency range between the two frequencies were the amplitude of the resonance peak drops 

to 50%. 
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increase in membrane temperature again leads to a decrease in quality at a rate 

of -0.09 per °C. The observed decrease in the Q factor with increasing 

temperature corresponds to a small increase in damping. Higher copper-layer 

thicknesses lead to large increases in the mean Q factor; the Q factor increases to 

43 ± 6 and 37 ± 4 with a 200-µm copper layer and the machined copper 

metallization. In the study, the Q factor fluctuated over the temperature range 

but showed no clear tendency.  

The thermally-induced changes in the first resonance are also investigated (cf. 

Figure 67(a)). The mounted membrane shows a small increase in resonance 

frequency with increasing temperature, whereas the 50-µm-thick metalized 

membrane shows no change in resonance behaviour. The thermally-induced 

frequency shift for the thick metalized membranes is steeply decreasing. 

Piezoelectric membranes are also used as micro resonant force gauges166 that 

convert a temperature change into a shift in resonance frequency (or change in 

permittivity or capacitance). The resonance frequency is affected by perturbation 

of its potential (mechanical straining and changes in shape and thus stiffness) or 

kinetic energy (change in resonator mass and change in the density of the 

surrounding medium). The FEM simulations reveal that a convex membrane 

deformation (tensile stress in the piezoelectric layer) induces a very small change 

in resonance frequency. Further, the FEM simulations show that thermally 

induced changes correspond to shape variations. Thus, a decrease in resonance 

frequency is attributed to a decrease in stiffness (or mechanical stress relief) that 

occurs only with the use of a 200-µm copper-layer thickness. There are several 

reasons for this occurrence: (i) the second copper application (from 50 µm to 

200 µm) introduced stress that is thermally released, (ii) the thick copper 

metallization decreases the membrane (assembly) stiffness, or (iii) the thick 

copper metallization shows decreasing stiffness with increasing temperature. 

Apart from this occurrence, thermally-induced damping of the membrane is 

absent. The release in stress (reason (i)) is valid only for temperatures above 

100 °C, and this release would lead to membrane-shape variations that were not 

observed. The analysis of the Young’s modulus of copper reveals its decrease 

with increasing temperature, thereby corresponding to a stiffness decrease. The 
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plot of the frequency shift against the copper-layer thickness also reveals a 

gradual decreasing curve. This leads to the conclusion that increasing copper-

layer thickness (volume fraction) causes decreases in the thermally-induced 

frequency shift. 

The large measured thermally-induced frequency shifts show the potential use 

of these multilayer assemblies in micro resonant force gauges. The gauges 

convert temperature changes into corresponding frequency shifts with a high 

sensitivity of 3.3 Hz/°C. Moreover, there is the possibility of scaling the 

sensitivity by using electroplated copper-layer thickness, thereby enabling a 

sensitivity that can be adapted to the operating temperature range. 

Thermally-induced deflection 

The FEM simulations reveal that strong thermally-induced frequency shifts are 

attributed to large membrane deformations. Measurements of the thermally-

induced membrane deflection are used to verify this outcome. The WFS analyses 

the P-V mirror-membrane deformation and the Zernike coefficients C0–C35 

simultaneously for homogeneous heating; the heating is achieved due to the 

Peltier element integrated in the mirror mount. Measurements of the P-V 

membrane deformation are also made by the Tencor measurement system. Both 

measurements are done with short-circuiting of electrodes and the results are 

shown in Figure 68. The P-V of the mirror membrane increases linearly at a rate 

of -0.12 µm/°C between 26°C and 56°C; this value is consistent with both 

measurement systems. 

 
Figure 68 Temperature-induced P-V deflection of the mirror membrane. Slope of the linear fit 

is -0.1 µmK-1.  
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Figure 69(b) shows the thermally-induced changes in Zernike coefficients C1 to 

C20 for increasing temperature. The largest change occurs linearly in Zernike 

polynomials C2 to C7; these polynomials symbolize tip, tilt, defocus, 

astigmatisms and comae (cf. Figure 69(a)).  

 
Figure 69 (a) Changes in the Zernike coefficients C3–C7 for temperature differences up to 30 K. 

(b) Zernike coefficients C1-C20 of the mirror membrane at 35 K. 

Defocus undergoes the largest change. The relatively large changes in the 

astigmatism and comae coefficients indicate asymmetrical deformation of the 

mirror membrane that may be caused by inhomogeneous layer thicknesses due 

to the manufacturing process. The Zernike coefficients C8 to C20 are of very small 

magnitude and they can be neglected. The increase in C3 corresponds to a 

downward bending of the membrane, thereby indicating tensile stresses in the 

piezoelectric thick film. The downward bending of the screen-printed mirror 

membrane indicates the large influence of the annular copper layer (cf. Figure 

28).  

Athermal design examples regarding the mirror response under homogeneous 

loading show similar results; thermal stability tests of unimorph deformable 

mirrors over a small temperature range (from 13 °C to 25 °C) show a linear 

membrane deformation of 0.11 µm/°C (P-V)167. Other measurements reveal a 
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change of 0.34 µm/°C due to defocus37 upon homogeneous loading between 

17 °C and 23 °C. A mirror with Pyrex substrate shows a P-V deformation of -

0.12 µm/°C over a temperature range of 30 °C to 45 °C147. All the relevant 

previous studies have reported that defocus is the major component under 

homogeneous loading. The comparison of the ML design with the state-of-the-

art athermal mirror designs reveals a comparable thermally-induced deflection. 

6.4.4 Thermally-induced changes: inhomogeneous loading 

Figure 70 shows the image of the optical set-up corresponding to Figure 58. The 

orange line indicates the path of the high-power laser beam and the thin white 

lines indicate the path of the monitoring beam. The free optical diameter of the 

monitoring system at the DM is larger than the diameter of the high-power load 

beam. 

 
Figure 70 Image of the experimental measurement set-up for homogeneous, inhomogeneous, 

and compound loading of the mirror system. The red line indicates the path of the high-power 

laser beam and the thin white lines indicate the monitoring beam’s path from the laser diode 

to the WFS. 

The mirror membrane response to different laser loads is measured and the P-V 

deformation is evaluated. The first load case corresponds to a duty cycle of 5% 
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and an input power between 1.3 W and 11.5 W corresponding to absorption of 

25 mW to 200 mW, respectively. The second load step corresponds to a duty 

cycle of 50% and an input power between 10.8 W and 107 W. The absorbed 

power values range between 220 mW and 2 W. A 100% duty cycle (under cw 

load) results in absorbed power values between 500 mW and 2.1 W. The results 

are shown in Figure 71. The use of a 5% duty cycle shows very little P-V 

deformation as only little power is absorbed. The P-V value decreases slightly at 

25 mW of absorbed power, and it rises steadily with increasing power. The P-V 

deformation increases linearly with increasing values of absorbed power, and it 

reaches a value of 8 µm for an absorbed power of 2.1 W. The rate of the P-V 

membrane deformation under inhomogeneous loading is 3.4 µm/W. The mirror 

membrane bends upwards with increasing power absorption, thereby indicating 

the defocusing of a parallel beam. 

 
Figure 71 Plot of the absorbed power against the P-V deformation. The laser-load-induced 

membrane deformation is 3.4 µm/W. There is no detectable difference between the cw laser 

and modulated laser loads. 

The settling time of the mirror response for 50% and 100% duty cycles and 

different laser loads is also measured. Figure 72 depicts the P-V deformation for 

0.5 W, 1 W, 1.6 W, and 2 W of absorbed power for modulated (dotted) and cw 

(line) laser modes. The deformation exponentially increases with time. The 

deformation flattens out and reaches a final constant value when the mirror 

reaches its thermo-mechanical equilibrium. The measurements reveal a settling 
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time between 1.3 s and 0.9 s for the investigated absorbed power values. The 

settling time steadily decreases with cw laser loading, and it fluctuates in the 

case of pulsed-laser loading. However, a good P-V agreement is observed 

between the modulated and cw laser loads. Therefore, we can conclude that the 

mean laser power causes the mirror membrane deformation. Further, the time 

constant of the mirror response is larger than the time lag between two pulses. 

 
Figure 72 Transient behaviour of the mirror deformation for different cw and modulated laser 

loads. The table on the right summarizes the measured time constants. 

The theoretical deformation time constant for 1 W of power absorption is 0.45 s 

for a 200-µm copper-layer thickness, and it is 35% of the measured time constant. 

I can conclude that this is either due to the lower thermal conductivity of the 

copper layer or due to a lower thermal conductivity of the LTCC substrate 

compared to the specified values. This disparity requires further investigation. 

The Zernike coefficients C0 - C35 (cf. Figure 73(a)) are evaluated for a 100% duty 

cycle at different power levels. The largest contribution is due to defocus (C3) 

and the influence of astigmatism is negligible. The second strongest factor is 

spherical aberration and both comae magnitudes are also significant. Therefore, 

the inhomogeneous loading causes mainly symmetrical wavefront deformation 
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(C3, C8), and very little asymmetrical wavefront deformation (C6, C7). Further, it 

is noteworthy that all the Zernike coefficients change in proportion to the 

absorbed power and the Zernike coefficients C9–C35 are negligible. The density 

plot of the measured coefficients C1–C8 without considering defocus is shown in 

Figure 73 (b). This plot reveals a non-symmetric membrane deformation, thereby 

indicating a slight misalignment of the laser load and its non-concentric 

incidence. A better alignment of the laser load can result in smaller deviation 

from defocus. 

 
Figure 73 (a) Zernike coefficients with 100% duty cycle for different absorbed laser powers. 

Zernike coefficients scale in proportion to the absorbed laser power. (b) Mirror surface 

reconstructed from Zernike coefficients C1–C8 without defocus. 

6.4.5 Thermally-induced changes: compound loading 

The induced mirror membrane bending for homogeneous loads is opposite to 

that under inhomogeneous thermal loads. A homogeneous load induces 

focusing of the mirror while an inhomogeneous load induces defocusing of the 

mirror. This suggests the possibility of the pre-compensation of laser-induced 

deformations by heating of the deformable mirror (compound loading). Two sets 

of compound loading measurements ((A) and (B)) are carried out; these 

measurements evaluate the thermally-induced mirror deflection and the change 

in defocus. The piezoelectric stroke at optimum compound loading is also 

analysed.  
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Figure 74 shows the measured P-V mirror membrane deformation induced by 

the absorbed power for different homogeneous pre-loadings along with the 

reference behaviour in the absence of pre-loading. In the absence of 

homogeneous pre-loading, the P-V mirror membrane deformation again 

increases linearly at a rate of 3.4 µm/W. This behaviour changes according to the 

homogeneous pre-loading of the mirror. A pre-heating of 16 K (to 35 °C) 

increases the P-V mirror deformation to 2.6 µm and 1.7 µm for (A) and (B), 

respectively, in the absence of high-power laser loading. An increase in absorbed 

power decreases the P-V mirror membrane deformation to a minimum at around 

0.5 W for both measurements. With further increase of the absorbed power, the 

P-V mirror membrane deformation again increases. A polynomial trend line (of 

the third power) fits these characteristics.  

 
Figure 74 P-V membrane deformation for two sets of measurements, (A) and (B). The 

measurements reveal an optimum homogeneous pre-heating for minimal membrane 

deformation. 

A similar behaviour is observed for every pre-heating temperature for both sets 

of measurement. The maximum P-V membrane deformation occurs at a 

maximum absorbed power of 2.3 W. Further, this maximum P-V membrane 

deformation decreases with homogeneous pre-heating. In addition, the 
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measurements show a minimum P-V membrane deformation of 1.1 µm, 1.7 µm, 

and 2 µm for homogeneous loadings of 16 K, 25 K, and 35 K, respectively. The 

minimum values are comparable for both measurements (A) and (B), and they 

define the optimum compound loading. The deformation settling time is 

measured as 1 s, and this value is in accordance with that for inhomogeneous 

loading. 

 
Figure 75 Zernike coefficients of defocus in measurements (A) and (B). The measurements 

reveal an optimum homogeneous loading that compensates for the defocus term under 

different inhomogeneous loads. 

Defocusing is used as figure of merit for evaluating the pre-compensating 

properties. Figure 75 shows the defocus values for measurements (A) and (B) 

under compound loading. Inhomogeneous heating without homogeneous 

loading induces a negative defocus (represented by C3). The homogeneous pre-

loading increases the defocus in absence of power absorption. The defocus 

increases linearly down to negative defocusing with increasing power 

absorption. The measurements reveal the compensation of the inhomogeneously 

generated defocus by homogeneous loading. Measurement (A) suggests the 

ability to compensate for the defocus induced by 1.25 W of absorbed power by 

34 K of homogeneous loading. Measurement (B) suggests a compensation of less 

than 1 W for a comparable homogeneous loading of 35 K. 
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Piezoelectric characterization  

I also evaluate the piezoelectric stroke for the optimized compound loads for 

measurement (B) for an electric field of 2 kV/mm that is applied to all the 

actuators. The results show an increase in piezoelectric stroke for compound 

loading. A similar tendency has been observed for homogeneous loading.  

Table 13 provides the values for the increase in piezoelectric stroke under 

compound loading. The measured P-V values are smaller than those obtained by 

the LTS total stroke measurements (cf. 6.4.3). This difference is caused by the 

smaller measured mirror aperture of the WFS. The mirror characteristic of 

increasing stroke under compound loading is suitable for high-power laser 

applications in which compound loading is necessary. 

 

Table 13 Piezoelectric stroke at optimized compound loading.  

Thermal loading 0K / 0W 17 K / 0.6 W 25 K / 1.0 W 34 K /1.4 W 

piezoelectric 

activation 

C3  -5.7 -6.3 -6.7 

P-V 

[µm] 
11.2 12.6 13.9 14.8 

6.4.6 Comparison with simulated values 

The simulations reveal a membrane deformation rate of -0.2 µm/°C and 

1.3 µm/W. This corresponds to a pre-compensation of 6 W by homogeneous 

heating of 40 K under the compound loading regime. An absorbed laser power 

of 6 W corresponds to a reflected laser load of 600 W for 1% absorption. In 

particular, high-power coatings enable a very high reflection of up to 1%, 

thereby corresponding to a reflected laser power of 6 kW. This shows the 

theoretical suitability of the mirror for high-power applications (cf. Figure 76). 

The measurements show a lower membrane deformation rate of -0.12 µm/°C and 

a higher laser-induced deformation rate of 3.4 µm/W. The manufactured mirrors 

show a lower heat dissipation that might be attributed to the reduced thermal 

conductivity of the electroplated copper compared to the bulk material. If the 

electroplating of copper reduces the material heat conductivity, the copper-layer 
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thickness requires to be increased. This effect should be investigated by 

measurements of the thermal conductivity of the electroplated copper layers.  
 

 
Figure 76 Comparison between theoretical and experimental characteristics of compound 

loading. 

6.5 Application: Compensation of static wavefront aberrations 

The DM proposed in the study can (pre-) compensate for thermal lensing. The 

amplitudes of the abovementioned aberrations can be of the order of several µm. 

The ability of the screen-printed DM to compensate for such large aberrations is 

shown in the next experiment. The AO set-up as shown in Figure 57 is used with 

an aberration generator that is positioned after the first beam expander and 

before the beam splitter cube. The aim is the correction of the wavefront by 

compensating for the deviations from the plane, thereby leading to highest spot 

intensities. Figure 77 shows the mirror aperture in relation to the actuator layout 

for measurement apertures between 15.4 mm and 22.5 mm. The next two 

columns show the Strehl ratio and the aberrated wavefront with the 

corresponding Strehl ratio values, and the wavefront P-V and rms values. This 

information is also shown for the compensated wavefronts. The aberration 

generator introduces a P-V wavefront deformation between 3.2 µm and 6.1 µm 

(cf. Figure 77).  

The wavefront deformation before compensation is mainly due to astigmatism 

(C4 and C5), and this results in a very low Strehl ratio. In contrast, the 

measurements of the compensated wavefront reveal a clear improvement over 

the original wavefront with aberrations. The best results are achieved if actuators 

are placed outside the mirror aperture (for apertures of 15.4 mm and 18.0 mm). 

The P-V wavefront deformation is improved by a factor of 5.8 and 5.3 and the 

rms deviation by a factor of 6.4 and 6.9 for mirror apertures of 18.0 mm and 
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15.4 mm, respectively. This deviation from the diffraction-limited Strehl ratio can 

be explained by the small number of actuators used. A higher actuator density 

could improve the rms deviation and consequently lead to higher Strehl ratios. 

The presented measurement for the aperture of 15.4 mm shows an rms deviation 

of <100 nm; this deviation can result in diffraction-limited Strehl ratios for laser 

systems emitting radiation at 1400 nm. The mirrors could also be used in laser 

systems emitting at 1070 nm for the corresponding Strehl ratio of 0.65. It is 

significant that the high piezoelectric stroke can compensate for multiple 

micrometer wavefront deviations.  

 
Figure 77 Compensation of static wavefront aberrations for different mirror apertures. 
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7 Summary and discussion of the results  

This thesis discusses new designs for non-cooled deformable unimorph mirrors 

in order to improve their applicability in high power laser chains. In general, the 

labour costs involved in the fabrication of deformable mirrors can be reduced by 

the application of batch fabrication; the design mentioned in the thesis can be 

easily batch-fabricated. The applicability in high power laser chains can be 

enabled by the suppression of laser induced mirror deformation.  

The thesis presents a novel manufacturing regime mainly based on batch-

fabrication. Detailed thermo-mechanical investigations, based on experimentally 

evaluated material parameters of screen printed tick films, and analytical and 

finite element modelling are made. As a result, construction guidelines for 

homogeneous and inhomogeneous thermal mirror loading are formulated. The 

designed screen printed unimorph deformable mirror is manufactured and 

tested. The experimental results give evidence of a large piezoelectric stroke and 

thermo-mechanical mirror characteristics that are comparable with the 

simulation. Therewith, the novel compensation regime “compound loading” for 

the suppression of laser induced deformations is developed and proofed. The 

results of the single chapters are discussed below. 

 

Firstly, a review of active mirrors and their properties is realized in chapters 3.1 

to 3.5. This review describes the modes of operation and various configurations 

of active mirrors, such as segmented mirrors, mirrors with discrete actuators, 

and DMs. Modular/hybrid mirrors are introduced and MEMS mirrors are 

separately analysed due to their miniaturized set-up. Subsequently, the 

limitations of the state-of-the-art solutions are analysed (cf. 3.6) and the scope of 

the thesis is educed (cf. 3.7). 

 

The screen printed piezoelectric DM manufacturing concept and set-up is 

developed in chapter 3. The piezoelectric actuation regime is introduced (cf. 4.1) 

and the process of layer deposition using batch-fabrication techniques is 

discussed (cf. 4.2). The screen printing process is chosen for mirror fabrication 
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due to its (i) accurate processibility that results in the exact layout of structural 

patterns (film thickness, lateral resolution, etc.), (ii) release of manufacturing 

costs from actuator patterns and the applicability of different actuator mirror 

layouts in parallel on a single substrate, (iii) availability of thick (10–150 µm) 

piezoelectric layers and metallization layers, (iv) excellent actuating 

characteristics of screen-printed piezoelectric material, and (v) their applicability 

by screen printing on LTCC substrates. LTCC substrates are particularly suitable 

as mirror substrates due to their potential integration of mechanical cavities for 

mounting aids and cooling channels. Further, LTCC substrates can enable 

integration of screen-printed flat metallization and sensor elements into the 

multi-layered mirror membrane. Sensor elements such as strain gauges or 

temperature sensors can facilitate mirror deformation control. The 

manufacturing process is developed, and comprises six steps out of which five 

are batch-fabrication techniques. The SPDT process alone does not involve batch 

fabrication. In contrast to state-of-the-art deformable mirror technologies, the 

electric wiring is also batch-fabricated. Moreover, the mirror set-up is monolithic. 

The mirror mount is monolithically joined with the mirror membrane by 

Solderjet Bumping and copper electroplating, thereby leading to reliable 

mounting conditions. The material characteristics of the screen-printed layers are 

also discussed (cf. 4.3). Based on the density and nanoindentation measurements 

along the layer thickness and the layer surface, the complete stiffness matrix of 

the piezoelectric layer are evaluated. These results are based on manufacturing-

imposed porosity that changes the material parameters of the screen-printed 

layers. 

 

The detailed technological analysis is further elaborated into the manufacturing 

concept of the deformable mirror. In this section of the thesis, the structural 

dimensions are to be optimized by simulations in chapter 5. The simulations 

chapter is divided into two sections—analytical modelling and FEM. The 

analytical modelling evaluates the thermally-induced changes in the mirror’s ML 

under homogeneous thermal loading conditions and in the piezoelectric stroke 

(cf. 5.1). The thermal considerations define the optimum copper-layer thickness 
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that minimizes the thermally-induced deflections of the mirrors ML (cf. 5.1.1). 

Consequently, a zero deflection design conceptualized; this design leads to balance 

of the thermally-induced strains in the monolithic single layers, thereby 

preventing a membrane that is insensitive to homogeneous temperature loading. 

The zero deflection copper-layer thickness for the simply-supported sample 

membrane is between 12 µm and 24 µm depending on the CTE of the 

piezoelectric layer. The discussion of the boundary conditions and copper-layer 

discontinuity proves the concept of thermal self-balancing, which can be realized 

by copper-layer thickness variations under fixed rim boundary conditions. The 

thermally-induced deflection can be determined by copper layer discontinuity 

(or copper-layer thickness variations). The static piezoelectric considerations 

define the working range of the piezoelectric layer’s thickness and layer’s 

diameter for large piezoelectric stroke (cf. 5.1.2). The relative thickness a is 

optimally thin, and the practical working range is found to be between a = 1.7 

and a = 3.1. The optimal piezoelectric layer diameter is 13.2 mm (Øsubstrate = 

17.5 mm), this value is insensitive to changes in the copper-layer thickness. The 

number of actuators is preferably >15 with 9 actuators being positioned external 

to the mirror aperture; this choice and positioning of the actuators is based on 

the effective correction of the Zernike modes.  

The FEM simulations evaluated the static and dynamic properties of the 

membrane for piezoelectric activation and different thermal loadings in chapter 

5.2. A CoventorWare™ based FEM model of the mirror assembly is configured, 

and the piezoelectric stroke is evaluated depending on copper-layer thickness 

(cf. 5.2.1). The FEM model is populated with the complete stiffness matrix of the 

piezoelectric layer (4 mm non-oriented polycrystalline material poled in third 

direction) and also with simplified piezoelectric parameter based on an isotropic 

material model. The simulations reveal insensitivity of the mirror’s piezoelectric 

stroke to the completeness of stiffness matrix. A simplified database based on the 

properties of isotropic materials provides simulation results similar to those of 

the material model for Perovskite crystalline structures poled along z-direction. 

A comparison of the FEM results and a closed form solutions with simplified 

isotropic material behaviour revealed a good agreement for copper-layer 
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thicknesses below 80 µm. The differences between FEM and closed form solution 

rely not on material property simplifications but more likely on discetization 

issues of the FEM model or assumptions of the closed form solution.  

The dynamic ML properties are evaluated by Ansys based FEM being subject to 

copper-layer thickness and piezoelectric stiffness variations (cf. 5.2.2). Two sets 

of material parameters were comparatively simulated; set 2 comprises a proper 

material data set. A reference system (a system that does not utilize copper 

metallization) is configured to evaluate the influence of the initial curvature of 

the mirror membrane on the dynamic behaviour. Further, the influence of 

residual stress in the piezoelectric layer on resonance behaviour is also 

evaluated. A computer-based FEM simulation proves that the types of curvature 

(convex, concave) and not the curvature radius determine the natural frequency 

shift induced by the initial curvature. A positive (convex) curvature of + 40% of 

the substrate thickness results in a relative change of less than 2% in the first 

resonance frequency. In contrast, a concave curvature of - 40% of the substrate 

thickness induce + 10% relative change in the first resonance frequency. The 

residual stress in the piezoelectric layer cause membrane bowing. It is shown 

that the stress-induced bowing depends on the type of stress. A similar 

magnitude of tensile stress in piezoelectric thick films induces lower membrane 

deflection than that due to compressive stresses. The changes in the resonance 

frequency are not attributed to the magnitude of the stress, but to the variations 

in the membrane shape; in particular, the variations in the direction of curvature 

determine the resonance frequency shift for the present ML model. These results 

are important if the resonance frequency is critical to the mirror’s operation. 

Minor tensile stresses in the piezoelectric layer deform the membrane by a small 

margin and induce only weak resonance shifts; therefore, these stresses can 

compensate for tensile stresses (such as stresses in dielectric mirror coatings) in 

other layers. 

The thermally-induced changes were also evaluated by FEM. First, simulations 

of the homogeneous loading and their comparison with the results evaluated by 

an analytical method proves the existence of a zero deflection configuration in 

5.2.3. An ML set-up consisting of a homogeneous piezoelectric layer that is 
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placed between sandwiching Au-electrodes and bonded on a LTCC substrate, 

requires a zero deflection copper-layer thickness of 14 µm. These results are 

summarized into a construction guideline for such optimized ML membrane 

mirrors, based on mounting by discrete compliant membrane support (cf. Figure 

50). Subsequently, structural inhomogeneity of the piezoelectric layer and two 

different boundary conditions are integrated—the simply-supported and fixed 

rim conditions. These results lead to the formulation of new construction 

guidelines for homogeneous thermal loading of deformable mirrors depending 

on their boundary conditions. The zero deflection copper-layer thickness is 

approximately 10 µm and 150 µm for the simply supported and fixed rim 

conditions, respectively. The examination of a suitable metallic mount and the 

technical mount geometries for application in the mirror system in 5.2.4 reveals 

an optimal copper-layer thickness between 150 µm and 225 µm for W85Cu15 

and CE7 with a thermally-induced deflection of -0.2 µmK-1. The study of the 

technical mount geometries provides a relaxed zero deflection copper-layer 

thickness value in terms of sensitivity to thickness variations and machinability 

(due to the large thickness of the copper layer). The simulation results also 

indicate the existence of a zero deflection mount material with a CTE between 9 × 

10-6/K and 11 × 10-6/K, thereby leading to a zero deflection copper-layer thickness 

between 150 µm and 225 µm. Mount materials with CTE values in the 

abovementioned range include CE9 (Al40Si60), W72Cu28, and CE11 (Al50Si50).  

The ML temperature and the ML deformation caused by inhomogeneous laser 

loading were also simulated (cf. 5.2.5). A Gaussian intensity distribution of a 

laser is implemented in the simulation model by using a Gaussian-shaped heat 

flux. The simulations reveal deformation insensitivity to the mount material and 

deformation sensitivity to the copper-layer thickness. The laser-induced 

deformation is between 2.5 µm/W and 1.1 µm/W for copper-layer thicknesses 

between 150 µm and 225 µm, respectively. The temperature distribution of the 

mirror membrane is radially decreasing with peak values between 5.3 K and 

2.8 K for copper-layer thicknesses between 150 µm and 225 µm, respectively. The 

mirror mount shows temperature changes below 1 K for all investigated copper-

layer thicknesses. The deformation and temperature time constants were also 
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evaluated. The deformation time constant is between 0.7 s and 0.4 s, while the 

peak temperature time constants are between 1.6 s and 1.4 s for copper-layer 

thicknesses between 150 µm and 225 µm, respectively.  

 

The thesis formulates two possible methods to compensate for the laser-induced 

mirror deformation. The compensation can be achieved either by manufacturing-

imposed mirror curvature that is balanced by the laser-induced mirror 

deformation or by homogeneous thermal loading (cf. 5.4.2). The homogeneous 

thermal loading can compensate for laser-induced deformation as the 

deformation caused by the loading opposes the laser-induced deformation. This 

approach is referred as compound loading, and it is investigated in a practical 

mirror set-up.  

 

The designed ML set-up for compensation of laser induced deformation by 

compound loading was practically fabricated as reported in chapter 6.1. The 

developed manufacturing concept is implemented and a deformable unimorph 

mirror with 19 hexagonally shaped actuators is fabricated (cf. 6.2). The initial 

mirror shape, the piezoelectrically-generated membrane shape variations, and 

the Zernike polynomials of the DM assembly are demonstrated in chapter 6.4.1 

and chapter 6.4.2, respectively. The thermally-induced changes in the mirror 

membrane are also considered (cf. 6.4.3). The machined mirror offers an 

increased total stroke between 17 µm and 20 µm for temperatures between 

21.5 K and 58.5 K. The resonance frequency linearly decreases with a rate of -

3.3 Hz/°C. These changes are attributed to the temperature-dependent material 

parameters and not to the variations in the mirror curvature. The mirror 

curvature changes at a rate of -0.12 µm/°C; this value is lower than the 

theoretical value of -0.2 µm/°C.  

The laser-induced mirror curvature is 3.4 µm/W and the deformation time 

constant is approximately 0.9 s for the absorption of a 1-W cw laser (cf. 6.4.4). 

The theoretically evaluated laser-induced mirror curvature is 1.3 µm/W with a 

deformation time constant of 0.5 s for a power absorption of 1 W for a copper-

layer thickness of 200 µm. Therefore, we can conclude that the copper layer has 
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lower thermal conductivity compared to copper bulk material. This effect 

(reduction in the thermal conductivity of copper) can be induced by the galvanic 

deposition of copper, and it required further investigation. 

The successful application of the compound loading of the mirror system is 

shown in this thesis. Different laser-induced mirror deformations are 

compensated for by additional homogeneous loading (cf. 6.4.5). A 1.3 W 

absorbed laser power is compensated by a 34 K homogeneous loading. This 

absorbed laser power corresponds to a reflected laser load of 130 W for 1% 

absorption. In particular, high power coatings provide a very high reflection of 

up to 1‰, this corresponds to a reflected laser power of 1.3 kW or a power 

density of 0.4 kW/cm². The simulations reveal a manageable power density of 

the designed mirror of 1.9 kW/cm² (in case of bulk thermal conductivity of the 

copper layer). This shows the suitability of the mirror for high-power 

applications. The piezoelectric activation under compound loading shows an 

increase in piezoelectric stroke with thermal loading. This is suitable for high-

power laser applications where compound loading is necessary. 

A typical application of deformable mirrors is considered in the thesis, i.e., 

compensation for static wavefront deformation (cf. 6.5). It was shown that the P-

V wavefront deformation can be improved by a factor of 5.8 and of 5.3 for 18 mm 

and 15 mm mirror aperture, respectively. The Strehl ratio increases by 0.43 for a 

15 mm mirror aperture. These experiments prove the applicability of the 

developed DM for thermal lensing compensation in high-power laser systems. 

Outlook on future developments 

The application of the developed deformable mirrors in high power laser chains 

relies on the application of highly reflective coatings. These tailored coatings 

should be developed in the next step according to the wavelength and to be 

shaped power density of the application. 

Another task is the optimization of actuator pattern on application challenges, 

e.g. the efficient compensation for thermal lensing through large mirror 

deformation range of defocus, astigmatism and spherical. 

The LTCC substrate allows for the integration of temperature and deformation 

sensors. The number and position of sensors in the LTCC substrate should be 
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evaluated in the next step. The manufacturing regime of the deformable mirrors 

needs to be adapted and sensor sensitivity can be determined based on the 

present mirrors and further simulations.  

 



 

Thesen zur Disputation 

Thermo-mechanisches Design, dessen Umsetzung und Erprobung für 

unimorphe Spiegel mit siebgedruckter Aktorstruktur 

Claudia Bruchmann 

1. Die steigende Leistungsdichte in Lasersystemen führt zum Auftreten einer 

thermischen Linse und der Notwendigkeit zum Ausgleich der selbigen 

beispielsweise durch aktiv optische Komponenten (Deformierbare Spiegel) 

im Strahlengang.  

2. Unimorphe deformierbare Spiegel werden bereits zur Kompensation 

thermischer Linsen eingesetzt, jedoch erfordert ein weiterer Anstieg der 

Laserleistungsdichten neuartige thermo-mechanische Designs dieser 

Spiegel, um das Auftreten laser-induzierter Deformation auf dem Spiegel 

zu verhindern. 

3. Das entwickelte Mehrlagendesign integriert mehreren Schichten in das 

Spiegel-setup mit thermo-mechanischen Parametern, die sich vom Substrat 

und der piezoelektrischen Schicht unterscheiden. Dadurch können 

thermisch-induzierte Deformationen der Spiegelfläche gezielt beeinflusst 

und verhindert werden. 

4. Thermisch-induzierte Deformation können durch eine homogene 

Änderung der Spiegeltemperatur oder durch absorbierte und in Wärme 

umgewandelte Laserstrahlung induziert werden. Abhängig von der Art 

der thermischen Last und der Applikation müssen die Schichtdicken der 

einzelnen Lagen angepasst werden. Im vorliegenden Mehrlagendesign 

wird das thermo-mechanische Verhalten über die Variation der 

Kupferschichthöhe angepasst. 

5. Eine thermisch induzierte Deformation durch eine homogene Temperatur-

veränderung des Spiegels, kann durch eine sog. zero deflection 

Konfiguration verhindert werden. Im vorliegenden Beispiel ist die Höhe 

der Kupferschicht so designt, dass die thermisch induzierte Dehnung der 
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Dickschichtmetallisierungen zur Kontaktierung der piezoelektrischen 

Schicht ausgeglichen werden können. 

6. Der Ausgleich laserinduzierter Deformationen im deformierbaren Spiegel 

wird über eine homogene Erwärmung erzielt, deren induzierte 

Deformation gegenläufig zur laserinduzierten Deformation ist. Diese 

neuartige Kompensationstechnik wird als „compound loading“ 

(Kombinierte Belastung) eingeführt. 

7. Der Herstellungsprozess der entwickelten deformierbaren Spiegel mit 

siebgedruckter piezoelektrischer Aktorstruktur besteht aus sechs Arbeits-

schritten von denen fünf Schritte auf Waferlevel prozessierbar sind. Einzig 

die Bearbeitung der Spiegelfläche mittels eines ultrapräzisen Drehprozesses 

ist kein Waferlevelprozess. 

8. Im Gegensatz zum Stand der Technik für deformierbare unimorph Spiegel 

ist die elektrische Verdrahtung der strukturierten Elektroden auch auf 

Waferlevel prozessierbar und das Spiegelsetup ist monolithisch. 

9. Die entwickelten und vorwiegend mit parallelen Fertigungstechnologien 

hergestellten Spiegel sind für Hochleistungslaseranwendungen geeignet.  

10. Für das vorliegende Mehrlagensubstrat wird gezeigt, dass thermisch 

induzierte Änderungen der Resonanzfrequenz nicht stressinduziert sind, 

sondern durch Formänderungen der Spiegelmembran oder durch 

Temperaturabhängigkeit der thermo-mechanischen Materialparameter 

hervorgerufen werden. 

11. Die thermisch induzierten Änderungen der Resonanzfrequenz können zur 

Detektion von Temperaturänderungen genutzt werden. Der thermisch 

induzierte Frequenzshift kann hierbei über die abgeschiedene Kupferhöhe 

angepasst werden und beträgt zwischen 1.1 Hz/°C und -3.3 Hz/°C für 

Kupferschichtdicken zwischen 0 und 200 µm. 
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Appendix 

 

A1. Definition of the Zernike polynomials, their normalization factor and  d e-

scription. 

i N m Polynomial 
Normalization 

factor n 
description 

0 0 0 1 1 Piston 

1 1 1          2 Tilt X 

2 1 1          2 Tilt Y 

3 1 0          √  Defocus 

4 2 2             √  Astigmatism 0° 

5 2 2            √  Astigmatism 45° 

6 2 1  (      )         √  Coma X 

7 2 1  (      )         √  Coma Y 

8 2 0             √  Spherical 

9 3 3              √  Trefoil 0° 

10 3 3              √  Trefoil 30° 

11 3 2    (      )         √   Sec. Astigm. 0° 

12 3 2    (      )         √   Sec. Astigm. 45° 

13 3 1   (           )         √  Sec. Coma X 

14 3 1   (           )         √  Sec. Coma Y 

15 3 0                     √  Sec. Spherical 

16 4 4             √   Tetrafoil X 

17 4 4            √   Tetrafoil Y 

18 4 3    (      )          √  Sec. Trefoil 0° 

19 4 3    (      )          √  Sec. Trefoil 30° 

20 4 2    (           )         √    

21 4 2    (           )         √    

22 4 1   (                 )       4  

23 4 1   (                 )       4  

24 4 0                         3  

25 5 5              √   

26 5 5              √   
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i N m Polynomial 
Normalization 

factor n 
description 

27 5 4    (      )         √    

28 5 4    (      )         √    

29 5 3    (            )        4  

30 5 3    (            )        4  

31 5 2    (                   )          √   

32 5 2    (                   )          √   

33 5 1   (                        )         √   

34 5 1   (                        )         √   

35 5 0 
                           

       
 √    
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A2.Material data PIC 151 based  on M. Rauer, personal communication, October 

30, 2009.  
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A3.Material data PIC 255 based  on M. Rauer, personal communication, October 

30, 2009.  
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A4.Material data mount materials 

Copper 

thickness / µm 

Deformation @ point 1 / µm  

CE7 WCu CE11 

100 2.52 2.50 2.59 

150 1.89 1.92 1.94 

200 1.32 1.37 1.36 

225 1.09 1.15  
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