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Abstract 

 

This thesis presents work undertaken by the author in the course of studies for an 

Engineering Doctorate at the School of Engineering and Physical Sciences of Heriot 

Watt University, and the United Kingdom Astronomy Technology Centre. The 

motivation for the work is to make adaptive optics more accessible to astronomy 

applications where cost has been a factor. At present the complexity and cost of a 

principal component of adaptive optic systems, the deformable mirror (DM), has limited 

its adoption in instrumentation and industrial applications.  

 

Novel contributions to the general body of knowledge include:  

a) The development of an integrated multi-layer PZT 196 actuators array on a 1.2 mm 

pitch. The array is constructed from 85 layers, each 20 µm thick giving an extension of 

2 µm for an applied voltage of 80 Volts.  

b) The development of electronics for a low cost, array addressable, actuator drive 

which facilitates a parametric comparison of actuator permittivity to actuator extension. 

A 5% resolution of actuator extension was achieved with small extension loss of 62.5 

picometers/second at refresh rate of up to 500 Hz.  

c) Reliable zeolite loaded epoxy bonding of the deformable mirror surface to the 

actuator array through the introduction of 1 µm groves in the side walls of the mirror 

support legs. Bond strength of 4.1 MPa was achieved which is greater than the 1.2 MPa 

required.  

 

This thesis opens the prospect of the construction of actuator staves leading to an 

increase the versatility of array construction. The advantages identified include 

reductions of the complexity of forming additional electrodes and of tolerance on 

actuator dicing to form individual actuators in the array. Solutions have been identified 

towards a future prototype deformable mirror with integrated electronic actuator drive 

and extension sensing. 
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Chapter 1  

Introduction  

 

1.1 Motivation 

This thesis investigates a key component of adaptive optic systems; the deformable 

mirror and attempts to address how the devices can be constructed cost effectively. 

Making the technology easier to access may lead to a broader adoption in 

instrumentation and industrial applications where the control of light is important. 

One of the principal aims of astronomy is to see really small faint objects in the 

universe. The detection of such objects requires telescope mirrors with large diameters 

to gather enough photons.  Larger mirrors give also higher resolution, as the resolution 

is defined by wavelength divided by the diameter of the primary mirror of the telescope.  

However the atmosphere distorts and smears the images, although these defects can be 

recovered to some degree by speckle interferometry and adaptive optics.  While 

telescopes in space do not suffer from atmospheric induced problems their collecting 

area is limited. For example, the Hubble space telescope has a 2.4 m diameter mirror 

and the yet to be launched James Webb Space Telescope (JWST) has a 6.5 m diameter 

mirror.  In comparison the largest ground based telescope has a 10 m diameter mirror 

and the next generation of telescopes will have primary mirrors of over 30 m diameter 

with the possibility of a resolution down to 0.002 at a wavelength of 0.37 μm. This is to 

be contrasted with the Hubble telescope, which has a resolution of only 0.05 arcsecond.  

Adaptive optics has therefore been identified as important to the design of the next 

generation of telescopes and will become increasingly important for inclusion in 

instrumentation. Examples include current instrument design studies for Extremely 

Large Telescopes (ELT) such as EAGLE-MOSAIC for the European telescope.  For 

example the importance to Multi Object Adaptive Optics applications (MOAO), which 

requires an adaptive optic system in each of many processing channels, is essential for 

efficient use of large focal planes in observing early galaxy formation. MOAO is a 

current Gemini science objective and an objective for the ELT science. Adaptive optical 

units are a key component in the Science and Technologies Facilities Council (STFC) 

future technology plan [1]. The development work undertaken in this project, and the 
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solutions identified will allow instruments to be designed knowing that a cost effective 

and proven technology exists. The motivation is to reduce programme risk for any 

future instrumentation project incorporating adaptive optics at both visible and infrared 

adaptive wavelengths  

1.2 Layout and scope 

The aim of this thesis is to present the work undertaken by the author through the 

Engineering Doctorate in Photonics in collaboration with the Astronomy Technology 

Centre at Edinburgh and the Microsystems engineering Centre at Heriot-Watt 

University, Edinburgh. The scope of the thesis is outlined as follows. 

 

Chapter 2 Literature review 

The many and varied technological concepts and designs that have been produced in 

search of a deformable mirror technology suitable to give good waveform correction are 

reviewed in this chapter.  The abilities of the technology to meet the future challenges 

are considered and a technology which can address the complex requirements to deliver 

a cost effective solution is proposed.  

 

Chapter 3 Deformable mirror and bonding to actuator technology 

Using silicon as a deformable mirror is proposed due to the excellent mechanical 

properties of the material and the extensive manufacturing facilities available to produce 

the mirrors. The selection of mirror thickness and interface structure are described and 

related to potential deformable mirror (DM) applications. Optimising the DM for a 

particular application or wavelength involves developing an appropriate coating. The 

work carried out in this respect is discussed and the implications of the induced 

mechanical stresses considered.    

Successfully attaching a deformable mirror to an actuator array is crucial to the 

operation of the adaptive optics. Bonding silicon to an actuator array made of lead 

zirconate titanate (PZT) presents problems of adhesion. This chapter considers four 

methods of bonding based on chemical reactions and leads to the discovery of a novel 

approach with the capability of creating a reliable bond which will scale with mirror 
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design parameters such as thickness of mirror base. For the design under consideration a 

Zeolite loaded epoxy is shown to meet the requirements. 

 

Chapter 4 Actuator development and electroding 

 Materials, which have the ability to give a mechanical response to an applied signal, are 

of particular interest in developing actuation systems that can result in thousands of 

channels requiring control. Computer control is essential and the speed of response of 

the materials is particularly important when dynamic waveform correction of light is 

required at rates of hundreds of times per second. The selected actuation material, PZT, 

for this project has emerged from a long series of development and manufacturing 

techniques over the past 30 years. The processes developed have enabled the 

construction of miniature mechanical devices with dynamic extensions of microns when 

responding to a few tens of Volts. In the work of this thesis the manufacturing processes 

have been challenged to produce millimetre sized actuators in arrays of 14 x 14 

elements and the emergent outcome of strip formed actuator technology show that 

arrays of different sizes can be produced quickly.  

The process of producing electrodes on the actuators is described in detail and covers 

the exploration of two candidate processes, one using sputtering to develop a seed layer, 

and the other a wet process using palladium.  The importance of the actuator base layer 

is discussed and its role in helping to maintain the thermal balance of the device in 

operation.  

 

Chapter 5 Deformable mirror displacement control 

One of the challenges for all deformable mirror systems involving hundreds, if not 

thousands of actuators, is in achieving a dynamic control with a fast response time with 

array refresh rates up to 500Hz. The complexity of the wiring and power dissipation can 

lead to actuated mirror systems being separated from their drive electronics by meters of 

cable which inevitably increases the complexity and cost of the drive circuitry. An ideal 

system would have a low power requirement and be co-located with the actuators which 

are being controlled.  Connections to the deformable mirror can then be reduced from 

hundreds of wires to just two power connections and serial communication with a 
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computer (for example use of USB 3.1 with data rates up to 10Gbit/s).  The electronics 

used in this project take advantage of the natural storage capacity of the actuator and the 

inherent low leakage of the ceramic based materials. The use of a charge balancing 

technique mitigates the drive electronics slew rate and the low operating voltage of the 

multi-layer actuators ensures that the time to full charge (and displacement of 2 μm) is 

achieved in fewer than 4 μs. Complete mirror figuring is achieved at a much greater 

speed as the full extension is not necessary for each actuator in the array; this is because 

the inter-actuator displacement is set to a 50 nm difference by design requirement.  

The PZT actuators, doped to produce a soft-PZT possess a high hysteresis (20%) and 

the research work carried out in the project demonstrates that, through a process of 

actuator impedance analysis, the hysteresis can be reduced to below 6%.  Other 

limitations of the PZT actuator material such as creep are addressed using the analysis 

technique to quantify the changes.  

 

Chapter 6 Deformable mirror performance 

The performance of a practical deformable mirror is reported in this chapter. A mirror 

with a coating suitable for laser machining is tested with an interferometer illustrating 

the capabilities of achieving corrective figuring on the mirror surface. Tests are then 

carried out which indicate the degree of cross coupling between actuators and of the full 

extension control. 

Environmental issues which have the potential to affect performance of the deformable 

mirror are considered.  An assessment is made of the impact of the electromagnetic 

environment from both external sources and those within the deformable mirror 

housing. A practical solution is proposed to mitigate electromagnetic interference. 

   

Chapter 7 Practical applications and future work 

This chapter concludes the work of the previous chapters and highlights the potential of 

the technology developments made in the course of the work to other areas of science 

and technology. Practical cases are developed to illustrate the scope of benefits the 

technology can bring to different aspects of advanced astronomy instrumentation in 
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both manufacture and delivery of science. The case is made on how the developments 

can scale with requirements for both large and small adaptive mirrors.  

Direct detection of extrasolar giant planets is a major scientific motivation for the 

construction of future extremely large telescopes and such detection will require 

dedicated high-contrast adaptive optics. “Extreme” adaptive optics (ExAO) systems, 

which deliver planet-imaging performance at separations of at least 0.1 arcsecond, will 

require even greater inter-actuator extensions and at faster rates. The capabilities of the 

technology developed in the course of the project are shown to be able to make 

considerable advances towards ExAO systems enabling high Strehl ratios to be 

achieved.  

In researching and developing the technologies for cost effective adaptive optics the 

potential for commercial exploitation has figured highly in the approaches taken. 

Solutions identified in the course of the work are aimed at flexibility in design and ease 

of integration. The work concludes with a review of future opportunities.    
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Chapter 2  

Literature review 

 

The original concept of using a deformable mirror to provide correction to a distorted 

wavefront and improving image quality, was proposed in the United States by Babcock 

in 1953 [1].  The work was declassified in the 1980’s and immediately seized upon by 

astronomers as a route to mitigate the effects of atmospheric distortion [2] [3].  The 

complexity and cost of the technology have remained factors, which have constrained 

its adoption, particularly in other applications such as ophthalmic instrumentation 

(investigative and treatment) and communications [4] [5]. The research concepts 

proposed in this thesis are intended to develop practical solutions to address a broad 

range of requirements. 

An example of a deformable mirror challenge for astronomy is expressed in the system 

requirements for the EAGLE Instrument for the European ELT [6].  Table 2. 1 lists 

important parameters for the DM. Significantly the simultaneous requirement of stroke 

and actuator density has not been achieved by any of the available technologies yet.  

Two technologies, piezo-based actuation and micro-electro-mechanical systems 

(MEMS), may have the potential to deliver a solution.  In the piezo technology, Xinetics 

in the US and Cilas in Europe have developments which cover a broad range of 

deformable mirror sizes. Both companies have yet to achieve the density of actuators 

required but have the potential to achieve the stroke.  

The leader in MEMS technology for deformable mirror applications is Boston 

Micromachines. At present the actuators are capable of achieving 4 µm deflection by 

applying voltages in the region of 250 V. As yet the technology has not been 

demonstrated to deliver 6 µm deflection.  The required voltages, of the order of 400 V, 

would cause material damage such as electrical breakdown.  The issue of breakdown 

may be exacerbated by the need to reduce internal features to achieve the high density 

required for the EAGLE deformable mirror.  Given the high voltages required it is 

unlikely the electronics can be integrated with the device to give a compact deformable 

mirror design.  
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Table 2. 1 Summary of EAGLE DM requirements (January 2009) 

 
 

2.1. Key technologies in current DM work  

This section contains a review of viable deformable mirror technologies. Some of the 

most practical solutions for future applications are highlighted. 

2.1.1. Magnetically actuated deformable mirror 

For this deformable mirror a continuous membrane is deformed by energising voice-coil 

actuators, which pull and push the mirror surface.  A schematic of the setup is provided 

in Figure 2.1.  A set of magnets is attached to a membrane mirror in front of solenoids.  

Laplacian forces are created while currents flow through solenoids.  

 

Actuator spacing 450 µm (indicative) 

Number of actuators ≥ 84 x 84 

Stroke (peak to valley) ≥ 6 µm 

Clear aperture size (relating to optical path design) ≤ 40 mm 

Surface roughness ≤ 3 nm rms 

Hysteresis at 20 C ≤ 1% (TBC)  

Temperature rise of the mirror surface ambient +1oC 

Output SNR >16,000 (TBD) 

Inter channel cross talk <0.05% (TBD) 

Coupling factor (c) 20% < c < 60% 

Cooling of deformable mirror -20 C 
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Figure 2. 1 Deformable mirror with magnetic actuators (O. Cugat) 

 

As displacement and forces are directly proportional to the currents, highly linear 

performances are obtained.  Typical linearity errors are less than 3% and, as the forces 

do not depend on material properties, the mirrors are able to work for a large range of 

environmental conditions. High stroke can be achieved, typically 25 µm, as the 

membrane is not attached to the actuators.  Excellent optical quality is obtained with a 

continuous membrane.  The best flat that has been achieved in close-loop mode is less 

than 10 nm rms.  Alpao (http://www.alpao.com) produce a mirror based on this 

technology, and report a tip/tilt stroke of +/-60 µm and a bandwidth of 750 Hz. 

However as the mirror is unsupported it is susceptible to extraneous mechanical 

perturbations, also know as microphonics.  Furthermore, with the magnets mounted on 

the back of the mirror, a distortion due to gravity is introduced [7].  The feature size of 

the solenoid construction limits the actuator density that can be achieved, and there are 

issues of long term mirror configuration due to actuator creep [8]. However it is one of 

the few technologies which can be operated at a low voltage of tens of Volts.  

 

2.1.2. Magnetic actuator grid design  

The magnetic actuator grid design is a research development at TNO [9]. The magnetic 

actuators are capable of +/- 10 µm motion.  In this design, a membrane is suspended 

over planar coils using pillars. At the centre of each area defined by the pillars, a rod is 

inserted in the membrane that is connected to a ferromagnetic material as shown in 

Figure 2.2. Attaching the membrane via the rod has not yet been solved. 
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Figure 2. 2 TNO magnetic actuator grid design schematic 

 

  

Figure 2. 3 TNO magnetic actuator implementation and a 61-elements array [9] 

 

The coil size is an issue when considering mirrors smaller than the one shown in Figure 

2.3. The planar nature of the coil will always be a constraint on the design. 

 

2.1.3. Micro machined membrane technology 

A membrane deformable mirror is formed by stretching a thin conductive and reflective 

membrane over a solid flat frame [10].  The membrane is deformed electrostatically by 

applying control voltages to electrode actuators which are positioned under the 

membrane, and can even be placed over the membrane for both positive and negative 

displacements. A schematic representation of the device is provided in figure 2.4. If 

there are any electrodes positioned over the membrane then a transparent film is used 

with indium tin oxide electrodes.  It is possible to operate the mirror with only one 

group of electrodes positioned under the mirror. A bias voltage is applied to all 

electrodes, to draw the membrane towards the electrodes.  The membrane can move 

back and forth with respect to the reference sphere. 
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Figure 2. 4 Electrostatically deformed membrane mirror [11]  

 

The nonlinear response and strong coupling of the control channels in the micro-

machined membrane deformable mirror devices make it difficult to control the 

displacement to obtain the desired mirror surface shapes [12].  Creating large area 

mirrors is an issue as the membrane will tend to sag under its own weight.  High 

actuator density is difficult to achieve as there is the complexity of confining the electric 

fields from the actuator pads.  This is a relatively low cost deformable mirror, limited 

only by the need to have high voltage drivers. 

 

2.1.4. Optically addressed nematic liquid crystal spatial light modulators (OASLM) 

The image on an optically addressed spatial light modulator is created and changed by 

shining light encoded with an image on its front or back surface [13].  A photo sensor 

allows the OASLM to sense the brightness of each pixel and replicates the image using 

liquid crystals.  As long as the OASLM is powered, the image is retained even after the 

light is extinguished.  An electrical signal is used to clear the whole OASLM at once. 

Description of the OASLM showing the different layers is provided in Figure 2.5. 

OASLM devices can provide a very large number of actuators (~1 million).  In laser 

machining applications highly detailed control of the phase across a laser beam and 

hence beam shaping can be readily achieved. 
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Figure 2. 5 Optically driven deformable mirror [14] 

 

One problem with the devices is the thermal induced damage from high average power 

lasers, and so they are only useful in a limited range of lower average power processes.  

OASLMs have been widely applied in femtosecond machining, where average powers 

are quite low, but their application is much more limited in the nanosecond regime and 

they are unsuitable for high average power millisecond pulsed and continuous wave 

(CW) lasers. 

 

2.1.5. Liquid crystal on silicon SLM (LCOS) 

 

The LCOS chip has a parallel-aligned nematic liquid crystal layer to modulate light. 

The layer only changes the phase of light without any change of intensity and rotation 

of polarization state [15] [16].  Phase modulation is changed according to the alignment 

of the liquid crystal. The liquid crystal alignment is controlled, pixel by pixel, using a 

CMOS backplane and a Digital Visual Interface (DVI) signal via a PC enabling data 

transfer rates of 3.96 Gbit/sec. A schematic of the setup is provided in Figure 2.6. 
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Figure 2. 6 Liquid crystal on silicon deformable mirror [15] 

 

2.1.6. Boston Micromachines MEMS DMs  

The active structure of the MEMS deformable mirror is shown in Figure 2.7. The 

devices are based on the surface-micro machined, polysilicon double-cantilever actuator 

architecture pioneered at Boston University. The structure consists of an array of 

electrostatic actuators that support the flexible mirror face sheet through a small 

attachment post at the centre of each actuator which is used to translate the actuator 

motion to a mirror surface deformation.  The MEMS DM architecture allows for local 

deformation of the mirror membrane because a single actuator influences only its near 

neighbours.   

 

 

Figure 2. 7 Schematic view of the MEMS deformable mirror [17] 
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Figure 2. 8 High density 4096 elements MEM-based deformable mirror [15] 

 

A 4096-elements mirror with the central 64 x 64 active out of 68 x 68 structures is 

shown in Figure 2.8 [18].  A US 1 cent of 19mm diameter is shown besides the device 

for scale. Deformations are localised and are not over the entire aperture as with the 

membrane mirrors; consequently, high-order aberrations in the optical path can be 

corrected using these DMs. 

Devices are capable of up to 4 µm of total stroke at a voltage of 250 V, with an inter-

actuator stroke of more than 1 µm.  The high operating voltage requires the device to 

have discrete drivers for each channel. Despite the high array densities possible the 

design is therefore hampered by the complexity of the cable connection. 

 

2.1.7. Modified MEMs technology  

Figure 2.9 shows a cross-section of a high-density mirror created by bonding a 

nanolaminate foil onto an array of 1000 electrostatic MEMS actuators with 1 mm pitch 

[19]. The actuator structure is based on Boston Micromachines technology and so will 

operate with similar drive voltages of up to 400 V. For low spatial frequencies a 

displacement up to 10 μm is achievable and for high spatial frequencies displacements 

of 1 to 3 μm can be achieved with an actuator pitch of 1 mm. The nanolaminate 

structure is formed by sputtering materials on a mandrel and can have very-high 

ultimate tensile strengths and toughness's due to their nanostructured nature. The 

development of the nano laminate enables the structure of the film to be tuned to the 

application. One possibility is in creating large deformable mirrors using non-actuated 

nano-laminated sections. 
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Figure 2. 9 MEMS deformable mirror with a modified mirror membrane [20] 

 

 

2.1.8. Liquid deformable mirror  

Delft University of Technology in the Netherlands demonstrated a deformable liquid 

mirror that holds promise for dynamic wavefront correction [21]. The principle of 

actuation is shown in Figure 2.10. 

 

 

 

 

Figure 2. 10 Liquid meniscus deformable mirror [18] 

 

The meniscus of the liquid that overfills the microchannel array forms the reflective 

surface of the deformable mirror. To enhance the reflectivity of the liquid surface, the 

researchers envision floating a reflective membrane on top of the liquid as shown in 

(a) (b)
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figure 2.10a. The inner surface of each microchannel is coated with several layers, 

including an electrode as shown in Figure 2.10b. The mirror is formed by the surface of 

a thin liquid layer sitting on top of a micro channel array. The liquid surface is deformed 

when liquid in the micro channels is forced upwards or downwards. The force is applied 

by electro-capillary pressure induced by a applied-voltage change in the surface tension 

between the wall of a micro channel and the liquid within the channel. The liquid flows 

toward the region with lower surface tension. 

A fundamental problem with a liquid mirror is the generation of surface waves, which 

are little ripples that have the potential to destroy the utility of the mirror as a controlled 

deformable mirror.  The investigators have calculated that these surface waves would be 

damped out in less than a millisecond with the appropriate liquid viscosity and thus 

would not pose a problem to the operation of the mirror in astronomy applications. 

The mirror has been demonstrated with the micro channel array filled with two 

immiscible fluids: an aqueous electrolyte topped with a viscous dielectric. The dielectric 

overfilled the channels and formed the thin liquid layer on top of the array. Due the 

effects of gravity the nature of this deformable mirror is limited to a vertical orientation. 

 

2.1.9. Ferro-fluid deformable mirror 

A liquid deformable mirror can be made with a suspension of 10 nm diameter 

ferromagnetic nanoparticles dispersed in a liquid carrier as shown in Figure 2.11 [22].  

In the presence of an external magnetic field, the ferromagnetic particles align with the 

field, the liquid becomes magnetized and its surface acquires a shape governed by the 

equilibrium between the magnetic, gravitational and surface tension forces as shown in 

Figure 2.12. A smooth surface is formed by a reflective film with a root mean square 

roughness of approximately 35 nm. 
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Figure 2. 11 Ferro-fluid deformable mirror [19] 

 

 

Figure 2. 12 Ferro-fluid mirror before deformation (left) and after activation (right) [19] 

 

The advantage of liquid mirrors is that they provide a high quality, seamless optical 

surface with absolutely no mechanical polishing required.  

 

2.1.10. Piezo-actuator array 

In this deformable mirror a thin continuous faceplate is attached to an array of discrete 

actuators. The shape of the plate is controlled by extending and contracting the 

actuators. The density of the array controls the order of deformation. The shape of the 

mirror depends on the combination of forces applied to the faceplate, the boundary 

conditions (the way the plate is fixed to the mirror), the geometry and the material of the 

plate. These mirrors allow smooth wavefront control with a very high degree of 

freedom. A schematic of the configuration as designed by the company Northrop 

Grunmman Aerospace Systems is given in Figure 2.13. 
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Figure 2. 13  PZT actuator array schematic [23] 

 

Figure 2.14 presents another version of this PZT actuator array as manufactured by the 

company Xinetics. 

 
 

Figure 2. 14 Xinetics PZT actuator array without mirror (left) and artist impression with 
the mirror [23] 

 

As shown in Figure 2.15, the inter-connection of the electrical tracks is increasingly 

complex with higher density arrays. Different strategies have been implemented as far 

as the signal connection is concerned to individually address the actuators. 
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Figure 2. 15 Complexity of signal connection in high density arrays [23]  

 

An alternative method to tackle the interconnection challenge is to design and 

manufacture a segmented deformable mirror as shown in Figure 2.16. The mirror, 

created by the company Thermotrx, is formed by independent flat mirror segments with 

individual piezo actuators. Each segment can move a small distance back and forward to 

approximate the average value of the wavefront over the patch area. Normally these 

mirrors have little or zero cross-talk between actuators, however stepwise 

approximation works poorly for smooth continuous wave fronts.  The sharp edges of the 

segments and gaps between the segments contribute to the light scattering, limiting the 

applications to those insensitive to scattered light. A considerable improvement of the 

approximation performance of the segmented mirror can be achieved by introduction of 

three degrees of freedom per segment: piston, tip and tilt. The two principal 

disadvantages are that they require three times more actuators than the piston only 

segmented mirrors and they suffer from diffraction at the segment edges.  This is an 

expensive technology which has not been developed any further. Only one mirror has 

ever been built. 
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Figure 2. 16 Thermotrex 76-elements segmented deformable mirror (on test at Durham 
University) [24] 

 

2.1.11. Bimorph deformable mirror 

The actuators in a bimorph deformable mirror are formed by two or more layers of 

different piezoelectric or elecrostrictive materials, as shown in Figure 2.17. An electrode 

structure is patterned on the active material creating centres where localised distortions 

can be formed.  The mirror is deformed when a voltage is applied to one or more of its 

electrodes, causing them to extend laterally, which results in local mirror curvature.  

Bimorph mirrors are rarely made with more than 100 electrodes. 

  

Figure 2. 17 Zonal bimorph construction and 68-elements array [25] 
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The zonal bimorph has a top stage which gives a response of 5 µm and a lower stage 

giving a modal response of 25 µm in the case of the device manufactured by BAe 

Systems [25]. The full peak to valley stroke is greater than 30 µm with a lowest 

resonance of 6 KHz.  Achieving deflection around the rim of the mirror is an issue and 

drive electronics are complex as there is a discrete driver for each of the two hexagonal 

bimorph layers. 

Bimorphs have the advantage of being compact, in this case 7 cm diameter active area. 

They are however modal devices so cannot provide a large difference in surface height 

between adjacent actuators. They work well for active control of spherical and 

cylindrical focusing and so have their place in laser-based manufacturing. Their 

capabilities for producing complex laser beam shape nevertheless are limited. 

 

2.1.12. Deformable mirror with thermal actuators 

In this design the mirror is actuated by the thermal expansion of a resistor [10].  The 

construction is similar to a piezo stack array where the piezo elements have been 

replaced by resistors. A current is passed into the resistors and the coefficient of thermal 

expansion causes the resistor to increase in length.  The change in length forces a 

distortion in the mirror surface. The response time is extremely slow at 15 seconds with 

an actuator stroke of 6 µm and the temporal stability is λ/10 rms for visible 

wavelengths.  However this is a very low cost deformable mirror which may have uses 

in applications requiring corrective optics.  

 

2.2. The way forward 

The various technologies that have been developed in recent years for adaptive optics 

can be split into 5 main categories: (i) piezoelectric actuators, (ii) bimorph mirrors, (iii) 

membrane electro-static mirrors, (iv) liquid crystal spatial light modulators and (v) 

magnetically actuated.  Bimorph mirrors are limited in stroke and their planar mode of 

actuation constrains the density of actuators that can be accommodated for a given 

footprint.  The absorption in liquid crystal spatial light modulators limits their efficiency 

and the peak-to-valley value of optical path length difference, caused by upper and 

lower glasses, leads to a wavefront error, which is being addressed in research [26].  In 
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voice coil actuated mirrors there is an issue of producing high density actuator packing 

and miniaturisation to the extent that it is difficult for them to be viable for shorter 

wave, visible light, applications. Piezoelectric pillar actuated mirrors seem to have the 

most potential to meet the future demands for actuator density and stroke.  The main 

challenge to the broader adoption of piezo actuated deformable mirrors is from MEMS 

based electrostatic mirrors. 

A comparison of identified DM technologies and their suitability for astronomy 

applications is shown in Table 2.2  

 

Table 2.2 Comparison of DM technologies 

 

 

2.2.1. Constraints of MEMs technology 

MEMS developments are directed towards higher density arrays. The size of the mirror 

is also constrained by the device area achievable without defects, and there are issues 

related to the extent of deflection of the actuator.  The devices can have reasonably large 

numbers of actuators, up to around 4000, and can be made quite dense with 300 µm 

actuator pitch achievable. The devices are unsuitable for ablation processes operating in 

the UV due to laser damage of the thin mirror structures. This can be a drawback as 355 

nm is a commonly used wavelength for laser precision machining. Recent work has 

focused on attempts to achieve greater deflection by reducing the thickness of the bridge 

supports above the electrostatic actuator electrodes. Attempts are being also made to 

reduce the bridge from 4 µm to 2 µm while increasing the actuation voltage to 400 V. 

This work has led to issues related to fracture due to fatigue in the silicon material. The 

combination of high voltage and water vapour has led to negatively charged OH ions 

Ref DM technology stroke hysteresis BW Pitch Operating Suitaility of astronomy

(+/- µm)  (%) (Hz)  (mm) (volts)
2.1.1 Magnetically actuated 25 3 750 1.5 �

2.1.2 Magnetic actuator grid design 10 200 6 �

2.1.3 Micro machined membrane technology 3 0.06 6 response time too slow

2.1.5 Liquid crystal on silicon SLM (LCOS) 0.06 4 0.007 insufficient bandwidth

2.1.6 Boston Micromachines MEMS DMs 2 0 6600 0.3 250 �

2.1.7 Modified MEMs technology 5 0 1 400 designed for laser applications

2.1.8 Liquid deformable mirror 500 500 0.35 196 surface waves an issue

2.1.9 Ferro-fluid deformable mirror 20 20 2000 2 ampsLiquid based, not practical

2.1.10 Piezo-actuator array 6 20 500 1 80 �

2.1.11 Bimorph deformable mirror 12.5 20 6000 7 200 �
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being attracted to the anode forming SiOH which then combines with more OH ions to 

form non-conductive SiO2 ultimately causing actuators to loose stroke as there is no 

electrostatic force.  The high voltages required to drive the MEMS arrays mean that the 

control electronics must be separate from the mirror and this has led to complex inter-

connection.  It is unlikely that the problem of interconnection will be overcome in the 

foreseeable future particularly as modern CMOS process are only just moving to 200 V 

devices for silicon chips. The actuators are not capable of applying a high force and so 

the mirror face sheet must be thin. For these reasons MEMS technology will remain 

expensive and will have a confined range of applications. 

 

2.2.2. Limitations of piezo and membrane based devices 

There are constraints on existing piezo-based technologies. For example, bimorph 

modulated mirrors used in some designs are limited to a few tens of electrodes making 

the mirrors most suited to low order correction. The limitation arises from a 

combination of restricting the electrode diameter to 4 times the wafer thickness, while 

the wafer thickness is constrained by polishing considerations. In comparison 

monolithic piezoelectric mirrors with multi-layer actuators have limited stroke of 2 

microns, which is constrained by the internal inter-electrode breakdown voltage. 

Membrane mirrors, deformed by electrostatic forces, with the reflective surface under 

vacuum behind a transparent window are limited in both size and sensitivity to 

acoustics.   

A disadvantage in segmented mirrors is the high fitting error caused by their stepped 

surface, compared to the smoothing effect of a continuous face sheet. 

 

2.2.3. The potential of multi-layer PZT actuators 

The technology development in this project is based on discrete actuators with a 

continuous face sheet.  Multilayer piezoceramic actuators are used to provide a compact 

solid state source of small displacement in many modern control systems, including 

adaptive optics for astronomical telescopes [27] [28].  Piezo actuators based on lead 

zirconate titanate (PZT) are capable of exerting considerable force and can be fabricated 

in a multi-layer construction (with a repeating layup structure of: electrode - PZT - 
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electrode - PZT and so on) enabling a high electric field across a thin (50 µm) layer of 

PZT at the relatively low voltage 50 V. The multiple layer construction enables a much 

greater displacement than with a single layer of piezoelectric material of the same 

thickness.  

 

  
Figure 2. 18 Multi-layer actuator showing PZT material (dark) with inter-digitated 
electrodes (light grey) 

 

Actuators of this sort, shown in figure 2.18, and constructed by the Danish group 

Noliac, can produce large force and displacements up to 20-30 µm for an actuator 

length of 20 mm. The blocking force, i.e. the force required to prevent actuator 

extension, for a 2 mm cube of PZT is over 80 N. The main drawback of the material is 

its relatively high hysteresis of 20% compared to 1% in elecrostrictive materials in a 

limited temperature range around 20 C, and less in MEM devices. The hysteresis in 

elecrostrictive materials is highly temperature dependent [29]. Very fine increments of 

displacement can be achieved using piezoceramic multilayer actuators, however 

inherent hysteresis in the most commonly used piezoelectric materials means that a 

particular applied control voltage does not produce a unique displacement. The 

displacement achieved will depend on the history of previous applied voltages and 

displacements. To achieve very accurate displacement results, the actuator extension 

must be measured and controlled. Integration of an extension sensor therefore is a 

highly desirable feature in many piezo actuator applications [30] [31].  While a number 

of techniques have been used for actuator extension sensing based on capacitive, 

optical, and strain measurements, there are still demands for more simple, cost-effective 

and compact ways of extension sensing.  

Currently commercially available multi-layer piezoelectric DMs, such as those 

manufactured by OKO Technologies, have a relatively low number of actuators,  

200 μm 20 μm 
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typically 37 for the OKO system, and quite a low actuator density 37 in a 30 mm 

diameter for the same system.  They are manufactured from individual actuators.  This 

means that a high density is difficult if not impossible to achieve when scaling to a large 

number of actuators. 

 

2.2.4. The issue of densely connected wiring 

The construction of deformable mirrors using multilayer materials is constrained by the 

need to have two connections per actuator and so most dense deformable mirrors in 

these materials are made from bulk material as demonstrated in Figure 2.13.  In order to 

apply the necessary electric fields a relatively high voltage of over 200 V is required 

and so the issue of interconnection is similar to that of MEMS deformable mirrors.  It is 

proposed in this thesis to lower the actuator operating voltage, while maintaining the 

electric field, by using thinner layers of PZT and increasing the number of stacked 

layers to maintain deflection. The electrodes for each actuator in a multilayer PZT 

device are located on opposite faces of the actuator, as indicated by the left hand side 

electrode shown in Figure 2.18, and these must then be wired into a circuit to operate 

the actuator.  It would be extremely useful if the electrodes were internal to the actuator 

and all the interconnection carried out whilst building up the actuator layers. Maruyama 

has done some work to locate the electrode within the actuator and the concept has been 

successfully patented [32].  Internal electrodes are a way forward to reduce process 

steps in building an actuator array; however the method used in the patent will not 

easily lend itself to miniaturisation for high density array applications but is well worth 

revisiting the concept as part of this EngD project work. 

 

2.2.5. The complexity of building large arrays of actuators 

In considering piezoceramics with the potential to construct a broad range of actuator 

array sizes for deformable mirrors, there is an issue of constructing the array from what 

is a hard material. Building up arrays from thousands of individual elements is not 

practical; an alternative approach is to construct a slab of piezoceramic, which internally 

incorporates the features of the array structure, and then machine out the actuators.  

Processes to carry out the machining include removing the material by sawing. For 

example, the DISCO Z09 saw is capable of producing a 15 µm cut to a depth of 2 mm 
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[33].  A concern in sawing is chipping of the edges of the ceramic material and 

vibration induced fractures, particularly as there is an inherent weakness in the structure 

of multi-layer piezo actuators along the line of the internal electrodes. Piezoceramics are 

not ‘true ceramics’ but are co-fired particles and so even if there is a ductile region of 

machining where material is removed by plastic deformation it is likely that pull out of 

particles would remain an issue, and this leaves potential fracture sites. As the actuator 

is continuously expanding and contracting as part of its normal operation, energy put 

into a fracture site could result in catastrophic failure. An alternative approach is to use 

laser machining to ablate the material between actuators and this has the additional 

advantage of enabling more complex structures to be considered [34] [35] [36]. The 

thermal issues of locally heating the material with the resultant compressive and tensile 

stresses could lead to cracking, however pulsed operation at low repetition rates may 

lead to crack free cutting. Dicing saws have also the limitation that they must cut a 

rectangular grid pattern where as a laser cut could produce other structures such as a 

close packed hexagonal array giving an improved influence function of actuation on the 

deformable mirror surface.   

 

2.2.6. Connection of the mirror to the actuators 

Attaching the deformable mirror surface is an issue in the construction of all deformable 

mirrors.  Ideally the attachment area between the actuator and the mirror should be 

small to minimise print through of the actuation point to the mirror surface when 

activated.  The bond to the actuator needs to be reliable and the hygroscopic nature of 

epoxies can be an issue resulting in changes to the mechanical properties of the bond 

[37]. The multiple connection points for both MEMS and piezo deformable mirrors give 

a stable surface with a high resonance frequency compared to magnetic or 

electrostatically actuated mirrors.  However the multiple connection points lead to the 

formation of ‘hard’ spots on the mirror surface in the locations where the actuators has 

failed. 
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Chapter 3  

Mirror bonding technology 

 

This chapter describes the issues surrounding the bonding of a mirror surface for use in 

adaptive optics. The particular challenges posed to astronomical instrumentation by the 

forthcoming Extremely Large Telescope has, through detailed design studies at a 

number of academic institutions, revealed a set of requirements which are technically 

difficult to meet due to the high density of actuators [1].  The demands placed on the 

design results in a requirement on size and spacing of thousands of actuators of a 

millimetre size and sub-millimetre spacing.  The conceptual design for a mirror surface 

to meet with the challenges is at first sight straightforward as conventional MEMS 

technology is currently used in micro-manufacture.  A difficulty arises in that the 

contact between the mirror and actuator must be small, for example of the order 125 µm 

square, to help ensure conformal shaping of the mirror surface.  The mirror is a key 

component and an investigation was undertaken to develop innovative solutions to the 

mirror structure and its attachment to the deformable mirror actuators. 

 

 

3.1.  The optical interface 

 

Technological solutions developed for the mirror surface have the potential to be 

exploited in other more diverse applications. There is considerable commercial interest 

in laser machining and deformable mirrors could provide a crucial role in beam shaping 

to form adaptive cutting and finishing tools. Other applications include microscopy, 

where the opportunity of applying the techniques of multi-conjugate adaptive optics 

would aid the capture of biological processes happening at different image depths in a 

cell. 

 

3.1.1. Components of a deformable mirror 

 

The basic components of a deformable mirror for adaptive optics are shown in Figure 3. 

1 and consists of a mirror surface, an actuator array and a baseplate. Neither the drive 
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electronics, which may be integrated into the baseplate, nor the connection to the 

control computer are shown in the figure. 

 

 

 
Figure 3. 1 Components of a deformable mirror 
 

3.1.2. The adaptive surface 

The adaptive mirror surface of a deformable mirror must have the flexibility to 

accommodate the total range of actuator extension. The initial concept is a simple 

design using a MEMS mask for low cost.  The design led to the mirror having a square 

shaped leg, which is then bonded to the surface of an actuator, as shown in Figure 3. 2.  

 

 
Figure 3. 2 Deformable mirror bonded to an actuator 

 

For the design of the mirror a silicon wafer 200 µm thick was wet etched at the Scottish 

Microelectronics Centre (SMC, Edinburgh, Scotland) to a depth of 75 µm with a 

pattern, which left support legs 125 µm long and 125 µm thick as shown in Figure 3.3.  
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Figure 3. 3 An inverted silicon mirror showing the etched interface legs 

 

An analysis of the design was carried at the UKATC using the ANSYS FEA package 

and the expected mirror distortion when the actuator placed underneath is extended is 

shown in Figure 3.4. 

 
 

Figure 3. 4 Distortions of the mirror for a 1 µm displacement 

 
 
The regular square pattern chosen for the geometry of the actuators is convenient as it 

matches the square sampling geometry of the Shack-Hartman wavefront sensor.  

 

The legs on the back of the mirror have an effect on the Influence function - i.e. the 

response of the mirror surface to the action of a single actuator- which should ideally be 

axisymmetric as the normal practice is to fit the influence function by a Gaussian 

function.  In the simulation there is a diamond shape evident in the distortion and it may 

be possible to control this in a future design by changing the simple etch pattern.  A 

more complex etch pattern may be introduced to form a structure between support legs 
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and so control distortion. Another important aspect of the distorted shape is the degree 

of coupling between adjacent actuators. Cross coupling helps ensure that the low order 

optical aberrations have a high quality of correction which is important as these 

aberrations normally have a higher statistical weight.  A 15-30% coupling is desirable 

for astronomy applications but, in this application, it is close to 0%. Changing the 

thickness of the mirror will influence the cross coupling. 

3.2. Mirror bonding concepts 

 

The background study highlighted that there are issues in both mirror construction and 

attachment which need further investigation. Four potential candidate solutions for 

attachment have emerged in the course of reviewing the literature on the subject.  The 

first to be considered is epoxy as there is extensive knowledge and experience available 

on problems and issues related to obtaining good bonding. The next developmental 

approach is to increase the size of the interface between the mirror and actuator. A 

larger interface area has the potential to desensitize the positioning of the mirror 

interface leg on the surface of the actuator, which is important as manufacturing 

tolerances can influence the active area of the actuator. Following on from epoxies an 

alternative bonding concept is considered, silicate bonding, here the thin bond lines and 

good match in coefficient of thermal expansion (CTE) point the way to an improvement 

in operational characteristics. Two developments based on silicate bonding are then 

considered, the first is designed to circumvent practicalities of achieving an ideal bond 

for each mirror leg across the whole mirror surface. The second concept is a novel 

approach which has the potential to increase the bond area leading to a strong interface. 

 

 

3.2.1. Issues associated with attaching the mirror to the actuators 

 

The deformable mirror must be attached to the actuators to allow the mirror surface to 

expand convexly when the actuators push, and form a concave surface for adjacent 

actuators with lower extension.  Ideally the bond should be thin to avoid contributing 

distortion errors to the mirror surface configuration. Bond line thickness and co-

efficient of thermal expansion (CTE) are important considerations as differential 

distortions can be introduced with a change in temperature. Matching the CTE of 
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materials reduces thermal stresses.  An epoxy such as Stycast 2850 has a CTE of 39 

ppm/oC compared with the 2.6 ppm/oC CTE of silicon.  The bond line thickness may be 

limited to a few microns depending on surface roughness [2].  In comparison silicate 

bonds are better matched to silicon with a CTE of 2.2 ppm/oC  and bond lines of 80 nm 

or less can be achieved [3] [4]. 

 

3.2.2. Epoxy bonding 

 

Epoxies are derived from petroleum and, as with most plastics, are visco-elastic 

materials, which respond differently based on how quickly the load is transferred to the 

material. The compliance of epoxies gives the material toughness and they will bond 

well to rough surfaces by flowing into crevasses to make a conformal coating. Control 

of visco-elasticity allows the best use of the surface roughness before the onset of cross-

liking and curing of the epoxy. 

Cleaning of the surface interface of the silicon mirror is of paramount importance for 

adhesion as the oxide surface on the silicon rapidly absorbs hydrocarbons and other 

gaseous substances. The organic contaminants create a weak boundary layer on the 

oxide surface and lower the surface energy. Cleaning is carried out using aqueous 

solutions with added oxidisers to remove organic contaminants [5] [6]. 

Silicon wafers are diced and polished to have flat and defect-free surfaces for 

semiconductor manufacturing, and this makes the material extremely useful and cost 

effective for deformable mirrors.  However the very properties which make the material 

a good mirror, work against forming strong bonds with the actuators. A development for 

solar panels may help solve the problem. The panels make use of silicon wafers and 

perform better with a lower reflectance, which is achieved by chemically roughing the 

surface [7]. Silicon wafers typically have a surface roughness of better than 1 nm and 

using a combination of potassium hydroxide and tetra-methyl ammonium hydroxide the 

surface can be roughened to 32 nm, as illustrated in Figure 3. 5. The chemically etched 

surface provides a better grip for the epoxy and ensures that not all epoxy will be 

squeezed out of the mating joint. Measured optimum surface roughness for epoxy 

bonding is on the scale of 1-2 µm with a tensile strength of 40 N/mm2 [8].  For the 

proposed etching process further tests will be needed on the silicon surfaces, which are 

over 30 times less rough than required by current measured data. 
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Figure 3. 5 Micrograph of an etched silicon surface [9] 

 

A concern in preparing the mirror leg ends for chemical roughening is that the surface 

tension of the solution will prevent the leg end from becoming wetted [10].  Dip tests 

indicated that there is a problem to be overcome.  Further work will be needed in 

understanding the surface chemistry to take the proposed approach forward.  

 

A test was carried out using a Stycast epoxy bond of a silicon mirror to a glass cover 

slip, which allowed the bonds to be viewed from the rear through the glass.  Cusps of 

epoxy forming around the legs can be seen in Figure 3. 6. 

 

 
 

Figure 3. 6 Mirror bonded to glass using epoxy and view of bonds through glass 

 

Epoxy binds to the micro roughness of a surface as the hydrocarbon chains within the 

epoxy form covalent cross links; there is no reaction with the surface. A maximum 

stress of 26 MPa has been measured for the epoxy Epotek 301-2. If the epoxy does not 

gain a substantial grip on the surface due to contaminants, resulting in a lower surface 

energy, the bond will fail [11].  One such failure occurred in attempting to bond a 

silicon mirror to the top of a 2 x 2 mm PZT actuator array as can be seen in Figure 3. 7. 
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Figure 3. 7 PZT actuator array showing mirror leg bond failure sites shown as 0.1mm 
bright spot on the 2mm square actuator 

 

 

3.2.3. Silicate bonding 

 

Silicate bonding is a room temperature technique used to join together two flat surfaces 

of less than 60 nm RMS. The result is a quasi-monolithic structure with the highest 

achievable mechanical and thermal stability compared to other bonding techniques.  

Silicate bonding was developed by Jason Gwo at University of Stanford in the 1990's 

[12]. 

The silicate bonding process is different from optical contacting, which relies on weak 

Van der Waal forces between atoms and molecules that are within atomic distance of 

each other. The silicate bonding process forms a covalent bond with the surface. A 

water-based bonding solution, composed of sodium silicate (17% SiO2 and 14% NaOH) 

is applied between the two surfaces to be joined. Every material, which can hydrate and 

dehydrate, can theoretically be silicate bonded.  Key to the technology is the presence of 

oxygen in the surfaces to be bonded.  In the case of the silicon surface a thin oxide layer 

can be formed such that Si–O–Si bonds form. PZT has oxygen present and so will bond.   

The roughness of the surfaces to be joined means that there will be voids present which 

are filled by the bonding solution. The bonding solution contains dissolved silicon oxide 

and NaOH. The free OH-ions in the solution, which act as a catalyser (NaOH� Na+ + 

OH-), first etch the surface hydrating it and then as the water molecules split, the O-Si-

O bonds form. As the bonding solution also contains silicon, the O-Si-O chains form 
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between the two surfaces filling the voids.  The polymerisation of silicates continues 

until all the water has evaporated.  The process is shown schematically in Figure 3. 8. 

 

 
Figure 3. 8 Hydroxide catalysis in the silicate bonding of fused silica [12] 

 

Potential limitations include the possibility of the viscosity of the bonding solution 

preventing it from flooding into the surface voids in the PZT. The resulting trapped 

volumes on the surface may cause a bond to fail either through insufficient bridging 

leading to a lower mechanical strength or by a lifting of the bonded leg through 

expanding gas. 

 

 An investigation was carried out at the Institute of Gravitational Research, Glasgow 

University on the viability into bonding PZT to silicon.  The test bond was between a 10 

x 10 mm piece of multilayer PZT to silicon and in the test a fracture occurred at one of 

the multilayers in the PZT under a load of 43 kg as shown in Figure 3. 9.   

The advantage of the process is that a covalent bond is formed with the mating surfaces 

and as the reaction proceeds the two surfaces are pulled together to achieve 80 nm bond 

lines. 



38 
 

 

 

Figure 3. 9 Shear test on hydroxide bonded PZT to silicon 

 

In a test carried out the 125 µm square leg of the mirror is clearly visible in Figure 3. 10 

and indicates that the bond has formed across the entire surface, as viewed through the 

glass cover slip, and the bonding material does not extend beyond the leg.  From the 

previous test carried out on bonding PZT to silicon the potential bond strength is greater 

than 4.2 MPa 

 

 
 

Figure 3. 10 Silicate bonding between a glass cover slip and silicon mirror leg (x40) 

 

3.2.4. An alternative reinforced hydroxide catalysis bonding based on silica growth 

The hydroxide catalysis bonding process enables high strength covalent bonds to form 

between mating surfaces through a reaction with the surface.  However the proximity of 

the interfaces required for the reactions to take place means that the surfaces must be 

extremely flat. The surfaces must also be very clean as any residual surface 

Bonded mirror leg 

43 Kg 
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contaminant, such as acrylamides, can cause the entire bond to fail. These two factors 

limit the broader adoption of the technology.  An alternative and novel approach seeks 

to establish that the technique of hydroxide catalysis bonding can be developed to 

overcome the stringent surface requirement conditions, and that there is a potential for 

improvements, which will reduce the restriction on the range of materials that can be 

bonded.  The concept is to provide a base on the bonding surface which, on contact with 

the bonding fluid, forms a colloidal gel at that site. The semi-permeable membrane 

formed by the gel draws water and excess hydroxide ions through under osmotic 

pressure. The pressure in the gel rises to the point of multiple ruptures on the gel surface 

and the ejected fluid reacts to form micro tubules [13]. The highly cross-linked 

interconnected mass of micro tubules bridges the gaps caused by surface roughness and 

goes on to form a robust bond as shown in Figure 3. 11.  

 

 

Figure 3. 11 Silica tube bonding 

 

In this process, the underside of the mirror is sputtered with a metal sulphate such as 

aluminium potassium sulphate. A drop of sodium silicate is applied to the test surface 

(in this case glass to enable underside viewing but it could equally well be PZT).  When 

the mirror leg is brought into contact with the solution a reaction takes place and the 

nano tubes of glass form and bond to the two surfaces.  
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3.3. Bond interface issues 

An ideal mirror leg will have a small point of contact to the mirror surface and as it is 

etched from bulk silicon it retains the strength properties of the original material. An 

analysis of the surface deformation, shown in Appendix A.2, indicates that a mirror leg 

in compression or tension will experience a 0.58 MPa load for a deflection of 150 nm – 

i.e. the maximum deflection experienced between two adjacent actuators for the design 

in consideration.  A design concern is the strength of bond between mirror leg and 

actuator when the mirror is configured such that a leg is in tension. The NASA 

guidelines for epoxy joints set a safety margin of a factor of 2 on the stress [14].  For a 

125 µm thick surface the bond strength needs therefore to be at least 1.16 MPa and any 

reduction in bond area on the surface of the mirror leg could lead to a failure. One 

mechanism for bond area reduction could be from surface contaminants preventing the 

epoxy from gaining an adequate grip.  The problem can be compounded by the fact that 

the polished surface of the PZT actuator may have suffered from pull-out of grain 

material and that the bond site for the mirror leg is cratered as can be seen in          

Figure 3. 12. The problem is made worse as the pores in the surface constitute potential 

sites for mechanical damage initiation, such as dislocation and micro-cracking. The PZT 

surface could crumble in the site of the mirror leg or the bond material may only be 

griping onto a ‘cornice’ of PZT grains, significantly reducing the bond strength. 

 

 

Figure 3. 12 Polished PZT surface showing grain pull out [15] 
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3.3.1. Attempts to improve bond coupling 

It was found possible to improve the roughness of the mirror leg by sculpting 

approximately 1 µm groves in the side wall of the leg through an etch process called 

scalloping as shown in Figure 3. 13.  The sculpted mirror leg provides a ledge for 

anchoring material embedded within the cusp, much like the screw thread of a bolt. 

Appendix A.1 calculates the additional area produced by the cusp by considering the 

increase produced by the arc length. The resulting increase of 27% of surface area 

produces an additional bond area and also provides a necessary key for bonding.  

 

  
Figure 3. 13 Silicon mirror leg micrographs showing sculpted sidewalls. The scales of 
the left-hand and right-hand sides are 20 µm and 2 µm, respectively 

 

3.3.2. Increasing mirror to actuator interface area 

 

The interface between the mirror and individual actuators in the array is a leg with a 

cross sectional area of 15 nm2 and a good epoxy bond would only require 0.4 N to 

dislodge a bonded leg.  The maximum force anticipated in operation is calculated at less 

than 0.008 N for the intended adjacent actuator displacement.  Increasing the interface 

area would form a more robust connection which is better able to withstand accidental 

dislodging or error voltages sent to the actuators causing large deflections and 

mechanical stress.  One possible approach is to form a larger interface foot in silicon 

and then bond it to the mirror leg as shown in Figure 3. 14.  
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Figure 3. 14 Forming a larger interface in silicon 
 

Both the mirror surface and the footing are etched out of a bulk silicon wafer.  The two 

components are then brought together and anodically bonded [16] [17]. Adopting such 

an approach ensures that all mirror legs have a robust interface to the PZT actuator.  

Anodic bonds have strengths of greater than 15 MPa which is 12 times the strength 

required [18].  An advantage of the approach is that we can be sure that each leg is 

attached to a bond pad before the process is taken further and the mirror attached to the 

actuator array.  

It is important that the size and shape of the bond pad is small compared to the active 

area of the actuator as the actuator surface in operation has a domed profile as measured 

in Figure 3. 15 using the Zygo NewView 5000 white light interferometer at Heriot-Watt 

University. 

  
Figure 3. 15 Dome shape on the top surface of a 2x2mm actuator 

 

The shape of the actuator top is caused by the constraining areas of inactive PZT 

material on either side of the extension zone as shown in Figure 3. 16. The zones are 

necessary for electrical isolation.  
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Figure 3. 16 Multilayer PZT actuator showing active and inactive zones 

 

Commercially, sets of multilayer actuators are stacked one on top of another to achieve 

greater deflections and, to accommodate the doming effect, a compliant epoxy is used 

as the bond layer between actuators.  A rigid, hard setting epoxy will help ensure better 

vertical positioning accuracy, particularly for those actuators, which are in tension.  

 

3.3.3. Increasing interface area and using epoxy 

To help prevent accidental dislodging of a mirror leg, an increase of the mirror leg 

diameter by a factor of 3, from 125 µm square to 375 µm square would not overly stress 

the edges of the interface of a PZT actuator at full extension. The interface area to the 

actuator would increase from 15 nm2 to 110 nm2 and the new pad would require a force 

of 2.8 N before it is dislodged, a much more robust interface compared to 0.4 N for a 

125 µm square leg. Further advantages include reducing the sensitivity of centring the 

leg on the actuator. Grain pull-outs in the PZT surface would not be as prominent, 

which could be an issue as more of the epoxy and pad base would cover the voids.  

 

3.3.4. Creating a socket for the mirror leg 

 
Adding covalently bonded material onto the end of mirror support leg to create a larger 

bond footprint has an advantage in reducing the influence of surface imperfections on 

the PZT surface. If the sidewalls of the mirror support leg are included in the bonding 

structure then a strong and reliable “socket” tailored to the mirror geometry can be 

created. A natural layer of silicon dioxide of around 1 nm thickness is formed when 

silicon is exposed to air under ambient conditions. Higher temperatures and alternative 
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environments are used to grow well-controlled layers of silicon dioxide on silicon, for 

example at temperatures between 600oC and 1200oC, using so-called dry or wet 

oxidation with O2 or H2O, respectively.  Using these methods the time taken to grow a 1 

µm thick layer is approximately 5 hours.  It is also possible to grow the glass layer at 

temperatures as low as 150oC, albeit with a longer duration [19]. There is evidence to 

suggest that the native oxide layer provides a strong bond, and that bonding can be 

further enhanced by either treating the surface with hydrolysed tetramethoxysilane 

solution to produce Si-O groups on the surface [20].  An alternative approach is to treat 

the mirror in oxygen plasma which produces a highly hydrophilic surface leading to 

rapid hydration in the presence of the bonding solution.  

 

As far as the author of this thesis is aware, the following proposed concept is novel.  

The concept shown pictorially in Figure 3. 17, is to make use of glass grown on the 

sculpted mirror legs to form covalent bonds with the silicate solution and develop a 

covalently bonded network within the solution, linking up to form a solid structure.  The 

result is an increased bond area with the mirror leg locked into the structure. 

 

 

Figure 3. 17 Extending the bond area of the silicon mirror support 

 

A test on calcium silicate was carried out on a glass slide, as shown in Figure 3. 18. The 

reaction is exothermic and the heat produced during curing needs to be controlled by 

cooling as several voids in the surface of the resultant solid were witnessed. The 

material progressively hardens as the water created in the process escapes. The voids, 
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caused by steam escaping during the de-hydration phase, create a weakened structure, 

which could become a site for crack propagation. Further testing will be required to 

determine the optimum process conditions before any bond strength tests can be carried 

out.  

 

  

Calcium silicate solution Cured to a solid 

Figure 3. 18 Calcium silicate as a structural component. Magnification of 200 times 

 

 

3.4. Investigations 

 

The intention was to carry out a pull test of each of the proposed mirror bonding 

methods using the UKATC bond test facility, shown in Figure 3. 19 and Figure 3. 20, 

which has been designed for the purpose. In the test the mirror surface is pulled directly 

above a leg and the extension recorded. The pull force is increased to the point of bond 

failure.  The extension is measured with nano-metre resolution using a Linear Variable 

Differential Transformer (LVDT) and the test can be repeated on twenty five mirror leg 

positions over one sample.  

Getting the test jig to work proved difficult as the top surface of the silicon lacked 

sufficient roughness for adhesion of the pulling arm. An alternative approach was 

developed where the average bond strength was calculated by bonding ten mirror legs 

and measuring the force required to separate the bond from a PZT base, as shown in 
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Figure 3. 21.  The samples were prepared by bonding the front face of the mirror to a 

glass slide with varnish, which gave a robust surface to pull against.   

 

Figure 3. 19 UKATC mirror leg pull test 

 

  

Figure 3. 20 UKATC mirror pull test components 

 

Bonding solution was then applied to the ends of the mirror legs under a microscope, 

and then a PZT block placed on top.  When the bond had cured the glass slide was 

placed on a digital scale and a collar weight of 85 g was placed around the test piece.  A 

thick wire bonded to the PZT block was pulled vertically at a constant rate and the 

reducing value on the digital scale, which represents the load on the bond, was filmed 

by a digital camera. The set up for the test is shown in Figure 3. 21.  The camera records 

at 24 frames per second and so the vertical distance between each frame is known.  

Video editing software (Debugmode WAX  V2.0e video editor ) was used to note the 

frame by frame change in weight and so identify the point where the bond fails. 
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Figure 3. 21 Pull test setup 

 

3.4.1. The test pieces 

A number of PZT samples were prepared at the University of the West of Scotland 

(UWS) to which silicon mirrors could be bonded; the samples are shown in Figure 3. 

22.  The samples were lapped and cleaned in preparation for bond tests with epoxies and 

silicate based solutions. 

 

 

Figure 3. 22 20 mm x 20 mm PZT samples 

 

 

The tests carried out using silicate solutions, including calcium silicates, failed to bond 

to any useable strength and this may have been due to the extremely thin oxide layer 

present on the silicon, which was of the order of 0.1 to 1 nanometres thickness. Bond 

tests with epoxies were more successful, and epoxy loaded with at least 10% zeolites in 

particular [21]. A comparison of the epoxy bond tests is shown Table 3. 1. 
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Table 3. 1 Epoxy bond comparison 

 

 

 

Figure 3. 23 Comparison of bond test of epoxies, red line indicates the strength for  

125 µm thick mirror 

 
 
 

Zeolite is a crystalline aluminosilicate material, which has a large surface area due to 

pores in the material. The pores are able to absorb low weight molecules [22]. When 

zeolite is added to the epoxy matrix the polymer chains penetrate the pores in the zeolite 

by reptation motion. The strength of the material is enhanced by the proximity of cross-

linked epoxy chains with zeolite filaments bonded to the epoxy [23]. The process is 

particularly suited where the deformable mirror support leg has sculpted gradations 

along the length, which enables the formation of a socket for the leg as shown in Figure 

3. 24.   

Test 1 2 3 av

clear epoxy 1.85 n/a 2.17 1.34 MPa

Zeolite loaded 3.73 4.38 4.42 4.40 MPa
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Figure 3. 24 Reinforced mirror leg bonding 

 

The reinforced epoxy bonding to silicon is less than the anticipated strength of a 

material such as Epotek (26 MPa), and measured shear tests on the zeolite-loaded epoxy 

gave a shear strength of 22 MPa. The pull tests on the mirror samples have a lower than 

expected value of 4.4 MPa and this may be due to inconsistencies in the bonding of 

some mirror legs. The bond failure was observed to occur at the PZT interface and not 

on the silicon leg as seen in Figure 3. 25. Surface contamination may be an issue 

causing bond failure and further investigation of the material on the leg end would be 

required to establish the extent of failure due to grain pull out. Examination of the PZT 

surface as seen in in Figure 3. 26 does not reveal extensive areas of grain pull out and 

while there is some evidence of epoxy material on the surface there are areas where no 

bonding is evident.  The PZT used in making the actuators were prepared by Noliac 

(material number NCE51) the particle sized was measured using a Mastersizer S 

(Malvern Instruments) and found to be 6 µm. The interstitial space between PZT 

particles is of the order 1.4 µm which is sufficient for epoxy chains to penetrate by 

reptation at sites where the vitrification process, part of the manufacturing of the PZT 

actuator, is incomplete [24]. 
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Top view of mirror leg end with zeolite epoxy Side view of bond failure 

Figure 3. 25 Bond failure of the mirror leg 

 

 

 

Figure 3. 26 Bonding failure at the PZT surface 

 

Some areas of the PZT surface show evidence of bonding material above the surface; 

other areas have left no apparent marks. 

 

3.4.2. Concerns with PZT surface homogeneity 

In preparing the actuators the polishing of the PZT surface may be forcing small grains 

of material into the surface voids, as presented later, and this compact material gives the 

impression of a homogeneous surface without the mechanical strength of the sintered 

material. The proposed approach to overcome the limitation is to make the surface 

coplanar but roughened to a few tens of microns by using an aluminium oxide grit paper 

200 µm 

mirror leg with epoxy 

200 µm 

Bond site 
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in the ISO range P600 to P1200 (25 µm to 8 µm). A conformal, peelable coating could 

then be applied to remove loose particles before degreasing and bonding. A peelable 

coating is required as part of the electroding process to prevent deposition of copper on 

the top of the actuator, which, if left without protection, would lead to electrical 

shorting.  

A precision adhesive dispensing machine would help ensure a more consistent 

application of epoxy to the individual legs. The use of a loaded epoxy has the additional 

advantage of gap filling in the PZT surface where there are many inclusions due to grain 

pullout. The surface voids become filled with the structured material which, due to 

flow, will have an increased surface footprint in comparison the to the mirror leg.  

Curing the epoxy at an elevated temperature will reduce its viscosity and help the 

process of flowing into surface voids. The measurements obtained for a 125 µm thick 

mirror show that the bond strength achieved is a factor of four  better than NASA based 

guideline for epoxy bonds but remains short of what may be achieved with the process 

improvements outlined above [14]. 

 

3.4.3. Investigations of the PZT surface with a Scanning Electron Microscope 

(SEM) 

 

A series of PZT samples were prepared and investigated using a Quanta 3D FEG 

scanning electron microscope at Heriot-Watt University to gain a better understanding 

of the issues which may have led to the surface bonding being less than expected. The 

PZT samples were 20 x 20 x 4 mm, co-fired and without an internal electrode structure.  

The preparation was a) an unaltered surface, b) lapped surface, lapped on a cast iron 

plate rotating at 50 rpm and using 9 μm aluminium oxide powder in water, c) a surface 

roughened with P1200 grit paper, d) a surface lapped and polished and shown in Figure 

3. 27 to Figure 3. 29 and Figure 3. 31. 
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Figure 3. 27 a) Co-fired PZT surface 

 

The co-fired PZT surface shown in Figure 3. 27a) is untreated and shows surface voids 

at 350 times magnification (on the left). On closer inspection at 3000 times 

magnification (right of the figure), grains of material are clearly visible with indications 

that some have become dislodged. The grain size has been related to the dopant 

concentration of the sintered material and the spatial distribution of densification zones 

is thought to lead to an instability, which may cause microstructural defects [25].  The 

soft nature of the material is evident when lapped, as shown in Figure 3. 28 b). The 

lapping process decreases the roughness of the material, reducing peaks and creating 

plateaux, but granular material appears to have been forced into the surrounding voids. 

The material is well compacted and not easily dislodged with ultrasonic cleaning. The 

compacted material will contribute to a reduction in surface energy and reduce the 

effective bond area of a mirror leg. The reduction in surface energy may be a 

contributory reason to the lower than expected tensile strength witnessed in the mirror 

leg pull tests. 

 

Typical surface void 
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Figure 3. 28 b) lapped PZT surface (100 μm and 20 μm scale) 

 

Preparing the surface by roughening with P1200 grit, which has an 8 μm particle size of 

aluminium oxide, did not lead to a finer structure and a more polished surface as can be 

seen in Figure 3. 29. Mechanical abrasion marks are evident in the photograph (3000 

times magnification) where these marks appear as grooves on the surface. There seems 

to be substantial damage in dislodging material, which may have been less well bonded 

in the sintering process. Clumps of material have been removed in many sites across the 

surface. The resultant surface has the potential to be more suitable for bonding with the 

voids providing an anchoring site for a structural epoxy loaded with zeolite [26].  A pull 

test on the surface has not yet been carried out. The extent to which the epoxy is capable 

of reptating into the voids, while conveying the structural component with the polymer 

is an important factor in the effectiveness of the bond. The substantial surface voids 

present in the PZT surface may be an advantage in consolidating the surface directly 

beneath a mirror support leg particularly if pre-impregnated with a structural epoxy 

[27]. A future approach for surface consolidation could involve the spreading of the 

structural epoxy on the surface, then heating to help reptation into the surface voids, and 

finally lapped flat when cured. A risk in the process of whole surface preparation would 

be in variations in material thickness leading to an inconsistent performance from 

actuator to actuator.  
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Figure 3. 29 c) PZT roughened with P1200 grit 

 

The zeolite must be small enough to enter the surface voids and a sample of zeolite was 

extracted from the epoxy resin to investigate the range of particle sizes.  

Trichloroethylene was used as a solvent to separate the epoxy resin from the zeolite. A 

fine grey powder was obtained which was examined using the SEM and is shown in 

Figure 3. 30. 

Figure 3. 30 Zeolite particles extracted from epoxy resin 

 

The particles of zeolite appear to be conglomerates of smaller particles perhaps held 

together by Van der Waals forces. Inspection at the 10 μm scale (left picture of Figure 

3. 30) reveals the larger particles may be made up of smaller particles some of which 

are surrounding while others are on the surface of the larger particles.  Measuring the 

Grooves 
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larger axis of 30 samples in the 10 μm scale image gave a range of between 3 μm and 

33 μm.  Further investigation is required to understand how the particles behave in the 

epoxy resin. 

The final PZT sample to be examined was polished on a Logitech LP50 polishing 

machine using cerium oxide. The mirror like surface produced when examined by SEM 

revealed a well consolidated sintered material, as can be seen in Figure 3. 31. The grain 

boundaries in the material are revealed under a magnification of 15,000 times (image 

with 3 μm scale). The surface produced by the polishing process may be more difficult 

for an epoxy to gain a grip but may be better suited to hydroxide catalysis bonding 

which reacts with the surface to form a strong covalent bond. Gas trapped in the surface 

voids, such as the one identified by the white circle (20 μm scale), during bonding may 

prove a limitation to this process particularly as there a substantial number of voids 

within the bounds of the foot print of a 125 µm mirror leg. 
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Figure 3. 31 d) Polished PZT surface (100 µm, 20 µm and 3 µm scale) showing 
presence of a void 

 

3.5. Conclusions 

 

The bonding of piezo actuators to silicon is a problem principally due to the high quality 

surface that makes silicon such a good choice as a mirror with an excellent flatness of 1 

nm RMS. The choice of silicon as a mirror material has several advantages which help 

control the cost in the production of a deformable mirror. These advantages include 

ready availability of low cost polished silicon, convenience of industrial processes set 

up to etch micro structures and an extensive knowledge of the material in micro-

mechanical applications. Of the many possible ways to bond a mirror to a piezo actuator 

array four candidates have been considered: epoxy, silicate, calcium silicate and silica 

growth bonding.  The methods considered were chosen for their convenience of process 
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and ready availability of materials which are safe to handle given reasonable 

precautions.  

 

3.5.1. Limitations of epoxy bonding 

The first to be considered was epoxy bonding.  There are many epoxy formulations 

available and various other engineering bonding materials in two part form as well as 

cyanoacrylates. All epoxy formulations have one feature in common: they react to form 

bonds with themselves and ‘grip’ the surface, which is being bonded.  All epoxy bonds 

excel at relying on the strength of the bonding solution. Bond failure is a function of 

surface cleanliness and roughness.  Surface decontamination can be controlled, but it is 

harder to modify the homogeneity of surface roughness such that the epoxy gains 

sufficient grip to match the strength of the bonding material. The calculation presented 

in Appendix A.2 shows that at least 1.2 MPa is required for the design in consideration 

and epoxies can meet this requirement by a factor of twenty. The tests carried out 

achieved a much lower figure of 4.1 MPa on average. When a deformable mirror 

requires a dielectric coating, for example for power laser applications, the mirrors need 

to be thicker to avoid distortions, in spite of ideal mechanically balanced tuned coating 

layer thicknesses.  In a successful experimental coating run which was carried out at 

Helia Photonics, a mirror thickness of 250 µm was found to be necessary; this of course 

then leads to a greater strain on the bonding which must now be at least 10 MPa.  The 

best achievable epoxy bond is now only a factor two away from failure of an ideal bond 

and any inconsistency in the epoxy mix or a small amount of residual surface 

contamination could lead to a failure. With future developments in mind, it is important 

to consider mirror bonding designs which will give the greatest flexibility to the design 

of device parameters and that this can in part be achieved through a more robust bond.  

 

3.5.2. Introducing a mirror foot pad increases complexity 

Increasing the surface area to be bonded to the actuator reduces the stress on this 

interface and anodic bonding is proposed as a way to increase the footprint of silicon 

presented to the PZT of the actuator. The principal advantage is that it overcomes the 

inhomogeneities on the actuator surface. The disadvantage is in ensuring that the 

anodically bonded foot pad has been reliably connected. Failure at the silicon-silicon 
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interface may only be discovered when the deformable mirror is fully constructed. The 

processes of adding another silicon structure will increase the cost of the mirror as a 

component so this option should be kept in reserve and considered if the alternatives do 

not prove viable.  

 

3.5.3. Silicate bonding may be sensitive to PZT surface stability 

A stronger bond is formed where a reaction with the surfaces results in a covalent bond. 

In the third bonding method – silicate bonding - the surface is first etched, and hydrated 

by hydroxyl ions. A catalysed reaction takes place polymerising siloxane chains 

between the surfaces. The bond thickness is extremely small (80 nm) and the surfaces 

are pulled together during the de-hydration phase [4].  For success the surfaces must be 

flat over the area of the bond, which is not particularly challenging to achieve over the 

125 µm square footprint of the mirror leg. The same cannot be said of the PZT surface 

of the actuator where the problem of grain pull out means that there are voids in the 

surface which will make the bond unreliable. If grain pullout can be addressed by 

introducing an interface layer then the technique of hydroxide catalysis bonding holds 

promise. The additional layer will have to be compliant as the actuator extension is not 

planar, and on the down side it introduces another interface.   

The process of hydroxide catalysis bonding can be developed further by introducing 

additional material to support the mirror leg. The remaining concept was divided into 

two distinct processes which take advantage of the sculpted edges produced on the 

sidewalls of the mirror leg when the etch process is deliberately over stepped. The first 

of the modified bonding processes described starts as a solution, which then solidifies to 

form a socket around the sculpted mirror leg. The socket is covalently bonded to the 

silicon of the mirror and the PZT of the actuator. As far as the author is aware the 

concept is unique and novel to this application and should be considered for Intellectual 

Property protection.  

Anodic bonding and silicate bonding both rely on a grown glass layer.  The ultimate 

yield strength of glass is of the order 33 MPa and as such will not offer a significant 

improvement over the use of epoxies [28].  The additional complexities of the processes 

involved imply an increased cost and risk. 
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3.5.4. Growing a bond 

The second process in the ‘addition of material to the bond’ involves the growth of 

silica tubes within the bonding solution. The effect is similar to the first modified 

bonding case but does not involve forming a bonded solid but rather a network of 

crossed and interlinked tubes. The tubes grow to provide a support which extends up the 

side walls of the mirror leg and also anchors across the PZT surface of the actuator.  The 

process grows and bonds into the voids of grain pullout in the surface. 

 

3.5.5 Concluding remarks 

A viable method of bonding the mirror using a zeolite loaded epoxy has been found and 

tested. The strength of the bond was found to be at least seven times the minimum 

required and there is scope to increase the strength through improvements in surface 

preparation such that thicker mirrors can be used with the actuators.  A SWOT 

(Strengths Weaknesses Opportunities and Threats) analysis of the different bonding 

technologies is provided in Table 3.1 
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Table 3. 2 SWOT analysis of the different bonding technologies proposed 

Area Strength Weakness Opportunity Threat 

Epoxy bonding Established 
technology 

26 MPa bond (x45 
required strength) 

Only forms 
covalent bonds 
with itself 

Epoxies are 
hydroscopic 
leading to lower 
bond strength 

Increase surface 
micro roughness to 
improve bonding 

Low cost solution 

Surface 
contaminants 
leading to lower 
bond area 

Mechanical 
vibration from 
continuous 
actuation leading 
to failure 

Anodic bonding Thin bond line, 
established 
technology 

Bond evidence 
before mirror 
attachment to 
actuator 

20MPa bond (x34 
required strength) 

Additional process 
step 

Difficulty in 
repairing a broken 
bond 

Unsure if full bond 
across interface 

Risk transfer to 
mirror fabrication 

Ability to form 
thinner support 
legs to mirror 

Robust interface 
for thicker mirror 
surfaces 

Shear performance 
as a non-
concentric actuator 
tips 

Dead spot created 
on mirror surface 
leading to erratic 
performance 

Repair to mirror 
difficult as 
fracture would 
occur at interface 
pad 

Silicate bonding Very thin bond 
lines (80nm) 

Good CTE match 
to silicon 

Covalent bond 
formed with 
bonding surfaces 

Surface 
contamination 
preventing bond 
forming 

Residue difficult 
to remove, could 
form a 
contaminant 

Surface roughness 
leading to point 
contacts 

Simple process 
which is reversible 
(could save an 
expensive mirror) 

Potential of 
consistent 
performance to 
cryogenic 
temperatures 

Transmission of 
surface sensing 
signals enabling 
non-destructive 
test 

Bond site on PZT 
contains a pull out 
crater 

Not tested in a 
dynamic 
application 

Incomplete 
dehydration of 
bond before use 

Reinforced 

Silicate (a) 

‘socket’ 

Increased  radius 
of bond area 

Untested Novel concept, IP 
potential.  The side 
contact may enable 
use in power laser 
applications  

Surface voids 
created if reaction 
proceeds to fast. 

(b) Silica growth Ability to fill 
voids in PZT 
surface 

Bond line will be 
thicker, less 
surface- to- 
surface pull in 

Include ions to 
form conductive 
bonds 

Relies on strength 
of seed layer 
bonding to mirror 
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Chapter 4  

Actuator development and electroding 

 

4.1. Background to piezo actuators 

The piezo effect, a name derived from Greek meaning pressure, has been known since 

the mid 18th century from observations made by Carl Linnaeus and Franz Aepinus.  The 

scientific investigation into the piezo effect was first carried out by Pierre and Jacques 

Curie and published in 1880 [1]. Experimental work was undertaken to measure the 

surface charge on crystals such as tourmaline and quartz - as well as many other crystals 

- when the crystals were subjected to a mechanical stress. The reverse process of 

applying an electric field to obtain a mechanical response was at first mathematically 

deduced from thermodynamic principles by Lippmann in 1881 and subsequently proved 

by the Curie brothers [2]. It was not until some 60 years later when metal oxide powders 

were sintered to produce ceramics, which have dielectric constants 100's times higher 

than cut crystals, that materials could be designed for specific applications. The first 

developments were in barium titanate and then later lead zirconate titanate. Techniques 

of doping the material with metallic impurities were developed to further tune dielectric 

constant and stiffness.  

In 1983 multilayer actuators were developed with the advantage of reducing the drive 

voltage requirements by creating high electric fields across thin layers of material [3]. 

The process took advantage of the developments in multi-layer ceramic capacitor 

production machinery to achieve inter-digitated layers on the scale of tens of microns. 

. 

4.2. Actuator array construction and connection method 

 

4.2.1. Creating an array of actuators in a single block 

An actuator block has been designed for the development of a deformable mirror with a 

high density array. It consists of a monolithic construction of multilayers of PZT and 

electrodes, which are palladium based and have a melting point of 1555oC and can 

therefore survive the high temperature, 950oC, of the sintering process. The actuator 

material is a doped soft PZT material commercialised under the name of Noliac NCE51. 
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The outcome was to produce an actuator consisting of a series of actuator strips formed 

with isolating PZT material between each row. The material is then diced into rows and 

then cross-diced to produce individual actuators. The goal of the process is to produce 

homogeneous actuators with similar characteristics.   

 

4.2.2. Internal structure of the actuator array 

The construction of the internal architecture is fairly complex with 14 sections of 

overlapping electrodes and ‘inactive’ areas. Each layer has an electrode pattern screen-

printed with an overlap region, which produces the active area as shown in Figure 4.1. 

This active area will see the material swell when an electric field is created between the 

electrodes. The electrodes extend beyond the active area in one direction for the positive 

voltage to be applied, and in the opposite direction on the next layer for the negative 

voltage. Up to 100 layers can be constructed creating a multilayer actuator, which has 

the cumulative expansion of the individual layers. 

 

Figure 4. 1 Construction of a multilayer actuator 

 

In the design the electrodes are formed by screen printing a 3 µm thick layer of 

conductive ink made of a silver palladium of ratio by weight 70:30. The melting point 

of the silver, 961oC, is above the sintering temperature of the process. The mix of 

metals promotes dendritic growth which helps produce a coherent electrode mat [4].  At 

the printing stage the PZT base is a 20 µm thick tape casting produced from a mixture 

of PZT and binder and is sufficiently flexible to be handled [5].  Successive layers of 

printed material are built up to a maximum of 100 layers. Discussions with the 

manufacturer, Noliac (Denmark) indicate that designs exceeding 100 layers are prone to 
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failure and that to achieve greater actuator extensions it is necessary to stack the 

actuators using an epoxy to bind them together. The design of the deformable mirror 

actuator is made up of 85 layers that give a 2 µm extension (0.1%) for a voltage of 80 

Volts applied across the electrodes. 

 

4.2.3. Design of the multi-layer structure 

To achieve an actuator array of 196 actuators the design for electrodes is made up of 14 

rows as shown in Figure 4.2. The figure shows the pattern of one electrode layer with 

the inter-digitated layer offset marked at both ends (Figure 4.2, detail A and B), which 

is included for alignment of the dicing saw. The actuator width is 1 mm and the dicing 

cut between rows is set to 0.25 mm, which leaves a 0.1 mm electrode width on either 

side for connection to the positive and negative voltages. The next layer in the sequence 

is of the same electrode layer pattern but rotated by 180o. Note the extension of the 

electrode (B in Figure 4.2) to the edge of the array, which repeats at the opposite end of 

the array with each successive inter-digitated layer. The process of extending alternative 

electrodes to the edge of the design allows for a common electrode to be applied to 

opposite end faces post sintering such that all of the rows can be polled simultaneously. 

The design layout was repeated in a 4 x 4 format on a 160 mm square, which yielded 16 

actuator blocks. 

 
 

Figure 4. 2 196-arrays electrode screen print pattern 



67 
 

 

 

4.2.4. Process to produce the multi-layer piezo array 

When a complete stack of 85 layers has been printed and aligned a hydrostatic press is 

used to consolidate stack and exclude any trapped gas. The lamination process is critical 

to the consolidation of the material and the parameters have been empirically 

determined for the binders used in the production of the 'green' tape. When the 

lamination process is completed the layup is heated very slowly in an oven to a 

temperature of 500oC to 700oC to break down and sublimate the organic compounds 

and binder materials.  

The next stage in the process is to raise the temperature towards 950oC for the ceramic 

particles to merge into a polycrystalline structure. The sintering takes place in a 

saturated lead oxide atmosphere to prevent the loss of lead from the PZT material [6]. 

The material shrinks during the sintering process but the process parameters such as 

temperature ramp rates, holding time are well understood by the manufacturer and so 

the design dimensions and tolerances of the final components can be anticipated. 

The 16-actuators arrays are cut from the 160 mm production pattern by a dicing saw and 

are then lapped flat. End face electrodes are applied to opposite ends of the stack, as 

shown in Figure 4.3, which connects the 14 rows of the positive electrode together at 

one end and the 14 rows of the negative electrode at the other. The electrodes are screen 

printed on using a 60 - 80% mix of metal powder and frit glass, which is then fired at 

600oC to produce a 3 - 12 μm thick electrode with good adherence to the ceramic 

surface. 

 

Figure 4. 3 Actuator array end face before electrodes applied 

2 mm 

Actuator rows 

85 layers 
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The actuator array is activated by a 'polling' process to obtain the piezoelectric effect in 

the PZT material. When polling is carried out the dipoles present align within the 

material grains. The polling is achieved by applying a high electric field of 3 kV/mm at 

room temperature. To achieve this field intensity, a voltage of 60 V is applied between 

electrodes. 

 

Figure 4. 4 Actuator array 20 x 20 mm 

 

4.2.5. Preparing the actuator array for connection 

The actuators array, which is shown in Figure 4.4, has been designed to be divided up 

into 196 individual actuators each of which can be accessed for control through a row 

and column addressing structure, as shown in Figure 4.5. To achieve the separation of 

actuators from the block and maintain their relative positions the block is first mounted 

on a printed circuit board (PCB). A circuit board made of glass reinforced epoxy 

laminate (FR4) was used, as shown in Figure 4.6. The tracking on two internal layers 

was laid out to form rows on one layer and column on the other.  Connection to the 

relevant layers is achieved when the internal track is exposed during actuator dicing and 

subsequently plated. 

 

Figure 4. 5 Dicing pattern to create actuators 

End buffer material 
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The array is bonded to the PCB with Stycast 1266 epoxy from Emerson and Cuming 

[7]. The end electrodes and end buffer material are removed by dicing. A reinforcing 

plate of Macor ceramic is bonded to the reverse face of the PCB. The actuator array is 

aligned to the internal tracking using alignment marks incorporated in the PCB as 

copper tracks, and visible through the top laminate of the board as can be seen in Figure 

4.7.  To ensure the array does not move during the bonding process the side walls of the 

actuator array are first waxed and a temporary alignment jig created by placing epoxy 

loaded with microfibers (Blue Gee Products filler 'D')  at each corner. When set the 

array can then be removed and epoxy applied to both PCB and array, then the array can 

be reliably re-positioned on the PCB. 

 

Figure 4. 6 Bonding array to PCB. The edge of the array end electrode is aligned to the 
track visible through the top of the PCB 
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Figure 4. 7 Attaching the piezo array to a PCB and the alignment of power tracks for 
actuator control 

 

Figure 4. 8 Actuator array mounted on a PCB with rows dicing in progress 

 

4.2.6. Forming electrodes for interconnection of the actuator array 

The block is designed to be diced into 14 rows, and a work in progress is shown in 

Figure 4.8. Electrodes are formed to connect with the internal inter-digitated electrodes. 

Finally the block is cross diced into 14 columns forming the 196 actuators of the array. 

The process stages for attaching electrodes are shown in Figure 4.9.  
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Figure 4. 9 Methodology for the connection of the array electrode 

 

The actuator array is bonded to the PCB and aligned with the positive internal track 

shown in dark blue of Figure 4.9 A), overlapping with the PZT positive electrode. The 

connection of positive and negative electrodes is important and must be consistent with 

the direction of polling as the actuator array could have been polled such that either 

electrode was positive or negative as discussed in detail in the introduction to Chapter 5. 

A mark on the actuator array identifies the positive electrode. A peelable coat of PCS 

Electrolube is applied to the top surface of the actuators as shown in Figure 4.9 B). The 

peelable coating masks the top surface of the actuators and prevents the electrodes from 

shorting positive to negative across the actuator when the process is complete. The first 

of a two-pass dice cut is made using an automatic dicing saw DAD 3230 (Disco Corp.) 

across the actuator array. The cut exposes the positive electrode of the actuator and the 

internal positive track. A second dice cut is then made which exposes the negative 

electrode on the adjacent actuator and also cuts down to expose the negative internal 

track of the PCB. The actuator is then ready for the electrodes to be grown on the 

surface of the cuts. The first stage in the electroding process is to sputter on a layer of 

nickel as shown in Figure 4.9 C), which provides a good conductive layer and acts as a 

barrier on the ceramic surface of the actuator [8]. The nickel layer also provides a 

homogeneous surface for the thicker gold layer, and helps prevent mechanical damage 

from gold being wiped away. The sputtered layer of gold ranges from tens of 

nanometres to hundreds of nanometres thickness with finer structures achieved by 

thinner layers [9]. To form a more robust layer it is necessary to build up the conductive 
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layer by plating. An electroplated layer of copper is added as shown in Figure 4.9 D), 

which has the potential to carry up to 0.1 A [10]. The current carrying capacity layer 

assumes a minimum connection to an actuator with a trace width of 50 μm. This width 

is well in excess to accommodate the anticipated charging current of 18 µA, which 

would be the current needed to charge an actuator with 9 nF capacitance at the 

maximum frame rate of 500 Hz. The last dicing cut is made to isolate the connection 

between the adjacent actuators, as shown in Figure 4.9 E).  The peelable coating can 

now be removed. All the rows of actuators have an electrical connection and the final 

dicing cut can be made to separate the individual actuators as seen in Figure 4.9 F).  The 

actuators can now be individually selected by a Row and Column address.   

 

4.3. Issues arising in the construction of the actuator array 

 

4.3.1. Shrinkage of the actuator array during sintering 

The alignment of the actuator block to the tracking of the PCB is critical for connections 

to the actuators.  The external dimensions and markings of the electrode pattern were 

measured  and compared to the designed dimensions as indicated in Figure 4.10 

 

 

Dimensions in mm 

 1 2 3 

Designed 0.25 1 0.25 

Measured*  0.23 0.81 0.23 

* Average for all 14 columns 

  

Figure 4. 10 Actuator electrode measured dimensions 

 

The electrode pattern is smaller than anticipated and is most likely due to shrinkage in 

the manufacturing process. The reduced active area, and therefore volume of the 

actuator will reduce the actuator force.  In Chapter 3, 9mN of force was required from 

the actuator for the requested inter-actuator mirror surface deflection.  The piezo 

actuator is capable of generating much larger forces and a calculation of the anticipated 
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force of the actuator, indicated in Appendix B.1, is 61.6 N. The force produced by the 

actuator is in fact well in excess of the force required for the 150 nm distortions the 

mirror surface for adaptive optic applications and is therefore not an issue. 

 

4.3.2. Manufacturing process effects in internal electrode structure. 

A cross section through one actuator block at three locations, a, b, and c was taken as 

shown in Figure 4.11. 

 

a b c 
   

Figure 4. 11 Micrographs of cross sectional cut 

 

The internal electrodes have a ripple pattern with the appearance at front face of the 

actuator (Figure 4.11a) of having a lower frequency of undulation than the middle cut 

(Figure 4.11b).  The higher frequency of undulation does not appear to diminish 

towards the back face of the actuator as shown in Figure 4.11c).  It is not possible to 

relate the position of the actuator relative to the other 15 actuator blocks in the 160 mm 

square layup produced during manufacture, as the actuator blocks were not identified 

before dicing. One possible reason for the distortions could be due to material shrinkage 

causing greater compressive forces towards the centre of the 160 mm actuator layup 

during the initial bake out of plasticisers and is illustrated in Figure 4.12. 

5mm 
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Figure 4. 12 Material shrinkage during bake out 
   

The slow undulations of Figure 4.11 a) are unlikely to cause an issue under dynamic 

load operations and the electric field concentrations will not be greatly influenced by the 

variations. The phase distribution of the higher frequency ripples Figure 4.11 b) and c) 

may pose a problem as there is some indication that the homogeneity of the undulations 

is not always consistent. One possible outcome is that the distance between adjacent 

electrodes is reduced and the electric field concentration could cause material 

breakdown in the zone highlighted in Figure 4.13.  Should an electrical breakdown and 

arcing occur between two adjacent layers, it is likely that a carbon track of material 

would be left between the layers and serve as a conductive path shorting out the layers. 

A similar process is known to happen in multilayer ceramic capacitors, which have 

exceeded their voltage rating during a transient electrical spike and it is possible for an 

area larger than the two tracks concerned to be damaged [11]. 

 

 

Figure 4. 13 Reduced inter-electrode gap. In the circled region, the inter-electrode gap 
appears to be halved at 40 µm distance 

 



75 
 

Distortion of the electrodes also appears to have taken place between the overlap region 

and the part of the electrode available for external connection as shown in Figure 4. 14 

 

 

 

 

 

 

 

 

 

Figure 4. 14 Actuator overlap region distortion. The tilted line indicates the slope of 
active area extending into the electrode connection area 

 

4.3.3. Distortions to the shape of the actuator block 

The extension of the overlap region into the electrode connection has potentially serious 

consequences when the external electrodes are applied. If the region extends to the 

sidewall then the layers affected will be shorted and not contribute to the extension of 

the actuator and there will be consequently a loss of displacement. Even if not shorted 

the distorted shape of the overlap region will cause the cumulative extension of each 

layer to misshape the extension profile on the top face of the actuator.  It is important to 

note that the cumulative extension of the individual layers does not produce a planar 

movement of the top surface. The material on either side of the active zone acts as a 

constraint on expansion, the consequence of which is a domed expansion. 
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Figure 4. 15 Actuator top surface expansion 
 

When the electrodes align vertically the position of the dome peak on top of the actuator 

can be predicted as central. With a misalignment of electrodes the dome peak shifts off 

centre as seen in Figure 4.15 b.  The deformable mirror connection point to the actuator 

is a 125 μm square mirror leg, which is considerably smaller than the top surface of the 

actuator, 2 mm square. Alignment is therefore critical as the mirror leg is intended to be 

positioned central to the actuator.  The mirror leg connection points are fixed in a grid 

pattern created out of etched silicon. The grid pattern of mirror legs defines the 

controllable shape of the mirror.  If the actuator expansion is misaligned, then not only 

will the mirror displacement be less than expected but the direction of the mirror 

deformation, effected through the mirror leg, will not be vertical. The displacement and 

vectoring of the mirror surface are important for wavefront error correction of light 

incident on the mirror surface. It may be difficult to compensate for the additional 

distortions introduced by the deflection of adjacent actuators.  

A Zygo white light phase shifting interferometer was used to investigate the effect of 

electrode misalignment on a PZT array.  For an actuator with well-aligned electrodes 

the dome produced is non-uniform but centrally positioned as seen in Figure 4.16.  
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Figure 4. 16 Actuator doming at maximum displacement (top view and measured cross 
section) 

A misaligned electrode can produce a gross distortion on deflection. Adjacent actuators 

are shown in Figure 4.17; here the actuator on the left is not powered and the actuator 

on the right shows both the unpowered position and maximum deflection. 

 

Figure 4. 17 Off centre deflection caused by a misaligned electrode 

The sub-portion of the actuator array is shown in Figure 4.18 to give an indication of the 

implications of misalignment in electrodes to the performance of a deformable mirror 

surface. 

 

 

Figure 4. 18 Effect of a misaligned electrode on an actuator array 
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4.3.4. Excessive overlapping of internal actuator electrodes 

Dimensional changes in the actuator arrays due to shrinkage may also cause the active 

area to overlap with the side-wall electrode. Dicing the actuators to the required 

dimensions illustrates the issue of electrode clearance being less than the designed     

100 μm as seen in Figure 4. 19 

 

 

  

 

 

 

 

 

Figure 4. 19 Actuator diced for electroding. Electrode with less then 30 µm clearance 
(orange circle) 

The 30 μm clearance may be sufficient to form a reliable electrode but any damage to 

the side wall during dicing could lead to the loss of several layers.  An example of a 

more ideal electrode structure is shown in Figure 2.18.  Another concern is the potential 

for voids in the side wall providing a path for metal atoms to form unwanted 

connections with the opposite polarity electrode during the electrode seeding process.  

The plating process is a wet process and, depending on the porosity of the PZT material 

in the side wall, aqueous ions could find their way further into the material and grow a 

connection. Porosity is a recognised problem in the fabrication of ceramic materials and 

control is a function of process parameters [12]. Experience with electroplating 

indicates that there is a build up of metal from available ions and this may serve to seal 

off the porous material, preventing further migration of ions. 

 

4.3.5. Cracks in the actuator block 

Other issues observed on two of the blocks produced include the formation of cracks on 

the actuator block end wall and are shown in Figure 4.20. 
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Figure 4. 20 Cracks in actuator blocks 

 

Dicing a section of the actuator block, shown in Figure 4.21, revealed an internal crack, 

which was not as visible as those on the end face.  The crack extended over 3 actuators 

with a length of 4 mm. The concern over internal cracks is that they could easily 

propagate when the actuator is in operation. What is not clear is whether the internal 

cracks are an artefact of the dicing process and whether there was a small crack present 

which extended due to the vibration of the dicing saw. 

Figure 4. 21 Actuator block internal crack 

 

It would be difficult to use an ultrasonic probe to investigate for internal cracks prior to 

dicing due to reflections from the internal metal layers of the inter-digitated electrodes. 

One possible method of testing for a failed or cracked actuator structure could be an 

electrical test.  If the individual actuator strips have electrodes at either end, as opposed 

 2 mm 
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to the present common electrodes for all the rows applied post processing for polling, 

then the capacitance of these strips could be measured.  A lower than expected 

capacitance would indicate an internal problem without being specific as to its nature.  

The crack in the actuator block of Figure 4.21 may have been identified as a decreasing 

capacitance measurement across the three actuator strips. 

 

4.4. Issues of concern in attaching the actuator array to the PCB 

 

4.4.1.1. Aligning the actuator array electrodes to the PCB tracking 

 

The shrinkage of the actuator block during manufacture caused the actuator strips to be 

positioned closer than designed. The reduced dimensions are particularly important for 

the alignment for the positively charged electrode. The alignment to the negatively 

charged electrode is less critical as the latter runs perpendicular to the actuator rows.  To 

mitigate the accuracy of positioning of the positively charged electrode the PCB track 

width is set to 150 μm and aligned to straddle the actuator active area and positive 

electrode.  The alignment is carried out using a stereo-microscope and a prism which 

enables a view of the front face of the actuator block and PCB track as shown in Figure 

4.22 (a) and (b).  

 

 

 
 

(a) (b) 

 

Figure 4. 22 (a) Actuator block on PCB. (b) Optical alignment of block to track 
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The central two tracks on the PCB serve for alignment as a means to mitigate the 

tolerances of row positions on either side of the centre actuator rows. The binocular 

microscope and prism enable a view of the end face of the actuator and a rotating base 

allows both sides of the array to be viewed. 

 

The process of attaching the actuator array to the PCB has been described earlier. 

During alignment a small weight is applied to the top of the actuator array and the array 

is then manipulated into position with respect to the tracking on the PCB. If the 

shrinkage of the array could be predicted accurately then a fixed mechanical alignment 

jig could be used. 

 

4.4.1.2. An improvement to reduce the electrode alignment sensitivity 

An easier alignment method of the actuator electrode to the PCB track would be to 

extend the track area for the column electrode beneath the actuator footprint as shown in 

Figure 4.23. The column electrode is nearest to the actuator in the FR4 layup of the 

PCB, and, when diced, will leave an orphaned track. When the PCB is plated the 

orphaned segment cannot join up to short the row electrodes together as would happen 

if a thicker column track were used in the PCB.    

 

 

Figure 4. 23 PCB track layout to ease alignment requirement on actuator 
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The advantage gained in changing the track detailing allows greater freedom in lateral 

placement of the array. More importantly the freedom in lateral positioning enables the 

dicing operation to be adjusted to the 'as manufactured' arrays, helping to account for 

any shrinkage produced during the sintering process. 

 

4.4.2. Thermal distortions from material mismatch 

 

A concern about the attachment of the actuator array to the base plate relates to the 

distortions introduced through a mismatch of coefficient of expansion (CTE) of the 

materials used.  The current development process is assessed below and potential 

alternatives are highlighted. 

 

4.4.2.1. Connection to fibre glass base plate PCB  

 

The coefficient of thermal expansion (CTE) of the FR4 [13] fiberglass reinforced PCB 

is 14 ppm/oC and the CTE of the PZT actuator material is 7 ppm/oC.  The difference in 

CTE (7 ppm/oC) over the 1.5 mm thick FR4 will cause a distortion of 10 nm vertically 

for a 1oC change in temperature. Across the array the effect of the CTE difference 

between FR4 and the silicon mirror (CTE: 3.2 ppm/oC) will stretch the silicon surface 

by 4.2 nm between mirror legs. The differential distortion caused by variations in 

material thickness of the FR4 will result in smaller displacements but may be an issue in 

trying to meet the 0.5 nm specification on resolution of mirror flatness. Thermally 

induced changes will be mitigated by flat fielding the mirror using the actuators to 

correct for distortions. Correcting for the displacement distortion uses 1/200 of the 

actuator range for every one degree Celsius. 

 

4.4.2.2. Improved CTE match using a ceramic glass baseplate 

 

A ceramic base plate will give a better match to the material properties of PZT, as both 

are co-fired ceramics. One possibility is to use the machinable MACOR ceramic glass 

as a base [14]. With a Young’s modulus of 67 GPa, compared to 17 GPa for FR4 and a 

CTE of 7.7 ppm/oC, the new base will provide a better match of CTE to the PZT 

actuators and a stiffer thrust plate.  The proposed construction uses two pieces of 
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MACOR each 1.5 mm thick bonded together with epoxy. The MACOR is prepared by 

dicing a series of 14 cuts in the surface 0.025 mm deep and 0.2 mm wide.  The cuts in 

the surface are filled with Heraeus 10-074HF silver conductive ink, which is then fired 

at 850oC. The ink is designed to bond to the ceramic and is solderable for attaching 

external contacts.  

 

 

Figure 4. 24 Alternative ceramic baseplate 

 

The glass ceramic substrate serving as the actuator baseplate as shown in Figure 4.24 is 

processed in a similar way as in Figure 4.9.   

 

4.4.2.3. Incorporating the base in the actuator layup 

 

A promising solution to simplify the alignment of actuator electrodes to external 

connections is to include the interconnection tracking within the layup of the actuators. 

The base is incorporated into the actuator structure and co-fired along with the 
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actuators. Several additional track layers are included in the base to ensure sufficient 

current carrying capacity and process the actuator block straight to stage E shown in 

Figure 4.24. Extending the row and column connections to the edge faces of the 

actuator block would make it possible to carry out the polling process by addressing 

actuators individually. The proposed structure may also help in avoiding any bowing of 

the active ceramic substrate by using a compensating mix of ceramic material in the 

tracking base layers. The outcome is a structure with a matched CTE. 

 

4.4.2.4. Effect of the bonding material used between array and baseplate 

 

In the present design the actuator array on a fibre glass based PCB restricts the practical 

bonding methods to epoxies. Epoxy has a CTE of 37ppm/oC and bond lines can be 

expected to be between 20 to 100 µm thick.  The Young's modulus of epoxy is between 

2 and 20 GPa [15]. If a glass ceramic based PCB is considered then it may be possible 

to use hydroxyl catalysis bonding for both ceramic base layers and the actuator array to 

the PCB  in order to form a stiffer and thinner bond, or de-bond the setup if required 

[16] . The bond lines achievable can be as thin as 80 nm [16]. Although the two mating 

surfaces are pulled together during bonding, there is the potential for gaps in bonding if 

the surfaces are not polished flat to 60 nm rms, which can be mitigated by loading the 

bonding fluid with silicate nano particles for surfaces flat to 150 nm rms.  The silicate 

bond formed will have a CTE of 0.55 ppm/oC and a Young's modulus of 60 GPa [17]. 

An alternative approach is to consider a dielectric sealing glass for use with a ceramic 

base plate [18].  In this instance a screen print of a Heraeus dielectric ink, such as SG-

705, is made onto both the actuator array and base plate.  Both pieces are dried and fired 

at 620oC, then brought together for a re-firing and sealing. Two issues become 

important: maintaining positional accuracy during re-firing and the need to re-pole the 

actuators post firing. A summary of advantages and disadvantages of base plate options 

is given in Table 4.1. 
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Table 4.1 Base plate advantages and disadvantages 

  CTE 
(ppm/oC) 

E 
(GPa) 

Advantage Disadvantage 

1 FR4 base 14 17 convenient, low cost neither flat nor 
homogenous 

2 Ceramic 
base 

7.7 67 good CTE match, stiff 
machinable material 

Preparation work in 
polishing, track 
forming, bonding layers 

3 PZT as a 
base 

7 63 Reduced process steps. 
integrated solution. 
Components can be 
tested before any work 
done 

Difficulty of re-
working. Single point 
failure if open circuit or 
short on internal 
tracking. 

4 Epoxy 
bond 

37 2-20 Well understood, 
convenient 

Compliance. Adhesion 
strength. Change in 
properties at cryo-
temperatures 

5 Silicate 
bond 

0.55 60 Very stiff bond Surface preparation, 
time to cure 

6 Dielectric 
bond 

7.2  ceramic hermetic seal 620oC firing 
temperature. Bond 
thickness (70 - 50µm). 
maintaining actuator 
position 

 

4.5. Actuator electrical connection methods (electroding) 
 
The issue of attaching side electrodes to the PZT actuator array arises because the 

actuators are machined into a grid from a solid slab of PZT material, which exposes 

unconnected electrodes. The processing stages to form the actuator array are shown in 

Figure 4.25.  The actuator slab has an internal multilayer actuator structure, patterned to 

provide individual actuators, which need to be connected in parallel to form a circuit.  
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a  
b  

c  

Figure 4. 25 Actuator processing stages. a) 2 mm x 20 mm x 20 mm PZT actuator slab, 
b) first dice and electroding stage, c) final cross dice 
 

4.5.1. The need for a mechanically robust electrical connection 

 

The process of establishing actuator connection has previously been described. The 

issue is to ensure that the multilayer structure within the actuator slab has a robust 

connection to the electrode. The micrograph in Figure 4.26 shows the internal 

multilayer structure of the actuator with 20 µm layer of PZT separated by inter-digitated 

1 µm thick palladium electrodes. The vertical side-wall accommodates the connection 

made to every second inter-digitated electrode on the left hand side.  On the right hand 

side of the actuator there is a corresponding electrode such that each column has two 

electrodes (a positive and negative). The actuator is charged with currents peaking at 

0.18 mA and up to 80 V. 

 

 
Figure 4. 26 Multilayer actuator (LHS shown) 

 

One of the most challenging aspects is to achieve an electrode on the PZT side-wall 

within the trench created by the dicing operation. The trench depth is at least 2 mm and 
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the width 0.3 mm giving an aspect ration of approximately 7:1.  A range of options are 

considered to achieve the necessary electrical connection. 

 

 

4.5.1.1. Preparing the PZT side-wall by seeding 

 

The side-wall seeding process forms an electrically conductive layer over the non-

conductive PZT material between the ends of the palladium electrodes on the side-wall 

of the actuator.  Once a conductive layer is in place it is possible to electroplate a much 

thicker copper layer on top, which is capable of carrying the actuator charging current. 

There are several methods of laying down the initial layer one of which is based on a 

tin-palladium colloid normally used as a catalyst for through hole plating of printed 

circuit boards [19].  

 

4.5.1.2. The Crimson process 

 

The Crimson process from Shipley is an eight-step industrial chemical process 

specifically designed to enable electroplating of copper onto fibreglass printed circuit 

boards [20].  The principal use of the process is in the electronics industry.  In the 

process micro particles of palladium seed the bare fibreglass of through holes and then 

an electroless layer of 1 µm of copper is built up before being electroplated to a 

thickness of 25 µm. 

 

4.5.1.3. Carbon black (nano particle) 

 

65 nm particles are suspended in a polymer. A critical concentration is needed to 

achieve a percolation network such that the volume of support polymer equals 4 times 

volume of carbon black [21]. The resultant layer has a 1 to 10 Ohm resistance. 

 

4.5.1.4. Sputtering a side wall coating 
 
 

Sputtering is the process used in this project and is commonly used in industry to form 

the electrodes [22].  In this case gold over nickel is used to sputter into the diced trench.  
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Initial trials indicate that the gold does reach both side-walls and the bottom of the 

trench. Sputtered atoms have moderate energies, typically between 2 - 7 eV and the 

angular distribution of the sputtered beam is cosine-like and depends on ion energy and 

is less prone to shading. Sputtered atoms from the target make their way onto the 

substrate through diffusion and the ions incident on the substrate may also re-sputter the 

surface causing PZT, and to a lesser extent palladium, to be dislodged.  Increasing the 

target temperature anneals the surface as it sputters, thereby keeping the crystalline 

structure and a more directional sputtering. Experiments in raising the target 

temperature in this application have not been carried out. There are opportunities to 

reduce the effects of shading and would be carried out by dynamically manipulating the 

sample such that the angle between the target and actuator is reduced.   

 

4.5.1.5. Concerns on effectiveness of side-wall seeding 

Concerns that arise from side-wall seeding include finding out how well the seed layer 

is bonded to the surface. In this application the electrode attachment is not directly 

comparable to the application on a PCB. A through hole or via in a PCB will always 

have a land on either side of the hole to mechanically ‘rivet’ the plated metal in place 

and so overcome issues of thermal expansion which could lead to loss of adhesion.  In 

our case PZT is very stable, however it is designed to extend and contract in normal 

operation so electrode delamination is a concern.  The ceramic PZT material is porous 

to a degree and moisture ingress is a known problem. There is a concern that the seed 

layer penetrates to the beginning site of the inter-digitated electrode and causes shorting 

resulting in the loss of actuation of that layer.  It is also possible that any free particles 

from the seed layer migrate over time leading to an emergent failure mode.  

 

4.5.1.6. Copper plating 

 

A copper plating process requires a conductive surface for electroplating and so will be 

a second stage process and is principally used to develop a robust electrode with 

sufficient current carrying capacity. Copper has a Young’s modulus of 128 GPa and 

will flex relative to the ceramic of the actuator. A protective layer over the copper is 

required to prevent the formation of oxides, which will corrode the electrode. One 

possibility is to sputter on a thin layer of titanium. An alternative is a coating such as 
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Parylene, deposited by chemical vapour over the complete actuator array to form a 

conformal coating over the electrodes and exposed actuator walls. The advantages are in 

the passivation of the electrodes and the prevention of moisture ingress to the actuator 

without causing the charge on the actuator to leak away [23].  The top of the actuator is 

masked to keep the site available for bonding of the mirror legs. 

 

4.5.1.7. Electroless nickel plating.  

 

Nickel plating is a self-catalysing process and the resultant nickel layer is a NiP 

compound, with 7–11% phosphorus content. The properties of the resultant layer are 

hardness and wear resistance, which can be altered with bath composition and 

deposition temperature, which is typically at 91oC.  Electroless nickel plating layers are 

known to provide extreme surface adhesion when plated properly. Electroless nickel 

plating is non-magnetic and amorphous. The plated layers are not easily solderable but 

this would not be an issue as the connection is to base layer tracking. A corrosion 

protection layer would not be required.  The stiffness of the material may act to restrict 

actuator displacement since the Young’s modulus is 200 GPa, which is almost twice 

that of copper.  Another issue is the epoxy bond to the actuators, which may soften at 

the plating bath temperature.  The effect can be mitigated by curing the epoxy at a 

raised temperature.  The strength of epoxy is more heat and chemical resistant if cured 

at a raised temperature and the subsequent bond strength is then degraded at higher 

temperature of 177oC [24].  

 

4.5.1.8. Conductive ink 

 

Heraeus manufacture a range of specialist inks used in screen printing of conductive 

traces, for example in LTCC (Low temperature co-fired ceramics) applications and 

printing onto ceramics. The principle drawback is the firing temperatures at above 

800oC, which would cause the depoling of the actuators although the actuators can be 

subsequently re-polled.  The inks are viscous but can be thinned then pressure forced 

into the actuator trench by screen-printing techniques.  The photographs in Figure 4.27 

below indicate how well the ink bonds to material such as ceramic [25]. 
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Figure 4. 27 SEM cross-section micrographs of 75% Ag ink printed on LTCC substrate 
before (a) and after (b) sintering [25] 

 

The geometry of the conductive particles in the ink can help forming connections, for 

example metal flakes would be preferred rather than the point contact of spherical 

particles. A series of test trenches and sectioning would be required to evaluate the 

practicality of using forced ink printing, but it is possible that there would be no need to 

plate up following firing if the final layer is sufficiently thick.  

 

4.5.1.9. Dendritic growth promotion 

 

One of the unfortunate consequences of residue left on a surface is that it can provide a 

site for growth of dendrites which then form conductive channels as shown in Figure 

4.28 and 4.31 [26].  It may be possible to put dendrite growth to advantage and establish 

a conductive film between the palladium electrode ends in our actuator. 

 

 
Figure 4. 28 Surface PCA dendrites as a result of flux contamination [26] 

 

Using silver and selenium an environment can be created for dense, three dimensional 

growths of nanostructures [27].  Dendrite growth could be considered as a supporting 

process should there be issues in not being able to reliably sputter to the full depth of the 

trench.  In this instance sputtering silver should be considered.  The growth reaction 
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merely requires the load of bulk elemental selenium powder and silver in the form of a 

foil or a film on any substrate carrier, in a simple solvo-thermal process with a common 

alcohol as the solvent. The growth is straightforward, with film formation occurring in 

10 hours.  No other compounds or chemical additives are required. 

 

 
Figure 4. 29 Silver dendrite resulting from 1000 hours of aging at 85oC/85%RH and    

2.5 V DC bias of silver epoxy attachment [28]  

 

Alternative processes involve zinc [29] as illustrated in Figure 4.30 
 

 
Figure 4. 30 FEG-SEM image of Zn thin film prepared by pulsed current electro 
deposition onto steel substrate in absence of additive molecules at higher peak current 
values [29] 

 

A summary of the advantages and disadvantages of various plating preparation process 

is given in Table 4.2. 
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Table 4.2 Electrode preparation processes, advantages and disadvantages 

Process  Advantage Disadvantage 

Crimson Established commercial process Question over surface bonding. Ingress 
to porous material 

Carbon 
black 

Fewer steps than the Crimson 
process  

Question over surface bonding. Ingress 
to porous material 

Sputtering Used for piezo actuators in industry. 
Choice of material to sputter 

Effect of shading on area coverage. 
Diminished impact energy at oblique 
angles leading to weaker bond 

Copper 
plating 

Easily available and controllable 
process. Can be carried out at 30C 

depletion of ion concentration in high 
aspect ratio(7:1)  trench leaving no metal 
deposited 

Nickel 
plating 

Can be carried out on non 
conductive surfaces. Single thick 
film can be built up so no post 
processing. Corrosion resistant 

Carried out at raised temperature (90oC), 
effect on actuator to base bond unknown. 
Stiffer material than copper. Not 
solderable. 
Masking is an issue 

Conductive 
ink 

Simple to apply. Can be repeated to 
build up layers 

Cured at >800oC. Bonding of actuator to 
base an issue (but not if base is part of 
actuator layup).  

Dendrite 
growth 

Simple process. Could be used in 
conjunction with sputtering. Novel 
and perhaps effective on its own as 
a seed layer 

Adhesion to surface may be an issue 

 

4.5.2. Practical work carried out on developing electrodes 

 

4.5.2.1. Effectiveness of the seed layer 

The first stage in the electroding process is to apply the seed layer by sputtering.  A test 

block of PZT was mounted on a fibre-glass FR4 PCB as shown in Figure 4.31.  Nickel 

then gold was sputtered and the test piece sectioned to investigate the effectiveness of 

coating the side-walls, as seen in Figure 4.32. 
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Figure 4. 31 Actuator mounted on PCB and diced. The conductive row tracks are 
indicated by the label A. The column tracks are at the bottom of the grooves  

 

 

Figure 4. 32 Gold sputtered section of actuator trench 

 

A visual inspection of the diced section revealed a banding in the profile of sputtered 

gold, and with gold evident all the way to the base of the trench. One possible reason for 

the banding of gold could be abrasion from the water jet of the dicing saw used in 

preparing the sample for inspection.  It is unlikely that energetic atoms of gold failed to 

coat the trench as a graded appearance across the surface would be evident and this 

would diminish towards the base of the trench. 

 

4.5.2.2. Direct immersion electro-plating 

Assuming that a sufficient thickness of the gold seed layer is present the next stage in 

the process is plating with copper.  The plating solution is prepared using 200 

Column tracks 

Row tracks 
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grams/litre of copper sulphate and mixed with 30 millilitres/litre concentrated sulphuric 

acid.  Common salt is added (0.1 grams/litre sodium chloride) to help dissolve the 

anode. A basic plating arrangement is shown in Figure 4.33 and uses the tracking of the 

PCB used as a common connected cathode. 

 

 

Figure 4. 33 Copper plating actuator array 

 

The anode is sacrificial with ions entering the plating solution, which cause the copper 

to be plated out on the cathode. The amount of copper plated, and therefore its thickness 

is related to the product of current flowing and time in the plating bath.  The calculation 

for a 100 μm thick layer obeys Faraday’s law and is given in appendix B.2.  The slower 

the plating process the finer the plated finish and the approach taken passes a small 

current initially to help form a homogeneous surface of copper before increasing the 

current to build up the thickness of copper.  The plating calculation sets the current and 

duration to 0.5 A for 1 hour then increasing the current to 1.2 A for 1 hour.  The power 

is connected to the electrodes before the sample enters the bath so that electroplating 

begins immediately on entering the plating solution, which helps to avoid immersion 

plating.  

Preliminary tests on plating highlighted a problem of plating to the full depth of the 

trench as seen in Figure 4.34.  Removing one actuator row by breaking the epoxy bond 

revealed that the plating did not extend far into the trench (Figure 4.34b).  The most 

likely cause for the lack of plating is a depletion of copper ions within the trench, which 

are used up very quickly and not replenished in the stagnant fluid. Introducing a 

mechanical stirrer did not improve the motion of the fluid in the trench. 

Anode 

Cathode 
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 Actuator 
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a 

 

Extent of plating into trench 

b 

  

Figure 4. 34 Actuator plating with copper 

 

4.5.2.3. Ultrasonic plating bath 

Attempts were made to agitate the plating fluid within the trench by incorporating an 

ultrasonic assisted agitation system as shown in Figure 4.35.  The plating was improved, 

but not to the base of the trench for the full length of the actuator as seen in Figure 4.36. 

 

Figure 4. 35 Ultrasonic plating bath 

 

X 60 

2 mm 
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Figure 4. 36 Ultrasonic plating 

 

The implication of the improved but incomplete plating using the ultrasonic method is 

that the flow of plating fluid with ions available for plating must have been increased.  

 

4.5.2.4. Gravity fed flow of plating solution  

An attempt to increase the flow was made using a gravity-fed forced fluid system, 

shown in Figure 4.37.  A glass plate was attached to the top of the actuator array using 

silicon sealant to create a channel for the forced fluid to flow through as shown in 

Figure 4.38.  

 

Figure 4. 37 Gravity forced plating 

 

x10 x60 
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Figure 4. 38 Array prepared for forced plating fluid flow 

 

The plating area is reduced as the tops of the actuators are sealed and using the plating 

calculation in appendix B.2 the time of the 1.2 A plating is reduced from 1 hour to 52 

minutes. The arrangement of Figure 4.37 was not satisfactory and it was difficult to 

maintain a balanced flow rate and there were issues of debris collecting in the channels, 

the consequence of which is shown in Figure 4.39.  The effect of debris and reduced 

flow rate was to cause a build up of plated copper at the channel entrance and block the 

plating process to the inner walls for the trench. 

 

Figure 4. 39 Blocked plating channel 
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4.5.2.5. Pump forced plating fluid 

Control of the plating fluid flow rate and of its filtering to prevent debris blocking 

channels was necessary. The arrangement was adapted to include a filtered circulating 

pump as shown in Figure 4.40. 

 

Figure 4. 40 Pump circulated plating fluid 

A small submersible pump was used to circulate the plating fluid with the inlet to the 

pump drawing fluid directly from the vicinity of the anode to ensure a good supply of 

ions.  The speed of fluid circulation was controlled by adjusting the voltage to the pump 

motor.  To test the effectiveness of the arrangement one actuator row was electrically 

isolated, while the fluid flow through it was maintained.  The micrograph shown in 

Figure 4.41 is viewed from the top of an actuator trench; the copper plating can be seen 

on the side-walls but not in the adjacent trench.  The actuator rows on both sides of the 

plated trench were then removed for examination and Figure 4.42 shows that there is 

evidence of plating to the base of the trench. 

 

Figure 4.41 Top view down a plated actuator trench 

x60 
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Figure 4. 42 Copper plating to bottom of trench 

 

Consistent plating was observed on both sides and bottom of the trench. The flow rate 

through the channel was set to change the plating fluid 5 times per second, with an 

approximately flow rate of 100 μl.s-1, principally to ensure that there was a change in 

fluid in all rows despite small pressure variations due to the setup. No attempt was made 

to find an optimal flow rate since the important principle was to ensure that there is a 

good supply of ions along the whole length of all the rows. 

 

4.5.2.6. Protective coating over the plated electrodes 

Coating the copper with a passive metal such as gold was considered but the final dicing 

processes could cause areas of the gold to be abraded. There is a need to protect the 

exposed faces of the actuators once the final cross dice has been carried out. The 

protection is necessary to prevent the long-term ingress of moisture which can cause 

delamination and arcing between PZT layers. A Parylene coating was considered but 

the process would inevitably also coat the actuator top face, which must be kept free for 

bonding the mirror. Protecting the top faces of the actuator would increase process steps 

and the removal of the protection may damage the Parylene coating. The best protection 

Copper tear 
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afforded to actuator faces is a passive layer of ceramic added before sintering the 

actuator, but is not practical in this design. A standard approach to protect side-walls is 

to coat the actuators with a varnish. Varnish coating could be done after the deformable 

mirror is fitted by flooding the array with varnish and then draining to leave a conformal 

coating. 

 

4.6. Lower density array to support development of control circuitry 

The process of forming effective electrodes is crucial to creating a successful actuator 

array and deformable mirror. The work of this project covers a range of technologies 

from mirror bonding to actuator control. To mitigate against the complexity of the 

processes involved in electroding the 196-element array it was decided to construct an 

array of actuators with a lower density.  The actuators used were made by Noliac of the 

same material as the 196 array (NCE51) and are constructed in strips with a 1.5 x 2 mm 

cross section and have electrodes applied as shown in Figure 4.43.  An actuator array 

with 36 actuators would serve as a tool to enable investigations into actuator control but 

would not be able to provide the level of wavefront correction anticipated from the 196-

element actuator array.  

 

Figure 4. 43 Actuator strips with electrodes attached 

 

The actuator strips are epoxy bonded to a PCB which has tracking organised to enable 

the actuators to be soldered to a pad along the length of the actuator as seen in Figure 

4.44.  An array is formed when the strip assembly is cross-diced. The limitation in using 
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this approach to forming high density arrays is the requirement to solder the actuator to 

the board. 

 

 

 

 

 

 

 

Figure 4. 44 Six strip actuators soldered to a PCB. The solder applied along each strip 
length can be seen on the right hand side of each actuator 

 

A low temperature solder with a melting point of 180oC was used.  The thermal mass of 

the actuator strip prevents the use of a temperature higher than the Curie temperature of 

the actuator material. An alignment jig was used to help keep the strips parallel during 

bonding. The actuator array was then cross diced and the surface polished to make the 

actuators co-planar for bonding to the deformable mirror surface and is shown in Figure 

4.45. 

 

Figure 4. 45 Cross-diced actuators array 
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4.7. Alternative actuator array constructions. 

The versatility of piezo-ceramic material encourages other constructions to improve the 

process of actuator array fabrication. Some consideration was given earlier to the 

incorporation of tracking within the ceramic layup to help mitigate potential issues of 

CTE mismatch. The essential design of the actuator array as a single slab was 

unchanged and there is still the requirement to attach, plate and precision dice 

electrodes.  Discussions with the manufacturer of the arrays (Noliac) indicate that other 

structures based in the strip actuator may be possible. One concept of interest is to 

incorporate the row and column connections into the actuator design without the need 

for precision dicing and additional electrode fabrication. The concept may be achieved 

through the construction of a series of staves (actuators formed as plates) which are then 

stacked to form an array then bonded and cross diced as illustrated in Figure 4.46. 

 

Figure 4. 46 Actuator array constructed from staves 

 

The staves are assembled using a spacer and the bottom face is used as a reference in a 

jig which clamps the assembly. The top face is then ground parallel to the bottom face. 

The whole assembly is then flip-chip bonded to a PCB preferably made of ceramic [30].  

Following re-heating of the solder bumps on the base the spaces between are flooded 

with epoxy and cured. 

 



103 
 

A particular advantage of the stave approach to actuator array construction is that each 

individual stave can be tested for both electrical continuity and deflection before array 

construction. For a surface deflection test, a Dektak 3 profilometer (Bruker Corporation) 

is capable of scanning a length up to 50 mm with a vertical resolution of 2 nm. The 

stave approach is also scalable with staves being added to increase the length of the 

array, or being added in grid pattern to create a matrix, as shown in Figure 4.47. The 

principle change to design required in creating and wiring larger arrays is in the support 

PCB. 

 

Figure 4. 47 large structure deformable mirror arrays based on staves 
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Chapter 5  

Deformable mirror displacement control 

 

5.1 Introduction 

This chapter discusses the control of the actuator array and the factors affecting the 

displacement, such as hysteresis. A method of mitigating the influence of hysteresis on 

accuracy is also proposed.  The active material used to effect the shaping of the 

deformable mirror is PZT. The extension of this material is carried out by the 

application of an electric field. PZT belongs to a group of materials called ferroelectrics, 

which have a temperature dependant polarisation.  The polarisation of ferroelectrics can 

be reversed by the application of an external electric field but only up to the Curie 

temperature (Tc). Above the Curie temperature the crystal structure changes from 

tetrahedral to face centre cubic as shown in Figure 5. 1 

 

Figure 5. 1 PZT molecule above and below the Curie temperature (Tc) 

 

The titanium atom causes a distortion in the molecule below Tc and, in this state, the 

centres of positive and negative charge are no longer identical.  The dipole created gives 

the molecule a positive and negative end.  If an electric field is applied when the 

temperature is above Tc then the PZT molecule polarises in the direction of the field. As 

the temperature falls below Tc the titanium atom is displaced in the direction of the 

applied field and is constrained in this position. Mechanical stress applied to the 

molecule will cause the generation of charge as the dipole is forced into compression.  

Conversely, applying an electric field across the molecule will increase the dipole 

+ 

- 
Dipole 
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separation resulting in a further mechanical distortion of the molecule structure as 

depicted in Figure 5. 2.  

 

Figure 5. 2 PZT material expansion with electric field 

 

PZT ceramics are prepared by mixing the active material with a binder which allows the 

formation of the device into the desired shape. The grains within the material mix are 

randomly orientated and fixed in position as the binder is baked out. Sintering takes 

place at a higher temperature (greater than 960oC). On cooling the PZT molecules are 

grouped in randomly orientated domains. When the material is re-heated above Tc and 

an electric field applied the polarity of the molecules within the domains orientate in the 

direction of the field. The material is then said to be polled, as shown in Figure 5. 3.  

 
 

Figure 5. 3 Domain orientating in PZT under an applied field 

 

When an electric field is applied to the polled material below Tc the expansion of the 

PZT molecules force the material to move along the grain boundaries. Since the polling 

of the material results in domains which are not all aligned in the same direction, the 

electric field causes a degree of expansion in all directions as the domains attempt to 

T > Tc 
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align to the field.  The greatest expansion occurs in the direction of polling. The motion 

along the grain boundaries is not smooth but moves is a series of small jumps, which 

have been described by Barkhausen [1] as shown in Figure 5. 4.  Energy is required to 

overcome the forces at the grain boundaries and this constraint causes a reduction in the 

amount of actuator contraction when the electric field is reversed. The apparent 'lost 

motion' is the origin of the hysteresis seen in the PZT material.   

 

Figure 5. 4 Barkhausen effect in ferroelectric 

 

The hysteresis curve illustrated in Figure 5. 5 shows that for a given electric field, there 

is a displacement in the PZT material. When the field is reversed the displacement does 

not fall back to its previous position. As a consequence it is difficult to know precisely 

the subsequent displacement for a given electric field. 

 

 

Figure 5. 5 Hysteresis in PZT material 



110 
 

 

The hysteresis in the material used in actuators for the deformable mirror construction 

(Noliac NCE51) is quoted as up to 20% [2].  The hysteresis curve of Figure 5.5 shows 

that when an actuator is polled the curve traces out the cycle Dr to Ds .  

 

The hysteresis experienced can be described by considering the strain-electric field 

relationship of an ideal "butterfly" loop [3] for a single domain ferroelectric crystal with 

one 180o reversal at the coercive field Ec as depicted in Figure 5.6.  The linear section A 

- C is the region of interest for actuators used in the deformable mirror development.  

The actuator expands and contracts linearly, and without hysteresis. Of note is point D 

where the direction of polarisation switches. If too large a reverse field is applied. In 

this simplified case there are no domain walls and so no movement of domains. 

 

 

Figure 5. 6 Ideal butterfly loop for ferroelectric materials 

 

At point A the strain is zero and, when the electric field is applied in the direction of 

spontaneous polarisation, the expansion is due to the piezoelectric effect (direction A B 

C).  Point C is the maximum expansion. Reversing the field causes contraction. At point 

D the reverse field causes the polarisation to switch and the strain becomes positive at 

point E.  Continuing to increase the negative field causes the strain to increase to point 

F.  As the field is reduced the strain decreased back to zero at point A and polarisation 
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will only reverse again at point G where another sudden change in strain occurs. An 

example of a butterfly loop for a practical actuator is shown in Figure 5.7.  

 

 

Figure 5. 7 Butterfly loop for a practical actuator with increasing field cycles 

 

All of the work carried out in this thesis on the deformable mirror relates to actuator 

expansion and contraction for a positive electric field with positive strain (Dr to Ds in 

Figure 5. 5 and direction A-C in Figure 5. 6), polarisation switching does not take place.   

The multi-layer actuators used in the deformable mirror development contain multiple 

domains and therefore multiple domain walls.  The polarisation within a domain is all in 

one direction but the overall polarisation for the material is not in the same direction.  

The material polarisation is the sum of the influences of all the domains. The domain 

walls are orientated either at 180o or non-180o.  The movement of 180o walls affects the 

polarisation of the actuator but does not influence the strain. Movement of the non-180o 

walls affects both polarisation and strain. Strain within the domains is a pure 

piezoelectric response. In both processes, domain wall movement and pure piezoelectric 

effect, contribute equally to the deformation of the material. It is the contribution to the 

strain from movement of the domain walls that is highly non-linear and hysteretic [4].  

In the case where polarisation switching does not take place, domain wall movement is 

the main source of hysteresis. 
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Actuators made of PZT also experience creep or displacement which continues under a 

constant electric field. Creep is attributed to ferroelectric or ferroelastic domain 

switching with the actuator under a constant load and depends on the magnitude of the 

load.  Creep may have its origins in domain wall pinning due to defect dipoles located 

randomly in the material [5].  For the Noliac NCE51 material the creep is 0.8% per 

second for the first 100 seconds after positioning [2].  

The deflection of an actuator made of PZT is dependant on the control of the electric 

field in the active zone of the actuator as shown in Figure 5.8. 

 

Figure 5. 8 Electric field in an actuator 

 

PZT has a high dielectric constant value. For example Noliac NCE51 has a relative 

dielectric constant of 1900.  The multilayer structure of the actuator creates a series of 

capacitors and the ceramic nature of PZT gives these capacitors an extremely low 

leakage current, of the order of fractions of a picoampere per capacitor. The 

combination of many layers of electrode and PZT results in a 2 x 2 x 2 mm actuator 

having a total capacitance of 34 nF, which must be taken into account in the choice of 

circuitry built to generate the electric fields within the actuator. The rate at which the 

actuator can be charged (or discharged) is influenced by the capacitance. The drive 

electronics must be capable of supplying the necessary magnitude of charge to the 

actuators within a time scale to suit the rate at which the deformable mirror surface is 

re-configured.  The update rate of the deformable mirror is to be determined by the 

interval between wavefront error corrections. The change in actuator extension, between 

adjacent actuators for the required update rate is 90 nm.  The change in actuator 

extension for the update rate is 4.5% of the available actuator stroke and will require a 

corresponding change in electric field within the actuator.  
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5.2 Electronic driving options 

 

The actuators used in this design form an array of 196 elements, each having 

dimensions of 1 x 1 x 2 mm and capacitance value of 9 nF.  The full extension of the 

actuator (2 μm) requires 80 Volts. For a 500 Hz refresh rate, a change of 90 nm 

extension will require a voltage change of 3.6 volts in 2 ms.  Since � = �
��

��
  the current 

required is 16.2 μA and the slew rate 1.8 mV/μs. 

 

There are a number of ways to implement the drive electronics and the motivation of 

this research is to identify a cost effective solution.  Several approaches have been 

considered together with their advantages and drawbacks.  In all the designs considered 

there is a requirement to drive the full range of the actuator and so the electronics must 

be capable of controlling 80 Volts.  

  

 

5.2.1 Direct drive solution 

 

Driving the actuators directly requires one discrete channel of electronics for each 

actuator, so 196 channels for the actuators in the development array.  At present most 

analogue integrated circuit designs in silicon do not exceed 100 volts1 and so additional 

discrete components rated to a higher voltage are required. The additional components 

increase the complexity of the design and therefore cost. The wiring of a direct drive is 

more complex particularly as the number of components in the drive circuitry requires 

the electronics to be located away from the deformable mirror. 

 

If the design is to be scaled to a larger area deformable mirror with actuators on the 

present pitch spacing then a matrix built up of 196 actuator arrays is required. The 

number of drive channels will scale linearly and the connectivity of the large number of 

cables involved will become an issue. 

 

 

 

 

                                                 
1  Silicon on insulator technology has reached 200 V operation for switching applications [24]. 
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5.2.2 Pump charge solution 

 

An alternative to an analogue voltage being applied to the actuators is to transfer a 

discrete amount of charge.  A pulsed switching system based on pulse width modulation 

(PWM) could be used to produce an analogue voltage response on the actuator using 

digital control. The PWM signal is switched between on and off and the width of the 

pulse, which is accurately controlled, determines the amount of charge to be transferred 

to the actuator.  It may be possible to connect the actuators in an array configuration to 

reduce the wiring requirement. The main concern of this technique is crosstalk. The 

rapid rise time of the digital signals (typically nano-seconds) will induce a current in an 

adjacent actuator based on the parasitic capacitance present in the circuit. The current 

produced is a product of the parasitic capacitance and switching voltage over the period 

of voltage change and will cause a displacement error in actuators affected.  If the total 

parasitic capacitance between two actuators is estimated at 10 pF - a typical connector 

has 2 pF between adjacent pins - then switching a 40 V signal with a rise time2 of 100 

ns will produce a 4 mV error in an actuator for every pulse coupled.  The actuator 

delivers 2 μm displacement for an applied voltage of 80 volts, and a 4 mV error 

corresponds to 0.1 nm per pulse.  A typical PMW switching speed is 40 KHz which 

could potentially produce an error of 4 μms-1. 

 

 

5.2.3 Switching a set voltage level solution 

 

The approach adopted in this design takes advantage of the actuators capacitance to 

reduce the number of connections to the array, and to overcome the limitation of the 

silicon substrate operating voltage in integrated circuits.  The charge across the actuator 

is balanced by charging the actuator's capacitance from both electrodes, as shown in 

Figure 5.9.  The input voltage, Vin, is buffered by an amplifier and applied to one side of 

the actuator and the same voltage is inverted and applied to the opposite actuator 

terminal.  

                                                 
2 For example the TL594 precision switch mode pulse width modulation control circuit from ON 
Semiconductor has a switch-on voltage of 100 ns.  A fast switch-on time is important for the accuracy of 
timing the pulses and therefore the amount of charge transferred to the actuators. 
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Figure 5. 9 Balanced charge applied to an actuator 

 

Each of the amplifiers can operate up to the maximum allowable voltage of the silicon 

substrate (50 volts) and the actuator can have up to 80 volts across it. The leakage 

current of the actuator is extremely low, of the order of 4 pA, due to the insulating 

nature of the PZT ceramic layers.  When a low leakage analogue switch is connected 

between the amplifier outputs and the actuator electrodes then the actuator will retain its 

electric field and mechanical position when the switches open as shown in Figure 5. 10. 

 

 

Figure 5. 10 Switching a set level to an actuator 

 

Using a series of switches it is possible to connect the actuators into an array as 

described in Figure 5. 11. 
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Figure 5. 11 Actuator array using switched set level 

 

The analogue switches can be computer controlled to sequence the charging of the 

actuators in the array. The arrangement of the array connections reduces the number of 

connections to the array from 196 individual connections to 28 i.e. 14 rows plus 14 

columns. Larger arrays could be connected with the simplified wiring arrangement 

provided the update rate for the deformable mirror can be maintained.  It would also be 

possible to connect wired arrays in a matrix to maintain the refresh rate of each 14 x 14 

elements array.  Astronomy instrumentation applications such as EAGLE require 40 

mm diameter deformable mirrors with an actuator pitch on the scale proposed.  Laser 

machining applications may require the laser power to be spread over a larger area to 

prevent damage to the mirror surface but may not require the high refresh rates needed 

for this astronomy application and so could make use of the contiguous array 

connection thereby allowing reduced connection and component count. 

 

5.3 Design of the switch set level approach 

The analogue switches, which connect to the actuator, are one of the most important 

components in the operation of the circuit.  The leakage current through the switch must 

be sufficiently low relative to the time interval between actuator refresh charging that 

the position of the actuator is not significantly affected.  The analogue switch chosen is 

an Analogue Devices single pole switch, ADG417. The switch is a LC2 MOS device [6] 

capable of operating up to 44 V and with a Drain off (or Source off) leakage current of 
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+/-0.1 nA.  The leakage current for the switch in the off was measured using the circuit 

of Figure 5. 12.  

 

Figure 5. 12 Analogue switch test circuit 

  

The voltage on the capacitor is buffered by a FET input op-amp (Analogue devices 

AD445) and the output measured on a Fluke 8060A multimeter.  The test capacitor was 

measured as 0.853 µF, using a Tenma 72-6634 LCR meter, and was charged using a 1.5 

Volt battery.   At the start of the test the measured voltage was 1.374 V and after 60 s 

was 1.362 V, decayed at a rate of 200 µV/s.  The charge stored on the capacitor (Q=VC) 

decreased by 10.24 nC in 60 s giving a leakage current of 170 pA.  When the test was 

repeated without the analogue switch present the leakage was significantly less at 4 pA, 

indicating that the leakage is associated with the analogue switch. 

 

The effect of switching was investigated on an array of four test actuators, mounted on a 

glass slide to reduce surface leakage currents as shown in Figure 5. 13.  The actuator 

displacement is 1 µm at 80 volts.  The charge stored in the actuator at 1 µm 

displacement is 2.72 µC. Assuming a linear approximation, this means the actuator 

requires 2.72 C/m and that the leakage current in the switch test application would result 

in an actuator height loss of 62.5 picometers/second. 

    

 

Figure 5. 13 Four leakage test actuators 
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Each actuator was charged to 1.374 V from an AA cell and the voltage drop over 60sec 

noted. The averaged leakage current of 3 actuators, measured without the analogue 

switch, was 3.28 pA.  One actuator, which had a measured capacitance of 29 nF, had an 

average leakage current of 41.5pA taken over 3 measurements and may have had some 

internal damage as the expected capacitance is lower and the leakage current higher 

than the other actuators. 

 

As explained beforehand, the proposed circuit is dominated by the leakage current 

through the switch 170 pA, and the error in actuator displacement produced is small 

compared to the specification for the deformable mirror which requires 0.5 nm accuracy 

at a refresh rate of 500 Hz. At the refresh rate of 500 Hz the actuator error is 1 part in 

2000. The 196 actuators array has actuators with smaller dimensions, of the order of  

1 x1 x 2 mm, and a capacitance of 9 nF.  In this case the anticipated error is of 1 part in 

529. 

 

The controls of leakage currents and electromagnetic interference are crucial to the 

operation of the switched set level approach. A circuit was designed to provide the 

required control of an array of actuators with opto-isolation of incoming signals and 

filtering of power supplies as shown in Figure 5. 14.  The voltage applied to the array is 

set by a 12-bit digital to analogue converter (DAC) followed by an X12 amplifier which 

increases the level to a maximum of 40 Volts. 

 

 

Figure 5. 14 Array control electronics 
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The actuator array rows are driven by the positive amplification of the DAC voltage and 

the inverting amplifier applies an equal but opposite voltage to the other end of the 

actuator, which is connected to the array columns.  The 12-bit DAC output has 4096 

counts, giving 1 mV/count and, after amplification, 24 mV/count (2 x 12 mV) across the 

actuator.  The response of the mechanical extension of the actuator to an applied voltage 

is 12.5 nm/Volt as 80 Volts gives a 1 μm extension.  Since the 1 μm extension of the 

actuator is reached in 3333 counts, the resolution of the control voltage is 0.3 nm/count.  

The over-voltage drive available, up to 98 Volts in 4096 counts, will not damage the 

actuator as the breakdown voltage of the end wall varnish is much greater. For example 

UBE polyimide U-Varnish has a breakdown voltage of 150 kV/mm, giving protection 

between actuator layers to 3 kV.  The breakdown voltage of the PZT material, 10 

MV/mm [7], is much greater than that of the protective varnish coat. 

Looking back at Figure 5. 14, a FET buffer is connected to each row in the array and 

enables the voltage on an actuator to be measured without discharging the actuator.  The 

input impedance of the FET buffer is 1014 Ohms and the input bias current is 10 pA.  

The core of the design is an array of analogue switches, which connect the amplified 

DAC voltage to the actuators.  The operation of the analogue switches is managed by a 

28 channel multiplexer (28 ch I/O Expander, MAXIM 7301), and the data for the 

computer control of the multiplexer is sent via a Serial Peripheral Interface bus (SPI) 

[8].  The same SPI bus is connected to the DAC for setting the required voltage and 

there are two separate chip select lines used to direct the control information to the 

appropriate device.  A driver chip ensures that the incoming SPI signals are buffered 

and free of any spurious signals or voltage spikes. An opto-isolator maintains ground 

isolation for the digital signals and a single point ground connection is made to the 

computer interface to minimise ground currents.  Not shown in Figure 14, but included 

on the circuit board, are voltage regulators, which provide 120 dB rejection of common 

mode noise on the power supply lines to the chips on the board.  The design was 

implemented on a single control board and is presented in Figure 5. 15. 
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Figure 5. 15 Control board for the 196 actuators array 

The time to configure the actuators is important for the operation of the deformable 

mirror as the response time of the electronics will set the maximum frequency of 

operation.  For the design developed for this work each actuator must have a voltage set 

and then be connected to the actuator by an analogue switch.  The sequence is initiated 

by a computer signalling to the control board by sending 2 bytes to the 12-bit DAC over 

a 20 MHz SPI interface. The output of the amplifiers must then settle to the applied 

voltage, to better than 1 bit in 12.  The analogue switches are connected to the actuator 

during the settling time. The control of the analogue switches requires 2 bytes to be sent 

over the SPI interface.   Table 5.1 summarises the set up time for 1 channel. 

Table 5.1 Settling times for components in one actuator channel 

 Component Model number Settling time 

1 DAC voltage MCP4822 0.8 μs 

2 Amplifier settling time OPA454 10 μs 

3 Switch control MAX7301 0.8 μs 

4 Analogue switch ADG417 0.16 μs 

 

As shown in the Table, the settling time of the amplifier dominates at 10 μs.  The set up 

of subsequent actuators can be interlaced as the DAC set up voltage can be sent over the 

SPI interface in readiness for a 0.1 μs pulse to enable the voltage on the output of the 

Analogue switch array 
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DAC.  The communication time for all the other devices adds approximately 10% to the 

time taken by the amplifier. The total set up time for an actuator due to communications 

and settling is 11.6 μs. 

In normal dynamic operation, for a demanding application such as wavefront correction 

for astronomy, the maximum inter-actuator stroke difference was previously defined as 

90 nm corresponding to 3.6 Volts across the actuator. The actuator achieves the 

displacement through charging by two amplifiers each slewing to 1.8 Volts.  The slew 

rate of the amplifier is specified as 13 V/μs and to achieve the 1.8 Volts swing will 

require an additional 0.14 μs to the settling time.  The total settling time becomes   

11.74 μs.  A full array of 196 actuators will require 2.3 ms to set up; this is a refresh rate 

of 435 Hz which is less than the specified goal of 500 Hz.  The author is not aware of an 

operational amplifier capable of switching to 40 Volts with a faster settling time.   

The development of multi-layer actuators with thinner layers, for example 10 μm [9] 

[10], will require lower voltages to achieve the same displacement; such a development 

would enable the use of faster settling amplifiers.  As an example the Analogue Devices 

AD842 amplifier has a slew rate of 375 V/μs, operating from a +/- 18 volt supply, and is 

28 times faster than the one used in this design.  Using the faster settling time amplifier 

could reduce the set up time for one actuator to 1 μs; a potential refresh rate for the 

array of 1 MHz.  The ten micron thick multilayer actuator is not yet commercially 

available and to meet higher array refresh rates it may be necessary to increase the 

number of actuator drive amplifiers. If each row and column in the actuator array had an 

associated drive amplifier then it may be possible to achieve 5 KHz refresh rates.  

Future improvements to SPI communication speeds could also lead to even faster array 

refresh rates. 

 The addressable actuator concept enables the design configuration of the actuator 

arrays to be tuned to design requirements. It is possible to conceive of sub arrays with 

their electronic control for fast applications or large arrays requiring a simpler electronic 

control structure.  

5.4 Performance of the actuator drive electronics 

A test of the switched set level circuit concept was carried out on an array of 36 

actuators, each 2 x 2 x 2mm, mounted on an FR4 circuit board as shown in Figure 5. 16. 
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Figure 5. 16 Actuator array and test connection 

 

The actuators were measured for leakage current, Figure 5. 17, using a FET buffer.  The 

voltage drop across the actuator during the test was on average 16% which kept the 

discharge on the actuator capacitance linear to within 0.05%.  The leakage current 

measurements show that the average leakage current is 86 pA with a large standard 

deviation of 60 pA. The values measured are lower than the leakage current of the 

analogue switch, 170 pA, but significantly higher than the measurements made with 

actuators mounted on a glass substrate (3.28 pA). The increase is most likely due to 

higher surface leakage currents of the FR4 circuit board. The total increase in leakage 

current attributable to the analogue switch and actuators on the FR4 board is 256 pA.  

Recalling a charge displacement on the actuator of 2.72 C/m, the leakage current results 

in a small loss of actuator height at a rate of 94 pm/s, and, of itself, would not justify the 

use of a ceramic based circuit board for mounting the actuators. The leakage current on 

the FR4 circuit board could be reduced by including guard rings around sensitive 

terminals [11], and achieving surface leakage currents to adjacent channels in values as 

low as 0.04 pA .  

36 actuators 

Interface board 
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Figure 5. 17 Leakage currents values measured for the actuator array 

 

The effect of the leakage current of the actuators mounted on the circuit board was 

simulated using SPICE as reported in Appendix C1, as part of the investigation into 

crosstalk between channels. Simulated crosstalk value of -14dB was experimentally 

confirmed on the array board. Further simulated values of -13 dB were obtained for 

frequencies up to 2 KHz and -19 dB from 2 KHz to 20 KHz. These results are a cause 

for concern as they indicate that approximately one fifth of the applied signal to an 

actuator mounted on the present board design will be coupled onto adjacent actuators.  

In comparison the four test actuators shown in Figure 5. 13 have a much lower 

measured crosstalk of -66 dB at 2 KHz. Improved circuit board layout, such as those 

proposed in reference [12], or the use of a ceramic PCB such as MACOR [13], which 

has a surface resistance 1017 Ohm cm-1, will be required. Making the improvements to 

the circuit board through track layout and a higher resistance substrate material to 

mount the actuators has the potential to reduce the crosstalk to better than -120 dB at 

actuator refresh rates of 500 Hz. 
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5.5 Influence of changes of actuator material parameters onto actuator extension.  

As a PZT actuator undergoes extension under the influence of an applied electric field 

the stresses within the material cause a variation of the dielectric constant. The 

expansion of the PZT material also causes a change in capacitance, which can be 

measured. This section aims to determine the extension of the actuator from the 

measurement of the capacitance. 

The hysteresis inherent in a PZT actuator can be as high as 20% and this makes it 

difficult to predict the position of the displacement of the actuator without reverting to a 

process of approaching the desired position from the same direction. There are a range 

of methods which aim to reduce hysteresis [14]. These include: 

1. Using dopants to modify the ferroelectric material. 

2. Engineering the domain structure by inhibiting domain wall movement 

using point defects or elastic dipole defects. 

3.  Controlling the actuator driving signal [15] using charge control, based 

on linear relation of extension to applied charge or capacitor insertion. 

In the former the actuator is restricted to a fixed amount of charge and 

therefore a fixed extension. The control circuit is complex and there is 

some loss in actuator stroke in comparison to the more frequent approach 

for actuator control based on a set voltage.  When a set voltage is used 

the actuator is able to take more or less charge as its capacitance varies. 

In the latter method, a series capacitor is added to the actuator. The 

voltage across the inserted capacitor is a measure of the amount of 

charge driving the actuator. The capacitor acts as a charge regulator 

reducing the sensitivity to hysteresis and creep.  Unfortunately it also 

reduces actuator stroke because there is a voltage drop across the inserted 

capacitor. Minaise et al [15] reported that hysteresis was virtually 

eliminated resulting in a hysteresis of less than 0.2 μm, creep down to 

0.01 μm for an extension range of 2.5 μm. The actuator stroke was 

reduced from 11 μm to 2.5 μm. 

4. Controlling the response using open loop control. In this method a model 

of the relation between input and output of the actuator is assumed, such 

as the Preisach model [16]. The actuator controller is programmed with 

this model and the new input signal is calculated from the model.  The 
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open loop approach can control creep and hysteresis. Damjanovic [14] 

indicates that even a physically inaccurate model can give a 

quantitatively satisfactory description of actuator output over a limited 

range of fields and frequencies. The open loop model has to be calibrated 

during the ageing of the actuator. 

5. Controlling the response using closed loop control [17]. This method 

includes feedback from sensors, which measure the actual output of the 

actuator. The signal from the sensors is analysed and input is adjusted 

using appropriate model parameters to give desired output.  This is 

potentially a more accurate control than open loop and it will self-adjust 

to take into account the ageing of the actuator. 

The last method is of particular interest and a method of assessing the change in 

capacitance of a multi-layer actuator with displacement has been investigated and is 

reported here. The measurement of capacitance of an actuator takes account of 

permittivity changes.  In their work Ikeda et al. [18], and Kawamata et al. [19] studied 

this method using a 37 mm long bimorph actuator consisting of two piezo electric layers 

and showed that there is a relationship with good linearity between the permittivity and 

displacement using a voltage drive and feedback. The reduction of hysteresis went 

down to 0.13 μm for a displacement of 80 μm, which is less than 0.2%. The 

configuration of a bimorph actuator, which has a mechanically levered displacement is 

not comparable to a multilayer actuator and so will not give a prediction of percentage 

hysteresis reduction.  

 

 5.5.1 Principle of measurement of change of capacitance 

For a typical multilayer actuator, the impedance magnitude and phase relationships as a 

function of frequency, given in Figure 5. 18, reveal some resonant peaks. The peaks 

present between 500 KHz and 2.5 MHz correspond to electro-mechanical resonances 

due to vibrations of the actuator in the longitudinal bar mode and thickness mode 

resonances of actuator layers.  The investigative work carried out avoided coinciding 

with the electro-mechanical resonances.  
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Figure 5. 18 Impedance magnitude and phase of a typical multilayer actuator (courtesy 
of K. Kirk, University of the West of Scotland) 

 

Previous work looking for a change in the resonance peaks as a measure of extension 

sensing proved to be ineffective [20]. For a particular DC bias the change in frequency 

of the electro-mechanical resonances was shown to be dominated by the change in 

acoustic velocity and not by the dimensional change of actuator extension. The 

investigative work carried out here concentrates on the 'capacitance region' highlighted 

in Figure 5. 18.  The impedance behaviour in this region follows the relationship:  

� = 	
	


	��
								�5.1�				    

Where Z is the impedance,  f  is the excitation frequency and C the capacitance of the 

actuator. As an actuator extends the separation between the layers in the multi-layer 

actuator increases. The capacitance for an actuator is described by  

� =	 ���� 	
�

�
∗ ������	��	 !"��#     (5.2) 

Where A is the area of the internal electrode, d is the separation of the distance between 

layers, Ԑ0 the permittivity of free space (8.854 x 10-12 Fm-1), Ԑr the relative permittivity 

of the material (for Noliac NCE51 this is 1900 [21]).  In the design of the test actuator, 

the area of the inter-digitated electrode was 4 μm2 and the 40-layer construction has a 

separation distance between layers of 80 μm. At full extension, when 160 Volts are 

Capacitive region 
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applied, the actuator extends 2 μm.  The measured capacitance of the actuator is 34 nF 

and for a constant relative permittivity of the actuator material, the change in 

capacitance is 1 part in 1000, i.e. total change of 34 pF.  

 

5.5.2 Measurement of impedance 

The first approach considered was to record the effect of impedance change as a 

function of frequency in the capacitance region.  The impedance measurements can be 

performed using the low cost technology solution of an Analogue Devices ADuCM350 

16-bit precision, low power meter on a chip with Cortex-M3 and connectivity [22].  The 

advantage of a meter on a chip device is that it could be considered as a future candidate 

for incorporation in a cost effective deformable mirror system.  

As the actuator has a bias voltage of up to 80 Volts for a 1 μm extension, it is necessary 

to isolate the actuator from the measurement system using coupling capacitors. A 

limitation is that the phase information is lost and the measurement will only return the 

magnitude of the impedance. The stimulating signal is created by a 12-bit DAC 

operating at a speed of 326 K samples per second and the analogue data is recovered by 

a16-bit analogue to digital converter (ADC) running at 160 K samples per second.  The 

impedance is calculated using a digital Fourier transform (DFT) running on the 16 MHz 

Cortex M3 processor. The constraints on processing the data have limited the upper 

frequency which can be used to measure impedance to 75 KHz.  

Tests carried out using the ADuCM350 set to a sampling interval of 2 KHz to the 

maximum 75 KHz gave a total processing time to complete of 50 seconds. The 

processing time is for one actuator and an array of 196 actuators would take nearly 3 

hours to complete. In order to speed the process up it is possible to increase the 

sampling interval between frequencies to complete the processing faster but at a loss of 

resolution. Reducing the number of data points may be considered for the future but it 

was not thought appropriate at this stage as information on the response of the actuator 

is important. An alternative is to use a faster microcontroller such as the Freescale 

FRDM-K64F based on the Cortex M4F processor running at 120 MHz and implement 

the functions of the ADuCM350.  All of the necessary analogue output and input ports 

are present on the microcontroller and with efficient DFT code it may be possible to 

achieve a seven fold improvement in speed. The higher sampling speed of the ADC will 
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extend the operating frequency to over 300 KHz. A second alternative, and less 

complicated, approach is to measure the actuator capacitance directly as a function of 

frequency. This approach will be as useful as the DFT method since the phase 

information cannot be captured. 

The variation in capacitance as a function of frequency for a range of displacements was 

investigated using the circuit shown in Figure 5. 19. 

 

Figure 5. 19 Test circuit for displacement as a function of capacitance 

 

In the circuit the actuator under test is pre-charged by a DC source (a battery) to a 

particular voltage by closing SW1, the switch is then opened for the test. The high input 

impedance FET buffer (1014 Ω) - Analogue Devices AD445 op-amp, and the isolating 

signal injection capacitor prevents any significant charge from leaking from the actuator 

during the test. The waveform generator (Analogue Devices digital signal processor 

AD5930), on receiving a trigger signal from the data acquisition unit (DAQ), is 

programmed to produce a series of ten cycles of the test waveform at incremental 

frequencies from 1 KHz to 100 KHz in 2 KHz steps (Appendix C3).  Figure 5. 20 shows 

a representative example of the waveform with four cycles. 
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Figure 5. 20 Example of a sinusoidal wave burst frequency test signal 

 

The applied waveform and the response of the test actuator are acquired simultaneously 

by the DAQ and then passed for a computer for analysis. In the test a sawtooth 

waveform is used to generate a constant current through the signal injection capacitor, 

Equation 5.3. The response of the actuator is to produce a sawtooth waveform at the 

input to the FET buffer.  

� = �$%&'()	%'*+,�%-'	

./

.0
									�5.3) 

The value of the signal injection capacitor was measured and the capacitance of the 

actuator is calculated from the ratio of the rate of change of the output signal to the 

input signal, Equation 5.4. 

�(,�2(�-� 	= 	�$%&'()	%'*+,�%-'		3	 4 ./.0 %'52�./.0-2�52� − 17							(5.4) 
Details of the register programming of the waveform generator, DAQ data collection 

and MATLAB processing are given in Appendix C3. The input excitation signal level is 

8 mV peak-to-peak and produces an insignificant extension in the actuator of 0.1 nm in 

comparison to the 1 µm extension range covered by the test.  

As an illustrative comparison the actuator under test was replaced by a passive capacitor 

of 33 nF and a DC bias voltage applied in 8 steps each of 9 Volts (from 9 Volts to 72 

Volts).  The recorded output as a function of frequency, shown in Figure 5. 21, reveals a 

randomising influence of the bias applied on the capacitance. Capacitance 

measurements of multilayer ceramic chip capacitors are normally made at a set test 

Trigger signal 

Incremental test frequency 
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frequency of 1 KHz using a 1 Volt RMS signal and with the capacitor fully discharged 

[23].  The measurement in Figure 5.21 is made with several DC bias voltages applied, 

the effect of which ties the spontaneous polarisation of the dielectric material to the 

direction of the applied electric field.  The independent reversal of spontaneous 

polarisation is inhibited, which may be responsible for polarisation effects distorting the 

measurement at the different frequencies seen in the graph. 

 

 

 

Figure 5. 21 Frequency scan with actuator replace by a test capacitor 

 

Replacing the fixed capacitor with a PZT actuator mounted on a glass slide and 

repeating the test give a series of curves, which relate the capacitance of the device to 

the bias voltage applied as shown in Figure 5. 22. 
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Figure 5. 22 PZT actuator capacitance variation with DC bias as a function of frequency 

 

When analysed from 10 kHz to 100 kHz, the data in Figure 5. 22 reveal that the 

capacitance of the actuator decreases by 22% as the voltage increases from 9 Volts to 72 

Volts. In comparison, the change in capacitance from the physical separation of the 

inter-digitated electrodes under extension using Equation 5.2 is only 0.001%. The 

measured variation in capacitance under various bias voltages is by implication due to 

changes in the relative permittivity, in effect a change from 1900 to 1482. The change in 

capacitance over the voltage range indicates that a 28% change can be anticipated per 

micron extension of the actuator with 80 Volts applied. 

 

Table 5. 2 Actuator capacitance values (nF) at DC bias voltages 

 

The actuator capacitance variation at a particular bias voltage is small as indicated by 

the standard deviation figures in Table 5.1. The variation is approximately 1% for test 

frequencies extending above 10 KHz, and relating this variation of capacitance to 

actuator extension implies a potential displacement resolution of 36 nm (i.e. 1μm 

extension divided by 28%).  
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The plots of bias voltages, shown in Figure 5. 22, indicate that there are features, which 

recur at particular frequencies, for example just above 60 KHz and 80 KHz. Further 

investigation of the plot showed that there is no shift of frequency with bias voltage and 

this may be an artefact of the internal electrode structure. Further investigation is 

required and it may be revealing to repeat the test with actuator layers removed one at a 

time by lapping. Repeating the test on a second actuator mounted on a Macor ceramic 

substrate produced a similar result. The change in capacitance over the 9 to 72 Volts 

range was -23%.  When the test was carried out on an actuator mounted on the FR4 

circuit board the change in capacitance was a disappointing 4%. The low value obtained 

is most likely due to the inter actuator cross talk and reinforces the need for a 'guard 

ring' structure in the PCB layout.  Grounding and shielding are discussed in chapter 6 

and Figure 6.5 illustrates a possible solution. 

The test actuator mounted on the glass slide was also investigated in terms of presence 

of hysteresis. On each test cycle the voltage was increased from 9 V to 72 V (identified 

as '9v Inc'…'72v Inc' in Figure 5. 23) and data recorded.  The voltage was then reduced 

from 72 V to 9 V (identified as '72v Dec'….'9v Dec' in Figure 5. 23 and data recorded.  

The process was repeated ten times and is displayed in Figure 5. 23. The RMS values 

were calculated for each applied bias voltage and are plotted in Figure 5. 24.  The 

calculation of the hysteresis (Appendix C2) gave a figure of 8.1%. 

 

Figure 5. 23 Capacitance -v frequency for increasing and decreasing voltages applied to 
an actuator 
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Figure 5. 24 RMS capacitance as a function of voltage bias applied to an actuator 

 

5.5.3 Measurement of the extension of the actuator 

The experimental set up was extended to include an extension measurement of the test 

actuators.  The measurements were carried out at the University of the West of Scotland 

in the Microscale Sensors Group using a non-contact fibre optic measurement system 

from MTI Instruments (325 Washington Ave, USA).  The MTI 2100 Fotonic instrument 

fitted with the MTI-2020R probe has a resolution of 0.01 μm, and a range of 102 μm.  

The displacement measurement test set up, Figure 5. 25, is configured with the test 

actuator housed in a die cast aluminium box to provide screening and with a brass rod 

extending in a tube above the actuator. The actuator is screened from potential electrical 

interference by the box and the brass rod, with polished ends, serves as an extender 

enabling the Fotonic probe to be aligned. The probe is positioned a fraction of a 

millimetre above the brass rod and is aligned using a precision X-Y-Z translation stage. 
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Figure 5. 25 Actuator displacement measurement test set up 

 

The test set up is mounted on an air bearing optical table to reduce vibration and housed 

in a Perspex box to reduce the influence of air currents as shown in Figure 5. 26. 

 

 

Figure 5. 26 Fotonic probe lab test set-up 

X-Y-Z stage 

Fotonic probe 
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Selecting the first test actuator the displacement was measured over a 9 Volts to 72 

Volts range in steps of 9 Volts and the Fotonic probe output recorded.  Ten repeat 

cycles of extension and contraction were made, a typical cycle is shown in Figure 5. 27, 

and the RMS average was calculated and plotted in Figure 5. 28.  A note on 

measurement accuracies is given in Appendix C4. 

 

 

Figure 5. 27 Cycle of actuator displacement showing hysteresis present 

 

The standard deviation over the extension range for the ten cycles is 17 nm in the 

increasing voltage direction and 18 nm for decreasing voltage. The actuator had been 

cycled through the voltage range once before the test measurement. 
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Figure 5. 28 RMS calculation of actuator displacement for ten cycles 

 

The hysteresis calculated (Appendix C2) from Figure 5. 28 is 15%.  

At each of the voltage increments during the test the capacitance was measured 

simultaneously with displacement. The hysteresis calculated on the capacitance -v- 

voltage cycle was 6%.  The two measurements are combined to show capacitance -v- 

displacement in Figure 5. 29.  

 

 

Figure 5. 29 Actuator capacitance as a function of displacement 
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Fitting a straight line to the data reveals that the coefficient of determination, R2, is a 

good fit for both increasing and decreasing voltage cycles (0.9934 and 0.9969 

respectively). The constants of the linear fit have a relative difference of 4% and this 

translates into a displacement difference of approximately 0.2 μm. The displacement 

difference means that, for a particular capacitance measured, the actuators position 

could be at one of two extensions 0.2 μm apart.  If the direction of extension is not 

reversed then the accuracy of the extension position is determined by the linearity of the 

fit, in the case of the increasing voltage this is 0.7%.  It may be possible to calibrate the 

actuators capacitance to extension, but it is unlikely to be practical and other influences 

on the material dielectric constant such as temperature will affect the calibration. A 

more practical approach may be to use the capacitance measurement as a relative 

indication of position and periodically exercise the actuator through a few full cycles to 

re-reference the capacitance to extension relationship. The test was repeated on three of 

the four test actuators. The results of the tests are summarised in Table 5. 3. 

Table 5. 3 Measurements on the test actuators 

Actuator Reference 1 2 3 

Mechanical Hysteresis 15 % 14.4 % 17 % 

Capacitance Hysteresis 6 % 10.7 % 13 % 

Linear Fit: Extension to Capacitance 

Coefficient   of 

increasing (Inc) 

determination 

Voltage 
0.9934 0.9919 0.9931 

Coefficient   of 

decreasing (Dec) 

determination 

Voltage 
0.9969 0.9922 0.9989 

Gradient Inc Voltage -1.6 x 108 -1 x 108 -2 x 108 

Gradient Dec Voltage -1.6 x 108 -1 x 108 -2 x 108 

Constant Inc Voltage 4.82 3.06 4.41 

Constant Dec Voltage 5.02 3.29 4.75 

% difference  in the constant 4 % 7.1 % 7 % 

 

The mechanical hysteresis (displacement -v- applied voltage) in Table 5.3 shows a 2.6 

% variation across the three actuators measured.  In comparison, the capacitance 

hysteresis (capacitance -v- applied voltage) is much greater at 7%. The variations 

between the actuators measured dominate over the accuracies of the measurement 
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system which is just over 1% (Appendix C4).  The linear fit of capacitance to extension 

(Table 5.3) is to within 1% (variation in the coefficient of determination) and a better 

resolution is not possible with the present setup. The percentage variation in constants, 

from 4% to 7.1%, leads to a displacement variation of 0.2 μm to 0.36 μm and is 

comparable with the 0.4 μm reported by Ikeda [18] for a bimorph actuator. 

In operation the deformable mirror for the EAGLE astronomical instrument will be 

biased to a position, which is half of the actuators extension or configured to the 

required tip or tilt. Dynamic adjustments to the deformable mirror surface for wavefront 

error correction will involve small changes to an actuator position with a resolution of 

0.6 nm, achieved by either extension or contraction of the actuator. The operational 

maximum inter-actuator stroke is 90 nm so the applied voltage for a particular position 

could result in a positional error of 18 nm with a 20% actuator hysteresis as indicated in 

Appendix C2.  Measuring permittivity variations in the actuator would not be of use in 

determining the position of the deformable mirror surface in open loop control as the 

potential resolution of the technique, 34 nm, is too coarse.  The measurement technique 

would be of use as a built-in self test to monitor the condition of individual actuators.  

In other applications the 34 nm resolution may not be an issue.  Laser machining as an 

example may benefit from the ability to control the beam wavefront to better than a 

tenth of a wavelength. 
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Chapter 6  

Performance of the deformable mirror  

6.1. 36-channel deformable mirror 

  

A deformable mirror was assembled from an array of 36 actuators and a silicon mirror 

as shown in Figure 6.1. This chapter reports on the tests carried out to evaluate the 

performance of the deformable mirror using the proposed drive electronics. The work 

evaluated the mirror profile using an interferometer and discusses factors affecting the 

performance of the system. 

 

 

Figure 6. 1 Assembled 36-channels deformable mirror 
 

6.2. Mounting of the deformable mirror 

A rigid mount is required in order to perform optical measurements on the deformable 

mirror. In normal operation the optical assembly will be exposed to a variation in 

ambient temperature and this has the potential to use up valuable actuator stroke to 

compensate. The actuator array is mounted on a FR4 fibreglass PCB and the position of 
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the mirror surface with respect to the beam being corrected is influenced by the 

coefficient of thermal expansion (CTE) of the silicon, FR4 and PZT. The CTEs of the 

PZT actuator material and silicon are 3.5 and 3.2 x10-6/C, respectively. These are both 

20 times lower than the CTE of the PCB, which is 70 x 10-6/C.  The PCB board 

thickness used is 1.52 mm leading to an expansion of 0.11 μm for every degree rise in 

temperature. The correction required will use approximately 5% of available actuator 

stroke. Mounting the deformable mirror rigidly will result in a thermally related axial 

displacement error, and possibly distortions to the PCB.  While it is possible to 

compensate for distortions by piston action of the actuators, valuable stroke would be 

used up.  

6.2.1. Mounting arrangement for a ceramic based PCB 

A thermally compensating mounting arrangement is required. The mounting 

arrangement is simplified if a ceramic PCB is used as the CTE and board thickness can 

be closely matched to actuator and mirror expansion as illustrated in  

Figure 6. 2.   

 

 

 

Figure 6. 2 Optical mount for ceramic PCB based deformable mirror 
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The thermal expansion of the ceramic PCB is in the opposite direction to the expansion 

of the actuators and the mirror. The PCB is sprung against ceramic interface ring, which 

is tuned to maintain a neural position on the optical axis.   

6.2.2. Thermally compensating mount for a fibreglass based PCB 

A similar arrangement can be made for a fibreglass based PCB using compensation 

arms of a length equal to the total positive expansion as shown in Figure 6.3. 

 

Figure 6. 3 Thermal compensation mount for FR4 based deformable mirror 

In this design, the FR4 PCB, actuators and mirror are free to expand in the positive 

direction and the compensating expansion is provided by the support arms. The 

compensation arms must be placed radially around the mount to ensure stiffness. 

Alternatively this could be achieved by using a fibreglass tube and by designing the 

tube thickness and length for compensation. 

6.3. Evaluation of the assembled deformable mirror. 

Measurements are made on the assembled deformable mirror to assess the factors, 

which will influence the control of the mirror surface.  
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6.3.1. Actuator array capacitance 

The voltages applied to control the deflections of the mirror surface are a function of the 

actuator capacitance and of the performance of the PCB on which they are mounted.  

The actuator capacitances were measured and are shown in Table 6. 1, where actuators 

are organised in rows (R1, R2, etc.) and columns (C1, C2, etc.). From the table actuator 

C1, R3 is open circuit and will therefore act as a hard spot on the mirror.  The average 

capacitance value of the actuators is 26 nF and there is a 27% variation across the array. 

Table 6. 1 Actuator array capacitances (nF) 

 

 

The array is constructed using actuator strips (previously described), which are then 

cross-diced to form individual actuators. The actuator strips are assembled in columns 

and closer analysis of the actuator capacitance reveals a column variation in capacitance 

of between 16 and 25%.  The variation is unlikely to be due to dimensioning errors in 

dicing and may also be due to distortions in the internal electrode structure of the 

actuator.  The implications of distortions in the internal electrodes of the actuator are 

that the mirror leg is not positioned on the apex of the actuators extension and will 

consequently produce an error in mirror shape.   

Assuming that the interlayer separation distance is consistent across all of the actuator 

strips then the variation in capacitance implies that the active area is not consistent 

across the array.  The actuator height is set by lapping such that the actuators are co-

planar and have a consistent height from the PCB with no tilt being present. The 

capacitance variation measured will require different quantities of charge to be 

C1 C2 C3 C4 C5 C6

R1 44.9 29.3 37.5 33.3 32.8 31.9

R2 23.0 18.9 22.5 18.6 21.5 17.8

R3 0.0 29.5 34.4 30.1 31.3 28.3

R4 28.2 23.2 26.0 23.9 24.5 20.4

R5 31.0 23.8 26.0 22.0 25.1 21.0

R6 33.1 25.0 27.5 25.2 24.3 24.3
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transferred to achieve the same deflection. The charge transfer to achieve the deflection 

is not an issue as the output op-amp (OPA 454) is capable of sourcing up to 50 mA.  

The charge connection time to the actuator is at least 2 ms and this means that 100 μC 

are available. The worst case actuator requirement would be for 1.8 μC for the 44.5 nF 

actuator capacitance. 

6.3.2. Leakage current 

To control the actuator, a voltage is applied to the device, which produces the extension. 

The charge transferred to the actuator is stored on the capacitance of the actuator, which 

has a very low charge leakage due to the insulation of the ceramic material. The PCB 

track layout and components have a much higher leakage. The leakage current of the 

actuator array was measured by charging each actuator in turn, then disconnecting the 

voltage source and measuring the fall in voltage using high impedance input FET 

amplifier.  The leakage currents measured are shown in Figure 6. 4. 

 
 
Figure 6. 4 Deformable mirror actuator array leakage current 

The red dotted line shown in the figure indicates the leakage current attributable to the 

analogue switch (170 pA) which controls the application of voltage to the actuator in 

the drive electronics. The average leakage current for the array is 441 pA with a 
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standard deviation of 287 pA.  The measured data is considerably worse than for the test 

actuator array described in chapter 5 where the measured results were 86 pA and 60 pA 

respectively. One possible source for the higher leakage current may be due to the 

resistance between inner layers of the FR4 PCB used for the deformable mirror array.  

The deformable mirror PCB is 1.52 mm thick and is constructed in 4 layers, the internal 

FR4 layer is 1.2 mm thick and has a resistivity of 108 Ω cm, i.e. a resistance of 12 MΩ.  

The test actuator array PCB mentioned in chapter 5 was 3 mm thick and consequently 

offered a higher internal resistance to leakage current of 26 MΩ.  While the internal 

layer thickness does not account for all the leakage current, the process variations in 

manufacture may have contributed to the issue. One consequence of the higher leakage 

current is that the actuator voltage will fall on average at a rate of 16 mV.s-1.  The 

decreasing voltage on the actuator corresponds to an actuator contraction velocity of  

0.2 nm.s-1.  Removing the data from the unresponsive actuator and the actuator with 

high leakage current reduces the contraction velocity to 0.18 nm.s-1. 

The acquisition time of a Zygo interferometer can take up to 0.5 sec and the error in the 

deformable mirror surface during this time is 0.1 nm which is well within the resolving 

power of the interferometer (2.5 nm) [1]. The interferometer resolution enables a 

deformable mirror refresh rate of 12.5 seconds to be used; this will help to achieve a 

static image of the deformed surface. A dynamic investigation of the mirror surface 

change during an extended refresh interval would be possible using a Zygo Dynafiz, 

Fizeau interferometer which can record the surface changes at 82 frames per second. 

6.4. Inter-channel cross talk 

The cross talk on the deformable mirror circuit was measured at a range of low 

frequencies from a few hundred Hertz to 100 KHz, and found to average -37 dB.  The 

measurement means that approximately 1/70th of the applied signal appears on adjacent 

channels.  The consequence of the cross talk is that every time an actuator is accessed to 

change its extension all the surrounding actuators will be proportionally adjusted. For 

example if all the actuators are initially biased to half their extension the op-amp 

outputs would be set to +/- 20 V, now each successive refresh cycle would add 3.5 nm 
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(0.28 V) to the extension. The mirror configuration would very quickly become 

corrupted. 

It is therefore not practical to operate the deformable mirror by the switched voltage 

method considering the level of cross talk measured. A redesign of the deformable 

mirror PCB layout is needed.  The improvement can be achieved by the introduction of 

isolating ground tracks between the signal tracks and ground planes above and below.  

The tracking modifications to the PCB will have a screening effect similar to co-axial 

cable at the actuator array refresh frequency rate.  An example of the signal tracks on 

the PCB can be shown in Figure 6.5, and as the gaps of 'pre-preg' (thickness 228 μm) 

and FR4 (thickness 1 mm) are much less than one tenth of the wavelength of the 

maximum switching frequency there is minimal radiated cross talk [2].  Induced leakage 

currents of 1 pA are achievable and this corresponds to better than 180 dB isolation 

between tracks [3]. The maximum operating switching frequency is calculated from the 

slew rate of the output op-amp (13 Vμs-1), which for a maximum output of 50 V is    

263 KHz. 

 

Figure 6. 5 PCB cross section of a screened signal track 
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6.5. Deformable mirror in action 

 

6.5.1. Direct drive amplifier for each actuator 

In order to demonstrate the deformable mirror it is necessary to drive the actuators with 

a dedicated amplifier for each channel.  The cross talk on the PCB is still present but the 

effect is quickly overcome by the low impedance output of the drive amplifier in rapidly 

discharging the induced error voltage in the actuator capacitance. The actuator discharge 

time constant is the product of the OPA 454 output impedance (100 Ω) and the actuator 

capacitance (26 nF): i.e. 2.6 μs.  

The actuators were operated from a dedicated computer controlled 37 channel high 

voltage amplifier (+/- 300V) supplied from Flexible Optical BV (Polakweg 10-11 

2288 GG Rijswijk ZH, Netherlands).  The actuators on the deformable mirror required 

the output voltage of the amplifier to be limited to 160 V giving a displacement 

response up to 2 μm. 

6.5.2. Coating on the deformable mirror surface 

The deformable mirror was coated by Helia photonics (Rosebank Park, Livingston, 

West Lothian Scotland, UK) for use in a laser machining test. A special coating was 

developed for use at an angle of incidence of greater than 9o and at a wavelength of 

1064 nm.  As a consequence of the mirror coating it was necessary to tilt the deformable 

mirror to enable it to be tested with an interferometer. To accommodate the tilt the 

interferometer (a FISBA μPhase compact interferometer) was configured in a double 

pass arrangement shown in Figure 6.6. 
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Figure 6. 6 Optical layout to test the deformable mirror 

The interferometer test wavelength is 633 nm and the best reflectance from the 

deformable mirror was obtained at 25o.  Lower angles tilt did not fully illuminate the 

mirror surface as can be seen in Figure 6.7. 

 

   
10o 25o 35o 

Figure 6. 7 Effect of tilt angle at 633 nm on coated mirror 

A test of the mirror surface before coating and with all actuators disconnected indicated 

a peak to valley (PV) figure of 775 nm and RMS figure of 131 nm.  The coating process 

introduced a concave distortion to the mirror resulting in a PV of 3.8 μm and an RMS of 

0.77 μm, which can be seen in Figure 6. 8.  The interferometer was adjusted to remove 

as much as possible of the distortion and this reduced the PV to 435 nm, RMS to 70 nm. 
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Figure 6. 8 Distortion introduced by coating the deformable mirror 

6.5.3. Full extension test voltage application 

A test voltage of 150 V was applied to each actuator in turn and the maximum 

deflection on the inteferrograms was recorded.  The measurement results are 

summarised in Table 6. 2 and reveal that the average extension of the actuator is       

1.32 μm with a standard deviation of 0.42 μm.  The anticipated actuator extension is  

1.8 μm and the variation may be as a result of previously mentioned alignment issues 

relating to the position of mirror leg contact and issues with internal actuator electrode 

structure. 

 

Table 6. 2 Maximum extension of actuator measurements (μm) 

 

Col 1 Col 2 Col 3 Col 4 Col 5 Col 6

Row 1 1.73 0.74 1.58 1.64 1.75 1.63

Row 2 1.36 0.69 1.51 1.25 0.69 2.30

Row 3 1.50 1.24 1.41 1.11 1.86

Row 4 2.20 1.64 1.78 1.15 0.97 2.02

Row 5 2.28 0.90 1.44 1.13 0.63 0.93

Row 6 0.89 1.76 0.60 1.08 0.28 0.40
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6.5.4. Extension of a group of actuators 

To examine the effect of manipulating the centre portion of the deformable mirror the 

central nine actuators in columns 3,4,5, and rows 3,4,5 were powered to 150 V while all 

the surrounding actuators were held at 0 V. The interferrogram shown in Figure 6. 9 

(calibration removed) reveals a PV extension of 1.83 μm and appears to be concentric. 

 

Figure 6. 9 Interferrogram of central grid of 9 actuators at maximum extension 

The maximum value of the extension is 1.78 μm and was recorded at the centre of the 

grid at actuator position C3, R4. The lowest extension recorded is 0.9 μm at actuator 

position C2 R5. 

6.5.5. Individual extension of an adjacent pair of actuators 

An examination of cross coupling was made by first recording the peaks from the 

interferrograms of two adjacent actuators, which have been separately powered to full 

extension and is shown in the graph in Figure 6.10.  The actuators shown are in column 

3, rows 4 and 5. 
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Figure 6. 10 Cross coupling potential between adjacent actuators 

The peak extension of actuator column 3, row 5 is approximately 1.4 μm and that of C3, 

R4 actuator is 1.8 μm.  The maximum extension of actuator C3 R5 is considerably less 

than its neighbour which indicates that it will be necessary for the response of each 

actuator to be fully characterised. The response to deflection of the mirror surface is 

addressed in Appendix A.2. 

6.6. Future approach to characterising deformable mirror surface deflection 

The test setup was limited to applying individual voltages to extend actuators.  With the 

cross talk issue resolved by redesigning the PCB it should be possible to carry out 

dynamic tests. The control electronics could be used to establish a series of pre-

determined mirror shapes to evaluate performance.  An example would be to introduce a 

spherical aberration configuration and compare the Zernike polynomial coefficients 

derived from the interferrogram with the surface requested [4].  The test shape on the 

deformable mirror would be set to conform to the maximum inter-actuator specified for 
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functional operation of the mirror.  For example the inter-actuator stroke for an 

astronomy application may be 0.15 nm for actuators separated by 1 mm.  

The first step to be taken is to cycle the actuators several times through their full 

extension range to mitigate the effects of internal actuator stresses. The process of 

cycling will help ensure a more consistent hysteresis response from the actuator.  

During the process the actuators must have an incremental extension across the entire 

array to minimise the stress on the mirror support leg and its bond to the actuator.   

The next step is to establish a flat field for the mirror surface. The measurement is 

initiated by extending the actuators to a calculated extension, for example, a position 

below the actuators mid range and based on individual actuator characteristics.  A flat 

field on an interferometer can then be obtained by incrementing the voltage to 

individual actuators. An interferometer with a phase stepper attachment would be useful 

to help ensure correct identification of the direction of surface deformations. 

With a flat field established on the deformable mirror the actuators can then be extended 

in the same direction to the required shape. Repeatability tests taking account of 

hysteresis can then be carried out. 

6.7. Environmental issues affecting performance 

 

6.7.1. Thermal issues 

Consideration has already been given to the mounting of the deformable mirror to 

compensate for thermal variations in the environment.  The actuators in the array will 

generate heat as a function of their operating frequency. Multilayer actuator actuators 

are efficient in transporting their thermally generated heat [5].  For normal room 

temperature operation it would be worthwhile designing the deformable mirror 

enclosure to have a relatively large thermal mass in order to maintain a slow thermal 

response. More demanding operations may require active thermal control with the 

deformable mirror thermally isolated from the enclosure and a system to cool or heat 
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incorporated. Temperature control could be achieved with a temperature sensor and a 

heater resistor to add heat and a peltier cooler to remove it.  A notable advantage of PZT 

actuators is that they can operate in cryogenic environments but suffer approximately 

50% loss in extension at temperatures of 100 K [6]. 

6.7.2. Electromagnetic environment 

 

6.7.2.1. Interference form external sources 

A redesign of the deformable mirror PCB will give effective screening to the signal 

tracks.  A similar level of screening can be achieved for the control electronics, which 

are small enough to be incorporated on the back of the PCB. A remaining concern is 

that the actuators, when operated in a floating charge mode, have very little screening 

from extraneous electric fields. The actuators sit proud of the PCB by 2 mm and are 

surrounded by a ground plane.  One solution is to provide a conductive coating on the 

reverse of the silicon mirror, and in so doing help create a screened box as shown in 

Figure 6. 11. 

 

Figure 6. 11 Screened enclosure for a deformable mirror 
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6.7.2.2. Residual internal electric fields 

The actuators in the array are separated by 1 mm and two of the end faces of an actuator 

have common electrodes. The remaining two faces of the actuator have the inter-

digitated electrodes exposed as shown in Figure 6.12.  All four of the electrode surfaces 

will have an associated electric field.  

 

Figure 6. 12 Actuator electrodes 

 

6.7.2.2.1. Solid side wall electrodes for external electrical connection 

The side wall electrodes form an air spaced capacitor between adjacent actuators: 

� = 	����
�

�
   Equation 6. 1 

Where C is the inter-actuator capacitance, Ԑo  the permittivity of free space               

(8.85 x 10-12 Fm-1), Ԑr relative permittivity (=1 for air), A the area of the side wall 

electrode and d the separation distance of the two actuators.  For a 2 x 2 x 2 mm 

actuator, A is 4 mm2, and d is 1 mm, giving a capacitance of 35.4 fF.  The induced 

current in the adjacent actuator is given by: 
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	 = �	
�


��
  Equation 6. 2 

The maximum voltage applied to one electrode is 40 V and the maximum frequency 

was previously shown to be 263 KHz giving a rise time of 3.8 μs. The induced current 

is 0.5 μA, which will produce a voltage change in a 26 nF actuator of 73 μV. The 

increase in voltage corresponds to a displacement change of 1 pm. The displacement 

change is small but will be incremented every time the actuator is refreshed. The refresh 

rate can be up to 500 Hz and this will correspond to a worst case creep velocity of      

0.5 nm.s-1. 

6.7.2.2.2. Exposed end face inter-digitated electrodes 

The electric field emanating from the exposed faces of the inter-digitated electrodes 

terminates both within an actuator and to the inter-digitated plates of the adjacent 

actuator.  The electric field is governed by the relationship: 

� =
�

��
    Equation 6. 3 

Where E is the electric field strength (Vm-1), Coulomb's constant k (8.99x 109 Nm2C-2), 

Q the charge on the electrode (Coulombs) and d the separation distance of the two 

electrodes.  

The relative proportions of the electric field from the inter-digitated electrodes 

terminating at the end face of an actuator to that of the adjacent actuator can be 

approximated by the ratio of their respective squared separation distances.  The inter-

digitated electrodes are separated by 80 μm and adjacent actuators by 1 mm, and the 

electric field influence corresponds to a ratio of 1:156.   

The capacitance presented between two end faces of the actuator is based on the 

electrode layer thickness and number of layers. The electrode layer thickness is 5 μm, 
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length 2 mm and comprises of 100 layers. Using Equation 6.1 the calculated 

capacitance is 8.85 fF.  The electric field produced by 40 V on one actuator is reduced 

by a factor of 156 leading to an induced current of 0.74 nA which is 675 times less than 

the case of the solid electrodes.  The corresponding creep velocity from the end face 

electrodes is 0.68 pm.s-1.  

6.7.2.3. Internal screening 

To mitigate the cross talk caused by the interference from the electric field of adjacent 

actuators it will be necessary to introduce additional shielding. One way of achieving 

the shielding is to place an electroformed collar, constructed as grid, as shown in Figure 

6.13, around the actuators and grounded to the chassis.  

 

Figure 6. 13 Electoformed actuator screen 

The screening grid is isolated from the actuator electrodes by the varnish coating, which 

has been applied to the actuators to reduce moisture ingress to the exposed ends.  The 

varnish forms a conformal coating and is applied by flooding the array, leaving the tops 

of the actuators free of coating.  A cross section of the internal and externally screened 

deformable mirror is shown in Figure 6.14. 
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Figure 6. 14 Internal inter-actuator screen 

The internal screen provides an assured level of electrical isolation for the actuators.  In 

most instances the coupling electric fled will be significantly less than calculated as the 

inter-actuator stroke will normally be small. As a consequence of a small inter-actuator 

stroke the differential voltage between actuators is small but this limitation should not 

be designed into the deformable mirror.  
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Chapter 7  

Conclusions, future work and potential applications 

 

This chapter draws conclusions about the work carried out in the previous chapters and 

highlights the potential of the technology developments to other areas of science and 

technology.  

 

7.1. Conclusions 

The concepts pertaining to the manufacturing of a single deformable mirror system were 

evaluated through a series of developments concerning part of the system. Where 

appropriate, experimental results were validated by simulation.    

More precisely, a mirror in silicon was developed with attachment points designed to 

overcome the lack of surface roughness of the silicon, enabling it to be bonded to the 

actuators.  Surface preparation of the actuator was investigated and a method bonding was 

developed which exceeded the shear force required and indicated at the design stage.  

An actuator array was produced but not fully tested. It was demonstrated that electrodes 

could be formed in the high aspect ratio trench between actuators. Quality issues in the 

production of the array prevented the design from being realised as a deformable mirror 

array. An alternative approach using actuator strips was chosen. 

Electronics were developed which exploited the low current leakage and capacitance of the 

actuators and this was used to form a novel array addressable control of displacement. It 

was shown that for a successful implementation an improved level of screening is required 

for both inter-channel signals and from external interference. The drive electronics were 

extended to include an actuator reactance measurement which was shown to correlate with 

displacement.  

 

7.2.  A cost effective deformable mirror 

 

In developing a low cost deformable mirror this work has sought to address the need for 

reduced size, cost and a move towards a standard 'plug and play' interchangeable design as 
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identified in the UK adaptive optics market and supply chain study [1]. The motivation for 

the work originated from an identified need in multi-channel science instrumentation for 

astronomy, requiring adaptive optical systems in each channel.  

 

 

7.2.1.  The outcome of the present work 

The work of this thesis presents a technological solution to manufacturing a low-cost 

deformable mirror.  Each of the components making up the deformable mirror has been 

studied and, wherever possible, advantage was sought in adopting existing manufacturing 

processes.  

7.2.1.1. Actuation technology 

 

Many of the available technologies in deformable mirror construction were examined and 

following the advances outlined in this thesis, multilayer piezo actuators can be chosen for 

the following advantages: 

 

a)  The ability to scale the design to larger area mirrors. 

 

b)  A novel sensing of actuator characteristics for diagnosis and hysteresis reduction. 

 

c) Use of the inherent capacitance and high impedance of the actuator to construct compact 

and efficient actuator array drive electronics. 

 

d) Operation of the actuators at voltages commensurate with current operational amplifier 

designs. The approach eases the design process, taking advantage of internally matched 

electronic components, excellent thermal management and interference rejection. 

 

The thesis also looked at how to circumvent, alleviate or reduce the disadvantages of a 

piezo based actuation system, which include: 

 

a) An inherent high hysteresis of up to 20% which makes accurate positioning of the 

mirror surface difficult to achieve.  

 

b) 'Dead spots' on the deformable mirror surface where an actuator has failed. 
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The actuator assembly was developed from a single monolithic slab which helped to 

ensure that the actuators in a particular device will have similar characteristics. Internal 

flaws such as internal cracking and electrode misalignment, relating to the manufacturing 

process, were identified.  

The plating process, developed for connection of the actuator electrodes, has the flexibility 

to scale up to produce larger actuator arrays. The process makes it a simple matter of 

designing a suitable PCB for the application. A fully functioning 196-actuators array 

deformable mirror was not realised in the course of the work but the process steps required 

of mounting, dicing and plating were individually demonstrated. A 36-channel deformable 

mirror was constructed based on pre-diced actuator strips.   

 

7.2.1.2. Actuator drive electronics 

The work highlighted the level of screening required to prevent cross-talk between actuator 

channels from signals corrupting the actuators displacement and it was indicated that better 

than -120 dB could be achieved.  The present design of PCB for the 36-actuators array had 

a limiting crosstalk of -37 dB and it was shown that crosstalk at this level was a serious 

constraint for the charge storage method of actuator drive.  Future designs using the charge 

storage drive method will require screening from radiative signals both extraneous to the 

deformable mirror and between actuator electrodes. An inter-actuator screen and 

conductive shield, which forms a screened enclosure was proposed. 

The ceramic nature of the PZT material resulted in an extremely low leakage current, 4 pA, 

for the actuators used. The voltage on the actuator, and therefore its displacement were 

retained when the actuator is disconnected from the low impedance drive source. When the 

actuator is in a 'disconnected' high impedance state it is possible to couple in a small AC 

signal through a capacitor and measure the actuator response using a high impedance FET 

input amplifier. The combination of a high impedance actuator with retained displacement 

and high impedance dynamic measurement is unique to this work.  

Sensing permittivity changes in the actuator as it extends can lead to a reduction in 

hysteresis to at least 6%. One of the great advantages of the technique developed is to 

provide a built-in self test.  Having the ability to interrogate an actuator response remotely 
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could be used to inform monitoring software of problems developing within the actuator, 

for example in the case of ageing or broken connections.  In certain applications it may be 

possible to use the monitoring of the actuator as part of a closed loop response in 

determining the shape of mirror achieved. The determination of the mirror shape could 

eliminate the need for an external wavefront sensor. The present level of reduction of 

hysteresis is not suitable for astronomy applications but may be useful in certain beam 

shaping operations such as for laser machining.  

The benefit of retained actuator voltage and displacement makes it possible to implement 

an array addressing structure to drive the actuators. There is a significant cost benefit in 

reduced component count and simplification of actuator interconnection. A potential 

penalty is in the refresh rate of the array could compromise the latency in configuring the 

mirror surface in high bandwidth applications. 

Multilayer PZT actuators were fabricated with layers sufficiently thin that the necessary 

electric field for maximum displacement could be created by voltages in the range of tens 

of Volts. Electronics could then be used which take advantage of modern operational 

amplifiers. The amplifiers can be powered down remotely to conserve power and are 

designed to eliminate additional external components. The design is further simplified by 

making use of devices with high speed SPI communication interfaces. The SPI interface is 

common on many integrated circuits and easily interfaces to microcontrollers. 

 

7.2.1.3. Mirror surface and attachment 

The choice of silicon as a mirror surface was based on readily available high quality silicon 

wafers.  The thickness of the wafer can be accurately etched to control the degree of cross 

coupling between actuators. The attachment to the actuators is by a leg, which is etched out 

of the bulk silicon. Future designs could consider alternative leg shapes which may include 

an undercut at the mirror interface to reduce the area at the point of contact.  The advantage 

of a smaller point of contact is a reduction in print through to the mirror surface when the 

actuator is extended.   

The etch process was exploited to form sculpts in the side-wall of the leg and this feature 

helped to create a 'screw thread' like socket in the bonding epoxy. Future designs could 

consider even more robust anchors by making an undercut etch part way along the leg to 

create a slot. The new slot will help increase the shear surface area for the structural bond. 
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It may be possible for future designs to include strain sensors in the silicon surface, or 

MEMS devices formed in the silicon between the attachment legs. External connections 

could be made around the external perimeter of the mirror.   

The most effective bond between the mirror leg and actuator was found to be an epoxy 

loaded with zeolite. The tested shear strength was found to be 4.1 MPa, which is five times 

less than the anticipated 22 MPa for this type of material. The bond achieved was however 

three and a half times greater than the calculated requirement of 1.2 MPa. The most likely 

reason for the reduced shear strength achieved was thought to be the lower surface energy 

of polished PZT.  The reduction in surface energy was due to compacted material being 

forced into surface voids during the polishing process. Future work should consider a 

roughened but co-planar PZT surface with the zeolite loaded epoxy cured at an elevated 

temperature to help promote reptation of epoxy and zeolite particles into the PZT surface 

voids. 

 

7.2.2.  Further work required for realising a practical design 

The actuator array requires the most work in the construction of this deformable mirror. 

There is the need for precision alignment to the support PCB, and then precision dicing to 

expose the electrodes. The electrodes are then plated with copper to connect to the PCB 

tracking and a further precision step is required to isolate actuator rows. The introduction 

of an actuator stave was proposed as an alternative to the slab array of actuators.  The stave 

construction eliminates the precision dicing and the requirement for plating to form 

connections. The concept of the stave should be investigated further together with 

improving the post-manufacture testability. There is a quality control advantage to be 

gained in determining the extension of the actuator and its deformation profile before 

proceeding to deformable mirror construction. Actuators with internally misaligned 

electrodes or with insufficient extension could be eliminated before constructing the array. 

The actuator stave concept is a development of the actuator strip components which were 

used to construct the 36-actuators deformable mirror and demonstrated the flexibility of the 

approach. 

Software control of the actuator array and monitoring of performance will be crucial to 

establishing reliability. More work is required to understand the importance of cycling the  
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actuator through its range of operating extensions to understand the implications of 

hysteresis effects. Future work should take advantage of monitoring the permittivity 

changes as the hysteresis tests are carried out. 

Environmental testing of the complete assemble will be required. An understanding of how 

the device performs over a limited range of temperatures should be carried out, for 

example on the commercial range (0 to 85oC).  Great care has been taken in the design to 

provide a screened environment and so reduce the potential of electric field pick up to the 

actuators. The susceptibility to both conductive and radiative interference will need to be 

evaluated for the field strength levels which could affect performance.  

The external screened enclosure around the deformable mirror could be modified to 

provide a desiccated environment for the actuators and so help prevent moisture ingress.  

The advantage is to extend the lifetime operation of the varnished coated actuators towards 

that achieved by actuators, which have their side-walls sealed by a ceramic layer.  With 

further work it may be possible to remove the need to provide a dry environment and of 

varnishing the electrodes by designing in a buffer layer between actuators in the actuator 

stave concept. 

 

7.2.3. Developing the technology for extreme adaptive optics (ExAO) 

Extreme adaptive optics is used in the hunt for extra-solar planets where the contrast ratio 

between the adjacent star and planet must be better than 10-6.  A goal for the Giant 

Magellan Telescope adaptive optics system is to maintain a Strehl ratio of 40% in H-band 

(1.5 to 1.8 μm) [2]. The RMS wavefront error using the Mahajan expression for Strehl is 

0.23 μm [3]. The Cost effective deformable mirror, using the sense circuitry could achieve 

0.05 μm.  Piezo actuators are ideally suited to the actuator pitch and displacement 

requirements of 1 μm and 1mm respectively. The deformable mirror could achieve a 

greater operating deflection across the mirror surface by stacking the actuators vertically 

and so increase the deflection to greater than 2 μm. Future work should include tests on 

bonding two or more actuator arrays vertically. Consideration needs to be given to the 

process of electroding to avoid a high aspect ratio trench between actuator rows. 
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7.3. Target applications for deformable mirrors in industry 

One of the most promising uses for deformable mirrors in industry may be in laser 

machining. There is considerable interest in additive manufacturing processes where metal 

powders are fused to form three dimensional metal components created layer by layer. The 

final components produced have a finish which is determined by the particle size of the 

metal powder. Post-processing is required to achieve a higher quality finish on the 

component surface and to create smooth bore holes.  

Shaping a laser beam with a deformable mirror opens the possibility for finishing 

processes to be undertaken without removing the component from the layering machine. 

The power density of a laser beam could be configured by a deformable mirror to control 

the melt flow pattern and so reduce roughness due to surface tension driven flow, as 

illustrated in Figure 7. 1. 

 

 

Figure 7. 1 Laser induced melt reflow 

 

Other finishing operations on components may require homogenisation of the intensity of a 

laser beam from a Gaussian profile to that of a 'top hat' [4] [5].  Laser drilling applications 

could benefit from shaping the intensity profile into a 'doughnut' shape which could 

improve parallelisation of the hole by providing a path for ablated material to exit through 

the centre of the doughnut.  In this example the issue of tool wear is reduced to the 

operational lifetime of the actuators and laser. 
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Appendix A.1.  

 
 

Increase in mirror leg bond area by the sculpting process 

 

 

Figure A. 1 Mirror leg sculpting 

 

Radius of curvature � = ���� + ��         Equation A.1 

from measurements on the mirror leg, x = 0.29 μm , d = 0.88 μm 

substituting and calculating R = 0.475 μm 

 	 = 2 sin�� � ���� = 	135.7� 

which is 1/2.65 times the circumference, so the length of the arc is 2πR/2.65 = 1.12 μm 

and so the arc represents an increase in area of  1-1.12/0.88 = 27%  
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Appendix A.2.  

 

Calculation of the mirror surface deflection  

 

The mirror is supported on a matrix of pillars and the deflection of the surface when one 

central actuator is activated can be estimated. Considering the mirror as a simply 

supported disc with force acting in the centre and making a reasonable assumption that 

the constraint from the inactive supports is minimal. 

 

Figure A. 2 Section of mirror (green) used in analysis 

 

Figure A.3 Side view of simple supported mirror 

 

If e is small then use e’ as calculated below 

 �� = �(1.6�� + ��) − 0.675�	 if e < 0.5t else e’=e  Equation A. 2 

 # = $%&�    '()� =	 *+, ((1 + -) ln � /01� + 1)   Equation A. 3 

 

Therefore #()� = $*+,&� (1 + -) ln � /01� + 1)		at the centre 
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Assuming v=0 #()� =	 *&� (0.6201 ln � /01� + 0.477) 
 

3( =	 4	*	/5(��6�)�$	7	&8  at the centre    Equation A. 4 

 

 

Plate radius r = 0.64 mm 

Thickness t = 125 µm 

Young’s modulus of silicon E =190 GPa [1] 

As the deflection across an 80 mm diameter mirror is 6 µm maximum then assuming the 

centre of the mirror is raised, the deflection between two mirror supports each separated 

by 1 mm is 150 nm. The force required to make the deflection (from the above formula) 

is 9 mN. For a mirror leg with a cross sectional area of 125 x 125 µm the pressure is 316 

KN/m2 and allowing a factor of safety a figure of 0.576 MPa is used. If the disc in the 

calculation is constrained by clamping all around its perimeter then the force involved 

would be multiplied by 2.5. 

 

Symbols / Units 

r = radius of circular plate (m) 

a = major length of rectangular plate (m)  

a = outside dia or ring (m)  

b = minor length of rectangular plate (m)  

b = inside dia of ring(m)  

t = plate thickness (m) 

P = Single concentrated force (compressive) (N) 

σ m = maximum stress(N/m2) 

ym = maximum deflection (m) 

E = Young's modulus of elasticity (N/m2) 

ν = Poisson’s ratio : 0.27 [2].  

D = Flexural rigidity = E.t3 / 12 (1-ν2) 
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Appendix B.1.  
 

Calculation of the actuator force. 
 

The actuator material used in the design is from Noliac (Denmark) is designated 

NCE51. The material characteristics give the elastic modulus of the material as  

E = 9 x 1010  Nm-2  

The design dimension of the actuator are: 

cross sectional area A = 1 mm x 1.2 mm = 1.2 x 10-6 m2 

Actuator length l = 2 mm 

The spring constant for the actuator is 9) = 7	:; =	 <	=	�>?@	�	�.�	�		�>AB	�	�	�>A8 = 54	MNm��  

(Equation B. 1).  

Blocking force of the actuator: 

F =	9)∆H = 54	I	10$	I	2	I	10�$ = 108	K   (Equation B. 2) 

for a maximum actuator extension of 2 μm. 
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Appendix B.2.  

 

Copper plating calculation 

 

The quantity of copper plated is based on Faraday's law of electrolysis [3]. In the plating 

process the mass of material deposited at one electrode is directly proportional to the 

quantity of electric charge flowing through the electrolyte coupled circuit. 

 L =	�MN� �%O�      Equation B.2.1  

m is the mass of the substance liberated at an electrode in grams 

Q is the total electric charge passed through the electrolyte 

F = 96500 C mol−1 is the Faraday constant  

M is the molar mass of the substance 

z is the valency number of ions of the substance (electrons transferred per ion). 

 

The current flowing in the plating circuit and the time in the plating bath determine the 

amount of copper plated over a given area. 

 

The total area to be plated is calculated from 14 rows of actuators x 2 actuator side wall 

surfaces + the top surface of the actuator rows + trench depth x length: 

 

14 x 23.2 mm x ((2 x 1.99 mm) + (1 mm) + (2 x 1 mm+ 0.3 mm)) = 2364.5 mm2   

 

For a 100 µm thick layer of copper over the area to be plated the volume of copper 

required is:  

100 µm x 2.36 µm2 = 236 nm3.  

 

The density of copper is 8.96 g.cm-3 so the weight of copper required is: 

 8.96 x 0.236 = 2.11 grams 
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Atomic weight of copper is 63.546, so 2.11grams/63.546 = 0.0332 mole of copper is 

required.  

 

Copper has a +2 charge; one atom of copper requires 2e- 

 

The charge required (Q) is calculated by rearranging equation B.2.1  

 

P = 	LFQ' = 	2.11	I	96500	I	20.0332 = 12,266	C 

 

To achieve an initial fine plate of copper 0.5 amps is applied for 1 hour (1,800 C). The 

remaining copper is plated at a higher rate of 2.9 amps for 1 hour (10,466 C). 
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 Appendix C.1.  

 

Cross talk simulation in 36-actuators array board 

 

A simulation of the cross talk performance of the FR4 circuit board used in the tests on 

actuators was carried out using WinSpice Version 5.00.2 from Ouse Tech Ltd.  The 

circuit diagram used in the simulation is shown in Figure C.1 with key areas 

highlighted.  A sub set of the full array, 9 of the 36 actuators, was simulated.  The area 

highlighted in pink is the section of the array being simulated with the central actuator 

stimulated by the voltage source. The lighter blue surrounding area has components 

representing the circuit board resistance and capacitance between the actuator rows and 

columns. The green highlighted area has components for circuit board resistance and 

capacitance to the ground plane of the circuit board. 

The values of actuator parallel resistance are calculated from the leakage currents 

measured on the actuators, 86 pA, where the voltage drop was 0.155 V giving an 

equivalent resistance of 1,800 MΩ.  The capacitance of the actuators was measured as 

34 nF. 

 The capacitance between row and column connections was measured as 40 pF and the 

capacitance to the ground plane measured as 56 pF.  The resistance of the FR4 (100 

MΩ) is taken from commercial data [4]. 
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Figure C. 1 Simulation of cross talk in a 36 actuator array on FR4 circuit board 

 

The voltage source in the simulation applies an ac signal across the actuator being 

simulated as shown in (darker pink, Figure C.1, test points TP1 and TP2). The crosstalk 

is measured in the surrounding actuators by interrogating the signals across particular 

actuators, for example, the voltage difference across TP3 and TP4 for the top right 

actuator in the array. The cross talk is derived from dividing the measured signal by the 

stimulating signal, and is found to be -14 dB, approximately one fifth of the input 

signal.   
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 Appendix C.2.  

 

Hysteresis calculation 

 

Hysteresis is the measurement of the difference in displacement offset of the values 

generated by an actuator in response to a positive going direction of excitation voltage, 

and the same displacement as the excitation voltage going in a negative direction, as 

shown in Figure C.2. 

 

Figure C. 2 Total hysteresis of a PZT actuator 

The dotted lines touch at the maximum width of the displacement curve and the 

calculation of hysteresis can be made using a simplified definition of points, as shown 

in Figure C.3. 

 

Figure C. 3 Definition of hysteresis points 

 

U( =	VU()� −	U(WX2 Y +	U(WX 

Z3[��\�[][	(%) = 	 _ `(& −	`(;`()� −	`(WX_ 	I	10 
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 Appendix C.3.  

 

Digital signal processor test waveform and MATLAB M-File to 

process test waveform data 

 

The calculation of the capacitance for the actuator under test is based on a voltage 

divider using a known capacitance as depicted in Figure C.4.  The input saw tooth wave 

causes a forward flowing constant current through the signal injection capacitance (Cs), 

and the actuator under test, as the input waveform is rising as shown in Equation C.1.  

 

Figure C. 4 Test circuit to find actuator capacitance 

 

ab =	 1cdeb 					a) =	 1cde) 

] = 	 UWXab +	a)	 = 	U�f&a) 											H��		� = 	U�f&UWX  

a) =	ab V �1 − �Y 

1cde) =	 1cdeb 	V �1 − �Y		 
1e) =	 1eb 	V �1 − �Y 

] = 	eb �ghi�&  
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e) 	= 	eb 	V1 − 	�� Y 

e) 	= 	eb 	j1 −	U�f&UWXU�f&UWX
k 

e) 	= 	eb 	VUWX −	U�f&U�f& Y 

e) 	= 	eb 	V UWXU�f& − 1Y 

Equation C.1  

The input voltage waveform produces a similar shaped and phase shifted output 

waveform. Applying the waveform to the circuit and using the equation above, the 

actuator capacitance, Ca is derived from measurable quantities such that.  

e) =	eb 	l mUWXm�mU�f&m� − 1n 

Equation C.2 

The input signal is generated by the digital signal processor AD5930 [5] with the 

internal registers configured for 100 increments starting at 1 KHz and incrementing by 2 

KHz to a final frequency of 200 KHz with 10 complete cycles at each intermediate 

frequency.  The required register values to be sent over the SPI interface to the AD5930 

are: 

Control register = 0x0C33 

Start frequency  = 0xD00C150 

Frequency increment  = 0x3000229F 

Number if increments = 0x1032 

The frequency steps are incremented by triggering the CTRL pin on the AD5930. 

The DAQ used was a TiePie 5 MHz HS3 dual channel (www.tiepie.nl), which captured 

the voltage sourced by the AD5930 and the output of the FET buffer.  The files captured 

from the HS3 were analysed in MATLAB (version 2014a) using the M-file listed 

below.  
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The M-File reads in the data from each consecutive file generated for the incremental 

frequency bursts.  The voltage gradient (dV/dt) between adjacent points is calculated for 

both input and output measurements.  The peak current is detected in software and a 

root mean squared (RMS) average of five surrounding values is calculated.  Five data 

points were considered a sufficient measurement of linearity as the test data indicated an 

R2 value (coefficient of determination [6]) for a linear regressive fit of 0.67; a perfect fit 

would give a value of 1. The value of actuator capacitance at the particular excitation 

frequency is calculated using the equation above.  The next frequency is then processed 

and the result stored, a plot can then be made of actuator capacitance -v- frequency.  

Each test sequence (frequency scan) at a particular bias voltage is repeated a total of ten 

times and the RMS capacitance value calculated. The RMS averaging process reduced 

the noise by a factor of three, helping to highlight features, which may be present. 

% scrip to work out dv/dt values from test data 
% dvdt_av_ten.m 
% M.Strachan 
% 
 
% pre-allocate arrays and variables 
ch1_slope = zeros (1, 5000); % used to hold Ch1 dv/dt values 
ch2_slope = zeros (1, 5000); % used to hold Ch2 dv/dt values  
sqcap  = 0;                             % used to in noise reduction  
 

C1 = 31.9e-9; % coupling capacitor (signal injected through this cap) 
 
% Step through n- tests to reduce noise on measurements at each frequency 
 
% base directory name (modify for the testgroup) 
Source_directory ='C: \Users\engd\Documents\aatest data\4act1_3\'; 
no_of_repeated_tests = 10;   % number of repeated tests (n) 
no_freq_bursts = 50;             % number of frequency intervals sampled 
 
For pages_n=1:no_of_repeated_tests        
test_ref = sprintf ('%d', pages_n);     
directory = strcat (Source_directory, 'test', test_ref, '\'); 
 
array_row =1; 
For fdirs=9: 9: 72 
 
data_base='test_'; % build file name containing DAQ data 
fdir_ref = sprintf ('%d', fdirs); 
BaseName=strcat (directory, fdir_ref, 'v\', data_base); % directories 9v, 18v.. 
 
% step through all the files created at each frequency 
For k=1:no_freq_bursts   
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   % read in the data from file 
   fp= k-1;                 % fp is the file pointer which starts at zero   
   p=sprintf ('%03d', fp);  % add the leading zeros to the file name 
                         % extension 000,001....050 
   FileName=strcat (BaseName, p, '.csv') % add the csv extension 
   fid  = fopen(FileName,'r');            % open the file 
   % miss out the first 9 head lines of test 
   data_act = textscan (fid,'%f%f%f','headerlines', 9,'delimiter',';'); 
   fclose (fid); % close the file 
    
   %  separate the 3 columns of data      
   time = data_act{1,1}; 
   ch1 =  data_act{1,2}; 
   ch2 =  data_act{1,3}; 
    
   % Find the maximum extent of the waveform  
   % using peakdetect function (peakdet.m) 
   [maxtab, mintab] = peakdet (ch1, 0.1); 
   % find the x data point where last peak occurs 
   Zn =uint16 (max (max(maxtab))); 
    
   % calculate the slope values between points for both ch1 & ch2 (dv/dt) 
   % the central difference method is used, therefore the first and 
   % last points are "lost" 
    
   For j=2: Zn % step through all the points in the data file 
   ch1_slope (j) = abs ((ch1 (j+1)-ch1 (j-1))/ (time (j+1)-time (j-1))); 
   ch2_slope (j) = abs ((ch2 (j+1)-ch2 (j-1))/ (time (j+1)-time (j-1))); 
   end % end of finding the slope values 
    
   % Find the position of the peaks in the dv/dt waveforms for ch1 & ch2. 
   % from the peaks a mid point is calculated and used to average the 
   % slopes 
   [maxtab, mintab]= peakdet (ch1_slope, 100); 
   ch1_slope_maxtab = maxtab; 
   ch1_slope_mintab = mintab; 
   [maxtab, mintab]= peakdet (ch2_slope, 100); 
   ch2_slope_maxtab = maxtab; 
   ch2_slope_mintab = mintab; 
    
    
   % Find the average slope values for 5 data points mid point from  
   % the peak slope differential 
   For j=1: length (maxtab) % step through each peak in the input waveform 
           % identify the mid point in the rising voltage 
       sub = uint16(maxtab(j)-0.5*maxtab(j)); 
           % calculate the average of 5 points 
       ch1_av_dvdt = (   ch1_slope (sub+1)... 
                       + ch1_slope (sub+2)... 
                       + ch1_slope (sub+3)... 
                       + ch1_slope (sub+4)... 
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                       + ch1_slope (sub+5))/5; 
                    
       ch2_av_dvdt = (   ch2_slope (sub+1)... 
                       + ch2_slope (sub+2)... 
                       + ch2_slope (sub+3)... 
                       + ch2_slope (sub+4)... 
                       + ch2_slope (sub+5))/5;             
           % use the average of the slope to calculate the capacitance 
        Cact (j) = C1*((ch1_av_dvdt/ch2_av_dvdt)-1);   
           % reduce noise on measurement by squaring (* and later av & sqrt) 
        sqcap = sqcap + Cact(j)^2; 
   end     % end of slope differential average 
   sqcap = sqcap/length(maxtab); % * average of squared capacitance 
    
     % * capacitance values stored for each frequency 
      C_freq_range (array_row, k, pages_n) = sqrt (sqcap);  
      sqcap =0; % reset the variable 
        
end % end of going through all the frequency(k) files 
    
     array_row = array_row + 1; % build row for next frequency data 
end 
 
end % of all the test groups (pages) 
 
% now calculate the root of squared sums of capacitance at each frequency 
% for all the test pages 
Csums = 0; % holds the squared sums 
 
For row=1:(array_row-1) 
  For col=1: no_freq_bursts 
      For z=1: no_of_repeated_tests 
          Csums = Csums + C_freq_range (row, col, z) ^2; 
      end 
      C_freq_av (row, col)= sqrt(Csums/no_of_repeated_tests); 
      Csums = 0; 
  end 
end 
 

Peak detect function from Eli Billauer (http://www.billauer.co.il/peakdet.html) 

function [maxtab, mintab]=peakdet(v, delta, x) 
%        PEAKDET Detect peaks in a vector 
%        [MAXTAB, MINTAB] = PEAKDET(V, DELTA) finds the local 
%        maxima and minima ("peaks") in the vector V. 
%        MAXTAB and MINTAB consists of two columns. Column 1 
%        contains indices in V, and column 2 the found values. 
%       
%        With [MAXTAB, MINTAB] = PEAKDET(V, DELTA, X) the indices 
%        in MAXTAB and MINTAB are replaced with the corresponding 
%        X-values. 
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% 
%        A point is considered a maximum peak if it has the maximal 
%        value, and was preceded (to the left) by a value lower by 
%        DELTA. 
 
% Eli Billauer, 3.4.05 (Explicitly not copyrighted). 
% This function is released to the public domain; Any use is allowed. 
 
maxtab = []; 
mintab = []; 
 
v = v(:); % Just in case this wasn't a proper vector 
 
if nargin < 3 
 x = (1:length(v))'; 
else  
 x = x(:); 
 if length(v)~= length(x) 
   error('Input vectors v and x must have same length'); 
 end 
end 
  
if (length(delta(:)))>1 
 error('Input argument DELTA must be a scalar'); 
end 
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 Appendix C.4.  

 

Measurement accuracies 

 

In measuring the capacitance of the actuator the following accuracies and errors are 

accounted for: 

1) Displacement measurement using the MTI 2100 Fotonic instrument fitted with the 

MTI-2020R probe (resolution of 0.01 μm, and a range of 102 μm). The meter has in 

internal calibration routine to peak up on the return signal from the probe implying 

an accuracy of 0.01%. 

2) The capacitance measurement uses an Analogue Devices AD5930 programmable 

frequency sweep and output burst waveform generator to create the saw tooth 

waveform, which is applied to the injection capacitor. The important parameters in 

the generation of the input signal include the accuracy of the voltage generated and 

the precision of the timing to create a linear voltage rise (dV/dt) over the range of 

the test frequencies. The timing generation of the AD5930 is controlled by a 50 

MHz crystal oscillator with a stability of 100 ppm (0.0001%) at worst case.  The 

output waveform is generated by a 10-bit DAC and ideally a linear output is 

required. The non linearity of the DAC is specified as +/- 1.5 of a least significant 

bit (LSB) and this translates to a potential error in the slope of 0.29%. The 

differential non linearity relates to the error in individual voltage steps and over the 

output range this is +/-0.75 LSB or 0.15%. The total error contribution from the 

AD5930, taking the square root of the sum of the squares of the error contributions, 

is 0.33%. 

3) The generated signal is then passed through a 31.9 nF multi-layer ceramic capacitor 

and the temperature effects can be ignored given a stable temperature environment 

over the period of the test. The largest variation influencing the capacitor is the 

effect on the capacitance due to polarisation as a result of the voltage across the 

capacitor over the test frequency range. The voltage across the signal injection 

capacitor is approximately half of the applied voltage as measured in the test. The 

standard deviation of the RMS capacitance measurements over the voltage and 

frequency range in the test was 0.33 nF or approximately 1%.  
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4) The data acquisition system used to measure the output voltage from the tests was a 

Tiepie HS3, which has a timing accuracy of 0.01% and DAC accuracy of 0.2%. 

Taking the square root of the squares of all the contributions (MTI probe, signal 

generator, injection capacitor, and Tiepie DAC measurement) implies an overall 

measurement accuracy of 1.07%.  Improvements to the measuring system could be 

made by replacing the dominant error source: the signal injection capacitor, with a 

series transformer but this may lead to a limitation in the frequency range which could 

be covered.  Transformers are bulky and comparatively more expensive than capacitors, 

an importance consideration for a multi-channel cost effective deformable mirror 

system.  

  



185 
 

 

Bibliography 

 

[1] N. Cheung, “MEMs Fabrication Lecture 24 slide 23,” University of California 
Berkeley. 

[2] “Applied surface science 106,” 1996, p. 433. 

[3] R. Gene, “Faraday's Electrochemical Laws and the Determination of Equivalent 
Weights,” Journal of Chemical Education, vol. 31, no. May, pp. 226-232, 1954.  

[4] CIF, “FR4 Data sheet,” http://www.cif.fr/en/, 240 rue Hélène Boucher, 78530 BUC, 
France. 

[5] Analogue Devices, “Programmable frequency sweep and output burst waveform 
generator AD5930,” rev 0, www.analogue.com, 2005. 

[6] B Everitt, Cambridge dictionary of statistics p78, Cambridge University Press ISBN 
0-521-81099-X., 2002.  

 

 

 

 

 

 

 


