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ABSTRACT 

Non-mechanical variable lenses are important for creating compact imaging 

devices. Various methods employing dielectrically actuated lenses, membrane lenses, and 

liquid crystal lenses were previously proposed [1-4]. In This dissertation the design, 

fabrication, and characterization of innovative flat tunable-focus liquid crystal diffractive 

lenses (LCDL) are presented. LCDL employ binary Fresnel zone electrodes fabricated on 

Indium-Tin-Oxide using conventional micro-photolithography. The light phase can be 

adjusted by varying the effective refractive index of a nematic liquid crystal sandwiched 

between the electrodes and a reference substrate. Using a proper voltage distribution 

across various electrodes the focal length can be changed between several discrete values. 

Electrodes are shunted such that the correct phase retardation step sequence is achieved. 

If the number of 2π zone boundaries is increased by a factor of m the focal length is 

changed from f to f/m based on the digitized Fresnel zone equation: f = rm
2/2mλ, where rm 

is mth zone radius, and λ is the wavelength. The chromatic aberration of the diffractive 

lens is addressed and corrected by adding a variable fluidic lens. 

These LCDL operate at very low voltage levels (±2.5V ac input), exhibit fast 

switching times (20-150 ms), can have large apertures (>10 mm), and small form factor, 

and are robust and insensitive to vibrations, gravity, and capillary effects that limit 

membrane and dielectrically actuated lenses. Several tests were performed on the LCDL 

including diffraction efficiency measurement, switching dynamics, and hybrid imaging 

with a refractive lens. Negative focal lengths are achieved by adjusting the voltages 
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across electrodes. Using these lenses in combination, magnification can be changed and 

zoom lenses can be formed.  

These characteristics make LCDL a good candidate for a variety of applications 

including auto-focus and zoom lenses in compact imaging devices such as camera 

phones. A business plan centered on this technology was developed as part of the 

requirements for the minor in entrepreneurship from the Eller College of Management. 

An industrial analysis is presented in this study that involves product development, 

marketing, and financial analyses (Appendix I).  
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INTRODUCTION 

The Problem, Solution, and Historical Context 

Conventional variable-focus and variable magnification (zoom lens) systems 

employ several fixed-focus lenses that are mechanically moved with respect to each 

other. This makes such optical systems bulky, expensive, fragile, and slow, with high 

power consumption. Reducing the weight and bulk of imaging devices is critical in 

applications such as mobile phones where traditional bulky systems are not suitable. As 

an example, there are over one billion mobile phones sold every year, and the camera is a 

standard feature in more than 90% of them.  Apart from personal use, camera phones 

have become important in many areas such as journalism, business, and even law 

enforcement.   

The first problem is lack of optical zoom which requires multiple focal lengths for 

the lens and is not possible with a fixed-focus lens.  Figure 1 shows the importance of 

optical zoom.  Typical camera phones in use today lack optical zoom and their picture 

quality is acceptable only for capturing details in a wide area (fixed focal length, object at 

infinity, wide field of view) but not a deep one (depth of field).  As a result, typically 

only a few subjects appear sharp in a given image. Digital zoom is commonly available in 

camera phones but it degrades the resolution because it’s mere electronic image 

processing, increasing the magnification without capturing additional pixels (i.e., no 

increase in optical resolution).  However, with optical zoom the resolution can in fact be 

increased because it involves physical changes in the focal length. 
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Figure 1: Comparison of optical vs. digital zoom [source: photo.net] 

The second problem is the low image resolution, because the space constraints 

don’t allow the focal length to be long enough (as well as detector size – number of 

pixels and size of pixels).  Due to the short focal length of mobile phone lenses, the field 

of view is very wide. This means their image quality is acceptable for far subjects (wide 

angle shots) but is poor for near subjects (close-ups). In typical camera phones the focal 

length is decreased without a similar reduction in the pixel size.  If the physical size 

constraint limits the focal length of a lens, then minimum pixel size limits the resolution 

of the image. Providing longer focal lengths results in greater magnification and 

improved angular resolution. Liquid crystal diffractive lenses presented here are flat and 

compact (can be made less than 1 mm thick), low cost (mass-producible), rugged, fast 

(no mechanical movements), and consume little power. 

The history behind the creation of the variable liquid crystal diffractive lens dates 

back to 1980 [5]. Sam Sato published a paper in that year that demonstrated, for the first 
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time, the use of a liquid crystal in conjunction with a diffractive optical element called a 

Fresnel lens. This was a radical innovation in the field of optical sciences that 

subsequently led to several incremental innovations. Before that time, any variable 

optical system had to incorporate several fixed-focus lenses that are moved with respect 

to each other to vary the overall focal length of the system. Sato et al demonstrated a 

surface relief (like saw tooth) Fresnel lens which had a fixed focal length. However, the 

effective refractive index of the liquid crystal was varied to achieve a multi-focal lens. 

This lens had a relatively low diffraction efficiency as well as low transmission and long 

response time due to the large thickness of the liquid crystal. An incremental innovation 

led to a solution for the transmission and response time issues by reducing the thickness 

of the liquid crystal. The new technology used a flat Fresnel zone plate instead of the 

surface relief Fresnel lens. However, the diffraction efficiency was still low because in 

the Fresnel zone plates, every other zone (either the odd or even zones) are blocked to 

achieve a constructive interference at the image plane. Another incremental technology 

took place afterward which used the liquid crystal in conjunction with a refractive lens 

(instead of the diffractive lens). This allowed for better efficiency but still the problem of 

long response time and low transmission due to the absorption and scattering of a thick 

liquid crystal layer was there. Plus, in all of the abovementioned innovations the lens 

exhibited a non-zero optical power which makes them not suitable for many applications 

including ophthalmic applications. In addition, our lenses have zero optical power at the 

off (no-voltage) state which is desirable in many applications such as vision care. This 

was an important incremental innovation that was built on the original innovation by Sam 

Sato which overcame many of the problems associated with the earlier concepts. 
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Our innovation took place at the College of Optical Sciences at the University of Arizona 

in 2003. In a group effort, we designed, fabricated, and characterized flat liquid crystal 

diffractive lenses with high diffraction efficiency and transmission, and fast response 

time. In addition, our lenses have zero optical power at the off (no-voltage) state which is 

desirable in many applications such as vision care. This was an important incremental 

innovation that was built on the original innovation by Sam Sato which overcame many 

of the problems associated with the earlier concepts. 

A Review of the Literature 

A few other methods of making compact non-mechanical variable lenses are 

currently under investigation including non-diffractive liquid-crystal lenses, electro-

wetting lenses, and membrane fluidic lenses. In the electro-wetting technique [6-10], two 

immiscible liquids such as oil and water are used (Figure 2). By applying a voltage across 

the liquids, the curvature of interface and hence the focal length is changed. The required 

voltages are in the order of several tens or even over a hundred volts which makes this 

method not very suitable for battery-run applications such as camera phones. Also, the 

practical aperture size for electro-wetting lenses is small due to the gravitational forces. 
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Figure 2: Electro-wetting technique. 

 

The fluidic lenses [11] normally employ a deformable PDMS membrane 

chamber. Pressure-controlled fluidic lenses use a syringe and a pump system to alter the 

volume of the fluid inside the chamber and hence vary the focal length (Figure 3). 

Another type of fluidic lens utilizes a servo motor to change the aperture of the lens while 

the volume of the fluid is constant. Alignment, evaporation, slow response time, and 

bulky peripherals are some of the current issues with the fluidic lenses. 

 

Figure 3: Aperture-controlled Fluidic Lens. 
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Our lens modules as depicted in Figure 4 are comprised of two main components: a flat 

diffractive element, and a thin layer of liquid crystal sandwiched between two thin ITO 

glass substrates, one with the diffractive pattern and one with no pattern used as the 

electronic ground. The refractive index of the liquid crystal can be varied with the applied 

voltage and together with the diffractive pattern that defines the phase-wrap points, phase 

profiles corresponding to different focal lengths can be achieved. 

 

Figure 4: Schematic of our flat liquid crystal diffractive lens  
 

The main advantages of our liquid-crystal diffractive lenses compared to the other 

technologies include low power consumption (operating voltages of less than 2 Vrms 

compared to several tens of volts for the other lenses), scalability of the lens aperture (up 

to 15 mm or more, whereas the other lenses are limited to about 5 mm or less), fast 

response time (about 50 ms compared to seconds for thick liquid-crystal or fluidic 

lenses), compactness (no need for a pump machine, actuator, or servo motor compared to 

the elastic membrane lenses), long-term stability and robustness (insensitivity to 

vibrations, gravity, and capillary effect as in membrane and electro-wetting lenses), fail-

safe mode (no optical power when the power in turned off, unlike most other lenses), and 

flatness. Table 1 summarizes a few important advantages of our technology (LenSense is 
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a working title for our business venture) as compared to electro-wetting (Varioptic) and 

fluidic lenses (Holochip).  

 

Table 1: Competitive Advantages of our technology 

 

Dissertation Format 

The format of dissertation is based on six journal papers attached in the 

appendices. Over the past seven years, we have demonstrated four different generations 

of liquid crystal diffractive lenses in a group effort. The dissertation author had an 

assistive role during the first two generations which employed 4- and 8- binary phase 

level Fresnel zones. For the last two generations that utilized 12- and 16- binary phase 

level Fresnel zones and added several important improvements, the author performed the 

whole design and simulations, as well as most of the fabrication and testing as outlined in 

the next chapter in detail. 

The first two generations were designed mainly for the vision care applications 

including correction of Presbyopia and making a switchable eyeglass. We successfully 
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demonstrated a proof-of-principle prototype for vision applications including a 

switchable bifocal eyewear, which was a revolution in the eyeglass industry after 243 

years of relatively little change (Figure 5). The last two generations were geared towards 

auto-focus and zoom lens applications that were proposed by the author who also filed a 

provisional patent application for that. He also developed a business plan with the 

collaboration of his entrepreneurship mentor and two classmates and took part in “Mobile 

Rules” innovation competition and was selected as a finalist among one hundred 

companies worldwide. 

 

 
 

Figure 5: The switchable eyeglass prototype. 
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PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the journal 

papers appended to this dissertation. The following is a summary of the most important 

findings as well as the explanation of the flow of the attached papers in this document. 

The theoretical concept and operating mechanism of our liquid crystal diffractive 

lenses are first presented, separately. Then the fabrication and characterization methods 

are discussed in this section as well as the six papers in the appendices. Our lenses are 

comprised of a flat diffractive optical element (DOE) and a thin layer of liquid crystal 

sandwiched between two thin ITO glass substrates, one with the DOE pattern (Figure 4) 

and one with no pattern used as the electronic ground. An electric filed is applied across a 

thin film of mono-domain, aligned, nematic liquid-crystal (E7 from Merk) by accurate 

voltages applied to the patterned electrodes to vary the effective refractive index and 

hence produce a diffractive optical element (DOE).  Each Fresnel zone is divided to 

multiple sub-zones (eight in Figure 6) in a way that maintains the square-root-of-radius 

relationship so as to quantize the continuous quadratic phase transmission function: 

 

where n is an index denoting the nth boundary, and m is an index denoting the boundries 

of the sub zones, and f is the distance of the plane from center of the spherical wave that 

is the focal length of the lens, and λ is the wavelength of the light.   
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Figure 6: Binary Fresnel Zone Structure and the theoretical concept of the diffractive lens 

operation 
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The electrical buses are established to shunt together all of the corresponding sub-zones 

in all of the zones. The electrodes of the same counting index for each subzone within 

each of the Fresnel zones are connected to bus bars through vias made in the insulating 

layer of SiO2. Isolation between the bus bars and the electrodes is achieved by a thin 

insulating layer of SiO2 that contains two micron vias only at proper electrode locations 

where electrical contacts between the electrodes and corresponding bus bars are needed 

(Figure 6).  The focusing power of the lens can be switched between some specially 

related discrete values.  The phase wrapping points can be re-established if the number of 

subzones is changed. The electrodes have fixed positions but the phase retardation they 

produce can be reset by changing the number of binary subzones. The effective refractive 

index of the liquid crystal can be varied with the applied voltage and together with the 

diffractive pattern that defines the phase-wrap points, phase profiles corresponding to 

various focal lengths can be achieved.  

Liquid crystal is a phase of matter in between an isotropic liquid and a crystalline 

solid. In liquid crystal molecules, there is no positional order (as in liquids) but there 

exists a certain degree of orientational order (as in crystalline solids). Liquid crystals can 

be categorized in three different materialistic phases in general: smetic, choletric, and 

nematic. The nematic liquid crystal which is considered in this dissertation is 

characterized by a single axis of symmetry.  In nematic liquid crystals, molecules form a 

uniaxially symmetric medium in which the axis of symmetry is determined by a director 

unit vector that represents the average orientation of the molecules. When the long axes 

of the liquid crystal molecules are parallel to the plane of the substrate (due to the specific 
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rubbing direction) the alignment is called homogeneous which is our alignment of choice. 

In this type of alignment the device is said to operate in the electrically controlled 

birefringence (ECB) mode which is the most often used method. 

The two principal refractive indices of a nematic liquid crystal are called the 

ordinary (no) and extra-ordinary (ne) refractive indices. In the ECB operation mode a 

linearly polarized incoming light propagating parallel to the optic axis (LC director) will 

undergo the low voltage extra-ordinary (ne) refractive index and experiences Electro-

Optic phase modulation while a light propagating perpendicular to the optic axis will 

experience the high voltage ordinary (no) refractive index and will undergo no electro-

optic effects. The birefringence of the liquid crystal is defined as the difference between 

the ordinary and extra-ordinary refractive indices. For E7 at room temperature and at the 

555 nm wavelength: 

∆n = ne - no = 1.75 – 1.52 = 0.23 

 A simulation of how the liquid crystal molecules are oriented at various voltage 

levels is shown in Figure 7 for an 8-level binary liquid crystal diffractive device. The 

values of the refractive indices and phase retardations are calculated for a 5 micron thick 

layer of E7 nematic liquid crystal. As seen in this figure, at the threshold voltage of 1.1 

volt the molecules are still almost aligned with the original orientation dictated by the 

buffing direction of the liquid crystal’s alignment layer on the substrate. At these low 

voltage levels the light experiences the extra-ordinary refractive index of 1.7 and as the 

voltage is increased the molecules start to rotate and become more perpendicular to the 

initial director orientation and the light experiences the ordinary refractive index of 1.5. 
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Figure 7: simulation of the liquid crystal cell at various voltage levels for an 8-level binary liquid 

crystal diffractive device (Prof. Efron’s group) 

The amplitude response of a liquid crystal cell versus voltage was measured using 

a photo detector and plotted as seen in Figure 8 (left). In this chart, the absolute 

amplitudes were normalized by the initial incident intensity. The phase measurement 

would be more complex than measuring the amplitude, and can be done using 

interferometric techniques. However, the phase values can easily be extracted from the 

registered amplitude response through the following equations:  
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Figure 8: Measured values of the normalized amplitude versus voltage (left) and the extracted 

phase values versus voltage (right) 

 

The general analytical expression for the phase response below can also be used 

to calculate an approximate theoretical phase response:  
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 Our first three papers were centered on the ophthalmic applications. The first 

paper titled “Large-aperture switchable thin diffractive lens with interleaved electrode 

patterns” (Appendix A) describes the concept, design, fabrication, and test results from 

the first generation of our lenses that had 4- binary phase levels for the Fresnel zone 

structure. Our second journal paper “Switchable electro-optic diffractive lens with high 

efficiency for ophthalmic applications” (Appendix B) reports on an 8-level lens with 

higher diffraction efficiency with more detailed tests. We also demonstrated a switchable 

eyewear prototype in this paper for the vision care industry. The third paper “High-

efficiency switchable flat diffractive ophthalmic lens with three-layer electrode pattern 

and two-layer via structures” (Appendix C) describes a modification in the fabrication 

method that makes it easier to fabricate lenses with higher number of phase levels, but the 

number of fabrication steps is increased. Our last three papers are geared towards the 

auto-focus and zoom lens applications, as well as correcting the chromatic aberration of 

our liquid crystal diffractive lens by adding a pressure-controlled fluidic lens. These 

papers are discussed in more detail in this section and covers materials which could not 

be included in the papers due to the space constraints. 

 Our fourth paper titled “Tunable-focus flat liquid crystal diffractive lens” 

(Appendix D) demonstrates a 12-level lens with a diffraction efficiency of up to 95% that 

can be tuned between five discrete focal lengths. The first step is to design the diffractive 

element with computer aided design (CAD) software, such as AutoCAD. AutoLisp code 

was used to generate the electrodes. For the first two generations, the vias and bus lines 

were drawn manually. This was not a problem when dealing with small number of phase 

levels, and small number of lenses per mask. However, for the next two generations of 
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lenses the vias and electrodes were also included in the code so the program 

automatically draws them. Figure 9 shows a part of this multi-hundred line code. 

 

Figure 9: A sample of the AutoLISP code. 

 

Additional features such as alignment marks and etch test structures are drawn manually. 

The DXF file generated by AutoCAD is converted into the GDSII format which is sent to 

the mask manufacturer. The latest generation of our masks is depicted in Figure 10 that 
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contains 17 lenses with various optical powers and apertures and phase levels as 

summarized in Table 2. 

 

 

Figure 10: The Photo-mask Layout. 
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Table 2: Parameters of the lenses on the mask in figure 10. 

 

In the next step, diffractive patterns are lithographically transferred and etched into the 

thin layers of conductive and transparent indium tin oxide (ITO) coated on a glass 

substrate.  The fabrication techniques for these diffractive patterns are very similar to 

those used in the semiconductor industry. These processes require high quality 

lithography equipment and tight environmental control in terms of contamination, 
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temperature, humidity, etc. (clean room of Class 100 or better.)  Figure 11 shows one of 

the Class 100 clean rooms at the University of Arizona. 

 

 

Figure 11: Karl-Suss mask aligner and spinner in our class-100 clean room. 

 

The micro-fabrication of our lenses was by far the most cumbersome and time consuming 

part of the projects. This was in part due to the very small feature sizes (down to 0.8 

micron) that are difficult to make with conventional contact printing lithography. But the 

more important obstacles were the deviations of our clean room environment and its tools 

from the industry standards. As an example, contamination levels were often too high 

mainly due to the neglect of other users. Figure 12 shows a comparison between two 

patterned electrodes with heavy (left) and no (right) contamination. Even at lighter 
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contamination levels which we frequently observed, the chance of problem and having to 

redo the lithography for that layer would be high because even a very small particle of 

size 1 micron or higher could cause a short between the two adjacent ITO electrodes. We 

also encountered problems with some of the tools and machines. Most recently the 

quality of the Silicon Dioxide deposited by our sputtering system was low, and so we 

explored alternatives such as CVD and spin-on glass. 

 

   

Figure 12: The comparison between a highly contaminated (left) and a clean (right) patterned 
electrodes. 

 

The complete fabrication procedure is attached in Appendix G. Figure 13 shows a portion 

of one of the good lenses we fabricated with all the layers being clean and working. 
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Figure 13: Edge of a fabricated lens showing the 9th bus line and the corresponding vias 

After successful fabrication of the diffractive lens, a cell is formed and filled with liquid 

crystal as described in the papers as well as Appendix F in more detail. We tried a few 

different thicknesses for the liquid crystal layer (from 15 micron to 3 micron). The 

minimum required thickness for the liquid crystal in order to have a full 2π phase change 

can be found from the following equations: 

              

For the E7 (Merk) liquid crystal that we used ∆n = 0.225, so at λ = 555 nm the minimum 

required thickness would be 2.5 μm. 

Transmission curves of our assembled lenses were tested by a spectrophotometer 

to measure the thickness of the cell gap and also characterize the transmission of the lens 
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at different wavelengths (Figure 14). The transmission is about 80% on average over the 

visible range but it drops as we move toward infrared or ultraviolet ranges due to the high 

absorption of the ITO glass. The transmission can be further increased by optimizing the 

thicknesses of the ITO and SiO2 films as well as employing anti-reflection coatings. 

 

Figure 14: Transmission curve of one of our good 12-level lenses. 

Several tests were performed to characterize the performance of our lenses including 

diffraction efficiency measurements, ellipsometry (polarization microscopy), 

interferometry, response time measurements, and various hybrid imaging. The methods 

are discussed in detail in the attached papers and the results are presented which show 

good performance for our lenses. 
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In our fifth paper “Non-mechanical Bifocal Zoom Telescope” we demonstrated a 

variable magnification system using two of our liquid crystal lenses in combination. We 

designed the system based on a telescopic configuration but we could also make a zoom 

lens in an arbitrary configuration as shown if figure 15. This system employs two 

variable liquid crystal diffractive lenses and a fixed-focus static lens to increase to overall 

optical power of the system. 

 

Figure 15: Schematic of an arbitrary zoom lens system. 

Based on the desired zoom ratio and the maximum available power for the first (front) 

variable lens, the lens spacing and the required power range for the second variable lens 

(in the back) are determined. The desired Back Focal Distance (BFD) will dictate the 

focal length of the static lens and the focal length range of the overall system. This 

procedure is summarized in the following steps and equations: 
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A Mathematica code was written to do the calculations using various parameters for the 

diffractive lenses. One example of this code is attached in Appendix H. 

Our sixth and last paper “Adjustable Hybrid Diffractive/Refractive Achromatic 

Lens” attached in Appendix F addresses the correction of our diffractive lenses chromatic 

aberration by means of an adjustable pressure-controlled fluidic lens. The fluidic lens has 

a positive dispersion (opposite to the diffractive lenses) and can provide a more 

continuous variation. Therefore focal lengths of the fluidic lens are chosen such that they 

correct for the dispersion of the diffractive lens. We chose Methanol for the fluidic lens 

due to its high dispersion properties. The lenses showed good optical properties and the 

test results were close to the theoretical predictions as evident from the results presented 

in Appendix F. This paper is under review at the moment and in intended for the Optics 

Express journal of the Optical Society of America. 

Diffractive lenses have a strong inherent chromatic aberration because the focal 

length of a diffractive lens has a strong dependence on wavelength given by f = r1
2 / (2 λ) 

where r1 is the radius of the first Fresnel zone and λ is the wavelength of the incident 

light. The focal length at any other wavelength λ, in nm, can be scaled by the design 
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wavelength according to f (λ) = (555/ λ) fd where fd is the design focal length at 555 nm. 

Diffractive lenses have an Abbe number much smaller than their refractive counterparts. 

The Abbe number of a diffractive lens is unique in that it is equal to -3.45, solely 

dependent upon the specified Fraunhofer d, F, C wavelengths, as given by Vdiffractive = λd / 

(λF - λC). An approach was established to correlate the diffractive lens with the refractive 

lens.  For certain focal lengths of the diffractive lens,  fd , we may choose the focal 

lengths and Abbe number of the fluidic lens such that they satisfy the achromat equation: 

ff Vf - 3.45 fd = 0, where ff and Vf  are the focal length and Abbe number of the fluidic 

lens, respectively. Refractive lenses have an Abbe number that is related to the indices of 

refraction as specified by the Fraunhofer d, C, F lines where Vfluidic = (nd - 1) / ( nF  – nC). 

By knowing the focal length of the diffractive lens and the Abbe numbers of the 

refractive and diffractive lenses, one is able to determine the focal length range of the 

fluidic lens required to achieve an achromat. 

For the future work, I suggest trying other types liquid crystal (specially the 

Polymer-Dispersed Liquid Crystals or the like that can work with any randomly polarized 

light) or even explore new electro-optic materials and find a way to reduce their operating 

voltages such as by doping them. It would be worthwhile to improve the diffractive 

pattern either by employing larger number of binary phase level Fresnel zones (such as 

24, 32, 48, etc) for higher overall diffraction efficiencies and better focal length 

tenability. Exploring other structures such as pixilated Spatial Light Modulators (SLMs) 

would also have a great potential. 

 



36 
 

  

 

REFERENCES 
 

 
1. H. Ren, S. Xu, Y.J. Lin, and S.T. Wu, "Adaptive-Focus Lenses," Optics & 

Photonics News 19, 42-47 (2008). 
 

2. C. A. López, C. Lee, and A. H. Hirsa, “Electrochemically activated adaptive 
liquid lens,” Appl. Phys. Lett. 87, 134102 (2005). 
 

3. M. Hain, R. Glöckner, S. Bhattacharya, D. Dias, S. Stankovic, and T. Tschudi, 
“Fast switching liquid crystal lenses for a dual focus digital versatile disc pickup”, 
Opt. Comm., 188, 291-299, (2001). 
 
 

4. H. Ren, Y.H. Fan, and S.T. Wu, “Tunable Fresnel lens using nanoscale polymer-
dispersed liquid crystals,” Appl. Phys. Lett. 83, 1515-1517 (2003). 
 

5. S. Sato, A. Sugiyama and R. Sato, “Variable-Focus Liquid-Crystal Fresnel Lens,” 
Jpn. J. Appl. Phys. 24 pp. L626-628 (1985) 
 
 

6. S.C. Park, S.H. Lee, and J.G. Kim, "Compact Zoom Lens Design for a 5x Mobile 
Camera Using Prism," J. Opt. Soc. Korea 13, 206-212 (2009). 
 

7. J.H. Sun, B.R. Hsueh, Y.C. Fang, J. MacDonald, and C.C. Hu, "Optical design 
and multiobjective optimization of miniature zoom optics with liquid lens 
element," Appl. Opt. 48, 1741-1757 (2009). 
 
 

8. S. Kuiper, B.H.W. Hendriks, J.F. Suijver, S. Deladi, and I. Helwegen, "Zoom 
camera based on liquid lenses," Proc. SPIE, 6466, 64660F-1 (2007). 
 

9. F. C. Wippermann, P. Schreiber, A. Bruer, and P. Craen, “Bifocal liquid lens 
zoom objective for mobile phone applications,” Proc. SPIE 6501, 650109 (2007). 
 
 

10. R. Peng, J. Chen, and S. Zhuang, "Electrowetting-actuated zoom lens with 
spherical-interface liquid lenses," J. Opt. Soc. Am. A 25, 2644-2650 (2008). 
 

11. D. Y. Zhang, N. Justis, and Y. H. Lo, “Fluidic adaptive zoom lens with high zoom 
ratio and widely tunable field of view,” Opt. Commun. 249, 175-182 (2005). 
 
 

 



37 
 

  

APPENDIX A 

LARGE-APERTURE SWITCHABLE THIN DIFFRACTIVE LENS WITH 

INTERLEAVED ELECTRODE PATTERNS 
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APPENDIX B 

SWITCHABLE ELECTRO-OPTIC DIFFRACTIVE LENS WITH HIGH EFFICIENCY 

FOR OPHTHALMIC APPLICATIONS 
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APPENDIX C 

HIGH-EFFICIENCY SWITCHABLE FLAT DIFFRACTIVE OPTHALMIC LENS 

WITH THREE-LAYER ELECTRODE PATTERN AND TWO-LAYER VIA 

STRUCTURE 
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APPENDIX D 

TUNABLE-FOCUS FLAT LIQUID-CRYSTAL DIFFRACTIVE LENS 
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APPENDIX E 

NONMECHANICAL BIFOCAL ZOOM TELESCOPE 
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APPENDIX F 

ADJUSTABLE HYBRID 
DIFFRACTIVE/REFRACTIVE ACHROMATIC 

LENS 
 

Pouria Valley*, Nickolaos Savidis, Jim Schwiegerling, Mohammad Reza Dodge, Gholam Peyman, 
and N. Peyghambarian 

  
  College of Optical Sciences, University of Arizona Tucson, AZ 85721 USA 

*pouria@u.arizona.edu 

Abstract:  We demonstrate a variable focal length achromatic lens that consists of a flat 
liquid crystal diffractive lens and a pressure-controlled fluidic refractive lens. The 
diffractive lens is composed of a flat binary Fresnel zone structure and a thin liquid 
crystal layer, producing high efficiency and millisecond switching times while applying a 
low ac voltage input. The focusing power of the diffractive lens is adjusted by electrically 
modifying the sub-zones and re-establishing phase wrapping points. The refractive lens 
includes a fluid chamber with a flat glass surface and an opposing elastic 
polydimethylsiloxane (PDMS) membrane surface. Inserting fluid volume through a pump 
system into the clear aperture region alters the membrane curvature and adjusts the 
refractive lens’ focal position. Primary chromatic aberration is corrected through the 
coupling of the fluidic and diffractive lenses at selected focal lengths. Potential 
applications include miniature color imaging systems, medical and ophthalmic devices, 
or any design that utilizes variable focal length achromats.  
©2010 Optical Society of America  
OCIS codes: (050.1965) Diffractive lens; (230.3720) Liquid-crystal devices; (80.3630) Lenses.  
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1. Introduction  
 

A traditional achromatic lens or achromat corrects for primary chromatic aberration by matching 
the focal points of a red and a blue wavelength.  The dispersion is reduced over the visible spectrum, 
however residual secondary chromatic aberration remains at the green wavelength.  Achromatic doublets 
consist of a crown glass followed by a flint. The crown glass has a positive focal length with low dispersion 
while the flint has a negative power with high dispersion.  The combination of these two glass disparities is 
designed to match the red and blue wavelengths to a common focus along the optical axis (z-axis) to 
eliminate primary chromatic aberration.  

It is known that diffractive lenses have strong chromatic aberration [1]. We have previously 
reported on designing and demonstrating adjustable focus diffractive lenses using liquid crystal as the 
variable index medium [2, 3]. In this paper, we present an adjustable liquid crystal diffractive lens and an 
adjustable pressure-controlled fluidic lens that in combination (Figure 1) that minimizes primary chromatic 
aberration. Individually, the tunable liquid crystal diffractive lenses [2-6] and fluidic lenses [7-9] have a 
variable focal length. At each focal location chromatic aberration is observable when uncorrected. 
Chromatic aberration is greater in elements with larger dispersion, such as diffractive lenses, and becomes 
more significant for materials with lower Abbe numbers. Diffractive and holographic lenses have been 
proposed to replace the traditional achromatic doublets for fixed focal length designs [1, 10]. More 
recently, a useful hybrid variable focal length fluidic/diffractive lens was demonstrated; however, the 
diffractive component applies a fixed focal length [11]. We have extended this work to include a variable 
focal length diffractive component. In effect, we have created a variable achromatic doublet with no 
moving parts. 

 

 
Fig. 1. Schematic of the hybrid liquid crystal diffractive lens and fluidic lens. 

 
 
Diffractive lenses have an Abbe number much smaller than their refractive counterparts [1]. The 

Abbe number of a diffractive lens is unique in that it is equal to -3.45, solely dependent upon the specified 
Fraunhofer d, F, C wavelengths, as given by Vdiffractive = λd / (λF - λC) [1, 10]. The focal length of a Fresnel 
zone-based diffractive lens is given by f = r1

2 / (2 λ) where r1 is the radius of the first Fresnel zone and λ is 
the wavelength of the incident light [1]. Therefore, the focal length at any other wavelength λ, in nm, can be 
scaled by the design wavelength according to f (λ) = (555/ λ) fd where fd is the design focal length at 555 
nm. 

An approach must be established to correlate the diffractive lens with the refractive lens.  For 
certain focal lengths of the diffractive lens,  fd , we may choose the focal lengths and Abbe number of the 
fluidic lens such that they satisfy the achromat equation: ff Vf - 3.45 fd = 0, where ff and Vf  are the focal 
length and Abbe number of the fluidic lens, respectively. Refractive lenses have an Abbe number that is 
related to the indices of refraction as specified by the Fraunhofer d, C, F lines where Vfluidic = (nd - 1) / ( nF  
– nC). By knowing the focal length of the diffractive lens and the Abbe numbers of the refractive and 
diffractive lenses, one is able to determine the focal length range of the fluidic lens required to achieve an 
achromat. Table 1 identifies which focal length ranges are necessary for a variable fluidic lens to produce 
an achromat with diffractive lenses ranging between 67 mm and 1000 mm focal lengths at specified Abbe 
numbers of the refractive lens. Optical glasses have an Abbe range between 25 and 65 [12], however using 
optical fluids increases this range of achievable Abbe numbers. Once the focal lengths are determined to 
identify what is necessary to match the diffractive lenses, the proper Abbe number and hence fluid may be 
chosen to achieve this goal. 
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2. Liquid Crystal Diffractive Lens 
 
We began by designing diffractive elements with known focal lengths and Abbe numbers.  We 

developed two variable focal length diffractive lenses.  Diffractive lens A possesses a design focal length of 
1000 mm at λ=555 nm with a clear aperture of 10 mm and eight binary phase quantization that results in a 
maximum diffraction efficiency of 94.9% in theory.  Diffractive lens B possesses a design focal length of 
400 mm at λ=555 nm with a clear aperture of 6 mm and twelve levels of binary phase quantization that 
results in a maximum diffraction efficiency of 97.7% in theory. By properly shunting the electrodes, the 
diffractive lens A can provide focal lengths of 1000 mm, 500 mm, and 250 mm, and the diffractive lens B 
can provide 400 mm, 200 mm, 133 mm, 100 mm, and 67 mm focal lengths. [2, 3]  

Desired phase profiles are achieved by shifting the effective refractive index of a nematic liquid crystal. 
The nematic liquid crystal is sandwiched between a flat Fresnel zone electrode substrate and a ground 
reference substrate, where both substrates contain a transparent and conductive Indium-Tin-Oxide (ITO) 
layer. To maintain the electrical isolation between the electrodes in the diffractive lens A, the odd-
numbered and even-numbered electrodes are formed in two separate layers with an insulating layer of SiO2 
in between [3]. For the diffractive lens B, one-micron gaps are implemented as isolators between the 
electrodes that reduce the fabrication steps [2]. The electrodes (or subzones) of the same counting index 
within each of the Fresnel zones are connected to bus bars through vias made in the insulating layer of 
SiO2. 

Fabrication of our diffractive lenses involves a few steps of deposition, lithography and etching. Ion 
beam sputtering was the deposition method used to produce uniform films of around 150 nm thick. Then 
photo-lithography was carried out using a diluted S-1805 photoresist (from Rohm and Hoss) and Karl-Suss 
MA6 mask aligner. The patterns were then etched using the appropriate acids/etchants for each layer. After 
the micro-fabrication process, both the patterned electrodes and the reference substrates are spin-coated 
with a nylon alignment layer. The substrates are then baked at 115 °C, buffed unidirectionally, and put 
together in the anti-parallel geometry to provide a homogeneous molecular orientation for the liquid crystal.  
Glass fiber spacers are used in the cell assembly.  The lens cell is filled with the liquid crystal (E7 from 
Merck) via the capillary action at a temperature above the clearing point (60°C) and cooled slowly to the 
room temperature. Finally, the cell is sealed and connected to drive electronics through a set of thin 
stranded wires. 

Two resistive circuits with eight and twelve potentiometers drive the diffractive lenses. The resistances 
and the input voltage, hence the driving electric field across different Fresnel subzones, are adjusted to 
introduce the appropriate phase shift for the maximum diffraction efficiency. The voltages are applied 
simultaneously and are monotonically increasing from the first to the last subzone. The focal lengths are 
electronically switchable to fractions of the maximum design focal length in milliseconds. It is also 
possible to achieve negative focal lengths by reversing the order in which the voltages are applied to the 
diffractive lenses, thus reversing the slope of the phase profile. [2, 3] 
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3. Fluidic Refractive Lens 

The refractive lens is a plano-convex singlet with a predetermined amount of fluid inserted into 
the lens chamber.  During preparation, fluid is inserted in excess within the chamber as to induce a vacuum 
pressure to evacuate air.  If the air is not evacuated then it is treated as a second index within the clear 
aperture, resulting in a drastic alteration of desired lens properties. Only the membrane curvature changes 
when fluid is pumped into the chamber since the frame is metal and the opposing side is transparent glass.   

 The deformable membrane layer is a moldable optically clear elastomer with uniform thickness. 
Fabrication of the deformable membrane involves a pre-backing process while the PDMS mixture is 
formulated within molds designed on a flat 5 λ glass surface.  The mixture is deposited within the molds 
which are then stirred within a vacuum system as to remove the excess air within the PDMS.  The thickness 
of the membrane depends on the amount of material deposited within each mold.  After the air is 
evacuated, the PDMS is placed into an oven at 90o C for an hour.  We then remove the PDMS and peel off 
the membrane layers, which have a designed thickness of approximately 30-120 microns [9].  The 
membrane layers are removed with nylon tweezers and trimmed to remove excess material.  Removal of 
excess material is necessary as to ensure a flat membrane to be clamped into the chamber.   

 The chamber is a metal frame which the membrane locks into, possessing a clear aperture within 
the center and flanges on its periphery.  Control of the lens’ output shape is achieved by controlling the 
clear aperture’s opto-mechanical shape, where this clear aperture has a circular shape as to produce a 
rotationally symmetric fluidic lens.   There is a retainer ring that has equal and opposite flanges relative to 
the metal frame.  Through pressure, the membrane is applied onto the flat metal frame and the retainer ring 
locks the membrane onto the frame.  This flat frame is then aligned and squeezed into a two part assembly, 
creating the singlet chamber. The chamber is then mounted onto a frame that has openings to place onto a 
rail.  The chamber posses a single fluidic fitting that connects the fluid chamber to a syringe. 

 A syringe is placed into a pump system that alters the fluid output, permitting for control of the 
fluidic lens’ radius of curvature and focal length.  The applied pump controllers operate at a maximum of 
0.0125 ml / sec, an operation rate of 50 µl in 4 seconds.  This corresponds to a focal shift of about 10 mm 
when there is high lens curvature and a shift of about 50 to 100 mm per 50 µl evacuation at lower 
curvatures.  Due to drastic fluid removal effects at flatter curvatures, it was opted to decrease the amount of 
fluid inserted or removed at higher radii of curvature.  A plano-convex lens is developed over this region 
and only positive focal lengths are selectively outputted. 

  

4. Methods and Test Results 

It is non-trivial to place the proper fluid into the chamber when compensating for the diffractive 
lens.  Identifying the proper fluid came from a four step process.  Firstly, one must identify the membranes 
radius of curvature range.  This allows for one to physically characterize the limitations of the fluidic lens.  
Also, by identifying the radius of curvature with a known fluid, it is possible to quantify the focal length 
range of any fluid by knowing the new fluid’s index of refraction.  Once one knows the achievable radii of 
curvature and focal lengths of the fluidic lens, it is necessary to specify the focal lengths needed to 
compensate for the diffractive lens.  For our experimental setup, we have already specified the Abbe 
number of the diffractive lenses and also the focal lengths achievable by our diffractive lenses.    Table 1 
took these values into consideration and found the focal length solutions of fluids at a wide scope of Abbe 
values.  Therefore, we match the physical focal length range of the fluidic lens to a reasonable Abbe 
number so that a high percentage of achromatic doublets are achievable.  The final step is to identify a fluid 
with the proper index of refraction and Abbe number as was previously assessed.  It is also important that 
the fluid found is non-reactive or absorptive with the membrane that one is applying.  Through this 
approach we satisfy the achromat equation: f1 V1 + f2 V2 = 0, where V is the Abbe number. 
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Table 1. Values needed for fluidic lens focal lengths fg (in mm) at different fluid Abbe number values and given diffractive lens 
focal lengths at the design wavelength of 555 nm. 

Diffractive lens powers 
and focal lengths  

Needed fg if 
Vf =25 

Needed fg if 
Vf =30 

Needed fg if 
Vf =35 

Needed fg if  
Vf =40 

Needed fg if 
Vf =45 

1 D (1000 mm) 690.00 345.00 252.56 230.00 172.50 
2.0 D (500 mm) 345.00 172.50 126.28 115.00 86.25 
2.5 D (400 mm) 276.00 138.00 101.02 92.00 69.00 
4.0 D (250 mm) 172.50 86.25 63.14 57.50 43.13 
5.0 D (200 mm) 138.00 69.00 50.51 46.00 34.50 

7.5 D (133.33 mm) 92.00 46.00 33.67 30.67 23.00 
10 D (100 mm) 69.00 34.50 25.26 23.00 17.25 

15 D (66.66 mm) 46.00 23.00 16.84 15.33 11.50 
20 D (50 mm) 34.50 17.25 12.63 11.50 8.63 
25 D (40 mm) 27.60 13.80 10.10 9.20 6.90 

30 D (33.333 mm) 23.00 11.50 8.42 7.67 5.75 
35 D (28.57 mm) 19.71 9.86 7.22 6.57 4.93 

40 D (25 mm) 17.25 8.63 6.31 5.75 4.31 
50 D (20 mm) 13.80 6.90 5.05 4.60 3.45 

60 D (16.66 mm) 11.50 5.75 4.21 3.83 2.87 

 Needed fg if 
Vf =25 

Needed fg if 
Vf =30 

Needed fg if 
Vf =35 

Needed fg if 
 Vf =40 

Needed fg if 
Vf =45 

1 D (1000 mm) 138.00 115.00 98.57 86.25 76.67 
2.0 D (500 mm) 69.00 57.50 49.29 43.13 38.33 
2.5 D (400 mm) 55.20 46.00 39.43 34.50 30.67 
4.0 D (250 mm) 34.50 28.75 24.64 21.56 19.17 
5.0 D (200 mm) 27.60 23.00 19.71 17.25 15.33 

7.5 D (133.33 mm) 18.40 15.33 13.14 11.50 10.22 
10 D (100 mm) 13.80 11.50 9.86 8.63 7.67 

15 D (66.66 mm) 9.20 7.67 6.57 5.75 5.11 
20 D (50 mm) 6.90 5.75 4.93 4.31 3.83 
25 D (40 mm) 5.52 4.60 3.94 3.45 3.07 

30 D (33.333 mm) 4.60 3.83 3.29 2.87 2.56 
35 D (28.57 mm) 3.94 3.29 2.82 2.46 2.19 

40 D (25 mm) 3.45 2.88 2.46 2.16 1.92 
50 D (20 mm) 2.76 2.30 1.97 1.73 1.53 

60 D (16.66 mm) 2.30 1.92 1.64 1.44 1.28 

 
Needed fg if 

Vf =50 
Needed fg if 

Vf =55 
Needed fg if 

Vf =60 
Needed fg if 

 Vf =65 
Needed fg  
if Vf =70 

1 D (1000 mm) 69.00 62.73 57.50 53.08 49.29 
2.0 D (500 mm) 34.50 31.36 28.75 26.54 28.75 
2.5 D (400 mm) 27.60 25.09 23.00 21.23 19.71 
4.0 D (250 mm) 17.25 15.68 14.38 13.27 12.32 
5.0 D (200 mm) 13.80 12.55 11.50 10.62 9.86 

7.5 D (133.33 mm) 9.20 8.36 7.67 7.08 6.57 
10 D (100 mm) 6.90 6.27 5.75 5.31 4.93 

15 D (66.66 mm) 4.60 4.18 3.83 3.54 3.29 
20 D (50 mm) 3.45 3.14 2.88 2.65 2.46 
25 D (40 mm) 2.76 2.51 2.30 2.12 1.97 

30 D (33.333 mm) 2.30 2.09 1.92 1.77 1.64 
35 D (28.57 mm) 1.97 1.79 1.64 1.52 1.41 

40 D (25 mm) 1.73 1.57 1.44 1.33 1.23 
50 D (20 mm) 1.38 1.25 1.15 1.06 0.99 

60 D (16.66 mm) 1.15 1.05 0.96 0.88 0.82 

 

 De-ionized (DI) water was first used to characterize the fluidic lens’ radius of curvature range.  DI 
water has an Abbe number of 55.74 and the indices of refraction are known for a wide scope of wavelength 
ranges [13]. The focal lengths of the DI water fluidic lens were first measured using red (HeNe 633 nm), 
green (HeNe 543 nm), and blue (Argon 488 nm) lasers with the previously described pump controls. All 
three laser beams were aligned to the optical axis. The combination of the lasers allows to either 
individually test the lenses with specific wavelengths or to concurrently test multiple wavelengths as shown 
in Figure 2.  The dichroic mirrors have specified bands in which they reflect and transmit. We found the 
proper dichroic mirrors to pass the previous wavelengths while reflecting the incoming perpendicular laser 
wavelengths.  By mixing the lasers or adding an aperture stop, we varied the desired input wavelengths.  
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We then used a single beam expander using an achromatic objective lens and another achromatic 
collimating lens to collimate the three beams in this single optical axis. A color CCD camera on a rail was 
employed to find the best focus spot. The spots were not of a perfect sphere since there was a slight amount 
of astigmatism observed at the focal spot.  This is caused by a slight distribution in tension around the 
flanges and it is observed more drastically at longer focal lengths. 
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Fig. 2. The test setup: three laser beams aligned and collimated to measure the focal lengths of 

the diffractive and fluidic lens by a color CCD camera on a rail. 

 

 By identifying the distance from the fluidic lens, we measured the focal locations of lens at a 
specified amount of fluid with selected wavelengths. Radius of curvature, r, was determined from the focal 
lengths, f, of the DI water lens by noting the surface power Ф= 1/f = (n’-n)/r. The radius of curvature was 
calculated for red, green, and blue wavelengths and averaged.  It was found that the differentiation of the 
radii of curvature from the three wavelengths was from 0.02% to 0.8% for every specified amount of fluid 
pumped into the chamber, showing high repeatability.  This plano-convex fluidic lens produced this 
accuracy for radius of curvature from 20 mm to 100 mm, corresponding to a focal length range of 60 mm to 
300 mm for DI water. Higher radii of curvature are achievable, where we tested to as high as 300 mm 
radius of curvature, equating to a focal length of 900 mm for DI water.  Focal lengths around 600 mm to 
900 mm output an accuracy variation between 2 and 5% of the expected focal spot. Thus, we are able to 
achieve focal lengths above 60 mm with DI water and know the physical range of the radii of curvature to 
be from 20 mm and up for this fluidic lens. 

 Table 1 identifies which Abbe number we would need the desired fluid to be with focal lengths in 
the relative area of 50 mm or higher.  A value of 50 mm was chosen since selecting the fluid’s index of 
refraction would permit for a slight variation in the focal length control.  It is seen within the table that DI 
water would not be the fluid of choice since only one achromat focus is achievable with an Abbe number of 
55.  A fluid with an Abbe number of 15 would achromatize four of the diffractive lens’ focal lengths and an 
Abbe number of 10 would achromatize five focal lengths.  Theoretically, a fluid with an Abbe number of 5, 
as observed from Table 1, would produce approximately all possible achromatic combinations from either 
diffractive lens developed here.  Thus, finding a fluid with known indices of refraction and characterized 
Abbe numbers from 5 to 15 offers the capability of a variable focal length achromat.   

 Methanol (Methyl alcohol) was chosen for the fluidic lens due to its high dispersion value and 
non-reactivity with the PDMS membrane. Methanol has an Abbe number of 13.66 and is widely available 
as it is a cleaning agent. In this case, the required focal length range of the fluidic lens would be from 16.8 
to 101.0 mm in use with the diffractive lens B and from 63.14 to 252.6 mm in use with the diffractive lens 
A. As was previously stated, the diffractive lens A provides focal lengths of 1000, 500, and 250 mm, and 
the diffractive lens B provides 400, 200, 133, 100, and 67 mm focal lengths. As seen from Table 1, all three 
possible focal lengths of the diffractive lens A, and two out of five focal lengths of the diffractive lens B 
(400 and 200) can be achromatized. Using Table 1, we identify the focal lengths of the fluidic lens for 
every focal length of the diffractive lens.  Results of the two combined focal lengths develops a predicted 
achromatic focal length at green wavelength through Фexpected = Фdiffractive + Фfluidic and fexpected = 1/ Фexpected.  
The five expected achromatic focal lengths, fexpected, for green must be achieved through the experimental 
setup for the achromat to work properly. 

Focal lengths of the diffractive and fluidic lenses were first measured separately using the red 
(HeNe 633 nm), green (HeNe 543 nm), and blue (Argon 488 nm) lasers. We used a linear polarizer with 
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the diffractive lens to account for the polarization effects of the nematic liquid crystal. We can remove the 
polarizer if we add another liquid crystal diffractive lens with an orthogonal alignment to the first 
diffractive lens. As expected, the red light comes into focus first for the diffractive lens since it has negative 
dispersion.  The test results for the diffractive lens are shown in Figure 3. The fluidic lens illustrates a 
nonlinear response as fluid is withdrawn.  As the membrane reaches higher radii, the membrane becomes 
flatter. The sensitivity to the amount of fluid increases within this range since a smaller amount of fluid 
varies the curvature. The measured values of the fluidic lens focal length for the three wavelengths are 
depicted in Figure 4 in terms of the amount of fluid injected in the lens. 

 

   (a) 

 

 (b) 

 

         

 (c) 
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Fig. 3. Diffractive lens results: measured and calculated focal lengths at the three test wavelengths versus the design focal length at 
555 nm for the (a) diffractive lens A and (b) diffractive lens B. (c) Sample images of the best focus spot for the diffractive lens B 

when it is set to the focal length of 133 mm. 
 

 

 

Fig. 4. Chromatic dispersion of variable focal plano-convex lens applying methanol at the three test wavelengths when set for 80 mm 
focal length and higher. 

 
 
 

The final step in producing the variable focal length achromat is the combination of the liquid 
crystal diffractive lens with the pressure controlled methanol fluidic lens. After adjusting the focal lengths 
of each lens to the appropriate values dictated by the achromat equation we measured the overall focal 
length of the hybrid lens at the red, green, and blue wavelengths. The experiment verified that the focus 
spots of the red and blue wavelengths coincided very closely. Figure 5 (a-e) depict the focal spots for the 
red and the blue wavelengths as the focal lengths of the diffractive and the fluidic lenses are varied 
according to the achromat equation. As the focal length is decreased, the spot size and aberrations are 
reduced as expected; however, the background scattered light is slightly increased.  This is caused by the 
reduction in diffraction efficiency at the shorter focal lengths as the number of binary phase levels 
decreases [2, 3]. Figure 5(f) shows the values of the overall focal length of the hybrid diffractive/fluidic 
lens for the green, blue and red test wavelengths. As expected, the green light comes to focus first and then 
the red and blue lights will come into focus at the same plane. The measured focal lengths of the hybrid 
lens closely matched with the expected focal length values seen from figure 5(f). 
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(a)                                            (b)                                           (c) 

               

(d)                                                                     (e) 

 

(f) 

Fig. 5. Focal spots when the diffractive and fluidic lenses are combined to produce the best focus for the red and the blue lights, when 
at the green wavelength: (a) fdiffractive = 1000 mm, ffluidic = 252 mm; (b) fdiffractive = 500 mm, ffluidic = 126 mm; (c) fdiffractive = 250 mm, ffluidic 
= 63 mm; (d) fdiffractive = 400 mm, ffluidic = 101 mm; (e) fdiffractive = 200 mm, ffluidic = 51 mm; (f) overall focal length of the hybrid system 

for the green, red and blue wavelengths. 

 

In conclusion, we have demonstrated a variable focal length achromatic lens that consists of a 
variable liquid crystal diffractive lens and a variable pressure-controlled fluidic lens. We used two 
diffractive lenses that produce multiple discrete focal lengths with an Abbe number of -3.45. The fluidic 
lens can provide a more continuous variation, and its focal lengths are chosen such that they correct for the 
dispersion of the diffractive lens. We chose Methanol for the fluidic lens due to its high dispersion 
properties. Then we combined the fluidic lens and one diffractive lens at a time to minimize the dispersion 
between the red and blue wavelengths. The lenses showed acceptable optical properties and the test results 
were close to the theoretical predictions. This adjustable hybrid lens has no moving parts and would be 
useful for compact color imaging applications, and medical and ophthalmic imaging devices. 
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APPENDIX G 

FABRICATION PROCEDURE 

Follow this procedure for cleaning the 4 inch wide octagonal shaped ITO coated glass 

slides. 

1. First make sure there are no loose glass pieces on the wafer left from scribing and 

cutting procedure by rinsing the wafer under DI water.  

2. Using ultralow particulate wipe, scrub the wafer under running DI water for 1-3 

minutes. Make sure all areas of the wafer have been adequately scrubbed.  

3. Place the wafer in a Petri dish and cover it with acetone. Scrub it with a clean low 

ultralow particulate wipe for 1-3 minutes. Rinse the wafer with acetone. 

4. Cover the wafer with Isopropyl alcohol in a Petri dish and scrub it for at least one 

minute. Rinse it with IPA.  

5. Rinse the wafer with water for 30 seconds. Rinse it with clean, no impurity IPA.  

6. Use nitrogen to dry the wafer. Start drying it from the center and proceed to the 

edge. 

7. Examine the wafer under microscope. Usually the wafer is clean enough after 

these steps.  

 

 



64 
 

  

PRIMING THE WAFERS: 

1. Tape the wafer to the cover of a Petri dish, using Capton tape. Avoid attaching the 

tape to any part of the wafer. Cover the part of the tape which sits on the wafer 

with aluminum foil so that only the foil is in touch with wafer.  

2. Using a clean syringe draw 0.5 ml HMDS, inject it in a Petri dish on a hot-plate at 

60C, and place the cover with taped wafer on it. The HMDS will evaporate from 

the bottom and condense on the slide after about 5-10 minutes.  

3. After 5-10 minutes, make sure the surface of the wafer is completely covered with 

HMDS, and place the cover on a hot-plate at 120C and bake the coating for 3-5 

minutes.  

4. Make sure the wafer is cover at all times so that no particulate will be added and 

stuck on the surface.  

5. All procedures must be performed under hood and good ventilation system. 

HMDS is carcinogenic.  

6. Non-uniform coating of HMDS can result in a non-uniform coating of photoresist. 

Before spin coating photoresist, the wafer must be treated in oxygen plasma for 

30 seconds. 
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SPIN COATING PROCEDURE: 

1. Heat the wafer on a hot place at 200 C at least for 5 minutes if the wafer is not 

primed. Remove the wafer from the hot plate and allow 2 minutes to cool down to 

room temperature. 

2. If the wafer is primed, take the wafer out of plasma, and wait for 30seconds 

before coving it with photoresist. 

3. Place the wafer on the 4 inch chuck on the spinner, and dispense dilute photoresist 

on the wafer. Use a solution of 2 parts Shipley 1805 and 1 part propylene glycol 

monomethyl ether acetate. Use a 0.45� PTFE filter to remove particulates in the 

mixture. Cover the wafer with the mixture thoroughly.  

4. Wait for 2 minutes. 

5. Use these parameters for the spin coater recipe: lid: closed, maximum speed: 

2500RPM, ramp: 500RPM/sec, spinning time: 15 seconds. The whole procedure 

is going to take about 25 seconds because 15 seconds only refers to the time that 

the spinner is rotating at the maximum speed. It takes 5 seconds to reach that 

speed and 5 seconds to slow down to zero. 

6. Place the coated wafer on a hotplate at 115 C for 3 minutes. Notice while 

removing the wafer from the spinner solvent evaporation from the coated film 

creates a temporary fringe pattern that disappears in seconds. The coated film 

should be uniform and look pinkish for this speed. This procedure results in a thin 

film usually thinner than 200nm. 



66 
 

  

PATTERNING THE ELECTRODES: 

Electrode patterning includes the following steps: 

1. Cutting ITO coated sheets.  

2. Cleaning the wafers.  

3. Coating a thin film of SiO2 on the ITO layer (50nm). [Ask Olli to do it] 

4. Coating a thin film of chromium (50nm) on SiO2 layer. [Use e-beam evaporator] 

5. Priming chromium coated wafer.  

6. Spin coating photoresist on the wafer and prebaking the photoresist.  

7. Exposing the baked photoresist film to UV light. 

8. Developing the patterned photoresist. 

9. Hard-baking the photoresist. 

10. Etching chromium. 

11. Etching SiO2. 

12. Etching ITO. 

13. Stripping the photoresist. 

14. Etching chromium.  
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ASSEMBLY OF THE LIQUID CRYSTAL CELL 

1. Do a final inspection and cleaning of 1 patterned substrate and 1 unpatterned 

substrate as A2 to remove ALL macroscopic contaminants. 

2. Mask off the appropriate electrical contacts on each substrate with Kapton tape. 

3. Spin coat alignment layer. For Formic acid, step 1: sit 30 sec; Step 2: 60 sec @ 

2000 rpm. For nylon + formic mix, Step 1: sit 60 s; Step 2: 120 sec @2000 rpm. 

4. Bake the alignment layer in the oven (90 min @ 115 °C). 

5. Buff each substrate in a single direction as shown in the figure and record the 

direction with a marker on the opposite side of the substrate.  This is to ensure 

that when the cell is assembled the rub directions are parallel, but pointing in 

opposite directions (the “anti-parallel” configuration). 

                                   

Buffing 
direction

Sample

Pressure 
Adjustment 
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6. Load the reference electrode into the assembly jig, alignment layer up such that it 

is flush to the jig along the long edge and held firmly in place. 

7. Disperse 5-μm spacers in Ethanol onto the alignment layer of the patterned, 

square substrate. (Put a few drops of the spacers and run the spinner for 30 sec @ 

3000 rpm.) 

8. Place 4 SMALL drops of the NOA65/spacer mixture at the edges of the reference 

back plane where it intersects the edges of the patterned substrate.  Be careful that 

the spacers dispersed across the substrate and used in the NOA65 adhesive are the 

same size. 

9. CAREFULLY place the patterned substrate onto the reference substrate, making 

sure the alignment layers are adjacent to one another and that the rub directions 

are in the anti-parallel configuration.  Also make sure the patterned substrate is 

flush with the jig. 

10. Use tweezers to compress and slightly shear the cell.  Use the observed 

interference fringes as a guide; when there are only a few fringes observed across 

the overlapping area the cell can be considered to be only 1 spacer thickness 

thick. 

11. CAREFULLY remove the assembled cell from the assembly jig and expose under 

the mask aligner for 5 minutes to cure the NOA65 adhesive. 
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FILLING IN THE LIQUID CRYSTAL: 

1. Place the empty cell on a 75°C digital hot plate and let the cell come to 

temperature. 

2. Using a sealed glass capillary tube place a few drops of E7 at the gap where the 

two substrates meet and allow capillary action to draw the liquid crystal into and 

fill the cell. 

3. Hold the cell at 75°C for one hour and then cool at 30°C/hour to 30°C. 

4. After the cell has reached 30°C remove from the hot plate and wipe away any 

excess liquid crystal.  The cell is ready for testing. 
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APPENDIX H 
 

A SAMPLE CODE FOR THE DESIGN AND SIMULATION OF A ZOOM LENS 
 

 



71 
 

  



72 
 

  



73 
 

  

 
 
 



74 
 

  

 
 
 
 
 
 
 



75 
 

  

APPENDIX I 

INNOVATIVE LENSES FOR CAMERA PHONES 
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