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ABSTRACT⎯A low-stress organic polymer membrane is 
proposed as a deformable mirror that can be incorporated into 
a cellular phone camera to achieve auto focusing without 
motor-type moving parts. It is demonstrated that our fabricated 
device has an optical power of 20 diopters and can switch 
focus in 14 ms. The surface roughness of the organic 
membrane is measured around 15 nm, less than λ/20 of the 
visible light. With curve fitting, we found that the actuated 
membrane is almost parabolic in shape, which leads to less 
aberration than spherical surfaces. It is suitable for reflective-
optics systems. 

Keywords⎯Reflective optics, variable focus, parabolic 
curvature, organic deformable mirrors. 

I. Introduction 
Traditionally, the focusing function is achieved by moving 

lenses in most cameras. A moving displacement of 0.25 mm to 
2 mm is required for auto-focusing [1]. With the continuing 
reduction in the size of mobile devices, the displacement-to-
thickness ratio is increasing; therefore, it is difficult to place a 
mechanical motor system inside some types of mobile devices 
such as cellular phones. The miniaturization of these systems is 
also challenging with regards to the assembly of small 
components. With increasing surface-to-volume ratio, 
movement becomes more difficult because of mechanical parts 
friction. With these constraints, conventional motor systems 
might not be feasible. Some solutions have been proposed to 
change focusing power without moving lenses. One is the use 
of liquid lenses [2] which change their interface shape between 
two immiscible liquids by an electro-wetting method [3]. With 
this approach, however, it is difficult to choose materials that 
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fulfill the two requirements of large refractive index contrast 
and small density difference. Another solution is the use of 
liquid crystal lenses [4], [5], but the incident light must be 
linearly polarized. It was also proposed in [6] and [7] to adopt 
deformable mirrors in a reflective optics configuration. 
Recently, reflective optics has attracted more attention as a 
means of achieving a long lightpath in thin products because of 
the folded light-path design. Deformable mirrors have an 
advantage of low color dispersion, but the optical power of 
silicon-based deformable mirrors [8] is relatively small. We 
propose an organic polymer deformable mirror which can be 
operated over a large optical power range of up to 20 diopters, 
which is one order of magnitude higher than the range of 
previously reported devices. Experimental results of its 
actuated shape and surface roughness will also be discussed.  

II. Device Design and Fabrication 

Since deformable mirrors are typically made of brittle silicon-
based semiconductor materials, their deformation is generally 
limited to deflections of less than 10 μm over a 10 mm aperture, 
which is around 2 diopters. As a result, organic polymers with 
high yield stain and low Young’s modulus are more desirable 
than semiconductor materials. It is reported that the yield strain 
of organic polymer is around 5%, which far exceeds the 
breaking limit of semiconductor materials. Besides, Young’s 
modulus of polymer is about two orders of magnitude lower 
than most inorganic semiconductor materials [9]. 

We selected amorphous fluoropolymer, CYTOP, from Asahi 
Glass to fabricate the organic membrane for the deformable 
mirrors. CYTOP has excellent chemical resistance to TMAH 
(tetra-methyl ammonium hydroxide) wet etching. The 
adhesion of CYTOP to silicon and metals is excellent below 
the glass transition temperature (Tg), which is 108°C. These 
properties make it ideally compatible with existing 
semiconductor fabrication processes, during which the  
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Fig. 1. (a) Schematic drawing of organic deformable mirror and
(b) photograph of a fabricated device. 
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temperature is below Tg of CYTOP. The yield strain of 
CYTOP is about 5%, which is considered high compared to 
that of silicon-based semiconductor membranes such as silicon 
nitride. The high yield strain is critical for large deformation. 

The schematic drawing of an organic deformable mirror is 
shown in Fig. 1(a). An aluminum-coated polymer membrane is 
supported by a silicon frame. A silicon bottom electrode coated 
with aluminum is attached to the silicon frame by a dielectric 
tape spacer. The spacer has a circular opening to define the 
deformation shape of the polymer membrane. When a voltage 
difference is applied between the bottom silicon electrode and 
the aluminum-coated polymer membrane, the electrostatic 
force pulls the CYTOP membrane down toward the bottom 
electrode due to its mechanical flexibility. The polymer 
membrane works as a reflective mirror surface to variably 
focus the light by adjusting the voltage difference.  

The organic deformable mirror was fabricated by a CMOS-
compatible micromachining process [10]. Starting with a silicon 
wafer, the organic thin film was spin-coated on the top of the 
silicon wafer. We applied TMAH to etch through the wafer from 
the back for about 8 hours so that the polymer membrane would 
be exposed. Both sides of the polymer membrane were coated 
with aluminum by an e-beam evaporator to reflect light and to 
protect the polymer membrane from air and moisture. A dielectric 
tape was used as a spacer to bond the silicon frame and the 
bottom electrode. The polymer membrane was 6 mm wide and  
2 μm thick. The gap between the polymer membrane and the 
bottom electrode was approximately 70 μm, and the circular 
opening of the dielectric tape spacer was punctured by a perforator. 
A photograph of the fabricated device is shown in Fig. 1(b). 

III. Experimental Measurement 

To evaluate the device performance, we first investigated the 
optical quality of the reflecting surface. For imaging applications, 
we normally consider λ/20 a bench mark for surface roughness 
at visible wavelengths. The measurement was performed by 
using a WYKO white light interferometer. The average 
roughness was 12nm and root-mean-square roughness was  

 

Fig. 2. (a) 2D contour plot of an actuated polymer membrane 
surface and (b) optical power versus applied voltage. 
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14.8 nm. When the polymer membrane was actuated, the 
surface roughness was improved slightly because surface 
tension makes the surface smoother. The tensile stress inside 
polymer films also helps stretch the films flat. When the 
polymer surface was coated with aluminum 0.3 μm thick, the 
reflectivity was higher than 96%.  

Figure 2(a) shows the simulation results of an actuated 
polymer membrane obtained by using finite element method 
(FEM) analysis with 3,600 meshing elements. The theoretical 
2D contour plot indicates that the curved mirror surface is 
rotationally symmetrical, and the maximum center displacement 
of the polymer membrane is approximately 25 μm. We took a 
4.5 mm diameter circular shape for curve fitting. We found that it 
is more accurate to describe the actuated surface with a parabolic 
curve than a spherical curve because the variances of curve 
fitting are 7.89×10-3 μm2 for a spherical curve and 0.48×10-3 μm2 
for a parabolic curve. Since the surface is almost parabolic in 
shape, theoretically, the aberration is less than that for a spherical 
shape when the object is at a relatively long distance. 

We conducted an experiment of optical power versus applied 
voltage. The polymer membrane was actuated by electrostatic 
force, and deformation of the polymer membrane could be 
adjusted by changing the voltage difference continuously. The 
optical power is about reciprocal of half the radius of the 
curvature of the mirror surface. Using the first-order paraxial 
rays approximation [11], the radius of the curvature is  

calculated by the expression
x

DR
8

2

= , where R is the radius of  

the curvature, D is the diameter of the polymer membrane  
(4.5 mm in this experiment), and x is the deformation of the 
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mirror from the center to the edge. The optical power and 
deformation versus the applied voltage is plotted in Fig. 2(b). 
The maximum optical power achieved is around 20 diopters 
when 160 volts is applied, corresponding to 27 μm 
deformation. The optical power of an organic deformable 
mirror can be adjusted continuously. Even though a high 
voltage difference is required, the current through the device is 
almost negligible so that the power consumption is quite low. 
The low power consumption makes it a potential candidate for 
use in portable devices. 

To verify the focusing function, we set up a simple image-
taking system as shown in Fig. 3(a). A solid lens was placed 
directly in front of an organic deformable mirror, which was used 
to adjust the combined optical power of lenses. A beam splitter 
was used to construct the reflective optics configuration. The 
distance between the beam splitter and the solid lens was about 
1.5 cm. Without applying voltage difference to the deformable 
mirrors, an object at 8 cm could be seen clearly. Once the 
deformable mirror was actuated, the optical power of the lenses 
increased so that an object at 3 cm was in focus, as shown in  
Fig. 3(b). Blurring was mainly due to aberration from the 
spherical solid lens and misalignment. Image quality could be 
improved by proper aspherical lens design and precise 
mechanical housing. The speed of switching focus was 
demonstrated experimentally to be around 14 ms [12]. A closed-
loop method [13] will be adopted to control the deformable 
mirror by checking image sharpness. 
 

 

Fig. 3. (a) Schematic drawing of imaging system setup and
(b) images focused at different distances. 
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IV. Conclusion 

An organic polymer membrane to be used as a deformable 
mirror was demonstrated. The operating power range of    
20 diopters can be achieved by applied voltage of 160 V. The 
optical power range is one order of magnitude higher than that 
of a silicon-based device, and the required voltage is half that. 
The focus switching speed is 14 ms. The surface roughness of 

the organic membrane is measured to be around 15 nm, which 
is less than λ/20 of the visible light. These characteristics of the 
polymer deformable mirror are suitable for imaging systems. 
Our initial results are encouraging, and we will incorporate the 
mirror into a more compact design in the near future. 

References 

[1] http://www.newscaletech.com. 
[2] S. Kuiper and B.H.W. Hendriks, “Variable-Focus Liquid Lens for 

Miniature Cameras,” Applied Physics Letters, vol. 85, no. 7, 2004,  
pp. 1128-1130. 

[3] S. Kuiper, B.H.W. Hendriks, R.A. Hayes, B.J. Feenstra, and   
J.M.E. Baken, “Electrowetting-Based Optics,” Optical Information  
Systems III, Proc. SPIE, vol. 5908, 2005, pp. 59080-59087.  

[4] Y. Kozawa and S. Sato, “Focusing Property of a Double-Ring-
Shaped Radically Polarization Beam,” Optics Letters, vol. 31, no. 6, 
Mar. 2006, pp. 820-822.  

[5] B. Wang, M. Ye, and S. Sato, “Liquid Crystal Lens with Focal 
Length Variable from Negative to Positive Values,” IEEE Photonics 
Technology Letters, vol. 18, no. 1, Jan. 2006, pp. 79-81.  

[6] D. Wick and T. Martinez, “Adaptive Optical Zoom,” Optical 
Engineering, vol. 43, no. 1, 2004, pp. 8-9. 

[7] H. Kinoshita, K. Hoshino, K. Matsumoto, and I. Shimoyama, “A 
Thin Camera with a Zoom Function Using Reflective Optics,” 
Sensors and Actuators A, vol. 128, no. 1, 2006, pp. 191-196.  

[8] P. Kurczynski, H. Dyson, B. Sadoulet, J. Bower, W. Lai,         
W. Mansfield, and J. Taylor, “Fabrication and Measurement of Low-
Stress Membrane Mirrors for Adaptive Optics,” Applied Optics,  
vol. 43, no. 18, 2004, pp. 3573-3580. 

[9] P. Hsu, M. Huang, S. Wagner, Z. Suo, and J. Sturn, “Plastic 
Deformation of Thin Foil Substrates with Amorphous Silicon 
Islands into Spherical Shape,” Materials Research Society Proc.,  
vol. 621, 2000, pp. Q8.6.1-Q8.6.6.  

[10] Y.W. Yeh, C.W. E. Chiu, and G.D.J. Su, “Organic Amorphous 
Fluoropolymer Membrane for Variable Optical Attenuator 
Applications,” Journal of Optics A: Pure and Applied Optics, vol. 8, 
no. 7, 2006, pp. S377-S383. 

[11] G.D.J. Su, H. Toshiyoshi, and M.C. Wu, “Surface-Micromachined 2-
D Optical Scanners with High-Performance Single-Crystalline 
Silicon Micromirrors,” IEEE Photonics Technology Letters, vol. 13, 
no. 6, June 2001, pp. 606-608.  

[12] G.D.J. Su , Y. Yeh, C. Chiu, C. Lee, and T. Chen, “Fabrication and 
Measurement of Low Stress Polyimide Membrane for High 
Resolution Variable Optical Attenuator,” IEEE J. Selected Topics in 
Quantum Electronics, vol. 13, no. 2, Mar./Apr. 2007, pp. 312-315.  

[13] Y. Zhang, C. Wen, Y. Soh, and A. Fong, “Adaptive Focusing: A 
Closed-Loop Perspective,” Journal of Optical Society of America. A, 
vol. 22, no. 4, Apr. 2005, pp. 625-635. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


