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Low f-Number Microlenses for Integration on
Optical Microsystems

Rui Pedro Rocha, Michael S. Belsley, José Higino Correia, and Jodo Paulo Carmo

Abstract—This paper presents microlenses (MLs) with low
f-number made of AZ4562 photoresist for integration on optical
microsystems. The fabrication process was based on the thermal
reflow and rehydration. Large series of MLs were fabricated
with a width of 35 um, a thickness of 5 um, and spaced apart
by 3 um. The MLs were fabricated directly on the surface of a
die with type n+/p-substrate junction photodiode fabricated in a
standard CMOS process. The measured focal length was 49 ym
with a tolerance of £2 ym (maximum error of +4%), resulting
in a numerical aperture of 33.6 x 10~2 (£1.3 x 10_2). The
measurements also revealed an f-number of 1.4.

Index Terms— OPTO, micro-optics, microlenses, optical device
fabrication, f-number, focal length characterization.

I. INTRODUCTION

TANDARD microfabrication processes (more precisely,
Sphotolithography and photoresist (PR) thermal reflow)
were used in the fabrication of spherical refractive
microlenses (MLs) that are presented in this paper. These
methods and technologies (see Fig. 1) allow the fabrication
of three dimensional microstructures in a reproducible way
and, at the same time, to customize high-quality and cost
effective optical microcomponents. The fabrication settings
were selected to obtain MLs measuring 35 x#m in the interface
with the substrate. Each ML is spaced apart to its adjacent by
approximately 3 gm with their apexes presenting a thickness
of 5 um. The thermal reflow (TR) is based on the surface
tension phenomenon [1] and it was applied to obtain the
actual lens profile. This technique allows the fabrication of
high quality spherical and parabolic shaped MLs by heating
up the PR above its glass transition temperature [2]. Once
this temperature is reached, the PR starts to melt with the
surface tension effect causing the fabricated microstructure to
gain the desired spherical lens profile [3]. The entire process
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Fig. 1. Microlenses array fabrication steps: (a) PR spin coating, prebake
and rehydration; (b) UV exposure for transferring the mask pattern; (c) the
development to extract the PR that was exposed; and (d) representation of the
thermal reflow for obtaining the desired lens profile.

is relatively simple to perform and the TR, specifically, is
very well controlled without the need of high-technology
equipment, guaranteeing good dimensional control and a
smooth homogeneous surface. Moreover, this is an important
topic because it provides the fabrication of MLs arrays in a
reproducible way and at low-cost. The benefits of fabricating
MLs directly on the surface of a die with type n+/p-substrate
junction photodiode fabricated in a standard CMOS process
was already demonstrated as an interesting solution for optical
microsystems [4]. Microlenses are especially important in
light-dependent sensors [5] and devices [6] for enhancing
the amount of light reaching the photosensitive area thus
increasing their efficiency. The actual values of the several
process parameters will obviously depend on the desired final
size, requirements and applications of the micro-optical device.
In the context of the focus of this paper it is described,
from what is to the authors’ knowledge, perhaps the simplest
experimental method yet employed to characterize the focal
length of microlenses.

II. DESIGN AND FABRICATION SUMMARY

The AZ4562 [7] PR allows the microlenses array fabrication
by thermally reflowing the three dimensional structures that
were obtained as a result of the photolithographic process.
The selected PR was chosen due to the fabrication require-
ments. Emadi er al. have proven [2] that this PR is ideal
for coating thicknesses above 3-5 um without the need to
increase the exposure energy considerably and still providing
enough energy down to the substrate of the AZ material.
Fig. 1 illustrates an overview of the MLs’ fabrication. Note that
on this fabrication method, particular attention was given to
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Fig. 2. SEM images of the selected MLs array prototype used in the
measurements: photos before (left) and after (right) the TR.

the prebake, used to evaporate the solvents off the PR. If not
all the solvent is cleared off, at least most of it should be
in order to create a better PR profile as well as a decrease
of the developer etch to the unexposed photoresist. Moreover,
the trapped solvent may form bubbles and lift the resist film
causing adhesion failure. Therefore, the prebake phase consists
of applying 100 °C for 5 minutes using a computer controlled
hotplate with proportional-integral-derivative (PID) control.
The hotplate was used due to its ability to evaporate the
solvent as it ramps up to the final selected prebake temperature.
Nevertheless, the prebake has the drawback of also evaporating
the PR’s water content (the PR literally dries out), so it is
mandatory to rehydrate the PR afterwards. The rehydration
facilitates the fabrication of pre-thermal reflow structures with
a profile closer to the theoretical parallelepipedic shape rather
than a trapezoidal one.

Thus, the rehydration is the key factor for obtaining the
very smooth and homogeneous structures seen in the pre-
vious images which are essential for good optical quality
microlenses. In Fig. 2 is possible to observe the selected
prototype which was used in the measurements with the pre-
MLs structures seen on the left and the actual MLs achieved
after the TR are seen on the right.

III. EXPERIMENTAL

An experimental setup was designed and assembled for
determining the focal length of the cylindrical MLs in
the array. The Gaussian beam from a He-Ne laser with
A = 632.8 nm (Melles Griot model 05LHP171) was focused
to a beam waist with a 1/¢> diameter of approximately 4.2 xm
using an aspheric lens (New Focus model 5724) with an
effective focal length of 8 mm and a numerical aperture of 0.5.
This reduced beam width allowed to probe the response of
individual microlenses in the array. A CCD camera, without
a glass cover filter designed for laser beam characterization
(DataRay WinCamD), was then placed with the CCD surface
approximately 1.2 cm downstream from the beam waist
created by the aspheric lens.

Fig. 3 shows a photograph of the measurement setup. It is
observed that the glass slide with the fabricated microlenses
array was mounted on a micrometer driven xyz translation
stage and placed in the normal direction to the beam with
the microlenses array on the exit side.

Fig. 4, on the left, shows the beam profile captured by
the CCD camera when the slide was positioned so that only
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Fig. 3. Photograph of the measurement setup that was used.

Fig. 4. On the left is the spatial distribution of the He-Ne laser beam
after being focused by the aspheric lens and then passing through the glass
substrate that serves as a support for the microlenses array. The beam has a
1/¢% diameter of 2.55 mm. On the right is the image obtained after the beam
profile changed by one of the cylindrical lenses in the microlenses array. The
1/¢% diameters have been calculated to be 1.17 mm and 2.56 mm for the
vertical and horizontal axis, respectively.
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Fig. 5. Variation of the beam magnification as the microlenses array is

translated near the best focus position. Dots: measurements; continuous line:
eq. (1) fit, resulting in f = 49 £ 2 um in the air for the ML.

the glass substrate was illuminated. The MLs array was then
shifted into the beam and translated until a minimum spot size
along the direction of the cylindrical lens axis (the vertical
direction) was obtained as shown in the right side of Fig. 4.

Using the micrometer stage, the MLs array was then trans-
lated about the position of the best focus and the respective
diameters along the vertical direction were determined using
the Dataray® beam analysis software, with the results being
displayed in the plot of Fig. 5. Simultaneously, the beam
width along the horizontal axes was also measured and was
found to remain nearly constant at 2.56 + 0.01 mm. The blue
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curve in this figure is a theoretical fit assuming Gaussian beam
propagation and treating the MLs array as a thin lens with an
effective focal length f. The predicted variation of the beam
1/e* diameter on the fixed CCD camera as the MLs array is
translated near the point of best focus is given by the following
equation:

M= [(1 - @) 4 (&) (1)
where M is the effective magnification (ratio between the
vertical and horizontal beam diameters), f is the effective
focal length of the MLs array, zg + z is the distance between
the lens and the beam waist created by the aspheric lens, while
IR = ﬂw%/i is the Rayleigh length of the beam focused by
the aspheric lens with w the corresponding 1/¢% beam radius.
This equation is valid in the limit that the distance between
the CCD camera plane and the beam waist created by the
aspheric lens is much greater than either the Rayleigh length
or the effective focal length of the MLs array.

The take of the measurements started by placing the array of
MLs close to one effective focal length behind the initial beam
waist (zp represents this initial distance) and then translated
the array through several different positions (by varying the
z parameter). A nonlinear least squares fit to the data resulted
in the following values: f =49 £2 um, zg =22 £ 1 um
and zop = 44 £ 4 um. This value for the Raleigh distance
is consistent with that estimated from the divergence of the
He-Ne laser beam (4 = 632.8 nm) after being focused by the
aspheric lens. The main focusing mechanism in the ML is
refractive in nature although the spot size at the focus will
be limited by diffraction. For circular MLs this diffraction
limit is typically given by (1.22 x A x f)/d, where 1 is the
wavelength in the image space, f and d are the ML’s focal
length and diameter, respectively. In this case the diffraction
limit is sufficiently smaller than the size of the individual
photodiode in the die. Moreover, the error obtained for the
focal length resulted in values that did not exceed 4.1% of the
nominal f, which is very good for lenses whose dimensions
are in the range of few dozen micrometers.

An important dimensionless characteristic is the numerical
aperture (NA) because it is possible to obtain, in a straightfor-
ward way, the range of angles over which a lens (and thus,
a ML) can accept or emit light. Very often, the NA is obtained
in term of both the index of refraction n of the medium in
which the lens is working (in this case, the air with n~1) and
in terms of the half-angle of the maximum cone of light that
can enter or exit the lens 4, e.g., NA = n - sin(0). Additionally,
the NA can be obtained by calculating the ratio between the
focal length f and the diameter of the entrance pupil D, which
in the present case is the ML’s width. Therefore, this results
in NA=n-[D x (4%+ D*"1/2] ~ (33.6 + 1.3) x 1072,
with f =49 £ 2 ym and D = 35 ym. Finally, the f-number
(defined as the ratio f/D) of these MLs is equal to 1.4.

IV. CONCLUSION

This paper presented a simple experimental method to
characterize the focal length of microlenses with low
f-number made of AZ4562 photoresist for integration on
optical microsystems.

4075

REFERENCES

[1] L. Feng, C. Sihai, L. Huan, Z. Yifan, L. Jianjun, and G. Yiqing,
“Fabrication and characterization of polydimethylsiloxane concave
microlens array,” Opt. Laser Technol., vol. 44, no. 4, pp. 1054-1059,
2012.

[2] A. Emadi er al., “Fabrication and characterization of IC-compatible
linear variable optical filters with application in a micro-spectrometer,”
Sens. Actuators A, Phys., vol. 162, no. 2, pp. 400-405, 2010.

[3] M. Tekin and C. Tarimci, “Study of the structure and refractive para-
meters of diethylamine and triethylamine,” Opt. Laser Technol., vol. 38,
no. 7, pp. 498-505, 2006.

[4] R. P. Rocha, M. J. Maciel, J. M. Gomes, J. P. Carmo, and
J. Higino Correia, “Fabricating microlenses on photodiodes to increase
the light-current conversion efficiency,” IEEE Sensors J., vol. 14, no. 5,
pp. 1343-1344, Feb. 2014.

[5] W. Wang and J. Fang, “Variable focusing microlens chip for potential
sensing applications,” [EEE Sensors J., vol. 7, no. 1, pp. 11-17,
Jan. 2007.

[6] X. Zeng, C. T. Smith, J. C. Gould, C. P. Heise, and H. Jiang, “Fiber
endoscopes utilizing liquid tunable-focus microlenses actuated through
infrared light,” J. Microelectromech. Syst., vol. 20, no. 3, pp. 583-593,
Jun. 2011.

[7] Clariant GmbH. [Online]. Available: http://www.clariant.com, accessed
Oct. 2014.

Rui Pedro Rocha received the M.Sc. degree
in industrial electronics and computer engineering
from the University of Minho, Portugal, and the
Ph.D. degree in leaders for technical industries
of the engineering design and advanced manufac-
turing focus area of the MIT-Portugal Program
with the thesis entitled Microlenses for Optical
Microsystems in 2013. His main research inter-
ests are on microfabrication, micro-optics, and
microtechnologies.

Michael S. Belsley received the Ph.D. degree from
the University of Colorado at Boulder, in 1986.
Since 1992, he has been an Associate Professor with
the Department of Physics, University of Minho,
Portugal. His research interests include all things
related to optics and have lately focused on non-
linear optical material characterization and ultrafast
spectroscopy.

José Higino Correia received the Degree in physical
engineering from the University of Coimbra, Portu-
gal, in 1990, and the Ph.D. degree from the Labora-
tory for Electronic Instrumentation, Delft University
of Technology, The Netherlands, in 1999, working
in the field of microsystems for optical spectral
analysis. He is currently a Full Professor with the
Department of Industrial Electronics, University of
Minho, Portugal. He was the General-Chairman
of Eurosensors 2003 and MME 2007, Guimaraes,
Portugal. His professional interests are in microma-
chining and microfabrication technology for mixed-mode systems, solid-state
integrated sensors, microactuators, and microsystems.

Jodo Paulo Carmo (S’02-M’08) was born in Maia,
Portugal, in 1970. He received the degree and the
M.Sc. degree in electrical engineering from the Uni-
versity of Porto, Porto, Portugal, in 1993 and 2002,
respectively, and the Ph.D. degree in industrial elec-
tronics from the University of Minho, Guimaraes,
Portugal, in 2007. From 2008 to 2013, he was
a Principal Researcher with the CMEMS Center,
University of Minho. Since 2014, he has been a
Professor with the University of Sdo Paulo, Brazil.
He is involved in research on micro/nanofabrication
technologies for mixed-mode/RF systems, solid state integrated sensors,
microactuators, micro/nanodevices and microprocessors for use in wireless,
and biomedical and industrial applications.

[
A





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


