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Fabrication and evaluation of GaN negative and bifocal microlenses
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Methods of fabricating negative and bifocal microlens arrays have been demonstrated in this paper.
The technique of photoresist molding using a sapphire positive lens template was used for the
patterning of negative microlenses, while the bifocal microlens arrays were fabricated using a
two-step etch process. In both cases, the lenses were etched using inductively coupled plasma.
Microlenses with diameters as small as A& have been demonstrated and were characterized
using atomic force microscopy and confocal microscopy. The lens arrays were found to be smooth,
uniform, and to have focal lengths consistent with their design and calculated valu230%0
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INTRODUCTION EXPERIMENTAL DETAILS

The microlens arrays in this work were fabricated on
N epitaxial layers, although the approaches taken are also
gpplicable to other hard optical materials including silicon

Individual microlenses, or arrays thereof, have a diverseGa
range of applications in optical systems. These application
can_ be grouped_ into three _gene_nc lare(a.f}:beam shaping, carbide, sapphire, and diamond. Positive microlens arrays in
(2) interconnections, an(B) imaging:” While there are nu-  gaN and GaN-based devices have been reported recently in
merous approaches toward microlens fabrication, the methogkt4i) by Oderet al? and Choiet al® respectively, where the
of melting photoresist is the most commonly used. Howeverimportance of being able to form micro-optical eleménts
these techniques are only suitable for the fabrication ofrom this technologically significant material was high-
single-power positive lenséswhile the focusing and colli-  ighted. Here we show that negative and bifocal lenses can
mation abilities of positive lenses are suitable for many apalso be fabricated from epitaxial GaN. A 3u4n-thick un-
plications, there are instances where flexibility in the lensdoped GaN epi film was grown anplane sapphire by metal
shape is desirable. organic chemical vapor depositioghlOCVD) under standard

In this paper, we present approaches to the fabrication afonditions. Samples of 2010 mn? size were cleaved from
bifocal and negative microlens arrays, respectively, using althe wafer, and a #m-thick layer of photoresis{Shipley
ternative photoresist-shaping techniques. Bifocal micro-SPR220-7.pwas spin coated onto the GaN surface of each.
lenses, which have the capability of producing two focalThe lenses were subsequently shaped using the methods de-
points simultaneously along the optical axis, have potentiagcribed in the following sections. The resulting patterns in
app”cations, for examp|e, in focusing laser ||ght onto twothe phOtOVESiSt Iayer were transfered into the GaN by induc-
separate planes on dual-layer disks or for multiple-layer optively coupled plasm&ICP) etching in an STS Multiplex
tical tweezer configurations. Negative microlenses, on théCP system. Details of the etching process have been re-

. 7 . .
other hand, can produce divergent beams from a collimate_Borted previously.The resulting microlenses were character-

source and their use in combination with the more convenlZ€d by atomic force microscopfAFM) for the assessment

tional positive lenses enables complete micro-optical sys(-)]]: t::e Iprof|le and surfalce r%ughnefsls. The optlcal_prppertles
tems to be designed and fabricated. of the lenses were evaluated by reflection—transmission con-

The fabrication of negative microlenses by laser micro-focal mlcroscopﬁ by which the focal lengths were accu-

machining has been reported recently, although a number &'ﬁely measured.

problems with the technique have been identified, includin

limitations on optical element dimensions, challenges in arg-}\lEGATIVE MICROLENSES

ray scaling, and poor surface qualityigh roughnes)s‘°’ This The photoresist “dimples” for fabricating the arrays of
paper describes the method of making negative microlensasegative lenses were formed by placing a mold onto the pho-
by photoresist molding. Bifocal microlenses are producedoresist surface. The mold used in this work was a positive
using a combination of resist reflow and controlled two-stagemicrolens array fabricated on sapphire, with microlens ele-
plasma etching. In both formats of microlens arrays, the inments having diameters ranging from 10 to 10, a center

dividual lenses fabricated have diameters ranging fronheight of 1.9um, and a surface roughness of less than 3 nm.
10 to 100um. A 20-nm SiG, layer was deposited onto the surface of the
positive lens array to act as a sacrificial lift-off layjg¥ig.
dauthor to whom correspondence should be addressed; present addres:,l's(.a):_l' The sapphlre _mlcrOIenS template was then pressed
Department of Electrical and Electronic Engineering, University of Hong 89ainst the photoresist layer on the GaN substrates and the
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FIG. 1. (Color onling Process flow for the fabrication of negative micro-

lenses.(a) A photoresist layer was spin coated onto a GaN substrate, while (a)
a 20.um-layer of SiQ was deposited onto the sapphire microlens template.
(b) The template and substrate are pressed and the negative lens pattern 00}
transferred onto GaN by ICP etching.
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resist melting and reflow. Force was applied by pressing @ .0.4
2-kg weight onto the substrate in order to remove trapped ail
in the photoresist laydiFig. 1(b)]. The assembly was subse-
quently cooled(using a stream of jy and immersed into a
7:1 buffered oxide etckBOE) solution[Fig. 1(c)]. The sac-
rificial SiO, layer was then gradually etched away, resulting -1.0
in the separation of the sapphire lens template and the Gal' 4, 4
substrate, and a negative microlens pattern being left in the
photoresist layer. This pattern was then transferred into the -1.4 5 1‘0 1‘5 2‘0 2'5 3'0 3'5 40
GaN material by ICP etching using £ZAr.

Figure Za) shows an AFM image of an individual nega-
tive microlens with a diameter of 3Bm. From the cross-
sectional profile, the center heigtitepth was determined to (b)
be 1.1um with a surface rms roughness of3 nm over a
3-umX 3-um area. Using these parameters, the focal lengtlfiG. 2. (Color onling (a) AFM 3D image showing a fabricated negative
of the lens was calculated to be _1'&21, using the method microle_ns. The c_ross-sectional profile of the lens, together with the fitted
outlined in Ref. 6. The cross-sectional profile of the lens Ve i shown irb).
extracted from the AFM scan, is plotted in Figlb2 The
experimentally obtained profile was then compared to théhown in Fig. 3, the focal length of these negative lenses can
theoretical curvature of a circle using a chi-squared fittingPe determined. From this image, the focal length of these
algorithm, which is also plotted in Fig.(8). It can be seen hegative lenses is measured to be —126+2 um, which is
that the maximum deviation from the theoretical profile isin reasonable agreement with the calculated value.
about 20 nm.

' Figure 3.shows the cross—sectip(ﬂil—; plane confocal BIEOCAL MICROLENSES
microscope image of a GaN negative microlens array of lens
diameter 35um. The confocal technique allows the direct The initial processing sequences in the fabrication of bi-
imaging of successive planes of incident, emitted, or transfocal microlenses are identical to those of conventional
mitted light through(from) a microscale optical element. We single, positive-curvature lenséghe photoresist layer was
follow the approach we demonstrated in Ref. 8, utilizing apatterned by photolithography to form arrays of disks with a
collimated 532-nm Nd: yttrium aluminum garn@fAG) la-  range of diameters from 10 to 1Q0m. The disks were sub-
ser for illumination, in a confocal system allowing beam sec-sequently melted in an oven, where the temperature was
tioning with axial and lateral resolutions of 0(80.1) um  ramped to 150 °C in three successive stages, forming spheri-
and 0.25(£0.02 um, respectively. It can clearly be seen thatcal caps as a result of resist reflow.
collimated light rays diverge after they pass through the  To achieve microlenses with dual curvatures, a two-stage
lenses, showing the desired functionality of the negativeetching approach was adopted. Since the curvature of an
lens. By extending traces of the light rays passing througletched lens is primarily determined by the etch selectivity of
the lens back to a virtual focal point behind the lens ashe etch process, two separate etch recipes have been devel-
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FIG. 5. (Color onling (@) Schematic diagram showing the light pathways
through a bifocal microlens. Confocal microscope images showing the fo-
J, vy cusing properties of bifocal microlenses are illustratedbin Two distinc-
tive focal points can be identified.
(@) (b) is evident that collimated light rays, after they pass through

_ o - _ the lenses, converge at two distinct focal points. From this
FIG. 3. (Color onling (a) Schematic diagram depicting the light rays

through a negative lens. The actual light pathways through the GaN negati\)énage’ the two focal lengths of the bifocal Iens_ are measured
microlenses are taken using a confocal microscope, as show.ithe  t0 bef;=74+2 yum andf,=124+2 um, respectively. These
focal length was determined by extrapolating the light rays to an externameasured focal lengths are again close to the calculated val-
focal point. ues of 78+2um and 130+2um, based on the dimensions
recorded from the AFM data, which also indicated a high-
oped. The lower, or base, lens was etched using quality surface finish to the lenses. This image also shows
Cl,/BCls-based plasma, at coil and plate powers of 300 andhat all the lenses measured have the same focal length, dem-
150 W, respectivelygiving an etch selectivity between pho- onstrating high uniformity of the microlens array.
toresist and GaN of 1 to)1lwhile the upper, or central, lens
was etched in a GIAr-based plasma, at coil and plate pow- CONCLUSION
ers of 400 and 300 W, respectivelgiving an etch selectiv- In summary, negative and bifocal microlenses have been
ity of 1.7 to 1). The difference in selectivity between the fabricated on GaN using different processing techniques. The
two-etch process enabled the fabrication of the dual-powefiegative microlenses were fabricated using a photoresist
microlens. A reflection image taken under a conventional mi-m0|ding technique, whereas the bifocal lenses were formed
croscope focused at the substrate surface of a bifocal Ga two steps using etch recipes utilizing different etch selec-
microlens, fabricated as above, is shown in Fig. 4. tivites. The microlenses have diameters ranging from
A cross-sectionalX-Z plang confocal image of a GaN- 10 to 100um, with surface roughness better than 3 nm. The
bifocal microlens array is shown in Fig. 5. For these bifocalfocal lengths of the lenses, as determined by confocal mi-
lenses, the lower element has a diameter ofu66 and the  croscopy, were in line with the values calculated using di-
diameter of the top element is 42n, as shown in Fig. 4. It mensions based upon AFM measurements. These techniques
facilitate complementary optical elements to the more stan-
dard positive spherical microlenses, and open up true micro-
optical systems applications of microlenses. In addition, the
techniques demonstrated here are applicable to other techno-
logically important hard optical materials, including dia-
mond, sapphire, and silicon carbide.
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FIG. 4. (Color online Reflection image focused at the substrate surface of a 8E. Gu, H. W. Choi, G. McConnell, C. Liu, C. Griffin, J. M. Girkin, 1. M.
GaN bifocal microlens. Watson, and M. D. Dawson, Appl. Phys. Le84, 2253(2004).
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