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Nitride microlens arrays with sizes as small as 10mm in diameter have been fabricated on GaN and
AlN epilayers using the method of photoresist reflow and inductively coupled plasma dry etching.
The focal lengths of the microlenses varied from 7–30mm as determined by theoretical fitting as
well as by the near-field scanning optical microscopy measurement. Scanning electron and atomic
force microscopies were used to obtain the surface profile of the microlenses which were found to
match very well with hemispherical fitting and a surface roughness value around 1 nm was obtained.
Nitride microlens arrays would be naturally chosen for green/blue to deep ultraviolet wavelength
applications. In addition, nitride microlenses offer the possibility of integrating nitride-based
microsize photonic devices as well as of coupling light into, out of, and between arrays of III-nitride
emitters for other applications, such as spatially resolved fluorescence spectroscopy studies of
biological and medical systems and optical links, thereby further expanding the applications of III
nitrides. © 2003 American Institute of Physics.@DOI: 10.1063/1.1579872#
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Microlenses have been studied extensively due to
numerous applications they offer in areas, such as op
communication, optical computing for data or compu
links, and optoelectronic devices such as charged-cou
device arrays for collecting light power needed to incre
the sensor sensitivity and in laser beam shaping.1–3 Group-
III-nitride semiconductors have excellent physical a
chemical properties making them suitable for applications
harsh environments. A great number of active devices, s
as light-emitting diodes~LEDs! and laser diodes, photode
tectors, and transistors fabricated from the nitride materi
have been demonstrated. Fabrication of microlens ar
based on the III-nitride materials would broaden the scop
applications of these semiconductors to include integra
of micro-optical elements especially for the sho
wavelength covering the green/blue to deep ultraviolet~UV!
~200 nm! region. This would take advantage of the relative
mature manufacturing techniques already developed for
III-nitride materials, including smooth and high rate etchi
using high-density plasma. Nitride microlens arrays wo
be important components for the integration of nitride op
electronic devices such as blue/UV emitters and detecto

Our group has reported a prototype blue microdisp
fabricated using InGaN/GaN quantum-well-based LE
wafers.4 A nitride-based microlens would find great attra
tion in microdisplay applications. Parket al.5 reported the
fabrication of microlens using sapphire, a material used a
substrate for the growth of nitride semiconductors and wh
could be used in short-wavelength applications. However,
integration of nitride-based optoelectronic devices, the b
choice would be microlenses based on nitrides.

In this letter, we report the fabrication and characteri
tion of microlens arrays with diameters as small as 10mm
based on GaN and AlN epilayers. We have achieved a fo
length variation from 7–30mm as determined by theoretica

a!Electronic mail: jiang@phys.ksu.edu
3690003-6951/2003/82(21)/3692/3/$20.00
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fitting as well as by the near-field scanning optical micro
copy ~NSOM! measurement. A surface roughness of abou
nm was obtained for II-nitride microlens, which is typical o
good-quality GaN and AlN epilayers.

GaN ~AlN ! epilayers used in this study were grown to
thickness of 3–3.5mm by metalorganic chemical vapo
deposition on sapphire substrates with a 30 nm GaN~AlN !
low-temperature buffer layer. The sources used were
methylgallium, trimethylaluminum, and ammonia. To fab
cate the microlens, we used the photoresist reflow and
etching method described in literature.5–7 In this method, a
thick photoresist layer is spun onto the substrate material
patterned by standard photolithography into cylindric
posts. When subsequently baked, surface tension ca
them to take up hemispherical shapes. The preformed re
is then used as an etch mask to transfer the hemisphe
shape onto the substrate material. In this work, we used
AZ 4260 photoresist to pattern an array of circular res
posts of various sizes, which was then baked on a hot p
An inductively coupled plasma etching system with chlorin
based high-density plasma gas was employed for dry e

FIG. 1. Illustration of the physical parameters of the microlenses of fo
length f . The microlens has radiusr , heighth, andR is the radius of the
complete sphere.
2 © 2003 American Institute of Physics
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FIG. 2. SEM images showing~a! top
view of a GaN microlens of diamete
d521.9mm and~b! a 60° tilt view of
a GaN microlens array in an area o
about 80mm380 mm.
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ing. The etch conditions were optimized to yield smooth a
anisotropic etching of the III-nitride materials.

Figure 1 shows an illustration of the physical paramet
of the planoconvex microlenses. The microlens structure
a radiusr , diameterd (d52r ), and heighth. The sphere of
which the microlens is a part has radiusR and diameter
D (D52R). R can be deduced from the measured values
microlens radiusr and heighth using the simple expressio
R25(R2h)21r 2 giving

R5~h21r 2!/2h. ~1!

Alternatively,R can be extracted by first fitting the measur
atomic force microscopy~AFM! profile using an expressio
for a circle. We obtained values ofR using these two meth
ods and found them to agree well to within 1%–3%. W
estimated the focal lengthf of the planoconvex microlen
using the relation

f 5R/~n21!, ~2!

wheren is the refractive index of the III-nitride materials
For GaN, we usedn52.4 for a wavelength of 470 nm; an
for AlN microlens, we usedn52.1 for a wavelength of 280
nm.8 The wavelength value of 280 nm is of significance
applications for the detection of biological and chemic
agents where the III-nitride-based optical elements would
of great importance.

Figure 2~a! shows the top view scanning electron m
croscopy ~SEM! image of a GaN microlens of diamete
d521.9 mm, while that in Fig. 2~b! shows a microlense
array of about 80mm380 mm at a 60° tilt view. GaN micro-
lenses will be transparent down to a wavelength of about
nm. For deep UV applications down to 200 nm, AlN micr
lens is needed. In Fig. 3~a!, we show the AFM line profile of
an AlN microlens with a circular fitting where the microlen
is shown to fit excellently with a spherical surface profi
The diameter of this microlens is about 11.6mm with a
height of 1.2mm. The fitting shows the microlens is part of
sphere of diameterD530 mm. To determine the smoothnes
of the microlens surface, we measured the AFM surface p
file of an AlN microlens, shown in Fig. 3~b! and obtained a
root-mean-square roughness value of 1.1 nm for a 1mm31
mm scanned area. This value is very close to that of
as-grown AlN epilayers.9 A three-dimensional~3D! AFM
profile and an SEM image of the AlN microlens are shown
Figs. 3~c! and 3~d!, respectively. For an optical elemen
great care has to be taken to ensure that the surface top
phy is smooth and spherical, as this will evidently affect t
quality of the focused beam. The excellent topography
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
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smoothness of the surface of our nitride microlenses are
dications that they are of high optical quality.

To verify the calculated focal lengths of the microlen
NSOM measurements have also been employed to deter
the focal length of one GaN microlens whose diameterd was
10.8 mm, heighth51.6 mm, and a theoretical focal lengt
7.0 mm. In this method, a parallel laser beam of wavelen
400 nm was directed to the microlens, and the focused em
gent laser beam intensity profile was collected by the NSO
probe tip. The distance between the probe tip and microl
was varied to obtained a position at which a maximu
amount of intensity in the center of the microlens was d
tected. In this position, the distance between the microl
and the probe tip gives the focal length. Figure 4 shows
laser beam intensity profile when the probe tip was at th
different heights above the microlens. The focal length,
this case, was determined to be about 7.3mm, which is very
close to the calculated value of 7.0mm and shows that ou
microlens is of excellent quality.

Table I summarizes the various parameters of GaN
AlN microlenses, showing that we have achieved a fo
length variation from 7–30mm. The microlens radiusr and
heighth are measured by AFM, while spherical radiusR was

FIG. 3. ~a! AFM line profile of AlN microlens with a circular fitting. The
fitted diameter (d) and height (h) of the microlens is about 11.6mm of 1.2
mm, respectively. The fitting shows the microlens is part of a sphere
diameterD530 mm. ~b! AFM surface profile of the microlens. The root
mean-square roughness is 1.1 nm, which is close to that of the as-grown
epilayers.~c! A 3D AFM image of the AlN microlens. Note that the vertica
and horizontal scales are different.~d! SEM image of the AlN microlens,
with a diameterd518.2mm and heighth52.8 mm.
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obtained using the methods explained herein. The fo
length f was calculated at wavelengthl5470 nm~280 nm!
for GaN ~AlN !. The III-nitride semiconductor materials hav
attracted tremendous interest for various optoelectronic
microelectronic device applications. Not only can these m
terials be used for blue/UV photonic devices, but also th
material properties allow them to withstand extreme con

FIG. 4. ~Color! NSOM beam profile of a GaN microlens when the probe
is at three different heights of~a! 5.2mm, ~b! 7.3mm, and~c! 9.4mm above
the microlens. The maximum intensity in the center of the probed plan
obtained at a height of 7.3mm above the microlens, corresponding to t
focal length of the microlens.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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tions of temperature, chemical, and radiation exposure.
nitride-based microlens arrays will be a much-needed t
toward achieving monolithic integration of optical elemen
based on these semiconductors. This will open doors in
plications of the nitride semiconductors in areas such as
crodisplay for hands-free and high mobility devices, optic
communications, computing, and medical research.

In summary, we have fabricated microlens arrays ba
on the III-nitride materials. The microlenses had high-qua
surface profiles as determined by SEM and AFM measu
ments. The theoretical focal lengths showed excellent ag
ments with those determined by NSOM measurements.
work provides a basis for expanding the applications of
III-nitride materials to include optical element integratio
covering deep UV wavelength regions.
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TABLE I. The parameters of GaN and AlN microlenses. The lens radiur
and heighth are measured values, while the focal lengthf and the spherical
radiusR are obtained from theoretical fitting. Different sizes of the micr
lenses shown were obtained by varying the resist mask baking condition
by using masks of different sizes.

GaN AlN

r ~mm! h ~mm! R ~mm! f ~mm! r ~mm! h ~mm! R ~mm! f ~mm!

5.4 1.6 9.8 7.0 5.8 1.2 14.9 13.6
6.0 1.0 18.0 12.9 6.1 1.1 17.8 16.2
5.5 1.2 12.5 9.0 8.3 1.3 24.6 22.4
6.1 0.6 32.2 23.0 8.5 2.5 15.2 13.8
9.4 3.0 15.4 11.0 10.1 2.5 20.9 19.0

11.6 1.7 42.6 30.4
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