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Nitride microlens arrays with sizes as small asidf in diameter have been fabricated on GaN and

AIN epilayers using the method of photoresist reflow and inductively coupled plasma dry etching.
The focal lengths of the microlenses varied from 788 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 llI-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 Il
nitrides. © 2003 American Institute of Physic§DOI: 10.1063/1.1579872

Microlenses have been studied extensively due to théditting as well as by the near-field scanning optical micros-
numerous applications they offer in areas, such as opticalopy (NSOM) measurement. A surface roughness of about 1
communication, optical computing for data or computernm was obtained for II-nitride microlens, which is typical of
links, and optoelectronic devices such as charged-couplegood-quality GaN and AIN epilayers.
device arrays for collecting light power needed to increase ~ GaN (AIN) epilayers used in this study were grown to a
the sensor sensitivity and in laser beam shapifigsroup-  thickness of 3-3.5um by metalorganic chemical vapor
Ill-nitride - semiconductors have excellent physical anddeposition on sapphire substrates with a 30 nm Gam)
chemical properties making them suitable for applications ifow-temperature buffer layer. The sources used were tri-
harsh environments. A great number of active devices, sucethylgallium, trimethylaluminum, and ammonia. To fabri-
as light-emitting diodesLEDs) and laser diodes, photode- cate the microlens, we used the photoresist reflow and dry
tectors, and transistors fabricated from the nitride material£{ching method described in literatufe. In this method, a
have been demonstrated. Fabrication of microlens arra))i,h'Ck photoresist layer is spun onto the substrate material and
based on the Ill-nitride materials would broaden the scope opattérned by standard photolithography into cylindrical
applications of these semiconductors to include integratiof©StS: When subsequently baked, surface tension causes
of micro-optical elements especially for the short- them to take up hemispherical shapes. The preformed resist
wavelength covering the green/blue to deep ultravidlay) is then used as an etch mask to transfer the hemispherical
(200 nm region. This would take advantage of the reIativerShape onto the substrate material. In this work, we used an

AZ 4260 photoresist to pattern an array of circular resist
mature manufacturing techniques already developed for the

[lI-nitride materials, including smooth and high rate etchlng OStS of various sizes, which was then baked on a hot plate.

sing high-density plasma. Nitride microlens arravs wo IdAn inductively coupled plasma etching system with chlorine-
u |_g '9 v p - NInde micro ays WoulG, 5sed high-density plasma gas was employed for dry etch-
be important components for the integration of nitride opto-

electronic devices such as blue/UV emitters and detectors.
Our group has reported a prototype blue microdisplay
fabricated using InGaN/GaN quantum-well-based LED
wafers? A nitride-based microlens would find great attrac-
tion in microdisplay applications. Pardt al® reported the
fabrication of microlens using sapphire, a material used as c
substrate for the growth of nitride semiconductors and whichj
could be used in short-wavelength applications. However, fort
integration of nitride-based optoelectronic devices, the bes1
choice would be microlenses based on nitrides. Ky
In this letter, we report the fabrication and characteriza- ™,
tion of microlens arrays with diameters as small as 10
based on GaN and AIN epilayers. We have achieved a foca
length variation from 7—3@m as determined by theoretical

FIG. 1. lllustration of the physical parameters of the microlenses of focal
lengthf. The microlens has radius heighth, andR is the radius of the
¥Electronic mail: jiang@phys.ksu.edu complete sphere.
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GaN Microlens (a) GaN Microlens (b)
FIG. 2. SEM images showin¢g) top
view of a GaN microlens of diameter
d=21.9 um and(b) a 60° tilt view of
a GaN microlens array in an area of
about 80mx80 pum.
d=21.9 pm

ing. The etch conditions were optimized to yield smooth andsmoothness of the surface of our nitride microlenses are in-
anisotropic etching of the IlI-nitride materials. dications that they are of high optical quality.

Figure 1 shows an illustration of the physical parameters  To verify the calculated focal lengths of the microlens,
of the planoconvex microlenses. The microlens structure halSOM measurements have also been employed to determine
a radiusr, diameterd (d=2r), and heighth. The sphere of the focal length of one GaN microlens whose diamdtaras
which the microlens is a part has radi®sand diameter 10.8 um, heighth=1.6 um, and a theoretical focal length
D (D=2R). R can be deduced from the measured values 0f7.0 um. In this method, a parallel laser beam of wavelength
microlens radius and heighth using the simple expression 400 nm was directed to the microlens, and the focused emer-
R*=(R—h)?+r? giving gent laser beam intensity profile was collected by the NSOM
probe tip. The distance between the probe tip and microlens
was varied to obtained a position at which a maximum
amount of intensity in the center of the microlens was de-
tected. In this position, the distance between the microlens
and the probe tip gives the focal length. Figure 4 shows the
laser beam intensity profile when the probe tip was at three
different heights above the microlens. The focal length, in
this case, was determined to be about #Zn3, which is very
close to the calculated value of 7gm and shows that our

f=R/(n—1), (2)  Mmicrolens is of excellent quality.

Table | summarizes the various parameters of GaN and
wheren is the refractive index of the lll-nitride materials. AIN microlenses, showing that we have achieved a focal
For GaN, we useth=2.4 for a wavelength of 470 nm; and length variation from 7—3@wm. The microlens radius and
for AIN microlens, we usedi=2.1 for a wavelength of 280 heighth are measured by AFM, while spherical radRisvas
nm® The wavelength value of 280 nm is of significance in
applications for the detection of biological and chemical
agents where the lll-nitride-based optical elements would be AIN Microlens
of great importance. 1

Figure 2a) shows the top view scanning electron mi-
croscopy (SEM) image of a GaN microlens of diameter
d=21.9 um, while that in Fig. 2b) shows a microlenses
array of about 8Qum><80 um at a 60° tilt view. GaN micro- 04
lenses will be transparent down to a wavelength of about 37(C
nm. For deep UV applications down to 200 nm, AIN micro-
lens is needed. In Fig.(8), we show the AFM line profile of
an AIN microlens with a circular fitting where the microlens
is shown to fit excellently with a spherical surface profile.
The diameter of this microlens is about 11.8n with a
height of 1.2um. The fitting shows the microlens is part of a
sphere of diameted =30 um. To determine the smoothness
of the microlens surface, we measured the AFM surface pro-
file of an AIN microlens, shown in Fig.(B) and obtained a e o Eem T ]
root-mean-square roughness value of 1.1 nm forarix1 il
pum scanned are"?" This value is \./ery c_Iose to that of Our:IG. 3. (@ AFM line profile of AIN microlens with a circular fitting. The
as-grown AIN epllayerg.A three-dimensional3D) AFM fitted diameter §) and height f) of the microlens is about 11,6m of 1.2
profile and an SEM image of the AIN microlens are shown inum, respectively. The fitting shows the microlens is part of a sphere of
Figs. 3c) and 3d), respectively. For an optical element, diameterD =30 um. (b) AFM surface prof_ile of the microlens. The root-
great care has to be taken to ensure that the surface topogfagan-square roughnessis 1.1 nm, which is close to that of the as-grown AIN

. . . . . epilayers.(c) A 3D AFM image of the AIN microlens. Note that the vertical
phy is smooth and spherlcal, as this will ewdently affect theand horizontal scales are differeiit) SEM image of the AIN microlens,
quality of the focused beam. The excelient topography andith a diameted=18.2 um and heighh=2.8 um.

R=(h?+r?)/2h. (1)

Alternatively, R can be extracted by first fitting the measured
atomic force microscopyAFM) profile using an expression
for a circle. We obtained values & using these two meth-
ods and found them to agree well to within 1%—-3%. We
estimated the focal length of the planoconvex microlens
using the relation
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FIG. 4. (Color) NSOM beam profile of a GaN microlens when the probe tip
is at three different heights ¢&) 5.2 um, (b) 7.3 um, and(c) 9.4 um above

the microlens. The maximum intensity in the center of the probed plane is
obtained at a height of 7.am above the microlens, corresponding to the

focal length of the microlens.

Oder et al.

TABLE I. The parameters of GaN and AIN microlenses. The lens radius
and height are measured values, while the focal lenfyégnd the spherical
radiusR are obtained from theoretical fitting. Different sizes of the micro-
lenses shown were obtained by varying the resist mask baking conditions or
by using masks of different sizes.

GaN AIN

r(um h(um R(um) f(um) r(um) h@m R@m f(umnm)

54 1.6 9.8 7.0 5.8 12 14.9 13.6
6.0 1.0 18.0 12.9 6.1 11 17.8 16.2
55 1.2 12.5 9.0 8.3 13 24.6 224
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 25 20.9 19.0
11.6 1.7 42.6 30.4

tions of temperature, chemical, and radiation exposure. The
nitride-based microlens arrays will be a much-needed tool
toward achieving monolithic integration of optical elements
based on these semiconductors. This will open doors in ap-
plications of the nitride semiconductors in areas such as mi-
crodisplay for hands-free and high mobility devices, optical
communications, computing, and medical research.

In summary, we have fabricated microlens arrays based
on the llI-nitride materials. The microlenses had high-quality
surface profiles as determined by SEM and AFM measure-
ments. The theoretical focal lengths showed excellent agree-
ments with those determined by NSOM measurements. Our
work provides a basis for expanding the applications of the
IlI-nitride materials to include optical element integration
covering deep UV wavelength regions.
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