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Abstract We describe the fabrication and characterization
of a randomly etched gallium nitride (GaN) surface for
enhancing light extraction from light-emitting diodes. Our
technique uses silica spheres as nano-targets in a sputter-
etch process and produces a fine-grained surface with fea-
tures around 35 nm. The textured surface layer acts as
a graded refractive index layer with antireflection proper-
ties. Measurements show that photoluminescence intensity
from such treated surfaces on a GaN LED wafer increases
2.2 times over that from pristine surfaces. These findings
are also supported by computer modelling studies described
here.

1 Introduction
Light-emitting semiconductor devices often suffer from the

mismatch of refractive index between the semiconductor
material and the outside medium. The mismatch is usually
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large and prevents a large fraction of the light generated
within the device from escaping outside. This problem af-
fects most light-emitting diodes (LEDs) because these are
made from materials with refractive index in the range of
2.3 to 3.5. The total internal reflection of light then confines
most of the generated light to within the LED chip, reduc-
ing its apparent brightness and degrading the electrical-to-
optical power conversion efficiency. This is a well-known
and well-understood problem and various techniques have
been devised to enhance the amount of light that comes
out of LEDs [1-5]. These include intentionally roughen-
ing the LED surface and creating a photonic crystal struc-
ture on the emitting facet of the LED. The former is now
a commercially established technique and the latter, while
technically harder to implement, is also being used but by
a limited number of LED manufacturers. Both these tech-
niques effectively open up the escape cone of light strik-
ing the semiconductor—air interface and allow more light to
spill out of the chip. Whereas photonic crystal structures ex-
tract light by a collective diffractive process, random surface
roughening at micrometer scale does the same by frustrat-
ing total internal reflection of light. Yet another way of en-
hancing LED brightness is through the use of a refractive
index matching layer between LED material and the am-
bient medium. Layers of zinc oxide and various polymers
have been used for this purpose. Here we describe a novel
technique for achieving refractive index matching between
GaN—a widely used semiconductor for making blue and
ultraviolet LEDs—and ambient air. Our technique is based
on creating a graded refractive index zone at the top surface
of GaN LED wafer material by creating a mesoporous sur-
face. The refractive index within this zone changes gradually
from that of GaN to the index of the surrounding medium.
The transition reduces total internal reflection, enlarging the
escape cone and increasing the amount of light that can be
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extracted from such material. Our technique relies on creat-
ing a nano-textured surface through a non-lithographic dry-
etching-based patterning technique. Here we describe our
surface nano-roughening process, results of actual photolu-
minescence measurements from the resulting material, as
well as theoretical predictions of graded refractive index
layer performance.

2 Nanostructured graded-index layer formation

Making submicron spatial structures gets rapidly more diffi-
cult as the size of the structures decreases below 100 nm.
High performance optical lithography or electron beam
lithography can be used to make very small structures but
both make use of expensive tools and are thus not widely
available. Since a roughened surface has random surface
features, alternative techniques may be possible to create
structures at very small length scales.

Different techniques have been reported for fabricating
graded-index transition layers on the top of GaN LED:s.
Those methods include oblique-angle deposition of ITO
nanorod-thin films to form multilayer AR coatings [6, 7]. In
the latter, LEDs with GRIN ITO AR coating showed 24.3 %
higher light output than LEDs with common dense ITO
coating, at an injection current of 20 mA. Another method
that was recently demonstrated involved oblique-angle de-
position of self-organized Ag island-like nanostructures, fol-
lowed by dry etching to transfer patterns into p-type GaN
layer [8, 9]. For the former reference, the nanotextured LED
showed 46 % higher light output than a standard LED with
unpatterned planar p-type GaN, at 100 mA. Improvement
in light output power of 30.2 % was achieved for the latter
case, for the fabricated antireflective ITO LEDs compared to
conventional LEDs, at a bias current of 100 mA. Our non-
lithographic pattern formation technique is a more efficient
way of achieving this goal. It consists of two distinct steps.
First a GaN surface is coated with a submonolayer (typically
10 %) coverage of silica nano-spheres. The coated surface is
then treated by a plasma discharge in a reactive ion etching
(RIE) machine. These are described in more detail below.

Standard, commercially available GaN blue LED wafers
were used in this work. The wafers consisted of a p-type
140-nm thick GaN upper layer, a 50-nm thick AlGaN cur-
rent blocking layer and 115-nm of active MQW layer (a set
of five alternating 3-nm InGaN wells separated by 20-nm
GaN barriers). Underneath these was a highly doped 2.5-
um thick n-GaN layer followed by an undoped GaN layer
(4-pm thick) on a 350-pm thick double side polished sap-
phire (Al,O3) substrate. A cleaved wafer piece was first
coated with a 200-nm thick layer of hydrogen silsesquiox-
ane (HSQ) and then some part of this layer was removed
from the centre to form a square cavity. The remaining HSQ
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frame all around simply acted as a 200-nm thick spacer. Af-
ter hard-baking the HSQ spacer, silica spheres, also 200 nm
in diameter, were dispensed inside the cavity from a dilute
aqueous dispersion. A 2-ml drop was found to be sufficient
for this purpose. The silica spheres themselves were pro-
duced by a modified Stober method [10]. The sample was
then covered by a clean glass slide coated with an anti-
stick coating. Slight pressure was applied to squeeze out
excess nano-sphere dispersion from the sides. The entire
assembly was then placed in a temperature and humidity
controlled environment for 2 hours. After this process the
top glass plate was removed and the sample was found to
be sparsely coated with a submonolayer coverage of ran-
domly placed silica spheres. Further details of this tech-
nique have been published elsewhere [11]. Once the coat-
ing process was complete, the sample was placed inside a
reactive ion etching tool chamber (Oxford Instruments Sys-
tem 100) and was subjected to a carefully optimized plasma
process. An Ar + SiCly gas mixture was used at 1:1 ratio to-
gether with RF power of 100 W. The sample was placed on a
temperature-controlled platen maintained at 40 °C through-
out the process which was carried out for 5 minutes at 40
mTorr background pressure.

3 Microscopic analysis

Once processed, samples were observed with a scanning
electron microscope (SEM). As seen in Fig. 1(a), an ex-
tremely fine-grained randomly roughened surface was pro-
duced. Some GaN pillars were also observed at locations
where the silica spheres had originally rested on the surface;
the spheres having acted as a mask at these locations. The
most probable mechanism for producing such morphologi-
cal features is that of the sputtering of silica spheres leaving
silica fragments on the wafer surface which subsequently
acted as randomly placed nano-masks. This has been ver-
ified by further examinations that showed that almost all
of the silica spheres were consumed in the process (leav-
ing behind their imprints as raised GaN pillars). Moreover,
similar experiments done with polystyrene spheres did not
show any nano-texturing on the wafer surface as seen in
Fig. 1(b) where only GaN pillars created by polystyrene
sphere masking are seen. Our technique is thus different
from nano-sphere lithography techniques where dry etch-
ing is carried out through the interstices of close-packed
spheres. That technique produces a regular pattern at signif-
icantly larger length scales [12—14]. GaN pillars are a nec-
essary by-product of our process and as seen in the inset to
Fig. 1(a), these have a diameter at the top of 180 nm with
base diameter of around 257 nm. Thus these pillars that rise
up from the surrounding GaN nano-grass background have
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Fig. 1 (a) Scanning electron micrograph of an etched GaN surface
showing extremely fine-grained roughness. Also visible are the tops
of GaN pillars where silica spheres were originally located. The inset
shows a close-up view. (b) Similar micrograph of a GaN surface etched
with polystyrene spheres. Only a smooth surface was obtained together
with GaN pillars

a slope of around 20°. Very similar pillars result from mask-
ing with polystyrene spheres but without the production of
GaN nano-grass.

The finely etched top p-GaN layer of the samples pro-
vides a mesoporous surface characterized by conical spaces
between GaN spikes. As one moves from the bulk GaN
epilayer through this transition layer to ambient air, the re-
fractive index of the medium at ~450 nm (emission wave-
length for our GaN LED wafer material) gradually changes
from 2.4 to 1. The nano-textured GaN surface thus acts
as a graded refractive index (GRIN) layer, minimizing the
sudden jump of refractive index at GaN-air boundary and
thus reducing backreflection of light generated within the
GaN/InGaN quantum wells. How the GaN surface nanos-
tructure relates to a graded-index layer is shown in Fig. 2.
Figure 2(a) shows an AFM scan of a part of the sample,
selected so as to include a couple of nano-pillars as well.
A topographic close-up can be seen in part (b) which is
color-coded to reveal height differences. These scans were
obtained with an ultrahigh vacuum AFM operating in con-

tact mode at room temperature. The scans were addition-
ally processed using WSxM software [15] and revealed ran-
dom spikes with average height of about 35 nm. From z-axis
AFM scans the aspect ratio of these structures was measured
to be 1:1. Furthermore, the root-mean-square (RMS) rough-
ness of the processed GaN surface was around 9.5 nm, while
the same parameter for a smooth, non-etched region was
~0.3 nm. This information was used to obtain the average
height variation along a typical 1-micron long straight line
and the data appears in part (c) (left). Refractive index vari-
ation experienced by photons travelling from deep in GaN
to the air outside can then be deduced and this variation is
depicted to the right in part (c). The refractive index varies
linearly at first but after traversing 25 nanometers from the
continuous GaN medium the index begins to change very
rapidly, approaching unity very quickly from there on. It has
been reported that the quintic-index profile shown here is
close to the optimum profile for a graded-index antireflec-
tion coating [16, 17].

AFM topographic cross section of nano-roughened GaN
provided information on the volume fraction of GaN/air
along the sample height (Fig. 2(c), left). This, in turn, en-
abled us to calculate effective refractive index of a com-
posite material, at the given locations within sample height
(varied from O nm for bulk GaN to ~55 nm for pure air).
Thus, corresponding data points and the 5th degree poly-
nomial (quintic) fit of refractive-index profile of GRIN
GaN layer were finally obtained, as seen in Fig. 2(c)
(right).

4 Optical characterization

We performed optical characterization of our samples
through angle-resolved photoluminescence (PL) spectros-
copy. A sample was illuminated through a 100-mm diame-
ter pinhole by a laser emitting at 405 nm. This has excited
PL in the quantum well region of the sample. The emitted
light was passed through a long-wavelength-pass filter to
block residual pump beam and was coupled to a spectrom-
eter through silica optical fibre that could be rotated around
the sample. The spectrometer itself was equipped with a
linear silicon array detector. First we measured the normal
incidence reflectivity of the sample in the wavelength range
of 400 to 1000 nm. This is shown in Fig. 3(a). The % of
reflectivity was seen to be lower for a sample with a nanos-
tructured surface with a strong dependence on wavelength.
Blue-emitting LEDs will, therefore, benefit more from shal-
low etched random structures than red-emitting LEDs. In-
terestingly, for measurements taken in a region where both
nano-grass and nano-pillars were present, an even larger re-
duction in surface reflectivity was observed. It is also pos-
sible to examine the influence of surface nanostructuring
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Fig. 2 AFM scan showing the
morphology of etched GaN
surface (a) larger area view of a
1 um x 1 pm square, showing
GaN pillars surrounded by
nano-roughened GaN surface.
Notice the size contrast between
the pillar and the surrounding
roughness. (b) A close-up of the
same scan. (c¢) Depiction of the
roughness of the GaN surface
along an arbitrary line across the
sample and the resulting
refractive index variation along
the z (height) axis
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on light travelling from GaN into air. This was done by
exciting PL in the sample in the manner described above.
Light from PL emission then propagates through GaN and
escapes from the top surface. Figure 3(b) shows the angular
emission profile (angle-resolved PL) from a nano-textured
sample compared with that from an untextured sample. The
nano-textured sample shows larger intensities at all angular
positions. The integrated intensity was 1.58 times larger for
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Fig. 3 (a) % of reflectivity as a function of wavelength in the 400 to

1000 nm range for GRIN GaN region (green) and for a region where

nano-pillars were also present (blue). (b) Angle-resolved PL from
etched (green trace with square points) GaN LED wafer material and
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the nano-textured sample but this value only accounts for
the light that is admitted by the optical fibre. The total inten-
sity radiated by the nano-textured sample was even higher
(see below). The spectrum of the PL emission from the LED
wafer sample can be seen at the top right in Fig. 3(b) where
the pump radiation at 405 nm is also seen. We next describe
the reason for the increased light extraction observed in our

experiments.
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that from non-etched material (continuous black line); both excited
by a 405-nm (2-mW) laser beam. The inset depicts a spectrum which
shows the PL and the pump laser light
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5 Computer simulations

The optical properties exhibited by such graded structures
can be analysed by the Bruggeman effective medium ap-
proach [18]. This technique has been utilized in the past
to study compositionally-graded dielectric films [19-21]
and transparent multilayer stacks [22]. The use of Brugge-
man effective medium approximation is preferred over other
methods when random pore geometries are encountered. If
a regular pore shape is involved then another approxima-
tion method such as the Maxwell-Garnett EMA is generally
more accurate. The latter was used by Tian et al. [23] in their
work on the optical properties of randomly positioned cylin-
drical pores on silicon surfaces. Their approach was very
different from ours as it involved anodic oxidation of thin
aluminum films which produces randomly distributed but
regularly sized and shaped pores.

In the present case, the Bruggeman equation can be writ-
ten as

NGaN — Heff Hair — Neff

VGan + Vai — )]
nGaN+ (d = Dner " aie + (d — Dy

with

VGan + Vair = 1. (2)

Here, Vgan and Vi, are the volume fractions of GaN and air
in the nano-textured surface layer, d is a structural dimen-
sion parameter which is 1 for our mesoporous layer, while
NnGaN, Mair and negr are the refractive indices of GaN, air
and the effective refractive index of the nano-textured sur-
face. Equation (1) can be iteratively solved using informa-
tion from AFM scans regarding the relative volume fractions
of GaN and air in the textured surface layer. This approach
yielded a value of 1.55 for the effective refractive index of
the nano-textured layer. Without this layer being present, the
critical angle at GaN—air boundary is 6, = 24.6°, leading to
an escape cone angle of 49.2°. With the nano-textured sur-
face interposed between bulk GaN epilayer and air the criti-
cal angle for total internal reflection increases to 6, = 40.2°,
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leading to a much wider escape cone angle of 80.4°. For
an isotropic light emitter, the former case results in at most
13.7 % of the light managing to come out of the LED chip.
In the latter case this is increased to 22.31 %. This would im-
ply that the apparent brightness in the forward hemisphere
increases by 1.63 times. However, the increase in bright-
ness measured with an integrating sphere was 2.2—a signifi-
cantly larger value. We attribute this to the fact that the nano-
textured surface is a layer of graded refractive index where
the index gradually changes from 2.4 to 1 over a distance
of about 35 nm. Such a graded index layer acts as an an-
tireflection layer and is more effective at extracting trapped
light than a simple single index layer of glass or zinc oxide
as no sudden change in refractive index exists in the case
discussed here.

Our GaN nano-grass-based antireflection layer has been
modelled by using two-dimensional (2-D) simulations with
Cavity Modelling Framework (CAMFR) tool based on the
eigenmode expansion method (EEM). CAMEFR is a full-
vectorial Maxwell solver with an implementation of ad-
vanced boundary conditions, i.e. Perfectly Matched Layers
(PMLs). EEM leads to a much more compact representation
of the field, which drastically improves the simulation accu-
racy and computing speed, especially when compared with
finite difference time-domain (FDTD) methods. The usabil-
ity of the EEM has been well-proven in the field of photon-
ics to simulate the behaviour of wavelength-scale structures,
e.g. photonic crystal devices [24, 25], VCSEL lasers [26],
resonant-cavity light-emitting diodes [27] and grating cou-
plers [28, 29]. Additionally, this software is freely dis-
tributed under an open source license, i.e. General Public Li-
cense (GPL) scheme. The nanostructured layer was approxi-
mated by using 50 sublayers of equal thickness to constitute
a complete graded-index layer. A staircase approximation of
a quintic refractive index profile and non-dispersive material
properties (complex refractive index independent of wave-
length) were used in all simulations. In theoretical calcula-
tions of GRIN GaN we assumed that the refractive index of
such a layer gradually varies from 2.4 to 1.0 along its thick-
ness, which is based on our experimental AFM observations
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presented in Fig. 2. Moreover, for all simulated curves plot-
ted in Fig. 4, a gradual change of refractive index follows
the quintic-index profile shown in Fig. 2(c) (right). A poly-
nomial fifth-degree equation was used to fit the experimen-
tal AFM data, thus the refractive index value for each of 50
sublayers could be calculated using the equation shown in
the inset of Fig. 2(c) (right). Figure 4(a) shows a plot of ex-
pected % of reflectivity of GaN-air boundary as a function
of angle of incidence (from the GaN side). The reflectivity
is seen to drop rapidly as the graded index layer is made
thicker with deeper etching. With a layer as deep as 100 nm,
a very large fraction of the incident light can easily escape
the confines of GaN. The top black line in the plot is for a
reference-smooth GaN surface. Part (b) of Fig. 4 shows %
of reflectivity as a function of wavelength for normal inci-
dence at the GaN—air boundary. It can be seen that bound-
ary reflectivity is reduced with reduction in emission wave-
length and that the presence of a graded-index antireflec-
tion layer causes significant further improvement in reflec-
tivity at all wavelengths. The spacing between the various
plot lines also indicates that the improvement in reflectiv-
ity quickens with increasing depth of etching and the ben-
eficial effects then tend to saturate. This means that such
layers can be very effective without being too deep. The ad-
vantage of graded-index AR coatings, in contrast to solid
thin-film stacks lies in the possibility of providing unlimited
antireflection bandwidth together with characteristics inde-
pendent of incidence angle, as GRIN layers do not critically
rely on the precise phase relations typical of interference
coatings [30].

Our samples were etched down to only 50 nm (with an
average nano-grass peak height of ~34 nm) but still clearly
show the benefits of a randomly etched mesoporous layer
acting as an in situ antireflection component. Even greater
benefit can be obtained from an even more deeply etched
surface as it can provide a better adiabatic index match
between GaN and air; as supported by simulation stud-
ies described above. Thus a structurally-integrated meso-
porous layer on the emitting face of an LED can be of
great use in enhancing its external quantum efficiency. An
additional advantage is that the angular emission is fea-
tureless without any secondary lobes thus producing uni-
form brightness suitable for solid-state lighting applica-
tions.

6 Conclusions

We have described the fabrication technology for creating
nanoscale roughness of the order of a few tens of nanome-
tres on GaN LED wafer material using a non-lithographic
technique. Randomly etched features were formed when
GaN was locally masked by silica fragments sputtered from
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silica spheres purposely deposited on GaN surface with a
sparse coverage. The resulting material showed 2.2 times
higher extracted PL yield and a featureless angular emis-
sion pattern. Simulation studies support the hypothesis that
such a layer effectively acts as a graded-index antireflec-
tion layer with a quintic profile—reducing the backreflection
of light generated inside LEDs. Possible improvements in
the patterning process for fabricating nano-porous graded-
index GaN layers should lead towards higher aspect-ratio
structures. As indicated by theoretical simulations, for av-
erage peak height and resulting etch depth in excess of 100
nm, more efficient and broadband AR behaviour can be ob-
tained.
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