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Ultrahigh luminescence extraction via the monolithic integration of a light
emitting active region with a semiconductor hemisphere

S.-N. Wu,? S.-Q. Yu,”’ D. Ding, S. R. Johnson, and Y.-H. Zhang®

Center for Photonics Innovation, School of Electrical, Computer and Energy Engineering, Arizona State

University, Tempe, Arizona 85287

(Received 11 January 2011; accepted 28 April 2011; published 31 May 2011)

A light emitting active region with three InGaAs quantum wells is monolithically integrated with a
GaAs hemisphere as a means to increase the extraction efficiency of light emitting diodes. For a
device with a small active region and large hemisphere and optimal antireflection, theoretical
calculations show that the extracted fraction of spontaneous emission incident on the hemisphere is
greater than 99.9% and the overall extraction efficiency of the integrated device is as high as 90%.
The hemisphere is fabricated with a consistent aspect ratio (height versus width) using photoresist
reflow and inductive coupled plasma etching. Detailed numerical simulations are performed to
predict the reflow and dry etch processes as an aid to device fabrication. The fabrication results
show that near perfect GaAs hemispheres can be successfully integrated with light emitting active
regions and that the resulting light emitting diodes have the potential for mass production. © 2011

American Vacuum Society. [DOL: 10.1116/1.3592190]

I. INTRODUCTION

High efficiency semiconductor light emitting devices are
desirable for solid state lighting, large area displays, optical
communications, and sensing applications. Both high inter-
nal quantum efficiency and high extraction efficiency are
necessary to attain high performance. Furthermore, if the
overall energy conversion efficiency of light emitting diodes
(LEDs) exceeds 100%, namely, the total photon energy ex-
tracted is greater than the electrical input, then it is possible
to achieve electroluminescence cooling.l’2 Luminescence
based coolers are vibration-free and capable of much lower
operating temperatures than conventional thermoelectric
coolers,”® which makes them ideal for space applications.

Although photoluminescence refrigeration has been real-
ized in doped glass and doped crystal materials using laser
pumping,“’6 this effect has not been observed in semicon-
ductor devices. One of the major challenges to the realization
of electroluminescence refrigeration in LEDs is that the en-
ergy conversion efficiency is limited by poor light extraction
caused by the large difference in the indices of refraction
between semiconductors and air. For example, due to light
trapping, a planar GaAs structure emits approximately 2% of
the internally generated spontaneous emission into free space
through a given surface. Moreover, many advanced struc-
tures have been utilized to enhance light extraction, such as
epoxy encapsulation, photonic crystals, and surface
roughening;7_9 notwithstanding these efforts, the extraction
efficiency in LEDs is still far from unity.

In order to further enhance light extraction, we have
monolithically integrated a transparent semi-insulating GaAs

YPresent address: 1534 Ambergrove Dr., San Jose, CA, 95131.

®Present address: Department of Electrical Engineering, University of Ar-
kansas, Fayetteville, AR,72701.

9 Author to whom correspondence should be addressed; electronic mail:
yhzhang @asu.edu

031213-1 J. Vac. Sci. Technol. B 29(3), May/Jun 2011

hemisphere with a light emitting active region containing
three InGaAs/GaAs quantum wells; in a previous work, a
similar active region demonstrated a spontaneous emission
quantum efficiency of 94% at room temperature and over
99% at 100 K.'"" When optimized, the primary function of
this design is the elimination of light trapping within the
device, which greatly reduces losses related to photon recy-
cling in the active region and parasitic absorption caused by
free carriers and metal contacts. Moreover, since the emis-
sion from the InGaAs quantum wells (980 nm) is well below
the bandgap energy of GaAs, the absorption losses in the
semi-insulating GaAs hemisphere are negligible.

Il. DEVICE STRUCTURE AND SIMULATIONS

A schematic diagram of an antireflection coated semicon-
ductor hemisphere monolithically integrated with a light
emitting active region is shown in Fig. 1. In this structure,
the interface reflection between the active region and the
hemisphere is negligible because the respective refractive in-
dices are very closely matched. Contrary to planar structures,
a hemisphere device can be designed so that all of the spon-
taneous emission that falls onto a given point of the
hemisphere-air interface lies within the escape cone provided
the hemisphere diameter is sufficiently larger than the active
region diameter.

First, the largest usable incident angle within the escape
cone at the hemisphere-air interface is determined. Using the
law of cosines, as shown in Fig. 1, the incident angle a can
be expressed as

RP+L1*-r |

cos(a) = ———, (1)
where R is the radius of the hemisphere, r is the radial dis-
tance from the center to a given point on the surface of the
active region, and L is the distance from the corresponding
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FiG. 1. Schematic of the hemisphere structure for highly efficient light
extraction.

point on the active region surface to the hemisphere surface.
The incident angle goes through a maximum at L?>=R?>—7r?,
which occurs when light is emitted perpendicular to the sur-
face of the active region, with sin(a)=r/R. Furthermore, the
condition for total internal reflection is given by sin(a)
>1/n, where n is the refractive index, and since the maxi-
mum value of r is the active region radius r,, then as long as
R>nr, all of the spontaneous emission from the active re-
gion falls within the escape cone. Moreover, due to the small
incident angles, an effective antireflection coating is rela-
tively easy to attain.

A. Simulation of luminescence extraction

As shown in Fig. 1, the device consists of a thin light
emitting disk (active region) integrated with a semiconductor
hemisphere in a design that enhances light extraction. To
evaluate the performance of this design, the extracted frac-
tion of the spontaneous emission leaving the active region on
the hemisphere side is calculated for various hemisphere
sizes with single-layer antireflection coatings. It is assumed
that the light over the entire active region emission spectrum
is randomly polarized and uniformly distributed in all direc-
tions. Furthermore, in the case where the hemisphere is large
enough to eliminate light trapping, the only backreflection is
due to a less than ideal antireflection coating on the hemi-
sphere surface. As a worst case scenario, the reflected light is
assumed to be parasitically lost inside the hemispherical de-
vice. This assumption underestimates the performance as
part of the reflected light is extracted as it again reaches the
hemisphere surface through multiple reflections.

The calculations are performed using the transfer matrix
method.!! Since plane waves are utilized in this method, the
hemisphere surface is approximated by many small flat areas
in the calculation. In the calculations, single-layer antireflec-
tion coatings are chosen using the materials SiO,, Al,O5, and
ZnO with refractive indices 1.54, 1.76, and 1.92,
1respectively.12_14 The refractive indices are assumed to be
constant in energy due to the narrow spectral width of the
quantum well emission. The ratio of the active region radius
to the hemisphere radius is defined as the dimensionless ra-
dius, ry/R, that is varied from 0.10 to 0.30. For a given
dimensionless radius and antireflection coating material, the
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FiG. 2. Internal reflectance of GaAs hemisphere with various antireflection
coatings for spontaneous emission from InGaAs active regions with differ-
ent radii.

coating thickness is optimized to minimize the reflectance at
the hemisphere-air interface over the entire emission spec-
trum.

The results are shown in Fig. 2, where the reflectance loss
increases dramatically when the dimensionless radius ex-
ceeds 0.25, which is the ratio where the onset of total internal
reflection occurs as some of the emitted light lies outside of
the escape cone. Moreover, ZnO provides the lowest reflec-
tance among the three materials studied due to its higher
refractive index. For large hemispheres with a small dimen-
sionless radius (<0.15) and proper ZnO antireflection coat-
ing, the reflectance loss is less than 0.1%, which is negligible
compared to the other losses in the device; in which case the
hemisphere is essentially a perfect extractor.

The extraction efficiency for the entire LED structure can
be written as

Extraction factor

e = Extraction factor + Loss factor

_ 1 —Loss factor — Recycling factor

. (2)
1 —Recycling factor

where the extraction factor is the fraction of the active region
spontaneous emission that is extracted from the spherical
surface of the hemisphere, the loss factor is the fraction of
the spontaneous emission lost to internal parasitic absorption
plus the fraction extracted from the flat surface of the hemi-
sphere, and the recycling factor is the fraction of the sponta-
neous emission that is absorbed in the active region, which is
not a loss from the standpoint of extraction efficiency as the
photon energy is recycled.

Next, the extraction factor and the extraction efficiency
are determined by estimating the loss factor and recycling
factor. Free carrier absorption, which typically has an absorp-
tion coefficient less than 50 cm™!, results in a parasitic loss
that is less than 1%."> The parasitic losses caused by free
carrier absorption are greatly reduced in this device design
because the hemisphere effectively eliminates trapped light;
a substantial improvement over a planar design where light
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TaBLE 1. Fraction of spontaneous emission lost, recycled, and extracted, and
the resulting extraction efficiency.

Design 1 Design 2

Fraction of active region covered by contact 44% 22%

Spontaneous emission absorbed by metal contact 16% 8%
Spontaneous emission extracted from flat side of

hemisphere 1% 1%

Spontaneous emission absorbed by free carriers 1% 1%

Spontaneous emission recycled 4% 4%

Spontaneous emission extracted from hemisphere 78% 86%

Extraction efficiency 81% 90%

trapping results in multiple passes through the device regions
containing free carriers before extraction occurs.

However, absorption in metal contacts adjacent to the ac-
tive region can result in even larger parasitic losses than
those for free carriers, particularly when the contact covers a
significant portion of the active region. For example, the
typical contact materials for GaAs consist of Ti/Pt/Au metal
layers about 20/20/200 nm thick; with a complex index of
refraction coefficient of 3.03+3.65: at 980 nm,13 about 72%
of the incident light is absorbed by the Ti metal layer. In
designing the size of a contact there is a trade-off between
how well the current is spread (larger is better) and the ab-
sorption losses (smaller is better). Therefore, two contact de-
signs are considered: in design 1, the contact offers good
current spreading and covers 44% of the active region, and in
design 2, the contact offers reduced current spreading and
covers 22% of the active region. The loss is about 16%
(0.72X0.44 X 1/2) for design 1 and about 8% for design 2;
note that only one-half of the spontaneous emission is inci-
dent on the contact, hence the 1/2 factor.

For the remaining 56% (or 78%) of the active region not
covered by contacts, a small amount of the incident light is
extracted from the flat side of the hemisphere through the
escape cone containing about 4% of the incident spontaneous
emission, of which 31% is reflected back; resulting in a loss
that is less than 1% (0.56 < 0.04 X 0.69 X 1/2) for design 1
and about 1% (0.78 X 0.04 X 0.69 X 1/2) for design 2. Com-
bining the three losses, the total loss factor is about 18% for
design 1 and 10% for design 2. The photon recycling factor
(fraction of spontaneous emission absorbed in the quantum
wells) is approximately 4% using an absorption coefficient
of 13440 cm™ for InGaAs." Subtracting both the loss and
recycling factors the extraction factor is 78% for design 1
and 86% for design 2. Note that both the loss and the recy-
cling factors are greatly reduced in this device via the elimi-
nation of light trapping. From Eq. (2), this results in extrac-
tion efficiencies of 81% for a contact with 44% coverage
(design 1) and 90% for a contact with 22% coverage (design
2). These results are summarized in Table 1.

B. Photoresist reflow simulation

In order to fabricate a perfect GaAs hemisphere, a unique
combination of a photoresist mask and dry etch recipe is

JVST B - Microelectronics and Nanometer Structures
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FIG. 3. Schematic diagram of a photoresist droplet on a flat surface.

essential. Therefore, detailed numerical simulations are per-
formed to predict the processing results as a guide to the
experimental work. Measurements from a scanning electron
microscope and profilometer are used to fine tune the theo-
retical simulations.

The simulations consist of two parts: (i) a photoresist re-
flow simulation and (ii) an inductively coupled plasma (ICP)
etch simulation. In order to fabricate a spherical semiconduc-
tor surface, a dome shaped photoresist mesa is utilized as a
mask. Which is achieved by defining a cylindrical photore-
sist mesa using conventional photolithography, then heating
up the photoresist and letting it reflow to take on a dome
shape. After the reflow process, the volume is reduced
roughly by 20% and the radius remains the same.

The shape of the curvature of the photoresist mesa dome
after reflow is governed by the Young—Laplace equation,

Ap=0'<L+L), (3)

where the photoresist is assumed to be a liquid droplet at
steady state, Ap is the pressure difference across the
photoresist-air interface, R, and R, are the principal radii of
curvature at the interface, and o is the surface tension coef-
ficient of the droplet. A schematic diagram of the photoresist
droplet is shown in Fig. 3. Following Eq. (3), the equation
for a droplet at position (r;,z) on a flat surface is written as

pg
K(r,) =Ko+ ;[5—2(’21)]’ (4)
where
& &
drf, dry

K(rg) =- { dz \2 5t a2 \2 105 [ (5)
1+(—> J rd{l+<—) J
dry dry

is the position dependent curvature of the free surface of the
droplet,16 Ry=2/K is the radius of surface curvature at the
apex, ry is the radial distance, z is the height, & is the droplet
height at the apex, p=1.08 g/cm® is photoresist density,l7
and g is acceleration of gravity. In Eq. (4), the second term is
at least two orders of magnitude smaller than the first one,
because the surface tension coefficient normally ranges from
10 to 400 mN/m? and the droplet radius is around
100 ,u,m.18 Therefore, the accuracy of surface tension coef-
ficient is not important and that of water (100 mN/m?) is
used in the calculation. Therefore, Eq. (4) can be written as
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FIG. 4. Calculated (dashed curve) and measured (solid curve) photoresist
droplet profile after reflow.

dzldry=y
1+y%) ,
dyldry=—(1+yH)'3. [K0+ %(5—1)} - y(+y)
g rd
(6)
where dz/dr;=y; note that when r;=0, z=9, y=0, and K

=K.

Equation (6) can be solved using the fourth-order Runge—
Kutta method with any two initial input values consisting of
the apex height &, apex curvature K|, or radial distance rd.lg
In the calculation, the apex height § and curvature K, are
used as the only inputs. These two values are systematically
varied to simultaneously match both the initial photoresist
volume (assuming a 20% volume loss) and photoresist cyl-
inder radius, which are defined by the photoresist coating
and photolithography recipes. The final calculated photore-
sist droplet profile (dashed line) and the measured profile
(solid line) are shown in Fig. 4. The lack of symmetry in the
measured photoresist profile is due to artifacts introduced
during the mechanical profilometer measurements.

C. Dry etch simulation

To achieve the final GaAs hemisphere, an ICP etch is
performed after the photoresist reflow, in which the vertical
and horizontal etch rates are carefully tuned. The photoresist
reflow simulation results are an input for the etch simulation
that is used to predict the etching result. In addition to the
photoresist droplet profile, the etch calibration results are in-
puts for the simulation. From experiments the vertical etch-
ing selectivity between photoresist and GaAs is about 1:2.3
and the lateral etch rate is roughly one fifth of the corre-

120

" Measured etch profile
erfect hemispher

Height (um)

/ Calculated etch profile
-100 -50 0 50 100
Horizontal Length (um)

FiG. 5. Calculated and measured GaAs hemisphere (solid curves) compared
to a perfect hemisphere (dashed curve).
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FIG. 6. Photoresist profiles (solid curves) required to etch perfect GaAs
hemispheres and achievable photoresist profiles (dashed curves) for various
photoresist droplet sizes.

sponding vertical etch rate. Figure 5 shows the calculated
and measured GaAs dome (nonperfect hemisphere) profile
after etching. It can be seen that the top part of the etched
dome is very close to a perfect hemisphere while the base
deviates from the desirable curve.

To determine the ideal photoresist profile, simulations are
performed starting from a perfect GaAs hemisphere and back
calculating to what the profile should be. These calculations
together with the measured photoresist profiles are shown in
Fig. 6 for various photoresist droplet radii; which confirms
that the measured photoresist profile is close to that required
for a perfect hemisphere except near the edge of the base.
Furthermore, as the radius gets smaller the measured and
desired profiles are more closely matched. These numerical
simulations confirm that spreading at the base of the re-
flowed photoresist droplet results in GaAs hemisphere pro-
files that are not perfect.

lll. FABRICATION RESULTS

With the aid of theoretical simulations, the critical device
fabrication steps are schematically shown in Fig. 7. First the
active region is fabricated on the epitaxial layer with both n
and p contacts formed on the active region side of the sub-
strate. Next four windows are opened by etching down
through the active layers to a depth of 15 wum. These win-
dows serve as the etch stop detection point during the hemi-
sphere etching from the backside of the substrate. Next the
substrate is lapped and polished down to a thickness of about

(a) LED contact (b) Window opening‘

formation

(c) Etched hemisphere | (d) Completed device

Fi1G. 7. (Color online) Schematic of the fabrication flow for the monolithic
integration of a semiconductor hemisphere with light emitting active region.
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FIG. 8. Scanning electron micrographs of GaAs hemispheres integrated with
InGaAs active regions.

120 um. And finally the GaAs hemispheres, centered over
the active region, are fabricated from the backside of the
remaining substrate. Once the final etch is completed, four
arms are formed that connect the active region and contacts
to the surroundings.

To attain the correct hemisphere curvature and size, a
27 pm thick layer of AZ4620 photoresist is coated on the
backside of the remaining substrate using multiple spin steps
followed by standard photolithography to form a photoresist
cylinder with a 100 um radius. The photoresist cylinder is
reflowed to create a domed photoresist mesa mask by slowly
heating up the sample from 60 to 125 °C. The final profile is
shown in Fig. 4 (solid curve). In this step the temperature is
slowly increased to avoid creating any big air bubbles and
slowly decreased to avoid photoresist cracking due to strain.
An ICP etch is used to transfer the domed photoresist pattern
onto the GaAs substrate to create the hemisphere. In the etch
step, it is critical to etch away all the photoresist to avoid
leaving a flat top on the GaAs hemisphere.

Scanning electron micrographs of fabricated devices are
shown Fig. 8; these particular devices have hemispheres with
a 90 um radius and active regions with a 30 um radius and
the p-contact covers approximately 44% of the active area
(design 1). The array of GaAs hemispheres are nearly perfect
and highly uniform, which indicates the potential for large
volume fabrication. Preliminary experiments show that this
process is also applicable to other materials, such as Si, GaP,
InP, and GaSb.

The overall size of the device is limited by the require-
ment of a nearly ideal reflowed photoresist droplet profile as
a mask to etch near perfect hemispheres, see Fig. 6. Further-
more, the light extraction performance of a given hemisphere
increases as the size of the active region decreases, see Fig.
2. Therefore, to achieve near perfect hemisphere devices
with high extraction efficiency, the active region must be
small, resulting a reduced power output per hemisphere and
more hemispheres per device to achieve a given power out-
put. Moreover, further increases in the extraction efficiency
can be achieved by reducing the metal contact losses,
through reduced contact ring area and by using contact ma-
terials that are more reflective.

As a comparison to our approach, micro lenses are tradi-
tionally categorized into two groups: (i) polymer or glass

JVST B - Microelectronics and Nanometer Structures
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based and (ii) semiconductor based. Polymer based micro
lenses are fabricated using reflow, hot/UV embossing, gray
scale lithography, microjet technique, excimer laser ablation,
and direct laser write techniques.mf26 Although high aspect
ratio lenses are possible, the refractive indices are typically
not matched to the light emitting material. On the other hand,
semiconductor based micro lenses are typically fabricated
using focused ion beam or pattern transfer from photoresist
to semiconductor by wet or dry etching.27_35 The refractive
indices are matched but only low aspect ratio micro lenses
are typically achieved. Although high aspect ratio GaAs
hemispheres have been attempted,36 no design rules or de-
tailed processing steps have been published and the large
volume production capability was unclear.

IV. CONCLUSION

A semiconductor hemisphere is monolithically integrated
with a light emitting active region for high light extraction
efficiency. Near perfect semiconductor micro hemispheres
are fabricated by photoresist reflow and ICP etching. Simu-
lations show that with optimal designs the hemisphere struc-
ture can extract over 99.9% of the light incident upon it,
which can result in realizable extraction efficiencies between
80% and 90%. Processing results show that arrays of GaAs
hemispheres with good uniformity can be fabricated, indicat-
ing the potential for large volume fabrication.
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