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Abstract—We demonstrate a method to improve the light
extraction from an LED using photonic crystal (PhC)-like struc-
tures in metal contacts. A patterned metal contact with an array
of Silicon Oxide (SiOy) pillars (440 nm in size) on an InGaN/GaN-
based MQW LED has shown to increase output illumination
uniformity through experimental characterization. Structural
methods of improving light extraction using transparent contacts
or dielectric photonic crystals typically require a tradeoff between
improving light extraction and optimalelectrical characteris-
tics.The method presented here provides an alternate solution
to provide a 15% directional improvement (surface normal)
in the radiation profile and ~ 30% increase in the respective
intensity profile without affecting the electrical characteristics of
the device. Electron beam patterning of hydrogen silesquioxane
(HSQ), a novel electron beam resist is used in patterning these
metal contacts. After patterning, thermal curing of the patterned
resist is done to form SiOy pillars. These SiO, pillars aid as
a mask for transferring the pattern to the p-metal contact.
Electrical and optical characterization results of LEDs fabricated
with and without patterned contacts are presented. We present
the radiation and intensity profiles of the planar and patterned
devices extracted using Matlab-based image analysis technique
from 200 um (diameter) circular unpackaged LEDs.

Index Terms—Electron beam lithography (EBL), light emit-
ting diode (LED), patterning, photonic crystal (PC), hydrogen
silesquioxane (HSQ).

1. INTRODUCTION

G ROUP III nitride based quantum well LEDs have gained
popularity because of their wide bandgap and the abil-
ity to emit light over the entire visible spectrum. These
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optoelectronic devices find applications ranging from everyday
light sources to large panel displays [1], [2]. LED-based light
sources are gaining acceptance over the traditional incandes-
cent sources because of better energy efficiency [3], lower
energy cost, better life span and environmental impact [4].
Despite their benefits, solid state lighting applications still
have several fundamental device-level challenges to overcome.
These challenges include suboptimal current-voltage charac-
teristics due to high resistivity materials, low light extraction
efficiency due to light trapped within the materials, efficiency
droop etc. Also, due to the low number and non-uniformity
of the activated carriers [5] and low contact resistance, LEDs
suffer from current crowding at the contact edges, high turn-
on voltages and high leakage currents [6]. Improvements in
the electrical characteristics of LEDs could be achieved by
altering or improving the material properties [7] to generally
increase the internal quantum efficiency of the LED. On the
other hand, a major source of optical output power loss is due
to light being trapped within the materials due to the optical
properties,which affects the light extraction efficiency of the
LED. Various methods, such as surface roughening [8], [9],
[10], [11], patterned substrates [12], [13], [14], integration of
DBRs and photonic crystals [15], [16], [17] are being utilized
by research groups to improve LED extraction efficiency [18].
These methods add additional complexities to the fabrication
process of the LEDs. Despite the benefits of these techniques,
trade-offs between the extraction efficiency and the quantum
efficiency must be considered in their application. The use of
transparent conducting contacts like Indium Tin Oxide [19] or
Zinc Oxide [20] have proven to be viable alternate methods of
improving the electrical characteristics mitigating the current
crowding issues, increasing the internal quantum efficiency.
However, the optimization of such a contact is a tedious
process and involves trade-offs between the extraction and
quantum efficiencies. On the other hand, transparent conduct-
ing contacts also serve to passively increase the light extraction
from an LED [20], [21], [22] and a combination with optical
elements like photonic crystals have aided in further improving
the internal and external quantum efficiency [23], [24]. The
main trade off of integrating photonic crystals or surface
roughening is to utilize ICP plasma etching which induces
etch damage and results in decreased quantum efficiency [25],
[26], [27] and hence lift-off techniques are being developed.
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Photonic Crystals (PhC) are uniformly-spaced regions of
high and low dielectric regions that offer control over the
photonic bandgap [28], [29]. The photonic band gap is a
characteristic that can be exploited in a variety of device appli-
cations. The propagation of light through a PhC lattice can be
engineered by choosing the appropriate geometries and critical
parameters of the crystal (lattice parameter, index of refraction,
etc.). Groups have utilized dielectric PhC structures (one [15],
two [23] and three [17] dimensional) as optical elements of the
LED structure to increase the light extraction from the device
[14], [30], [24], [18]. Another use of PhC lattice structures
is in the creation of diffraction elements. The integration of
PhC structures into LEDs using new micro- and nanofabri-
cation techniques improves the light extraction at the cost
of degradation to the device’s electrical characteristics [25].
Other novel techniques of embedding PhC structures [31],
[32] and using self-assembled colloidal microlens structures
[33], [34] have proven promising in improving the extraction
efficiency of LEDs without compromising on the electrical
characteristics of the devices; however, these methods are
not directly applicable to common LED architectures and
fabrication processes.

In this work, we demonstrate an alternate method to increase
the light extraction from the LED using PhC-like lattice
structures fabricated in metal contact regions. Our group has
utilized the diffraction property of patterned metal to improve
light extraction from LED devices [35], [36], [37] rather than
using conventional dielectric or transparent conducting mate-
rials. Patterning the p-contact with passive photonic crystal-
like elements increases the optical output. Device fabrication
processes, along with characterization results, are presented in
the following sections.

II. DEVICE FABRICATION

The fabrication starts with the growth of layers that make
up the LED active regions using MOVPE techniques [38],
[39]. The LED structure is grown on a sapphire substrate
(430 um thick) and is shown in the Fig. 1. [39], [38].
InGaN/GaN -based quantum wells with a periodicity of
11.90nm (QW ~ 4nm, Barrier ~ 8nm) were grown with
16% indium concentration (Ing6Gago4N) on n-type (Silicon
doped) GaN and followed by p-type (Magnesium doped)
GaN. The thicknesses of each layers of the structure are
indicated in the Fig. 1. The targeted emission wavelength of
this LED structure is around 440 nm. For this experiment, an
LED is grown with above mentioned layers over one quarter
of a 2 inch sapphire substrate. The fabrication process of
planar and patterned devices only differs in the patterning of
the metal contact step using electron beam lithography. After
this additional metal contact patterning step, devices were
fabricated using traditional micro-fabrication techniques. After
growth, the quarter piece LED sample was annealed at 800°C
for Sminutes in Nitrogen ambient to mobilize the charge
carriers and reduce the resistivity of the p-type GaN films [40].

After this initial annealing process, HSQ (FOX ® - 16 from
Dow Corning) is spun on the sample at 3000 rpm for 1 minute
resulting in a thickness of approximately 500 nm, followed by
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Fig. 1. LED Structure.

4 minute soft-bake at 95°C to evaporate the solvents from the
spin on dielectric.

Electron beam lithography was used to pattern an area of
80 x 80 um? in the HSQ layer at a dosage of 320 uC/cm?
using a JEOL 7600F Scanning Electron Microscope equipped
with NPGS CAD system. The maximum field of view on
this system is 104 x 104 um?. A drift in the beam focus and
alignment was observed when patterning larger areas (> 104
x 104 um?). This drift in the system causes uneven exposure
resulting in an unresolved pattern at the edges. Due to these
issues, an area of 80 x 80 um? was chosen for patterning fully
resolved features on our devices.

The exposed resist was developed in Megaposit developer
MEF-CD 26A for 12 minutes to create pillars of HSQ as shown
in the Fig. 2. The HSQ pillars are measured to be 440nm in
diameter with a 1 um pitch and ~ 500 nm in thickness. The
feature sizes are chosen to be on the order of the emission
wavelength of the LED. These HSQ pillars are then cured
thermally at 400°C for 1 hour to convert them into SiOy pillars
[41], [42], [43]. At this stage, the LED sample contains SiOx
pillars on the surface of the p-type GaN. Further steps involve
multiple iterations of photolithography, etch, metal deposition
and lift off techniques that are common to both planar and
patterned devices.

Photolithography is performed using AZ-5214 E-IR
for p-contact patterning. Thep-type contact (Ni/Au -
30nm/50nm) is deposited using electron beam evaporation
followed by lift-off revealing both unpatterned and patterned
metal contacts. The patterned metal contacts have SiOy pillars
that were intentionally left within the contact to prevent
collapsing of the patterned contact during the post-annealing
process. The resulting p-metal contact is 160 um in diameter
with a patterned area of 80 x 80 um”. The patterned p-contact
in its final state contains SiOy pillars (cured HSQ) surrounded
by the p-metal stack as shown in Fig. 3(c) and (d).

Photolithography is then performed to create a protective
layer of photoresist (AZ 4400) 200 um in diameter over the
patterned p-contact area in preparation for the mesa etch. ICP
RIE is then used to etch a mesa in GaN using the hard-
baked photoresist as a mask. BCI;/Cl, plasma was utilized
to etch into the n-type GaN layer. An etch depth of 600 nm
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Fig. 2.  SEM image of Hydrogen Silsequioxane (HSQ) pillars after 12 minute
development (Inset) Zoomed in SEM image of the pillars.
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Fig. 3. (a) Schematic of the final fabricated unpatterned device (Inset:
Microscope image). (b) Schematic of the final fabricated patterned device
(Inset: Microscope image). (c) Cross-section view of the patterned metal
contact with cured HSQ pillars intact. (d) SEM image of the patterned metal
contact with the cured HSQ pillars intact.

was achieved after 120seconds of plasma etch. Afterwards,
photolithography was used to pattern the n-contact region. The
n-contact is created using e-beam assisted metal deposition
(Ti/AVTi/Au — 2 nm/100 nm/30 nm/50 nm) followed by a lift-
off. The fabrication process is completed with a post annealing
process performed at 600°C for 3 minutes in air to anneal
the contacts. The final fabricated devices with and without
patterned metal contacts on p-type GaN are shown in Fig. 3(a)
and (b).

III. CHARACTERIZATION & RESULTS

To compare the performance of the metal contact patterning,
we characterized planar and patterned devices. Fig. 4 presents

Current (A)

Voltage (V)

Fig. 4. Current-Voltage Characteristics of 200 um Mesa Circular LEDs with
error bars included.
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Fig. 5. Normalized EL Spectra of planar and patterned LEDs.

the current-voltage (IV) characteristics of the two device types
with their respective error bars included.

The respective normalized electro-luminescence (EL) spec-
tra for the devices are shown in the Fig. 5 which were observed
at an injection current of 60 mA using a constant current
source. These EL spectra of the planar and patterned devices
were taken from the top side of the device using an optical
fiber at a constant distance of linch, as shown in the inset
figure of Fig. 5. The spectra are smoothed using that adjacent
averaging method to remove any noise. It is observed from the
plot that the peak wavelengths for all the tested devices are
close to the expected emission wavelength (440 nm). The peak
wavelength for both planar and patterned devices at different
injection currents was observed to be within the range of
tolerance (<1%).

On the other hand, the radiation patterns of each device
are compared to better understand the radial distribution of
the light from the devices. Although, these measurements are
traditionally done using an integrating sphere, for this work, an
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Fig. 6. Radiation plots of the planar and patterned LEDs.

optical setup was constructed to measure the radiation pattern
of each device. The EL spectra of each device is taken at
angles varying from -60° to 60° at intervals of 5° using a multi-
mode optical fiber. The optical fiber is maintained at a constant
distance (1 inch) from the surface of the LED and rotated about
a fixed axis. The intensities at the peak emission wavelength
(440nm) are extracted from the respective EL spectra and
normalized by dividing the maximum intensity observed at 0°
(surface normal). The normalized intensities are plotted with
respect to the angles and summarized in Fig. 6.

From the radiation plots obtained, it is observed that the
field of view for both the devices is &= 20°. It is also seen the
intensity of the patterned LED is approximately 15% higher
than that of the planar LED directionally (surface normal).
The radiation profiles shown here are constrained to a slice of
the solid angle. Since the devices tested are symmetrical, the
radiation profiles along any direction would be a replica of the
shown result and hence the plots could be rotated to a solid
angle perspective. To get more detailed information about the
intensity extracted from the device, an alternate method for
analyzing the intensity profile is adopted.

A Matlab-based image analysis tool was developed to
characterize the top-side emission uniformity. For this analysis,
both devices were separately driven with constant currents
and images were captured using a Canon 5D Mark II camera
mounted on a microscope with a 50x objective. External
illumination sources were eliminated to reduce sources of
unwanted emission intensity. Images for planar and patterned-
LEDs were captured with the following camera settings: the
sensitivity of the sensor (ISO) was set to 6400 to capture
minimal amounts of generated light. White Balance was set to
10000K Color Temperature, so the sensor is more sensitive to
blue colors as we were taking pictures of blue LEDs. A shutter
speed of 1/160 was chosen as the best setting for capturing
unsaturated images.

Once the parameters were set, images were taken at different
injection currents 60 mA, 80mA and 100 mA. Along with
these images, a background image is also taken with the LED
powered off to determine the background noise level. Once
the images are taken, they were cropped to the edge of the
n-type contact of the LED with a cropping size of 700px X
700px as shown in the Fig. 7(a).

400 pm

(a) (b) (c)

Fig. 7. (a) Cropped areas of the unpatterned and patterned devices, Blue
intensity images extracted from Matlab-based image analysis tool. (b) Unpat-
terned and (c) Patterned devices.
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Fig. 8. Row intensity profiles (a) Planar and (b) Patterned.

These cropped images are then input to the image process-
ing tool to extract the red, green and blue pixels. Since the
red and green pixel intensities have relatively insignificant
intensities, only the blue pixels are chosen for further analysis
as shown in Fig. 7.

The image profiles along the horizontal axes of the images
are extracted and the respective pixel intensities are compared,
as shown in the Fig. 8. These profiles are smoothed using
the adjacent averaging method. The intensity profiles show an
increase in the intensity in the patterned area while reducing
the intensity around the edge of the contact. The averages of
the pixel intensities over the area were also compared and the
results are shown in Fig. 9.

The results obtained from the Matlab image processing tech-
nique indicate that the patterned p-contact with SiOy pillars
acts as a passive optical component and helps in extraction
of light from the top of the LED. This observation may also
have been due to a change in the current distribution in the
patterned contact, which will be studied in future efforts.

We observe improved extraction from the patterned devices
when compared with the unpatterned counterparts. Qualita-
tively, it is observed that the patterned LED has an aver-
age increase of the intensity of 30% when compared with
its unpatterned counterpart. Although, this improvement is
comparatively low relative to that of the extraction observed
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Fig. 9. Normalized average intensities of the images of the two devices
observed at injection currents 60 mA, 80 mA and 100 mA.

from other methods [13], [17], [31], [34], our process can
be considered complementary to the existing methods and a
means to achieve additional performance improvements.

IV. CONCLUSION

In conclusion, we demonstrate a promising method for
increasing light extraction from LED devices using patterned
metal contacts with SiOy pillars. Hydrogen Silesquioxane
e-beam resist was used for e-beam lithography and thermally
cured to achieve the patterns on the metal contact. Images of
each device at 3 injection currents were acquired and a Matlab-
based image analysis tool was utilized to analyze the top-
side intensity profiles for two different device architectures.
The devices with patterned contacts have shown a significant
increase in the light extraction from the top side of the device
when compared to the planar devices.

ACKNOWLEDGMENT

A. Kadiyala would like to thank V. Kumbham, V. Narang,
J. Justice, and Dr. S. Kuchibhatla for their support and help
in fabrication and characterization techniques. The authors
would like to acknowledge the use of WVU Shared Research
Facilities in support of this work.

REFERENCES

[1] E. F. Schubert, “LEDs entering new fields of applications,” in Light-
Emitting Diodes. Cambridge, U.K.: Cambridge Univ. Press, 2006, p. 21.

[2] R.D. Dupuis, “History, development, and applicaitons of high brightness
visible light emitting diodes,” J. Lightw. Technol., vol. 26, no. 9,
pp. 1154-1171, May 1, 2008.

[3] S. Uddin, H. Shareef, A. Mohammed, M. A. Hannan, and K. Mohamed,
“LEDs as energy efficient lighting systes: A detail review,” in Proc. IEEE
Student Conf. Res. Develop., 2011, pp. 468—472.

[4] J. Peck, G. Ashburner, and M. Schratz, “Solid state LED lighting
technology for hazardous environments; Lowering total cost of own-
ership while improving safety, quality of light and reliability,” in Proc.
Petroleum Chem. Ind. Conf. Eur., 2011, pp. 1-8.

(5]

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

N. Bochkareva, A. Efremov, Y. Rebane, R. Gorbunov, A. Klochkov, and
Y. Shreter, “Nonuniformity of carrier injection and the degradation of
blue LEDs,” Semiconductors, vols. 118-123, no. 1, p. 40, 2006.

S.-M. Kim, S.-H. Jang, and J.-S. Jang, “High-performance and current
crowding-free InGaN-GaN-based LEDs integrated by an electrically-
reverse-connected Schottky diode and a Mg-delta doped p-GaN,” Fron-
tiers Optoelectron., vol. 5, no. 2, pp. 127-132, 2012.

J. Park and J.-S. Ha, “Reduction of leakage current in InGaN-base LEDs
with V-pit embedded structures,” J. Korean Phys. Soc., vol. 60, no. 9,
pp. 1367-1370, 2012.

F-I. Lai, Y.-L. Hsieh, and W.-T. Lin, “Enhancement in the extraction
efficiency and resisting electrostatic discharge ability of GaN-based light
emitting diode by naturally grown textured surface,” Diamond Related
Mater., vol. 20, nos. 5-6, pp. 770-773, May-Jun., 2011.

S.-J. Bae, J. Choi, D.-H. Kim, L.-C. Ju, C.-S. Shin, C.-G. Ko, et al.,
“Characteristics and simulation analysis of GaN-based vertical light
emitting diodes via wafer level surface roughening process,” Phys. Status
Solidi (A), vol. 209, no. 6, pp. 1168-1173, 2012.

T. Fujii, Y. Gao, E. Hu, and S. Nakamura, “Highly efficient gallium
nitride based light emitting diodes via surface roughening,” Europe
Patent EP 2320482 A2, 11052011.

N.-T. Yeh and C.-M. Lee, “Surface roughening method for light emitting
diode substrate,” U.S. Patent US7901963B2, 08 03 2011.

J.-H. Lee, J. Oh, Y. Kim, and J.-H. Lee, “Stress reduction and enhanced
extraction efficiency of GaN-based LED grown on cone-shape-patterned-
sapphire,” IEEE Photon. Technol. Lett., vol. 20, no. 18, pp. 1563-1565,
Sep. 15, 2008.

M. A. Mastro, B.-J. Kim, Y. Jung, J. K. Hite, C. R. Eddy, Jr., and
J. Kim, “Gallium nitride light emitter on a patterned sapphire substrate
for improved deflectivity and light extraction efficiency,” Current Appl.
Phys., vol. 11, no. 3, pp. 682-686, May 2011.

J. Park, J.-K. Oh, K.-W. Kwon, Y.-H. Kim, S.-S. Jo, J. K. Lee,
et al., “Improved light output of photonic crystal light-emitting diode
fabricated by anodized aluminum oxide nano-patterns,” IEEE Photon.
Technol. Lett., vol. 20, no. 4, pp. 321-324, Feb. 15, 2008.

Q.-T. Xu, K. Li, FE-M. Kong, and Q. Liu, “Enhancing extraction
efficiency from GaN-based LED by using an omi-directional reflector
and photonic crystal,” Optoelectron. Lett., vol. 5, no. 6, pp. 405-408,
2009.

X. Liu, W. Zhou, Z. Yin, X. Hao, Y. Wu, and X. Xu, “Growth of single-
crystalline rutile TiO2 nanorod arrays on GaN light-emitting diodes with
enhanced light extraction,” J. Mater. Chem., vol. 22, pp. 3916-3921,
Jan. 2012.

K.-M. Huang, H.-J. Chang, C.-L. Ho, and M.-C. Wu, “Enhanced light
extraction efficiency of GaN-based LEDs with 3D colloidal-photonic-
crystal bottom reflector,” IEEE Photon. Technol. Lett., vol. 24, no. 15,
pp. 1298-1300, Aug. 1, 2012.

A. Zhmakin, “Enhancement of light extraction from light emitting
diodes,” Phys. Rep., vol. 498, nos. 4-5, pp. 189-241, 2011.

J. K. Kim, S. Chhajed, M. F. Schubert, F. Schubert, A. J. Fischer,
M. H. Crawford, et al., “Light-extraction enhancement of GalnN
light-emitting diodes by graded-refractive-index indium tin oxide anti-
reflection contact,” Advanced Mater., vol. 20, no. 4, pp. 801-804,
2008.

H. Liu, X. Li, S. Liu, X. Ni, M. Wu, V. Avrutin, ef al., “InGaN based
light emitting diodes utilizing Ga doped ZnO as a highly transparent
contact to p-GaN,” Phys. Status Solidi C, vol. 8, no. 5, pp. 1548-1551,
2011.

S. J. An, “Transparent conducting ZnO nanorods for nanoelectrodes as a
reverse tunnel junction of GaN light emitting diode applications,” Appl.
Phys. Lett., vol. 100, no. 22, pp. 223115-5, 2012.

J. H. Kang, J. H. Ryu, H. K. Kim, H. Y. Kim, N. Han, Y. J. Park, et al.,
“Comparison of various surface textured layer in InGaN LEDs for high
light extractioin efficiency,” Opt. Express, vol. 19, no. 4, pp. 3637-3647,
2011.

Y. C. Shin, D. H. Kim, E. H. Kim, J. M. Park, K.-M. Ho,
K. Constant, et al., “High efficiency GaN light-emitting diodes with
two dimensional photonic crystal structures of deep-hole square lat-
tices,” IEEE J. Quantum Electron., vol. 46, no. 1, pp. 116-120,
Jan. 2010.

H.-Y. Ryu, J.-K. Hwang, Y.-J. Lee, and Y.-H. Lee, “Enhancement of
light extraction from two-dimensional photonic crystal slab structures,”
IEEE J. Selected Topics Quantum Electron., vol. 8, no. 2, pp. 231-237,
Mar./Apr. 2002.

X. Cao, H. Piao, S. LeBoeuf, J. Li, J. Lin, and H. Jiang, “Effects of
plasma treatment on the Ohmic characteristics of Ti/Al/Ti/Au contacts
to n-AlGaN,” Appl. Phys. Lett., vol. 89, no. 8, p. 082109, 2006.



KADIYALA et al.: IMPROVEMENT IN THE LIGHT EXTRACTION OF BLUE INGAN/GAN-BASED LEDS 21

[26] Z.-G. Yu, P. Chen, G.-F. Yang, B. Liu, Z.-L. Xie, X.-Q. Xiu, et al.,
“Influence of dry etching damage on the internal quantum efficiency of
nanorod InGaN/GaN multiple quantum wells,” Chin. Phys. Lett., vol. 29,
no. 7, pp. 078501-1, 2012.

H. Gao, F. Yan, Y. Zhang, J. Li, Y. Zeng, and G. Wang, “Improvement
of the performance of GaN-based LEDs grown on sapphire substrates
patterned by wet and ICP etching,” Solid-State Electron., vol. 52, no. 6,
pp- 962-967, Jun. 2008.

J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D. Meade,
Photonic Crystals: Molding the Flow of Light. Princeton, NJ, USA:
Princeton Univ. Press, 2008.

D. W. Prather, S. Shi, A. Sharkawy, J. Murakowski, and G. J. Schneider,
Photonic Crystals: Theory, Applications, and Fabrication. New York,
NY, USA: Wiley, 2009.

M. Francardi, L. Balet, A. Gerardino, N. Chauvin, D. Bitaul, L. Li,
et al., “Enhanced spontaneous emission in a photonic crystal light
emitting diode,” Appl. Phys. Lett., vol. 93, p. 143102, Oct. 2008.

J. Jewell, D. Simeonov, S.-C. Huang, Y.-L. Hu, S. Nakamura, J. Speck,
et al., “Double embedded photonic crystals for extraction of guided light
in light-emitting diodes,” Appl. Phys. Lett., vol. 100, no. 17, p. 171105,
Apr. 2012.

K. McGroddy, A. David, E. Matioli, M. Iza, S. Nakamura, S. DenBaars,
et al., “Directional emission control and increased light extraction in
GaN photonic crystal light emitting diodes,” Appl. Phys. Lett., vol. 93,
p. 103502, Sep. 2008.

X.-H. Li, P. Zhu, G. Liu, J. Zhang, R. Song, Y.-K. K. P. Ee, et al., “Light
extraction efficiency enhancement of III-nitride light emitting diodes by
using 2-D close-packed TiO2 microsphere arrays,” J. Display Technol.,
vol. 9, no. 5, pp. 324-332, 2013.

X.-H. Li, R. Song, Y.-K. Ee, P. Kumnorkaew, J. Gilchrist, and
N. Tansu, “Light extraction efficiency and radiation patterns of III-nitride
light emitting diodes with colloidal microlens arrays with various aspect
ratios,” IEEE Photon. J., vol. 3, no. 3, pp. 489—499, Jun. 2011.

L. Zhang, Q. Zhan, J. Zhang, and Y. Cui, “Diffraction inhibition in two
dimensional photonic crystals,” Opt. Lett., vol. 36, no. 5, pp. 651-653,
2011.

G. V. Freymann, W. Koch, D. C. M. Eisel, M. Wegener, M. Diem,
A. Garcia-Martin, et al., “Diffraction properties of two dimensioinal
photonic crystals,” Appl. Phys. Lett., vol. 83, no. 4, pp. 614-616, 2003.
C. Weisbuch, A. David, H. Benisty, T. Fujii, K. McGroddy, R. Sharma,
et al., “High efficiency LEDS by photonic crystal-assisted extraction,”
in Proc. IEEE Nanotechnol. Mater. Devices Conf., 2006, pp. 244-245.
L. Rodak and D. Korakakis, “Aluminum gallium nitride alloys grown
via metalorganic vapor phase epitaxy using a digital growth technique,”
J. Electron. Mater., vol. 40, no. 4, pp. 388-393, 2011.

L. E. Rodak, C. M. Miller, and D. Korakakis, “Surfactant effects of
indium on cracking in AIN/GaN distributed Bragg reflectors grown
via metal organic vapour phase epitaxy,” Superlattices Microstructures,
vol. 49, pp. 52-59, Jan. 2011.

S. Nakamura, T. Mukai, M. Senoh, and N. Iwasa, “Thermal annealing
effects on p-type Mg-doped GaN films,” Japan. J. Appl. Phys., vol. 31,
pp. 139-142, Feb. 1992.

M. M. Khan, Development of a Single-Step Fabrication Process for
Nanoimprint Stamps, Hamstad Univ., 2011.

B. Hamza, A. Kadiyala, L. A. Hornak, Y. Liu, and J. M. Dawson, ‘“Direct
fabrication of two-dimensional photonic crystal structures in silicon
using positive and negative hydrogen silsesquioxane (HSQ) patterns,”
Microelectron. Eng., vol. 91, pp. 70-74, Mar. 2012.

D. Corning. (2011, Jan.). FOX®-16 Flowable Oxide [Online]. Available:
http://www1.dowcorning.com/DataFiles/090007c¢880002427.pdf

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

(35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Anand Kadiyala was born in Hyderabad, India. He
received the B.E. degree in electronics and com-
munication engineering from Osmania University,
Hyderabad, India, in 2008. He then joined the Lane
Department of Computer Science and Electrical En-
gineering, West Virginia University, Morgantown,
WYV, USA, to pursue his graduate level studies. His
Ph.D. research areas focus on design, fabrication,
and characterization of photonic crystal structures
for various applications.

Kyoungnae Lee received her B.S. degree in Electri-
cal Engineering from Chungbuk National University,
South Korea in 2000, and her Ph.D. in Physics
in 2007 from West Virginia University. From 2008
to 2012 she joined the department of Computer
Science and Electrical Engineering at West Virginia
University as a post-doctoral scientist.

Her research interests include the semiconductor
growth, wide bandgap semiconductor devices, semi-
conductor alloys and heterostructures, and nanotech-
nology.

L. E. Rodak received B.S. degrees in both Electrical
Engineering and Computer Engineering in 2005 and
a Ph.D. degree in Electrical Engineering in 2011
from West Virginia University. Her research interests
include the growth and characterization of wide
bandgap Semiconductors via Metal Organic Vapor
Phase Epitaxy using different growth techniques, in-
cluding pulsed-flow schemes, surfactants, and digital
alloys, to minimize defect generation associated with
hetero-epitaxial growth.

Her recent efforts have focused on the development
of III-Nitride based optoelectronic devices including visible and ultraviolet
light emitters and detectors for applications such as solid state lighting and
air/water/surface purification.

Lawrence A. Hornak (SM’90) received the B.S.
degree in physics from Binghamton University
(SUNY), Binghamton, NY, USA, in 1982 after
which he joined AT&T Bell Laboratories, Holmdel,
NIJ, USA, where he received the M.E. degree from
the Stevens Institute of Technology, and the Ph.D.
degree in electrical engineering from Rutgers Uni-
versity, New Brunswick, NJ, USA, in 1991.

He is a Byrd Distinguished Professor with the
Lane Department of Computer Science and Electri-
cal Engineering, West Virginia University (WVU),
Morgantown, WV, USA. He is currently on rotation at NSF where he has
been serving as a Program Director with the Industry/University Cooperative
Research Centers Program since 2010. As a member of the Technical Staff at
Bell Labs, his research spanned robotic sensors, vision and assembly systems,
high-Tc superconducting interconnections, wafer-scale systems and novel
optical interconnection materials, design, and cointegration. After joining
WVU from AT&T Bell Labs Research in 1991, he led the interdisciplinary
effort to establish the biometric systems Bachelor of Science degree at
WVU and was the Founding Director of the NSF I/UCRC for Identification
Technology Research. He also was the Founding Co-Director of WVNano,
WV’s Nanoscale Science, Engineering and Education Initiative. His current
research interests include integrated photonic biomolecular sensors, photonic
devices and MEMS, and multispectral biometric sensors and systems. He has
over 150 refereed publications and is a member of the SPIE and OSA.

Dimitris Korakakis joined the Lane Department
of Computer Science and Electrical Engineering,
West Virginia University (WVU), Morgantown, WV,
USA, in 2002 as an Assistant Professor, where he is
currently an Associate Professor. His expertise lies
in the area of Ill-nitride semiconductor growth. The
MOVPE Laboratory was set up for nitrides growth
with an emphasis on emitters and on developing
energy-related material and structures. During his
tenure he has graduated more than 27 M.S. thesis
students and 3 Ph.D. students. He is the Lead Faculty
in the department’s efforts to involve undergraduate students in authentic re-
search and the NSF sponsored NUE Award to WVU has extended these efforts
across most science, technology, engineering, and mathematics disciplines
within the university. Ongoing studies in the PI’s Lab include: the piezoelectric
response of AIN thin films, the development of InxGal-xN MQW based
photodetectors, the development of GaN based photonic crystals and blue
nitride based LEDs for solid state lighting and niche applications, such as
outer space haptics.



22 IEEE JOURNAL OF THE ELECTRON DEVICES SOCIETY, VOL. 2, NO. 2, MARCH 2014

Jeremy M. Dawson joined the Lane Department
of Computer Science and Electrical Engineering,
West Virginia University (WVU), Morgantown, WV,
USA, in 2007, where he is currently a Research
Assistant Professor. His background is in micro-
electronics and nanophotonics, and he has extensive
experience in complex, multidomain system inte-
gration, and hardware system implementation. His
current research efforts in these areas are focused
on developing nanophotonic systems for biosensors
that can be applied in rapid DNA systems, as well
as new nanophotonic device architectures for solid-state lighting applications.
His research in biosensors led to the identification of a need for new signal
processing methodologies for DNA systems, which resulted in the first
molecular biometrics (DNA) project funded through the WVU Center for
Identification Technology Research (CITeR), a NSF IUCRC.




