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Enhancement of the Optical Output Power of InGaN/GaN Multiple
Quantum Well Light-Emitting Diodes by a CoFe Ferromagnetic Layer
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ABSTRACT: We report the increase of the optical output power of InGaN/GaN multiple quantum well (MQW) flip-chip blue
light-emitting diodes (LEDs) using cobalt—iron (CoFe) ferromagnetic layers. The CoFe alloy layer is deposited on a p-ohmic
reflector of the flip-chip LEDs to apply a magnetic field in the MQWs. The optical output power of LEDs with a CoFe layer after
magnetization is increased by 23% at an injection current of 20 mA compared with LEDs that have a CoFe layer before
magnetization. The time-resolved photoluminescence spectra and magnetic field simulations indicated that the improvement of
the optical output power of the LEDs is attributed to an enhanced radiative recombination rate in the MQWs by the additional
drift of carriers in the MQWs due to the gradients of the magnetic field of the CoFe ferromagnetic layer.
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ecently, much attention has been given to high-efficiency
GaN-based light-emitting diodes (LEDs) for various
applications, including general illumination, displays, and
automobiles, due to their intrinsic advantages, such as low
energy consumption and environmental benefits.' For high-
efficiency GaN-based LEDs, many studies have been carried out
to improve the external quantum efficiency of LEDs, which is a
product of the internal quantum efficiency (IQE) and the light
extraction efficiency (LEE). The LEE of top-emitting, flip-chip,”
and vertical LEDs” has been enhanced using surface rough-
ening,* patterned sapphire substrates,” antireflection subwave-
length gratings,6 photonic crystals,’ and triangular-shaped
LEDs.® The IQE has also been improved by increasing the
radiative recombination rate in the active region of LEDs,
which often employs an electron blocking layer,” modified
multiple quantum wells (MQWs),"" polarization matching,''
and surface plasmons.'” Recently, thin-film flip-chip LEDs and
vertical LEDs have been widely used to improve light extraction
efficiency, current spreading, drive current density, and heat
dissipation."?
It has also been reported that the electrical and optical
properties of various optoelectronic devices could be
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significantly changed when a magnetic field was applied to
the active region. In organic semiconductor devices, an external
magnetic field caused changes in the electroluminescence (EL),
photoluminescence (PL), photocurrent, and electrical-injection
current due to the modified ratio of singlet to triplet.* An
external magnetic field increased the EL output, EL quantum
efficiency, and the current in tris(8-hydroxyquinolinato)-
aluminum(III) (Alqs)-based organic LEDs due to the
modulation of the ratio between singlet and triplet spin
states.”> In inorganic semiconductors, the low-temperature PL
of GaAs/AlGaAs heterostructures'® and the Hall measurements
of InGaN/GaN MQ_Ws17 showed that the localization of
carriers was increased in the active region by an external
magnetic field. A gradient of the magnetic field of ferromagnetic
stripes caused a drift motion of electrons in GaAs/AlGaAs
heterojunctions due to external magnetic fields.'"® However,
most of these results have been demonstrated for MQWs under
strong external magnetic fields of over 1 T that were produced
from separate magnets. It is desirable to examine the effect of
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the magnetic field from a thin magnetic layer in GaN LEDs on
the electrical and optical properties of GaN LEDs. In this study,
we first demonstrate that the optical output power of InGaN/
GaN MQWs LEDs can be significantly enhanced by the
gradient of the magnetic field from a CoFe ferromagnetic layer
deposited on a p-ohmic reflector in flip-chip LEDs. The results
of this study indicate that the gradient of the magnetic fields
from the CoFe layer deposited on the p-ohmic reflector layer of
LEDs increases the carrier drift in the MQWSs and enhances the
radiative recombination rate of electrons and holes in the
MQWs.

B METHODS

We first grew a flip-chip InGaN/GaN MQW LED (Figure 1)
on a double-sided polished sapphire substrate using metal—
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Figure 1. (a) Structure of the flip-chip LEDs with the CoFe
ferromagnetic layer. (b) Scanning electron microscope image of flip-
chip LEDs with a CoFe ferromagnetic layer.

organic chemical vapor deposition. The LED structure on the
sapphire substrate consisted of an undoped GaN layer (2.5
um), a Si-doped n-GaN layer (2 ym), five periods of InGaN/
GaN (3 nm/7 nm) MQWs with an emission wavelength of 460
nm, and a Mg-doped p-GaN layer (200 nm). After etching the
n-GaN layer using inductively coupled plasma to provide an n-
contact area, Ni/Ag/Ni (S nm/120 nm/2 nm) layers were
sequentially deposited on p-GaN as a p-ohmic reflector using
electron beam (e-beam) evaporation to fabricate the flip-chip
LEDs. Then, the Ni/Ag/Ni layers were annealed at 500 °C for
1 min in air to achieve a good ohmic contact with the p-GaN
layer. Moreover, Cr/Au (50 nm/150 nm) layers were deposited
on the n-GaN as n-pad electrodes and on the Ni/Ag/Ni layer
as p-pad electrodes using e-beam evaporation. A 300 nm thick
CoFe (90:10 wt %) layer was then deposited on the p-ohmic
reflector using direct current magnetron sputtering at room
temperature, and a 3 nm thick Ta layer was deposited on CoFe
as a capping layer to prevent oxidation of the CoFe layer. A p-
electrode with a smaller diameter than the hole was formed on
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the p-ohmic reflector through the hole in the CoFe layer as
shown in Figure 1b, and the current was directly injected into
the p-ohmic reflector to prevent a possible spin-polarized
current injection into the LEDs through the ferromagnetic
CoFe layer."” Finally, the sample was magnetized by an external
magnetic field of 0.5 T in the in-plane direction of the LED
wafer at 180 °C for 1 h.

The electrical and optical output power of the flip-chip LEDs
with a CoFe layer were measured using a semiconductor
parameter analyzer (HP-4155A) and a calibrated Si photodiode
connected to an optical power meter. The time-resolved
photoluminescence (TR-PL) spectra were measured at 290 K
to further understand the emission mechanism. The light
source was a wavelength-tunable mode-locked Ti:sapphire laser
with a 140 fs pulse width and 80 MHz repetition rate
(Chameleon Ultra II, Coherent Inc.). To measure the TR-PL
spectra, the laser beam was frequency-doubled to 400 nm using
a f}-BaB,O, crystal, and the InGaN/GaN MQWs were
selectively excited using a laser beam introduced from the
bottom side of the sapphire substrate in the flip-chip LEDs with
the CoFe layer. The repetition rate was reduced to 976 kHz
using a pulse picker to obtain a temporal window as long as 1
us. The collected PL was dispersed by a 30 cm monochromator
and detected by a streak scope (C10627, Hamamatsu
Photonics K.K.) to measure the PL decay curves.

B RESULTS AND DISCUSSION

Figure 2a shows the vibrating sample magnetometer character-
istics of a 300 nm thick CoFe layer on a p-ohmic reflector of
Ni/Ag/Ni (S nm/120 nm/2 nm) deposited on a Si substrate.
The CoPFe layer had a square hysteresis loop (Figure 2a), with a
saturation magnetization of 1078 emu/cm® at room temper-
ature. To show the distribution of the magnetic flux density in
LEDs, we performed a simulation using the finite-element
method magnetics.20 In the simulation, the distance between
the CoFe layer and the MQW layer of the LED was 350 nm,
and the thickness and area of the CoFe layer were 0.30 ym and
300 X 300 um?, respectively. Figure 2b shows the distribution
of the magnetic field in the MQW:s of the LEDs. The magnetic
field is strong at both edges of the MQWs and decreases with
increasing distance from the edge to the center region of the
MQWs. The result shows that magnetic field gradients are
produced in the MQWs by the CoFe layer and that the carriers
can drift in a direction (in-plane of the MQW layer) parallel to
the magnetic field gradient.”’

Figure 3a shows the current—voltage (I-V) characteristics of
the flip-chip LEDs with the CoFe layer before and after
magnetization of the CoFe layer. The external magnetic field
for magnetization of the CoFe layer was removed to measure
the electrical and optical output power of the LEDs. The
forward voltages of 3.9 V of both LEDs were nearly the same at
20 mA, but the series resistance of the LED with the CoFe layer
after magnetization was slightly increased compared with that
of the LED with the CoFe layer before magnetization. The
slight increase in series resistance is presumably due to the
magnetic-field-induced drift of carriers in the lateral direction of
the LEDs."” Figure 3b shows the optical output power of the
LEDs with the CoFe layer before and after magnetization as a
function of injection current. The optical output power was
measured from the bottom side of the flip-chip LEDs using a Si
photodiode. The optical output power of the LEDs with the
CoFe layer after magnetization was increased by 23% at an
injection current of 20 mA compared with that of the LEDs
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Figure 2. (a) Vibrating sample magnetometer characteristics of the
CoFe layer. (b) Simulation result of magnetic field distribution
between the edge and the center of the MQWs in the LEDs.

with the CoFe layer before magnetization. We attribute the
increase of the optical output power of the LEDs with
ferromagnetic CoFe layers after magnetization to the lateral
drift and localization of carriers in the potential minima of the
In-rich region in MQWs'®'7?" and the subsequent increase in
the radiative recombination rate. When the carriers diffuse in
MQWs and are trapped in the radiative recombination centers,
they will radiatively recombine. To estimate the increase of
optical output power due to the magnetic field gradient, we
assume that the localized states (In fluctuation) are uniformly
distributed in InGaN MQWs and that the carriers are
radiatively recombined in the localized states contained in the
area defined by the diffusion length of the carrier. To estimate
the diffusion length of the carrier increased by the magnetic
field gradient, we estimated the resistivity changes according to
the procedure in ref 18. First, the lateral resistivity was
estimated to be decreased to 0.62 by a magnetic field gradient
of CoFe, assuming that CoFe has a saturation magnetization of
1.43 T.** Then, the lateral diffusion coefficient of the carrier
was expected to increase by a factor of 1.62 because of the
relation p = (h/4am*e*)D™", where p is the resistivity, h is the
Planck constant, m* is the effective mass in GaN, and D is the
diffusion coefhicient. Thus, the increased diffusion length I, was
estimated to be 27% based on the relation I, = (Dz,)"/?, where
7, is radiative lifetime. Then, the number of localized states in
the area corresponding to the diffusion length under a magnetic
field gradient was increased by 61%, compared to that in LEDs
without a magnetic field gradient. However, this value should
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Figure 3. (a) I-V characteristics and (b) optical output power of the
LEDs before and after magnetization of the CoFe layer.

be divided by a factor of 2 because the diffusion process is
enhanced in one direction under the magnetic field gradient
and the increased optical output power will be 30.5%. This
result indicates that the enhanced optical output power of 23%
is mostly attributed to the increased diffusion length of carriers
in MQWs resulting from the magnetic field gradient from the
CoFe layer.

To examine the effect of uniform magnetic fields on LEDs,
we also measured the electrical and optical properties of the
same LEDs without magnetic films. The LEDs were exposed to
a uniform magnetic field of 0.35 T, produced by permanent
magnets. The direction of the external magnetic field was
aligned either parallel or perpendicular to the MQW planes in
the LEDs. In these configurations of LEDs and the magnetic
field, the forward voltage, series resistance, and optical output
power of the LEDs did not change. These results indicate that
carrier motion in the MQWs was not affected by the weak
uniform magnetic field of 0.35 T at room temperature in this
study, while a few studies have reported that the localization of
the carrier in an active region can be increased at low
temperatures under strong and uniform magnetic fields.'"”
However, it was reported that the carriers can drift in a GaAs/
AlGaAS heterojunction under a magnetic field gradient
produced from a magnetic layer even though the magnetic
field is very weak, i.e., below 0.05 T.'"® In this study, the strength
of the magnetic field from the CoFe magnetic layer on the p-
ohmic reflector was 0.1 T in the MQWs. Although the strength
of the magnetic field in our sample was weaker than those
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observed in refs 16 and 17, the magnetic field gradient from the
CoFe layer is strong enough to localize the carriers in the In-
fluctuations in the MQWs of LEDs. When the distance between
the external permanent magnet and the LED was large, the
uniform magnetic field was too weak to localize the carriers in
the MQWs at room temperature. However, when the CoFe
layer was deposited on the LED, the distance between the
CoFe layer and the MQWs was very close and the magnetic
field gradients produced from the edges of the CoFe layer were
strong enough to localize the carriers in the In-rich regions and
increase the radiative recombination rate of carriers in the
MQWs and optical output power of the LEDs. We also
examined the effect of the annealing temperature of 180 °C
used for the magnetization of CoFe on the electrical and optical
properties of LEDs with the CoFe layer. After the LEDs
without the CoFe layer were annealed at 180 °C for 1 h, the
measured -V curves and optical output powers were not
changed at all, indicating that the increase of optical output
power was not due to the change of properties of the various
layers in the LEDs via the thermal annealing process.

We measured the TR-PL spectra of the LEDs before and
after magnetization of the CoFe layer to understand the carrier
recombination process in LEDs, as shown in Figure 4. The
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Figure 4. TR-PL spectra of LEDs before (top) and after (bottom)
magnetization of the CoFe layer.

decay time of the LEDs with the CoFe layer after magnetization
decreased from 174 ps to 93 ps compared with that of the
LEDs with the CoFe layer before magnetization. It is known
that the decay time is increased by the localization of the
carriers from the localized state to the lower-lying localized
state.”> However, the TR-PL decay time can be decreased by
increasing the density of the carrier in the localized state due to
the band-filling effect of the localized states that occurs because
the localized states are fully occupied by the carriers and the
radiative recombination rate is increased due to the Coulomb
screening of the internal electric field and the band-filling effect
of localized states.”* In this study, the TR-PL decay time was
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decreased in LEDs with a magnetic layer after magnetization
compared with that of LEDs with a magnetic layer before
magnetization because the magnetic field gradient increased the
carrier density in the localized states and the band-filling effect
decreased the TR-PL decay time. Therefore, the TR-PL
measurement of decay time strongly indicates that carriers
efficiently recombined in the In-rich regions, increasing the
optical output power of the LEDs with a ferromagnetic CoFe
layer.

In summary, we first report the improvement of the optical
output power of InGaN/GaN MQW flip-chip LEDs with a
CoFe ferromagnetic layer deposited on a p-ohmic reflector.
The optical output power of LEDs with a CoFe layer after
magnetization was enhanced by 23% at 20 mA compared with
that of the LEDs with a CoFe layer before magnetization. The
magnetic field simulation indicated that the gradient of the
magnetic fields enhanced the lateral drift of carriers in the
MQWs and efficiently confined carriers in the potential minima
of InGaN MQWs. The TR-PL spectra of the LEDs also showed
that the enhancement in the optical output power could be
attributed to the improvement of the radiative recombination
rate in the MQWs of LEDs due to the gradient of the magnetic
field from the CoFe ferromagnetic layer.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: sjpark@gist.ac.kr.

Author Contributions

9. J. Kim and Y. C. Leem contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Industrial Strategic
Technology Development Program (Project No. 10041878),
funded by the Ministry of Trade, Industry and Energy
(MOTIE/KEIT, Korea), the Basic Science Research Program
through the National Research Foundation of Korea (NRF),
funded by Industrial Strategic Technology Development
Program (Project No. 10048898), funded by the Ministry of
Trade, Industry and Energy, Korea, funded by the GSR (GIST
Specialized Research) Project through a grant provided by
GIST in 2015, funded by the Korean Ministry of Education
(MOE), and the APRI Research Program through a grant
provided by the Gwangju Institute of Science and Technology.

B REFERENCES

(1) Schubert, E. F,; Kim, J. K. Solid-State Light Sources Getting
Smart. Science 2008, 308, 1274—1278.

(2) Shchekin, O. B.; Epler, J. E; Trottier, T. A; Margalith, T.;
Steigerwald, D. A.; Holcomb, M. O.; Martin, P. S.; Krames, M. R. High
performance thin-film flip-chip InGaN—GaN light-emitting diodes.
Appl. Phys. Lett. 2006, 89, 071109.

(3) Ha, J. S;; Lee, S. W.; Lee, H. J; Lee, S. H.; Goto, H.; Kato, T.;
Fujii, K;; Cho, M. W.; Yao, T. The fabrication of vertical light-emitting
diodes using chemical lift-off process. IEEE Photonics Technol. Lett.
2008, 20, 175—177.

(4) Huang, H. W,; Lin, C. H,; Yy, C. C,; Chiu, C. H,; Laj, C. F; Kuo,
H. C,; Leung, K. M,; Ly, T. C; Wang, S. C. Enhanced light output
from a nitride-based power chip of green light-emitting diodes with
nano-rough surface using nanoimprint lithography. Nanotechnology
2008, 19, 185301.

(5) Gao, H; Yan, F; Zhang, Y; Li, J; Zeng, Y; Wang G.
Enhancement of the light output power of InGaN/GaN light-emitting

DOI: 10.1021/acsphotonics.5b00302
ACS Photonics 2015, 2, 1519-1523


mailto:sjpark@gist.ac.kr
http://dx.doi.org/10.1021/acsphotonics.5b00302

ACS Photonics

diodes grown on pyramidal patterned sapphire substrates in the micro-
and nanoscale. J. Appl. Phys. 2008, 103, 014314.

(6) Cho, J. Y,; Byeon, K. J.; Lee, H. Forming the graded-refractive-
index antireflection layers on light-emitting diodes to enhance the light
extraction. Opt. Lett. 2011, 36, 3203—3205.

(7) Truong, T. A.; Campos, L. M.; Matioli, E.; Meinel, I; Hawker, C.
J.; Weisbuch, C.; Petroff, P. M. Light extraction from GaN-based light
emitting diode structures with a noninvasive two-dimensional
photonic crystal. Appl. Phys. Lett. 2009, 94, 023101.

(8) Kim, J. Y.; Kwon, M. K; Kim, J. P; Park, S. J. Enhanced light
extraction from triangular GaN-based light-emitting diodes. IEEE
Photonics Technol. Lett. 2007, 19, 1865—1867.

(9) Kuo, Y. K; Chang, J. Y,; Tsai, M. C. Enhancement in hole-
injection efficiency of blue InGaN light-emitting diodes from reduced
polarization by some specific designs for the electron blocking layer.
Opt. Lett. 2010, 35, 3285—3287.

(10) Han, S. H;; Cho, C. Y;; Lee, S. J.; Park, T. Y.; Kim, T. H.; Park,
S. H; Kang, S. W,; Kim, J. W,; Kim, Y. C,; Park, S. J. Effect of Mg
doping in the barrier of InGaN/GaN multiple quantum well on optical
power of light-emitting diodes. Appl. Phys. Lett. 2010, 96, 051113.

(11) Chang, S. P; Ly, T. C; Zhuo, L. F; Jang, C. Y;; Lin, D. W,;
Yang, H. C; Kuo, H. C;; Wang, S. C. Low droop nonpolar GaN/
InGaN light emitting diode grown on m-plane GaN substrate. J.
Electrochem. Soc. 2010, 157, H501—-HS503.

(12) Kwon, M. K;; Kim, J. Y.; Kim, B. H;; Park, I. K;; Cho, C. Y
Byeon, C. C; Park, S. J. Surface-plasmon-enhanced light-emitting
diodes. Adv. Mater. 2008, 20, 1253—1257.

(13) Chuy, C. F; Cheng, C. C; Liu, W. H; Chuy, J. Y; Fan, F. H;
Cheng, H. C.; Doan, T.; Tran, C. A. High Brightness GaN Vertical
Light-Emitting Diodes on Metal Alloy for General Lighting
Application. Proc. IEEE 2010, 98, 1197—1207

(14) Hu, B; Yan, L; Shao, M. Magnetic-field effects in organic
semiconducting materials and devices. Adv. Mater. 2009, 21, 1500—
1516.

(15) Kalinowski, J.; Cocchi, M.; Virgili, D.; Di Marco, P.; Fattori, V.
Magnetic field effects on emission and current in Alg3-based
electroluminescent diodes. Chem. Phys. Lett. 2003, 380, 710—715.

(16) Zhao, Q. X; Monemar, B,; Holtz, P. O.; Lundstrom, T.;
Sundaram, M.; Merz, J. L; Gossard, A. C. Magnetic-field-induced
localization effects on radiative recombination in GaAs/Al,Ga, As
heterostructures. Phys. Rev. B: Condens. Matter Mater. Phys. 1994, 50,
7514-7517.

(17) Arnaudob, B.; Paskova, T.; Valassiades, O.; Paskov, P. P.;
Evtimova, S. Monemar, B; Heuken, M. Magnetic-field-induced
localization of electrons in InGaN/GaN multiple quantum wells.
Appl. Phys. Lett. 2003, 83, 2590—2592.

(18) Nogaret, A;; Bending, S. J.; Henini, M. Resistance Resonance
Effects through Magnetic Edge States. Phys. Rev. Lett. 2000, 84, 2231—
2234.

(19) Fraser, E. E.; Hegde, S.; Schweidenback, L.; Russ, A. H.; Petrou,
A,; Luo, H; Kioseoglou, G. Efficient electron spin injection in MnAs-
based spin-light-emitting-diodes up to room temperature. Appl. Phys.
Lett. 2010, 97, 041103.

(20) Meeker, D. Improvised open boundary conditions for magnetic
finite elements. IEEE Trans. Magn. 2013, 49, 5243—5247.

(21) Chen, F. F. Single-particle motions. In Introduction to Plasma
Physics and Controlled Fusion, 2nd ed.; Plenum Press: New York, 1984;
pp 27-28.

(22) Kittel, C. Ferromagnetism and antiferromagnetism. In
Introduction to Solid State Physics, 8th ed.; Wiley: MA, 2005; p 328.

(23) Narukawa, Y.; Kawakami, Y.; Fujita, S.; Fujita, S.; Nakamura, S.
Recombination dynamics of localized excitons in Ing,,GaggoN-
Ing osGagosN multiple quantum wells. Phys. Rev. B: Condens. Matter
Mater. Phys. 1997, SS, R1938—R1941.

(24) Lee, Y. J.; Chiu, C. H;; Ke, C. C,; Lin, P. C.; Lu, T. C.; Kuo, H.
C; Wang, S. C. Study of the excitation power dependent internal
quantum efficiency in InGaN/GaN LEDs grown on patterned
sapphire substrate. IEEE ]. Sel. Top. Quantum Electron. 2009, 1S,
1137—1143.

1523

DOI: 10.1021/acsphotonics.5b00302
ACS Photonics 2015, 2, 1519-1523


http://dx.doi.org/10.1021/acsphotonics.5b00302

