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Abstract: The effect of magnetic fields on the optical output power of flip-chip light-emitting
diodes (LEDs) with InGaN/GaN multiple quantum wells (MQWs) was investigated. Films and
circular disks comprising ferromagnetic cobalt/platinum (Co/Pt) multilayers were deposited on a
p-ohmic reflector to apply magnetic fields in the direction perpendicular to the MQWs of the
LEDs. At an injection current of 20 mA, the ferromagnetic Co/Pt multilayer film increased the
optical output power of the LED by 20% compared to an LED without a ferromagnetic Co/Pt
multilayer. Furthermore, the optical output power of the LED with circular disks was 40% higher
at 20 mA than the output of the LED with a film. The increase of the optical output power of the
LEDs featuring ferromagnetic Co/Pt multilayers is attributed to the magnetic field gradient in the
MQWs, which increases the carrier path in the MQWs. The time-resolved photoluminescence
measurement indicates that the improvement of optical output power is owing to an enhanced
radiative recombination rate of the carriers in the MQWs as a result of the magnetic field gradient
from the ferromagnetic Co/Pt multilayer.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High-efficiency GaN-based light-emitting diodes (LEDs) have been extensively developed for
use in displays, automobiles, and illumination applications owing to their intrinsic advantages
of low energy consumption, high reliability, and environmental benefits [1-3]. Enhancing the
internal quantum efficiency (IQE) and light extraction efficiency (LEE) can further increase the
efficiency of LEDs. Researchers have recently demonstrated improved IQE by increasing the
radiative recombination rate in the multiple quantum wells (MQWs) of the LEDs by introducing
high-quality GaN, an electron blocking layer [4], bandgap engineering [5], polarization matching
[6], and surface plasmons [7]. The LEE, on the other hand, is controlled by the LED structure,
where the flip-chip LED structure emerges as one that simultaneously increases the LEE and the
current injection efficiency [8].

Several studies have reported the effect of magnetic fields on the electrical and optical
properties of III-V semiconductor devices. In these studies, the carriers were efficiently confined
by a uniform external magnetic field at the GaAs/AlGaAs interface [9] and at the MQWs of
InGaN/GaN [10] or InGaAs/GaAs [11]. When a strong external magnetic field was applied, the
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carrier localization in the potential minima was enhanced owing to the composition fluctuations
at the interface and the MQWs. Furthermore, carriers confined in the localized potential minima
have a higher carrier recombination rate, resulting in enhanced photoluminescence (PL) intensity
[9,10]. It has been reported that the carriers in a Hall-effect sensor can be scattered or trapped
under a locally-deposited disk-shaped micromagnet and a magnetic stripe, both of which generate
perpendicular magnetic-field gradients [12—16]. In addition to magnetic-field gradients, these
micromagnets and magnetic stripes also generate antiparallel magnetic-field directions in the
edge and center regions of the magnetic layer that increase the resistance in the Hall-effect sensor
via carrier localization and the change in the carrier path from straight to helical.

Recent research has also discussed how a magnetic field influences the performance of
inorganic and inorganic LEDs [17-19]. For example, a magnetic field parallel to the InGaN/GaN
MQWs can enhance the optical output power in a flip-chip LED with a ferromagnetic CoFe
film [17]. To produce this parallel magnetic field, however, a pre-magnetization process with
an external magnetic field at high temperature in vacuum is required for the CoFe layer. In
this study, we alternately deposited layers of cobalt (Co) and platinum (Pt) to fabricate a 33
nm-thick ferromagnetic cobalt/platinum (Co/Pt) multilayer (FCPM) that spontaneously produced
a perpendicular magnetic field without using a high-temperature, pre-magnetization process.

Although the carrier motion in a perpendicular magnetic field is different from that in a lateral
field, no reports have yet been made on the effect of a perpendicular magnetic field gradient on
the performance of InGaN/GaN MQWs LEDs. As previously reported, when exposed to a lateral
magnetic field gradient, the carriers scatter helically as they drift from the strong magnetic field
region to the weak magnetic field region [17]. When exposed to a perpendicular magnetic field,
however, the carriers are scattered or trapped temporally [14,15].

Herein, we report the enhanced optical output power of InGaN/GaN MQWs in flip-chip LEDs
in the presence of a nonuniform perpendicular magnetic field arising from a FCPM continuous
film or circular disk array deposited on the p-ohmic reflector of the LEDs. In addition, we
compare the results of the optical output power in the presence of a lateral magnetic field gradient
from our previous report [17] with the results using a perpendicular magnetic field gradient
herein. Our results demonstrate that the circular FCPM disks, deposited on the p-ohmic LED
reflector, generate a stronger magnetic field gradient than the FCPM film across the internal
carriers in the MQWs. Therefore, the magnetic field gradients induced by the circular FCPM
disks were more effective for enhancing carrier recombination in the LEDs than the magnetic
field gradients induced by the FCPM film.

2. Experiment

Alternating layers of Co and Pt were deposited to produce magnetic fields across the FCPM in a
direction perpendicular to the MQWs, as shown in Fig. 1(a). These layers were placed on the
Ni/Ag/Ni p-ohmic reflector of a flip-chip LED using a direct-current (DC) magnetron sputtering
process. We using tantalum (Ta) as a capping layer and an adhesive layer.

To confirm the generation of perpendicular magnetic fields across the FCPM, the magnetic
properties of an FCPM deposited on a separate Si substrate was measured (inset of Fig. 1(b))
using a vibrating sample magnetometer (VSM; Lake Shore Cryotronics). The FCPM exhibited
perpendicular anisotropic magnetic behavior despite the lack of pre-magnetization via an
additional high-temperature magnetization process. This was possible because the spin and
orbital magnetic moments of the Co and Pt were asymmetrically realigned to the perpendicular
direction by the hybridization process, whereupon the orbital hybridization at the Co/Pt layer
interface spontaneously produced a magnetic field in the perpendicular direction [20,21].

The magnetic field strength and anisotropy were maximized via optimizing the Co and Pt layer
thicknesses and the number of Co/Pt layer pairs. On the one hand, a Co layer that is too thin will
allow the Co/Pt interface to be intermixed during the DC sputtering process [22]. On the other
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Fig. 1. (a) Schematic of the ferromagnetic Co/Pt multilayer (FCPM) structure and (b) the
vibrating sample magnetometer (VSM) characteristics of the ferromagnetic Co/Pt multilayer
on a Si substrate. (Inset) Schematic of the FCPM film used for the VSM measurements on a
1 cm x 1 cm Si substrate.

hand, a Co layer thickness greater than 7 to 8 monolayers (~1.3 nm) can cause the magnetic field
to tilt from a perpendicular to a lateral direction [22]. Therefore, to maintain the perpendicular
magnetic field, we kept the Co layer thickness at 1 nm in this study. It has also been reported
that, with increasing number of Co/Pt layer pairs, the magnetic field strength increases while the
effective perpendicular anisotropy gradually decreases [23]. Therefore, we deposited 10 pairs of
1 nm-thick Co and 1.5 nm-thick Pt layers as the FCPM on the p-ohmic reflector, as shown in
Fig. 1(a). The VSM measurement of the FCPM magnetic field in Fig. 1(b) clearly exhibits a
square hysteresis loop with a remanent magnetic field of 0.18 T, mostly in the out-of-plane (i.e.,
perpendicular) direction.

Next, we fabricated flip-chip LEDs with a size of 300 um x 300 um, as shown in Figs. 2(a)-2(f).
The LED had an emission wavelength of 460 nm and comprised an undoped GaN layer (4 um), a
Si-doped n-GaN layer (2 pm), five periods of InGaN/GaN (3 nm/7 nm) MQWs, and a Mg-doped
p-GaN layer (200 nm). The p-GaN layer was partially etched with inductively coupled plasma
to expose the n-GaN layer. After deposition of the Ni/Ag/Ni (5 nm/120 nm/2 nm) layers as a
p-ohmic reflector via electron-beam evaporation, the LED was annealed at 400 °C for 1 min in
air to achieve a good ohmic contact to the p-GaN layer. Subsequently, Cr/Au layers as n- and
p-electrodes were deposited using electron-beam evaporation. The p-electrode was isolated from
the FCPM to prevent the injection of spin-polarized carriers into the InGaN/GaN MQWs, as
shown in Figs. 2(d) and 2(e). We note that, when the electrical current was injected through the
magnetic layer, the emitted light was circularly polarized owing to the carrier recombination
between the spin-polarized electrons and the heavy holes [24,25]. Finally, 10 pairs of Co/Pt (1
nm/1.5 nm) multilayers were deposited on the Ta (3 nm)/Ni/Ag/Ni p-ohmic reflector to supply
the magnetic field to the LEDs in the perpendicular direction, where the Ta layer functioned to
improve the adhesion between the p-ohmic reflector and the FCPM. Another 5 nm-thick Ta layer
was then deposited as a capping layer to prevent oxidation of the top Co layer in the FCPM, as
shown in Figs. 2(d), 2(e), and 1(a). In addition to the FCPM film and for comparative purposes,
an array of circular FCPM disks with a 10 pm diameter and a 5 um spacing were fabricated using
a photolithography process, as shown in Fig. 2(d)-2(f).

The electrical and optical properties of the LEDs were measured using a parameter analyzer
(HP-4155A) and a calibrated Si photodiode connected to an optical power meter. Time-resolved
photoluminescence (TR-PL) spectra were measured at 10 K using a wavelength-tunable mode-
locked Ti:sapphire laser with a pulse width of 150 fs and repetition frequency of 80 MHz within
a time scale of 200 ns. In the excitation process, the laser beam penetrated the LED from the
bottom side of the sapphire substrate and excited the MQWSs in the LED.
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Fig. 2. Schematic of the fabrication steps for flip-chip LEDs with a Co/Pt multilayer: (a)
mesa etching to expose the n-contact area, (b) deposition of the p-ohmic reflector on the
p-GaN, (c) deposition of the n- and p-electrodes on the n-GaN and p-ohmic reflector, (d)
deposition of the Co/Pt multilayer film, and (e) circular FCPM disks on the p-ohmic layer.
(f) SEM images (center) and schematics of the LEDs with a Co/Pt film (left) and with disks

(right).

3. Results and discussion

The current—voltage (I-V) characteristics were obtained for the LEDs without an FCPM, with a
FCPM film, and with circular FCPM disks, and are shown in Fig. 3(a). The forward voltages
of the three different LEDs were all 3.5 V at 20 mA, but the series resistances of the LEDs
containing an FCPM film (12.4 Q) and circular FCPM disks (13.8 Q) were slightly increased
from that of the reference LED (11.8 Q), as shown in the inset of Fig. 3(a). This increased
series resistance in the LEDs with the FCPM is attributed to increased carrier scattering and the
change in carrier trajectory from straight to helical owing to the nonuniform magnetic field, as
reported in the previous studies [9,14,15]. This mechanism is illustrated in the simple schematic
diagrams in Figs. 4(a) and 4(b). The perpendicular magnetic fields generated by the FCPM
film and circular disks are strong at the edge region (i.e., outer core) and relatively weak at the
center region (i.e., inner core) [13,14], which produces the magnetic field gradient. Further,
the magnetic field direction is upward in the inner core and downward in the outer core of the
FCPM (Fig. 4(a)). Therefore, the motion of the carrier varies depending on its kinetic energy, as
denoted by the paths marked 1 to 3 in Fig. 4(b). [12,13,26]. Carriers with low or high kinetic
energies are scattered in various directions and exhibit a helical motion while scattered backward
(1 in Fig. 4(b)) or penetrate edge to edge (3 in Fig. 4(b)). However, carriers that possess the
appropriate kinetic energy (i.e., resonant energy) move along the interface between the outer and
inner core with a snake-like motion. (2 in Fig. 4(b)) [13—15]. Therefore, the series resistance of
the LED with an FCPM (Fig. 3(a)) is slightly increased owing to carrier scattering or temporal
trapping under the nonuniform perpendicular magnetic field [13,14,26].
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Fig. 3. (a) Current—voltage (I-V) characteristics, (Inset: detail of the I-V curve) (b) optical
output power of an LED without a ferromagnetic Co/Pt multilayer (FCPM) (black squares),
with an FCPM film (red triangles), and with circular FCPM disks (blue circles). (c—e)
Electroluminescence spectra at injection currents between 4 mA and 20 mA of an LED (c)
without an FCPM, (d) with an FCPM film, and (e) with circular FCPM disks.
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Fig. 4. Schematics of (a) the magnetic field profile in the circular disk of a ferromagnetic
Co/Pt multilayer and (b) the carrier trajectory induced by the local magnetic fields and kinetic
energy of the carriers. The region marked “a” possesses an upward magnetic field direction
where the field strength is relatively weak and the region marked “b” possesses a downward
magnetic field direction where the field strength is relatively strong. Carrier trajectories
with low (marked as 1), resonant (marked as 2), and high kinetic energy (marked as 3) react
differently to the perpendicular magnetic field gradient. Finite Element Method Magnetics
simulations of the magnetic field profiles of the (c) ferromagnetic Co/Pt multilayer film and
(d) circular ferromagnetic Co/Pt multilayer disks. The strength of the magnetic field gradient
of the (e) film and (f) circular disks.
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Figure 3(b) shows the optical output power of an LED without an FCPM, that with an
FCPM film, and that with circular FCPM disks. The optical output power of the LED with
an FCPM film is increased by 20% at 20 mA compared with that of the LED without an
FCPM. Furthermore, the optical output power of an LED with circular FCPM disks is 40%
higher than the output of the LED with an FCPM film. This significant optical output power
increase of the LEDs with a FCPM film and with circular FCPM disks is attributed to the
altered carrier trajectory and carrier localization in the In-rich regions, which are induced by the
magnetic field gradients. More carriers are shifted laterally and propelled towards the In-rich
regions by the perpendicular magnetic field gradient, where the strong localization leads to
efficient recombination. Consequently, the enhanced carrier localization increases the radiative
recombination rate in the MQWs of the LED with an FCPM.

Figures 3(c) to 3(e) show the electroluminescence spectra of LEDs with and without FCPMs,
which support the conclusion that the optical output power enhancement originates from a
higher rate of radiative recombination. As the current was increased from 4 to 20 mA, the peak
positions shifted by 4 nm in the LEDs with and without an FCPM film and by 5 nm in the LED
with circular FCPM disks. This occurred even though the optical output powers are higher in
LEDs with an FCPM. Further, the peak shift was 4 nm for all three LEDs when the current was
adjusted to produce the same optical output power in the three LEDs. Previous research indicates
that, because the optical output power increases without changing the photoluminescence and
electroluminescence peak position or creating a significant blue shift, the enhanced optical
output power is mainly owing to increased radiative recombination and decreased nonradiative
recombination via increased carrier localization [9,11].

Even though the 20% increase in optical output power of the LED with the FCPM film is
similar to the output of an LED with a ferromagnetic CoFe film in a previous study [17], the
0.18 T magnetic field in our study is half the magnetic field strength in the previous study.
The increase in optical output power caused by carrier recombination under magnetic fields is
generally proportional to the increase of the magnetic field strength [9,11], and thus our results
indicate that perpendicular magnetic field gradients are more effective at localizing or diffusing
carriers in LEDs than lateral magnetic field gradients. This improved radiative recombination is
the result of carriers being scattered in more varied directions when exposed to a perpendicular
magnetic field gradient than a lateral magnetic field gradient [12,14,17], which increases the
probability of these scattered carriers becoming trapped in the In-rich regions for a wider area of
MQWs [14].

Comparing the optical output power of an LED with a continuous FCPM film to that with
circular FCPM disk array (Figs. 3(a) and 3(b)), the LED with circular FCPM disks demonstrated
the highest series resistance and optical output power, indicating that the circular FCPM disks can
improve LED efficiency more than an FCPM film. To investigate this in more detail, we simulated
the magnetic field profiles and magnetic field gradient intensities for the two different FCPM
structures using the Finite Element Method Magnetics software. Figures 4(c) and 4(d) show
the simulated magnetic field profiles and Figs. 4(e) and 4(f) show the magnetic field gradient
intensities. The results represent the magnetic field gradient intensity 350 um from the FCPM
where the MQWs exist. Figures 4(d) and 4(f) show that the LED with circular FCPM disks has a
higher intensity and steeper magnetic field gradient than the LED with an FCPM film.

Although the intensity of the magnetic field gradient was much higher in the circular FCPM
disks than in the FCPM film, the optical output power only increased by 40%. While we
initially expected that the improved magnetic field gradient from the circular FCPM disks would
enhance the efficiency of LEDs owing to the wider area of influence upon the carriers, the optical
output power increase was not comparable to the magnetic field gradient increase. This result
is attributed to the magnetic field overlap in the regions between the circular FCPM disks, as
shown in Fig. 4(d). The wider and stronger magnetic field existing between the circular FCPM
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disks restrict the carrier movement in the lateral direction [13,14], and thus the carriers cannot
be localized sufficiently in the In-rich region between the circular FCPM disks. We therefore
expect that a larger efficiency increase is feasible by optimizing the shape, size, and spacing of
the magnetic field.

To further investigate the influence of the magnetic field gradient on the carrier recombination
process in the MQWs, TR-PL measurements were performed on the three LEDs, as shown in
Fig. 5. Because the TR-PL decay time is related to the carrier localization and recombination
efficiency, a decrease in decay time indicates that more carriers are strongly localized in the
MQWs and thus efficiently recombined [27,28]. The decay times 71 and 7, were obtained by
fitting the data to the double exponential function, I(f) = AT+ A=) wwhere Ay and A,
are normalization constants and ¢ is time constants. The fast decay times were observed to be 3.06,
2.57, and 2.23 ns for the LEDs without an FCPM, with an FCPM film, and with circular FCPM
disks, respectively. The fast decay time is related to the carrier’s movement from weak localized
states (i.e., shallow localized state) to strong localized states (i.e., deep localized state), radiative
recombination, and nonradiative recombination [27-29]. Weak and strong localized states are
created during the growth of InGaN/GaN MQWs, both of which act as radiative recombination
centers [29,30]. In general, carriers easily escape from weak localized states, but they can
strongly be localized even in weak localized states when the magnetic field applied. Additionally,
carriers with high energy (i.e., free carrier) and carriers escaped from weak localized states are
directed to strong localized states such as In-rich regions by the magnetic field and magnetic field
gradient. Consequently, the radiative recombination is increased by the magnetic field, which
helps to reduce the fast decay time [29,30]. Therefore, a decreased fast decay time indicates that
the LEDs with magnetic fields quickly confine more carriers from the weak localized states to
the strong localized states, thereby increasing the radiative recombination rate [27,29]. As time
goes on, carriers with high energy would be recaptured into strong localized states during slow
decay time [29]. The slow decay times of these three LEDs were observed to be 24.84, 22.59,
and 18.26 ns, respectively. The decrease in the slow decay time occurs due to more carriers with
high energy are rapidly and strongly captured by the magnetic field into the strong localized state.
The overall decrease in the TR-PL decay time is owing to the increased carrier density via the
band-filling effect at the localized state. This results in an increased radiative recombination rate
because of the enhancement of the Coulomb screening via the internal electric field owing to the
fully occupied localized state [17,31].
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Fig. 5. Time-resolved photoluminescence spectra of LEDs without an FCPM (black
squares), with an FCPM film (red triangles), and with circular FCPM disks (blue circles).
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Therefore, based on the TR-PL data, the effect of the magnetic field and the magnetic field
gradient on the recombination process of InGaN/GaN MQWs LEDs can be summarized such
that the carriers are more strongly localized to the potential minima and these localized carriers
produce a faster radiative recombination, which results in enhanced optical output power. Also,
the TR-PL data of LEDs with an FCPM film and circular disks show that a stronger and steeper
magnetic field gradient can localize more carriers and more efficiently recombine the carriers
radiatively. The decay time was shortest in the LED with circular FCPM disks, which indicates
that this configuration produced steeper magnetic field gradients than present in the LED with an
FCPM film. As a result, the carrier lifetime decreased, the radiative recombination rate increased,
and the optical output power increased in the InGaN/GaN MQWs LED with circular FCPM
disks.

4. Conclusion

In summary, we reported enhanced performance of flip-chip LEDs with InGaN/GaN MQW s
including either an FCPM film or circular FCPM disks, where the latter was deposited on the
p-ohmic reflector layer of the LEDs. The FCPM film enhanced the LED optical output power by
20% at a forward current of 20 mA compared with an LED without an FCPM. Furthermore, at
the same forward current, the LED with circular FCPM disks exhibited a 40% higher optical
output power than the LED with an FCPM film. This increased optical output power is attributed
to the perpendicular magnetic field gradients, which increase the carrier path lengths in the
MQWs by creating carrier drift and improved carrier confinement in the potential minima of the
InGaN/GaN MQWs. The larger optical output power increase of the LED with circular FCPM
disks than that with an FCPM film is owing to the stronger and steeper magnetic field gradients
produced by the multiple circular disks. The measurements of the TR-PL decay times of the
LEDs with FCPMs indicate that the enhancement in the optical output power of the LEDs can
also be attributed to an improved radiative recombination rate in the MQWs. We expect that our
approach for improving the optical output power of LEDs by producing perpendicular magnetic
fields using an FCPM will provide an alternative route for designing high-efficiency LEDs with
different emission wavelengths by combining LEDs with the proper ferromagnetic materials.
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