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The enhanced efficiency of the near-UV (NUV) LEDs was demonstrated by the combinatory effects of surface plasmons (SP)
from the Ag p-electrode and out-of-plane magnetic fields from additional Co/Pt multi-layers. By utilizing an InGaN/GaN-
based NUV-LED epilayer including either 100 or 40 nm p-GaN layers, four different flip-chip LEDs were fabricated by
selectively adding Co/Pt ferromagnetic multi-layers on the Ag p-electrode. NUV-LEDs with Co/Pt ferromagnetic multi-layers
on 100-nm-thick p-GaN showed a 10.1% enhancement of integrated electroluminescence (EL) intensity at a forward current
of 20 mA, mainly due to the out-of-plane magnetic field effect. In LEDs with a 40 nm p-GaN layer, which is consistent with
the penetration depth of SP fields, a further increase of 13.8% can be achieved in the integrated EL intensity at 20 mA,
resulted from the additional coupling effect with SP fields. These results indicate that the combination of Ag and Co/Pt multi-
layers, as the p-electrode of flip-chip LEDs, can increase the efficiency in NUV flip-chip LEDs due to efficient couplings of SP
fields and an out-of-plane magnetic field with carriers injected into quantum wells.
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Introduction formance in InGaN/GaN-based NUV-LEDs.
As an alternative, the IQE of LEDs can be further
Near-UV (NUV) LEDs can be applied in a variety of increased by surface plasmons (SPs) coupling with

areas, such as biochemical detectors, counterfeit currency excitons in QW, leading to an increase in the emission
detectors, medical equipment, high-density storage, light rate of QWs [13-18]. Device designs have been pro-
sources for photometric detectors and light excitation posed to realize SP-enhanced LEDs using various metal
sources for white LEDs [1-5]. However, the low internal nanometer-scale structures, such as thin films, grating,
quantum efficiency (IQE) in NUV-LEDs, which is disk arrays and particles. The proposed structures can
about half that of commercial green and blue LEDs, is be limited in achieving SP-enhanced LEDs because of
the main obstacle hampering various applications of practical problems, such as leakage due to a thin p-

NUV-LEDs. Compared to the multiple quantum wells GaN layer, short propagation length of SPs at the
(MQWs) of InGaN/GaN-based green and blue LEDs operating wavelength, and surface recombination at

[6, 7], the low indium content of the InGaN layer in nanostructure surfaces. As another approach, when an
NUV-LED QWs results in insufficient carrier confine- inhomogeneous magnetic field is applied to the QW
ment, low IQE and low radiative efficiency [8-12]. To active layer, especially in GaAs/AlGaAs heterostruc-
overcome this problem, several groups have attempted tures and InGaN/GaN QWs, carriers are localized at
to replace the barrier layer from GaN to AlGaN (or the active layer [19-21], thus enhancing the radiative
InAlGaN), which has resulted in better carrier confine- recombination rate. In addition, under the current injec-
ment in MQWs. However, replacement of GaN barrier tion condition, applying a magnetic field to an LED
layer with AlGaN can result in a large increase of the can modify carrier transport in the active region via the
quantum confined stark effect due to the lattice mismatch Lorentz force acting on moving charged carriers [22-
between layers of InGaN and AlGaN. Thus, an alter- 25]. This enables control of the radiative recombination
native approach is required to improve the device per- rate. Accordingly, it has been reported that a gradient

magnetic field applied to the active layers can increase
the efficiency of LEDs by enabling an increase in the

*Corresponding author: . . .. ..
Tel : +82-61-450-2322 lateral carrier drift and radiative recombination rate of
E-mail: kangjw@mokpo.ac.kr electron and hole pairs in the MQWs [19].
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Metallic layers, such as the ohmic contact and reflector,
are essential components in conventional LEDs. Thus,
an LEDs structure combined with effects from metallic
layers can increase the IQE of InGaN/GaN-based NU V-
LED:s. In this study, we demonstrated that the efficiency
of NUV-LEDs can be increased by both SPs and
magnetic field effects from designed metal films.
Exploiting a flip-chip LED structure, an Ag layer was
used as both the p-ohmic reflector and plasmonic metal
layer. Moreover, to investigate the effect of a magnetic
field on LEDs, additional Co/Pt multi-layers were
fabricated onto the Ag p-ohmic reflector layer. Using a
combination of Ag and Co/Pt multi-layers, we provide
a systematic comparison of device performance for SP
and magnetic field effects in InGaN/GaN-based NUV-
LEDs.

Experimental

To investigate NUV-LED performance with SP and
magnetic field effects, NUV-LED epilayers were fabri-
cated on double-sided polished c-plane sapphire by
MOCVD. After growth of a GaN layer (25 nm) at 550
°C, a undoped GaN layer (2 pm) and a n-GaN layer

(2 pm) were grown at 1020 °C. Then, five pairs of
InGaN/GaN QWs, consisting of undoped InGaN (well,
3 nm) and Si-doped GaN (barriers, 12 nm) were grown
at 770 °C, followed by growth of a p-GaN (100 nm) at
950 °C. The wavelength from the NUV-LEDs was 409
nm. Note that a relatively thin p-GaN layer (40 or 100-
nm) was used to increase the interaction between the
MQWs and metallic layers (SPs and magnetic field).
To fabricate 300 x 300 um? NUV-LEDs, a dry etching
was performed by an inductively-coupled plasma method
(source gases: Cl,/H,/Ar), until the n-GaN layer for n-
type ohmic contact. Then, Ag/Ni and Cr/Au layers
(120/2 and 50/150 nm) were used as the reflector layer
and p- and n-contacts, respectively.

Results and Discussion

Fig. 1(a) shows a schematic illustration of NUV-
LEDs with four different metal layer designs in the
flip-chip LED structure. To test the magnetic field effect
in NUV-LEDs with the p-GaN layer (100 nm), we
fabricated devices with a ferromagnetic Co/Pt multi-
layer on a Ag/Ni layer (Device #2 in Fig. 1(a)) and
compared it to the device without the ferromagnetic
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Fig. 1. (a) Schematic illustration of NUV-LEDs with four different metal layer designs in the flip-chip LED structure. (Device #1: Ag/Ni
layer on 100 nm-thick p-GaN, Device #2: Co/Pt multi-layer and Ag/Ni layer on 100 nm-thick p-GaN, Device #3: Ag/Ni layer on 40 nm-thick
p-GaN, Device #4: Co/Pt multi-layer and Ag/Ni layer on 40 nm-thick p-GaN). (b) OM images of flip-chip LED design with different
metallic layers. (c) SEM image of 40 nm-thick p-GaN layer after the ICP etching process.
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layer (Device #1 in Fig. 1(a)). The ten period Co/Pt (1/
1.5 nm) multi-layer was deposited onto the Ag/Ni
reflector layer shown in the optical microscopy (OM)
image of Fig. 1(b), using direct current magnetron
sputtering. To turn aside oxidation of the magnetic
layer, a Ta layer (3 nm) was deposited on the Co/Pt multi-
layer as a capping layer. In the Co/Pt multi-layer, out-
of-plane magnetization was maintained due to strong
perpendicular magnetic anisotropy (PMA) [26]. Thus,
the Co/Pt multi-layer does not require an additional
magnetization process, such as applying high temperatures
and an external magnetic field. However, the p-GaN
layer thickness is likely much thicker than the penetration
depth of the SP field. The penetration depth (Z) of the
SP field in the GaN layer can be calculated by the
following equation (1):

7 = (L) [EGan—Emeral1/2 (1) [13]
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where &',y and &', are the dielectric constants of
GaN and metal. And A is the resonance wavelength of
the SP field. The effective depth of the p-GaN layer for
SP-QW coupling is calculated to be approximately 41
nm by considering the emission wavelength of our
sample (409 nm) and the dielectric constants for GaN
and metal film (Ag). According to this estimation, we
performed the ICP etching process to obtain a 40-nm-
thick p-GaN layer (Device #3 in Fig. 1(a)), as shown in
Fig. 1(c) by the scanning electron microscopy (SEM).
This enables more efficient SP coupling with excitons
in the QWs. Additionally, to investigate the device
performance for both SP coupling and magnetic field
effects, an LED with Co/Pt multi-layers was fabricated
(Device #4 in Fig. 1(a)). The SP resonance energy for
the Ag film and GaN layer is ~3 eV (410 nm) when
using the dielectric constants of the Ag film and GaN
layer [13]. Therefore, the thickness of the spacer layer
and SP characteristic wavelength are suitable for SP
coupling with NUV emission.
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The ferromagnetic property of the Co/Pt multi-layer
was investigated using vibrating sample magnetometer
(VSM) measurements, as shown in Fig. 2. The struc-
ture of Co/Pt multi-layer for the VSM measurement is
displayed in Fig. 2(b). The VSM results for the Co/Pt
multi-layer show a rectangular loop hysteresis. A
saturation magnetization is 180 emu/cm’ at 300 K,
confirming the ferromagnetic property in the Co/Pt
multi-layer. The Co/Pt multi-layer facilitates the out-of-
plane magnetization [26], enabling to application of a
magnetic field to the out-of-plane direction of the LED
wafer. In the flip-chip LED structure, the current flows
along the out-of-plane direction of the LED wafer.
Therefore, under an out-of-plane magnetic field, the
charge carriers are subjected to the Lorentz force in the
in-plane direction, readily leading to the lateral localization
of injected carriers. Thus, our device structure can provide
enhanced lateral confinement of injected electrons and
holes due to the out-of-plane magnetic field, resulting
in enhanced radiative efficiency in the MQWs.

Fig. 3(a) shows the current-voltage (I-V) characteristics
of NUV-LEDs (p-GaN: 100 nm) without and with Co/
Pt multi-layers (Device #1 and #2, respectively). The
forward voltages (V) of NUV-LEDs with and without
the Co/Pt multi-layer are 3.40 and 3.41 V at 20 mA,
indicating that the V; is almost the same regardless of
the existence of Co/Pt multi-layer. Additionally, the
series resistance (R;) of NUV-LEDs was slightly in-
creased from 16.5 to 18.1 Q by adding the Co/Pt multi-
layers, showing a minor increase by the presence of
Co/Pt multi-layer. The minor increase in R, is mainly
attributed to the magnetoresistance, due to the magnetic
field-induced carriers drift in the in-plane orientation of
the LED structure [19]. Also, the magnetoresistance,
which is measured in the LEDs with Co/Pt multi-
layers, implies that the out-of-plane magnetic field can
affect the carriers injected into the LEDs. To investigate
the magnetic field effect on NUV-LEDs, we also
measured the electroluminescence (EL) intensity for
Device #1 and #2. The integrated EL intensities were
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Ta (3 nm)

Si Substrate

Fig. 2. (a) VSM characteristics of the Co/Pt multi-layer, showing a rectangular loop hysteresis with a saturation magnetization of 180 emu/
cm’® (@ 300 K). (b) Schematic diagram of Co/Pt multi-layer, which is composed of the top (1 nm) and bottom (3 nm) Ta capping layers and

10 pairs of Co (1 nm)/Pt (1.5 nm) layers.
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measured from the bottom side of the NUV-LEDs
structure by using an optical fiber, US-VIS spectrometer
(USB4000, Ocean Optics, USA), and semiconductor
parameter analyzer (HP-4155A, HP, USA). Fig. 3(b)
shows the integrated EL properties of NUV-LEDs
with and without Co/Pt multi-layers as a function of
injection current. The results show that the integrated
EL intensity of the NUV-LED with the Co/Pt multi-
layer is higher than that without the Co/Pt multi-layer.
Compared to the NUV-LED without the Co/Pt multi-
layer (Device #1), the integrated EL properties of the
NUV-LED with the Co/Pt multi-layer is increased by
10.1% at 20 mA. Recently, it has been shown that the
external magnetic field can increase the radiative
recombination rate in the MQWs due to the lateral drift
and localized carriers in the minimum potential regime
of the indium-rich region [23, 24]. Similar to the previous
reports, the improvement of EL properties in the NUV-
LED with the Co/Pt multi-layer can be interpreted to
enhance the radiative efficiency in the NUV MQWs by
introducing the out-of-plane magnetic fields.

To understand the combined effect of the out-of-
plane magnetic and SP coupling, the LED performance
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was investigated for Device #3 and #4 with 40-nm-
thick p-GaN. Fig. 4(a) shows the I-V characteristic of
Device #3 and #4 (p-GaN: 40 nm). Similar to the
results for Device #1 and #2, the V; is almost the same
(3.6 V at 20 mA) without respect to the existence of the
Co/Pt multi-layer. The R, of NUV-LEDs is increased
from 23.7 to 26.1 Q by the magnetoresistance induced
from the Co/Pt multi-layer, suggesting that the recom-
bination of injected carriers is strongly affected by the
magnetic field from Co/Pt multi-layer. Compared to the
LEDs with p-GaN thickness of 100 nm (Device #1 and
#2), the overall increase of V;and R, might be a result
of etching damage in the p-GaN layer with 40 nm
thickness, which was etched to obtain efficient SP
coupling with the Ag layer. However, even though the
electrical properties of the LED, such as V;and R,, was
degraded by thinning process of the p-GaN layer, the
integrated EL properties of the NUV-LED with the Co/
Pt multi-layer (Device #4) is much enhanced by 13.8%
at an injected current of 20 mA compared to the
referenced LEDs of Device #1, as shown in Fig. 4(b).
This indicates that the emission efficiency in NUV-
LEDs can be increased by both SP and magnetic field
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Fig. 3. (a) [-V characteristics of NUV-LEDs (p-GaN: 100 nm) with and without Co/Pt multi-layers (Device #1 and #2), showing a minor
increase in series resistance due to the magnetic field effect on carrier transport. (b) Integrated EL intensity of NUV-LEDs (p-GaN: 100 nm)
with and without Co/Pt multi-layers (Device #1 and #2), showing that the integrated EL intensities of NUV-LEDs with Co/Pt multi-layers are

increased by 10.1% at a current injection of 20 mA.
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Fig. 4. (a) I-V characteristics of NUV-LEDs (p-GaN: 40 nm) with and without Co/Pt multi-layer (Device #3 and #4). (b) Integrated EL
properties of NUV-LEDs (p-GaN: 40 nm) with and without Co/Pt multi-layer (Device #3 and #4), showing that the integrated EL intensities
of NUV-LEDs with Co/Pt multi-layers are increased by 13.8% at a current injection of 20 mA.
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effects. Furthermore, the integrated EL intensity between
Device #1 and #3 was compared to estimate only the
SP effects, excluding the magnetic field effect by Co/Pt
multi-layer. For NUV-LEDs without the Co/Pt multi-
layer, the integrated EL intensity of Device #3 is
increased by 7.3%, compared to Device #1, at a current
injection of 20 mA. This indicates that the thinner p-
GaN layer can also increase efficiency due to efficient
coupling with SPs. Therefore, our systematic comparison
indicates that InGaN/GaN-based NUV-LED efficiency
can be enhanced by SP coupling and an out-of-plane
magnetic field from Ag and Co/Pt multi-layer films.

Conclusion

In conclusion, we have demonstrated that the effici-
ency of InGaN/GaN-based NUV-LEDs can be improved
by using the combined layers of Ag p-ohmic and
ferromagnetic Co/Pt multi-layers on a thin p-GaN
layer. Since the SP resonance can result from the Ag
layer, the resonant coupling of the SPs with the
excitonic emission of MQWs active layer allows us to
increase the radiative recombination rate, utilizing the
distance control between Ag p-ohmic and MQWs region.
Also, the out-of-plane magnetic field arising from the
additional Co/Pt multi-layer enables the lateral con-
finement of electrons and holes injected into the active
layer, thus, enhancing the radiative recombination rate
in NUV-MQWs. First, regardless of the p-GaN thickness
in the flip-chip LED structure, we showed that the
emission efficiency of NUV-LEDs can be increased by
the out-of-plane magnetic field from the Co/Pt multi-
layer. This layer resulted in increased output power of
10.1% and 13.8% for 100-nm and 40-nm-thick p-GaN
layers, respectively. Also, the larger increment (13.8%)
of the output power in the LED with thinner p-GaN (40
nm) indicates that an efficient SP coupling effect with
an Ag layer can be achieved by reducing the p-GaN
thickness in the flip-chip structure of InGaN/GaN-
based NUV-LEDs. Our results suggest that the emission
efficiency in InGaN/GaN-based NUV-LEDs can be
increased by a combination of SP coupling and the out-
of-plane magnetic field effect from Ag and Co/Pt multi-
layer films.
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