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ABSTRACT: The current confinement effect on the micro-LED (4LED) with a 10 ym dimension was simulated using SpeCLED
software. In this study, three p-contact sizes were considered: 2 gm X 2 ym, S pgm X S pm, and 8 ym X 8 ym dimensions for uLEDs
with a 10 ym dimension. According to the simulation data, the highest external quantum efficiency (EQE) of 13.24% was obtained
with a $ gm X S pm contact size. The simulation data also showed that the yLEDs with narrow contact sizes experienced higher
operating temperatures due to the current crowding effect. The experimental data revealed a red-shift effect in narrow contact sizes,
indicating higher heat generation in those devices. As the contact sizes increased from 2 to 8 ym, the turn-on voltage decreased due
to lower equivalent resistance. Additionally, the leakage current increased from 44 pA to 1.6 nA at a reverse voltage of —5 V. The
study found that the best performance was achieved with a contact ratio of 0.5, which resulted in the highest EQE at 9.95%. This
superior performance can be attributed to the better current confinement of the #LED compared to the uLED with a contact ratio of
0.8, resulting in lower leakage current and improved current spreading when compared to the yLED with a contact ratio of 0.2.

Bl INTRODUCTION 14 um,"” 5 ym X 39 um," and 50 gm X 50 um."* For these

applications, a high-efficiency blue light source with an

Inorganic light-emitting diodes (LEDs) have the advantage of
self-emission compared to commercial liquid crystal displays
(LCDs). LEDs offer reduced power consumption, longer
lifetime, and greater stability than organic LEDs (OLEDs). ~*
The microscale LED chip size, known as uLED, is considered
the next-generation display technology, offering high reso-
lution, high contrast ratio, and promising applications.4
Particularly in augmented and mixed reality (AR/MR) glasses,
these displays require a very high pixel-per-inch (PPI), high
brightness with efficient illumination, and contrast ratio in a
small active region. To achieve a full-color display, the direct
mass transfer of red, green, and blue LED chips to the display
has been utilized.’™” However, as the chip size is reduced to a
micrometer scale, the mass transfer method becomes
challenging to implement. Several potential solutions have
been proposed, including the use of a color conversion layer
(CCL) and the integration of colloidal quantum dots (QDs)
with a monochromatic yLED array. The integration of QDs
and yLED arrays demonstrates a high potential for achieving
high-resolution full-color displays. Coating QDs on substrates
can be achieved throu§h photolithography, transfer printing,
and inkjet printing.'’""* The smallest RGB subpixel pattern
resolutions achieved with these QD fabrications are 14 pm X
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InGaN/GaN structure is commonly used to excite the material
and achieve a full-color display.'*'® Researchers have explored
various methods to passivate small-sized uLEDs, including
changing the material of the passivation layer'” > or growing
denser films using the ALD process.”' >* Passivation of
sidewalls using chemical solutions has also been proposed to
reduce leakage current in small-sized ULEDs.”>*® While these
methods can improve device performance, they also increase
process costs.

In our previous investigation,”” we studied the impact of the
indium tin oxide (ITO) contact size on the electrical and
optical properties of 40 ym X 40 pum uLEDs. We found that
wider contact sizes in these yLEDs resulted in a lower turn-on
voltage and series resistance. As a result, larger contact sizes
exhibited higher emission power and a more uniform emission
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Figure 1. 3D structure of yLEDs, lateral current spreading, and device temperature for different contact ratios at a 0.035 mA injection current by

simulation.
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Figure 2. Top-view of 3 X 3 yLEDs arrays with 0.2, 0.5, and 0.8 contact ratios.

pattern due to a better current spreading effect. However, it
was observed that larger contact sizes also increased the
leakage current in the reverse bias region, from 6 X 107" to 5.1
X 107° A. While this leakage current did not significantly
impact the performance of the yLEDs in this dimension, it
becomes a significant factor when the dimension shrinks to 10
pm X 10 pum. Therefore, the objective of this study is to
investigate the current confinement by adjusting the contact
size in 10 ym uLEDs. We measured and evaluated various
optoelectronic characteristics of the yLEDs, including forward
voltage, leakage current, series resistance, parallel resistance,
ideality factor, emission output power, emission peak wave-
length, full width at half maximum (FWHM), and external
quantum efficiency (EQE). The simulation is discussed in the
first part of the study. In addition to analyzing the device
performance for different contact ratios, we also examine the
current distribution and operating temperature.

B EXPERIMENTAL SECTION

To investigate the contact effect in 10 ym X 10 ym uLEDs, the
simulation was carried out in the first part using SpeCLED

software. The contact ratio was varied in three uLEDs: 2 ym X
2 ym, S pm X S ym, and 8 ym X 8 um, named uLEDA,
MLEDB, and uLEDC, respectively. The electrical and optical
properties were discussed based on the simulation results,
including forward voltage, emission output power, wall plug
efficiency (WPE), and EQE. The simulation current was set at
0.035 mA, as power chip LEDs are typically examined at 350
mA (at 1000 gm X 1000 um). To observe the current
confinement effect and current crowding effect, the lateral
current spreading and operating temperatures of the yLEDs
were also analyzed through simulation in this study. The 3D
structures of the three contact sizes are shown in Figure 1.
In the experimental part, a commercial 4 in. wafer of
InGaN/GaN with a blue LED structure grown on a sapphire
substrate was purchased from a vendor and used in this study.
A 270 nm-thick ITO layer was first deposited on the wafer as
the Ohmic contact layer for the p-GaN layer. The 3 X 3 arrays
with 10 ym X 10 pym pixels were defined using laser direct
writing (Heidelberg Instruments, MLA-150) exposure tech-
nology. The yLEDs were manufactured with different contact
ratios, as mentioned in the simulation part, requiring the
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fabrication of different ITO contact sizes in the first step. After
etching the different contact ratios, the mesa process was
carried out by using an inductively coupled plasma reactive ion
etching (ICP-RIE, Nasca-20 Plus) system. The etching gases
used consisted of Cl, and BCl; at a process pressure of 4
mTorr, resulting in an etching depth of approximately 1 pm
into the n-GaN layer. Subsequently, a S00 nm-thick passivation
layer of SiO, was deposited to cover the sidewall step using
plasma-enhanced chemical vapor deposition (PECVD, Samco
PD-220N) for each contact ratio. After passivation, the SiO,
was selectively opened with different contact ratios on each
ITO ratio by using an ICP system with SF4 and O, gases.
Finally, Ti/Al/Ni/Au multilayer metals were deposited on the
ITO and n-GaN as the n- and p-contact electrodes. The top
view of each contact ratio is shown in Figure 2. The metal
patterns on the p-side for all yLEDs were deposited with an 8
p#m X 8 pm size to act as a mirror. Additionally, the distance
between the n- and p-contacts was maintained at 20 ym to
prevent shorting during the flip-chip bonding. After the yLEDs
process, the current—voltage (I—V) characteristics of the
single-chip pLEDs were examined using a semiconductor
device analyzer (Keysight, B1S00A) through on-wafer
measurement at both room temperature and 150 °C.

To measure the emission power from the sapphire side, flip-
chip bonding was implemented after uLED fabrication. The
UMLED arrays were bonded to the circuit on the sapphire
substrate by using Ti/Al/Ti/Au metal and an anisotropic
conductive film (ACF). Notably, the ACF tape only played the
vertical conductivity. Most of the light was reflected by the Ti/
Al/Ti/Au metal toward the sapphire side of the yLED device.
It is no matter the transparency of ACF. The bonding process
was conducted at a temperature of 220 °C and a pressure of 40
N for 2 min. After the ACF bonding, the yLEDs were
packaged in a TO-Can package using wire bonding. This
allowed for the diagnosis of the optical properties of the
ULEDs using a calibrated integrating sphere, including output
power and EQE. The emission pattern was also observed using
a CCD and a laser beam profiling instrument (BEAMAGE,
Gentec-EO USB 3.0).

B RESULT AND DISCUSSION

The electrical-optical properties of the yLED with 10 ym X 10
pum chip sizes were simulated with different contact ratios using
SpeCLED software. Table 1 lists the forward voltage, emission

Table 1. Simulation Data by SpeCLED with the Electric-
Optical Performances of #LEDs

10 ym X 10 ym 02 0.5 0.8
input current [mA] 0.035

forward voltage [V] 2.74 2.60 2.58
output power [yW] 13.3 14.1 14.3
WPE [%] 13.8 15.8 159
EQE [%] 12.16 13.24 13.20

output power, WPE, and EQE values at an input current of
0.035 mA (current density of 35 A/cm?). The simulation data
show that the voltage decreases from 2.74 to 2.58 V as the
contact ratio increases. Moreover, the usage of more MQWs in
wider contact ratios results in an increase in output power from
13.3 to 14.3 yW. The uLEDC exhibits a higher WPE value
compared to the other samples. Specifically, the WPE of the
HLEDC is 2.1% higher than that of the yLEDA, and 0.1%

higher than that of the wLEDB. The similar WPE values
between the yLEDB and yLEDC are due to almost identical
forward voltage and output power. However, there is a notable
trend in EQE values, with the highest EQE exhibited by the
MLEDB. This trend can be explained by a higher leakage
current in the yLEDC. The current spreading was simulated
and is shown in Figure 1. With a higher contact ratio, it is
expected that more current will flow into and contact the mesa
sidewall, resulting in a higher leakage current and reduced
efficiency of the yLEDs. Based on the simulation data, the best
optoelectronic performance is achieved by the uLEDB.
Additionally, the operating temperature at 0.035 mA for each
MLED is also presented in Figure 1. As the contact size
increases, the highest temperature decreases from 301.39 to
301.1 °C, with the highest temperature region consistently
located in the middle position of the active area. A higher
temperature is observed at yLEDA, which is caused by the
current crowding effect. The simulation results indicate that a
wider contact ratio positively affects better current spreading,
thus avoiding the current crowding effect and improving the
utilization of MQWs. Therefore, Table 1 shows that the
emission output power, WPE, and EQE were significantly
enhanced when the contact ratio increased from 0.2 to 0.5.
However, the simulation results do not provide information
regarding the leakage current, and thus cannot explain the
lower EQE observed with a contact ratio of 0.8, which could be
attributed to a higher leakage current issue.

As mentioned earlier, in order to validate the simulation
results, 10 yum X 10 ym pLEDs with different contact ratios
were fabricated, and the top view of each sample is shown in
Figure 2. After the device fabrication process was completed,
the electrical characteristics were measured and are shown in
Figure 3a. The forward voltage decreases as the contact ratio
increases under an injection current of 0.035 mA. Comparing
these results with the simulation data, the measured forward
voltages were slightly higher: 3.21, 2.77, and 2.74 V for the
MLEDA, uLEDB, and uLEDC, respectively. This discrepancy
can be attributed to the contact resistance between the p and n
electrodes, which is not considered in the simulation and
cannot be obtained from SpeCLED software. The series
resistance (R;) and parallel resistance (R,) were determined by
fitting the voltage—current plot using a logarithmic scale. R,
was fitted between 1.4 and 2.4 V before the turn-on voltage of
2.45 V, and then R was fitted between 2.4 and 2.6 V. Both R
and R, are plotted in Figure 3b. Among the samples, the
MLEDA exhibited the highest R; and lowest R, primarily due
to its smaller contact size. The schematic of R and R, in the
MLED structure is shown in the inset of Figure 3a. Comparing
the uLEDA and yuLEDC, the R, value for yuLEDA is 0.03 Q
higher than that of uLEDC, while the R, value for the yLEDA
was 0.2 Q lower than that of yLEDC. The uLEDA exhibits the
highest equivalent resistance. The dynamic resistances at 3 V
are 158.7, 22.9, and 17.1 kQ for the uLEDA, uLEDB, and
HLEDC, respectively. These results indicate that the dynamic
resistance of the uLEDA is 9.3 times higher than that of the
uLEDC, which can be attributed to the narrow contact size of
only 2 um X 2 pum. The ideality factors were also calculated
from the I-V curve on the logarithmic scale, and they are
plotted in Figure 3b using the right axis. Since the turn-on
voltage occurred at 2.45 V, the ideal factors were calculated
between the forward voltages of 2.4 and 2.6 V. As the contact
ratio increases, the ideality factors decrease, with values of 2.38,
1.96, and 1.58 for the uLEDA, uLEDB, and uLEDC,
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Figure 3. (a) I-V characteristic on-chip measurement, (b) resistance and ideal factor of different contact ratios, and (c) I-V curve of 0.5 and 0.8

contact ratios at 150 °C.
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Figure 4. (a) Emission output power of different contact ratios and (b) beam image measurement and emission pattern of 0.5 and 0.8 contact

ratios.

respectively. Typically, an ideality factor of 2 indicates that
generation and recombination currents dominate and are
usually observed at low forward voltages. As the ideality factor
exceeds 2, it indicates that the series resistance dominates,
especially in GaN power LEDs. In general, the ideality factor
value in traditional InGaN-based LEDs always exceeded
23733 However, in this study, the yLEDC exhibited an
ideality factor lower than 2 due to perfect current spreading””
and lower contact resistance.

Furthermore, the leakage current in the yLEDs was
measured in reverse voltage and is presented in the inset of
Figure 3a. Despite a passivation layer deposited on the devices,
the leakage current increased from 44 pA to 1.6 nA as
compared with that of yLEDA and ¢LEDC. This indicates that
the contact size effectively confines the current and successfully
avoids current flowing toward the sidewall, which further
reduced the leakage current. To discuss the contact ratios of
0.5 and 0.8, the I—V characteristics were measured at 150 °C
and are plotted in Figure 3c. With an increase in the
measurement temperature, more energy is supplied to the
carriers. At a reverse voltage of —5 V, more carriers were
excited from the valence band to the conduction band through
defect energy levels. The leakage current of yLEDC is
noticeably higher than that of the yLEDB. Additionally, the
early turn-on phenomenon was more pronounced in the
forward voltage of yLEDC. When the temperature is raised
from room temperature to 150 °C, the forward voltages

35354

ULEDC and yLEDB shift from 3.7 to 3.1 V and from 3.8 to 3.3
V at 1 mA, respectively. Considering these observations in
both forward and reverse voltage, it can be explained that the
area of the MQW in the uLEDC is larger than that in the
MLED with a 0.5 contact ratio. This can be regarded as
multiple diodes being paralleled, resulting in a lower voltage for
the uLEDs with higher contact ratios. Due to the distance
between the mesa sidewall and contact pad being only 1 ym,
current confinement is ineffective, causing a considerable
number of carriers to escape through the shortest sidewall path
in the uLEDC.

The corresponding emission output power and input current
were measured and are shown in Figure 4a. As the input
current increased from 0.01 to 10 mA, the output power also
increased with higher input currents. The yLEDC with the
widest contact ratio (0.8) exhibited a significant enhancement
in output power, increasing from 1.66 yW to 1.19 mW, as
shown in Figure 4a. In comparison, the yLEDs with contact
ratios of 0.5 and 0.2 only increased from 2.15 yW to 0.91 mW
and from 1.85 W to 0.51 mW, respectively. Clearly, the wider
contact ratio showed a steeper slope, indicating better current
spreading and lower equivalent resistance. However, when
focusing on the performance of the yLEDs at initial input
currents ranging from 0.01 to 0.1 mA (as shown in the inset of
Figure 4a), it can be observed that the highest output power
occurred in the uLEDB, followed in the yuLEDA, at injection
currents of 0.01 and 0.025 mA. The uLEDC with the widest
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0.8 contact ratio exhibited lower output power than the other
two samples in the initial region. However, as the input current
increased further, the current crowding effect impacted the
performance of yLEDA, causing the output power of yLEDC
to exceed that of yLEDA at 0.05 mA. Table 2 presents the

Table 2. Electroluminescent Images of Three Different
Contact Sizes

Current 10 pm X 10 pm

0.5

(Current density) 0.2

0.003 mA
3 Alem?)

0.05 mA
(50 Alem?)

0.1 mA
(100 A/cm?)

electroluminescent images of the three contact ratios at small
injection currents ranging from 0.003 to 0.1 mA. At an
injection current of 0.003 mA (corresponding to a current
density of 3 A/cm?), the emission intensity of the 0.8 contact
ratio was lower than the other two samples. However, as the
injection current increased, nonuniform and asymmetric
patterns were observed in pgLEDA at 0.05 and 0.1 mA.
Meanwhile, based on the emission patterns, the puLEDB
showed better current confinement and spreading, which
explains its higher output power compared with that of
ULEDC at small current injection. The emission pictures at an
input current of 0.025 mA were also measured using a beam
image and are presented in Figure 4b. Based on the scale bar, it

can be observed that the emission intensity of yLEDB
presented higher than that of yLEDC at the same integration
time. It can be noticed that the current was confined in the
middle of the active region in the uLEDB. This phenomenon is
consistent with the simulation results shown in Figure 1.
Therefore, as the input current increased from 0.01 to 0.1 mA,
the highest output power was observed in the yLEDB, as
shown in the inset of Figure 4a. After that, the output power of
the uLEDC increased more quickly than that of the yLEDB, as
shown in Figure 4a. This can be attributed to the input current
injection across the entire active area, resulting in better usage
efficiency and current spreading in the yLEDC sample. At a
current of 0.5 mA (corresponding to a current density of 500
A/cm?), the highest current density may introduce the current
crowding effect in the yLEDB, causing the output power of the
HLEDC with the 0.8 contact ratio sample to exceed that of the
JLEDB.

Moreover, it is well-known that the current crowding effect
could generate heat in the device, which could significantly
impact the performance of uLEDs, particularly the emission
wavelength. To investigate the influence of current crowding
on uLED performance, the emission peak wavelength was
measured and is plotted in Figure Sa as the current increased
from 0.01 to 10 mA. The figure can be divided into two
injection regions: a small injection region from 0.01 to 1 mA
and a larger injection region from 1 to 10 mA. Figure Sa
demonstrates a blue shift occurring in all samples. However, as
the contact ratio decreases, a more pronounced blue shift effect
is observed in the small injection region, as shown in the inset
of Figure Sa. In this smaller injection region, the wavelengths
shifted by 5.80, 5.56, and 4.24 nm for uLEDA, yLEDB, and
HLEDC, respectively. The presence of a local electric field in
the quantum wells of GaN-based LEDs results in the quantum
confined stark effect (QCSE). This local electric field depends
on both spontaneous and piezo-electric polarizations existing
in InGaN/GaN LEDs.”” Consequently, it causes a blue shift as
the current is injected. On the other hand, the presence of
current crowding in the device can lead to a red shift in the
wavelength due to increasing junction temperature. In the
small current injection region, current crowding does not
occur. Moreover, in the same small current injection region,
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UMLEDs with smaller contact ratios experience a larger electric
field. This can be demonstrated through simulations and IV
characteristics, where a larger external electric field results in a
more substantial blue shift. In the higher injection region from
1 to 10 mA, the wavelength shift of uLEDs was 2.28, 3.41, and
4.09 nm for uLEDA, uLEDB, and yLEDC, respectively. This
shift can be attributed to heat generation during high current
injection for uLEDA, which counteracts the blue shift effect
and causes a red shift effect. Hence, when the current crowding
effect is more pronounced, more heat is generated and the blue
shift is offset in the yLEDA. However, the yLEDC exhibited
better current spreading and no current crowding issues,
resulting in the blue shift effect being still evident during the
high current injection.

The FWHM of the emission peak was calculated as a
function of injection current from 0.01 to 10 mA and is
presented in Figure Sb. The inset of this figure shows the small
current injection region from 0.01 to 0.1 mA. Based on Figure
Sb, it can be observed that the uLEDA consistently exhibited
the widest FWHM in every current injection. This is because
the yLEDA with a smaller contact size restricts current
diffusion, resulting in a larger number of carriers filling the
MQWs. This effect is known as the “band-filling effect”, which
explains why the FWHM is significantly wider in the yLEDA
compared to the other two samples. Furthermore, in the small
current density of 10 A/cm? the uLEDB achieves a narrower
FWHM than the uLEDC. However, as the current density
reaches 50 A/cm? the FWHM in the uLEDA and uLEDB
increases more significantly compared with that in the yLEDC.
This can be attributed to the screen effect, where carriers stack
up in the MQWs during higher current density injections. It
was suggested that the lower contact resistance and better
current spreading effect in the yLEDC make band filling less
pronounced in the MQWs, which also resulted in less screen
effect in this contact ratio.

Finally, the EQE values were calculated based on the
measured output power using an integrating sphere and are
presented in Figure 6. The EQE represents the efficiency of
emission output power with respect to the main wavelength
and input current. When the input current was increased, the
EQE initially increased and then decreased. For the yLEDs
with different contact ratios, the highest EQE values were
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Figure 6. EQE from 10 pA to 1 mA of different contact ratios.

obtained at 8.12% (@0.05 mA), 9.95% (@0.075 mA), and
8.93% (@0.1 mA) for the yLEDA, uLEDB, and pLEDC,
respectively. The EQE as a function of the initial input current
from 0.01 to 0.1 mA is presented in the inset of Figure 6.
When the input current is below 0.05 mA, the EQE of the
HLEDC is lower compared to those of the yLEDA and
HLEDB. However, as the input current is further increased, the
current crowding effect starts to significantly decrease the EQE
of uLEDA, as shown in Figure 6. At an input current of 0.4
mA, the yLEDB and uLEDC have the EQE values at 8.55 and
8.53%, respectively. Due to superior current spreading and
higher efficiency in utilizing MQWs for yLEDB as compared
with those of yLEDA, and more effective current confinement
in yLEDB than that in yLEDC, the best EQE was obtained in
MLEDB under low current injection. As the injection current
exceeds 0.5 mA, the yLEDC exhibited a higher EQE value
than the uLEDB. This is because the current crowding effect
begins to impact the uLEDB as the current density reaches 500
A/cm?, Additionally, the output power of the uLEDC exceeds
that of the yLEDB, and the FWHM of the ¢LEDB is wider
than that of the yLEDC at 0.5 mA (current density of S00 A/
cm?). Consequently, the performance of the yLEDB becomes
degraded. The EQE droop for these yLEDs is also listed in
Figure 6. As the contact ratio increases, the droop values are
38.2, 29.1, and 14.6% for the yLEDA, uLEDB, and yLEDC,
respectively. With larger contact sizes, the droop efficiency
becomes smaller. The yLEDC exhibited the least droop. In the
case of the yuLEDA, the limited usage of MQWs due to the
smallest contact area and the current crowding effect resulted
in unsuccessful carrier recombination, leading to the highest
droop among the samples with different contact ratios. On the
other hand, the yLEDs with larger contact sizes demonstrate
less obvious decay in EQE due to their excellent current
spreading and effective utilization of MQWs. Higher injection
current results in higher output power and higher EQE values.
Therefore, the droop efficiency is lowest for the yLEDC.
However, comparing the EQE decay results between yLEDA
and uLEDB, it is evident that the yLEDB exhibited less
degradation in EQE. This can be attributed to improved
current spreading, lower contact resistance, and -effective
utilization of MQWs in the design with a 0.5 contact ratio.
Overall, the yLEDB proved to be a good design choice for
confining current spreading and achieving outstanding
performance in a 10 gm X 10 ym pLEDs array. The tendency
of experimental data aligns well with the simulation results.
Nevertheless, the EQE is only influenced by the current
spreading effect and MQW usage efficiency using SpecLED
simulation. The leakage from the sidewall can not be
considered as using the SpecLED. As a result, the lower
EQE obtained from the experiment can be attributed to a
considerable amount of current flowing directly into the
sidewall, as illustrated in Figure 1. This phenomenon resulted
in a reduction of carrier recombination behavior in the 4uLED
device. This is the reason for the EQE discrepancy between
simulation and experiment. Based on the traditional power
chip definition, the current is always operated at 350 mA (@
1000 ym X 1000 ym). Under the same current density (35 A/
cm?), the yLED with a 0.5 contact ratio sample demonstrates
the best performance with the highest EQE and a better
ideality factor of 1.96 in the turn-on voltage region.
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B CONCLUSIONS

In this study, blue light 4uLED arrays with different contact
ratios and contact sizes (2 X 2, 5 X 5, and 8 X 8 um?*) were
fabricated and simulated. The aim was to investigate the effect
of contact size on the performance of the yLEDs. The
simulation results indicated that as the contact ratio increased,
the forward voltage decreased from 2.74 to 2.58 V, and the
output power increased from 13.3 to 14.3 yW (@0.035 mA).
Consequently, the highest EQE of 13.24% was achieved with
HLEDB. The experimental measurements also demonstrated a
similar trend in the forward voltage, which was 3.21, 2.77, and
2.74 V (at 0.035 mA) for the different contact ratios. Among
the samples, the dynamic resistances of the 0.2 contact ratio
were almost 10 times higher than those of the yLEDC at 3 V.
Additionally, an increase in leakage current from 44 pA to 1.6
nA was observed with an increasing contact ratio. As the
contact ratio increased, the ideality factors exhibited a droop
with values of 2.38, 1.96, and 1.58, respectively. When
comparing the output power with different contact ratios and
focusing on the input current range of 0.01—0.1 mA, the
highest output power was obtained with the yLEDB. In the
initial region, the yLEDC with a wider 0.8 contact ratio
exhibited lower output power compared to the other two
samples. However, as the input current further increased, the
current crowding effect began to impact the performance of
the uLEDA and the output power of the yLEDC exceeded that
of the yLEDA at 0.05 mA. The emission peak wavelength
confirmed this phenomenon as the red shift effect was more
prominent in the yuLEDA, which inhibited the blue shift effect
in the high injection region. The FWHM plot indicated that
the narrowest FWHM was exhibited by the 0.5 contact ratio at
an injection current of 0.01 mA (current density of 10 A/cm?).
However, as the injection current increased, the FWHM of the
HULEDB broadened due to the screen effect. Finally, the highest
EQE of 9.95% was achieved with the yLEDB. Based on these
findings, it is recommended to use a contact ratio of 0.5 in 10
um X 10 pum uLEDs, as this contact size successfully confines
the current and better current spreading, which leads to
improved performance.
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