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Abstract. Crack-free GaN-based light-emitting diodes (LEDs) were grown on 150-mm-diam-
eter Si substrates by using low-pressure metal-organic chemical vapor deposition. The relation-
ship between the LED devices and the thickness of quantum barriers (QBs) was investigated.
The crystal quality and surface cracking of GaN-on-Si were greatly improved by an Al,Ga;_ N
buffer layer composed of graded Al. The threading dislocation density of the GaN-on-Si LEDs
was reduced to <7 X 108 cm™2, yielding LEDs with high internal quantum efficiency. Simulation
results indicated that reducing the QB thickness improved the carrier injection rate and distri-
bution, thereby improving the droop behavior of the LEDs. LEDs featuring 6-nm-thick QBs
exhibited the lowest droop behavior. However, the experimental results showed an unanticipated
phenomenon, namely that the peak external quantum efficiency (EQE) and light output power
(LOP) gradually decreased with a decreasing QB thickness. In other words, the GaN-on-Si LEDs
with 8-nm-thick QBs exhibited low droop behavior and yielded a good peak EQE and
LOP, achieving a 22.9% efficiency droop and 54.6% EQE. © 2015 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JPE.5.057604]
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1 Introduction

In the last decade, GaN-based light-emitting diodes (LEDs) have been widely used because of
their ability to tune wavelengths from ultraviolet to visible light. GaN-based LEDs have been
widely applied in solid-state lighting (SSL),'* photovoltaics,’ and thermoelectric applications.®’
For general illumination systems, GaN-based LEDs must overcome numerous challenges, such
as a green gap,’ efficiency droop behavior,”!” and low phosphor conversion efficiency for warm
white LEDs.!! GaN-based LEDs grown on sapphire substrates can achieve high efficiency,
whereas sapphire substrates have low thermal conductivity, high insulating capability, and high
costs for large-scale substrates. Hence, these imperfect characteristics hinder the development of
LEDs for SSL. In recent years, GaN-on-Si LEDs have attracted a considerable amount of atten-
tion because they are inexpensive and highly suitable for large-scale manufacturing, indicating
the potential of such LEDs in new types of SSL.!> For the continued growth of GaN-on-Si,
overcoming problems caused by a higher lattice mismatch and thermal expansion coefficient

*Address all correspondence to: Zen-Yu Li, E-mail: Chenyu.li@msa.hinet.net; Hao-Chung Kuo, E-mail: hckuo@faculty.nctu.edu.tw

1947-7988/2015/$25.00 © 2015 SPIE

Journal of Photonics for Energy 057604-1 Vol. 5, 2015

Downloaded From: http://photonicsfor energy.spiedigitallibrary.org/ on 05/11/2015 Terms of Use: http://spiedl.org/terms


http://dx.doi.org/10.1117/1.JPE.5.057604
http://dx.doi.org/10.1117/1.JPE.5.057604
http://dx.doi.org/10.1117/1.JPE.5.057604
http://dx.doi.org/10.1117/1.JPE.5.057604
http://dx.doi.org/10.1117/1.JPE.5.057604
mailto:Chenyu.li@msa.hinet.net
mailto:Chenyu.li@msa.hinet.net
mailto:Chenyu.li@msa.hinet.net
mailto:Chenyu.li@msa.hinet.net
mailto:hckuo@faculty.nctu.edu.tw

Tzou et al.: Efficiency droop behavior improvement through barrier thickness modification. . .

mismatch is essential. Low threading dislocation density (TDD) and crack-free large-scale GaN-
on-Si LEDs are necessary for achieving high brightness and high efficiency.'*~'®

The asymmetric wurtzite structure of GaN and its strong built-in polarized field contribute to
band bending in energy bands, which corresponds to the quantum confined Stark effect (QCSE)
with poor internal quantum efficiency (IQE).!” The strong electric field also causes severe elec-
tron leakage and poor hole injection in regions with multiple quantum wells (MQWs).’ Hence,
the IQE drops substantially when the driving current density increases, which is a reason for
efficiency droop behavior.” Compared with GaN-based LEDs grown on sapphire substrates,
GaN-on-Si LEDs have poor IQE because of the degraded crystal quality.

In order to minimize droop behavior, reducing carrier leakage and poor hole injection is
crucial. However, related studies on improving droop behavior have focused on the design
of barrier materials,”'® insertion layers between quantum wells (QWs) and quantum barriers
(QBs),'?! electron blocking layers (EBLs),'*** modification of the GaN last barrier (LB) thick-
ness,”> and LED epitaxial layer growth on semipolar or nonpolar substrates.®**?* Electric fields
are sensitive to the thickness of QWs and QBs,’**’ implying that modifying the thickness of QBs
should improve droop behavior. Few previous studies have discussed improving the droop
behavior by modifying the thickness of QBs,”®*?’ and no study has considered this for GaN-
on-Si LEDs. Therefore, we explored the improvement in efficiency droop behavior after
modifying the thickness of QBs in GaN-on-Si LEDs. Furthermore, the growth of crack-free
GaN-on-Si LEDs technology was investigated.

2 Experiments and Details

Epitaxial structures of GaN-on-Si LEDs were grown on 150-mm-diameter Si substrates by using
a low-pressure metal-organic chemical vapor deposition system with a vertical reactor chamber
(model: Veeco TurboDisc Maxbright C4). The liquid/solid precursors of trimethylgallium, tri-
methylindium, trimethylaluminum, and ammonia were used as the sources of the reactants Ga,
In, Al, and N, respectively. Silane and bis-cyclopentadienyl-Mg were fabricated from the source
of the n-type (Si) and p-type (Mg) dopants. The carrier gas was a mixture of gaseous N, and H,.
The substrates employed herein were 150-mm-diameter (111)-oriented Si substrates. The native
oxide layers were removed before growth of the GaN materials. The wafer-cleaning procedures
involved boiling the wafers in a 3: 1 ratio of H,SO,4 :H,0, for 15 min and then dipping them in
an hydrofluoric acid (HF) solution comprising HF and H,O in a 1: 10 ratio for 15 s to remove the
native oxide on the surface of the Si substrates. The Si substrate after loading was first heated to
1020 to 1050°C under ambient H, for 5 to 10 min to remove the surface-passivated layer. The
underlayer structure was grown following the thermal cleaning procedure. The LED structure
was grown on 150-mm-diameter Si(111) substrates with five levels of graded Al,Ga;_,N buffer
layers (where x ranges from O to 1). Subsequently, 5-um-thick crack-free undoped GaN with
three AIN interlayers (ILs) was grown. The 2-nm-thick AIN ILs were inserted after 1.25-, 2.5-,
and 3.75-um-thick GaN epilayers were grown to suppress the TDD. Next, a 2.5-uym-thick n-type
GaN (n-type doped [Si] = 1 x 10" cm~3) layer was grown. The next 20 pairs of Inj ;;GaygoN/
GaN (2 nm/2 nm) prestrained superlattices (SLs) were applied to improve the quality of the
MQWs. Subsequently, 11 pairs of MQWs with 2-nm-thick Ing,,Gag 73N QWs were grown.
The thickness of the QBs was maintained at 13 nm for the first six pairs and modified for
the last five pairs, among which two 13-nm-thick reference samples were reserved, and 10-,
8-, and 6-nm-thick QBs were introduced. The next 20-nm-thick InGaN LB was grown on
MQWs and then the six pairs of Inj 5, Gag ogN/ p-Aly 15Gag gsN SLs EBL (SLs-EBL) were intro-
duced (p-type doped [Mg] = 1 x 10'7 cm~3). Subsequently, p-type GaN (p-type doped [Mg] =
5% 10'® cm™3) was fabricated to complete the growth of the LED structure. Figure 1 shows a
schematic diagram of the sample structures.

After the epitaxial growth, the LED chip was fabricated. An Si substrate exhibits strong
absorption of visible light because of its small band gap of ~1.12 eV. Hence, light with a wave-
length of <1.1 um is absorbed. Therefore, during the chip fabrication process of GaN-on-Si
LEDs, the Si substrate should be removed. According to our previous research,"® the GaN-
on-Si LEDs were fabricated as a vertical chip with metal bonding on an Si template after
the Si removal process was completed. The LED chip size was 1 x 1 mm?, and the emission
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p-GaN 80 nm

6 pairs SL-EBL InGaN/, Reference: GaN barrier 13 nm

5 pairs MQW-2 InGaN well: 2 nm
6 pairs MQW-1 InGaN/GaN: 2 hm/13 nm
20 pairs InGaN/GaN Pre-strain SLs
ntype GaN 2.5 pm

GaN barrier: 10, 8, 6 nm

Graded AlGaN

Si(111) 1 mm

Fig. 1 Schematic diagram of the full GaN-on-Si light-emitting diode (LED) structure, reference
structure design, and proposed structure design with thin barriers.

wavelengths were ~450 nm for all LEDs. Figure 2 shows a schematic diagram of the chip proc-
ess flow and a top-view of the optical microscopy images of the chip.

The crystallinity of the epitaxial structures was evaluated using a high-resolution x-ray dif-
fraction (HRXRD) microscope (model: Bede D1) with Cu K, radiation as the x-ray source
(A = 1.54056 A). The distribution of the threading dislocation in the epilayers was investigated
using a high-resolution transmission electron microscope (model: JEOL 2100F) with a 0.1 nm
lattice resolution. Temperature-dependent photoluminescence (TDPL) spectra were excited
using a 325-nm He-Cd laser. The spectra were analyzed using a monochromator (model:
Horiba Jobin Yvon i{HR-550) and photomultiplier tubes. The electroluminescence spectra
were measured at room temperature by using a probe station featuring a source meter in con-
tinuous-wave mode (model: Keithley 2400). Before device fabrication, the LEDs were first
evaluated using simulation software (APSYS). The simulations were performed to determine
the physical origin of the improved LED efficiency. The properties of the simulated structures,
such as the layer thickness, doping concentration, and Al composition, were identical to the
properties of the actual devices. Common physical parameters were adopted for the simulations,
including a Shockley—Read—Hall recombination lifetime of 14 ns, and an Auger recombination
coefficient in the QWs in the order of 9.5 X 10732 cm® s~!. The polarization-induced interface
charge density was assumed to be a screening factor of 50%. The band-offset ratios were
assumed to be 0.7:0.3 and 0.5:0.5 for InGaN and AlGaN, respectively.’! Activation energy
of the Mg dopant was defined as 170 meV for GaN; however, we assumed that the activation
would be increased by 3 meV per Al% for AlGaN. Other material parameters used in the sim-
ulation can be found in Ref. 32.

3 Theorem and Calculations

Lin et al. initially explained and calculated the relationship between QB thickness and electric
fields in MQWs.?® Electric fields are affected by modifying QB thickness, possibly because
the electric displacement field at the QW-QB interface is equal to a fixed charge density.
The variables eqw and eqgp denote the dielectric permittivity of the InGaN QW and GaN QB
materials, respectively. The ¢ denotes the polarization charge density. The dielectric permittivity
was calculated according to assumptions, with eqw and eqp set to 9.7¢, and 8.9¢, respectively.
We obtained the electric fields in the MQWs as

o 1 1

ey R )
eqw 1 + (dgs + dow) '+ (dos/dqow)

EQB ~

c 1 1

—_— =By, @)
EQW 1 + (dQB + de) 0 1 + (dQW/dQB)

EQWN—

where E is defined as ¢/eqw. The polarization charge density ¢ was calculated to be 2.42 x
1072 C/m? at the interfaces of Ing;sGa;gsN/GaN MQWs, and E, was ~2.81 MV/cm.
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Equation (2) shows that the polarization-induced electric field was reduced by decreasing the
QB thickness.?®

To further analyze the electric field variation in the MQWSs with the thin QBs, we simulated
our LEDs structure as 13-, 10-, 8-, and 6-nm-thick GaN QBs composed of 2-nm-thick InGaN
QWs. Varying the QB thickness was considered a suitable approach for studying the effect of QB
thickness. Figure 3 shows the calculated electrostatic fields of LEDs at 700 mA; the positions of
the five MQWs with modified QBs are marked in cyan. The figure shows that the reference LED
exhibited a markedly stronger electrostatic field because of its high polarization-induced surface
charge density. Stronger electrostatic fields in MQWs cause band bending, which refers to the
separation of the electron and hole wave functions in the QWs and, hence, reduces the radiative
recombination rate. The lower electric field was reduced by introducing the thinner QBs.
Consequently, we obtained smaller negative electric fields of MQWs, which caused relaxed
band bending in the MQWs and the elimination of the QCSE.

Figure 4 shows the band structure of the last MQW region with 6-, 8-, 10-, and 13-nm-thick
QBs. In the figure, the band structure was shifted to align the left-hand interface between the
GaN QB and InGaN QW; hence, we observed the slope variation of conduction band E, in the
QWs. Because the slopes of E, were strongly dependent on the strength of the electric field in
the QWs, the slopes became smaller when we reduced the thickness of the QBs. In the inset of
Fig. 4, the enlarged scale of the band structures shows that the MQWs with thin QBs yielded
smaller E. slopes, which correspond with the simulated electric fields and are consistent with
the calculated equations.

Figure 5 shows the variation of the E, slopes under various current injections. The variable
AE_ denotes the potential energy of the band offset in QWs. The lowest band offset was
observed in the MQWs featuring the 6-nm-thick QBs, implying that the QCSE was improved
by using this thickness. We anticipated a lower electroluminescence peak blueshift and expected
the IQE to be further enhanced by reducing the thickness of the QBs. Table 1 summarizes the
band offset in the MQWs during the various current injections in the MQWs with various QB

thicknesses.
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Fig. 3 Electrostatic fields of the multiple quantum wells (MQWSs) and electron blocking layers
(EBLs), which were measured at 700 mA: (a) reference 13-nm-thick quantum barriers (QBs),
(b) 10-nm-thick QBs, (c) 8-nm-thick QBs, and (d) 6-nm-thick QBs.
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Fig. 4 Simulated energy band of an InGaN/GaN MQW structure with a 2-nm-thick QW and
13-nm-, 10-nm-, 8-nm-, and 6-nm-thick QBs. Energy band bending of the QWs is shown in
the inset on an enlarged scale.
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Fig. 5 Simulated band structure in the MQW structures with a 2-nm-thick QW and (a) 13-nm-thick
QBs, (b) 10-nm-thick QBs, (c) 8-nm-thick QBs, and (d) 6-nm-thick QBs. The band offset of E, is
denoted as AE, (marked on the band diagram).

Table 1 The band offset in quantum wells (QWs) with different current injected to multiple QWs.

Last well AE; (meV) Reference 13 nm Barrier 10 nm Barrier 8 nm Barrier 6 nm
20 mA 246 242 238 232
350 mA 235 232 228 224
700 mA 231 228 225 220
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Fig. 6 (a) Electron concentration, (b) hole concentration, and (c) radiation recombination rate
within the MQWs with various thicknesses of QBs at 700 mA.

The lower electric field with thin QBs in the MQWs also exhibited favorable carrier distri-
bution and radiative recombination activities. Figures 6(a) and 6(b) show the calculated electron
and hole distributions in the MQWs for the LEDs with various QB thicknesses at 700 mA.

The electron and hole distributions were improved in the MQWs. The favorable electron
confinement was attributed to the lower electric field in the LB; hence, electron accumulation
at the LB could be avoided to ensure that the distribution of electrons over the MQW was uni-
form.*® Low electric fields also facilitated effective hole transport from the p-type GaN across
the MQWs because the electric field-induced band bending was eliminated. Hence, the hole
transport efficiency would be greatly improved.”>?® However, a favorable distribution of carriers
enhances the radiative recombination in the MQWs [Fig. 6(c)]. Furthermore, the lower negative
electric field enhanced the QCSE; hence, the radiative recombination was strongly enhanced in
the MQWs, particularly in the 6-nm-thick QBs.

Figure 7 shows the electron current density profiles near the MQWs of the LEDs correspond-
ing to the various QB thicknesses at 700 mA. A drift-diffusion model was employed to calculate
the electron current density and electron concentration. As shown in Fig. 7, the electron leakage
could be eliminated by using the thin QBs. The reduced leakage was attributed to the favorable
recombination observed in the MQWs featuring thin QBs. This result implies that reducing
the thickness of the QBs can effectively eliminate electron leakage and enhance the radiative
recombination.

The simulated band diagram and electrostatic field analysis show that the performance of the
thin QBs was acceptable, indicating that the electric field was reduced by using thinner QBs.
Figure 8 shows the simulated external quantum efficiency (EQE) versus the injection current of
the LEDs for the 2-nm-thick QWs with 13-, 10-, 8-, and 6-nm-thick QBs. As the QB thickness
decreased, a clear improvement in droop behavior was observed, with a reduction in droop

400 |-
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S 250
a L
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Fig. 7 Electron current density profiles near the MQWs for the LEDs with various thicknesses of
QBs. The electron leakage was eliminated by reducing the QB thickness.
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7

Simulated EQE:

Barrier 13 nm, droop: 28.7%
Barrier 10 nm, droop: 25.6%
Barrier 8 nm, droop: 22.8%
Barrier 6 nm, droop: 17.3%

Normalized External Quantum Efficiency (%)

—rr
0 100 200 300 400 500 600 700
Driving Current (mA)

Fig. 8 Simulated external quantum efficiency (EQE) for the GaN-on-Si LEDs with various QB
thicknesses.

behavior efficiency from 28.7% in the 13-nm-thick reference LED to 17.3% in the 6-nm-thick
thin QB LEDs. This result indicates that reducing the thickness of the QBs improved the per-
formance in droop behavior. The marked improvement in the droop behavior efficiency can
mainly be attributed to enhancing the hole injection and electron confinement, particularly

at high injection currents. Therefore, raising the droop-onset current should generate a higher
peak EQE.*

4 Results and Discussion

4.1 Structural Analysis

First, cracking and circular defects were clearly observable on the surface of GaN-on-Si because
of the substantial thermal expansion coefficient mismatch and the reaction of Ga and Si atoms
out-diffusing from the substrate.” The large difference in thermal expansion coefficients
between the GaN (5.59 x 107® K~') and Si (2.59 x 107® K~!) produced tensile stress in
GaN and caused cracking during cooling after epitaxial growth. In this study, no cracking
or Ga melt-back etching was observed on the 150-mm-diameter GaN-on-Si LEDs, indicating
that the epitaxy was effectively controlled. The HRXRD rocking curves of the GaN-on-Si LEDs
(Fig. 9) show the crystal qualities of the (0002) plane and (1012) plane, respectively. The full
width at half maximum (FWHM) of the (0002) peak was ~347.0 arcsec but shows 473.9 arcsec

(@) 10’ (b)
FWHM (arcsec) 6" GaN-on-Si 10°] FWHM (arcsec) 6" GaN-on-Si
+ 10°4 (002): 347.0 —(002) - (102): 473.9 —(102)
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Fig. 9 High-resolution x-ray diffraction rocking curves for the (a) (0002) and (b) (1012) planes of
the GaN-on-Si LEDs.
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for the (1012) plane, respectively. The FWHM of the peaks might contribute to the crystal quality
and be related to the TDD. In wurtzite crystal structures of GaN, screw-type or mixed-type
dislocation densities are related to the FWHM of the (0002) peak in the XRD rocking curve;
furthermore, the total dislocations’ density is related to the FWHM of the (1012) peak in the
XRD rocking curve.*® The dislocation densities in various types of structures can be roughly
calculated using an equation.’” In this study, we estimated the total dislocation density to be
~7 x 108 cm™2, which is in close agreement with the results from our previous study involving
a similar epitaxial structure.'®

TEM images were obtained to analyze the crystal structure and epitaxial quality of the GaN-
on-Si LEDs. Figure 10(a) shows a scanning TEM (STEM) image of the GaN-on-Si LEDs with a
zone axis where 5 = [1120]. The five levels of graded Al,Ga,_,N buffer layers and undoped
GaN with three AIN ILs were clearly observed. The threading dislocations (TDs) were gradually
reduced from the undoped GaN underlayer or the active layers when the three AIN ILs were
introduced. Figure 10(b) shows the STEM high-angle annular dark field (STEM-HAADF)
image of the SLs-EBL, MQWs, and prestrained SLs. The last five pairs of the MQWSs with
the 8-nm-thick QBs are clearly observable in the figure. Furthermore, the clear interface of
the MQWs is visible in the STEM bright-field image in Fig. 10(c), indicating that favorable
strain management in the MQWs was observed when the 20 pairs of prestrained SLs were
introduced.

To verify the crystalline quality of the GaN-on-Si LEDs, we observed and calculated the
TDD by using TEM two-beam condition imaging. Heying et al. indicated that pure edge-
type and mixed-type TDD can be identified under the two-beam condition with a zone axis
where 5 = [1100], whereas pure screw-type and mixed-type TDD can be identified under
the two-beam condition with a zone axis where 5 = [0002}.36 Figures 11(a)-11(c) are TEM
images of the first undoped GaN underlayer grown on an Si substrate. Figure 11(a) is the original
image with a zone axis where E = [1120], with Figs. 11(b) and 11(c) showing the TEM two-
beam condition image with a zone axis where g = [0002] and g = [1100], respectively. In this
series of images, few screw-type TDs were observed, whereas many TDs were observed at the
interface between the graded Al,Ga;_N buffer layers and the Si substrate. The total TDD,
including edge-type, screw-type, and mixed-type TDs, was estimated to exceed 10'® cm~2 at
the interface between the graded Al ,Ga;_,N buffer layers and the Si substrate, and the TDD
gradually decreased to ~10° cm™2 in the first undoped GaN region. Figures 11(d)-11(f) are
TEM images of the undoped GaN underlayer grown on Si with AIN ILs. The TDs remained
observable in the GaN layer, but the TDD was markedly reduced after introducing the three ILs.
The densities of the edge-type, mixed-type, and screw-type TDs were estimated to be 5.3 x 108,
1.0x 10%, and <1 x 107 cm™2, respectively. The total TDD in the uppermost layer of the
undoped GaN region was further reduced to ~8.0 x 103 cm=2, corresponding to the HRXRD
results and yielding a total TDD of ~7 to 8 x 108 cm~2. Hence, the total TDD in the region of
active layers was reasonably estimated at <7 X 10% cm™2.

Fig. 10 (a) Scanning transmission electron microscope (STEM) image of the entire GaN-on-Si
LED structure. (b) STEM-HAADF image of the prestrained superlattices (SLs), MQWs, and SL
EBL. (c) STEM image of the MQWs with g = [1100]. The interface and 8-nm-thick QBs are clearly
visible.
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Fig. 11 (a) to (c) TEM images of the first undoped GaN underlayer grown on Si. (a) is the original
image with a zone axis where g = [1120]. (b) and (c) show the TEM two-beam condition with a
zone axis where g = [0002] and g = [1100], respectively. (d) to (f) TEM images of the undoped
GaN underlayer grown on Si with AIN interlayers. (d) is the original image with a zone axis where
g = [1120]. (e) and (f) show the TEM two-beam condition with a zone axis where g = [0002] and
g = [1100], respectively.

4.2 Device Analysis

Figure 12 shows the measured EQE versus driving current. The droop behaviors in the simulated
EQE curves corresponded with the experimental data. Moreover, the peak EQE was gradually
reduced from the thicker QBs to the thinner QBs. The LED featuring the 6-nm-thick QBs exhib-
ited the smallest droop behavior, but yielded a poor peak EQE (46.13%). Compared with the
simulated EQE (Fig. 8), the lowest droop behavior was observed in the LED featuring the 6-nm-
thick QBs; however, the light output power (LOP) was not considered. By contrast, the LOP
clearly decreases, as shown in the experimental curve of the LEDs with the 6-nm-thick QBs.

External Quantum Efficiency (%)

30 Simulated EQE with QBs thickness:
13 nm 10 nm 8 nme 6 nm
25 Experimental EQE with QBs thickness:
O 13nm O 10nm © 8nm O 6nm
20+ T T v T T T v T T T v T v
0 100 200 300 400 500 600 700
Driving Current (mA)

Fig. 12 Comparison of the EQEs of the LEDs. The EQEs were observed in the conventional QBs
with a thickness of 13, 10, 8, and 6 nm. The simulated EQE curves are represented by the solid
lines and the experimental results are marked by the circles.
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This unexpected phenomenon can be attributed to the lower crystal quality and the lower
thermal treatment of the QWs. Previous studies have shown that decorating the size and dis-
tribution of InGaN quasiregular quantum dots (QDs) is necessary during the thermal treatment
involved in growing QBs. The thermal treatment of InGaN QDs may be crucial for achieving
high brightness and acceptable EQE performance.’®*° Furthermore, Kim et al. reported that the
FWHMs of x-ray rocking curves of InGaN/GaN MQWs with GaN QB thicknesses of 5.6, 16.7,
and 22.4 nm were broader than those of InGaN/GaN MQWs with a GaN QB thickness of
10.4 nm,* indicating that the crystal quality of exceedingly thin QBs is degraded and
would further reduce the LOP. To further investigate the density of QDs, we calculated the acti-
vation energy of the localized state through TDPL, which is a method reported in Ref. 41. The
integrated PL intensities were plotted as a function of temperature, which can be expressed as
the Arrhenius equation:

Iy

- 1 + Ae(—Ea/ksT)’ )

IPL(T)

where A is a constant, E, denotes the activation energy, and kg is Boltzmann’s constant. An
increase in activation energy indicates strong carrier localization in In clustering regions.
The origin of the localization center can be ascribed to a self-formed In-rich region that
might act as an InGaN QD.** The emission intensity increases in the presence of a stronger
quantum confinement effect in InGaN QDs.** In the present study, we also plotted the
TDPL and integrated PL intensities as a function of temperature (Fig. 13).

The activation energies of radiative recombination peaks are also plotted in Fig. 13, in which
the activation energies of the 13-, 10-, 8-, and 6-nm-thick QBs are 43.5, 42.8, 39.6, and
31.4 meV, respectively. This result is in close agreement with the strong carrier localizations
in the 13-nm-thick QBs, indicating that a higher density of QDs was obtained in the 13-nm-
thick QBs, whereas a lower density of QDs was obtained in the 6-nm-thick QBs. Therefore,
the thin barrier implies that less thermal treatment is required for the QDs and the LOP decreases
with a lower peak EQE. Although the droop behavior was improved by introducing the 6-nm-
thick QBs, a drop in EQE occurred, rendering the 6-nm-thick QBs unsuitable for use in LEDs. In
addition, we observed that the LED with 8-nm-thick QBs exhibited acceptable droop behavior
(from 28.5% in the reference to 22.9% in the 8-nm-thick sample); however, the peak EQE was
not markedly reduced, peaking at 54.6%. This result implies that the LEDs with thin QBs
achieved acceptable performance according to the EQE curve; thus, the optimal thickness of
QBs was 8 nm.

O Barrier 13 nm, Ea: 43.5 meV

O Barrier 10 nm, Ea: 42.8meV
Barrier 8 nm, Ea: 39.6 meV

O Barrier 6 nm, Ea: 31.4 meV

0 10 20 30 40 50 60 70
1000/T K ™

Integrated PL Intensity (a.u.)

Fig. 13 Plot of the integrated emission intensity as a function of temperature, which was measured
using conventional 13-, 10-, 8-, and 6-nm-thick QBs.
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5 Conclusion

Crack-free 150-mm-diameter GaN-on-Si LEDs with improved droop behavior were achieved.
The strain management properties of the graded Al,Ga,_,N buffer layer caused the crack-free
GaN-on-Si LED surface. In addition, the TDD of GaN-on-Si LEDs was reduced to
<7 x 108 cm™2, providing a suitable platform for achieving an acceptable LED performance.
The simulated results indicate that the thin QBs produced acceptable droop behavior because
the polarization-induced electrostatic field was eliminated. Furthermore, hole injection and
electron leakages were improved. Therefore, the lowest droop behavior, which was reduced from
28.7% to 17.3%, was observed in the LEDs featuring 6-nm-thick QBs. However, the experi-
mental results revealed an unanticipated phenomenon. Through the thinner design of QBs,
the droop behavior of the LEDs with the 6-nm-thick QBs was only 17.7%, but the worst
peak EQE was only 46.13%. Hence, the LEDs featuring the 8-nm-thick QBs exhibited accept-
able droop behavior (22.9%) and peak EQE (54.6%). In summary, we recommend using LEDs
featuring 8-nm-thick QBs to improve droop behavior.
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