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Multidimensional influences of indium composition in barrier layers on GaN-based blue laser diodes (LDs) are dis-
cussed from both material quality and device physics perspectives. LDs with higher indium content in the barriers demon-
strate a notably lower threshold current and shorter lasing wavelength compared to those with lower indium content. Our
experiments reveal that higher indium content in the barrier layers can partially reduce indium composition in the quantum
wells, a novel discovery. Employing higher indium content barrier layers leads to improved luminescence properties of the
MQW region. Detailed analysis reveals that this improvement can be attributed to better homogeneity in the indium com-
position of the well layers along the epitaxy direction. InGaN barrier layers suppress the lattice mismatch between barrier
and well layers, thus mitigating the indium content pulling effect in the well layers. In supplement to experimental analysis,
theoretical computations are performed, showing that InGaN barrier structures can effectively enhance carrier recombi-
nation efficiency and optical confinement of LD structure, thus improving the output efficiency of GaN-based blue LDs.
Combining these theoretical insights with our experimental data, we propose that higher indium content barriers effectively
enhance carrier recombination efficiency and indium content homogeneity in quantum well layers, thereby improving the

output performance of GaN-based blue LDs.

Keywords: laser diodes, MOCVD, quantum wells, III-V semiconductors

PACS: 81.15.Gh, 78.67.De, 42.55.Px, 81.05.Ea

1. Introduction

GaN-based laser diodes (LDs) have garnered significant
interest owing to their tunable wavelength, with numerous re-
ports on their advancements in recent years.!!?! Various re-
search groups have successfully developed high-performance
ultraviolet, violet, blue, and green LDs, 2] reflecting the ver-
satility and potential applications of GaN-based LDs. Partic-
ularly, blue light, as one of the primary colors, finds utility in
laser displays, underwater communications, [ and high-power
laser processing, underscoring the broad research prospects
for high-power GaN-based blue lasers.!”! In the pursuit of en-
hancing the efficiency of blue LDs, the design of the multi-
quantum well (MQW) structure holds paramount importance.
Typically, the well layer of the quantum well employs InGaN
material with higher indium composition, while the quantum
barrier layer has various choices, including GaN, InGaN, and
AlInGaN structures for stress compensation.!®?! Several stud-
ies have proposed structural designs for GaN MQWs, encom-
passing LED and LD structures.

Considerations for barrier layer design primarily stem
from three directions. Firstly, stress compensation is a crucial
aspect. Park et al.!'%1?! demonstrated that employing InGaN
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barrier layers in blue and green LEDs effectively mitigates lat-
tice mismatch, thereby augmenting the radiative recombina-
tion rate of MQW. This leads to LEDs with higher internal
quantum efficiency and improved output light intensity. Fu et
al.''3 employed an AlInGaN barrier layer to enable indepen-
dent adjustment of components and lattice constants, thereby
optimizing lattice mismatch and enhancing radiative recom-
bination efficiency. Secondly, carrier injection efficiency is
another critical consideration. Various researchers, including
Kuo et al.,!"*) Wang et al.!">! and Wang et al.,1'®) have utilized
component-graded barrier layer structures in LEDs through
simulation, effectively improving injection efficiency and mit-
igating droop effects. Yang er al.!'”! employed a structure
alternately utilizing InGaN and GaN barrier layers to reduce
leakage current, enhance carrier recombination efficiency, and
improve internal quantum efficiency. Furthermore, Noh et
al.!"8) utilized superlattice barrier layers with varying indium
compositions to improve IQE in LEDs. However, due to dif-
ferences in structure and design objectives, several effective

18201 for improving LED performance are not appli-

methods!
cable to LDs. In LD structures, apart from stress compensa-

tion and carrier injection efficiency, nonradiative recombina-
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tion center density and the distribution of the light field also
warrant attention. A concentrated light field in the active area
enhances laser performance. Cheng et al.®! conducted simu-
lations to investigate the impact of laser barrier layer selection
on light field leakage. Ben er al.[>!] demonstrated through sim-
ulation calculations that selecting InGaN for the barrier layer
can optimize light field leakage to a certain extent. More im-
portantly, opting for InGaN barrier layers can enhance quan-
tum well uniformity, thereby improving the mode gain.

The prevailing research in LDs primarily compares the
performance disparities attributed to GaN barrier layers ver-
sus InGaN or AlInGaN barrier layers, generally concluding
that InGaN barrier layers exhibit superior performance. How-
ever, there is still a lack of detailed investigation concerning
different indium compositions in InGaN barriers. In our study,
we addressed this gap by refining this aspect computationally
through LASTIP simulation. Moreover, compared to LED
structures, LDs impose higher demands on the quality of quan-
tum wells, rendering the factors influencing the selection of
quantum barriers more intricate. Much of the current research,
particularly concerning LD structures, relies heavily on simu-
lations. Howeyver, it is well understood that for GaN materi-
als, owing to challenges in material growth, there often exist
disparities between simulation-derived conclusions and actual
results. Divergent structures obtained through simulation cal-
culations can lead to variations in quantum well materials dur-
ing the metal-organic chemical vapor deposition (MOCVD)
growth process, thereby impacting LD performance in distinct
ways. Hence, in our study, we directed our focus towards ana-
lyzing the differences in quantum well quality arising from di-
verse barrier layer indium compositions, in supplement to sim-
ulation results. We also extended this analysis to encompass
actual LD performance, thereby offering a more comprehen-
sive understanding of the relationship between barrier layer
material choice and LD performance.

2. Experiments

In this study, we employed both simulation methods and
experimental techniques. During epitaxy, two LD samples,
LDI1 and LD2, and three MQW samples, labeled as sam-
ples A, B, and C were prepared. The epitaxial growth of
both MQW samples and LDs utilized the Thomas-Swan close-
coupled showerhead MOCVD equipment. The three MQW
samples and two LD samples were all grown on 2-inch c-
plane (0001) free-standing GaN substrates. Metal precur-
sors were trimethylindium (TMIn), trimethylgallium (TMGa),
trimethylaluminum (TMALI), bis-cyclopentadienyl magnesium
(CpaMg), silane (SiHy), and ammonia (NH3) for In, Ga, Al,
Mg, Si, and N, respectively. Hydrogen (H,) was utilized as
the carrier gas during the growth of the quantum well structure,

including both quantum wells and quantum barriers. Nitrogen
(N») served as the carrier gas for all other layers.

A schematic diagram of the LD structure for both sam-
ples LD1 and LD?2 is depicted in Fig. 1(a). It comprises a
150 um thick n-GaN substrate (Si doping = 3 x 10'® cm™3),
followed by a 600 nm thick n-Aly03Gag 92N lower cladding
layer (LCL) (Si doping = 3 x 10'® cm™3), a 200 nm thick n-
Ing.04Gag 96N lower waveguide layer (LWG) (Si doping = 1 x
10'7 em™3), followed by a two-period InGaN multi-quantum
well (MQW) active region designed for a target lasing wave-
length of 440 nm. The MQW active region consists of two
3.5 nm thick Ing 12GaggsN quantum well layers sandwiched
by three 10 nm thick In,Ga;_,N quantum barrier layers. Fol-
lowing the MQW region is a 200 nm thick n-Ing g4Gagg9sN
upper waveguide layer (UWG) (Si doping = 1 x 10'7 cm™3),
a 20 nm thick p-Aly 15Gag gsN electron blocking layer (EBL)
(Mg doping = 1 x 10'* cm™3), a 600 nm thick p-Al ¢gGag 02N
upper cladding layer (UCL) (Mg doping = 2 x 10! cm™),
and a 40 nm thick p-GaN contact layer (Mg doping = 1 x
100 cm™3). The epitaxial structure underwent annealing in
nitrogen gas at 900 °C for 180 s in order to activate Mg accep-
tors. Post epitaxial growth, the ridge waveguide structure was
created. Initially, a 30-pm-wide ridge stripe was fabricated
through photolithography and etching along the (1100) direc-
tion. Subsequently, a 1200-um-long cavity was formed by
cleaving along the {1100} plane after grounding and polishing
the GaN substrate. Ti/Pt/Au and Pd/Pt/Au were utilized for n-
type and p-type electrode contacts, respectively. The growth
conditions for the two LD samples, LD1 and LD2, were iden-
tical except for the TMIn flow rate during the InGaN barrier
growth, 20 sccm for LD1 and 15 scem for LD2.

As illustrated in Fig. 1(b), the epitaxial structure of the
MQW samples comprised a 23 nm GaN nucleation layer, a
1.5 pm unintentionally doped GaN layer, a 1 pm Si-doped
n-GaN layer (Si doping = 3 x 10'® cm™3), a 200 nm thick n-
Ing.04GagosN layer (Si doping = 3 x 10'® cm™3) in order to
simulate the strain environment of LD structure, a two-period
InGaN MQW active region identical to that of the LD samples,
a 150 nm thick p-GaN layer (Mg doping = 2 x 10" cm~3)
and a 40 nm thick p-GaN contact layer (Mg doping = 1 x
102 cm~3). The epitaxial structure underwent annealing in
nitrogen gas at 900 °C for 180 s in order to activate Mg ac-
ceptors. The growth conditions for the three MQW samples
— A, B, and C — were identical and employing exactly the
same method as MQW in LD samples, except for the TMIn
flow rate during the InGaN barrier growth, which was set as
0 sccm for sample A, 15 sccm for sample B, and 20 sccm for
sample C.

LASTIP was utilized during simulation, with specific
structure parameters derived entirely from the experimental
LD samples shown in Fig. 1(a), except for the indium con-
tent in the quantum well layers. The indium content in the
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quantum well layers was set to 18% to achieve the target las-
ing wavelength of 440 nm during simulation. Five different
sets of samples were established with identical structure pa-
rameters, except for the indium composition in the quantum
barriers, varying from 0% to 4%. The energy band parameters
and effective refractive index data were obtained from works

from Laws et al. and Mhala et al.2223]

p-electrode

p-GaN 40 nm

CL Al ¢sGag goN 600 nm

EBL Alj 5GaggsN 20 nm

I EEEEE——————————————.
| VIOVV _Inp .o (a0 coIN _(Vvell) /1n (xa. N _(barrier) |

LCL Al osGaggoN 600 nm

alN substrate and buffer layer
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L NVulti-quantum well |
]

n-GaN layer
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Fig. 1. Schematic diagram of LD samples (a) and MQW samples (b).

The MQW samples were characterized using various
tools. Room temperature electroluminescence (EL) spec-
tra were recorded using an Ocean Optics HR200 high-
resolution spectrometer operating in direct current (DC) mode.
Temperature-dependent photoluminescence (TDPL) spectra
were obtained using a He—Cd laser (lasing wavelength:
325 nm). Microscopic photoluminescence (micro-PL) mea-
surements with high spatial resolution were conducted using
a Nikon A1 confocal optical system, with excitation provided
by a 405 nm semiconductor laser. The structural properties
of the samples were analyzed using a Rigaku SmartLab high-
resolution x-ray diffractometer (HRXRD). For a detailed ex-
amination of the MQW structure, cross-sectional images were
acquired using a JEOL JEM-F200 scanning transmission elec-
tron microscopy (STEM). The LD samples underwent thresh-
old current and lasing spectrum measurements using a silicon-
based photodetector and a Keithley 2400 source meter, operat-
ing in pulse current mode. The pulse width was set at 500 ns,
with a duty cycle of 0.05%. These comprehensive character-
ization techniques enabled a thorough assessment of the LD
and MQW samples’ performance and structural properties.

3. Results and discussion

3.1. LD performance with different indium compositions
in barrier layers

The utilization of InGaN barriers instead of GaN barriers
has been demonstrated to be effective for GaN-based LDs and
LEDs, as corroborated by studies.®2! Nonetheless, there re-
mains a paucity of research regarding the specific selection of
indium composition in InGaN barriers in LDs. Building upon
this consensus, we fabricated two distinct blue laser diodes on
free-standing GaN substrates, employing varying TMIn flow
rates during the barrier growth process.

In Fig. 2(a), the distribution of threshold currents of LD1
and LD2 is illustrated. Sixteen chips were extracted from each
wafer to mitigate individual errors stemming from epitaxy and
fabrication inhomogeneity. Chips from LD1, featuring higher
barrier indium content, exhibit notably lower threshold cur-
rents. The average threshold current of chips is 846 mA for
LD1 and 959 mA for LD2. Subsequently, we selected one
representative LD chip from each wafer to ascertain the lasing
wavelength. The lasing spectrum, presented in Fig. 2(b), was
obtained under pulse work mode with a pulse width of 500 ns
and a duty cycle of 0.05%. The lasing wavelength of LD1 is
444.5 nm, which is 3 nm shorter than LD2’s 447.6 nm.

st (a) . B LD1 TMIn 20
' LD2 TMIn 15
6 -
2 y
s 4t
15)
]
2 -
oL e
500 1000 1500
Threshold current (mA)
4000
(b) ——LD1 TMIn 20
2 LD2 TMIn 15
‘2 3000 444.5 nm
5
i) 447.6 nm
5 2000f
2
‘m 1000f
=}
Q
it
S0

430 440 450 460
Wavelength (nm)

Fig. 2. (a) Histogram of threshold currents for LD1 and LD2, (b) lasing
spectra of LD1 and LD2.

3.2. Influences on multi-quantum well structural and lu-
minescence properties

As the structures are totally the same for these LDs ex-
cept for the barrier indium content, the performance differ-
ences between LDI and LD2 can be attributed to varieties
in MQW structure and material quality. Thus, we prepared
three MQW samples to characterize the MQW quality when
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growing different indium composition barrier layers. Since
we found that improving indium content in barrier layers will
bring output efficiency improvement and lasing wavelength
blue-shift, we need to find the roots of these two phenom-
ena separately. Blue-shift of lasing wavelength is discussed
first. During HRXRD measurement the ®/26 curves were
obtained, and structure parameters of samples A, B, and C
were determined through a numerical fitting to satellite peaks
of these curves, as listed in Table 1. Considering possible fit-
ting errors, the change in TMIn flow rate during barrier growth
did not obviously affect the barrier thickness or well thickness.
However, with an increase in TMIn flow rate from 0 sccm,
15 sccm to 20 scem, the barrier indium content increased from
0% to 1.0% and then to 2.1%. It is noteworthy that this in-
creasing process is not linear, which mainly results from sur-
face reaction thermodynamics as reported by Lu et al.;'>*! par-
ticularly, when the TMIn flow rate increased from 15 sccm to
20 sccm, the change in indium content was rather obvious.
Additionally, as the TMIn flow rate increased, there appeared
to be a decrease in the well indium content. We speculated
that fitting errors may also affect this result. Therefore, we
conducted electroluminescence tests to measure the emission
wavelength of the samples, hoping that the emission wave-
length at high injection currents could provide information of

the exact indium content in the wells.

Table 1. Structure parameters of samples A, B, C obtained from
fitting of HRXRD /26 curves.

Sample A B C

TMIn (sccm) 0 15 20
Barrier indium (%) 0 1.0 2.1
Barrier thickness (nm) 10.6 10.6 10.6
Well indium (%) 11.4 11.0 10.6
Well thickness (nm) 3.7 3.7 3.7

We observed that the emission peak wavelengths of all
three samples are stable when the injection currents increase
from 50 mA to 100 mA during EL measurement as shown
in Table 2. The FWHMs of EL peaks show a decreasing
trend when increasing the TMIn flow rate as shown in Table 2,
which indicates better luminescence homogeneity of samples
with InGaN barriers. The emission wavelength exhibits a blue-
shift as the injection current increases. This phenomenon oc-
curs because the current injection shields the polarization field

25261 I this scenario, the polariza-

due to high carrier density.|
tion field in the samples can be neglected at 100 mA. In such a
condition the emission peak wavelength, as depicted in Fig. 3,
can almost exactly reflect the energy gap of the InGaN wells.
It is found that a blue-shift of the peak wavelength is evident in
Fig. 3 as the TMIn flow rate increases. Such blue-shift aligns

well with the LD lasing wavelengths results in Fig. 2(b).

1.0F A-100 mA
B-100 mA

—— C-100 mA
A-50 mA
B-50 mA

— — C-50 mA

<
o
T

Intensity (arb. units)

. e e——

0
350 400 450 500 550
Wavelength (nm)

Fig. 3. Electroluminescence spectra of samples A, B and C at 50 mA and
100 mA injection current.

Table 2. EL peak wavelengths at 50 mA and 100 mA injection current of
samples A, B and C.

Sample A B C

TMIn (sccm) 0 15 20
Peak wavelength @50 mA (nm) 4458 4433 438.5
Peak wavelength @100 mA (nm) 445.7 4429 438.7
FWHM @100 mA (nm) 30.2 27.7 24.9

We applied the HRXRD fitting results of the well indium
content to the standard formula for the composition depen-

dence of the bandgap of In,Ga;_,N at room temperature!>%>7]

E; =3.4(1—x)+0.7x —3x(1 —x).

Here, the bowing factor was obtained from McCluskey et
al.”?®! as 3 when referring to the approximate indium con-

tent in our samples as around 10%. This parameter was

[27) which is accurate

also recommended by Vurguftman et al.,
when calculating the bandgap of relatively low indium con-
tent InGaN with practical LED or LD application. As shown
in Table 3, the calculated emission wavelength based on the
HRXRD fitting results corresponds well with the EL measure-
ment results, confirming the reliability of the HRXRD fitting
results. Thus, an intriguing finding emerges from this data set:
higher TMIn flow rates during barrier growth can partly reduce

the indium content in the wells.

Table 3. Calculated emission wavelength and EL peak wavelength of
samples A, B and C.

Sample A B C
TMIn (sccm) 0 15 20
Calculated well indium (%) 11.4 11.0 10.6

Calculated emission wavelength (nm) 445.7 4429 438.7
EL peak wavelength @100 mA (nm) 446 443 439

This intriguing phenomenon requires further analysis,
and we propose a possible hypothesis. Indium atom diffusion
plays a significant role during heat treatment, particularly dur-
ing the high-temperature growth of the p-type layer and ther-
mal annealing following epitaxy. This heat treatment may lead
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to the breaking of In-N bonds and facilitate indium atom dif-
fusion near the interfaces between the barrier and well layers.
As aresult, a gradually varying indium content in the well lay-
ers develops along the epitaxial orientation. In samples B and
C, the higher indium atom density increases the likelihood of
In—In bond formation, which can induce the desorption of In-
GaN in the well layers. Consequently, the total indium content
in the well layers shows a slight declining trend as the indium
content in the barrier layers increases.

53 meV
2.72F
o“....‘i; 7; 77777777 fl meV
P N %90 00a -
= 2.70¢ Sooee
L 0 ] _
>
o0
—
&
m 2.68F
A-TMIn 0
2,661 e B-TMIn 15
—a— C-TMIn 20
0 100 200 300

Temperature (K)

Fig. 4. Photoluminescence peak wavelengths at different testing temper-
atures for samples A, B and C.

TMIn 15

TMIn 20

Fig. 5. Micro-PL images of samples A, B and C.

Apart from the indium content change in the well layers,
further material quality characterization is warranted for these
MQW samples, in order to explain the output efficiency dif-
ferences in LD samples. Temperature-dependent photolumi-
nescence (TDPL) was applied to further examine the lumines-
cence properties of the MQW. The PL peak energies versus
different testing temperatures from samples A, B, and C are
shown in Fig. 4. Firstly, the PL energy exhibits an obvious
blue-shift as the barrier TMIn flow rate increases, indicating a
decrease in indium content in the quantum well, which corre-
sponds well with XRD results. Furthermore, all three samples
exhibit clear S-shaped peak shift curves in their TDPL results.
However, the TDPL characteristics of sample A demonstrate
significant differences compared to samples B and C. Regard-
ing the S-shaped curves of the PL peak of InGaN materials,
it has been reported in numerous literatures.?*=!1 The red-
shift process at low temperatures is considered to be the result
of charge carriers being activated by heat and filling to lower

energy levels, while the redshift process at high temperatures
is primarily dominated by the band gap shrinking process as

$.130:32] The reasons for the blue-shift

the temperature increase
process are well-known as two kinds. One explanation is that
the blue shift is related to local states, and the greater the
blue shift in TDPL, the more uneven the distribution of local
states in the InGaN layer, with a larger number of deep local
states.3!] Another explanation is that the blue shift process
is related to the competitive process of radiative recombina-
tion and non-radiative recombination, and the increase in the
number of non-radiative recombination centers will result in
stronger blue shift process of the sample. 3! In fact, both pro-
cesses suggest that the greater the degree of blue shift during
the TDPL peak position shift, the poorer the material quality
or the homogeneity of the sample. In our samples, samples B
and C exhibit a peak shift of 3—5 meV, while sample A demon-
strates a remarkably higher blue-shift of 41 meV. To check the
hypothesis relating to non-radiative recombination centers, we
conducted micro-PL luminescence measurements on all three
samples, as shown in Fig. 5.

Dark spots in micro-PL images typically indicate nonra-
diative recombination centers. However, in all three samples,
no distinct differences can be observed, and all three samples
exhibit uniform luminescence with small dark spots. From
this, we can postulate that the difference in non-radiative re-
combination centers is not sufficient to account for the sig-
nificant difference in TDPL peak shift observed among these
samples. Furthermore, we have some reservations about ex-
plaining this phenomenon solely through local states. Typi-
cally, in InGaN quantum well materials, localized states stem
from the uneven spatial distribution of the indium component
in the quantum well, leading to a certain degree of fluctuation
in the indium distribution. 3*! Previous reports suggest that the
presence of non-radiative recombination centers in micro-PL
is closely related to the aggregation of indium components. 13!
Since there is no significant difference observed in micro-PL,
it is inferred that the degree of aggregation of indium compo-
nents in the quantum wells is not significantly different among
the samples.

Another important factor influencing the TDPL curve be-
havior is the shape of quantum wells. In the model that ex-
plains the origin of blue shift of the TDPL peak position by
localized states, it essentially describes the carrier filling effect
among different potential wells. If the energy level filling ef-
fect of the sample is stronger, the blue shift of the TDPL peak
position will be greater. After removing the low-temperature
red-shifted part, we applied the band tail filling model to fit
the TDPL peak energy shift when the testing temperature is
higher than 60 K:[36-37]

Ey(T) =

128102-5
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Here, o and 3 are the Varshini fitting parameters, kg is the
Boltzmann’s constant, and ¢ represents the degree of the en-
ergy level filling effect. The fitting results for o are shown in
Table 4.

Table 4. Fitting results of o from samples A, B and C.

Sample A B C

c 34.18 8.63 8.35

It is evident that the energy level filling effect of samples
B and C, with InGaN barrier layers, is significantly weaker
compared to that of sample A, which utilizes GaN as the bar-
rier layer. This discrepancy suggests that there are more deep-
level radiative recombination centers in sample A, and these
energy levels originate from fluctuations in indium compo-
nents. Based on the micro-PL images, we believe that the
indium component fluctuations among the three samples are
similar on the plane perpendicular to the epitaxial direction.
Therefore, we put forward that an inhomogeneous indium dis-
tribution along the epitaxial direction may also contribute to
the pronounced difference in the energy level filling effect of
the three samples.

Therefore, we want to demonstrate if the inhomogeneous
indium distribution along the epitaxial direction is real in our
samples. In bulk InGaN materials, component pulling effects
have been reported before. 331 Due to the lattice mismatch
in epitaxial InGaN on GaN materials, the efficiency of in-
dium atom incorporation will be low in the early stages of
growth. [0l As the thickness of the InGaN material increases,
the lattice mismatch is relatively reduced, leading to higher
incorporation of indium atoms into the InGaN lattice. This
effect has also been observed in InGaN quantum wells.343]
To intuitively demonstrate whether similar effects exist in the
three samples in this study, we conducted scanning transmis-
sion electron microscopy (STEM) and energy-dispersive x-
Tradi-
tional characterization methods, such as secondary ion mass

ray spectroscopy (EDS) analysis on these samples.

spectrometry (SIMS) and cathodoluminescence (CL) energy
spectroscopy, are limited by their resolution of about 5-8 nm,
which cannot precisely measure the quantum well structure
within the thickness range of about 3 nm. Therefore, we chose
EDS, despite its semi-quantitative nature. Although the com-
ponents obtained from EDS testing are not entirely quantita-
tive, the indium content data among these three samples are
completely comparable as the EDS tests were conducted al-
most simultaneously, under the same testing environment. In
STEM images, the interfaces in quantum well structures of
these three samples are clear. Therefore, we present an image
of sample C in Fig. 6(a).

We conducted an analysis of the indium content distri-
bution along the epitaxial growth direction through EDS. The
results are depicted in Fig. 6(b). The scanning direction of

EDS is indicated in the STEM image (Fig. 6(a)) by a white
arrow. Notably, the middle barrier layer, situated between the
two wells, exhibits a higher concentration of indium with a
more pronounced EDS signal. Conversely, it is hard to de-
tect indium in the lower barrier, adjacent to the n-type lay-
ers. The upper barrier layer, near the p-type layers, exhibits
indium concentration but is thinner than the designed thick-
ness. The variance in indium concentration between the lower
and other two barriers stems from different reaction chamber
surroundings during growth, as the indium source during the
barrier growth comes partly from residual indium atoms af-
ter epitaxy of the former layers. Thus, the lower barrier does
not have enough indium source to reach the designed indium
content. Furthermore, the reduction in thickness of the upper
barrier layer proximate to the p-type layers can be attributed
to thermal degradation during the growth of p-type GaN and
thermal annealing, a phenomenon that has been previously
documented.*!! Thermal annealing can also induce atom dif-
fusion at the surfaces of the barrier and well layers. As illus-
trated in Fig. 6(b), a gradient in indium content along the epi-
taxial orientation results from the diffusion of indium atoms
between the barrier and well layers.
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Fig. 6. (a) Cross-section STEM image of sample C, (b) EDS results of
samples A, B and C. The white arrow in panel (a) represents the EDS
scan direction in panel (b).

The indium distribution within the quantum wells reveals
minimal disparity in the overall indium concentration distribu-
tion within the first (lower) quantum well along the epitaxial
direction, which exhibits sharp triangular shape, with the in-
dium component rapidly escalating and then declining along
the growth direction. However, discernible differences emerge
in the indium distribution within the second quantum well.
Linear fitting was performed on the 3.5 nm-wide region with
higher indium concentration within the second quantum well
for clearer vision, as depicted in Fig. 9(b). Component dis-
tribution in this region delineates the longitudinal distribution
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of the indium component within the actual quantum well, as
corroborated by HRXRD results in Table 1, as the wells have
a thickness of approximately 3.5 nm. Notably, a pronounced
component pulling effect is evident in sample A, where in-
creasing quantum well thickness corresponds to a gradual rise
in indium composition. Conversely, in samples B and C which
have indium in the barrier layers, the component fluctuation
is less pronounced, with a relatively uniform component dis-
tribution in the 3.5 nm-thick quantum well. Literatures3%40]
suggest that the component pulling effect primarily arises from
strain during InGaN growth on GaN. In our samples, a higher
indium composition in the barrier layers leads to reduced com-
pressive strain in the subsequent well layers due to the smaller
lattice mismatch. Therefore, sample A, with GaN barriers, ex-
periences a substantial lattice mismatch in the second quantum
well, leading to pronounced component pulling effects, longi-
tudinal uneven indium distribution and emergence of an In-
rich layer. Conversely, samples B and C, with InGaN barrier
layers, mitigate lattice mismatch, resulting in less pronounced
component pulling effect.

Additionally, the indium component distribution profile
in the first quantum well reveals In-rich layers in all three
samples. The actual indium content in the first quantum bar-
rier layer is very low, below the detection limit as shown in
Fig. 6(b). Consequently, the first quantum barriers in all three
samples can be regarded as nearly pure GaN layers, leading to
similar stress conditions during the growth of the first quantum
well and subsequent exhibition of component pulling effects,
culminating in In-rich layers across all samples.

The presence of In-rich layers serves as deep level radia-
tive recombination centers, thereby enhancing carrier filling
effects during PL tests in Fig. 4. A simplified schematic di-
agram illustrating the conduction band structures is presented
in Fig. 7 to explain this phenomenon, with arrows denoting
the epitaxy direction, considering the polarization effect while
disregarding quantization effects. Two samples exhibit differ-
ent degrees of band tilt. As observed in simulations depicted
in Fig. 10, samples featuring InGaN barriers attenuate polar-
ization fields in the well layers, suggesting that the tilt degree
of the conduction band in sample A’s well layers is larger than
those of samples B and C. Furthermore, sample A experiences
a more pronounced component pulling effect, resulting in a
gradual increase in indium content along the epitaxial direc-
tion, thereby augmenting the conduction band tilt. As illus-
trated in Fig. 7, with a higher degree of conduction band in-
clination, under identical carrier injection conditions, the en-
ergy distribution of carriers in sample A becomes broader, evi-
denced in TDPL as a larger blue shift in the peak position with
increasing temperature. Moreover, considering quantization
effects, owing to the substantial tilt of the energy band, the en-
ergy trap in sample A is narrower compared to samples B and

C under low injection, leading to a greater energy difference
between energy levels, particularly for deeper energy levels in
the well layers. Consequently, the carrier filling effect induced
by the tilt of the energy band is further exacerbated. These
effects result in a significantly larger blue shift in the TDPL
results of sample A compared to the other two samples.

C-TMIn 20

Fig. 7. Simplified schematic diagram of conduction band and carrier filling

status of samples A and C under the same small injection, where the build-

in electric field is different. The arrows represent the epitaxy direction.

Based on the experimental analysis of the influence of

barrier indium content on MQW quality, higher indium con-
tent in barrier layers partly diminishes the indium incorpora-
tion efficiency in well layers but can mitigate the component
pulling effect by reducing the lattice mismatch. Higher in-
dium content in barrier layers effectively enhances the indium
content homogeneity along the epitaxial direction. Apart from
this, in light of the disparity in homogeneity and indium incor-
poration efficiency, samples featuring higher indium content
in barrier layers exhibit a broader effective band gap, result-
ing in a blue shift in emission wavelength. When it comes to
LD structure, the enhanced homogeneity of MQW with higher
indium content barriers lowers the threshold current of LDs.
These findings support the diverse performance properties of
LDs outlined in Fig. 2.

3.3. Computational results of LDs with different barrier
layers

Apart from material quality of MQW, different indium
contents in barrier layers may also influence LD’s performance
by modulating optical confinement ability and carrier recom-
bination efficiency. Thus, we employed simulation methods
via LASTIP to investigate the influence of structural differ-
ences from device physics aspect as a supplement to the ex-
perimental analysis part. Five distinct samples were estab-
lished with varying barrier indium compositions: 0%, 1%, 2%,
3%, and 4%. Firstly, the P-I curves of these samples are de-
picted in Fig. 8(a), with threshold currents and slope efficien-
cies shown in Fig. 8(b). Despite the sample with 4% indium
content in the barrier, increasing indium content in the barrier
effectively enhances LD performance, as evidenced by the in-
crease in slope efficiency and decrease in threshold current.
The sample with a 4% indium content barrier exhibits rela-
tively poor performance. Notably, the indium contents of the
lower and upper waveguide (LWG and UWG) layers of LDs
are both set to 4% according to the real LD structure. We
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propose that the performance difference can be attributed to
variations in optical field distribution.

The optical confinement factors of the samples are illus-
trated in Fig. 8(c). Due to the refractive index difference be-
tween the quantum barrier and waveguide layers in samples
with barrier indium contents ranging from 0% to 3%, higher

indium content in the barriers results in a higher effective re-
fractive index,!?*! thereby increasing the optical confinement
factor and improving the LD output performance. However,
when the indium content of the barrier matches that of the
waveguide layers, the optical confinement factor decreases,
leading to a deterioration in LD performance.
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Fig. 8. Simulation results of (a) P-I curves, (b) slope efficiency, threshold current and (c) optical confinement factor change with different barrier
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Fig. 9. Total carrier recombination rate (a) and stimulated recombination
rate (b) distribution along the epitaxy direction at 200 mA. The position
of each quantum well in (b) is manually shifted by 1.5 nm in turn for clear
eye view. The exact quantum well position during simulation is kept the
same.

On the other hand, we extracted the total recombina-
tion rates and stimulated recombination rates when lasing at
200 mA, as depicted in Fig. 9. In Fig. 9(a), the total recom-
bination rate in LWG experiences a significant decrease when
the indium content in barriers is increased. Specifically, the to-

tal recombination rate in the LWG of the GaN barrier sample
is 2.1 x 10'® cm~3, whereas that of the Ing 04sGag.ogN barrier

sample is 2.2 x 101 cm ™3

. This magnitude difference indi-
cates that carrier recombination loss out of the active region is
effectively reduced with a high indium content barrier struc-
ture. Furthermore, the total stimulated recombination rate, as
illustrated in Fig. 9(b), reinforces this point. Samples with
higher indium content barriers exhibit a higher total stimulated
recombination rate from the two well layers, directly reflecting
the improvement in LD performance.

For a clearer understanding of these performance differ-
ences, the band structures of samples with GaN barrier and
Ing.04Gag 96N barrier at 0 V, along with corresponding car-
rier wave functions in the quantum wells, are presented in
Figs. 10(a) and 10(b), respectively. Due to the indium com-
ponent disparity between waveguide layers and barriers, injec-
tion barrier potentials exist during both hole and electron injec-
tions. As depicted in marks 1 and 2 in Fig. 10, the hole injec-
tion barrier potential is reduced by the higher indium content
barrier layer. Similarly, as shown in marks 3 and 4 in Fig. 10,
the electron injection potential is significantly reduced as well.
Consequently, lower electron concentrations can be observed
in LWG in samples with higher indium content barriers, lead-
ing to reduced carrier recombination out of the active region in
the LWG, as discussed in Fig. 9. Similar effects have been re-
ported elsewhere in GaN based green laser diodes,[*?! and this
explains why LD performance is enhanced with higher indium
content barriers.

Additionally, increasing the indium content in the bar-
rier layer does not always guarantee improved performance, as
demonstrated by the LD with Ing g4Gag 9N barriers exhibiting
a performance decrease. Taking into account the component
difference between barrier and well layers, for a specific target
lasing wavelength, higher indium content in barriers will re-
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duce the effective well depth. Referring to the quantum wave
function of carriers shown in Fig. 10, where the baseline of
wave functions represents the energy level of carriers in the
well layers, it is evident that with an increase in barrier indium
content, the number of possible energy levels in the quantum
well decreases. In our simulation, the indium content of bar-
rier layers is not excessively high. However, with higher in-
dium content, the wave function in the quantum well region
extends beyond the quantum well region. This will reduce the
overlap between hole and electron wave functions, reducing
the carrier recombination efficiency. Furthermore, we label
the energy gap between the ground levels of holes and elec-
trons in Fig. 10 to represent the lasing wavelength. The en-
ergy gap of the sample with GaN barrier is 2.821 eV, which
is higher than the 2.805 eV of the sample with Ing g4Gag 96N
barrier. In this case, high indium composition in the barrier
layers partly shields the polarization electric field in the well
layers, decreasing the tilt of the band structure, and shorten-
ing the ground state level gap between electrons and holes,
resulting in a red-shift in the lasing wavelength. The lasing
wavelength of the sample with GaN barrier is 440.1 nm, while
the lasing wavelength of the sample with Ing g4GagosN bar-
rier is 441.9 nm from simulation results. Although this result
does not align well with experimental results in LD or MQW
samples owing to realistic indium incorporation related issues,
such differences in simulation should also be taken into con-
sideration when designing the target wavelength during real
LD fabrication.
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Fig. 10. Band structure diagrams and ground and excited states wave
functions of carriers in quantum wells at 0 V for two samples with (a) 0%
and (b) 4% barrier indium content.

4. Conclusion

In the pursuit of high efficiency and high output power
GaN-based blue laser diodes (LDs), the choice of barrier lay-

ers emerges as a crucial consideration. Our fabrication of LD
samples with InGaN barrier layers revealed that higher indium
content in these layers is correlated with lower threshold cur-
rent densities and shorter lasing wavelengths. Through both
theoretical calculation and experimental study, InGaN barrier
layers demonstrate clear advantages over GaN barrier layers in
both device physics analysis and actual material growth. It is
found that higher indium content in barrier layers can partly

suppress indium composition in well layers. More impor-

tantly, higher indium content barriers effectively enhance car-
rier recombination efficiency and indium content homogeneity
in quantum well layers, thereby improving the output perfor-
mance of GaN-based blue LDs.
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