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Investigation on stress-induced effect of luminescence
properties of blue/violet LEDs
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Nowadays, llI-nitide MQW blue/violet light-emitting diodes (LEDs) exhibit exemplary characteristics in a multitude of
applications, including high-brightness illumination, white light generation, full-color display, water purification, and ultraviolet
identification technology. In this study, the residual stress/strain existed in the active region of the bandgap, luminescence
properties, and electrical properties of violet (AlIGaN/GaN) and blue (InGaN/GaN) light-emitting diodes (LEDs) using the
APSYS software. The findings suggest that there is a sensitive stress-dependent relationship between the bandgap, carrier
concentration, optical output power and threshold voltage and stress/strain. As stress/strain increases, blue/violet LED
devices exhibit band tilt, a reduction in carrier concentration, optical output power attenuation, an expansion of the band gap
width and an elevation in threshold voltage. In comparison to the blue LED, the violet LED is more susceptible to the effects
of stress on its luminous properties. The findings offer a foundation for further investigation into the optimisation and

enhancement of the luminous and electrical properties of short-wave LEDs through the modulation of stress.
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1. Introduction

Gallium nitride (GaN)-based light-emitting diodes
(LEDs) have become a prevalent technology in a number of
fields, including high-quality lighting, full-color display,
biology, and medical applications. This is largely due to the
superior luminous efficiency, extended lifetime, and
reduced power consumption that GaN-based LEDs offer
compared to traditional technologies. [1-3] Residual
stress/strain in the active region, resulting from parameter
and thermal-expansion coefficient mismatches between the
substrate and epitaxial films, has emerged as a significant
factor influencing the luminous efficiency, quality, and
reliability of short-wavelength LEDs. [4-6]. The majority of
researchers have employed various techniques to mitigate
or eliminate stress and strain, with the objective of
enhancing the quantum efficiency of polarity LEDs. These
techniques encompass superlattice, composition-graded,
and size-graded MQWs, among others. As well known, the
stress field and polarization effect are complex synergistic
system for wurtzite lattice structure [7]. The reduction or
elimination of the influence of stress/strain on the luminous
properties of short-wavelength LEDs has become a pivotal
concern in the commercialization of blue/violet LEDs.

The stress field in the GaN-based blue/violet LED
MQW is relatively complex due to the thin thickness of the
potential well layer and barrier layer. The polarization effect
(including spontaneous polarization and piezoelectric
polarization) of AlGaN and InGaN ternary compounds
induces a built-in electric field in the active region, tilts the
band gaps and reduces the luminescence and electrical

properties of blue/violet LEDs. When piezoelectric
polarization is caused by the stress field, it usually causes a
change in the built-in field, which tilts the bandgap in the
active region at the interface between InGaN and AlGaN,
affects the radiative recombination, leads to a redshift in the
luminous wavelength and reduces the luminous efficiency
of the LED [8].

In order to eliminate the influence of the stress field,
researchers have achieved some results by employing
techniques such as the utilisation of a GaN buffer layer, an
AIN nucleation layer, and an AlIGaN/GaN superlattice layer.
These methods have been shown to not only yield high-
quality epitaxial films, but also to enhance the stress
conditions within these films. [9,10]. Furthermore, the
stress in the active region of LEDs can be managed through
techniques such as composition-graded [11], thickness-
graded MQWs [12], and growth along non-polar or semi-
polar directions, which can effectively mitigate the impact
of stress-induced effects in the active region [13].

According to the principle of Raman spectroscopy, the
relationships between the residual stress and the Raman
shift in the epitaxial film of GaN-based LED are elucidated
by the following Eq. (1):

A Aw 0
g=—
k

where Ao is the in-plane stress, Aw is the Raman shift, and
k is the linear stress-shift coefficient of the biaxial stress
system (k=2.40 cm '/GPa). In Ref. [14] the residual stress
in GaN epitaxial films can be evaluated between 1.04 GPa
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and 1.53 GPa. In this study, we employed APSYS software
and set up the stress range from 0.0 GPa up to 2.0 GPa, and
modeled AlGaN/GaN MQW violet LED and InGaN/GaN
MQW blue LED, respectively, and analyzed the influence
of stress-induced on the luminous properties and electrical
properties of MQW LEDs.

2. Modeling

A schematic diagram of the structures of blue/violet
LEDs is shown in Fig. 1. The size of LEDs is 350 um x 350
pm, and the growth direction is [0001]. The violet LED
comprises a sapphire substrate with a thickness of 430 pum,
an n-AlGaN layer with a thickness of 4 pm and a doping
concentration of 5x10"® cm™3, five pairs of
AloossGaoossN/GaN (10 nm/6 nm) quantum wells, an
electron-blocking layer (EBL) was formed by a p-
Alo.15GaggsN layer with a thickness of 20 nm, an AlGaN
layer with a thickness of 0.1 pm and doping concentration
of 2x10' cm™ and a p-GaN layer with a thickness of 0.2
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um and a doping concentration of 1x102° cm ™. For the blue
LED, consisting of a sapphire substrate with a thickness of
430 pm, an n-InGaN layer with a thickness of 4 pum and a
doping concentration of 5x10'® cm?, five pairs of
Ing.1GaooN/GaN (6 nm/10 nm) quantum wells, an EBL
formed by a 20 nm thicknessed p-Ing >Gao 3N layer, a 0.1 pm
thicknessed and 2x10" ¢m™3 doped InGaN layer, and a 0.2
um thicknessed and 1x10%° cm ™ doped p-GaN. The device

size is consistent with the growth direction and violet LED.

3. Analysis of the optical properties of LEDs
3.1. Bandgap diagram

Fig. 2 illustrates the MQW bandgap diagram of violet
and blue LEDs subjected to the specific stress conditions
under investigation. As can be seen from Fig. 2(a), for the
violet LED, the application of stress causes a tilting of the
conduction and valence bands for the violet LED. However,
the effect on the valence band is significantly less
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Fig. 1. Schematic diagram of the studied LEDs: (a) Violet LED; (b) Blue LED (color online)
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Fig. 2. Bandgap diagram of the MOW LEDs under the studied stress: (a) Violet LED, (b) Blue LED (color online)



Investigation on stress-induced effect of luminescence properties of blue/violet LEDs

401

pronounced than that observed for the conduction band.
This is particularly evident in the effective barrier observed
in the conduction band, which can be attributed to the
piezoelectric polarization field of the potential well and the
barrier layer in the quantum well. This phenomenon leads
to the separation of electrons and holes in the bandgap,
reducing electron leakage and consequently enhancing the
radiative recombination probability and luminous
efficiency of the LED. The impact of stress on the blue LED,
as illustrated in Fig. 2(b), is more pronounced in both the
conduction band and the valence band. This is evident from
the tilt of the bandgap diagram of MQWs. In addition, one
can observe from Fig. 2(a) and Fig. 2(b), the effect of the
stress field on the last barrier and the EBL in MQWs is more
evident due to the introduction of a polarized electric field
at the interface [15,16].
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3.2. Carrier concentrations

The distributions of electron and hole concentrations in
the violet LED and the blue LED, as a function of the
applied stresses, are illustrated in Fig. 3 and Fig. 4,
respectively. As can be seen in Fig. 3, for the violet LED,
the higher concentration of electrons in the first and last
quantum wells is due to the injection of electrons into the
light-emitting active region from the n-type region, the first
quantum well is close to the n-type region resulting in a
higher concentration of electrons, and the last quantum well
is close to the p-type region, and more electrons are
confined to the last quantum well due to the existence of the
electron barrier layer restricting the escape of electrons. The
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Fig. 3. Electron-hole concentration distribution of violet LED under the studied stress: (a) Electron
concentration; (b) Hole concentration (color online)
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Fig. 4. Electron-hole concentration distribution of blue LED under the studied stress: (a) Electron concentration,
(b) Hole concentration (color online)
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Fig. 5. Optical output power diagram of LEDs under the studied stress: (a) Violet LED; (b) Blue LED (color online)

distribution of holes in the quantum well is relatively
uniform. In comparison to 0 GPa, the concentration of
electrons and holes exhibits a slight decrease at 1 GPa and
2 GPa stresses, which consequently leads to a reduction in
the luminous efficiency of violet LEDs with increasing
stress. From Fig. 4, for the blue LED, the average hole
concentration in quantum wells is much smaller than that of
electrons. In comparison to holes, electrons possess a
smaller effective mass and higher mobility. Consequently,
electrons are more readily injected from the n-type region
to the p-type region under the influence of the polarized
electric field, resulting in electron leakage. Conversely,
holes, with their greater effective mass and lower mobility,
exhibit a generally lower injection efficiency in LEDs,
which affects the luminous efficiency of blue LEDs.

3.3. Optical output power

Fig. 5 shows the correlation between light output
power and current density for violet and blue LEDs
subjected to the different stresses. As illustrated in Fig. 5,
the light output power of both LED devices exhibited a
decline in response to an increase in stress at a constant
current density injection. At the maximum current density
of 600 A/m, an increase in stress from 0 GPa to 2 GPa was
observed to result in a decrease in light output power for
both the violet LED (27.90%) and the blue LED (21.67%).
A comparative analysis reveals that the impact of stress on
the light output power of the violet LED is more
pronounced than that of the blue LED.

3.4. Effect of stress on the bandgap

The bandgap of IlI-nitride compound materials varies
with the stress can be expressed by Eq. (2) [17]:

E, (P) = E;(0) +aP + P’ ()

where E4(0) is the bandgap of the stress-free material, P is
the stress, a and f are the pressure parameters. o and f
values for the InN, GaN, and AIN materials are shown in
Tab. 1.

Table 1. Stress-induced coefficients in Ill-nitride materials [18-20]

Parameter Unit AIN GaN InN
a 1072 eV/GPa 3.63 47 33
B 10™*eV/GPa? -1.8 -18 —5.5

For the Al;Ga;-.N/GaN violet LED, x is the Al fraction,
when x=0.056, o and S can be calculated as 4.64x1072
€V/GPa and —17.09x107* eV/GPa? according to Eq. (3) and
Eq. (4), respectively. Similarly, for the In.Ga;-.N/GaN-
based blue light LED, when x=0.1, a and B can be obtained
as 4.56x1072 ¢V/GPa and —16.75x107* eV/GPa? according
to Eq. (5) and Eq. (6), respectively.

(Al Ga,_ N) = x-a(AIN) + (1— X) - «(GaN) 3)
A(ALGa, N) = X B(AIN) + (1-x)-f(GaN)  (4)
a(In,Ga, N) = x-a(InN) + (1 - x) - «(GaN) (5)
B(In.Ga, N)=x-B(INN) +(1-x)- B(GaN)  (6)

The physical properties of most of semiconductor
materials are sensitive to the stress, including the bandgap
and peak wavelength, and undergo a red or blue shift
[21,22]. Fig. 6 shows the relationships between the bandgap
and the investigated stress levels of the violet and blue LED.
The bandgap of the violet LED increases from 3.53 eV to
3.62 eV as the stress level rises from 0 GPa to 2 GPa,
exhibiting a nearly linear trend. In the same stress range, the
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blue LED displays a similar stress response to that of the
violet LED, with the bandgap increasing from 2.95 eV to
3.04 eV. As can be seen in Fig. 6, an increase in stress results

in a widening of the bandgap for both blue and violet LEDs,
accompanied by a blue shift in the peak wavelength.
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Fig. 6. The relationships between the bandgaps of violet LED and blue LED and the studied stress (color online)

3.5. Electrical properties

Fig.7 shows the relationships between the I-V
characteristic curves and the investigated stress levels of the
violet LED and blue LED, respectively. The extracted
threshold voltages are shown in Tab. 2. As shown in Tab. 2,

display an upward shift in their threshold voltage in
response to the applied stress. Furthermore, the impact of
stress on the threshold voltage of the violet LED is more
pronounced than that observed in the blue LED.

Table 2. Threshold voltages of blue/violet LEDs under different

the threshold voltage of the violet LED exhibits an increase stresses
from 3.14 V to 3.31 V with the application of stress, LED type Unit 0 GPa 1 GPa 2 GPa
whqreas the threshold voltage of the blue LED demonstrates Violet v 314 326 331
a rise from 2.81 V to 2.90 V under the same stress BI v 281 XY 590
conditions. This suggests that both the violet and blue LEDs ue . : :
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Fig. 7. I-V characteristic curves of LEDs under different stresses: (a) Violet LED; (b) Blue LED (color online)
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4., Conclusion

This study investigates the stress-induced effect of the
luminous and electrical properties of the AlGaN/GaN violet
MQW LED and the InGaN/GaN blue MQW LED using
APSYS software. The bandgap, carrier concentration,
optical output power and threshold voltage demonstrated a
pronounced stress-dependence under the studied conditions
(0 GPa~2.0 GPa) in both the violet and blue LEDs.
However, the stress-induced effect on the violet LED was
observed to be more pronounced than that of the blue LED.
The aforementioned conclusions provide a foundation for
further research on the optimization and enhancement of the
luminous and electrical properties of short-wavelength
LEDs through the utilization of stress modulation.
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