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ABSTRACT

In this study, a numerical model has been used to analyze the Auger recombination rate
in c-plane InGaN/GaN multiple-quantum-well lasers (MQWLD) under hydrostatic
pressure. Finite difference techniques are employed to acquire energy eigenvalues and
their corresponding eigenfunctions for InGaN/GaN MQWLD. The hole eigenstates are

calculated via a 6 x 6 k.p method under the applied hydrostatic pressure. It has been found

Keywords that a change in pressure up to 10 GPa increases the effective band gap together with the
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carrier density up to 0.75x10"e¢m™ and 0.56x10"cm™ for the holes and electrons,
respectively. Based on the results, it could decrease the exaction binding energy, rise the
electric field rate up to 0.77MV / cm , and decrease the Auger recombination rate down to

0.6x10"7 ¢em™s™" in the multiple-quantum well regions. Also, calculations demonstrate
that the hole-hole-electron (CHHS) and electron-electron-hole (CCCH) Auger
recombination rate has the largest contribution towards the Auger recombination rate. Our
studies provide more detailed insight into the origin of the Auger recombination rate drop
under hydrostatic pressure in InGaN-based LEDs.

detail balance based on the density function method at
different carrier concentrations in semiconductors [12].

1 Introduction

Non-radiative recombination is performed in the form Likewise, Anatoli et al. evaluated the effect of

of deep and shallow traps, interface roughness, and
defects, as well as band-to-band and phonon-assisted
Auger recombination (BBAR & PAAR) [1-5]. The
Auger recombination is one of the most important
mechanisms in reducing the efficiency of photovoltaic
devices [6-8]. BBAR is one of the essential non-
radiative recombination techniques that has attracted
the attention of different researchers in the field of
InGaN/GaN photovoltaic devices [9-11]. Auger
recombination is the most important parameter to obtain
Auger coefficient and Auger current. Various numerical
and analytical models have been used to calculate the
Auger and lifetime recombination. Picozzi et al. studied

the lifetime of this Auger through the first-principle
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temperature and well width on the Auger recombination
using the Khans model in a semiconductor quantum
well [13]. In addition, Piperk et al. investigated the
dependence of the Auger coefficient on the carrier
density, band gap, and wavelength through the ABC
model on gallium nitride (GaN)- and nitride-based
light-emitting diodes (LEDs) [7, 14]. McMahan et al.
also focused on the atomistic analysis of Auger
recombination in InGaN/GaN quantum wells under
temperature [15]. Non-radiative Auger recombination
generates a non-radiative current in photovoltaic
devices such as solar cells, lasers, and diodes.
Therefore, it is necessary to carefully study the
dependence of all parameters effective in this
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recombination under external perturbations such as
hydrostatic pressure or temperature. In this regard, the
most important parameters are carrier density, effective
band gap energy, carrier energy (from the band
structure) built-in polarization field, carrier localization
length, and overlap integral of wave functions. In this
paper, changes in all the above-mentioned parameters
are calculated and investigated under hydrostatic
pressure in InGaN/GaN multiple-quantum well light-
emitting diodes. The Auger recombination rate is one of
the most essential parameters in calculating the Auger
coefficient and the Auger current of laser diodes. Thus,
careful study of the Auger current requires precise
investigation of the Auger recombination rate which is
the main purpose of this paper under hydrostatic
pressure. The use of five vital parameters, including
effective mass, energy gap, lattice constants, dielectric
constant and quantum barrier, and well thickness, is the
most significant advantage of this numerical method
and the innovation of this work besides the fact that all
the mentioned parameters simultaneously depend on
hydrostatic pressure and temperature. This study has
also addressed the effect of hydrostatic pressure on the
energy of heavy, light, and split-off band holes. In this
model, the conduction band energy, wave functions,
Fermi level, and energy subbands are obtained from the
self-consistent solution of the Schrédinger and Poisson
equations. The current study has also considered the
effective width of the quantum wells, which depends on
the carrier density, which is not constant. It should be
noted that the Femi level has also been computed using
another method that enables convergence in a
sophisticated way [16]. The hole valence band (heavy,
light, and split-off band holes) energy, wave functions,
and energy subbands are calculated using a 6x6 k.p
method.

2 Calculations and model

The quantum-well laser diodes (QWLD) consist of a
multiple-quantum-well structure in the intrinsic region
of a p—i-n. The MQW structure introduced for the
model is constructed by In,;, Ga;_,, N with lower indium
molar fraction (m=0.4) for barriers and m=0.5 for wells
(Fig. 1). The sample used in the modeling is the p—i—n
light-emitting diodes with an InGaN/GaN MQWSC
structure within the i-region. The p and n regions are
based on GaN. The donor and acceptor concentrations
in the n- and p-region materials are assumed to be the
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same equal to 0.1x10"c¢m ™~ while 10 wells are
considered in the current work. In addition, atmospheric
and hydrostatic pressures are taken into account (i.e., at
zero hydrostatic pressure), but only the atmospheric
pressure is applied for evaluation. Both Schrodinger and
Poisson equations must be solved to obtain accurate
values for the Fermi energy, the energies of quantized
levels within the two-dimensional electron gas (2DEG),
potential profiles, wave function, and the sheet carrier
concentration for 2DEG in InGaN/GaN
heterostructures. This is achieved by
Schrodinger’s equation and simultaneously taking into
account the electrostatic potential obtained from
Poisson’s equation, as well as the image and exchange-
correlation potentials using the three-point finite
difference method [17]. In the Schrédinger equation,

solving

built-in potential energy is considered, which is the
potential energy induced by spontaneous (SP) and
piezoelectric (PZ) polarization charges [18-20]. In this
work, five parameters are used, namely, effective mass,
energy gap, lattice constants, dielectric constant and
and well thickness, which
simultaneously rely on hydrostatic pressure and
temperature. The basal

d(T,P,m) :(aS —ae(T,P,m))/ae(T,P,m) is

quantum  barrier,

strain

expressed

from the lattice of the substrate a_ and the epilayer

a,(T,P,m)=a, (m)[(l + (T~ T,.ef))(l - P/3BO)} [21,22].

The lattice constants are the functions of temperature,
indium molar fraction, and the hydrostatic pressure,
where B, =239GPa is the bulk modulus of sapphire.

Further, S,y =5.56x10° K and T =300K.

a(m) =0.13989m+0.0382 represents  the

expansion coefficient and the equilibrium lattice
constant as a function of indium molar fraction,
respectively [21-23]. Here, the dielectric constant and
the thickness of InGaN/GaN depend on the hydrostatic
pressure and temperature [23]. In our strained
InGaN/GaN quantum wells, the conduction bands are
assumed to be parabolic. This is while nonparabolic
valence bands are computed by a 6 x 6 k.p method [24-
27]).

To calculate the BBAR rate in InGaN/GaN MQWs, we
broadly follow the method presented prior to the present
study [27]. We will only focus on the CHHS (one
electron (1) and two heavy holes (1, 2 ) and one split of

band hole (2')) Auger process because CHHL (one

thermal
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electron, two heavy holes, and light hole) and CCCH
(three electrons and one heavy hole) processes can be
derived by a similar way. Auger processes involving
phonons are generally not important for relative
consideration at room temperature; here as a result, only
three BBARs are considered in this study [28]. From
Fermis’s Golden Rule, the Auger transition rate per unit
volume for the CHHS process in quantum well is given
by [29]:

Ry

1 e? 2( 4m )2
 4mhLesp \Ame,, ) \(2m)3

M
X Z JJJJ|k-k'|—2Ai6(k1-k1r+k2-

allE,

kz')P1,1',2,2'5(E)d2k1d2kl’dzkzdzkz',

(1)

‘InGaN

where L, =(1/ n)IOL zn(z)dz represents  the

effective width of the 2DEG channel [30]. Further,
n(z) andg,denote the quantum well sheet density

along the growth direction (z-direction) and the
InGaN, respectively.

Furthermore, & (E) expresses the energy conservation

dielectric constant of the
between initial (particles 1,2 ) and final (1',2") states,
M

potential between two holes,while 4, is the overlap

Pl,l',z,z’ ~ fufufall= fn]

accounts for the sate occupations. The approximation
is employed considering that the excited carrier

is the matrix element of Coulomb interaction

integral.  Moreover,

has  extremely  high  energy.  Additionally,
1 1
fc =TEfand f,, =TEﬂ]are the
<1+exp( o7 C)) <1+exp( KT ))

Fermi-Dirac distribution for the electrons of conduction
bands and holes in valence bands, respectively, where

E. and E, are the quantized electron and hole energy
levels, respectively. In addition, E , and E ,, Tepresent

the electron and hole quasi-Fermi levels, respectively.
In relation 1, all the energies of the allowed transitions
related to the subbands of the carriers are considered in
the z-direction, following the selection rule. A detailed
study of the effect of pressure on Auger recombination
requires a detailed study of each of these parameters.
The relation of the overlap integral in the Auger
recombination is as follows [29]:

Ap = Fy1Fyy X
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j f dzydz;$1(21) by (202 (22) by (22)

X exp(—|k1 - k1'|. |zq — zzl)

= Iyy ([k1 = kg Dlzp (= |k

- k1'|)' 2)
where the particle state in the quantum well is

represented by the product of a localized Bloch wave
function, a plain wave term, and a confined-state wave

function (@). Further, k and k, are the 2D wave
vectors in the plain of the well carrier {1,1'},

respectively. At the beginning of each of the
recombination stages (CHHS, CCCH, & CHHL), first,
the electron and the hole must be recombined (1,1")

until the second stage (2,2'). In relation A, the
integral contribution of the electron and hole overlap,
Ly, =Ly = Ry [ daih (20 (z)e 0

important parameter to
Furthermore, 7,, denotes the overlap integral between

is the most

start the recombination.

the localized (the subband state in quantum wells)
states. Moreover,

]22’(*|k - k'|) =1 = Fzz’szz¢2 (22)8y (2, )e_‘kl-kr“Z2

indicates the overlap integral between the localized and
excited (electron or hole) states. The excited states of
particle 2’ may be bound (subband) or unbound (even
or odd) [28]. In this case, the contribution of each of
these bound and unbound states in the Auger
recombination will be R, RS, and R, respectively
[29], where b, e, and o represent bound, even, and odd,
respectively. The overlap function of the electron and
hole is non-linear with respect to |k1 - k1'|.

. acylki-k. '
Additionally, Fo= w and
Fyy = M are the overlap integral of the

g
localized Bloch function between carrier {1,1'} and

{2,2},
sy :_(h2/4m0){[(”’O/ml)+(m0/mH)+(m0/mS)_3J}
%:(#/%)[(W@)—l] are the overlap parameter. In
Fy, Fy, and

respectively.

and

addition, the value of |k1 - k1'|used in

A, for the CHHS Auger process is as follows:
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|k1 - k1’|2
[st(mh + me)Z(Eeff - Aso)]
B [hZ (th + me - me)] '

|k -k | depends on parameters such as effective band

(3)

- ms)(zmh

gap ( £,y ), the spin-orbit splitting (A,,) , electron (m:)

SO

, heavy hole (m; ) , and the split-off band (m: ) effective
mass, respectively.

The effective band gap relation is written as [29,31,32]:

Ee,h’h
11

Epp = EMGON 4 B¢ + EM — EP™ — eFyLofr +
ESF—ES°, 4

where E5™ is the transition energy of the electron from
the conduction band to the heavy hole in the valence
band, while E}, E{,‘h ,and Eé'h are the bond state energy
along the z-direction. In addition, E5’ is the excited
carrier energy along the z-direction which can be either
bound or unbound. Further, £ denotes the bounding

energy of exciton, which depends on external
perturbation such as pressure and temperature through
electron and hole effective masses [32-34]. Exciton
energies are determined by employing a variational
procedure [35-38].

Furthermore,

Ey(T,P)=E (0,0)+yP+0P* +(al?) [(T+T,)is
band gap energy of InGaN/GaN [19,21,23], while
E, (0,0) stands for the band gap energy of GaN or

the

InGaN in the absence of the hydrostatic pressure and at
temperature 0K. In this work, the parameters o, o, and y
are independent of the electron concentration, whose
numerical values are listed in Table 1. Moreover, F,

represents the electric field in the well caused by
polarization charges. In calculating the band gap energy
and SP polarization that rely on indium molar fraction
(m), indium molar fraction was considered independent
of the location (along the well and barrier). To
investigate external perturbation such as pressure and
the effect of the overlap integral, which has a direct
relationship with the quantum confinement, the wave
functions of the first subband of the carriers ( ) were

considered to calculate the localization length in the z

axis as (Az):ﬂ(z— z))y/|2dz, where <Z>:IZ|W|2dZ
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[39]. The limits of the integral are taken into account
from the center of the neighboring barrier adjacent to
the center of the quantum well. The electron density in
the quantum well is written as [40]:

My (Z)

Z (meKBT) In [1
vz,

., and T denote the Boltzmann

+ exp (E (5)

where Kg, Ef, i,
constant, Fermi level, subband level index, electron
wave function in the i-th subband, and absolute
respectively [36]. m"

temperature, is an average

electron effective mass in the k, —k, plane so that it can

be written as in conduction band edge as follows [35]:
my
m,(P,T,m)
[EF (E§ (P, T, m) + 2450/3)]

=1+ :
EL(EJ(P,T,m) + 4go)

(6)

r
where m,, Ep, and A, are the free electron mass, the

energy linked to the momentum matrix element, and the
spin-orbit splitting, respectively, whose numerical
values are listed in Table 1. The hole wave functions
and energy subbands are calculated along the Z axis
using a 6x6 k.p method [24-27,41]. The hole
distribution is computed by summing contributions
from five hole subbands. A formulation is used to
determine the hole distribution as follows [42]:

Pw(2)
- (ZET)S'
+ exp( )] 197 (2|, (7)

* .
where my, and E; represent an average hole mass in the

k. —k, plane and the hole eigenvalue, respectively.

Additionally, g/ (z) is the envelope function associated

with the n-th basis state of the Hamiltonian. Further, the
summation over n and i are over the three basis states
and the hole wave functions, respectively. The envelope

3 Legy 5
) dz=1.

g (2

v=l o
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To calculate effective masses depending on the
threshold energy (the minimum energy for the split-off
hole in the CHHS Auger process), it is necessary to use
the band structure obtained from the k.p model and the
following relationship [29,43,44]:

_ (Zmy +me)
Er = [(ZmH +mg — mS(ET))] (Eers
— As0)- 3)

This relationship is for the case where the effective band
gap is greater than Ay, [44]. For the case where the
effective band gap is less than Ag, , the threshold energy
is exactly equal to Ag,. The effective mass at the
threshold voltage is obtained through the self-consistent
solution. In the threshold energy, mg relies on the

threshold voltage. Furthermore,
obtained when the difference in the threshold energy
associated with two consecutive iterations (Er) —
The threshold
voltages of the Auger recombination of CCCH and
CHHL is the same as equation CHHS, except that the
effective masses of the electron ( m (E;) ) and light hole

(m;(E;)) will depend on the threshold voltage,

convergence is

Erm-1y) is smaller than 107%ey .

respectively, and they are Ag, times zero. The effective

mass of the carriers in each of the subbands
of the quantum wells (electrons and holes) can
be calculated after determining the effective mass
of the carriers in the GaN barrier and the InGaN/GaN
well. The carrier effective mass in the i-th subband,

i/m; =(/m)[1-B,J+B,/m,, can be computed
the

masses,

[39,29], m, and m, barrier

and
Piw = Piw (l//iw )/(sz (V/ib)+f;w (V/IW)) is the probablllty

of finding an electron in the quantum well at the level

where are

well carrier effective and

|2 and

Loux
with energy E;. Moreover, P, (v, ) = J. iz,
0

By (‘//ih) = IO

dz|x//,-b|2 are the wave function of the
_L[nGaN

electron in the i-th subband and the wave function
penetrating toward the quantum barrier, respectively.
The value of the penetrating wave function in the barrier

( P, (‘//ib)) is the criterion for determining the quantum

confinement that is effective in the effective masses of
the carriers in subbands. As mentioned earlier, the
effective masses of light and heavy holes are obtained
using the 6x6 k.p method [25,26]. Binary effective
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mass parameters are linearly interpolated to obtain
InGaN values. The numerical values of the valance
band effective mass parameters (Ai) and deformation
potentials (Di) have been extracted from reference [46].

. . * .
The effective masses in m, g, y barriers can be

obtained by determining the effective masses of carriers
in quantum wells through the ternary formula

i o =((1=%)/miy )+ 3/ miuy [47]. - Finally,  the
Auger recombination is defined as [29]:

R,(InGaN) = R,(CHHS) + R,(CHHL)

+ R,(CCCH). 9)

The 2D Auger recombination rate and coefficient can
be translated into common 3D rates using the quantum
thickness, which Ry=Rp/Ly and

well are

Cy=LyCyp[9].
3 Results and discussion

In this paper, a numerical model was presented
to calculate the optical parameters of InGaN/GaN
multiple-quantum-well light-emitting diodes
(MQWLED) and investigate the effect of hydrostatic
pressure. In addition, Schrodinger’s and Poisson’s
differential equations were solved by the finite
difference method. However, the iterative method
[17,50] was used in the step of the self-consistent
equations. The
convergence is obtained when the difference on the

solution of Schrédinger-Poisson

Fermi level is associated with two consecutive iterations
(Er(m) — Er(n-1)) and is smaller than 10™*eV . During
the calculations, the same grid mesh was also employed
for both Poisson and Schrodinger equations. The hole
eigenstates were computed using a 6x6 K.p method.
Conduction and valance bands with the location of
quantum wells (electrons and holes), as well as valance
bands for light, heavy, and split-off band holes, are
shown in Fig. 1. To evaluate parameters related to the
LED and start Auger recombination, a positive voltage
of 1.5 V was applied to region p-GaN. In this case, the
multi-quantum wells of electrons and holes are below
the Fermi level (Fig. 1).

Figure 2 illustrates an example of a change in an
electron quantum well in position -50 nm to carefully
study changes in the quantum well. As depicted in the
inset of Fig. 2, increasing the hydrostatic pressure in the
range of 0-10 GPa has led to an increase of up to 65
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meV and 1.8x10"7m~?in the quantum well depth and

interface polarization charge density (o,),

respectively. This phenomenon is related to the
correction of the atomic distances of the crystal lattice
by external pressure, which also leads to a change in
polarization. As the pressure increases, o, rises due to

the increase in PZ polarization and spontaneity.
Likewise, the lattice constants (ae(T ,P,m),ao(m))
increase with an increase in hydrostatic pressure.

According to Fig. 3, an increase in polarization causes
increases the internal electric field and the total electric
field, causing the centers of positive (holes) and
negative (electrons) charges to move away from each
other. For the pressure from 0 to 10 GPa, the electric
field changes in the multiple-quantum well are
0.77MV /cm . Further, the hole quantum well in
position 150 nm and the electron quantum well in
position -50 nm are 6.1MV /cmand 3.2MV /cm ,
respectively. An increase in the electric field and
quantum well depth causes an increase in carrier density
(Figs. 4 and 5). By increasing pressure by 10 GPa, the
density of holes and electrons increases and carriers in
quantum wells (position -50 and 150 nm) are injected
into the region of multiple-quantum wells, affecting the
Auger recombination. The density increase in the region
of the multiple-quantum well (and for example, in the
position of the fifth well) is 0.56x10'cm™ and
0.75x10"”¢m™ for electrons and holes, respectively.
The changes in carrier density in the fifth well are
depicted in Figs. 4 and 5.

To determine the dependence on the pressure of the
effective mass through Eq. (8), it is necessary to
calculate the transition energy, exciton binding energy,
and effective band gap. Figure 7 displays the
dependence of the transition energy on the pressure
after determining the internal field, the energy of the
subbands, and the energy of the exciton binding energy.
Based on the results, the transition energy and effective
band gap of the first subband of the carriers (with the
highest density) are plotted to investigate the
hydrostatic pressure effect. The obtained data revealed
that the transition energy and effective band gap
increase with an increase in pressure, the main factor
which is the increase in surface and carrier densities.
The binding energy of excitons as a function of
hydrostatic pressure is illustrated in the inset of Fig. 6.
As shown, the decrease in the exciton binding energy
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with increasing pressure can be explained by the
internal electric fields. With increasing pressure, SP and
PZ polarization increases, thereby increasing the
internal electric fields. The electric fields separate the
electron and holes in the opposite direction, expanding
the distance between electrons and the holes, thus
reducing the Coulomb interaction.

In determining Auger recombination, effective masses

play the most important role, and we must know the
dependence on external perturbation such as hydrostatic
pressure. This work requires the calculation of the band
structure of valence carriers; this process for quantum
well InGaN/GaN is shown in Fig. 7. In the direction of
the in-plain wave vector (kx or ky), all bands are non-
parabolic energy. Heavy holes are independent of
pressure, and the slope of the graph is almost constant
with the change of pressure, indicating that the effective
mass of heavy holes remains unchanged with the
increase of the wave vector and pressure. However,
light and split-off holes, as well as their effective masses
(the radius of curvature), change with increasing
pressure so that the effective mass of light holes almost
approaches heavy holes after the wave vector of 1.03
nm’. These mass changes with pressure and wave
vector are effective in computing the threshold voltage.
According to Fig. 7, an increase in the pressure of 10
Gpa (at the band edge k=0) causes a change in the
energy of 42, 48, and 290 meV for heavy, light, and
split-off holes, respectively. The effective mass of split-
off holes is lower than that of light holes, and they tend
to receive energy from electron-hole recombination in
Auger recombination. Therefore, the non-radiative
recombination of CHHS is expected to be higher than
that of CHHL for the InGaN/GaN quantum well. By
specifying the band structure, the transition energy and
effective masses can be calculated.

The overlap integral can be determined after
determining the effective masses of carriers and

transition energy. In the overlap integral 4, , there is an
overlap of electron and hole /,, , in all recombination

process, and here, the overlap of the wave functions (the
first subband of electrons and heavy holes) versus the

transfer momentum (k,, =k —k,) is checked at

different pressures (Fig. 8). Based on the results,
increasing the pressure reduces the overlap of electron
and hole wave functions. According to Fig. 8, the
overlap is a non-linear function depending on the size
of the transfer momentum. In the small transfer
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momentum, the overlap and recombination are reduced
so that the hydrostatic pressure will have a reduced role
in the recombination. The effect of hydrostatic pressure
on the transfer momentum near the origin (non-
small. In the resonance mode

the energy the transition

resonant) is

(ke =k —ky) of

(W / (2m,) = E5™) becomes the same as the energy

between heavy and split-off holes in the direct
transition. The overlap of wave functions is one of the
most important parameters in Auger recombination.
The overlap integral also depends on the overlap
integral 7, between the localized and excited (electron

and hole) states. To compare both overlap integrals, we
plot their overlap in the positive part of k.. From a

mathematical point of view, [, is an integral between

the smooth wave function of a carrier localized in the
quantum well (with wave vector &, [ 7/ L,; ) and the

highly oscillating wave function of an excited carrier
(with wave vector k. [l k, ). As a consequence, the

overlap integral [, is normally small compared to
1, . As shown, the contribution of 85% of the total
overlap integral is related to 1, , which is under the

pressure of the maximum change. To more precisely
investigate the effect of pressure on the carrier overlap,
we draw the first subband wave functions for the
quantum well (at position 45-50 nm, Fig. 9), and then
obtain the localization length (Fig. 10). According to
Fig. 10, the wave functions of heavy holes are more
localized than all carriers, while those of electrons and
split-off holes are delocalized. By plotting the
localization length based on Fig. 10, with increasing
pressure by 10 GPa, the localization length of heavy
holes and electrons decrease by 1 and 3.8 nm,
respectively. The least impact of pressure is on heavy
holes, and for this reason, unlike electrons which are
affected by pressure, heavy holes can participate more
in the CHHS Auger process. As a result, by increasing
pressure by 10 GPa, the depth of the quantum well, the
quantum confinement of the carriers, and the localized
length of all carriers are greater. The contribution of
each of the recombination rate is shown in Fig. 11, the
highest of which is related to R,(CHHS) . The reason
for this is related to the localization length of heavy
holes, which was explained earlier. Finally, the overall

recombination rate decreases with increasing pressure
(Fig. 12).
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Tablel 1. Suggested Parameters for GaN and InN

Parameters(unit) GaN InN References
Eg(eV) 14.0 14.5 [46]
Eg (OK=0GPa)(eV) 342 0.7 [46]
Ago(eV) 0.014 -0.001 [46]
'y(meV.GPa'l) 31.8 16 [22]
S(meV.GPa2) -0.23 -0.02 [22]
S11(10'2GPa) 0.55 1.15 [19]
$,(102GPa) 0.19 0.46 [19]
(10%eV.K) 0.909 0.245 [46]
T.(K) 830 624 [46]
f 5.39 6.7 [51]
4
L =5nm
3L, =5nm
5, IN=10
m 0.5 +1.5V

2DEG

A4
. In,,Ga, N

E,
lRA I, Ga, N

032%7'

Energy(eV)

InGa NMQW h 2DHG

Heavy hole ( HH)
Split-off band hole (SO)
— Light hole (LH)

-100 0 100 200
Z(nm)

Figure 1. The conduction (C.B) and valence (V.B) band energy of
InGaN/GaN MQW light-emitting diode as a function of the distance
under different hydrostatic pressure.

0.0 E.
-0.1 P=0to 10 GPa
- Step: 5GPa
2
> -0.24
en
[
=
m -0.31
-0.4
2 4 6 8 10
0.5 P(GPa)
-50 -49 -48 -47 -46 -45
Z(nm)

Figure 2. The quantum-well conduction band energy as a function
of the distance under different hydrostatic pressures. The inset
indicates the variation of InGaN/GaN interface polarization charge

density (o) as a function of the hydrostatic pressure.
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Figure 3. Electric field of InGaN/GaN MQW light-emitting diode
as a function of the distance under different hydrostatic pressure.
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Figure 4. Electron concentration of InGaN/GaN MQW light-
emitting diode as a function of the distance under different

hydrostatic pressure.
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Figure 5. Hole concentration of InGaN/GaN MQW light-emitting
diode as a function of the distance under different hydrostatic
pressure.
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Figure 6. The first subband of transition energy (Ele I,hh) for the

bound state of the heavy hole (hh), and effective band gap (E,;) as

a function of hydrostatic pressure at band edge (kL:O) for

InGaN/GaN MQW light-emitting diode. The inset represents the
variation of the exciton binding energy of electron and hh as a
function of the hydrostatic pressure.
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Figure 7. The valence band structure of heavy-hole (HH), Light-
hole (LH), and split-off hole (SO) band InGaN/GaN quantum well
is plotted along the kx for hydrostatic pressure 0 Gpa (solid lines)
and 10 GPa (dashed lines).
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Figure 10. Carrier localization length for the first subband of the
heavy hole (hh), light hole (Ih), electron (e), and split-off band hole
(so0) in InGaN/GaN MQW light-emitting diode.
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Figure 11. Auger recombination rate of CHHS, CCCH, CHHL, and
total InGaN wells of MQW light-emitting diode as a function of the
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Figure 12. Auger recombination rate of InGaN/GaN MQW light-
emitting diode as a function of the distance under different
hydrostatic pressures.

4 Conclusions

Overall, this study examined the optical and electrical
parameters of c-plane InGaN/GaN MQWLEDs under
hydrostatic The
increasing the hydrostatic pressure in the range of 0-10
GPa could increase the amount of the carrier density up
to 0.75x10”cm™ and 0.56x10"”cm™ for holes and
electrons, respectively, and the electric field rate up to
0.77MV / em . On the other hand, this increase led to a
reduction in the amount of the overlap integral of wave

pressure. results revealed that

functions, excitonic binding energy, depth of the
quantum well, and localized length of all carriers.
Similarly, it decreased the Auger recombination down
t0 0.6x10"7 cm s
regions, respectively. Our study findings provided
further insight into the origin of the Auger current droop

in the multiple-quantum well
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under hydrostatic pressure in InGaN-based LEDs.
Finally, the effective well width should be taken into
account for a detailed examination of the Auger
coefficient.
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