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: Abstract:

: This study used a numerical model to investigate the
i internal quantum efficiency in InGaN/GaN multiple-
i quantum-well light-emitting diodes (MQWLEDs) under
i varying temperatures and hydrostatic pressures. Our

i calculations demonstrated that a temperature change could
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increase the carrier capture coefficients, while a change in

i pressure could decrease them in the quantum well. It was

: further found that the carrier-LO phonon coupling of heavy

i holes made the smallest contributions to hole capture
i coefficients. Based on these results, radiative and non-
: radiative recombination (i.e., Auger and Shockley-Read-
: Hall) and carrier leakage current decrease with increasing

§pressure and increase with increasing temperature.
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Increasing pressure by 10 GPa increases the quantum
: efficiency, while increasing temperature in the range of
i 300-600K has the opposite effect, decreasing it. Comparing
i this model with other models and experimental data
i demonstrates the good validity of this model, particularly in
i light of the multiphonon model. Generally, increasing

temperature has a negative effect and increasing pressure
¢ has a positive role on the internal quantum efficiency.
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1. INTRODUCTION

For the past three decades, GaN-based semiconductors have contributed
significantly to the improvement of performance photonic devices [1-4]. InGaN
materials exhibit outstanding properties, including a high optical absorption, high
velocity, high thermal stability, high mobility, and high resistance. [5-8]. All these
properties make InGaN a good candidate for applications in high-temperature
operation. Research efforts on InGaN light-emitting diodes, particularly under
temperature and hydrostatic pressure, have increased significantly over the past
two decades [5, 6, 9, 10, 11]. Therefore, it is essential to study their external and
internal quantum efficiencies (IQE), which have been investigated through
various theoretical models and experimental methods [12-15]. Estimating the
total efficiency requires calculating the IQE, as the main source of the decrease in
the total efficiency. Significant contributors to the IQE droop are non-radiative
recombination, and carrier leakage [16, 17]. Various methods have been proposed
for calculating the internal quantum efficiency in optoelectronic systems [12, 18-
21]. In these works, radiative and non-radiative recombination coefficients are
often considered as fitting parameters. One of the most famous models is the ABC
model. In this work, the carrier density is assumed to be equal, while the total
recombination coefficients (Auger, Shockley-Read-Hall (SRH) and radiative) are
considered constant and independent of external perturbations. Therefore, to
accurately calculate the internal quantum efficiency of optoelectronic devices, it
is necessary to provide a comprehensive model that is well consistent with
experimental data.

Considering the mentioned points, the present study aims to introduce a
comprehensive model in which total recombination and their coefficients, the
total injection, are investigated under external pressure and temperature without
using parameter fitting. Given the breadth of the subject, in our previous works,
we have separately investigated and calculated each of the non-radiative Auger
and radiative currents independently [22, 23]. In this work, we calculate the total
current by adding the Shockley-Read-Hall and leakage currents, providing a
comprehensive analysis of these two components. The SRH recombination is one
of the most effective process of the decrease in efficiency. [24, 25]. Different
method (e.g. numerical and analytical) used to compute the SRH recombination.
Piperk et al. calculated the relationship of the Shockley-Read-Hall coefficient on
the electron concentration using ABC model [21]. Aurelin et al. computed the
SRH coefficient through integrating the carrier overlap in the quantum well and
the multi-phonon theory [26, 27]. Pristovesk et al. calculated the relationship

Journal of Optoelectronical Nanostructures.2025; 10 (4): 36- 63 37



Internal quantum efficiency in GaN/InGaN multiple-quantum-well ...

between the Shockley-Read-Hall coefficient and density of defects [28]. Also, the
relationship of SRH on the carrier band energy and temperature in photonic
devices computed by Bulashevich et al. and Shishehchi et al. [29, 30]. The
hydrostatic pressure is used to adjust the wavelength of the laser diode [31]. In
this work, the theory of multiphonon is used to investigate the carrier capture
coefficients [32], as parameter dependent on the transition energy. In all studies
conducted on photonic devices such as LEDs, the defects radius is constant.
However, in this work, we study its relation on external perturbation.
Furthermore, we investigated the effects of the total holes into the calculation
capture coefficients.

2. CALCULATION MODEL

The sample studied in this work is similar to previous works. (Figure 1) [22,33].
To calculate the subband energy, the wave functions of electrons and holes, the
Schradinger and Poisson equations, as well as the 6x6 k.p method, have been
used, respectively[22.34,35]. In this model, we consider the effect of pressure and
temperature-dependent parameters to calculate radiative and non-radiative
recombination [36, 37]. These parameters are the effective mass, phonon
frequency, internal polarization fields, and dielectric constants. Total current
density in MQW light emitting diode is [38]

Jiotal

IQE =NeL R, / ( NeL,, [Rery + Ra + R 1+ ) (1)

In this context, Rsry, Ra, and Rng refer to SRH, Auger, and radiative
recombination, respectively; J, is the carrier leakage current; and Ny, and L, are

the number of quantum wells and well thickness, respectively. To better explain
the working model, Fig. 2 presents a schematic illustration of the recombination
components, along with the paths of carrier injection and leakage currents.
Meanwhile, leakage currents exist outside these regions and toward the blocking

layers of Ing,GaggN . To calculate the efficiency, total recombination and
leakage current must be calculated, as follows.
The non-radiative SRH recombination rate is calculated as [27, 30, 39, 40]:
T Ne@P@e@N@) Erp()—Era()
RsrH = J. = : (L exp(—
Cp()[pg + P(D]+Ce(2)ng +n (2)] keT

)dz (2)

0
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20

where n(Z)=Z(mZkBT/nhz)wiz(z)Ln[Hexp—(Ei-EF )JkgT)] is the electron
i=1

density[32]. Additionally, m; is the effective mass [32, 41]. Furthermore,

Eq(T.P)=Eq (0,0)+ﬂP+aP2—(aT2)/(T +T,)is the band gap [32]. The numerical values

of the band gap constants (a, o, and B) are listed in Table 1 [42].
LInGaN . . -

Lot = (1/n(z))j n(z)zdz is the width of QW that can be calculated after calculation
0

of electron density [43].

20 3
Where p(z)=(mykgT /ﬁh2)22|n|:1+ exp(E; - Eg)/(kgT) ]

o (z)| is the density of

i=l v
holes, in which g (z), m, andE; the hole envelope function , mass and the
3 LGaN
subband energy. gi(z) is normalized such that ZI gi“(z)|2dz=1[44] . The

v=l 0
effective masses of holes are obtained using the k.p method and ternary relation
[45, 46]. In this work, the positions of the Fermi levels corresponding to electrons
( Eg,) and holes (' Eg, ) are shown in Figure 1. The defect density is assumed to

be N, =1.5x10"cm™3, which is similar to the work of reference 27.

Where ¢, and Cp are the capture coefficients of the electron and holes. In this

work, we investigated the electron capture coefficients, as the hole capture
coefficients in the valance band is similar to the electron calculation method.

Using Fermi’s golden rule, C, is expressed as follows [27, 32, 47]:
2
Co(2) = D Gy xF; (167°a5 /h)(AEij =S, J100) wic(2)| (3)
iij
In this model, the defects radius is a; =7/[2m;AE;T'> [30]. Moreover,
AEj; =(Ejj —Er) is the energy difference between the ith subband and trap level. In
addition, E; = E7 +E! + E$®™™ — B —eF, Ly iS the transition energy of the electron
relative to the valence band subbandes [48]. In this relation, E? and E are the

subband energy of the holes and electron in the quantum well, respectively, and
EE is the excitons bounding energy. Exciton energies are determined using the

variability method. [49]. Moreover, F is the polarization electric fields

w
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(spontaneous and piezoelectric) in the quantum well [42, 50]. In this model, the
rule of selection is no longer imposed. The deep traps energy ( E; ) in the QW is

a tenths of volt above the median of the transition energy and toward the valence
band [27, 51]. Additionally, the median of the transition energy is the position of
the deep traps energy, considering the median of the transition energy for the traps
energy (E; =E;/2). Deep trap have a negative impact on the efficiency of

InGaN/GaN LEDs. [52]. In the work, the first subband transition energy of the
heavy holes In, ,Ga, ;N QW (at 0 GPa and 300K) is 2.38 eV [32]. The transition

energy in the middle of band gapes is 1.2 eV. Additionally,
o o(M)=w o +Aw(T)+Awy(T)+Awy (T) is the temperature-dependent LO-

T . R
phonon frequency [53, 54]. Here, Awe(l')z—a)Lo(O)}/.[ [accr)+2aa(r)}dT is the
0

thermal expansion contribution (volume change), where y is the Griineisen
parameter whose numerical values are listed for GaN and InN in Table 1. Also,
a.(T) and o, (T) are the coefficients for temperature dependent of linear
thermal expansion, respectively, whose temperature-dependent relationships are
in Table 1. In addition, Aw(T)=s(T)[2a—b(2C;3/C33)] is the contribution of strain
induced to the phonon frequency. This variation is due to a inconformity between
the GaN (or InN) and sapphire substrate. In this equation,

T o T . .
&(T) = (g +1)[(1+.L aa,S(r)dT)/(1+J. a,(T)dT )] is the temperature-dependent in-plain

9 9

strain. a, 5(T) and «,(T) are the temperature dependent in-plain linear expansion
coefficients, whose temperature-dependent relationships are in Table x.
Moreover, & is the residual strain INN( or GaN) at its growth temperature T of

500 K. In this model, the residual strain &, at the growth temperature T, is equal
to zero [54]. In this work, the third and fourth order terms in the nonharmonic
Hamiltonian and the symmetric decays of the center-region phonons into two (
.5(0)/2 ) and three ( w_(0)/3) phonons are considered, the term A, (T) can
be expressed as [54]:

Awy (T) =Awy, +Awy, = M[1+2n(T, w6 (0)/ 2)] +

4
M, [1+3n(T, w5 (0) / 3) +3n*(T, 0,5 (0) / 2)] )

where M; and M, are constant values, the numerical values of which are in Table
1. The numerical values of the other coefficients associated with Mz and Mz in the
guantum well are obtained by the ternary relation [55]. In addition,

Journal of Optoelectronical Nanostructures.2025; 10 (4): 36- 63 40



R. Yahyazadeh et al.

@6(T,P)=wo0)exp(y oP/B,) is the LO- phonon frequency [56].
Numerical values of », ,and B, are in Table 1 [56].

The strength of carrier-LO phonon coupling is characterized by HRF whose
relationship is shown as follows (see Appendix A) [57, 58]:

Siic= Z(ez/wohwl_o)[(l/foo)—(l/%)]xqz/(qz +’L52)2

q

e Hotioeal

where g,V,and n, are the phonon wave vector, phonon occupation factor and

®)

2

[t @i (2)

the unit cell volume, respectively[36]. In this study, 7= (dreIn+ Pl epcankgT)M2 s
the reverse screening lengths [59, 60]. Furthermore, 1._p, = I vie (2)w;. (2)e 20z is
the scattering integral in the quantum well.

where Gj; is the subsidiary function and is shown as follows [27, 61]:

Gjj =W (o[22 & | (R + )1V exp(zij —(2nq +DS;j +AB;j / 2KT) (6)
where Bj =AEj /o is the number of phonons in scattering process,

& =28 [N +1]"%, and g; =(Pf +&)"*. Furthermore, F; is a function that
depends on the electric charge of the carriers centers. The value for carriers charge
has been calculated by Kang et al. [61.In this work for the simplicity, we ignore
charge effects and, following Refs.27, 47, and 60, we set F; =1.

In the ABC model the carrier densities are equal [21], the non-radiative
recombination of SRH is obtained by integrating on effective well width. In this

state, Shockley-Read-Hall constant ( A= Rg,, /), which is as follows:

ceq
Ce(Z) Ce(z)xcp(2)  Em(@)-ER(?)
A= NI o) ie N ) (L—exp( —kBT )dz (7

By determining the effective well width (L, ), Shockley-Read-Hall coefficient
(A), density of carriers and the number of QWSs (N), the SRH current (
Jsr = NgL,,An ) is calculated [62].
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In this model, the Auger recombination (AR) is obtained from the Golden Fermi
function according to the following relationship, which is as follows [23, 63, 64]:

1 e L, 4r
datily 4ne,” " (27)°
—M (8)
D[ [ JIkek ™ A2tk )Ry 22 S(ENG Pl Pl d

allg,

Ry =

Where, 6(E), M, A are the energy conservation , matrix element for
interaction potential of carriers, and the overlap integral, respectively [63].
Further, By, ~ f, fo f,,[1— f,,] account for sate occupations. Additionally, k

and k are the in-plain wave vectors of two dimensional, respectively. In this
study, we calculate three AR, namely the CHHL, CHHS and CCCH processes,
independently so that we can obtain the total recombination through them. Also,
the effective Auger coefficient after calculating the AR is given by [64].

C,,(CHHS) C,,(CHHL) C,,(CCCH)

C, (InGaN) =[R,(CHHS)/ p,”A,]+[R,(CHHL)/ p,*R, ]+[R,(CCCH) /A, 2P, 9

where p,,,and n,, are the medium hole and electron density inside the
barriers(b) and wells (w).
The radiative recombination (RR) rate is given by [40, 65]:

B

Rra =(“P—“i2>% ~ % a(Ee % EAE (10)
nyh°c” JEg

Here B and n, are the RR coefficient and intrinsic densities of the carriers
respectively. The optical absorption is calculated as [66, 68]:

oy (E')= ”hq nghDrzliﬂ — 15, )L(E'- By )y (11)

E Eomo Cneﬁ

2
Where L(E'~E;) = (T2om)/ 270(E' ~ Ej)? + T2, DX =m, ;I 7 ||\/|,J| are the

Lorentzian function, the reduced density and |Mij|2 is the transition strengths.

Where Ty, is the linewidth (related to scattering of carriers and phonons) (see
Appendix A) [56, 69]. The relaxation time (7, =7/[Ty (E)+Ty (E)]) is
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obtained from Eqgs. (A4) and (A1) (see Appendix A). Finally, ny is the refractive
index [ 39].

Jie = Al(NLgg Ny, /7,,) +(dg —NLg )N, /7,] IS the leakage current of electrons,

especially at high  temperatures [57,69,71]. In this relation,
N, = N, exp[(E, —AE.)/kyT] and N, =N, exp[(Eg, —AE.)/k,T] denote the
concentration of electrons in thermal equilibrium in the QW and barrier,
respectively; dgis the thickness of the MQW layer; and AE. is the energy

difference above the QW from the first subband (with the highest density). Also,
7y =[272m 13)) 1 kT 1exp[(Er —E;)/ kgT]is the lifetime of the electrons above the

barrier and wells, respectively [72]. The hole leakage current relationship is
similar to the electron leakage current, in which we must replace the hole variables
with the electron variables in these relationships.

3. RESULTS AND DISCUSSION

The internal quantum efficiency is obtained after solving all the paramours of
recombination and leakage current. To calculate the recombination and leakage
current, first calculate the bands profile. Bands profile for carriers are shown in
Fig. 1la. To calculate variables of the light-emitting diodes, 1.5 V was applied to
p-GaN region (Fig. 1b).

Fig. 3 illustrates the relationship of polarization and QW depth on temperature
and hydrostatic pressure. As shown in Fig. 3, increasing the temperature by 300K
(relative to room temperature) decreased QW depth and polarization density by

45meV and 1.2m™, respectively (Fig. 3a) . An increasing the temperature altered
the lattice constant, leading to a change in position of charges and decreasing
polarization charge density (inset of Fig. 3a). Similarly, an increase in temperature
decreased the centers of charges, thereby increasing the Coulomb interaction of
carriers. By increasing the temperature by 600 K, the energy of first subband
decreased by 18 meV. It also decreased carrier density and quantum confinement.
As shown in Fig. 3b, increasing the hydrostatic pressure by10 GPa increases QW

depth and polarization density by 65 meV and 1.4m™, respectively. According
to Fig. 3, the effect of hydrostatic pressure on polarization and QW depth is
exactly the opposite of the behavior of temperature on quantum well depth and
polarization.

Among of the important parameters for computing the a;, Auger overlap
integral, capture and optical absorption coefficients are the transition energy and

AEij . In this work, we calculate only Eij of the first subband so that the other
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similar trend under external perturbations. The transition energy of first subband
(ES™, and AEfl’hh versus external perturbation is according to Fig. 4.

Dependence on the temperature and pressure of E; and AE; is according to Fig.

4. By increasing the temperature up to 300K, Eij and AEij decreased by 0.38 eV

and 0.19 eV, respectively (Figs. 4a). In addition, those parameters by increasing
the pressure byl0 Gpa, increased by 0.43 eV and 0.22 eV (Figs. 4b). Also,

temperature dependence of parameters in relation Eij could change transition

energy, which are Fw, Ef,E], ES®™, EJ and Ly . The dependence of these

parameters on pressure and temperature has been investigated in our previous
work [22]. According to the obtained data (Figs. 4a and 4b), for an increase of
300°K in temperature and 10 GPa in hydrostatic pressure, the exciton energy
increased by 8 meV and decreased to 8.8 meV, respectively. For illustration of
localization under eternal perturbation, the wave function of carriers is plotted
versus distance in Fig. 4. By increasing the temperature to 300K, the pick of ¥
decreased from 1.78x10*m™2 to 1.54x10*m ™2 and was delocalized. Furthermore,
for heavy holes, the pick of ¥, decreased from 3.1 x10*m™”? to 2.56x10*m™2,

indicating a decrease in quantum confinement and localization and thereby more
overlap of wave functions between carrier (inset of Figs. 5a). By increasing the
temperature up to 600K, the wave functions overlap increased 8.5x10°m ™2,
Therefore, more overlap indicates an increase in the Coulomb energy of the

carriers (electron and holes), suggesting that EJ increases by increasing

temperature (inset of Fig. 4a). Figs. 5b displays that the carrier and overlap wave
functions region, with increasing pressure, is exactly the opposite of their
behavior with increasing temperature. Therefore, increasing the pressure byl10
GPa, the overlap region decreased 7.2x10°m™*?; thus, decrease in the Coulomb
interaction of the carriers, suggesting that EJ decreases by increasing pressure
(Fig. 4b).

Effective mass of carriers is the important parameter in calculating the point
defects radius, Auger overlap integral, capture and optical absorption coefficients,
which requires calculating and drawing the band structure of hole carriers, as
shown in Fig. 6a and 6b. From these figures, band edges of heavy hole are
constant and independent of temperature and hydrostatic pressure. As a result,

my, is not effective in recombination. However, the effective mass of LH and SO
hole changes with temperature and pressure, which is impressive in
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recombinations. Hence, the temperature and hydrostatic pressure will be
impressive on these holes when calculating the recombinations.
LO-phonon frequency is the important parameter to calculate the n, and

Huang-Rhys factor, which depends on temperature and pressure. In analyzing the
pressure and temperature dependence of phonon frequencies, it is necessary to

investigate their origin, which is related to the polarization fields (F, ). The change

in polarization under the influence of temperature and pressure causes changes in
the polarization fields. These changes are as shown in Figs 7a and 7b. By
increasing pressure by 10 GPa, the polarization field increases in the MQW region
by 0.77 MV/cm, and a temperature rise in the range of 300-600 K reduces this
field to 0.57 MV/cm. An increase in the polarization field charge density causes
an increase in electron and hole density (Figs. 7c-7f). The density of carriers
increase in the MQW region is 0.78x10®cm=and 0.66x10"cm™ for holes and
electrons, respectively. But with increasing temperature up to 600, the average
density of holes and electrons decreases to 0.52x10¥cm™ and 0.68x10®¥cm3,
respectively. Furthermore, changes in hydrostatic pressure altered the distance
between charge centers, thereby modifying o (Figs. 3a and 3b), which in turn

increased the F, and LO-phonon frequency.
Another parameter in calculating the capture coefficient is the « o (T), which
also depend on Aw,(T) , Awx(T) , Awy(T)and Aamy,(T) contributions for LO-

phonon frequency according to Fig. 8a. Increasing the temperature by 300K
(relative to room temperature at 0GPa) reduced the LO phonon frequency by 14
cmt. Comparison with experimental data from reference 53 confirms the model.
Also, an increase in pressure by 10 GPa (at 300K) increased w, o (T) by 21 cm™
(Fig. 8b).

The temperature and hydrostatic pressure dependence of Huang-Rhys factors
is as shown in Fig. 9a. By increasing the pressure by 10 GPa, the reduction rate
in Huang-Rhys factor was 0.54 and 0.23 for total holes and electron, respectively
(Fig. 9b). Besides, Huang-Rhys factors increased with increasing temperature.
This increase (Fig. 9b) related to the decrease in the confinement of electron and
holes in quantum wells with increasing temperature. The increase in the
confinement of electron and holes in quantum well increased the coupling of LO
phonons with carriers, thereby increasing the Huang-Rhys factors with increasing
temperature. But Huang-Rhys factors decreased with increasing hydrostatic
pressure, which is related to confinement in quantum wells.

As aresult, from Eq. (3), ce and cp are calculated (Fig. 10). As shown in Fig.10,
the c. and cpincreased with increasing temperature (Fig. 10a). This increment was
related with an increase in the overlap and the coupling of LO phonons with
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carriers (Figs. 5 and 9). Due to the low density of electrons compared to holes
(e.g., hhand Ih), c. was lower than c,. The equivalent capture coefficient (c,, ) in

Eq. (7) is an effective parameter to calculation of SRH coefficient. By increase
temperature up to 600K could increment the c,, to 1.6 m?s™. Furthermore, center

of equivalent capture coefficients is located in a position of 47 nm, this position
(47nm) moved toward the position of the holes by 0.12 nm. In addition, increasing
the pressure could reduce the c,, and moved toward position of the electrons by

0.16 nm (Fig. 10Db).

Finally, the Shockley-Read-Hall recombination rate values were calculated by
Shockley-Read-Hall coefficients (Figs. 11). As showen Fig.11 increasing the
temperature in the range of 300-600K (at 0 GPa) could increase the value of

Shockley-Read-Hall recombination up to 0.18x10®cm™3s™ (Figs. 11a).
Additional, an increase in hydrostatic pressure caused lower the value of

Shockley-Read-Hall recombination up to 0.25x10%°cm™3s* (Figs. 11b). Auger
and radiative recombination and their coefficients are fully explained in Refs. 22
and 23. Their dependence on temperature and pressure is shown in Figs. 12 to
13. According to Figs. 12 to 13, pressure causes a decrease in recombination,
while temperature causes an increase in recombination.

Table 2 presents the recombination coefficients calculated in this work,
numerical value of these coefficients were compared with values from Refs. 79-
82. Numerical value of these coefficients illustrated that the recombination
coefficient in the quantum well is closed to value in earlier literatures.

The carrier leakage current is one of the variable used in internal quantum
efficiency. The leakage current at different temperatures and pressures is as shown
in Fig. 14. As explained in Fig. 3, increasing the pressure causes the quantum well
of the carriers to become deeper. As a result, it will increase the quantum
confinement and reduce the carrier leakage. Conversely, increasing the
temperature will reduce the well depth and quantum confinement, thereby
increasing the leakage current.

IQE can be determined by calculating all radiative and non-radiative
recombinations as well as leakage current. As shown in Fig. 15, increasing
pressure increases the IQE, while increasing temperature decreases it.

By applying an external voltage of 1.5 V (Fig. 1), the injection current density
resulting from recombination and leakage currents increases to 180A/cm?2. In this
case, for an increase pressure up to10 GPa, the quantum efficiency increases by
5%, and for a temperature change of 300K, it decreases by 4%. In Fig. 15, the
maximum efficiency value is at a total current density of 7.5 A/lcm?. To verify the
validity of the working model for calculating efficiency, we compared it with the
work done by previous researchers, as shown in Fig. 16. It is of note that this
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figure applies to a single quantum well with the characteristics of the structure
described in Ref. 21. The figure also supports that our working is in agreement
with the experimental data without fitting parameters. Additionally, the closeness
of these models to the experimental data is explained by the fact that these works
considered the recombination coefficient as fitting parameters.

@ V=0V (b) V=+15V

CcB opEc INGaLN MQW

v TUTUUTTUY
In,,Ga, N g ,Gag N

Energy(eV)

T T T T T T T T
-100 o] 100 200 -100 o] 100 200

Fig. 1. The bands energy of electron (CB), heavy-hole (hh), light-hole (Ih), and split-off

hole (so) band in InGaN/GaN MQWLD versus distance for (a) 0V and (b) 1.5V.
which m=0.3, 0.4 for barriers wells, respectively

electron leakage

electron injection
——

7777777 p-GaN

— N nonradiative radiative
= 1A B, recombinationl lrecombination Ery
~ = =

AN R, +R R
= 5] AT smu r 2DHG
> n-GaN SR
—
(W)

InGa, N MQW S
hole injection
hole leakage ——

71;.')0 C’) 1(’)0 2(’)0
Z(nm)

Fig. 2. Schematic illustration of InGaN/GaN LED recombination components (Radiative,
Auger and SRH) along with the paths of carrier injection and leakage currents
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Table 1. Parameters and physical constant for InN and GaN

Parameters(unit) GaN InN Refs.
EL(eV) 14.0 145 [42]
Eg (0K, 0GPa) 3.42 0.7 [42]
Ago(eV) 0.014 -0.001 [42]
B (meV.GPa) 31.8 16 [78]
8(meV. GPa™?%) -0.23 -0.02 [78]
a(1073eVK™1) 0.909 0.245 [42]
T.(K) 830 624 [42]
€00 5.39 6.7 [72]
wpo(em™1) 731.51 621.53 [74]
Ci3(GPa) 103 92 [74]
C53(GPa) 405 224 [74]
By (GPa) 190 136 [56]
VLo 1.08 126 [56]
M;(cm™1) 2.80 —0.37 £ 0.05 [54,75]
My(cm™1) 0.15 —0.27 £ 0.14 [54,75]
a (107K~ 1) 3.17 2.165+0.00269T [45,75,76]
a (107K~ 5.59 2.134+0.00608T [54,75,76]
a,s(1076K™1) 75 0.943+0.00962T [54,75,76]
a(cm™) -660 -610 [54, 77]
b(cm™) -1140 -875 [54, 77]

Table 2. Recombination coefficients reported in a number of works in InGaN/GaN

MQW LED at 300K and P=0GPa

References A(107s?) B(10cmds?) C(10%%cmbs?)
This work 2.3 1.4 1.2
Zhang et al.” 1.0 2.0 1.5
Shen et al.® 5.4 2.0 2.0
Meneghini et al .8t 2.3 1.0 1.0
Laubsch et al.® 0.47 0.12 0.35

4. CONCLUSIONS

This study investigated the internal quantum efficiency of InGaN/GaN
MQWLEDs under varying temperatures and hydrostatic pressures. The results
showed that that increasing the temperature in the range of 300-600 K led to
increase the Huang-Rhys factor by up to 0.17 and 0.48 for electrons and holes in
guantum wells, respectively. Additionally, increasing the hydrostatic pressure to
10 GPa led to decrease the Huang-Rhys factor by up to 0.22 and 0.53 for electrons
and holes, respectively. On the other hand, increases in temperature lead to an
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increase in the capture coefficients of carriers, while increasing pressure reduces
them. By applying an external voltage of 1.5 V, the injection current density
resulting from recombination and leakage currents increases to 180A/cm?2. In this
case, applying pressure up to 10 GPa, the quantum efficiency increases by 5%,
and for a temperature change of 300K, it decreases by 4%. Our numerical model
provided the origin of the all recombination changes under temperature and
pressure in LEDs. Finally, the performance of the light-emitting diodes is better
when Auger and SRH recombination and leakage current are lower. Therefore,
temperature and hydrostatic pressure play a negative and positive role in the IQE
of these LEDs.

APPENDIX: HUANG-RHYS FACTOR

The carrier-phonon scattering of linewidth is obtained from one-particle Green’s
functions. The carrier-carrier scattering linewidth is given by [57]:

nij z Zz 5[E+En ip, —Epj e En|p| j l\/nm(k"k" i, ]J')|

n'=c,vk',p i,j (Al)
o ) B {1t )+ ) o (g )} (v
where n is the conduction or valence bands, i', i, j’, and j are the subband of

the QW structure. The matrix element of carrier-carrier interaction V,,in QW is
as follows

2 olk —k',p -p
Vnm(k“kH ii’, JJ)—Z € ( [ ||)
o J”SZ o (A2)
I

* * 2
xﬂ.q)njr(zl);/ﬁnj(zl)gbnrir(zl)¢nir(22)><exp(—|zl—zz| |kH—k’ +/152dzld22

where A is the interface area of the sample, the z-axis is perpendicular to the well
interface and the ¢ represents in-plain (parallel to the well interface) momentum

conservation. ¢nj (zl) , Is the wave function of a carrier. A, is the inverse screening
length and is calculated as [57]:

2h3 Z[mqf CJ mchCJ +my f, ( ) fmvj Eyl (A3)
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where m,; andm,; are the effective masses of holes in the valence (v) band and

electrons in conduction (c) band. Llinewidth for carrier-longitudinal optical (LO)
is calculated as [57]:

cph

an x

a0

Xé(Enj’k"‘ -E +ha)Lo){nq +1- fn(Enj'kH )}+5(Enjrk"‘ -E —ha),_o){nq - fn(Enj'k"‘ )}

Here P, is the matrix element of carrier-LO phonon scattering in QW used for
the Huang-Rhys factor calculation, which is calculated as [58]:

(A4)

ij

/(tho)2=Z i [i—i] S 5(k—k',q){nq+1} U*()%()exp —id,)dz (A5)

. 2\/0ﬁa)|_o ) (q2+j§) nq

P (kuku I )

where (], is the phonon wave vector, &, is the optical dielectric constants, and
Vo is the system volume. The intraband relaxation time 7, =7/[I'gy (E)+T (E)]
is obtained from Egs. (Al) and (A4).
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