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Abstract: The present study was conducted to investigate current density of
Al ,Ga,,N/GaN  multiple quantum well solar cell (MQWSC) under hydrostatic
pressure. The effects of hydrostatic pressure were taken into account to measure
parameters of Al,,Ga,,N/GaN MQWSC, such as interband transition energy, electron-
hole wave functions, absorption coefficient, and dielectric constant. Finite-difference
method (FDM) was used to acquire energy eigenvalues and their corresponding
eigenfunctions of Al ,Ga,,N/GaN MQW and hole eigenstates were calculated through
a 6x6 k.p method under an applied hydrostatic pressure. It was found that the depth of
the quantum wells, bandgaps, band offset, the electron, and hole density increases with
the hydrostatic pressure. Also, as the pressure increases, the electron and hole wave
functions will have less overlap, the amplitude of the absorption coefficient increases,
and the binding energy of the excitons decreases. Our results showed that a change in
the pressure up to 10 GPa caused absorption coefficients peaks of light and heavy holes
to shift to low wavelengths of up to 32 nm, which in turn decreased short-circuit current
density and increased open circuit voltage.

Keywords: Hydrostatic Pressure, Optical Absorption, Solar Cell, Multi-Quantum
Well.

1. INTRODUCTION

Nitride heterostructures are important because of their high energy gap, high
electron density in the quantum well, and high electrical conductivity [1,2].
These heterostructures are used in manufacturing of electronic components
(e.g., transistors and diodes, optical components, and solar cells) and industrial
components, such as electrical switches (disconnecting or connecting electrical
circuits acting as converters) [3-5]. Binding energy of AlGaN/GaN excitons and
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other optical behaviors may vary under the influence of external perturbations,
such as temperature, magnetic field, and pressure [6,7]. Therefore, it is
important to study the effect of hydrostatic pressure on optical and electrical
parameters, such as electron and hole density, subband transition energy, current
density, and absorption coefficient of Al,,Ga,,N/GaN MQW. As the absorption

coefficient is the most important parameter in calculating and studying current
in solar cells, it needs to be studied under external pressure perturbation.
Bardyszewski et al., studied binding energy of excitons under hydrostatic
pressure [8]. Asgari et al., [9] calculated current density and absorption
coefficient for InGaN / GaN MQWSC at different impurities and well widths.
Petre et al., [ 10] calculated subband transition energy and absorption coefficient
of AlGaAs / GaAs MQW. Most of the previous studies have presented
analytical formula obtained from experimental results for absorption coefficient,
which depends on energy gap used in calculation of photoelectric current of
solar cells [10]. A precise measurement of current density in solar cells requires
numerical calculations of absorption coefficient [11]. Therefore, in this paper,
behavior of current density and absorption coefficient of Al,,Ga,,N/GaN

MQWSC was investigated under external pressure. The most important
advantages of this numerical method and novelty of this work are the use of five
important parameters: effective mass, energy gap, lattice constants, dielectric
constant, quantum barrier, and well-thickness, which are simultaneously
dependent on hydrostatic pressure and temperature. The effect of hydrostatic
pressure on energy of heavy and light holes and transition energy of subbands
was also considered. In this model, conduction band energy, wave functions,
and energy subbands were measured from self-consistent solution of the
Schrodinger and Poisson equation. Energy of hole valance bands (heavy and
light hole), wave functions, and energy subbands were calculated using a 6x6
k.p method. In the calculations, up to 5 energy subbands were considered in
guantum wells. The sample used in modeling was p-i—n solar cells with an
AlGaN/GaN MQWSC structure within i-region. The p and n regions were based
on GaN. Donor and acceptor concentrations in n- and p-region materials were
assumed to be the same with 0.1x10®%cm® , and 19 wells were considered in this
work. Only the first subband transition (with uncoupled heavy and light hole
states) was considered in this calculation. Current density and absorption
spectrum of MQWSC structure were determined via these transition energies
and wave functions. It should be notified that the calculated built-in polarization
field for structures is about ~10°vm™. In this work, atmospheric and hydrostatic
pressures were taken into account. That is, at zero hydrostatic pressure, only
atmospheric pressure was applied. The results and discussions were obtained by
calculating and drawing figures.
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2. HETEROSTRUCTURE MODELING
2.1. Self-Consistent Solution of Schrédinger-Poisson Equations

MQW structure introduced for the model was constructed by an AlGaN with a
bandgap energy of Eé*'GaN for barriers and GaN in the wells, as schematically

shown in Fig. 1. For obtaining accurate values for Fermi energy, energies of the
guantized levels within 2DEG, potential profiles, wave function, and sheet
carrier concentration for 2DEG in AlGaN/GaN heterostructures, both the
Schrodinger and Poisson equations must be solved self-consistently. This was
achieved by solving Schrodinger’s equation and simultaneously taking into
account electrostatic potential obtained from Poisson’s equation, as well as
image and exchange-correlation potentials using three-point finite-difference
method (FDM) (see Appendix A). The Schrodinger and Poisson equations in
quantum structures are introduced as follows: [13]:

_hz(?z(ri*olwc;z(Z)}Ec(z)wn(Z)=EnV’n(z) W
& %EZ(Z)%(\/H +Vp) =€ {%5(2_20)“\%_”(2)} @

Where, 7 represents the reduced Planck constant, me* is the electron effective
mass, E, is the total potential function, v, is the nth state wave function, with
its associated nth state energy level E,. In total
potential E,(z)=Vg(z)+Vy (2)+V.(2)+Vs(z), Vg (z) is the heterojunction band
gap discontinuity; V, (z) is the effective Hartree potential, and v,,(z) is the
exchange-correlation potential. Vv, (z)=¢F,z is the potential energy induced by
polarization charges, and F, is the electric fields in the well (F,)and barrier
(F,) caused by spontaneous (SP) and piezoelectric(PZ) polarization (see
Appendix B). In the Poisson equation, &,(z) is the dielectric constant at the
position z, z, is the interface of AlGaN and GaN position, Ny is the donor total

density, n(z) is the sheet concentration of the confined electrons, and o, is the

polarization charges of interfacial density [14,15]. The current numerical model
uses five parameters: effective mass, energy gap, lattice constants, dielectric
constant, quantum barrier, and well-thickness, which are simultaneously
dependent on hydrostatic pressure and temperature as following:

1- Basal strain is expressed from lattice of substrate a, and
epilayer a, (T,P,m):
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f(T,P,m)z(ac—ae(T,P,m))/ae(T,P,m) (3)

Lattice constants, as a function of temperature, alloy, and hydrostatic pressure
are given as follows [17-20]:

3 (T,P,m) = ao(m)[(u AT Tt ))(2- P/3BO)} (4)

Where, B, =239GPa is the bulk modulus of sapphire. g, =5.56x10°K™ is
the thermal expansion coefficient , T, =300K®and a,(m)=0.13989m+0.03862 is

the equilibrium lattice constant that is a function of composition [20, 21].
2- Here, &gy (T.P), &ncan (MT,P)) are the dielectric constant of GaN,

AlGaN, and dy g, n(T,P) is the AlGaN barrier$ thickness so that, they are
given as follows [6,22 and 23]:

£ea (T,P) =10xexp(10* (T -T,)-6.7x10°P) (5)
Encan (MT,P)=" (T,P)+0.03m (6)
Lo = Lagca, 0 (TP) = Lucan (0)] 1855 + 2805 ) | ™
L = Loan (T.P) = Loay (0)] 1-(SE™ +255" )P ] ®)

Here, Lacan (0) and Lg,y (0) are the AlGaN and GaN layers’ thickness without
considering hydrostatic pressure and temperature. S;; and S;, are the elastic

compliance constants [6, 23].
3- Band gap energy of AlGaN/GaN is as following [16,26]:

Ey (T.P)=Ey(0,0)+7P+0P+(aT?) [(T+T,) (9)

E, (0,0) stands for the band gap energy of GaN or AlGaN in the absence of
hydrostatic pressure and at a temperature of 0 K. The suggested parameters used
in Eq. (9) in our calculations were taken from a previous study (Ref 23).

4-In the Schrodinger’s equation, electron effective mass m” can be written as
[24,25]:
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EL(EL (P,T,m)+2A¢,/3
_ my 14 P(Fg(F ) S0 ) (10)
m, (P, T,m) Eg (Eg (P.T,m)+Ag, )

Where, m, is the free electron mass, E; is the energy linked to momentum
matrix element, Ag, is the spin-orbit splitting ,and E; (P,T,m) is the band gap

variation as a function of hydrostatic pressure and temperature. Effective masses
of light hole (Ih), heavy hole (hh), and spin-orbit split-off (so) are given by [26]:

r

my 2Ep
——— = +2y))+— 11
my (P,T,m) (n+2r2) 3EL (P,T,m) ()
My 2E,
—— =M -2)t— 12
m, (P, T, m) (=272 3E! (P,T,m) (12)
m 2EL
—————=n+— : (13)
my, (P, T, m) 3E, (P,T.m)+Ag]

Where y and y, are the nonparabolicity parameters taken from Ref 24.

2.2. Hole Wave Functions and Energy Subbands

Hole wave functions and energy subbands were calculated along the Z axis
using a 6x6 k.p method [27]. Hole distribution was calculated by summing
contributions from 5 hole subbands. A formulation was used to calculate hole
distribution as follows [ 29]:

* 5 3
P (2) = mL‘;ST ZZ gi“(z)‘ln{lJr exp(EiK_—;F} (14)

i=l v

Where, m, is an average hole mass in the k, —k, plane, E; represents the hole

wave functions, g{’(z) is the envelope function associated with n-th basis state

of the Hamiltonian, summation over n is over the three basis states, and
summation over j is over the hole wave functions. Envelope functions are

3 LGaN
normalized such that, z '[

v=l 0

2
gi“(z)‘ dz=1.
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2.3. Absorption Spectrum
Optical absorption spectrum of multiple quantum well material in an electric
field can be written as [11]:

&(ho,F) =M, (F) Gex L0, EE} (F)—Eb)+I .

Ecv(F)

MCZV(F).chom.K(E',E%{}(F))L(hw,E’)dE’ (15)

Here , L(ha),E)=F%om/27r[(hw—E)2+Fﬁom} is the Lorentzian function where, %@

is the photon energy, Ej (F) is the separation between n = | valence and

conduction subbands, E, is the exaction binding energy, I, is the full width
at half maximum (FWHM) of homogeneous broadening caused by phonon
interaction and tunneling through barriers, q.,. and q,, are the oscillator
strengths of excitonic and band -to -band transitions, respectively, N is the joint
density of states between valence and conduction bands ,and K is the continuum

shape of the Sommerfeld factor[11] . M, p :J.t//;p(x)z//vyp(x)dx is the electron—

hole overlap integral. It should be mentioned that the assumption of Elliot’s
theory regarding absorption used in this paper is: (i) a continuum of transitions
between free particle states and (ii) excitonic transitions. Also, in excitonic
transition, only the first exciton state, 1S is considered, and electric field (F)
inside the generic jth layer (either QW or barrier) is given by electric
displacements at interface (see Appendix B). Ratio of exciton area to level of

continuum is giving by 0, /Ndg, =12R,  where, R, =(e*u)/(8¢h?)is the
Rydberg constant with x as the reduced mass of exciton:
m..m,
=2 (16)
Mye + My
Where, e is the electron charge, permittivity of MQW material is assumed as an
average of those for the well and barrier material, and my and my, are the
effective masses of electron and hole in plain of well. Masses of heavy and light
holes differ from their values in perpendicular direction (mi ), which are given

by [11]:

* 4mj_hh 'mj_lh

lhh = * * (17)
3M, pp + My,

* 4m1hh -mLh

M pp +3M



Numerical Modeling of Electronic and Electrical Characteristics of Multiple Quantum ... * 87

2.4. Current Density
The relationship between current density J and voltage V for a MQWSC is
presented by [30]:

I(V) = Jowo [1+=B][exp(aV /kgT )—1] -3, (19)

Where, J,, is the saturation current density, J, is the photocurrent density,

ph
kg is the Boltzmann constant, g is the elementary charge, T is the temperature,
I, is the radiative enhancement rate ,and S is the ratio of current required to

feed radiative recombination in intrinsic region at equilibrium to usual reverse
drift current resulting from minority carrier extraction [30,31]. The term
ry S accounts for radiative recombination within intrinsic region, which was

developed by Anderson [30].Only radiative recombination was considered in
this study [21]. Definition of the quantities involved in the above equation will
be presented below. Saturation current density Jq,, is given by [32]:

Jowo =(an/Ln)np0 +(qu/|—p) Pno (20)

Where, 0 and p, are the thermal equilibrium electron and hole$

concentration in  n-type and p-type semiconductors, respectively.
D,(T)=kTu(T)/e is the temperature dependence of carrier diffusion

coefficients of electron, 7, is the lifetime of electron. In this work, lifetime of
carriers for AlGaN was equal to n = 6.5 ns [11]. L, is the diffusion length for

electron, which is expressed by: Ln=(anrn)°'5. 4 (T) is the electron

mobility. Its expression is available in the literature [30]. Radiative
enhancement rate ry represents the fractional increase in recombination in i-

MQW region, as expressed by Anderson [31]:
R =1+ fy [yByéosexp((EgA'GaN (P.T)-Eg™ (P.T)) /ieT )J (21)

Where, f,, =0.5 denotes to occupation in i-AlGaN MQW region, y, = 10 is
the oscillator enhancement factor, and  yp,s IS the density-of-states
enhancement factor. Ratio of current ﬂ=(qWBBni2)/ (JQWO) is related to i-
MQW active region, with W =N, (L +L,) is the width of i-MQW region. L,
is the width of a quantum barrier, L, is the width of a QW ,and N,, is the
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number of QWs. By =1.5x10cm3s™ [32] represents the recombination
coefficient and n, = ggexp(Eg / nkgT) is the intrinsic carrier density in i-MQW

region. Where, gg =(2/h*)(m,m, /m)** (27mksT)™* and n are the ideality

factor [ 34,35]. Eg represents the barrier height at AlGaN/GaN interface.
Photocurrent density generated by incident photons is expressed by:
Jph =0¢a (P.T,X) (22)

Flux of photons absorbed by MQW-region is given by [ 36]:
o (PT.x) =Ny D" Ny (4 )expay (4. P.T %)Ly A2 (23)

N i nti i with solar rum is the photon
Where, | ph s a quantity associated with solar spectrum, 4, is the photo

wavelength, and A4 is the line width. Open circuit voltage is obtained by
setting J as 0 [ 37]. Its expression is as follows:

Vo = (kT /) {Ln((3n + Jowo (L+ 1)) Jowo (L+ 7o) | (24)

3. RESULTS AND DISCUSSION

In this paper, a numerical-analytical model was presented to calculate optical
and electrical parameters of Al,;Ga,,N/GaN MQWSC, under hydrostatic

pressure. Iteration was conducted between the Schrédinger—Poisson equation
systems by a three-point FDM to obtain a self-consistent solution of basic
equations. During self-consistent calculation, a grid spacing as small as
1x10°m was obtained and convergent criteria for electrostatic potential were
set to be 0.1% to ensure iteration convergence and stability of our calculation.
Hole eigenstates were calculated along the Z-axis usinga 6x6 k.p method. Fig.
2 shows dependence of conduction band offset, bandgaps of AlGaN, and GaN
to hydrostatic pressure. An increase in the hydrostatic pressure at a range of 0-
10Pa led to the increase in the conduction band offset, which is attributed to an
increase in the bandgap energy of GaN and AlGaN with an increase in the
hydrostatic pressure. This phenomenon is related to correction of atomic
distances in the crystal lattice by external pressure, also leading to a change in
polarization. Fig. 2 also shows variations in the interface polarization charge
density (o) versus hydrostatic pressure. As the pressure increases, o, rises

due to the increase in the piezoelectric polarization and spontaneity. With the
increase in the hydrostatic pressure, lattice constants ( a, (T,P,m),a,(m) ) also
increase.
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AlGaN/GaN MOQWs

' '
~T~ - - - Without Pressure |
-~

With Pressure

E (eV)

9

P(GPa)

Fig. 2. The band-gaps energy of AlysGay3N, GaN and conduction band offset of the
Aly3Gag 3N /GaN as a function of pressure and temperature. The insert indicates the
variations in the o}, versus pressure

Fig. 3 shows dependence of conduction and valance bands on hydrostatic
pressure and location of quantum wells (electrons in the conduction band and
holes in the valance band). With the increase in the pressure, energy gap also
increases and the distance between subbands of quantum wells should also
increase. Fig. 4 shows an example of a change in an electron quantum well to
carefully study changes in the well and its subbands. Increasing hydrostatic
pressure at the range of 0-10 GPa led to the increase in the quantum well depth
to 75 meV, and subband energy was increased to 20 meV in absolute
magnitude. Therefore, the first band was merely considered by wave functions

and sub-energies to calculate transition energy (Egy) and wave functions in
overlap integral (Mg, ) within the absorption relation.
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P=0to 10 GPa
Step: 5 GPa

Energy(eV)

GaN ——= Al ,Ga, N

NP

Al,,Ga, N GaN —
o Ll:a 1IO 1I5 2I0 ZIS 3I0
Z(nm)
Fig. 3. The conduction(C.B) and valance(V.B) bands energy of

Al sGag 7N/ GaN hetrostructure as a function of the distance under different hydrostatic

pressure.

0.2

0.0
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2 P=0to 10 GPa

tep: 5GP
Subband1 1P °GP2

-0.2

Energy(eV)

0.4

T
282 284

T
286

Position(nm)

Fig. 4. The quantum well conduction band and subband of energy as a function of the
distance under different hydrostatic pressure.

In this transition energy, the effect of light and heavy holes was also considered

in the valance band.
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Fig. 5. Valance bands energy (Gama, light and heavy holes bands in the vicinity of
2DHG) versus distances for Alg;Gag;N/GaN hetrostructure.
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1.06 . : .
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Fig. 6. Normalized square of the overlap of the electron—hole wave functions versus
hydrostatic pressure.

Fig. 5 shows changes in the valance band energy (light and heavy holes in the
vicinity of wells). Gamma band was not included in the calculations due to light
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and heavy holes. According to Fig. 5, energy difference between light and
heavy holes was equal to 9 meV in the vicinity of hole well. This difference
varied with pressure changes (similar to valance band changes in Fig. 3). Hole
and electron overlap integral is another parameter that is important in
calculating absorption coefficient. Fig. 6 shows dependence of the normalized
square of overlap integral on hydrostatic pressure.

3.75 4
3.70 A

3.65 +

>
L -
> 3607 Heavy Hole
= s
3.55 \ £ N
. = N
Pid I S
3.50 e
s ~
3454 . \ E
. Light Hole E
3.40 7 T
P(GPa)
T T T T
0 2 4 6 8 10

P(GPa)

Fig. 7. The separation between the valance and conduction subbands ( E(l:\l, ) versus
hydrostatic pressure. The insert indicates the exciton binding energy versus pressure

As the pressure increases, separation between valance and conduction subbands
energy (Eg, ) also increases as shown for light and heavy holes in Fig. 7. As a

result, electron and hole wave functions will have less overlap. Low overlap
indicates a decrease in the Coulomb energy of electron and hole. It means that
exciton dependence energy decreases by increasing hydrostatic pressure as
shown in the inset of Fig. 7. According to Fig. 8, after determining pressure
dependence of wave functions, energy of subbands and overlap integral,
absorption coefficient can be calculated from Eqg. 11. Moreover, with the
increase in the pressure, the absorbed photon energy also increases, as well as
corresponding wavelength decreases, which are related to the increase in the
bandgaps energy through pressure. In this figure, two peaks are observed for
each pressure, which are associated with light and heavy holes of the valance
band. According to Fig. 5, heavy holes have more energy and therefore, they
will have a shorter wavelength than light holes, so small peaks are related to
heavy holes. The second point is associated with changes in the amplitude of
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absorption coefficient. As the pressure increases, amplitude of absorption
coefficient also increases.

P=10GPa
8.0x10* 4{Light Hole P=5GPa
g 1Heavy Hole P=0GPa
= \»(
& 6.0x10" A {\ A
=] [ ’\
5 - I A
8 ’ | I
S 4.0x10° A | J
=
o
48
< 2.0x10°
0.0 S S

T T T T T T T
330 335 340 345 350 355 360 365 370
Wavelength(nm)

Fig. 8. Absorption coefficient for p-GaN—i( Aly3Gag 7N/ GaN MQWSC)-n-GaN versus
different hydrostatic pressure

35 P=0GPa
— 30 \ J —
< sc P=5GPa
1=
§ 25
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=
‘S 20 A
S
(a}
2 154
<
=]
(&) 10 -
5 4
o T T T T
0.0 0.5 1.0 1.5 2.0
Voltage(V)

Fig. 9. Current-voltage characteristic of 20-MQW Al,;Gay,N/GaN solar cell for
various hydrostatic pressure.

In other words, binding energy of the excitons decreases by increasing the
pressure, and they will have a greater tendency to absorb energy and acquire a
stronger binding. The stronger the binding energy, the lower the tendency to
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absorb energy. Therefore, increasing the pressure will enhance amplitude. Fig. 9
depicts curves of current-voltage for different hydrostatic pressure values.
Hydrostatic pressure dependence of short-circuit current density (Jsc) and open

circuit voltage (Vo)  for different pressure values can be seen in Fig. 12. In the
case of P= 0GPa at room temperature, Jg. Vvalue was equal to 33.3mAcm ™ and

was further decreased to 22.2mAcm? at P= 10GPa. However, short-circuit
current density decreases by increasing hydrostatic pressure, due to the increase
in the band gap energy. Furthermore, the increase in the band gap energy results
in higher absorption of lower wavelength incident light, which will allow more
wavelength electrons to jump into conduction band due to the presence of more
free electrons leading to an increase in the current density. Vo, was increased

almost linearly from 2.85 V at P= 0GPa to 3.32 V at P= 10GPa, which is mainly
attributed to band-gap increment by increasing hydrostatic pressure.

4 CONCLUSIONS
In this study, optical absorption spectrum of Al,,Ga,,N/GaN MQWSC

was investigated under hydrostatic pressure. The results showed that the
increase in the pressure could enhance polarization charge density (c}) .

Increasing hydrostatic pressure at the range of 0-10GPa led to an increase in the
conduction band discontinuity from 0.4 to 0.7eV and also an increase in the
distance between the first subband of conduction band energy and capacity (

Egy ) by 20meV. At each pressure, energy difference between light and heavy

holes in the valance band was equal to 9meV. Increasing hydrostatic pressure at
the range 0-10 GPa led to (I), an 8 mV decrease in the exciton bonding energy
(corresponding to the first substrates), (1) an increase (height) in the absorption
coefficient by 15.8 for heavy holes and 12.8 for light holes, (I11) a decrease in
the overlap of the normalized wave functions by 0.06, (1V) a decrease in the 32
nm of absorption coefficient peaks, as well as (V) a decrease in the short-circuit
current density up to 10mAcm and an increase in the open circuit voltage up to
0.47V.



Numerical Modeling of Electronic and Electrical Characteristics of Multiple Quantum ... * 95

Appendix A: Numerical Method

Discretization of Schrodinger and Poisson equations was performed
using FDM. A centered second -order scheme was used. Therefore, a

continuous term, such as di[f‘jj_V] is discretized as follows:

(fia+ fi)  Wisa-vi)
i(fd_v/ _ 2 Az (Al)
dz dz Az

The Schrodingers equation is written as follows: Hy; = Ey,
Non-zero elements of matrix H are:

o1l 1 1 o
2mAz? 2{m*(i) " m*(i—l)J o
i,j)= i (l 1 + ! +l ! + ! +Ec(i j=i A2
ey 2m0A22L2{m*(i) m*(i—l)} 2[m*(i) m*(i+l)]] =0 ( )
2 1 1 1 -
2mgaz2 2Lm*(i) " m*(i+l)J J=i

It is straightforward to obtain matrix system related to the Poissons
equation. The above eigenvalues system and linear system are coupled
and should be solved using an iterative method. Convergence is obtained
when the difference in the Fermi level associated with two consecutive

iterations is smaller than10“ev . Boundary conditions related to the
Schrodingers equation are:

V/n(ZZO):Wn(Z:L):O (A‘?’)

Where, L is the total height of the structure. Boundary conditions related
to the Poissons equation are:

dWVu +Vp)|  _dOVa+Ve)| (A4)

dz |z:0 dz |Z:L
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Appendix B: Electric Fields

Assuming no free charge, electric displacements at interface between
(j)th and (j+1)th layers and between (j+1)th and (j+2)th layers can

be expressed as follows:

€j+1€0Fj+l:gngFj+Pj_Pj+1 (Bl)

€jr260Fj2 =€jn&oFju P — P (B2)
Substituting from Eq.(B1) gives an expression for Eq.(B2):
8j+280Fj+2:gjgon+Pj_Pj+2 (BS)

Where, ¢; represents the dielectric constants and P is the polarization in

jth layer. It follows that the field in any layer is related to field in a
particular layer as in the following:

&k o

We focus on the case where there is no voltage difference across MQW
either because thermodynamic equilibrium prevails or an applied field
exists that compensates any built-in field. The condition, in which the
volt value dropped across MQW is zero, is as follows:

D LR =LiF+ Y LR (B5)
k

k= j
Here, L, and L; are the kth and jth layers thickness. Substituting from
Eq.(B4) gives an expression for electric field in any layer:

Z(H(—Pj)(l—k/gk)
F =<2 B6
: EkEOZ(Lk/fk) (B0)
k
In the case of a MQW with only two types of layers (L, and L, ), the
fields are :
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_R-R)L o (R-R)L L (B7)

I:W_ 1 Yh T w
glaabw+aly) 0 alanletaly) Ly

In these equations, the difference in polarization density is equal to
surface polarization density in AlGaN/GaN, which is calculated by the
following equation:

Ob :l I:)b - Pw |:| PAF\EGaﬂfm)N + I:)ASIZGa(Hn)N - I:)GaN - P(“faZN (BS)

Where,

RbA, =—0.918 € +9.541 & (B9)
~1.808 € +5.624 ¢ for e<0

Pean = , (B10)
~1.808 < -7.888 &% for &> 0

Pl Ga Ny = 0-090M —0.034(1—m) +0.21x(L—m) (B11)

Here, e is the basal strain whose relation is equal to Eq. (3) presented in
the main text.
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