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Abstract. An Ing17GaogsN/InyGar xN/AlyGaiyN light emitting diode (LED) structure on
ScAIMgO, (0001) substrate is modeled for high intensity red emission. The high indium
composition (In > 15%) inside the c-plane polar quantum well (QW) for longer wavelength
emission degrades the structural and optical properties of LEDs because of induced strain
energy and quantum confinement Stark effect. To compensate these effects, it has been
demonstrated by simulation that an Al,GaiyN cap layer of 2 nm thick and Al composition
of 17% deposited onto QW of 3 nm thick and In composition of 35% will allow to have
less defect density and higher intensity red emission at 663 nm than that of
Ino.17Gao.s3sN/InkGa; xN LEDs grown on ScAIMgO,4 (0001) substrate. This LED structure
has perfect in-plane equilibrium lattice parameter (a.q = 3.249 A) and higher logarithmic
oscillator strength (I" = —0.93) values.
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1. Introduction

Group Il1-Nitride materials paved the way for solid state
lighting for its ability to emit within the visible spectral
range [1]. It has very high external quantum efficiency
(EQE) about 84% in the blue emission range [2].
However, the EQE drops drastically for longer
wavelengths, since at yellow emission (576 nm) it is
13.3%, and at yellowish-red emission (629 nm) it is even
lower only 2.9% [3-5]. The efficiency drop is caused by
the high indium (In) composition within the InyGa; xN
quantum well (QW) emitters [6]. Low growth
temperature is required for this high In incorporation,
which can degrade QW by unintentionally generated
point defects, including In clustering, impurities
incorporation, etc. Moreover, lattice mismatch between
InxGa;xN and GaN as a host material induces strain
within QW. This elastic deformation of the polar
InxGa;_xN crystal generates piezoelectric polarization,
which lower the optical transition probability, because of
the overlap between electron and hole wave-functions get
reduced and also shifts the wavelength emission. This
effect is known as Quantum Confinement Stark Effect
(QCSE) [7, 8]. However, the excessive strain energy
within QW can create defects like V-defects, misfit

dislocations along with threading dislocations acting as
non-radiative recombination centers [9]. Again, In-rich
QWs affect the In fluctuation, carrier localization in the
QWs, which influences on the structural and optical
properties of devices [10-12].

To overcome the above mentioned limitations,
several groups have tried to grow GaN on nonpolar [13]
or semipolar substrates [14], thick InGaN templates on
{0001} polar planes [15-17], even to use quantum dots
[18], nanocolumns [19] and Eu-doped GaN [20]
structure, which shows to be promising approaches.
Some research groups tried to achieve improved green
and yellow/amber light emission by using with or
without AIGaN as capping layer on the top of InGaN
QW grown on sapphire substrate [21-23]. However,
recently, one research group showed that instead of
sapphire substrate, SCAIMgO.4 (0001) or SCAM (0001)
substrate can be used to achieve red emission
with  significantly  higher PL intensity  with
Ino.17Gao ssN/INxGaixN (where x > 0.2) structure [24].

LED with Ing17GagssN/InyGaixN on SCAM (0001)
has been evaluated, but no further research has been
conducted to see what impact of AlyGa;_yN might be on
Ino.17Gao ssN/InxGa1_xN/AlyGai_yN structure as a capping
layer, yet. In this work, a comparative study has been

© 2020, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

408



SPQEOQ, 2020. V. 23, No 4. P. 408-414.

performed to find out, what exactly the structure of an
Ino.17Gao.gsN/InyGa; xN/AlyGa;yN grown on SCAM
(0001) substrate should be to achieve a red emission
LED with significantly high intensity.

2. Brief theoretical study

The ScAIMgO, (0001) substrate [25] has the in-plane
lattice parameter a = 0.3249 nm, which leads to a lattice
match with Ing17GagesN and a small mismatch with GaN
of 1.8%. A thick Ino.17GaogsN buffer layer deposited on
SCAM (0001) substrate has been demonstrated [26]. In
this work, we considered the Ino17GagssN layer on
SCAM (0001) substrate as our barrier layer for the
structure.

We know pseudomorphicaly grown c-plane (0001)
group IlI-Nitride material has intense piezoelectric
polarization effect caused by its lattice mismatch as the
coefficient of piezoelectric polarization is quite large [27,
28]. This effect plays a vital role in electric field
generation within different epilayers of LED structure.
For example, the internal electric field inside the well
region (Ew) along with QW thickness (Lw) will deform
the band structure of the LED and reduce the effective
transition energy between different energy levels, i.e.,
red-shift of targeted emission within the QWs. This will
also reduce the overlap of electron-hole wave-function,
which means reduction in overall emission intensity as
the radiative lifetime is inversely proportional to the
square of the overlap of the electron-hole wave-function
integral [29]. Thus, the oscillator strength (F) of the
system is a very significant parameter in this study, since
it can be related with the square of the overlap of

electron-hole wave-function (F Oc‘<(Pe|(Phh>‘2j, where Qe

and onn are wave-functions of electron and hole,
respectively.

The internal electric field of any epilayer of a
superlattice can be calculated using the following
equation [30]:

Z(Pi_Pj)Li

where P; and P; are the total (both spontaneous and
piezoelectric) polarization of the adjacent layer, & and ¢ —
permittivities of these two adjacent layers. For a three-
layer system, where Ingi7GaossN serves as a barrier,
InxGai_xN as QW and AlyGa;-yN as a capping layer, we
may use i with the following correspondence: i=1=
|no_17Gao_83N, i=2= InxGaHN and i=3= A|yG&1,yN,
respectively. Under biaxial strain conditions, the
equilibrium lattice parameter (aeq) of a superlattice system
can be calculated determining the minimum elastic strain
energy of Eei(aeq) of the system. The elastic strain energy
per surface unit can be written as

E;

@)
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where M; is the biaxial modulus, Li — layer thickness, A;j —
strain in the growth plane. The strain can be expressed as
A :(aeq _ai)/ai , Where a; is the relaxed lattice parameter

of each i layer. By setting elastic strain energy (E.) at the

- . dE . .
minimum, i.e., —2- =0, we can find the expression for
ae

q

equilibrium lattice parameter in the following form:
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We can find the biaxial modulus M; and relaxed
lattice parameter a; of an epilayer from the lattice
parameters and stiffness constants of (Al, Ga)N and
(Ga,In)N by using Vegard’s law. In this work, the in-
plane lattice parameters of GaN, InN and AIN are
considered to be acaw=3.189 A, anw=3.538 A and
aamn = 3.113 A with the bowing parameter equal to zero
(b=0) [31, 32] and the stiffness constant values for
cik (INN), ci(GaN), and cj (AIN) are considered similar
to those by V.V. Nikolaev et al. [33].

3

)

=l
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3. Modeling the light emitting diode (LED) structure

First of all, we tried to find the relationship between In
composition (0.20 up to 0.60%) inside QW and QW
thickness (1 up to 6 nm) variation for red emission
(630...670 nm), keeping the barrier layer thickness fixed
at 12 nm. For each combination of In composition and
QW thickness, we used the equation (1) to identify the
internal electric field inside barrier and QW layers, then
by solving the Schrédinger equation via envelop function
formalism for Ing17GagssN/InyGaixN, we obtained the
output as shown in Fig.1l. We also calculated the
equilibrium lattice parameter (aeq) by using Eg. (3) and
determined the logarithmic oscillator strength value (I')
for Ino17GapssN/InxGaixN LED structure. In Fig. 1, the
red strip indicates the red emission (630 up to 670 nm) as
the function of QW thickness (Lw) and percentage of In
composition. We also incorporate the equilibrium lattice
parameter (aeq) in unit A and the logarithmic oscillator
strength value (') as abscissa and ordinate, respectively,
for different combinations of percentage of In com-
position and QW thickness for Ing17GaossN/InyGai_xN
LED structure.

The figure clearly demonstrates that for red
emission, we may consider either large QW thickness
(Lw= 6 nm) with low indium composition (In comp. =
26%) or low QW thickness (Lw=1 nm) with a much
higher indium composition (In comp. = 65%). But in
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Fig. 1. Result of red emission as a function of QW thickness
and In composition. The abscissa and ordinate indicate
the equivalent lattice parameter (aeq) in unit A and logarithmic
value of oscillator strength (I'), respectively, for
Ino.17Gao.s3N/INxGa1 xN system.

Ing;;Gag g;N barrier
layer

Lc Al,Ga, N cap layer

Lw In,Ga, N QW layer
Ing;;Gag g;N barrier
layer

— One period

Ing17,GaggsN

buffer layer L Substrate

ScAIMgO, (0001)

Fig. 2. Schematic diagram of  Ino17GaossN/InxGai xN/
AlyGaiyN on ScCAIMgO4 (0001) LED structure.

either case, we have two extremes, i.e., for the first case
we may have low overall strain energy but low oscillator
strength value, and for the second one, we may have
much higher oscillator strength value but much higher
overall strain energy inside the LED structures, as it is
shown by the equilibrium lattice parameter (ae) and
logarithmic oscillator strength value (I') given as abscissa
and ordinate at different points of the graph, respectively.
It is obvious that the higher strain energy will induce
dislocations to get relaxed, and a lower oscillator strength
value indicates the low intensity. Both cases are

undesirable, since dislocations act as non-radiative
recombination centers, and the oscillator strength
indicates how bright the LED will be. Thus, to get red
emission, it is better to compensate these two extremes
and design a LED structure with QW thickness (Lw)
within 3 to 4 nm range and In composition of 29 to 36%,
since within these limits the equilibrium lattice parameter
and oscillator strength are reasonable for the LED
structure.

In this study, we incorporate AlyGaiyN as a capping
layer on the top of InyGaixN QW based on SCAM
(0001) substrate. The overall LED structure of the
proposed model is as shown in Fig. 2. We have made a
comparative study, like to that we did for green emission
from GaN/InxGai xN/Al,GaiyN on sapphire substrate
[34] and tried to adjust the thickness of epilayers and
composition of QW and cap layer to find out the best
structural parameters with a much higher intensity of red
emission.

4. Results and discussion

From the equilibrium lattice parameter (a.q) data for
Ing.17Gao.ssN/InkGar xN system, we can conclude that the
value is always larger than that of the in-plane lattice
parameter of Ing17GaggsN barrier layer (a=3.249 A)
(Fig. 1). To bring the equilibrium lattice parameter (aeq)
near to 3.249 A, we have considered two models for the
proposed LED structure. In the model 1, we have taken
the QW thickness close to 3 nm, In composition 35% (In
comp., X = 35%), and in the model 2 we have considered
the QW thickness 4 nm, In composition 30% (In comp.,
x = 30%) along with the AlyGa;yN cap layer thickness
2nm and Al composition 17% (Al comp., y=17%)
for both models. Using Eg. (3), we have found that

Energy, eV

BT T
100 50 O 50 100 150
Thickness, A

Fig. 3. Energy band diagram for the model 1, where the green
line represents the electron wave-function and red lines are
valence and conduction bands of the system.
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Table 1. Variation of parameters while keeping QW thickness fixed at Lw = 3 nm.

S|, Indium Cap layer Alumir!l{m Emission Equilibrium Logarithmi_c value
No. composition thickness, Lc composition wavelength, lattice parameter, of the oscillator
(% of In) (nm) (% of Al) A (nm) aeq (A) strength (I)
1 35 2 17 663 3.249 —-0.93
2 35 2 18 663 3.249 —-0.95
3 35 2 19 663 3.248 -1.28
4 37 2 17 698 3.252 -1.40
5 33 2 17 632 3.246 -3.84
6 35 1 17 644 3.271 -0.45
Table 2. Variation of parameters when keeping QW thickness fixed at Lw = 4 nm.
sl Indiu_rr! szlp layer Alumir!u_m Emission Equilibrium Logarithmi_c value
No. composition thickness, composition wavelength, lattice parameter, of the oscillator
(% of In) Lc (nm) (% of Al) A (nm) aeq (A) strength (')
1 30 2 17 647 3.249 -1.67
2 30 2 18 649 3.249 -1.50
3 30 2 19 650 3.248 -3.43
4 32 2 18 692 3.253 -1.70
5 28 2 18 632 3.245 -5.90
6 30 1 18 623 3.266 -1.84

the equilibrium lattice parameter for both models become
exactly equal to the required value 3.249 A. Then, to find
the emission wavelength and oscillator strength values of
the model structures, we used Eg. (1) to identify the
internal electric field for each layer. For the model 1, the
values are as follows: barrier electric field
Ep = 28.55 kV/cm, QW electric field Ew = 3174.3 kV/cm
and cap layer electric field Ec = 4590.1 kV/cm, as well as
for the model 2 they are: barrier electric field
Ep = 3.11 kV/cm, QW electric field Ew = 2290.8 kV/cm
and cap layer electric field Ec = 4562.8 kV/cm, respec-
tively. Using these values and solving the Schrodinger
equation, we obtained that the emission wavelength of
the system is within red emission (630...670 nm) and the
logarithmic value of oscillator strength is much better
than that of Ing17GaossN/InkGai xN system. To adjust
further, we tried to manipulate the composition and
thickness of QW and cap layer and to identify their
impacts on the wavelength and oscillator strength values.
In each case, we kept the barrier layer thickness 12 nm
thick. Tables 1 and 2 summarize the results for QW
thickness 3 and 4 nm, respectively. From Table 1, we can
find that with change in any parameter of the model 1,
the overall performance changes. For example, if we
change the Al composition of cap layer (% of Al), the
oscillator strength values get reduced, but the equilibrium
lattice parameter and emission wavelength remain almost
the same (2" and 3" row entries of Table 1). Variation in
In composition (% of In composition, x) and cap layer
thickness (Lc) makes huge impacts on the emission wa-
velength, equilibrium lattice parameter and on oscillator

strength values (4™ to 6™ row entries of Table 1). When
increasing (decreasing) the In composition inside QW,
red (blue) shifts of the emission are observed, since the
bandgap of QW is inversely proportional to In
composition. The oscillator strength values drop more
drastically than those in the model 1, and chance of
defect generation increases, because of the equilibrium
lattice parameter changes from 3.249 A. However, we
get the largest oscillator strength value while keeping
the cap layer thickness less than 2 nm (Lc =1 nm as
shown in Table 1). But in that case, emission gets blue
shifted and chance of defect generation increases as the
equilibrium lattice parameter (aeq=3.271 A) becomes
higher than 3.249 A. The energy band diagram for the
model 1 is shown in Fig. 3, where the green line shows
the electron wave-function within the QW region.

For the model 2, we observe that by slightly
increasing the Al composition (from y=17% to
y = 18%) of the cap layer, the logarithmic oscillator
strength value (I) increases from —1.67 to —1.50 (see 1%
and 2" row entries of Table 2). Other than that similar
type of impacts have been found due to change in In
composition and cap layer thickness, which we have
found for the model 1 (see 4" to 6™ row entries of
Table 2).

Finally, comparing these two models (see Tables 1
and 2), we can say that it is better to have LED structure
of the model 1, since it allows us to have the highest
logarithmic oscillator strength value (I' =-0.93), red
emission at 663 nm and perfect equilibrium lattice
parameter close to 3.249 A.

Hussain S., Rahman Md.M. and Prodhan Md.T. Modeling of Ing17GaoesN/InGas xN/Al,Gaz N light emitting diode...

411



SPQEOQ, 2020. V. 23, No 4. P. 408-414.

5. Conclusions

We have tried to determine a suitable LED structure with
high intensity red emission on SCAM (0001) substrate.
We have made the comparative study of Ing17GagssN/
In,Ga; xN/AlyGaiyN system, where AlyGa; yN acting as
a cap layer to that of Ing17GaoesN/InxGaixN LEDs.
AlyGa; yN cap layer of thickness (Lc) 2nm and Al
composition (y) of 17% deposited on InyGaixN QW
thickness of 3 nm with In composition (x) of 35%, allow
us to have peak emission at 663 nm with the highest
logarithmic oscillator strength value (I" = —0.93) and also
perfect equilibrium lattice parameter of 3.249 A. This
structure should have a higher intensity with the less
defect density than that of Ing17GaossN/INyGarxN
system, since either the overall equilibrium lattice
parameter (aeq) iS much higher and/or the logarithmic
oscillator strength value (I') is much lower in every
combination of QW thickness vs percentage of In
composition case for red emission (see Fig. 1). This LED
structure can be used as a light converter on SCAM
(0001) substrate, like to that we have seen the same with
GaN/In,GaixN on sapphire substrate [35]. The main
challenge will be the accurate growth of the LED
structure in near future.
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MopneoBaHHs CTPYKTYpH cBiTiaoaioniB Inoi17GaossN/InxGai xN/AlyGaiyN na migkaaani ScAIMgO4 (0001)
JJISl BUTIPOMIHIOBAHHS Y€PBOHOI0 KOJIbOPY BHCOKOI IHTEHCHBHOCTI

S. Hussain, Md.M. Rahman and Md.T. Prodhan

AHotanis. CTBopeHa MOJIeNb CTPYKTYpH cBiTiomiona Ing17GaoesN/INyGai «N/AlyGay yN nHa migknamm ScAIMgO4
(0001) nnst BHIPOMiHIOBaHHS YEPBOHOTO KOJBOPY BUCOKOI iHTEHCHMBHOCTI. Bemmkuii Bmict inmio (In > 15%) y
MOJMSApHIA KBaHTOBiM siMi C-tutommHn (KSI) s BumpomiHioBaHHS 3 OUIBIIOIO JOBXXKWHOIO XBHJIb MOTIpIIYE
CTPYKTYPHI Ta ONTHYHI BJIACTHBOCTI CBITJIOJIONIB Yepe3 iHAYKOBaHY €Hepriio aedopMariii Ta KBAaHTOBUHA edekT
rapka. o6 xomneHcyBatu mi edext, Ha K5 map ToBmumHor 3 HM i3 BmictoM In 35% nHaneceHo map
AlyGa; yN ToBumHO©0 2 HM i3 BMicToM Al 17%, M0 JO3BOJUIO 3MEHIIMTH ITBHICTE Ne(EKTiB 1 MiABUIIUTH
IHTEHCHBHICTh YEPBOHOI'O BUIIPOMIHIOBAHHS MPH 663 HM, HiK y cBiTIOMioNiB Ing17GagssN/INxGaixN, BuporeHnx
Ha migkmaan ScAIMgOs (0001). Ie 6ymo mpoJeMOHCTPOBAHO MUTSIXOM MojentoBaHHs. 11 cTpykTypa cBiTiogiona
Ma€ JIOCKOHAIY PiBHOBAKHY CTajly PElNiTKU (8eq = 3,249 A) i BuIIi 3Ha4eHHs norapuMidHOI CHIM OCHHMIATOpA

(' =-0,93).

Karwuogi ciioBa: ceitnomion Ha SCAIMgO,4 (0001) migksiaii, BANPOMiHIOBAHHS Y€PBOHOTO KOJIBOPY, PiIBHOBAYKHA
cTaja periTky, cuia ocrusaropa, AlGaN map.
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