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\’Q@ The effects of thlckp\@%’ carrier densities, and absosr\,.@or’ layer (p-In0.4Ga0.6N) configurations

were evaluated. Numerical studies were performed to optimize the homojunction p-i-n

Ino.4Gao N solar cell using SCAPS-1D. With the optimized thicknesses and carrier densities,

the p-i-n Ino4GaoeN solar cell shows a maximum conversion efficiency of 18.74%. By

changing the fixed indium composition of the absorber layer into step- and linear-graded

configurations, the conversion efficiency, open-circuit voltage, and short-circuit current

density of the solar cell were further improved. The results showed that the solar cells with

step- and linear-graded absorbers attained maximum conversion efficiency of 19.77% and

19.84%, respectively. T%laese results implied that the absorber with the graded compos(i(gional

Q)
design helps to redu@%e barrier height of electron»\@%e transport for band-to- band\%d inter-

band absorptl&gfﬂf his eventually reduces the &iltgy loss caused by phonon q@%’swn and heat

thermahzét?on \§ \§
o o> KM
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Highlights
e Optimization of intermediate indium composition p-i-n homojunction solar cell by using
SCAPS-1D
e Implementation of novel step-graded and linear-graded absorber layer to improve the
performance of the solar cell
e Achieved quantum efficiency (QE) close to 100% by using novel absorber configurations.
o0 g 2
e Reduction of ph&@ energy losses through ther;{@zation and phonon emissiog\@%
N N N
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1. Introduction

Various photovoltaic (PV) technologies have been developed to mitigate the reliability of fossil
fuels in producing electricity. Such PV technologies are crystalline silicon, cadmium telluride
(CdTe), copper indium gallium selenide (GICS), perovskite, organic, multijunction III-V, and
dye-sensitized solar cell (DSSC) [1]. However, most of these technologies are susceptible to
ionized electrons produced by radiation which will act as stable impurity complexes to alter

. P . 0 o
the optical, electncab@oﬁd structural properties of t%%c?olar array [2-4]. Therefor/e\ (b?’dterlal

'\ '\ N
such as indium éﬁl/hum nitride (InGaN) has gam(@/attentlon due to its extraordmﬁy properties.

P> P
InGaN is 90mlsln material for optoele @dnic devices such as solar cel Piser diodes, light-
&‘D g ‘\ g

\\ \\’
eml@ig diodes, and high electron r@blhty transistors. This is man@ attributed to its tunable

ﬁirect bandgap energy charac&'}ls‘ucs from 0.70 eV (mfrar@ to 3.42 eV (ultraviolet) by
O

\\bo varying the indium (In{\bgmposmon Thus, InGaN 15\\69 excellent candidate for solar cell

&

Q application since ;{\’Q%n cover almost the entlre\ﬁ‘ﬁgctrum from solar irradiation [5]. The

incorporation of indium nitride (InN) improved the radiation resistance of InGaN when
subjected to proton irradiation, which dominates the radiation environment in space. Eventually,
InGaN has a longer carrier lifetime when compared to gallium arsenide (GaAs) and indium

gallium arsenide (InGaAs), which makes it a promising solar cell material for space exploration

[6].

Typically, for the InGaN-based single-junction solar cell to achieve a conversion

efficiency of more than 20%, InGaN layers with an indium composition of more than 40% and

0 N} N}
several hundred nanc@%ers are required [7-10]. Hox@%r, the growth of thick and h@.ﬁuality

'\
In-rich InGaNét&' with In composition of ng[g’ than 40%) is extremely ch%hgﬁglng due to

several c@?ramts such as high equlllb§@m nitrogen (N) vapor press%@ low dissociation

\\
ten;@'}ature of InN (around 650 @\dlfﬁculty to obtain lattice- @ched substrate, and the
Q N
\@hermodynamlc stability [11] \gemdes that, thick In-rich InC@I thin films often encountered
& & &°
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phase separation and compositional fluctuation due to the miscibility gap between InN and
GaN species [12]. The presence of compositional fluctuation and other defects within the thin
film is detrimental to the open-circuit voltage (Vo) and short circuit current density (Jsc) of the
In-rich InGaN-based solar cell [13]. Hence, InGaN layers with intermediate In composition is

favorable for the solar cell application.

Islam et al. (201?%have successfully grown th1cl%nGaN thin film with 1ntermed%gte In
Q

composition (~40%a®smg metal-organic vapor pha@@epltaxy X-ray diffraction pr@@k (20-m)

showed no p];;élf separation, indicating good.v&mposulonal homogeneity o,fl/qﬂ’e InGaN thin

O O
film. T@ study also showed that the I&rmal expansion coefficient @match between the

Gé]\&emplate and In-rich InGaI%N@as the root cause of the ﬁlnf&.lahty deterioration. The
'\

O\%lsloca‘uons were 1ntroduce(b® achieve strain relaxation d@@g the growth [14]. Guo et al.

o

\\b (2010) optimized the g,g&wth conditions of InGaN by \é’é}‘ymg growth temperature, V/III ratio,

& S &
A and trlmethyhndluﬁ/ (trimethylindium + trlethylgﬁllum) ratio. Although the studies showed

the maximum In incorporation up to 100%, phase separations were observed for InGaN thin
films with In composition above 60% due to thermodynamic instability. They managed to grow
single-phase InGaN samples with In composition between 10% to 45% [15]. Sang et al. (2021)
reported the growth of Ino.4Gao ¢N with a thickness of more than 300 nm by using high pressure
MOCVD with the growing pressure up to 2.5 atm, and the growth temperature varied from
680-830 °C. It was found that high pressure growing conditions could improve the crystalline
quality and better surface morphology of the InGaN thin film. Phase separation in the In-rich

InGaN thin was suppg%gﬁ?ed under high-pressure grm@% conditions [16]. Hence, th@rowth

/\
of intermediate (m,composmon InGaN (~40%)({gn be assumed to be cons1step£\based on the

current ad%hces Apart from that, the &%@qﬁ of In-rich p-type InGaN @3;’11/ film is another
\\ \\
chal&bﬂ%e for developing In-rich In%&@ solar cells. Several studies &&&ld that the magnesium

\(‘&g) dopant flow rate, growtl&f‘s%perature and annealing ter&b%ratures play important roles
Rk ¢
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in forming p-InGaN [11]. Heavy Mg doping concentration deteriorates the crystalline quality
of the p-InGaN by phase separation [17]; while n-type electrical characteristic increases due to
electron accumulation on the surface of the thin film in p-type InGaN with increasing In
composition [18]. Therefore, the p-InGaN is limited to having In composition of less than 40%
and a maximum hole concentration of around 10" cm™ [11,19-21]. Hence, the growth of

InGaN solar cells with intermediate In composition (~40%) is feasible with the current growth

&) o) &)
advances. Q@ QQCZ) )

\)
Q
O RS RN

aV
From ature reviews, several grow,t@(l’hallenges of In-rich InGaN (\g&e pinpointed.

(O O
Those C\h\eﬁfénges limit the growth stab\kt& of the In-rich InGaN with I{K&)mposmon of more

thatx%O% and hole concentration oﬁ&ore than 10" cm™. Next, the @N/InGaN heterostructure
O\%ot only introduces more @roatlon into the thin ﬁlm%®1t also induces piezoelectric
o o o
\\b polarization, which Wéﬁ\ create drift currents oppos&}é in direction to reduce the carrier
& ] R

¢ collection efﬁciené? [22]. In this work, we studied a three-layered p-i-n homojunction solar
cell with intermediate indium composition of 40%, which used the current growth limitations
to evaluate the performance of the InGaN solar cell. The homojunction p-i-n was proposed to
minimize the effect of piezoelectric polarization and the lattice mismatch issue in the solar cell
structure. The carrier density investigation was carried out to pinpoint the best carrier densities
required to achieve maximum conversion efficiency. Several studies showed that the defect
and dislocation densities are the main reason limiting the performance of InGaN p-i-n solar

cells [23,24]. Therefore, the effect of dislocation densities was taken into consideration.
& & &
In this pap%@he optimization of standard Q\?n Inp.4GaosN has been done,\'h@ varying

Qv
the thlckness(@(k carrier density. To further Q%rove the solar cell performq&e novel step-
O

and llne\a\&raded absorber designs wer@%oposed The simulation data\(& standard step- and

1&6&9 graded Ino.4Gao sN were c%ﬁsgared to identify the best grac%ﬂsabsorber configuration.
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2. Theoretical modeling and simulation

In this paper, three different solar cell structures were investigated, and their respective
configurations are shown in Figure 1. The first one is named standard p-i-n layer structure,
utilizing a fixed absorber layer of Ing.4GaosN material. The second and third are linear- and
step-graded absorber structures using graded InxGa;xN absorber layers. The configured
absorber layers were proposed using the optimized structure of the standard p-i-n. All the

. . ! ) H ‘ )
simulations were pe@ofmed using the SCAPS—IDQ@lar cell simulator develop@%y the
University of Gape, Belgium. 3% a,
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Figure 1. Schematic diagrams of InGaN solar cells with different configurations: (a) standard,
(b) linear-graded absorber, and (c) step-graded absorber p-i-n solar cell structures.

In this study, the bandgap energy, E; of the InxGaixN can be estimated by using the
Vegard | Y in Eq. (1 ngb Q@b
egard law, as ex ed in Eq.
g RA q. () QA A
(1/(1/. (l/('l/. (1/(1/.
S S S
. _ 00
.'$§®O E,(InyGa,_yN) = x. Eé"i§®o(1 —x)ESN —b.x.(1— x{%@ (1)
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where x is the In composition of the InxGaxN; EénN is the bandgap energy of indium nitride
(InN) and is equal to 0.70 eV; EgGaN is the bandgap energy of gallium nitride (GaN) and is

equal to 3.42 eV; b is the bowing factor equal to 1.43 eV. The electron and hole mobilities can
be calculated as a function of carrier density with the Caughey-Thomas approximation [10], as

shown in Eq. (2)

Q .UL(N) Hmin,i + #ma—xz—l%m s cﬁo(2)
Q ’ 14( i Q
S \@ &S
2 0 0
q/Q‘l/ (]9‘1/ (19‘1/
where i reg&sents either electrons (e) or Qg‘?es (h); N represents the carr\@Qiensny, Umin and
N

umKQ\S%present the minimum and @ammum mobilities of III- Vqth(?rlde y is the specific

Q Q
g\o\drameter for InN and GaN, gld Ny¢f 1s the reference cam@ density of 1x10'7 cm™. The
. O

o
‘\\6 mobilities of the InGaN\‘@n be calculated using Eq. (2}\\3}%6 parameters used to calculate the

\Q

R mobilities of the Iné% are summarized in Table &

AN

Table 1. Parameters used to calculate the mobilities of the InGaN

Wmin,e HWmax,e Ye Wmin,h MUmax,h Yh Ref.
(cm?/Vs) (cm?/Vs) (cm?/Vs) (cm?/Vs)

InN 429 3970 1 20 220 2 [25,26]
GaN 55 1000 1 3 170 2 [27]

The dielectric permittivity (&) and the electron affinity (y) of InyGaixN can be expressed using

Egs. (3) and (4), respectively [28]:

0 N} N}
) QQQ QQO‘)

X X
Qq/q/ e(In,Ga,_,N) = 15gﬁl,+ 8.9(1 —x) Qq/q, 3)
v

(O N O KX
N x(In,Ga,_ xNQ>\*~$\4 140.7(3.42 - E,) \6\\‘\ 4)
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The effective density state of conduction (N,) and the valence band (N,,) of the InyGa;«N can

be expressed using Egs. (5) and (6), respectively;
N, =(0.9x + 2.3(1 —x)) x 108 )

N, = (5.3x + 1.8(1 —x)) x 10*° (6)

5 & %@
The absorption ¢ cients of InxGajxN can expressed as wavelength endent
*E & A8

parameters as (i&aﬁed in Eq (7): (]9(1/‘1/ ‘19(9/

O

&

> E — E,(x) \Q\Q) (7

\’Q% where E;(x) is the b\éﬂgap energy of InxGaixN, E\,@(‘fhe photon energy of wavelengths and
a, 1s the reference absorption coefficient. The absorption coefficient of InGaN is assumed to

be the same as GaN, which is approximately 2 x 10° cm™ [29].

This study performed the simulations at 300 K with an incident solar radiation of 1000
W/m? (AM 1.5G) as the environmental boundary conditions. Table 2 shows the initial
boundary conditions and the parameters used to evaluate the performance of the standard p-i-
n InGaN solar cell. The optimizations were first performed on the standard p-i-n structure by
varying the thickness of p-, i-, and n-layers consecutively to obtain the optimized thickness of

each layer. Next, ‘[heQ @?ier density of each layer WQ aried from 10"} cm™ to 10&6%?1‘3 to
%\
study the effect &f:s}arrier density on the solar cgﬁﬁ\ overall efficiency. Subsequ;gutl\y, the solar
Q
cell perforlgance of standard p-i-n was con@}rred with the configured abso%&r structures (e.g.,
\\ \\
hne%@aded p-i-n and step graded gs?);) to investigate the roles ogl&mel absorber structure

q@sgthe performance of the In%)@& solar cell. Several expenm&{l&al results indicated that the

) ) ©
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defect density of the InGaN thin film is within 10'°- 102 cm[30,31], to consider the possible
occurrence of the defect during the fabrication processes, the defect density, N; has been
increased by two orders of 10'* cm™ for this study.

Table 2. Initial boundary conditions and the parameters used for evaluating the p-i-» InGaN-
based solar cell.

Structural parameters Values
p-layer initial thickness 25 nm
i-layer initial thlckne@% CZ)(0 100 nm Cb(o
X S
n-layer initial thlc,lgn%ss ,(\ 100 nm ,(\
Acceptor dopin@densﬁy in p-layer, N4 Qrﬂ/ 1x10' cm? (ﬂ/
Carrier densfly of intrinsic layer, Np = Ny Oq/ 1x10'% cm? [S
Donor dg@ng density in n-layer, Np \§ 1x10'® cn:&%
Pre- f\%\gtmg defect density, N; ,\('c)\ 1% 1014‘3?1 -
RaQRative recombination coefﬁcmﬂ@ B 9.6 "&0 10 em’ 571 [32]
\'\%uger electron and hole captl;kx\%%oefﬁment, Cy and G, r\q\g x 1073 em%/s [33]
© S &
K .O '\.O 6\.0
O
‘\\6 ‘\\6
\Q%’ \Q‘b‘
3. Results and dl’é\'ussion &

3.1 Optimization of Standard p-Ino.4Gao.sN/ i-Ino.4Gao.sN/ n-Ino.4Gao.sN

The optimization of the InGaN solar cell was started by varying the absorber’s thickness from
25 nm to 500 nm; the extracted simulation results are shown in Figures 2(a) and 2(b). Under
initial boundary conditions, the fill factors (FF), conversion efficiency (7), short circuit current
density (Jic), and open-circuit voltage (Vo) are 90.42%, 15.33%, 11.29 mA/cm?, and 1.50 V,
respectively. The # of the solar cell increases up to 16.68% at an absorber thickness of 150 nm.

Beyond 150 nm, the # was reduced to 13.50% at the thickness of 500 nm. The V. and J. also

o} o) e
showed a similar trg\@s the 7. In contrast, the FF' iéb?eased with the absorber thi/i@.e)ss. As
N N
the absorber thbc@dess gradually increased to 1 @ﬁtm more electron-hole pairs g&é generated,

‘1/
leading to§®%lgher radiative recomblnat}@Qate and forward bias dlffus@ current, J. As the

\\
absc@er layer thickness exceeded t@qgrltlcal thickness (~150 nmkg:;'he n was reduced due to

N
&}e reduction of the electric ﬁi@}% to separate electron-hole @alrs The reduction of radiative
o\ o\
6 \\b
&
S
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recombination reduces the short-circuit current density, Js.. The relations of V,. with Js. and J,
of the solar cell are described in Eq. (8).
Voe = Zin [’S—C+ 1], ®)
q Jo
where %T is the thermal voltage and J, is the saturation current density. Next, the FF'is inversely
proportional to the JSCQ@%) Voe. It increases with the ing@(%ent of the absorber thickne%@q(?/hich
A A A
L N . . NS
also indicates th{peductlon of series resistance ?ﬂd\ess power loss due to heat (i[g;mpatlon.
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Figure 2. Effects of absorber’s (p-layer) thickness on (a) fill factors and conversion
efficiency, and (b) open circuit voltage and short circuit current density of p-i-n InGaN-based
solar cell.

Figures 3(a) and 3(b) show the effects of i-layer thickness on FF, Jsc, Voc, and 57 of p-i-
n InGaN-based solar cells. The thickness of the intrinsic (i-) layer varied from 25 nm to 1000
nm. As the thickness of the i-layer increases to 675 nm, the maximum # of 18.44% was
achieved. The FF, V,., and J,. of the optimized i-layer thickness are 90.91%, 1.50 V, and 13.55
mA/cm?, respectively. gtere is no significant change t(bfhe n after 675 nm. In compan@‘n FF
shows a slight ﬂ}ﬁ/(ﬁ;l\dtlon of 0.14% (i.e., from 98/9/} % at 675 nm to 90.78% at (11/0& nm). Jsc
and Vo de\rég)‘}rstrated the opposite trend\@"&ﬁk Voe reduced while the Jsc Jegfeased with the
intrin re“\\iayer thickness, as shown 1p\®1‘gure 3(b). As the thickness Q}\\ihe i-layer increases,

Q Q
N N
p@re photons will be absorbed K@generate electron-hole pairs @e to widening the depletion

O O S

"
P\

region and contributing to @(;leprovement of Jsc. The w1d&86plet10n region elongated the ion
\© \°
diffusion length. He@%’, the carriers’ lifetime and th@%rlft current density will increase [35].
S S

The opposite trends of Js. and V. of the p-i-n solar cell can be explained by the J, increment

across the i-layer thickness by the Sah-Noyce-Shockley approximation [36], as expressed in

Eq. (9).

Jo = e ©)

where q is the elementary charge, n; is the intrinsic carrier concentration, W is the width of the
depletion zone, 7, and 7, are respectively, the electron and the hole lifetimes. A wider i-layer
thickness contributed toj@ wider depletion zone, eventgélly increasing the saturatloncgﬁrrent
/\Q /}1 Q
density, J,. Henqi/"the Voe 1s predicted to be low%fé as the thickness of the i- laa[/é‘r increases,

as shown 1n(§qgure 3(b). Oq/ 0(1/
N N
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Figure 3. Effects of i-layer thickness on (a) fill factors and conversion efficiency, and (b)
open circuit voltage and short circuit current density of p-i-n InGaN-based solar cell.
Figures 4(a) and (b) show the effects of the donor (n) layer’s thickness on FF, JSC, Voe,
e}
and 7. As the thlckn@ot’)f the n-layer increases fronb@ nm to 350 nm, the # of the@?)ar cell
W W\
increases from&ﬁMO% to 18.48%. Beyond 35@6})‘1 there are no changes to th&'uqand FF. The
Jse and V‘,§G%monstrated the same trend. 'gﬁgse values increased and rem@ed constant after a
N N
cer;\@ n-layer thickness. It can be\Qp\lcluded that the n-layer is l&s:s'\susceptlble to thickness
N N
@%anges after reaching the cr@al thickness (~350 nm). Flgl{@ 4(a) shows that the values of
S 6o\ 60\
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the F'F converge at 90.87% after exceeding 300 nm of n-layer thickness. It can be explained by

the correlation of maximum output power (Pmax), Voc, and Jsc, as expressed in Eq. (10).

. _ Pmax
Fill factor (FF) = T (10)
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As the thickness of the n-layer increased, the V. and Ji. also increased and remained
constant across subsequent thicknesses. Hence, the FF’ of the solar cell also became constant
across the thicker n-layer. In summary, the optimized thickness for the p-InosGaosN/ i-
Ing.4Gao.sN/ n-Ing 4Gaog.eN solar cell is 150 nm/ 675 nm/ 350 nm. The FF, 5, Js, and V. for this

optimized structure are 90.87%, 18.48%, 13.58 mA/cm?, and 1.50 V, respectively.

& & P
3.2 Effect of carrlﬁgensmes to standard p-Ino. 4@% 6N/ i-Ino.4Gao.cN/ n-Ino. 4G{&%\I
g s g
The optlmlze‘az p-Ino.4Gaop.sN/ i-Ing 4Gao. 6N/ ﬂgno 4GaoeN solar cell structgﬁr obtained from
N

SGCUO]@\} will be used to evaluate the@lf?ect of carrier density on the (ﬁ)@)rmance of the solar

Q Q
;\QLl The carrier density of eac}\Qayer varied from 1x10'3 cm\@o 1x10*' cm?. The carrier

S Q
> é mobilities of the Ino. 4Gao f,NQvere recalculated by using %(10‘12) Other parameters remain at
O
A

. ©
their respective 1n1t1§1&€a ues. o8 ’
AN

Figures 5(a) and (b) show the effects of absorber (hole) concentration on FF, 5, V,c, and
Jse. The 5 increased from 16.00% to 18.74% as the hole concentration (N4) increased from
110" ¢cm? to 1x10'7 cm™. Subsequently, the # reduces to 6.44% at a hole concentration of

1x10%! cm™. The increase of hole density (An) improves the carrier lifetime, as expressed in

Eq. (11).
11
L= D2, (1
R
P & o
X S X
Q Q Q
< . < <
where L is the g@ﬂmion length; —n is the minog\g" carrier life, R is the recomb@ﬂ’lon rate, and
‘1/ ’1/ ‘1/
D is the &?fuswny The increment of, @?rler lifetime increased the d&smn length, L. It
Q) (b Q)
con@buted higher carrier collectlo@rate at the p- and n- termlne@ The # of the solar cell
N N N
Sk $
& &
6 é\\b
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reduced significantly when the hole concentration was more than 1x10'® cm™. This anomaly
was due to increasing surface recombination velocity in the less passivated absorber layer at a
higher doping concentration, subsequently reducing the radiative recombination [37]. The
reduction of Jy. was due to the reduction of radiative recombination, while the improvement of
Vo across the N4 can be explained by the separation of the quasi-Fermi level by Zhao et al. [38]
in Eq. (12).
N o} e}
QQQ KT, (An | An? S nga 2)
r<\ I/},C=71n(—+ ; +1), q/'<\

v

’1/
\§
[\ N
whe@@ is the doping concentratmr@t equilibrium, An is the exces@ﬁmer concentration, and

Q\i'l\ is the intrinsic carrier conce&'ﬁatlon Hence, the excess can&'? concentratlon contributed to
O

\\bo higher V.. This relatlon\@p?ﬁles to the doping concentra{@g of i- and n- -layers as well. In terms

&
N\

of hole concentrathhghe optimized N4 is 1x10'7 c@-"&mth the FF 0f 90.56%, the # of 18.74%,

Voe of 1.45 V, and Ji of 14.22 mA/cm?.
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the excess carrier concentration. The reduction of the # from 18.74% to 18.54% at higher carrier
concentration was due to the changes in quasi-Fermi level and the band energy between p-
Ino.4Gap 6N/ i-Ing.4GaogsN and i-Ing4Gag sN/ n-Ing 4Gao 6N interfaces.
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valence band (E,) for i-layer with carrier concentration of 1x10' cm™ is much greater than

1x10'® cm™. The valence band offset (VBO) with the carrier concentration of 1x10'¢ cm™ is

2.06 eV, which is much lower than 4.12 eV from the carrier concentration of 1x10' cm™.

Hence, the holes require more energy for recombination. Therefore, the # of the standard p-i-n

solar cell reduces with i-layer carrier concentration.

The effects of electron concentration (Np) on th%electrlcal properties of the sol<aor cell
are shown in FlgureS\@%) and 8(b). As the Np 1ncrea8® the 7 increases from 15. 78%\@? 8.74%.
Beyond the C?I)Quqér concentration of 1x10'7 ¢ ;ﬁ’ the n shows a slight reduct@@:q’from 18.74%
to 18. 6’(&%116 behavior of the Js an((i'o V\}slos similar to the effect of d g g concentration on

an& i-layers. Therefore, it can er'*&ncluded that the carrier den&ﬂ@has almost no significant
W N

O\%ffect on the FF and 7 of the @%r cell after the Np exceeds 164@17 cm™. In brief, the optimized
N N N
O O \60

N
%\ results are summarlzede\}l able 3. %\
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3.2 Effects of absorbergemgn on the performance of&bolar cells. -
&) )
Q QQ
This section prop(%s&l solar cells with graded ban((tg%) absorbers to enhance the p}{/ n harness

effectlvenesgzh the absorber layer. The gra(g} absorber layers were proposg(a/to avoid abrupt
N ¥ N
chang\@\‘to the energy bandgap in t'}\@\\solar cell structure as well @\to reduce the lattice
Q
;@smatch between GaN and,\QnGaN Therefore, the stra;@mduced piezoelectric and
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spontaneous polarization can be reduced to improve the carrier collection [22]. The optimized
parameters for the standard p-i-n structure shown in Table 3 were used as the reference for the
absorber layer. For the linear-graded absorber, the absorber layer was changed to the InxGaji-
xN layer with a linear increment of In composition from 0% (GaN) on top to 40% (Ino.4Gao.sN)
at the bottom of the absorber layer. The wider bandgap was placed on top to capture photons

with higher bandgap energy into the intrinsic (i) layer, reducing the thermalization of “hot

carriers” at higher bar@p energy, and improving th%@j@ctron-hole generation and c%@:tion
Q Q

A
due to transferring Rinetic energy in the electron 1 band-to-band impact ionizagoa [39].
o o va

< o o
<.0\\\ Table 3. Optimized resultg\ﬁr the standard p-i-n InGaN %&k’»\; cell.
St@tural parameters \Q Vali.@s
N®layer initial thickness NS @’nm

O\Ql layer initial thickness é \%75 nm
60 n-layer initial thlcknes 60 60 350 nm
\\ \\ 17 (-3
Acceptor doping de in p-layer, N4 o° 1x10"" cm

{\\'\Q Carrier density of\grinsic layer, N; (‘\\'\'Q 1x10' cm
Donor doping density in n-layer, Np 1x10'® cm™
Open circuit voltage, Voc 145V
Short-circuit current density, J. 14.22 mA/cm?
Conversion efficiency, 7 18.74%

Fill factor, FF 90.56%

0/

Moreover, the linear-graded absorber was proposed in such a way as to enhance strain
relaxation so that the effect of piezoelectric polarization was insignificant to the performance
of the solar cell [11]. Song et al. (2003) investigated the In grading rate. They found that a

higher grading rateg@? introduce more dislocati%@bmto the thin film. Eventugéf)?, the

A A
probability of d(jﬂ,o\cation entanglement will inglx:p'a\se to impede the lattice relarﬁ;:i\on process

[40]. Thereé'bre the step-graded absorber %O—n was introduced to preventéhe possibility of a
\\ \\
defe&l\(ﬁom the different In grading &t{& The step-graded absorber 6@1\has one layer of GaN

\g&i 4 layers of InxGajxN layerg\&lth each layer of 30 nm. Th@(‘&aN layer on top of the step-
2 o O
o o o
S W \©
o
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graded acts as the wide bandgap energy collector as well as the GaN cap to protect InGaN from
In desorption during the annealing process. The growth of thick In-rich InGaN thin film is
always associated with large 3D-island InN on the growing surface due to Stranski-Krastanov
(SK) growth mode [41]. Therefore, a dual temperature GaN cap growth method helps dissolve
In-rich 3D-island, spreading InN across the GaN surface more uniformly across the growing
surface [42] and preventing In desorbing from the InGaN layer [43]. The step-graded absorber
with 10% In incremeng@? each layer helps reduce theQ @}?ce mismatch between the su@oauent
layers. It is relatn@%\easwr to grow by the MOC}v{/b technique. The band dlagramg%f different
Q 3/ (19
absorber c%nflguratlons are shown in Flgu&@ Linear-graded absorber P 82; shows a smooth

\\ \
redu& of bandgap energy from 3. 4{{@% (GaN) to 1.99 eV (Ino, 4Gaoz<§§) In contrast, the step-

\g&'(;ed absorber p-i-n shows a\“@e';—wwe reduction of bandgf{pg;lergy. The maximum QE
\
the standard p-i-n st@?ure can only reach a max1mu{®G'QE 0f 95%, as shown in Figure 10. The
linear- and step-graded absorber p-i-n structures improve the Voc, Jsc, and # compared to
standard p-i-n structures, as shown in Table 4. The performance of linear-graded absorber p-i-
n was also found to be superior to step-graded absorber p-i-n. This is mainly attributed to the
lesser abrupt bandgap energy changes during the band-to-band and inter-band absorption and
lesser thermalization of energy across the absorber layer through the emission of phonon due
to barrier height differences. Throughout this study, the best performance was achieved by
linear-graded absorber p-i-n structure with FF, 5, Jw, and Vo of 90.33%, 19.84%, 14.48
mA/cm?, and 1.52'V, re%ectlvely
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Table 4. Performance of solar cells with different absorber configurations.
Solar cell configuration Standard p-i-n ~ Linear-graded Step-graded
absorber p-i-n absorber p-i-n
Open-circuit voltage, Voc (V) 1.45 1.52 1.52
Short-circuit current density, Jye 14.22 14.48 14.43
(mA/cm?)
Conversion efficiency, # (%) 18.74 19.84 19.77
Fill Factor, FF (%) QQ)OD 90.56 QOJOD 90.33 90.3Q;4§D
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4.0 Conclusion

In this study, optimization of intermediate In composition homojunction Ino4GaosN solar cell
with p-i-n structure was performed by varying thicknesses, carrier concentration, and absorber
configurations. The results revealed that the absorber thickness and the hole concentration have
profound effects on the solar cell's performance. The graded absorber layer was also proposed
to improve solar cell performance The results showed that the linear- and step-graded
e}
0
absorbers have bett\e&&nversmn efficiency and ex]&@ QE close to 100% comlzzl\@bto the
standard stmctua‘é]/The results also revealed that'ﬂxe performance of the hnear—%g%ed absorber
was better\dﬁ(r]: the step-graded absorber 5@9?:) the lesser abrupt bandgap\@?ergy changes and

less@?ermahzatlon of energy acro@(ﬁe absorber layer. In summar%"t?ese results implied the

Q
@'})ten‘ual of intermediate In &o\mposmon Ing.4GaoesN. The @:}plementatlon of graded In
O

A\
\\bo composition absorber (‘\@%guratlons opens a new pa@QOr the growth and fabrication of

=N

InGaN-based solar\géﬂs such as single junction anQ@gldem solar cells.
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