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Abstract: Raising the efficiency of triple-junction cells such as (GaInP/GalnAs/Ge) is an important
goal for designing high-concentration photovoltaic systems. This purpose can be achieved by facing
cell obstacles and acting on their configurations to sustain under highly concentrated sunlight and
high operating temperatures. In this paper, a prediction performance study of triple-junction solar
cells with four types of structures is proposed under variable conditions. The results show that
the series structure is well-validated with experimental data under standard test conditions and is
presented against those under variable conditions. Then, the triple-junction cells are compared and
discussed in terms of photovoltaic cell open circuit voltage, photovoltaic cell electrical efficiency, fill
factor, and temperature coefficients. Consequently, the results show that the cells can be separated
into two categories that are useful for Low Concentration Systems and High Concentration Systems.
The Low Concentration Systems present high efficiency at 20 suns. For the High Concentration
Systems, the Hybrid 2 type demonstrates an optimal efficiency of 38.48% at 118 suns with a high
FF (0.873) and shows a lower temperature coefficient than the series type. So, Hybrid 2 presents
a good candidate for high-concentration systems with a performance better than the conventional
triple-junction cells.

Keywords: single diode; double diode; triple-junction cell (T]JC); structure; variable conditions;
performance; MATLAB/Simulink

1. Introduction

There has been a significant increase in energy consumption, in particular, in fossil
fuels such as natural oil, natural gas, coal, etc. However, our planet has a finite amount
of fossil resources based on an initial quantity, and this quantity is limited and does not
allow for the durability of our system. So, solar energy presents a renewable, clean, and
efficient source that is capable of holding human needs in large quantities in the long term.
Sunlight energy can be converted into electricity by several advanced technologies, such as
photovoltaic PV, which is primarily constructed of semiconductor materials.

Nowadays, the widely available semiconductor consists of a single PN junction. At
this junction, only photons that have an energy equal to or greater than the material band
gap energy (denoted Eg in ev) are capable of creating pairs of electrons-holes. The low
efficiencies of single-junction solar cells explain the limited exploited solar spectrum. In the
aim of exploiting the total incident sunlight, a multi-junction solar cell has been proposed
with n number of PN junctions from different materials, stacked on top of each other.
Thus, the popular triple-junction solar cell with a combination of (GaInP/GalnAs/Ge)
absorbs the quasi-totality of the solar spectrum and has achieved over 40% efficiency
since 2006 [1-4]. This technology has been motivated primarily for spatial applications and
secondly for terrestrial requirements, which have been used on concentration photovoltaic
(CPV) systems [5,6]. At present, the conventional triple-junction cells designed by a lattice
matched structure of (GaInP/GalnAs/Ge) sub-cells on germanium substrate are produced
by several companies [7-9].
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As research progresses, photovoltaic (PV) cells are continually advancing toward
higher performance levels by addressing multiple factors. These factors include the se-
lection of materials, which significantly influence the efficiency and longevity of the cells.
Additionally, the number of junctions within the cells plays a crucial role in improving
energy conversion by enabling more efficient electron transport and reducing energy losses.
The arrangement of the devices, such as the stacking of layers or the integration of dif-
ferent semiconductor materials, further enhances the overall performance. Innovations
in these areas, as well as other optimization techniques, have led to significant strides in
increasing the efficiency of PV cells in recent years [10-13]. Therefore, many scientists
focus on advancing layers of architecture and materials. D. C. Law et al. [14] reported the
preliminary results of two technical approaches; the first is the multi-junction cells on the
new procedure of wafer-bonded and layers transferred epitaxial templates. The second is a
metamorphic lev GalnAs sub-cells in conjunction with inverted growth. They used these
techniques to achieve high efficiency, to reduce the cost of PV system components such as
glass, encapsulation materials, and metal support structures, and to open the opening wide
market areas for CPV systems.

R. R. King et al. [15] predicted the development of future multi-junction solar cell
architectures by increasing the superimposed junctions up to six. They obtained optimal
efficiency by using empirical models based on the electrical characteristics of solar cell
materials. In the previous papers [14,15], they consider limited conditions, such as the
variable solar spectrum, during day illumination, and concentration factors at a fixed
operating temperature (25 °C). But none of them consider the temperature variation effect
on the performance of multi-junction solar cells.

P. T. Chiu et al. [16] realized and performed an experimental evaluation of five junc-
tions’ cells (2.2/1.7/1.4/1.05/0.73 eV) with an efficiency of 35.1% for 1 sun and AM 0. Here,
“1 Sun” refers to the standard solar irradiance of 1000 watts per square meter (W /m?),
representing the intensity of sunlight under ideal conditions at noon on a clear day. It
is commonly used to test and compare the performance of solar panels. In their work,
Chiu and colleagues employed a novel and expensive technology known as Semiconductor
Wafer Bonding (SWB). They detailed the bonding process and presented the performance
of the SWB cells under concentrated light conditions. However, the cells were found to
withstand no more than 10 suns, making them unsuitable for high-concentration systems.

In the case of cell arrangement, it constitutes one of the main underlying factors
limiting its efficiencies because the conventional triple-junction solar cell is based on serial
sub-cell connections [7,17,18]. This allows many drawbacks, including the dependency of
the tunnel junction, the lattice mismatching between materials band gap, and the current
mismatching produced by the sub-cells [19,20] To minimize these obstacles, the challenge
associated is the optimal arrangement choice under conditions of CPV systems. So, various
solar cell structures have been cited in the literature [21,22]. T. W. Hsiech et al. [23] utilized
a series-parallel solar cell arrangement with diverse bandgaps under different spectrum
and concentration factors to improve the current matching restrictions. The performance
results are compared to those of conventional triple cells. Y. Ahn et al. [24] presented a
theoretical efficiency and the optimum band gap combination of a new structure called
the Hybrid Connected Triple Junction (HCTJ) under high illumination at a fixed operating
temperature. Unfortunately, these papers that consider the arrangement of solar cells are
only developed by the theoretical method of Shockley.

So, the modeling of triple-junction cells requires an electrical model based on single-
or/and double-diode equivalent circuits that describe J-V solar cell characteristics. In fact,
many papers developed these electrical models for PN junction solar cells [24], but few of
them treated the case of triple-junction solar cells [25].

In this work, two models are developed to predict the electrical performance produced
by concentrator solar cells with varying concentration intensities and high temperatures.
The models are applied to a comparative study of the single- and double-diode for four
proposed solar cell structures, such as series, Hybrid 1, Hybrid 2, and parallel. The four
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TJC structures comprise the same materials (GalnP/GalnAs/Ge) and the same thickness.
Then, the J-V and P-V characteristics are determined using MATLAB/Simulink software
(version9.0.0.341360 (R2016a)) through the cells’ input parameters. The series structures
are well-validated with experimental data under variable conditions of standard, high
concentration, and temperatures. Then, the four TJC are compared and discussed in terms
of open circuit voltage V., efficiency 7, fill factor FF, and temperature coefficient. Based on
the current results, a new structure will be adopted and can be indicated as a promising
direction for further creation of the cell performance model. This paper is organized as
follows: Section 1 provides the introduction, while Section 2 covers the modeling of single-
and double-diode sub-cells. Section 3 discusses the development of various structures and
electrical models. The implementation of triple-junction cells using MATLAB/Simulink
is presented in Section 4. Section 5 presents the results and discussion. Finally, Section 6
concludes this paper with the main findings and observations.

2. Triple-Junction Cell Models

To examine the performance of different triple-junction cell structures, two electrical
models are selected, which are based firstly on the single-diode model and secondly on the
double-diode model for each sub-cell. The single-diode model, frequently referenced in
photovoltaic literature, is chosen for its simplicity and capacity to capture the fundamental
electrical characteristics of photovoltaic cells. However, under non-standard conditions
such as high concentrations or elevated temperatures, the double-diode model proves supe-
rior, offering enhanced sensitivity to resistive and recombination losses that are significant
in TJC systems. This model is particularly effective in representing efficiency trends in
high-concentration environments, where the single-diode model often falls short due to its
limited capacity to capture these losses.

2.1. Single-Diode Model of Triple-Junction Cell

The Ji-Vi and Pi-Vi characteristics of each junction of a triple-junction cell are de-
termined by the single-diode model because it is the most used in the literature [26,27].
Figure 1 presents the equivalent single-diode circuit model of each sub-cell.

&
%
s
N
-

Figure 1. The single-diode equivalent circuit sub-cell model.

Based on Figure 1 and by applying the Kirchhoff law, the sub-cell output current
density is described by Equation (1):

Ji = Jpni — Ipi = Isn,i 1)

The photocurrent density of the sub-cell ], ; is proportional to the absorbed concen-
tration factor. It is defined by Equation (2):

]ph,i = C]sc,i(lzsun) 2)
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where G
C= 3
Crof )
The sub-cell diode current density Jp ; is given by Equation (4) [28]:
_T. (Vi + JiSRs,i)
]D,l = ]s,z exp [( Vi, 1 (4)

The diode reverse current density of each sub-cell ], ; is highly dependent on the
operating cell temperature. It is given by Equation (5) [29]:

—E,;
Joi =TT/ exp (n Kg,T) (5)
iKp

where x; and <y are constants, and #; is the sub-cell diode ideality factor (typically between
1 and 2).

The sub-cell band gap energy E,; is inversely proportional to the cell operating
temperature. It is obtained by Equation (6) using the Varshni relation [30]:

DCZ'TZ
T+ Bi

Egi(T) = Eg,i(0) + (6)
where Eg ;(0) is the sub-cell band gap energy at 0 K, and «;, B; are constants parameters
of Varshni.

When the sub-cell in a triple-junction cell is made from an alloy composition selected
by the manufacturer (e.g., GaInP, GalnAs). The sub-cell band gap energy is expressed by
Vergad’s law [31]:

Eg,i(AlfxBx) = (1 — X)Eg,i(A) + ng,i(B) — x(l — X)Pl' (7)

where A;_,B, represents the semiconductors” alloy composition, and P; is an alloy-dependent
parameter that accounts for the deviation from linear approximation.
The thermal voltage of the cell can be defined by Equation (8) [32]:

KgT
Vch% (8)

The sub-cell shunt current density ], ; is given by Equation (9):

Vi + JiSRs

9
SRgpi ®

J sh,i —
Then, the sub-cell output current, resulting from Equations (1), (4) and (9), is given by
Equation (10):

(Vi+ ]iSRs,i)) B 1} _ Vi+JiSR,;

10
i Vi SRy i (10)

Ji = Jpni — Is,i eXP[(

2.2. Double-Diode Model of Triple-Junction Cell

The single-diode model, although widely used in the photovoltaic literature for its
simplicity, only captures the basic electrical characteristics of photovoltaic cells, making it
suitable for standard test conditions (STCs). However, it is less accurate when modeling
advanced structures like triple-junction cells (TJCs) under high concentration or elevated
temperature conditions, where more complex phenomena such as recombination losses
become more significant. To overcome these limitations, the double-diode model is often
employed, as it introduces a second parallel diode that improves the model’s sensitivity to
resistive and recombination losses, particularly in high-concentration environments.
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The double-diode model is particularly advantageous for TJCs because it provides a
more detailed representation of the internal phenomena occurring in each sub-cell of the triple-
junction structure. By adding a second diode, this model accounts for recombination in the
space charge region, which is crucial for accurately capturing the behavior of these cells under
varying conditions [33,34]. As illustrated in Figure 2 and by applying Kirchhoff’s law, the output
current density for each sub-cell in the double-diode model is given by Equation (11):

Ji = Joni — Jp1,i — Ip2,i — Jsn,i (11)
Rs,i Ji
3 NN——*
N I VUns A
Q\) \ )\ D e
&® \ Dl,i D2,i e

Figure 2. The double-diode equivalent circuit sub-cell model.

The double-diode current density can be written as [35]:

Jp1,i = Js1,iexp [((VIHISRSI)> - 1} (12)

11 Vi i

LESL AN 13

12 Vi, i

Ip2,i = Js2,i €xp [ (

where the idealities factors 177 and n, are fixed at values of 1 and 2, respectively.
The two-diode saturation current densities as a function of operating triple-junction
cell temperature are given as follows [36,37]:

3 —Eg,i
Js1,i = x1,iT" exp 1 KsT (14)
Joi = K ; TG/ exp 7_E3'i (15)
s2,i 2,i HZKBT

where 1 ; and x; ; are constants.
Finally, the current density equation of each sub-cell of the triple-junction cell, resulting
in Equations (9) and (11)-(13), is given by Equation (16):

Vi+]iSRs,i
]i = ]Ph/i - ]sl/i exp |:<(711]Vth’)> _ 1:|

(Vi+]iSRs,) Vi+]iSRs,i
_]52’i exp |: < 1 Vi, -1 - SRsh,i

3. Structures of Triple-Junction Cells

(16)

For comparison purposes, we have designed four types of triple-junction cells with
different arrangements that are based on series, Hybrid 1, Hybrid 2, and parallel structure,
as shown in Figures 3-6, respectively.
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Figure 3. Schematic structure of a series TJC.
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Figure 4. Schematic structure of a Hybrid 1 TJC.
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Figure 5. Schematic structure of a Hybrid 2 TJC.
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Transparent
] >
conducting layer

Top sub-cell (InGaAs)

Middle sub-cell (InGaP)

Transparent

) ) —_— |
insulating layer

Bottom sub-cell (Ge)

N SN\ NN\

Figure 6. Schematic structure of a parallel TJC.

Therefore, each type is described by electrical models of single and double equivalent
circuits in Figures 7-10.

TN T YW=

b1 R, 1 Jph,1 i JD,2I R N

® Yo Sw DAL S

=
_

k2
2

J J
'ph,3 R h3
\/ JD3 \/JR\»; ’ p\/ D1 D23 JRh3 R3

(a) (b)

Figure 7. Electrical equivalent circuits of a series TJC. (a) Single equivalent circuit of a series TJC;
(b) double equivalent circuit of a series TJC.
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Figure 8. Electrical equivalent circuits of a Hybrid 1 T]JC. (a) Single equivalent circuit of a Hybrid 1
TJC; (b) double equivalent circuit of a Hybrid 1 TJC.

The first type of triple-junction cell denoted “series” is presented in Figure 3 and
described by the single and double equivalent circuit, as shown in Figure 7, respectively.
The series TJC consists of a series of connected sub-cells in order to obtain high conversion
efficiency. Each layer is separated by a special junction called a tunnel junction. From experi-
ment [18], this series structure presents a conventional type of TJC that is composed of three
sub-cells (In0.49Ga0.51P/In0.01Ga0.99As/Ge) with a matching lattice. Two tunnel junc-
tions consist of p-AlGaAs/n-InGaP, and p-GaAs/n-GaAs placed between InGaP/InGaAs
and InGaAs/Ge, respectively, which are modeled by series resistors as part of Ry ;.

phl ‘]D, 1 Jl(u, !

T VW— VW T T VW—
Rx.3 J R.V,] Rs,}

phl

\ ba
% BN OOV T

RS

Jp Y,

\Jﬁ”'] o o Ions bis Yo Y hes
PINORES o NOYASs

J

ph2 JDI 2 JDZZ JR\‘h,z

NOavE L

() (b)

Figure 9. Electrical equivalent circuits of a Hybrid 2 TJC. (a) Single equivalent circuit of a Hybrid 2
TJC; (b) double equivalent circuit of a Hybrid 2 TJC.

The second type defined as “Hybrid 1” is composed of series and parallel sub-cells,
which are presented in Figure 4. In this structure, the top sub-cell (InGaAs) is electrically
connected in parallel to the middle (InGaP) and the bottom (Ge) sub-cells by changing
the current matching to voltage matching and the replacement of the tunnel junction to a
simple transparent layer. Thus, only one tunnel junction is presented for the carrier path
through the middle and bottom sub-cells. Two Transparent Conducting Oxide (TCO) layers
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for the electrode between the (InGaAs) and (InGaP) sub-cells are separated by a transparent
insulating layer. Figure 8 presents the electrical circuit of this structure.

Wy Wy W\~ VWY VWY W\~
R, R, R k;, Lo Ry
II' 4 I]'
Tl oYk Io2Y s Jph.3 DY e Jph,l hil Juz[ U Jﬁh_’ b\ s Jph.i hisY . e

-

NOVAZIENGE S NGWE S NGV MNG VA NG VA S

(a) (b)

Figure 10. Electrical equivalent circuits of a parallel TJC. (a) Single equivalent circuit of a parallel TJC;
(b) double equivalent circuit of a parallel TJC.

The third type defined as “hybrid 2” is also established by series and parallel sub-cells,
which are presented in Figure 5, and electrically modeled by single- and double-diode
models, as shown in Figure 9. The arrangement indicates that the bottom sub-cell (Ge) is
electrically connected in parallel to the middle (InGaP) and the top (InGaAs) sub-cells. In
this case, the junction replacement was inverse to that affected in Hybrid 1.

The fourth type is considered a parallel junction, as presented in Figure 6. The sub-cells
are laterally aligned to eliminate the requirement of current matching. In this structure, tunnel
junctions are replaced by simple, transparent conducting layers, and the voltage matching rule
is followed. In two TCO layers, transparent insulating layers are placed to be electrically isolated
from each other, each receiving a certain part of the solar spectrum. Consequently, this structure
is electrically modeled by three parallel circuits as illustrated in Figure 10.

4. Implantation of Triple-Junction Cells on MATLAB/ Simulink

The behavior of different structures of triple-junction cells under various conditions,
such as concentration factors and a high temperature, were investigated and compared.
MATLAB/Simulink are accurate and accessible simulation research tools based on mod-
eling and providing consistent results with a simple structure such as a single-junction
solar cell [37,38]. They are suited for investigating triple-junction cell structures. Thus, we
created numerical simulation models for the four types of triple-junction cells based on
the theories and equations cited in the previous section. The Simulink models considered
single- and double-diode equivalent circuits.

To keep consistency with the reference publication, the values of standard test conditions
(STCs) of conventional triple-junction cells are considered where 1 sun, temperature, and spectral
irradiance are defined, respectively, at 1 KW/ m?, 25 °C, and AM = 1.5. The main parameters of
triple-junction cell for single- and double-diode models are indicated in Table 1.

Table 1. Cell input parameters.

GalnP [18,30] GalnAs [18,30] Ge [30]
GaP InP GaAs InAs _
Eg (T =0K) 2.857 1.41 1.519 0.42 0.7347
o x 107% (eV/K) 5.771 3.63 5.405 419 4.774
B (K) 372 162 204 271 235
Alloy composition Ing49Gag 51 P In 901Gag.g9As _
P (eV) 1.018 1.192 _
Jse MA/cm?) for C=1,T=25°C 13.78 15.74 20.60

n 1.97 1.75 1.96
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162 - :
Sigma_InP M

The T]C structures with single- and double-diode models have been implanted in
Simulink to generate the J-V and P-V electrical characteristics at different values of STCs,
concentration factors, and high temperatures. Founded on the simulation results, perfor-
mance parameters can be determined in terms of open circuits voltages V., efficiencies 7,
fill factors FF, and temperature coefficients as a function of the variable conditions treated
with the aim of investigating the behavior of TJC structures.

So, we have adopted from the available experimental data [17,18] the range of temperature
and concentration factors, which are, respectively, 25 < T <125 °C and 1 < C < 300.

Figure 11 shows the Simulink model of the top sub-cell (GaInP) using a single diode.
In particular, (a) the band gap energy Eg calculation, (b) the reverse saturation current
density J1 calculation, and (c) the basic model of a (GaInP) sub-cell. This model presents
one sub-system that can join the others to create a series TJC Simulink model.

3.63e4

Alpha_InP % 1411 *
r Eg0_InP N
[Top] InP_Band Gap Energy
0.51 III
B "
N -

InGaP_Band Gap Energy
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@
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x v
el M B R B

— P>
Divide8
Add Math
Function
[Eg1] >—p
X
-C- L>X
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conversion de even J

[KB] >-| -
[n1] >-|
| x

Figure 11. Cont.



Energies 2024, 17, 5943 11 of 24

1Y Pp(Top Eg_GaP
Top —L» Eg_Gap L Top
Eg_GaP Eg1 —P|Eg! @ v
q
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Eg_InP K1 |->Top S Jd 1 Jph1
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Rst p|s1 Jd1 WD)
J1
KB 1 V1
@ @ > s
V1 Jd1
Subsystem
Jst
»|V1
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>
»|J1 Jsh 1
Rsh1 : Rs1
Jsh 1
()

Figure 11. Simulink models of series TJC (GalnP) sub-cell with (a) Eg calculation, (b) J1 calculation,
(c) basic model of (GaInP) sub-cell.

5. Results and Discussion
5.1. Single-Diode Model

Based on Simulink models, we have plotted the current density—voltage (J-V) and the
power density—voltage (P-V) characteristics of the series TJC under STCs. The numerical
results are indicated below in Figure 12.

0.025 \ \ \ I 0.035 o \ \ \
e Q] = Series type _
Jse3=0.2024/cm? \ Series type|| ___InGaPtyp | Pm=29/86(mW/cn)
‘ ‘ o |==emGap | 0.031 _mpgans |~ 0 AN T
g 0.026— - 47 - o m -=InGaAs || o e |
5 e tsrande? | | i= Ge
2 ASTANCM™ e Ge 50025— - — /A —
< | | | I L | | | | |
D S - =
£0.0151% - =t - - — b — - - g O.OZBmlzjég‘:L(mW/ué), U R I
g . T 1-‘\ \\ T T ? | | | | |
E : Jscll0.1378Ailm2 “ ‘ ‘ §00157P£n2:{713.073(nﬂ/ciq‘7‘ I ‘ . ‘ ]
@ 0.014: e el T -y + = I \ 'R I
T 5 4R
& Co 2 00— - 5 -7 - — —
: | v | | L | ' | |
0.005=% - - - - +‘* = J 1 ‘
Yo&3=0.15V  VocA-1.006Y | Vocl=1387v  Vde- 0.005— "~ - s
£ T 3 : m3=1.35(mV/ent) | ! ‘
A AT
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Voltage (V) Voltage (V)
(a) (b)

Figure 12. Electrical characteristics of series TJC at STC (C =1, T = 25 °C, and AM = 1.5).
(a) J-V characteristics of series TJC and its sub-cells at STCs; (b) P-V characteristics of series TJC
and its sub-cells at STCs; by using the single-diode model.

After obtaining the electrical characteristics, it was noted that the current density output
due to the series connection is given by the minimum sub-cell current density (J = min (J1, J2, ]3)).
For the voltage output V, it is the sum of the sub-cell voltage (V ~ V1 + V2 + V3).
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In the aim of extracting and calculating the performance parameters from their J-V
and P-V characteristics indicated in Figure 12, we defined these parameters by short circuit
density output J;, open circuit voltage output V., fill factor FF, and cell efficiency #.

The fill factor FF is a parameter that indicates the quality of the solar cell. It is defined
by the maximum power density P;, divided by the V., and Js:

Py
FF = 17
] sc* VOC ( )
The efficiency cell # is defined using the following equation:
Jsc - Voc - FF
=— 18
U] C Gy (18)

Therefore, the model of the series T]C is validated by an experimental study by [18]
and cited in Table 2. The comparison study shows good correlations between our results
and those found in the literature [18] in terms of I, V., FF, and 1 under STCs.

Table 2. Performances parameters of series TJC—single-diode model.

Voc (V) I;c (mA) FF n (%)
Experimental results [18] 2.53 6.74 0.849 29.5
Numerical results 2.54 6.755 0.852 29.86

5.1.1. Concentration Effect

As presented in Equation (18), the performance parameters are strongly influenced by
the concentration factors. Consequently, the J-V and P-V are affected by the illumination
level. The effect of concentration factor variation from 1 to 300 suns is shown in Figure 13
for the series TJC and in Figures 14 and 15 for different TJC structures.

Figure 13 presents the variation of predicted electrical efficiency using a single-diode
model compared with the experimental data [7,39] under variable concentration factors
at a fixed temperature of 25 °C. We remarked that the predicted efficiency is higher and
more perfect than the experimental data. The # of the series TJC increased linearly with the
concentration factor and reached a maximal value of 40.59% at 300 suns compared to exper-
imental data which achieved 36.44% and 38.78% for 206 and 210 suns, respectively. This can
be explained by the logarithmic (weakly) and linear increase of V. and Jsc correspondingly
with the increase in concentration factors.

42 i R I
o eXpl | | RN | ‘
40[ V exp2 P TAmATAT 34
< singel diode|| ||| 11112y
R T e i el o e i i Rl I 5 < E MR I
= L [T I
- L I v‘HHHO‘O
NN L ]
%3677777\77777\7777# 67777#?7777’
k2 oY L
L Y e I - At l TR - e A e R B Il o I
m et RN |
I b\wuu NN I
p BT
o NN I
L RN |
p-——T-T- A TArT T TS TAT T
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Figure 13. 57 prediction of series TJC against experimental data under variable concentration factors
at T = 25 °C; by using the single-diode model.
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Figure 14. Performance parameters variation of different TJC structures under variable concentration
factors at T = 25 °C: (a) efficiency y and (b) fill factor FF; by using the single-diode model.

2.6

I I I o Exp
25— ent - —| - — b~ Series type};

Open circuit voltage (V)

20 40 60 80 100 120
Temperature (°C)

Figure 15. V. prediction of series TJC against experimental data under variable temperatures at
C = 1; by using the single-diode model.

Figure 14a depicts the 1 of the predicted variations of different TJC structures under
variable concentration factors at T = 25 °C using a single-diode model. We noticed that the
TJC structures can be divided into two categories; the first is the TJC with high efficiency
(series and Hybrid 1), and the second is the TJC with low efficiency (Hybrid 2 and parallel).
We observed that the series TJC achieves the highest efficiency with a maximum suns
number compared to the other TJC structures. This structure increased to a maximal
value of 40.59% at 300 suns compared to Hybrid 1, Hybrid 2, and the parallel type, which
achieved 6.69%, 35.53%, and 10.17% at 20 suns, respectively.

Figure 14b shows the FF-predicted variations of different TJC structures under variable
concentration factors using a single-diode model. The series TJC obtained the higher FF
with a maximum suns number compared to the other TJC structures. The series TJC
increased to a maximal value of 0.87 at 300 suns compared to Hybrid 1, Hybrid 2, and
parallel, which achieved 0.59, 0.68, and 0.58 at 20, 12, and 12 suns, respectively. We
concluded that Hybrid 2 can hold a good performance under a high concentration factor,
and its FF values are in the range of [0.6-0.8].
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5.1.2. Operating Temperature Effect

As we know, the operating temperature is considered an important factor that affects
all kinds of solar cells. In our case, we remarked that the operating temperature of a TJC
has a dominant effect on the J-V and P-V characteristics as well as their performances. From
these results, firstly, we have plotted and compared the V. predicted values of the series
type against those of the experimental conditions [18], as presented in Figure 15. Secondly,
we have determined the various parameters of the four types in terms of their open-circuit
voltages V., cell efficiency #, and fill factors FF, as shown in Figures 16 and 17.
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Figure 16. V, variation of different TJC under variable temperatures at C = 1; by using the single-
diode model.
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Figure 17. Performance parameters variation of different TJC structures under variable temperature
at C = 1: (a) efficiency # and (b) fill factor FF; by using the single-diode model.

Figure 15 presents the variation of V,. predicted electrical open circuit voltage of
conventional TJC (series type) using a single-diode model compared with the experimental
data [18] under variable temperature at a concentration factor of 1 sun. We noted that
the experimental and the predicted values of V,. have a linear decrease with an increase
in cell operating temperature. Also, we considered that the V,, predicted values are
nearly estimated for low operating temperatures (lower than 80 °C) and overestimated for
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high temperatures. We observed that the predicted V, temperature coefficient dV,./dt is
—0.049 V/°C compared to the measured data 0.06 V/°C [18].

Figure 16 illustrates the V. variation of different T]C structures under variable temper-
atures and at C = 1 using a single-diode model. We have observed that the V,, temperature
coefficient of series TJC with operating cells temperature was higher than the other types.
The voltage decreases with —5.4 x 103 Vv/°C compared to —1.4 x 1073, —3.3 x 1073, and
—1.4 x 1073 V/°C in Hybrid 1, Hybrid 2, and the parallel type, respectively.

Figure 17 shows the variation in the # and fill factors FF of different TJC structures as
a function of their operating temperatures and at C = 1 using a single-diode model.

More explication is in the following:

e  From Figure 17a, the increase in temperature has separated the structures into two cat-
egories as the effect of concentration factors. Therefore, the TJC with high performance
decreased linearly in the range of [30-20%].

e  From Figure 17b, the variation of FF decreased but it does not maintain 0.7. On the

other hand, the TJCs with low performance presents poor efficiencies, which decreased
less than 5%, and their FF shows a linear decrease in the range of [0.2, 0.5].

5.2. Double-Diode Model

After evaluating the single-diode model results of series TJCs, we have also investi-
gated the variation of their electrical characteristics under STCs by using the double-diode
model. The simulation results are presented in Figure 18.
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Figure 18. Electrical characteristics of series TJC at STCs (C =1, T = 25 °C and AM = 1.5):
(a) J-V characteristics of series TJC and its sub-cells at STCs; (b) P-V characteristics of series TJC and
its sub-cells at STCs; by using the double-diode model.

In the aim of determining the performance parameters from their J-V and P-V char-
acteristics indicated in Figure 18, the model of the series TJC was validated with the
experimental study by [18] and cited in Table 3. The comparison study shows a good
correlation between our results and those found in the literature [18] in terms of I, V., FF,
and # under STCs.

Table 3. Performances parameters of series TJC—double-diode model.

Ve (V) I (mA) FF 7 (%)
Experimental results [18] 2.53 6.74 0.849 29.5
Numerical results 2.543 6.79 0.848 29.9
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5.2.1. Concentration Effect

Figure 19 presents the predicted # variation of series TJC using a double-diode model
compared with the experimental data [7] under variable concentration factors at a fixed
temperature of 25 °C. We remarked that the predicted efficiency is under the limits of exper-
imental variation [7]. Hence, the model overestimated the efficiency for low concentration
(lower than 20). Then, it followed the experimental trend and reached a maximal value of
36.46% at 90 suns compared to experimental data which achieved 36.44% and 38.78% for
206 and 210 suns respectively, after that it decreased. This decrease is explained by power
density losses (J2 x Rs) which increase rapidly with concentration intensities.
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Figure 19. 57 prediction of series TJC against experimental data under variable concentration factors
at T = 25 °C; by using the double-diode model.

Figure 20a depicts the # predicted variations of different TJC structures under variable
concentration factors using a double-diode model. As in the previous case of the single-
diode model, we remarked that the TJC structures can be divided into two categories; the
first is the TJC with high efficiency (series and Hybrid 1), and the second is the TJC with
low efficiency (Hybrid 2 and parallel). In this model, we observed that the Hybrid 2 of the
TJC obtained higher efficiency with a maximum suns number compared to the other TJC
structures. This structure increased to a maximal value of 38.48% at 118 suns compared to
the series, Hybrid 1, and parallel types, which achieved 36.64%, 13.2%, and 8.58% at 90, 20,
and 20 suns, respectively.
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Figure 20. Performance parameters variation of different TJC structures under variable concentration
factors at T = 25 °C: (a) efficiency # and (b) fill factor FF; by using the double-diode model.
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Figure 20b shows the FF-predicted variations of different TJC structures under variable
concentration factors using a double-diode model. The Hybrid 2 of the TJC obtains a higher
FF with a maximum number of suns compared to the other TJC structures. The Hybrid 2 of
the TJC increased to a maximal value of 0.926 at 12 suns compared to the series, Hybrid 1,
and parallel types, which achieved 0.916, 0.738, and 0.715 at 12, 12, and 20 suns, respectively.
As a result, we concluded from the second model that the Hybrid 2 can offer a high 7
under a high concentration factor, and its FF values are in the range of [0.6-0.8], which is
an optimal performance quality.

5.2.2. Operating Temperature Effect

From the simulation results, we have first plotted and compared the V. predicted values of
the series type against those of the experimental conditions, as presented in Figure 21. Secondly,
we have determined the various parameters of the four types in terms of their open-circuit
voltage V., cell efficiency #, and fill factor FF, as shown in Figures 22 and 23.
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Figure 21. V. prediction of series TJC against experimental data under variable temperatures at
C = 1; by using the double-diode model.
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Figure 22. V. variation of different TJC under variable temperatures at C = 1; by using the double-
diode model.
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Figure 21 presents the variation in the predicted electrical open-circuit voltage V.
of the conventional TJC (series type) using a double-diode model compared with the
experimental data [18] under variable temperature at a concentration factor of 1 sun. We
noted that the experimental and the predicted values of V,, have a linear decrease with an
increase in cell operating temperature. Also, we considered that the V. predicted values
are nearly estimated for low operating temperatures (lower than 80 °C) and overestimated
for high temperatures. We observed that the predicted V,. temperature coefficient dV,./dt
is —0.055 V/°C compared to the —0.0049 V/°C calculated with the single-diode model (the
measured datum is —0.06 V/°C [18]).
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Figure 23. Performance parameters variation of different TJC structures under variable temperature
at C = 1: (a) efficiency # and (b) fill factor FF; by using the double-diode model.

Figure 22 illustrates the V. variation of different TJC structures under variable temper-
atures and at C = 1 using a double-diode model. We have observed that the V. temperature
coefficient of series TJC with operating cells temperature was higher than the other types.
The voltage decreases with —5.4 x 1072 V/°C compared to —1.4 x 1073, —3.1 x 1073, and
—1.5 x 1073 V/°C in Hybrid 1, Hybrid 2, and the parallel type, respectively.

Figure 23 shows the variation of the 7 and fill factors FFs of different TJC structures as
a function of their operating temperatures and at C = 1 using a double-diode model.

For Figure 23a, the predicted efficiency temperature coefficient of the series TJC
is —0.072%/°C compared to —0.077%/°C by the single-diode model (the measured is
0.073%/°C [18]). Again, the trend in the double-diode model follows the trend in the
single-diode model. The increase in temperature has separated the structures into two
categories as the effect of concentration factors. Therefore, the TJC with high performance
decreased linearly in the range of [30-20%].

For Figure 23b, the predicted FF temperature coefficient of type 1 is —0.00055/°C
compared to —0.005/°C by the single-diode model (the measured is 0.0006/°C [19]). In
the case of the high-performance TJC, the FF decreased, but it does not maintain 0.7. On
the other hand, the TJCs with the low-performance TJC present poor efficiencies, which
decreased less than 5%, and their FF shows a linear decrease in the range of [0.2, 0.5].

5.3. Comparison of Single- and Double-Diode Model Results

This study utilizes both single- and double-diode models to simulate the behavior
of triple-junction cells (TJCs) in MATLAB Simulink, offering valuable insights into TJC
performance under varying concentration factors and temperature conditions. Selecting the
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appropriate diode model is essential, as each model provides distinct advantages in terms
of simplicity, accuracy, and computational efficiency, which facilitate effective simulations
within the MATLAB/Simulink environment.

We developed equivalent circuit models for four T]JC configurations using both single-
and double-diode models, analyzing their electrical performance across different tem-
perature and concentration intensities. To compare the impact of each model on TJC
performance, Figure 24 illustrates the predicted efficiency of the series TJC under various
concentration factors at a fixed temperature. This comparison highlights the double-diode
model’s improved alignment with observed efficiency trends, especially at higher concen-
tration levels where resistive losses are more pronounced.
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Figure 24. Efficiency prediction of series TJC under variable concentration factors.

As shown in Figure 24, the results from both models align well with experimental data
trends [7]. However, the double-diode model demonstrates greater sensitivity, especially
near the optimal concentration efficiency, and accurately reflects a decline in efficiency
beyond 200 suns—a behavior not captured by the single-diode model. This decline is
primarily due to a series of resistive losses, which represent cumulative power losses in the
contact and neutral regions of the semiconductor.

In photovoltaic cell modeling, particularly for triple-junction cells (TJCs), the
Shockley—Queisser limit defines a theoretical efficiency cap based on detailed balance
principles for single-junction cells. Initially set at 33.7% under one sun illumination, this
limit can be exceeded in multi-junction architectures like TJCs, where layered structures
capture a broader range of the solar spectrum. However, surpassing this limit in practical
applications relies on advanced material properties and quantum effects—such as photon
absorption in photoactive layers—especially in designs incorporating quantum dots or
plasmonic enhancements.

This study employs a simplified MATLAB Simulink model to simulate TJCs under
varying concentration and temperature conditions. While effective for modeling general
performance trends, this model does not incorporate quantum mechanical effects, limiting
its ability to capture certain quantum efficiency characteristics seen in more complex designs.
Consequently, while our model accurately reflects general trends, it does not account for
phenomena such as photon recycling, multi-exciton generation, or photon management via
plasmonic structures. These aspects represent potential areas for enhancement in future
modeling efforts.

This context defines the current model’s limitations and places it within the
Shockley—Queisser framework, highlighting its computational simplicity. The model is
well-suited for studies under standard conditions, but it has limitations when applied to
advanced photovoltaic architectures.
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The observed lower efficiencies of the Hybrid 1 and parallel configurations, compared
to the series and Hybrid 2 configurations in both the single- and double-diode models, can
be attributed to several factors:

1. Electrical Configuration Differences: The series and Hybrid 2 configurations allow
for efficient current matching across the sub-cells, optimizing energy conversion.
However, the Hybrid 1 and parallel configurations encounter current mismatches,
especially in high-concentration scenarios, which leads to greater resistive losses and
subsequently lower efficiencies.

2. Temperature Coefficients: The series and Hybrid 2 configurations exhibit lower tem-
perature coefficients for V., FF, and efficiency, which enables them to sustain higher
performance under varying concentration and temperature conditions. By contrast, the
Hybrid 1 and parallel configurations are more sensitive to temperature changes, resulting
in performance degradation, particularly under high-concentration conditions.

3.  Limitations in Current Matching: Effective current balancing across sub-cells is crucial
for maintaining high efficiency across different diode models. The series and Hybrid
2 configurations achieve this balance more effectively, while the Hybrid 1 and parallel
configurations face inherent limitations in current matching, resulting in efficiency
losses, as observed in Figures 14a and 20a.

Moreover, the efficiency of conventional TJCs (series type) is highly dependent on the
series resistance (R;) of the solar cell, particularly under high-concentration intensities. Thus,
the efficiency parameter can be expressed in relation to R, as shown in the following equation:

kT RsxSJ2.
1@ =111+ s Ln(x) - = (19)

The calculated temperature coefficients of the series type are compared to the exper-
imental parameters in Table 4. In both diode models, we remarked a good agreement
between the predicted values and the experimental data [18] in terms of V., FF, and 7,
whereas the double-diode model results are close to the experimental values.

Table 4. Series temperature coefficient: experiment and models.

AV, /dT dFF/dT dnyldT

Exp [6] —0.0062 —0.0073 —0.006
Single diode —0.0049 —0.0077 —0.0051
Double diode —0.0054 —0.0072 —0.0055

Also, the temperature coefficients of the TJCs, such as V., FF, and 7, are calculated
using single- and double-diode models and compared in Table 4. In both diode models,
we observed that all the temperature coefficients are converged. Moreover, we have
remarked that dV,./dT and dr/dT have a similar dependency. This can be explained by
the approximation shown in Equation (20):

Ldp 1 dVc
ndT ~ Voo dT

(20)

However, it should be noted that this approximation may not be valid with an increase
in concentration factors due to the strong decrease in dV,./dT, as discussed in the literature.

As can be seen from Table 5, the Hybrid 2 type has lower temperature coefficients in
terms of V., FF, and # than the series type. Therefore, we concluded that this type can be a
good candidate for triple-junction cells under a high variation in operating temperature.
We also encourage elaborating on this type because the Hybrid 2 type demonstrates optimal
efficiency under a high concentration factor with a high quality of performance (fill factor).
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Table 5. TJC temperature coefficients: single- and double-diode models.
Single Diode Double Diode
Series —0.0049 —0.0054
Hybrid 1 —0.0014 —0.0014
dVoc/dT Hybrid 2 ~0.0031 ~0.0033
parallel —0.0015 —0.0014
Series —0.072 —0.0775
Hybrid 1 —0.025 —-0.025
dFF/dT Hybrid 2 0.082 —0.09
parallel —0.041 —0.051
Series —0.0051 —0.0055
Hybrid 1 —0.0019 —0.0019
di/dT Hybrid 2 —0.0042 —0.0051
parallel —0.002 —0.0014

In this study, relative errors for performance parameters such as open-circuit volt-
age Vo, fill factor FF, and efficiency 1 were computed and compared to experimental results
to validate the single- and double-diode models, as seen in Equation (21).

Experimental Value-Simulated Value

Relative Error(%) = %100 (21)

Experimental Value

The low relative errors obtained (mostly below 5%), seen in Table 6, confirm the validity
of the models, although larger discrepancies were observed under certain conditions, such
as at high temperatures or extreme concentration factors. This analysis not only quantifies
the robustness of the models but also highlights areas for improvement to better reflect cell
performance under varying conditions.

Table 6. Comparison of experimental and simulated values with relative errors.

Parameter Experimental Single-Diode Relative Error Double-Diode Relative Error
Value Model Single (%) Model Double (%)
Ve (V) 2.53 2.54 0.39 2.543 0.51
Isc (MmA) 6.74 6.755 0.22 6.79 0.74
FF 0.849 0.852 0.35 0.848 0.12
1 (%) 29.5 29.86 1.22 29.9 1.35

However, while the relative errors provide a strong indication of model accuracy
under standard and moderate conditions, they also point to certain limitations of the
MATLAB/Simulink simulation method when applied to high-concentration environments.
In these scenarios, resistive and recombination losses become significant, with the single-
diode model underestimating power losses and the double-diode model offering limited
accuracy under extreme thermal variations. Furthermore, the models do not fully account
for complexities such as non-uniform current effects or rapid junction temperature increases,
which restrict their ability to faithfully reflect TJC behavior in extreme conditions. Thus,
while robust for low to moderate concentrations, these models require further refinement
to enhance their applicability under high-concentration scenarios.

6. Conclusions

In this work, we presented single- and double-diode equivalent circuit models for four
triple-junction cell structures—series, Hybrid 1, Hybrid 2, and parallel—under varying
conditions of high concentration and high temperature. These structures, composed of
identical materials with realistic parameters, were evaluated using both models. Validation
of the series structure’s performance against experimental data [7,19,39] confirmed that
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both models yield consistent results, with the double-diode model offering slightly higher
accuracy. Importantly, the results revealed that these configurations can be categorized into
two performance groups: low efficiency (Hybrid 1 and parallel) and high efficiency (series
and Hybrid 2). The low-efficiency group demonstrates relatively high efficiency at 20 suns,
making these configurations suitable for low-concentration systems. In contrast, Hybrid 2
shows optimal performance, achieving an efficiency of 38.48% at 118 suns with a high fill
factor (FF = 0.873) and lower temperature coefficients for V,., FF, and efficiency # compared
to the series type. This makes Hybrid 2 a strong candidate for high-concentration systems,
with a performance surpassing that of the conventional series configuration.

Furthermore, our study observed that both Hybrid 2 and series configurations demon-
strate superior efficiency, especially in high-concentration conditions, as illustrated in
Figures 14 and 20. While Hybrid 1 and parallel configurations may be effective in low-
concentration applications, series and Hybrid 2 consistently deliver enhanced efficiency
across both low- and high-concentration levels. This distinction provides valuable guidance
for selecting configurations based on specific concentration requirements, with Hybrid 1
and parallel suited for low-concentration applications and series and Hybrid 2 performing
well at higher concentrations.
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Nomenclature

C Concentration factor
TJC  Triple-junction cell

i Sub-cell number

Eq Band gap energy (ev)
FF Fill factor

G Incident flux irradiance on the cell area (W/ cmz)

Grr  Reference flux irradiance on the cell area (=10 W/ cm?)
J PV cell ouput current density (mA/ cm?)

Jon Photocurrent density (mA/cm?)

Ip Diode current density (mA/cm?)

Js Diode reverse saturation current density (mA/ cm?)

Jseref  Short circuit current density of PV cell (mA/ cm?)
; Sub-cell current density (mA / cm?)
Kp Boltzmann constant (1.38 x 10723 J/K)

S PV cell area (cm?)

n Diode ideality factor

P Maximum power density (W/cm?)
P; Sub-cell power density (W/ cm?)
R Cell series resistor ((2)

Ry, Cell shunt resistor ()
STCs Standard test conditions
T Cell operating temperature (K)
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Tref Cell temperature at STCs (=298.18 K)
1% PV cell output voltage (V)
Voe PV cell open circuit voltage (V)
Vi Thermal voltage of the cell (V)
Vi Sub-cell voltage (V)
X Suns number
q Electronic charge
1 PV cell electrical efficiency (%)
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