
Citation: Navruz, T.S. Modeling

Lattice Matched Dilute Nitride Triple

and Quadruple Junction Solar Cells

on Virtual SiGe Substrate. Photonics

2023, 10, 630. https://doi.org/

10.3390/photonics10060630

Received: 8 March 2023

Revised: 6 May 2023

Accepted: 25 May 2023

Published: 30 May 2023

Copyright: © 2023 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Article

Modeling Lattice Matched Dilute Nitride Triple and Quadruple
Junction Solar Cells on Virtual SiGe Substrate
Tugba S. Navruz

Department of Electrical Electronics Engineering, Faculty of Engineering, Gazi University, 06570 Ankara, Turkey;
selcen@gazi.edu.tr

Abstract: A lattice matched triple junction solar cell (TJSC) structure with a GaAs0.58 P0.42 top cell
and bandgap tunable GaNxAs1-x-zPz middle and bottom cells on virtual SiGe substrate is proposed in
this study. SiGe/Si substrate is preferred as it is a low-cost substrate and because it provides a lattice
constant at which bandgap tunable dilute nitride materials that are appropriate for highly efficient
multijunction solar cells can be obtained. By changing the nitrogen content in GaNxAs1-x-zPz, the
bandgap of the middle and bottom subcells is adjusted to the optimum values. The bandgap of the
top cell is constant at 1.95 eV. Three models with different values of surface recombination velocities
and Shockley–Read–Hall recombination lifetimes are applied to the presented TJSC structure. Peak
efficiencies of 48.9%, 40.6% and 33.7% are achieved at EG2 = 1.45 eV and EG3 = 1.04 eV for Model 1,
EG2 = 1.45 eV and EG3 = 1.15 eV for Model 2, and EG2 = 1.5 eV and EG3 = 1.17 eV for Model 3,
respectively. A fourth bandgap adjustable GaNxAs1-x-zPz junction is inserted into the system and a
significant improvement is obtained under high sun concentration for Models 1 and 2. The presented
original results are very promising because the variable bandgaps provide very efficient absorption
of incoming spectrum.

Keywords: multijunction solar cell; dilute nitride photovoltaic material; SiGe virtual substrate

1. Introduction

The most common solar cells used in space and concentrated photovoltaic systems
(CPV) are multijunction solar cells (MJSC) based on III–V semiconductors, which achieve
the highest efficiency of 39.2% under 1 sun illumination of AM 1.5 spectrum and 47.6%
under 665 suns [1].

In CPV applications, even a small increment in efficiency provides a significant im-
provement in performance of the system. Therefore, novel materials and structure designs
are being investigated to increase the efficiency of MJSC for which GaAs, Ge and InP are
mostly preferred as the substrate material.

Despite the high efficiencies provided by multijunction solar cells, their use in terres-
trial applications is limited due to the high cost of raw materials and their production. In
silicon-based conventional solar cells, which dominate the solar cell market in terrestrial
applications [2], a maximum efficiency of 26.6% [3] is provided which is close to the detailed
balance limit efficiency [4]. In order to obtain higher efficiency than conventional Si solar
cells and to reduce the cost of multijunction cells, studies have focused on structures in
which III-V semiconductors are grown on Si substrate [5].

The use of silicon with III-V semiconductors causes problems in practice due to a large
thermal expansion difference and lattice mismatch. Mechanical stacking and wafer bonding
approaches have been used to overcome this problem. These approaches have achieved
extremely high efficiencies [6] but suffer from high costs as they require two substrates.
The second approach in this regard is monolithic structures where junction materials are
grown heteroepitaxially on a single substrate. To avoid the negative effects of large lattice
mismatch and thermal expansion difference between III-V semiconductors and Si, a Ge/Si
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buffer layer is inserted between them. This application has provided successful results in
LEDs [7], lasers [8], photodiodes [9] and bipolar transistors [10]. Single junction GaAs [11]
and InGaP [12] solar cells grown on SiGe/Si virtual substrates have been investigated and
promising results were obtained. GaInP/GaAs tandem [13] and GaInP/GaInAs/Ge triple
junction [14] solar cells on virtual Ge/Si substrate and GaAsP/SiGe dual junction [15–17]
solar cell structures have also been presented.

Dilute nitrides refer to compound semiconductors that include small amounts of nitro-
gen. Typically, when an order of a few atomic percent of nitrogen is added to compound
semiconductors such as GaAs, GaP, InP, and several others, both their bandgaps and lattice
constants change. Hence, bandgap tunable lattice matched materials which are potentially
good candidates for use in high efficiency solar cells are obtained [18]. GaInNAsSb and
InGaAsN are the most commonly proposed subcell materials for Ge- and GaAs-based
lattice matched MJSC designs [19–26]. In [19], Aho et al. modeled a four junction solar cell
including two GaInNAsSb bottom junctions with bandgap of 0.9 and 1.2 eV and fabricated
an AlGaAs/GaAs/GaInNAsSb/GaInNAsSb solar cell structure on GaAs substrate. The
obtained efficiency was 25% under AM1.5 illumination, whereas the theoretically expected
efficiency was 34.7%. A wide bandgap AlGaInP material was added as the top junction
and a five junction solar cell that widely covered the spectrum was obtained in [20]. In [21],
over 50% efficiency under 1000 suns was estimated for a six junction solar cell with GaIn-
NAsSb bottom cells. A GaInP/GaAs/InGaAsN TJSC with 30.2% efficiency under AM0
illumination was demonstrated in [22]. Degradation and defect properties of InGaAsN
subcells are presented in [23,24]. An As-grown InGaAsN subcell was analyzed in [25] and
a significant improvement was obtained.

Si lattice matched dilute nitride materials have also been investigated in recent studies.
GaN0.02P0.98 with a bandgap of 1.94 eV that is lattice matched to Si is proposed as top cell
material in [26]. GaNAsP is suggested as a photovoltaic material for multijunction solar
cells in [27]. Zang et al. presented a theoretical model for a Si-based lattice matched TJSC.
GaNP lattice matched with Si was used as the top cell, bandgap tunable GaNAsP as the
middle cell, and Si as the bottom cell material. They used three different parameter models
for surface recombination rates and carrier lifetimes and the highest efficiency obtained was
43.74% at AM1.5 illumination when the bandgap of GaNAsP was 1.483 eV. The adjustable
bandgaps obtained by III-V-N materials in MJSC provide absorption of the larger part of
the sun spectrum that improves efficiency. To absorb wider bands, ultra-thin structures are
also proposed [28–30].

The bandgap of Si lattice matched GaAsNP can be at least 1.4 eV even when the
nitride content is increased to 7%. This study aims to use bandgap adjustable GaAsNP
for second, third and fourth junctions of MJSC which means a bandgap variation between
0.8 eV and 1.6 eV is needed for optimum bandgap combination. To achieve this, a SiGe
virtual substrate with a lattice constant of 5.568 A was chosen instead of Si substrate and
the lattice constants of all junctions were set to this value in this study. GaNxAs1-x-zPz can
easily be adjusted to be lattice matched with SiGe by adding a small amount of nitride, N,
and by tuning the content of As. The bandgap of GaNAsP can be varied from 1.58 eV to
0.83 eV when the amount of N is changed from 0.5% to 7% [31].

In this study, first, the theoretical performance of a TJSC structure on SiGe virtual
substrate including a GaAs0.58 P0.42 top cell with a bandgap of 1.947 eV that can be accepted
as an appropriate value is investigated. GaNAsP is used for the middle and bottom subcells.
In this way, the bandgap of the middle and bottom cells can be optimized to have the highest
efficiency. Thereby, the most suitable bandgaps are obtained without any lattice mismatch.
Three parameter models for surface recombination rates and lifetimes are applied, and the
results are compared with [27]. In our study, both middle and bottom junction bandgaps
are tunable, whereas the bottom cell was constant in [27]. Thus, higher efficiencies were
reached in our structure. Next, a fourth GaNAsP bottom cell is inserted to the structure and
a quadruple junction solar cell (QJSC) is obtained. Under 1 sun illumination, the maximum
efficiency provided by QJSC for Models 1 and 2 could not exceed the efficiency of TJSC.
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However, when the light concentration is assumed as 100 suns, the quadruple junction
structure achieved a considerable improvement in efficiency. To the authors’ knowledge,
MJSC structure including lattice matched GaAsNP junctions on virtual SiGe substrate is
analyzed for the first time in the present study.

2. Materials and Methods

The structure that is investigated theoretically is given in Figure 1. All three subcells
include n-type emitter and p-type base layers. Similar to the literature [27,32], the doping
concentration and thickness of emitter layers for three junctions are assumed to be 1018 cm−3

and 100 nm, respectively. The doping concentrations of the base layers are 1017 cm−3 and
the thicknesses are tuned for highest efficiency.
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Figure 1. Schematic structure of lattice matched TJSC cell on virtual SiGe substrate. C denotes the
amount of doping concentration.

Equations derived from continuity and drift-diffusion current equations are solved to
analyze the p-n junctions [33]. Available material parameters were taken from the literature
and interpolation calculations were carried out for the unavailable ones.

Tunnel junction is a very crucial component that effects the performance of MJSC.
Well-designed subcells cannot guarantee high efficiency because highly doped and ex-
tremely thin tunnel layers cause degradation at the output parameters of subcells. Studies
attempting to explain the reason for degradation and to compensate for the negative effects
of tunnel diodes are presented in [34–37]. Despite the undeniable importance of the tunnel
diode for MJSC, ideal tunnel junction approximation is used in the presented study because
the material parameters chosen are very similar to those in [27], allowing for a comparison
of the results and ideal diode assumption is used in [27].

2.1. Derivation of Equations

Semiconductor transport equations, drift-diffusion current equations and the Poisson
equation are used together to model semiconductor devices such as single junction and
multijunction solar cells [32,33]. When modeling a conventional p-n junction solar cell, the
electric field and the drift current is assumed to be zero outside the space charge region of
the junction. Therefore, the minority electrons create the diffusion current in the p side and
minority holes carry the diffusion current in the n side and the drift current is dominant
in the space charge region. When a diffusion current equation is inserted into transport
equations, the following equations are obtained for p and n sides [32,33].

Dn
d2∆n
dx2 − Bradn2

i
∆n
neq

− ∆n
τn

= −geh (1)

Dp
d2∆p
dx2 − Bradn2

i
∆p
peq

− ∆p
τp

= −geh (2)
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In the above equations, neq and peq are the minority carrier concentrations of the p and
n sides under thermal equilibrium, and ∆n and ∆p are excess carrier concentrations. Dn
and Dp represent the diffusion coefficient of electrons and holes and can be calculated from
the Einstein relation.

Dn =
kTC

q
µn and Dp =

kTC
q

µp (3)

where, q is electron charge, k is the Boltzmann constant, and TC is cell temperature, which
is assumed to be 300 K in this study. µn and µp represent the mobilities of electrons and
holes, respectively.

The second terms in Equations (1) and (2) give the radiative recombination rates
due to electrons and holes, and the third terms stand for the Shockley–Read–Hall (SRH)
recombination rates. τn and τp are the SRH recombination lifetimes. Brad is the radiative
recombination coefficient resulting from the blackbody nature of the cell [33].

Brad =
1
n2

i

2π

h3c2

∞∫
0

α(ε)ε2 exp(− ε

kTC
)dε (4)

where h represents the plank constant, and c is the velocity of light. ε represents energy and
α(ε) is the absorption coefficient of the cell material. ni is the intrinsic carrier concentration
given below:

ni =
2(2πkTC)

3/2

h3 (mpmn)
3/4 exp(− EG

2kTC
) (5)

where mp and mn are effective masses of electrons and holes, and EG is the bandgap of
the cell material. In Equations (1) and (2), geh corresponds to the photogeneration rate of
electrons and holes.

geh(x) =
∫

(1 − R(ε))α(ε)Nph(ε) exp(−α(ε)x)dε (6)

where R(ε) is reflectivity due to the refractive index difference. Because perfect anti-
reflection coating is assumed, the reflectivity effect is ignored here. Nph(ε) is spectral photon
flux density. AM1.5 G spectrum of 100 mW/cm−2 intensity is used in this study [38]. x is
the distance that light travels through the cell. In multijunction solar cell structure, each
subcell is modeled as a p-n junction. The generation rates of the subcells other than the top
cell are affected by the upper subcells because the higher energy photons of the spectrum
are absorbed by them. Therefore, the generation rate of nth subcell can be expressed as [32]:

geh_n(x) =
∫

((1 − Ri(ε))αn(ε)Nph(ε) exp(
n−1

∑
i=1

(−αi(ε)wi) exp(−αn(ε)x))dε (7)

where wi and αi are the actual width and absorption coefficient of each upper cell, respectively.
The boundary conditions used to solve the differential equations given in

Equations (1) and (2) are as follows when the junction is assumed to be at x = 0, and
the thicknesses of p and n sides are given as xp and xn.

∆n(wp) = neq

(
e

∆µ(wp)
kTC − 1

)
(8a)

∆p(−wn) = peq

(
e

∆µ(−wn)
kTC − 1

)
(8b)

Dn
dn
dx

(xp) = Sn∆n(xp) (8c)
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−Dp
dp
dx

(−xn) = Sp∆p(−xn) (8d)

where wn and wp are the space charge region widths formed in the p and n sides, respectively.
Sn and Sp are the surface recombination rates of electrons and holes. ∆µ is the amount of
quasi-Fermi level split that is constant through the depletion region and it can be related to
the output voltage, Vo, of the p-n junction as:

qVo = ∆µ(wp) = ∆µ(−wn) (9)

During the theoretical analysis of MJCs, first, short circuit condition calculations were
performed. Therefore, ∆µ in the boundary conditions is assumed to be zero and by solving
Equations (1) and (2), excess carrier variations through p and n sides are obtained. Using
the diffusion current equations, electron diffusion current density variation at p side and
hole diffusion current density variation at n side under short circuit condition can be
calculated as follows:

Jsc_n(x) = qDn
∂∆nsc

∂x
, . . . Jsc_p(x) = −qDp

∂∆psc

∂x
(10)

The short circuit current contribution of the depletion region is given as:

Jsc_dep = −q
∫ wn

−wp
(geh)dx (11)

The total short circuit current density of a p-n junction under illumination is deter-
mined by adding the current contribution of the p, n and depletion regions.

Jsc = Jsc_n(wp) + Jsc_p(−wn) + Jsc_dep (12)

Short circuit current density is calculated for each subcell. The resulting short circuit
current density of the whole MJSC system is limited by the smallest current density value
because the junctions are connected in series. Therefore, the base thicknesses of each subcell
is optimized to achieve current matching. Equations (1), (2), (11) and (12) are evaluated
without taking the integrals with respect to energy in Equations (4), (6) and (7) and the
spectral variation of short current density is obtained. External quantum efficiency is
found as:

EQE(λ) =
Jsc(λ)

qNph(λ)
(13)

where λ is wavelength, and energy is converted to wavelength by λ = hc/ε.
After short circuit calculations, the photogeneration rate is assumed to be zero and

excess carrier and diffusion current density variations in p and n sides for varying values
of Vo are obtained under dark condition. The dark current density coming from p and n
sides is added to the contribution of the depletion layer.

Jdark_dep = −q
∫ wp

−wn
(−urad − unr)dx (14)

where urad and unr are the radiative and nonradiative recombination rates in the depletion
region. The expressions for urad and unr can be found in [33].

The resulting dark current density is equalized through the whole MJSC system by
tuning the output voltage of each subcell to give the same dark current density. Final
output voltage is obtained as:

Vo =
3

∑
i=1

Voi (15)
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The difference between short circuit and dark current densities, which are equal for
each subcell, give the J-Vo characteristics of the MJSC system. The output power density
variation is expressed by P = J(Vo)Vo, and the maximum value of output power density is
used to calculate the efficiency.

Voc is the voltage where current density is zero and an important parameter for
photovoltaic solar cells. Another important parameter is the fill factor, FF, which is obtained
by calculating the ratio of maximum output power density to Jsc × Voc and should be close
to 100% for highly efficient solar cells. The parasitic resistance effects that cause degradation
in FF are not taken into account in this study because the aim of this study is to find the
efficiency potential of the proposed system rather than study the fabrication processes.

The implementation of the model is based on the authors’ own code. The code is written
in a MATLAB m-file. The differential equations are solved using a one-dimensional finite
element method (FEM). Although the equations have analytical solutions, FEM is preferred
because the equations become nonlinear, as given below when sun concentration increases.

Dn
d2∆n
dx2 − Bradn2

i
∆n
neq

− Brad∆n∆n − ∆n
τn

= −geh (16)

Dp
d2∆p
dx2 − Bradn2

i
∆p
peq

− Brad∆p∆p − ∆p
τp

= −geh (17)

The nonlinearity terms ‘∆n∆n’ and ‘∆p∆p’ given in the above equations are ignored
for 1 sun illumination but should be taken into account for high concentration. The effects
of nonlinearity terms are given in Section 3.2.

2.2. Material Parameters

There are limited data about the parameters of the materials proposed in this study.
The required parameters can be listed as: lattice constant, bandgap, absorption coeffi-
cient, mobilities of minority carriers, intrinsic carrier concentration for effective masses of
electrons and holes, surface recombination rates and SRH recombination lifetimes. The
parameters for GaN, GaP, and GaNP are taken from [27] and GaAs and InP parameters are
taken from [39,40].

The minimum bandgap of Si lattice matched GaAsNP is obtained as 1.4 eV in [27]. In
this study, the aim to have three bandgap adjustable junctions means that smaller bandgap
values are needed. Therefore, a Si1-xGex virtual substrate is assumed, whose lattice constant
is chosen as 5.568 A, which is a value between the lattice constants of Ge and Si [41]:

aGeSi = 5.431 + 0.20x + 0.027x2 = 5.568 (18)

Using Equation (18), the Ge content of SiGe substrate is found to be 0.63, and the
bandgap of the substrate becomes 0.86 eV for this composition [41]. The destructive effect of
SiGe substrate due to threading dislocation density (TDD) can be modeled as follows [42]:

1
τn,p

=
1

τ0
n,p

+
1

τTDD
(19)

where τ0
n,p is the minority carrier lifetime of electrons and holes when the material is

dislocation free τTDD, and the minority carrier lifetime due to recombination at dislocations
is given as:

τTDD =
4

π3(TDD)Dn,p
(20)

where TDD is threading dislocation per unit area. To decrease TDD, a reverse-graded SiGe
buffer layer is used and a relatively low TDD (≈ 8×105 cm−2) is obtained [16,17] which
causes a TDD minority carrier lifetime of less than 10 ns for electrons and 1 ns for holes.
The lifetimes used in Model 3 are close to realistic values.
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The lattice constant of GaAs1-xPx is calculated by:

aGaAsP = aGaAs(1 − x) + aGaPx = aSiGe = 5.568 (21)

Once the x value which ensures lattice matching with SiGe is obtained, the bandgap
of GaAs1-xPx is calculated as [39]:

EG_GaAsP = 1.424 + 1.172x + 0.186x2 (22)

GaAs0.58P0.42 is a direct bandgap material because x is less than 0.45 [39].
The lattice constant of GaNxAs1-x-zPz matched to SiGe is:

aGaNAsP = xaGaN + (1 − x − z)aGaAs + zaGaP = aSiGe (23)

where x is the content of nitrogen. In this study, for varying values of x, the content of
arsenic, (1−x−z) is calculated using the above equation and then the bandgap for each
value of nitrogen and arsenic content is found using equations given by Kudrawiec [31].
During calculations, P content is checked to ensure that it is less than 0.45 and the bandgap
of the material remains in the direct bandgap range. The variation of the bandgap with the
amount of nitrogen is presented in Figure 2. As seen from the figure, when the content of N
is increased from 0.5% to 7%, the bandgap reduces from 1.58 eV to 0.8256 eV. This tunable
bandgap range is appropriate for the middle and bottom cells of an MJSC.

Photonics 2023, 10, x FOR PEER REVIEW 7 of 19 
 

 

The lattice constant of GaAs1-xPx is calculated by: 

568.5)1( ==+−= SiGeGaPGaAsGaAsP axaxaa  (21)

Once the x value which ensures lattice matching with SiGe is obtained, the bandgap 
of GaAs1-xPx is calculated as [39]: 

2
._ 186.0172.1424.1 xxE GaAsPG ++=  (22)

GaAs0.58P0.42 is a direct bandgap material because x is less than 0.45 [39]. 
The lattice constant of GaNxAs1-x-zPz matched to SiGe is: 

SiGeGaPGaAsGaNGaNAsP azaazxxaa =+−−+= )1(  (23)

where x is the content of nitrogen. In this study, for varying values of x, the content of 
arsenic, (1−x−z) is calculated using the above equation and then the bandgap for each 
value of nitrogen and arsenic content is found using equations given by Kudrawiec [31]. 
During calculations, P content is checked to ensure that it is less than 0.45 and the bandgap 
of the material remains in the direct bandgap range. The variation of the bandgap with 
the amount of nitrogen is presented in Figure 2. As seen from the figure, when the content 
of N is increased from 0.5% to 7%, the bandgap reduces from 1.58 eV to 0.8256 eV. This 
tunable bandgap range is appropriate for the middle and bottom cells of an MJSC. 

 
Figure 2. Variation of SiGe lattice matched GaNAsP bandgap with nitrogen content. 

The rest of the parameters, except for surface recombination velocities and SRH life-
times for GaAs1-xPx, and GaNxAs1-x-zPz, are determined by linear iteration of GaAs-GaP 
parameters, GaP-InP parameters and GaAs-GaNP parameters, respectively. 

There is a very limited number of studies on the surface recombination velocities and 
SRH lifetimes of GaNAsP materials. Although long lifetimes of 20 ns are presented in the 
literature [43], most of the III-V-N compounds suffer from very short lifetimes of 0.1–3 ns 
[44,45]. The surface recombination velocities of various III-V material interfaces have been 
investigated previously. In [43], a surface recombination velocity of less than 1.5 cm/s for 
a Ga0.5In0.5P/GaAs/Ga0.5In0.5P double hetero junction is obtained. In the same study, the 
upper limit of interface recombination velocities of Al0.4Ga0.6As/GaAs and Al0.5In0.5P/GaAs 
interfaces are presented as 210 cm/s and 900 cm/s, respectively. 

In this study, three S and τ models similar to the ones in [27] were chosen to make 
comparisons. Considering the TDD effects due to the SiGe substrate and the defects in III-
V-N materials, it can be said that the lifetimes in Model 3 are closer to real applications. S 
and τ values from Models 1, 2 and 3 are given in Table 1. 

Table 1. Surface recombination velocity and lifetime values for Models 1, 2 and 3 [27]. (S and τ 
values are assumed to be the same for all cells). 

Figure 2. Variation of SiGe lattice matched GaNAsP bandgap with nitrogen content.

The rest of the parameters, except for surface recombination velocities and SRH
lifetimes for GaAs1-xPx, and GaNxAs1-x-zPz, are determined by linear iteration of GaAs-GaP
parameters, GaP-InP parameters and GaAs-GaNP parameters, respectively.

There is a very limited number of studies on the surface recombination velocities
and SRH lifetimes of GaNAsP materials. Although long lifetimes of 20 ns are presented
in the literature [43], most of the III-V-N compounds suffer from very short lifetimes of
0.1–3 ns [44,45]. The surface recombination velocities of various III-V material interfaces
have been investigated previously. In [43], a surface recombination velocity of less than
1.5 cm/s for a Ga0.5In0.5P/GaAs/Ga0.5In0.5P double hetero junction is obtained. In the
same study, the upper limit of interface recombination velocities of Al0.4Ga0.6As/GaAs and
Al0.5In0.5P/GaAs interfaces are presented as 210 cm/s and 900 cm/s, respectively.

In this study, three S and τ models similar to the ones in [27] were chosen to make
comparisons. Considering the TDD effects due to the SiGe substrate and the defects in
III-V-N materials, it can be said that the lifetimes in Model 3 are closer to real applications.
S and τ values from Models 1–3 are given in Table 1.
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Table 1. Surface recombination velocity and lifetime values for Models 1–3 [27]. (S and τ values are
assumed to be the same for all cells).

Parameters Model 1 Model 2 Model 3

Sn (cm/s) 10 100 1000

Sp (cm/s) 100 1000 10,000

τn (ns) 100 10 1

τp (ns) 10 1 0.1

The main differences between the TJSC models of [27] and the present study can be
listed as below:

(i) S and τ values defined in Models 1–3 are used for all cells in the present study
whereas they are only used for top and middle III-V-N materials in [27]. Perfect passivation
is assumed for Si bottom cell and recombination velocities are taken as zero. Minority
carriers of electrons and holes are assumed to be 2 ms and 2 µs, respectively.

(ii) Radiative recombination is taken into account separately from SRH recombination
in the presented study. The τ values in the models are used as SRH recombination lifetimes
and the actual lifetime is less than the value given in the model.

(iii) n-k parameters of GaAs are taken from [40] and the absorption coefficient is
evaluated whereas the absorption coefficient of GaAs is given by equation 3.3 × (E-EG)1/2

in [27].

3. Results and Discussion

Triple junction GaAsP/GaNAsP/GaNAsP (EG1/EG2/EG3) solar cells with Model 1, 2
and 3 parameters were investigated for varying values of the bandgaps EG2 and EG3. Then,
a fourth p-n junction was inserted as the bottom cell and an efficiency improvement was
achieved when light concentration was increased.

3.1. Triple Junction Cell Design

The nitrogen content in GaAsNP was changed and two different bandgap values of
EG2 and EG3 were obtained for the middle and bottom subcells of TJSC. The efficiency
variation due to EG2 and EG3 for Models 1, 2, and 3 is given in Figure 3a–c, respectively.
Maximum efficiencies of 48.9%, 40.6%, and 33.7% were achieved at EG2 = 1.45 eV and
EG3 = 1.04 eV for Model 1, EG2 = 1.45 eV and EG3 = 1.15 eV for Model 2, and EG2 = 1.45 eV
and EG3 = 1.17 eV for Model 3. In order to understand the efficiency variation, short circuit
current density, Jsc- EG2, EG3, and open circuit voltage, Voc- EG2, EG3, graphs were also
calculated, as seen in Figures 4 and 5. For Model 1, Jsc saturates at 17.27 mA/cm2 when EG2
and EG3 are less than approximately 1.45 eV and 1.06 eV, respectively, and decreases when
the bandgaps are outside the given energy range, as shown in Figure 4a. In a bandgap
energy region where Jsc remains constant, Voc is still affected by the changing values of
EG2 and EG3 that also affect efficiency. Voc increases as bandgap values increase, as seen in
Figure 5. The highest efficiency is achieved by the largest bandgaps which provide short
circuit current density saturation. The top subcell base layer thickness is optimized for
nearly full absorption to 3 µm to achieve the highest current density. The base thicknesses
of the middle and bottom subcells were adjusted to provide current matching. For the
optimum bandgap values, middle and bottom subcell thicknesses were calculated as 2.3 µm
and 2.4 µm, respectively, at which the related spectrum is almost fully absorbed. When the
optimum bandgaps are not selected, a part of the incoming spectrum cannot be converted to
electricity efficiently. For example, if the upper cells are larger than the optimum bandgaps,
they limit the short circuit current density. This means that although the bottom cell with a
low bandgap has the capacity to generate higher current densities, its current density is
limited by the upper cells. Consequently, a part of the incoming spectrum is wasted.
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The short circuit current density variation with bandgaps in Model 2 is similar to
Model 1, as seen from Figure 4b. This time, Jsc saturates at 14.53 mA/cm2 when EG2 and
EG3 are less than approximately 1.45 eV and 1.15 eV, respectively, and decreases when the
bandgaps are outside the given energy range. The highest efficiency is again provided by
the largest bandgap values in the saturation region. However, smaller Jsc, Voc and efficiency
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values are observed in Model 2. The decrement in Jsc is mostly the result of higher surface
recombination velocity. Both surface recombination velocity and SRH lifetime values in
Model 2 cause the open circuit voltage to decrease, as seen from Figure 5b. Top subcell
base layer thickness is again optimized for nearly full absorption to 3 µm to achieve the
highest current density. For the optimum bandgap values, middle and bottom subcell
base thicknesses are adjusted to approximately 1.2 µm and 1.7 µm, respectively for current
matching. In Model 2, both the absorbed spectrum could not be converted to electricity
efficiently due to the recombination of carriers without contributing to the current, and
some of the spectrum was not fully absorbed because the thicknesses of the middle and
bottom cells were thinned out for current matching.

Unlike in Models 1 and 2, in Model 3, the top cell thickness chosen was not thick
enough to provide full absorption because the diffusion distances of the minority carriers
decreased due to their very short lifetimes. As seen from Figure 4c, Jsc remains constant
at 12.52 mA/cm2 when EG2 is smaller than nearly 1.5 eV. The maximum possible EG3
value that can provide the saturation current was obtained as 1.17 eV. The base thicknesses
providing current matching are 2 µm, 2.3 µm and 2 µm for the top, middle and bottom cells,
respectively. There is a small decrement in open circuit voltage compared to Models 1 and
2, but the efficiency is limited due to the reduction in short circuit current density mostly
caused by large surface recombination velocities. The J-Vo curves of the triple junction cells
with the highest efficiency for Models 1–3 are seen in Figure 6, and the output parameters
are given in Table 2 in comparison with the results presented in [27]. The decrease in short
circuit current density for Models 2 and 3 can be clearly seen from the figure. There is
also a slight reduction in FF. The decrement in open circuit voltage seems to be limited,
but to obtain the highest efficiency, the bandgap of the bottom cell, EG3, is increased by an
amount of 0.11 eV for Model 2 and 0.13 eV for Model 3. There is also a 0.05 eV increase in
the bandgap of the middle cell, EG2.
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If the results are compared with [27], thanks to the bandgap tunable middle and
bottom cells, a higher short circuit current density was obtained for Model 1 in our study.
Because the optimum bandgaps are smaller, the open circuit voltage is also less than the one
calculated in [27]. However, a higher efficiency potential was achieved. For Models 2 and
3, [27] had more successful results. The difference between short circuit current densities
was not significant, but the open circuit voltages used in this study were less than the ones
in [27] even though the chosen bandgaps were very close to each other. This is the result of
applying large Sn, Sp values and small τn, τp values to all subcells in this study whereas
they were only applied to top and middle cells in [27], as expressed previously.
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Table 2. TJSC output parameters for optimum bandgap combination for Models 1–3 in comparison
with the results of [27]. (EG1 = 1.95 eV).

Parameters Model 1 Model 2 Model 3

This Study [27] This Study [27] This Study [27]

EG2 (eV) 1.45 1.48 1.45 1.47 1.5 1.48

EG3 (eV) 1.04 1.12
(Si) 1.15 1.12

(Si) 1.17 1.12
(Si)

Jsc (mA/cm2) 17.27 14.38 14.53 14.13 12.32 12.46

Voc (V) 3.19 3.39 3.15 3.26 3.1 3.17

FF (%) 88.8 89.6 88.7 90 88.3 91.6

Efficiency (%) 48.9 43.7 40.6 41.5 33.7 36.2

The reduction in efficiency for Model 3 was mostly caused by large surface recombi-
nation velocities. In order to see the potential of the TJSC structure with improved Sn, Sp
values, two cases given in Table 3 were investigated and promising results were obtained
for small lifetimes when optimum bandgap combinations of Models 1 and 2 were used for
Case 1 and 2.

Table 3. Output parameters of TJSC with improved Sn and Sp for small lifetimes.

Jsc (mA/cm2) Voc (V) FF (%) Efficiency (%)

Case 1: Sn = 10 cm/s, Sp = 100 cm/s and
τn = 1 ns, τp = 0.1 ns 16.72 2.99 88.2 44.1

Case 2: Sn = 100 cm/s, Sp = 1000 cm/s
and τn = 1 ns, τp = 0.1 ns 14.53 3.1 86.9 38.9

The EQE curves of each subcell for two models are given in Figure 7, and the total EQE
curves can be seen in Figure 8. EQE is very close to 100% for all three subcells in Model 1,
except for short wavelengths. The carriers generated by high energy photons (short
wavelength) recombine at the surface, or the short circuit current, hence EQE reduces. The
decrement in short wavelengths is larger for Models 2 and 3 because surface recombination
rates are larger. EQE values for the middle and bottom subcells also decrease because of
insufficient base thickness and large surface recombination velocity.
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3.2. Quadruple Junction Cell Design

A GaAsNP junction was inserted into the MJSC system as the bottom cell and a
quadruple junction structure was obtained. The efficiency performance of the resulting
system was analyzed for Model 1 and 2. The fourth subcell was first chosen at the minimum
possible value of 0.83 eV (N content equal to 7%) and the structure was investigated for
the bandgap combinations that provided the highest efficiencies for the triple junction
structure. Because the related part of the incoming spectrum was nearly fully absorbed by
the optimized bandgap combination of the upper cells, the rest of the spectrum absorbed
by the bottom cell was not enough to generate a current density matched to the upper cell
current densities. Therefore, the bandgaps of the three subcells and the base thicknesses
were optimized and matched to short circuit current densities of 14.64 mA/cm2 and
13.63 mA/cm2; open circuit voltages of 3.97 V and 3.56 V were obtained for Models 1
and 2 which yielded efficiencies of 48.9% and 39.9% which are close to the maximum
efficiencies of the optimum triple junction structures. Despite the increase in open circuit
voltage, the reduction in Jsc and the degradation in FF due to the small bandgap of the
fourth junction caused the QJSC to be less efficient than the triple junction structure. Larger
surface recombination rates and smaller lifetimes became much more effective for small
bandgaps in the fourth junction for Model 3. Even if the short circuit current density was
very close to the value obtained for TJSC, the huge reduction in FF from 88.3% to 67% and
in open circuit voltage to 1.92 V caused the efficiency to decrease sharply to 15.73%. As a
result, it can be said that if the carrier lifetimes are as small as the ones used in Model 3,
small bandgap materials are not appropriate for MJSC. The J-Vo curves are given in Figure 9,
and the optimum bandgap values can be seen in Table 4.
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Table 4. QJSC output parameters for optimum bandgap combination for Models 1–3. (EG1 = 1.95 eV).

Parameters Model 1 Model 2 Model 3

EG2 (eV) 1.56 1.53 1.5

EG3 (eV) 1.2 1.2 1.19

EG4 (eV) 0.92 0.99 0.92

Jsc (mA/cm2) 14.64 13.63 12.22

Voc (V) 3.97 3.56 1.92

FF (%) 84.1 82.7 67.0

Efficiency (%) 48.9 39.9 15.73

As seen from the EQE variations in Figure 10, a larger portion of solar spectrum is
absorbed when compared to TJSC, but EQE of the top cell is decreased because the thickness
of this cell is reduced to provide current matching. Similar to the triple junction structure,
EQE values decreased in Models 2 and 3 due to higher surface recombination values.
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The quadruple junction structure seems not to have an advantage over the triple
junction structure. This is true for 1 sun illumination, but when sun concentration increases,
the increment in output voltage provides an advantage for QJSC. A simple approach is
used to include the effect of light concentration and carrier generation rates are multiplied
by sun concentration, X, but the influence of high concentration on carrier mobilities and
temperature is ignored. For very high concentration values, the nonlinearity terms of ∆n∆n
and ∆p∆p should be included in Equations (1) and (2) and the reduction in mobilities
should be taken into account. In [46], it is shown that ignoring nonlinearity terms causes
more error when X is approximately higher than 1000 suns. Consequently, X is assumed
to be 100 suns, which can be considered as a relatively small concentration value. Under
100-sun illumination, QJSC provides an efficiency of 58.6% and 49.5% for Models 1 and 2
whereas TJSC provides efficiencies of 54.9% and 44.7%, respectively. J-V curves and output
parameters of QJSC and TJSC are given in Figure 11 and Table 5.

When the nonlinearity terms are included, Jsc was calculated to be nearly the same as
the condition in which nonlinearity terms are ignored. The slight reduction in Voc caused
the efficiency to decrease by an amount of 0.7%. The nonlinearity terms will be much more
effective if the mobility degradation and temperature variation are taken into account. On
the other hand, the series resistance, Rs, effect that is ignored in this study will be important
for high concentrations. As a conclusion, the presented results can be accepted as a primary
step for high concentration calculations. More detailed analysis is needed for future work.
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Table 5. QJSC output parameters for optimum bandgap combination for Models 1 and 2.

Parameters Model 1 Model 2

TJSC QJSC TJSC QJSC

Jsc/X(mA/cm2) 17.28 14.64 14.53 13.63

Voc (V) 3.55 4.53 3.5 4.2

FF (%) 89.4 88.4 87.9 86.5

Efficiency (%) 54.9 58.6 44.7 49.5

4. Conclusions

A lattice matched triple junction solar cell on SiGe substrate with a GaAsP top cell and
GaNAsP middle and bottom cells was investigated in this study. The advantage of GaNAsP
material is its tunable bandgap. The content of nitrogen was changed and the efficiency
variation of the triple junction solar cell was analyzed for Models 1–3. In Model 1, surface
recombination velocities and SRH recombination lifetimes were given as Sn = 10 cm/s,
Sp = 100 cm/s, τn = 100 ns and τp = 10 ns. A maximum efficiency of 48.92% was reached in
Model 1 for EG2 = 1.45 eV and EG3 = 1.04 eV. When surface recombination velocities and
SRH recombination lifetimes were given as Sn = 100 cm/s, Sp = 1000 cm/s, τn = 10 ns and
τp = 1 ns for Model 2, the maximum efficiency obtained was 40.59% at EG2 = 1.45 eV and
EG3 = 1.15 eV. In Model 3, the surface recombination velocities and SRH recombination
lifetimes used were Sn = 1000 cm/s, Sp = 10000 cm/s, τn = 1 ns, and τp = 0.1 ns. The
optimum bandgap combination of EG2 = 1.5 eV and EG3 = 1.17 eV achieved a maximum
efficiency of 33.7%.

EQE curves were also calculated, and it was observed that the optimum bandgap
combination in Model 1 provided almost full absorption in the related wavelength range. In
Models 2 and 3, EQE decreased due to large surface recombination velocities and thinned
base thicknesses due to current matching.

A quadruple solar cell structure was also investigated. The fourth bottom cell con-
tributed to the open circuit voltage but caused a significant decrease in Jsc and FF. Therefore,
no efficiency improvement was obtained under 1 sun illumination. On the other hand, it
provided higher efficiency under 100-sun concentration.

The theoretical efficiency potential for MJSCs with SiGe substrate and bandgap tunable
lattice matched GaNAsP junctions was calculated in this study. The results would be useful
for future high efficiency MJSCs.
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