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Comparative Analysis of Excitonic and Biexcitonic Effects on
the Power Conversion Efficiency of a CdSe/CdTe/ZnTe

Quantum Dot Solar Cell

Murat Unluler and Fatih Koc*

In this study, the power conversion efficiency (PCE) of a CdSe/CdTe/ZnTe
quantum dot solar cell (QDSC) is investigated considering the influence of
internal parameters such as CdSe core radius and CdTe and ZnTe shell
thickness along with external parameters such as temperature and
hydrostatic pressure. A comparative analysis is performed using both the
original detailed balance model (ODBM) and the modified detailed balance
model (MDBM). The main focus of the research is to investigate the effects of
excitonic and biexcitonic effective gap energies, as well as the biexciton bound
state, on the PCE in the presence of multiple exciton generation (MEG).
Calculations using both ODBM and MDBM indicate that the distinct excitonic
and biexcitonic effective bandgap energies, resulting from strong confinement
effects in quantum dot (QD) structures, significantly affect the PCE in the
presence of MEG. In addition, MDBM calculations considering the biexciton
bound state show that this bound state critically affects the PCE. The
discrepancy between the theoretically predicted maximum PCE and the
considerably lower PCE observed in practical applications of QDSCs is also
examined, along with the potential reasons for this phenomenon.

1. Introduction

Quantum dot solar cells (QDSCs) have bandgap energies that de-
pend on the size and material of the quantum dots.[!! This charac-
teristic enables for the implementation of a cost-effective solution
that effectively captures a broader range of the solar spectrum
in comparison to multi-junction solar cells.[3] Furthermore, the
process of MEG, which is crucial for classifying QDSCs as next-
generation photovoltaics, plays a pivotal role in achieving higher
PCE than that of conventional solar cell technologies.[**l MEG
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entails the excitation of multiple electron—
hole pairs from a single photon with an
energy exceeding the bandgap, thereby en-
hancing the overall current contribution.!”]
These advantages make QDSCs a promis-
ing technology for the future of solar energy,
with the potential to exceed the Shockley—
Queisser limit!® of 33% for single-junction
solar cells. Research on these structures has
continued to increase in recent years.l>14

In order to achieve the greatest pos-
sible PCE in a solar cell, it is essential
that the bandgap energy of the semicon-
ductor material is optimized to an ideal
value. For single-junction solar cells, the
optimal bandgap energy is estimated to
be approximately 1.3 eV, as predicted
by the Shockley—Queisser (SQ) model.
However, when MEG is taken into ac-
count, the optimal bandgap is observed
to shift to approximately 0.8 eV.!*! Quan-
tum dot (QD) structures are optimal
candidates for attaining these ideal gap
energies, given their tunable size and material properties. How-
ever, these structures can also give rise to processes that have
a detrimental effect on PCE, such as Auger recombination and
phonon interactions.['”!8] For example, as the size of the quan-
tum dot decreases, the overlap of electron-hole wave functions
increases, which results in a more dominant Auger process. Con-
versely, as the size increases, the quantized energy levels become
closer together, which enhances the influence of phonon interac-
tions. Moreover, alterations in the sizes of quantum dots can sig-
nificantly impact the recombination processes occurring within
these structures. As an illustration, an increased overlap between
electron-hole wave functions results in an enhanced electron-
hole recombination rate (decreased carrier lifetime), which has
a negative impact on the PCE of the device. The susceptibility
of QDSCs to these variables in their electronic and optical prop-
erties highlights the necessity for further research. Given that
the current practical maximum PCE for QDSCs is approximately
19.1%,[" it is evident that these structures are still operating sig-
nificantly below their theoretically calculated maximum poten-
tial, emphasizing the need for continued investigation.

The electronic and optical properties of quantum dot struc-
tures are also subject to influence from the confinement regime.
In core/shell structures, where both electrons and holes are
confined within the same material, they are classified as type-1
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structures. In contrast, type-II structures comprise electrons and
holes that are localized in different materials. Type-I structures
are renowned for their higher quantum efficiency, whereas type-
II structures are distinguished by a lower electron-hole wave
function overlap, which results in diminished oscillator strength
and extended carrier lifetimes.?%) Additional structures that
exhibit both type-I and type-II characteristics are the multi-shell
quantum dot (onion-like quantum dots). In these structures, it
is possible to form multiple potential wells for both electrons
and holes.?!-2] By modifying the size of the shell layers and the
confinement potential, it is possible to trap charges in specific
regions. Furthermore, in multi-shell quantum dots, electrons
and holes can be confined in separate materials, with a third
material inserted between them. This allows for precise control
over the electron-hole wave function overlap, which in turn
affects the oscillator strength, a measure of the probability of
electron-hole recombination.[?*]

Another critical factor affecting the electronic and optical prop-
erties of quantum dot structures is the number of localized
charges within QD structures. In a semiconductor quantum dot,
the localization of a single electron and a single hole results in an
attractive Coulomb force between them, forming a bound state
known as an exciton. Conversely, if a quantum dot contains one
electron and two holes, it is referred to as a positive trion; if it
contains two electrons and one hole, it is referred to as a nega-
tive trion; and if it contains two electrons and two holes, it is re-
ferred to as a biexciton. As is well known, the electronic and opti-
cal properties of a quantum dot can vary significantly depending
on the quasi-particles generated by optical excitation, including
excitons, positive and negative trions, and biexcitons.[2>-?] For
example, a quantum dot of the same sizes can exhibit quite dif-
ferent energy levels, lifetimes, and recombination probabilities
for excitons, positive and negative trions, and biexcitons.[?8] In
the context of QDSCs, the MEG state allows for the excitation
of up to two electron-hole pairs from a single photon, forming a
biexciton. Due to the attractive and repulsive Coulomb forces and
exchange-correlation effects, the electronic and optical properties
of biexcitons differ from those of single excitons. It can be reason-
ably deduced that direct gap energy-based calculations focused on
exciton energy levels may not yield accurate PCE results for with
MEG state. Studies have indicated that the MEG threshold varies
significantly between different materials, 2% with values often
exceeding twice the effective gap energy.®*”3#! In light of these
considerations, it can be crucial to ascertain whether excitonic or
biexcitonic parameters are employed when calculating the PCE
for a QDSC in the with MEG scenario. This distinction can sig-
nificantly influence the accuracy of the PCE predictions.

In the field of solar cell research, the detailed balance model
proposed by Shockley and Queisser®! has become a leading tool
for calculating the maximum PCE of these devices. This model
serves as a foundational tool in the field, providing a method-
ology for calculating the maximum PCE based on the bandgap
energy of the semiconductor material utilized in the solar cell.
Conversely, Sahin!*] has enhanced the detailed balance model
by incorporating oscillator strength, a parameter reflecting the
distinct confinement regimes, recombination mechanisms, and
lifetimes of QD structures, into the calculation of recombination
current density. Accordingly, the MDBM can provide a PCE value
specific to each structure employed in the solar cell. Given that
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the electronic and optical properties of QD structures can be sig-
nificantly influenced by a multitude of internal and external fac-
tors, obtaining a PCE value specific to each QDSC could serve as
a valuable reference for applications in this field.

This study examines the influence of the CdSe core radius, the
thicknesses of the CdTe and ZnTe layers, temperature, and hydro-
static pressure on the PCE of a CdSe/CdTe/ZnTe QDSC. PCE cal-
culations were conducted using two models: the ODBM, which
considers solely the bandgap energy, and the MDBM, which ad-
ditionally accounts for oscillator strength. In QD structures, the
excitonic and biexcitonic effective gap energies, along with the
biexciton bound state, are of greater significance than in their
bulk parents. This study examines the influence of these factors
on PCE, with a particular focus on their role in MEG. Further-
more, calculations using the MDBM have examined the effects
of the biexciton bound state on the PCE, in addition to the calcu-
lations made with the ODBM. By examining these factors across
a broad range of conditions, this study aims to provide valuable
insights that can inform the design of more efficient QDSCs.

2. Model and Theory

2.1. Oscillator Strength

The MDBM is distinguished from the ODBM by its incorpora-
tion of the oscillator strength parameter into the calculation of
recombination current density. This parameter, which indicates
the probability of carrier recombination in QD structures, can be
derived from the wave functions of the localized electron and hole
within the structure. The oscillator strength is highly sensitive to
both internal factors, such as size and material variations, and ex-
ternal conditions, such as temperature and pressure. As a result,
this parameter serves as a critical metric for accurately reflecting
the effects of these variables on recombination processes. For a
single exciton (X), the recombination oscillator strength is calcu-
lated as follows!**):

EP

.f;( =
2E,,

2

1)

/ v ('

Here, E, is an energy related to the Kane momentum parame-
ter, Ey,, denotes the effective gap energy. It is important to note
that the effective gap energy is the sum of the bulk gap energy,

EP% the electron energy, E,, and the hole energy, E,. This can be
gop

expressed as E,,, = E}v¥ + E, + E,. y, and y, are the wave func-

ap
tions of the electron and hole, respectively. The wave functions
of the electron and hole are determined by multiplication of the
radial wave functions of the electron, R,, and hole, R, with spher-
ical harmonics, i.e., y,, (r) = R;‘('L)(r) Y}, (0, ¢). In this study, only
the ground state energy levels are examined; thus, the spherical
harmonics are set to the value of Y}, (6, ¢) = Y 4(0, ¢p) = 1/ Vax.
The radial wave functions R, and R, are obtained by solving the

following Schrédinger equations self-consistently,*!!

h? - 1 >
—V|— T,P)—q®,]|R,(r, T, P
[ ) r(m:(n T;P)Vr> + Ve(r' ’ ) 9. h] e(r’ ’ )

= X(TP)RY(r T, P) 2)
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and

R 1 -
—V|— T, P) — q,®,]| R, (r, T, P
55 () + v T - e R
= X(TPR(ETP) o

Here, m!(r, T, P) and m; (r, T, P) denote the effective masses of
the electron and hole, respectively, which depend on radial po-
sition, temperature, and pressure. The confinement potentials,
V.(r, T, P) and V,(r, T, P), also vary with radial position, tempera-
ture, and pressure. The electrostatic potentials for the electron
and hole are represented by @, and ®@,. The two aforementioned
equations have been discretized using the finite difference tech-
nique and converted into a matrix eigenvalue equation. This en-
ables the single particle energies, ¢,(T, P) and ¢,(T, P), and the
radial wavefunctions, R,(r, T, P) and R,(r, T, P), of electrons and
holes to be calculated using the matrix diagonalization technique.
In this study, the eigenvalues and eigenfunctions of matrix equa-
tions have been obtained using the ALGLIB subroutine.

The effects of temperature and hydrostatic pressure are
included in the calculations through the temperature- and
pressure-dependent variations of the gap energy, which in turn
affect the effective masses of the electrons and holes. The radial,
temperature, and pressure-dependent effective masses of elec-
trons and holes can be expressed as follows,[*?]

m*(r, T, P) = m, 1+E 2, L (4)
¢ 3\ E(TP)  E(TP+A4A,
and
mi(r, T, P) = my (1,0, 0)( it P’) (5)
E,(0,0)

where m, represents the free electron mass, and A, corre-
sponds to the spin-orbit splitting energy. The values E, (0, 0) and
my, (1, 0,0) indicate the gap energy and the effective mass of the
hole at zero temperature, T = 0 K and zero pressure, P = 0 GPa,
respectively. The gap energy E, (T, P) as a function of temperature
and pressure is expressed as follows!*2:

__aTl?

E,(T, P) = E,(0,0) T

+aP + bP? (6)

Here, a and f refer to the Varshni parameters of the materials, a
and b denote the hydrostatic pressure parameters.[*?!

The electrostatic Coulomb potential term, represented by the
third term in Equations (2) and (3), can be obtained by solv-
ing the Poisson equation. The attractive Coulomb terms (q,®,
and ¢, ®,) between the electron and hole couple the two separate
Schrédinger equations into a single one. The Poisson equations,
forming this coupled system, can be written as follows!*!:

Vi(r, T P)V®, = —g,p, (1, T, P)
(7)

Vi(r, TPV®, = 4,p,(; T, P),
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Upon examination of the Equations (2) and (3), it becomes ev-
ident that they describe a single exciton, or a single electron-hole
pair. It is, however, well established that multiple electron-hole
pairs can be localized within a QD structure. A CdSe/CdTe/ZnTe
QD can accommodate two electron-hole pairs, or a biexciton
(XX), in its ground state. In the biexciton state, the presence
of two electrons and two holes necessitates the consideration of
the repulsive Coulomb potential between electrons and between
holes, as well as exchange-correlation effects, in contrast to the
exciton state.

The existing literature demonstrates that excitons and biexci-
tons exhibit markedly disparate effective gap energies, electron-
hole overlaps, and consequently, lifetimes.[?”24] In light of
these considerations, the incorporation of the repulsive Coulomb
potential and exchange-correlation terms into the Schrodinger
equations for the case of MEG, which encompasses the presence
of multiple electron-hole pairs within the QD structure, can facil-
itate the derivation of a more realistic effective gap energy and os-
cillator strength. In the case of MEG (biexciton), the Schrédinger
equations can be expressed as follows:

-

n = 1
—-——V|\——F—V V. T, P) —q.® D
2 r<m:(n T;P) r) + e(r ) 4. Py + 4. L.

+Vi“lp.(r TP)]| R(r, T, P) = €*(T, )R (1, T P) (8)
and
G (— 5. )+ V(T P) - g0, + 4,
B r WLZ(T’,IP) r w\f 4 qh P, 9P

+VI oy (r T P)]] Ry (1, T P) = &(T, )R (1, T, P) 9)

The fourth terms of these equations represent the attractive
Coulomb potential, while the fifth terms represent the exchange-
correlation potentials between the same particles. Further details
on this self-consistent calculation can be found in our previous
works.[414]

As illustrated in Equations (8) and (9), the energy levels and
wave functions in the biexciton state diverge from those in the
exciton state. This discrepancy gives rise to a distinctive oscilla-
tor strength for the biexciton. The oscillator strength can be ex-
pressed in a revised form by employing the effective gap energy
and wave functions for the biexcitonic state as follows:

2

/ v X (e (nd’r (10)

fx = 7 EiX
gap

In our pervious study, we demonstrated that the
bound/unbound states of quasi-particles, including positive
trion, negative trion, and biexciton, which are localized in QDs,
can have a significant impact on the recombination oscillator
strength and lifetime.[?8] In the bound biexciton state, the strong
confinement effect causes all particles to move together when
the QD size is small. In this case, each of the two electrons in
the conduction band has the potential to recombine with the
two holes in the valence band. The strong attractive Coulomb
force exerted by the two holes on the electrons increases the
probability of recombination. As the QD size increases, the
unbound biexciton state is observed, with each exciton moving
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independently within the structure. In this case, the recombina-
tion probability is expected to be half of that in the bound state.
Considering the bound/unbound state, the oscillator strength
parameter for the biexciton can be expressed as follows!?]:

2
[ o ner (11)

_ »
fXXZ =A ZEXX

‘gap
Here, A is an integer value, set to 4 for a bound biexciton and 2
for an unbound biexciton.

2.2. Power Conversion Efficiency

The efficiency of a solar cell is defined as the ratio of the power
produced by the cell to the total solar irradiance incidenton it, P;,,

which is standardized to an AM1.5 condition in the calculations.
This efficiency can be computed using the following formulal*®l;

_]nelV
n=—

- (12

in

where V is the voltage applied to the cell, and J,, represents
the net current density, which is the difference between the pho-
togenerated current density, J,,, and the recombination current

density, J,.,
]net =]pg _]rc (13)

In the ODBM, the photogenerated current is calculated by tak-
ing into account the bandgap energy of the material used in the
solar cell as follows!!6:34361;

=4 /E QY(hv, E;)¢p(hv) d(hv) (14)

Here, g, represents the electronic charge, ¢ denotes the solar pho-
ton flux density, and QY stands for the quantum yield of the ab-
sorbed photon, which is a function of the photon energy (hv) and
the bandgap energy (E,). The QY is equivalent to the external
quantum efficiency (EQE), which measures the collection prob-
ability of the excited carriers (C(hv)), the reflectivity of the solar
cell (R(hv)), and the absorptivity of the solar cell (a(hv)). This re-
lationship can be expressed as [39]

EQE(hv) = C(hv)(1 — R(hv))a(hv) (15)

In the ODBM, to achieve maximum PCE, the ideal conditions
assumed are that no photons are reflected, i.e., R(hv) =0, and
all photons with energy higher than the bandgap energy are ab-
sorbed, i.e., a(hv) = 1. As shown in Equation (15), under these
ideal conditions, the EQE(hv) and QY(hv, E,) are determined
solely by C(hv).

MEG, which plays a pivotal role in the potential for high effi-
ciency in QDSCs, is incorporated into PCE calculations through
the QY term, as illustrated below!'®l:

M

QY(hv, Ej) = )" 0(hv,nE,) (16)

n=1
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where 0(hv,nE,) denotes the Heaviside step function, and M
is an integer given by M = % Upon examination of the for-
g

mula, it becomes evident that MEG occurs when the energy of
the absorbed photon is in multiples of the bandgap energy, i.e.,
QY(hv, E,) > 1.

In ODBM, under ideal conditions, recombination of excited
charges remains the only loss mechanism, which determines the
recombination current density as follows!146]:

7 S hv, E,) (hv)?
2 qe/ QY(hv, E;)(hv) dihw) a7
ol

Je = h3c? hv=q,VQY(hv,E)) /KT _ {

Here, h denotes Planck’s constant, ¢ represents the speed of light,
k stands for Boltzmann’s constant and T is temperature. The
value of V is the voltage that maximizes the PCE of the solar cell
and is determined through numerical search. Since emission is a
component of the recombination current density, the emissivity,
e(hv), is replaced by the absorptivity in the EQE(hv) formula as
follows!®”!

EQE(hv) = C(hv)(1 — R(h))e(hv) (18)

The fundamental distinction between MDBM and ODBM lies
in the incorporation of the oscillator strength parameter, which
can unambiguously elucidate the response of confined quasi-
particles in QD structures to any internal or external effects.
This is achieved by incorporating the oscillator strength param-
eter into the collection probability, that is, C(hv) = fQY(hv). In
MDBM, with this integration the recombination current density
can be expressed as follows*!:

_ 27[(15 © fQY(h\/, Eg)(h\/)z
T fp mfaVQY(E) /KT _
g

Jre ] d(hv) (19)

The oscillator strength in QDs is derived from the wave func-
tions of confined electrons and holes. These wave functions are
influenced by factors such as confinement potential, confine-
ment regime, and the effective masses of the electrons and holes.
As a result, the oscillator strength parameter can vary signifi-
cantly even in QDs with the same gap energy. Consequently, the
MDBM approach may yield results for PCE calculations in QD-
SCs that are markedly different from those obtained using the
ODBM approach.

3. Results and Discussion

In this study, a spherical CdSe/CdTe/ZnTe QD structure exhibit-
ing a type-II confinement regime has been selected as a model
structure. As seen in Figure 1, in this structure, the electron is
confined in the CdSe core while the hole is confined in the ZnTe
outer shell, and the CdTe spacer material is used as a precise
tool for tuning the electron-hole wave function overlap. To obtain
more realistic results, the quantum dot is assumed to be embed-
ded in a glass matrix. Throughout all calculations, atomic units
are employed, with the charge, electron bare mass, and Planck
constant set to unity, i.e., m, = e = h = 1. Additionally, the dielec-
tric mismatch, which can critically affect the electronic and opti-
cal properties of the quantum dot, is also taken into account in
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Figure 1. A schematic representation of a CdSe/CdTe/ZnTe quantum dot structure. In this structure, the electron is confined in the CdSe core, while the

hole is confined in the ZnTe outer shell.

the calculations. All parameters used in the calculations are pro-
vided in the Table 1.

The study has examined the PCE in relation to core radius,
CdTe and ZnTe layer thicknesses, temperature, and pressure pa-
rameters. The PCE has been evaluated under both the MDBM
and the ODBM, with and without MEG. In the case of MEG, dis-
tinct PCE calculations have been conducted for both the excitonic
gap energy and the biexcitonic gap energy (equivalent to one-half
of the total biexciton energy). Moreover, the MEG scenario has
been analyzed under three distinct conditions in calculations in-
volving the MDBM. The aforementioned conditions are as fol-
lows:

® In Case 1, the single exciton wave functions have been em-
ployed in MEG calculations. This approach excludes the addi-
tional repulsive Coulomb term, as well as exchange-correlation
effects caused by multiple excitons. In this case, the oscilla-
tor strength provided in Equation (1) has been utilized in the
MDBM calculations.

® In Case 2, the biexciton wave functions have been employed
for MEG calculations, including the repulsive and attractive
Coulomb and exchange-correlation effects caused by multiple
electron-hole pairs. In this case, the oscillator strength speci-
fied in Equation (10) has been used in the MDBM calculations.

® In Case 3, the biexciton bound/unbound states are addition-
ally considered, thus building upon Condition 2. In this case,

Table 1. The material parameters used in the calculations.

the oscillator strength outlined in Equation (11) has been em-
ployed in the MDBM calculations.

In the study, the CdSe/CdTe/ZnTe QD structure used as a
model allows a maximum of 2 electrons in the ground state en-
ergy level. Therefore, for the with MEG case, the QY value is set
to QY(hv, E,) = 2. The default values have been established as fol-
lows: the radius of the CdSe core is set at 1 nm, while the thick-
nesses of the CdTe and ZnTe shells are both fixed at 1 nm, tem-
perature, T = 273 K (T = 0 °C), and pressure, P = 0 GPa. When
analyzing the effects of a specific parameter, all other parame-
ters have been held constant at their default values. For instance,
when examining the influence of the CdSe core radius, the CdTe
and ZnTe shell thicknesses have been kept at 1 nm, while tem-
perature and pressure have been fixed at T =273 Kand P=0
GPa, respectively.

It is well established that in a biexciton, which is composed of
two electrons and two holes, the repulsive Coulomb interactions
and exchange-correlation potentials between like charges result
in the energy levels and wave functions of each exciton being dis-
tinct from those of a single exciton. This is despite both the single
exciton and biexciton being subject to the same internal and ex-
ternal influences. As illustrated in the left panel of Figure 2, the
PCE calculations utilizing ODBM for the MEG case demonstrate
a notable decline in efficiency as the excitonic gap energy on the

m’(0) x(0) E,(0) Ep A, a i a b
[eV] [eV] [meV] [meV K] K] [meV GPa™] [meV GPa™?]
CdSe 0.571421 9.60042] 1.7661421 21.01471 41042 0.696!421 2811421 —1542] —
CdTe 0.82142] 10.40!42] 1.6001421 20.7148] 900(42] 0.5042] 1801421 841421 -3.96[421
ZnTe 0.671421 9.40[42] 2.383142] 1910491 950142 0.549142] 159142] 1030421 —2.4142]
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Figure 2. The variation of the PCE with CdSe core radius is presented, with the results of calculations made using ODBM (left panel) and MDBM (right
panel) shown. The top axes represent the change in CdSe core radius, while the bottom axes correspond to the excitonic effective gap energy levels
for each core radius. The bottom offset axis displays the biexcitonic effective gap energy, which is calculated by including all biexcitonic effects such
as attractive and repulsive Coulomb potentials and exchange-correlation effects for each core radius. The inset of the left panel shows the variation of
exciton and biexciton oscillator strength with the core radius. Here, the CdTe and ZnTe layer thicknesses have been fixed at 1 nm.

bottom axis increases from 1.36 to 1.73 eV. This is evidenced by a
reduction in the PCE from approximately 38-30% (red squares).
In contrast, calculations utilising the biexcitonic effective gap en-
ergy, as observed on the bottom offset axis, illustrate an increase
in effective gap energy from 1.31to 1.53 eV, accompanied by a de-
crease in PCE from approximately 38% to 34% (green triangles).
Upon close examination, it becomes evident that the biexcitonic
effective gap energy remains lower than the excitonic effective
gap energy. This suggests the existence of a bound biexciton. The
small size of the QD and the influence of the confinement poten-
tial result in the two electrons and two holes forming the biex-
citon being forced to stay together. Consequently, the attractive
Coulomb potential between different charges prevails over the re-
pulsive Coulomb potential between like charges, thereby leading
to the formation of a bound biexciton. As the radius of the CdSe
core increases to 2 nm, the spatial distance between the elec-
trons and holes increases, thereby balancing the attractive and
repulsive Coulomb potentials. Consequently, the excitonic effec-
tive gap energy (1.36 eV) and the biexcitonic effective gap energy
(1.31 eV) become nearly equal. This balance results in the PCE
being almost equal in the ODBM calculations when the CdSe
core radius is 2 nm. The results unambiguously illustrate that
there is a discernible discrepancy between the PCE calculations
conducted with the excitonic effective gap energy and those per-
formed with the biexcitonic effective gap energy when the MEG
case is taken into account. This discrepancy underscores the ne-
cessity of incorporating the biexcitonic effective gap energy into

Adv. Theory Simul. 2025, 8, 2400956
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such calculations. In the case of the without MEG, as anticipated,
the reduction in the CdSe core radius from 2 to 1 nm resulted in
a decline in the PCE, from approximately 34% to 29%.

The right panel of Figure 2 illustrates the variation of PCE with
the CdSe core radius, as calculated using MDBM. The bottom
axis, analogous to the left panel, represents the excitonic gap en-
ergy for each core radius, while the bottom offset axis depicts the
biexcitonic gap energy for the same core radius. As MDBM con-
siders oscillator strength in addition to gap energy, the resulting
calculations differ from those obtained using ODBM. As demon-
strated in Equations (1), (10), and (11), oscillator strength is cal-
culated in three distinct ways. The curve designated as MEG (X)
in the figure represents the PCE calculation employing excitonic
gap energy and wavefunctions in the MEG case. As illustrated
in the figure, the PCE exhibits a notable decline from approxi-
mately 52% to around 18% with the reduction in the CdSe core
radius. In the ODBM calculations, where only the excitonic gap
energy was considered, the PCE exhibited a decrease from ap-
proximately 38% to around 30% with the reduction in core ra-
dius. This indicates the critical impact of oscillator strength on
the PCE. As shown in the inset of the right panel (red square),
the change in oscillator strength with decreasing CdSe core ra-
dius reveals that the oscillator strength increases to around 2, as
expected. With increasing oscillator strength, the recombination
probability of the charges increases, leading to a significant de-
crease in PCE by reducing the collection probability and recom-
bination current density, as predicted by MDBM. In the case of

© 2024 Wiley-VCH GmbH
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Figure 3. Variation of the PCE with CdTe layer size (top axis) calculated using ODBM (left panel) and MDBM (right panel). The exciton effective gap
energy calculated for each CdTe size is shown on the bottom axis, and the biexciton effective gap energy is displayed on the bottom offset axis. The
excitonic and biexcitonic oscillator strength values are presented in the inset of the right panel. Here, the CdSe core radius and ZnTe layer thickness have

been fixed at 1 nm.

MEG (XX-1), when both of the biexcitonic energy levels and wave-
functions are taken into account, the PCE value exceeds 90% for a
CdSe core radius of 2 nm (green triangles). This remarkably high
PCE value rapidly declines to approximately 30% as the CdSe core
radius is reduced to 1 nm. This suggests that oscillator strength
exerts a considerable influence. As illustrated in the inset of the
right panel, the oscillator strength in the biexcitonic case is less
than that in the excitonic case. Consequently, the recombina-
tion probability is reduced, which has a positive impact on the
PCE.

In the calculations made with oscillator strength, which also
takes into account the biexciton bound state given in Equa-
tion (11), the PCE is markedly lower than in all other cases, as ev-
idenced in the right panel of Figure 2 (blue diamonds). In all cal-
culations conducted throughout this study, a bound biexcitonic
state was consistently obtained, resulting in the A value in Equa-
tion (11) being set to 4 in all cases. This fourfold increase in os-
cillator strength markedly elevates the recombination probability,
and, consequently, the recombination current density to a greater
extent than in other cases. As a consequence of these factors,
the PCE declines from approximately 23% to around 8% as the
CdSe core radius is reduced from 2 to 1 nm. Given that the high-
est recorded efficiency for current quantum dot solar cells (QD-
SCs) is approximately 19%, one of the underlying reasons may be
the significantly different recombination probabilities observed
in quantum dot structures. In the absence of MEG, the PCE de-
clines from approximately 48% to around 18% as the core radius
diminishes from 2 to 1 nm (black sphere). One of the most in-
triguing outcomes of this study is that in the absence of MEG,
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the PCE attains higher values compared to the presence of MEG,
which considers the biexciton bound state.

In the CdSe/CdTe/ZnTe QD structure, no particles are con-
fined within the CdTe layer. Therefore, in this structure, CdTe
can be employed as a tuning tool for electron-hole wavefunction
overlap, through the implementation of minimal alterations to
the energy of the electron and hole. The left panel of the Figure 3,
illustrates the impact of varying the thickness of the CdTe layer
on the change in PCE using ODBM. As the thickness of the CdTe
layer is reduced from 2 to 1 nm (as indicated on the top axis), the
excitonic gap energy increases from 1.56 to 1.73 eV. Conversely,
the biexcitonic energy level rises from 1.52 to 1.535 eV, exhibit-
ing an almost imperceptible change (the bottom offset axis).
Although no charge is localized in the CdTe layer, the reason
behind the change in the excitonic gap energy with varying layer
thickness is the small radius of the CdSe core (1 nm). Due to the
high energy of the electron, it penetrates into the CdTe layer and
responds to the variation in layer size to some extent. In the case
of the biexcitonic gap energy, as the thickness of the CdTe layer
increases, the spatial distance between the electron and hole
increases, resulting in a decrease in the attractive Coulomb force.
However, since the radius of the CdSe core and the thickness
of the ZnTe layer remain constant, the repulsive Coulomb force
between the same particles becomes dominant, compensating
for the loss in biexcitonic gap energy. Upon examination of the
change in the PCE for the with MEG case, it was observed that
the PCE calculated with excitonic gap energy decreased from
approximately 33% to around 30%. Conversely, the PCE calcula-
tion conducted with biexcitonic gap energy reveals that the PCE

© 2024 Wiley-VCH GmbH

85UB01 SUOLILIOD SAIEBID) 3[qed1idde au) A paussnob a1 oIl WO ‘88N J0 S9N 10§ AXRIq1T 8UIIUO /5|1 UO (SUO1IPUOD-PUE-SULBIW0D"AB | W ARR1q 1 jBuJU0//Sd1y) SUONIPUOD PLE SLLLB | 841 89S *[9Z0Z/60/TE] U0 AXIq1T8UIIUO AB1IM ‘SRYSIPAIN URIAT 14y Ad 956007202 SIPR/Z00T OT/I0P/LI0Y" A3 |1 ARe.q 1 U |UO"PeoLIADE, /SANY WO} PAPeo|uMOd ‘€ ‘SZ0Z ‘0BE0ETSE


http://www.advancedsciencenews.com
http://www.advtheorysimul.com

ADVANCED
SCIENCE NEWS

ADVANCED
THEORY AND
SIMULATIONS

www.advancedsciencenews.com

ZnTe Thickness (nm)
2 19 1.8 1.7 16 15 14 13 12 11 1
37 . . . . . ) . . . . .
36
35 +
34 +
~_
33
N’
%3 32 4| ® MEGX
MEG (XX) a ® =
[ ]
31 + u "
s "
| ] o [ ] L ® b
30 1 [ ] ° [
[ ] ° [ J
i )
29 °
28 T T T T T T T T T T T

www.advtheorysimul.com

ZnTe Thickness (nm)
2 19 18 1.7 16 15 14 13 12 11 1
65 ! ! L ! ! b ! L L !
20
60 < 18 =X " :
%ﬂ 1.6 XX _
55 314 - "
512 "
50 E0lan"
g 0.8
45 m MEGX g:
40 4 MEG (XX-1) 20 18 16 14 12 1.0
@ ¢ MEG (XX'Z) ZnTe Thickness (nm)
K ® NoMEG
8 35 :
A 30 8
¥ 3
25 ']
¥ s
20 8
S &
15
* e 4, o
10 - * e o °
* P'S .
5 T T T T T T T T T T T

1.63 1.637 1.64 1.65 1.654 1.66 1.67 1.68 1.69 1.71 1.73 —a— X —» 1.63 1.637 1.64 1.65 1.654 1.66 1.67 1.68 1.69 1.71 1.73

1.439 1.443 1.448 1.454 1.461 1.468 1.477 1.487 1.499 1.514 1.532 ——— XX —P— 1439 1.443 1.448 1.454 1.461 1.468 1.477 1.487 1.499 1.514 1.532

Gap Energy (eV)

Gap Energy (eV)

Figure 4. In contrast to the variations illustrated in Figures 2 and 3, the variations shown here are dependent on the thickness of the ZnTe layer. The
radius of the CdSe core and the thickness of the CdTe layer have both been set to 1 nm.

remains largely unaltered, thereby maintaining a consistent
PCE of approximately 34%. This demonstrates that the change
in CdTe layer thickness exerts a negligible influence on the PCE.
This is an anticipated outcome in ODBM, which solely considers
the gap energy. In the absence of MEG, as anticipated, the
PCE assumes lower values, declining from 31.5% to 29%. The
excitonic gap energy in both the with MEG and without MEG
cases converges as the gap energy increases. This is due to the
reduction in the flux of high-energy photons reaching the Earth.

The right panel of the Figure 3 illustrates the PCE calculated
using MDBM as a function of the CdTe layer thickness. It can
be observed that as the CdTe layer thickness decreases, the os-
cillator strength increases (as demonstrated in the inset of the
right panel), resulting in a decline in PCE across both the with
and without MEG scenarios. While the biexcitonic energy level
remains relatively unaltered, the oscillator strength in the biexci-
tonic case exhibits an increase from approximately 0.6 to around
1.2 as the CdTe layer thickness decreases (illustrated by the green
triangles in the inset). This increase in oscillator strength con-
tributes to the observed reduction in PCE from 55% to 29%. In
the excitonic case, both the gap energy and oscillator strength
increase as the CdTe layer thickness decreases. The oscillator
strength is nearly twice as high as in the biexcitonic case (as
shown in the inset). Consequently, a reduction in the CdTe layer
thickness from 2 nm to 1 nm results in a notable decline in
PCE, from approximately 30% to approximately 15%. In consid-
ering the biexciton bound state, it is observed that the oscillator
strength increases fourfold across all layer thicknesses due to the
formation of bound biexcitons, which leads to a further reduc-
tion in PCE. Specifically, as the CdTe layer thickness is reduced,

Adv. Theory Simul. 2025, 8, 2400956
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the PCE declines from approximately 14% to around 6%. In the
absence of MEG, the PCE is approximately 2% lower at higher
CdTe layer thicknesses compared to the excitonic with MEG case.
However, as the CdTe layer thickness is decreased, the PCE in the
absence of MEG approaches that of the excitonic with MEG case.

Due to their higher effective masses, holes are observed to have
a lower energy state. Consequently, the energy changes of holes
with the variation in the thickness of the layer in which they are
localized are significantly smaller in comparison to those of elec-
trons in a QD structure. The left panel of Figure 4 depicts the
outcomes of PCE alterations calculated with ODBM for the ZnTe
layer thickness in the CdSe/CdTe/ZnTe QD structure, wherein
the holes are confined. As illustrated on the bottom axes, the exci-
tonic gap energy increases from 1.63 to 1.73 eV as the thickness of
the ZnTe layer decreases from 2 to 1 nm, indicating a 100 meV in-
crease. The biexcitonic gap energy increases from 1.439 to 1.532
eV for the same change in layer thickness (bottom offset axis),
indicating a 93 meV increase. A comparison of the aforemen-
tioned gap energy changes with those resulting from variations
in the CdTe layer thickness reveals that while the excitonic gap
energy exhibits a comparatively minor alteration, the biexcitonic
energy level demonstrates a more pronounced change. As previ-
ously stated, the high energy of the electron allows it to penetrate
the CdTe layer, resulting in a greater-than-expected impact on the
excitonic gap energy due to the size variation of this layer. How-
ever, in the case of variations in the thickness of the ZnTe layer,
the electron is almost unaffected by this change in size. Moreover,
the relatively minor energy change of the low-energy hole due to
ZnTe layer thickness results in a more limited excitonic gap en-
ergy change compared to the excitonic gap energy change due to
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Figure 5. Temperature-dependent variation of PCE calculated using ODBM (left panel) and MDBM (right panel). The bottom axes represent the excitonic
gap energy at each temperature, while the bottom offset axes display the biexcitonic gap energy at the same temperatures. The inset in the right panel
shows the temperature-dependent changes in oscillator strength for excitons and biexcitons.

CdTe layer variations. In the biexcitonic case, as the thickness of
the ZnTe layer increases, the energy of the holes decreases and
the distance between the holes increases, thereby reducing the
repulsive Coulomb potential. Consequently, the biexcitonic gap
energy decreases. A reduction in excitonic gap energy results in
a decline in PCE, from approximately 31.5% to around 29.5% in
the MEG case and from around 30% to just below 29% in the
absence of MEG, as the thickness of the ZnTe layer decreases. In
calculations conducted with the biexcitonic gap energy, the PCE
was observed to decrease from approximately 36% to around 34%
as the ZnTe thickness increased. This suggests that in calcula-
tions made with ODBM, the repulsive Coulomb interaction may
have a significant impact on the PCE.

Upon examination of the results obtained with MDBM for
the PCE’s dependence on ZnTe layer thickness, as illustrated
in the right panel of Figure 4, a comparable trend to the al-
terations in CdTe layer thickness is observed at low ZnTe layer
thicknesses. However, at higher ZnTe layer thicknesses, the re-
pulsive Coulomb potential between holes diminishes, resulting
in diminished oscillator strength values in comparison to the
changes in CdTe layer thickness. Consequently, the PCE reaches
higher values.

In QD structures, the electronic and optical properties are in-
fluenced by intrinsic factors, such as the material type and size,
as well as external factors, including temperature and pressure. A
comprehensive understanding of the response of QD structures
to temperature is of paramount importance for the successful
design of QDSCs. Figure 5 presents a comparison of the tem-
perature dependence of PCE in CdSe/CdTe/ZnTe QDSCs, utiliz-

Adv. Theory Simul. 2025, 8, 2400956
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ing both ODBM and MDBM. As illustrated in the left panel, the
ODBM calculations indicate that the PCE decreases with tem-
perature across all scenarios examined. As seen in Figure 6 (top
panels), it is observed that the bulk gap energy and the effective
masses of electrons and holes are observed to decrease with in-
creasing temperature. While the kinetic energies of electrons and
holes exhibit a slight increase due to the reduction in their effec-
tive masses, the decline in gap energy results in a decrease in
effective gap energy in both excitonic and biexcitonic states as
temperature increases (bottom axes). In the biexcitonic state, the
twofold increase in kinetic energy for the two electrons and two
holes results in a slight reduction in effective gap energy com-
pared to the excitonic state. As the temperature increases, the
PCE values demonstrate a notable decrease in the excitonic MEG
case, with a 9% increase observed when the temperature is ele-
vated from 4 to 320 K. In the biexcitonic state, the decrease is ap-
proximately 12%. In the without MEG case, which also employs
the excitonic effective gap energy, the PCE exhibits a 9% rise with
increasing temperature.

The right panel of Figure 5 illustrates the temperature de-
pendence of PCE calculated using MDBM. The MDBM calcu-
lations indicate a reduction in PCE with increasing temperature
across all cases. This phenomenon can be attributed to the ob-
served increase in oscillator strength with temperature, as illus-
trated in the inset of the figure. As the temperature increases,
the bulk gap energy decreases, leading to a reduction in the con-
finement potential for electrons and holes. This reduction in
confinement potential results in the movement of electrons and
holes closer together, due to their attractive Coulomb interaction.
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Figure 6. From left to right, the figure shows the variation of the electron’s effective mass, hole’s effective mass, electron’s confinement potential, and
hole’s confinement potential as a function of temperature (top graphs) and hydrostatic pressure (bottom graphs).

Furthermore, the increase in the kinetic energy of electrons and
holes, attributable to their diminished effective masses at ele-
vated temperatures, facilitates their easier penetration of the con-
finement potential. Consequently, the overlap of electron-hole
wave functions increases, resulting in higher oscillator strength.
In the biexcitonic case, the oscillator strength is lower than in the
excitonic case, resulting in the highest PCE values observed for
biexcitonic scenarios. In considering the biexciton bound state,
the presence of bound biexcitons at all temperatures results in
a fourfold increase in oscillator strength, which in turn yields
the lowest PCE values. In the excitonic state, both with and with-
out MEG, the PCE values are nearly identical. This is due to the
fact that the excitonic effective gap energy shifts into an energy
range where the impact of MEG is significantly reduced. A review
of the literature reveals that experimental studies have demon-
strated a negative impact of elevated temperatures on the PCE of
QDSCs.5%%1 In this regard, the temperature-dependent results
obtained from both ODBM and MDBM are found to be consis-
tent with the experimental observations. However, in MDBM, an
increase in temperature results in a further decrease in PCE due
to the effect of oscillator strength.

Figure 7 depicts the impact of hydrostatic pressure on the
PCE of CdSe/CdTe/ZnTe QDSCs. As illustrated in the bottom
axes of the figure, both the excitonic and biexcitonic gap energies
demonstrate an increase with increasing pressure. This finding is
consistent with the trends observed in Figure 6 (bottom panels),
which illustrate that the effective mass of the electron in CdSe
decreases with increasing pressure, leading to an increase in the
energy of the electron. Furthermore, the bulk gap energy also ex-
hibits an increase under pressure. While the effective mass of the
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hole in ZnTe increases, leading to a decrease in its energy, the
overall increase in electron energy and bulk gap energy results in
an increase in both excitonic and biexcitonic gap energies with
increasing pressure. The repulsive Coulomb interaction between
like charges results in a less pronounced increase in the biexci-
tonic gap energy compared to the excitonic gap energy. The effec-
tive gap energies are situated within the high-energy spectrum.
As these high-energy photons reach Earth in lower intensities,
the shift to an even higher energy spectrum with increasing pres-
sure results in a decrease in PCE across all cases in ODBM, as
illustrated in the left panel of the figure. In particular, the biexci-
tonic scenario demonstrates a decrease in PCE of approximately
2%, while both the excitonic scenarios with and without MEG ex-
hibit a decrease of approximately 4% in PCE with increasing pres-
sure.

In contrast, PCE calculations performed with the MDBM in-
dicate an elevated PCE with increasing pressure. This increase
can be attributed to the enhanced bulk gap energy under pres-
sure, which leads to an increase in the confinement potential ex-
perienced by both electrons and holes. The enhanced confine-
ment results in a reduction of the overlap between the electron
and hole wave functions, which in turn leads to a decrease in
oscillator strength, as illustrated in the inset of the right panel.
The reduction in oscillator strength thus results in an increase
in PCE. This effect is particularly pronounced in the biexcitonic
case, where the increase in PCE is more significant compared
to the excitonic scenario. Moreover, the increase in hole effective
mass under pressure results in a further reduction in hole mo-
bility, leading to an even greater decline in oscillator strength in
comparison to the excitonic case. Consequently, the PCE attains

© 2024 Wiley-VCH GmbH
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Figure 7. The figure format is identical to that of Figure 5. This figure illustrates the variation in the data set with respect to hydrostatic pressure.

elevated values in the biexcitonic scenario. In the case of exci-
tonic effects, the PCE values for both scenarios with and with-
out MEG remain largely unaltered as pressure increases. This
is due to the fact that the high excitonic effective gap energy re-
sults in a reduction of the MEG effect, which in turn brings the
PCE closer to that of the scenario without MEG. In the approach
that considers the bound biexciton state, the presence of bound
biexcitons is observed at all pressure levels. As illustrated in the
figure, the oscillator strength is fourfold due to the bound biexci-
ton, resulting in markedly lower PCE values compared to other
scenarios. A similar trend is observed with increasing pressure,
as seen in the PCE calculations using ODBM and MDBM. While
ODBM calculations indicate a decline in PCE with rising pres-
sure, MDBM calculations demonstrate an enhancement in PCE
under the same conditions.

4, Conclusion

In conclusion, the strong confinement effects in QD structures,
which induce distinctly different quantum phenomena in exci-
tons and biexcitons, significantly modify their electronic and op-
tical properties, thereby critically affecting the PCE of QDSCs.
A notable discrepancy has been identified between the PCE cal-
culations conducted with the excitonic effective gap energy and
those with the biexcitonic effective gap energy, across both the
ODBM and MDBM models. Furthermore, calculations utilizing
the MDBM model indicate that the biexciton bound state, which
affects the biexciton recombination mechanism, exerts a consid-
erable influence on the PCE through its impact on the recombi-
nation current density. The strong Coulomb attraction between
the two electrons and two holes forming the bound biexciton

Adv. Theory Simul. 2025, 8, 2400956
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results in a fourfold increase in the oscillator strength, which
leads to a significant reduction in the PCE. While PCE calcula-
tions based on excitonic and biexcitonic effective gap energies in
the presence of MEG can yield very high PCE values, the inclu-
sion of the biexciton bound state limits the PCE to approximately
20%, which is in agreement with the current maximum values
for PCE in QDSCs. Moreover, the study demonstrates that core
radius, shell thickness, temperature, and pressure markedly in-
fluence the PCE, underscoring the pivotal role of these param-
eters in QDSC design. This research offers crucial insights into
QDSCs and will likely inform efforts to attain higher PCE values
in practical applications.
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