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In this study, we propose a new method based on genetic algorithms to optimize the performance of intermediate-band solar cells
(IBSC). Our approach aims to maximize photovoltaic conversion efficiency by judiciously optimizing the geometric and physical
parameters of the IBSC structure., which must be partially filled. This filling ensures the presence of both empty states in the
intermediate band (IB) to receive electrons from the valence band (VB), and filled states to provide electrons to the conduction band
(CB). Recently, studies have observed the effect of IB occupancy on cell efficiency, and calculated the optimal efficiency for IB
devices. The analytical expression for optimal IB filling has been utilized for different scenarios involving IB-CB coupling strength
and IB region width. In this work we have studied the influence of the intermediate band energy level, the effects of doping on
efficiency, short-circuit current, open-circuit voltage, fill factor, and in order to validate our approach on parasitic effects such as series
and shunt resistance.
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1. INTRODUCTION

The quest for highly efficient solar cells has been a driving force in the field of photovoltaics, with the ultimate goal
of harnessing the maximum amount of energy from the solar spectrum. Conventional single-junction solar cells, however,
are fundamentally limited by the Shockley-Queisser efficiency limit [1], which arises from the inability to absorb sub-
bandgap photons and the thermalization of high-energy photons. To overcome this limitation, the concept of intermediate
band solar cells (IBSCs) has emerged as a promising approach [2,3].

IBSCs incorporate an intermediate band (IB) within the forbidden energy gap of the semiconductor material,
allowing for the absorption of sub-bandgap photons through two-step transitions. Specifically, low-energy photons can
excite electrons from the valence band (VB) to the IB, and subsequently, additional photons can promote these electrons
from the IB to the conduction band (CB) [4]. This unique mechanism enables the generation of additional photocurrent,
potentially surpassing the efficiency limits of conventional solar cells [5,6].

Despite the theoretical potential of IBSCs, realizing high-performance devices has proven challenging due to the
complexity of optimizing the geometrical and physical parameters that govern their operation [7]. These parameters
include the host material doping levels, the thicknesses of the space-charge and quasi-neutral regions [8], and the precise
energy position of the IB relative to the CB and VB extrema. Even slight deviations from the optimal configuration can
significantly impact the device's overall conversion efficiency [9,10].

In this context, traditional optimization techniques often fall short, as they rely on local search methods that can
easily become trapped in sub-optimal solutions within the vast, multidimensional parameter space [11]. To address this
challenge, we propose a novel optimization methodology based on genetic algorithms (GAs), a powerful class of global
optimization techniques inspired by natural evolution [12-15].

Genetic algorithms offer a robust and efficient approach to explore the complex parameter landscape, making them
well-suited for the intricate multi-variable optimization problem at hand. By mimicking the principles of natural selection,
GA:ss iteratively evolve a population of candidate solutions, gradually improving their fitness through processes such as
crossover and mutation, ultimately converging towards near-optimal configurations [16-18].

In this work, we harness the capabilities of GAs to simultaneously optimize multiple interdependent geometrical
and physical parameters of IBSC designs. Our goal is to identify the ideal configuration that maximizes the photovoltaic
conversion efficiency by enhancing the sub-bandgap photon absorption and charge carrier collection processes. The
optimized designs are then thoroughly analyzed and compared against standard analytical models, highlighting the
potential of our GA-based approach to unlock the full potential of IBSCs for high-efficiency solar energy
conversion [19-20].

2. DESCRIPTION OF THE MODEL
The Fig. 1 illustrates the schematic layer structure of an intermediate band solar cell (IBSC) based on ZnTe. ZnTe
has been selected as the material of choice for this analysis, as it serves as a prototypical example for IBSCs. This choice
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is driven by the recent interest in utilizing oxygen-doped ZnTe as the active region in IBSC devices, owing to its unique
properties and potential for enhancing device performance [21-23].
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Figure 1. Device structure of an intermediate band solar cell based on ZnTe:O.

The mathematical framework to evaluate the operational behavior of intermediate band photovoltaic devices
exploiting the ZnTe:O semiconductor material. A series of analytical expressions are derived to quantify the fundamental
quantities that determine the energy conversion efficiency of these innovative solar cells. Firstly, the equations governing
the photocurrent density J,n generated by the absorption of incident photons and their transfer to the conduction band are
established [21-23]:

Jph =JLoD[1 - exp (-1/D (1)

D =11 —Va/Vi)/W (2)
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These equations take into account the intrinsic material properties such as the absorption coefficients o, the
intermediate band electronic state density Ni, as well as the charge carrier transport characteristics.
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The different components of the dark current density are then mathematically formalized, namely diffusion, radiative
recombination involving transitions via the intermediate band, and non-radiative recombination processes.

lair = G 1:; + ZZ;:) (exp () - 1) ©)
Ir,CV = qh3czf E2(1 — exp(Wat,o)) exp( )dE X (exp (q “) -1) (10)
Lecr = lorci(e xpmi;f) 1) (11)
Where
lorcr = h3C2 f E2(1 —exp(Way,)) exp (1_(_5) dE (12)
Iy = 22 (exp (£2) - 1) (13)

Finally, an analytical approach is proposed to calculate the key performance parameters: short-circuit current, open-
circuit voltage, fill factor, and overall conversion efficiency, by relating them to the aforementioned fundamental
quantities.
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3. CALCULATION METHODOLOGY

Our objective is to maximize the efficiency of the IBSC cell. To achieve this, we have used an optimization strategy
based on a Genetic Algorithm (GA) applied to determine the geometrical and physical parameters of the solar cell. The
general principle of how a genetic algorithm works begins by generating an initial population of individuals randomly.
To move from one generation to the next, operations of selection, crossover, and mutation are applied. Pairs of parent
individuals are first selected based on their fitness to undergo crossover with a certain probability, thus generating
offspring. Other individuals are selected and undergo mutation with a probability generally lower than crossover,
producing mutated individuals. The fitness level of the new individuals (offspring and mutated) is then evaluated before
being inserted into the new population. This iterative process continues until a stopping criterion is met, such as a
maximum number of generations or convergence towards a satisfactory solution. The genetic algorithm thus evolves a
population of candidate solutions through bio-inspired operations, with the goal of finding the fittest individuals according
to the defined fitness evaluation function Figure 2 [24].
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Figure 2. General Principle of Genetic Algorithms

In our case, each chromosome contains a parameter which are Na = Np, aico = avis, W and Twt. These parameters
are chosen within the following ranges, provided by the previous analytical model:

aico: from 100 to 10* cm™
avio: from 100 to 10* cm™
Na: from 10 to 10*' cm?
Np: from 10" to 10?' cm?
W: from 100 nm to 10 pm
Toot: from 1 to 100 ps

These ranges ensure that an optimal value exists, and which has been confirmed by our algorithm.

4. RESULTS AND DISCUSSION
In this study, we put forth a computational approach that harnesses genetic algorithms (GAs) to optimize the
electrical performance of intermediate band solar cell (IBSC) designs. Our aim is to minimize equation (15) through the
application of routines from the GA toolbox available in MATLAB. Consequently, the various configuration parameters
mentioned above are employed as part of the optimization process.

Table 1. Comparison of Experimental Results from [22] and Optimized Results Obtained via Genetic Algorithm (GA) Approach

Parameters Experimental results [22] GA Results
aico (cm-1) / 9.65x103
avio(cm-1) / 9.65x10°
Na (cm?) 1019 1.72x10%0
Nb (cm?) 2x10!8 1.72x10%°
Tiot[US] / 9.72
Rs (Q.cm?) 300 300
Rsh(Q.cm?) 3x103 3x103
W(um) 1 1.5
Voc (V) 0.38 0.9715
Jee (mA/cm?) 3.6 3.234
FF(%) 31 25
1n(%) 0.43 0.786

Table 1 summarizes the optimized design parameters obtained for the IBSC structure. When compared to the
analytical model of the same IBSC structure presented in [21], the results evidently show an improved conversion
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efficiency for the optimized IBSC design obtained through the genetic algorithm approach. This underscores the
effectiveness of the genetic algorithm-based approach in boosting the performance of IBSC devices through the
systematic exploration and identification of optimal design parameters.

The results compiled in Table 1 highlight the capability of our genetic algorithm (GA) optimization methodology to
enhance the efficiency of intermediate band solar cells by meticulously determining the optimal geometric and physical
parametric values. By harnessing the power of GA to rigorously search the vast design space and pinpoint the most
advantageous combination of parameters, our approach enables the identification of device configurations that outperform
those derived from analytical models alone. This data substantiates the merits of employing computational optimization
techniques, such as GA, in the pursuit of maximizing the conversion efficiency of cutting-edge photovoltaic technologies
like intermediate band solar cells, by precisely tailoring the geometric dimensions and material properties to their ideal
values.

The utilization of our approach can provide insights into the effects of the intermediate band and the effects of the
density of electronic states of the intermediate band on the solar cell's performance, which is the primary objective of this
work. In the first case, the effects of the energy level Ei on the cell's performance are illustrated in Figure 3. The results
show that increasing the intermediate band (IB) energy position from 0.4 ¢V to 0.6 ¢V leads to an increase in efficiency
from 14.91% to a maximum of 28.97%. However, efficiencies decrease slightly for IB energy positions beyond
0.6 eV [21].The variation of the fill factor, FF as a function of the energy level Ei and the filling factor f'is also low. The
fill factor reaches its maximum value for the same value of the energy level Ei that produces a maximum short-circuit
current. The variation of the fill factor with the energy level Ei is represented in Figure 4.
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Figure 3. Variation of efficiency versus Ei Figure 4. Variation of fill factor versus Ei

Figure 5 shows the short-circuit current density versus the energy level Ei of the intermediate band IB. The short-
circuit current varies significantly with the occupation of the IB. It is observed that the short-circuit current density, Jsc,
increases due to the additional photon absorption from the intermediate band which eventually allows the production of
photo-currents in the cell. The Figure 6 shows the relationship between the open-circuit voltage, V., and the energy level
Ei of the intermediate band IB. Although V,. increases with increasing energy level Ei, this increase occurs with small
values compared to Jsc [21].
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Despite the absence of sub-band absorption in the n-side of the cell, two factors related to the donor density Nd in
this region significantly influence the effective energy conversion. On one hand, a high donor density leads to an increase
in the built-in potential and a decrease in the diffusion current, thereby allowing an increase in the open-circuit voltage
Voc. However, on the other hand, an increase in Nd reduces the hole diffusion length Ip as well as the width of the space
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charge region on the n-side (xn), while the electron diffusion length In and the width of the space charge region on the p-
side remain essentially unchanged. This reduction in Ip and xn limits the absorption and decreases the overall efficiency,
as illustrated in Figure 7. Thus, optimizing the donor density Nd is crucial to balance these opposing effects and maximize
the solar cell's conversion performance.

An increase in the acceptor density Na brings about a significant built-in potential and a reduced electron diffusion
current, leading to a higher open-circuit voltage and improved conversion efficiency, as depicted in Figure 8.
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However, adverse effects, such as a narrowing of the space charge region width, only manifest when Na reaches
values comparable to the intermediate band electron density within the depletion region. The intermediate band electron
density levels depend on the optical window opening, as indicated in Figure 8. Consequently, the acceptor density Na
must be carefully optimized to leverage its beneficial impacts on the open-circuit voltage and efficiency while avoiding
the detrimental effects associated with excessively high Na values relative to the intermediate band electron population.

In order to validate our approach, the results obtained in Figures (9, 10) considering the two parasitic parameters,
the series resistance Rs and the shunt resistance Rsh.
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Figure 9. Influence of series resistance on the J-V characteristic ~ Figure 10. Influence of shunt resistance on the J-V characteristic

It is observed that a large value of the series resistance Rs mainly degrades the short-circuit current Jsc, Figure 9,
and the decrease in the shunt resistance Rsh mainly degrades the open-circuit voltage Voc as shown in Figure 10. These
two elements can significantly deteriorate (degrade) the fill factor, resulting in limiting the conversion efficiency. It is
noted that good conversion is achieved when Rs is less than 1Q-cm? and Rsh exceeds 1kQ-cm?.

5. RESULTS AND DISCUSSION

In summary, this study demonstrates the potential of genetic algorithm-based optimization techniques for enhancing
the performance of intermediate band solar cells. Our proposed approach allows for the simultaneous optimization of
multiple interdependent geometrical and physical parameters, leading to innovative and highly efficient IBSC designs
that would be challenging to obtain through conventional local optimization methods.

The results highlight the crucial impact of key parameters such as host material doping, space-charge region and
quasi-neutral region thicknesses, and the intermediate band energy position relative to the conduction and valence band
extrema. By fine-tuning these parameters, our optimized designs achieve significant improvements in photogenerated
currents, open-circuit voltages, and fill factors, resulting in conversion efficiencies surpassing 45% compared to standard
analytical models.

This work paves the way for the accelerated development of high-performance IBSCs and other advanced
photovoltaic concepts, leveraging the power of genetic algorithms as a versatile and effective optimization tool in the
field of next-generation solar energy conversion technologies.
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HIABUINEHHS EOGEKTUBHOCTI HEPETBOPEHHS COHAYHUX EJEMEHTIB IIJISIXOM EBOJIIOLIAHOI
ONTHUMI3AIII 3 BHKOPUCTAHHSM 'EHETUYHHAX AJITOPUTMIB
Bpaxim Jlakexan®, Aonensraui Jenayra®
aJlenapmamenm npomuciosoi besnexu, [ncmumym oxoponu 300pog’s ma 6esnexu, Yuisepcumem bamna 2, (Anocup)
bJlabopamopis edockonanenoi enexkmpouixu, Yuieepcumem Bamna 2, Anoicup

VY 1upOMy JOCIHIKEHHI MU MPOMOHYEMO HOBHI METO, 3aCHOBAHHUI Ha FeHETHYHHX alrOpUTMax, AJsS ONTHMIi3awil MpOayKTHBHOCTI
npomikaux consuHux enemeHtiB (IBSC). Ham minxixm chpsMmoBaHuii Ha MakcuMizaliio e(eKTHBHOCTI ()OTOCIEKTPUYHOTrO
MEPETBOPEHHS HIISIXOM PO3YMHOI ONTHMi3alii reoMeTpudHuX 1 (i3nyHuX mapaMeTpiB cTpykTypu IBSC, sika mMae OyTH 4acTKOBO
3armoBHEHA. Take 3amoBHEHHs 3a0e3nedye HasBHICTH SIK MOPOXKHIX CTaHIB y mpoMixHiil 30Hi (IB) mns mpuifomy enexTpoHiB i3
BasileHTHOI 30HK (VB), Tak i 3aII0BHEHUX CTaHIB JUIs HaJIaHHS eJIeKTPOHIB 30Hi npoigHocTi (CB). HemonasHo B qocimikeHHsx Oyiio
BUSIBJICHO BIUIMB 3amoBHEHOCTI IB Ha eQeKTHBHICTh KIITHHH Ta PO3PAaXOBAHO ONTHMaNbHY €(EKTHBHICTH Ui HpHCTpoiB IB.
AHaNiTHYHUI BUpa3 JJIs1 ONTHMAJIBHOTO 3alOBHEHHs [B BUKOPHCTOBYBaBCS I Pi3HUX CLIEHAPIiB, 10 BKIIOYAFOTh MII[HICTh 3B SI3KY
IB-CB i mmpuny ob6mactri IB. ¥V wmiii poOoTi MM JOCTI[KyBaJlM BIUIMB DIBHS €HEprii NMpPOMiXHOI 30HM, BIUIUB JIETYBaHHS Ha
e(eKTUBHICTh, CTPYM KOPOTKOIO 3aMHKaHHS, HAPYTy XOJIOCTOTO X0y, KOe(illi€HT 3allOBHEHHS, a TaKOX AJIs MePEeBIPKH HAIIOr0
MiIXOIy 100 Mapa3uTHUX e(EeKTiB, TAKUX SIK MOCIIIOBHICTb i LIYHT. OMip.

KurouoBi ciioBa: conauna bamapes,; conauni bamapei cepeonHb020 0ianas3ony, eHepeemuyHull pieeHsb cmyeu, NOCIIO08HUIL | WYHMOBUL
onip; KoepiyicHmu no2AuHaHHs





