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Abstract
Spiro-OMeTAD is an excellent nominee for HTM application, but its high hygrpscopicity, inclination to
crystallize, and fragility to moisture and heat make it unsuitable for solar cells. So, it is of interest to
investigate other HTM candidate. In this paper, the use of p-type InGaAs as hole transport materials
(HTM) has been suggested to enhance the performance of perovskite-based solar cell (PSC). The
simulation of hybrid CH3NH3PbI3/ InGaAs planar heterojunction perovskite solar cell is performed using
Atlas Silvaco simulator. In order to con�rm the predictability of the proposed simulation methodology, the
conventional ITO/TiO2/MAPbI3/Spiro-OMeTAD structure is simulated and good coincidence with
experimental results shown. The proposed design using InGaAs as HTM outperforms the conventional
device in terms of short-circuit current density (JSC) of 37.2 mA/cm2, open-circuit voltage (VOC) of 1V, �ll
factor (FF) of 80% and high value of e�ciency. Besides, The �nding show that with In content of x=0.7
the e�ciency will improved to reach a value of about 30%.

I. Introduction
In past years, the optical and electrical characteristics of the hybrid organic/inorganic methylammonium
lead iodide CH3NH3PbI3 perovskite solar cell (PSC) have been intensively explored [1]. The PSC ought to
be capable of competing with traditional silicon-based solar cells due to its low cost and simple
manufacture technique. The mesoporous structure [2] and the planar heterojunction structure [3] have
both affected the development of the PSC. Electron transport material (ETM)/absorber/hole transport
material (HTM) are the three major layers of electron transport material in conventional planar PSC [4].
TiO2 and spiro-OMeTAD are the most extensively utilized ETM and HTM, respectively. The time-
consuming synthesis of spiro-OMeTAD, on the other hand, represents an impediment to future
commercialization due to its high cost [5]. Furthermore, it is well recognized that spiro-OMETAD degrades
PSC e�ciency. For example, a PSC that used Spiro-OMeTAD as the HTM of the PCE for just three months
saw a 22 percent reduction in 500 hours of 45°C light [6], and a 20 percent reduction in 500 hours of 45°C
light [7]. As a result, new types of HTM must be sought. CuI [8], CuSCN [9], Cu2O [10], NiO [11], and V2O5
[12] are examples of inorganic p-type materials that can be used as HTM to minimize the cost of the PSC
while also improving its stability. To minimise carrier recombination, the search for a suitable inorganic
HTM must be directed by the necessity for high carrier mobility, low cost, and a defect-free interface with
the absorbing layer [13]. In comparison to spiro-OMeTAD, an optimal type of HTM is inorganic p-type
InGaAs, which has superior chemical stability, increased hole mobility, and cheap cost [14]. As a result, p-
InGaAs as HTM is an unique perovskite solar cell concept.

The excellent absorber p-InGaAs will result in generation of photocurrent in the p-InGaAs perovskite solar
cell. Perovskite, on the other hand, has higher optical absorption characteristics than P-InGaAs. We
designed the CH3NH3PbI3/p-InGaAs planar heterojunction perovskite solar cell based on the good
features of perovskite and p-InGaAs. As a new PSC, the perovskite/p-InGaAs heterojunction perovskite
solar cell, it is vital to analyse the in�uence of the PSC's operation mechanism in order to obtain high
performance. Many details like the band offset, in mole fraction, optimum thickness, and optical
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performance of the p-InGaAs perovskite solar cell, however, ought to be examined. The simulation can
lead to a new way of thinking about how to make PSC structures that are simpler and more e�cient.
Device simulation is performed in this paper to analyze the suggested structure's e�ciency, which results
in high electrical outputs. High JSC and VOC of are gained. The e�ciency attains a 30% for In content of
0.7%.

Ii. Devices Structure
Figure 1 shows the conventional and the proposed solar cell using InGaAs as HTM. It comprises of a
transparent contact (ITO), a n type ETL material (TiO2), a p type layer (InGaAs), and an intrinsic perovskite
material that acts as an absorber from top to bottom.

The perovskite region is a location of creation of exitons (electron and bound state of a hole) when the
solar cell is exposed to light. The collection mechanism of the photgenerated carriers is occured at ETL
and HTL region. This phenomena is controlled by the carriers diffusion length and ETL (HTL) electrical
properties. Exiton separation process happens at TiO2 / perovskite and perovskite/ InGaAs interfaces.
The electrons migrate to the ETL (n) (TiO2) region, and the holes migrate to the HTL (p) (InGaAs) region.
The mechanisms for dissociating and migrating are induced by the electric �eld between the
TiO2/Perovskite and Perovskite/InGaAs.

Table 1 recapitulates the data inputs of the conventional and the proposed perovskite heterojunction
solar cells. Real and imaginary refractive indices data are calculated from the SOPRA database [15]. We
perform the simulation considering AM1.5 G solar spectrum.

Table 1
Physical model parameters assumed at T = 300 K.

Parameters Designation TiO2 [16] Perovskite [17] InGaAs [18]

Eg (eV) Band gap 3.2 1.55 0.75

ε permittivity 19 100 13.88

τn (S) Electron life time 10−7 10−6 1×109

τp (S) Hole life time 10−7 10−6 1×109

υsat (cms−1) carrier saturation velocity - - 1×107

χ (eV) A�nity 4 3.8 4.5

Nc (cm−3) Electron density of state 2×1018 1×1019 8.16×1016

Nv (cm−3) hole density of state 2×1019 1×1017 1×1018
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Here, Eg and εr represent the bandgap energy, and the material permittivity, respectively. τn and τp denote
the carrier lifetimes, vsat is the carrier saturation velocity, χ refers to the electron a�nity, and Nc and Nv are
the electron and hole density of states varying with temperature.

Iii. Physical Models
The ATLAS Silvaco simulator is used to model a heterojunction perovskite solar cell with InGaAs as the
hole transport layer. To get the characteristics of the device during exposure to light, an advanced 3D
LUMINOUS optoelectronic module is utilized. LUMINOUS determines the system's photo-generation by
running two simultaneous simulations at each mesh point. LUMINOUS conducts an optical ray tracing
inside the device via the refractive index n. The transmission and re�ection rates of light are determined
by changes in n values within layer boundaries. By tracking the light path from the origin to a mesh point,
LUMINOUS can determine the optical intensity. The extinction coe�cient k is used at each mesh position
to quantify the absorption and photogeneration rates for the recorded optical intensity [19]. Most
recombination mechanisms that can be classi�ed as monomolecular, bimolecular, or trimolecular are
taken into account in our modeling framework. Every one of those recombination processes is active at
the same time, but the nature of the semiconductor favors one or more of them. Both organic and
inorganic materials are modelled differently in the SILVACO ATLAS simulator. It is used in the current
work with speci�c physical models, such as the Provskite organic case. The Pool–frenkel Field Model is
particularly well suited to organic material mobility [20]. This should be calculated in conjunction with
Langevin's recombination model. Recombination of Langevin is required to allow for the passage of
charged carriers and single and triple excitons [21]. Just like TiO2 and InGaAs, the carrier concentration
model is still applicable to inorganic materials [22].

Iv. Results And Discussions
1. Testing the simulation accuracy

It is important to note that the adopted simulation setup and model parameters are already supported by
experimental results on ITO/TiO2/MAPbI3/Spiro-OMeTAD where good coincidence is achieved and the
discrepancy may be attributed to the series resistance and the traps density [23].

Figure 2 shows the J-V characterestics and QE of the simulated ITO/TiO2/MAPbI3/Spiro-OMeTAD solar
cell. An e�ciency of 16.56% is acheived which is almost equal to that of the experimental one, however, a
slight difference is remarked especially for VOC and FF which is due principally to the interfacial traps
effect and RS and RSH resistances.

2. The effect of InGaAs HTM candidate on the device optical and electrical performances

To reduce carrier recombination, the search for an effective inorganic HTM must be directed by the
necessity for high carrier mobility, low cost, and a defect-free interface with the absorbing layer [24]. In
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comparison to the spiro-OMeTAD, the inorganic p-type InGaAS, which has strong chemical stability,
increased hole mobility, and a relatively inexpensive, is a perfect HTM [25]. In order to evade the blurred
vision about the effectiveness of this HTM material in enhancing the solar cell performance a thorough
investigation is performed.

Figure 3 depicts the band diagram of the proposed structure employing InGaAs as HTM. From this �gure
it is shown that the proposed HTM presents good electron bloking barrier which permit a reduced
recombination at the interface perovskite/InGaAs.

Figure 4 shows the re�ectance and transmittance of the suggested solar cell as function of wavelength.
The re�ectance at incoming wavelengths of 300 nm to 1000 nm is noticeably minimized at their speci�ed
wavelengths, as can be shown. The wavelengths where the coupling of thickness and refractive index
permits destructive interference between the anti-phase re�ected waves from the top and bottom
interfaces correspond to the minimal re�ectivity.

Figure 5 depicts the absorption coe�cient as function of wavelength. It is clearly shown from this �gure
that the absorption attains high value at λ = 450nm, this can be linked to the band gap of the absorber
layer which absorbs photons in this optical range.

A solar cell's quantum e�ciency is known as the amount of the number of electrons generated in the
external circuit by an incident photon of a speci�c wavelength. Consequently, external and internal
quantum e�ciencies (indicated by (EQE) and (IQE), respectively, can be de�ned. They vary in how
photons re�ected from the cell are treated: all photons intruding on the cell surface are included in the
EQE value, and just photons that are not re�ected are included in the IQE value.

The external quantum e�ciency EQE determined from electrochemical measurements at a given
wavelength is calculated using the following expression:

  (1)
where e is the electron charge and hc/λ the photon energy. Uncertainties are rarely mentioned, but it
seems di�cult to determine EQE with an accuracy better than 3% [26]. The internal quantum e�ciency
(IQE) which is equal to EQE corrected for absorption and re�ection losses, is expressed as follows:

  (2)
Figure 6 illustrates the external and internal quantum e�ciency variation across 300–1000 nm.

Although quantum e�ciency should have the square form illustrated above, recombination effects limit
quantum e�ciency. Quantum e�ciency is in�uenced by the same mechanisms that in�uence collection
probability. Because blue light is absorbed extremely near to the surface, strong front surface
recombination will impact the "blue" portion of the quantum e�ciency. Green light is absorbed in the bulk
of a solar cell, and a low diffusion length will decrease the quantum e�ciency in the green section of the
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spectrum by reducing the collection probability from the solar cell bulk. The quantum e�ciency can be
de�ned as the probability of collecting photons caused by a single wavelength's generation pro�le,
multiplied by the device thickness and normalized to the incident quantity of photons.

3. Impact of In mole fraction variation

In order to elucidate the impact of InGaAs HTM with different molar fraction variation on the performance
of the investigated solar cell an investigation is performed. It is noted that only gap, a�nity and
permittivity that are varied as function of In mole fraction. Figure 7 depicts the variation of the electrical
outputs as function of different InGaAs mole fraction.

From this �gure, it is clearly shown that the more the In content increase the more the VOC increase, where
VOC increases from 0.7 V for x=0.1 to 1.18 V for x=0.8. This enhancement is not only due to the reduced
InxGa1−xAs bandgap when compared to GaAs but also to the good perovskite/InGaAs interface
engineering offset. As well, the JSC and FF increase with increasing In mole fraction, this is attributed to
the enhanced conductivity. The �ndings indicate that an In mole fraction of about 0.7 permits to reach
high e�ciency of 30%.

The J-V characteristics of the suggested solar cell are compared to the conventional solar cell in order to
assess the in�uence of InGaAs HTM nominee on the solar cell electrical and optical performance. The
acquired data are presented in Figure 8, where we can see that the suggested solar cell structure exhibits
an obvious light absorption tendency that is superior to that of a conventional solar cell. This is mostly
owing to the signi�cant impact of the suggested construction using the InGaAs area on the solar cell's
optical performance. It is noticed from this �gure that the used InGaAs maintain the same VOC as Spiro
OMeTAD but also improves the JSC by enhancing the carrier separation and collection mechanism
through its high mobility and its narrow band gap which permit to cover wide range of light which
augment the number of the photo-generated carriers.

Conclusion
In this study, Silvaco ATLAS is used to develop and evaluate a new p-InGaAs perovskite solar cell with a
planar structure. The bene�ts of using InGaAs as HTM for perovskite heterojunction solar cell are
investigated. The results reveal that the inclusion of InGaAs as HTM ,whith suitable In content, can
in�uence the VOC, JSC and the FF. By assuring a high blocking layer and good collection mechanism the
proposed structure can boost the e�ciency to reach a high value (30%). The �ndings point to the
possibility of creating a new perovskite cell structure that is both simpler and more e�cient in the future.
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Figures

Figure 1

Schematic view of the conventional and proposed solar cells structures.
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Figure 2

a) J-V characterestics b) QE of the simulated ITO/TiO2/MAPbI3/In0.7Ga0.3As/InAs Solar Cells

Figure 3

Band diagram of the proposed ITO/TiO2/MAPbI3/In0.7Ga0.3As/InAs Solar Cells
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Figure 4

Re�ectivity curves for the ITO/TiO2/MAPbI3/In0.7Ga0.3As/InAs Solar Cells.
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Figure 5

Absorption curves for the ITO/TiO2/MAPbI3/In0.7Ga0.3As/InAs Solar Cells
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Figure 6

IQE and EQE curves of the investigated the ITO/TiO2/MAPbI3/In0.7Ga0.3As/InAs Solar Cells.

Figure 7

Electrical outputs of the proposed solar cell as function of In mole fraction



Page 14/14

Figure 8

I-V curves for the ITO/TiO2/MAPbI3/In0.7Ga0.3As/InAs  Solar Cells


