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Abstract 

The perovskite solar cells represent today the most rapidly developed 

photovoltaic (PV) technology, as they combine low fabrication costs, high 

conversion efficiencies and the possibility to deposit on flexible substrates, 

while great progress has been accomplished recently on the stability issues 

of these materials under typical atmospheric conditions. On the other hand, 

the solar cells based on III-V semiconductors, such as GaAs, are still regarded 

as the reference technology in the PV industry, exhibiting the highest in the 

whole field PV efficiencies of 29.1% for single-junction devices and 46% for 

a four-junction solar cell with concentrated light.  

In this thesis, we attempt to combine the benefits of the above two material 

systems to provide a high-efficiency perovskite/GaAs tandem solar cell with 

enhanced characteristics. Our main findings are:  

o We have produced GaAs-based solar cell devices with PV efficiencies 

reaching ~15% values, comparing well with reported values for GaAs 

solar cells of similar design. Furthermore, these PV efficiencies are more 

than enough for the main purpose of this work, which is to demonstrate 

the benefits of tandem perovskite/GaAs devices. 

o We have developed optimized recipes, adapted to our laboratory, for the 

deposition of every single layer of a full perovskite PV device, including 

the perovskite active layer, the electron and hole transporting layers, and 

the metal contacts.  

o We have experimented with several deposition techniques such as hot-

casting, antisolvent method and gas-quenching technique, to obtain high-

quality perovskite films in “out-of-the-glovebox” conditions.  

o We have synthesized high-bandgap “red” perovskites with a gap around 

650nm for the needs of the tandem perovskite/GaAs structures and 

examined ways to limit their phase-separation phenomena under 

photoexcitation. 

o We have fabricated “red” perovskite solar devices with the modest PV 

efficiency of ~6.5%, most likely attributed to the “out-of-the-glovebox” 

conditions.  

o We have realized that the rf-sputtering deposition of Indium-Tin-Oxide, 

as transparent electrode on top of Spiro-OMeTAD/perovskite layers, 

degrades severely the PV characteristics of the underneath device, 
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suggesting that we need either to employ a milder ITO deposition method 

or find a protection scheme of the underneath layers during the ITO 

deposition.  

o Combining a 1.77 eV perovskite solar cell with transparent contacts, 

provided to us from a collaborating lab, and a GaAs solar cell developed 

by our group, we have managed to demonstrate a tandem 4-terminal 

device with a PV efficiency close to 23%.  

o Finally, we have demonstrated that the deposition of MAPbI3 on native 

nominally-undoped (100) GaAs substrates generates a giant passivation 

effect. X-ray photoelectron spectroscopy on ultrathin MAPbI3/GaAs and 

PbI2/GaAs samples suggest that some Pb-related de-oxygenation of the 

GaAs surface occurs and is likely at the origin of the passivation effect. 

Interestingly, the whole process is fully reversible, in the sense that the 

MAPbI3 layer can be easily removed, and the PL intensity and spectral 

features of the GaAs substrate are fully restored to their pristine 

condition. 
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Chapter 1 

Brief History  
Photovoltaics 

Photovoltaics (PV) is a type of technology that converts sunlight directly into 

electricity. The history of PV systems dates back to the 19th century, with 

the discovery of the photovoltaic effect by French physicist Alexandre-

Edmond Becquerel in 1839.  

In 1954, Bell Labs scientists Daryl Chapin, Calvin Fuller, and Gerald Pearson 

invented the first practical photovoltaic cell, a significant progress in the 

development of practical applications for photovoltaic cells. The cell, made 

from silicon, with an efficiency of 6%, which was a significant improvement 

over previous design [1]. The Bell Labs team also developed the first 

practical solar panel, which was used in a satellite launched by the U.S. Navy 

in 1958 [2]. 

 

Figure 1. The inventors of the Bell Solar Battery, from left, Gerald Pearson, Daryl Chapin, and Calvin 

Fuller, check devices for the amount of solar electricity derived from sunlight, here simulated by a 

lamp [1]. 
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In the following years, the use of photovoltaic cells expanded beyond space 

applications and began to be developed for terrestrial applications. One 

early application was in remote locations, where traditional power sources 

were not available. 

 

Figure 2. Advertisement photos, such as this one that appeared in the 1956 issue of Look Magazine, 

showing-off the “Bell Solar Battery” to the American public [1].  

More specifically, the need for renewable energy sources became more 

imperative due to the great energy crisis that broke out in the 1970s. As 

result, new PV technologies developed, including thin-film cells and 

improved crystalline silicon cells, which increased the efficiency and 

reduced the cost of PV systems. Further improvements in PV technology 

came out with the development of multi-junction cells, which provide 

increased efficiency by capturing a wider range of the solar spectrum. PV 

systems also became more widely used in grid-connected applications, such 

as large-scale solar power plants. In the 2000s, the growth of the 

photovoltaic technology, driven by declining costs and increasing the 

maximum output power. This led to the development of new materials and 

technologies, such as thin-film technologies and new manufacturing 

techniques, such as spray deposition, spin-coating and roll-to-roll 
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processing. The best recorded efficiencies of different solar cell technologies 

from 1975 until now are presented on figure 3. 

 

Figure 3. Interactive Best Research-Cell Efficiency Chart from the National Renewable Energy 

Laboratory (NREL) [3]. 

Today, PV systems are widely used for residential and commercial rooftop 

solar systems, large-scale solar power plants, and portable devices such as 

backpacks and phone chargers. The PV industry continues to evolve and 

innovate, with new technologies and applications being developed all the 

time. 

 

Gallium Arsenide Solar Cells 

Gallium arsenide (GaAs) is a compound semiconductor material composed 

of the elements gallium (Ga) and arsenic (As). It has unique properties that 

make it suitable for various applications in electronics and optoelectronics. 

More specific, GaAs crystallizes in a zinc-blende crystal structure, similar to 

diamond. It has a direct bandgap, meaning that electrons can transition 

between the valence and conduction bands, without assistance by phonon 

states. The bandgap energy of GaAs is approximately 1.42 electron volts 

(eV), which corresponds to the near-infrared range of the electromagnetic 

spectrum. It provides excellent electron mobility (higher than silicon), 

making it a popular material for high-speed electronic. Due to its high 

electron mobility, GaAs is well-suited for applications requiring high-

frequency operation, such as wireless communication devices and 
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microwave integrated circuits. Additionally, GaAs is employed in high-

efficiency solar cells, while is commonly used also in light-emitting diodes 

(LEDs) and laser diodes. When GaAs forms alloys with phosphorus or 

aluminum, can emit light across a wide range of wavelengths, including the 

visible and near-infrared regions. It has a higher absorption coefficient for 

sunlight in visible range of spectrum compared to silicon, allowing for a 

thinner absorbing layer and potentially reducing manufacturing costs. The 

good thermal conductivity enables it to dissipate heat effectively. This 

property is beneficial in high-power electronic devices where heat 

management is crucial. Also, GaAs can be integrated with other 

semiconductor materials, such as silicon and indium phosphide, to form 

hybrid structures that leverage the unique properties of each material for 

specific applications. Gallium arsenide has found widespread use in the 

telecommunications, aerospace, defense, and photovoltaic industries. Its 

superior performance in high-frequency and optoelectronic applications has 

made it a valuable material for advanced electronic devices. 

For the history, Gallium arsenide (GaAs) solar cells were first developed in 

the 1960s, as researchers were exploring alternatives to silicon for solar cell 

technology, as silicon solar cells had limitations in terms of efficiency, 

especially for high-temperature applications. In the early 1970s, scientists at 

RCA Laboratories, including Zhores Alferov and Herbert Kroemer, began 

working with GaAs for solar cell technology. In 1973, Alferov and Kroemer 

proposed a new type of solar cell, called a tandem cell, which combined two 

layers of different semiconductors to achieve even higher efficiency. They 

received the Nobel Prize in Physics in 2000 for their work on semiconductor 

heterostructures [4]. 

Today, GaAs solar cells are widely used in space applications, where their 

high efficiency and radiation resistance are important. They are also used in 

terrestrial applications for specialized purposes, such as in concentrator 

photovoltaics, which use lenses or mirrors to focus sunlight onto small, 

highly efficient solar cells. It's important to note that gallium arsenide solar 

cells are not as commonly used for residential or commercial rooftop 

installations due to their higher cost. However, ongoing research and 

technological advancements may lead to cost reductions in the future, 

making them more accessible for a wider range of applications. 
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Perovskite Solar Cells 

Perovskite materials refer to a class of materials that have a specific crystal 

structure known as the perovskite structure (the first perovskite mineral 

discovered in the Ural Mountains in Russia in 1839). The name "perovskite" 

comes from the mineral perovskite, which was named after Russian 

mineralogist Lev Perovski. Perovskite materials have gained significant 

attention in recent years, particularly in the field of solar cell technology, due 

to their exceptional optoelectronic properties. They have demonstrated high 

power conversion efficiencies, low-cost fabrication processes, and the 

potential for scalability. Perovskite materials can be solution processed, 

which means they can be deposited onto various substrates using 

techniques like spin coating, inkjet printing, or vapor deposition. This makes 

them attractive for large-scale manufacturing and integration into flexible 

and lightweight solar cells. Apart from solar cells, perovskite materials have 

shown potential in other areas such as light-emitting diodes (LEDs), 

photodetectors, lasers, and various optoelectronic devices. They have also 

been investigated for applications in catalysis, sensors, batteries, and 

memory devices. It's worth noting that while perovskite materials offer 

great promise, there are still challenges that need to be addressed, such as 

stability issues, moisture sensitivity, and toxicity concerns related to lead-

containing perovskites[5]. Researchers are actively working to overcome 

these challenges and develop more stable and environmentally friendly 

perovskite materials. Overall, perovskite materials have emerged as a highly 

promising class of materials with a wide range of applications in the field of 

energy and optoelectronics, and ongoing research continues to uncover new 

possibilities for their use. 

In terms of solar cells, perovskite-based solar cells have gained significant 

attention in recent years due to their potential for high efficiency and low 

cost. The history of perovskite solar cells dates back to 2006, when 

researchers at the Tokyo Institute of Technology first demonstrated the use 

of perovskite materials in a solar cell. The first perovskite solar cell was 

made using a dye-sensitized solar cell (DSSC) architecture, with a perovskite 

material serving as the light-absorbing layer. However, the efficiency of 

these early perovskite solar cells was relatively low, with a maximum 

efficiency of around 3.8% [6]. In 2012, researchers made a breakthrough in 

the development of perovskite solar cells, achieving an efficiency ~ 10% [7]. 
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This was achieved by using a solid-state perovskite material, rather than a 

liquid material used in previous designs. Since then, the efficiency of 

perovskite solar cells has continued to improve rapidly, with record-

breaking efficiencies of over 25% reported in 2020 from UNIST and EPFL 

researchers, while in 2023 reported an efficiency of 26.08% [8]. This has 

made perovskite solar cells a promising candidate for low-cost, high-

efficiency solar energy generation.  

 

Tandem Solar Cells 

Tandem solar cells are a promising technology that has the potential to 

significantly improve the efficiency of solar energy conversion. These 

devices are designed to combine two or more different types of solar cells on 

top of each other, with each cell absorbing a different portion of the solar 

spectrum. The idea behind tandem solar cells is to capture more of the 

available sunlight by utilizing efficiently a broader range of wavelengths. By 

stacking multiple cells, each optimized for a different portion of the 

spectrum, the overall efficiency of the device can be greatly increased. The 

concept of tandem solar cells has been around for many years, but there is 

no work reported until the 1980s.  In the 1990s, researchers began to 

explore the use of different materials for the top and bottom cells in tandem 

cells. This led to the development of heterojunction tandem cells, where the 

top and bottom cells are made of different materials. One of the primary 

works of multijunction solar cells, published in 1978 from S. M. Bedair et al. 

with a GaAs/AlGaAs tandem solar cell with an open circuit voltage of 2Volts, 

the highest value until then. Although the maximum calculated efficiency for 

a GaAs/AlGaAs was ~25%, due to non-optimized parameters, the efficiency 

on this work was ~9% [9]. In 1990, J.M. Olson et al. developed a GaAs/InGaP 

tandem solar cell with an efficiency of 27.3% [10] while in 1994, researchers 

at the National Renewable Energy Laboratory (NREL) reported a tandem cell 

based on the same GaAs/InGaP heterostructure with an optimized efficiency 

of 29.5% [11]. As soon as after the perovskite break through, hybrid tandem 

structures reported. In 2015, P. Mailoa et al. published a Si/Perovskite 

tandem solar cell device, with an efficiency of 13.7% [12] , while, 2 years 

later published a Si/Perovskite tandem solar cell device with a significant 

increased efficiency of 23.6% [13]. A little bit later, published and the first 
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work based on GaAs/Perovskite solar cell from Z. Li et all with an efficiency 

of 25.19% [14]. 
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Chapter 2 

Introduction 

The increasing demand for renewable energy has led to significant 

advancements in solar cell technology. Gallium arsenide (GaAs) is a widely 

used material in the field of photovoltaics due to its excellent optoelectronic 

properties. However, GaAs solar cells have limitations in terms of cost-

effectiveness and efficiency, which has prompted researchers to explore new 

architectures and/or the combination with other materials in terms of a 

relatively high efficiency and low-cost device, with the optimum utilization 

of the solar energy. On this point, perovskite solar cells, a relatively new class 

of ‘’solar cell material’’, provides low cost, ease of fabrication and high 

efficiency either as a single solar cell or as a combination with other 

materials. 

The main goal of this thesis is the development of GaAs-Perovskite tandem 

solar Cell, the design and optimization of the parameters that will offer the 

proper combination and interconnection of these two materials and will lead 

to high efficiency tandem solar cell. Additionally, this work includes 

electrical and optical characteristics analysis of the cells, optimized bandgap 

of the perovskite cell for efficient tandem operation, and investigating the 

effect of various parameters on the overall performance of the tandem cells. 

 

GaAs Solar Cells 

Growth Process  

Gallium Arsenide growth requires multiple and well control steps for 

reproducible and high-quality results. Epitaxy of Gallium Arsenide refers to 

the process of depositing thin layers of gallium arsenide (GaAs) 

semiconductor material on a suitable substrate to fabricate GaAs solar cells. 

Epitaxy is a crucial step in the manufacturing of GaAs solar cells, as it 

determines the structural and electrical properties of the material, which 

directly impact the cell's efficiency and performance. The most well-known 

epitaxy techniques are molecular beam epitaxy (MBE) and metalorganic 

vapor phase epitaxy (MOVPE), also known as metalorganic chemical vapor 

deposition (MOCVD). The process begins with preparing a suitable 
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substrate, typically a single-crystal substrate like gallium arsenide itself or 

other materials such as germanium (Ge) or silicon (Si). The substrate should 

have a lattice structure and a matching crystal orientation to facilitate the 

growth of high-quality GaAs layers. The substrate is carefully cleaned 

thoroughly to remove any contaminants or oxide layers. Various cleaning 

techniques, such as chemical etching or thermal treatments, are employed 

to ensure a clean and smooth surface for epitaxial growth. In MBE or MOVPE, 

the GaAs layers are grown atom by atom on the prepared substrate. The 

process involves introducing controlled amounts of gallium (Ga) and arsenic 

(As) precursors into a reaction chamber, where they react and deposit onto 

the substrate. The growth conditions, such as temperature, pressure, and 

precursor flow rates, are precisely controlled to achieve the desired layer 

thickness and quality.  

 

 

Figure 4. a) Zincblende structure of GaAs showing the relative positions of arsenic and gallium atoms 

and b) Conduction and valence band energies of GaAs as a function of wave vector. Pictured are the 

conduction and valence band edges. The values noted on the diagram are those appropriate for 

room temperature [15]. 

In terms of solar cells, multiple layers are grown for a GaAs solar cell 

structure. These layers include n-type and p-type doping and contain light-

absorbing layers, and various other functional layers, depending on the 

specific design of the solar cell. After the epitaxial growth, the solar cell 

structure undergoes additional processing steps such as annealing, surface 

passivation, and metallization. These steps optimize the electrical and 

optical properties of the device and facilitate efficient charge extraction and 

collection. The epitaxy of GaAs solar cells requires excellent control at each 

step, for a high quality, uniformity, and with the suitable doping profiles for 

a) b) 
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the energy band alignment device. The goal is to create a high-performance 

solar cell with optimal light absorption and efficient carrier transport. 

Continuous research and development in epitaxial growth techniques are 

focused on enhancing the efficiency and reliability of GaAs solar cells for a 

wide range of applications, including space exploration, terrestrial power 

generation, and portable electronics. 

 

Solar Cell Architecture 

A typical architecture of a GaAs solar cell typically contains several layers, 

with each layer playing its specific major role. A simplified description for a 

GaAs solar cell growth with an n-p or an n-i-p structure start with a heavily 

n-doped substrate which could ensure the efficient collection of electrons to 

the bottom contact of the solar cell. Then, an n-type material with the 

suitable energy levels will be deposited as a back surface field layer.  Above 

the substrate, there is a thin layer of n-type GaAs. This layer is doped with 

elements such as silicon or tellurium to introduce free electrons, creating an 

excess of negatively charged carriers. On top of the n-type layer, there is a 

thin layer of p-type GaAs. This layer is doped with elements such as zinc, 

beryllium or carbon to create an excess of positively charged carriers known 

as "holes." The interface between the n-type and p-type layers forms a 

region, called depletion region. This region is crucial for the solar cell as it 

creates an internal electric field that separates photo-generated electron-

hole pairs. In a p-i-n approximation, an intrinsic layer of GaAs is deposited 

between n-region and p-region for a larger depletion area. On top of the p-

region is deposited an extra p-type layer, called window layer, respectively 

to the back surface field. To improve light absorption, an anti-reflection 

coating is applied to the top surface of the solar cell. This coating reduces the 

reflection of incident light, allowing more photons to enter the cell. Electrical 

contacts made of metals, such as silver, gold or aluminum, are placed on the 

top and bottom surfaces of the solar cell. These contacts enable the 

extraction of electric current generated by the absorbed photons.  
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Figure 5. a) Schematical representation of a typical Solar cell Architecture and b) the energy band 

diagram for a p-n Solar Cell. 

 

P-N and P-I-N Diode 

A p-n junction is a boundary or interface between two regions of a 

semiconductor material, one doped with p-type impurities and the other 

with n-type impurities. This junction plays a fundamental role in the 

operation of various electronic devices, including diodes, transistors, and 

solar cells. In a p-n junction, the p-type region contains an excess of 

positively charged carriers, known as "holes," due to the introduction of 

impurities (acceptors) that have fewer valence electrons than the host 

material. The n-type region, on the other hand, has an excess of negatively 

charged carriers, typically electrons, introduced by impurities with more 

valence electrons (donors) than the host material. When the two regions are 

brought into contact to form a p-n junction, a diffusion of carriers occurs 

across the junction due to the concentration gradient. Holes from the p-

region diffuse into the n-region, and electrons from the n-region diffuse into 

the p-region. This diffusion process continues until an equilibrium is 

reached, resulting the formation of a depletion region. The depletion region 

is a thin region near the p-n junction where the free carriers have diffused 

away, leaving behind immobile ions with opposite charges. In this region, 

positive and negative charges create an internal electric field that prevents 

further diffusion of carriers. As a result, an electric potential barrier is 

formed, known as the built-in potential or junction potential.  

The p-i-n diode is a type of diode that incorporates an intrinsic (i) region 

between the p-type and n-type regions. The "p" stands for the p-type region, 

a) b) 
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"n" represents the n-type region, and "i" refers to the intrinsic region. The p-

i-n diode's intrinsic region enables several important applications. It 

provides higher breakdown voltage capabilities compared to standard p-n 

junction diodes, making it suitable for high-power and high-frequency 

applications. The wide intrinsic region also allows for improved sensitivity 

in photodetection applications, such as photodiodes, where incident light 

generates electron-hole pairs in the intrinsic region, resulting in a 

measurable photocurrent. In contrast, in a p-n diode does not have a native 

intrinsic region and consists of two heavily doped regions with higher 

conductivity each one. It’s worth noting that while p-i-n diodes have certain 

advantages over p-n diodes in specific applications, p-n diodes are still 

widely used in various electronic circuits for rectification, switching, and 

voltage regulation due to their simplicity and cost-effectiveness. 

 

Window Layer  

The window layer in GaAs solar cells is an important component that plays 

a crucial role in optimizing light absorption and electron extraction. It is 

usually made of a thin layer of a different semiconductor material with 

higher bandgap, such as aluminum gallium arsenide (AlGaAs) [16] or gallium 

indium phosphide (GaInP) [17]. The window layer is placed on top of the 

GaAs layer to form a heterojunction, which allows for efficient extraction of 

photo-generated electrons. The primary function of the window layer is to 

reduce surface recombination losses and improve the collection of photo-

generated carriers. It serves as a selective contact, allowing photons with 

energies above the GaAs bandgap to pass through and reach the active 

region where they can be absorbed. By using a window layer with a wider 

bandgap than GaAs, a favorable energy level alignment can be achieved. This 

alignment promotes efficient charge carrier extraction, minimizing losses 

due to recombination and enhancing overall cell performance. Additionally, 

the window layer also helps in passivating the GaAs surface, reducing 

surface defects and improving the device's stability and reliability. 

Overall, the window layer in GaAs solar cells is a critical component that 

contributes to the high efficiency and excellent performance of these solar 

cells. It enables efficient light absorption, enhances charge carrier extraction, 
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and minimizes surface recombination losses, ultimately leading to improved 

conversion of sunlight into electricity. 

 

Back Surface Field  

Back surface field (BSF) is a technique used in solar cell design to minimize 

recombination losses at the back surface of the cell, thereby improving the 

overall efficiency of the cell.  The BSF layer is commonly used in silicon-based 

solar cells [18], as and in gallium arsenide (GaAs) solar cells [19]. The main 

role of this layer is to repeal the minority carriers and helps the majority 

carriers to pass through, to the electrodes. It's important to note that GaAs 

solar cells are typically heterojunction devices, consisting of a higher 

bandgap window layer, a GaAs absorber layer and a thin, high-quality layer 

of a different material, such as aluminum gallium arsenide (AlGaAs) for a 

proper energy alignment. This heterojunction design already helps to reduce 

recombination at the back surface, making the use of a dedicated BSF layer 

less necessary. In summary, back surface field (BSF) plays a similar role to 

the window layer an rely to minimize recombination at the back surface, 

taking advantage of the heterojunction design to achieve high efficiency. 

 

Perovskite Solar Cells 
Solar Cell Architecture 

Perovskite solar cells are a type of photovoltaic device that utilize perovskite 

materials as the active layer to convert sunlight into electricity. A typical 

architecture of a perovskite solar cell includes a lot of sub-layers. The whole 

device is processed on a substrate with a Transparent Conducting Oxide 

(TCO) Layer deposited on it. The substrate, which is the bottom layer of the 

solar cell, provides mechanical support for the full device, usually made of 

glass, plastic, or a flexible material such as metal foil. The TCO layer, which 

allows light to pass through to reach the active layer while providing 

electrical conductivity for one of the two device electrodes, is typically made 

of a transparent conductive material like indium tin oxide (ITO) or fluorine-

doped tin oxide (FTO). Two crucial layers for perovskite solar cells are the 

Electron Transport Layer (ETL) and Hole Transport Layer (HTL). The ETL is 

a thin layer that facilitates the efficient extraction of electrons from the 
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perovskite layer, while it also helps to block holes inside the perovskite 

layer, thus improving the device's performance. On the other hand, the HTL 

is a thin layer that facilitates the efficient extraction of holes from the 

perovskite layer and block the free electrons to pass through and recombine 

with the holes. These two layers, play a major role for the solar characteristic 

and the final performance of the perovskite solar cell. Between ETL and HTL 

is deposited the perovskite/photo-active layer. The perovskite layer is the 

heart of the solar cell and is responsible for absorbing photons and 

generating electron-hole pairs. Perovskite materials have a unique crystal 

structure that enables efficient light absorption and charge transport. 

Finally, for a complete solar cell circuit, is deposited the metal electrode. The 

metal electrode serves as the respectively to the TCO electrode, and collects 

the extracted carriers from the ETL and HTL, according to the structure 

design (p-i-n or n-i-p). It is important to note that perovskite solar cell 

architectures can vary depending on the specific device design, as there are 

numerous research efforts underway to optimize efficiency, stability, and 

scalability. Therefore, the above architecture represents a general 

framework for perovskite solar cells, but variations and improvements are 

continuously being explored by researchers in the field. 

 

Perovskite Compounds 

Perovskite materials have gained significant attention in the field of solar 

cells due to their remarkable photovoltaic properties. Perovskite solar cells 

(PSCs) offer the potential for high efficiency, low-cost, and easy fabrication, 

making them an attractive alternative to traditional silicon-based solar cells. 

Perovskite refers to a specific crystal structure that many materials can 

adopt. The perovskite structure has the general formula ABX3, where A and 

B are cations, and X is an anion. In the case of perovskite solar cells, the most 

commonly used material is a hybrid organic-inorganic perovskite, where the 

A-site is occupied by an organic cation, such as methylammonium (MA), 

formamidinium (FA) and Cesium (Cs), the B-site is occupied by a metal 

cation, typically lead (Pb) or Tin (Sn), and X is a halide anion, like iodide (I), 

bromide (Br) or chloride (Cl). A typical perovskite structure is presented on 

figure 6, where the organic cation is between the tetrahedron, with a metal 

cation in the center and the halide anions on the corners of each tetrahedron. 

Perovskite materials have exceptional light absorption properties, allowing 
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them to efficiently convert a wide range of sunlight wavelengths into 

electrical energy.  

 

 

Figure 6. a) MAPbI3 perovskite structure [20] and b) Energy band structure of MAPbI3 as a function 

of wave vector [21]. 

The high absorption coefficient and the tunable bandgap, enabling them to 

absorb a large portion of the solar spectrum. Despite their promising 

performance, perovskite solar cells face several challenges. One major 

concern is their stability, as perovskite materials can degrade in the 

presence of moisture, heat, and light. Researchers are actively working on 

developing more stable perovskite formulations and encapsulation 

techniques to enhance their durability. Additionally, the toxicity of lead in 

some perovskite formulations is a subject of concern, and efforts are being 

made to develop lead-free perovskite materials. From the other side, 

perovskite solar cells hold great potential for the future of solar energy. They 

offer the advantages of low-cost production, easy fabrication on flexible 

substrates, and high efficiency. Continued research and development are 

focused on addressing stability and toxicity concerns, improving scalability, 

and exploring tandem architectures with other solar cell technologies to 

achieve even higher efficiencies. 

 

Electron Transport Layers 

Electron transport layers (ETLs) play a crucial role in perovskite solar cells 

by facilitating the extraction and transport of electrons from the perovskite 

layer to the electrode, as well as by minimizing electron-hole recombination. 

a) b) 
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For the efficient process of an ETL, it is important that the energy level of the 

Lowest Unoccupied Molecular Orbit (LUMO) and the Highest Occupied 

Molecular Orbit (HOMO) of the ETL to be lower than the LUMO and HOMO 

of the perovskite layer, in order to have efficient extraction of free electrons 

and efficient repulsion of free holes respectively. It is also important to be a 

transparent material in order to avoid parasitic losses of the incident 

photons. The most common materials that fulfill these criteria are TiO2, SnO2, 

ZnO and some organic molecules as PCBM. 

 

Hole Transport Layers 

HTLs, respectively to ETLs, are responsible for the efficient extraction of free 

holes and the repulsion of free electrons. Contrary to the ETLs, for the 

efficient process of an HTL, it is important the energy level of the LUMO and 

the HOMO layer to be higher than the LUMO and HOMO of the perovskite for 

the efficient extraction of holes and minimization of recombination effects. 

High transparency is also required. Well known materials for HTLs are 

organic small molecules as SPIRO-OMeTAD and P3HT, conducting molecules 

as PEDOT: PSS and PTAA, transition metals as NiO and MoOx and inorganic 

materials as CuSCN and CuI.   

 

 

Figure 7. A summarized energy level diagram of representative organometal perovskites and 

charge-extraction interlayers. The dotted lines represent the work function of the materials [22]. 

ETL’s 
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Transparent Conductive Oxides  

Transparent conductive oxides (TCOs) are a class of materials that possess 

both transparency and electrical conductivity. These materials are widely 

used in various applications where transparent conductors are required, 

such as touchscreens, solar cells, light-emitting diodes (LEDs), and smart 

windows. The primary characteristic of TCOs is their ability to allow light to 

pass through, while simultaneously conducting current. This combination of 

properties is crucial for applications that require the transmission of light, 

while maintaining electrical functionality. TCOs typically exhibit high optical 

transparency in the visible spectrum and low sheet resistance for efficient 

electrical conduction. The most commonly used TCOs are indium tin oxide 

(ITO), which consists of a transparent matrix of indium oxide (In2O3) with 

tin oxide (SnO2) dopants, and Fluorine-doped Tin Oxide (FTO) which is a 

TCO that consists of tin oxide (SnO2) doped with fluorine (F) atoms. The 

fluorine doping enhances the electrical conductivity of tin oxide, making it 

suitable for applications requiring transparent electrical contacts.  FTO and 

ITO offer relatively high electrical conductivity and good transparency in the 

visible spectrum. They are commonly employed in photovoltaics, such as 

thin-film solar cells, as a transparent electrode. Alternative to ITO and FTO, 

a TCO with promising characteristics is Aluminum-doped Zinc Oxide (AZO), 

which offers good conductivity and transparency and has shown potential 

as a replacement for ITO [23]. Some other types of TCO are the transparent 

conducting polymers (TCPs) [24] which offer flexibility, lightweight 

properties, and compatibility with low-temperature processing techniques, 

Copper-based TCOs which have demonstrated good transparency and 

electrical conductivity, with copper to be more abundant and cost-effective 

than indium while some other oxide materials such as gallium-doped zinc 

oxide (GZO) [23] are being investigated as TCOs with main focus of the 

desired balance between transparency and conductivity. Research in the 

field of TCOs aims to develop materials that are not only highly transparent 

and conductive but also cost-effective, environmentally friendly, and 

suitable for flexible and large-scale applications.  

 



 
Page | 25  

 

Metal Electrode  

The metal contacts on solar cells play a crucial role in extracting electrical 

current from the photovoltaic device. Some typical specifications and 

considerations regarding metal contacts on solar cells are that the metal 

contacts must form a low-resistance ohmic contact with the semiconductor 

material of the solar cell, typically silicon. This ensures efficient charge 

carrier extraction without significant energy losses. Various techniques are 

used to deposit and pattern the metal contacts onto the solar cell surface. 

These include screen printing, sputtering, thermal evaporation, laser 

ablation, and inkjet printing. The choice of technique depends on factors 

such as cost, scalability, and the specific requirements of the solar cell 

technology. For perovskite solar cells, in terms of research and development, 

the most common techniques are sputtering and thermal evaporation. The 

metal contacts are typically made of highly conductive materials, such as 

gold (Au), silver (Ag), aluminum (Al), or copper (Cu). It's important to note 

that the specifications and considerations mentioned above can vary 

depending on the specific type of solar cell technology, such as crystalline 

silicon, thin-film, or emerging third-generation solar cells. Each technology 

may have unique requirements and optimizations for the metal contacts. 

 

Tandem Solar Cells 
Design and architecture of Tandem solar cells  

Tandem solar cells, also known as multi-junction solar cells, are a type of 

photovoltaic devices that combine multiple solar cells with different 

bandgaps to achieve higher energy conversion efficiency compared to 

single-junction solar cells. The design and architecture of tandem solar cells 

are optimized to enhance the absorption of sunlight and improve overall 

energy conversion efficiency. Two basic and well-known architectures of 

tandem solar cells are the 4 terminal/mechanically stacked and the 2 

terminal/monolithic tandem solar cells.  
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Figure 8. a) Schematical representation of a Perovskite/GaAs Solar Cell and b) External quantum 

efficiency (EQE) and total absorbance (1-R) of the 2T tandem cell [14]. 

 

2-Terminal Monolithic Tandem Solar Cells 

Two-terminal tandem solar cells, also known as monolithic tandem solar 

cells or multi-junction solar cells, are a type of photovoltaic devices that 

consist of multiple individual sub-cells stacked on top of each other. Unlike 

traditional single-junction solar cells, which can absorb solar light with a 

single energy gap, increasing the energy losses for more of the energetic 

photons, tandem solar cells can harvest efficiently a broader range of 

wavelengths, resulting in higher overall efficiency. 

In a two-terminal tandem solar cell, the individual sub cells are connected 

electrically in series, allowing the current to flow through them sequentially. 

Each sub cell is designed to absorb a specific portion of the solar spectrum 

efficiently. Typically, each sub cell is made of a different semiconductor 

material with a bandgap that matches the energy range of the targeted 

wavelengths. The top sub cell in a tandem solar cell is designed to absorb the 

high-energy photons (shorter wavelengths), while the bottom sub cell 

absorbs the low-energy photons (longer wavelengths) (figure 8a). This 

arrangement allows the tandem solar cell to absorb more efficiently the 

solar spectrum and convert more sunlight into electricity. To connect the sub 

cells in series, transparent conducting layers or tunnel junctions are used 

between them. These layers enable the efficient transfer of charge carriers 

a) b) 
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(electrons and holes) from one sub cell to the next, minimizing losses in the 

overall energy conversion process.  

The advantage of two-terminal tandem solar cells is their higher efficiency 

compared to single-junction solar cells. By combining multiple sub cells with 

different bandgaps, tandem solar cells can achieve power conversion 

efficiencies greater than those of individual sub-cells or single-junction solar 

cells. This increased efficiency makes tandem solar cells particularly suitable 

for applications where high-power output is desired, such as space 

exploration, concentrator photovoltaics, and other specialized applications. 

 

4-Terminal Mechanical Stacked Tandem Solar Cells 

The 4-terminal configuration refers to separate electrical contacts for each 

of the two sub-cells. It enables the independent control and optimization of 

each sub-cell's current and voltage output. The sub-cells are connected 

independently and the final output power arises from the summation of each 

sub-cell power conversion. The design of four-terminal solar cells is complex 

and requires precise engineering of the sub-cells’ bandgaps and material 

properties to ensure optimal performance. By using different materials with 

varying bandgaps, each subcell can absorb a specific portion of the solar 

spectrum more efficiently. This approach helps to overcome the limitations 

of single-junction solar cells, which are primarily limited by the bandgap of 

the absorbing material. Four-terminal solar cells have the potential to 

achieve higher conversion efficiencies compared to single-junction solar 

cells. The additional sub-cells allow for a higher utilization of the solar 

spectrum, especially in the case of concentrated sunlight or in environments 

with varying lighting conditions. These cells are often used in advanced 

photovoltaic applications, such as space satellites, high-efficiency solar 

panels, and concentrator photovoltaics systems. It's worth noting that four-

terminal solar cells are still an active area of research and development, and 

their commercialization and widespread adoption are yet to be fully 

realized. However, their potential to significantly improve solar cell 

efficiency makes them an exciting prospect for the future of solar energy 

technology. 

Comparing to the two basic architectures of tandem solar cells, in a two-

terminal tandem solar cell, the individual sub-cells are connected in series, 
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which means that current flows through all the sub-cells in the same path. 

Additionally, the voltage output of a two-terminal tandem solar cell is the 

sum of the voltages generated by each sub cell. However, if there is a 

significant difference in the current produced by the sub cells, it can lead to 

current losses across the sub cell with the lower current output. From the 

other side, in a 4-terminal tandem solar cell, each sub cell has its own set of 

front and back contacts, and the sub cells are electrically independent from 

each other. This configuration allows independent control of each sub cell 

and eliminates the current-matching constraint. This means that each sub 

cell can provide its maximum characteristics without being affected by the 

other sub cells, resulting in higher power conversion comparing to the 2-

terminal solar cell. In terms of manufacturing cost and complexity, a two-

terminal tandem solar cell is relatively simpler compared to the four-

terminal configuration since it requires fewer electrical contacts and 

interconnections. From the other side, the manufacturing process for 4-

terminal tandem solar cell is more complex due to the additional contacts 

and interconnections required for each sub cell. Also care has to be taken for 

antireflective (AR) coatings of interfaces to minimize optical losses by 

internal reflections. This complexity can increase the manufacturing cost.  

In summary, a four-terminal tandem solar cell offers advantages in terms of 

independent control of each sub cell, higher overall efficiency, however, it 

comes with increased complexity and manufacturing cost compared to a 

two-terminal tandem solar cell. The choice between the two depends on 

specific requirements, cost considerations, and technological capabilities. 
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Chapter 3 

Characterization Techniques 
X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a technique that provides 

information about the composition and chemical bonds of the surface of a 

solid material. The basic mechanism of this technique, is the generation of X-

Rays by a monochromatic X-Ray source which collide on the material 

surface. As a result, core-electrons of the surface atoms are ejected. These 

electrons, which are also called photoelectrons, carry information about the 

chemical bonding, the oxidation level of the atom, the environment of the 

atoms they came from, the energy and electronic structure of the surface. 

 

 

Figure 9. Animation of the instrumentational operation of XPS [25]. 

The photoelectrons are collected and analyzed by a hemispherical energy 

analyzer which measures the kinetic energy of the photoelectrons and 

generates a spectrum that represents the number of electrons at each energy 

level. The binding energy of the photoelectrons is determined by comparing 

their kinetic energy with that of electrons in reference materials. XPS is 

commonly used in various fields, including materials science, surface 
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chemistry, catalysis, semiconductor research, and nanotechnology. It is 

important to note that XPS is a surface-sensitive technique, typically probing 

depths of a few nanometers. Therefore, it provides information primarily 

about the surface of a material rather than its bulk composition. Sample 

preparation and handling are crucial to ensure representative and reliable 

results in XPS measurements [26], [27]. 

 

X-Ray Diffraction  

X-ray diffraction (XRD) is a technique used to characterize the crystallinity 

of the materials. It is a commonly used technique in various scientific fields, 

including solid-state physics, materials science, chemistry, geology, and 

biology, to determine the crystal structure of a wide range of materials. It 

can provide valuable information about the atomic space, crystal symmetry, 

and the presence of impurities or defects in a crystal lattice. XRD is based on 

the principle that when X-rays pass through a crystalline material, they 

interact with the atoms in the crystal lattice and are diffracted in specific 

directions. The Bragg-law can describe the correlation between the source 

wavelength (λ), the distance between the atomic planes (d) and the specific 

angle that we expect the signal peak of each material. The basic components 

of an XRD system include an X-ray source, a sample holder, a detector, and a 

data analysis software. The X-ray source emits a beam of X-rays that is 

directed at the sample. The X-rays interact with the sample and produce a 

diffraction pattern, which is collected by the detector. The detector measures 

the intensity of the diffracted X-rays as a function of the angle of incidence. 

The data obtained from the detector is then analyzed to determine the 

crystal structure of the sample. XRD can be used to identify unknown 

materials by comparing their diffraction patterns with known patterns in 

databases. It can also be used to study phase transformations, crystal defects, 

and the effects of temperature or pressure on the crystal structure of 

materials.  
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Figure 10. Schematical representation of a) an XRD set-up for a θ-2θ measurement and b) the 

interaction of the X-rays with the crystalline material and the diffractive spectrum which is collected 

from the detector [28]. 

Overall, X-ray diffraction is a powerful tool for studying the atomic and 

molecular structure of crystalline materials, providing valuable insights into 

their physical and chemical properties. 

 

UV-Vis Spectroscopy 

UV-visible measurement refers to the spectroscopic technique used to 

analyze the absorption, reflection or transmission of ultraviolet (UV) and 

visible light by a sample. It is commonly employed in various scientific fields, 

including chemistry, biology, physics, and materials science, to investigate 

the interaction of a material (film, powder or solution) with big parts of the 

solar spectrum. In UV-visible spectroscopy, a spectrophotometer is used to 

measure the intensity of light passing after the interaction with the sample 

as a function of wavelength. The instrument consists of a light source, a 

monochromator to isolate specific wavelengths, a sample holder, and a 

detector to measure the light intensity. By measuring the absorption, 

reflectance or transmission of light through a sample at different 

wavelengths, information about the sample's chemical composition, 

concentration, energy gap and structure can be obtained. UV-visible 

spectroscopy has numerous applications. In a general approximation, it 

provides useful information of the materials such as determining the 

concentration of a compound in a solution through Beer's law, the electronic 

transitions and energy levels of molecules, it is utilized to analyze 

biomolecules like proteins and nucleic acids [29], providing insights into 

a) b) 



 
Page | 32  

 

their structure, conformational changes, and interactions of the materials 

[30].  

 

 

Figure 11. Ultraviolet-Visible measurement, a schematic representation. 

UV-visible measurement is a versatile technique that allows scientists to 

explore the electronic properties of substances and obtain valuable 

information about their chemical composition, concentration, and structure. 

 

Photoluminescence Spectroscopy 

Photoluminescence spectroscopy is a powerful technique to study the 

optical properties of materials and molecules. The main process of this 

measurement is based on the absorption of the incident light and the 

excitation of electrons to higher energy levels. It involves the emission of 

light by a sample after it has absorbed photons of a higher energy. The 

excited electrons, relax down to the lowest excited states and they emit 

photons with energy equal to the energy difference of the lowest excited and 

ground state. The emitted light is called photoluminescence, and its 

properties can provide valuable information about the sample's structure, 

composition, and electronic properties.  

 

Figure 12. Representation of excitation and emission process of an electron via photoluminescence 

measurement. 
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There are different variations of this technique. Some commonly used 

techniques are the photoluminescence excitation (PLE) where is measured 

the excitation spectrum by monitoring the intensity of emitted light while 

varying the excitation energy, photoluminescence emission (PL) which 

measures the emission spectrum, which provides information about the 

energy levels involved in the relaxation process and   time-resolved 

photoluminescence (TRPL) which measures the decay of the 

photoluminescence signal over time. Each technique can provide different 

information such as details about the band structure, defects, impurities, or 

other properties of the material (PL) and information about the lifetime of 

the excited states, carrier dynamics, and other time-dependent phenomena 

(TRPL) or it helps identify the absorption bands that contribute to the 

observed photoluminescence (PLE). 

 

Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is 

a powerful technique, used to zoom in 

the materials at high resolution. It 

provides detailed images and 

information about the surface 

morphology and the thickness of the 

samples. The SEM works by using a 

focused electron beam that scans 

across the surface of the sample. It has 

an electron source, typically a heated 

tungsten filament (SEM) or a field 

emission gun (FE-SEM), which emits a 

beam of high-energy electrons. The 

emitted electrons are accelerated 

through an electric field and focused 

using a set of electromagnetic lenses. 

These lenses help to form a narrow, 

converging electron beam which scan across the sample in a systematic 

pattern. This interaction generates various signals which are collected from 

different detectors. The most common signal, detected in SEM, secondary 

electrons (SE) which are low-energy electrons that are generated when the 

Figure 13. Schematic representation of a 
scanning electron microscope (JSM—5410, 
courtesy of JEOL USA) [31]. 
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primary electron beam strikes the sample surface and carries information 

about the surface topography, providing high-resolution micrographs. 

Another type of generated signal is the backscattered electrons (BSE) which 

have higher energy compared to SEs and are generated when the primary 

electron beam interacts with the atomic nuclei of the sample’s atoms. BSE 

signal is used to obtain image contrast which is due to compositional 

differences. An important step for high resolution/noise free images is the 

sample preparation. If the sample is not conductive, it must be coated with a 

thin layer of a conductive material like gold or carbon. This coating prevents 

the accumulation of electric charge on the sample surface and improves the 

quality of the resulting images. Additionally, SEM can be equipped by 

Energy-Dispersive X-ray Spectroscopy (EDS) detectors which collect and 

analyze the X-rays produced also from the interaction between the electron 

beam and the sample, used for qualitative and quantitative elemental 

composition analysis. SEM is widely used in various fields, including 

materials science, biology, geology, nanotechnology, and provides valuable 

insights into the structure and properties of materials [31]. 

 

Hall Measurement 

The Hall effect is a phenomenon observed in conductive materials when a 

current flows through them in the presence of a magnetic field 

perpendicular to the current direction. It was discovered by Edwin Hall in 

1879 [32]. When a current is passed through a material in the presence of a 

magnetic field, a voltage perpendicular to both the current and the magnetic 

field is induced. This voltage is known as the Hall voltage (VH) and depends 

on the magnetic field strength (B), the current (I), and a material-specific 

parameter known as the Hall coefficient (RH).  
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Figure 14. Hall effect for ambipolar conduction as in a semiconductor where there are both electrons 

and holes which are deflected from the magnetic field toward the bottom surface of the conductor 

and consequently the Hall voltage depends on the relative mobilities and concentrations [33]. 

The Hall coefficient (RH) is a material-specific property that depends on the 

type of charge carriers (p-type or n-type) and their concentration in the 

material. By measuring the Hall voltage for a specific magnetic field strength 

and current, it is possible to determine the Hall coefficient, which provides 

valuable information about the charge carriers in the material.  

 

External Quantum Efficiency 

External Quantum Efficiency (EQE) is a measurement that extracts the ratio 

of the number of charge carriers (electrons or holes) generated and collected 

from the electrodes, compare to the number of incident photons. Is a well-

known measurement for optoelectronic devices such as solar cells, 

photodetectors, and light-emitting diodes (LEDs). Experimentally, for the 

EQE measurement you need a monochromator and a white light-source, a 

chopper for lock-in detection, a power meter and an electrometer.  
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Figure 15. Animation of EQE experimental set-up. 

The EQE can then be determined by comparing the extracted photocurrent 

with the incident optical power. EQE is a very important parameter which 

pronounces the efficient performance and the responsivity of the device on 

a wide range of solar spectrum. It provides insight information about the 

efficiency and overall effectiveness in converting light into electricity or vice 

versa [34]. 

 

Dark I-V 

Dark I-V measurement, is a 

measurement performed by applying 

a voltage bias across the device and 

measuring the resulting current. This 

technique used to characterize the 

electrical behavior of a semiconductor, 

a diode or device in the absence of 

external light illumination. This 

current is a combination of drift and 

diffusion currents, and is affected 

mainly from traps in the bulk material or on the interfaces, and from the 

resistivity of each material.  With that measurement you can determine a lot 

of parameters such as the leakage current, threshold voltage, breakdown 

voltage, and the overall quality of the device. There is also a well-known 

model, the diode model (figure 17) where all the losses are described with a 

shunt and a series resistance and affect the performance of the device. From 

this model, except of the resistance values, you can extract also the ideality 

Figure 16. Dark IV of a pn GaAs Solar Cell. 
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factor, which pronounce different recombination losses according to the 

material that is measured.  

 

Photo I-V 

A photo I-V measurement, also known as illuminated I-V measurement, is a 
process pretty similar with the dark I-V measurement, but it takes place 
under illumination. It is a specific type of current-voltage (I-V) measurement 
for solar cells and you can extract important characteristics such as open 
circuit voltage (Voc), short circuit current (Jsc), fill factor (FF) and overall, the 
power conversion efficiency (PCE) which is the final figure of merit for a 
good solar cell. The diode model can describe very well a solar cell and from 
the extracted resistance values we can predict the quality of the photovoltaic 
parameters described above. More specifically, the Rsh describe a parallel 
path where we can have carrier losses due to defects, while Rs represents the 
total resistance of the device through the electrodes.  

 

Figure 17. A schematic of a solar cell described as a single diode [35]. 

For the illumination conditions regarding, to the solar spectrum, two basic 

irradiation conditions are well known for this type measurements, Air Mass 

1 (AM1) and Air Mass 1.5 (AM15). AM1 represents the solar spectrum at sea 

level when the sun is directly overhead (zenith angle of 0 degrees), and the 

light passes through a vertical path of the Earth's atmosphere (ideal 

conditions) while AM1.5 represents the solar spectrum when the sun is at a 

41.81-degree angle above the horizon, which corresponds to sunlight 

passing through approximately 1.5 times the thickness of the Earth's 

atmosphere. AM1.5 is more usual irradiation condition as is takes account 

the atmosphere effect [36]. 
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Chapter 4 

Gallium Arsenide Solar Cells 
Introduction 

Gallium Arsenide is a well-studied material due to its excellent 

optoelectronic properties. One of the applications that GaAs excels in terms 

of efficiency is the solar cell. GaAs is a III-V material with an ideal direct 

energy band gap at 1.42eV (at room temperature) for the solar spectrum 

utilization and thus, for solar cell applications [37]. It has also high 

absorption coefficient and high electron mobility [38], specifications that 

make this material promising for ultra-thin solar cells and very competitive 

in terms of high-end products in Solar Cells industry. A lot of works based on 

GaAs solar cells have been published with a lot of recorded efficiencies with 

a range of 22.2% (1977) to 29.1% (2018) according to NREL Best-Research 

Efficiencies Chart (figure 18) while Si recorded efficiencies in the same 

period from 13.9% (1977) to 26.8% (2022). 

 

Figure 18. Results exported from interactive Best Research-Cell Efficiency Chart from the National 

Renewable Energy Laboratory (NREL) focusing on single-junction GaAs-based (magenta points) 

compared to Si-based (cyan points) solar cells [3]. 
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On the rationale of material-cost reduction and increased efficiency devices, 

scientists improved techniques and added extra steps on solar cell 

fabrication. One of the very first steps of improved efficiency was the 

increased power density via light concentrators. For the history, the first 

recorded efficiency for GaAs with concentrated light was in 1988 with 205-

suns incident power and an efficiency of 27.9% while the first corresponding 

results on Si were one year earlier, in 1987 with 140-suns and an efficiency 

of 26.8%. The highest values so far according to the NREL chart, are 30.8% 

with 61-suns (2022) and 27.6% with 93-suns (2007) for Gallium Arsenide 

and Silicon respectively. Another trick for increased efficiency is the 

reduction of reflectance for the incident photons on the solar cell surface. 

That was obtained with the deposition of an extra layer known as 

antireflection layer. The first tests of antireflection layer began in 1964, 

while now days more than 70% of solar cells in the market have adjust this 

technology [39], [40]. Along the same line, scientists focused on the 

deposition of back mirror-like layer deposition enhancing the photon-

recycling [41], [42] . On the issue of minimization of material used, many 

structures were designed and characterized with simulator machines 

dedicated on Solar Cells so that experimental realization of a solar cell is 

better targeted and thus avoiding unnecessary material losses. One of these 

well-known simulator machines is Silvaco ATLAS and many works were 

published based on these simulations [43], [44], [45]. 

 

GaAs: Designs and Growth Techniques 

As we previously mentioned, a conventional GaAs solar cell contains a 

combination of layers that targets to the maximum absorption of the 

incident photons and the generation of free carriers, and subsequently the 

efficient separation and collection of the free carriers of the electrodes. This 

presupposes the availability of the materials with the best possible energy 

level alignment, as well as proper growth techniques for the minimization of 

defects and thus recombination centers that generate parasitic losses during 

the photovoltaic process. Two well-known growth techniques are the 

molecular beam epitaxy (MBE) and the metalorganic chemical-vapor 

deposition (MOCVD)[46] . Both techniques are well studied and can produce 
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high efficiency top-quality solar cells. 

Molecular Beam Epitaxy (MBE) is a technique 

where films are grown layer by layer with 

precise control and the process take place 

under ultra-high vacuum conditions in order to 

minimize any defects. The deposition process 

occurs via controlled flux of molecular or 

elemental beams arriving on the heated 

substrate surface where they directly 

incorporate and form high quality crystalline 

layers [47]. On the other hand, metalorganic 

chemical-vapor deposition (MOCVD) is a 

technique which uses metalorganic precursors 

(metal-containing compounds in gaseous 

form) and other reactive gases in the growth 

process. The deposition takes place in a 

chamber with restrictions of the high-vacuum. The reactive gases are 

introduced into a heated reactor chamber, and the formation of high-quality 

films happens with the decomposition of the gases and the incorporation of 

the desired atoms on the substrate [48].  

A work published in 1990 from P. Tobin et al. and compares the effect of 

these two growth techniques on the final performance of the solar cell [49]. 

The work focused on GaAs solar cells with two identical structures shown in 

figure 19, grown via MOCVD and MBE. Both techniques produced high 

quality solar cells with the efficiency of the MOCVD-grown solar cell reaching 

24.8% while the MBE-grown solar cell 23.8%. They mentioned that they 

observed growth defects with a density to 500-1000 cm-2 for MBE-grown 

devices while they did not observe defects for the MOCVD grown devices. 

Despite that, the experimental values (thickness and doping) were in good 

agreement with the nominal values and the uniformity of the efficiency 

across the cells was excellent for both techniques. It is worth mentioning that 

in this work, they replaced the conventional thick film of AlGaAs for back 

surface field with a GaAs-AlGaAs superlattice, as it exhibits better electrical 

characteristics as reported elsewhere [50], [51].  

This structure, received the interest of the researchers, while Melloch et al. 

re-fabricated via MBE a very similar structure with a 8cm2 active area, 

Figure 19. p-n GaAs structure with 
the nominal values [49]. 
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focusing on the large area production with an efficiency of 21.7% [52]. 

Almost 10 years later, this structure design was fabricated again with an 

extra i-region between the n and p regions and was characterized in terms 

of electrical performance and carrier transport mechanisms [53]. Here, we 

present structures based on the same line of thought, designed by Dr. E. 

Aperathitis, and grown via MBE by Dr. Z. Hatzopoulos, that we subsequently 

characterized with dark and photo-IV measurements. 

 

Gallium Arsenide Solar Cells Grown via MBE  

For our Gallium Arsenide based structures a VG80 III-V MBE system was 

used. The chamber was loaded with the proper material-sources (K-cells), 

such as Aluminum, Gallium, Arsenide for the GaAs and AlGaAs alloys, while 

the doping materials were Beryllium and Silicon for p-type and n-type 

doping, respectively. As substrate was used a n-type 2 inches GaAs 100 

substrate.  

 

Figure 20. Simple representation of MBE process. 

After the growth process, a uniform over 2 inches, heterostructure with 

suitable band alignment for light harvesting and generation of current was 
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produced. For this work, 4 similar structures were grown, with the main 

differences being on the thickness of the i-region and of the top cap-layer. 

 

 

Figure 21. Schematic of the typical GaAs solar cell structure used in this thesis. 

As represented in figure 21, the whole device is grown on a n-type (100) 

GaAs substrate, where an n-type GaAs layer with 1μm thickness deposited 

as buffer layer, with a donor’s concentration of about 2∙1019 cm-3. Then, 

follows the deposition of a n-type GaAs/Al0.36Ga0.64As 20-period superlattice, 

with thicknesses 2.7nm and 2.8nm respectively, and total thickness of 

110nm. The donor concentration was 2∙1018 cm-3 in both GaAs-AlGaAs. This 

superlattice plays the role of back surface field (BSF) as described elsewhere 

[50], [51]. On top of the BSF is deposited the n-region of the active area with 

a donor concentration of 2∙1017cm-3 and a thickness of 2.6μm. In order to 

examine the effect of the i-region, two samples were fabricated with no i-

region, while a sample was fabricated with a 200nm i-region and another 

with 500nm i-region. The p-region of the active area is 300nm-thick GaAs 

with an acceptor concentration of 3∙1018 cm-3, while as window layer a 30nm 

thick p-type Al0.8Ga0.2As layer with 3∙1018cm-3 was used. Finally, an extra p+-

GaAs layer with 1∙1019 cm-3 dopant concentration is deposited in order to 

protect from oxidation the window layer which contains aluminum and to 

improve the contact with the top electrode. In this work we study 4 different 

solar cells, the first one with no i-region and a 50nm cap layer (1265), the 

second one with no i-region and a 600nm cap layer (1663), the third one 

with a 200nm i-region and a 600nm cap layer (1275) and the fourth one with 
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a 500nm i-region and a 600nm cap layer (1274). The details of the samples 

are presented on the table of figure 22. 

 

 

Figure 22. Samples’ code-name and the respective structure. 

Following growth of the structures, an extra processing step by A. 

Kostopoulos (FORTH-IESL staff) produced isolated photovoltaic devices 

over the substrate in large numbers for statistical measurements. The full 

process finishes with the deposition of top contacts with a thermal 

evaporator. 

 

Figure 23. a) After etching mesa of a single devices on the surface and b) SEM image of the surface 

of a GaAs solar cell with the au top (ring like) and bottom (compact circle) contact. 

As presented in figure 23 (a), mesas of GaAs are created and an additional 

Au contact next to the mesas plays the role of the bottom contact. For better 

statistics, two different radii of GaAs mesas are created (figure 23-b), a small 

a) b) 
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and a big one with the inner diameter of 520μm and 210μm respectively. 

The Au-top contact ring width is 100μm and the height 200nm.  

 

Results, Analysis and Discussion 

For the IV measurements of GaAs solar cells, we used a KETHLEY 2000 

multimeter while for the illumination we used a Xenon lamp simulating to 

1sun (AM1.5). For the analysis, a simple diode model is applied as 

represented before in figure 17 (chapter 3). This model is described from the 

Shockley equation: 

|ID| = Iph − I0 (e
q(VD+IDRseries)

nkBT − 1) −
VD+IDRseries

Rshunt
  (𝐞𝐪. 𝟏)   

where Iph is the photocurrent, I0 is the saturation current of the diode, Rseries 

is the series resistance, Rshunt the shunt resistance, q the electron charge, n 

the ideality factor of the diode, kB the Boltzmann constant, and T the 

temperature [54]. The series resistance represents the resistance that free 

carriers encounter on the ‘’road’’ to the electrodes and is due to each layer’s 

resistance, the resistance of the layers’ interconnection and the contact 

resistance. A good solar cell presents low series resistance, while high values 

affect the fill factor of the device and the short circuit current [54]. On the 

other hand, shunt resistance represents the possibility of free carriers to 

follow alternative paths and be lost for the device. Shunt resistance, can be 

due to manufacturing defects, lattice imperfections etc. Ideally, shunt 

resistance should be as high as possible. Low values of the shunt resistance 

decrease the fill factor of the device as well as the open circuit voltage [54], 

[55]. The ideality factor of the device represents the recombination 

processes in the diode and affects its overall quality [56].  In dark conditions 

(Iph=0), the deviation of equation (1) at short circuit conditions (V=0) and 

assuming that Rshunt>>Rseries, gives the equation:  

 

dV

dI
(I ≈ Isc) = Rshunt  (𝐞𝐪. 𝟐) 
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while in higher voltage values, where the series resistance dominates, and 

since the shunt resistance is usually much larger than the series resistance, 

the second term’s value is much lower compare to the first one, the equation 

can be simplified to:  

ID = I0 (e
q(VD+IDRseries)

nkBT − 1) (𝐞𝐪. 𝟑). 

 

By taking the natural logarithm of equation (3) we extract the below 

equation: 

lnID = lnI0 +
qVMeasured

nkBT
  (𝐞𝐪. 𝟒)   

 

where VMeasured=VD+IDRseries. Such a plot showing in figure 24 (b), can give you 

information about the ideality factor from the slope of the dashed line, the 

saturation current from the intercept with the y-axis, and the series 

resistance from the deviation of the I-V curve from the dashed linear curve.  

 

Figure 24. Extraction of diode parameters using a) equation (2) to extract shunt resistance and b) 

equation (4) for ideality factor, saturation current and series resistance.   

The results of the dark analysis are extracted and presented in figure 25.  

a) b) 
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Figure 25. a) Series Resistance and b) Shunt Resistance of the 4 Gallium Arsenide Solar Cells 

samples multiplied with the active area. 

 

The green areas of figure 25 a) 

and 25 b) are the areas where 

there is no important effect in 

the photo-IV due to the 

parasitic resistances [57], [58], 

[59]. For 1265, 1274 and 1275 

we observe significantly low 

values for series resistance, 

despite the differences in the 

cap layer and i-region. On the 

other hand, the sample 1663 

presents higher values of series 

resistance. This cannot be 

attributed to the increased cap layer thickness compare to 1265 sample, as 

the other two samples 1274 and 1275 have the same thickness in the cap 

layer. It is most likely due to variations of the doping profile from its nominal 

values. It should be mentioned that sample 1663 was fabricated almost 20 

years later than the other samples. From the other side, all 4 samples present 

sufficiently high values of shunt resistance, in good agreement with MBE is 

a technique which produces high quality samples. 

For ideality factor values extracted at high injection levels, we observe that 

1274 and 1275 have well defined values close to 2, suggesting limited 

radiative recombination (band to band) in the depletion region [60], [61]. 

a) b) 
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Figure 26. Ideality factor values extracted as described 
in the text, from dark IV analysis. 
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For the samples with no i-region, we observe slightly higher values of 

ideality factor, whose origin requires further investigation.   

The cap-layers seem to have no important effect on the electrical 

characteristics of the diodes, and a 50nm layer is enough to protect the 

AlGaAs window layer and to provide a good ohmic contact with the top 

electrode. The characterization of these devices went on with photo-IV 

measurements. The extracted parameters from such a measurement are the 

most important for each solar cell, as they define the power conversion of 

the incident photons to electrical energy. 

As described in the techniques, a photo-IV measurement can give as 

information about open circuit voltage (VOC), short circuit current (JSC), fill 

factor (FF%) and the overall efficiency of the solar cell (n%). In general, the 

open circuit voltage of a diode is the difference in electric potential for zero 

current between the positive and the negative electrodes[62] , while a model 

that can describe an equation of the VOC as follows: 

 

VOC =
nkBT

q
ln ( 

Iph

I0
+ 1 )  (eq.5) [63], [64] 

 

where Iph is the photocurrent, I0 the saturation current of the diode and n the 

ideality factor. VOC is critically dependent on the saturation current and the 

recombination losses. Another approximation for VOC definition can be 

described as:  

 

VOC =
kBT

q
ln ( 

(NA+Δn)Δn

ni
2 )   (eq.6)  [63], [65] 

 

where NA is the dopant density, ni the intrinsic carrier concentration and Δn 

the excess carrier concentration. According to eq.6, the open circuit voltage 

of a solar cell can be controlled with doping with respect to the intrinsic 

carrier concentration. Calculational measurements show that the saturation 

current decreases with the bandgap of the photo-active materials and thus 

the open circuit voltage increases [63], [66]. This fact is also expected 

according to the first consideration that the open circuit voltage value is the 
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difference in electric potential between the positive and the negative 

electrodes.  

 

 

Figure 27. Energy current density per photon energy from the Sun as a function of photon energy 
just outside the Earth’s atmosphere (heavy line) compared with a black-body at a temperature of 
5800 K (thin dashed line)  [36]. 

Regarding photocurrent, a relationship between diode characteristics and 

photocurrent is given in eq.1. Besides that, the photocurrent depends 

strongly on the energy gap of the active material [36], and the effectiveness 

of the internal electric field to separate the photo-carriers to the electrodes 

with minimum recombination losses. Finally, the fill factor is strongly 

affected by parasitic losses by high series and low shunt resistances.   

For our measurements, the irradiation conditions were under 1sun 

(100mW/cm2) in AM1.5 and the extracted parameters are presented below: 
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Figure 28. Extracted statistics of photovoltaic parameters of a) Open Circuit Voltage, b) Short Circuit 

Current, c) Fill Factor and d) Efficiency of different solar cells. 

According to the extracted values, the highest performance is observed for 

the 1265 sample, with no i-region and the thinnest cap layer, with larger 

difference in the JSC. This diode performs better due to the thin cap layer, as 

it prevents parasitic absorption in the cap layer. Additionally, the VOC values 

are statistically a bit higher for the samples with no i-region, while the fill 

factor does not seem to present any important difference between the 

samples. The calculated efficiency of the samples is given as: 

 

n =
Pout
Pin

=
VOC∙JSC ∙ FF 

Pin
 (𝐞𝐪. 𝟕) 

 

a) b) 

c) d) 
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and follows the tendency of the JSC 

which presents the most important 

difference. The highest values are 

presented for the thinnest cap layer 

with no i-region sample (1265) with a 

VOC=0.86V, JSC=18.7mA/cm2, FF=79% 

and n=11.62% (not all values 

extracted from the same diode). To 

sum up, from the photo-IV 

measurements, the i-region does not 

affect much to the total photovoltaic 

performance. On the other hand, using a thin cap layer benefits a lot the pv-

efficiency, as it prevents significant absorption losses in the cap layer 

according to the penetration depth spectrum showing in figure 29 [67].  

For further investigation of these devices, we focused on samples with no i-

region which presented the highest efficiencies. More specific, the cap layer 

from the active area removed and an additional deposition of an 

antireflection layer (AR-layer) was applied, in order to minimize the 

reflections from the surface and increase the efficiency. At the same time, the 

AR-layer replaces the cap layer in terms of AlGaAs protection (fig. 31). Before 

the deposition of AR-layers, we proceeded to theoretical calculations using 

a free-online program, the Filmetrics [68]. 

 

Figure 30. a) Calculated reflectance of the 1265 and 1663 before removal of cap layer (dashed lines) 

and following removal of the cap layer and deposition of an AR-layer. b) Calculated transmittance 

curves obtained for three cases of panel (a). For the transmittance calculation we consider a cap-

layer/window layer (dashed lines) and AR layer/window layer (solid line) on quartz. 
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Figure 29 Penetration Depth of Gallium 
Arsenide [67]. 
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As presented in figure 30 b), the 

incident photons that finally reach in 

the active material are well below 

30% for a 600nm cap layer, less than 

60% for the most of the spectrum for 

a 50nm layer, while by replacing the 

cap layer with the AR layer more than 

70% of the visible incident photons 

reach the depletion region. For the calculations, a SiO2(120nm) /HfO2(80nm) 

deposited on the window layer and the reflections minimized from ~40% to 

less than 10% (figure 30 a). 

By measuring the photovoltaic devices after AR- deposition, we observe an 

increase of both VOC and JSC, while the FF stayed constant. It should be 

mentioned that the rest of parameters determined by dark-IV 

measurements after AR-coating were also identical to the diodes before AR-

deposition.  

 

Figure 32. Compared Photovoltaic Results with and without antireflective layer for 1265 and 1663 

devices. 

Figure 31. Cap Layer etching and AR layer 
deposited on Window Layer 
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The behavior of these two samples 1265 and 1663 after AR processing 

became almost identical, something expected considering that the top-layer 

is now removed in both samples.   

Overall, we fabricated 4 GaAs solar cells with different structures in order to 

examine the effect of the i-region and of the cap layer. All 4 samples present 

excellent electrical characteristics as verified from dark IV measurements. 

Also photo IV measurements took place under 1 sun illumination (AM1.5). 

These measurements show that the i-region has a minor effect to the overall 

performance of the photovoltaic device. On the other hand, the cap layer 

thickness seems to have an important effect. Calculations show that there 

are important photon losses due to the cap layer, while after replacing the 

cap-layer with an AR layer, the pv-efficiency of the tested samples without i-

region reaches ~15% values which compare reasonably well with 

previously reposted values for GaAs solar cells, with similar design. 

Furthermore, these PV efficiencies are more than enough for the purpose of 

this work, which is to demonstrate the benefits of tandem devices.   
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Chapter 5 

Perovskite Solar Cells 
Introduction 

Perovskite Solar Cells is a new type of solar cells that have attracted the 

interest of the research community all over the world [69]. They present PV 

efficiencies comparable to the alternative technologies of Silicon but with 

possibility of low fabrication costs, which explain the vast interest in this 

technology. 

 

Figure 33 . Interactive Best Research-Cell Efficiency Chart from the National Renewable Energy 

Laboratory (NREL) focused on perovskite-based (red lines) compared to Si-based (blue lines) solar 

cells [3]. 

Coming back to the discussion of efficiencies, the first certified perovskite 

solar cell efficiency was 14.1% in 2013 (EPFL group), while after exactly 10 

years the efficiency has reached 26.1% (University of Science and 

Technology of China) under 1 sun illumination as recorded by NREL. This 

extraordinary development explains further the researchers’ interest in this 

technology. This becomes clear if we take a look in figure 33, where the 

‘’slope’’ of the efficiency is much steeper for the perovskite SCs compared to 

Si. Some well-known drawbacks of perovskite SCs are the sensitivity to 

moisture and to photodegradation mechanisms occurring under solar 
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illumination. However, great progress has been accomplished on this aspect 

over years. While the first measured devices lasted a few minutes of 

exposure in ambient conditions, chemical and mechanical strategies have 

led to a ~one year stability [70].  

 

Figure 34. Energy map of various perovskite compounds and the respective HOMO and LUMO 

levels [71]. 

Another great advantage of this technology is the bandgap tunability of these 

materials, making them attractive in terms of tandem solar cell applications, 

either in combination with other semiconductors or in all-perovskite 

configuration. A general energy level map for perovskite compounds is 

presented in figure 34, while intermediate gaps can be obtained with the 

combination of anions or cations in the limits allowed by the tolerance factor 

[72].  

Except of the energy gap of the perovskite, an efficient perovskite solar cell, 

pre-supposes the deposition of multi layers, with a proper band alignment. 

The role of the window and the back surface field in a GaAs heterostructure, 

is played by the electron transport layer (ETL) and the hole transport layer 

(HTL) respectively. In our case, we used TiO2 as ETL and SPIRO-OMeTAD and 

CuSCN as HTL. 

With respect to theoretical expectations, if we want to study the 

effectiveness of our transport layers first, we should check the uniformity of 

our layers. Non-uniformity issues can lead to immediate contact of the 

perovskite with the metal, inducing losses and short circuit effects. Second, 

we need to optimize their thickness. The ETLs’ or HTLs’ thickness has to be 

small enough to minimize photon losses and the layers’ resistance, but thick 
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enough to provide the necessary density of states for the efficient separation 

of free carriers. This phenomenon, can be characterized with 

photoluminescence measurements.  

 

Figure 35. Illustration of photoluminescence measurement in a a) a Glass/Perovskite and, b) 

Glass/ETL/Perovskite structure. 

More specific, a good photo-active layer for solar cells, generates free 

carriers when it interacts with incident photons, as presented in the first 

step (i.) of fig. 35 (a) and (b). If there are no-favored escape paths for the 

generated carriers, they recombine (fig.35 a)-ii) and give what we call 

photoluminescence (fig.35 a)-iii). The more counts of photoluminescence, 

the more efficient generation of free carriers occurs. From the other side, if 

free carriers find favored paths, they separate and in ideal conditions, no 

recombination process occurs, as represented in fig.35 (b). It is important 

for a transport layer to provide an efficient escape path for one type of 

carriers, while at the same time to provide a repulsive potential for the other 

type of carriers (fig.35 b)-iii) contributing thus to efficient separation. 

Figure 35, represents this separation process with an ETL, while a similar 

process occurs for the holes using an HTL. 

Often, we call the ETL and HTL as quenching layers in the sense that their 

presence leads to a photoluminescence quenching due to carrier separation. 

 

a) b) 
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Preparation, Deposition and Characterization of Transport Layers 

Many techniques are used in the literature for 

transport layers deposition, such as 

sputtering, evaporation, spray pyrolysis and 

solution processed techniques. The main 

aspect for each technique is to produce a 

uniform film, with a good thickness control 

and with no damage of the underlayers. In our 

case, we used solutions deposited on the 

substrate with spin coating technique for both 

electron and hole transport layer. This 

technique provides a good control of 

deposited films with reproducible results. The spin coater was a spin150 

model which is a programmable spin coater with multiple steps of velocity 

and acceleration.  

 

Titanium Dioxide (ETL) 

Titanium dioxide, is a n-type material, with a good transmittance in the 

ultraviolet and visible spectrum, with a bandgap ~3-3.2eV, which provides 

an excellent energy band alignment with most of perovskite compounds for 

an efficient transport of electrons and blocking of holes, minimizing with 

that way parasitic recombination which can affect the total efficiency of a 

perovskite solar cell. In our case, we used 3 different recipes, a good 

combination of which give the expected results in our solar cells. The first 

recipe, is based on a solution of Titanium Isopropoxide, Hydroiodic acid and 

ethanol. More specific, we mix 50μL of HCL (37%) in 2.3mL of Ethanol and 

stir for several minutes. After that, we add 150μL Titanium Isopropoxide and 

stir for ~2hours. The chemical reaction of such a solution can be described 

from a general formula of Titanium alkoxides with aqueous solutions such 

as:  

Ti(OEt)4 + 2 H2O → TiO2 + 4 EtOH [73] 

 

where the ethanol is used as a solvent and the HCl as a catalyst [74]. The 

deposition of such a solution produces produce a uniform amorphous film. 

Figure 36. Spin150 spin coater 
machine 
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In terms of improving the electrical and optical characteristics, after 

deposition of TiO2 film, an extra thermal treatment at high temperature 

should follow.  There are three well known crystal phases for TiO2, anatase, 

rutile and brookite[75]. The first two phases present a tetragonal structure 

while brookite presents an orthorhombic. Rutile seems to be a more stable 

phase, but for solution-processed films anatase seems to be a favorable 

phase.  

 

Figure 37. Phase Transition of TiO2 with the temperature [74]. 

In our case, although the electrical characteristics of the TiO2 are improved 

with the temperature [74], the annealing treatment of TiO2 is set at 500°C for 

15minutes in an air furnace. This is because the FTO’s maximum operating 

temperature according to the manufacturer seems to be ~500-550°C. If we 

overpass this temperature, even if we obtain a better operation from the 

ETL, we will have degradation of the bottom electrode.  

 

Figure 38. Deposition Process of Titanium Dioxide on glass substrate. 
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For the deposition conditions, we used an ultra-clean substrate, treated with 

oxygen plasma for enhanced hydrophilic character. As presented in figure 

38, we drop the TiO2 solution on the substrate, and spin-coat at 2000rpm 

with 1000rpm/sec for 30sec, producing a uniform film. In figure 39, is 

presented a SEM image of a 75nm thick TiO2 film on Silicon substrate. The 

thermal treatment took place after the deposition. 

 

Figure 39. SEM Image of 75nm TiO2 on Silicon substrate. 

In order to avoid undesired pin holes or cracks that will lead to 

recombination centers and shunt paths, we proceed with an extra step of 

TiCl4 treatment. More specific, the annealed TiO2 films, are dipped in a 0.05M 

of TiCl4 in aqua solution at 70°C for 30minutes, and are then rinsed with de-

ionized water and subjected to an extra annealing treatment at the same 

temperature conditions. The reaction of this process can be described as: 

 

TiCl4 + 2H2O → TiO2 + 4HCl. 

 

The effect of TiO2 film post-treatment with an extra step of TiCl4 hydrolysis 

is described elsewhere[75] and contributes to the photovoltaic behavior of 

perovskite solar cells with a slight increase of VOC, Jsc and FF and an 

important decrease of series resistance.  

Although extra layers add to the total series resistance of a solar cell, the 

increase of the active interface area between perovskite and transport layers 

seems to provide significant improvement on the overall efficiency. Thus, the 

last step for TiO2-ETL deposition finishes with an extra mesoporous TiO2 

layer. For that purpose, a commercial paste with ~50nm TiO2 nanoparticles 
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is diluted in ethanol and stirred for several hours, until we have a completely 

homogeneous solution. Then we use again spin-coating technique to deposit 

on the substrate with an extra thermal annealing again at 500°C for 

15minutes for enhanced optoelectronic properties. The density of the paste 

in ethanol and the rpms during the spin coating determine the final thickness 

of the film. In our case, an optimized thickness for ~50nm TiO2 nanoparticles 

seems to be ~ 200nm [76]. 

 

Figure 40. a) Cross Section and b) Tilted SEM image of FTO/TiO2-compact/TiO2-mesoporous and c) the 

respective AFM image of the surface. 

The conditions for a 200nm-thick mesoporous layer were 6000rpm for 

30sec of a 1:7 (weight ratio) TiO2-paste: Ethanol with a prior oxygen plasma 

treatment of the FTO/TiO2-compact substrate, while after deposition follows a 

final annealing step at 500°C. The RMS value of the mesoporous surface is ~ 

20nm. 

 

Figure 41. Transmittance measurements of a) Glass/TiO2-com and Glass/TiO2-mesop and b) FTO/TiO2-

com /TiO2-mesop. All TiO2 layers are thermal treated at 500°C for 15min. The transmittance of 

substrates also presented in both diagrams. 

c) b) a) 

a) b) 
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According to transmittance results in figure 41 a), a 70nm compact TiO2 

seems to result to more parasitic photon losses than a 200nm mesoporous 

layer which, due to its structure seem to contribute to less transmittance. 

Both layers’ bandgap is more than 3.8eV, while in figure 41 b) is shown the 

transmittance of an FTO/TiO2-com /TiO2-mesop which are the first 3 layers of 

our perovskite solar cell. From this figure, we conclude that the combination 

of the two layers TiO2 does not significantly reduce the transmittance and 

the parasitic optical losses are caused almost entirely by the FTO substrate.  

After the optical characterization, we try to extract the resistance that free 

electrons encounter when they pass through the TiO2-c. For that reason, we 

deposit a 75nm-thick compact annealed layer of TiO2 on an FTO substrate 

and then we deposit via RF-sputtering an extra Au layer. 

 

 

Figure 42. Illustration of TiO2-comp structure for IV measurement. 

Using the structure of figure 42 and assuming that the whole measured 

resistance is due to TiO2-com, we measured a 2kΩ vertical resistance for a 

0.04cm2 Au area and a 75nm thick TiO2 film. Assuming that we have a well-

defined structure and using the resistance equation 

 

𝜌 = 𝑅
𝐴

𝑙
    (eq.8) 

 

We extract a ~1 107 Ωcm specific resistance, which is very high compared to 

reported values [74],[77].  This difference probably arises from the 

differences in the solution procedure or/and the measurement process. 

Additionally, we characterized the quenching effect in perovskites/TiO2 

heterostructure under photo excitation. More specific, we used 2 different 

excitation lasers, one at 325nm excitation and another at 650nm. By using 
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absorption results of reference [78], we found that the penetration depth for 

a 330nm thick MAPbI3 film is ~ 18nm for a 325nm excitation and ~ 610nm 

for a 650nm excitation.  

 

Figure 43. Photoluminescence measurements at room temperature for MAPbI3-TiO2 

heterostructures excited from a), c) Perovskite side and from b), d) TiO2-side with a), b) 650nm 

and c), d) 325nm laser 

From fig. 43 we observe that the quenching-effect is more obvious for 

mesoporous TiO2 suggesting a better ETL effect. In addition, although we 

would expect a stronger quenching effect when we excite from the back close 

to the interface, the effect appears more pronounced when we excite from 

the front perovskite side. The explanation of these results needs further 

investigation. Finally, electrons seem to travel through the perovskite with 

no ‘’issues’’. The lower PL intensity from the back side (glass side) is justified 

by parasitic optical losses due to glass and ETLs’. 

In terms of light harvesting, in co-operation with E. Aperathitis’ team, we 

used these structures (FTO/TiO2-com/TiO2-mesop) for all metal-oxide based 

a) b) 

c) d) 
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junctions using NiO [79], [80] or  Niobium Doped NiO heterostructures [81], 

showing promising characteristics for further investigation in terms of ultra-

violet radiation harvesting.  

 

SPIRO-OMeTAD (HTL) 

2,2',7,7'-Tetrakis [N, N-di(4-methoxyphenyl) amino]-9,9'-spirobifluorene or 

better SPIRO-OMeTAD, is a small organic molecule which is well-studied in 

the context of perovskite solar cells. The role of this molecule is the effective 

transport of holes from the perovskite layer to the electrode with the 

simultaneous repulsion of the electrons, minimizing thus the recombination 

losses. Its HOMO/LUMO levels provide an excellent alignment with most of 

perovskite compounds, and make it one of the most efficient HTLs, to the 

point that in many works the scientists use it as reference for other HTLs. It 

is a p-type material, with low hole mobility (~10-4cm2/V) [82] and 

conductivity (10-5 S/cm) [83]. The p-type character of SPIRO-OMeTAD is 

based on the efficient oxidation of this molecule, and thus many additives 

and strategies are used for the efficient oxidation process. The most common 

additives are Lithium bis(trifluoromethanesulfonyl)imide (Lithium-TFSI) 

which acts as a catalyst for the efficient oxidation of SPIRO-OMeTAD when  

it is exposed to the air, while another additive, 4-tert-Butylpyridine (TBP), is 

used to offer to the solubility of Li-TFSI for its uniform distribution in SPIRO-

OMeTAD, and thus, its uniform oxidation [84] [85]. Further investigations of 

SPIRO-OMeTAD discovered a new additive as dopant of SPIRO-OMeTAD, the 

tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)tri[bis(trifluoromethane) 

sulfonamide] or FK209 [86]. SPIRO-OMeTAD film is a little tricky in terms of 

uniformity, as Li-TFSI which is a basic additive for the p-character of SPIRO, 

is a very hydroscopic material. The uniformity of this HTL film is based on 

the evaporation-rate of the TBP and the ‘’crystallization’’ of the film, so if 

there are water molecules, they will produce uniformities, cracks and in-

holes which act as recombination centers for the device. For this reason, it is 

very important that all the materials that will be used for SPIRO-OMeTAD 

synthesis to be super-dry, both for obtaining a uniform HTL, but also for 

protecting the perovskite material, during the deposition of SPIRO-OMeTAD, 

as the water molecules can dissolve the perovskite film. 

Many works have focused on the improvement of SPIRO-uniformity, for 

which Guoxin Li et al. [85] provide a good representation of this 
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phenomenon in figure 44 (a), while they suggest the addition of a small 

amount of CsI in order to further enhance the uniformity.  

 

 

Figure 44. a) Effect of water molecules on  SPIRO-OMeTAD uniformity and the improvement by CsI 

additives [85], b) Top and b)Cross Section SEM image of a FTO(blue)/ TiO2(gray)/ Perovskite(red)/ 

SPIRO-OMeTAD(green) where undesired cracks and holes are observed on SPIRO-OMeTAD layer. 

After all, there are many recipes in the literature with different but similar 

ratios of the additives which are used for the final SPIRO-OMeTAD solution. 

In our work, the optimized recipe that we used contains 144,6mg Spiro-

OMeTAD, 57.6μL TBP, 35μL Li-TFSI (520mg/mL in acetonitrile), 58μL FK-

209 (320mg/ mL in acetonitrile) and 1mL Chlorobenzene. It is important 

that all the solvents of SPIRO-OMeTAD cannot dissolve the perovskite layer. 

The deposition process is via spin coating at 3000rpm, with 1000rpm/s for 

40 sec with no extra annealing treatment. After deposition, the layer is 

exposed to ambient conditions for further oxidation. The time of this 

exposure depends on the humidity and the temperature. 

 

Copper Thiocyanate (HTL) 

Copper Thiocyanate (CuSCN) is another solution-processed HTL layer that 

can effectively replace the SPIRO-OMeTAD layer. It seems that the HOMO 

levels of these two materials are almost the same, with the CuSCN having a 

higher barrier for electrons [22], thus we expect less recombination losses 

compared to the SPIRO-OMeTAD while the recipe is much simpler with no 

extra additives and thus, less expensive. In terms of stability, as a simple 

layer CuSCN is very stable, but there are issues when it interacts immediately 

a) b) 

c) 
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with the perovskite layer [87]. The interaction between CuSCN and MAPbI3 

described as: 

 

CuSCN + CH3NH3PbI3→CuI + PbI2 + CH3NH3SCN [88] 

 

To avoid this, intermediate layers such as 2D passivation layers, seem to 

protect the device [89] and provide stable and comparable devices with the 

respective SPIRO-OMeTAD devices. E. Madhavan et al. [90] present a 

comparative work of these two HTLs on a n-i-p structure with efficiencies 

that exceed the 18%.   

 

 

Figure 45. J−V measurements of a) CuSCN based and b) SPIRO-OMeTAD-based perovskite solar cells 

using different 2D cation-based perovskite additives, and c) Ambient laboratory stability data [90]. 

In this work, the CuSCN was dissolved in diethyl sulfide (30mg/mL) and 

deposited via spin coating with no extra thermal treatment. Comparing these 

two HTL’s, we could say that CuSCN is a promising alternative to SPIRO-

OMeTAD layer, in terms of high efficiency, low cost and long stability 

perovskite solar cells.  

As we did with the TiO2 layers, we examined the quenching mechanism of 

the CuSCN layer on MAPbI3 using PL. In this study, we used the same 
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excitation conditions as with the TiO2 layers. The penetration depth of 

CuSCN is 250nm for 325nm excitation and 920nm for 650nm excitation [91].  

 

Figure 46. Photoluminescence measurements for MAPbI3-CuSCN heterostructures excited from a), 

c) Perovskite and CuSCN side and from b), d) glass side with a), b) 650nm and c), d) 325nm laser 

When we excite from the CuSCN side we see an important PL decrease, 

especially with 325nm excitation, which could be interpreted by the small 

penetration depth of MAPbI3 in this wavelength. Most of the excited carriers 

are close to the interface of perovskite-CuSCN and the quenching process is 

more obvious and effective. A smaller decrease of the PL intensity is 

observed when the illumination occurs from the glass side. There, the free 

carriers have to travel through a part of MAPbI3 to reach the HTL layer, so 

the phenomenon is weakened, especially for a 325nm laser where the 

distance to the HTL is increased. 

In order to compare our HTL layers, firstly we deposit SPIRO-OMeTAD and 

CuSCN on a glass substrate for transmittance measurements. The measured 

a) b) 

c) d) 
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thickness for SPIRO-OMeTAD on glass was ~65nm while CuSCN is estimated 

to be less than 10nm-15nm and could not be measured. 

 

Figure 47. Transmittance of CuSCN and SPIRO-OMeTAD on glass substrate. 

Although the HTL transmittance is not important for a single n-i-p solar cell, 

for more complex systems such as tandem solar cells, it is a parameter that 

we should take into account.  

 

Perovskite Solar Cells 

Preparation of perovskite films, is one of the most crucial steps for 

perovskite solar cells. The proper choice of the cations-anion for the 

A1+B2+(X1-)3 in order to form the desired structure can be well defined from 

the radius of ions with the empirical tolerance factor relationship. 
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Figure 48. Goldsmith Tolerance factor values versus perovskite structure [72]. 

The Goldsmith tolerance factor equation can be described as: 

 

𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
   (eq.9) 

 

where rA, rB and rX are the radii of the anions. According to the fig.48, for 

values smaller than 0.8 the perovskite compounds form an orthorhombic 

structure, for 0.8<t<1 a cubic structure and for values >1 a hexagonal 

structure. Orthorhombic and hexagonal are non-perovskite structures and 

are not desired for photovoltaic systems. Additionally, perovskites are well 

known to be sensitive in high humidity conditions. More specifically, 

moisture produces degradation of the perovskite structure, so when 

perovskite is exposed to a humid environment, we may have instability 

issues for the perovskite device. These issues are well controlled by using 

all-anhydrous reactants under controllable conditions (glovebox) for the 

perovskite fabrication. Additionally, encapsulation techniques protect the 

device for out of the glovebox measurements[92]. Another issue for 

perovskite devices is the light-induced degradation. More specifically, the 

incident irradiation produces ions displacement and finally the gradual 

decomposition of the structure. This interaction can be described as: 
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𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 + ℎ𝑣
𝐻𝑈𝑉
→  𝐶𝐻3𝐼(𝑠) +𝑁𝐻3(𝑔) +𝐻𝐼(𝑔) + 𝑃𝑏𝐼2(𝑠) + 𝐶𝐻3𝑁𝐻2(𝑔)  [93] 

 

with some interesting results having been published elsewhere. 

 

Figure 49. SEM images of MAPbI3 perovskite surface under continuous white light illumination of 

(a) 0 h, (b) 6 h, (c) 24 h, and (d) 48 h with incident light density of ~434W/m2 (0.43suns) [93]. 

This photo-degradation phenomenon is more intense for mixed-halide 

perovskites AB(IxBr1-x)3 and increases as the ratio between I- /Br- becomes 

close to 1. 
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Figure 50. Normalized PL spectra as a function of power at different ratios of MAPb(Ix Br1-x)3 mixed-

halide perovskites after illumination for 900 s with a 407nm laser in ambient conditions [94]. 

These light-induced decomposition issues have been answered with 

composition-tuning strategies, generating stronger bonds between the 

atoms, as this is a very strong disadvantage for perovskite solar cells. For 

instance, M. Saliba et al. presented a work where they used a triple-cation 

scheme for more stable perovskite solar cells [95]. 

 

 

Figure 51.  Aging for 250 h of a high performance a FA/MA (black line) and a Cs/FA/MA (red line) 

perovskite solar cell where even a small amount of Cs is crucial for the device stability.  The 

measurement of these devices took place  in a nitrogen atmosphere at room temperature under 

constant illumination [95]. 
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According to figure 51, a small amount of Cs (5%) in a Csx (MA0.17FA0.83) (100-

x) Pb (I0.83Br 0.17)3 seems to offer significant enhancement in terms of stability 

and efficiency of the perovskite solar cell. 

Summarizing, for the deposition of a high-quality perovskite layer, there is 

need of a low humidity and controllable environment, with anhydrous 

reactants. Additionally, the correct choice of the ions in perovskite 

compounds is very important for a stable and highly efficient solar cell. 

In this work, all the results that will be presented, are in absence of 

environmental control and at relatively high humidity ambient conditions. 

For this reason, we focused on techniques and procedures that provide the 

opportunity of a good control in an all-out-of the glovebox process. The main 

precaution that we follow in all processes was to use anhydrous solvents, 

even if they were exposed to humidity conditions for a while, and completely 

dry compounds. All the solutions used were prepared in the same day, to 

avoid humidity issues. Additionally, it is very important for the FTO/TiO2 

substrates to be fresh, and stored in a 100°C (or higher) oven, otherwise an 

extra annealing step is required in order to avoid any OH- or other undesired 

bonds on the surface that may act negatively on the device performance. 

After each sample preparation, the samples were routinely stored in a 

nitrogen box while for each sample transfer, we used a mini vacuum system 

where the samples were protected from ambient conditions.  

 

Perovskite Solar Cells- Optimization in Ambient Conditions 
MACl: PbI2 Hot-Casting Technique 

Hot casting is a technique that produces large perovskite grains [96]. Large 

grains mean less interfaces through a perovskite film and thus reduced 

density of trap centers. Additionally, larger grains have fewer bulk defects 

and provide higher carrier mobility. 

The basic concept on that technique is that substrate is annealed at high 

temperatures and the casted perovskite solution is crystalized during the 

spin coating. More specific, the perovskite nucleation starts immediately 

after the drop of the solution on the hot substrate and continues to 

crystallize as long as the solvent has not been evaporated. This process, leads 

to large perovskite grains that with the conventional deposition process 
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cannot be obtained as the most of the solvent has already been evaporated 

when we put the sample on the hot plate. 

A schematic illustration of this process is presented below. 

 

Figure 52. a) Hot-casting process, b) LaMer diagram for crystallite formation stages in a solution,  

c) Time-dependent grazing-incidence wide-angle X-ray scattering (GIWAXS) profiles of the 

perovskite film drop cast on the 70 °C substrate and d 180 °C substrate from a solution to a solid 

state (0–40 min) [96]. 

W. Nie et al. demonstrated this technique with grain size up to 200μm and 

showed increase of the current density in SCs for the larger grain sizes [97].  

In addition, the hot casting technique provides the opportunity of 

minimizing the humidity factor in the solution and the substrate.  

The recipe that we used was MACl: PbI2 in DMF solution targeting to a 

MAPbI3 film. Due to its small size, Cl1- cannot incorporate in the perovskite 

lattice, but moves inside as a free cation. That operation seems to offer to 

free carriers’ diffusion lengths and lead to higher Jsc currents, as shown in the 

table below (fig. 53).  

 

Figure 53. Values for diffusion constants (D) and diffusion lengths (LD) [98]. 
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 Another issue is that the excess of MA+ ensures that we will not have 

residual PbI2. Although a PbI2 film contributes to the band alignment when it 

is on the interface of ETL and Perovskite [99] , in the hot-casting technique 

the crystallization starts from the Interface of ETL/Perovskite and thus, this 

extra barrier of PbI2 film will appear on the surface of perovskite film, acting 

negatively for the device performance. Therefore, as a first step, we tried to 

repeat the recipe of Nie et al. but soon we understood that working in 

ambient conditions (high values of humidity 60-85%) change everything, 

when we talk about perovskite materials. 

During numerous optimizations that we tried for this material, we found one 

really interesting in terms of white-light emission. More specific, we used 

290mg PbI2 and 130mg of MACl in 3 mL DMF. The temperatures of the 

substrate and the solution were at 135°C and 75 °C respectively in ambient 

conditions, while after deposition, the samples were not annealed further, 

forming a white-like film on the glass substrate. SEM image of this perovskite 

shows a cross-like structure, while by exciting with a 325nm cw laser at 

room temperature we observe a really broad emission covering most of the 

visible spectrum (fig.54).  

 

Figure 54. a) Photoluminescence and b) SEM image of MACl: PbI2 film on glass substrate. 

This observation is not very useful in terms of perovskite solar cells, but is 

quite interesting in terms of white light emitting perovskite, an area that 

many scientists are currently focusing [100] [101]. 

 

Further investigation of substrate and solution annealing’s in ambient 

conditions showed us that humidity set limits on crystallization at high 

a) b) 
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temperature values. More specifically, after 150°C of the substrate 

temperature, the films are completely degraded and a yellow film form on 

the substrate. After numerous experiments in different conditions of 

temperature and humidity every time, we found some optimum conditions 

with a temperature for the solution at 70°C and for the substrate at 130°C.  

 

Figure 55. Illustration of optimized hot casting conditions where the crystallization finishes during 

the spin coating process. 

In these conditions, perovskite grains larger than 10μm formed in a pinhole-

free perovskite film. The optimum thickness of these films, for a perovskite-

based solar, is ~450nm as described elsewhere [94]. For the SC device 

preparation, prior to the perovskite deposition, we treated the FTO/TiO2-

c/TiO2-mp substrates with oxygen plasma for at least 10minutes to obtain a 

uniform film deposition. After perovskite deposition, the perovskite 

heterostructure was completed with the CuSCN deposition. For the optimum 

temperature conditions of MACl: PbI2, the film was spin-coated at 4000rpm 

with 1000rpm/sec for 30sec, while the CuSCN spin-coating conditions were 

at 2000rpm with 1000rpm/sec for 30sec. 

 

Figure 56. SEM Image of a MACl: PbI2 hot-casted film on a FTO/TiO2-c/TiO2-mp substrate a) x250 and 

b) x2500 zoom in and c) AFM of CuSCN deposited on FTO/TiO2-c/TiO2-mp/Perovskite substrate. 

For the top electrode we deposited via RF-Sputtering a ~100nm thick Au 

layer. These devices exhibited a big non-uniformity from diode to diode, 

a) b) c) 
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while for one of the best devices’ characteristics were VOC= 0.91V, 

JSC=9mA/cm2, FF=48% and efficiency 3.93%. Diode analysis of this device 

showed an ideality factor ~2.2 with a Rshunt= 80 kΩcm2 and a Rseries= 

10kΩcm2. This high value of series resistance is probably resistance at the 

interfaces of different layers rather than resistance from the bulk perovskite 

layer which nucleates with the hot-casting technique which protects from 

humidity. 

 

 

Figure 57. Extracted photovoltaic results of hot casted perovskite solar cells. 

Big deviations and low extracted photovoltaic parameters compared to 

other works, especially for JSC and FF lead to low efficiencies, most likely to 

the uncontrollable deposition conditions and the high-humidity values. At 

this point, we should mention that the hot-casting technique requires good 

control of the deposition process with very quick and repeatable actions 

during the transport of the substrate and solution from the hotplates to the 

spin coater, risking to have significant variations of their final temperature 

by the time uncertainty in this manual operation.  
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MAxFA1-xPbI3 Films with antisolvent method 

In order to provide a better control of the deposition process and achieve 

higher efficiencies, we addressed the well-studied antisolvent technique 

[102] in ambient conditions. This technique introduces more degrees of 

freedom, which can be controlled for a more efficient, controllable and 

reproducible procedure. The main steps of this method are represented in 

figure 58. For this technique, we need an extra solvent, where the perovskite 

cannot be dissolved (anti-solvent). As a first step, we deposit the perovskite 

precursor solution, and we spread it to the substrate via spinning. After a 

few seconds, we drop an amount of the antisolvent, which accelerates the 

crystallization during the spin-coating process. Finally, we anneal the 

substrate in order to evaporate the residual solvents. 

 

Figure 58. Schematic Representation of Antisolvent Process. 

In order to find our optimum conditions, we tried several spin coating 

routines with different post annealing temperatures up to above 100°C and 

different durations (5min, 10 min, 15min and 20min).  For these 

experiments we used a MAPbI3 powder in a DMF: DMSO (4:1) mixed solvent 

for increased solubility, while as antisolvent we used Chlorobenzene.  These 

experiments allowed us to study the post annealing effect on the final 

structure of the perovskite. According to our observations the crystallization 

quality of the perovskite was strongly dependent on the annealing time in 

ambient conditions, where for times longer than 10min the films were 

degraded and formed a yellow phase on the hot plate. Keeping the annealing 

time less than 10minutes, we focused on the annealing temperature effect, 

so we tried to crystallize the perovskite at lower annealing temperatures 

according to the literature for ~5min.  
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Figure 59. a) XRD patterns for MAPbI3 film crystallization at different temperatures for 5minutes in 

ambient condition, with a log-scale inset graph focusing on low angles, and b) SEM image of 

optimum annealing at 65°C for 6minutes. 

As shown in figure 59, XRD patterns at various annealing temperatures show 

a non-degradation of the main perovskite peak, but at 50°C we observe in 

the inset an extra peak at 9.08°, that we assume it is a phase between the 

perovskite and the solvent, where the low annealing temperature was not 

enough to dissolve it. As we increase the annealing temperature from 50°C 

to 90°C, we observe that the film obtains a preferred orientation at 14.1° for 

the pure perovskite phase, while for temperatures ~90°C we observe the 

beginning of degradation of the perovskite as presented in the inset of figure 

59 (a). Further experiments showed us that a very important factor for a 

uniform, well crystallized and pinhole-free film out of a glove-box is that the 

drop of antisolvent should fall before the solvent of perovskite starts to 

evaporate. Otherwise, non-uniformities and wire-like structures are formed. 

After further experiments, we found our optimum annealing conditions at 

65°C for 5minutes. A top view SEM image of such a film is presented in figure 

59 (b) with well-defined crystallites and pinhole-free film. 

In terms of humidity protection during the deposition process, we try to 

deposit the perovskite on hot substrates in an attempt to imitate the hot-

casting technique. For that purpose, we used a 1M MAPbI3 in DMF: DMSO 

solution at different substrate temperatures, while the solution temperature 

was fixed at 65°C. The spinning conditions were the same while we used an 

FTO/TiO2-com/TiO2-mp substrate. 

 

a) b) 



 
Page | 77  

 

 

Figure 60. MAPbI3 films at different substrate temperatures. 

According to figure 60, we see that by increasing the substrate temperature, 

the thickness of the film also increased significantly with an extra increase 

of the surface roughness. Moreover, for a better control in our experiments, 

we tried to optimize further the uniformity and thickness of perovskite film 

varying the spin-coating conditions and the molarity of the solution, while 

we kept the substrate and the solution temperature at 65°C, which is also the 

optimum annealing temperature based on the experiments described above. 

  Additionally, an extra 2D passivation layer was deposited on MAPbI3 [90]. 

This layer seems to protect/decrease surface and grain defects and provides 

more efficient and stable solar cells.  

 

Figure 61. (a) Device architecture with a 2D passivation Layer and (b) the respective energy band 

alignment of this structure [90]. 

For our purpose, a 15mM of PEA-Cl in IPA was deposited on the perovskite 

layer at 2000rpm, 1000rpm/sec for 30sec.  
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Figure 62. a) J-V measurements under 1sun illumination for a passivated and an un-passivated film, 

b) cross section SEM image and c) passivated surface with PEA-Cl flakes. 

In order to examine the passivation effect, two identical devices were 

fabricated using the antisolvent technique with a ~600nm thick MAPbI3 

layer and a 100nm thick CuSCN HTL layer (figure 62). The only difference 

between these two devices was the extra 2D passivation layer. According to 

the J-V results, we observe a giant increase of efficiency, from 0.56% to 4.5% 

with significant increase of Jsc and Voc as a result of passivation of surface and 

grain defects but also protection of moisture damage. Therefore, it is clear 

that we have a serious effect of the ambient conditions in our device’s 

behavior, while this 2D passivation layer seems to be necessary for any 

further optimizations we may perform.  

Another extra step in terms of increased stability and enhanced efficiency in 

ambient conditions was the addition of an extra cation. For that purpose, we 

used the less hygroscopic FA+ in a 50:50 ratio with MA+ and we tried the 

same optimization procedure with the MAPbI3 films. Much to our surprise, 

the optimized conditions were the same as for the MA-based films, which 

suggest a general out-of-the-glovebox procedure for high quality perovskite 

films.  

Another optimization we tried was varying the solvent of the precursor 

solution. Specifically, we replaced the DMF solvent with GBL, using a 7:3 

GBL: DMSO solvent for a MAPbI3 perovskite [102], keeping all the other 

parameters constant for comparison. From our experiments, we saw that the 

GBL: DMSO based films produced more uniform but thinner films compared 

to the DMF: DMSO. Additionally, the GBL-based perovskite surface, due to 

the lower overall roughness, enhanced the uniformity of the SPIRO-OMeTAD 

HTL layer.  

a) c) b) 
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Figure 63. SEM image of FTO/TiO2-com/TiO2-mp/Perovskite/SPIRO-OMeTAD device with a a) GBL: 

DMSO and b) DMF: DMSO precursor solvent with c) the respective J-V curves. 

For that batch, we used 0.2M MA0.5FA0.5PbI3 perovskite compound with 

instant acceleration at 6000rpm with a 500μL Chlorobenzene antisolvent 

drop at the 15th second of the spin-coating process, leading to a ~200nm 

GBL-based and a ~400nm DMF-based thick film as presented in figure 63 (a) 

and (b) respectively. Additionally, we compare the effect of SPIRO-OMeTAD 

and CuSCN as HTLs’, so an identical to GBL-based device with CuSCN instead 

of SPIRO-OMeTAD was also measured. The extracted resistances from dark 

IV analysis for Perovskite (GBL -based)/SPIRO-OMeTAD were Rseries= 1.6 

Ωcm2 and Rshunt= 27.2 Ωcm2, for Perovskite (DMF -based)/SPIRO-OMeTAD 

were Rseries= 68 Ωcm2 and Rshunt= 3.1 MΩcm2 and for Perovskite (GBL -

based)/CuSCN were Rseries= 2.2 Ωcm2 and Rshunt= 1 KΩcm2. As we see, the GBL-

based devices provide low series resistance, while it seems that we have 

shunt paths especially for SPIRO-OMeTAD-based devices. For DMF-based 

device we have serious series resistance issues, while the shunt resistance is 

much higher compared to the GBL-based devices. 

 

 

a) b) 
c) 
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Figure 64. Statistical extracted photovoltaic characteristics for GBL-based and DMF-based devices 

with SPIRO-OMeTAD and CuSCN HTLs’. 

According to the extracted photovoltaic parameters, we can understand that 

SPIRO-OMeTAD provides a better band alignment compared to CuSCN and 

this becomes clear from the extracted open circuit voltage values. The 

resistance effect provides low fill factor values for all three devices, while 

highest current density is measured for the Perovskite (GBL -based)/SPIRO-

OMeTAD device having the best performance. 

 

MAxFA1-xPbI3 Films with gas-quenching technique 

Further investigations in terms of perovskite uniformity led us to an 

alternative, antisolvent–free technique which provides more uniform and 

well-defined films. This technique is well known as gas-quenching technique 

[103], where we replace the chlorobenzene drop with continuous nitrogen 

flow. 



 
Page | 81  

 

 

Figure 65. Gas Quenching Technique step by step. 

This technique is more friendly for out-of-glovebox deposition and provides 

more uniform films, even in the macroscopic scale with naked eye. The 

produced films are uniform over a large area of the film, while antisolvent 

technique produces non-uniformities as we move from the center to the 

edges of the film. In order to compare these two techniques, we deposited 

two identical films with the same conditions, where in one we used 

antisolvent (chlorobenzene) crystallization technique and for the other gas-

quenching technique. For the gas-quenching technique, we follow a pretty 

similar deposition process with that of antisolvent, where we first drop the 

perovskite solution and we spread via spin-coating. After a few seconds of 

the deposition, we apply the nitrogen flow until the end of the spinning, 

where the color of the perovskite film turns to darker, as evidence of 

crystallization of the film, as shown in figure 65. As final step, we anneal the 

sample on a hot plate in order to remove the residual solvents. 

 

Figure 66. a) XRD pattern SEM images and a macroscopic picture (inset) of b) gas-quenching and c) 

antisolvent crystallization technique. 

Although chlorobenzene-based grains seem a little bigger than gas-

quenching grains in figure 66 b,c, the total film provides more uniformity and 

a less noisy XRD pattern as shown in figure 66 a, which is a sign of higher 

crystal quality of the film. In terms of further comparison of these two 

a) c) 

 

b) 
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techniques, we fabricated two FTO/TiO2-com/TiO2-mp/MAPbI3/SPIRO-

OMeTAD/Au devices with the GBL: DMSO solvent mixture, where the only 

difference was in the crystallization process during the spin coating.   

 

Figure 67. FTO/TiO2-com/TiO2-mp/MAPbI3 /SPIRO-OMeTAD a) Antisolvent assisted and b) Gas- 

Quenching assisted. 

Both techniques provide a uniform ~300nm thick perovskite film with a 

250nm thick SPIRO-OMeTAD as HTL on top, giving pv efficiencies ~1% for 

antisolvent and 1.15% for gas-quenching technique. 

According to all our observations until this point, we could say that we can 

efficiently produce each layer of a perovskite Solar cell. We used as ETL a 

combination of a 60-75nm TiO2 compact layer and a 200nm mesoporous, 

which were both annealed at 500°C for enhanced crystallinity and electrical 

properties. Although the compact TiO2 layer is necessary for efficient 

isolation of the perovskite from the bottom electrode, mesoporous TiO2 

seems to be more efficient in terms of electron quenching. For HTL, we 

compare the CuSCN and SPIRO-OMeTAD layers and conclude that, in our 

system, SPIRO-OMeTAD seems to work much better. Investigations of a 

reproducible high quality perovskite layer showed that the key-parameter 

in ambient conditions is the relatively low annealing temperature after 

perovskite layer deposition. In terms of protection from humidity, we tried 

to keep the substrates ‘’hot’’ before the perovskite deposition. We observe 

that by increasing the temperature of the substrate, the perovskite thickness 

increases with a concomitant increase of the surface roughness. In order to 

reduce this roughness, but keeping the pre-heated substrates, we controlled 

the perovskite thickness with molarity changes of the precursor solution, 

a) b) 
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while for increased surface uniformity we introduced a solvent engineering 

process with meaningful results. Additionally, we provided an alternative 

deposition process, the gas-quenching assisted process, which is 

environmentally friendlier, with less cost and much easier in terms of 

reproducibility of large deposition areas compared to the antisolvent 

process. Besides the above traits, both gas quenching and antisolvent 

process give comparable results in terms of pv efficiency.  

In spite of the optimization of each individual layer with comparable results 

to the literature, the final solar cell devices seem to have serious resistivity 

issues with significantly low short-circuit currents and fill-factor values, 

results that reduce significantly the power conversion energy of the device. 

These issues probably arise from recombination centers, present either on 

the surface or at the grain boundaries within the layer, due to the out-of-the-

glove-box fabrication process. 

 

High Bandgap Perovskite Solar Cells for Tandem Applications 

The acquired knowledge of an out-of-the-glovebox process, with main issue 

the humidity manipulation, allowed us to go ahead on a high-bandgap 

perovskite solar cell in order to combine it with the GaAs solar cells. 

According to other works based on GaAs-Perovskite 2-junction solar cells, 

the optimum bandgap of perovskite as top sub-cell is ~1.9eV. As a first step, 

we tried to fabricate high bandgap perovskite films, by adding Br halogens 

in a mixed halide MA+-based perovskite. Toward this end, we found that a 

50:50 ratio of I-: Br- can produce such a high bandgap MAPb(I0.5Br0.5)3 film. 

The mixed solvent for the precursor solution was a GBL: DMSO with a 4:1 

ratio while the substrates (Tsubstrate) and solution (Tsolution) were preheated at 

different temperatures prior deposition, as presented in figure 68. while we 

used the gas quenching technique with nitrogen pressure at 1.5mBar with 

1.5cm distance from the substrate. In terms of post annealing optimization, 

we followed a similar routine as with the low gap perovskite films. 
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Figure 68. a) Sample’s ID and respective deposition conditions, b) Kubelka-Munk Transmittance 

spectra and c) XRD curves of various MAPb(I0.5Br0.5)3 high bandgap films. 

We see that for different annealings at low temperatures, all films are well 

crystallized. Additionally, Kubelka-Munk Transformation[104] spectra 

show a bandgap ~1.9eV for all deposition conditions. Note that pv793 is 

identical to pv792 with the only difference that we used 1mBar nitrogen 

pressure, while pv791 sample has identical deposition conditions with 

pv789 but for the annealing it was covered with a petri dish with a drop of 

isopropanol, creating an ‘’isopropanol-rich atmosphere’’ instead of ambient 

conditions. 

From the XRD curve and the equation: 

 

 2𝜃𝑒𝑥𝑝 = 𝑥 ∙ 2𝜃𝑀𝐴𝑃𝑏𝐼3 + (1 − 𝑥) ∙ 2𝜃𝑀𝐴𝑃𝑏𝐵𝑟3  

we extracted the composition of each film, using the theoretical position of 

MAPbI3 and MAPbBr3 XRD peaks. 

 

 

Table 1. Compositional analysis of MAPb(IxBr1-x)3 films from a MAPb(I0.5 Br0.5)3 precursor solution. 

According to the extracted results, we see that we only get small deviations 

from the 50:50 composition of the precursor solution, while the XRD 

a) c) b) 
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patterns and the Kubelka-Munk transformation seems to be in a good 

agreement. 

For further investigation of the perovskite film quality, we performed 

photoluminescence lifetime measurements. We used a 375nm pulsed laser 

in an Edinburg Photoluminescence Spectrometer. 

For the lifetime extraction we used a two-exponential-decay fitting where, 

according to the literature, the fast decay was ascribed to Shockley–Read–

Hall (SRH) recombination and the slow decay lifetime to radiative 

recombination [105], [106]. 

 

Figure 69. Lifetime-Photoluminescence for MAPb(I0.5Br0.5)3 film at 650nm on Glass Substrate. 

Compared to the literature, these lifetimes are low which has impact on the 

extracted current and the overall performance of the solar cell[107]. 

Additionally, we examined the light-induced degradation of these films. For 

that purpose, we used a 325nm cw laser, under different illumination times 

and powers. 
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Figure 70. MAPb(I0.5Br0.5)3 film excited with a 325nm cw laser with a) 0.2mW and b) 2mW at 

different excitation time exposures. 

The presented results show the decomposition of the perovskite film and its 

structural instability under illumination. More specifically, when the sample 

is illuminated even with a 0.2mW power, giving a low cps peak at ~675nm 

for the mixed compound, soon-after the photo-degradation of the film 

becomes obvious with a stronger peak at ~730nm as presented in figure 

70(a). This decomposition gets stronger with time, with a further red-shift 

of the I-rich region after 30sec (fig. 70-a) and a simultaneous appearance of 

a Br-rich region at 520nm accompanied by a decrease of the mixed-region 

emission. When we increase by one-decade the power, the effect becomes 

more obvious with a pronounced Br-rich emission (fig. 70-b). It should be 

noted that these excitation powers are much higher than the 1 Sun 

illumination. If we think that the spot size of the incident beam was 15μm in 

diameter, we estimate for 1mW power a power density of ~ 3W/cm2 or ~ 

30 Suns. To obtain a more stable high-band-gap film, we tried different 

approaches. 

One of the compounds we tried, was the FAPb(I0.5Br0.5)3 in GBL:DMSO 

solvent. To our surprise, the film displayed an amorphous character 

according to the XRD pattern, despite any optimization that we tried.  

a) b) 
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Figure 71. Characterization of a FAPb(I0.5Br0.5)3 film: a) XRD pattern, b) Photoluminescence 

measurement with the samples’ photo shown under excitation (inset) and c) SEM image of the 

sample’s surface and d) Time – Resolved Photoluminescence measurement at 660nm. 

The main feature of this film was its photoluminescence behavior. Even a 

150μm-spot was enough to spread the PL emission throughout the sample. 

Measuring lifetime for this sample showed increased values for both SRH 

and radiative recombination processes by more than one order of magnitude 

compared to MAPb(I0.5Br0.5)3, while its low crystallinity was observed from 

XRD and SEM images. For further investigation, we tried different 

compositions such as those presented below. 

 

Figure 72. a) Photoluminescence measurement and lifetime photoluminescence measurement for b) 

FA0.5MA0.5Pb(I0.5Br0.5)3 and c) FA0.4MA0.6Pb(I0.4Br0.6)3  films. 

a) b)  

c) d) 

a) b) c) 
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Two films prepared as the MA-based and FA-based conditions, but with a 

mixed cation composition were also fabricated and characterized. The first 

one was FA0.5MA0.5Pb(I0.5Br0.5)3 and the second one was FA0.4MA0.6Pb(I-

0.4Br0.6)3 with an increased amount of MA+ and Br+. Both films had a pretty 

similar behavior, while the increased amount of Br+ did not restrict the 

domination of the I-rich region. From lifetime measurements at 660nm, we 

could confirm that the two films were very similar. Also, the extracted 

lifetimes seem to be something like an average of MAPb(I0.5Br0.5)3 and 

FAPb(I0.5Br0.5)3 film lifetimes. 

In summary, MAPb (I0.5Br0.5)3 films, provide the desired bandgap but they 

are very sensitive under illumination, with short lifetimes which make these 

materials inappropriate for solar cells. An interesting behavior in terms of 

photoluminescence measurements was shown by FAPb (I0.5Br0.5)3, but the 

low crystallinity and non-uniformity of the film sets limits for photovoltaic 

applications. For this reason, we moved to a mixed cation solution based on 

the work of P. McMeekin et al. for wide bandgap perovskites [108]. More 

specific, we focused on the FA0.8MA0.04Cs0.16Pb(I0.5Br0.5)3 + 5% PbCl2 in a 

DMF: DMSO (4:1) solvent, while as crystallization technique, we used 

antisolvent technique with ethyl acetate as antisolvent. This combination 

showed the best morphology of the deposited films, so we focused on the 

optimization of the deposition parameters of this triple-cation, high-

bandgap perovskite. The optimal conditions for these films in our system 

were 3000rpm with 1000rpm/sec for 40sec, with 1mL of antisolvent at the 

10th second of spin coating. The substrate and the solution were at 65°C 

while after deposition the films were annealed for 6min at the same 

temperature. The crystallization occurred with the drop of the antisolvent 

and the film turned into a dark red color.  
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Figure 73. a) Lifetime-Photoluminescence at 660nm with a 375nm pulsed laser, b) Kubelka-Munk 

Transformation and XRD pattern (inset), photoluminescence using a 325nm cw laser with c) 

~0.6W/cm2 and d) 6W/cm2 at different exposure times for a FA0.8MA0.04Cs0.16Pb(I0.5Br0.5)3 + 5% PbCl2 

film on Glass Substrate.  

This triple-cation film, showed a better behavior in terms of crystallinity and 

free carrier life time compared to all previously studied films. On other hand, 

the phase separation phenomena persist. As shown in figure 73c, when 

exciting with a power density of ~6suns we observe a rapid evolution with 

exposure time to an I-rich dominated spectrum. The effect is accentuated 

when using an illumination equivalent to ~60 Suns. In this case, not only do 

we observe the I-rich formations, but we obtain PL emission from Br-rich 

inclusions as well. 

  

a) b) 

c) d) 

a) b) 



 
Page | 90  

 

 

Figure 74. a) Cross section and b) Tilted SEM image of triple-cation deposited on FTO/TiO2-

compact/TiO2-mesoporous, c) Transmittance and d) AFM image of the same sample. 

As a next step, we fabricated an FTO/TiO2-com/TiO2-mesop/Perovskite/SPIRO-

OMeTAD/Au high band-gap perovskite device using our optimum 

conditions. Transmittance measurements on the device showed an abrupt 

absorption at ~650nm which is our desired bandgap (fig. 74c). 

The SEM images of the device structure show a uniform film with about 

450nm thickness, having relatively large grains with an average value of 

~200nm, while its surface roughness measured by AFM was low, ~15nm.    

We fabricated devices with and without various passivations, while we also 

introduced the extra TiCl4 treatment between compact and mesoporous TiO2 

layer. Thus, 4 different devices were fabricated, the first one was the regular 

structure (no passivation, no TiCl4 treatment), the next one was with an 

extra PEA-Cl passivation layer, the third one with PEA-I instead of PEA-Cl, 

and the last one with no passivation but with a TiCl4 treatment. As HTL for 

all 4 samples we used a SPIRO-OMeTAD film with identical deposition 

c) d) 

a) b) 
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conditions while the extracted device results under 1 sun illumination are 

presented in figure 75. 

 

Figure 75. a) Short Circuit Current, b) Open Circuit Voltage and c) Fill Factor of all the triple-cation 

‘’red’’ devices under 1sun illumination. 

According to the extracted results, besides their particular low values, we 

could say that TiCl4 treatment, PEA-Cl and PEA-I seem to increase the Fill 

Factor parameter, while PEA-Cl and TiCl4 treatment seem to affect the JSC and 

VOC values. From the other side, PEA-I seems to increase them, especially the 

JSC values. The extracted efficiencies were between 0.1-0.2%. Further 

optimization came through the study of SPIRO-OMeTAD.  

 

Figure 76. a) FTO/TiO2-com/TiO2-mesop/Perovskite/ Low Molarity (LM) SPIRO-OMeTAD and b) 

FTO/TiO2-com/TiO2-mesop/Perovskite/High molarity (hM) SPIRO-OMeTAD/Au   

On that purpose, we fabricated 2 identical, passivation-free devices. The 

conventional recipe of SPIRO-OMeTAD gave us a 250nm thick film. In order 

to increase its thickness, we tried to decreased the spin coating rpms but this 

step gave us increased non-uniformities. Thus, we increase the molarity of 

the solution and this process gave us a 400nm uniform HTL film. 

 

a) b) 

a) b) c) 
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Figure 77. Extracted a) JSC, b) VOC, c) FF, and d) efficiency of the 250nm and the 400nm thick SPIRO-

OMeTAD. 

The extracted results in figure 77 showed improvement for JSC, FF and 

efficiency values with a slight decreased for VOC. Besides the low extracted 

values of the red perovskite solar cells, there is a lot of room for 

improvements. More specifically, by perovskite powder re-drying before 

each solution preparation we observed an important increase of the 

extracted parameters compared to the previous results. This is shown in 

figure 78, with a PV efficiency reaching on one device 1.6%. 

a) b) 

c) d) 
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Figure 78. The effect of re-drying the perovskite powder before the solution preparation on statistics 

of J-V curve under 1sun illumination (forward scan) and the extracted parameters of other diodes of 

this device. 

Clearly, the humidity factor seems to have a serious effect on the overall 

efficiency. Based on that, we tried to re-dry additionally the SPIRO-OMeTAD 

powder before HTL preparation, a process that boosted more the extracted 

efficiency. 

 

Figure 79. J-V curves of conventional, PEA-Cl passivated and PEA-I passivated device. 

This extra dry-step revealed the effect of moisture even on the preparation 

of SPIRO-OMeTAD, which can produce significant losses on the perovskite 

device. According to the measurements showing in figure 79, we see that we 

have a significant increase of current values with a small increase of the VOC 

as well. Additionally, the device presents stability under repetitive scans in 

the same direction, while we observe hysteresis between forward and 

reverse scans. The extra 2D passivation layer also improved the device 

characteristics with more beneficial the PEA-Cl passivation compared to the 

PEA-I passivation layer. More specifically, the extracted values for the 

conventional FTO/ TiO2-com/ TiCl4/ TiO2-mesop/ Red-Perovskite/ (hM)SPIRO-
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OMeTAD/ Au device in reverse scan were 4.14% efficiency, with a 54% FF, 

7.67mA/cm2 short circuit current and ~1V open circuit voltage. For PEA-I 

and PEA-Cl passivated devices, the extracted values were respectively 5.64% 

and 6.23% efficiency, 54.8% FF for both, 10.1mA/cm2 and 10.76 mA/cm2 

short circuit current and ~1.02V and 1.05V open circuit voltage. Besides 

that, PEA-I provided more uniform behavior through the different diodes of 

the same device, a fact that led us to focus on the PEA-I passivation. 

An additional dry-step came by drying the other compounds of SPIRO-

OMeTAD (Chlorobenzene, Li-TFSI and FK-209 powders). After this step we 

immediately made the solution and deposited on the perovskite surface. The 

results of the pv devices under 1Sun illumination are shown in figure 80. 

 

Figure 80. a) Forward and b) Reverse Scans for PEA-I passivated red perovskite solar cell produced 

after re-drying the other compounds of the SPIRO-OMeTAD, c) a theoretical photo I-V diagram 

which illustrates the effect of shunt and series resistance on the I-V curve [54] , and d) Dark analysis 

of diode7. 

a) b) 

c) d) 
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For the optimized conditions, we get a uniform distribution of the extracted 

photovoltaic characteristics through the whole device. The I-V curves are 

obviously enhanced, with almost no hysteresis between forward and reverse 

scans. The highest achieved efficiency was 6.37% for reverse scan, with 

1.16V open circuit voltage, 10.05mA/cm2 short circuit current and 54.6% FF. 

The relatively reduced FF can be justified from dark IV analysis. According 

to the extracted diode characteristics, we have no important shunt-

resistance issues, as Rshunt is larger than 10 KΩcm2 but we have series-

resistance effect according to the criterion that Rseries should be smaller than 

1Ωcm2 as per the discussion in chapter 4. This resistance effect can be also 

justified immediately from the photo JV curve, which provide an obvious 

slope with the y’y axes at the VOC area (fig. 80c). 

Regarding the out-of-the-glovebox perovskite solar cell fabrication, we could 

say that it is a much more complex procedure which needs continuous 

optimization in order to approach efficiency values comparable to those 

obtained inside the glovebox. The fabrication conditions change a lot for out-

of-the-glovebox fabrication with significant issues more on the materials’ 

hetero-interfaces than in the bulk. This conclusion arises from the detailed 

characterization of each layer which gives a behavior that is pretty similar to 

the bibliography. On the other hand, when we combine all these materials in 

a full perovskite device, we end-up with significantly reduced currents and 

with series-resistance issues. These issues reduce additionally the FF of the 

device and the overall power conversion efficiency. 

For our optimized solar cells in ambient conditions, with humidity values 

between 60-75%, we show that an important step for optimization was to 

dry each powder. This drying process occurred in vacuum oven at 65°C, for 

at least 2hours. The crystallization temperature of perovskite was fixed at 

65°C for 6 minutes with preheated solution and substrate at the same 

temperature. Moisture issues were observed also for SPIRO-OMeTAD, with 

the deposition on the perovskite surface immediately after the solution 

preparation seem to be a necessary step for improving the device. Finally, 

passivation layers seem to improve significantly the photovoltaic 

characteristics.  
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TiO2 Nanorods as Transport Layer 

In terms of exploring alternative perovskite solar cell architectures, we 

compared our FTO/TiO2comp/TiO2-mesop layer with a respective 

FTO/TiO2comp/TiO2-Nanorods structure. For that purpose, two different-

height Nanorods were examined. The Nanorods where fabricated by Ι. 

Syngelakis [109] on the same FTO/TiO2-compact template prepared by us, and 

the SEM images are presented below in figure 81. 

 

Figure 81. a) 300nm and b) 600nm Nanorods of FTO/TiO2-c substrate as ETLs. 

UV-Visible measurements of these structures compared to the conventional 

FTO/TiO2comp/TiO2-mesop  sequence are also presented in figure 82. 

 

Figure 82. Transmittance measurement of the different TiO2 based ETL structures 
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As we observe, the transmittance decreased by using the nanorod layer and 

increasing the nanorod height. Targeting at an enhanced interface of 

perovskite-TiO2 interface, we deposited a FA0.8MA0.04Cs0.16Pb(I0.5Br0.5)3 + 5% 

PbCl2 perovskite film via gas-quenching technique, aiming at an enhanced 

uniformity of the deposited film on these rough substrates.  

Figure 83. Cross section SEM images of a) mesoporous structure with a ~100nm mesoporous 

TiO2 ETL, a ~650nm perovskite film and a ~500nm SPIRO-OMeTAD film, b) Nanorod-based 

structure with b) ~300nm-high TiO2 Nanorods and a 500-600nm perovskite film with a 500-

600nm SPIRO-OMeTAD film and c) Nanorod-based structure with ~600nm-high TiO2 Nanorods, 

450-650nm perovskite film and 500-650nm SPIRO-OMeTAD film. 

Although the deposition process was identical for all the structures, the 

substrate roughness seems to affects on the final perovskite and SPIRO 

OMeTAD characteristics. 

Photo IV measurements of these devices also took place in order to extract 

the photovoltaic characteristics, while further dark IV analysis helped for a 

better understanding of their behavior.  

 

Figure 84. JV curves under 1sun illumination for three different TiO2-based ETLs 
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As we see in figure 84, the device with TiO2 Nanorods present reduced FF 

values compared to the standard mesoporous device. The 300nm NR 

extracted values are significantly worse compared to the other two ETLs, 

while the 600nm-NRs present higher short-circuit current. For a better 

comparison, we present all the extracted parameters in the table below. 

 

 

Table 2. Dark and Photo IV extracted characteristics of the three different ETLs. 

Comparing the morphology of these devices, we see that due to the inherent 

roughness of the TiO2 nanorod layer, the perovskite film also reproduces 

similar roughness, while the HTL seems to reduce the final roughness of the 

Perovskite Solar Cell as presented on figure 83. Additionally, the dark IV 

measurements indicate inferior diode characteristics for the TiO2-NRs-

based solar cells, with increased series-resistance and lower shunt-

resistance compared to the mesoporous diodes. Significant differences on 

series resistance are also observed between the 300nm-NRs’ device and the 

600nm-NRs’ device, with the ~1 order of magnitude difference on the 

extracted series-resistance values to be attributed on the lower thickness of 

the 300nm heigh nanorods as we observe on figure 81. Focusing on the 

nanorod-based devices, we observe that despite the decreased 

transmittance of 600nm-NRs’ device, and thus the reduced number of 

photons that will be absorbed by the perovskite, we extracted better solar 

cell characteristics, than the 300nm-TiO2-NR. We suggest that this is due to 

increased interface of 600nm-NRs with the perovskite and the better 

electrical characteristics. Additionally, in terms of efficient extraction of 

carriers, we see that the increased interface seems to offer even better for 

the 600nm-NR compare to the conventional mesoporous TiO2 structure, 

with almost 2 times higher current densities despite the poor transmittance 

and electrical characteristics of NR-based structure.  

A better control and further optimization of TiO2-NRs, could significantly 

improve the diode characteristics of such a solar cell device. Such an 
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improvement, would be very promising for an alternative ETL instead of 

mesoporous structure.  

 

Summarizing the results of this chapter, we have fabricated and optimized 

various perovskite films in ambient conditions, while we employed a post-

annealing technique for high-quality perovskite films in an “out-of-the-

glovebox” process, under relatively high humidity conditions. The low-

temperature annealing was the key factor in this process. In addition, we 

tried 3 different perovskite deposition techniques, the hot-casting, the gas-

quenching and the antisolvent technique. The hot-casting technique was the 

most promising in terms of being functional in ambient conditions. Despite 

the large perovskite grains we obtained, and the relatively high carrier 

lifetimes we observed, the technique had issues with the reproducibility and 

uniformity of the perovskite films. Thus, we experimented with a modified 

antisolvent technique, where we used hot substrates as an extra step to 

eliminate the humidity from the substrate surface, which gave us better 

control on the perovskite morphology and reproducibility. An alternative 

technique for perovskite-film deposition was the gas-quenching one, where 

we replaced the anti-solvent solution with a continuous flux of nitrogen. The 

advantage of this technique compared to the antisolvent one, was the ease 

of reproducibility and the increased uniformity of the perovskite film in 

larger areas. Additionally, we optimized high-bandgap perovskite films for 

our tandem device. More specifically, we developed a triple-cation mixed-

halide 1.9 eV "red" perovskite, which showed increased stability under 

illumination and higher lifetimes compared to single or double cations. 

Finally, we optimized our transport layers. As ETL, we used a TiO2-compact/ 

TiO2-mesoporous heterostructure, where an extra TiCl4 treatment between 

compact and mesoporous layer improves the transport process and the 

overall device characteristics. Additionally, we examined the effect of 

different TiO2 architectures, which showed promising results and the need 

for further optimizations. As HTL, we examined both CuSCN and SPIRO-

OMeTAD, putting the emphasis on the SPIRO-OMeTAD optimization, as it 

gave us better results compared to CuSCN. The synthesis of the SPIRO-

OMeTAD solution proved to be a little tricky, with moisture issues and the 

re-drying of all the reagents as a prerequisite for increased efficiency. 

Overall, the perovskite solar cells we have fabricated and tested showed 

inferior characteristics compared to the literature, most likely due to 
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humidity issues during the “out-of-the-glovebox” fabrication. Focusing on 

the ''red'' perovskite devices, using the optimized conditions for TiO2-ETL's 

and SPIRO-OMeTAD, we have observed a PV efficiency of ~6.5 % with 

limited hysteresis phenomena.   
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Chapter 6 

Perovskite-Gallium Arsenide Tandem Solar Cells 

The combination in a tandem configuration of a GaAs and a Perovskite solar 

cell was our final target. For that purpose, both sub-cells should be as much 

optimized as possible for optimum efficiency under this combination. This 

optimization strongly depends on the architecture of the Tandem structure. 

There are 4 different well-known configurations that we could study. 

 

Figure 85. Monolithic Tandem Solar cell with a) recombination layer and b) tunnel diode, c) 2-

Terminal Mechanically Stacked Tandem Solar Cell connected in series and d) 4-Terminal 

Mechanically-Stacked Tandem Solar Cell. 

Monolithic Tandem Solar cells a) and b) require current-matching for the 

two sub-cells, while this current-matching condition for the serially-

a) b) 

c) 
d) 



 
Page | 102  

 

connected tandem solar cell c) is less stringent in the sense that we can 

adjust the different areas of the sub-cells. The 4-Terminal mechanically 

Stacked Tandem Solar Cell d) allows you to develop two separate Solar cells 

and leads to the optimum performance with no current-matching 

requirements. 

One very important point in terms of tandem configuration is that the top 

sub-cell should have both electrodes transparent to minimize the absorption 

losses. Additionally, for monolithic configurations, an extra recombination 

layer or an ultra-thin tunnel-junction should be brought to optimum 

conditions in terms of minimizing the electrical resistance and optical losses, 

providing at the same time an effective interconnection of the two sub cells.  

 

Oxides for Tandem Solar Cells  

In terms of transparent electrodes, one of the best-known electrodes is the 

Indium Tin Oxide (ITO). In terms of depositing ITO on the HTL of the 

perovskite device, one should try to optimize the as-deposited ITO at 

appropriate conditions for a low resistance electrode utilizing an rf-power 

low enough such as not to destroy the HTL.  Additionally, ITO can be also 

used as recombination layer in between the two sub-cells of a monolithic 

structure.  In this work, as first step we tried to examine the optimum 

conditions in the rf-sputtering chamber during the ITO deposition. We tried 

3 different conditions at 300-Watt deposition power. After each deposition 

the samples were characterized with HALL measurements. 

In the first deposition, the chamber was 100% Ar-environment under 

5mTorr pressure. 
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Table 3. Electrical characteristics of a 135nm thick ITO under 100% Ar conditions at different 
annealing temperatures/duration. 

As shown in table 3, this film presents really good electrical characteristics, 

which are improved with subsequent annealings. The surface resistance of 

the as-deposited film was ~300 Ω/square with a significant low specific 

resistance in the magnitude of ~40∙10-4 Ωcm with a high mobility 

~17cm2/Vs. Reasonable values are obtained also for the surface carrier 

density ~1∙1015cm-2 and the additional carrier density ~9∙1019cm-3. After 

subsequent annealing treatments, the corresponding values improved to 

~100Ω/square, ~13∙10-4 Ωcm, ~19cm2/Vs, ~3.3∙1015cm-2 and ~19∙1020cm-2 

for the surface and the specific resistance, mobility, surface carrier density 

and carrier density respectively. In the second deposition, we deposited a 

120nm-thick ITO at 5%O2- 95% Ar environment under 5mTorr pressure. 

 

Table 4. Electrical characteristics of a 120nm thick ITO under 5%O- 95% Ar conditions at different 
annealing temperatures/duration. 

As shown in table 4, we observe that 5% oxygen degrade the electrical 

characteristics of the as-grown film compared to the 100%Ar while by 

annealing, these characteristics are significantly improved. 
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In the third deposition, we increased the oxygen content at 10%, for a 

10%O2-90%Ar environment at the same power. 

 

Table 5. Electrical characteristics of a 145nm thick ITO under 10%O2 - 90% Ar conditions at different 
annealing temperatures/duration. 

Clearly as shown in table 5, the increased oxygen contents affects the 

electrical properties of ITO, and the best conditions in our system was the 

100% Ar environment.  

 Although we observe that annealing improves the ITO properties, we should 

find the optimum conditions of the as-deposited films, considering that the 

perovskite layers cannot sustain annealing at high temperatures. For this 

purpose, we repeated the deposition in a 100% Ar-environment, at different 

RF-Powers. 

 

Figure 86. Electrical characteristics of as deposited ITO at different RF powers.  

The extracted results in figure 86 show a gradual improvement of all 

properties with the power. Summarizing the above results, we could say that 

the best ITO properties are presented for the highest RF-Power deposition 

in 100% Ar-environment. Extra annealing steps further provide 

improvement of the ITO film characteristics. 
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To examine the effect of optimizations of the RF-Power during the 

deposition of ITO, avoiding any damage-effect on the underneath HTL or 

perovskite layers, we made a series of ITO depositions directly on the 

perovskite film. In fact, we should optimize the conditions on SPIRO-

OMeTAD layer, but as we could not examine the damage on this layer with 

our available techniques we proceeded on the direct deposition on 

perovskite. For that purpose, we prepared 300nm MAPbI3 films deposited 

on a glass substrate via gas-quenching technique. We tried ITO depositions 

at different combinations of RF-power as presented in Table 6 below. For 

each deposition, we used a glass/MAPbI3 film for XRD and PL measurements 

and a plain glass substrate for transmittance measurements. 

 

Table 6. RF-Sputtering powers of different deposition of ITO on perovskite films and on glass 
substrates. 

Our idea was to compare two conditions with fixed RF-Power, where the 

electrical characteristics for as-deposited films were reasonable, with films 

with gradual increase of rf-power, where the low-power deposited ITO layer 

is supposed to protect the HTL, while the final high-power layer should 

enhance the current spreading and the collection of carriers, based on their 

improved electrical characteristics. 
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The deposition conditions are presented on Table 6, for 6 different layers, 

where the estimated thickness (d/nm) was controlled with the deposition-

time (t/min), and the total thickness was measured after each deposition. 

 

 

Figure 87. a) XRD of glass/ MAPbI3/ ITO focused on the PbI2 peak as a decomposition issue (inset) 
and a) Transmittance ITO respective layers deposited on glass substrates. 

From the XRD measurements, we conclude that even 300W produce a 

decomposition effect on the perovskite, based on the appearance of a 

secondary peak at lower diffraction angles (~12.6°, denoted with a star). 

Besides that, depositing a ~30nm layer of 100W seems to be sufficient for 

protecting from an extra 300W deposition. On the other hand, an extra 500W 

deposited layer produces damage, which disappears when we deposit 

intermediate ITO layers with intermediate rf-powers. From transmittance 

measurements, for all depositions we have values ~80% in most of the 

spectral range, while if we take into account of the glass transmittance which 

is ~90%, the ITO transmittance also reaches a ~90% value. 

The optimum ITO conditions found above were tested in a full perovskite 

device, directly on the HTL, as transparent top electrode, but the results 

were not very encouraging, which led us to believe that SPIRO-OMeTAD is 

much more sensitive under the rf-deposition powers used, and thus we need 

to address alternative hole-transport layers which are more stable and 

resistant under high rf-powers.  Towards this end, we deposited NiO and 

NiAlO on different chamber conditions as HTLs, while we also tested an 

alternative ZnO ETL. 

a) b) 
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Table 7. NiO, NiAlO and ZnO electrical characteristics at different chamber conditions  

The electrical characteristics of these as-deposited layers were extracted via 

TLM measurements, where the TLM pattern was prepared via lithography 

with square pads with 5, 10, 20, 30, 40 50 and 100μm distance between each 

square pad. In addition, these layers were also used in a full perovskite 

device with no satisfactory results. Despite this, we think that these layers 

are promising and merit further investigation for alternative transport 

layers in more stable perovskite solar cells. 

As a last step in the study of oxide layers, we tried to optimize a thin ITO 

layer on a p-type GaAs in view of a monolithic structure where the ITO would 

be in contact with the p-GaAs. The ITO-recombination layer should offer 

ohmic contact with both top layer of the bottom sub-cell and with the bottom 

layer of the top sub-cell. It is well-known that ITO provides an ohmic contact 

with many of the ETLs of a perovskite cell, thus we focused on the top layer 

of our GaAs structure. 

For this purpose, we deposited a 10nm film with 500Watt RF-Power on p-

GaAs and performed I-V measurements, where the top contact was an extra 

0.25x0.25cm square Au contact on the ITO surface.  
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Figure 88. a) AFM image of 10nm ITO surface deposited on GaAs with an extra picture of the 
measured pGaAs/ ITO/ Au sample (inset) and b) IV results of the as prepared and annealed at 300C 
and 450C for 15min  

According to the extracted results, the 10nm-thick ITO on GaAs substrate 

forms a low roughness film with good electrical ohmic properties after 

annealing, while the as-deposited IV results present a Schottky behavior. 

More specifically, the optimum behavior is for the 300°C annealed sample 

with a ~0.0009Ωcm2 resistance, while the annealing at 450°C presents a 

slightly higher resistance at ~0.0011Ωcm2. 

We should mention that all these ITO depositions were made by Dr. E. 

Aperathitis with an RF-Sputtering system. 

 

Modeling of a Tunnel Junction 

An alternative way for a monolithic tandem solar cell is the introduction of a 

tunnel diode. This diode can replace the recombination layer based on the 

tunneling effect. The deposition of such a diode demands a good control of 

thickness and doping profile, thus requires expensive deposition techniques 

such as an MBE process. Nevertheless, we examined using the Silvaco TCAD 

simulator machine, the optimum thickness and doping profile for an efficient 

tunnel diode in a monolithic perovskite/GaAs tandem configuration. For this 

purpose, we used as ETL on the tunnel junction a ZnO layer which is 

available in our lab as we showed earlier. More specifically, we used in the 

simulation a 30nm thick ZnO with ND=3 1018cm-3, while we take into account 

the MBE limitations in this optimization.  

a) b) 
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Figure 89. a) GaAs bottom sub-cell with a tunnel diode and a ZnO ETL from the top perovskite based 
subcell with b) the respective energy band alignment and c) J-V curves which present the tunneling 
effect for different thicknesses of the tunnel junction. 

According to our optimization, we found that a 25nm-25nm p+-n+ tunnel 

diode seems to present the optimum characteristics in terms of tunneling 

effect with a very good energy band alignment for a monolithic GaAs-

Perovskite tandem solar cell.  

 

4-Terminal Configurations 

In terms of a tandem configuration, it is clear that we should optimize a lot 

of layers for an optimum band gap alignment, with minimization of parasitic 

electrical and optical losses. A very important step is the optimization of the 

transparent electrodes. In particular, we should optimize the deposition of 

ITO on SPIRO-OMeTAD for minimization of HTL damage. This process 

requires plenty of dedicated experiments in order to obtain sufficient know-

how. In our laboratory, this process was new and in the preliminary 

experiments during the course of this thesis, we realized that we are still 

facing problems that affect significantly the HTL and the final efficiency. An 

alternative way to evaluate the benefit of a tandem structure, was to 

fabricate two identical devices at 1.9 eV. The first one should be used to 

evaluate the top sub-cell, where we deposited opaque Au top contacts, while 

b) 

c) 

a) 
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the second device did not have top contacts and was be used as a spectral 

filter for the bottom subcell.    

 

Figure 90. Illustration of 4-terminal characterization of the a) bottom subcell with a perovskite solar 
cell as a spectral filter and b) the top perovskite subcell. 

In this direction, we used our optimized high bandgap perovskite solar cell 

as top subcell and we compared the efficiency benefit with the 1663 GaAs 

sample with and without A/R coating as described in chapter 4. 

For the 1663 sample without A/R coating, we had a 3.62% efficiency for the 

bottom subcell without perovskite filter, while with the perovskite filter the 

efficiency decreased to 1.68% (53.6% decrease), with the main affected 

value to be the current density, showing a drop of 6.2mA/cm2 to 

2.95mA/cm2 (~52.4% decreased). Adding to 1.68%, the 6.37% efficiency of 

the top sub-cell, the total efficiency of such a tandem solar cell is ~8%, which 

is 1.27 times more than the top subcell and 2.22 times more than the bottom 

subcell.  

 

Figure 91. 4-terminal approximation using a GaAs solar cell a) without and b) with antireflective 
coating. 

a) b) 

a) b) 
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On the other side, using a 1663 diode with antireflective coating and an 

increased efficiency at 12.32%, we can see that we do not have benefit from 

such a 4-T combination. More specifically, following spectral filtering by the 

top sub-cell, the efficiency of GaAs decreased to 4.61% (62.66% decrease), 

with again a significant current density decrease from 21.39 mA/cm2 to 

8mA/cm2 (62.59% decrease). The total efficiency of the 4T combination is 

10.98%, which is 1.7 times more than the perovskite solar cell and 1.12 times 

less than the GaAs solar cell, so such a combination is not worth in this case. 

For further investigation, we combined our best efficiency GaAs solar cell 

with an optimized perovskite solar cell at 1.77eV. Although this bandgap is 

~0.1eV lower from the optimum value for tandem combination with the 

GaAs sub-cell, lower perovskite bandgaps can provide higher efficiencies 

and allow us to minimize the perovskite thickness for minimizing the 

absorption losses.  For this purpose, Professor Weijun Ke and his student Fu 

Shiqiang from Wuhan University, provided us with such a perovskite solar 

cell for a 4T combination with the GaAs solar cell. This perovskite cell has 

both ITO transparent electrodes with an inverted structure compared to our 

perovskite devices.  

 

Figure 92. a) 1.77eV perovskite structure for top subcell and b) 4-T results under 1sun illumination. 

According to the extracted results, the top subcell showed a 17.01% 
efficiency while the bottom subcell a 15%. In the 4-T combination, the 
efficiency of the bottom subcell decreased at 5.89% (60.7% decreased) with 
again the main decrease being in the current density, from 23.15 to 9.42 
mA/cm2 (59.3% decrease). The total 4-T efficiency is ~22.9% which is 1.35 
times more than the top subcell and 1.5 times than the bottom subcell.  

a) b) 
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In conclusion, we have studied, fabricated, and optimized materials that will 
be used either for monolithic, or for 4-terminal tandem solar cell devices. 
More specifically, for monolithic tandem solar cells, we addressed the 
interconnection layer in our heterostructure using two different approaches, 
the recombination layer and the tunnel junction. As recombination layer, we 
optimized an ultra-thin ITO layer on a p-GaAs substrate, while we 
additionally used Silvaco simulator and designed a GaAs p-n tunnel junction 
as an alternative interconnection layer. As another prerequisite of the 
tandem approach, we examined the effect of as-deposited ITO as a 
transparent top contact. The results of such a deposition showed significant 
reduction of the perovskite solar cell performance, which is attributed to 
SPIRO-OMeTAD damage under the high rf-power depositions of ITO. For that 
purpose, we examined NiO-based layers as alternative HTLs in the tandem 
configuration. Additionally, we studied different combinations of 4T 
structures, one with the optimum perovskite sub-cell gap of 1.9eV and one 
with a gap of 1.77eV. We can say that except of the perfect bandgap 
alignment of the two sub-cells, other limitations such as optimum thickness, 
stability, maximum efficiency under the Shockley limit, etc. are important for 
maximizing the total efficiency. We demonstrated the benefit of the tandem 
geometry with both types of perovskite cells. Our best efficiency for a 4T-
structure approaches the 23%. Further optimizations are certainly possible 
and based on theoretical estimations, we can hope for 4T-efficiencies higher 
than 30%. 
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Chapter 7  

MAPbI3 on GaAs: a washable hetero-interface with giant 

passivation effect 

It is well-known that one of the most important disadvantages of GaAs, is the 

high non-radiative surface recombination velocity [110]. Many works in the 

past have focused on the passivation of the GaAs surface, employing various 

methods such as plasma treatment [111], chemical passivation [112], [113] 

or deposition of another material on the surface as protection layer [114]–

[116]. A common characteristic of all these approaches is that prior to any 

passivation scheme, the native oxide of GaAs is removed either chemically 

or by desorption and other in situ processes inside a high-vacuum epitaxial 

chamber. 

On this chapter, we demonstrate that the deposition of Methylammonium 

Lead Iodide (MAPbI3) on native nominally-undoped (100) GaAs substrates, 

generates an enhancement in the GaAs photoluminescence (PL) intensity by 

more than three orders of magnitude. We attribute this giant PL 

enhancement to some very efficient MAPbI3-induced passivation scheme of 

the GaAs surface. Time-resolved PL experiments reveal greatly enhanced 

carrier lifetimes next to the GaAs surface, in agreement with a passivation 

process. X-ray photoelectron spectroscopy measurements on ultrathin 

MAPbI3/GaAs and PbI2/GaAs samples suggest some Pb-related de-

oxygenation of the GaAs surface, as an atomistic mechanism possibly related 

to the passivation effect. Impressively, the whole process is fully reversible, 

as it suffices to immerse the MAPbI3/GaAs sample in salt-water and the 

MAPbI3 layer is completely removed, while the PL intensity and spectral 

features of the GaAs substrate return to their pristine condition 

 

For this experiment, CH3NH3PbI3 powder is synthesized by adding PbO 

(10 mmol), 57% HI solution (76 mmol) and 50 % aqueous H3PO2 

(15.5 mmol) and stirring the solution on a hot plate until a bright yellow 

colour to be formed. Then, CH3NH3Cl (10 mmol) powder is added in the 

solution and a black powder precipitated. The black powder is collected 

from the solution via a filtering procedure and is dried in a vacuum oven for 

5 hours for the final CH3NH3PbI3 powder. For the perovskite solution, 
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CH3NH3PbI3 (MAPbI3) powder is dissolved in a DMF: DMSO (4:1) mixed 

solvent and stirred for 1 h. For GaAs substrate, we use a nominally undoped 

GaAs (100) substrate by Wafer Technology Ltd. According to the 

specifications, these GaAs substrates are practically semi-insulating with a 

resistivity higher than 107 Ω∙cm. For the perovskite deposition on the GaAs 

substrate, we use the spin-coating technique under ambient conditions. 

Prior to deposition, the GaAs substrates are merely oxygen plasma-treated 

for enhanced adsorption of the perovskite and no native oxide is removed. 

Next, we drop the precursor solution on the substrate and spread on the 

substrate via spin-coating for 40 seconds. On the 10th second, we apply a 

continuous N2 flow (gas-quenching technique) to enhance the uniformity 

and crystallization of the perovskite, as described in chapter 5. Finally, we 

anneal the sample on a hot plate at 65°C for 6 min. The molarity of the 

perovskite solution and the rpm value can be adjusted according to the 

wanted thickness. Perovskite films with thicknesses between 10 nm and 

520 nm have been produced in this study. For each MAPbI3/GaAs sample, a 

twin MAPbI3/glass sample is deposited under the same conditions. To 

examine the reversibility of the deposition process, we remove the MAPbI3 

film by immersing the MAPbI3/GaAs sample in a beaker with salt-water and 

sonicate for 5 min to dissolve the perovskite film. Next, we rinse the 

substrate with de-ionized water to remove any residual salt or perovskite 

and sonicate again in de-ionized water for another 5 min to improve 

cleaning. Finally, we rinse the substrate with acetone and isopropanol, and 

dry with nitrogen flux.  

Τhe morphology of the perovskite film is assessed with Field-Emission 

Scanning Electron Microscopy (FE-SEM) images, while the crystal quality of 

the film is characterized by X-Ray diffraction (XRD) measurements. For the 

temperature-dependent PL experiments, the sample is fixed on the cold 

finger of a variable-temperature closed-cycle helium cryostat and several 

continuous-wave (CW) lasers are employed for excitation with a spot size of 

~100 μm, such as a He-Cd laser at 325 nm, a laser diode at 650 nm or a 

Ti:Sapphire laser tuned at 720 nm or 780 nm. The PL signal is analysed using 

a 0.5 m spectrograph with a 150 g/mm grating and is recorded by a liquid 

nitrogen-cooled charge-coupled device camera (CCD).  
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Figure 93. (a) Top-view FE-SEM image from the 67.5nm-thick MAPbI3/GaAs heterostructure. (b) 
Top-view, (c) Tilted and (d) Cross-section FE-SEM images from another 188nm-thick MAPbI3/GaAs 
heterostructure confirming the deposition of uniform, dense and pinhole-free perovskite films on 
GaAs.  

As observed in the FE-SEM images of Figure 94(a) and Figure 93(a) for the 

same sample, a uniform, dense and pinhole-free perovskite film is obtained 

with a thickness in this case of 67 nm. Similar observations apply to thicker 

films as well, as shown for instance in Figures 93(b)-(d), for a 188 nm-thick 

MAPbI3/GaAs sample. In Figure 94(b), the XRD θ-2θ scan obtained on an 

80 nm-thick MAPbI3/GaAs sample illustrates the formation of pure MAPbI3. 
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Figure 94. (a) Cross-section FE-SEM image of a 67 nm-thick MAPbI3 on GaAs heterostructure. (b) 
XRD θ-2θ scan on a similar 80 nm-thick MAPbI3/GaAs sample and comparison with theoretical 
curves showing the formation of pure MAPbI3. (c) Comparison of low-temperature PL spectra from 
the 80 nm-thick MAPbI3/GaAs heterostructure (blue solid curve) and a bare GaAs substrate (red 
solid curve), obtained under same excitation conditions by a 325 nm CW laser. The dashed line 
corresponds to the PL spectrum of a reference MAPbI3 thin film on glass, spin-cast under the same 
conditions as in the MAPbI3/GaAs case. The PL intensity of the reference sample has been adjusted 
in order to highlight the GaAs-related emission peak of the MAPbI3/GaAs sample.  

In Figure 94(c), we compare the low temperature PL spectra of the 

MAPbI3/GaAs heterostructure (upper blue solid curve) and the bare GaAs 

substrate (lower red solid curve), obtained with a 325 nm CW laser. The PL 

spectrum of the semi-insulating GaAs substrate contains two main peaks at 

15 K. The high energy peak at 1.515 eV corresponds to free-exciton (FX) 

emission, as confirmed by its spectral overlap with the FX feature in 

reflectivity. The low energy peak at 1.495 eV is attributed based on the 

spectral position, to a band to neutral acceptor (BA) recombination line, 

likely due to carbon atoms occupying arsenic sites [117]. This assignment is 

further supported by its power and temperature dependence. Specifically, 

the BA line quenches fast with temperature, at ~40-60 K, a standard 

behavior for BA transitions in bulk semiconductors due to a combination of 

electron diffusion and acceptor ionization effects [118] in this temperature 

range. In addition, with increasing excitation power, the BA line blueshifts 
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appreciably by several meV, which can be explained by an increased 

electronic temperature of conduction band electrons participating in the 

recombination. The possibility of a donor-to acceptor recombination 

contributing additionally to the BA line cannot be fully excluded, although 

the spectral position of the peak clearly corroborates in favor of a BA line. A 

weaker peak at about 850 nm is a longitudinal optical (LO) phonon replica 

of the BA peak. Importantly, the overall PL emission rate of the semi-

insulating GaAs substrate is particularly weak, a consequence of the 

pronounced nonradiative recombination on surface defects of the GaAs 

substrate [119]. The situation is drastically altered in the case of the 

MAPbI3/GaAs sample. Aside from the intense and broad PL emission 

associated with the perovskite layer, extending in the 760-820 nm range, we 

can also distinguish a relatively broad “GaAs-related” peak at ~832 nm, 

which is absent in the PL emission of the reference sample on glass, shown 

by the dashed line. The assignment of this peak as being “GaAs-related” is 

further confirmed by the temperature-dependent PL spectra and 

corresponding peak positions presented in Figure 95 (a),(b), where we 

observe that the perovskite and GaAs-related peaks shift in opposite 

directions with temperature, according to the temperature-induced shifts of 

the respective energy gaps [120], [121].  
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Figure 95. (a) Temperature-dependent PL spectra from the 80 nm-thick MAPbI3/GaAs 
heterostructure, showing the opposite movement of the MAPbI3-related and GaAs-related peaks 
with temperature. (b) Energy positions with temperature of the main PL peaks of the same 
MAPbI3/GaAs sample (c) Reversibility of the passivation process, demonstrated by comparing the 
low-temperature PL spectra obtained under same excitation conditions by a 325 nm CW laser, from 
a bare semi-insulating GaAs substrate prior to any deposition (red solid curve), a 80 nm-thick 
MAPbI3/GaAs sample (blue solid curve), and the same GaAs substrate recoverεd after washing-away 
the deposited perovskite film following the cleaning process described in the manuscript (yellow 
dotted curve).  

Coming back to Fig. 94 (c), what is particularly striking is that the PL 

intensity at the GaAs-related peak, after subtraction of an extrapolated 

perovskite background, is more than 500 times higher compared to that of 

the bare GaAs substrate. This giant enhancement can only be attributed to 

some very efficient passivation of the GaAs surface induced by the presence 

of MAPbI3. The enhancement process is even more impressive considering 

that with the 325 nm excitation wavelength, the penetration depth in 

MAPbI3 is barely ~20 nm[78] while that in GaAs ~13 nm[38]. In other 

words, even in the 80 nm-thick MAPbI3/GaAs sample of Fig. 94(c), the vast 

majority (> 98%) of the incident photons is absorbed in the perovskite layer, 

implying that the GaAs-related emission derives from recombination of 

carriers, which have diffused first in the perovskite layer and subsequently 
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transferred to the GaAs region through the MAPbI3/GaAs hetero-interface. 

Given the efficiency of the whole process, the carrier transfer from the 

MAPbI3 layer to GaAs appears to be unobstructed, suggesting favorable 

band-alignments for both electrons and holes in accordance with 

expectations based on the literature [122], [123]. It is important to note here, 

that somewhat unexpectedly for the amplitude of the effect, the whole 

passivation process is fully reversible. As demonstrated in Figure 95 (c), we 

can fully recover the PL spectrum of the unpassivated GaAs substrate by 

following a relatively straightforward room-temperature washing 

procedure described in methods.  

This strongly suggests that the passivation process is a surface effect that 

does not involve any covalent chemical bonding nor any infiltration of atoms 

inside GaAs, in line with previous studies on oxide-free Pb/GaAs (100) films 

prepared by molecular beam epitaxy, which showed little chemical 

interaction between Pb and GaAs and no exchange reaction between Pb and 

Ga atoms [124], [125].    

Interestingly, the “visibility” of the GaAs-related peak with respect to that of 

MAPbI3 improves significantly with decreasing power of excitation. This can 

be readily observed in the power-dependent spectra of Figure 96 (a), where 

at low powers the two peaks seem comparable.  
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Figure 96. Power-dependent PL spectra at T=20 K obtained with a 325 nm cw laser from (a) an 
80 nm-thick MAPbI3/GaAs sample and (b) its twin MAPbI3/glass sample spin-cast under the same 
conditions. (c) Spectrally-integrated PL intensities as a function of power, for the GaAs-related 
(spheres) and MAPbI3-related (triangles) peaks of panel (a), as well as the MAPbI3 emission of panel 
(b). The dashed lines indicate the linear curves in each case. By inspection, it is clear that there exists 
some saturation mechanism for the GaAs-related peak at high powers, likely related to the carrier 
diffusion and transfer process from the perovskite layer to the GaAs region, which is also supported 
by the concomitant super linear increase of the MAPbI3 emission.    

On the other hand, at high powers the perovskite peak surpasses that of GaAs 

by about one order of magnitude. In Figure 96(c), we plot the spectrally 

integrated PL intensities of the perovskite- and GaAs-related peaks in that 

experiment, as a function of power. For the spectral integration, we followed 

a fitting/deconvolution procedure that will be described next. By inspection 

of Fig. 96(c), it is clear that the GaAs-related peak exhibits a saturation 

mechanism at high powers, which is likely related to some inhibition of the 

carrier diffusion and transfer process from the perovskite layer to the GaAs 

region, an assertion that is supported by the concomitant super-linear 

increase of the MAPbI3 emission.   
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Next, we turn our attention to the nature of the GaAs-related emission in the 

MAPbI3/GaAs heterostructure. First of all, the GaAs-related peak originates 

from the GaAs region right next to the MAPbI3/GaAs heterointerface. This is 

particularly true with the 325 nm excitation wavelength, for which the GaAs 

is necessarily pumped via the perovskite layer.  

 

Figure 97. (a) Normalized PL spectra as a function of power, obtained at T=20 K with a 325 nm 
excitation wavelength from a 300 nm-thick MAPbI3/GaAs sample. The spectra are normalized to the 
maximum of the GaAs-related peak. The dot-dashed line depicts the PL spectrum of the bare GaAs 
substrate. (b) Fitting curve (dotted line) of a typical PL spectrum (solid line) of the same 
MAPbI3/GaAs sample, using two bi-gaussian functions for the perovskite and GaAs-related peaks 
(dashed lines), as discussed in the text. (c) Deconvoluted GaAs-related peaks versus power, obtained 
by fitting of the PL spectra of panel (a) and comparison with PL spectrum of GaAs substrate (dot-
dashed line). (d) Schematic of the GaAs-related emission mechanism, consistent with experimental 
findings. The tilted arrows indicate recombination events between conduction band electrons (full 
circles) and neutral acceptor levels (empty circles) in the valence band. The acceptors near the 
passivated GaAs surface do not participate in the recombination process as they are ionized by band-
bending. 

Second, as shown in Figure 97(a), the GaAs-related peak is much broader 

and significantly redshifted with respect to the BA line of the GaAs substrate. 
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Notably however, with increasing power of excitation, the GaAs-related peak 

becomes sharper and its energy position tends asymptotically to that of the 

BA line. In other words, the GaAs-related peak appears somehow 

“connected” to the BA line of the GaAs substrate. Third, the GaAs-related 

peak is distinctly asymmetric, extending significantly toward lower energies, 

while presenting a high-energy cutoff at about the BA transition energy. To 

further illustrate this, we fit in Figure 97(b) the perovskite and GaAs-related 

peaks of a typical PL spectrum, using two bi-gaussian functions whose main 

adjustable parameters are in this case the amplitude and linewidths of the 

GaAs-related peak. The outcome of the fitting procedure for the GaAs-related 

peaks as a function of power is shown in Figure 97(c), with all curves 

exhibiting pronounced asymmetry and a high-energy cutoff at the BA 

transition of the GaAs substrate.  

 

Figure 98. Comparison of the temperature dependence of PL intensity for the GaAs-related peak in 
a 80 nm-thick MAPbI3/GaAs sample with the band-to acceptor (BA) and free-exciton (FX) peaks of 
the GaAs substrate.  

Fourth, as shown in Figure 98, the GaAs-related peak also collapses abruptly 

with temperature, at about 120-140 K. All the above observations speak in 

favor of a “modified” BA transition near the MAPbI3/GaAs hetero-interface. 

In fact, by assuming slightly tilted BA transitions near the passivated GaAs 

surface and a small downward band-bending, as schematically depicted in 

Figure 97(d), we can explain most of the experimental findings regarding the 

GaAs-related peak, such as the spectral redshift, the asymmetric broadening 
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toward lower energies, the high-energy cut-off at the BA transition energy of 

the GaAs substrate, as well as the power-dependent blueshifts and spectral 

narrowing due to carrier-induced screening of the band-bending. The 

improved temperature stability of the GaAs-related peak compared to the 

BA line in the GaAs substrate is not fully clear at the moment, but is probably 

associated with the enhanced electron lifetimes near the passivated GaAs 

surface.  

 

Figure 99. Comparison of time-resolved PL decay curves obtained at T=20 K around the GaAs-
related PL peak of a 520 nm-thick MAPbI3/GaAs sample (upper panel) and the FX and BA peaks of 
the bare GaAs substrate (lower panel). The spectral positions corresponding to the various decay 
curves are indicated in the PL spectra of the insets, obtained under the same TRPL experimental 
conditions. In the upper inset, the dashed lines represent the perovskite and GaAs-related 
contributions leading to the fitting of the PL spectrum. The dot-dashed curve in each panel indicates 
the instrument response to a sub-picosecond laser pulse in the same spectral range.   

Additional evidence on the MAPbI3-induced passivation of GaAs is provided 

by low temperature TRPL measurements. For the time-resolved PL (TRPL), 

the samples are excited with a spot size of ~50 μm either by a frequency-

doubled Ti:Sapphire laser at 450 nm with 80 MHz repetition rate and 120 fs 

pulse-width or a picosecond 375 nm laser diode with variable repetition rate 

1-100 MHz and 50 ps pulse-width. The TRPL signal is spectrally filtered by a 
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0.75 m spectrograph with a 1200 g/mm grating blazed at 750 nm and is 

collected by a fast Silicon fiber-coupled Single-Photon Avalanche Photodiode 

(SPAD) with time resolution of several hundreds of ps. For the recording of 

the TRPL curves, the photon incidences in the SPAD are time-correlated in a 

single-photon counting acquisition card by Becker & Hickl (SPC-130) with a 

channel width down to 820 fs, using a trigger from a fast photodiode 

integrated in the pulsed laser. 

In Figure 99, we compare the PL decay curves obtained at or near the GaAs-

related peak of a 520 nm-thick MAPbI3/GaAs sample (upper panel) with 

those of the FX and BA peaks of a bare GaAs substrate (lower panel). In the 

case of the GaAs substrate the excitation is provided by 80 MHz 120 fs laser 

pulses at 450 nm, whereas for the MAPbI3/GaAs sample, due to the much 

longer lifetimes, by 2 MHz 50 ps laser pulses at 375 nm. In both cases, the 

penetration depth is just a few tens of nm [67], [78], ensuring that the 

carriers are injected very near the top surface. To maintain the same 

injection level, the energy density per pulse is adjusted to ~2 μJ/cm2 in both 

experiments. The spectral positions corresponding to the various decay 

curves are indicated in the insets of each panel. The dot-dashed curve in both 

panels represents the instrument response to a sub-picosecond 800 nm 

laser pulse, showing a Full-Width at Half-Maximum (FWHM) of ~260 ps and 

a 1/e-time of ~160 ps, corresponding essentially to the time resolution 

characteristics of the SPAD detector. Focusing first on the GaAs substrate, 

the decay curve for the FX line follows closely that of the instrument 

response, suggesting a FX lifetime that is much shorter than 50 ps. Similarly, 

the BA decay curve exhibits an initial fast decay with a 1/e-lifetime of 

~210 ps, leading after deconvolution of the instrument response to a BA 

lifetime of about 50-100 ps. At longer times, the BA decay rate progressively 

slows down, as expected for a BA transition that depends strongly on carrier 

density [126]. These short lifetimes are commensurate with the particularly 

weak PL emission of the semi-insulating GaAs substrate. On the other hand, 

much longer lifetimes are recorded around the GaAs-related peak in the case 

of the passivated MAPbI3/GaAs sample. As shown in the inset of the upper 

panel, the GaAs-related peak sits on a perovskite-related background. To 

disentangle the contributions of the perovskite and the GaAs-related peaks, 

the selected decay curves correspond to spectral positions 1-4. Position 1 

corresponds to almost pure perovskite contribution, while position 4 to the 
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maximum of the GaAs-related peak. According to the fitting shown in the 

inset, we estimate that about 50% of the PL intensity in position 4 derives 

from the GaAs-related peak and 50% from the underneath perovskite 

contribution. Intermediate positions 2 and 3 progressively increase the 

contribution of the GaAs-related peak over that of perovskite. Clearly, all 

decay curves 1-4 exhibit similarly long 1/e-lifetimes of ~20 ns, with the 

tendency to become slightly longer as the detection wavelength increases. 

These results allow us to safely conclude that the lifetime of the GaAs-related 

peak is also of the order of 20 ns or longer. The reason is that if the GaAs-

related peak disposed of a lifetime significantly shorter than 20 ns, then at 

least in the decay curve 4, we would expect to see the coexistence of a fast 

and a long decay time regime, which is obviously not the case. Hence, to sum 

up, while in the unpassivated GaAs the BA lifetime is shorter than 100 ps, in 

the passivated MAPbI3/GaAs case the lifetime of the GaAs-related peak, also 

of BA origin as discussed in the context of Figure 97, is more than two orders 

of magnitude longer, in excellent agreement with the giant PL enhancement 

observed.   

 

Figure 100. (a) Low-temperature PL spectra obtained with a 325 nm CW laser on several 
MAPbI3/GaAs thin films of variable thickness. The PL spectra are normalized to the same power of 
excitation of 22 mW. (b) GaAs PL enhancement ratio as a function perovskite thickness, defined as 
the ratio of the spectrally-integrated GaAs-related PL intensity in a MAPbI3/GaAs sample (deduced 
following the fitting/deconvolution procedure described in the text) over that of the unpassivated 
GaAs substrate. 

Another spectacular feature of the passivation process is that even a 10 nm-

thick deposition of MAPbI3 on GaAs is sufficient to significantly improve the 

GaAs surface properties and PL emission. This is emphatically shown in 

Figure 100(a), where we compare the low-temperature PL spectra of several 
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MAPbI3/GaAs thin films with varying perovskite thickness between 10 and 

520 nm. The PL spectra are obtained with a 325 nm laser and are normalized 

to the same excitation power. In all samples, we observe the characteristic 

shape of the GaAs-related peak, sitting on a perovskite background of 

varying intensity, depending on the film thickness and optical quality. Next, 

we apply to the PL spectra the fitting procedure described earlier and obtain 

for each perovskite thickness, the GaAs PL enhancement ratio, defined as the 

ratio of the spectrally integrated GaAs-related PL intensity in the specific 

MAPbI3/GaAs sample over that of the unpassivated GaAs substrate. The 

outcome of this analysis is presented in Figure 100(b), on which we make 

the following comments: first, for most perovskite thicknesses, 

enhancement ratios over 1000 are readily observed. These numbers 

compare favorably to any previously reported value on passivated planar 

GaAs surfaces. For instance, the sulfide treatment of GaAs [112] leads 

typically to an enhancement ratio of about 3, while the AlGaAs/GaAs 

passivation scheme gives a factor of 200 [114],[115]. Second, there seems to 

be an optimum thickness at ~200 nm, for which an enhancement ratio over 

6000 is recorded. Third, for thicknesses larger than 200 nm, there is a 

systematic decrease in enhancement, most likely associated with limitations 

of the carrier diffusion process within the perovskite films. Finally, even 

10 nm deposition of MAPbI3 leads to enhancements of the order of 100. The 

lower enhancement values compared to thicker films point at an imperfect 

passivation of the GaAs surface, possibly due to its incomplete coverage in 

the ultrathin film limit. This is also discussed in the context of the XPS 

experiments presented next.  

We now attempt to gain insight into the MAPbI3/GaAs hetero-interface by 

XPS analysis. The X-ray photoelectron spectroscopy (XPS) is carried out in 

an ultra-high vacuum system (base pressure ≈ 6·10-10 mbar) using non-

monochromatic AlKα radiation and a SPECS Phoibos 100 1D-DLD electron 

analyzer. The pass energy is set at 30 or 10 eV and an electron flood gun is 

employed for charge compensation during the measurements. The Ga3s 

peak at 160.1 eV is used as the charge reference, and the electron emission 

angle is set close to the surface normal. The collection of XPS spectra and the 

analysis is performed by using the SpecsLab Prodigy software. The peaks are 

fitted using a mix of Gauss-Lorentzian peak functions, after a Shirley type 
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background removal.  Τhe XPS survey scan of an unpassivated GaAs surface, 

following treatment with O2 plasma, is displayed in Figure 101. 

 

Figure 101. XPS survey scan of the unpassivated (100) GaAs surface treated with O2 plasma. 

As expected, the Ga and As peaks dominate the spectrum. Additionally, an 

O1s peak is observed at 531 eV binding energy. By analyzing the Auger 

GaLMM and AsLMM peaks, we confirm that the GaAs surface prior to MAPbI3 

deposition is oxidized, forming native Ga and As oxides [127].  
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Figure 102. XPS spectra and line fittings for the bare GaAs substrate in the (a) As3p/Ga3s, and (b) 
Ga3d regions. Respective XPS spectra for a ~20 nm-thick MAPbI3 film on GaAs in the (c) As3p/Ga3s 
and Pb4f, and (d) Ga3d and Pb5d regions.  

This is illustrated for instance in Figure 102(a), where we fit the XPS 

spectrum of the GaAs substrate in the As3p and Ga3s spectral region, by 

subtracting a Shirley background and using two doublets for the As3p3/2 and 

As3p1/2 lines, corresponding to As atoms in GaAs and As-oxides. The spin-

orbit splitting of the As3p doublet peak is set to 4.9 eV [128]. The As3p3/2 

peak for GaAs is found at 139.8 eV, while that for As oxides at 143.1 eV. 

Similar observations about the presence of Ga and As oxides on the GaAs 

surface can be made in other regions of the XPS spectrum, such as the Ga3d 

peak shown in Figure 102(b), which can be resolved into two doublets 

corresponding to the GaAs and Ga-oxide species, with a spin-orbit splitting 

of 0.46 eV, as well as the As3d spectrum of Figure 103, which also very 

clearly demonstrates the presence of native As-oxide.  
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Figure 103. XPS spectrum in the As3d region of (a) an unpassivated GaAs surface and (b) a ~20 nm-
thick MAPbI3 film on GaAs. 

Passing now to XPS measurements on a 20 nm-thick MAPbI3/GaAs sample, 

a first general comment is that the GaAs-related XPS peaks are still visible, 

possibly suggesting that either the GaAs surface is not completely covered 

or that the perovskite film is not uniformly 20 nm-thick. This picture seems 

to be supported by atomic force microscopy (AFM) on a twin 20 nm-thick 

MAPbI3/GaAs sample, presented in Figure 104 (a), showing pronounced 

granularity and an increased rms roughness of about 8 nm, which is 

comparable to the film’s nominal thickness. In Figure 102(c), we present the 

As3p and Pb4f region of the MAPbI3/GaAs sample. In addition to the GaAs-

related peaks seen in Fig. 102(a), we also observe an intense doublet related 

to the Pb4f lines. In fact, the proximity of the doublets of Pb4f and As3p 

hinders their analysis. For the fitting process, the binding energies and the 

FWHM values of the Ga and As peaks are kept the same as in Fig. 102(a). The 

Pb4f peak is fitted by employing two peaks with a spin-orbit splitting of 

4.9 eV. The position of the Pb4f7/2 peak at 137.8 eV can be attributed to Pb 

atoms in perovskite lattice [129]. However, an additional doublet peak is 

required at lower binding energies, specifically at 136.0 eV (Pb4f7/2) and 

140.9 eV (Pb4f5/2), which can be attributed to metallic Pb. The formation of 

Pb0 during the deposition process of the MAPbI3 layer cannot be excluded as 

a possibility, although it is also possible that the signal deriving from X-ray 

irradiation damage during the measurement [122],[123]. Figure 102(d) 

presents the Ga3d spectrum of the MAPbI3/GaAs sample, where the Pb5d 

peaks overlap with those of Ga3d, complicating the analysis. Nevertheless, 

the fitting of the data clearly indicates the presence of Ga-oxides in the 

MAPbI3/GaAs case as well. The possible presence of As-oxides in the 
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MAPbI3/GaAs interface is further implied by the As3d spectrum of Figure 

103(b). However, as noted above, we cannot exclude at this stage the 

possibility that the detection of the Ga and As oxides in the XPS spectra of 

the MAPbI3/GaAs sample derives not from the hetero-interface between 

MAPbI3 and GaAs but rather from areas of the GaAs surface that are not 

covered by perovskite.  

To overcome the difficulty related to achieving a uniform ultrathin MAPbI3 

layer on GaAs and to investigate whether the interaction between the GaAs 

surface and MAPbI3 is compound-specific and not element-specific, a 10 nm-

thick layer of PbI2 was deposited on GaAs and characterized by XPS, using a 

similar protocol with that of MAPbI3. For compatibility purposes, the fitting 

of the peaks is based on the binding energies and FWHMs from the previous 

analyses on MAPbI3/GaAs interfaces.  

 

Figure 104.  AFM images from (a) a 20 nm-thick MAPbI3/GaAs and (b) a 10 nm-thick PbI2/GaAs 
sample. Both samples are twins of those studied in XPS, produced in the same run under identical 
conditions.  

The deposition of PbI2 on GaAs produces uniform and relatively smooth 

films, even in the ultrathin limit, as displayed in 104(b). Figures 105(a) and 

(b) present the XPS spectra of Pb4f and I3d, respectively, for the PbI2/GaAs 

sample. Remarkably, iodine is completely absent in this hetero-interface as 

shown in panel (b), despite the clear presence of Pb observed in panel (a).  
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Figure 105. XPS spectra and line fittings for a ~10 nm-thick PbI2 film on GaAs in the (a) Pb4f and 
As3p, (b) I3d, (c) As3d, and (d) Ga2p3/2 regions. The dashed line in panel (d) shows the adjusted in 
intensity Ga2p3/2 spectrum of the GaAs substrate, for comparison. 

According to further analysis, the Pb4f7/2 peak is located at 138.7 eV, which 

is approximately 0.9 eV higher than the Pb+2 oxidation state of the MAPbI3 

film, pointing towards the formation of intermediate Pb-related species at 

the interfacial layer, such as PbO, Pb(OH)2 or Pb(OH)I compounds, 

previously observed in PbI2-growth studies [132]. Additional information 

related to the As- and Ga-oxides of the PbI2/GaAs interface is provided by the 

XPS spectra of Figures 105(c) and (d). Specifically, a marked signature of As-

oxide, as strong as in the GaAs substrate, is obtained in panel (c). On the other 

hand, the presence of Ga-oxide in the PbI2/GaAs interface appears 

significantly reduced. In part, this is already suggested by the Ga3d spectrum 

of this sample shown in Figure 106, where the spectral fitting is possible 

without assuming any Ga-oxide peaks.  
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Figure 106. XPS spectrum and fitting lines in the Ga3d and Pd5d region of the ~10 nm-thick PbI2 film 
on GaAs. 

However, as the analysis of the Ga3d spectrum is obscured by the Pb5d 

bands, in Figure 105(d) we focus on the Ga2p3/2 peak of the PbI2/GaAs 

sample, a spectral range without interference by other lines. The Ga2p3/2 

peak is found significantly shifted by ~0.6 eV toward lower binding energy 

compared to that of the GaAs substrate (dashed line), strongly suggesting 

the removal of Ga oxide from the interface.  
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Figure 107. (a) The structural model of the GaAs/MAPbI3 interface. The stacking of oxide layers on 
the surfaces of GaAs (AsOx) and MAPbI3 (PbOx) is the active interaction layer between the two 
materials. (b) A proposed mechanism showing the reversibility of the perovskite deposition/removal 
from the GaAs surface. 

Based on the above observations, we hypothesize a GaAs/MAPbI3 interface 

model shown in Figure 107(a). The model consists of a fully oxidized GaAs 

surface, which upon deposition of MAPbI3 loses a large fraction of the Ga2O3 

component (likely as Ga2I6 or other hydrolysis products), leaving behind an 

AsOx-rich surface. In parallel, MAPbI3 is deposited on the modified GaAs 

surface, forming at the contact interface oxide-containing lead species (likely 

PbO, Pb(OH)2 or Pb(OH)I). An alternative model that could be also 

considered is the formation at the interface of arseno-apatite, Pb5(AsO4)3I, a 

stable quaternary compound [133] which offers a common element platform 

to interface the Pb-based iodide compounds with GaAs. Coming back to the 

interface model of Figure 107(a), a plausible mechanistic explanation for the 

a) 

b) 
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removal of Ga may be sought in the fact that Ga2O3 is the most basic of the 

two oxides of GaAs and is therefore more likely to be attacked by the slightly 

acidic deposition solution. The acidity of the medium can derive either from 

complexation of Pb2+ or from the presence of weak acids such as CH3NH3I or 

residual dimethylammonium cations from hydrolysis of DMF [134]. Such a 

hydrolysis path can selectively produce molecular Ga species, which are 

prone to further hydrolysis under the conditions of the experiment. The 

hydrolyzed Ga species are subsequently suitable for solvent removal, leaving 

a more uniform layer of AsOx oxides to passivate the GaAs surface or form 

complex interfaces with the residual Pb species. The chemical reaction 

sequence proposed here, as well as the complex interfacial products that can 

result from these reactions, are in good agreement with the full recovery of 

the optical features associated with the unpassivated GaAs surface, by 

applying the simple perovskite washing procedure described in methods. 

This is schematically depicted in Figure 108(b), where the solubility of AsOx 

in water is the main mechanism for recovering a clean oxide-free GaAs 

surface upon washing the perovskite layer with salt water.  

 

Figure 108. XPS spectra and line fittings in the (a) Pb4f and As3p, and (b) Ga3d regions for the 
PbI2/GaAs sample washed with de-ionized water.   

Strong hints about the reversibility of the passivation process are also given 

by XPS spectra, obtained after lightly washing the PbI2/GaAs specimen with 

de-ionized water. The spectrum of the Pb4f and As3p region shown in Figure 

108(a) indicates the elimination of Pb and the near complete removal of As-

oxide from the GaAs surface. This is further illustrated in Figure 108(b), 

where the shape of the Ga3d peak is distinctly different from that in Figures 

102 (b) and (d), confirming the efficient removal of Pb during the washing 
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step, as well as the absence of any Ga-oxide. The reduced As-oxide peaks in 

the region around 44 eV of the As3d peak, shown in Figure 109, further 

support this conclusion.  

 

Figure 109. XPS spectrum and fitting lines in the As3d region of the PbI2/GaAs sample washed with 
de-ionized water.   

Consequently, it is believed that Pb forms complex oxides with O on the GaAs 

surface, which are subsequently easily removable during H2O washing, 

resulting in a clean re-usable GaAs surface. 

In conclusions, we show that the deposition of a thin film of MAPbI3 on native 

nominally-undoped (100) GaAs substrates is able to produce a huge 

passivation effect on the GaAs surface. Specifically, we observe in 

MAPbI3/GaAs samples, the emergence of a broad and intense “GaAs-related” 

peak, whose integrated intensity is enhanced by a factor up to 6000, with 

respect to that of the bare GaAs substrate. We present evidence that the 

GaAs-related peak derives from “band to acceptor”-type recombination, 

occurring next to the passivated GaAs surface. The observation in the case of 

a MAPbI3/GaAs sample of enhanced PL lifetimes, by more than two orders of 

magnitude, further illustrates the passivating influence of MaPbI3 on the 

GaAs surface. To the best of our knowledge, the observed PL enhancement 

factors are the highest ever reported for a passivated two-dimensional GaAs 

surface. In addition, this should be the first study, reporting any passivation 

effect on a native GaAs surface, i.e. without removing first its native oxides. 

XPS measurements on ultrathin MAPbI3/GaAs and PbI2/GaAs specimens 

allow us to delineate a plausible interface model, where a MAPbI3-related 
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reduction of the native Ga-oxide on the GaAs surface is accompanied by the 

formation of some oxide-containing lead-species on the MAPbI3 side. 

Further studies are necessary to elucidate the precise mechanism that leads 

to the extraordinary passivation factors of GaAs reported here. Finally, we 

note that the passivation process appears to be fully reversible, in the sense 

that it is possible with a straightforward cleaning procedure, to completely 

remove the MAPbI3 overlayer and recover the GaAs substrate is its pristine 

form. 
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Conclusions and Future Work 
Summarizing the presented results, we have focused on the combination of 
Perovskite-Gallium Arsenide materials to demonstrate a Tandem Solar Cell 
with enhanced characteristics. As a first step, we have fabricated and 
characterized several GaAs-based Solar Cell devices with different 
structures. Our best structure showed a ~15% PV efficiency with excellent 
electrical characteristics. Moreover, we have developed a reproducible “out-
of-the glovebox” technique, providing high quality, uniform and well 
controlled perovskite films, either using anti-solvent or gas-quenching 
technique. Additionally, we have shown that gas-quenching technique is 
promising for large area films with better control. Focusing on perovskite 
solar cells with the FTO/TiO2-compact/TiO2-mesoporous/Perovskite/SPIRO-
OMeTAD/Au structure, we have characterized several perovskite films of 
different compositions, exploiting different regions of the solar spectrum. 
Our final target was a perovskite with an energy gap of 1.9 eV for a 
GaAs/Perovskite tandem solar cell. Toward this end, we addressed mixed 
cation perovskite thin films which showed significant photo-induced phase 
separation effects which should be controlled. Further optimizations led us 
to a triple-cation perovskite thin film, with an optimized recipe of 
FA0.8MA0.04Cs0.16Pb(I0.5Br0.5)3 + 5% PbCl2 in GBL: DMSO mixed solution. This 
recipe presented enhanced stability with improved characteristics. Coming 
back to the perovskite solar cells, we showed that an extra TiCl4 layer 
between the compact and the mesoporous TiO2 improves the device 
performance, while another important step is the surface passivation of the 
perovskite, using either PEA-I or PEA-Cl 2D perovskite layer. The optimized 
SPIRO-OMeTAD recipe that presented additional improvements for the 
perovskite devices was a 144.6 mg Spiro-OMeTAD, 57.6μL TBP, 35μL Li-TFSI 
(520mg/mL in acetonitrile), 58μL FK-209 (320mg/ mL in acetonitrile) and 
1mL Chlorobenzene. A critical step for the “out-of-the-glovebox” depositions 
proved the re-drying of each material we used. Using all the optimizations, 
we achieved a “red” perovskite solar cell with a 6.37% PV efficiency, with 
significantly reduced hysteresis effect under forward and reverse I-V scans. 
Nevertheless, our “out-of-the-glovebox” “red” solar cells exhibited a 
significantly lower PV efficiency compared to similar perovskite solar cells 
reported in the literature, which were fabricated inside a glovebox and 
showed an efficiency of ~14% [14].  

An extra step in terms of Tandem approach, was the fabrication of a 
transparent top-electrode, which should replace the opaque Au contact. On 
that term, we addressed the deposition of ITO immediately on the SPIRO-
OMeTAD, where we observed significantly lower PV efficiencies. We suggest 
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that these reduced efficiencies are due to HTL damage during ITO 
deposition, that we tried to solve by depositing and characterizing 
alternative oxide-materials, which showed some promising electrical and 
optical characteristics. Additionally, we took the first steps toward a 2-
Terminal monolithic tandem solar cell, using either a recombination layer or 
a tunnel diode. For the recombination layer, we used an ultra-thin ITO layer 
which showed promising characteristics while we additionally designed via 
ATLAS simulator a GaAs tunnel junction.  

Finally, we characterized a 4-T GaAs-Perovskite tandem solar cell using our 
“out-of-the-glovebox” 1.9eV perovskite solar cell, either as a spectral filter or 
as a top sub-cell, in an effort to address the effect of such a combination even 
if we do not dispose of a transparent top electrode. This combination showed 
no gain as we were short of top-sub-cell efficiency. On the other hand, by 
using an optimized 1.77eV top-sub-cell with transparent electrodes, 
provided by a collaborating team, even though it did have not the optimum 
energy gap for a combination with a GaAs bottom sub-cell, such a 
combination showed a ~1.35 times increased efficiency compared to the top 
Perovskite solar cell alone, which has the highest efficiency compared to the 
GaAs bottom-subcell. 

To achieve perovskite/GaAs tandem structures, we have experimented with 
the deposition of a MAPbI3 film on a GaAs substrate, where we realized that 
this heterostructure exhibits a spectacular enhancement of the GaAs-based 
emission up to a factor of 6000, that we attributed to some self-deoxidation 
and passivation process of the GaAs surface. This passivation process is 
promising for GaAs-Perovskite devices, either in terms of photovoltaics or of 
other optoelectronic devices.  

As future work in terms of tandem solar cells, we would address techniques 
that can lead to improved efficiencies of an “out-of-the-glove-box” 
perovskite solar cell. These techniques should contain effective passivation 
of the interfaces and alternative humidity-insensitive materials in 
combination with perovskite photo-active layer. These could be oxide-based 
materials with optimization on the deposition process producing no-damage 
of the underneath layers. Additionally, we would focus on the optimization 
of GaAs/Perovskite (1.77eV) tandem solar cell which showed so far, a very 
competitive tandem PV efficiency. These optimizations could contain 
deposition of extra antireflective coatings on both sides of the perovskite 
solar cell, which can effectively increase the overall efficiency. Last but not 
least, we would further investigate the GaAs/MAPbI3 heterostructure, in 
view of obtaining a deeper understanding of the passivation mechanism. 
This investigation could lead to well-designed GaAs-based optoelectronic 
devices with improved performance. 
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