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ABSTRACT: The dominating solar cell technology for PV power plants is the Si based solar cell. However, solar cell 

technologies such as chalcogenide, organic, III-V or perovskite solar cells, all have their own niche markets or poten-

tials. The aim of this work is to provide an overview and comparison of the different solar cell technologies for the 

application in integrated photovoltaics. The current statuses of the technologies are reviewed. Characteristics relevant 

for integrated photovoltaics are defined and each technology is discussed regarding those key influencing factors. The 

results of the comparison are compiled in a concise table summarizing strengths and weaknesses of the different 

technologies in respect of their application for integrated photovoltaics. 
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1 INTRODUCTION 

 

The integration of solar cell technology in different 

applications such as at buildings (BIPV) [1–4], vehicles 

(VIPV) [5–7], roads (RIPV) [8, 9] or electronic devices 

(DIPV) [10, 11] establishes a set of requirements for the 

used solar cell technology that differs to those applied in 

photovoltaic (PV) power plants. Design aspects, such as 

variable size and form or aesthetic variety, are possibly 

more important than achieving lowest levelized cost of 

electricity (LCOE). Additionally, many different types of 

solar cell technologies exist and are currently explored in 

the market and in research. Each one of them offers 

unique advantages and, while the crystalline Si solar cell 

may be the dominating solar cell technology for PV pow-

er plants, it is far from settled which technology is the 

best choice for an individual application or integration 

case. 

The aim of this work is to provide a concise compari-

son of the different solar cell technologies for their use in 

integration applications. It is based on similar approaches 

performed for assessing the potential of solar cell tech-

nologies and for BIPV applications [1, 12]. We have re-

viewed a vast number of publications for each individual 

solar cell technology and combined the knowledge of the 

authors in the respective field to achieve a fair and scien-

tific comparison between each technological approach. 

While the comparison provides a current perspective, we 

tried to explore the future potential to be able to provide 

an outlook for the next years. The comparison is consid-

ering technologies at different stages in their develop-

ment; some technologies are already well established, 

while others are still under development. Therefore, the 

comparison needs to be looked at very carefully since 

some technologies may potentially not be able to achieve 

technical goals in the end, or unexpected hurdles could be 

still discovered during development. 

In the next section the requirements for the integra-

tion of solar cell technologies in integrated applications 

are reviewed, and the criteria for comparison are derived 

and defined. The third section discusses the different so-

lar cell technologies individually. In the fourth section, 

the comparison is carried out and the last section reviews 

and concludes this work. 

Within this work the terms “solar cell technology” or 

“solar cell” describe the active element converting light 

into electricity. These solar cells are usually encapsulated 

by glass, foils or other materials to form a “module” or 

“PV-module” which is then integrated into the applica-

tion (see Fig. 1). This work aims to compare the solar cell 

technologies independent of the module technologies. In 

certain cases a solar cell technology may offer an easier 

application or integration of beneficial module technolo-

gies. These cases are mentioned and discussed for the 

respective requirements in Sec. 2 and in Sec. 3, individu-

ally. 

 

Figure 1: Standard module setup with the cell layer, 

which is encapsulated by the encapsulant, a backsheet 

and the cover glass. 

 

  

2 REQUIREMENTS OF INTEGRATED PV 

 

 While each application of integrated PV or even each 

specific setting or device may have different require-

ments, this work aims to provide a general overview of 

such requirements. Therefore, a broad perspective on po-

tential requirements is discussed and criteria for compari-

son are derived. Afterwards the criteria for comparison 

are defined in detail. 

 

2.1 Requirements 

Integrated PV applications usually provide a delim-

ited area where solar cells can be integrated. The current 

and voltage output needs to be adjusted for the applica-

tion. Depending on the application, a maximum power 

output might be required, or should fit precisely to the 

used power system [10]. Therefore, the efficiency is a 
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criterion as well as the adjustable electric parameters (i.e. 

current and voltage output). 

While the overall cost is usually one of the major 

concerns for PV power plants, the cost for solar cells for 

integrated PV may not be as relevant. In many cases the 

cost of integrating the solar cells in a suitable module 

technology for the application is far more expensive [1] 

such that a small difference in solar cell costs may not be 

as relevant as for PV power plants. Still it is a require-

ment since a large cost difference may be a criterion for 

exclusion in certain applications. 

For some applications (notably BIPV) the long term 

stability is a crucial factor and modules should offer a 

guaranteed power output, lifetime and non-degrading 

visual appearance, exceeding even the requirements of 

PV power plants [4]. In addition, regional building regu-

lations must be fulfilled. For other applications (notably 

VIPV) the requirements contemplate more severe condi-

tions, such as added vibrations or more prolonged expo-

sure to chemical compounds (i.e. oil, salt). However, the 

lifetime may be not as long lasting as for BIPV [5]. Even 

further, some applications (notably DIPV) may not re-

quire a life time of more than 10 years and conditions 

may not be as harsh as for BIPV or VIPV [10]. Addition-

ally, long term stability is majorly influenced by the 

module technology and can be adjusted. Nevertheless, 

there are some solar cell technologies which are inherent-

ly more stable than other. Long term stability can be con-

sidered under the aspects of power output stability, elec-

tric safety and stability of visual appearance. Since these 

aspects are usually observed in combination, they are 

considered together in the factor “long term stability”. 

The added vibration requirements are discussed in re-

gards to flexibility. 

Integrated photovoltaics is usually applied under non-

ideal conditions, such as a non-optimal angle to the sun  

[13, 14], lower irradiations, diffused light [4], or elevated 

temperatures [4]. The non-optimal angle reduces the irra-

diation on the solar cells. If the module has a curvature, 

this effect is even worse and additional measurements on 

module level (i.e. usage of bypass diodes or different in-

terconnections) need to be taken into account to minimize 

power losses [14]. Therefore, performance under lower 

irradiation and elevated temperatures are considered as 

criteria. 

The design variability and design freedom is a major 

concern for most integrated PV applications. Criteria are 

the variability in shape (including curvature) and size, 

mechanical flexibility of the technology (bending), ho-

mogeneous appearance, colored appearance, and trans-

parency. The colored appearance is  a module technology 

[15, 16] (except for certain organic solar cells and c-Si 

solar cells) that requires a homogeneous appearance and 

therefore, it is included in the discussion of homogeneous 

appearance. Additionally, weight and (e.g.) fracture 

strength of a module, are usually also part of design re-

quirements for integrated photovoltaics. However, these 

characteristics are mainly defined by the used module 

technology and are therefore not considered for the cell 

comparison. 

The life cycle assessment (LCA) is becoming more 

and more important for most application cases in indus-

try. Therefore, the cell technologies need to be compared 

regarding the impact in different LCA categories such as 

climate change, particulate matter, resource use or eco-

toxicity. Since this topic is vastly complex and current 

research is performed regarding these effects, this work 

limits itself to a very rough overview on hazardous mate-

rials used during manufacturing or within the device. 

As a final requirement category, the future potential 

of the cell technologies are examined. It will be discussed 

regarding a view from the market penetration perspective 

and from the current research activity to account for the 

different time scales of possible implementations into 

products. 

 

2.2 Comparison criteria 

The comparison criteria are categorized as: criteria 

influencing the levelized cost of electricity (LCOE); de-

sign criteria, which provide an overview on the creative 

leeway of each technology; and future potential, which is 

described by the market size and research interest to 

show maturity as well as development perspective. Addi-

tionally, the design criteria contain a brief assessment on 

used hazardous materials. 

 

LCOE criteria: 

Efficiency: If possible, a currently achieved efficien-

cy range of publicly available modules is considered. 

Otherwise a module efficiency is estimated based on cur-

rent research results and used as main evaluation criteria. 

Additionally, a lab record efficiency of the cell technolo-

gy as provided in [17, 18] is considered as well. 

Cost: If possible, the market price range in $/Wp is 

considered or a market price range is estimated based on 

current research and industrial roll out plans. 

Long term stability: The long term stability is large-

ly influenced by the module setup, since a module acts as 

a barrier to the environment. However, some cell tech-

nologies are requiring additional measures for environ-

mental protection compared to others. Therefore, long 

term stability is evaluated on cell level. It considers how 

fast degradation occurs under regular conditions such as 

humidity, thermal cycles, and UV-radiation. 

Performance under lower irradiation: This criteri-

on considers how the solar cell performs under lower ir-

radiation (e.g. 100 W/m²) relatively to standard testing 

conditions (STC, 1000 W/m2, 25°C). This relative change 

needs to be observed in regards to the efficiency of the 

cell. A low performance under low light may still provide 

a comparable high power output to other cell technolo-

gies with better performance under low light if the power 

output at STC is already higher. 

Performance under elevated temperature: Similar 

to the previous criterion, it is evaluated how the solar cell 

performs under elevated temperatures (e.g. 60 °C) rela-

tively to STC conditions. 

 

Design criteria: 

Size variability: The size of the standard element 

and the smallest element is considered as well as the ad-

ditional efforts to achieve non-standard sizes. The scala-

bility to larger sizes is also considered, e.g. if additional 

measures need to be taken into account to achieve larger 

modules starting from the standard size. 

Adjustability of electric parameters: The adjusta-

bility of electric parameters is considered on module lev-

el. Therefore, not only the possibility to vary the cell out-

put voltage and current is considered but also the inter-

connection variability. Solar cells can be interconnected 

in parallel or in series to adjust the current or voltage out-

put of the module. The size of the smallest current or 

voltage increment is usually determined by the smallest 

cell size. The standard cell size, the reasonable possible 

https://www.dict.cc/?s=regulation
https://www.dict.cc/?s=regulation
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smallest cell size and the additional effort to achieve 

smaller than standard cells are considered. 

Variability in shape: It is considered if complex and 

non-rectangular shapes in 2D (flat modules) can be 

achieved and how complex the methods or adjustments 

are. A possible curvature in 3D is also considered within 

a reasonable curvature range, since larger curvatures may 

reduce the power output significantly [14] and prevent 

usage of such modules. 

Mechanical flexibility of the technology: This crite-

rion considers the vulnerability of the cell technology in 

regards to repeated bending. Aspects are piecewise or 

continuous bending, or if single time or frequency bend-

ing is possible. 

Homogeneous appearance: The homogeneous ap-

pearance can also be considered a module technology; 

nevertheless, some cell technologies are inherently better 

suited to provide a homogeneous appearance than others. 

Therefore it is considered how difficult it is to achieve a 

homogeneous appearance. 

Transparency: It is assessed whether a cell technol-

ogy can be transparent or semi-transparent in the visible 

spectrum range. Translucency is also considered. It is not 

considered if module segments can be without cells to 

achieve local transparency since this applies to all tech-

nologies. 

Hazardous materials: The mainly used hazardous 

materials during production and within the device are 

considered. 

 

Future potential: 

Market penetration: The market penetration is de-

scribed by the current number of manufactures and man-

ufactured volumes worldwide for a given technology.  

Research activity: The research activity considers 

the number of different research groups working on a 

technology. 

 

 

3 SOLAR CELL TECHNOLOGIES 

 

Over the years, an assortment of different solar cell 

technologies has emerged, and the technologies are in-

vestigated in the market and in research on different lev-

els [19–23]. This work limits itself to currently actively 

discussed technologies in research and with a clear indus-

trial perspective. Therefore, previously actively discussed 

technologies such as amorphous Si [24] or dye-sensitized 

solar cells [25, 26] are excluded. As an emerging tech-

nology we specifically included Perovskite-Si tandem 

cell concepts [27, 28] since it is currently very active in 

research and a clear perspective in the market is shown 

by current ramp-ups for industrial scale production [29]. 

An important consideration for design aspects is the 

differentiation between thin-film based technologies and 

wafer based technologies (see Fig. 2). Thin-film based 

technologies consist of coatings that are applied onto a 

substrate. These films can cover larger areas homogene-

ously and interconnection between cells is included in the 

films. The substrate may already be a module part. Wafer 

based technologies are built around alterations of or on a 

material slab. The slabs (wafers) need a separate inter-

connection and encapsulation.  

Figure 2: Overview of thin-film- and wafer-based tech-

nologies on the example of CIGS solar cell technology 

and c-Si solar cell technology. 

 

Thin-film based technologies are chalcogenic, organ-

ic and perovskite solar cells. Wafer based technologies 

are crystalline-Si and the considered hybrid tandem cell 

concept. III-V solar cells are a thin-film based technolo-

gy, which is usually applied onto wafers [30] or small 

(metal) foils [31, 32], which need an external intercon-

nection. Therefore, III-V solar cells are considered as wa-

fer based technology for this comparison. 

 

3.1 Crystalline Si cells 

Figure 3: Curved vehicle roof with matrix-shingled [33] 

crystalline Si solar cells behind a golden color layer (left) 

and flat truck box body panel with series-shingle crystal-

line Si solar cells (right). 

 

Crystalline Si (c-Si) cells offer an available module 

efficiency of 20.5%-22.8% [34]. The current lab efficien-

cy record of a cell is 26.7% [18]. Figure 3 shows two de-

veloped prototypes for vehicle integration using crystal-

line Si solar cells. 

The cost of a standard cell is currently around 21 

€/m² (11.5 €ct/Wp) and of a module around 40 €/m² (21.4 

€ct/Wp) [35]. 

Regarding long term stability, the cell need to be pro-

tected from humidity, this is easily solved by encapsula-

tion in a module. Different thermal expansion coeffi-

cients of the cells and the encapsulation and interconnec-

tion materials may degrade the module under frequent 

temperatures changes. The c-Si cells may crack under 

mechanical load. Nevertheless, a guaranteed power out-

put over 30 years can be observed in the market [36, 37]. 

The performance under lower irradiation and temper-

ature strongly depends on the specific cell technology but 

usually higher temperatures reduce the cell output power 
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by around 0.5% relative per K. As an example a module 

with 21% efficiency at STC may have an efficiency of 

17.3% at 60 °C [38]. For different c-Si solar cell technol-

ogies, this effect is drastically reduced [39]. Similarly, the 

efficiency for low light conditions is also reduced to 

around 90% at 100 W/m² irradiation [40, 41]. 

As a wafer based technology, the standard size of a 

cell is 15.6 x 15.6 cm² and the voltage at maximum pow-

er point (MPP) is at around 0.5 V per cell and the current 

just below 10 A. Variation in current is only possible 

through varying cell size usually done by laser cutting. 

This is already an established industrial process [42] but a 

cell size below 1 x 1 cm² is not realistically feasible. The 

layout of complex flat modules with standard wafer 

based Si cells may be not optimal and many inactive gaps 

will be observed. Only the cutting of cells and a more 

complex interconnection scheme may be able to facilitate 

a good module efficiency of complex structures. Regard-

ing 3D shapes, a stepwise linear curve of a module is eas-

ily possible, however the cells themselves should not be 

bent more than 1-2 cm across the wafer size of 156 cm. A 

repeated bending is only possible were cells are intercon-

nected but should be ideally avoided due to possible de-

tachment of connectors. There is current research on 

manufacturing cells with very thin Si wafers [43]. These 

cells would allow a much stronger curvature, potentially 

repeated bending and even a cost benefit relative to 

standard cells. However, this is not yet an established 

technology. 

A homogeneous dark appearance can be achieved by 

employing IBC solar cell technologies [44] or shingled 

interconnection technologies [42]. Furthermore, blacken-

ing of the interconnectors can be performed [45]. All 

technologies are available in the market; however they 

require some additional processing (e.g. cell cutting and 

conductive gluing as interconnection for shingled tech-

nology). The c-Si solar cells cannot be made transparent, 

however parts can be cut out or the distance between 

cells can be increased to achieve a partial transparency 

[46]. 

The impact on climate change, particulate matter, re-

source usage and eco-toxicity has been investigated in 

previous publications for crystalline Si solar cells [47–

49]. The main aspect regarding eco-toxicity is the usage 

of hazardous gases and liquids during production. Addi-

tionally, small quantities of lead for contact formation 

within the metallization paste and soldering are used in 

the module. 

Wafer based Si solar cells are the dominating tech-

nology in the market and have a market share of around 

95% of the 131 GW PV production worldwide [50]. 

More than 500 research groups in universities, institutes 

or companies work on and develop this technology. 

 

3.2 Chalcogenide cells 

Chalcogenide solar cells are cells that contain chalco-

gens (e.g. selenides, tellurides) as part of the semiconduc-

tor element (e.g. copper indium gallium selenide (CIGS) or 

cadmium telluride (CdTe) solar cell concepts). These solar 

cell concepts are usually thin-film based but they can be 

also manufactured as wafers [51]. Current available mod-

ule efficiencies are in the range of 16-17% [52] and lab 

record efficiency is around 22-23% [18]. Figure 4 shows 

an example of a CIGS flexible module. 

 

Figure 4: Flexible CIGS solar cell on a titanium foil. 

 

The costs of chalcogenide solar modules are in the 

same range as c-Si modules. As an example, a façade ele-

ment including supporting profile and mounting system, 

costs around 100 €/m² [53]. 

Regarding long term stability, chalcogenide solar cells 

are somewhat more susceptible to humidity. Therefore 

slightly more efforts are required than for c-Si technology 

[54]. Nevertheless, a guaranteed power output over 25 

years is offered in the market. 

The performance under lower irradiation and elevated 

temperature can be different for different chalcogenide cell 

types [38, 41]. The temperature effect is slightly reduced 

compared to c-Si while the reduction in efficiency for low-

er irradiation is smaller for CdTe but slightly higher for 

CIGS. 

A common module size is around 60 x 120 cm² or 120 

x 200 cm² [53]. Smaller and larger module sizes are easily 

possible but require additional processing steps such as 

glass cutting. Patchwork modules with very large sizes 

adapted to façade technologies are established in the mar-

ket. The current or voltage can be easily adjusted by varia-

tion of cell size and width within a module. This variation 

requires just a different layout of the cells and their metal-

lization but does not require additional processing steps.  

The flat panel shape can be varied as well and only lit-

tle effort is required to adjust to special shapes (circles, 

stars, and others). Manufacturing of curved modules is also 

possible by coating on the 3D curvature directly. By using 

a flexible substrate, it is also possible to manufacture fully 

flexible, lightweight and bendable solar modules. 

The appearance of chalcogenide solar cells is very ho-

mogeneous intrinsically; conduction bands are usually very 

thin and only barely visible. Semitransparent modules are 

available in the market; the efficiency lowers proportional-

ly with increasing transparency. 

Chalcogenide solar cells may contain small quantities 

of elements such as Indium and Gallium. They may even 

contain small amounts of Cadmium and Selenium which 

are considered toxic materials. Additionally, further toxic 

materials are used during production. However, all these 

elements are only used in very small quantities. 

The market size of this cell technology is around 4-5% 

of the global PV market (around 7.3 GW in 2019) [50]. 

There are around 50 labs in the world performing active 

research on chalcogenide solar cells. 
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3.3 Organic solar cells 

Figure 5: Flexible organic solar cell module. 

 

Organic solar cells are made of carbon based materi-

als and electronics, which is under strong development 

and many materials or material combinations, are being 

currently explored. The currently available module effi-

ciency is around 6-8% [55] while a lab record efficiency 

of 17.4% [56] has been recently demonstrated.  

The cost of organic solar modules is potentially lower 

than c-Si technology, however due to the currently much 

smaller market, the cost per W is in a similar range or 

even higher as for c-Si cells, while the cost per m² is low-

er [55]. 

The long term stability of organic solar cells is com-

parably low and significant additional efforts have to be 

performed to prevent degradation [57, 58]. Additionally 

to the degradation by humidity, the cells also degrade 

under prolonged UV illumination, which has to be avoid-

ed by e.g. UV-filtering. A lifetime of more than 10 years 

is achievable. 

The effect of lower irradiation and elevated tempera-

tures is not as strongly observed as for c-Si solar cells 

[59]. 

The size and shape of organic solar cells can be freely 

varied and manufacturing directly onto curved substrates 

is possible. Voltage and current of a module can be as 

simply handled as for chalcogenic solar cells. As standard 

size, current production equipment provides modules 

with 20 – 30 cm width and a variable length [55]. Pro-

longed bending of organic solar cells is possible and the 

cells will not degrade if the bending radius is not ex-

treme. 

As a thin-film based technology, the appearance is 

homogeneous and even certain transparency of the cells 

is possible with minimal losses in efficiency [60]. 

Potentially carcinogenic solvents are used for manu-

facturing organic solar cells, however, these could be 

avoided by using alternative (green) solvents [61]. Since 

similar solvents are also used for the other cell concepts, 

the eco-toxicity of organic solar cells is considerably 

lower in comparison to all other technologies. 

The market penetration of organic solar cells is at 

around 0.2 GW in 2019 [50]. The research community 

for organic solar cells is formed by around 100 research 

groups worldwide focusing on this technology. 

 

3.4 III-V and III-V tandem cells 

III-V cells are developed as single-junction devices 

with a simpler structure and lower cost but also as multi-

junction devices which offer a higher efficiency (see Fig. 

6). Both are considered in this text. Additionally, the cells 

are available as cells on substrate [30] and as thin-film 

technology on metal foil [32]. III-V solar cells offer an 

available module efficiency of around 30% and a lab cell 

record efficiencies of up to 38.8% (for non-concentrated 

irradiation, 5-junction cell) [56]. 

 

Figure 6: Flexible and light-weight III-V module. 

 

The cost per Wp of a III-V multi-junction cell is cur-

rently 1-2 orders of magnitude higher than for crystalline 

Si. Module costs can even exceed this value due to the 

required high yield (due to the high cost of breakage) 

which is achieved by manufacturing modules by hand. 

III-V solar cells have been used for decades in space 

applications where they have demonstrated outstanding 

reliability [62]. The cells are stable under irradiation and 

for temperatures of up to 150 °C. Humidity can lead to 

corrosion in a way that may be similar to today’s Si solar 

cell devices. 

The performance of III-V solar cells under low light 

conditions and for elevated temperatures is slightly better 

than for c-Si technology. This is due to a lower dark satu-

ration current and temperature coefficient. 

The typical cell size is around 3-4 x ca. 8 cm² and the 

current and voltage depend on the number of junctions 

and the specific bandgap energy of the materials. Typical 

3-junction devices under AM1.5g have voltages around 

2,5 V and currents of around 0,4 A. Voltage output can 

be varied within a certain range by using different layers 

and the current can be varied by adjusting the cell size. 

Cell sizes range between mm2 for concentrator solar cells 

up to the maximum size which can be fit onto a 4” or 6” 

wafer. Cells are produced using photolithography, metal-

lization, lift-off and etching processes on round wafers. 

Therefore, rectangular cells often have cropped corners to 

fit onto the circular substrate. There is less standardiza-

tion and more flexibility for custom designs in terms of 

cell dimension and shape. Germanium based devices 

have been manufactured with a thickness in the range of 

60-150 µm, with the thinner ones being partly flexible. 

Thin-film solar cells on metal foil can be even thinner, 

with a thickness of < 30 µm, and allow shaping into both 

crystallographic directions without causing cracks [31].  

A homogeneous appearance with III-V cells is simi-

larly possible as for c-Si technology. Shingled intercon-

nection has been observed in the market [63]. A level of 

transparency is in principle possible by using thinner lay-

ers; however, it is usually not employed since the effi-

ciency will drop significantly. 

During manufacturing some hazardous gases are used 

and a cell contains small amounts of Arsenide. 

 The current market volume is around 1.5 MW, main-

ly for aerospace applications. III-V PV technology is ac-

tively developed in around 30 research labs worldwide. 
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3.5 Perovskite cells 

Figure 7: Perovskite solar cells manufactured by the 

OIST Energy Materials and Surface Sciences Unit [64]. 

 

Perovskite solar cells are a rather new technology 

which has achieved an impressive rise of lab efficiency 

records. While perovskite modules are currently not 

available in the market, many companies are already in 

the testing phase of module products [65]. The module 

efficiency is currently at around 18% and the record cell 

efficiency is at 25.2% [56]. 

The module costs are currently very difficult to esti-

mate but are expected to be lower than for c-Si technolo-

gy after an initial ramp up phase and considering econo-

my-of-scale effects [66]. Stability issues, however, could 

lead to a higher LCOE. 

Long term stability is similar to organic solar cells; 

since humidity has a similar deteriorating effect on cell 

performance. Additional measures have to be performed 

to prevent humidity from reaching the cells. 

The performance under lower irradiation and elevated 

temperatures is at around 90% for 100 W/m² or 60 °C 

[67, 68]. Therefore, the cell technology is less affected 

than other cell technologies. 

The size can be varied freely and different 2D shapes 

are possible to manufacture. As a thin-film based tech-

nology, module output parameters can be easily varied 

just by adjusting metallization and layout during manu-

facture, similar as for chalcogenic cells. Curvature of 

perovskite modules has not been investigated in great 

detail but it is expected to be similar to chalcogenide so-

lar cells and manufacturing in 3D shapes or on flexible 

substrates is possible. Bending is also possible similarly 

to organic solar cells. 

Perovskite cells show a very good homogeneous ap-

pearance. Similar as for chalcogenic cells, perovskites 

can be manufactured transparent [69]; however the de-

crease in efficiency scales with increasing transparency. 

The current perovskite cell technology contains solu-

bly lead and the risk for a possible release into the envi-

ronment is higher than for c-Si technology; however 

manufacturing is less resource consuming. 

Since there are only a few companies which are cur-

rently ramping up perovskite manufacturing, there is no 

market penetration. However, there is an increasingly 

active research community of around 500 research groups 

worldwide trying to further develop perovskite solar 

cells. 

 

3.6 Hybrid tandem cells 

The term “hybrid tandem cells” in this regard means a 

stack of different solar cell technologies on top of each 

other to increase power generation. This is different to 

III-V or organic solar cells, which use a similar material 

to achieve a tandem solar cell. Three currently investiga-

ted concepts are III-V on silicon [70], perovskite on 

CIGS [71] and perovskite on silicon solar cells [72]. Only 

the latter is considered here since there is not yet a visibly 

clear industrial potential, e.g. a company planning a defi-

nite role out for III-V on silicon PV or perovskite on 

CIGS. 

Figure 8: Perovskite-Si tandem solar cell with 28% effi-

ciency manufactured by Oxford PV [29]. 

 

The efficiency of modules is not known yet, but it is 

expected to be somewhat higher than for c-Si. A module 

efficiency approaching 30% is targeted but needs strong 

development to be reached. The lab efficiency record of a 

cell is currently at 29.15% [56].  

The cost of such a module can only be estimated as 

of now and may be higher than for c-Si, but it is expected 

that the efficiency increase overcompensates the addi-

tional costs. Again it depends on the stability whether 

lower LCOE are possible. 

The long term stability is largely affected by that of 

the perovskite cell and, therefore, similar effects apply as 

for perovskite cells, with necessary additional efforts for 

encapsulating the cells. 

The effect of low light conditions and elevated tem-

peratures is likely to be driven by the silicon bottom cell. 

Therefore it might be similar as for c-Si cells. 

Since the perovskite-Si tandem cell is a wafer based 

cell type, the same rules apply regarding size and shape 

variability as for the c-Si cell technology. The voltage of 

such a tandem cell is around 1.7 V and the current of a 

prospective standard size cell of 15.6 x 15.6 cm² is 

around 4,8 A. Also a homogeneous appearance is only 

possible by using additional measures such as contact 

covering and shingled technology. A transparency of the 

cells is not possible. 

The impact on resource use and eco-toxicity is a 

combination of the impacts of single perovskites and c-Si 

cell technologies. Therefore, the lead content is similar to 

the lead content of the perovskite layer and for manufac-

turing almost the same gasses and liquids are required as 

for manufacturing the cells separately. 

Only very few companies are currently exploring 

perovskite-Si tandem technology and there are even no 

field tests completed yet. The research activity specific to 

perovskite-Si tandem cells is also not as strong as only a 

few labs have the ability to perform research and devel-

opment for both technologies. However, many perovskite 

labs are also working on perovskite tandem technologies 

in collaboration with c-Si research groups and more than 

100 research groups are exploring the topic worldwide. 
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4 COMPARISON OF CELL TECHNOLOGIES 

 

Table 1 shows a general overview of the different so-

lar cell technologies. While technologies such as c-Si, 

chalcogenide and III-V are already well established and 

have demonstrated reliability in the field, newer technol-

ogies such as perovskites and perovskite tandems are not 

yet in the market and long term experience is limited. 

Therefore, the comparison has to be looked at very care-

fully since certain criteria such as cost and long term sta-

bility are already proven for the established technologies 

while newer ones still need to show their performance in 

the field. Here each comparison criteria is briefly dis-

cussed and followed by a general comparison considering 

the 3 criteria groups (LCOE, Design, Future potential). 

 

4.1 Comparison regarding each criterion 

Efficiency: III-V solar cells show the highest effi-

ciency in research and also in industry. Perovskite-(Si)-

tandem concepts show the potential to provide very high 

efficiencies as well. Organic solar cells on the other hand 

have a very strong potential but it is still unknown if a 

material combination can be found, which provides simi-

lar efficiencies as the other current technologies. 

Cost: The cost of c-Si and chalcogenic solar cells is 

the lowest, potentially followed by organic solar cells. 

This is heavily influenced by economy-of-scale effects 

(see also Sec. 4.2). The cost of perovskite-tandem will 

initially be higher than c-Si technology but may drop sig-

nificantly with large scale production. However, this is 

still uncertain in the market. 

Long term stability: Proven long term stability is 

provided by c-Si and III-V solar cell concepts even under 

harshest conditions. Chalcogenic cells follow closely 

with a proven long term stability. However, this is not the 

case for perovskite yet, which still need to demonstrate 

long term stability in the field. 

Performance under lower irradiation: The differ-

ences between the cell types are minor. Organic and III-V 

solar cells have an intrinsic material advantage in low 

light conditions, however chalcogenic solar cells (CIGS) 

have been observed to perform slightly worse than c-Si. 

Performance under elevated temperature: Again 

the difference between the cell types is marginal. While 

some c-Si cell technologies are affected by temperature, 

other materials, especially perovskites, III-V and organic 

materials show a slightly lower temperature coefficient. 

Size variability: The wafer based solar cell types (c-

Si, III-V, perovskite tandem) have an intrinsic disad-

vantage due to a provided standard cell size (which is the 

smallest for III-V). The thin-film based technologies are 

in principle able to provide any size easily, but practical 

reasons (deposition chambers) may still limit the variabil-

ity for reasonable costs. 

Table I: Comparison of the different solar cell types regarding the defined criteria of section 2.2. A plus denotes a compa-

rable positive characteristic for the respective criteria while a minus denotes a comparable lesser fulfillment of the respec-

tive criteria. Characters in brackets denote that a very strong development in this category is currently visible and the relat-

ed 5 year-to-market-potential is estimated. 

Criteria c-Si Chalco-

genide 

Organic III-V/III-

V Tandem 

Perovskite Perovskite-

Si Tandem 

LCOE criteria       

Efficiency + o - (o) +++ (o) (+ to ++) 

Cost ++ ++ + (++) --- (o) (o to ++) (- to ++) 

Long term stability ++ + o ++ - (o) - (o) 

Performance under lower 

irradiation 
o - + + o o 

Performance under elevated 

temperature 
o o + + + o 

Design criteria       

Size variability o + + + + o 

Adjustability of electric pa-

rameters 
o + + ++ + o 

Variability in shape - + + + + - 

Mechanical flexibility of the 

technology 
- ++ ++ + + - 

Homogeneous appearance + ++ ++ + ++ + 

Transparency o + ++ o + o 

Hazardous materials + o ++ o o o 

Future potential       

Market penetration +++ + o o - - 

Research activity ++ o + o ++ + 
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Adjustability of electric parameters: III-V cells 

show the greatest advantage for this characteristic since a 

vast number of substrates are available which can be em-

ployed to generate different voltages and the current can 

be easily varied with the cell size. Besides III-V cells, 

thin-film based technologies offer a unique advantage in 

comparison to the wafer based technologies, since inter-

connection between the cells can be easily adjusted.  

Variability in shape: Again, the same principle for 

wafer based and thin-film based technologies applies. 

The differences between the technologies are even more 

pronounced, since the thin-film based technologies can 

be more easily adjusted. III-V cells have a slight ad-

vantage in comparison with c-Si and the proposed perov-

skite tandem technology due to the smaller standard cell 

size. 

Mechanical flexibility of the technology: The thin-

film based technologies are in principle more flexible and 

can be bent regularly without destroying the solar cell. 

This is even a standard during roll-to-roll production for 

organic type solar cells. Additionally, the III-V cell type 

already has flexible substrates available as well.  

Homogeneous appearance: With reasonable addi-

tional effort, all technologies can be made such that a 

homogeneous appearance is possible. Again, thin-film 

based technologies have an advantage since the homoge-

neous appearance is already a standard design. 

Transparency: To the cost of efficiency, a level of 

transparency is possible for all types of solar cells either 

be reducing material thickness or reducing the active ar-

ea. Organic solar cells offer a unique advantage here, ma-

terials can be used which harvest the infrared wavelength 

range, therefore transparency and efficiency can be high. 

For thin-film based technologies transparency is achieved 

by reducing thin-film thickness which is easier than cut-

ting the wafer based cells to achieve the effect of trans-

parency.  

Hazardous materials: For all cell types, hazardous 

materials are only used in small quantities and the poten-

tial risk for environment and humans is significantly low-

er than for almost all other power-generation and power-

storing technologies. Lead is contained within c-Si solar 

cells and perovskite cells. The lead in perovskite is water 

soluble, providing a potentially higher risk. Selenium and 

Cadmium are part of the chalcogenic solar cells and Ar-

senide is part of III-V solar cells. Organic solar cells on 

the other hand can be used without hazardous materials. 

Market penetration: Market penetration is by far 

the highest for c-Si solar cells and currently non-existing 

for perovskite and perovskite tandem technologies. 

Research activity: The research activity for c-Si is 

the highest and currently mainly driven by research insti-

tutes and companies. Perovskite solar cells also show a 

high research activity but mostly within academia, which 

is also visible for organic solar cells.  

 

4.2 General comparison 

Crystalline Si solar cells are the dominating technol-

ogy for PV power plants, which is also visible on their 

superior performance regarding LCOE criteria (see Table 

1). Additionally, c-Si technology benefits from a strong 

market position and large active research community. 

The effect of scaling and the technological improvements 

along the production chain allowed increasing efficiency 

while also tremendously reducing costs during the past 

decades. This trend is likely to continue for the next few 

years. However with the approaching theoretical efficien-

cy limit, questions arise on for how long improvements 

can be sustained. 

Looking at the design criteria, all thin-film based 

technologies show significant advantages comparing to 

the wafer based technologies (except III-V technologies). 

In this area organic solar cells may offer the best overall 

performance (considering design criteria only) followed 

closely by perovskites, chalcogenic and III-V solar cells. 

Therefore, thin-film based technologies could be more 

suitable if cost or highest efficiency is not the main focus, 

but specific requirements for cell parameters such as 

shape, electrical parameters or even aesthetics need to be 

fulfilled. Nevertheless, c-Si technology is still often used 

even for those applications since the combination of high 

efficiency and low costs justifies the additional efforts to 

match design criteria. If other cell technologies (e.g. 

chalcogenic) would benefit from the economy-of-scale 

factors such as c-Si, they may be able to outperform c-Si 

technologies in many applications. Therefore, a strong 

application market, where scaling factors could arise, 

may be able to drive the development of an application 

focused cell technology. This has already occurred for 

III-V solar cells, which focus on applications where high-

est efficiency is the main requirement. With an estab-

lished niche market of space applications, developments 

are directed to cost reduction and improving suitability to 

other applications such as aircrafts. 

A big advantage of the non-established technologies 

is that a standard layout or module design has not yet 

been defined. Therefore, a single niche application mar-

ket may develop a standard for this technology, providing 

the best fit for the specific application.  

The future potential beyond the next few years is 

much more open and difficult to access. Organic and per-

ovskite cell technologies have recently demonstrated sur-

prising developments towards higher efficiencies and are 

therefore actively developed by the research community. 

Hybrid tandem cells with a c-Si bottom cell could even 

replace c-Si technology for PV power plants but there are 

still further developments necessary to reach this point 

and the established technologies are also still improving. 

 

 

5 CONCLUSION 

 

An overview of the different cell technologies is pro-

vided to understand the advantages and disadvantages of 

each cell type for application focused photovoltaics. The 

comparison is meant to provide a rough guidance, since 

comparing mature technologies such as c-Si with new 

technologies such as perovskites or hybrid tandem can 

never be exhaustive. Potentials of future technologies 

may be over- or underestimated, similarly to the devel-

opment potential of established technologies.  

 The different solar cell types and the comparison cri-

teria have been discussed independently of the respective 

applications, therefore for every application the 

weighting of specific criteria may need to be adjusted. 

Additionally, certain further criteria that are not discussed 

in this text may also play a role. Examples are the dis-

cussed LCA factors such as greenhouse gas emissions 

during production or the requirement of tempered glass 

for some applications, which may require additional ef-

forts for some thin-film based technologies. Therefore, 

each application needs a separate assessment to find the 

most suitable technology. 

Some solar cells concepts have been excluded from 
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the discussion. However, they may play a role in the fu-

ture and there may also be applications where those con-

cepts may offer unique advantages. 

In conclusion this overview of the cell technologies 

offers a starting point to assess the right solar cell tech-

nology for a specific application. It may also help to raise 

awareness to the criteria to consider for different applica-

tions. 
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