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Abstract: This publication investigates to present all new scientific and industrial works all rolled into one with more 
effective and predictability aspect in chalcopyrite Photovoltaics (PVs). The paper suggests that comprehensive and fine-tuned 
directions supporting a large portfolio of solar energy materials could be extended to most efficiency, which mostly depend on 
the growth techniques especially usage rates in substituents and their characteristic/specific properties. There is an 
indispensable source of solar energy. If this were the case, new energy materials could well become a competitive alternative in 
many applications within the next few years. This publication builds upon past analyses of chalcopyrites contained in the word 
Energy outlook as efficient alternative materials. It aims at offering an updated picture of current technology 
trends/demands/markets, as well as new analyses on how solar energy technologies/materials for capturing the purposed 
efficiency and durableness can be used in the various energy consuming/developing sectors, now and in the future. In this work 
we have tried to summarize the all significant studies about Chalcopyrite solar cells from the past to the present and also tried 
to introduce Te doped CuInGaSeTe compound which is a new member of the family that we produced. 
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1. Introduction 

Solar energy technologies have witnessed many attempts 
to find/develop new trends such as Silicon (with CuZnS, 
CdO:In), CdTe, organic/polymer solar cells, quantum dot 
solar cells, perovskites, silicon-perovskite tandem devices 
and the renewed interest in chalcopyrites [1–8]. Will they 
now fulfill their promise to deliver affordable, highly 
efficient, accessibility to sources and clean energy materials? 
Which solar technologies are really close to competitiveness, 
in which circumstances and for which applications? What 
kind of policy/roadmap support do they require and for how 
long? 

The rapid evolution of these technologies brings tangible 
answers and datas to those questions unusually difficult. Up 
to now, only a limited number of countries have been 
supporting most of the effort to drive solar energy 

technologies to competitiveness. Concerns about new 
material types, growth methods and characterizations have 
also sometimes led to abrupt new revisions in scientific area. 
Enterprises/policies may lapse or lose momentum just a few 
years before they would have succeeded. The costs of solar 
energy have been falling rapidly and are entering new areas 
of competitiveness. In this regard, the scientists set off on a 
guest to find new, easily processable PV materials and 
systems with more affordable prices [9–11]. 

The development of photovoltaic device structures based on 
CIGS has advanced rapidly during the last few years. The direct 
energy gap of CIGS results in a large optical absorption 
coefficient, which permits the use of thin layers of active material, 
and allows high-device performances in spite of the modest carrier 
diffusion lengths. The highest efficiency CIGS device was 
fabricated based on a multi-step physical vapor deposition (PVD) 
process in which elements are simultaneously co-deposited onto 
the substrate. Unfortunately, PVD is challenging to scale up in 
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both deposited area and throughput. Process temperatures also 
tend to be high, which complicates use of polymer substrates and 
permits interdiffusion of layers in superstrate device geometries. 
Thus, to develop novel low cost and low temperature methods to 

form CIGS films is crucial. A related high-priority issue in CIGS 
PV technology is improving the understanding of thin-film 
growth mechanisms in both traditional and novel processes and 
schemes [8, 12–16] (see Figure 1). 

 

Figure 1. Schematic illustrations of various schemes for tandem chalcopyrite solar cells layouts and methods: a) a monolithically integrated CIGS solar 

module, indicating the photocurrent path and Illustration of the inverse Transmission Line Method TLM (i-TLM) sample used to measure the AZO/Mo contact 

resistance. b) Schematic structure of the graphene-based CIGS solar cell (left) and the reference CIGS solar cell with a standard TCE structure (right). c) 

Schematic illustration of a flexible inkjet-printed NQD/CIGS hybrid solar cell deposited by pulsed-spray NQD deposition system. d) Tandem schematics. 

Schematic of a mechaniicallystacked tandem fabricated in this work with a perovskite solar cell asthe top cell and Si or CIGS as the bottom cell (left). 

Schematic of a monolithic polycrystalline tandem (right). e) Schematic of the DSSC/CIGS tandem solar cell structure [8, 12–16]. 

It is good news that the quality of the CIGS films and 
devices is becoming increasingly decoupled from the method 
of film delivery because of improved understanding of 
growth. Chalcopyrite PVs have progressed from first proof of 
concept on melt-grown crystals to high-efficiency thin film 
laboratory devices [17–19] to manufacturing presently in the 

hundreds of MW range. Manufacturing volumes are expected 
to push into the gigawatt (GW) range in coming years due to 
the combination of relatively high efficiency (compared to 
CdTe or α-Si) and potentially low processing costs 
(compared to single-crystal Si) (Figure 2). However, much 
work remains to be done. 

 

Figure 2. PV Manufacturing facilities from different aspects (cost, regional, energy and material type) in worldwide (pvinsights.com/Report/ReportPM.php 

(2016), solarcellcentral.com/markets_page.html (2016), cleantechnica.com/2013/11/13/global-solar-pv-installations-will-double-hit-grid-parity-by-2020 

(2016), Number of Active PV Manufacturing Facilities, Ingot-to-Module, 2007-2016 (GTM Research's report, titled PV Technology, Production and Cost: 

2012-2016 Outlook, 2012)). 
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2. Comments and Discussions 

Deposition Techniques /Efficiencies of Chalcopyrites 
Vapor-phase co-deposition of elements deposits the 

chalcopyrite film atom-by-atom with great precision. There 
are a number of unresolved questions about how PVD co-
deposition parameters (e.g., substrate temperature, total- and 
differential-atomic fluxes, background ambient, and pressure) 
might be optimized to further improve CIGS film quality. 
Multi-step sequential vapor-phase processes are arguably 
better suited than vapor-phase co-deposition to large-scale, 
low-cost manufacturing. However, much remains to be 
understood about them. For example, the mechanisms 
through which Group I-III metal alloy layers react with 
Group VI elements to form dense, large-grain CIGS films 
that adhere well to an underlying electrode are incompletely 
studied. The mechanisms by which the substrate and 
electrodes affect the characteristics of resulting CIGS films, 
and how one might optimally select substrates/electrodes 
and/or tailor CIGS film deposition processes to surrounding 
materials need work. Optimal use of alkali metals to improve 
film quality and achieving desired composition grading in 
multi-step processes would also benefit process designs and 
schemes. Given the industrial importance of vapor-phase co-

deposition and multi-step processes, there is great leverage in 
their better understanding. Vapor-phase co-deposition and 
multi-step processes have in common the use of vacuum 
deposition techniques, which have numerous advantages, 
including precision composition control, a broad base of 
processing know-how, and a knowledge base for design of 
research and production-scale equipment. In addition, 
vacuum deposition suffers from high up-front capital 
equipment costs. A variety of novel film-deposition methods 
promise to replace capital-intensive physical vapor 
deposition with non-vacuum deposition of constituent layers 
and/or complete CIGS device. Currently, a great deal of 
effort is being made to develop such low-cost technologies. 
Processes based on electrodeposition (ED), electroless-
deposition (EL), and nano particle-based processes have the 
potential for: (i) a low-cost, high-rate synthesis of CIGS; (ii) 
large-area, continuous, multi-component, low-temperature 
depositions; (iii) non-vacuum, low-capital-cost processes; 
and (iv) efficient material use. The devices fabricated using 
ED, EL, and nano particle precursors resulted in efficiencies 
of 15.4%, 13.4%, and 12.4%, respectively (Figure 3) 
(summarized in Table 1). 

 

 

Figure 3. a) Current-voltage (I-V) characteristics of ED, EL and PVD devices. b) Quantum efficiency data. c) Hole density vs. distance curves. d) Logarithmic 

I-Vcharacteristics with resistive losses removed [22]. 
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Table 1. Parameters of the devices prepared from electrodeposition 

precursor (ED device), electroless-deposition precursor (EL device) and 

physical vapor deposition (PVD device) [22]. 

Cell ED device EL device PVD device 

Ga/(In+Ga) 0.4 0.20 0.28 

Area (cm2) 0.418 0.418 0.432 

Voc (V) 0.666 0.565 0.678 

Jsc (mA/cm2) 30.51 33.27 35.2 

Vmax (V) 0.554 0.434 0.567 

Jmax(mA/cm2) 27.8 28.6 34.5 

FF (%) 75.6 66.1 78.6 

rshunt (Vcm2) 2000 1000 10 000 

Rseries (Vcm2) 0.3 0.1 0.2 

İdeality Factor (A) 1.8 2.5 1.5 

Depletion width (mm) 0.2 0.25 0.5 

Hole density (cm-3) 1.0x1016 1.5x1016 1.0x1016 

Band gap (eV) 1.20 1.09 1.12 

Efficiency (%) 15.4 12.4 18.8 

Table 2 shows the relative contributions of the primary 
solar-cell parameters to the lower performance seen in the 
ED and EL cells [20–22]. 

Table 2. Comparison of primary ED and EL parameters with the record 

18.8%- efficient PVD cell [22]. 

 
ED vs. PVD 

(adjusted for Eg) 

EL vs. PVD 

(adjusted for Eg) 

Efficiency difference (%) 3.4 (3.4) 6.4 (6.4) 

Difference from Voc (%) 0.3 (1.4) 2.5 (2.1) 

Difference from Jsc (%) 2.3 (1.2) 0.8 (1.2) 

Difference from FF (%) 0.8 (0.8) 3.1 (3.1) 

Investigations on ED-based processes and subsequent 
annealing led to efficiency improvements up to 11.3% in 
2004 [23]. In the 90s, NREL developed an alternative hybrid 
method to improve cell efficiencies further. It included an 

additional annealing step while co-evaporating In, Ga and Se 
in order to tune the stoichiometry of the absorber resulting in 
efficiencies of up to 15.4% [20]. That proved that high 
efficiency cells can be obtained from ED precursors even 
though the NREL process still involved a vacuum step. 
Another hybrid approach with one step electrodeposited Cu–
In–Ga oxide precursor, which was reduced in hydrogen and 
then annealed in selenium, yielded a 12.4% CIGS cell [24]. 
Persistent industrial research of electrodeposited Cu/In/Ga 
stacks enabled the fabrication of electrodeposition-based 
CIGS cells with efficiencies of 15.3% and 15.8% by 
companies Solopower and Nexcis, respectively [25, 26]. 

The Solopower ED process includes several steps where a 
Cu-In-Ga layer is electrodeposited first, followed by 
deposition of IIIA-VIA layers such as In-Se or Ga-Se. This 
stack is then subjected to rapid thermal annealing (RTA) to 
form the CIGS absorber. Nexcis uses a versatile process of 
the successive electrodeposition of Cu, In and Ga elemental 
layers from water-based solutions (Figures 4a,c), which can 
be subsequently reacted either into CuInS2, [27] 
Cu(In,Ga)Se2 [28] or Cu(In,Ga)(S,Se)2 [26] during RTA 
between 500 and 600°C in a chalcogen containing 
atmosphere under the atmospheric pressure and without the 
use of hazardous gases (e.g., H2S and H2Se). One of the 
strengths of this ED process is that the precursor can be 
easily engineered to deposit the Cu-In-Ga elemental layers 
with a tunable compositional gradient across the absorber 
thickness. The annealing serves for grain growth and can also 
be used to re-organize elements in the absorber, which is 
particularly important for the two-step processes where Ga is 
known to segregate towards the back contact. The successive 
ED and chalcogenation of Cu-In-Ga layers yield absorbers 
with tightly stacked grains in the micrometer range (Figure 
4b) similar to the morphology of PVD-grown material. 

 

Figure 4. a) Sequential electrodeposition of Cu, In, and Ga metal layers from aqueous solutions, followed by rapid thermal treatment in seleniumcontaining 

atmosphere to obtain the crystalline chalcogenide layer. b) SEM cross-section of the complete solar cell. c) Photographs of Cu, In, and Ga electrodeposited 

metallic layers for 60 × 120 cm2commercial CIGS modules [30]. 
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Table 3 presents a comparison of optoelectronic 

parameters for high-efficiency CIGS cells prepared by co-
evaporation (the 20.4% solar cell from Empa) on a flexible 
polymer foil [29, 30] and ED [26]. The main difference 
between co-evaporation and ED cells is in open-circuit 
voltage Voc and fill factor FF being lower for the ED cell. 
The difference in Voc is due to a lower content of gallium in 
the ED absorber, which results in a lower band gap of 1.01 
eV versus the band gap of 1.12 eV for the evaporated 
absorber. Noteworthy, the difference between Eg/q and the 
Voc is 0.39 V for both the evaporated as well ED cells, 
indicating a comparable quality and number of voltage-
limiting defects in both CIGS materials. To match the Voc of 
the co-evaporated cell the ED process must be tuned to 
produce an absorber with a higher gallium or sulfur content 

to catch a band gap close to 1.1–1.15 eV while keeping 
defects at the same low level. Further improvements of ED 
devices can be envisaged when applying the potassium-
induced surface modification recently reported for 
evaporated absorbers [29]. High deposition rate and high 
material utilization are two important advantages of ED as 
compared to other vacuum and non-vacuum techniques. The 
deposition of each of Cu, In and Ga layers takes only a few 
tenths of seconds, and the material utilization of In and Ga 
species in the bath is expected to reach 95% in full 
production. One of the often encountered arguments against 
ED is that it is less homogeneous than PVD processes 
because the ED growth is strongly dependent on local 
substrate conductivity [30]. 

Table 3. Comparison of photovoltaic parameters of two high efficiency CIGS solar cells where the CIGS absorber is deposited by co-evaporation and 

electrodeposition. The electrodeposited cell has a lower band gap Eg due to a lower Ga content [26, 29, 30]. 

Method Efficiency (%) Voc (mV) Jsc (mA/cm2) FF (%) Eg/q-Voc (mV) Ref. 

Co-evaporation 20.4 736 35.1 78.9 384 [29] 
Electrodeposition 15.8 619 34.6 73.8 390 [60] 

 
Such novel techniques offer a variety of potential advantages, 

but in general they are much less mature -both from the 
standpoint of basic science understanding and from the 
standpoint of empirically developed standard recipes. For 
example, the mechanisms of nanoparticles layer densification 
and grain growth are not yet clear. As with studies of vacuum 
processes, there is significant leverage in exploring non-vacuum 
processes in more detail. On the other hand, recently, a method 
based on sputtering from a quaternary CIGS target has been 
proposed as an alternative method to fabricate small CIGS 
devices and large scale modules. The crystallinity of the as-
deposited CIGS film from sputtering is often poor. To improve 

the crystallinity of the absorbers, a post-thermal treatment 
(selenization process) for as-deposited CIGS absorbers is usually 
introduced in the film preparation or a high substrate 
temperature above 500oC must be used during the sputtering 
process (without a selenization process) [31, 32]. These works 
have recorded the properties of the CIGS absorbers and have 
successfully applied this method to the fabrication of solar-cells. 
However, the achieved efficiency is relatively low so far (10.8% 
for the method with a post-selenization and 10.14% for the 
method without a post-selenization as seen in Figure 5) [31–35] 
compared with the method of coevaporation and post-
selenization of metallic precursors. 

 

Figure 5. Current Density–Voltage plots of CIGS solar cells treated with selenization (for ‘a’) and without post-selenization (for ‘b’) methods [32, 34]. 

Among these growth techniques, electron beam 
evaporation (e-beam evaporation) mustn’t be ignored as 
significant advantages in terms of high directionality, 
stoichiometry and purity of the films. Similarly to flash 
evaporation, in electron beam evaporation, a high thermal 
density develops over a small region of the source and 
ensures complete evaporation of the compound target 
material, without discrimination with respect to the vapor 
pressures of the individual elements. Electron beam 

evaporation thus avoids the secondary process of selenization 
usually observed in the preparation of CIGS films by other 
methods. Here, in this point we expanded the number of 
elements for chalcopyrite structured material with an 
appropriate stoichiometry that are preferred in PV devices by 
adding Tellurium as addition. This critical advance is enabled 
primarily by a new set of essential sample preparation 
protocols, which we presented in our previous work [36]. In 
fabrication process, CuIn0.7Ga0.3(Se0.4Te0.6)2 compounds (with 



 International Journal of Energy and Power Engineering 2019; 8(4): 52-65 57 
 

high purity elemental copper (Cu), indium (In), gallium (Ga) 
selenium (Se) and tellurium (Te)) have been synthesized in a 
carbon coated quartz ampoule in order to prevent the reaction 
between elements and the walls of the ampoule, as well as to 
avoid their contamination. Then we systematically 
investigated Te added CIGSeTe (with annealing effect) 
materials that exhibit strong correlation with PV performance 
irrespective of the processing method used to make the 
absorber layer with 1.13 eV–1.04 eV optical band gap 
supports strong light absorption property in the relevant solar 
emission spectrum. 

A major issue in any manufacturing environment is the 
ability to assess the product performance nondestructively 
during processing. The goals of any such analyses are first to 
produce material within given tolerances reproducibly. Other, 
it is necessary to control uniformity and defects in the 
devices to increase product efficiency and performance. To 
be most effective, the test should be non-destructive so that it 
can be used on all devices. It should not be performed on 
occasional test structures. Rather, it should take place at 
many points during product formation on the normal 
production material to reduce continued manufacturing on 
already unsatisfactory devices. Finally, an in-situ analysis 
should permit feedback control of the process to recover 
malfunctions as quickly and effectively as possible [21]. This 
would also increase manufacturing throughput because 
thinner layers can be deposited in less time so controllability 
is easier and practicable. Implementation will require the 
development of thin absorbers without a loss in efficiency, 
processing robustness, and module reliability. Alternatively, 
the family of chalcopyrite materials provides a rich set of 
options for engineering new absorber layers that could mimic 
the physical properties of CIGS needed to achieve similar 
remarkable efficiencies but also add important attributes such 
as avoiding indium, moving to a different bandgap, 
increasing processing robustness, and providing a clearer 
path to control of properties needed. To achieve these 
objectives, the following tasks must be addressed: (i) 
Enhance module efficiency, (ii) Improve module 
manufacturing processes, (iii) Discover alternative 
approaches and new materials, and (iv) Assess and interact 
that includes developing modeling and improved metrics [37, 
38]. 

As seen in Figure 1a, there is a monolithically integrated 
CIGS solar module and this designing sequence was as 
follows: A Mo back contact was deposited onto the SLG 
substrate and scribed using laser ablation along identically 
spaced patterns (P1 scribing). CIGS/CdS/i-ZnO was 
sequentially deposited onto the Mo back-contact and 
mechanically scribed (P2 scribing) using the spacing used 
during P1 scribing. Finally, the TCO front window layer was 
deposited on top 

of the device and mechanically scribed (P3 scribing). To 
the researchers, monolithic integrated modules (as shown in 
Figure 1a) include additional contacts within the P2 scribed 
area consisting of TCO/Mo, which may degrade the 
performance of the module to a greater or lesser degree. It 

has been challenging to determine whether the P2 region 
truly limits the achievement of high-efficiency modules. For 
this matter, they proposed the use of a simple method for 
evaluating the P2 contact resistance to avoid special sample 
fabrication steps and to utilize the existing module structure. 
The method described here corrected several parasitic 
components to obtain the exact resistance. These components 
first addressed in this work and variations has been made on 
the geometric dimensions of the test structure but tried to 
reduce the differences between the resistance values 
measured along different dimensions, and they discussed the 
parasitic errors of the proposed method in an attempt to 
calculate the true contact resistance. So they also explored 
the origin of the P2 contact resistance. In the absence of this 
approach, these measurements were very difficult to make in 
monolithic integrated modules [8]. In this frame, as a 
‘wonder’ material, since it was awarded the Nobel Prize in 
2010, graphene also found its position in CIGS technology. 
Yin et al., demonstrated a novel transparent conducting 
electrode (TCE) structure consisting of a doped graphene 
film and a thin layer of poly (methyl methacrylate) (PMMA) 
to replace the ZnO:Al (AZO) electrode for CIGS (Figure 1b). 
By optimizing the contact between graphene and intrinsic 
ZnO (i-ZnO), high power conversion efficiency (PCE) of 
13.5% has been achieved, which is among the highest 
efficiencies of graphene-based solar cells ever reported and 
approaching those of AZO-based solar cells [13]. As another 
new scheme about CIGS PVs, Liao et al. reported on the 
successful incorporation of self assembled clusters of 
CdSe/ZnS core/shell NQDs into flexible CIGS devices [16]. 
The nanocrystal quantum dots (NQDs) were embedded 
between the CdS buffer and the ZnO window layer using 
pulsed-spray deposition (see Figure 1c). They leveraged the 
poor uniformity of spray deposited NQD layers to engineer 
an integrated luminescent and light scattering layer of self-
assembled NQD aggregates. The nanocrystals were tuned to 
emit below the band-gap of CdS, with an emission 
wavelength of 560 nm, and luminescent down-shifting (LDS) 
is found to provide an important enhancement of the 
quantum efficiency within the absorption range of the NQDs. 
The NQD clusters also provide a big rise of the PCE in the 
red to near-IR spectral range. The NQD aggregates scatter 
the incident light and displace the absorption closer to the 
CIGS/CdS interface, where the depletion field is strongest, 
which consequently increases the average extraction 
efficiency of the photogenerated carriers. In their work, a 2 
µm thick CIGS layer capped with a 50 nm CdS thin film was 
studied before and after deposition of 9 pulses of NQDs. The 
weak dark-green non-uniform PL signal in the bare sample 
(Figure 6a) is attributed to the bulk CdS emission. The 
hybridized sample exhibits bright emission from a non-
uniform mesh of NQD aggregates as shown in Figure 6b. 
Micrometer-wide features spanning 10 to 100 µm in length 
can be observed. Such a morphology is characteristic of the 
self-assembly of spray deposited NQDs during solvent 
evaporation [39]. The lateral size of the NQD aggregates was 
further investigated using cross-sectional TEM in two 
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CdS/CIGS p-n junctions coated with 9 and 17 pulses of 
NQDs (Figures 6 c, d). In these images, the NQD aggregates 

are visible as a pale grey region embedded between the 
darker CdS layer and the black carbon support. 

 

Figure 6. Fluorescence microscopy images of a CdS/CIGS junction a) before and b) after NQD hybridization. Cross-sectional TEM images of CdS/CIGS 

junctions coated with c) 9 and d) 17 NQD spray pulses [16]. 

The J–V characteristics of the optimized 9-pulse hybrid 
solar cell and of its corresponding reference device are 
presented in Figure 7a. The 9-pulse hybridization is found to 
provide the best overall performances, with a relative 
increase in JSC of 12.2% (31.9 mAcm−2 to 35.5 mAcm−2) 
yielding a large 10.9% relative enhancement of the PCE 
(8.42% to 9.34%). The EQE of the 9-pulse hybrid solar cell 
and its corresponding reference device are presented in 
Figures 7a, b along with the relative EQE enhancement. 
Hybridization with 9 pulses of NQDs is found to induce two 
regions of pronounced EQE enhancement at lower and higher 
wavelengths. The rapid enhancement in the lower part of the 
spectrum corresponds to the absorption range of the NQDs 
and is attributed to LDS. The NQDs are directly photo-
excited and the resulting photoluminescence is absorbed in 
the CIGS layer to generate extractable carriers, thus 

enhancing the overall quantum efficiency of the cell [16]. 
The development of thin-film solar cells has also been a 

success story in recent years in terms of record efficiencies in 
industrial scale. Especially, thin film solar cells based on 
chalcopyrites are now arriving to a mature state that allows 
them to be fully manufactured at an. Proof of this are the 
several records that different companies have achieved, there 
is MiaSole’s 1m2 with 15.7% module [40], TSMC Solar’s 
1.09 m2 15.7% module [41], Solar Frontier’s 30 × 30 cm2 

sub-module with 17.2% efficiency [42], and Solibro’s 16cm2 

mini-module with an efficiency of 18.7% [43], just to name a 
few. There were recent advances at the laboratory cell level 
as well, and the world record is now 20.4% [44, 45] on a 
flexible substrate. This world record has been achieved by 
growing CIGS using a co-evaporation method based on the 
so-called three-stage process [46]. 

 

Figure 7. a) EQE of the hybrid (red) and reference (black) devices for a 9-pulse NQD deposition b) Relative EQE enhancement due to hybridization [16]. 

 

The industry usually uses one of two concepts to grow 
CIGS, companies like Solibro, Würth Solar, and Global Solar 

use co-evaporation, whereas companies like Avancis, Solar 
Frontier, and Honda Soltec, grow CIGS using selenization of 
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precursors The gap in electrical performance between these 
growth processes seems to be decreasing [47, 48]. Single 
junction solar cells based on compound semiconductor films 
now reach higher energy-conversion efficiencies than 
polycrystalline silicon. Despite this success and the prospect 
of novel applications such as flexible, lightweight solar 
panels, the market share of thin-film solar modules is 
stagnating. The main problem of compound thin-film solar 
cells, such as Cu(In,Ga)Se2, is the large gap between lab 
efficiencies and commercial module efficiencies (Table 4). 

Table 4. PV efficiencies in lab scale and commercial scale (Source: 

Fraunhofer ISE, Progress in Photovoltaic). 

Efficiencies Lab Record Commercial 

Solar Cell 46.0% (ISE, Soitec, CEA) 38-43% 
Minimodule 43.4% (ISE) N. A. 
Module 38.9% (Soitec) 27-33% 
System (AC) N. A. 25-29% 

A large process parameter space makes trial-and-error 
optimization a time-consuming and expensive task. 
Therefore, understanding the underlying atomic-scale physics 
and chemistry is essential to identify the potential origins of 
efficiency losses in the transfer from lab to large scale 
fabrication [49, 50]. 

Increasing efficiency is particularly important because the 
cost to install modules now exceeds the cost to make them and 
the cost of installation effectively drops when the number of 
panels that needs to be installed to reach a desired power 
output is reduced. In the last few years, dozens of photovoltaic 
companies with promising technologies have been forced out 
of the market. Because new factories desire large amounts of 
capital to build, startups could not achieve the necessary 
economies of scale to compete in the marketplace with the 
amount of capital that the investment community was willing 
to provide. With this in mind, approaches that involve 
upgrading the market-leading technologies instead of 
completely displacing them are highly attractive. The power 
conversion efficiency of silicon photovoltaics has been stuck at 
25% for more than fifteen years [12]. We believe that a way to 
improve on this value is to make tandem solar cells in which a 
top cell with a higher bandgap than silicon absorbs the higher 
energy photons and generates a voltage that is approximately 
twice what silicon can generate. It is desirable to make the 
high bandgap cell at very low cost using a material than can 
function well even when it is polycrystalline and defective. 
Recently, a superb candidate, hybrid perovskites, has emerged 
[51, 52]. Since their first use in photovoltaics in 2009, the 
power conversion efficiency of polycrystalline thin film 
perovskite solar cells has soared to over 20% [53, 54]. The 
first design principle to consider when making tandem solar 
cells is choosing the right band gaps in order to optimize 
harvesting of the solar spectrum. It is well known that the 
bottom cell should have a bandgap around 1.1 eV and the top 
cell should have a bandgap around 1.7–1.8 eV [55]. Si and 
CIGS both have an ideal bandgap for the bottom cell. In the 
relatively few cases where tandems were made with Si or 
CIGS, the top cell sometimes had a bandgap of only 1.4 eV 

simply because there are relatively few high performing PV 
materials and one of them, CdTe, has that bandgap [56]. 
Tandems have also been made with dye-sensitized solar cells, 
but the efficiency was only 16% [57]. The perovskite 
semiconductor most commonly used in solar cells is methyl 
ammonium-lead(II)-iodide with the chemical formula 
CH3NH3PbI3(MAPbI3), which is an inorganic–organic hybrid 
perovskite that forms a tetragonal crystal structure and is 
compatible with both solution processing and evaporation 
methods [58–60]. MAPbI3 is a strongly absorbing direct 
bandgap semiconductor with ~1.6 eV [61, 62]. Also, it is an 
intrinsic material with high carrier mobilities [63], shallow 
defect levels [64] and 1mm carrier diffusion lengths, which are 
important metrics for highly performing solar cell devices [65]. 
MAPbI3 devices have obtained large open circuit voltages of 
1.07 V, only 0.53 V less than the bandgap, Eg/q [59]. The 
bandgap of the MAPbI3 perovskite (1.6 eV) can be 
continuously tuned up to 2.25 eV by substituting Br for I to 
make MAPb(I1-xBrx)3 [66], which makes perovskite solar cells 
especially attractive for tandem applications. A simple 
stoichiometry of 1:2 bromine to iodine has the ideal bandgap 
as 1.76 eV. A second design principle to consider is how to 
construct the tandem (Figure 1d). Bailie et al. introduced two 
options that could be used to make practical modules. The 
classical method is a monolithically integrated tandem (Figure 
1d, right). A more unconventional method is a mechanically-
stacked tandem (Figure 1d, left). The mechanically-stacked 
tandem has the advantage of manufacturing simplicity and 
ease of integration. A mechanically stacked architecture 
relaxes performance constraints such as current–density-
matching and the need for tunnel junctions while enabling 
optimization of the top and bottom cells separately. Current 
matching between the top and bottom strings of cells can be 
achieved at the module level by adjusting the relative top and 
bottom cell sizes (Figure 8). 

 

Figure 8. Current-matching at the module level.  

An example perovskite/silicon module with a simplified 
geometry and current density to demonstrate how current-
matching at the module level can ocur with a mechanically-



60 Songul Fiat Varol and Guven Cankaya:  A Deep Outlook for the Chalcopyrite Solar Cells: For Future Perspectives 
 

stacked tandem. In this example module, the filtered silicon 
produces half the photocurrent density of the perovskite, so the 
silicon cells are twice as large to match the current of the 
perovskite cells. In this example, all cells are strung together in 
series; the total voltage of the module is the sum of the 
individual cell voltages [14]. This configuration allows the 
module to have only two leads exiting the module and requires 
only a single inverter, similar to conventional single-junction 
modules. However, a monolithic tandem requires the 
engineering of a tunnel junction or recombination layer, the 
likely need to planarize the surface of the bottom cell to build 
the perovskite cell, and photon management within the 
complicated dielectric stack. Bailie et al. have achieved a 
mechanically-stacked tandem by using a semi-transparent 
perovskite solar cell as the top cell on top of Si and CIGS and 
provide an outlook for the potential of polycrystalline tandems. 
Perovskite solar cells are already efficient enough to upgrade 
the performance of silicon solar cells made with low-quality 
silicon using the polycrystalline tandem approach. The 
current–voltage curves and external quantum efficiency of the 
semi-transparent perovskite solar cell, the CIGS solar cell and 

the CIGS solar cell underneath the perovskite solar cell are 
shown in Fig. 9. To arrive at the efficiency of the 4-terminal 
tandem, the efficiency of the semi-transparent perovskite cell 
is added to the efficiency of the CIGS solar cell when 
underneath the perovskite cell. With 12.7% semi-transparent 
perovskite cell, they improved the 17.0% CIGS cell to 18.6% 
in a tandem (Figures 9a and b/Table 5) as measured in house. 
They explored lower quality sources of Si including cast 
multicrystalline silicon (mc-Si) wafers made from feedstock 
with high impurity content recycled from the top 10% of other 
cast multicrystalline ingots (TI-Si) (Figures 9c-d /Table 5) and 
cast mc-Si wafers grown using 4.5 N (99.995% pure) upgraded 
metallurgical-grade Si (UMG-Si) instead of the more 
expensive Siemens-grade polysilicon (9 N, or 99.9999999% 
pure). Low quality Si sources generally are not commercially 
viable today in single-junction devices because the material 
cost advantage of low-quality Si is offset by the reduction in 
performance due to impurities and crystal defects. An 
improvement has been achieved from 11.4% low-quality Si 
cell to 17.0% as a tandem, a remarkable relative efficiency 
increase of nearly 50% [14]. 

 

Figure 9. Perovskite and CIGS/Si tandem results. a) Current–voltage and b) EQE of semi-transparent perovskite cell, unfiltered CIGS cell, and CIGS 

cellfiltered by the perovskite cell. c) I-Vcurves and d) EQE of semi-transparent perovskite cell, unfiltered TI-Si cell, and TI-Si cell with an infraredoptimized 

anti-reflection coatingfiltered by the perovskite cell [14]. 

Table 5. Performance metrics of semi-transparent perovskite cell, CIGS cell, TI-Si cell, and the resulting tandem efficiencies [14]. 

 Jsc (mAcm-2) Voc(mV) FF (%) Efficiency (%) 

Semi-transparent perovskite 17.5 1025 0.710 12.7 
TI-Si–unfiltered 29.3 582 0.667 11.4 
TI-Si w/IR-ARC–filtered 11.1 547 0.704 4.3 
Tandem w/perovskite + TI-Si    17.0 
CIGS–unfiltered 31.2 711 0.768 17.0 
CIGS– filtered 10.9 682 0.788 5.9 
Tandem w/perovskite + CIGS    18.6 

 
From a different view, tandem layout of solar cells, wherein two or more sub-cells with complementary 
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absorption characteristics are stacked and connected either in 
series or in parallel, is one of the exciting applications to 
increase the efficiency effectively of solar cells beyond the 
Shockley-Queisser limit of single-junction devices [67–69]. 
For example, dual- and triple-junction solar cells based on 
III–V compound semiconductor materials such as 
InGaP/GaAs/InGaAs have been demonstrated to show over 
37% power conversion efficiency (PCE) [9]. In addition to 
the tandem structure achieved with similar class materials, 
two substantially different PV materials have also been 
incorporated into tandem solar cell construction. For 
example, tandem solar cells fabricated with a-Si and a 
polymer have been demonstrated to show enhanced voltage 
and power conversion efficiency compared to conventional 
single-junction solar cells [70–72]. Furthermore, the tandem 
architecture of a DSSC with GaAs or polymer is reported to 
show high voltages of 1.8 and 1.36 V, respectively [73, 74]. 
Recently, Liska et al. and Wenger et al. suggested the 
possibility of a tandem type of architecture with DSSC and 
CIGS based on mechanical stacking as well as a monolithic 
conjunction [57, 75]. Such a tandem construction of DSSC 
with CIGS seems to be an ideal design owing to the optical 
band-gaps of DSSC (~1.7 eV) and CIGS (~1.1 eV), making 
them suitable for use as top and bottom cells, respectively 
(see Figure 1e). In addition, from the viewpoint of 
manufacturing costs, the DSSC/CIGS tandem solar cell 
would be a competitive option, given the advantage of the 
economic viability of DSSCs prepared by solution processes. 
However, to realize a further reduction in the cost of 
DSSC/CIGS tandem solar cells, it is necessary to develop 
low-cost and high-throughput solution processing methods 
(e.g., printing) for the fabrication of the bottom CIGS cell, 
which is currently fabricated by a vacuum-based method 
such as co-evaporation. Recently, solution-based fabrication 
methods for CIGS thin films have attracted much attention 
due to their potential for realizing low-cost and printable 
solar cells [76]. The highest efficiencies of solution processed 

CIGS thin film solar cells have been reported to be 15.2% 
(hydrazine based) [77] and 12% (non-hydrazine based) [78]. 
One of the major issues in the fabrication of efficient tandem 
DSSC/CIGS cells (Figure 1e) is to control the 
electrical/optical properties of the interface between the 
DSSC and the CIGS. So, the role of the Pt catalytic layer is 
effectively to reduce the over potential for the reduction of 
the I3- ions to I- ions by the photoelectrons coming out from 
the underneath CIGS solar cell. However, Pt catalytic layer 
inevitably decreases the optical transmittance, which should 
lead to a decrease in the photocurrent from the bottom cell 
and to a photocurrent mismatch in the tandem cell. 
Therefore, it is desirable to prepare Pt catalysts with high 
catalytic properties and high optical transmittance 
simultaneously [12]. 

Figures (10 a, b) show the J–Vcharacteristics and external 
quantum efficiencies with spectral irradiance of the 
DSSC/CIGS tandem solar cell along with the DSSC and 
CIGS single-junction solar cells. The as-fabricated 
DSSC/CIGS tandem cell showed a power conversion 
efficiency of 13.0% with an open circuit voltage (VOC) of 
1.17 V, a short-circuit current density (JSC) of 14.6 mA/cm2, 
and a fill factor (FF) of 0.77. The measured VOC of the 
tandem cell (1.17 V) was in fairly good agreement with the 
sum of the individual average VOC values for DSSC and 
CIGS single-junction cells (1.18 V). The plateau value of 
JSC for the tandem device (14.2 mA/cm2) was slightly lower 
than that of the DSSC (14.7 mA/cm2). The JSC of CIGS 
bottom cell in the tandem configuration cannot be measured 
with two terminal electrodes (on top of the DSSC and at the 
bottom of the CIGS). It is also far from simple to estimate it 
by covering the CIGS with a dummy DSSC cell, due to the 
difficulties in applying DSSC components identical to those 
used for the top cell in the tandem structure. Nevertheless, 
the observation that the JSC of tandem cell is too close to that 
of the DSSC suggests that the JSC values from both sub-cells 
are well balanced [12]. 

 

Figure 10. a) Current density-voltage (J–V) characteristics of DSSC/CIGS tandem solar cell and DSSC and CIGS single-junction solar cells under 1sun 

illumination. b) Spectral irradiance of solar light adapted from reference [68] and external quantum efficiencies of a DSSC (red) and a CIGS (blue) single-

junction solar cell used in the study (bottom) [12]. 

 

All these new insights and techniques showed that great/novel applications of CIGS photovoltaic solar cells 
have been well established over the past 5-6 years and all 
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these attempts merely illustrate the feasibility of many 
possible approaches to design/growth of new CIGS 
containing materials schemes easily reproducible and thus 
increased PV production scale is expected to drive down 
costs across technologies. 

Ultimately, we need to know at what point a chosen 
deposition or processing approach becomes the dominant 
factor for limiting product performance. Building-integrated 
products may provide a significant entry channel for CIGS 
thin-film cells, taking advantage of the demonstrated 
capability to manufacture flexible cells (e.g., Global Solar, 
DayStar, Miasole, Ascent Solar, NanoSolar, ISET, and 
SoloPower) and the potential to conform the film PV to 
building-material geometries. The absence of glass 
encapsulation systems drives a second high-priority 
development to address the inherent device sensitivity to 

water vapor. Developing a low-cost, flexible, transparent 
package for CIGS that will assure long period outdoor 
module lifetime constitutes an enabling prerequisite for 
addressing this business segment [79]. Start-up companies 
have selected a multitude of processing approaches, which 
provides both an opportunity as well as a challenge to 
improve commercial module efficiency. 

Some applications of photovoltaic solar cells that have 
been well established over the past 50 years include; (i) 
supplying power in remote locations e.g. for communications 
and weather monitoring systems and the lighting and water 
pumping systems used in developing countries, (ii) supplying 
power for consumer products e.g. for electronic calculators 
and garden lights, (iii) supplying power for applications in 
space e.g. for satellites and space vehicles (Figure) [80]. 

 

Figure 11. Some applications of PVs: a) Powerfilm panels for usage in LightSaver Pocket applications (www.powerfilmsolar.com) b) The Swedish Royal 

Institute of Technology (KTH) has set a new fuel efficiency record of 181.5km/kWh in the Shell Eco Marathon competition for a CIGS powered car called 

‘Elba’ (www.enginetechnologyinternational.com-2016) c) Civilian uses for lightweight, flexible CIGS solar modules include battery charging and portable 

power for PDAs, cell phones and laptop computers (Photo courtesy of Global Solar Inc.-2016) d) A solar yacht to Venus needing reliable power for 

instrumentation (powerfilmsolar.com/custom/solar-yacht -2016) e) Hanshin Koshien Stadium installed with CIGS thin film solar panels in Sweden 

(world.honda.com/power/solar-2016) f) Ascent’s EnerPlex Packr Solar Backpack (www.ascentsolar.com). 

3. Conclusions 

Under these circumstances around the world, 
scientists/engineers in big-scale companies are investing in 
solar generation capacity to uplift, and, as a consequence, 
costs continue to fall and technologies improve. This 
publication gives an authoritative view of these technologies 
and trends in chalcopyrites, in both advanced and developing 
techniques, while providing examples of the best and most 
advanced practices with a sensitive analyze around these 
metrics. It also provides a unique guide for manufacturers, 
industry representatives and concerned stakeholders on how 
best to use, combine and successfully promote the major 
categories of chalcopyrite PV materials, finally, in analysing 

the likely evolution of chalcopyrites – it explores the leading 
role solar energy materials could play in the long-term future 
of our energy materials aspect. 
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