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Abstract

This review summarizes the current status of Cu(ln,Ga)(S,Se). (CIGS) thin film solar
cell technology with a focus on recent advancements and emerging concepts intend-
ed for higher efficiency and novel applications. The recent developments and trends
of research in labs and industrial achievements communicated within the last years
are reviewed and the major developments linked to alkali post deposition treatment
and composition grading in CIGS, surface passivation, buffer and transparent contact
layers are emphasized. Encouraging results have been achieved for CIGS based
tandem solar cells and for improvement in low light device performance. Challenges
of technology transfer of lab’s record high efficiency cells to average industrial pro-
duction are obvious from the reported efficiency values. One section is dedicated to
development and opportunities offered by flexible and lightweight CIGS modules.

Introduction

Cu(In,Ga)(S,Se). (CIGS)-based thin film solar cells represent one of the most promis-
ing photovoltaic technology, with steadily increasing champion cell efficiencies up to
22.6%[1] reported for laboratory scale absorbers. Efficiencies above 20% have been
achieved on rigid and flexible substrates by different research institutes as well as in-
dustrial companies (see overview in Table 1+2). Key advantages of CIGS compared
to other conventional photovoltaic technologies include the high energy yield
(kWh/KWp installed), low temperature coefficient of power loss, low sensitivity to
shadowing and short energy payback time [2—4]. Cost-projections down to 0.35 Eu-
ro/Wp have been announced for the current technology, with potential for further re-
duction upon scale-up, allowing a significant reduction of the total system cost [5].

The possibility to grow thin films of large area absorber onto a glass as well as light-
weight, flexible substrates opens up the field for low-cost manufacturing methods as



well as new applications. Applications such as building-integrated PV (BIPV),
transport-integrated PV (TIPV), space flight or any mobile power generation are mar-
ket segments where those type of solar modules have greatest advantage compared
with traditional PV technologies [6].

In the following, we use CIGS as a general abbreviation for chalcopyrite based solar
cells when no specific compositional information is required. The more stringent nota-
tion (CIGSe for Cu(In,Ga)Se, or CIGSSe for Cu(In, Ga)(S, Se),) is used if differentia-
tion is needed.

Device structure

Figure 1 shows the typical structure of a CIGS solar cell, indicating some commonly
used materials for the different layers. A more detailed description is available else-
where [7-9]. The most commonly used substrate is rigid, 3-4mm thick soda-lime
glass (SLG), as it is thermally stable, chemically inert, has a similar thermal expan-
sion coefficient as the absorber. It also has a smooth surface, insulating properties
suitable for monolithic interconnection and can supply alkali elements for high effi-
cient cells (see section “Alkali post deposition treatment of CIGS layer”). However a
significant amount of work has also been done for CIGS on flexible substrates such
as metal foils, ceramics and polymer films, as discussed in more detail elsewhere [7].

The preferred back contact consists of sputtered molybdenum, serving as a quasi-
ohmic contact with the absorber by formation of a MoSe» intermediate layer during
absorber growth. The p-type CIGS absorber can be grown by co-evaporation pro-
cesses, with selenization followed by sulfurization of precursors deposited by sputter-
ing, electrodeposition or printing. While co-evaporation led to the highest efficiencies
for a long time [10-12], the largest commercial manufacturer and current world rec-
ord holder Solar Frontier is using a sputtered precursor with subsequent selenization
and sulfurization and reported a record efficiency of 22.3% [13,14]. Table 1 and 2
gives a selected overview of the growth method and efficiencies achieved in different
research institutes and companies. Various CIGS compositions are used, mainly
aiming at tuning the material band gap (In-Ga ratio, Se-S ratio), as well as its bulk
and surface electronic properties. Among others, the introduction of a band gap grad-
ing and the presence of alkali elements are two key features that have fueled the de-
velopment of higher efficiencies in recent years and are addressed in more detail in
the following sections.

Following the absorber deposition, heterojunction formation is ensured by the deposi-
tion of a thin n-type buffer layer. Historically, CdS has been used for best efficiency,
but due to its relatively low band gap (2.4 eV) the search for alternative materials
yielding similar junction quality has been given much attention and is discussed fur-
ther below (see section “Buffer layers”).



Transparent conducting oxides (TCO) are applied as the front contact. Research
cells and even some commercial module designs support the charge collection with
an additional metallic grid. A typical TCO stack consists of a thin layer of intrinsic zinc
oxide followed by aluminum-doped zinc oxide [15]. The intrinsic layer helps prevent-
ing current leakage in case of local inhomogeneities or incomplete buffer coverage
[16,17] and also possibly to protect the buffer from ion damage during TCO sputter-
ing.

For record efficiency cells and modules an anti-reflecting coating is often applied.

Some recent advancements
Alkali post deposition treatment of CIGS layer

Addition of alkali elements, especially Na, has long been subject of studies in the
chalcopyrite thin film community, due to the beneficial impact on the electronic prop-
erties of the absorber and solar cells. If not diffusing directly from the glass substrate
during the absorber deposition at elevated temperature [18], similar beneficial effect
on the bulk electronic properties were observed when adding them in a controlled
manner prior, during or after CIGS growth [19]. Whereas Na long showed the most
beneficial effect, the controlled addition of KF in a post-deposition treatment (PDT)
yielded a significant improvement in efficiency up to a world record efficiency of
20.4% [10]. Such a PDT treatment was originally found to be the most beneficial
method to add Na onto CIGS grown at low-temperature on plastic substrate [20], be-
cause it allows separating the influence of Na on CIGS film growth from its beneficial
effect on electronic properties. While it was found that Na PDT mainly modifies the
bulk electronic properties of the CIGS layer, with no discernible surface modification,
addition of KF in a similar PDT treatment leads to a significant alteration of the CIGS
surface composition, namely Cu and Ga depletion. Furthermore, a decrease in Na
content for samples treated with K is also systematically observed [10,21-23], possi-
bly based on an ion exchange mechanism. The modified CIGS surface has strong
implications on the interface formation and growth of subsequent layers, especially
when grown by chemical bath methods [10,24]. A review of the impact of addition of
KF after the growth of CIGS is presented in ref. [25]. Strengthened by several con-
secutive world records for the CIGS technology when applying a process based on
alkali-addition after CIGS growth [12,26,27], this findings shed new light on the im-
portance of considering the alkali addition process together with alkali type and their
combination and the effects on both bulk as well as surface/interface properties of
CIGS and solar cells. Whether the effect of KF PDT is a direct electronic effect due to
the modified surface composition of the CIGS layer or whether it indirectly affects the



junction quality by modifying the interface properties during buffer layer deposition is
still under discussion. Influence on the bulk properties have also to be considered
and cannot be excluded from the overall effects on solar cell efficiency.

In addition to the 1-dimensional vision of the buffer layer-absorber formation, the for-
mation of point contacts induced by a nano-structuring of the interface could shift the
transport characteristics of the carriers from a 1-dimensional to a 2-dimensional
model [28]. Overall, the fact that the KF PDT is not only beneficial for co-evaporated
absorbers, but also for sputtered and selenized films [22], and even for absorbers
with higher Ga content [26], hints that it likely is mostly an interface-related improve-
ment. Latest results using the heavier alkali elements rubidium and caesium have
shown an even stronger improvement of properties, leading to the highest certified
efficiency to date (22.6%) for a cell with RbF PDT[1]. On the other hand Solar Fron-
tier has recently announced measurements with an uncertified efficiency of 22.8% for
cells with KF PDT at IW-CIGSTech 7. Further research in this direction, based on
processes derived from PDT or new knowledge gained during investigation of its
mechanism, will likely lead to new record efficiencies.

Compositional grading in the absorber layer

State-of-the-art CIGS thin film absorbers grown by co-evaporation generally show a
varying indium to gallium ratio across their thickness. The relative amount of Ga de-
termines the bandgap energy of CIGS, which can range from 1.0 eV for pure
CulnSe; to 1.7 eV for pure CuGaSe,, mainly due to a shift in the position of the con-
duction band maximum (CBM) [29]. Average bandgap energy values of 1.1-1.2 eV,
corresponding to a [Ga]/([Ga]+[In]) ration of around 0.3 are used in record efficiency
devices.

A Ga-grading profile was first introduced by Contreras et al. [30], and later extended
as a consequence of the introduction of a three-stage deposition process by co-
evaporation [31]. This process, which yields better crystallinity of the absorber layer,
is based on the interdiffusion of the different elements, and naturally results in the
formation a double grading profile with a higher Ga contents towards the front and
the back interfaces, and lower Ga contents in the central-front region. This can be
explained by a more favorable reaction between Cu and In than between Cu and Ga
[32] and by different potential barriers for the diffusion of In and Ga through Cu va-
cancy defects [33]. As a consequence, there is a strong interplay between the
amount of excess Cu supplied during the 3-stage process, the final overall amount of
Cu, and the shape of Ga-grading profile [34,35]. Szaniawski et al. [36] reported that
interpreting the effects of variations in the Cu content is complicated by the resulting
variations in the Ga grading, which could explain the scarcity of studies on the effects
of the Cu content in Ga-graded CIGS absorbers. The formation of the Ga grading



can also be influenced by other factors such as the presence and amount of alkalis
during growth [37-39] and the deposition temperature [40]. The Ga grading resulting
from a 3-stage process is typically further controlled by adjusting the In and Ga rates
during CIGS growth [34,41].

One of the advantages of a Ga grading in CIGS absorbers is the presence of a back-
surface field, which assists the drift of free electrons towards the front junction. This
results in an improved collection of charge carriers, especially for photon energies in
the near infrared [42]. Another advantage consists in the presence of a low-bandgap
(“notch”) region close to the front surface, enhancing the absorption of low-energy
photons. Larger Ga content at the front interface of the absorber than in the notch
(“front grading”) is needed for improved junction quality. A small conduction band off-
set (< 0.3 eV) at the CdS/CIGS junction is reportedly beneficial for the interface quali-
ty, although a larger offset would result in a potential barrier for electrons and lead to
increased interface recombination [43—45].

The ideal shape of the front and back gradings was investigated in depth by comput-
er simulations, however without consensus being reached [33,46,47]. Experimental
results reported in 2011 showed that an overly pronounced front grading can also re-
sult in a barrier for electrons, leading to enhanced recombination in the space-
charged region [41]. To achieve a smoother front grading, the standard 3-stage pro-
cess was modified into a multi-stage process, with the addition of several sub-stages
in the evaporation rates of In and Ga [41]. Jackson et al. [12] reported on the other
hand that an efficiency increase from 20.8% to 21.7% was partially achieved also
thanks to a more pronounced front grading. This is however no contradiction, since
the optimized Ga-grading profiles reported in [10] and [12] are similar in the front re-
gion of the absorber, as shown in Figure 2.

The technical complexity of a 3-stage process motivates investigations for simpler
deposition methods. Salome [48] demonstrated in 2014 that, provided the implemen-
tation of a workable Ga-grading, a comparable absorber quality can be achieved on
single-stage absorbers. The authors reported a small drop in efficiency from 17% of a
3-stage reference to 16.3% of the single-stage, which they attributed mainly to differ-
ences in the front surface grading. Mainz et al. [49] recently showed that recrystalli-
zation of the chalcopyrite phase during co-evaporation of CIS films might occur short-
ly before the segregation of Cu-Se on the surface. High-quality Cu-poor films could
therefore be achieved without reaching a Cu-rich phase at all, which might open up
the possibility of a passage to a much simpler and controllable process if the compo-
sition and crystal structure during the co-evaporation process is carefully in situ moni-
tored. However, the study was performed on Ga-free absorbers and the eventual ef-
fect on the Ga grading is therefore unknown.



CIGS layers grown by a two-step process of selenization of a precursor have gener-
ally Ga accumulation at the back, near the Mo interface. Such a composition with a
Ga depleted front surface is undesirable for high efficiency cells. Therefore precursor
and selenization conditions are optimized for appropriately homogenized Ga concen-
tration profile in two-step processed absorbers. However, for the highest efficiency
solar cells an additional step of H>S annealing is used to form a selenium rich
CIGSSe layer in order to reach high Voc values [50-52]. CulnS, and CuGasS; have a
bandgap of 1.53 and 2.49 eV respectively, extending the systems range considera-
bly. Contrary to Ga, the sulfur incorporation is mainly acting on the valence band min-
imum (VBM) [53]. Cells using partial sulfurization reach very high efficiencies, as for
example the current efficiency record of Solar Frontier which most probably involves
a sulfurization step. However full-sulfur CIGS (without any selenium) is still limited
and reached 15.5% just recently [54].

Buffer layers

The following section focuses on the most recent advancements in buffer layers in
CIGS solar cells since the review by Witte et al. [55]. For more details on the devel-
opment and applications of buffer layers and transparent conducting oxides in CIGS
cells the reader is referred to the extensive reviews by Naghavi et al. [17] and Haris-
kos et al. [56].

The highest conversion efficiencies in CIGS solar cells have been commonly
achieved using chemical bath deposited (CBD) CdS as a buffer layer[9]. CdS seems
to satisfy most requirements of a buffer layer with a suitable conduction band align-
ment to the absorber and the undoped ZnO and with a beneficial interface defect
chemistry. It has been reported that positively charged Cd may form a stable donor-
type defect in copper-deficient chalcopyrite surfaces resulting in an appropriate
charge density and well defined Fermi-level position [57]. The major disadvantage of
CdS is its relatively narrow band gap of about 2.4 eV leading to parasitic absorption
losses to the cell current. Hence an extensive research on alternative buffer layers is
ongoing, with Zn(S,0,0H), Zn1xMgxO, In.S3; and Zn4.,Sn,O being the most promising
materials to replace CdS so far. Solar frontier has done a pioneering development in
the application of CBD grown Zn(S,0,0H) buffer layers and they use this process in
their commercial production. Table 3 summarizes the champion devices based on
the aforementioned buffer layers with their respective deposition methods, and Fig-
ure 3 highlights the current gains shown for some of those devices. The best conver-
sion efficiency to date with an confirmed alternative buffer layer (Zn(S,0,0H)) is
21.0% [58] and was made possible by the combination with a new alkali PDT as dis-
cussed above, combined with a Zng 75sMgo 250/ZnO:Al window layer deposited by
sputtering. The band gap of ZnO1.4S is tunable by varying the S/O ratio in between



3.2 eV (Eg, Zn0O) and 3.6 eV (Egy, ZnS) with a bowing minimum close to 2.6 eV for x =
0.45 as reported by different groups [59-61]. Extensive optimization is often needed
for an optimal band alignment to avoid metastabilities in the current-voltage meas-
urements, requiring post-deposition treatments such as annealing and/or light soak-
ing [62—64]. In the case of CBD, the similar solubility- and complex formation con-
stants of ZnS, Zn(OH), and ZnO, which were investigated i.e. by Hubert et al. [65],
lead to a co-precipitation demanding for precise control of the deposition conditions.
But even for atomic layer deposited (ALD) Zn(O,S), which is supposed to give the
highest control over stoichiometry due to its layer-by-layer growth mode, post-
deposition heat-light soaking effects have been reported [66]. The CBD method
which currently leads to the highest power conversion efficiencies in CIGS/Zn(0O,S)
devices is based on “Zn?"” and “S?* sources in a NHa/H,O medium at elevated tem-
peratures. Current developments focus on faster reaction kinetics, i.e. deposition
speed, by either exchanging the slowly de-composing thiourea, the established “S?*-
source [67,68], or by the addition of additives [69] to satisfy the needs for an industri-
al application. For an all-vacuum process, sputter deposited Zn(O,S) achieved an ef-
ficiency of 18.3% [70]. Similar efficiencies have been reached with Zn.,MgxO (18.1%
[71]) and Zn41,Sn,Oy (18.2% [72]) buffer layers deposited by ALD. Indium sulfide is
also among the most promising alternatives for CdS replacement. Using thermal
evaporation an efficiency of 18.2% [73] has been achieved.

On sub-module scale an efficiency of 17.9% has been achieved recently on 30x30
cm?, employing CBD-Zn(S,0,0H) [74]. The same sub-module efficiency was reached
using a Indium sulfide [75] buffer layer.

Surface passivation

Charge carrier recombination at interfaces is still limiting the potential of CIGS solar
cells. Concepts for surface passivation attempt to reduce recombination of diode and
photocurrent at the absorber front and back interfaces. While the buffer already partly
serves this function at the front, in this section we review the implementation of addi-
tional concepts such as structured and insulating passivation layers.

At the back contact interface of the CIGS solar cells, beside the back-surface field in-
duced by the bandgap grading [77], passivation methods based on local point con-
tacts were recently proposed [78], similar to those applied for high efficiency Si-
based solar cells [79]. They could lead to improved cell properties especially for very
thin or non-graded absorbers, where the grading alone is insufficient to prevent mi-
nority carrier recombination at the back contact. Alumina is one of the materials sug-
gested for such applications. It reduces non-radiative recombination as a higher pho-
toluminescence (PL) yield was observed for CIGS absorbers passivated with atomic



layer deposited Al,O3 [80,81]. Kotipalli et al. [82] found by CV measurements either
positive or negative surface charge in or at the oxide/CIGS interface dependent on
post deposition annealing conditions. SCAPS (Solar Cell Capacitance Simulator) [83]
simulations by Vermang et al. [78] showed that the surface recombination velocity
can be reduced from 10% - 10° cm s to 102 - 10° cm s™ for a CIGS device with local
point contacts through an Al,O3; passivation layer at the back contact. In an experi-
mental implementation of the idea, openings for local rear point contacts were
achieved via e-beam lithography [84] or CdS particles [78]. A significant efficiency
improvement for thin (< 1.6 um) ungraded absorbers has been observed. However, a
beneficial effect of this back contact passivation approach for devices with a Ga grad-
ing towards the back contact has not been shown so far. Another effect of the struc-
tured or passivated back contacts is the possibility for better light management. Im-
provements in the efficiency for thin absorbers have recently been shown by different
groups|[85,86].

Front contact passivation can be approached in a similar manner to point contacts at
the back. Simulations show possible performance improvements by choosing a suit-
able passivating material with appropriate point opening geometry [28,87-89]. Opti-
mal point contact width and pitch were estimated to be in the 10 nm and 100 nm
range respectively, based on current CIGS layer quality. Furthermore, for a good
front contact passivation layer, donor-like defects close to the CBM of the CIGS (pos-
itive fixed charge) are preferred to increase the absorber surface inversion. [89].
Hultgvist et al. [90] have shown that ZnS can act as an effective passivation layer
based on CV and PL measurements on metal-insulator-semiconductor type struc-
tures. Indeed, Allsop et al. [91] demonstrated experimentally that a thin layer of ZnS
between the In,S3 buffer and CIGS absorber improves the solar cell performance.
Subsequently, Fu et al. [92,93] have demonstrated a solar cell with point contacts to
the buffer layer and a ZnS passivation layer from ZnS nanodots deposited by a
spray-ILGAR method and Reinhard et al. [28] demonstrated the self-assembly of
nano scale fluoride crystals on the absorber surface, which could serve as a template
for passivation layer deposition.

Transparent contacts and stability behavior

Aluminum doped ZnO (AZO) is the most commonly applied transparent contact on
CIGS and is mostly deposited by sputtering. Given the relatively low mobility (<30
cm? V' s7), AZO is heavily doped to achieve the necessary conductivity, leading to
optical losses in the visible and NIR by free carrier absorption. This is especially
problematic when using thick TCOs as required on a module level. Several alterna-
tive TCOs have been investigated to reduce free carrier absorption. An alternative,
used by Solar Frontier, is chemical vapor deposited boron doped zinc oxide (BZO).



High mobilities up to 40 cm? V' s have been achieved with CIGS compatible depo-
sition processes, while the carrier density is kept below ~1*10%° cm™ and therefore
the TCO transparency and the short circuit current output is increased (Figure 4, left)
[94]. Other recent works on high mobility TCOs for CIGS investigate nominally un-
doped ZnO, hydrogenated indium oxide (IOH) and indium zinc oxide (1ZO) [95-98].

Investigations on the long term stability of CIGS modules have shown that the TCOs
are strongly susceptible to degradation in humid atmosphere [99-103]. The conduc-
tivity of AZO degrades in humid atmosphere, which is caused by the chemisorption of
environmental oxygen species, leading to zinc hydroxide and carbonate formation
[104]. Chemisorption leads to the formation of potential barriers at grain boundaries,
significantly reducing the mobility. Degradation in humid atmosphere is an intrinsic
property of ZnO based TCO'’s and can only be diminished by increasing the layer
density [105,106] or by applying proper encapsulation, which includes transparent
front sheets with moisture barrier coatings, to prevent humidity exposure of the TCO
[107]. Alternative TCO such as fluorine doped tin oxide (FTO), indium tin oxide (ITO)
or indium zinc oxide (IZO) could also lead to considerable improvements in damp
heat stability [108—110] (see Figure 4, right).

While sputtering or CVD are the most common deposition methods for the TCO, so-
lution processed ZnO TCO'’s have been successfully applied on CIGS by chemical
bath deposition [112], electrodeposition [113] and spray pyrolysis [114], but so far
without meeting the performance and stability of sputtered reference cells. The major
challenge for those processes lies in the fact that the deposition and/or subsequent
annealing temperature should not exceed ~200°C at any process step[112].

State of the art efficiencies

Place Table 1 + Table 2 here

Concepts for high efficiency devices

Device concepts for achieving higher efficiency than in the single junction case in-
clude tandem (multi-junction) approaches and illumination under concentrated light.
Such concepts for IlI-V solar cells are well developed, but their application for CIGS
solar cells is still in an early stage. From an application point of view it is also interest-
ing to improve the performance at low light irradiation and we will discuss this below.

Tandem solar cells

In order to reduce thermalization losses, or for better utilization of the solar spectrum,
two or more solar cells of different bandgap are used in tandem solar cells as to
reach higher photovoltaic conversion efficiency [146]. With ideally matched energy



bandgaps the theoretical conversion efficiency limit (detailed balance) under AM1.5G
increases from ~33% for single junction to ~45% for dual junction solar cells [147].
Compared to single-crystalline waver based solar cells, where this concept has al-
ready been successfully applied, tandem devices based on all thin-film polycrystalline
layers can profit from reduced complexity and therefore increased market potential.
In this paragraph we review the current state of chalcogenide based all thin-film tan-
dem devices. The bandgap variability in the chalcopyrite (CIGS) materials system
opens an attractive option for tandem cells. For example CIS or CIGS cells with a
bandgap of 1 to1.1 eV are suitable as a bottom cell in combination with a top cell of
bandgap > 1.6-1.7 eV. Unfortunately CIGS cells with high bandgap suffer from poor
electric properties and high sub bandgap absorption. Therefore, alternative absorb-
ers such as DSSC, CdTe or perovskites have been applied as top cells [148—-152] to
investigate the feasibilities. The cells can be connected independently (4-terminal
configuration, Figure 5) or in series (2-terminal configuration), while the later can be
realized by monolithic cell interconnection or by string wise interconnection. An SEM
cross-section of a 2-terminal monolithic tandem cell is shown in Figure 6. The best
efficiencies published for this kind of device so far are 13.0% for a CIGS/DSSC [151]
and 10.9% for a CIGS/Perovskite [150] device. While the 2-terminal concept has the
advantages of reduced material usage, lower parasitic losses due to the reduced
number of TCOs and the use of a single electric circuit it has the disadvantages of
needing current matching between the sub cells, the requirement for a stable and ef-
ficient tunnel/recombination layer and the need for a bottom cell that’s stable to the
top cell deposition process.

While no efficiencies beyond the single junction record have been published so far,
the improvements relative to the sub-cell properties shown in e.g. Figure 7 prove the
validity of the concept [149,153,154] but obviously further research and development
is needed.

Concentrator operation

Concentrator concepts have been shown in lll-V solar cells very successfully [155].
CIGS solar cells are mainly considered for low concentrator applications, reaching
23.3% efficiency at 14.7 suns concentration so far [133]. Higher concentrations could
be used when going for microcells, since both resistive losses and temperature in-
crease are strongly reduced [156].

Low light behavior

Efficiency values for record devices are usually claimed for standard test conditions
under AM1.5G illumination. However, good performance under low light conditions is
also important to ensure lower levelized cost of electricity and for some other applica-



tions such as indoor energy generation. CIGS solar cell technology shows good per-
formance under low light conditions compared to other technologies [4]. In Figure 8
we show the distribution of solar energy irradiated at different intensity levels on the
example of Zuerich (Switzerland). The high fraction of energy received at low energy
densities (more than 10% below 10 mW/cm?) means that an efficiency reduction of
only 10% under this irradiation can lead to total efficiency loss in the 1% range.
Moreover, CIGS solar cells can also be used for indoor and portable electronics ap-
plications. Good performance under such conditions requires high parallel resistanc-
es (Rp) [157]. The curves in Figure 8 compare the efficiency of a device with Rp ~ 10
kQ cm? (black) and Rp ~ 20 kQ cm? (red). The resulting efficiency increase for light
intensities below 1 mW/cm? is in the 50% (relative) range. This improvement would
already lead to a change in annual power output from 177kWh/m? to 186 kWh/m?
which gives an increase of effective efficiency of 0.7% absolute (assuming a global ir-
radiation of 1228 kWh and a distribution as given in Figure 8. The efficiency for each
intensity level is averaged over the respective range and corrected for the spectral
mismatch between AM1.5G and the LED test setup). The global irradiance for this
experiment was measured in 10 minute intervals and the average distribution was
obtained by evaluating a 10 year time series. The Low light efficiencies were meas-
ured under white LED irradiation and light levels were measured simultaneously with
a thermopile sensor and a lux-meter.

The parallel resistance of CIGS solar cells has been reported to be influenced by lo-
calized hotspots [158,159], the window layer properties [157], the absorber composi-
tion, especially Cu content [160,161] and the laser scribing parameters [162—165].
These investigations show that CIGS solar cells can be optimized for efficient low
light performance.

Flexible CIGS solar cell applications

CIGS thin film technology has been mostly developed on glass substrates, and for a
long time CIGS solar cells deposited on flexible substrates such as plastic film or
metal foil could not reach similar efficiencies. Limitations due to impurity diffusions or
the need for lower growth temperature imposed by the choice of the substrate were
reasons for such efficiency gap. Recent developments [7] however showed that
those challenges can be overcome, and is best exemplified with an efficiency above
20% achieved on polyimide (PI) foil (see Table 1). Deposition on a flexible substrate
has advantages not only for manufacturing (large area roll-to-roll deposition is possi-
ble), but opens up a whole new field for solar modules designs and applications. Es-
pecially, flexible and lightweight CIGS solar modules enable novel applications and
concepts for solar electricity generation. Flexibility in shape, power rating, and form
factor are some of the advantages that allow clear differentiation from traditional rigid



and heavy PV technology, opening the doors to BIPV and TIPV markets. Table 1
contains several companies which are active in this domain and offer this type of
products or focus on mobile and fast-deployable off-grid solar solutions. As an exam-
ple, Figure 9 shows potential products based on the module technology of Flisom
AG. Beside full flexible solar modules, BIPV solutions can be provided by laminating
lightweight solar modules directly onto metallic building elements. Significant reduc-
tion of BOS, transport and installation cost can be expected compared to conven-
tional glass-glass technologies. In the following, we discuss in more detail two appli-
cations where lightweight is advantageous, namely space applications and tracking.

Space applications

Future satellite power subsystem will be designed to achieve higher power level,
power densities (kW/kg), launch packaging densities (kW/m?) and lower unit costs
($/kW) than can be achieved with current solar array technologies. Flexible CIGS so-
lar cells offer the potential for providing very high power levels in a lightweight config-
uration that can be compactly packaged for launch.

For example, a 3 um CIGS PV film (including front and back contact) grown on 25
um polyimide substrate can achieve a specific power of ~4kW/kg (with a conversion
efficiency of 15%). This value is potentially more than one order of magnitude above
conventional solutions [166]. However, a polyimide substrate does not offer sufficient
mechanical support for deployment, therefore a supporting back-sheet is needed.
Further a front side encapsulation must be applied in order to protect against me-
chanical scratches and space environment. Both additional layers do significantly
add up to the weight of the module. If relatively dense materials such as glass and
steel are used as mechanical support, substrate or encapsulation respectively the
specific power gets drastically reduced. In Table 4 some indicative numbers are
summed up to give a range what specific power can be achieved in different configu-
rations. The options of using a 50 um fluorinated ethylene propylene FEP front lami-
nate [167] or glass are included. If a carbon fiber reinforced plastic (CFRP) or titani-
um is used as lightweight support a power density of 0.3-0.5 kW/ kg seems
achievable. If 100 um steel is used as substrate and support the specific power drops
to ~ 0.2 kW/kg. The estimation made here is consistent with the estimation of Dhere
[168].

In terms of radiation hardness CIGS was found to be even superior to GaAs [169].
The bandgap of high efficiency (20%) flexible CIGS is around 1.1 eV [10]. However,
a higher bandgap around 1.5 eV would not only be favorable to match the AMO spec-
tra but also to achieve a smaller temperature coefficient, as a module in space might
reach temperatures up to ~150°C [169], but this has not yet been realized with com-



parable efficiency. A recent study confirmed the feasibility of the concept of a rollable
blanket with integrated flexible CIGS submodules [170].

Tracking

Optimization of thin film solar modules for usage on PV trackers has lately re-
appeared as a topic of interest in utility scale PV markets. First Solar announced dur-
ing its Annual Analyst Day in 2016 [171], that its Series 5 module will be introduced
to market in a three module configuration for fast installation in single axis tracker
systems. This should contribute to reducing BOS costs of such systems significantly.
The lightweight design of flexible solar modules has the additional advantage that the
required tracker structures for utility PV systems could be considerably lighter and
more cost effective. First concepts such as adaptive solar fagade [172] or a moisture
sensitive wooden-bilayers tracker [173] have been demonstrated employing light-
weight modules.

Manufacturing technology

The transfer of the lab-scale processes into an industrial environment encounters
challenges. Several aspects need to be controlled to ensure manufacturing of mod-
ules with acceptable efficiency and production yield. Not only material and process-
related issues need to be solved, but also engineering of new equipment machines
and development of in-situ process control techniques are required. Industrial pro-
duction of CIGS solar modules on glass substrates has advanced to high volumes by
companies such as Solar Frontier, AVANCIS, Solibro, Manz and others. However the
manufacturing of flexible CIGS solar cells and modules is relatively less mature de-
spite decent cell efficiencies have been achieved on small area devices in labs (see
Table 1 and 2). Flexible substrates allow the use of roll-to-roll deposition techniques,
as used in the packaging industry, with the potential advantage of high throughput
and compact equipment dimensions for each layer of the solar module stack. For the
CIGS absorber deposition by co-evaporation or sputtering, evaporation sources and
targets need to be positioned in such a way as to reproduce the CIGS growth condi-
tions from the static processes developed on laboratory scale. Adequate in-situ pro-
cess control techniques are necessary to ensure stable absorber quality during the
continuous deposition onto the moving substrate. As there is a lack of reliable pro-
viders for CIGS roll-to-roll deposition equipment, companies such as Flisom have de-
veloped custom solutions.

Figure 10 shows |-V and EQE curve of a 16.0% solar cell based on a CIGS absorber
grown by roll-to-roll low-temperature co-evaporation onto a flexible polyimide foil. The
best corresponding mini-module (5x5 cm?, 8 cells monolithically connected by laser

scribing) achieved an efficiency of 14.3%. The SEM cross-section shows an absorber



microstructure with large grains, with a TCO deposited in a R2R process. Further im-
provements, not only of CIGS growth conditions but in overall stack and module de-
sign, are still required to reach similar efficiency values as reported on laboratory-
scale for a similar process (e.g. 16.9% for monolithic CIGS on PI [25]). Those results,
together with results reported on stainless steel (e.g. MiaSolé with 16.5% efficiency
[123] and Global Solar with 14.7% (presented at IW-CIGSTech 7) on module size or
17 % on 6” cells from Midsummer [124]) show that module manufacturing on flexible
substrate is on a good path to be cost-competitive in a near future.

Conclusions and prospects

The application of alkali PDT by several labs around the world has been one of the
main trigger for the quick progress of record efficiencies observed over the past cou-
ple of years. Alternative buffer layers, especially based on Zn(O,0H,S) and TCOs
have yielded remarkably high efficiency and stable performance.

It will however take some time to fully translate those new developments into indus-
trial production. Considering the significant and fast improvements observed on lab-
scale, it is likely that this new knowledge will contribute greatly in increasing the per-
formance of industrial CIGS modules in the near future. Moreover, the large scale
production of solar modules on flexible substrate gives the opportunity for differenti-
ated products, applicable where traditional rigid heavy modules have some limita-
tions. Flexible lightweight solar modules will find their application and growth, espe-
cially for BIPV.

The combination of CIGS with wide bandgap perovskite shows interesting options for
tandem solar cells, however further research is needed to enhance device efficiency.
CIGS solar cell processing can further be optimized, for example to enhance parallel
resistance in order to make them more efficient in low light applications.
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Figures (to be separated)

Figure 1: Basic structure of a typical CIGS solar cell, with examples of the most
commonly used materials.
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Figure 2: Comparison of published [Ga]/([Ga]+[In]) gradings in CIGS solar cells with
efficiency > 20 % [10,12].
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Figure 3: EQE for CIGS cells with different buffer materials. All cells with anti-
reflection coatings. The shaded areas below the curves represent the current gain
relative to the corresponding CdS reference when available. Data extracted from
[58,72,73,76].
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Figure 4: Left: Comparison of the optical properties of AZO and BZO with compara-
ble sheet resistance. The high transmission in the NIR region for BZO stems from the
reduced carrier density (AZO n=4.4*10% cm™, BZO n=9.2*10"° cm™®). (Adapted from
[94]) Right: Damp heat stability (85°C, 85% r.h.) of different, non-encapsulated TCO
materials (extracted from [108,110,111])
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Figure 5: Schematic structure of a 4-terminal tandem structure. CIGS thin film solar
cells are a suitable candidate for bottom cell while further research is required to find
a suitable top cell.
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Figure 6: SEM cross-section of a monolithic Perovskite/CIGS tandem device with
both cells and the recombination layer highlighted in color.
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Figure 7: IV and EQE curves of the highest reported 4-terminal CIGS tandem. * The
perovskite efficiency is measured by maximum power point tracking to exclude hyste-
resis effects [154].
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Figure 9: BIPV product concepts based on flexible, lightweight monolithic CIGS solar
modules on polyimide, from top left to bottom left: Residential roof tile, architectural
standing seam roof, metal fagade cladding elements. Bottom right: fully rollable mod-
ule for application on rooftop membrane. All images courtesy of Flisom AG.
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Figure 10: a) IV and b) EQE curves of a solar cell based on a CIGS absorber depos-
ited in a roll-to-roll process. Inset shows the IV parameters. ¢c) SEM cross section of a
fully roll-to-roll processed solar cell.



Tables

Table 1: Published efficiencies for a selection of industrial producers. Updated from earlier work [115]. Data for companies not exist-

ing anymore is not included. Status: published results until July 2016

Reported n ;%]

- (area® [cm?))
Deposition method Company Absort_:er Substrate' Cells mz Ref. (for Notes
material tercon. Module (M)/ n)
Cell Submodule (S)
Co-evaporation '\S"j‘l’;f -Wirth  5i6se Glass Monol.  22.6* 16.0M [1,116]  Collaboration with ZSW
i . Solibro (Han- X 15.6 (~1m2) M, Record submod.:
Co-evaporation ergy) CIGSe Glass Monol. 21.0 18.7* (16ap) S [117,118] monol. & grid
Co-evaporation Siva Power CIGSe Glass Monol. 2(? 58) [119]
Vacuum- :
t::;ed (- Co-evaporation Flisom CIGSe Pl Monol. 16.9 (10.2da) S [25] Submod. with Empa
growth) Global Sol 17.7°
obal Solar o . -
Co-evaporation  Energy (Han- CIGSe SS String 215'%161) ]gg* ggggzgg S [120] r'?]ighlzlse)('ble and rigid
ergy) (0.4ap)
Ascent Solar
Co-evaporation (TFG Radi- CIGSe Pl Monol. 14* 11.7M [121] -
ant)
. o 17.8 (819ap) S,
Spulttering, . 22.8°, R
N Solar Frontier . 17.5* (837.3ap) S, Zn(0,S,0H) buffer lay-
Vacuum- | Seenization& - T a ghenr  C1GSSe Glass Monol.  22.3° = 6+ (1 208 m%ta) [13,14,122] ¢, "coliab. with NEDO
sulfurization (0.5da)
based pre- M
cursor Sputtering & Avancis
RTP* (SEL-RTP CIGSSe Glass Monol. 17.9* (622ap) [75] SiN diffusion barrier
(CNBM)

process)




Sputtering &

Miasolé

16.6° (ap) M

R2R, all-sputtering

selenization (Hanergy) ClGSe SS Shingle 17 15.5* (1.68m?ap) M [123] process
. Production line for cells
Sputtering & . . 17.0
selenization Midsummer CIGSe SS String (ap) [124] g:eSeG x156 mm), Cd
Sputtering, N 2 "
o 16.0* (1.445mta) Zn(0O,S) buffer, "turn-
selenlzgtlon & WonCIGS CIGSSe Glass Monol. M, 16.8 (ap) M [125] key producer”
sulphurisation
Sputtering & NuvoSun . 14 2 .
selenization (Dow) ClGSe SS String (268) 12.3 (3.555m“ta) M [126] Flexible
Rapid diffusion
annealing of HULKet CIGSe? Glass Monol. 13.8* (2.348m°ta)M [127] ZnOx buffer
precursor
Sputtering,
selenization & Stion CIGSSe Glass Monol. 23.2 20 (tandem) [128] tandem solar cells
sulphurisation
Non- Electrodeposition : 17.3 . 2 .
Nexcis CIGSSe Glass « 14.0" (0.7m"ap) M [129] Collab. with IRDEP
vacuum- & RTP (0.5)
based pre- | Ejectrodeposition . 15.36 .
cursor & selenization Solopower CIGSe SS Shingle (5.4ap) 13.4* (3824.6ap) M [130]

' Pl = polyimide. SS = stainless steel. () = no clear information on substrate material; > Monol.: monolithic; ® ap = aperture area. t = total area. da =

designated illumination area; * rapid thermal processing; * externally certified efficiency; ° presented at IW-CIGSTech 7




Table 2: State of the art efficiencies on cell and sub-module level in selected research laboratories. Status: published results until July

2016
Sub-module n . .
. Ref. 1 Cells in- Ref. sub- CIGS deposi- Sub-
0, o,
Institute Country  Cell n [%] celln E ﬂl ?)rea tercon. mod. n tion method strate® Notes
Sputtering,
. 22.8°, selenization & With NEDO and
Solar Frontier Japan 50 3 [14] 17.8 (819ap) monol. [13] sulfurization Glass AIST
(CIGSSe)
22 6 ] 16.8* (61ap)  monol. [131] ?&géf)’ora“o” Glass i
ZsW Germany .
* Co-evaporation Zn(0,S) buffer
21.0 [58] 15.2 (63ap) monol. [132] (CIGSe) Glass layer
20.8 [133] - : : ?&géf)’ora“o” Glass :
NREL USA :
18.6 [22] - i i Evaporation & Glass Zn(0O,S) buffer
selenization layer
Toshiba Japan 207 [134] - i i %géi‘)’ora“on Glass i
2 Co-evaporation Flexible polyi-
Empa CH 20.4* [10] 16.6* (13ap) monol. [135] (CIGSe) Pl mide, module with
Flisom
X Co-evaporation Monol. Interconn.
AIST Japan 19.9 [136] 15.9* (69.6da) monol. [137] (CIGSe) Glass/SS on metal foil
IEC D Co-evaporation Wide band gap
elaware USA 19.9 [138] - - (AgCIGSe) Pl (Ag,Cu)(In,Ga)Se
2
Sputtering, Zn(0,S) buffer
* selenization & =
19.7 [139] 17.8 (819ap) monol. [122] sulfurization Glass layer, with Solar
AGU Japan (CIGSSe) Frontier
18.4 [140] - Co-evaporation Glass Zn(0,S) buffer

(CIGSe)

layer




HZB

Uppsala

Korea University

IRDEP

NREL

IBM

Germany

Sweden

Korea

France

USA

USA

19.4*

16.1*

18.6

17.3*

11.7*

15.2*

[141]

[142]

[72]

[129]

[144]

[145]

13.0 (30x30)

17.4* (16ap)

17.9 (900)

14.0* (6610ap)

monol.

monol.

monol.

monol.

[142]

[143]

[74]

[129]

Co-evaporation
(CIGSe)
Sputtering,
selenization &
sulfurization
(CIGSSe)
Co-evaporation
(CIGSe)
Sputtering,
selenization &
sulfurization
(CIGSSe)
Electrodeposi-
tion and seleni-
sation (CIGSSe)
Electrodeposi-
tion & seleniza-
tion (CIGSe)

Hydrazine-based

(CIGSSe)

Glass

Glass

Glass

Glass

Glass

Glass

High growth tem-
perature (>600°C)

Zn(0,S) buffer
layer, with Bosch

In-line, module
with Solibro

Zn(0,S) Buffer,
with Samsung
SDU

Solution-based
precursor, with
Nexcis

Solution-based
precursor

Pure solution

" ap = aperture area. t = total area. da = designated illumination area;* monolithic;> Pl = polyimide. SS = stainless steel; *externally certified effi-
ciency; ° presented at IW-CIGSTech 7




Table 3 Summary of best performing small-area CIGS cells with different buffer lay-
ers and respective deposition methods.

Buffer Dep. Ab- Window layer | Eff. Voc (V) | Jsc FF Area ref
layer method | sorber (%) (mA cm™®) | (%) (cm?)
CdS CBD CIGSe |i-ZnO/ZnO:Al | 21.7 0.746 36.6 79.3 | 0.5 [12]
Zng 75Mgo.250/
Zn(0,S) |CBD | cigse | Mm@t oy gt 10717 | 372 786 |05 | [58]
ZnO:Al
0.66
Zn(0,S) | CBD CIGSSe | ZnO:B 17.9° | (/cell 38.1 71.1 | 900 [74]
calc.)
Zn(0,S) | ALD CIGSe | zZnOB 19.8° | 0.715 36.5 75.8 | 0.522 | [76]
Sputter- X
Zn(0,S) inzu ClGSe | ZnO:Al 18.3 0.654 38.4 72.8 | 0.49 [70]
Zn;. i-ZnO/ .
ALD CIGS 15.5 0.92 23.4 72.2 | 0.433 54
xMg,O In05:Sn [54]
Zn;.
i ALD CIGSe |i-ZnO/ZnO:Al | 18.1 0.668 35.7 757 | 0.5 [71]
«Mg,O
Thermal
ISy evapo- | CIGSe |i-ZnO/ZnO:Al | 18.2 0.673 36.3 745 |05 [73]
ration
Zny. .
Sr110 ALD CIGSe i-ZnO/ZnO:Al | 18.2 0.689 35.1 75.3 | 0.49 [72]
X Xy

“externally certified efficiency




Table 4: Estimated specific power of a flexible CIGS thin film module assuming dif-
ferent substrate, support and front-encapsulation materials.

Substrate + mechanical CIGS PV | Front encapsula- | sum Power / Weight ratio
support cell tion (50 pum) @ 15 % Eff in space
(1360W/m2)
g/m? | g/m? g/m? g/m? | kWikg
Pi 25 pm 35 15 none 50 41
Pl 25 um + 35 + 470 0.43
CFRP 200 pym 320
Titanium 100 um | 450 15 110 (FEP) 565 0.36
Steel 100 pm 780 895 0.23
Steel 100 pm 780 15 125 (glass) 920 0.22
Steel 127 pm none 1000 | 0.20[168]




