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Abstract

CIGS, with a tailorable direct band gap (of 1.04-1.68 eV), can serve as bottom cell with excellent band gap match with
perovskite (1.6-2.3 eV) in the combined monolithic perovskite/CIGS tandem solar cell, that has the potential to exceed
the Shockley—-Queisser limit. Thus, an investigation of the operating temperature dependence of the performance of CIGS
and perovskite solar cells (PSCs), in the temperature range of 80-380 K, based on studies in the literature, is presented.
Besides the operating temperature, the influence of substrate temperature of CIGS solar cells, fabricated on soda-lime-
glass, polyimide foil and stainless steel substrates are also investigated. The solar cell performance is assessed by consid-
ering several photovoltaic parameters such as short circuit current density (J,.), open circuit voltage (V,), fill factor and
power conversion efficiency. By a detailed understanding of the dependence of solar cell parameters on temperature
for CIGS solar cells and PSCs, with different characteristics or structures, it is anticipated that an effective pathway for the

improvement in these cells, in adverse environments, can be accomplished.
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1 Introduction

Today, from the perspective of photovoltaics, perovskites
represent one of the most successful optoelectronic can-
didates with significant growth in their performance since
2009; they play a critical role in the next-generation solar
cells for both terrestrial and space applications. Further,
CIGS holds a market share of 21% of the total global thin
film production among two other major materials, CdTe
(76%) and a-Si (3%) according to the Photovoltaic Report
by Fraunhofer Institute for Solar Energy Systems, ISE [1]
(based on CIGS, CdTe and a-Si as the principal thin-film
solar cell materials). Thin film solar cells [2] continue to
enhance their role as high efficiency, reliable and cost-
effective alternative to conventional mono-crystalline
silicon solar cells due to their lower material costs, rising

efficiencies and ease of fabrication. Furthermore, thin-film
solar cells have significant potential and critical advan-
tages in sunbelt countries with better temperature coef-
ficients and ideal power conversion efficiencies (PCE) in
adverse environments over crystalline silicon solar cells [3].
The fundamental equations governing the performance of
solar cells have been described in a large number of stud-
ies in the literature. In a previous study, Singh and Ravindra
[4] have investigated the temperature dependence of Si,
Ge, GaAs, InP, CdTe and CdS solar cells. The first studies of
the comparison of solar cell efficiency versus Eg for various
semiconductors, in the temperature range of 273-673 K,
by Wysocki and Rappaport, were reported 60 years ago [5].
Itis interesting and relevant to note that while there have
been significant improvements in solar cell materials and
device technology, not much has changed relative to the
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absolute solar cell efficiencies as function of materials and
temperature. The temperature dependence of the band-
gap (Eg) of semiconductors is described by the well-known
Varshni relation [6] in Eq. (1), where Eg(T) is the bandgap
of the semiconductor at temperature T, Eg(O) isits value at
0K, and a and B8 are constants that are material dependent.

aT?

T+5

Since the first report of CIGS solar cells by Devaney and
Mickelsen in 1987 [7], the technology has grown over the
years; the best record efficiency of CIGS solar cells of 22.9%
has been reported by Solar Frontier on glass substrates
[8]. Normally, the structure of CIGS solar cell starts with
soda-lime glass(SLG) substrate and Mo back contact on
the bottom, followed by CIGS as the interlayer, on the top
are ZnO/Al:Zn0O and n-type CdS as window layer, and it is
usually fabricated by a co-evaporation process and precur-
sor reaction process. The cross section of a typical CIGS
solar cell is as shown in Fig. 1a. The emerging thin film
material solar cells, perovskite solar cells (PSCs), have also
attracted increasing scientific and technological interest
because of their high efficiency that can be attributed to
their ability to fulfill the multiple roles of light-absorption,
charge separation, transportation of holes and electrons in
materials [9]; additionally, they offer the benefit of the use
of low amounts of earth abundant materials. PSCs, based
on either mesoscopic or planar, normal (n-i-p) or inverted
(p-i-n) structure architectures, are typically described by
the formula ABX;, where X is a halide anion, A is an organic

E,(T) = E,(0) —

M

TCO-ZnO:Al

CdS n-doped

Fig. 1 Cross section of a a typical CIGS solar cell, b perovskite solar cell
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and/or inorganic cation, such as MA (methylammonium
cation (CH;NH;Y), FA (formamidinium (CH(NH2)2%)), Cs
and Rb and B is metal cation such as Pb (A being larger
than B). The cross section of a typical perovskite solar cell
is as shown in Fig. 1b [10]. Since the first report of PSCs
with 3.8% power conversion efficiency (PCE) by Kojima
etal.in 2009 [11], the organometal halide PSCs have been
demonstrated with high PCE of >23% on a lab-scale [12].
Enhanced light harvesting by using two or more absorb-
ers, with different band gaps, has so far been the most
effective approach to increase the PCE from 20 to over
30% beyond the practical limits of single p—n junctions.
Conventionally, the low PCE of tandem device is primarily
limited by the low efficiency and non-ideal bandgap of the
top structure of the cells. This situation has changed with
the advent of perovskite solar cells with wide and tunable
band gap over a broad energy range [13]. Perovskite mate-
rials are, in most cases, direct-bandgap semiconductors
with a bandgap ranging across the entire visible spectrum
[14]. Among various kinds of tandem cells, perovskite/CIGS
thin-film tandem cells hold great promise as each single
junction cell has attained > 23% efficiency [15] and the
bandgaps of both absorbers can be easily tailored for cur-
rent matching conditions [16].

The study of the behavior of solar cells with tempera-
ture (T) is important as, in the working condition, they are
generally exposed to temperatures ranging from 288 to
323 K[17] and to even higher temperatures in space and
concentrator systems (370-380 K) [18]. The performance of
solar cells is determined by the photovoltaic (PV) param-
eters, for example, short circuit current density (J, ), open

(b)
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circuit voltage (V,), fill factor (FF) and PCE. These param-
eters are temperature-dependent and hence affect the
performance of solar cells [4]. In general, V,  decreases
with increasing temperature and J,. increases slightly with
increasing temperature [4]. Both FF and PCE decrease with
increasing temperature and PCE degradation is mainly due
to the decrease in V,_[4]. The temperature-related studies
will be important for further improvement in performance
of these PV cells. In the first section, this paper presents a
review of the dependence of PV parameters of CIGS solar
cells on operating temperatures and substrate tempera-
tures (T,,,). The substrate has a crucial role in determining
the PCE performance of the whole device. The operat-
ing temperature dependence of PV parameters of PSCs
based on different perovskite materials, MAPbl;, FAPbI;,
MAFAPbI; and CsMAFAPbI;, are discussed in the second
section.

Besides, CIGS, with a tailorable direct band gap (of
1.04-1.68 eV), can serve as bottom cell with excellent
band gap match with perovskites (1.6-2.3 eV) [19] in the
combined monolithic perovskite/CIGS tandem solar cell.
This flexible tandem solar cell device promises high PCE
that exceeds the Shockley-Queisser limit, enabling cost-
efficient and ultra-lightweight cells for applications in ter-
restrial and space photovoltaics with power-to-weight and
power-to-cost ratios surpassing individual cells and those
of lll-V semiconductor-based multijunctions [20]. Thus, it is
important to realize the compositional and thermal stabil-
ity among different substrates and perovskite materials.
Furthermore, the degradation behavior of PV parameters
with thermal stability is studied in detail for commercially
available perovskite and CIGS solar cells. Such studies will
help to investigate the degradation processes that have
been mainly responsible for reduction in PV parameter
performance. Here, we investigate the performance char-
acteristics as function of temperatures, higher or lower
than STC, for the understanding and prediction of solar
cell performance in real-world working conditions, from
applications point of view as well as in manufacturing.

2 CIGS solar cells: photovoltaic parameters
as a function of substrate material
and influence of substrate temperature

CIGS solar cells have demonstrated good performance
for most of the visible spectrum under terrestrial condi-
tions at high operating temperature (350 K); besides, they
can also be used for space applications due to their high
radiation tolerance [21]. Generally, for most semiconduc-
tors, E, decreases with increase in temperature. Therefore,
increasing temperature contributes to the increase in J .

and decrease in V,; besides, the increasing temperature,

in general, increases the probabilities of recombination
which eventually leads to the reduction in PCE [22]. The
temperature dependence of efficiency of CIGS solar cells is
of great relevance, such as for space applications in which
panels are subjected to temperatures varying from 80 to
380 K within a few minutes after eclipse [18] and also for
terrestrial applications where they could be subjected
to environmental temperatures as high as 350 K. The PV
parameters of CIGS solar cells on three different types of
substrates, SLG (Sodium Lime Glass), SS (Stainless Steel
foils) and PI (Polyimide), are studied in order to assess the
influence of the substrate on the internal operation of the
cell.

2.1 Effect of different substrates on photovoltaic
parameters

The substrates in CIGS solar cells have a crucial role in the
development of the whole device. Deposition of the Mo
back contact on SLG or flexible substrate will define dif-
ferent selenization conditions [23]. Conventionally, most
commercial CIGS solar cells are produced on SLG sub-
strates since SLG provides a sufficient source of Na (alkali
metal) to the absorber naturally [24] and is able to sus-
tain high temperature during deposition and annealing
processes. In recent years, CIGS solar cells deposited on
light weight and flexible substrates have been studied for
versatile applications [25]; for example, flexible CIGS solar
cells can be integrated on rooftops or as a bending mod-
ule with curved surface. So far, efficiencies of 22.8% on
SLG substrate [8], 17.5% on SS substrate [26] and 20.4%
Pl substrate [27] for CIGS solar cells have been achieved.
Among various SS substrates, stainless Cr steel is expen-
sive but with lower coefficient of thermal expansion, and
unalloyed Fe steel is cheaper but with the corrosion issue
and higher coefficient of thermal expansion (13 ppm K™
for Cr-free steel compared to 11 ppm K" for Cr steel at
823 K) [28]. Besides SS substrates, Pl substrate is an attrac-
tive choice due to its vacuum and temperature stability
and is considered as a good candidate for alkali doping
technology; it can be readily accomplished due to the fact
that only a small amount of impurities diffuse out of the
Pl substrate [29].

In Fig. 2, the data on the V, -T relationship of GIGS
solar cells on SS, Pl and SLG substrates, from the recent
10 years of literature, are summarized. The results show
a consistent and negatively linear behavior with high
correlation factor (R?>0.998), for a variety of substrates,
which eventually can be attributed to a reduction in the
PCE for the temperature range of 100-360 K. Besides,
V.. on SLG substrate has continuously higher value
than alkali-doped PI substrate and SS substrate, which
may be due to the presence of lower concentration of
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Fig.2 V,-T plot for different substrates. The data in the figure are
extracted from Refs. [29-32]

defects or better absorber quality on SLG substrate. CIGS
solar cells on alkali-doped PI substrates, Na-PI-2019 and
Na-K-PI-2019, performed better than undoped Pl and
SS substrates. Especially, the performance of CIGS solar
cells on Na-K-PI-2019 is very close to that of CIGS solar
cells on SLG-2019; the difference in V. values may be
attributed to the differences within CIGS and may not be
due to the substrate. This confirms that in addition to Na
content, the incorporation of K from the substrate into
CIGS helps to passivate the defects via inter-diffusion of
In and Ga atoms and suppress the recombination pro-
cess in the CIGS absorber [29]. The diffusion of the det-
rimental impurities (e.g., Fe) increases with increasing
temperature and is a major challenge for high-efficiency
CIGS modules on SS substrates, in which barrier layers
are normally used to prevent this impurity diffusion
[33, 34]. Eg of CIGS can be varied from 1.04 to 1.68 eV by
varying the composition within CIGS to absorb most of
the photons. In Fig. 2, we also notice that the change in
V,. as function of V_~T, is almost uniform and is gener-
ally independent of E,. Further, in Fig. 2, the CIGS films
on similar SS-Fe substrates (SS-Fe-2016, Eg= 1.15 [35];
SS-Fe-2019, Eg=1.04 [36]) showed that the CIGS films
with higher E; exhibited better thermal stability than
CIGS films with lower Eg. This is the same case with CIGS
films on Pl substrates with and without alkaline doping
to advance the material properties and E.

From two simulation studies, shown in Fig. 3, it can be
noted that J,_ decreases slightly with increasing tempera-
ture in the temperature range of 260-370 K. This slight
decrease in J,  is ascribed to reflection losses (series and
shunt resistance) and recombination losses, as described
by Eq. (2). [4]. However, CIGS on Pl substrate showed a
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Fig.3 Temperature dependence of PV parameters (e.g., PCE, FF, V.
and J, ). The structure of CIGS solar cell [2016-Daoudia et al.-PI] is
PI/Mo/CIGS/CdS/i-ZnO/Zn0:B; for (2017-Theelen et al.-Pl) is PI/Mo/
CIGS/CdS/i-ZnO/ZnO:Al; for (2017-Theelen et al.- (SLG(Au)) is SLG/
Mo/CIGS/CdS/i-ZnO/ZnO:Al/Au). The data in figure are extracted
and regenerated from Refs. [37, 38]

slightly positive temperature dependence on J,, which is
different from the others.
[ dN
ph
Jo=q / ahy d(hv) )
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As a consequence, most of the PV parameters (e.g., FF,
V.. and J, ) have similar trends in temperature depend-
ency on different substrates, mostly, a negative trend. In
accordance with Egs. (3)-(5), we can conclude that PCE
decreases with increasing temperature as temperature
has a positive impact on the intrinsic carrier concentra-
tion (n)). J, increases with increasing n; which further
decreases the V. The steady loss of J,. on SLG substrate
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or slight increase on Pl substrate, in which the J _is not
enough to compensate for the loss of V,, eventually lead
to decreased FF and PCE with increasing temperature. J,,
saturation current density, is proportional to the square of
the intrinsic carrier concentration for a solar cell which has
been modeled [39] as in Eq. (3).

D

D
J,=gxBX no, P 2
=a (LHNA LpND>”' 3

where g is the electronic charge, n; is the intrinsic carrier
density, B is another constant independent of tempera-
ture, Ny and N are densities of acceptor and donor atoms,
D, and D, are diffusion constants of minority carriers in p
and nregions, and L, and L, are length of minority carriers
in p and n regions, respectively. As seen from Eq. (3), J, is
strongly determined by the proportionality to~n? and n;
can be represented as in Eq. (4).

n>=AxXT>xexp ] 4)
i kT
By combining Egs. (3) and (4), in the presumption of
temperature dependence of all parameters except n, the
expression for J, can be written in terms of temperature
and bandgap energy [40] as in Eq. (5), where Cis the third
constant independent of temperature.

3 Eg
J,=CXT>xexp <_ﬁ> (5)

Moreover, a deduction is made that SS substrate should
hold the same temperature dependency on PV parameters
as Pland SLG. Besides, it should be noted that the obvious
difference in the values between the same substrates from
two literatures may be due to the large variation between
individual CIGS solar cells. But the temperature depend-
ence of PV parameters of CIGS, when deposited on differ-
ent substrates (e.g., SLG, SS and PI), has mostly the same
relationship.

2.2 Effect of substrate temperature on electrical
properties

High substrate temperature will not only enhance the
growth of the absorber layer but also favor alkali-diffusion
from substrate to absorbers. Most of the high-efficiency
CIGS modules have been prepared at substrate tempera-
ture (T,,) of over 773 Kwhich is very close to the softening
temperature of SLG substrates [41]. Low substrate tem-
perature (< 723 K) provides the feasibility for reducing the
thermally induced stress on the substrate, for example, by
depositing Mo on PI [42]. Pl substrate is suitable for con-
tinuous and rapid roll-to-roll deposition process and hence

reduces the manufacturing cost of CIGS solar cell module
[43]. The use of Pl substrate reduces the T, and can lead
to a decrease in manufacturing costs. The use of high sub-
strate temperature with glass substrates promises enough
thermal energy to form high-quality CIGS films. T, also
plays an important role in providing the thermal energy for
the inter-diffusion between atoms, which is also related to
the phase transformations in the growth process of CIGS.
Here, we investigate the effect of T, on the structural and
electrical properties of CIGS films on various substrates.

In the case CIGS/SLG, with T, in the temperature range
of 623-773 K, by using one-stage co-evaporation process
[44], the enhancement in PCE, FF and V,_is observed when
T, is increased from 573 to 773 K. Especially, a significant
increase, above a critical temperature of 723 K, is observed
due to the drastic increase in carrier concentration. This
is because of the diffusion of Na content from SLG into
the CIGS absorber at temperatures above 723 K, which
also decreases the resistivity. The FF and V,_ have similar
increasing trends as PCE which may be ascribed to the
improvement in Na diffusion at higher temperature on
SLG substrates [45]. Additionally, the decrease in V. with
decreasing T, can be explained by recombination occur-
ring in the grain boundary due to the smaller grain size
at low temperature [46]. Low J, values at lower tempera-
ture (<673 K) can be attributed to the poor quality of CIGS
films which reduces the carrier collection. It is worthwhile
to note that many papers in the literature have reported
slight decrease in J . after the substrate temperature
reaches ~ 823 K, which is in contrast to other parameters
such as FF, V,_and PCE [44, 47]. Similar results of PV param-
eters with T, can be observed in the literature [44, 47,
48], for the case of CIGS cells/SLG substrates which have
the same structure of glass/Mo/CIGS/CdS/i-ZnO/AI-ZnO.
It is commonly expected that, with increase in T, (over
800 K), the enhancement of larger grain growth occurs.
Eventually, they form big blocks of grains when T, is in
the temperature range of 823-873 K, which shows that
high T, can give enough thermal energy to form high-
quality CIGS films. The high PCE at T, of 823 K is related
to Na incorporation and the disappearance of secondary-
phase (In, ,Gag 35),5€5, which helps to process films with
better structural properties.

In 2016, Liang et al. [31] studied the influence of T, on
CIGS module (§S/Mo/CIGS/CdS/i-ZnO/n-ITO/Al) with the
cells deposited on SS substrate using a 3-stage co-evap-
oration process. In this case, V,_increases with increasing
substrate temperature but reaches a slow trend for T,
above 783 K. This may be due to a wider £ that can be
achieved with a higher T, which can effectively decrease
the saturation current and therefore increase the V, [49].
The comparison of V,-T and J,.—T behavior of Liang’s
study on SS substrate with other studies in the literature
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on different substrates (e.g., SLG and PI) is presented in
Fig. 4a. It may be noted that J,_ initially increases and
then decreases with temperature > 773 K, which is also
observed in the J, T relationship on SLG substrate. Here,
the author suggests that the decrease in J,. as the sub-
strate temperature ~ 773 K may be ascribed to the increas-
ing Fe concentration, which could replace In and Ga lattice
sites and enhance the recombination probabilities [28].
The comparison of FF-T and PCE-T behavior between
Liang'’s study on SS substrate and other studies in the lit-
erature on different substrate (e.g., SLG and PI) can be seen
in Fig. 4b. In addition, low FF values for lower substrate
temperature (< 723 K) for both SS and SLG substrates can
be ascribed to the larger grain boundaries. However, for
high substrate temperature, close enough to material
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Fig.4 J-V parameters of CIGS solar cells on different substrates at
different T . Data extracted from Ref. [31, 32, 44, 45, 50]
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softening temperature (in the case of SS substrate, it
is ~773 K), impurities of high concentration may diffuse
into CIGS modules and act as shunt path [33]. The same
relationship between PV parameters and T, is observed
in the literature, for example, Zortea et al. [32] on unal-
loyed SS substrate by using a 3-stage co-evaporation pro-
cess. In recent years, the use of SS substrate has caught
researchers’ interests due to a better substrate tempera-
ture dependence of PV parameters with polished sur-
faces (low irregularities), which could possibly reduce pin
holes and shunts during subsequent processing [30]. In
the study reported by Zortea et al. [32], impurity concen-
tration increases with increasing substrate temperature
which causes defect states and leads to additional recom-
bination losses, as shown in Fig. 5. This eventually leads
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Fig.5 a Calculated defect spectra of solar cell on SS substrate of
MAX (T, of 833 K), std (T, of 723 K) and Max TiN (SS substrate
with TiN barrier layer at T, of 833 K) b Fe content profiles in CIGS
solar cell on SS substrate for T, of 713 K, 773 and 873 K by SIMS
measurements. Reprinted and reproduced with permission from
Ref. [31] and Ref. [32], respectively
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to a decrease in efficiency for high T, (>773 K). Thus, a
more precise control of the processing temperature would
facilitate in designing a distinct T, profile for growing
CIGS on SS substrates. The diffusion barrier layer between
the substrate and the Mo back contact is also helpful to
suppress the diffusion of detrimental elements from the
substrate into the CIGS when T, is <773 K.

It is well known that CIGS absorbers in high-efficiency
cells are normally deposited at high T, (>823 K) on rigid
SLG substrates. However, for temperature sensitive flex-
ible Pl substrates, its thermal stability limits the process
temperatures to about 723 K, which is 100 K less than SLG;
thus, a low substrate temperature deposition technique
is necessary while deploying flexible substrates. Zhang
et al. [50] investigated the PV properties of CIGS solar cell
(Mo/CIGS/CdS/i-ZnO/n-ZnO:Al/Al grid) on SLG and Pl sub-
strate in the temperature range of 673-773 K, by using
a 3-stage co-evaporation process. The results show that
V. increases with increasing substrate temperature (T,
in the range of 673-753 K) and decreases for T, >753 K.
FF of CIGS cells on PI substrate increases with increasing
Toup the lower FF of CIGS cells on Pl substrates than those
on SLG may be ascribed to the large grain boundaries [51]
and the shunt resistance caused by the relatively rough
surface of Pl substrate. This reasoning is also consistent
with studies of CIGS cells on SS substrate as reported by
Zortea et al. [32]. It should be noted that the CIGS solar
cell on Pl substrate exhibits higher J,. values due to the
higher spectral response in the long wavelength range of
550-1100 nm [50]. T, has a stronger influence on Pl with
respect to the thermal absorption and emission proper-
ties when compared with SLG [50]. Accordingly, the CIGS
absorber with relatively low defects, formed on P, leads to
arelatively long carrier lifetime and a reduction in recom-
bination probabilities.

3 Perovskite solar cell photovoltaic
parameters as function of material
properties and influence of temperature

Hybrid organometal halide perovskite materials, such as
MAPDbI;, FAPbl; and MA,FA;_,,Pbl; have been investigated
widely for light harvesting in PSCs. In most recent stud-
ies, PSCs based on: (a). MAPbI; have achieved 21% PCE
[35]; (b). FAPbI; have achieved 21.07% PCE [36] and (c).
MA,FA_,Pbl; have achieved 21.6% PCE [52, 53]. Inor-
ganic Cs ion has been used to enhance the thermal sta-
bility of perovskite cation combinations (e.g., Cs/MA, Cs/
FA, and Cs/MA/FA); this has resulted in cells with 20.32%
PCE. [54, 55] Commonly, PCE is measured in the laboratory
under standard test conditions (STCs, 25 °C and AM1.5G
with 100mWcm™2). However, solar cells in the working

condition will operate at lower and higher temperatures,
leading to changes (and often a decrease) in the average
PCE, as reported for silicon solar cells [56]. Apart from
the importance of material characteristics affecting the
performance of PSCs, temperature-dependent photo-
voltaic behavior of PSCs is also highly desirable to study.
Cs0.05(MAg 17FAG 83)0.05Pb g g3Brg 17)3, With Eg=1.62 eV [20],
has been investigated and has been shown to exhibit high
thermal stability for applications in PSCs.

3.1 Hybrid organometal halide perovskites:
MAPbDI-;, FAPbI-;, MAFAPDI-;
and CsMAFAPDbI;-based solar cells

As stated by Shockley and Queisser, in general, the £ of
the semiconductor affects the performance of the cell
[57]. Seok et al. showed that the E; of perovskites can be
changed by altering the length of lead and halide site,
by either changing the halide, the metal or the ion size
[58]. Particularly, the Eg of the perovskite decreases when
changing the cation from MA to larger FA cation [59]. In
this work, an analysis of the PV parameters of PSCs, at oper-
ating temperatures in the range of 80-360 K, based on dif-
ferent perovskite materials, such as MAPbI;(CH;NH;Pbls),
FAPbI;(NH,CHNH,), MA,FA,; _,,Pbl; and CsMAFAPblI,, is pre-
sented. The temperature activated formation and migra-
tion of ionic defects within the perovskite lattice remains a
potential source of instability for perovskite photovoltaics
[60, 61].InTable 1, a summary of the dependence of Eg and
J,. on operating temperature for FTO/TiO,/TiO,/MAPbI,/
Spiro-OMeTAD/Au is presented (Extracted from results

Table 1 Dependence of E; and J,. on operating temperature for
FTO/TiO,/TiO,/MAPbI;/spiro-OMeTAD/Au. Extracted from results
based on Ref. [62]

Temperature Eq Jo

K eV mA-cm™
100 1.567 15.8

120 1.566 15.6

140 1.566 15.1

160 1.570 15.8

180 1.571 15.9

200 1.575 16.1

220 1.576 16.2

240 1.576 16.5

260 1.579 16.7

280 1.581 16.8

300 1.585 16.5

320 1.587 16.6

340 1.586 17.2

360 1.592 16.2
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based on Ref. [62]). As can be seen in Table 1, with increase
in operating temperature, the energy gap increases; J,
decreases initially and subsequently increases.

In Fig. 6a, b, we investigate the properties of perovskite
solar cells based on MAPbI;, from two sources of literature.
In the first reference (2015-Zhang), for mesoscopic PSCs
(TiO5/MAPbI;/Al,05/NiO/carbon) [64], V.. follows a vol-
cano-like distribution with the maximum value at ~ 260 K
under constant light intensity and decreases at operating
temperatures in the range of ~220-260 K. This decrease
is ascribed to charge accumulation near perovskite/elec-
trode interface; the unit cell equilibrium and polarizability
are very sensitive to temperature. Normally, V. of PSCs
have higher value than other candidate cells (e.g., CIGS
solar cell and silicon heterojunction solar cell); this is due
to the larger E9 (> 1.4 eV) of the perovskites. Furthermore,
it has been reported that V. decreases with decreasing
light intensity (from 1 sun to 0.1 sun), which indicates
that the permittivity of perovskites plays a critical role
in the V,~T behavior [64]. J,_ increases with increasing
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Fig.6 Temperature dependence of a PCE and FF and b V. and J
of MAPbl;-based PSCs extracted from literature, 2015-Zhang et al.,
on PSC (FTO/compact TiO,/porous TiO,/MAPbI3/Spiro-OMeTAD/
Au); and 2017-Wang et al,, on PSCs (TiO,/MAPbI;/Al,05/NiO/car-
bon) and 2019-Tress et al., on CsMAFAPbI,Br,_,,-based PSC. ¢ Com-
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(b)

PCE (%)

temperature, reaching the maximum value (~22 mA cm™?)
at around 240 K, which is almost the same for a different
PSC structure (FTO/compact TiO,/porous TiO,/MAPbI3/
Spiro-OMeTAD/Au) [63]. In Fig. 6a, J,. (for 2017-Wang) has
higher value at low temperature (80-200 K) and higher
maximum value (~23 mA cm™2) (than 201 5-Zhang), which
may be due to the better transportation ability of photo-
generated holes within the perovskite/NiO interface and
electrons within the percolated perovskite/TiO, networks
[64]. In Fig. 6b, the low FF at low temperature (<250 K)
is due to the increased charge carrier diffusion resistance
in the MAPbI; layer. FF increases significantly when the
temperature is >240 K and its maximum value is attained
at 300 K. This increase compensates for the unavoidable
decrease in V. at elevated temperature (normally, > 260 K)
(Fig. 6a). As a consequence, PCE increases with increas-
ing temperature (Fig. 6b) and attains a maximum value at
280 K. A decrease in PCE for low temperature (bottom red
curve in Fig. 6b) and higher temperature (>300 K in Fig. 6b)
may be due to temperature-activated charge transportin
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parison of normalized J,—PCE-T of PSCs based on various perovs-
kite materials. b, ¢ Comparison of temperature dependence of PV
parameters of MAPbI3, FAPbI3, MAFAPbI; and CsMAFAPbI,Br_,,
(X=0-1); a, b are extracted from 2015-Zhang (Ref. [63]) and 2017-
Wang (Ref. [64]) c extracted from Ref. [65]
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charge transport layers (in particular, spiro-OMe-TAD [66])
affecting series resistance and FF, which is similar to other
works in the literature [64, 67].

The temperature dependence of PV parameters of PSCs
(FTO/TiO, compact layer/Mesoporous TiO,/Perovskite/Au),
based on three perovskite materials, MAPbI;, FAPbI; and
MAFAPbDI, is presented in Fig. 6¢ (based on data extracted
from Ref. [65]. FAPbI; has an Eg of 1.46 eV which is lower
than that of MAPbI, (Eg of 1.57 eV) and MAFAPblI, (Eg of
1.53 eV). The absorption edge, A, (=1240/Eg; Eg ineV),
of FAPDbI; is 850 nm, showing better performance than
MAPbDI; (790 nm) as a light harvester. The increasing tem-
perature will generally decrease the £ of a semiconduc-
tor material which will eventually lead to a decrease in
PCE.The result in Fig. 6c shows that J.. increases by ~30%
which may be due to the better stability of FAPbI; at
high temperature (> 340 K). However, this increase is not
enough for the compensation of the loss of FF and V,_ val-
ues, which eventually results in a low PCE. An interesting
phenomenon is that MAFAPbI; shows severe degrada-
tion of the PV parameters with increasing temperature.
This may be due to the formation of different strain inside
the crystalline structure for both MAPbl; and FAPbI; due
to increasing temperature [65]. The decrease in V,, with
increasing temperature, due to the higher recombination
probabilities, results in a decrease in PCE. Besides, the
intrinsic carrier concentration depends on Eg. The main
reason for the decrease in PCE at temperatures >280 K
is due to the photocurrent hysteresis effect that exists
in most of the PSC devices, which has been described in
detail in the literature [68]. Although MAPbI;, FAPbI; and
MAFAPbI; perovskite solar cells have exhibited high effi-
ciencies, their long-term stability is still a concern for PSCs
to be commercialized. The thermal degradation tempera-
ture (phase transition temperature) of perovskite materials
in PSC are ~328-358 K for MAPbI; and > 373 K for FAPbI;
[69]. The implication is that these perovskite materials
have thermal stability problems in working conditions
(273-353 K).

Recent studies have shown that, with the addition
of inorganic cations (e.g., Cs and/or Rb), the composi-
tions of perovskites can be thermally stable at tempera-
tures >373 K [70]. CsMAFAPbIXBr“_X) (X=0-1)-based
perovskite solar cell has a wide tunable band gap from
1.4 to 2.3 eV and improved light and moisture stabil-
ity compared with FAPbI;, which enhances its PCE [71].
Thus, it becomes a matter of design while using hybrid
perovskite materials in which the perovskite is combined
with various cations and halides. In 2019, Tress et al. [67]
investigated the temperature dependence (273-323 K)
of PV parameters with the conditions that were acquired
from real-world weather records (Lausanne, Switzerland)
and compared their results with silicon heterojunction

(SHJ) cell. In this study, the structure of the PSC is FTO/
perovskite/TiO,/Spiro-MeOTAD/Au with CsFAPb(l, 53Brj 17);
perovskite. The authors reported a monotonous increase
in V. from~0.85 to 0.95 and then decrease to 0.9 V with
increasing temperature, which is similar to the behavior
of cells of other perovskite materials (e.g., MAPbI;, FAPbI,
and MAFAPDI;) in the same temperature range, as shown
in Fig. 6d. Besides, the change (increasing and decreasing
pattern) in PCE can be considered to be almost negligi-
ble with slight increase or decrease from 19.5 to 19.8%
and then to 19.6%. Accordingly, we assume that PSCs are
less affected by temperature in the range of 300-323 K
because of the advantages obtained by adding Cs ion into
MAFAPDbI,Br,_,, (X=0-1) which effectively avoids the light
soaking problem and reduces the recombination traps
[72]. Conventional MAPbI; and FAPbI; perovskites can be
improved by the addition of multiple cations; the differ-
ent size of the cations compensates the MAPbI3-type per-
ovskites to lead to new multi-cation perovskites that have
several advantages. It has been shown that RoCsMAFAPblI;
PSCs exhibit low degradation (5%) in PCE after subjecting
the device at 85 °C under continuous illumination (500 h)
with full intensity at maximum power point (MPP) [52]. As
a consequence, with the addition of inorganic cation (e.g.,
Cs and Rb) into MAFAPbI; perovskite, the suppression of
halide segregation and wide and tunable band gaps that
are beneficial and suitable not only for perovskite solar
cells, but also with significant compositional properties for
tandem solar cells (e.g., perovskite/CIGS and perovskite/
silicon) has been demonstrated [52].

Most of the investigations of the temperature depend-
ence of PV parameters in PSCs focus on perovskites based
on single cation (MAPbl; or FAPbI;) and double cation
(MAFAPDI,), which show a relative stable performance
around room temperature with a significant decrease in
performance at both high and low temperatures. Marko
Jost et al. [73] report a low-power temperature coeffi-
cient of —0.17% K" under the outdoor condition testing,
which also shows that perovskite solar cells (FAMAPDI;)
are highly thermally stable under increasing temperature
at a range between 25 and 85 °C. In addition to temper-
ature-dependent measurements, the aging test of tem-
perature cycle for the module has been studied recently.
In the study by Cheacharoen et al. [74], almost no deg-
radation of PCE has been observed when the solar cells
are encapsulated and cycled between 243 and 358 K in
dark experimental conditions. Domanski et al. [75] have
shown that CsMAFAPbI;-based PSC exhibits lower deg-
radation rate during the temperature cycle (from 263 to
338 K). In this experiment, the PSC module was stressed
with the device held continuously at 338 K; degradation
was observed in the Hole Transport Material (HTM). Fur-
thermore, Jonas A. Schwenzer et al. [76] compared the
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degradation of PCE and other PV parameters between
MAPbDI;, MAFAPbI; and triple cation (CsMAFAPbI;). The
results show that Cs MAFAPbI; has low degradation and
maintains high PCE for long running time with a cycling
temperature test (from room temperature to high tem-
perature of 333 K and then back to room temperature).
Cs.05(MA 17FAG 83)0.95PP (19 83Bro 17)3, With E; =1.62 eV 20],
has been demonstrated as one of the perovskite materi-
als with high thermal stability for the fabrication of PSCs.
Moreover, by combining this perovskite as the top solar
cell with CIGS solar cell processed on flexible substrate as
the bottom solar cell, PCE of 25% has been shown for the
solar cell module [77].

4 Conclusion

The temperature dependence of PV parameters of CIGS
and perovskite solar cells is investigated, as function of
operating temperature and substrate temperature. T, at
823 Kiis critical for CIGS on SLG substrates, where Na incor-
porates into the CIGS absorber and lowers the resistivity.
SS substrates can sustain T, as high as SLG substrate;
however, the diffusion of the detrimental impurities (e.g.,
Fe) increases with increasing temperature; this is a major
challenge for high PCE CIGS modules on Fe containing SS
substrates. Increased grain boundary density and defects
contribute to large resistivity when T, is low.

In general, the PCE of PSC showed slight temperature
dependence, in contrast to CIGS solar cells. The operat-
ing temperature dependency of both perovskite and CIGS
solar cells is initially due to the effect of V,_ on tempera-
ture. The variation in V,_is mainly from the defect concen-
tration which can be attributed to high recombination rate
with increasing temperature. For most perovskite solar
cells, J,., in general, increases with increasing temperature
from lower temperature to around ~ 250-280 K. For future
development, this work provides useful information for
the design and understanding of stable, high-efficiency
thin-film solar cells which have the potential for working
in terrestrial and space applications.

The comparison of substrate temperature and operat-
ing temperature, based on different substrates of CIGS
solar cells, provides the knowledge of advantages and
disadvantages that are associated with using each sub-
strate material. The development of perovskite material
has the trend to couple the alkaline cations (e.g., Cs and
Rb) to improve the thermal stability. The side-by-side dis-
cussion provides the insight into which composition of
the perovskite material has the most thermal tolerance
with better PV performance parameters and the effect of
temperature on different substrates for CIGS solar cells.
This study is useful to determine/identify the best possible
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combination of perovskite/CIGS tandem solar cell that has
high PCE for real-world working conditions. Besides, in
real-world applications, the thermal testing procedures are
critical for assessing the life expectancy of the device; thus,
this temperature dependence study provides results for
each perovskite and CIGS solar cell on different substrates.
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