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The rapid development of perovskite solar cells (PSCs) in view of efficiency during the
past decade has made this emerging photovoltaic (PV) technology a promising competitor in
the PV market. In the next step, PSCs need be manufactured into module scale to meet the
commercialization requirements for further practical application. Demonstrations of perovskite
solar modules (PSMs) and their improvements in efficiency and stability have recently become
an intense area of research activities. Minimodules with the size suitable for laboratory
investigation are naturally recognized as a desirable model for the study of PSMs. Herein, we
review the recent progress and challenges in perovskite minimodules and the efforts to improve
their scalable fabrication, efficiency and stability. We will also discuss minimodule
architectures, minimodule fabrication and progress in the scalable deposition of perovskite and
charge-transport layers as well as minimodule encapsulation.
1. Introduction

Perovskite solar cells (PSCs) have drawn tremendous attention in the photovoltaic (PV)

research community because of their high efficiency, low cost and easy fabrication.l!! In the
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past decade, the efficiency of small-size PSCs with an active area of ~ 0.1 cm? has skyrocketed
to a prominent power conversion efficiency (PCE) of 25.5%, which is comparable to other
kinds of thin film photovoltaics.?’] Nevertheless, PSCs are still facing issues, in particular the
scalable fabrication of PSCs into module scale and their long-term operational stability.

Due to the difficulty of directly applying the approaches in the fabrication of PSCs to
perovskite solar modules (PSMs), the efficiencies of PSMs are much inferior to other kinds of
commercialized solar modules.*! Figure 1a shows the remarkable progress of PSCs and PSMs
with different sizes, and Figure 1b shows the evolution of PCE records for different types of
solar cells at different size scales. The PCE record of perovskite minimodules (< 200 ¢cm?) is
20.1% with a designated illumination area of 63.98 cm?, 12 serial cells, manufactured by
Utmolight.[* The PCE record of submodules for PSMs is 17.9% with a designated illumination
area of 802 cm?, 55 series cells, manufactured by Panasonic.!* Clearly, the efficiencies of PSMs
are still substantially lower than other kinds of commercialized solar modules.!* To facilitate
the development of PSCs, demonstrations of PSMs and their improvements in efficiency and

stability have recently become an intense area of research activities.
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Figure 1. a) The remarkable progress in PCE of PSCs and PSMs with different sizes. b) The
PCE records evolution of different types of solar cells at various size scales.

To date, most of the reported PSMs are in the form of minimodules. Despite a relatively
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smaller size, perovskite minimodules can still act as a superb model for the study of PSMs to
facilitate the development of this emerging PV technology. In this context, we will review the
recent progress and challenges in perovskite minimodules, including the related efforts devoted
to improving their scalable fabrication, efficiency, and stability. Then, we discuss the
architectures of PSMs, PSMs fabrication, and the progress in the scalable deposition of
perovskite and charge-transport layers as well as module encapsulation.
2. PSM architecture

In general, PSMs have similar functional layers as PSCs, including transparent conductive
oxide (TCO) substrate, charge (electron and hole) transport layers, perovskite layer and metal
electrode.’”) PSCs are usually fabricated in the form of single cells. However, it is impractical
to construct PSMs in the same form as PSCs due to the non-negligible sheet resistance increase
of TCO across a long distance. To minimize the resistance loss, PSMs can be fabricated by
connecting the isolated adjacent subcells in series or parallel to form a module as shown in
Figure 2.1°]

Since 2016 Martin A. Green and the co-workers have been compiling the efficiency of

] and numerous

perovskite solar minimodule in “Solar cell efficiency tables (version 49)”,!
advances have been achieved to address the scientific and technical challenges for the
development of highly efficient and stable PSMs. Typically, the most significant challenge is
how to reduce the efficiency loss when the device area increases from a cell level to the
minimodule, or even submodule and module scale. The efficiency difference between the small-
area device and the large-area module is generally attributed to the following aspects: (1) the
increase of series resistance of the TCO substrate resulting inferior module current and fill
factor; (2) the decreased shunt resistance of the module device from the non-uniform coating

of perovskite layer and other interface layers over large scale; (3) the non-ideal contact and

unavoidable dead area for the interconnection of subcells to a module fabrication.!® Currently,
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the main module interconnection fabrications are series and parallel interconnection.

Active area Dead area
1
— Electrode
—t-CTL Busbar

Perovskite
b CTL

y I—Glass
P1 P2 P3

—
|
[

Series-PSM Parallel-PSM

Figure 2. Schematic diagrams of series- and parallel-connected PSMs.
2.1 Series module

To date, most of the reported PSMs are based on a series design, in which the device is
divided into several stripe-shaped subcells. Neighboring subcells are connected through
interconnections, which consist of P1, P2, and P3 lines.[’ These three lines should be parallel
to each other to avoid unwanted cross-talking. It should be noted that the P1-P2-P3
interconnection regions are described as “dead areas”, i.e., inactive areas. To improve the power
generation in the given module area, the P1-P2-P3 interconnection regions should be minimized
to improve the ratio of the active area versus the total area. This ratio is defined as the geometric
fill factor (GFF), and it can be calculated as GFF = sum of active area / total area. However, a
proper safe distance between the three lines with a suitable width of each line is also important
to avoid undesirable electric leakage or loss. In PSMs based on the series configuration, P1
lines are generally scribed on TCO substrate to isolate adjacent subcells before the deposition
of charge-transport layers and perovskite layer. After the deposition of charge-transport layers
and perovskite layer, P2 lines are scribed from the top of charge (electron or hole) transport

layer/perovskite/charge (hole or electron) transport layer down to the underlying TCO substrate
4
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without significantly destroying the latter. Because P2 lines are the channels scribed to form
electrical connection in series from the top contact of one subcell to the bottom contact of the
adjacent subcell after the deposition of the top electrode, it is important to achieve clean P2
lines with a suitable width to guarantee good Ohmic contact between the top electrode and TCO
substrates. In some cases, the bottom charge transport layer on the TCO substrate in the P2
channel is allowed due to the limited resistance loss when using ultrathin charge transport layers
with high conductivity.['%1?] P3 lines are scribed on the top contact electrode to isolate
neighboring subcells. Furthermore, the width of each subcell, i.e. the distance between two
neighboring P1 lines also affects the charge transport length across the subcell. A suitable
module pattern design is important for high-efficiency PSMs due to the limited conductivity of
TCOs.[31 Laser and mechanical scribing approaches have been reported for manufacturing P1-
P2-P3 interconnections in PSMs. To obtain high-quality P1-P2-P3 interconnections, laser
scribing is recommended because of its fast production rate, high production rate, high
resolution, and high selectivity.['*16] Since laser scribing is based on the interaction between
the laser and matter, the selection of suitable laser scribing parameters is important to achieve

(17, 18] In the case of fabricating flexible PSMs on a plastic

high-quality interconnections.
substrate, it is extremely important to optimize the laser parameters, the so-called “cold
processing” femtosecond laser system is the best choice due to its high selectivity and high
precision for interconnection processing. In addition to line interconnections contact,
Rakocevic and coauthors recently demonstrated that point contact interconnections design is a
promising design to decrease the interconnections losses from 5% to 1%, giving GFFs of up to
99 %.[191

Besides, the module architecture also affects device stability. In PSMs based on the series

configuration, perovskite is directly in contact with the metal electrode at the P2 lines. Such a

contact poses a big concern for the long-term stability of series modules due to easy lateral

5
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interdiffusion of metal and/or the reaction between perovskite and metal electrode.?”) In P3
lines, the active layer is directly exposed, which can be the channels for the outward release of

perovskite decomposition by-products or H>O/O> ingress.!'?! Suitable barrier or encapsulation

[12, 20]

at interconnections is recommended to retard such issues (Figure 3).

[ Parylene
; OAu
[ Spiro-OMeTAD/P3HT
; EAMA perovskite
I FAMA perovskite
[C] EDTAK
[@ SnO,
mimo

(b)

Ag—
EEL—

Perovskite—

HEL—
FTO— 4
Glass—

Figure 3. a) Schematic illustration of a holistic interface strategy consisting of four treatments
for the functional layers and their interfaces within a perovskite solar minimodule. Reproduced
with permission.!'3] Copyright 2020, Springer Nature. b) Schematic illustration of diffusion
barriers within a perovskite minimodule. Reproduced with permission.[*) Copyright 2019,
Elsevier.

2.2 Parallel module

Besides series PSM, parallel PSM with a grid-connected design is an alternative
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architecture option. In parallel PSMs, the adjacent subcells are connected in parallel by metal
grids, which are added to the top electrode and/or bottom TCO electrode of the device (Figure
2b). The grids normally consist of several fine parallel lines called “fingers” crossed by a few
thicker fingers that collect current from the fingers to the busbars. Because this approach
typically has many parallel connections, it generally exhibits better system robustness; for
example, if one subcell is broken or partially shaded and not generating current, the module is
still functional. In general, grid-connected modules can also give high GFFs, because grids take
up only a small fraction. However, because of the high current generation, more
metal/conductor is required to minimize the resistive loss.

At this stage, the development of parallel perovskite solar minimodules slightly lags
behind that of series minimodules. This is ascribed to the following challenges: (1) depositing
charge-transport layer or the perovskite layer on the TCO/grids substrate with the solution
process is very challenging due to a certain thickness of grid lines on the TCO substrate and
poor wettability of the precursor solution with metal; (2) the process and material compatibility,
the potential reaction of metal grids with the solvents or the deposited charge transport or
perovskite materials. To overcome above two challenges, two strategies can be adopted. The
first strategy is to bury the grid lines between glass substrate and TCO layer. The second
strategy is to deposit the grid lines in the scribed the interconnection channels. Recently, Chen
and coauthors fabricated parallel-connected minimodules by depositing Ag grids on fluorine
doped tin oxide (FTO) substrate after scribing the deposited perovskite/LiF/C60/BCP layers
together with the deposition of metal electrode.?!! As shown in Figure 4, the Ag grids are used
as a current collector to reduce the sheet resistance of FTO substrate. With this parallel module
design, their all-scalable fabricated inverted minimodule with a device structure of
FTO/NiMgLiO/Cso.17F Ao.83Pbl2 83Bro.17/LiF/C60/BCP/Bi/Ag achieved a certified quasi-

stabilized efficiency of 16.63% with an active area of 20.77 cm?. In contrast to the direct contact
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of metal electrode with perovskite in series module, such a parallel module design avoids the
direct contact of metal electrode/grid with perovskite and allows an adequate space between the
grids or electrodes and the active layer. They also adopted Al2O; thin-film encapsulation to
further isolate the perovskite or its degradation by-products with metal electrode/grid. The
parallel module design is effective to prevent the unexpected contact or corrosive reaction
between the metal electrode/grid and perovskite, which is beneficial for the long-term stability

of PSMs.

©) ———

LiF/CB0/BCP

Perovskite
P1

NiMgLiO

e

(C) Ag gride——— ———> evaporation (scalable)
Ag electrode evaporation (scalable)

Bi<— evaporation (scalable)
BCP evaporation (scalable)
Perovskite slot-die coating (scalable)

NiMgLiO spray pyrolysis (scalable)

Glass

Figure 4. a) High-resolution cross-sectional SEM image of a complete parallel PSM. b) Three-
dimensional structure schematic diagram of the designed module connected in parallel. c)
Cross-sectional schematic illustration of the fabricated module coupled with the deposition
methods of the functional layers. Reproduced with permission.?!! Copyright 2021, American
Association for the Advancement Science.

In general, series minimodule can generate a high total voltage that is proportional to the

number of the subcells, while its photocurrent is limited to that of the individual subcells. In
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contrast, parallel minimodules can produce a high total current that is the sum of the subcells
and a low photovoltage equal to the individual subcell. In practical application, the module
architecture should also be considered regarding partial failure and shading effect. In a series
module, the shaded subcells block the photocurrent of the whole module, and will undergo
forcing bias generated from other subcells. This can lead to high temperatures and may
completely burn the subcells. In contrast, such an effect would be less for parallel modules,
because the parallel module could be recognized as a single cell with low voltage. Meanwhile,
the partial failure of subcells in series modules would lead to low current, which limits the
current of the whole module, while this problem would be alleviated for parallel modules. In
general, for either series or parallel minimodule, there are still many issues that should be
resolved. On the one hand, with the difficulty of fabricating efficient minimodule, a holistic-
scalable fabrication process needs to be developed. [2!1 On the other hand, robust encapsulation
technology should be developed to tackle the big challenge of module stability. Thus,
intrinsically stable barrier or encapsulation materials with high barrier capacity and low
reactivity of perovskite, and related encapsulation technology need to be developed.?> 23

3. Perovskite minimodule efficiencies

3.1 The efficiency evolution of perovskite minimodule

Figure 5 shows the efficiency record evolution of perovskite minimodules in series and
the efficiency development of parallel minimodules. Recently, UtmoLight Co., Ltd from China
achieved a stabilized series minimodule efficiency of 20.1% with a designated area of 63.98
cm?.[* 241 1t is the first time that the PCE of a PSM excessed 20%. Microquanta also announced
a stabilized efficiency of 20.2% with a designated area of 20 cm?2.[>>) Despite fewer reports on
the parallel minimodules, significant progress has been achieved. Recently, a certified quasi-
stabilized efficiency of 16.63% with an active area of 20.77 cm? for a parallel module

architecture was achieved by Chen and coworkers.?!! Table 1 summarizes the reported studies
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about the series and parallel minimodules, including the module structure, PCE, open-circuit
voltage (Voc), short-circuit current intensity (Jsc), number of cells, GFF, device area, the
method of depositing perovskite film, and module stability. To facilitate a comparison of PSMs’
efficiency fabricated by different research groups, it will be more convenient if each study can
report the detailed performance parameters, including total area, active area, active area

efficiency, designated area efficiency or aperture area efficiency, and the GFF values.

22
@ Series mini-PSMs - 20.2%°F
o 9 2
% Parallel mini-PSMs 20:1% 20 cm” (da)
20 - 63.98 cm’ (da)@ @
- 18.6%CF
18.0% :
29.539 cm*® (ap)
17.25%CF 19.276 cm? (da)
L 17.277 cm? (da) 9 16.63%CE
& 16.0%* @ 20.77 cm? (ac)
w 16.29 cm? (ap) *
O 161 5
o
14
12.1%CE
36.13 cm? (da) 11.5%
12 4 o 16 cm? (ac)
*

T ¥ T g T T T T T T T T
2016 2017 2018 2019 2020 2021 2022
Year

Figure 5. Typical perovskite minimodule efficiency evolution versus year. Abbreviation: ac,
active area, ap, aperture area; da, designated area (active area + dead area for interconnections).

CE, certified efficiency.
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Table 1. Summary of perovskite solar minimodules connected in series and parallel based on the organic-inorganic perovskites. (> 10 cm?).

Jsc Number of GFF Perovskite film deposition .
0, 0, 2
Module structure PCE (%) Voc (V) (mA cm™) FF (%) cells (%) Area (cm?) method Module stability Ref.
FTO/c-TiO2/MAPbls/spiro- ac N 2 . 1261
OMeTAD/Ag 14.06 4.4 20.8 61.5 4 88 11.09 Doctor blading N/A
SE ~ ap
ITO/PTAA/MAPDI3/ 14.6 171 20.3 68.9 16 93.4 57.2 Doctor blading Dark, N2, storage, PSM, 271
C60/BCP/Cu 15.35¢ ~18.2 19.5 721 17 33.0% T100=480 h
1 Sun equivalent light,
ap
ITO/ PTAA/MAZb's/CBO/ BCP/C (112'205 18.9 1.18% 75.3 17 93.4 63.7% Doctor blading MPP, Encapsulated 28]
’ PSM, Ts7=1000 h
0.1 Sun
UV-filtered, simulated
FTO/c-TiO2/mp- 15.7% 10.5(8.36° ap (5CE 75.7(71. ap . sunlight, 45 °C in 29]
TiOa/MAPbI4/spiro-OMeTAD/Au (12.1%%) ) 27 (2%F) 5CE) 10 N/A 36.1 Pressure processing ambient air, MPP,
Encapsulated PSM,
T90=500 h
ITO/C60/MAPDI_/spiro- _ _ . Nz, 30 °C, storage,
3 13.982¢:CE 14.10 1.14%¢ 74.45 14 N/A 37.1%¢ Evaporation/spin coating Encapsulated PSM,
OMeTAD/Au storage, Teo=384 h; 1301
ITO/C60/MAPDbI_/spiro- _ _ _ N2, 30 °C, storage,
s 11.09%¢ 13.65 1.072¢ 65 14 N/A 37.1%¢ Evaporation/spin coating Encapsulated PSM,
OMeTAD/Cu storage, Te0=720 h;
1 Sun equivalent light,
ITO/PTAA/MAPDI3/C60/BCP/C 18.0% N 5 a 5 ap . 35 °C, Encapsulated 31
u (17.85) 7 3.44 74.8 6 93 21.5 Blade coating PSM. MPP with
resistors, T9o=400 h
FTO/SnO2/3D- FAogsCso17Pbls/ 49 30400 6.82 376 752 6 N/A 17.1% Slot-die coating N/A 82

2D-KPFe¢/spiro-OMeTAD/Au
1 Sun equivalent light,

50 °C, Encapsulated
PSMs, MPP tracking,
1.08 ~20.6 74.3 8 92.7% 20.77%¢ Slot-die coating Te5=1187 h; Natural 21
day/night recycle,
beside the indoor
window, connected with

FTO/NiMgLiO/Cso.17FA0.s3/Pbl2s  16.63% >
3Bro.17/LiF/C60/BCP/Bi/Ag CE

11
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a mini-electric fan,
Te7=10000 h;

85 °C, RH 85%,
Encapsulated PSM,
Tes=1000 h; 201
1 Sun with UV filter, 60
°C, Encapsulated PSM,
MPP, T91=1000 h;
1 Sun, N2, RH 5%,
unencapsulated PSM,
MPP, Te0=100 h;
65 °C, RH 5%,
18.13% 6.71 3.68% 73.4 6 72 21% Thermally co-evaporated ~ unencapsulated PSM, B3]
Teo=100 h;
RH 35%,
unencapsulated PSM,
storage, Tos=1440 h;
1 Sun, N2, 25 °C,
13.55 1.15% 59.6 14 90 91.8¢% HCVD Encapsulated PSM, B4
MPP, Ts0=500 h

FTO/NiO/FA0.85MAo.15Pb(lo.g5Bro. 15.6% ~11.1(10.8
15)3/G-PCBM/BCP/Ag (14.17°8) CE)

~73.2(71

~1.929% (1,84
9292 (1.84°F) 5)

10 N/A 35.8¢% Slot-die coating

FTO/TiO2/SnO2/PCBM/MAPbI3/
spiro-OMeTAD/Au

FTO/Sn02/C60/Cso.1FA09Pbls/s 9.34%
piro-OMeTAD/Au

1 Sun, RH 60%,
unencapsulated PSC,

FTO/c- .
TiO2/Cs0.07FA0.93Pbla/spiro- 14.6% 5.84 3.67%¢ 68.1 6 N/A 12 HCVD MPP, Ts6=1000 min; (351
OMeTAD/Au 1 Sun, N2, RH 5%,
unencapsulated PSC,
MPP, T100=1200 min
1 Sun, 50 £ 5 °C,
FAo 9zCSOI3;(I3:)Ts-;-ég\(/)/BCP/Cu 18.6%*7 8.72 283 7541 17 ~92% 29.5% Blade coating encapsulated PSMs e
o MPP, Tes=1056 h
Dark, N2,

unencapsulated PSM,
storage, Te6.4=3600 h;

FTOlc- 1 Sun, N2, RH 5%,
TiO2/FAPDb(lo.s5Bro.15)3/spiro- 14.7%¢ 6.29 3.55% 66 6 N/A 128¢ HCVD unencapsulated PSC, B71
OMeTAD/Au MPP, Tg0=535 h;

1 Sun, N2, RH 5%,
unencapsulated PSM,
MPP, Ts0=388 h

30 °C, RH 30%,
12.24%¢ 9.18 2.25% 52.8 9 N/A 41.25% HCVD unencapsulated PSM, (8]
storage, Ts3=200 h;

FTO/SnO2/CsxFA1xPbls-
yBry/spiro-OMeTAD/Au

12
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FTO/c-TiO2/mp-TiO2/MAPbDI3-
xClx/spiro-OMeTAD/Au
FTO/SnO2/(FA0.85MAa.15)0.95Pb(l
0.85Bro.15)3/spiro-OMeTAD/Au
PET/ITO/SnO2/Cso.05(FA0.8sMAo.
15)0.95Pb(lo.85Bro.15)3/
spiro-OMeTAD/Au
FTO/c-TiO2/mp-TiO2
/(FAPDI3)0.95(MAPbBr3)0.05
/WBH/P3HT/Au
FTO/c-TiO2/mp-TiO2
/(FAPDI3)0.95(MAPbBr3)0.05
/WBH/P3HT/Au
FTO/SnO2/
(CsPbls)o.os((FAPDbI3)1-
x(MAPDbBTr3)x)o.95/spiro-
OMeTAD/Au

SnO2-
EDTAK/Cso.05FA0.54MA0.41Pb(lo.g
8Bro.02)3/spiro-OMeTAD-
P3HT/Au

FTO/c-TiO2/mp-
TiO2/Graphene/MAPDblIs/spiro-
OMeTAD/Au
FTO/c-TiO2/mp-TiO2/Graphene/
(Cs0.01FA0.7sMA0.15)Pb(lo.85Bro.15)
3/MoS2/spiro-OMeTAD/Au

FTO/SnO2/MAPDblIs/spiro-
OMeTAD/Au

FTO/c-TiO2/(m-TiO2/m-ZrO2/m-
C)/(5-AVA)x(MA)1xPbls

15.3%¢

13.9%¢

15.2%

17.1¢%

17.1¢%

17.88%5%

16.6%

12.6%¢

15.3%¢
(13.4)

12.03¢%

10.5%¢

6.65

13.38

6.727

8.78

8.66

7.52

7.64

8.57

10.46

5.80

3.72

3.66%°

1.66%

3.28%

2.72¢%

2.72¢%

3.02%

2.99%

2.27%

2.20%

3.38%

19.6

63.0

62.0

69

7.7

72.6

78.6

72.9

64.6

65.1

61.3

57.6

12

10 (22)

N/A

N/A

N/A

94.4

94.4

90.8

91

N/A

N/A

91

N/A

1280
53.6%

16.07%

24.97%

24.97%

25.49%

22.4%

50.6%¢

827 (108%)

22.4%

31%

Gas-solid process

Spin coating/Solvent bath
process
Spin coating/antisolvent

Spin-coating

Bar-coating

Spin coating

Spin coating

Spin coating/Doctor
blading

Spin coating

Spin coating

Screen-printing/drop-
diffusion

60 °C, RH 30%,
unencapsulated PSM,
storage, Ts0=200 h;

N/A e

N/A 1ol

Dark, RH 20%,
unencapsulated PSM,
storage, Tso=1000 h;

[41]

N/A 1“2

N/A 1“2

Dark, storage,
Encapsulated PSM, “3l
T90=5040 h;

1 Sun, N2, 40 °C,
Encapsulated PSM,
MPP, Teo=1570 h,
Te0=2680 h; (2l
RH 5%, 60 °C,
Encapsulated PSM,
Tso=1000 h

ISOS-D-1, PSM, [44]
storage, Tso=1630 h

1ISOS-D-2, 65 °C, PSM, [45]
Teo=400 h

1 Sun, N2,
unencapsulated PSM,
MPP, Tgo=515 h

Ambient Air, RH
65%, storage, 461
unencapsulated PSM,
Te5=2000 h;

!
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White light LED,
unencapsulated PSM,

MPP, Tes=72 h
10.7% 9.6 17.7 62.9 10 N/A 70% Screen-printing/ drop- -
diffusion
1 sun, 25 °C, RH 54%,
unencapsulated PSM,
MPP, T100=1000 h;
: ] - Qutdoor, 30 °C, RH
FTO/CC)_/Psc-)/ici)-Ill\?/i/)m-F%t;OZ/m- 10.4% 93 2% % 10 NA 497 Screenéff;i,r:;gr? fdroe- 80%, encapsulated N
EER PSM, T100=720 h;
RH 54%,
unencapsulated PSM,
storage, T100=8760 h
1 sun, 55 °C, short
FTO/C-TiOz/(m-TiOz/m-ZrOz/m- ac ac ac Screen_printing/ drop- T ’ 4]
Carbon)/(5-AVA)(MA)1xPbl .2 71 22 704 8 46.7 46.7 diffusion f'mi“fz)iﬁ?)”g
100— )

Abbreviation: ac, active area, ap, aperture area; da, designated area (active area + dead area for interconnections). CE, certified efficiency; ITO, indium
tin oxide; FTO, fluorine doped tin oxide; c-TiO2, compact TiOz; mp, mesoporous TiOy; spiro-OMeTAD, 2,2°,7,7’-tetrakis(N,N-di-4-
methoxyphenylamino)-9,9’-spirobifluorene; PCBM, [6,6]-phenyl-C60,61 butyric acid methyl ester; PTAA, poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine]; PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate); P3HT, poly(3-hexylthiophene-2,5-diyl)

regioregular; 5-AVA, 5-aminovaleric acid. The device performance values are mainly obtained from current-voltage curves.
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3.2 Recommendations for minimodule efficiency test

Standard module efficiency test process is important for obtaining accurate efficiency
values. Module performance measurement proposal,[*’ photovoltaic calibrations at the national
renewable energy laboratory (NREL) and uncertainty analysis following the ISO 17025
guidelines can be suggested for the certification of solar modules, and the measurement

(591 Currently, because the specific measurement standard has

procedure is shown in Figure 6.
not been defined, the certification of PSMs can also be performed according to the above
proposal. Beyond that, the special hysteresis behavior of the perovskite module cannot be
effectively evaluated yet and sometimes the existence of hysteresis leads to the uncertainty of
PSM performance evaluation. For this issue, the quasi- or steady state measurements for PSMs

are recommended. In other words, it is exigent to establish the proposals to evaluate accurately

the device performance of PSCs and PSMs.

1. Measure the module area
(typically measured with a
calibrated tape measure)

2. Measure the relative spectral
responsivity of a representative
cell in the module

3. Set the reference cell or
module according to the used
simulator for measurement

6. Adjust the simulator

5. Mount the reference cell and
verify its temperature

l

l

4. Determine the spectral
mismatch parameter (E973 or
IEC 60904-7)

ifs. Check the
fluctuations of the light source

intensity

8. Mount the module according
to the guidance in IEC 60904-1

9. Measure the open-circuit
voltage with the load
disconnected

12. Save the current versus
voltage data points along with a
variety of information

11. Compute the sample-
specific uncertainty

l

10. Measure the current versus
voltage

Figure 6. Procedures of the module measurement proposed by NREL following the ISO 17025

guidelines, reproduced according to Ref 50.5

3.3 Efficiency improvement strategies for minimodule
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Based on the discussion above, one of the most urgent tasks for promoting the
commercialization of this emerging PV technology is to reduce the efficiency gap between the
mini-/submodules and small-area PSCs. The main efficiency loss can be ascribed to the optical
and electrical loss during the device area enlargement process. In detail, regarding the optical
loss, the inevitable laser scribed interconnection channel leads to the reduction of effective light
absorbing area and the non-uniformity of perovskite layer as well as other functional layers
when increasing the area results in inferior device performance. Furthermore, the electrical loss
attributes to the increase of sheet resistance of TCO substrates and the interconnection contact
resistance loss. In addition, the defect induced recombination loss mainly from the critical
perovskite layer is also an important electrical loss source. Thus, on the one hand, the
technology development of fabricating uniform, high-quality and defect-less perovskite films
as well as other interface films is the most important aspect and improving the GFF of min-
/submodule by improving the laser pattern capability is also a critical direction. On the other
hand, it is essential to optimize the module structure and develop effective grid or finger
schemes to improve the carrier collection efficiency and reduce the performance loss from the
increase of sheet resistance and optimize the interconnection towards ohmic contact to reduce
the contact resistance between the subcells.

4. Perovskite minimodule fabrication
4.1 Perovskite film deposition

As for fabricating a perovskite minimodule, the most important and challenging issue is
the deposition of high-quality perovskite film over a large area. At present, the commonly
reported methods to deposit perovskite films are spin coating,**! doctor blading,% 3! slot-die
coating,?! 3! spray coating,[*> >3 and vapor-based methods.!>*]
4.1.1 Spin coating

Spin coating is the most commonly used method to deposit high-quality perovskite films
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for the fabrication of efficient PSCs and minimodules. Generally, it can be divided into the

“one-step” and “two-step” methods as shown in Figure 7.

(a)
ﬂerovskite

-
=

N

<l

S

One-step spin coating

ey &Y 4
] i

Perovskite Antisolvent Perovskite
precursor precursor dripping intermediate Perovskite film
solution film film

Heat l

>/

(b)
Cad halide

Organic ammonium salts

\

Lead halide lution dribpi
solution precursor solution dripping Organic ammonium salts Perovskite film
film ‘ /lead halide film
-_> —

<!
N

Figure 7. Schematic illustration of a) “one-step” and b) “two-step” spin coating method for the

<

Two-step spin coating

<

deposition of perovskite films for perovskite solar minimodule.

In the “one-step” spin coating method, the perovskite precursor species are firstly
dissolved in the commonly used polar aprotic solvents such as N, N-dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), or y-butyrolactone (GBL) to
form a precursor solution.3] Then, the prepared solution is spin-coated on the pre-treated
substrate and the solvents can be rapidly removed by the centrifugal force during the spin
coating process at high speed. To control the film quality, anti-solvent treatment is commonly
used to assist the formation of a high-quality perovskite intermediate film. Then, a fully

crystallized perovskite film can be obtained after thermal annealing.
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Although the perovskite films of those reported highest performance lab-scale PSCs are
almost all fabricated by spin coating,’® as device area increases it is increasingly challenging
to ensure perovskite film uniformity from the center to edge.’”! To solve this problem, Huang
and coauthors reported a simple dynamic antisolvent quenching (DAS) process for spin coating
large-area perovskite films. In their DAS process, antisolvent is continuously dropped from the
center to the edge by moving the pipette, such a DAS process allows antisolvent to interact with
the whole precursor wet film resulting in simultaneously homogenous nucleation. The
homogeneity of the film from the center to the edge can be greatly enhanced via a DAS process
(Figure 8).5°7! The minimodule with a device structure of FTO/SnO/Perovskite/spiro-
OMeTAD/Au achieved a certified efficiency of 17.4% with an aperture area of 53.64 cm?. The
dropping of antisolvent was also optimized by using a multi-tip pipette to fabricate large-area

perovskite films for minimodule fabrication.®!

Figure 8. a) Schematic diagram of the SAS process and b) the photograph of a large 10 x 10
cm? perovskite film deposited using the SAS process. ¢) From left to right, the SEM images
correspond to the center to edge of the large 10 x 10 cm? perovskite film deposited using the
SAS process. d) Schematic diagram of the DAS process and e) the photograph of a large 10 x
10 cm? perovskite film deposited using the DAS process. f) From left to right, the SEM images

correspond to the center to edge of the large 10 x 10 cm? perovskite film deposited using the
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DAS process. Reproduced with permission.’”! Copyright 2019, Wiley-VCH.

Besides one-step spin coating, the “two-step” spin coating method commonly used for
fabricating high efficiency lab-scale PSCs%-! has also been used to fabricate minimodules.['?
#1In this method, an inorganic lead halide solution is firstly deposited to form a solid film.
Then, the organic ammonium halide/isopropanol (IPA) solution is spin-coated on the top of the
deposited lead halide film, and the perovskite film is formed by the interdiffusion process. The
fully crystalized perovskite film is formed after thermal annealing. In general, it is easy to obtain
a high-quality lead halide solid-state film by spin coating. Because of the high concentration of
organic ammonium halide/isopropanol (IPA) solution as well as the fast evaporation rate of
IPA, it is important to achieve uniform spreading out of the organic ammonium halide solution
over a large area during the spin coating process of the organic ammonium solution to deposit
high-quality large-area perovskite films.['2l Based on this method, Qi and co-authors fabricated
large-area Cso.05FAo.54MA¢.41Pb(I0.908Bro.02)3 film on 5 cm % 5 cm and 10 cm % 10 cm substrates,
their n-i-p minimodules achieved an efficiency of 16.6% with an aperture area of 22.4 cm?.[?]
Similarly, Zhao and coauthors reported a minimodule with a certified efficiency of 17.88% on
an aperture area of 24.59 cm? by composition engineering based on a perovskite composition
of (CsPbl3)0.0s((FAPDI3)1-x(MAPDbBI3)x)0.95.14]

In the above-mentioned studies, spin coating has been demonstrated to fabricate high-
quality perovskite films for efficient minimodules. However, it is difficult to employ spin
coating to fabricate high-efficiency PSMs with even larger areas. This is because the wet
precursor films rely on the continuous centrifugal force during spinning, and it is difficult to
ensure uniformity at the submodule and module scale. This makes the application of spin-
coating generally limited to a substrate with a size not larger than 10 cm x 10 cm. Besides, a
large portion (over 90%) of the precursor solution is wasted during the spin coating process,

which increases the material cost. In short, spin-coating is suitable for the pilot study of
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perovskite minimodules, but cannot be easily employed in the practical manufacture of PSMs
for mass production. Developing scalable perovskite deposition is essential for the future
development of PSMs.
4.1.2  Doctor blade coating

Doctor blade coating is a simple, low-cost, and scalable coating method, which is widely
used for the fabrication of large-area organic or inorganic films. This method has been
successfully used to deposit large-area perovskite films for PSMs. In a doctor blading process,
the perovskite precursor solution is firstly spread over the substrate by the blade to form a
precursor wet film as shown in Figure 9. Then, the wet precursor film is treated by air knife,!
antisolvent bath?®! or vacuum!® to produce a perovskite intermediate phase. Finally, a fully
crystallized perovskite film is obtained after thermal annealing. In some cases, the fully
crystallized perovskite film is achieved by heating the substrate during the doctor blading
process.?”I The perovskite film thickness is generally controlled by several factors, including
the precursor concentration, surface tension, and viscosity of the precursor ink, the gap between
the blade and substrate, and the speed at which the blade moves across the substrate. Doctor
blade coating can be transferred to continuous fabrication of roll-to-roll or sheet-to-sheet setups,
in which the blade is stationary and flexible substrates on a roller are in motion. In addition, the

ink waste is substantially reduced when compared with spin coating, especially in a continuous

roll-to-roll deposition.
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Heated substrate during the blade coating process

Figure 9. Schematic diagram to illustrate the fabrication process of large-area perovskite films
by doctor blade coating together with the post-treatment.

In doctor blade coating, perovskite can be formed with both one and two-step methods.
For example, Carlo and coauthors reported the fabrication of CH;NH3Pbl3 (MAPDI3) perovskite
minimodule by the two-step method and achieved an efficiency of 10.4% and 4.3% on areas of
10.1 cm? and 100 cm?, respectively.l®! In their process, Pbl, was deposited by blade coating
and transformed to perovskite by dipping the Pbl films into a methylammonium iodide solution.
Recently, Huang and coauthors developed a full doctor blade coating method to prepare FA-
based perovskites for minimodules.[®] In their process, 4-tert-butylpyridine (TBP) was used as
an additive to produce a porous Pbly film to facilitate the reaction of Pbl> with organic
ammonium salts to produce perovskite after blade coating of the organic ammonium salts
solution. Their minimodule with an aperture area of 10 cm? and 53.6 cm? gave an efficiency of
16.54% and 13.32%, respectively.[%]

Compared to the two-step method, the one-step method is more widely used. Zhu and
coauthors optimized an NMP/DMF solvent system with MACI as an additive to enable wide
processing window to produce large-area MAPbDI3 films after antisolvent bath and thermal

annealing treatment. Their minimodules obtained a stabilized efficiency of 13.3% with an active
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area of 11.09 cm2.2°) Guo and coauthors developed a crystallization strategy with the addition

of MACl as an additive and the employment of a vacuum process to deposit large-area MAPbI3
perovskite films via doctor blade coating, giving an efficiency of 11.25% with an active area of
10.08 ¢m?2.[%] Huang and coauthors conducted a series of studies on blade coating large-area
perovskite films for minimodules.?”> 2% 361 They used surfactants to alter the fluid drying
dynamics and increase the adhesion of the MAPbIsperovskite ink to the underlying non-wetting
poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) (PTAA) layer.?”) Their minimodules gave
stabilized module efficiencies of 15.3% and 14.6% with aperture areas of 33.0 cm? and 57.2 cm?,
respectively.[*”] They also fabricated MAPbI; perovskite film with doctor blading coupled with
the designed nitrogen knife quenching process by tailoring solvent coordination capability.[%]
They tuned the solvent systems to achieve both fast drying and large perovskite grains at room
temperature. Their minimodule achieved a certified module efficiency of 16.4% with an
aperture area of 63.7 cm”.[?8) Because the intrinsic instability issue of MA-based perovskites
hampers their application in PSCs and PSMs with good stability toward future
commercialization,[®® formamidinium (FA) based perovskites with better stability have

[67] Recently,

attracted much attention for highly efficient and stable PSCs as well as PSMs.
Huang and coauthors have developed quick-drying A-B inks, to fabricate large area FA-cesium
perovskites for minimodules."?%! In A-ink, FAPbI; is dissolved in a mixed solvent of 2-ME:ACN,
whereas in the B-ink CsPbl; is dissolved in DMSO. The perovskite minimodules reached a
certified stabilized efficiency of 18.6% with an aperture area of ~30 cm?.13¢!
4.1.3 Bar coating

Bar coating is similar to doctor balding, in which a cylindrical bar is used to coat ink on
the substrate. The thickness of the bar-coated films can also be tuned by adjusting the gap

between the bar and substrate. Similar to doctor blade coating, both the one- and two-step

perovskite formation methods can be used in bar coating. For example, Toshiba Corporation
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(Tokyo) fabricated a submodule with 703 ¢cm? and realized a certified PCE of 11.7% through
bar coating by the two-step method.[®® In one-step spin coating, Lewis additive is a successful
strategy to produce high-quality perovskite films. Similar to spin coating, Lewis additive also
plays an important role in the scalable coating of large-area perovskite films. For example, Park
and coauthors developed two Lewis additives, hexamethylphosphoramide (HMPA)!%*!and 1,3-
dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU)!"" to deposit large-area FACs
perovskite films for minimodules (Figure 10). Their minimodules gave efficiencies of 17.1%
and 17.94% with active areas of 18.66 cm? and 19.69 cm?, respectively. A similar strategy is
also adopted in the fabrication of perovskite minimodule via doctor blade coating by Huang

and coauthors,!”! indicating the similarity between bar coating and doctor blade coating.

e e

( ) N()L“ : ‘0\1\?\)
-, 4 \f\so° DMSO
5>

Figure 10. a) Schematic illustration of the bar-coating process for large-area perovskite films.
SEM images of the annealed perovskite films prepared b) without a Lewis base additive
(pristine) and with ¢c) DMSO and d) HMPA. e) Schematic of the as-deposited (before annealing)

films formed by air-knife-assisted bar coating using a DMSO or DMPU-containing perovskite
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precursor solution. SEM images of the perovskite film based on f) DMSO and g) DMPU. a) —
d) Reproduced with permission.ll Copyright 2020, Royal Society of Chemistry. €) —g)
Reproduced with permission. [l Copyright 2021, Royal Society of Chemistry.
4.1.4 Slot-die coating

Slot-die coating is another state-of-the-art solution processing technology to deposit high-
quality perovskite thin films over large area, which is illustrated in Figure 11. It is different
from doctor blading on the following aspects: (1) the perovskite ink is reserved in a fluid
reservoir; (2) the solution is sequentially squeezed over the substrate by a thin slit during the
coating process; (3) the perovskite film thickness can be pre-estimated; (4) it is a contact-free
deposition method, which can avoid the direct scratches of the slot-die head on the substrate.
The wet precursor film thickness can be adjusted by controlling the precursor solution
concentration and viscosity, the gap between the slot-die head and the substrate, the slot-die

coating speed, the precursor ink feeding speed, and the pressure of the attached gas knife.

o L

__— slot-die head
coating direction

precursor
solution

substrate

thin film
\// meniscus \ /

gap height $

[ metal platen ]

Figure 11. Schematic diagram of slot-die coating large-area perovskite thin films. Reproduced
with permission.[’!] Copyright 2018, Royal Society of Chemistry.

Fan et al. designed a slot-die coating procedure with vacuum drying processing to fabricate
large-area MAPbI; perovskite films and their 5 x 5 cm? minimodule (total active area of 17.3

cm?) gave an efficiency of 10.6%.1721 As discussed above, FA-based perovskites have attracted
24
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much attention for highly efficient and stable PSMs. It is thus desirable to develop scalable
methods to deposit large-area FA-based perovskites. Recently, Chen and coauthors fabricated
the formamidinium-cesium (FACs) perovskite films with an area over 200 cm? (Figure 12a)
by slot-die coating. ! In their method, they improved the precursor wet film stability by using
a DMF/NMP system and a room-temperature nonvolatile Lewis base additive of diphenyl
sulfoxide. After antisolvent n-hexane bath treatment and thermal annealing, a high-quality fully
crystalized FACs perovskite film was obtained (Figure 12b and 12c). This scheme can also
produce large-area semi-transparent perovskite films by simply adjusting the precursor
concentration (Figure 12d), which is promising for the building integrated photovoltaic (BIPV)
application. Recently, Huang and coauthors fabricated large-area perovskite thin film with a
size of 20 cm % 20 cm by slot-die coating and achieved a certified efficiency of 19.3% with an

active area of 17.1 cm?2.32
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Figure 11. a) The optical image of FACs perovskite film with a size of 14 cm x 20 cm produced
by slot-die coating; b) PL mapping of FACs perovskite film with a size of 5 cm x 5 cm; ¢)
Photograph of large-area perovskite film without (w/0) and with (w/) antisolvent (AST) bath
post treatment and the followed annealing process; d) The optical image of large-area FACs
perovskite film with different thicknesses by adjusting the precursor ink concentration (left is
0.9 M and right is 1.1 M). Reproduced with permission.?!) Copyright 2021, American
Association for the Advancement Science.
4.1.5 Spray coating
Spray coating is another widely used technology to deposit perovskite films over large area.
Generally, as depicted in Figure 13, a spray coating system consists of a nozzle, a gas pump
source, and a hotplate. The nozzle is used to disperse tiny liquid droplets on the target substrate
and form the wet film. Then, the wet film is annealed by the hotplate to form the fully
crystallized perovskite. The film quality and thickness can be controlled by the precursor ink
concentration, the spray cycles of precursor solution over the substrate, and the spray speed.
Perovskite precursor solution «—

Gas flow

Nozzle

Hotplate

Figure 13. Schematic diagram of spray coating of large-area perovskite films.

However, this technology is limited by the following aspects: (1) the freshly sprayed
droplet can dissolve the formed film and affect the coverage of the final film; (2) the scattering
of precursor droplets may pollute the fabrication environment. Heo and coauthors fabricated

CH3NH;Pbl3.<Clx mixed perovskite film over large area via spray coating technology by
26
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controlling the composition of the solvents of the precursor solution.!>3] They found that the
inward flux of the spray solution was balanced with the outward flux of the evaporating solvent
when the mixed solvent system of DMF and GBL and the large grain size could be achieved
(Figure 14). In addition, the moistened underlying polycrystalline perovskite film with small
crystal grains re-dissolved and merged into larger crystalline grains by recrystallization. Their
minimodule achieved an efficiency of 15.5% with an active area of 40 cm? as shown in Figure
13e. In addition to the deposition of large-area perovskite films by the one-step method via
spray coating, Qi and coauthors developed a two-step method to deposit large-area FA-based
perovskite film for minimodule. In their method, Pbl: is deposited by spray coating, and
FAPb(lo.ssBro.15)3 perovskite is formed by the reaction Pbl, with organic ammonium salts via
chemical vapor deposition (CVD).3” Their minimodules showed an efficiency of 14.7% with

an active area of 12.0 cm?2.
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Figure 14. Schematic illustration of a) the proposed mechanism of the spray coating process,
b) crystalline grain growth, and c) the morphology diagram of the formed crystalline grains in
the perovskite film with respect to the balance between Fiy and Fou. d) the perovskite SEM

images spray coated with different ratio of DMF and GBL, e) /-V curve of the series module
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that perovskite film deposited by spray coating. Reproduced with permission.[*3! Copyright
2016, Royal Society of Chemistry.

In the above-mentioned studies, the perovskite film quality and PSM’s efficiencies
fabricated by solution processing still cannot catch up with that of the lab-scale PSCs prepared
by spin-coating. The parameters in doctor blade coating, bar coating, and slot-die coating need
to be further optimized to improve film quality, such as perovskite solution composition
associated colloid chemistry and wet film drying process. The perovskite crystallization process
should also be monitored by some kinds of in situ characterization techniques, which will
benefit understanding and precise process control.[’?]

4.1.6 Vapor-phase methods

Vapor-phase methods are traditional scalable methods to fabricate uniform and compact
semiconductor films especially in the fabrication of commercial solar cells such as CdTe.
Generally, the vapor-phase method can be classified as physical vapor deposition (PVD) and
chemical vapor deposition (CVD). Since 2013, the evaporation deposition method is firstly
used to deposit hybrid perovskite film (MAPbI3xClx) for planar PSCs."# It is a method that
does not need any solvent for the formation of perovskite film, and it exhibits significant
advantages in terms of film uniformity over large area. It is not severely constrained by the
substrate size. Compared with solution technologies in PSC fabrication, vacuum deposition is
beneficial for the fabrication of devices with a stacked or tandem structure, as it can avoid the
risk of solvent damage to the underneath deposited layer. Moreover, it is solvent free. However,
the device performance still lags behind those fabricated by the solution technology. The main
reasons can be ascribed to the following aspects:

(a) It is difficult to form films with an accurate chemical stoichiometric ratio of perovskite
composition using vacuum based technologies. Especially, the evaporation of organic

ammonium salts such as MAI is complicated due to the difficulty of controlling their
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evaporation due to their relatively high vapor pressure.[”>”77] In addition, organic ammonium
salts such as MAI has shown a relative low sticking coefficient and the tendency to deprotonate
into CH3NH; and hydrogen iodide during the evaporation process!’®! or decompose to CHsI and
NH;.[79]

(b) The limited morphology, crystallinity and defect control (e.g., additive and passivation
engineering) of the perovskite layer during vacuum based processing make it challenging for
vacuum based technologies to achieve deposition of high-quality perovskite films.

Based on above challenges, currently the device performance fabricated by the vacuum
vapor-based method is inferior than the device fabricated by the solution processed methods.
Mathews and coauthors proved the scalability of thermally co-evaporated MAPbDI; layers for
minimodules fabrication.33] Their minimodules achieved an efficiency of 18.13% with an
active area of 21 cm?.

In addition, full vapor deposition needs high vacuum, which typically requires expensive
vacuum equipment and increases the production cost of PSMs. To overcome this issue, Qi and
coauthors developed the hybrid CVD (HCVD) method for the fabrication of large-area
perovskite film and minimodules, which only requires low-cost pumping equipment.34 35 80-83]
For example, they used HCVD to fabricate Cs-FA mixed cation perovskite films across large

[34] Typically, the inorganic precursor such as Pbl/CsBr films are

areas as shown in Figure 15.
first deposited via single-source or multi-source co-evaporation depending on the needs. Then,
the prepared film reacts with the organic specie of FAI by HCVD and resulted in large-area
films of Cso.1FAo.9Pbl29Bro.1. Their minimodules achieved an efficiency of 9.34% with a
designated area of 91.8 cm?. Based on the conventional HCVD process that typically needs a
relatively long processing time (e.g., several hours), Qi and coauthors recently developed a

rapid HCVD (RHCVD) fabrication process by using a rapid thermal process, which

significantly reduces the deposition time to less than 10 min.33 The markedly reduced
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1 deposition time is also found to benefit the formation of high-quality SnO> electron-transport

2 layer. Their minimodule with a designated area of 22.4 ¢cm? achieved an efficiency of 12.3%,

3 and maintained 90% of the initial efficiency after operation under continuous light illumination

4  for over 800 h. Besides HCVD, the hybrid method combining the solution and the vapor-phase

5  method has also been developed to fabricate minimodules, which helps further reduce the film

6  production cost.[3”]

7 Based on the discussion above, the comparison of the characteristics corresponding to the

8  various deposition methods for depositing large-area perovskite films is summarized in Table

9 2

10  Table 2. Comparison of the characteristics corresponding to the various deposition methods for

11 depositing large-area perovskite films.

Deposition Whether scalable Material . . . . The equipment
Film uniformity Deposition layer
method (> 200 cm?) waste rate cost
Perovskite, ETL,
Spin coating Yes High General Low
HTL
Doctor blade Perovskite, ETL,
Yes Moderate Good Low
coating HTL
Perovskite, ETL,
Bar coating Yes Moderate Good Low
HTL
Perovskite, ETL,
Slot-die coating Yes Low Excellent High
HTL
Perovskite, ETL,
Spray coating Yes High General Low
HTL
Perovskite, ETL,
Vapor deposition Yes Low Excellent HTL, High
Electrode

12

30



WILEY-VCH

€= ) 28 O

(b)

Figure 15. a) Schematic illustration of depositing Cso.1FA0.9Pbl29Bro.1 perovskite films with
the method of HCVD; b) The optical (top) and SEM (bottom) image of a Pblo/CsBr film
deposited by the method of dual-source co-evaporation in vacuum; c) The optical image and
SEM image of the final perovskite film after the further reaction with FAI by the process of

CVD. Reproduced with permission.** Copyright 2019, Royal Society of Chemistry.

4.2 Deposition of charge-transport layers

The fabrication of compact, uniform, and pinhole-free charge transport layers including
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electron transport layer (ETL) and hole transporting layer (HTL) over a large area is also
important for fabricating high-efficiency and stable PSMs. As for the charge-transport layers,
firstly, the selection of suitable charge transport materials with appropriate interfacial energy
alignment with the adjacent perovskite light absorber governs the charge extraction at the
perovskite/ETL and perovskite/HTL interfaces within the devices. In addition, charge-transport
layers should possess full coverage, suitable thickness, and high carrier mobility. In general,
charge-transport materials used in PSMs can be divided into organic and inorganic materials.
Besides, the processability of charge transport material should also be taken into consideration,
such as the deposition of charge-transport layer on perovskite layer should not damage
perovskite and the scribing of charge-transport layer during P2 scribing should be easy to form
perfect interconnection.

In n-i-p minimodules, TiO21?%! and SnO-!'! are the most commonly used materials to
construct efficient devices. Soft organic materials such as Spiro-OMeTAD, B4 PTAA,?7-85] and
P3HT™ 2] are widely used as hole transport materials. In p-i-n minimodules, PCBM[2% or C60[2!]
are the commonly used electron transport material and PEDOT: PSS PTAA 271 or NiOx2!!
are usually used as hole transport materials.

The TiO2 compact layer can be deposited by the scalable solution processing strategy of
spray pyrolysis.[?®l In addition, the vacuum methods, such as magnetron sputtering®’! or
electron-beam evaporation!®] have also been explored. Furthermore, a compact TiO; layer can
be deposited by low-temperature techniques, such as atomic layer deposition (ALD), which is
superior for the fabrication of flexible PSMs.[¥1 SnO, is another representative ETL material
used for PSCs, and there are several reasons for replacing TiO2 with SnOzin PSCs: (1) SnO»
exhibits higher open-circuit voltage (Voc); (2) smaller current density-voltage hysteresis; (3)
negligible photocatalytic effect, which is beneficial for the long-term stability of PSCs.>” The

optimized thickness of the SnO» layer in PSCs is thinner than that of TiOg; thus, it is more
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challenging to obtain a pinhole-free layer, especially on rough FTO substrates. When SnO; is
processed at high temperatures, it is usually too crystalline and conductive, and therefore cannot
be used as an effective ETL in PSCs. Thus, SnO; films are normally deposited with low-
temperature ALD technology and a simple post-annealing treatment.['') Besides, in the
fabrication of p-i-n PSCs or minimodule, the commonly used organic-based electron transport
materials, such as fullerene (C60) or its derivatives (i.e., PCBM). In general, C60 can be
deposited by the method of thermal evaporation,!?' 3!l and PCBM is usually deposited by the
method of spin coating for PSCs or minimodule fabrication. However, it is greatly restricted by
the cost of raw materials. PEDOT: PSS is a kind of hole transport material, which is widely
used in organic solar cells and inverted PSCs. However, PEDOT is hygroscopic and tends to
absorb moisture from the environment, which is detrimental to the stability of PSCs. Besides,
PTAA is another ideal HTL for PSCs fabrication and it can be deposited by the doctor blade
coating method.[*!) But the wettability of perovskite ink on PTAA is poor, and improving ink
wettability is essential. NiOx is a popular alternative to PEDOT: PSS and PTAA, and it can be
deposited using scalable deposition techniques such as spray pyrolysis, atomic layer deposition,
and sputtering. However, NiOx based HTLs are usually annealed at 300—500 °C to increase
their crystallinity and conductivity. The high-temperature treatment hinders the use of
NiOx—based HTLs on flexible substrates. Nevertheless, for the development of inverted PSMs
on rigid substrates, the inorganic NiOx is the most promising and ideal HTL candidate regarding
the device long-term stability.

Although some progress has been made on the development of charge-transport layers and
perovskite layer, most upscaling studies have focused on the scalable deposition of just one or
two of the functional layers. Thus, more efforts should be devoted to developing scalable
methods to fabricate all functional layers for efficient and stable PSMs.

4.3 Electrode deposition
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The most commonly used electrode materials for PSMs are metal and carbon electrodes.
The metal electrode is usually deposited by thermal evaporation and the carbon-based electrode
is usually deposited by screen printing.[*”l Sputtering is currently less investigated for the
fabrication of electrodes for PSCs and PSMs. The challenge for this technology to deposit
electrodes for PSCs and PSMs is ion bombardment damage on the organic charge-transport
layer or even perovskite active layer. For this reason, incorporating a thin inorganic buffer layer
(i.e., ZnO or MoOxy) is adopted. On the other hand, sputtering is commonly used for the
deposition of transparent conducting oxides (i.e., ITO or aluminum—doped zinc oxide (AZO)),
which are used as transparent electrodes in semitransparent or and tandem devices. Moreover,
the transparent oxide back electrodes can benefit the device stability due to their compact
morphology to isolate the active layer with ambient air and block the leakage of perovskite
degradation by-products.

Carbon electrode is a promising candidate for PSCs or PSMs because of cost-effectiveness,
chemically stability and environment-friendly properties. The carbon electrode based PSMs
developed by Han and coauthors with a device architecture of FTO/m-TiO2/m-
ZrOy/perovskite/carbon have been demonstrated to show excellent long-term stability.[7]
Moreover, this kind of carbon electrode based minimodule is fabricated with screen printing
method, which can be easily enlarged to 10 cm x 10 cm level or even larger.

Concerning the reaction between the metal electrode and the migrated halide ions under
external stressors, incorporating a barrier electrode beneath the commonly used electrodes has
been reported to resolve this problem. For example, the Cr/Aul® or Bi/Ag electrodel®! scheme
has been proposed to suppress the undesired diffusion reaction between the Au or Ag electrode
and the perovskite layer. Besides, ion migration can also be suppressed by this strategy.

Moreover, the development of the TCO back electrodes with metal grids to make PSM be a
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double-sided device is also a promising direction. Besides, either a PSM with series or parallel
structure, efficiency loss related to the restricted conductivity of TCO is a concern.
S5 Perovskite minimodule stability
5.1 Degradation of perovskites

Degradation of perovskite minimodule can be mainly ascribed to the following aspects:
(1) the intrinsic stability of perovskite light absorber layer, the charge transport materials and/
or electrodes; (2) the interface and interconnection induced degradation under the operational
stress from moisture, light and heat. Taking MAPDI; as an example, the degradation of MAPbI3
under the above stressors can be analyzed as follows:

(1) Moisture induced degradation. The MAPbI3 hydrate is first formed when the perovskite
is exposed to a relative humid condition following the reaction of Equation (1),°% %3]

4CH3NH:Pbl; + 4H0 < (CH3NH3)aPble2Ha0 + 3Pbl, + 2H,0 (1)

MAPDbI; hydrate undergoes further decomposition when humidity is high enough according to

Equations (2) and (3):
H,0 (1)
(CH3NH3 )4Pb162H20 _— 4CH3NH3I (aq) + PbIz (S) + 2H20 (1) (2)
CH3NHsI (aq) — CH3NH: (aq) + HI (aq) 3)

Furthermore, if the atmosphere contains oxygen, perovskite undergoes further decomposition
following Equation (4):

4HI (aq) + 02 (g) = 21 (s) + 2H20 (1) 4)
To reduce the effect of moisture, encapsulation with low water vapor transmission rate is
an effective way to improve minimodule stability.!?? 23
(i1) Light induced degradation.

When exposed to the ultrahigh vacuum (UHV) under light illumination for a long

time,[** %1 MAPDI; is found to degrade according to Equations (5) and (6):
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UHV
2CH3NH3PbI3 +hy — CH3I (S) + NH3 (g) + 2Pb12 (S) + HI (g) + CH3NH2 (g) (5)

Pbl, (5) + v —— Pb () +1; (g) ©)

Light induced degradation of MAPDI; is irreversible, making MAPbI; unable to pass the
harsh stability test for practical application. The degradation is severe when a device is
illuminated under a strong light, especially ultraviolet (UV) light because of its high energy.!’!
Moreover, when perovskite is exposed to an atmosphere containing Oz, photo-generated

electrons on the surface of the perovskite film react with O, molecules according to Equation

7-8:[96]

Light
CH;NH;Pbl; ——— CH;NH;Pbl;* (7)

CH3NH3PbI3* =
O ———— 0, ®)

Furthermore, the perovskite decomposition occurs according to Equation (9):(7]
4CH;NH;Pbl;" + O — 4CH3;NH; + 4Pbl, + 21, + 2H,0 )
(ii1) Heat induced degradation
MAPDI; perovskite is unstable under relatively high temperatures (e.g., 85 °C). This is
because the formulation energy of MAPbI; is as low as ~ 0.11 eV, [*®land the bond energy values

for C-N and N-H in MA" are also low. It is thus easy to break the chemical bonds leading to

perovskite structure collapse according to Equations (10) and (11):(6¢

A
CH3NH3PbI3 — CH3NH2 + PbIz + HI (10)

A

CH3NH3 — CH3I (S) + NH3 (g) (1 1)
Recently, FA based perovskites have attracted much attention due to their better chemical
99]

(thermal) stability and resistance to evaporation compared to the MA based perovskites.!

FACs perovskites have been demonstrated to be stable even under the harsh light-heating
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stability test condition.[®” 190 1011 Qi and coauthors performed a systematic study on the

degradation of FA based perovskites follows Equations 12-14:11

FAPbX; <> PbX» (s)+FA (g)+HX (g) (12)
FA < HCN (g)+NH; (g) (13)
3FA — C3H3N; (g)+3NH; (g2) (14)

It is also found that the formation of sym-triazine (C3H3N3), FA, and hydrogen cyanide
(HCN) is highly dependent on the temperature during their thermogravimetry-mass
spectrometry analysis. Under high vacuum test condition, irreversible reaction (14) only occurs
at temperatures above 95 °C. This temperature is well above the typical working temperature
range of PV applications. Besides, this reaction requires three FA molecules at the same time
and involves a complex condensation reaction, which is difficult to occur in highly crystallized
perovskite bulk films. In addition, Reactions (12) and (13) are reversible, and it is possible to
react back to form FA molecules or cations, making these two reactions effectively suppressed
by robust encapsulation.['? Thus, FA-based perovskites are a promising candidate for the
future development of PSMs.

Besides the intrinsic degradation of perovskites, the module structure should also be taken
into consideration regarding device long-term stability as discussed in the module architecture
part. The possible degradation in a module includes the following aspects:['>2% (1) the direct
contact of perovskite with the metal electrode induces the reaction of metal with perovskite; (2)
the unconfined degradation of perovskites at open interconnection lines P3; (3) the vertical
interdiffusion of metal electrode and out-release of perovskite degradation by-products.

In practical applications of PSMs, the aging of a module occurs by illumination with
natural sunlight and weather conditions, which makes the degradation of PSMs complex. For
example, the degradation could be substantially accelerated under light and heat induced

degradation (LeTID) condition or potential induced degradation condition (PID). Some other
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39T partial shading!?®! of PSMs should also be considered to

conditions, such as local hot spots,
study the degradation of PSMs. In some cases, the hot-spot effect is a more tricky problem,
because the hot-spot’s temporary temperature could reach as high as >150 °C.['%] The shading
effect in series modules also can lead to very high temperatures at the shaded subcells area.
Even for FACs perovskites, which are likely the most stable absorber in high efficiency PSCs
and PSMs, they also require effective barriers and encapsulation to protect them from
degradation under real-working conditions.?? 23]
5.2 Recommendations for minimodule stability testing

The commercialization of perovskite PV technology is upcoming. However, stability
issues impede its commercialization. So far, there are no standard stability test protocols
established specifically for PSMs. Some long-term stability test protocols for other photovoltaic
modules such as crystalline silicon solar modules (IEC-61215, Figure 16) and organic
photovoltaic cells (International Summit on Organic PV stability (ISOS) protocols) have been
recommended for PSMs.[1%4107] The commonly used damp-heat aging (85 °C and 85% RH,
1000 h), thermal cycling (—40 °C to 85 °C, 200 cycles), light-soaking aging (MPP at 1 sun and
50 °C £ 10 °C), and UV pre-conditioning (15 kWh m™2 at 60 °C + 5 °C) tests are the basic

108

requirements for the practical use of PSMs.!'%® But it must be admitted that the intrinsic stability

of perovskites differs significantly from other photovoltaic materials such as silicon, which is
intrinsically stable under light, heat and bias. Thus, passing IEC 61215 may be the minimum
requirement for PSMs. Protocols containing the factors of light, LETID, PID, partial shade
stress, and mechanical shock tests should be built for the stability evaluation of PSMs.

109

Moreover, it is also useful to perform systematic tests such as outdoor stability,['%! light cycling

and solar-thermal cycling etc.['97]
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Bypass diode
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1 Module 1 Module
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1 Module
| 1 Module
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junction box test

Bypass diode
functionality test
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anchorage

\
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modules from sequences B-
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T 2 Modules

2 Figure 16. Full test requirements for thin-film PV modules based on IEC 61215. Reproduced

3 with permission.l'I Copyright 2019, Royal Society of Chemistry.
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In the future, regarding the minimodule stability study, it is encouraged to re-define for
the test of PSMs considering the intrinsic stability of metal halide perovskite materials. On the
one hand, the accelerated aging tests are recommended to involve the standard light illumination,
maximum power point tracking (MPPT), and heat stressor. The test temperature can be
increased to 65 °C or even higher to 85 °C. More systematic tests are also recommended such
as outdoor stability, thermal cycling, light cycling and solar-thermal cycling, etc.l!'%”? On the
other hand, the applications such as photovoltaic glass and indoor PV are also expected to
promote the commercialization of this emerging photovoltaic technology. In these applications,
the stability tests could be less stringent than outdoor applications.

5.3 Stability improvement strategies for minimodule

Tremendous efforts have been devoted to improving the module stability, but it must be
admitted that the intrinsic-determined stability of perovskites is not like the other photovoltaic
materials such as silicon, which is intrinsically stable under light, heat and bias. The stability of
PSMs is still on the way.

Many strategies have been developed to improve the stability of PSCs.!1% 1% Transferring
the accumulated successful experiences in PSCs to PSMs is urgent to improve PSM stability.
Similar to the PSC instability issue, the intrinsic instability of perovskite material used for the
active layer should also be of primary importance. Compared to the commonly used MA-based
perovskite with poor thermal stability, FA-based perovskites incorporated with Cs anion or Br
ion exhibit higher intrinsic stability under moisture, light and heat stress, making FACs
perovskites to be one of the most promising compositions for high-efficiency and stable PSMs.
Besides, 2D perovskitel!!! 1121 and inorganic perovskite!!!*-1!5) with improved moisture and
thermal stability are also potential candidates. Besides organic-inorganic hybrid perovskites,
the development of all-inorganic perovskite based solar minimodules is another promising

direction to fabricate efficient and stable PSMs. The first inorganic perovskite solar minimodule
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was reported by Mai and coauthors in 2020.[''®] The authors used a ZnO@C60 electron
transporting bilayer with tris (pentafluorophenyl) borane and LiClO4 to reduce charge
recombination and increase film conductivity. Based on above strategy, they achieved a
minimodule PCE of 10.79% and 12.19% (active area = 10.92 ¢cm?) under forward scan and
reverse scan, respectively, with a device structure of FTO/NiOx/CsPblaBr/ZnO@C60/Ag.
Moreover, the fabricated inorganic minimodule kept about 86.5% of its initial PCE after being
stored for 75 days in dry N> atmosphere without any encapsulation. Recently, Im and coauthors
fabricated an inorganic perovskite solar minimodule and achieved an impressive module
efficiency of 13.82% (aperture area = 112 cm?) with a module structure of
FTO/cTiO»/CsPbl3«Bry/PTAA/Au.''"] Moreover, the unencapsulated minimodule maintained
90.7% of its initial efficiency after aging under 1 sun illumination, in dry N> atmosphere, at
room temperature and under open circuit conditions for 1000 h. However, the reports about
perovskite solar minimodules based on inorganic perovskite materials are relatively scarce due
to the difficulty in fabricating inorganic perovskite films via the scalable method. Table 3
summarizes the recent progress of the structure, performance and stability of inorganic

perovskite minimodules.
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1 Table 3. Summary of perovskite solar minimodules based on the inorganic perovskites.

Jsc Number of GFF Perovskite film deposition .
0, 0, 2
Module structure PCE (%) Voc (V) (mA cm™) FF (%) cells (%) Area (cm?) method Module stability Ref.
) N2, storage,
FTO/NiOx/CsPbl.B . .
/grlwolc()@/CCGsO/z 28T 10.79% 4.43 3.77% 60.5 4 75 10.92%¢ “Quasi-curved” heating unencapsulated PSM, (el
9 Tes5=75 days
FTO/ZNO-ZnS/m-TiOs/CsPbls/  11.25% 4.00 4.01 70.32 N/A " Spin coating 1 sun, MPP tracking, el
spiro-OMeTAD/AU 4 8 60% RH, encapsulated
10.54% 3.86 3.98 68.60 N/A Blade coating PSM. Tes2=500 h
1 sun, N2, room
FTO/cTiO2/CsPbls-xBr« ap ap . temperature, open 7]
JPTAA/AU 13.82 7.64 2.51 72.09 7 N/A 112 Spray coating circuit, unencapsulated
PSM, T9o7=1000 h
1 sun, at 100 °C, MPP
FTO/c-TiO2/CsPbl2Br/P3HT/Au 11.582%¢ 3.54 4.60 71.09 3 98 258 Spin coating tracking, 25% RH, (9]
T912=1000 h
FTO/c-TIOZ/CsPbIJ/CITTIN- 10.98% 9.36 1.96 60 9 N/A 27 Spin coating N/A 120]

2F/Au
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Beyond that, other strategies including composition engineering, additive or passivation
engineering are also suggested to improve perovskite stability.!%]
Besides the stability of perovskites, the development of stable interface layer and electrode

1211 For the electron transport materials used in

is also important to improve module stability.[
n-i-p structured devices, SnO» is generally used as ETL to avoid the unwanted photocatalytic
effect of TiO2 and improve the device stability. For the commonly used HTL of spiro-OMeTAD,
lithium bis (trifluoromethylsulfonyl) imide (LiTFSI) is a widely used dopant to enhance the
conductivity and hole mobility. However, the Li* ions are highly mobile and hygroscopic, and
can migrate across the device under operational stress, resulting in undesired hysteresis and

1221 For this issue, stable dopant-free organic HTLs and

moisture-induced degradation.
inorganic HTLs are regarded as potential candidates.!'?3! In addition to n-i-p PSCs, p-i-n devices
usually show better stability due to the employment of intrinsic stable interface layers such as
the inorganic HTL material of NiOx and stable ETL of Cgo. For example, McGehee and
coauthors fabricated planar p-i-n PSCs based on NiO HTL and their encapsulated devices
passed the IEC 61646 temperature cycling test.[>*) Besides, they found that the fracture energy
increased two times after 250 standardized temperature cycles and four times after laminating
an encapsulant on top of the device. Moreover, they also developed a glass-glass encapsulation
strategy for p-i-n PSCs to pass the standard IEC 61646 damp heat and thermal cycling tests.[12*]
In addition, Snaith and coauthors reported small size p-i-n PSCs based on the FACs perovskite
with additional piperidinium salt passivation.['] Their devices can withstand the high
temperature stress of 60 °C and 85 °C during operation under continuous light illumination.
These promising findings suggest that PSCs show a great potential to pass the toughest stability
testing against LeTID. These successful examples can thus serve as steppingstones to inspire

researchers to transfer these PSCs stability improvement strategies into large-area PSMs. For

example, Qi and coworkers developed a holistic interface stabilization strategy by modifying
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all the relevant layers and interfaces, namely the perovskite layer, charge transporting layers
and device encapsulation, and boosting stability and efficiency of PSMs with an aperture area
efficiency over 16% and operation stability over 2000 h.['3]

In addition to the intrinsic stability of perovskite, interface layers, electrode and device
engineering for the design of efficient and stable minimodule, the encapsulation strategies
should also be considered to further provide mechanical protection and improve the lifetime of
the minimodule for practical application. Currently, the encapsulation of perovskite
minimodule can be divided into three categories: (1) thin film encapsulation; (2) cover-glass
encapsulation; (3) hybrid encapsulation (combining the thin-film and cover-glass
encapsulation). With regard to the thin film encapsulation, firstly, the inorganic oxide film
(A1,O3 and SnO,)!?6 1271 deposited by ALD technology is widely reported. Secondly, organic
film encapsulation materials are also reported, like polydimethylsiloxane (PDMS) and parylene
film.!"28] For the cover-glass encapsulation, the selection of hot-melt film or encapsulation glue
(i.e., UV glue) is critical for the effective encapsulation strategy without significant
performance loss. For the hot-melt film along the edge of the cover glass for the encapsulation
process, the encapsulation mainly finished by the laminating machine, and the hot-pressing
temperature for the encapsulation film must be matched with the selected perovskite materials
decomposition temperature.!'?°! The encapsulation glue release content cannot be harmful to the
stability of perovskite associate with the interface layers. The hybrid encapsulation is the stack
of the above film and cover-glass encapsulation to provide strong protection for perovskite
minimodule.!?]

Furthermore, Ahmadi and coauthors introduced a thermally adjusted phase change
material into a polymer encapsulation layer to avoid the moisture diffusion, rapid temperature

fluctuation, and undesired crystalline phase change of the perovskite layer in the PSCs under

the operation condition.[*”) As a result, a 2-year stable device was achieved.
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In addition to isolating the moisture, oxygen and withstand the thermal stress, especially
the cover encapsulation, it can also protect the module device from the practical climate
atmosphere of dust, windstorm and rain destroy. Moreover, it can also reduce the leakage of Pb

(1311 Lastly, encapsulation plays an

from Pb-based devices and prevent environmental pollution.
important role in perovskite PV technology toward its commercialization.
6 Conclusion and Outlook

In this review, the perspective and recent advances on the development of perovskite solar
minimodule are presented. To construct highly efficient and stable PSMs, proper minimodule
configuration design is the first key factor. Series modules have achieved tremendous advances
in stability and efficiency. Recently, parallel modules have attracted more attention due to their
unique module structure considering the non-contact between the metal electrode and the
perovskite layer in the interconnection channel, and its advantages against shading effect and
partial failure.

Furthermore, the deposition of uniform perovskite and the selective charge transport layers
and electrode by the reliable scalable fabrication technology is another key factor. Doctor blade
coating and slot-die coating are the most promising technologies compatible with the industrial
production line for the fabrication of high-quality perovskite film over hundreds of square
centimeters. To date, the commonly used technology for the deposition of charge transport
layers is spray pyrolysis, thermal evaporation, blade coating, or slot-die coating. The promising
screen printing and evaporation technologies are developed for the fabrication of carbon or
metal electrode materials.

Apart from the scalable fabrication process, the stability of PSMs issue is another
important factor. To improve PSM’s stability, the development of intrinsic stable perovskite,
interface layer, and electrode is important. Besides, developing effective barrier and

encapsulation methods is also essential to further improve the module stability and decrease the
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lead leakage for the practical application of PSMs. The module stability evaluation protocols
are also important, and LeTID and PID are recommended for future module stability studies.

To further improve the stability of PSMs, it is desirable to transfer the successful strategies
in high efficiency PSCs to PSMs. Considering that perovskite tandem solar cells!!*> 33 have
achieved very high efficiencies, it is thus promising to develop perovskite tandem modules in
the future. To broaden the application of PSMs, the development of semitransparent!!*¥ or
flexiblel'*3137] perovskite minimodule is another promising direction to promote the
industrialization process of perovskite PV technology. Semitransparent minimodule can be
applied in BIPV or tandem devices. Flexible perovskite minimodule can be integrated into the
self-powered smartwatch or other intelligent optoelectronic equipment.

Although encouraging progress has been achieved for high efficiency and stable
minimodules, the practical application of this emerging PV technology is still on the way.
Various applications can be explored for perovskite PV technology in the near future.
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