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Holistic Strategies Lead to Enhanced Efficiency and Stability
of Hybrid Chemical Vapor Deposition Based Perovskite

Solar Cells and Modules

Guoging Tong, Jiahao Zhang, Tongle Bu, Luis K. Ono, Congyang Zhang, Yugiang Liu,
Chenfeng Ding, Tianhao Wu, Silvia Mariotti, Said Kazaoui, and Yabing Qi*

Hybrid chemical vapor deposition (HCVD) is a promising method for the
up-scalable fabrication of perovskite solar cells/modules (PSCs/PSMs).
However, the efficiency of the HCVD-based perovskite solar cells still lags
behind the solution-processed PSCs/PSMs. In this work, the oxygen loss of
the electron transport layer of SnO, in the HCVD process and its negative
impact on solar cell device performance are revealed. As the counter-measure,
potassium sulfamate (H,KNO;S) is introduced as the passivation layer to
both mitigate the oxygen loss issue of SnO, and passivate the uncoordinated
PbZ* in the perovskite film. In parallel, N-methylpyrrolidone (NMP) is used as
the solvent to dissolve Pbl, by forming the intermediate phase of Pbl,eNMP,
which can greatly lower the energy barrier for perovskite nucleation in the
HCVD process. The perovskite seed is employed to further modulate the
kinetics of perovskite crystal growth and improve the grain size. The resultant
solar cells yield a champion power conversion efficiency (PCE) of 21.98%
(0.09 cm?) with a stable output performance of 21.15%, and the PCEs of the
mini-modules are 16.16% (22.4 cm?, stable output performance of 14.72%)
and 12.12% (91.8 cm?). Furthermore, the unencapsulated small area device
shows an outstanding operational stability with a Ty, lifetime exceeding

4000 h.

1. Introduction

In the past decade, tremendous efforts have been made in devel-
oping perovskite solar cells (PSCs), which deliver a record power

conversion efficiency (PCE) of 25.7%.[1)

Solution-processed deposition presents
a facile, controllable, and versatile tech-
nique to fabricate high-quality perovskite
films, which are widely used and gen-
erate high-performance PSC devices.[®!
As an alternative technique, vapor-based
deposition provides a uniform and dense
perovskite (PVSK) film, with less influ-
ence from solvents and easy integration
with commercial thin film photovoltaic
manufacturing.['%1*l Vapor-based depo-
sition methods commonly include co-
evaporation deposition,!1%1>16] sequential
vapor deposition,['”-2!] and hybrid chem-
ical vapor deposition (HCVD).[2224] The
co-evaporation method is carried out by
simultaneously sublimating the precur-
sor materials such as Pbl, and methy-
lammonium iodide (MAI) or formami-
dinium iodide (FAI) in a high vac-
uum equipment, which has been demon-
strated as an efficient technique to fab-
ricate the highly uniform perovskite
films. Similarly, the sequential vapor
deposition is processed by sequential
deposition of Pbl, and MAI/FAI/CsX (X = I, Br, Cl) in a high
vacuum system, which is expected to avoid the difficulty in
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Figure 1. Schematic illustration of a HCVD based perovskite solar cell. Note that here the Pbl, film reacting with partial FAl is named as Seed.

simultaneously controlling the evaporation rate, yielding a high-
quality and uniform perovskite film.[?>] The high vacuum depo-
sition method, however, increases the cost in the large-area man-
ufacturing and mass production.?®! Alternatively, HCVD is a fea-
sible way to overcome the aforementioned shortcomings by sub-
stituting the high vacuum system with a relative low vacuum
equipment.?®l Moreover, HCVD process is a mature and low-
cost technique and has been successfully demonstrated in the
amorphous Si photovoltaic industry, which enables fabrication
of highly uniform thin films with an area over 1 m?.[26%7]
Compared with the solution-processed perovskites, the per-
formance of HCVD-based PSCs is still inferior to those fabri-
cated using the solution process. Previous reports have demon-
strated that the long-term vacuum treatment in HCVD can dam-
age the electron transport layer (ETL) in PSCs with the n—i—p
structure, which not only reduces the carrier transport but also
increases the defect density at the ETL/PVSK interface, leading
to a poor efficiency.[?#3% Some additional buffer layers such as
Cqo» [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), triph-
enylphosphine oxide (TPPO), and K,SO, have been shown to
protect the ETL (i.e., SnO, and TiO,).[28293132] However, the ef-
ficiency of the resultant devices still lags behind the solution
process. In addition, the growth of the perovskite films highly
depends on the solid—gas reaction in HCVD instead of liquid
phase reaction in the case of the solution process. The dense
Pbl, film and the volume expansion from Pbl, (to PVSK make
the MAI or FAI gas difficult to penetrate into the bottom PbI,

Adv. Energy Mater. 2023, 13, 2300153 2300153 (2 of 10)

layer, resulting in uncomplete conversion in HCVD based PVSK
films.3334 The unreacted Pbl, in the PSCs not only affects the
photovoltaic performances but also negatively influences the op-
erational stability.l**]

In this work, we have systematically investigated the HCVD-
based perovskite films and solar cells with a particular focus
on the ETL/PVSK interface and crystallization kinetics of per-
ovskites (Figure 1). More specifically, we find that the oxygen loss
of Sn0O, in the HCVD process increases the interface defect den-
sity and carrier recombination. Potassium sulfamate (H,KNO;S,
we abbreviate as PS) serves as the bridge between ETL and PVSK,
which not only compensates the oxygen loss of SnO, but also
passivates the uncoordinated Pb?* in the perovskite film. In ad-
dition, N-methylpyrrolidone (NMP) is introduced into the PbI,
precursor to form the Pbl, e NMP adduct, which can modulate the
nucleation of the Pbl, films and lower the energy barrier for per-
ovskite formation in the HCVD process, promoting the complete
conversion of Pbl, to perovskite with high crystallinity and large
grain size. Furthermore, the seed assisted growth strategy is em-
ployed to control the kinetic of perovskite crystal growth, which
greatly reduces the free energy for perovskite crystal growth and
increases the grain size. These strategies lead to not only the im-
provement of efficiency but also the enhancement of stability. As
a result, the small area solar cells (aperture area = 0.09 cm?) ex-
hibit a high efficiency of 21.98% with a stable output performance
of 21.15%. Moreover, a PCE of 16.16% for 5 X 5 cm? and a PCE
of 12.12% for 10 X 10 cm? solar modules are achieved with a
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Figure 2. a) Schematic illustration of the ETL/PVSK interface passivation with H,KNO;S in the HCVD-based perovskite solar cell. b) O 1s, ¢) S 2p
XPS spectra of SnO, and SnO, /PS films under heat condition. d) J-V curves and e) EQE spectra of the HCVD-based perovskite solar cells with /without

H,KNO;S passivation.

designated area of 22.4 and 91.8 cm?, respectively. The 5 x 5 cm?
solar module also shows a stable output performance of 14.72%.
Remarkably, the small area PSCs and 5 X 5 cm? solar modules ex-
hibit an excellent Ty, operational stability lifetime over 4000 and
300 h, respectively, without any encapsulation under AM 1.5G
continuous illumination at maximum power point in N, gas with
a relative humidity of approximately 5%.

2. Results and Discussion

2.1. ETL/Perovskite Interface Modification

Figure 2a shows the PSCs with a configuration of ITO/SnO,/
H,KNO, S/perovskite/spiro-OMeTAD/Au, which features a thin
layer of H,KNO,S deposited on top of SnO, followed by a post-
annealing treatment. It is known that the uncoordinated Pb**
ions in the perovskite serve as the trap centers, which increase
the defect density in the devices. The amine group (-NH,) in the
H,KNO,S is expected to form bipolar bonds with the Pb?* ion
by sharing the electron with the empty orbitals of Pb**, which
passivates the uncoordinated Pb** in the perovskites.3®¥] On
the other hand, the K* ions in the H,KNO,S can diffuse into
the perovskite layer, which has the similar function to other
potassium ionic materials (i.e., ethylenediaminetetraacetic acid
dipotassium salt [EDTAK], KOH, KCl, KFP;) to reduce the hys-
teresis in the resultant devices and increase the grain size of per-
ovskite films.’®#2] Furthermore, we anticipate that the contin-
uous heating in the vacuum system in the HCVD process will
create more oxygen vacancies in the SnO, films.[?4] The pres-
ence of [H,NO;S]™ ions on top of the SnO, ETL will connect
with SnO, to passivate the oxygen vacancies. As illustrated in
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Figure 2a, H,KNO;S serves as a bridge between SnO, and the
perovskite film to promote carrier transport and reduce the inter-
face defects.

To verify our hypothesis, the surface property of the SnO,
with/without H,KNO,S (PS) and with/without heating (here-
after labeled as SnO, RT/heatand SnO,-PS RT/heat, respectively)
were investigated using X-ray photoelectron spectroscopy (XPS)
measurements. Here, RT means room temperature and heat in-
dicates that the samples are heated (150 °C for 30 min, in vac-
uum), similar to the HCVD deposition process. From the XPS
results in Figure 2b,c; Figures S1 and S2, Supporting Informa-
tion (details of XPS analyses can be found in the Supporting In-
formation), the atom ratio of O/Sn is 2.03 and 1.87 for SnO, film
under RT and heat condition (Table S1, Supporting Information),
respectively, which suggests the oxygen loss in the SnO, film oc-
curs during the heat process in the vacuum system. As for the
SnO,-PS film, the existence of S 2p means the H,KNO;S is rel-
atively stable under continuous heating in the vacuum system.
On the other hand, the O/Sn atom ratio of 1.96 suggests that the
oxygen vacancy is successfully passivated by H,KNO;,S.

To understand the effect of H,KNO;S on the perovskite/SnO,
interface, the steady-state photoluminescence (PL) and time-
resolved photoluminescence (TRPL) measurements were per-
formed. As seen in Figure S3, Supporting Information, the
longer lifetime and improved PL intensity of perovskite/PS com-
pared with the sample without PS suggests that the presence
of PS can passivate the perovskite films and reduce the de-
fects. On the contrary, the shorter lifetime and fluorescence
quenching of the perovskite/SnO,-PS sample compared with the
perovskite/SnO, case indicates that fewer defects are observed
at the SnO, /perovskite interface, leading to fast carrier transport
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and transfer. The lifespans of the perovskite films are fitted by
a bi-exponential function. The corresponding lifetimes are sum-
marized in Table S2, Supporting Information. Furthermore, the
secondary ion mass spectrometry (SIMS) measurement is con-
ducted to investigate the K* diffusion behavior. From Figure S4,
Supporting Information, K* exists in the perovskite bulk film and
H,KNO,S passivation layer, which not only passivates the defects
in the perovskite film but also reduces the hysteresis of the resul-
tant device.

The performance of the devices with/without H,KNO,S is
shown in Figure S5 and Tables S3 and S4, Supporting Informa-
tion. In combination with the H,KNO,S as a passivation layer
and HCVD process, the efficiency of the devices increases con-
siderably (Figure S6, Supporting Information). The efficiency of
the champion device, treated with 10 mm H,KNO;S, is 18.81%
(Voo = 112V, J . = 22.73 mA cm™?, and FF = 0.74) with a hys-
teresis index (HI = PCEyy/PCE) of 1.06, while as a compari-
son, the control device shows a PCE of 16.25% (V,. = 1.07 V, J.
=22.38 mA cm~2, and FF = 0.68) with a HI of 1.15 (Figure 2d,e).
Moreover, the average PCE of the device without H,KNO,S is
only 14.88%, whereas the average PCE of the SnO, /PS devices
increase to 18.18%. To further demonstrate it, the similar pro-
cedures are conducted to fabricate the devices based on CBD-
SnO, (chemical bath deposition, CBD). The pristine CBD-SnO,
devices exhibit a large hysteresis, which has been demonstrated
in our previous works.[**1 By incorporating 10 mm H,KNO,S,
the CBD-SnO, /PS device exhibits a high efficiency of 22.44% (av-
erage PCE = 21.51% =+ 0.68%) as seen in Figure S7, Supporting
Information.

2.2. Nucleation and Growth of Perovskites

Besides the ETL/perovskite interface, the preparation of per-
ovskites also has significant influence on the quality of a per-
ovskite film. Lower crystallinity and smaller grain size of the per-
ovskites substantially increase the density of grain boundaries,
which increases the defect density in perovskite films, resulting
in a low efliciency and inferior stability. Different from conven-
tional solution processed perovskite deposition, HCVD provides
a multiple-step deposition process, which indicates that the con-
version from PbI, to perovskite is a key step in both nucleation
and growth of the perovskites. Moreover, NMP has been demon-
strated as an efficient additive in our previous work,[*>*] which
can form a stable PbI,eNMP adduct, promoting the process of
nucleation and growth of perovskites. Here, the Pbl, film fab-
ricated by vapor deposition and spin-coating methods was in-
vestigated. To simplify the labeling, PbI, fabricated by vapor de-
position and PbI, dissolved in DMF and DMF/NMP mixed sol-
vent are abbreviated as PVD-Pbl,, DMF-PbI,, and NMP-PbI,, re-
spectively. The corresponding perovskite films are abbreviated
as PVD-PVSK, DMF-PVSK, and NMP-PVSK, respectively. As
seen in Figure S8, Supporting Information, the PVD-PbI, film
presents dark yellow color. However, the NMP-PbI, film shows a
distinctive light-yellow color. To gain insight into the phase struc-
ture of Pbl, films, X-ray diffraction (XRD) and scanning electron
microscopy (SEM) were conducted and the results are displayed
in Figure 3. Similar to the previous reports, the PVD-PbI, film
presents the 2D-layered nanosheet structure with a strong inten-
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sity peak at 12.6°.3* As a comparison, the DMF-PbI, film shows
the sponge-like porous structure with a reduced peak intensity
at 12.6". Note that the appearance of peak at ~8" instead of typ-
ical PbI, peak in NMP-Pb], film is ascribed to the formation of
intermediate phase of Pbl,eNMP because of the strong binding
between NMP and Pbl,.**] After the MAI vapor deposition in
the HCVD process, the PVD-PVSK and DMF-PVSK films show
a surface morphology consisting of small grains. In contrast, the
NMP-PVSK film presents high crystallinity, enlarged grain size
with uniform distribution as seen in Figure 3f-h; Figure S9, Sup-
porting Information. It is remarkable that the presence of the
intermediate phase of Pbl,eNMP can greatly lower the energy
barrier for perovskite nucleation, facilitating the conversion from
Pbl, to perovskite (Figure 3a). In contrast, a strong peak at 12.6°
can be still observed in PVD-PVSK and DMF-PVSK films, which
is presumably related to the unreacted Pbl, in the MAI vapor de-
position process.

To validate the nucleation mechanism in perovskites, we in-
vestigated the performance of perovskite solar cells. Statisti-
cal analyses of device parameters based on PVD-PVSK, DMF-
PVSK, and NMP-PVSK methods are shown in Figure S10 and
Tables S5 and S6, Supporting Information. The average effi-
ciency for PVD-PVSK, DMF-PVSK, and NMP-PVSK based de-
vices is 16.38%, 18.18%, and 19.23%, respectively. The cham-
pion current density—voltage (J-V) curves are shown in Figure 4a;
Table S5, Supporting Information. The low PCE of 17.19% in
the case of PVD-PVSK-based device is ascribed to the unreacted
Pbl, at the interface of ETL/PVSK, which prevents part of the
light from going through this Pbl, layer. By contrast, the high
PCEs of 19.79% for NMP based device are the results of high
crystallinity and large grain size of perovskites and less defects
in the perovskite films in comparison with DMF-PVSK based de-
vices (PCE = 18.81%), which is showing small grain size and low
crystallinity. Moreover, the external quantum efficiency (EQE) of
the NMP-PVSK based device in Figure 4b shows slightly higher
values than the other two devices in the short wavelength re-
gions ascribed to the completed conversion of Pbl, to the per-
ovskite phase. The high EQE values in long-wavelength indicate
that high crystallinity of perovskite film not only increases the
light harvesting efficiency but also reduces the carrier recombi-
nation due to traps in the devices. In addition, three devices ex-
hibit stable output (under initial maximum power point (MPP)
voltage) with PCE of 15.83%, 17.65%, and 19.20%, respectively
(Figure 4c).

To gain further information, we used the space charge—
limited current (SCLC) method to determine the trap den-
sity of the three perovskite films Dby constructing the hole-
only devices (ITO/PEDOT:PSS/Perovskite/Au) and the electron-
only devices (ITO/SnO,/Perovskite/ PCBM/Ag) (Figure 4e-g;
Figure S11, Supporting Information). The trap density values of
hole-only devices are 1.06 x 10, 8.73 x 10%, and 7.71 x 10"
cm~3 for PVD-PVSK, DMF-PVSK, and NMP-PVSK films, respec-
tively. The trap density values of electron-only devices are 4.57 x
10%%, 3.96 x 10', and 3.04 x 10® cm~3 for PVD-PVSK, DMF-
PVSK, and NMP-PVSK films, respectively. The decrease of trap
density indicates that the presence of intermediate phase and
low energy barrier for nucleation can considerably promote the
growth of perovskite with high crystallinity, and reduce the defect
density in the perovskite films. In addition, the longer lifetime
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Figure 3. a) Schematic illustration of the nucleation and growth of perovskites in a HCVD-based perovskite solar cell. Top-view SEM images of b) PVD-
Pbl,, c) DMF-Pbl,, and d) NMP-Pbl,. e) XRD patterns of Pbl, processed with different methods. Top-view SEM images of the corresponding perovskite
films are shown in f) PYD-PVSK, g) DMF-PVSK, and h) NMP-PVSK. i) XRD patterns of the perovskite films processed with the different methods.

and increased fluorescence intensity of NMP-PVSK film (Fig-
ure 4d; Figure S12 and Table S2, Supporting Information) also
demonstrates that this film has less defects and better crys-
tallinity than DMF-PVSK and PVD-PVSK films.

2.3. Seed Assisted Growth of Perovskite Crystals

Although the passivation of electron transport layer and the mod-
ulation of perovskite nucleation have greatly improved the per-
formance of PSCs in the HCVD process, the efficiency of HCVD
based solar cells still lags behind the conventional solution pro-
cessed devices. One of the important issues is that the grain size
of HCVD based perovskite films is smaller than that of conven-
tional solution processed perovskite films. It has been widely ac-
cepted that the crystallization of perovskites will not occur until
the formation of nuclei in the sequential deposition.[*’] As seen
in Figure 5, the MAI vapor diffusion induces instant supersatu-
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ration at the top of Pbl, layer (conventional perovskite sample,
black curve), which enables to overcome the high energy barrier,
leading to nucleation of the perovskites. Inspired by previous re-
ports that the perovskite seeds can greatly modulate the crystal-
lization kinetics,!*’*] the seed layer was deposited on the sub-
strate and then exposed to MAI vapor in HCVD system (more de-
tails can be found in the Supporting information). Here, the PbI,
film that has partially reacted with FAI is labeled as Seed. The
perovskite film fabricated by depositing MAI on top of the seed
layer is named as Seed-PVSK. Different from perovskite films
showing large grain size, the seed layer contains plenty of small
grains. Moreover, the strong XRD patterns at ~12.6" and ~14°
assigned to PbI, and perovskite phase, respectively, indicate that
the seed layer includes two phases (Figure 5c,e). After MAI depo-
sition, the unreacted Pbl, phase fully converts to perovskite. The
resultant perovskite film presents dense, uniform distribution,
and large grain sizes with over one-micrometer (Figure 5d,e). The
high quality and large grain size perovskite film is related to the

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. a) J-V curves of the PSCs based on different methods. b) The corresponding EQE spectra. c) The steady-state power output performance
of the PSCs based on different methods. d) TRPL decay curves of the perovskite films based on different methods on the glass substrates. Dark -V
characteristics of the devices with the ITO/PEDOT:PSS/perovskite/Au configuration of e) PVD-PVSK, f) DMF-PVSK, and g) NMP-PVSK.

fact that the perovskite seed acts as the nucleation center, which
greatly reduces the formation energy barrier and increases the ki-
netics of the perovskite crystal growth. (Figure 5b, red curve). In
addition, the presence of seed creates PbI, /perovskite interface
channels that facilitate the diffusion and intercalation of MAI
cations and halide anions into the bottom Pbl,, promoting the
grain growth and yielding a large grain size (Figure 5a).[*’]

The solar cells were fabricated to evaluate the quality of per-
ovskite films fabricated by the seed assisted growth method. First,
we investigated the seed-based solar cells. It was found that the
perovskite seed as the absorber layer in the solar cells yielded an
average PCE of 14.72% (Figure S13 and Table S7, Supporting In-
formation), which is ascribed to the small amount of perovskite
in the Seed layer. However, the Seed-PVSK as the absorber layer
presented a high performance with an average PCE of 20.59%
(Figure S13, Table S7, Supporting Information). The resultant
champion efficiency was 21.98% (Figure 5f; Figure S14 and
Table S8, Supporting Information) with a steady-state power out-

Adv. Energy Mater. 2023, 13, 2300153 2300153 (6 of 10)

put performance of 21.15%, which is the highest efficiency for the
HCVD-based PSCs (Tables S9 and S10, Supporting Information).
In comparison with the NMP-PVSK device, the improved perfor-
mance of Seed-PVSK device is ascribed to the reduced formation
energy barrier that facilitates the continuous growth of perovskite
grains, leading to large grain size (Figure S15, Supporting Infor-
mation) and reduced trap defects. The enhanced EQE (Figure 5g)
at short and long wavelength is probably attributed to the good
crystallinity of the perovskite film, the reduced unreacted PbI,,
and interface defects at the ETL/PVSK interface.

To further identify the reduced defects and understand the
carrier transport behavior, we evaluated the surface potential
of perovskite films by Kelvin probe force microscopy (KPFM).
As seen in Figure S16, Supporting Information, the Seed-PVSK
shows large grain sizes and uniform distribution, which leads
to a smooth surface with a root-mean-square roughness (RMS)
of 24.64 nm in comparison with NMP-PVSK case showing a
RMS value of 42.92 nm. Moreover, the surface potential map-

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. a) Schematic illustration of the seed growth of perovskites. b) Proposed energy diagram of MAI diffusion in the HCVD process. c¢,d) Top-view
SEM images and e) XRD patterns of seed and seed-PVSK films. f) J-V curves and g) EQE spectra of the Seed and Seed-PVSK devices. Note that here
the Pbl, film reacting with partial FAl is named as Seed. The perovskite film fabricated by depositing MAI on the top of the Seed layer is named as

Seed-PVSK.

pings of Seed-PVSK and NMP-PVSK are displayed in Figure S16,
Supporting Information. Note that the Seed-PVSK film presents
the lower average surface potential and reduced energy potential
barrier between the grain boundaries and perovskite crystals in
comparison with NMP-PVSK case, which is expected to remark-
ably promote the carrier transport.[**] In addition, the longer life-
time and increased fluorescence intensity also demonstrate the
improved quality and reduced defects in the Seed-PVSK film
(Figures S12 and S17, Supporting Information; and Table S2,
Supporting Information).

2.4. Up-Scalable Perovskite Solar Modules and Operational
Stability

To highlight the up-scalability of both HCVD process and our sys-
tematic modification, we fabricated relatively large-area PSMs on
5 X 5 cm? substrates with the similar structures as employed in
small area device (Figure 6). The 5 X 5 cm? PSM consists of seven
sub-cells in series with a designated area of 22.4 cm? (Figure S18,
Supporting Information). The sub-cells are separated by P1, P2,
and P3 patterns (Figure S19, Supporting Information). The PCEs

Adv. Energy Mater. 2023, 13, 2300153 2300153 (7 of 10)

of the PSMs fabricated by the above-mentioned systematic mod-
ification of HCVD process range from ~13-16% with an average
PCE of 15.01% (Table S11 and Figure S20, Supporting Informa-
tion). The champion PCE of 5 x 5 cm? PSM is 16.16% with a
V.. 0of 7.82V,a ] of 291 mA cm=2, and a FF of 0.71 for the re-
verse scan (RS) and the PCE of 13.87% for the forward scan (FS).
The corresponding active area efficiency of the champion PSM
is up to 17.15% with a geometric fill factor (GFF) of 94% (Figure
S18, Supporting Information). Moreover, the PSM exhibits a sta-
ble efficiency of 14.72% (Figure S21, Supporting Information). In
contrast, the PCE of PSM fabricated without modification ranges
from ~8-12%, with an average PCE of 10.89%. The correspond-
ing champion PCE is only 12.31% (Table S12 and Figure S20,
Supporting Information). Note that the hysteresis in the large-
area solar modules is more severe than that of the small-area so-
lar cells, which is mainly induced by the increased size of the de-
vices. As the size increases, the number of bulk and/or surface
defects increases, and also ion migration and imbalanced car-
rier transport become more prominent, which will lead to an in-
creased hysteresis in comparison with small area solar cells.[**>]
Besides, to further demonstrate the scalability of our process,
we fabricated a relatively larger mini-module on 10 x 10 cm?

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. J-V curves of a) 5 X 5 cm? PSM and b) 10 x 10 cm? PSM. Photos of ¢) 5 x 5 cm? PSM and d) 10 x 10 cm? PSM. Operational stability of e)
the small-area PSC and f) the 5 x 5 cm? PSM without encapsulation under a steady applied voltage corresponding to the initial maximum power point.

substrates consisting of 14 sub-cells in series with a designed area Last, the operational stability of unencapsulated PSCs and
0f 91.8 cm?. The PCE ranges from ~9-12% with an average PCE ~ PSM were evaluated under continuous AM 1.5G light illumi-
of 10.72% (Table S13 and Figure S22, Supporting Information)  nation at a fixed bias that was determined by the initial MPP
and the highest PCE of 10 x 10 cm? PSM is 12.12% under RS.  from J-V characterizations (in N, gas with relative humidity of
The corresponding active area efficiency is up to 12.88% witha 5% at room temperature, Figure 6e,f). For the small area PSC,
GFF of 94% (Figure S23, Supporting Information). it exhibited an outstanding operational stability and kept 90%
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of the initial performance after 1700 h. Remarkably, the Ty,
lifetime of small area device is #4010 h. The improved stabil-
ity of PSCs is ascribed to the following reasons: i) The unre-
acted Pbl, phase in perovskite film is reduced after MAI depo-
sition by the HCVD process. The excess/unreacted Pbl, in the
PSCs undergoes the photodecomposition under continuous il-
lumination, which greatly promotes the formation of lead and
iodine in PSCs, leading to accelerating the degradation of device
performance.l*®> Here, the unreacted Pbl, is eliminated as seen
in Figure 3i and Figure 5e by the formation of Pbl,eNMP inter-
mediate phase and seed assisted growth because of the reduced
phase transition energy, which increases the stability of PSCs.
ii) The improved crystallinity and enlarged grain size in the per-
ovskite film also improves the stability. The existence of stress
and ion migration in the perovskite film will accelerate the de-
composition of perovskite, which starts from grain boundaries
(GBs).13**] Note that the seed-PVSK shows large grain size, less
GBs, and low surface potential, which reduces the degradation ki-
netics compared with other samples presenting small grain size
and large amounts of GBs, leading to an improved stability.

In addition, the 5 x 5 cm? PSM also shows an operational sta-
bility with a Ty, lifespan of 302 h. It is worth noting that the
reduction in operation stability between large area module and
small area solar cells is ascribed to the size increase of devices.
During the operation stability test, the perovskite solar modules
generate heat and long-term light illumination also contributes
to the temperature increase. Therefore, the temperature of solar
modules rises to the temperature that is substantially higher than
that in the case of small area solar cells. The increased tempera-
ture in the solar module accelerates the degradation of hole trans-
port layer, leading to the poor operation lifetime of solar modules
in comparison with small area solar cells. Moreover, as the size
of the solar modules increases, the light induced photocatalytic
degradation from electron transport layer and ion migrations
originating from light illumination becomes more prominent,!?
which also speed ups the degradation of devices, resulting in the
poorer operation stability of solar modules in comparison with
the small area solar cells.

3. Conclusion

In conclusion, we have demonstrated an efficient strategy to fab-
ricate perovskite solar cells/modules via a HCVD method that
relies on the ETL modification and control of the solid—gas reac-
tion. The presence of H,KNO, S serves as the bridge between ETL
and perovskite film, which not only compensates the oxygen loss
of SnO, but also passivates the uncoordinated Pb?* in the per-
ovskite. Moreover, the use of NMP as the additive solvent is ex-
pected to form the intermediate phase of Pbl,eNMP that greatly
lowers the solid—gas reaction energy and promotes the full con-
version from Pbl, to perovskite. Furthermore, the perovskite seed
assisted growth method is introduced to control the kinetics of
perovskite crystal growth and increase the perovskite grain size.
On the basis of the systematic research, a champion efficiency of
21.98% (stable output performance of 21.15%) was achieved for
lab-scale solar cells (aperture area = 0.09 cm?). To demonstrate
the scalability of our HCVD process, the mini-modules fabricated
on 5 x 5 cm? and 10 x 10 cm? substrates achieved an efficiency of
16.16% (stable output performance of 14.72%) and 12.12% with

Adv. Energy Mater. 2023, 13, 2300153 2300153 (9 of 10)
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a designated area of 22.4 cm? and 91.8 cm?, respectively. More-
over, the unencapsulated small area solar cell showed an excel-
lent operational stability and retained ~80% of the initial perfor-
mance for #4010 h under AM1.5G continuous light illumination
(at maximum power point, in N, gas with 5% relative humidity,
at room temperature). Our research demonstrates a significant
step forward in the development of the HCVD-based perovskite
solar cells/modules.
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Supporting Information is available from the Wiley Online Library or from
the author.
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