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Abstract

Obtaining good quality perovskite absorber film remains a challenging task that limits
performance of planar perovskite solar cells. . In this work, we demonstrated the importance of pre-
heating treatment on perovskite nucleation and phase transition. . Fine-tuning the appropriate pre-
heating and standing time resulted in the formation of high quality perovskite films with enhanced
optoelectronic properties.. Pre-heated perovskite films with delaying of 1 hour post-annealing
achieved the hysteresis-free, record power conversion efficiency (PCE) of 16.18%. While the
perovskite films without preheating treatment in solar cells shown only12.35% efficiency.. This
improved performance with pre-heating treatment and delay annealing of perovskite films found as
a result of homogeneous nucleation and formation of high quality perovskite films. Improved
perovskite quality is further evidenced from enhanced optoelectronic and crystalline properties of

the perovskite absorber after preheating treatment.
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1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) emerged as the potential candidate for
next-generation photovoltaic technology and have drawn much attention as a result of low-cost
fabrication and high performance.!> In recent years, the power conversion efficiency (PCE) for
PSCs has been raised remarkably from 3.8 % in 2009 to a certified 24.2 % in 2019.% 5 In a regular
planar-heterojunction PSC, perovskite absorber layer of high crystalline quality are important for
device performance.®” Because the optoelectronic properties of PSCs depends on morphology,
crystalline quality and coverage of the perovskite films.®  After the deposition of the precursor
materials, usually a (thermal) annealing step is necessary, which can convert the deposited
precursors into the desired high-quality, crystalline perovskite phase.”%!!
Thermal annealing step is the key parameter defining quality of perovskite absorber film. °1°
Compare to the conventional mesoporous perovskite solar cells, PSCs with inverted solar cell
architecture is close to commercialization and easy to fabricate on flexible substrates due to low
temperature processing.”!! However, it is quite challenging task to obtain good quality perovskite
films. Particularly, when deposited on hole transport PEDOT:PSS (Poly(3.4-

ethylenedioxythiophene)-poly(styrenesulfonate) substrate.” !0 This is due to the — hydrophilic and

acidic nature of PEDOT:PSS that makes perovskite film formation difficult. Therefore, various
methods have been adopted by scientific community to enhance the nucleation and crystal growth
of perovskite films in planar architecture solar cells. For instance, applying external-electric-field
and vacuum during annealing process for planar PSCs to assist crystallization,'>!* employing gas-
assisted solution technique during the spin coating to change the nucleation kinetics'*!5 and
incorporating additives or solvents in precursor solution to facilitate homogeneous nucleation
growth.!6:17

In this study we demonstrated that modifying the conventional thermal treatment have potential
to tune the morphology and crystallization of perovskite to achieve a favorable morphology and
improved crystal quality. Many research group experienced, that precursor films when subjected to
stand for minutes before annealing yield better morphology and performance. Snaith’s group left
the spin-coating films in the glove box at room temperature for 30 minutes before annealing that
assisted in controlling the perovskite morphology.'® Wang et al. reported Pb-In precursor films were

dried at room temperature about 20 minutes and obtained improved solar cell performance.!® You
2
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et al, used delay annealing process for inorganic CsPbl; perovskite absorber and obtained
improved performance.. Delaying in annealing slows down the evaporation rate of the solvent to
obtain a stable a-phase CsPbl;.!° Recently, Fan and co-workers treated the CuSCN films with
conventional delaying in annealing treatment to get high quality hole transporting layers in PSCs.?°
Albertus and Jia et al. investigated the relation between device performance and delaying annealing
approach in hybrid mesoscopic/planar perovskite solar cells by one-step and two-step methods,
respectively.?’>22 However, the reason why delaying in annealing is beneficial to obtain good quality
perovskite films is yet unknown. Moreover, the low-viscosity perovskite precursor solution can also
lead to the formation of colloidal aggregates that makes the nucleation growth pathways during
waiting process quite complicated.?? It is timely and essential to investigate the growth pathways
for perovskite crystallization under different thermal treatment process to fine tune the
crystallization process in order to obtain high quality perovskite films. in for planar PSCs.

In this direction, we fabricated PEDOT:PSS based inverted PSCs by adding pre-heating
process and appropriate standing time during conventional annealing process. CH;NH;PbICls 4
absorber layer is employed by one step spin coating deposition procedure. For delay-annealing
process, in order to promote nuclei growth, the films treated with 60°C for 10 minutes, the process
of nucleation and phase transition were evidenced from the morphological and X-Ray diffraction
measurements. Then, the films were subjected to different standing time as a waiting period. The
detailed formation mechanism of CH3;NH;PbICl;, absorber layer when subjected to different
standing time is investigated systematically. The devices prepared with variable pre-heated delaying
annealing treatment were found to have improved efficiency over devices prepared with
conventional annealing process. A record PCE of 16.18% is obtained for perovskite film with pre-

heated standing time of 1 hour.

2. EXPERIMENTAL SECTION
2.1 Materials preparation
All materials were purchased from Xi'an polymer light technology corporation, China

(https://p-oled.lookchem.com/). To prepare the CH;NH;PbICl;_ () perovskite precursor solution.

MALI and PbCl, were dissolved in 1 ml of N,N-dimethylformamide (DMF, 99.8%) in a 3:1 molar

ratio. 20 mg of PCBM was dissolved in 1 ml of chlorobenzene. Bphen (4,7-Diphenyl-1,10-
3
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phenanthroline) was dissolved in absolute ethanol with the concentration of 0.6 mg/ml.
PEDOT:PSS was blend with isopropanol in a 20:1 volume ratio. All the solutions mentioned above
were stirred at 60 °C overnight except PEDOT:PSS, which is sonicated at 0 °C for 15 minutes and

all of the above were filtered with 0.45 um nylon filters before device fabrication.

2.2 Device fabrication

Solar devices were fabricated in the configuration of ITO/PEDOT:PSS/MAPDICl;.
/PCsiBM/Bphen/Ag. Indium doped tin oxide (15 €/sq) glass substrates cleaned with detergent,
deionized water, acetone and ethanol respectively and undergone sonication for 20 minutes at 40 °C.
After being air dried, the substrates were further treated with ultraviolet-ozone (UV-Ozone)
treatment for 15 minutes. Then PEDOT:PSS solution was deposited by spin-coating at 4500 rpm
for 40 seconds and annealed at 140 °C for 30 minutes in air. After cooling down, the substrates were
transferred into a nitrogen filled glove box. Perovskite precursor solution was then spin-coated on
the PEDOT:PSS at 4000 rpm for 40 s. The fabrication processes for the perovskite layers treated
with different thermal treatment techniques is illustrated in Scheme 1. For the conventional
annealing method (Scheme 1(a)), the obtained MAPbICl; precursor films were subjected to
conventional annealing process. In conventional annealing process, the films were slowly heated
from 60 °C to 100 °C at a rate of 10 °C/10 minutes for 90 minutes. While, in the delaying of annealing
process (Scheme 1(b)), the films after spin-coating allowed to standing for a certain time and then
continued the gradient annealing process as mentioned above. For the pre-heated delaying annealing
method (Scheme 1(c)), the precursor films were firstly pre-heated at 60 °C for 10 minutes, then
cooled to ambient temperature. These films were placed in a petri dish at room temperature in the
glove box for standing time of 0.5, 1, 2.5, 5, 7.5 and 10 hours respectively. After waiting time, the
gradient annealing process is employed to finalize the crystal growth and eliminate or minimize the
by-product formation. The electron-transporting layer PCq;BM (Phenyl-C61-butyric acid ester) and
Bphen (4,7-Diphenyl-1,10-phenanthroline) interfacial layer deposited by spin coating speed of 2000
rpm for 40 seconds. Finally, the samples are transferred to a vacuum chamber for silver metal

electrode deposition under high vacuum through a shadow mask having a device area of 6.25 mm?.

ACS Paragon Plus Environment



Page 5 of 21

ONOULDh WN =

oOouuUuuuuuUuuUuUuUuUubDDBADIDDDAEDIDMNDDRAEDIDNWWWWWWWWWWNNNNNNNNNN=S = 2 2 o a0 a0
O VWHONOUDAMNWN—_,LOVOONOULLAMAWN—_,LPOVONOOUUDNWN—,POVONOOCULLDMWN—_,POOVONOOULLDN WN-=—=O

Crystal Growth & Design

(a) Gradient Annealing = .
- Conventional anncaling process
& & Nuclei I

Solvent evaporation

i ? (b) Delaying Annealing ,611,,"(’"“"5'“-“""“"“F‘- ' Conventional delaying annealing process

ITO/PEDOT:PSS/Precursor ! ’
After Spin-coated H (©

© Delaying Anncaling

*| Pre-heati o
E Pre-heating a® iﬂ Gradient Anncaling
i )‘ % a 5 4 T’ Pre-heated delaying annealing process

Scheme 1. Schematic illustration of perovskite absorber layers treated with (a) conventional annealing process, (b)

conventional delaying annealing process, and (c¢) pre-heated delaying annealing process, respectively.

2.3 Characterization and Measurement

X-ray diffraction (XRD) data was collected on Panalytical X’Pert pro X-ray powder
diffractometer with Cu Ka radiation (A=0.154 nm). The absorption spectra of the perovskite films
measured on a Varian SE UV/vis/NIR spectrophotometer. Scanning electron microscopy (SEM)
were performed with field-emission electrons using Nova 230 Nano SEM. Axioplan microscope
(ZEISS) was used for measuring optical microscope images. To determine the perovskite film
coverage from SEM images, A greyscale threshold was used to define perovskite was distinct from
the substrate, and percentage coverage was then calculated by the software program.

The Current-voltage and dark current measurements performed using (2400 Series Source
Meter, Keithley Instruments) under simulated Air-Mass (AM) 1.5 sunlight at 100 mW/cm?
(Newport, Class AAA solar simulator, 94023A-U). The external quantum efficiency (EQE)
measurements were performed using a system combining a Xenon lamp, a monochromator, a

chopper and a lock-in amplifier together with a calibrated silicon photodetector.

3. Results and Discussion
3.1 Characterization of the Films Treated with Pre-heated Delaying Annealing Process
The surface morphology of the perovskite films was characterized by scanning electron
microscopy (SEM) and the film coverage rates are calculated by the image analysis software
ImageJ,?* as shown in Figure 1. For the perovskite absorber films with conventional annealing
process, large pinholes observed (Fig.1(a)), and the calculated coverage of the perovskite film is
only 91%. Hence, the exposed ITO/PEDOT:PSS surface on the film form contact between the

electron and hole transporting layers, which mightact as the shunting pathway that is detrimental

5
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for the device performance.!! Prolonged standing time to 1 hour results into the formation of densely
connected perovskite films with high surface coverage and larger grain size. Strikingly, the surface
coverage rate of the film reached to around 98% (Fig.2(c)), implying that high quality films with
large crystal grains (Fig. 1(c)) have formed with less surface defects.® Compared with the reference
(perovskite films prepared with conventional annealing), larger perovskite grains appeared in the
films with standing time of 1 hour, indicating the formation of enhanced quality perovskite films.
Further prolonging standing time to 2.5 and 5 hours (Fig.1(d) and (e) respectively), leading to the
appearance of pronounced cracks in the perovskite films and as a result surface coverage gradually
decreased. On increasing the standing time to 7.5 and 10 hours, the perovskite film coverage
decreased further (Fig.S1(a)) deteriorating the quality of the perovskite films. Thus the desired

quality of perovskite films can be easily fine-tuned by controlling the delaying annealing time.
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Figure 1. (a) Top-view scanning electron microscopy (SEM) images of the final film treated with conventional
gradient annealing, (b)-(e) are SEM images of the final pre-heated films with different delaying annealing time. (f)
Average perovskite surface coverage of corresponding SEM images (a-e) calculated by ImageJ software based on
three measurement per data point. (g) X-ray diffraction spectrum and (h) UV-Visible absorption spectra of perovskite

films with corresponding delay annealing time treatment.

To investigate the influence of delay annealing time on crystallinity and crystal structure of the
related perovskite films, X-ray diffraction (XRD) pattern of the perovskite films with variable pre-
heated delaying annealing time were measured and the results shown in Fig.1 (g). All the perovskite
films display two distinct diffraction peaks located at 14.2° and 28.4° assigned to the (110) and
(220) crystal planes of the tetragonal phase of perovskite.2> With the standing time increasing from
0 to 5 hours, the intensities of diffraction peaks are significantly enhanced until 1 hour standing time
after this time the crystalline quality shows a steady drop. This observation indicates that delaying
annealing has substantial influence on the purity and crystallization of the perovskite films. The X-
ray diffraction peak intensity steadily increases with standing time to 7.5 and 10 hours. As presented
in Fig.S1(c). The change of crystallization might be related to improved volatilization of dimethyl
formamide (DMF) during the standing process. As delay annealing process allows more time for
DMF vapors providing a wet environment that the precursor ions and molecules diffuse a long
distance in the film than that treated with conventional annealing.?%27

The morphology and crystallinity of perovskite absorber film significantly influences optical
properties and ultimately the performance of PSCs. Fig.1 (h) presents the UV-visible absorption
spectrum of pre-heated films with variable delaying annealing time. All of spectra exhibit the typical

perovskite absorption spectra with a sharp absorption onset at 800 nm. It can be found that

7
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absorption coefficient firstly increased and then decreased in the shorter wavelength region with the
increasing of delaying annealing time and achieved the highest value for absorber films with 1 hour
standing time before annealing, which was attributed to the improved crystallinity of the films.?® As
shown in Fig. S1(d), the absorption intensity improved again with the standing time increasing from
7.5 to 10 hours, which can be attributed to the better crystallization, bigger grain sizes, fewer
pinholes and higher coverage of perovskite films.?’ The XRD results shows the same trend. The
films treated with pre-heated delaying of 1 hour to annealing possess excellent crystallization and
absorption properties.”’ In summary, pre-heating and proper standing time is highly convenient to
fine-tune the nucleation velocity, crystal growth process and film morphology of perovskite
absorber.!130

3.2 The Significance of Pre-heating Process

Fabrication of excellent quality perovskite film rely on homogeneous distribution of nucleation
centers, annealing temperature and vapor evaporation atmosphere.3'-32 Hence, it is critical to control

the growth of crystal nuclei.

MAPbCI3 after anneal at 60 °C for 10 min|
MAd
o
=
= MAPHCI
. Pbly ) 3
“ |
=
123
el T
2 I
Ph-DMF 1
= e before anneal
MAPbI3' —MACI
| MAPhI3¢
0 IPhCly
J .

5 10 15 20 25 30 -3y 40 4y 5
20 (degree)

after pre-heated at 60 °C for 10 minutes.

Fig. 2 shows the optical microscopy images and XRD pattern for the perovskite films before

and after pre-heating treatment at 60 °C for 10 minutes. Fig. 2 (a) corresponds to the sample treated
8
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with the conventional delaying annealing process at the early stage of nucleation (before annealing),
it is clearly visible that there are no crystal nuclei exist on the film, but once the sample is subjected
to anneal at 60 °C for 10 minutes, small number of crystal nuclei emerged on the surface of the film
represented in circles in Fig. 2 (b). For the sample without pre-heating, there was not enough time
and suitable temperature to evaporate DMF to form [Pbls]* cage. Hence, crystal nuclei not appeared
in the film.3> While for the conventional annealing process, the film with spin-coated precursor
solution were annealed on the hot plate at once, this accelerate the evaporation of DMF and directs
random crystal growth in all directions. For the conventional delay annealing process, crystal nuclei
forms on substrate in irregular fashion. But pre-heated process would provide thermal gradient
support (suitable temperature) for nuclei to grow at early stage. Thus assisting the formation of high-
quality perovskite films.

Fig.2 (c) shows XRD peaks at 28.7° can be observed for the sample with pre-heated treatment
(annealed at 60 °C for 10 minutes), which can attributed to the MACL.3* Small intensity diffraction
peaks at 12.2°, 14.2°, 15.8° and 16.9° appears, which are signature of Pbl, (001), MAPbI; (110),35
37 MAPbBCl; (100),%® and PbCl, phase®* respectively. For the perovskite films after pre-heated
treatment, the new peaks at 6.2° appeared, the peak represents the intermediate Pb-DMF complex.35-
37 For the perovskite films annealed at 60 °C for 10 minutes, diffraction peaks at 15.8° and 31.7°
shown substantial improvement. (20 times) representing the (100) and (200) cubic crystal structure
peaks for MAPbCl;.3® The peak intensity at 12.2° indexed to Pbl, shows substantial growth
indicating increased amount of crystalline Pbl,. On contrary, the peak at 16.9° representing PbCl,
is disappeared.

From X-ray diffraction measurements and previous reported studies on CH3;NH;PbI,Cl;_

phase transformation.’#3%-43 We propose following reaction (1)

PbCl, +3MAI — MAPBI, +2 MACI T (MA: CH,NH, )........... (1)

Small amount of Pbl, phase is observed for the sample without pre-heated treatment. This is
surprising and possibly due to the room temperature ion exchange between PbCl, and MAlas
presented in Equ.(2). Moreover, we can observe other crystalline phases clearly in the X-ray
diffraction pattern of the film without annealing treatment this indicates standing time can provide

sufficient energy for phase formation. Successive post annealing accelerated DMF evaporation,
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resulting in formation of intermediate Pb-DMF complex. The already formed MACI and Pbl, react
with PbCl, and MAI to form MAPbCl; and MAPbI; (equation (3) and (4)). As the crystalline phase
of PbCl, formation is higher than the Pbl,. this results into formation of MAPbC]; phase this can be
clearly observed in X-Ray diffraction and shown in reaction (3). After pre-heated treatment, a
significant MAPbCl; and Pbl, appeared by consuming PbCl, which is completely disappeared. This
indicates that the pre-heating promotes reaction (2) and (3). Some fraction of PbCl, may translate
into Pbl, by reaction (2), remaining fraction reacts with MACI to form MAPbCIl;. The absence of
XRD peak at 28.4° for the sample with pre-heating might be related to the decomposition of MAPbI;

(equ.(5)) during the pre-heating process.

PbCL +2 MAI = PbI, +2MACIT ............. (2)
PbCly + MACI == MAPBHCl,.....ovoververrerenen. (3)
PbI, + MAI == MAPBL........oooovroeerererrrnnen.. (4)

MAPbL, === Pbl, + CH,NH, T +HI T .......(5)

3.3 Growth Mechanism of Perovskite Film during Delaying in Annealing Process

(a)
MA]’I)IJ
MACI
MAPm,L
3
i |m
E h
H
13
Pl |
l MAPHCI,
A
| A
015 20 25 30 3 8
WY S
20(degree) & :‘?s"!f‘}, >
(0]
o i, “

AdeMar 8L 3 V{:S-i @ 5T .
g’{DMF ":g;‘;fk‘ T

Precursor solution |PbIg[+ nuclei in solution Nuclei composition Perovskite erystal

Figure 3. XRD spectrum (a) and optical microscopy images (b-e) of initial stage of perovskite nucleation with

different standing time. (f) Schematic nano-assembly process of perovskite crystallization.
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After pre-heated at 60 °C for 10 minutes, the perovskite films were treated with different
standing time and the mechanism of the standing time influence the formation of high quality
perovskite films were investigated systematically. Fig.3 displays XRD spectrum (a) and the optical
microscopy images (b-¢) of thermal treated perovskite films with different standing time. (f) is the
Nano-assemble model of the perovskites from the pristine precursor solution to perovskite crystals.

As observed from X-ray diffraction Fig.3 (a) of perovskite films treated with delaying different
time to anneal after pre-heated treatment, perovskite mainly composed by cubic phase MAPbCls,
and accompanied by tetragonal phase MAPbI; (XRD peaks at 14.2° and 28.4°) and crystalline
MACI exists at 28.9°. For the sample with standing time of 0.5 hours, the peak intensity of tetragonal
phase MAPbI; and MAPbCl; significantly enhanced. On prolonged standing time to 1 hour, the
diffraction peak of MAPbDI; further improved intensity. However, the peak intensity of MAPbCl;
reduced. It is observed from X-ray diffraction measurements that the perovskite films formed
employing delaying annealing yields high crystalline characteristics and good coverage as a result
of controlling the evaporation of solution and phase transition during delaying annealing process.
Optical microscopy is employed to monitor the surface of perovskite films. The results showed in
Fig.3. Interestingly, the sample with standing time 0.5 hour (Fig.3(b))shows irregularly distributed
flower-like shaped nuclei gradually emerged from the substrate. The magnified optical microscopy
image shown in Fig. S2.'1-44 Further prolonging standing time to 1 hour, results in the formation of
the big spherical crystals, uniformly distributed on the surface of the substrate (Fig.3(c)) showing
formation of a dense perovskite films. Further increasing the standing time upto 2.5 hours (Fig.3(d)),
nuclei became more larger and shows more homogeneous distribution.*>*® These results confirmed
that the nucleation stage is well controlled by delaying annealing process. Which determines the
final morphology of the perovskite films. The number of nuclei shown obvious decrease when the
standing time increased to 5 and 10 hours (Fig.S3(a) and (b)). This is an indication that the nuclei
have grown into bigger crystalline grains.*: 0

These results confirmed that delaying annealing process not just affects the formation process
of nucleation but homogeneous growth of perovskite crystals, this is because this process offers the
nuclei enough time and space to adjust themselves to adopt the equilibrium condition of
homogeneous distribution required for smooth and better quality of perovskite films. Also it is

reported that CH3NH;* rich environment can slow down the perovskite formation process and thus
11
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improve the growth of the crystal domains.** Besides, the evaporation of DMF promote the growth
of crystal along the grain boundary. So, larger perovskite grains and less grain boundaries appears
for perovskite film.

The transformation of pristine precursor solution into perovskite polycrystals is described by
following three nano-assemble steps: ( I ) After spin coating precursor solution, the sample is pre-
heated at 60 °C for 10 minutes resulting into formation of [Pblg]* cage. [Pbls]* octahedron
surrounded with MAI and DMF solvent by electrostatic forces (Fig. 3(f)). (II ) Variable standing
time after pre-heating provides enough time for the solvent evaporation to decrease the inter-cage
distance for [Pblg].3? (Il ) After post fine-tuning the standing time, it is required to continue with
conventional gradient annealing process (second annealing) to eliminate the by-products and to get

the high quality perovskite crystals.

3.4 Device Performance
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Figure 4. (a) Current density-voltage (J-V) curves of the reference devices and the devices of absorber films treated
with pre-heated delaying 1 hour to anneal, which under AM 1.5 solar illumination to measure. (b) External quantum
efficiency (EQE) spectrum of the cells. (¢) The box diagrams of devices parameters, the corresponding absorber

layers treated with pre-heated, variable delaying annealing time. Cell size: 6.25 mm?,

As observed from the X-ray diffraction, UV-visible characterization and further proved from
enhanced device efficiency, the formation of nuclei and the quality of perovskite films were
impacted remarkably by pre-heating and delaying annealing process. Thus, the relationship between
photovoltaic performance of PSCs and corresponding perovskite films with pre-heated delaying
different annealing time is studied. Fig.4(a) shows the current density-voltage (J-V) curves of
champion PSCs assembled with the perovskite absorber films treated with conventional annealing
process (reference device) and pre-heated delaying 1 hour to anneal, which were measured by
reverse bias scan under 1 sun AM 1.5 G illumination. The optimized device with standing time of
1 hour yeild a highest record PCE of 16.18% (Jsc = 22.5 mA/cm?, Voc = 0.94 V and Fill factor =
76.3%). External quantum efficiency (EQE) spectrum of the respective films (Figure 4(b)) shows
that the PSCs prepared with delay annealing perovskite films for 1 hour shows highest coverage
reaching maximum at 85% of the EQE spectrum.

For all devices, EQE reached a peak value at ~480 nm with a gradual decrease from 500 to 580
nm. There is no large difference between 0 and 5 hours among 300-500 nm. However, the sample
with delaying 5 hours to anneal showed a remarkable decrease at 600-800 nm, indicating a
photocurrent loss due to either decrease in the absorption of perovskite layer or possible optical
interference.?® Devices prepared from the perovskite absorber films of increased standing time, the

EQE spectrum coverage reached maximum at 1 hour standing time and then further increasing

13
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standing time decreased the EQE coverage. Perovskite films with standing time for 1 hour achieved
the highest values and shown a broad plateau over 80 % between 400 and 750 nm wavelength
verifying excellent photoelectric conversion characteristics.

The photovoltaic parameters, open-circuit voltage (¥oc), short-circuit current density (Jsc), fill
factor (FF) and PCE of 12 devices with different standing time are shown in Fig. 4(c) and
corresponding photovoltaic parameters are summarized in Table S1. Devices prepared with
absorber layer of delaying annealing time shows improved current density (Jgc) until delay time
reaches 1 hour further prolonging delay in annealing shows drop in current density. The same trend
is shown for open-circuit voltage. With the optimized standing time of 1 hour, the efficiency of
PSCs substantially raised from 12.35% (reference devices) to 16.18%. The improved performance
is directly related to the good coverage, high crystalline quality. Devices with high quality absorber
films would effectively decrease charge carrier trapping rate.2”-?% 51 52 Dark current measurement
were carried out to characterize the recombination of free carriers and charge carrier loss, as
displayed in Fig.S4.The improvement in open-circuit voltage is due to the reduced defect-induced
recombination in the devices.> >4,

The perovskite devices prepared from absorber layer of prolonged standing time of 2.5 to 5
hours shown gradual drop in efficiency. The performance of device with film delaying 2.5 hours to
anneal dropped mainly since the formation of Pbl, as well the intermediate phases increased rapidly
While perovskite phase decreased during the waiting period which passivate the grain boundaries
and usually worked as recombination centers.® 3> 37 However, the performance dropped
substantially for the devices with absorber films having standing time of 7.5 hours (Fig.S5(a) and
(b)), this can be explained by the fact that the intensity of MAPbC]l; raised again since 7.5 hours
(Fig.S3(c)), clarifying that mentioned phases during the waiting period also influenced the intensity
of final perovskite film and the related device performance enormously. It is widely reported that
MAPDI,Cl;_ films hold the same characteristic XRD peaks as the MAPDI; films. Hence the specific
compound can not to be identified.>-® We believe that the variable ratio of CI/T among the films
formed as a result of variable delaying annealing time have significant effect on photovoltaic
performance.

The devices with pre-heated delaying annealing time of 1 hour exhibited the best PCE values.

We observed that pre-heating and delaying annealing process are advantageous to improve the
14
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device performance. Especially, for large scale production delaying annealing time need to be

considered as one of the crucial parameters to control the quality of perovskite films.

4. Conclusions

In summary, we have discussed the necessity of pre-heating process before conventional delaying
annealing to fine tune the nuclei growth , promote homogeneous nucleation and for obtaining high
quality MAPbCI; films. Fine-tuning the delaying annealing time after pre-heated treatment.
facilitate homogeneous nucleation and improve the optoelectronic quality of the perovskite films.
Planar perovskite solar cells prepared with optimized delay annealing of 1 hour resulted into
champion performance with highest PCE of 16.18%. This is significant improvement in
performance as compared to the devices (12.35%) prepared with conventional annealing treatment.
The finding of this work specially the pre-heated delaying annealing process that shown enhanced
optoelectronic and crystalline properties of perovskite films is promising to extend the improvement
in the performance of other mixed cation perovskite solar cells as well for development of highly

sensitive large scale fabrication of perovskite solar cells.

Supporting Information. cg-2019-00024d.R2 contain the supplementary data for this paper.
The following files are available free of charge. Additional details of Scanning electron microscope
images, XRD patterns, UV-visible spectra, optical microscopy, current-voltage density curves,

and histogram of device parameters in table as well figures (PDF)
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