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ARTICLE INFO ABSTRACT

Perovskite solar cells (PSCs) have earned widespread attention owing to its fast-growing power conversion
efficiency (PCE). However, there are some challenges for this type of solar cells. The toxicity issue, current
density-voltage (J-V) hysteresis, and uncertain stability hinder commercialization. In this study, we developed
the PSCs with MAq 4FA ¢BasPb;.,I,Cls.y film as active layer. The MAq 4FA¢ ¢Ba,Pb;4I,Cls., film with various
barium doping concentrations were fabricated by solvent engineering method. We investigate the surface
morphology, crystal orientation, and optical property of various perovskite films. Furthermore, the in situ
grazing-incidence wide-angle X-ray scattering (in-situ GIWAXS) is used to analyze the heating crystallization
process of perovskite film. We discover that Ba can improve crystallinity and structural stability. For the optimal
5.0 mol% Ba replacement, the PCE of perovskite device is increased to 17.4%, the J-V hysteresis can be com-

Keywords:

Perovskite solar cell
Barium dopant

Power conversion efficiency
In-situ GIWAXS

J-V hysteresis

pletely eliminated and the device demonstrates long-term stability.

1. Introduction

Perovskite solar cells (PSCs), a highly-efficient photovoltaic tech-
nology, is considered to be the most promising renewable energy
sources in the 21st century, owing to its rapidly improved power con-
version efficiency (PCE). Since T. Miyasaka group published the PSCs
with PCE of 3.8% in 2009 [1], a great deal of effort has been devoted to
transporting material design, interfacial engineering, composition en-
gineering for pursuing highly-efficient PSCs [2-10]. To date, the PCE of
PSC is successfully raised to 25.2% by KRICT/MIT and Korea University
[11]. The outstanding photovoltaic performance dramatically improves
the commercialization potential of PSCs.

As we know, PSCs contain harmful element lead (Pb) that increases
environmental damage, and also presents many difficulties for the
factory to mass-produce. Moreover, long-term exposure to lead has a
wide range of effects on a child's development [12]. It is imperative to
develop Pb-free or Pb-reduced perovskite to improve the competitive-
ness of PSC [13-20]. When pursuing the alternatives for the toxic lead,

many factors need to be concerned. For the stability of the perovskite
structure, the size of the ionic radius should be considered. According to
the role of Goldschmidt's tolerance factor and octahedral factor, the
divalent metal ions, such as tin (Sn) [21-23], germanium (Ge) [24],
calcium (Ca) [25,26], strontium (Sr) [27-29], barium (Ba) [29,30], etc
[31,32] can be seen as the candidate for replacing Pb in perovskite unit
cell. To date, many research groups demonstrated Sn-based PSC with
the PCE of ~10%. Nevertheless, the strong oxidizing property of Sn®*
to Sn*™* extremely degrades the stability of PSCs [18,33].

Partial substitution of Pb by divalent metal ion has attracted great
interest to achieve environmental protection and to enhance PSC per-
formance. L. Ji et al. demonstrated that the Pb-Sn mixed triple cation
PSC shows a high PCE of 16.10% without hysteresis phenomenon be-
cause of the optimized band alignment [34]. X. Du et al. reported that
(FASnI3)o ¢(MAPDI3), 4 solar cells exhibited PCE of 14.56% by Me4NBr
surface treatment [35]. C. Lu et al. partially replaced Pb by Ca and they
found that 0.1% Ca®* incorporation could enhance the photovoltage
and photocurrent of the device [36]. P. Caprioglio et al. demonstrated
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Fig. 1. FE-SEM images of (a) MAg 4FA0 ¢PbI,Cls.y, (b) MAy 4FA¢.6Bag.03Pbo.o71yCls.y, (€) MAy 4FA¢.6Bao.osPbo.oslyCls.y, and (d) MAg 4FAo.¢Bag.10Pbo.oolyCls.y films.

that the incorporation of Sr into perovskite film could reduce the non-
radiative recombination losses [27]. The PSC with 2.0% Sr incorpora-
tion exhibited high open-circuit voltage (V,.) of nearly 1.18 V [37].

In our previous work, we partially replaced the Pb by Ba and ob-
tained a perovskite structure of CH3NHj3Ba;..Pbyl5.,Cl,. The photo-
voltaic characteristics of PSCs based on Ba®*-doped perovskite active
layer are discussed thoroughly. We also studied the crystallinity,
bandgap, surface microstructure and charge carrier dynamics of per-
ovskite films systematically [38]. Therefore, the study of Ba replacing
Pb has received some attention [30,39-42]. So far, how to balance the
amount of Pb replacement with photovoltaic performance is still a
challenge.

In this study, we fabricated the perovskite devices with
MA, 4FAq ¢BayPb;.,I,Cls., active layer by traditional anti-solvent treat-
ment. The crystal structure, optical property, and surface morphology
of MAq 4FAq ¢BayPb;.,I,Cls, active layer with different doping levels
were investigated. Besides, the intermediate phase of
MA 4FAq ¢BayPb;4I,Cls. film is also discussed in this research by in-
situ GIWAXS measurement. Finally, the PCE of MAg 4FA ¢BayPb;.
«IyCls.y solar cell is enhanced significantly, and the as-fabricated PSC
yields a champion PCE of ~17.4% without anomalous J-V hysteresis.

2. Experimental details
@ Synthesis of perovskite precursor solution

For MAg 4FAq ¢Ba,Pb;.,I,Cls., precursor solution (1.70 M), CH;NH;I
(MAI, FrontMaterials)/CHsIN, (FAI, FrontMaterials) (molar
ratio = 0.4/0.6), lead iodide (Pbl,, 99.9985%, Alfa Aesar)/lead
chloride (PbCl,, 99.999%, Sigma-Aldrich) (molar ratio = 0.9/0.1), and
barium iodide (Balp, 99.995%, Sigma-Aldrich) with various doping
concentrations are dissolved in a mixture solvent (1:1 v/v) of dimethyl
sulfoxide (DMSO, 99.9%, ECHO) and y-butyrolactone (GBL, =99%,
Sigma-Aldrich) at 40 °C, under a continuous stirring for 24 h. The dense
TiO, precursor solution and mesoporous zinc-doped TiO, paste were
synthesized according to our previous study [43]. The hole transport
layer solution was composed of 80 mg spiro-OMeTAD (FrontMaterials),
28.5 pL 4-tert-butylpyridine (tBP, 96%, Sigma-Aldrich), 17.5 pL Li-TFSI
solution (Li-TFSI, 99.95%, Sigma-Aldrich, 1.8 M in acetonitrile), and

1.0 mL chlorobenzene (C¢HsCl, CB, 99.8%, ACROS). The mixture was
stirred for 30 min until spiro-OMeTAD was completely dissolved [44].
All of the solution were prepared in the humidity box (~1.0% relative
humidity, 25 °C). All chemical compounds were used without any
purification.

@ Fabrication of Perovskite Devices

The FTO substrate (7 Q, Ruilong) was cleaned by sequential soni-
cation in detergent, acetone, and isopropanol. Then the FTO was irra-
diated in the UV-ozone cleaner for 30 min. The TiO, precursor solution
was coated on the FTO glass at 450 °C for 30 min by spray-coating
method to form a dense TiO, layer [45]. The dilute mesoporous zinc-
doped TiO, paste was printed on a dense TiO, layer by screen printing
method and calcined at 500 °C for 30 min. The MAq 4FAg ¢BayPb; ,I,Cls.
y precursor solution was coated onto the mesoporous zinc-doped TiO,
at 1000 and 5000 rpm for 10 and 20 sec, respectively. After 17 sec,
300 pL of CB was dropped on top of the MAg 4FAq ¢BayPb;_4I,Cls , film
and annealed at 100 °C for 10 min. The spiro-OMeTAD precursor so-
lution was spin-coated onto the MAg4FA¢BasPbyI,Cls, film at
4000 rpm for 30 sec. For metal electrode fabrication, 120 nm of Au
electrode was thermally evaporated on the MAg 4FAq ¢Ba,PbyI,Cls.,
device with a shadow mask (0.09 cm?).

@ Characterization of Perovskite Materials and Devices

The surface microstructure and elemental mapping of
MA 4FAq ¢BayPb;I,Cls, film were observed by FE-SEM (su8010,
HITACHI) and EDS (XFlash 5030, Bruker). The topographic image and
surface roughness of MAq 4FAq¢BayPbyI,Cls, film are analyzed by
AFM (Dimension-3100 Multimode, Digital Instruments) in the tapping
mode. Synchrotron-based glazing-incidence wide-angle X-ray scattering
(GIWAXS) was collected by synchrotron X-ray spectroscopy
(A ~ 1.0256 A) on beamline 23A and 13A1 of the National Synchrotron
Radiation Research Center (NSRRC) in Hsinchu, Taiwan. The absorp-
tion spectra were obtained by UV-vis spectrometer in the range
600-1000 nm (V-730, Jasco). For the PL spectra and charge carrier
dynamics measurement, the data was performed as our previous report
[38]. The current density-voltage (J-V) performance of the various PSCs
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were measured with a Keithley 2400 m under 100 mW/cm?, AM 1.5G
sunlight illumination (YCSS-50, Yamashita) using a KG5 filtered Si as
the reference cell. The device was surveyed by reverse (from 1.2
to — 0.1 V) and forward (from — 0.1 to 1.2 V) scan with the delay time
of 200 ms.

3. Results and discussion

Fig. 1 shows the surface microstructure of various
MA, 4FAg ¢BayPb,,I,Cls, films with different Ba doping levels. The
MAo 4FAg PbI,Cls.y film contains small crystal grain (~100 nm) on the
surface (Fig. 1(a)). When the doping level increase to 3.0 and 5.0 mol%,
the MAQA4FA0.6B30.03Pb()‘g71yc13_y (Flg 1 (b)) and
MAg 4FAq.6Bag.05Pbo.oslyCls.y (Fig. 1(c)) films show the homogeneous
surface morphology and larger crystal grain (~350 nm). Substitution of
Ba atoms with larger radius for Pb in perovskite film would affect the
colloidal seed formation in the perovskite precursor solutions which is
beneficial for forming a homogeneous surface morphology and high
coverage [42]. As we know, larger perovskite grain and continuous film
are important for high performance device [46]. At 10.0 mol% Ba
doping level, the film exhibits large crystal grain (> 500 nm) but ap-
pears pinholes and voids (Fig. 1(d)). This may be due to the change of
crystallization rate or induced non-uniform micro-strain under a large
amount of Ba doping [41]. The poor coverage will deteriorate the
performance of perovskite device. To further discuss the topography of
various MAy 4FA ¢Ba,Pb,,I,Cls., films, AFM was used to measure the
roughness of MAg 4FAq ¢BayPb;.4IyCls.y film and the AFM images are
shown in Fig. 2(a-d). The root mean square roughness (R,) of perovskite
film is 30.0 nm with 5.0 mol% Ba doping, which is far smother than
pristine perovskite film (57.3 nm) (Fig. 2(e)). Nevertheless, due to the
formation of pinholes, the Ry of MAg 4FAq 6Bao.10Pbo.oolyCls.y film in-
creased to 42.4 nm.

We examined the preferred orientation of the crystalline planes of
several MA, 4FA, ¢Ba,Pb,,I,Cls., films measured by the synchrotron-
based GIWAXS. Fig. 3(a-d) display a 2D scattering patterns of the
samples consisted of FTO/TiO/MAg 4FAy ¢BaPby,I,Cls., with dif-
ferent Ba doping concentration. All of the samples exhibits a strong
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diffraction signal for (1 1 0) and (2 2 0) plane. Remarkably, we can
observe the change of preferred orientation for stacking patterns along
with (1 1 0) with different Ba doping levels. Fig. 3(e) demonstrates the
integrated intensity plots of the 2D scattering patterns corresponding to
Fig. 3(a-d) along q, direction. Obviously, the relative peak intensity of
perovskite (1 1 0) plane increased with increasing the Ba doping con-
centration. These results indicate that the crystallinity of
MA 4FAq ¢BayPb;.,I,Cls, can be increased by Ba concentration incre-
ment. A slight doping could improve crystallinity instead of shifting the
peak position [42]. Fig. 3(f) shows azimuthal intensity plots corre-
sponding to Fig. 3(a-d) along the ring at ¢ = 10 nm~* The non-doped
film displays higher intensity at azimuth angle of about 23° and 50°
[47]. When the Ba doping level is increased, the intensity at azimuth
angle of about 23° and 50° is distinctly decreased. It is worth noting that
the relative peak intensity at 90° is increased with increasing the Ba
doping level. The Ba doping into the perovskite film not only changes
the crystallinity but also changes the preferred orientation of the
crystalline plane.

We characterized the optical behavior of MAg 4FAg ¢BaxPb;4I,Cls.,
films with different doping level of Ba. With Ba doping, the absorption
spectra of perovskite film show red-shift (Fig. 4(a)). This result is
consistent with our previous study [38]. The Tauc’s plots exhibit the
bandgaps of the MAg 4FAq ¢BayPb; I Cls., film with and without Ba
doping (Fig. 4(b)). The bandgaps of the films were calculated via the
absorption spectra. The bandgaps were 1.55, 1.54, 1.53, and 1.52 eV for
0.0, 3.0, 5.0, and 10.0 mol%, respectively. These results show that in-
creasing Ba doping decreases the bandgap of the parent perovskite. J.
Navas et al. reported that the doping agent could modify the electronic
band structure with the ions in the network, resulting in the modified
bandgap [48]. The change in bandgap can affect the band alignment,
which affects the photovoltaic performance of perovskite device.

To reveal the effect of charge carrier extraction of FTO/TiO,/
MAo 4FA¢ ¢BayPb; ,I,Clsy, we explored the PL spectra and time-re-
solved PL characterization (Fig. 5(a, b)). The PL spectra of perovskite
film with TiO, quencher exhibits the decreasing trend when Ba doping
level is ascending to 5.0 mol% (Fig. 5(a)). This result indicates that the
perovskite film with slightly Ba doping can reduce nonradiative
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Fig. 2. AFM images of (a) MAy 4FA¢ ¢Pbl,Cls.y, (b) MA 4FA¢ 6Bag 03Pbo.o71yCls.y, (€) MAg 4FA¢ ¢Bag.osPbo.oslyClsy, and (d) MAg 4FAqeBag.10Pbo.o0lyCls.y films. (e)
The root-mean-square roughness of MAg 4FAo ¢Ba,Pb;.,I,Cls., film with different concentration.
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recombination and promote electron extraction from perovskite film to
TiO, layer. The PL intensity increases again for perovskite film with
10.0 mol% Ba doping. This result evidences that excessive Ba doping
can cause electron hole recombination. We further investigated the
transient PL decay plots of various MAq 4FAq ¢Ba,Pb; I,Cls., samples. A
bi-exponential decay function was applied to fitted the TRPL decay
curve [49,50],

F(t) = Aexp(—i) + Bexp(—i)
q o

where A and B are time independent coefficient of weight fraction, 5

and ©, are fast decay lifetime and slow decay lifetime. The average

decay lifetime was calculated using the following equation:

Tavg = (Ag + Bn)/(A + B)

The measured 7, o, and 7.,y for MAg 4FA¢ ¢BayPb; ,I,Cls , films are
listed in Table 1. The PL decay process shows a carrier recombination
process as characterized by 5, as well as a injection of free carriers in
the perovskite to TiO», as characterized by 5 [51]. For the non-doped
perovskite film, 5 is 21.5 ns, 7, is 55.7 ns and their weight fractions are

(a) ..

1.2

Ba-0.0 mol%
Ba-3.0 mol%
Ba-5.0 mol%
Ba-10.0 mol%

0.8

Absorbance

0.4

0.0 L A
600 700 800

Wavelength (nm)

900 1000

55.8% and 44.2%, respectively, leading to a 4 of 36.6 ns. On the other
hand, the 7,,, of Ba doping MAq 4FA¢ ¢Bao.osPbo.oslyCls.y film is sig-
nificantly decreased to 12.5 ns. These results indicated that an en-
hanced charge extraction efficiency to the TiO, electron transport layer
and restrained carrier recombination, and it is attributed to the compact
surface microstructure and enlarged grain size of the
MA 4FAq.6Bag.0sPbo.os1yCls.y film. While further increasing Ba doping
ratio, the 7,5 of MAg 4FAq 6Bag.10Pbo.oolyCls., film slightly elevated to
23.8 ns. The increase in PL decay lifetime is due to the increased carrier
recombination fraction (30.6%).

We fabricated the PSC adopting the architecture of FTO/dense
TiO,/mesoporous  zinc-doped TiO,/MAg 4FAq ¢BayPb;I,Cls.y/spiro-
OMeTAD/Au electrode. Fig. S1 shows the PCE distribution of solar cells
with different doping levels. The PSCs with MAg 4FAg ¢Bag.o5Pbo.osl,Cls.
y active layer exhibit higher PCE. Fig. 6 is the current density-voltage
(J-V) performance and photovoltaic parameters of 0.0 mol% (Fig. 6(a)),
3.0 mol% (Fig. 6(b)) 5.0 mol% (Fig. 6(c)), and 10.0 mol% (Fig. 6(d)) in
both forward and reverse scan directions. The highest PCE of device-
based perovskite films with 5.0 mol% Ba doping is 17.4% with a Voc of
1.09 V, Jsc of 23.5 mA/cm?>. It is worth mentioning that even increasing
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Fig. 4. (a) Absorption spectra and (b) Tauc’s plots of the MAg 4FAq ¢Ba,Pb;,I,Cls., film with different doping levels.
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Fig. 5. (a) PL spectra, and (b) time-resolved PL characterization of the FTO/TiO2/MA¢ 4FA ¢Ba,Pb;.,I,Cls., with different doping levels.

Table 1

List of measured fast decay lifetime (t,), slow decay lifetime (t5), and average
decay lifetime (tayg) for the film of FTO/TiO2/MAq 4FAg ¢BayPb; 4I,Cls.y.

Sample Name A (%) 1, (ns) B (%) T, (ns) Tavg (DS)
MA 4FAo 6PbIL,Cls 55.8 21.5 44.2 55.7 36.6
MAo.4FAo6Bao03Pbo.oslyClay  62.4 19.6 37.6 47.7 30.2
MAo 4FA¢ 6Bao.0sPbo.osl,Clz.,  81.0 9.4 19.0 25.6 12.5
MAo 4FAo 6Bao.10Pbo.ool,Clz.y  69.4 15.8 30.6 42.0 23.8
25
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the doping concentration to 10.0 mol%, the perovskite device still
maintains a performance of > 15%. For J-V hysteresis measurement,
the hysteresis index (HI) of PSC with different active layer are calcu-
lated. The HI is governed by the following equation [52]:

_ Jrs(0.8Voe) — Jrs(0.8Vic)

HI

Jrs (0.8V5)

where Jgs (0.8V,.) and Jrs(0.8V,.) characterize current density at 80% of
Vo for the reverse scan and forward scan. For the perovskite layer
without Ba doping, the HI is 0.036. After 5.0 mol% Ba doping, the HI
decreased to 0.015, which could be assigned to the high crystallinity
and flat surface morphology of the MAg 4FAq ¢BayPb;.4I,Cls., film. In
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Fig. 6. J-V curves of Ba-doped PSCs with (a) 0.0 mol%, (b) 3.0 mol%, (c) 5.0 mol%, and (d) 10.0 mol% Ba-doped perovskite active layer.



S.-H. Chan, et al.

600

500

»
o
o

Time (sec)

addition, the HI slightly increased to 0.017 with 10 mol% Ba doping
because the pinholes and void on perovskite film hindered the electron
and hole from transferring to TiO, electron transport layer and hole
transport layer.

We have found that using Ba-doped perovskites can effectively
improve efficiency and reduce hysteresis. Here we discuss the dis-
tribution of Ba element in the perovskite film. The distribution of Pb,
Ba, and I was investigated by EDS mapping. Fig. S2 shows that the Pb
(Fig. S2(c)), Ba (Fig. S2(d)), and I (Fig. S2(e)) are uniformly distributed
on the perovskite film.

From the above analysis, we know that PSC with
MAo 4FAq.6Bag.0sPbo.osl,Cls.y active layer exhibits higher PCE. To fur-
ther investigate the effect of Ba on structural implications of the pre-
cursor solvate formation, we used in-situ GIWAXS to analyze the
heating crystallization process of the perovskite layer from precursor
film to solid film. The entire crystallization process can be completely
recorded, and even the crystallization of the intermediate phase can be
observed. Fig. 7 is the contour map of in-situ GIWAXS results. The
corresponding 1D patterns (Fig. S3) are also demonstrated. Fig. 7(a)
exhibits crystallization process of MAg 4FAg ¢PbI,Cls.y, the intermediate
phase disappears in ~100 sec, then the tetragonal perovskite phase
appears. At ~300 sec, the perovskite phase shows high crystallinity, but
from 300 to 600 sec, the intensity of the perovskite phase is weakened
and the intensity of the Pbl, signal is distinctly increased. This indicates
that overheating causes the perovskite phase to decompose and produce
Pbl, [53,54]. In contrast, perovskite film with Ba doping shows higher
intermediate phase signals. At ~250 sec, the perovskite phase shows
high crystallinity and maintain high crystallinity to 600 sec. Mean-
while, MAq 4FA¢ ¢Bag o0sPbg.o51yCls., film shows weaker signal of PbI,.
The Ba doping can effectively promote the transformation from inter-
mediate phase to perovskite phase and suppress the formation of un-
desired Pbl,.

Ambient stability is a key factor that greatly affect the commercial
application of perovskite devices [55-57]. For the stability test, the
PSCs were stored in the ambient atmosphere (~30% relative humidity,
25 °C) without encapsulation. The PSCs with 0.0, 3.0, 5.0, and 10.0 mol
% Ba doping concentration reached 92, 93, 99, and 91% of its initial
PCE after 720 h, respectively. (Fig. 8). In addition, we also measured
the light soaking stability of PSCs under AM 1.5G sunlight illumination
for 2 h (Fig. S4). It can be observed that the PSC with
MAo 4FAq.6Bag.0sPbo.osl,Cls.y shows higher stability than the PSC with
MAO'4FAO_6PnyCl3_y. The PCE of the PSC with MAO.4FAO_6PnyC13_y de-
creases to 61% of its initial PCE after light soaking for 2 h. In contrast,
the device with MAg 4FAqeBag osPbo oslyClsy shows the PCE
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Fig. 7. In-situ GIWAXS measurements showing the crystallization process during heating process of the perovskite active layer (a) without and (b) with Ba doping.
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Fig. 8. Long-term stability of the MA, 4FA¢ 6Ba,Pb;.4I;Cls.y solar cell with dif-

ferent doping levels under ambient atmosphere (~30% relative humidity,
25 °C).

degradation to 75% of the initial value. These results indicate that
~5.0 mol% Ba doping could effectively improve crystallinity and
crystallite size of perovskite film and further enhance the stability of the
PSC. Moreover, the in-situ GIWAXS analysis shows that Ba doping can
also improve the stability of crystal structure. This promotes the Ba-
doped perovskite device with high PCE for a long time.

4. Conclusion

We have successfully fabricated the PSC with MAg 4FAq ¢Ba,Pb;.
«lyCls.y active layer by the solvent engineering method. The optimized
device was determined by optical behavior, surface morphology, and
photovoltaic performance. The crystallization process of perovskite film
was measured by in-situ GIWAXS to observe the effect of Ba on inter-
mediate phase and structural stability. With 5.0 mol% Ba replacement,
the optimized PCE is increased to 17.4%, the J-V hysteresis can be
completely eliminated, and the device demonstrates long-term stability.
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