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Hybrid lead halide perovskite structured materials have created enormous expectations for low-cost and
high-performance optoelectronic devices. The light-harvesting active layer of perovskite solar cell con-
sists of hybrid organic-inorganic lead halide-based material. In this study, we successfully fabricated the
perovskite photovoltaics with partial substitution of the lead cation (Pb?*) with calcium ion (Ca%*). The
incorporation of Ca%* into the original structure was analyzed to observe the doping effect on the crys-
talline structure and the optical properties. Moreover, UV-vis spectra showed the decreased bandgap with
ascending the dopants Ca* amount. 1.0 mol% Ca-doped perovskite film has the lower emission energy,
and it shows the low recombination behavior. After optimizing the perovskite solar cells, the Vo is in-
creased from 0.93 to 0.98 V, the Ji is increased from 17.4 to 19.1 mA/cm? and the power conversion
efficiency is enhanced from 10.7 to 12.9% by using 1.0 mol% Ca-doped perovskite material.

© 2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Hybrid lead halide photovoltaic device has been considered as
one of the promising technologies for future photovoltaics, because
of the rapid rise of the achievable power conversion efficiency
(PCE) [1]. Currently, the certified PCE approached to 22.1% since the
initial report of 3.8% demonstrated by Miyasaka group in 2009 [2-
10]. The structure of perovskite materials are similar to the mineral
calcium titanium oxide, and the chemical formula is ABX3, where
A, B, and X are denoted as organic cation, metal ion, and halide, re-
spectively [11,12]. Most of the perovskite materials used as emerg-
ing photovoltaic devices contain the lead component. The existence
of lead can cause toxicological and environmental issues [13-15].
Therefore, many research groups focused on discovering the new
perovskite materials that can replace the lead and improve pho-
tovoltaic performance. In addition, the hybrid perovskite materials
exhibit high absorption characteristics, tunable bandgap, long dif-
fusion length, and high carrier mobility [16-23].

Recently, the lead-free perovskite solar materials based on Sn2+
have been studied. However, the PCE of tin-based perovskite so-
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lar cells is not over 7% due to the unstable properties and poor
film coverage [24-26]. Moreover, controlling the Sn-Pb ratio can
tune the absorption of Sn-Pb binary metal perovskites. Up to now,
the binary metal-based perovskite solar cells have achieved over
PCE of 13% [24,27-29]. It is necessary to seek the replacements
or substitutions for achieving high performance lead-free or lead-
reduced perovskite solar cells. Moreover, partial substitution of the
Pb2+ by doping AI3* was able to obtain the high quality perovskite
film and therefore increase the PCE [30]. High quality In-Pb per-
ovskite film was studied, and it showed the multiple ordered crys-
tal orientations. The efficient charge transport occurred at mul-
tiple directions so that it can improve photovoltaic performance
[31]. The perovskite thin film with small amounts of Sr®* doping
(0.01 < Sr/Pb < 0.05) can enhance the charge carrier lifetime and
decrease surface roughness [32]. Importantly, the metal ion can
slightly change the crystallinity, optoelectronic characteristics, or
optical properties of the perovskite absorber layer. Therefore, some
of the research groups are focusing on the partial substitution of
Pb%* to fabricate the perovskite solar cells. The Pb%*+ position of
hybrid perovskite materials with slightly replaced by Cd%+ or Ca%*
showed the red shift of the absorption spectra. The toxicity of Cd%+
limited its practical application. Ca-doped perovskite material ex-
hibited low emission values from the cathodoluminescence spec-
tra, so it could display low recombination behavior [33]. In addi-
tion, Pazoki et al. showed three alkaline-earth metals (Ca, Sr, and
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Ba) are the potential candidates for replacing the lead to fabricat-
ing the perovskite materials due to the Ca2*t, Sr2*, and Ba%* have
similar size and same charge as Pb2* [36].

In this study, we successfully fabricated the perovskite photo-
voltaics with partial substitution of Pb2* by doping Ca2*. The in-
corporation effect of Ca’+ was analyzed to observe the changes
in crystalline structure and optoelectronic properties. X-ray diffrac-
tion (XRD) results showed the increased (110) facet with increasing
the Ca?* concentration in methylammonium lead halide. Moreover,
UV-vis spectra showed the decreased band gap with ascending
the Ca?* doping concentration. The results indicated that it could
enhance the utilization of visible light. After optimizing the per-
ovskite photovoltaics, the open circuit voltage (Voc) and the short-
circuit current density (Jsc) are increased and the PCE is also en-
hanced by using 1.0 mol% Ca-doped perovskite material.

2. Experimental details
2.1. Materials preparation

The synthesis of methylammonium iodide (MAI) was delivered
according to the literature [34]. The precursor solution was pre-
pared by mixing lead chloride (PbCl,, 99.999%, Aldrich) and with
MAI a molar ratio of 1.0: 2.6 in anhydrous dimethylformamide
(DMF) (HCON(CH3),, 99.8%, Aldrich) which is about 40.0 wt.%. For
the preparation of Ca-doped perovskite solution, MAI, PbCl,, and
calcium iodide (Cal,, 99%, Aldrich) were dissolved in DMF with the
desired molar ratio.

TiO, precursor solution was prepared by the following steps.
At first, 375 pL of titanium isopropoxide (Ti(OCH(CH3),)s4, 98% + ,
Acros) was added to 2.5 mL of ethanol (99.5%, Shimakyu's Pure.
Chemicals) to obtain the solution A. After that, 35 pL of 2.0 M HCI
solution was dropped into 2.5 mL of ethanol to obtain the solution
B. Finally, solution A was mixed with solution B with the volume
ratio of 1.0, and the mixed solution were placed in ice bath with
the continuous stirring. Finally, we obtained the TiO, precursor so-
lution to prepare the hole blocking layer.

For the preparation of spiro-OMeTAD (CgqHggN40g, 99%, STAREK
Scientific Co., Ltd) electron blocking layer, 520 mg of lithium-
bis-(trifluoromethanesulfonyl)imide, Li-TFSI, (CF3SO,NLiSO,CFs,
99.95%, Aldrich) was dissolved in 1.0 mL acetonitrile (CH3CN,
99.5%, Acros) at first. Then, 80 mg spiro-OMeTAD, 28.5 pL 4-tert-
butylpyridine (tBP) (CgHi3N, 96%, Aldrich), and 17.5 pL Li-TFSI
solution in 1.0 mL chlorobenzene (CgHsCl, 99.8%, Acros) were
mixed together with continuous stirring to obtain the spiro-
OMeTAD solution. Finally, the spiro-OMeTAD solution was used to
coat the electron blocking layer.

2.2. Fabrication of the perovskite photovoltaic devices

The photovoltaic devices in this study were fabricated by
cleaned fluorine-doped tin oxide (FTO) glass substrates (7€2,
STAREK Scientific Co., Ltd) as the transparent electrodes. We
cleaned the FTO glass substrates sequentially by ultrasonic vibra-
tion using detergent for 5 min, alkalis liquid (DI water: hydrogen
peroxide: ammonia solution = 5.0:1.0:1.0) for 40 min, methanol for
20 min, and isopropanol for 20 min. Finally, the FTO glass sub-
strates were exposed by an ultraviolet ozone cleaner (FrontMateri-
als Co., Ltd).

TiO, precursor solution was spin-coated on the FTO glass sub-
strates at 1000 rpm for 40 s, and it was subsequently calcined
at 550 °C for 30 min to form the TiO, compact layer as the
hole blocking layer of the perovskite solar cells. After that, the
various Ca2* doped perovskite solution was spin-coated and an-
nealed on the hot plate at 100 °C for 1 h in a constant rela-
tive humidity glovebox (humidity maintain about 1.0% RH). Then,

Table 1
List of the bandgap of various Ca-doped perovskite film with different Ca doping
levels.

Material Ca/Ca + Pb (%) Bandgap (eV)
CH3NH;Pbl; «Clk 0.0 1.569
CH;3NH;5Pbg 99 Cag o I5.¢ Cly 1.0 1.568
CH3NH;3Pbg 93 Cag 02135 Clx 2.0 1.566
CH3NH;3Pbg 95Cag 05135 Clx 5.0 1.562
CH3NH;3Pbgg9Cag10l3-xClx 10.0 1.542

spiro-OMeTAD solution was spin-coated at 4000 rpm for 30 s in
a constant relative humidity chamber. Finally, the gold electrodes
with a 100 nm thickness were thermally evaporated on the sur-
face of spiro-OMeTAD compact layer by using a shadow mask with
0.09 cm? area.

2.3. Characterization

The crystal structure was analyzed by X-ray diffractometer (D2
phaser, Bruker) with CuKo radiation. The scanning electron mi-
croscope (SNE-4500 M, SEC) was used to observe the surface mi-
crostructure of various Ca-doped perovskite films. The atomic force
microscope (Bruner Multimode2-U-NSV, Bruker) in tapping mode
was used to characterize the surface topography and root-mean-
square roughness of various Ca-doped perovskite films. The spec-
tra of Kubelka-Munk function of the various perovskite films were
measured by a UV-vis spectrometer (V-650, Jasco) equipped with
the 60 mm integrating spheres. The current-voltage characteris-
tics of perovskite solar cells were measured by the source me-
ter (Keithley 2410) under a simulated Air-Mass 1.5 sunlight at
100 mW/cm? (Newport-69,920 solar simulator). The steady-state
photoluminescence (PL) was carried out under the excitation of
a 440 nm continuous-wave laser (PDLH-440-25, DongWoo Op-
tron Co. Ltd.). The PL signals were analyzed by a detector system
(PDS-1, DongWoo Optron Co. Ltd.) and standard photon-counting
electronics using a monochromator (Monora 150i, DongWoo Op-
tron Co. Ltd.). TRPL spectroscopy was performed using the time-
resolved single-photon-counting set-up (WELLS-001 FX, DongWoo
Optron Co. Ltd.). The external quantum efficiency (EQE) of per-
ovskite photovoltaic devices were measured using a monochro-
matic incident photon-to-electron conversion efficiency spectrome-
ter (EQE-R-3011, Enli Technology Co. Ltd), with the monochromatic
light wavelength ranging from 300 to 850 nm. X-ray photoelectron
spectrometry (XPS, VG ESCA Scientific, Theta Probe) was used to
measure Ca doping concentration of various perovskite film by us-
ing Al Ko radiation (1486.6 eV) with a photoelectron 53¢ take off
angle under high vacuum (~10-10 torr).

3. Results and discussion

XRD patterns of various Ca-doped perovskite
(CH3NH3Pby_yCayl34Clx) film with different Ca doping levels
are shown in Fig. 1(a), where y is 0.00, 0.01, 0.02, 0.05 and 0.10,
respectively. For the (001) facet of Pbl,, the intensity of Pbl,
decreased with increasing the Ca doping level. In Fig. 1(b), increas-
ing the Ca doping level led to a slight shift of (110) facet to the
small diffraction angle. The results showed that the structure was
affected by the change of metal cation in the perovskite structure.

Fig. 2 shows the Kubelka-Munk function spectra of various
Ca-doped perovskite film with different Ca doping levels. The
Kubelka-Munk equation was used to calculate the optical absorp-
tion coefficient (K/S) [35]. Fig. 2(a) shows that the presence of
CaZtleads to red-shift of the absorption spectrum. Notably, the
bandgap decreased from 1.569 to 1.542 eV with increasing Ca*
concentration as shown in Fig. 2(b) and Table 1.



M.-C. Wu et al./Journal of the Taiwan Institute of Chemical Engineers 80 (2017) 695-700 697

a
*S
3 * CH3NH,Pbl,
—_ =
) = * Pbl,
= ~
[ ] s # FTO
=] = ~ &
- o * N
Kl =) =
-
s L o B 4 8
o
3 g N 10.0 mol % Ca
i 5.0 mol % Ca
«w A A
 — . :
) A N 2.0 mol % Ca
b A
j= 1.0 mol % Ca
— ‘ A A A
0.0 mol % Ca
" 1 " " n " " " 4 2

12 16 20 24 28 32 36 40 44 48
20 (degree)

o

Intensity (arb. units)

10.0 mol% Ca

5.0 mol% Ca

" 2.0 mol% Ca

1.0 mol% Ca

[ 0.0 mol% Ca
11;.6 13..5 14..4 15..3

20 (degree)

Fig. 1. (a) XRD patterns of various perovskite filmswith different Ca doping levels.
(b) Magnified patterns of plane (110) diffraction peaks of various perovskite film
with different Ca doping levels.
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Fig. 2. (a) Diffuse reflectace spectra converted by Kubelka-Munk function of vari-
ous perovskite film with the different Ca doping levels. (b) Magnified spectra be-
tween the wavelength ranged from 700 to 850 nm.

In order to examine the topography of the various Ca-doped
perovskite film, SEM and AFM were applied to analyze. Fig. 3 is
the SEM images of perovskite with various Ca doping levels. In
Fig. 3(a), we can observe that there existed some pinholes on the
film, which would be hampered for the electron and hole trans-
port. When Ca doping level achieved to 1.0 mol%, a number of pin-
holes decreased (Fig. 3(c)). However, the pinholes occurred appar-
ently, when Ca doping level was higher than 1.0 mol% (Fig. 3(e),
(g), and (i)). The roughness of the various Ca-doped perovskite
films was measured by AFM (Fig. 3(k)). The Ca-doped perovskite
film with 1.0 mol% doping level exhibited the smallest root-mean-
square roughness among all Ca-doped perovskite films.

The architecture of our n-i-p planar structure is FTO/TiO,
compact layer/Ca-doped perovskite active layer/spiro-OMeTAD/Au
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Fig. 3. SEM images and AFM topographical images of various perovskite filmswith
different Ca doping levels, including (a,b) non-doped, (c,d) 1.0 mol%, (e,f) 2.0 mol%,
(g,h) 5.0 mol%, and (ij) 10.0 mol%. (k) The root-mean-square roughness of various
Ca-doped perovskite films analyzed by AFM.

electrode as shown in Fig. 4(a). The J-V curves were used to
observe the Ca doping effects as shown in Fig. 4(b), and the plots
of photovoltaic performances of perovskite photovoltaic devices
with various Ca doping levels are shown in Fig. 4(c)-(f). The char-
acteristics of photovoltaic devices with various Ca doping levels
are summarized in Table 2. The CH3NH3Pbl;_,Clk standard sample
of perovskite solar cell showed the average power conversion
efficiency of 10.7%, Voc of 0.93 V, Jsc of 17.4 mA/cm?, and fill
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Fig. 4. (a) The schematic diagram of perovskite solar cell structure. (b) J-V curves and (c) the plots of photovoltaic characteristics of various perovskite solar cells with

different Ca doping levels.

Table 2

Characteristics of perovskite solar cells with different Ca doping levels.
Ca/Ca + Pb (%) Voe (V) Jse (mA/cm?) FF (%) PCE (%)
0.0 0.93 + 0.02 174 + 0.1 66.1 + 1.4 10.7 + 0.1
1.0 0.98 + 0.02 191 £ 04 684 + 1.6 129 £ 0.6
2.0 0.96 + 0.02 191 £ 04 66.1 + 0.8 121 £ 0.2
5.0 0.78 + 0.04 163 + 1.2 632 £29 8.0 £ 04
10.0 032 + 0.11 3.0+ 0.5 30.6 + 4.9 03 £+ 0.1

factor (FF) of 66.1%. When the perovskite doping level reached to
1.0 mol%, the Ca-doped perovskite photovoltaic device exhibited
a slight improvement in all the performance parameters, which
are average PCE of 12.9% with V,c of 0.98 V, Jsc of 19.1 mA/cm?,
and FF of 68.4%. Over 20 photovoltaic devices were fabricated and
tested for each parameter in this study. However, when doping
level was higher than 1.0 mol%, all the photovoltaic characteristics
were getting worse, and these results are consistent with the SEM
images and AFM topographical images.

We studied the charge carrier dynamics of the various Ca-
doped perovskite films by photoluminescence (PL) spectroscopy
and time-resolved photoluminescence (TRPL) technique (Fig. 5).
From the photoluminescence spectra (Fig. 5(a)), 1.0 mol% Ca-doped
perovskite films presented weaker PL signal, because of the PL
quenching effect. Therefore, 1.0 mol% Ca-doped perovskite film had
the lower emission energy, and it displayed the weaker recombi-
nation behavior. To further confirm the charge carrier dynamics,
we tested these samples by TRPL as shown in Fig. 5(b). The TRPL
spectra were fitted by the triexponential equation and the average
lifetime (Tavg) was listed in Table 3. The 7, of non-doped per-

Table 3

Summary of measured fast decay time (7, ), intermediate decay time (7-), slow de-
cay time (73), and PL average decay (Tavg) for CH3NH3Pb;_yCayl3.4Cly/ TiO, compact
layer/ FTO.

CajCa + Pb (%) Ay T A T As T3 Tavg
(1073)  (ns) (10-3)  (ns) (10-2)  (ns) (ns)
0.0 31 4080 1.8 175 1.7 7.8 12.6
1.0 0.7 1325 24 118 15 31 4.5
2.0 5.1 1311 0.2 138.6 3.8 4.7 14.8
5.0 6.4 788 0.4 131 53 8.5 328
10.0 0.1 901 0.2 121 3.2 4.5 373

ovskite film is 12.6 ns. For Ca-doped perovskite films, the Tayg are
4.5 ns for 1.0 mol% dopant, 14.8 ns for 2.0 mol% dopant, 32.8 ns for
5.0 mol% dopant, and 37.3 ns for 10.0 mol% dopant. From the TRPL
results, 1.0 mol% Ca-doped perovskite film exhibited the shortest
lifetime (Tavg~4.5 ns), so the lowest recombination rate could oc-
cur in this sample. The 1.0 mol% Ca-doped perovskite solar cell
displayed higher EQE comparing with non-doped perovskite so-
lar cell (Fig. 6). The full spectral range was increased for 1.0 mol%
Ca-doped perovskite solar cell with increasing absorption behav-
ior due to the lower bandgap than the non-doped perovskite solar
cells. In addition, 1.0 mol% Ca-doped perovskite solar cell shows
higher crystallinity (Fig. 1), so it can excite more electrons. The Js
of 1.0 mol% Ca-doped perovskite solar cell (19.1 mA/cm?) is higher
than the non-doped perovskite solar cell (17.4 mA/cm?2) by inte-
grating the overlap of the EQE spectra with the AM1.5 G solar pho-
ton flux in the range of 300 nm to 750 nm.

Finally, we compared the stability of the non-doped and 1.0
mol% Ca-doped perovskite solar cell measurement in the condition
of 25 °C and 50%RH. The two perovskite solar cells are not encap-
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Fig. 5. (a) Photoluminescence spectra and (b) the time-resolved photoluminescence
decay transients of various perovskite films with different Ca doping levels.
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Fig. 6. EQE spectra of non-doped perovskite solar cell and 1.0 mol% Ca-doped per-
ovskite solar cell.

sulated, and stored separately in the two kinds of glove box sys-
tem, which one is humidity maintain about 1.0% relative humidity,
and the other is oxygen and humidity maintain < 0.1 ppm. In the
glovebox system with 1.0%RH, the 1.0 mol% Ca-doped perovskite
solar cell become more stable than the non-doped perovskite solar
cell. After 744 h (31 days), the 1.0 mol% Ca-doped perovskite solar
cell reached ~79% of the normalized PCE (Fig. 7(a)). In the glove-
box system with oxygen and humidity maintain < 0.1 ppm, the 1.0
mol% Ca-doped perovskite solar cell still exhibits high stability. 1.0
mol% Ca-doped perovskite solar cell reached ~91% of the normal-
ized PCE after 744 h (Fig. 7(b)). The enhanced stability is attributed
to the stable Ca ion oxidation states in 1.0 mol% Ca-doped per-
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Fig. 7. Normalized PCE of PCSs with the non-doped and 1.0 mol% Ca-doped per-
ovskite solar cell,which are stored in two conditions, (a)1.0% RH and (b) oxygen and
humidity maintain < 0.1 ppm. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 4
Theoretical and experimental atomic ratios of Ca/Ca + Pb in non-doped and various
Ca-doped perovskite active layer.

Sample name Ca/Ca + Pb(%)

Theoetical value XPS analysis

CH3NH;Pbl3Cly 0.0 0.0
CH3NH3Pbo.90Cag,01 I3.xCly 10 14
CH3NH3Pbo.osCag.o215.4Cly 2.0 28
CH3NH3Pbg.g5Cagos 5. Cly 50 6.4
CH3NH;3Pbg 9Cag 10l3.xClx 10.0 11.0

ovskite film. Moreover, the chemical compositions of various per-
ovskite active layer were measured by XPS to obtain the atomic
ratios of Ca/Ca + Pb. For XPS spectra of Pb 4f, the two peak posi-
tions at 141.8 eV and 137.9 eV are corresponding to Pb 4fs;, and Pb
4f7), [37, 38]. The peak position of Ca 2ps, is 346.6 eV [39]. After
analyzing the XPS data, the atomic ratios of Ca/Ca + Pb for various
perovskite active layer are shown in Table 4.

4. Conclusion

We successfully fabricated the n-i-p type planar structure of
Ca-doped perovskite photovoltaic devices and enhanced the PCE
by doping Ca2* into the perovskite structured materials. The Ca
dopant can reduce the bandgap and extend the absorption to the
visible range. After optimizing Ca-doped perovskite solar cells, the
Voc is increased from 0.93 to 0.98 V, the Js is enhanced from 17.4
to 19.1 mA/cm?, and the PCE can be improved from 10.7 to 12.9%
by using 1.0 mol% Ca-doped perovskite active layer.
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