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The methylammonium lead triiodide (CH3NH3Pbl;)-based perovskite shows a great alluring prospect in areas of solar
cells, lasers, photodetectors, and light emitting diodes owing to their excellent optical and electrical advantages. However,
it is very sensitive to the surrounding oxygen and moisture, which limits its development seriously. It is urgent to spare
no effort to enhance its optical and electrical stability for further application. In this paper, we synthesize the MAPbI3
perovskite film on the glass substrate with/without the ionic liquid (IL) of 1-Butyl-3-methylimidazolium tetrafluoroborate
(BMIMBEF,) by a simple two-step sequential solution method. The additive of BMIMBF, can improve the quality of
crystal structure. Moreover, the photo-luminescence (PL) intensity of MAPbI3 film with BMIMBE, is much stronger than
the pure MAPbI3 film after a week in the air, which is almost ten-fold of the pure one. Meanwhile, under the illumination
of 405-nm continuous wave (CW) laser, the fluorescent duration of the MAPbI3 film with BMIMBE, is approximately
2.75 min, while the pure MAPDI3 film is only about 6 s. In fact, ionic liquid of BMIMBE;, in the perovskite film plays a
role of passivation, which prevents the dissolution of MAPbI3 into CH3NH3 and Pbl; and thus enhances the stability of
environment. In addition, the ionic liquid of BMIMBE, possesses high ionic conductivity, which accelerates the electron
transport, so it is beneficial for the perovskite film in the areas of solar cells, photodetectors, and lasers. This interesting

experiment provides a promising way to develop the perovskite’s further application.

Keywords: CH3;NH;3Pbl; perovskite film, photo-luminescence, BMIMBF, ionic liquid

PACS: 78.55.-m, 78.68.+m, 78.66.Sq

1. Introduction

In recent years, hybrid organic—inorganic lead halide
perovskites (with general formula ABX3) and perovskite-
type materials have been attracting a large amount of atten-
tion, owing to their enormous optical and electrical char-
acters, such as strong absorption, long electron-hole dif-
fusion lengths, and relatively low trap densities.!'3] Those
outstanding characteristics give them promising prospect in
fields including the solar cells, lasers, light emitting diodes,
and photodetectors.*71 Among those excellent materials, the
iodide-based cubic perovskite CH3;NH3;Pbls; (MAPDbI3) with
direct band gap (1.68 eV) shows great application in infrared
emission, lasers, photodetectors, and solar cells.’®*! For ex-
ample, the power conversion efficiency of MAPbI3 solar cells
have been increased to as high as 22.1%.1'%!!l Song and
the cooperators have demonstrated that the dynamically tuned
micro-lasers based on the MAPDI; perovskite exhibit its pro-
cess in optical memory, flip—flop, and ultrafast switches.!!?]
However, MAPbI; perovskite is very sensitive to the oxy-
gen and moisture,!'"13] which prevents its further develop-
The MAPbI; can react with the water and dissolve
into CH3NH3 and Pbl,, which induces the decrease of ab-
sorption intensity across the visible light and a distinct change

ment.

of the crystal structure.!!*!3] More and more researchers give
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their smart efforts to develop perovskite materials with strong
moisture resistance. Lu er al. implemented a series of cal-
culations to demonstrate an effective strategy to develop per-
ovskite materials with no or a minor photo-striction effect. ']
In fact, various modifications and engineering aspects have
been applied to solve the issue. Among those programs,
ionic liquids are considered as an ideal additive to enhance
the properties, because ionic liquid, a salt, generally consists
of large organic cation and various organic or inorganic an-
ion, making it possess the properties of high ionic conduc-

I7.18] Tang and

tivity, thermal and electrochemical stability.!
his cooperators have investigated the ionic liquid of 1-butyl-
2,3-dimethylimidazolium chloride ([BMMIm]CI) in carbon-
based cesium lead bromide (CsPbBr3) perovskite solar cells,
verifying that it is used as a modification layer for passi-
vating the surface defects and can increase the efficiency to
9.92%."1 The assistance of thiocyanate in MAPbI3 photode-
tector has greatly enhanced its stability of electrical properties,
the light and dark current could almost keep immovable for
10 days.!'8] Here we introduce the ionic liquid of BMIMBF,
into Pbl, mixture (MAPbI3 precursor solution) when prepar-
ing perovskite film. Interestingly, the additive of BMIMBF,
improves the crystalline quality of perovskite film with fewer
defects and enhances its stability in the ambient environment.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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The photoluminescence intensity of the film with BMIMBF,
is about ten-fold of that without BMIMBE, after one week
in the ambient environment. Furthermore, with the 405-nm
CW laser focusing on the film, the fluorescent duration of per-
ovskite with BMIMBF; is as long as 2.75 min, while the film
without BMIMBF; is only 6 s. This interesting result is mean-
ingful in the perovskite’s development, which verifies an im-
portant method of adding ionic liquid of BMIMBF, in the pre-
cursor solution to improve its stability.

2. Experimental details
2.1. Materials synthesis

All the chemicals including Pbl, (purity 99.999%,
Aladdin), CH3;NH3I (99.999%, Aladdin), dimethyl sul-
foxide (DMSO, 99.9%, Aladdin), isopropanol (> 99.9%,
Macklin), and 1-Butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF,4, 97%, Aladdin) were used without further treat-
ment. The glass substrate was cleaned in the ultrasonic bath by
deionized water, ethanol, acetone, isopropanol, and deionized
water for 15 min respectively, followed by the ozone treat-
ment in an UV-ozone cleaner for 10 min. First, Pbl, (0.461 g)
was entirely dissolved in the DMSO (1 mL), followed by the
ionic liquid of BMIMBEF, (20 puL). A clear yellow solution
was achieved after stirring. Second, CH3NH31 (0.1 g) was en-
tirely dissolved in the isopropanol (2 mL), which changed to
a transparent solution after stirring at 60 °C for 2 h, because
it is difficult to dissolve at room temperature. Third, the Pbl,
mixture of 50 pL. was dropped on the glass substrate, which
is fixed on the spin coater as shown in Fig. 1(a). After it spun
at 3000 rpm for 10 s, the CH3NH3I solution of 50 pL was
dropped and continued to spin for 20 s. At the same time the
film was to be black. Then the substrate was put on the hot
plate at 150 °C for 30 min, at this moment the MAPbI3 film
with ionic liquid, which was named film (IT). The film without
ionic liquid named after film (I) was synthesized by the same
procedure, except that there is no ionic liquid in Pbl, precursor
solution. Figure 1(a) (IV) shows the passivation effect of the
MAPDI; film after adding BMIMBF,. It is worth mentioning
that all of the synthesis and fabrication procedures are carried
out in the glove box.

2.2. Device fabrication

After the synthesis of film (I) and film (II) on the glass,
the silver (Ag) electrodes with a thickness of 300 nm were de-
posited by the vacuum evaporation system, followed by the
silver lines attached to the electrode for extra connection with
probes.

2.3. Characteristics

The scanning electron microscopy (SEM) measurements
were implemented to measure the morphology (Carl Zeiss,

Supra 55). The x-ray diffraction (XRD) measurements were
carried out in a Bruker Advance D8 Diffractometer instrument
in the 20 range of 10°-70° with the speed of 1°/min. The ab-
sorption and transmission spectrums were taken in the UV-Vis
spectrophotometer (UV-6100, purchased from Shanghai). The
PL spectra were tested by a p-PL system with a 405-nm CW
laser as the excitation source. A Keithley 4200CS with cor-
responding mode-locked amplifier is used to measure the I-V
curves and light response.

3. Results and discussion

Figures 1(b) and 1(c) show their optical microscope pho-
tographs, which give a larger view and declare the films are
uniform and homogeneous. For details, figures 1(d) and 1(e)
give the SEM images of film (I) and film (II), respectively. Fig-
ure 1(d) shows that the film (I) is homogeneous in micro area,
but still has lots of grain boundaries due to the storage pro-
cess after being prepared. In Fig. 1(e), the SEM image of film
(IT) exhibits the uniform and smooth surface. Furthermore, the
amount of grain boundaries is fewer than that of the film (I),
suggesting that the film (II) possesses a better crystallinity and
stability. Clearly, the microcrystals of film (II) are similar in
size to the film (I). And the additive of BMIMBF, can really
improve the crystallinity structure quality, which has been fur-
ther confirmed by the XRD spectra.

As shown in Fig. 2(a), the XRD patterns show the typ-
ical diffraction peaks (110) and (220), which are located at
13.97° and 28.2°, respectively.[?>?!] The positions of those
XRD peaks of film (I) and film (II) are all the same, indicating
that both of their crystal structures are cubic phase. However,
the relative strength of the main diffraction peaks increases
largely after the addition of ionic liquid, which implies that
the film (II) has better crystallinity. In the XRD pattern of film
(D), there is a diffraction peak at 11.1°, which is corresponding
to the Pbl, crystal, illustrating that film (II) has been resolved
a little, while there is no diffraction peak at 11.1° in the XRD
spectrum of film (II). It declares obviously that the film (IT) has
not been resolved obviously and is more stable than the film
(D. As shown in Fig. 2(b), the emission peaks of the PL spec-
tra of film (I) and film (II) are centered at 758 nm and 761 nm,
respectively, which consists with the band gap of MAPbI;. 2]
The difference of their PL peaks about 3 nm can be attributed
to the ambient environment influence. Furthermore, both of
the full width at half maxima (FWHM) are about 35 nm close
to the FWHM reported in the perovskite film, indicating that
the films are with high quality.[*?! The absorption spectra are
shown in Fig. 2(c). For film (I), the absorption begins from
the wavelength of 760 nm, consisting with the band gap wave-
length of CH3;NH3PblI; crystal.[*23241 While the absorption
spectrum of film (II) begins about 770 nm, but the absorp-
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tion intensity at wavelength range from 750 nm to 300 nm is
smaller than the film (I). It is because that the ionic liquid ef-
fectively promotes the growth of crystal grains, reduces the

ith/without
(20 uL) BMIMBF,

grain boundaries inside the crystal, and makes the surface of
the perovskite smooth as a mirror, thereby reducing the ab-
sorption of external light.

© O
¢y (I1) (I1I1) (1V)
Pbl, M Glass CH3NH3;I [ CH3;NH3Pbl;

Fig. 1. (a) Schematic diagrams of the synthesis processes. Panels (b) and (c) are the optical images of film (I) and film (II). Panels (d) and (e) are SEM images

of film (I) and film (II), respectively. The scale bar is 3 pm.
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Fig. 2. (a) XRD pattern of film (I) (black line) and film (II) (red line). (b) The PL spectra of film (I) and film (II) measured immediately after they were

prepared. (c) Absorbance spectra of film (I) (black line) and film (II) (red line).

To further illustrate the stability, we measure the PL spec-
trum of film (I) and film (II) after one week. As we can see
in Fig. 3(a), the PL peak intensity of film (I) is enormously
weaker than before, while the PL peak centered at 763 nm of
film (II) (red line) is stronger largely than that of film (I) (black
line). What is more, compared to the FWHM of film (II) as
prepared in Fig. 2(b), the FWHM after one week becomes
wider to 49 nm because of the shallow bound states gener-
ated from crystal damage induced by the moisture or oxygen,
which also makes the PL peak redshifts to 763 nm of film (II)
(red line). Importantly, its intensity is much stronger than that
of film (I) (black line), which can be interpreted as ionic lig-
uids provide chemical stability by filling I~ or MA™ vacan-
cies in the perovskite lattice, and immobilize the migrated ions
through ionic interaction, preventing ion migration from the
perovskite lattice to achieve passivation.[*!

Meanwhile, as shown in Figs. 3(b) and 3(c), the dark-field
optical images emphasize the photo-luminescence intensity
difference again clearly. The red light of film (II) (Fig. 3(c))
is very obvious even though it has been kept in the ambient
environment for one week, while there is not any signal at
all of film (I) (Fig. 3(b)). As shown in Fig. 3(d) (film (I))

and 3(e) (film (I)), the time-dependent PL intensities further
demonstrate the duration of the emission process, which are
well fitted by one exponential function with time constant of
6 s (as shown in 211790-SI-video_1) for film (I) and 2.75 min
(as shown in 211790-SI-video_2) for film (II), respectively.
It suggests that the fluorescent duration of film (I) is much
shorter than that of film (IT) under the illumination of 405-nm
CW laser. Under ultraviolet (UV) illumination, the decom-
posed reaction will speed up due to the stripping of effective
samples and structural damages.?®) However, even after one
week the film (II) still emits strong red light with high inten-
sity for a long time of 2.75 min, illustrating that the additive of
BMIMBF, improves the stability enormously.

In addition, figure 4(a) shows the /-V curves. In the
dark, under the bias voltage of 2 V, the current of film (I)
is about 2.6x107!'" A, while the current of film (II) rises
to 1.7x10710 A, indicating the resistance decreases from
7.7x10'° Q to 1.17x10'° Q, namely the electron concentra-
tion increases enormously. As shown in Fig. 4(b), the nor-
malized light response curves illustrate that their rise time and
delay time differ a lot: the rise time of film (II) is about 0.27 s,
which is shorter than 0.98 s of film (I), and the delay time of
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film (II) is 0.47 s, which is also shorter than 1.06 s of film (I),
which is contributed to the better crystallinity than before and
high conductivity of BMIMBF;,.

(a) l763 nm
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o
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Fig. 3. (a) The PL spectra of film (I) and film (II) measured after one
week. The dark-field optical microscope of film (I) [panel (b)] and film (II)
[panel (c)] after one week under the focus of 405-nm laser. Panels (d) and
(e) are the experimental data (dotted) and the corresponding fitting curves of
film (I) and film (II) fluorescent duration, respectively.

As we all know, the ionic liquid consists of large or-
ganic cation and various organic or inorganic anion generally,
which effectively reduce the inhibition of charge recombina-
tion and trapping state through the interaction between the
amino lone electron pair of the ionic liquid and the unsatu-
rated Pb?>* in the perovskite.!*’! Due to the bulky size of the
cation or sometimes, of both the cation and anion, the interi-
onic space is very large, hence the attractive electrostatic force

becomes weaker. As a result, those are liquid in nature be-
low or around 100 °C.[?%! Figure 4(c) shows that the chemical
structure of BMIMBF,4 molecule where the molecule has two

.21 In the prepared process,

parts, amino group and anion BF,
the amino group will combine with the CH3NH§r as shown in
Fig. 4(d), where the red sphere is corresponding to the amino
group. Here the interionic electrostatic force is stronger than
that of the volatile organic liquids, which make them almost
non-volatile, hence it plays a role of passivation.'”®! Another
factor of ionic liquid to enhance the electrical properties is that
the ionic liquid possesses high ionic conductivity and ther-
mal conductivity, increasing the electron concentration and
decreasing the dissolution process, which is important for the
electron transport.

(a)2 o F — MAPbI, + BMIMBF, (c)
< 7 —Pure MAHbI; +_CH;
T 1of N _
5 Dark /4 » BF;
—
Z 0 N
§ k/\
£ 10
3 CH;

—2.0f

-2 -1 0 1 2
Voltage (V)

—~
=

(d)

— Pure MAPDbDI;
— MAPbI;+BMIMBF,

Normalized current

0 20 40 60 80
Time (s)
Fig. 4. (a) The I-V curves of film (I) (red) and film (II) (blue). (b) Nor-
malized light response of film (I) (red) and film (II) (black). (c) Chemical
structure of BMIMBF, molecule. (d) Partial enlarged schematic diagram of
the device structure.

Table 1. Comparison of using additive engineering to enhance the stability of CH3;NH3Pbl3.

Type Device structure Stability Ref.
Mgl, FTO/c-TiO2/m-TiO,/PVK/ 90% of its initial value after 600 h [31]
spiro-OMeTAD/Au in RH 30%-40% under dark
DF-Cqg ITO/NiO,/PVK/bis-C60/Ag Over 83% of initial PCE after 720 h in RH [32]
60%=+5% under dark
Caffeine FTO/c-TiO,/PVK/ 86% of initial PCE after 1300 h [33]
spiro-OMeTAD/MoO3/Ag at 85 °C under dark
Thiourea FTO/c-TiOy/m-TiO»/PVK/ 85% of initial PCE after 1200 h under dark [34]
spiro-O Me TAD/Au
IMPbI3 FTO/c-TiO2/m-TiO,/PVK/ Over 70% of initial PCE after 1000 h [35]
spiro-OMeTAD/Au under continuous operation at MPPT
EATZ FTO/c-TiO,/m-TiO,/PVK/carbon 949% of initial PCE after 840 h in RH [36]
20% under dark
ETI FTO/c-TiO,/m-TiO,/PVK/spiro- 83% of initial PCE after 700 h at 60 °C [37]
OMeTAD/Au under continuous light illumination
BMIMBF,4 Single film I ten-fold of initial PL intensity after a week this work

in the air,
II 27.5 times of initial fluorescent duration
under the illumination of 405-nm CW laser
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Zhang and his cooperators highlight that the poor chem-
ical stability is intrinsic to CH3NH3Pbl; and suggests that
element-substitution may solve the chemical stability problem
in hybrid halide perovskite solar cells.*”) As shown in Table 1,

31321 Lewis base based on the donor type, 3334

5,13 4136371

Lewis acid,!
low-dimensional perovskites,'*>! and ionic liqui are ef-
fective to enhance the stability of the MAPbI; film. The ex-
cellent luminescence performance and stability of the MAPbI;
film proves that this method is feasible. In short, all of the
excellent results indicate that the additive of BMIMBF, im-
proves the film’s stability and electric performance, providing
a promising way to develop the perovskite’s further applica-
tion.

4. Conclusion

In conclusion, we successfully synthesized MAPbIj3 films
of high crystallinity quality with/without ionic liquid. And it
is demonstrated that the additive of ionic liquid BMIMBF,
can improve the crystallinity quality and enhance the stabil-
ity largely in the ambient environment, thus hindering the
perovskite’s dissolution. The PL intensity of the film with
BMIMBF; is about ten-fold of that without BMIMBE, after
being stored for a week in the ambient environment. Further-
more, the fluorescent duration of pure perovskite film with-
out BMIMBF, is about 6 s, while the perovskite film with
BMIMBEF; is as long as 2.75 min under the focus of 405-nm
CW laser. Here the ionic liquid of BMIMBE, plays a role
of passivation owing to combination with perovskite film and
its large organic cation, as a result, it can prevent the reaction
with the oxygen or moisture. Meanwhile, according to the I-V
curves, the resistance of film (II) decreases obviously because
of ionic liquid’s high ionic conductivity and thermal conduc-
tivity, which increase the electron concentration and decrease
the dissolution process. Therefore, the additive of BMIMBF,
is highly effective for the electron transport on the glass sub-
strate. In a word, the approach is very significant for the stabil-
ity and electric performance, which gives a bright promising
application in perovskite development.
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