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ABSTRACT

Two-step sequential spin coating deposition technique provides a cost-effective

and high performance route for the synthesis of the organometallic lead halide

perovskite materials. In this method, initially the metal halide film is coated,

over which the MAI with a particular concentration is again spin-coated.

However, it is difficult to obtain complete conversion of PbI2 in CH3NH3PbI3
perovskite. In this work, we show that good quality perovskite films can be

coated by a three-step method to obtain improved conversion to perovskite and

with improved materials properties. We have coated the perovskite films by

two-step as well as three-step methods and presented a comparison of obtained

film properties. Our results show that at lower concentration of MAI, complete

conversion of PbI2 does not take place. With increase in MAI concentration, in

addition to the perovskite phase an intercalated MAI into PbI2 phase is formed.

In three-step coating, good phase of perovskite and improved morphology is

obtained at comparatively lower MAI concentration. At higher concentrations of

MAI in three-step method, leads to removal of already existing perovskite

material and therefore leads to lower absorption.

1 Introduction

Due to ever increasing population, there is a

tremendous hike in global energy demands. This has

resulted in enhanced global energy dependence on

fossil fuels, such as coal and petroleum. However,

fossil fuels are not the permanent energy solution,

and also it produces harmful effect on our

environment due to toxic emissions [1–3]. Therefore,

the scientific community is looking towards a suit-

able renewable energy source as a solution to future

global energy needs. Among the renewable energy

sources photovoltaic devices are one of the most

promising alternatives. Due to high cost and energy

intensive processes involved, well studied silicon

technology is not being used widely [4]. Organic-
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inorganic metal halide perovskite materials are the

front runners in the search for low cost, solution

processable and efficient photovoltaic devices. This

comparatively new class of materials possesses

excellent electrical and optical properties [5]. These

are solution processable, flexible in terms of compo-

sition and can be deposited on the flexible substrates

[6]. They combine the best properties of both inor-

ganic as well as of organic materials [7].

Starting with 3.8% power conversion efficiency

(PCE) in 2008, the perovskite solar cell performance

has skyrocketed since then [8]. After a decade it has

attained * 24% PCE in recent years [9]. They also

have applications in light emitting devices (LEDs)

[10], field effect transistors (FETs) [11], lasers [12],

photo-detectors [13], etc. Two-step sequential depo-

sition techniques provide cost-effective and high

performance route for the synthesis of these materi-

als. In this method, metal halide film is initially spin-

coated. Over this, methyl ammonium iodide (MAI) is

either spin-coated or dip-coated [14]. However, it is

difficult to obtain complete conversion of PbI2 in

CH3NH3PbI3 perovskite [15]. Also there is uncon-

trolled crystal growth and surface morphology [16].

Spin coating method has a significant role in the

development of perovskite solar cells in a span of just

a decade. Also commercialization by this method

cannot be ruled out completely. In this account, we

show that good quality perovskite films can also be

coated by a three-step method to obtain improved

materials properties. We have coated the perovskite

films by two-step as well as three-step methods and

presented a comparison of obtained film properties.

Our results show that at lower concentration of MAI,

complete conversion of PbI2 does not take place. With

increase in MAI concentration however intercalated

MAI into PbI2 phase is formed in two-step method. In

three-step coating, good phase of perovskite and

improved morphology is obtained at comparatively

lower MAI concentration. At higher concentrations of

MAI in three-step method leads to removal of already

formed perovskite after the second step and therefore

leads to lower absorption. The concentration of MAI

solution is therefore critical in the final film proper-

ties of the film.

2 Experimental methods

MAI synthesis was performed by drop-wise addition

of 10 ml of hydro-iodic acid (HI) (57 wt% in water,

sigma Aldrich) in 24 ml of methyl amine (33 wt% in

absolute ethanol, sigma Aldrich) [17]. Reaction was

allowed at 0�C for 2 h. Precipitate was collected by

drying the solution in rotary evaporator at 50�C.
After collection of raw CH3NH3I, purification was

performed by re-dissolving in 80 ml ethanol and

again precipitated with the addition of 300 ml diethyl

ether. The purification process was repeated twice

and final CH3NH3I was collected after drying in

vacuum oven at 60�C for 24 h. Perovskite synthesis

was performed using two-step and three-step

sequential deposition spin coating methods. In two-

step method, initially PbI2 (461 mg/ml in DMF) layer

was coated on glass substrate followed by thermal

annealing at 100�C for 5 min. After cooling down the

PbI2-coated substrates, MAI layer was spin-coated at

1000 rpm on it, followed by annealing at 100�C for

5 min. The concentration of MAI was varied as 10, 20,

30 and 40 mg/ml, while other parameters were kept

constant. In three-step, we followed same methodol-

ogy as in two-step, only an additional MAI layer

deposition was performed followed by annealing at

100�C for 5 min. Schematic diagram of the two pro-

cesses is shown Fig. 1.

To record the UV-Visible absorption spectra,

spectrophotometer (UV 1600) from Shimadzu was

used. Morphology of the films were studied using

scanning electron microscope (S-4800) from Hitachi.

X-ray diffractometer (D8 advance Bruker) with inci-

dent source wavelength k = 1.54 Å in coupling mode

was used to record the x-ray diffraction (XRD) spec-

tra for identification of the material phase and crys-

tallinity. Raman spectra were recorded using

(RenishawInVia microscope Raman, Resolution

1 cm- 1, excitation source 633 nm line of He-Ne

laser). Thickness and roughness measurements were

performed using Dektak-150 Profilometer.

3 Results and discussion

PbI2 films were coated using the method described

above. The UV-Visible absorption spectra, scanning

electron microscopy image, XRD and the Raman

spectra of the film is shown in Fig. 2. The UV-Visible

absorption spectroscopy results of the perovskite film
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coated by two- and three-step methods with different

concentrations of MAI are shown in Fig. 3. Pho-

tographs of the corresponding films are also shown.

The results show absorption onset at 520 nm for the

PbI2 film and * 780 nm for all perovskite samples.

Insets show the corresponding plot with energy on

the x-axis. The optical bandgap was calculated using

the relation.

Eg ¼ hc=kab;

where h is the planks constant, c is the speed of light

in vaccum and kab is the absorption onset. The cal-

culated value of optical bandgap is *2.38 eV for the

PbI2 film and *1.58 eV for all the perovskite samples

prepared by two- and three-step methods. The

absorption onset and the calculated optical bandgap

values matches with the reported values of per-

ovskite CH3NH3PbI3, which confirms the formation

of perovskite phase by both two-step and three-step

methods [18]. Few reported values of bandgap have

been compared with the values obtained in the pre-

sent study in Table 1.

In case of two-step method, absorption spectra

show rise in absorption coefficient with decreasing

wavelength below the absorption edge. At 10 mg/ml

concentration, in addition to the perovskite absorp-

tion onset a distinct absorption kink at 520 nm was

observed. Peak at 520 nm belongs to PbI2 absorption.

This indicates that there may be presence of some

amount of PbI2 in the film, along with the formed

perovskite material. With 20 mg/ml and higher

concentrations of MAI, the distinct clear kink at

520 nm was not observed, indicating better conver-

sion of PbI2 into perovskite phase. However,

absorption below 520 nm still increases and reaches

maximum at 440 nm similar to that of PbI2 which

indicates the presence of PbI2 phase. In case of three-

step method, absorption spectra show rise in

absorption coefficient with decreasing wavelength

beyond the absorption edge, but no distinct kink at

520 nm was observed for concentrations above

10 mg/ml. This indicates better perovskite phase

formation from PbI2 at lower concentrations of MAI.

For 30 mg/ml and 40 mg/ml films, however, a dis-

tinctive kink at 580 nm was observed. Absorption

feature at 580 nm is attributed to the intercalation

state of MAI and PbI2. It is considered a red-shifted

and broadened PbI2-like absorption [22].

The XRD patterns for two-step-coated films with

varying concentrations of MAI over PbI2 layer are

shown in Fig. 4a. The sample coated with 10 mg/ml

concentration of MAI shows the formation of per-

ovskite phase (prominent diffraction peaks at 14.2

and 28.6 values of 2h) [15, 23, 24]. In addition, peaks

(at 12.7, 25.5, 38.8 values of 2h) corresponding to PbI2

Fig. 1 Schematic diagram

showing the perovskite film

deposition process by two and

three-step methods
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Fig. 2 a Absorption spectrum, b XRD spectrum, c SEM image and d Raman spectrum of spin-coated PbI2 film

Fig. 3 Absorption spectra of the films coated by a two-step and b three-step methods. Inset contains the respective plot in eV on x-axis.

Photographs of the corresponding films are also shown
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are also seen [23–25]. This shows that complete con-

version of PbI2 into perovskite phase has not taken

place in the film. As the concentration of MAI is

increased to 20 mg/ml, the peak intensity at 12.7

value of 2h decreases, indicating a better conversion

of PbI2 phase. For 30 mg/ml concentration of MAI,

intensity of peak at 12.7 reduces further as compared

to that at 14.2. This shows further reduction in PbI2
phase compared to the perovskite phase. Along with

the above trend, a new peak at 11.6 degree appears

for the film with 20 mg/ml concentration of MAI, the

intensity of which enhances with increase in MAI

concentration. This peak is attributed to the interca-

lation of MAI into PbI2 [26]. For 40 mg/ml concen-

tration of MAI, the peak at 12.7 degree corresponding

to PbI2 phases vanishes nearly completely but with

enhanced intensity of the peak at 11.6 degree. Sig-

nificant change in the intensity of peak at 14.2 value

of 2h was not observed. This shows that with

increasing MAI concentration, no enhancement in

perovskite phase formation was obtained. The

increased MAI in the film leads to the formation of

intercalated methyl ammonium into the lead iodide.

XRD spectra of the films coated with three-step

method are shown in Fig. 4b. With 10 mg/ml con-

centration of MAI, the perovskite film shows features

similar to that of film coated using 10 mg/ml with

two-step method. The high intensity at 12.7 degree

compared to 14.2 degree shows the dominance of

PbI2 phase over the perovskite phase. With 20 mg/ml

concentration of MAI, the peak corresponding to PbI2
is much reduced as compared to the perovskite peak

at 14.2 degree, indicating the better conversion of PbI2
into perovskite. This is better perovskite formation as

compared to the film coated with the same concen-

tration using two-step coating method. With 30 mg/

ml concentration of MAI, further reduction of PbI2
phase was observed but with enhanced intensity of

peak at 11.6 degree. As the concentration of MAI was

increased to 40 mg/ml, the intensity of peak at 14.2

degree corresponding to perovskite reduces indicat-

ing reduced perovskite phase available for X-ray

diffraction.

Table 1 Reported values of optical bandgap have been compared with the values obtained in the present study

Material Bandgap values reported

in the literature (eV)

Bandgap values obtained

in the present study (eV)

PbI2 2.36 [19] 2.38

CH3NH3PbI3 deposited by spin coating 1.55 [20] 1.58

CH3NH3PbI3 deposited by vacuum method 1.58 [21] –

Fig. 4 XRD spectra of the films coated by a two-step and b three-step methods
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In order to study the morphology of film coated

through two-step and three-step methods, scanning

electron microscopic (SEM) images were recorded

(Fig. 5). The morphology of the perovskite thin film

obtained via sequential deposition methods was

greatly influence by concentration MAI solution. In

Two-step 10 mg/ml MAI concentration film, mor-

phology shows hexagonal-shaped particles having

diameter of 0.2–0.3 micrometer. These particles are in

agglomerated form or are partially connected with

each other. Along with these few particles with flake-

like structure of length over one micrometer are also

Fig. 5 Scanning electron

microscope images of the

perovskite films deposited by

two-step and three-step

methods. a, b, c and d are

films coated with two-step

with 10 mg/ml, 20 mg/ml,

30 mg/ml and 40 mg/ml

concentrations, respectively. e,

f, g and h are films coated

with three-step with 10 mg/ml,

20 mg/ml, 30 mg/ml and

40 mg/ml concentrations,

respectively
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seen. When the MAI concentration was increased to

20 mg/ml, density of the bigger flake-like structures

increases in the film. With 30 mg/ml concentration of

MAI, a compact film morphology is obtained with

irregular shaped particles. In 40 mg/ml concentra-

tion, again compact films are obtained compared but

with occasional porous spots and with bigger grain

size. Films with three-step coating method are in

general more compact and with less pores as com-

pared to the two-step-coated films with same MAI

concentration. With 10 mg/ml MAI concentration,

better interconnected films are obtained compared to

two-step film. With 20 mg/ml concentration, good

quality film with less voids were obtained. With

higher MAI concentrations the morphology was

nearly same.

Raman spectroscopic measurements were per-

formed for probing the effect of the MAI concentra-

tion on the organic-inorganic perovskite films. The

excitation wavelength used in the present study is

633 nm, which is near resonance for Raman mea-

surement of lead halide perovskite. As shown in

Fig. 2, most intense peak corresponding to PbI2 is at

113 cm- 1[27, 28]. The Raman spectra of formed

perovskite films are shown in Fig. 6. For perovskite

coated by two-step method the peaks are found at 74,

111, 138, 275 and at 355 cm- 1. Raman bands at 74

and 111 can be attributed to the stretching mode of

Pb-I cage of perovskite CH3NH3PbI3 [27, 29]. We

attribute the band at 138 cm- 1 to libration mode of

MA? cation and those at 275 cm- 1 and 355 cm- 1

can be assigned to the MA cation torsional mode of

perovskite [29]. In 10 mg/ml MAI concentration film

the intensity at 138 cm- 1 is much lower. This is in

accordance with the XRD results, which shows

incomplete transformation of PbI2 into perovskite.

The intensity however increases with MAI concen-

tration and is maximum for 30 mg/ml MAI concen-

tration film. In the films coated by three-step method

with 20 mg/ml concentration the band intensity at

138 cm- 1 is maximum, which indicates better per-

ovskite phase formation as compared to the film

formed by using two-step method. XRD results also

show minimum intensity at 12.7 and 11.6 values of 2h
for film coated by three-step method with 20 mg/ml

concentration. Upon increasing the MAI concentra-

tion further, the intensity corresponding to libration

mode of MA? cation of perovskite decreases. This

indicates that, in the third step the already formed

perovskite (after the second step) is being washed

away. This effect is more for the 40 mg/ml MAI

concentration film. This is in accordance to the

absorption spectra which shows a reduction in

absorption. This also matches with the XRD studies,

which show slight reduction in perovskite peak

intensity.

The thickness and roughness values of the per-

ovskite films have been shown in Table 2. It shows

that for both two-step as well as three-step methods

thickness of the film increases with MAI

Fig. 6 Raman spectra of the

different perovskite films

deposited by two- and three-

step methods. a two-step

method and b three-step

method
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concentration. Thicknesses of films formed by three-

step method are consistently greater than those

formed with two-step method with same concentra-

tion. However, absorption coefficient of three-step

films is not more than that of two-step films. This

indicates that during the third step, some of the

already formed perovskite is washed away and

leaves some MAI in the film. Therefore, the thickness

values obtained by profilometer are higher due to the

excess MAI in the film especially for 30 mg/ml and

40 mg/ml films. Absorption as well as XRD studies

have shown the presence of intercalated state of PbI2
and MAI. The average roughness values also

increases with increasing MAI concentration due to

the formation of bigger crystals as shown earlier in

the SEM images. Roughness values for the two-step

and three-step films are nearly same at 10 mg/ml

MAI concentration. At higher MAI concentration, the

three-step film roughness values are lower as com-

pared to the two-step films. This may be due to the

presence of excess MAI in three-step films. Above

discussion indicates better perovskite phase forma-

tion for 20 mg/ml MAI concentration using three-

step method.

4 Conclusions

In conclusion, we have presented a comparative

study of perovskite film properties formed by two-

step and three-step sequential spin coating deposi-

tion techniques. Results show that at lower concen-

tration of MAI, complete conversion of PbI2 does not

take place in two-step method. With increase in MAI

concentration, however intercalated MAI into PbI2
phase is formed. In three-step coating, good phase of

perovskite and improved morphology is obtained at

comparatively lower MAI concentration of 20 mg/

ml. A higher concentration of MAI in three-step

method leads to the removal of already formed

perovskite material in the second step and leads to

the formation of intercalated MAI and PbI2. We show

that the MAI concentration is very important factor in

complete conversion of PbI2 into the perovskite

phase.
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