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Despite intensive studies on the improvements of conversion efficiencies in solar cells, many

questions regarding the effects of deposition techniques on optical properties and electronic band

structures of CH3NH3PbI3 (MAPbI3) remain unresolved. Here, perovskite MAPbI3 films were

prepared using different deposition methods and processing techniques. The effects of deposition

and processing parameters on dielectric functions and optical absorption were investigated by

fitting the reflectance spectra in the photon energy range of 0.5–5.16 eV. It is found that the

bandgap (Eg) of the films deposited by two-step spinning (1.591 eV) is larger than that prepared by

evaporations (1.514 eV), due to different Pb-I orbital hybridization and spin-orbit coupling.

Moreover, the Eg value of the films increases from 1.543 eV to 1.591 eV after toluene solution

dripping. Five interband electronic transitions (Ep1; Ep2; Ep3; Ep4, and Ep5) are observed, and the

origins of Ep2; Ep3, and Ep4 are assigned to the direct transitions between the highest valence band

and the lowest lying conduction band at the R, M, and X symmetry points. Further, the transition

energies of the films deposited by evaporation are less than those prepared by two-step spinning.

The present results shed light on preparing more reliable and reproducible high performance

MAPbI3-based solar cells. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4991864]

Perovskite solar cells (PSCs) have attracted considerable

interest because of their potential for low-cost, large-scale,

and high efficiency solar energy production. After only 5 years

of development, lead halide perovskite solar cells have

reached certified power conversion efficiencies over 22.1%,

which is an unprecedented achievement compared to the

counterparts using conventional materials.1–3 More impor-

tantly, there is no sign indicating that the energy conversion

efficiency of PSCs has reached a bottleneck. As light-

harvesting materials, organic-inorganic hybrid perovskites

such as CH3NH3PbX3 (MAPbX3) (X¼Cl, Br, and I) have

been widely studied, with promising properties such as a suit-

able optical bandgap (Eg) of 1.57 eV,
4 large absorption coeffi-

cient (104 cm�1),5 high carrier mobility, and long charge

carrier diffusion length (1lm).6,7 These excellent optical and

electrical properties make CH3NH3PbI3 (MAPbI3) an efficient

absorber material for applications in perovskite solar cells.

Developing a deeper understanding of the optical prop-

erties is important both practically and theoretically for solar

cells. A suitable bandgap and a high absorption coefficient

for absorber materials play an important role in determining

the energy conversion efficiency of photovoltaic devices.

Bandgap tuning is required to extend the absorption to longer

wavelengths without sacrificing the absorption coefficient.

Many efforts have been made to optimize the bandgap and

absorption of the MAPbI3 layer.
5,8 Modification of the bond

distance and/or angle of X-Pb-X in MAPbI3 is one of the

strategies to affect bandgap energy. A theoretical study

suggests that the bandgap can also be adjusted by the p
orbital of I and p orbital of Pb.9

Low-cost and facile deposition techniques are desired to

fabricate stable and high quality MAPbI3 films. Compared to

one-step methods, two-step spin-coating processing10,11 and

thermal evaporation methods,12 which are very important

techniques for absorption layer fabrications, exhibit better

photovoltaic performance owing to better morphology and

interfaces.13 It should be noted that the phase transition,

microstructure, defect states, and optical properties of

MAPbI3 films are strongly affected by temperatures and

deposition methods. Jiang et al. reported the temperature

dependent optical properties of MAPbI3 films from 77K

to room temperature.14 Furthermore, the bandgap, optical

constants, and optical absorption can also be affected by

processing techniques such as toluene dripping treatment.

However, a fundamental experimental understanding for the

a)Authors to whom correspondence should be addressed: wwli@ee.ecnu.

edu.cn; zhouh81@pkusz.edu.cn; and zghu@ee.ecnu.edu.cn

0003-6951/2017/111(1)/011906/5/$30.00 Published by AIP Publishing.111, 011906-1

APPLIED PHYSICS LETTERS 111, 011906 (2017)

http://dx.doi.org/10.1063/1.4991864
http://dx.doi.org/10.1063/1.4991864
http://dx.doi.org/10.1063/1.4991864
http://dx.doi.org/10.1063/1.4991864
http://dx.doi.org/10.1063/1.4991864
http://dx.doi.org/10.1063/1.4991864
http://dx.doi.org/10.1063/1.4991864
mailto:wwli@ee.ecnu.edu.cn
mailto:wwli@ee.ecnu.edu.cn
mailto:zhouh81@pkusz.edu.cn
mailto:zghu@ee.ecnu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4991864&domain=pdf&date_stamp=2017-07-06


electronic band structure, bandgap energy, and optical

absorption in addition to the deposition methods is still

lacking.

In this work, the perovskite CH3NH3PbI3 films were

fabricated on Al2O3/Si substrates by different deposition

methods and processing techniques. The effects of the fabri-

cation techniques on the electronic transitions and the physi-

cal mechanism have been discussed in detail.

The MAPbI3 films were deposited with four different

methods on the Al2O3/Si substrate, as shown in Fig. 1. An

Al2O3 thin film with a thickness of 3 nm was applied as an

inert layer on a silicon substrate to improve the film density,

uniformity, and crystal quality of the perovskite films. For

sample A, the main precursor PbI2 was first fabricated into a

uniform and compact film by vapor deposition. Afterwards,

the PbI2 film was immediately immersed in a bath of

CH3NH3I (MAI) solvent (10mg/ml) for 10min. For sample

C, the precursor PbI2 was prepared in dimethylformamide

(DMF) solution followed by spin-coating at a speed of

3000 rpm for 40 s. Then, the MAI solution (10mg/ml) was

dipped onto the PbI2 film by spin-coating (2000 rpm/60 s).

Therefore, the MAI solution intercalates into the PbI2 precur-

sor film to form MAPbI3 perovskite. For sample B and sam-

ple D, toluene dripping treatment was finally applied to

improve the uniformity in addition to the fabrication process

of sample A and sample C. All the samples were cleaned by

isopropyl alcohol (IPA) at a speed of 2000 rpm for 20 s and

then annealed at 100 �C for 30min. The reflectance spectra

were measured at room temperature with a double beam

ultraviolet-infrared spectrophotometer (Perkin Elmer

Lambda 950) in the photon energy range of 0.5 to 5.16 eV

(240–2500 nm) with a spectral resolution of 2 nm.

Comprehensive studies of optoelectronic properties of

MAPbI3 films are needed for establishing robust optical

models to improve the design of solar cells. The reflectance

technique is a nondestructive and powerful tool for the opti-

cal characterization of semiconductor film materials, which

can directly provide electronic band energy and dielectric

constants. Moreover, spectral reflectance has been applied to

obtain optical functions of semiconductor and dielectric

materials.15,16 The experimental reflectance spectra of the

MAPbI3 films with different deposition methods and proc-

essing techniques are plotted in Fig. 2 by dotted lines. The

well-known absorption edge at about 1.5 eV can be observed

from the spectra, which is similar to the results reported by

Löper et al.6 One can find that the reflection characteristics

in sub-band regions and at fundamental absorption edge

depend strongly on the deposition methods. It suggests that

the electronic transition and optical bandgap are different

among samples, which indicates different electronic band

structures and crystalline quality. Note that small features at

about 2.45 eV (about 505 nm) can be observed from the spec-

tra, which can be attributed to the small amount of the PbI2
component remaining in MAPbI3 films.17

The inverse synthesis method is based on a phenomeno-

logical model fitted to the experimental results. A three-

phase layered structure (air/film/substrate) was constructed

for each sample to determine the optical properties of the

MAPbI3 films. The optical constants of the substrate (Al2O3/

Si), which is used for determining the dielectric functions of

MAPbI3 films, can be obtained from the commercial data-

base. The optical transition numbers and position energies of

MAPbI3 films have been reported by many research groups.

More than eight Tauc-Lorentz (TL) oscillators have been

applied to extract the transition energies in a wide photon

energy range.18 However, only five transitions located within

the measured photon range of this work. Therefore, the

dielectric functions of the MAPbI3 films were extracted by

fitting the reflectance spectra with five TL oscillators19,20

e1 Eð Þ ¼ e1 þ 2

p
P

ð1
0

ne2 Eð Þ
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dn;

e2 Eð Þ ¼
X5
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� �2 þ C2
i E

2

1

E
;
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where e1 is the high-frequency dielectric constant, P is the

Cauchy principal part of the integral, E is the incident photon

energy, and Ai, Epi, Ci, and Eti are the amplitude, transition
FIG. 1. Schematic illustration of the different deposition methods and proc-

essing techniques to obtain MAPbI3 films.

FIG. 2. The experimental (dotted lines) and model-fit (solid lines) reflec-

tance spectra of MAPbI3 films with different deposition methods and proc-

essing techniques in the photon energy range of 0.5 to 5.16 eV.
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position energy, broadening term, and Tauc gap energy of

the ith oscillator, respectively. The thickness of the film is

one of the fitting parameters, which can be obtained by fit-

ting the reflectance spectra. The TL model, which follows by

the Kramers-Krönig transformation in the entirely measured

photon energy region, is applied in many semiconductor

materials. The best-fit reflectance data with the TL model are

plotted in Fig. 2 by solid lines, which illustrates that this

model reproduces the experimental spectra well.

The fitted parameter values and film thickness are sum-

marized in Table I. The thickness of MAPbI3 films was esti-

mated in the range of 98 nm to 111 nm. As can be seen in

Table I, the e1 value of the film decreases after processing

with toluene solution. Considering that the high frequency

dielectric constant and refractive index (n) are related by

e1 / n, it indicates that the refractive index decreases with

toluene treatments. The energy positions of five transitions

(from Ep1 to Ep5) are different with samples, which suggests

that the deposition methods can strongly affect the band

structure and electronic transitions. The dielectric functions

not only provide basic optical properties but also are impor-

tant for device design. The evaluated dielectric functions of

MAPbI3 films are shown in Figs. 3(a) and 3(b). The evolu-

tions of dielectric functions and fundamental peaks show dif-

ferent behaviors using deposition methods and processing

techniques. The number of optical electronic transition is

related to the physical properties of the MAPbI3 films. Based

on the experimental observations14 and theoretical calcula-

tions,21 five electronic transitions at the photon energy from

ultraviolet to near-infrared can be assigned. The five features

can also be clearly identified from the e2 curves [see Fig.

3(b)] and the physical origins of the electronic transitions

will be discussed later.

For absorber layer materials, the absorption coefficient a
¼ 4pk/k is one of the most important parameters for their

photovoltaic applications. Figure 4 shows the absorption

coefficient a of the perovskite MAPbI3 films from different

deposition methods. In the region of 0.5–1.5 eV, an absorp-

tion edge appears for all films due to the band to band transi-

tion. The sharp absorption onset near the bandgap energy

indicates that there is low Urbach energy, which is expected

to reduce the open-circuit voltage loss. The sharp absorption

feature may also result from a discrete excitonic state

enhancing absorption in this region. Light penetration

through the MAPbI3 layer and the resulting carrier genera-

tion depend entirely on a of the MAPbI3 materials. At the

photon energy of 2.0 eV, the a values change from 7.9� 104

to 8.4� 104 cm�1, which are much higher than those

observed from the films fabricated by the two-step evapora-

tion technique (3.8� 104 cm�1).22 It indicates that these

films contain less voids and the film structures are highly

uniform. The variation of optical absorption in the visible

region (1.5 eV � E � 2.5 eV) can be characterized by a fea-

tureless nonexcitonic interband transition in the Brillouin

zone and the free electrons and holes are generated directly

by optical absorption at E � Eg. Moreover, the optical

absorption of MAPbI3 films can be expressed by traditional

semiconductor-type optical transitions.22

TABLE I. The electronic transition energy for MAPbI3 films with different deposition methods are determined from the simulation of the reflectance spectra

using the five Tauc-Lorentz oscillator model.

Samples Thickness (nm) e1 Ep1 (eV) Ep2 (eV) Ep3 (eV) Ep4 (eV) Ep5 (eV)

A 1046 1 3.516 0.02 1.146 0.21 1.586 0.03 2.226 0.02 2.796 0.13 4.686 0.09

B 986 1 3.446 0.02 1.206 0.02 1.606 0.01 2.576 0.01 3.266 0.03 4.766 0.05

C 1056 1 3.226 0.01 1.346 0.03 1.576 0.03 2.466 0.02 3.276 0.05 4.696 0.05

D 1116 1 2.916 0.01 1.406 0.03 1.616 0.01 2.366 0.01 3.246 0.05 4.726 0.04

FIG. 3. Fabrication technique dependence of the dielectric functions: (a)

real part e1 and (b) imaginary part e2 of MAPbI3 films in the photon energy

range of 0.5–5.16 eV. The arrows indicate the energy positions of the elec-

tronic transitions.

FIG. 4. The absorption coefficient a of different perovskite MAPbI3 sam-

ples. The inset shows the variations of (aE)2 with the photon energy E of

sample A (red dots) and sample B (blue dots), which are used to determine

the bandgap energy Eg.
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The bandgap energy of the MAPbI3 films can be calcu-

lated by considering direct transitions between the valence

band (VB) and the conduction band (CB) when the photon

excitation is applied. The power law behavior of Tauc

(aE)2/ (E�Eg) was applied for allowed direct transition;

here, E is the incident photon energy and Eg is the bandgap

energy. The straight line between (aE)2 and E will provide

the Eg value, which is extrapolated by the linear portion of

the plot to (aE)2¼ 0, as seen in the inset of Fig. 4. The

extrapolated Eg energies for Sample A, Sample B, Sample C,

and Sample D are 1.501, 1.514, 1.543, and 1.591 eV, respec-

tively. The values, which are lower than that deposited by

the gas-assisted technique (Eg¼ 1.61 eV),14 are close to the

optimal bandgap (Eg¼ 1.5 eV) for photovoltaic applications.

It can be found that the Eg of the films deposited by evapora-

tions is smaller than that prepared by two-step spinning.

Moreover, the Eg of the films increases after toluene solution

dripping. Theoretical calculations have suggested that the

electronic structure of MAPbI3 is related to the p orbital of I

and the p orbital of Pb. Further, the bandgap of MAPbI3
films is formed between the unoccupied Pb p orbital and the

occupied I p orbital.23 Finally, according to the Fermi

Golden rule, a smaller bandgap will result in a higher proba-

bility of optical transitions.

Determination of the optical transition is vital for a clear

understanding of the operational principles of MAPbI3 pho-

tovoltaic devices. Before assigning the origins of optical

transition, the electronic band structures of MAPbI3 materi-

als need to be discussed. The valence band maximum

(VBM) and conduction band minimum (CBM) lie at the

same point in reciprocal space (k-space). The CBM origi-

nates primarily from the Pb 6p states hybridized with a small

amount of the I 5s states r-antibonding and Pb 6p states

hybridized with I 5p states p-antibonding orbitals. The VBM

can be mainly constructed from three parts: (i) a Pb 6s-I
5p r-antibonding orbital in the top of the states, (ii) I 5p orbi-

tals in the middle energy region, and (iii) Pb 6p-I 5sr-bond-
ing and Pb 6p-I 5p p-bonding orbitals in the bottom of the

state.24,25 Table I summarizes all of the optical transition

energies extracted from reflectance spectra using the Tauc-

Lorentz model. For the present MAPbI3 films, five electronic

transition energies can be obtained from the model fitting

results and are labeled with Ep1; Ep2; Ep3; Ep4, and Ep5,

respectively. The energy values observed in the present study

are similar to those found by experiments and theoretical cal-

culations in other MAPbI3 materials.14,22,26 The transition

energies of the films deposited by evaporations are smaller

than those prepared by two-step spinning. In addition, the

transition energies increase after toluene solution dripping.

The addition of toluene solution into MAPbI3 films might

control the crystal growth and reduce the defects in the

perovskite layers, which are effective for obtaining highly

uniform perovskite films.

Although the tetragonal phase is the most stable phase at

room temperature, the cubic phase can also be observed

from other perovskite MAPbI3 films.18,26,27 To discuss the

optical transition within the band structure of the perovskite,

we assume that the perovskite films are simple pseudocubic

structures at room temperature. This is an acceptable approx-

imation of the band structure since the transition from the

tetragonal to the pseudo-cubic phase is a second order transi-

tion (unlike the 1st order orthorhombic to tetragonal transi-

tion). It will result in only a 2% change in the lattice

parameters relative to the tetragonal structure at room tem-

perature.26,28 Moreover, the dielectric functions with the

photon energy are similar to the optical response behaviors

from experimental measurements and theoretical predictions

of reported pseudocubic MAPbI3 films.18,22 Therefore, this

assumption is acceptable and critical to reproduce the optical

transitions in the MAPbI3 perovskite. Thus, we used R, M,

and X symmetry points in the Brillouin zone of the pseudo-

cubic phase for optical transition discussion.

Note that the optical transition energies, which can also

be observed for the e2 spectra, reproduce well with the

MAPbI3 films with a pseudocubic structure. The majority

characteristics of the MAPbI3 films correspond to the differ-

ent direct electronic transitions between the highest VB and

lowest lying CB at the R, M, and X symmetry points. The

higher-energy transitions might originate from the highest

VB to a second-lowest CB and various second-highest VBs

to the lowest lying CB. The lowest energy transition Ep1

occurs between the doubly degenerate VB and the lower

split-off CB. The giant spin-orbit splitting of the Pb-derived

CB and I-derived VB states, which are initially split by the

crystal fields due to atomic relaxations, can also affect the

transition. The Ep2 feature at about 1.6 eV can be assigned

to direct transition from the highest VB to the lowest CB at

the R symmetry point in the first Brillouin zone. In addition,

the interaction with CH3NH
þ
3 can also affect the amplitude

of the transition. Similarly, the Ep3 transition at about 2.5 eV

can be assigned to the direct optical transitions from the

highest VB to the lowest CB at the M point in the pseudocu-

bic Brillouin zone. The transitions between the highest VB

and the second-lowest CB at the R point might also have a

minor contribution. The fourth transition is related to the

excitation of electrons from the highest VB to the lowest

CB at the X point.26,29 For the highest energy transition Ep5,

the similar energy positions have been observed from the

MAPbI3 films prepared using laser evaporation processing

(4.726 eV)22 and one-step spin coating (4.60 eV).30 Many

research groups try to interpret the origins from theoretical

and experimental perspectives, but the physical origins of this

transition remain unclear. The Ep5 can be temporarily attrib-

uted to the transition from the highest VB to the second/third

lowest CB. More extensive theoretical studies, such as

density-functional theory calculations, are desirable to deter-

mine the physical origins of optical transitions of the MAPbI3
films. The different deposition methods and processing techni-

ques will result in the changes of crystalline quality, micro-

structure, density, and morphology in MAPbI3 films, which

further affect the optoelectronic properties such as electronic

transitions, dielectric functions, and optical absorption.

As shown above, the bandgap, electronic transitions,

and optical absorption of the MAPbI3 films can be adjusted

by different deposition techniques and toluene processing.

Although these strategies represent the mainstream low-cost

and facile methods for perovskite film productions, the film

qualities such as uniformity, grain size, and compactness are

different. For the evaporation methods, the bottom of the

film usually exhibits small amounts of PbI2 residue. The

011906-4 Li et al. Appl. Phys. Lett. 111, 011906 (2017)



MAPbI3 films with PbI2 residue can change the optical prop-

erties and usually lead to the low performance in solar cells

especially in photocurrent density.23 For the spin-coating

methods, the reaction rate between PbI2 and MAI solutions is

high. Furthermore, the toluene dripping will achieve a com-

pact, smooth, and uniform perovskite film on the substrate.

Therefore, larger grain sizes, which results in pinhole-free

perovskite films, can be obtained for better charge-transport

properties. The grain boundaries of the film can be reduced at

the same time. Taking into account the differences of these

deposition methods, the evolutions of electronic band struc-

tures and optical properties in the MAPbI3 films might be

ascribed to the contributions from different uniformities, com-

pactness, defect states, grain sizes, and grain boundaries.

In summary, the dielectric functions, optical bandgap,

and optical absorption of the perovskite MAPbI3 films have

been investigated using reflectance spectra in the photon

energy range of 0.5 eV to 5.16 eV. It can be found that the

dielectric functions and absorption coefficient strongly

depend on the deposition and processing techniques. The

bandgap can be adjusted from 1.591 eV to 1.501 eV using

different deposition methods and processing techniques due

to different Pb-I orbital hybridization and spin-orbit cou-

pling. Five interband electronic transitions can be observed

at about 1.27 eV, 1.59 eV, 2.40 eV, 3.14 eV, and 4.71 eV,

which can be attributed to the direct semiconductor-type

transitions at the different points in the pseudocubic

Brillouin zone, respectively. The transition energies of the

MAPbI3 films deposited by evaporations are less than those

prepared by two-step spinning. In addition, the transition

energies increase after toluene solution dripping.
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