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Abstract
The band gap energy and optical constants are important parameters for solar cell design. 
Here, organic–inorganic hybrid halide perovskite CH3NH3PbI3 films (about 140 nm thick) 
were prepared by vapor deposition at precursor solution temperatures of 30 °C, 50 °C, 70 °C, 
and 90 °C, respectively. By fitting the ellipsometric spectra in the photon energy range of 
0.496–4 eV, we can find that the optical constants, absorption coefficients, and dielectric 
function strongly depend on the precursor temperature. Due to the change of electronic band 
structures and spin–orbit coupling, the band gap energy can be modulated from 1.634 eV to 
1.516 eV with different precursor temperatures. As band gap energy increases, the Urbach 
energy decreases with each precursor temperature. The film with a precursor temperature of 
70 °C shows the lowest Urbach tail energy (107 meV). The Urbach tail effects can be ascribed 
to the cumulative effect of impurities, the degree of disorder, and electron–phonon interaction. 
This study is helpful for understanding the intrinsic optical properties of perovskite films 
fabricated under different precursor temperatures, so as to provide important information for 
understanding the device physics and fabrication of high performance perovskite solar cells.

Keywords: CH3NH3PbI3 films, spectroscopic ellipsometry, optical constants, Urbach tail, 
optical band gap
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1. Introduction

In the past few decades, solar cells based on organic–inor-
ganic halide perovskites have attracted much attention and are 
considered as promising photovoltaic cells [1]. In particular, 
perovskite-based CH3NH3PbX3 (X  =  Cl, Br, I) solar cells 
have reached high energy conversion efficiencies of over 22% 
through controlled formation of charge-generating films and 
improved current transfer to the electrodes [2, 3]. Moreover, 
the conversion efficiency does not show any sign of reaching 
a bottleneck. The high average power conversion efficiency 
in organic–inorganic hybrid perovskite planar solar cells can 
be attributed to strong light absorption and weakly bound 
excitons.

As a typical organolead trihalide perovskite material, 
CH3NH3PbI3 (MAPbI3) can be used in high-efficiency pho-
tovoltaic cells. Generally, an MAPbI3 absorber layer several 
hundred nanometers thick is sandwiched between the electron 
and hole transport layers in a perovskite solar cell [4, 5]. Many 
techniques have been applied to prepare perovskite MAPbI3 
films. Among them, vapor evaporation and solution-chemistry 
fabrications are desired because of their low-cost, facile pro-
cess in producing high-quality perovskite films. Furthermore, 
the film quality and device performance can be modulated by 
the processing techniques and precursor solution temperature. 
Through tuning the stoichiometry, composition, chemical 
additives and phase metastability of the precursor solution, the 
film quality and the conversion efficiency of perovskite solar 
cells can be significantly improved [6–8]. The nucleation, 
growth, and orientation of metal halide perovskite thin films 
have been controlled with rationally selected additives [8]. 
The stable precursor phase enables a dense film coverage and 
the slow transformation may lead to improved crystal quality 
of MAPbI3 films [9]. Yan et  al demonstrated the important 
fundamental chemistry of perovskite precursors and drove 
MAPbI3 solar cells towards a higher conversion efficiency 
[10]. Therefore, it is important to investigate the effects of 
precursor solution temperature on the physical properties of 
MAPbI3 films.

Accurate knowledge of the optical constants, optical band 
gap, and Urbach energy under different conditions is essen-
tial for the design of optoelectronic devices. The effects of 
temperature on the absorption spectra and bandgap of per-
ovskite films have been investigated by photoluminescence 
and ultraviolet–visible spectra [11–13]. Foley et al found that 
the bandgap of MAPbI3 films blue-shifts with an increase in 
temper ature from 28 °C to 85 °C. Furthermore, the optical 
properties and electronic band structures of MAPbI3 films 
prepared by different processing techniques have been 
reported by many groups [14, 15]. Compared to the effects 
from measurement temperature, the understanding of the 
optical properties in MAPbI3 films under different precursor 
solution temperatures is insufficient. In order to optimize the 
band gap for solar cell applications, the band gap and Urbach 
tail of MAPbI3 films with different precursor temperatures 
still need to be investigated in detail. Spectroscopic ellipsom-
etry has been used to investigate the band gap and electronic 
structure of semiconductor materials for several decades [16]. 

The dielectric function of layered samples can be determined 
in a wide wave range, from ultraviolet to infrared. The refrac-
tive index n is usually to describe the phase velocity and the 
extinction coefficient k indicates the amount of absorption 
loss when the light propagates through the material.

In this paper, perovskite MAPbI3 films were fabricated by 
the vapor deposition method under different precursor engi-
neering. The effects of precursor solution temperature on the 
optical constants, band gap, and Urbach tail have been dis-
cussed in detail.

2. Experimental procedure

The main precursor PbI2 was first fabricated into a uniform 
and compact film by vapor deposition at a speed of 150 µl 
min−1 for 1 min. The precursor solution temperature was fixed 
at 30 °C, 50 °C, 70 °C, and 90 °C, respectively. An Al2O3 
thin film was applied as an inert layer on a silicon substrate to 
improve the film density, uniformity, and crystal quality. The 
Al2O3 film was grown by atomic layer deposition (ALD) at a 
temperature of 250 °C. From the ALD experimental param-
eters, the thickness of the Al2O3 layer can be estimated to 
be 3 nm. CH3NH3I (MAI) was synthesized by stirring 24 ml 
of methylamine (33% in methanol, Aladdin) with 10 ml of 
hydroiodic acid (57% in water, Aladdin) in a round-bottom 
flask at 0 °C for 2 h. The solvent was removed by heating the 
solution in a rotary evaporator at 50 °C. The white precipi-
tate of raw MAI was washed with ethanol, filtered and then 
washed with diethyl ether. This procedure was repeated three 
times. After the final filtration, the products were dried at  
60 °C in a vacuum oven for 24 h. The PbI2 film was then 
immediately immersed in a bath of MAI solvent. Finally, the 
MAPbI3 film was annealed at 100 °C for 60 min.

The surface morphology and cross-sectional microstruc-
tures of the MAPbI3 films were investigated by scanning elec-
tron microscopy (SEM, FEI Helios G4 UX). Spectroscopic 
ellipsometry data were measured at room temperature using 
vertical variable-angle near-infrared ultraviolet optical ellip-
sometry (J A Woollam Co., Inc.) for the photon energy region 
from 0.496–4 eV (310–2500 nm) with an incident angle of 
70°. The spectral resolution of the optical ellipsometry was 
set to 5 nm, and the measurements were carried out with an 
auto retarder (high accuracy).

3. Results and discussions

As an example, the surface morphology and cross-sectional 
SEM images of the MAPbI3 film with a precursor solution 
temperature of 70 °C are given in figures 1(a) and (b). From 
the SEM surface image, the MAPbI3 film is uniform and has 
nanocrystalline morphological features. The grain size, with a 
diameter of about several hundred nanometers, can be clearly 
observed. From the cross-sectional image, the MAPbI3 film 
is compact and the thickness is evaluated to about 140 nm, 
which agrees well with the nominal growth value.

Figure 2 shows the measured ellipsometric parameters of 
the MAPbI3 films with precursor solution temperatures of 
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30 °C, 50 °C, 70 °C, and 90 °C, respectively. The Ѱ and Δ 
spectra of the films show different behaviors and the optical 
features strongly depend on the precursor temperature. This 
indicates that the electronic band structures of the MAPbI3 
perovskite films change with the precursor solution temper-
ature. Moreover, the fundamental band gap of MAPbI3 films 
can be seen as sharp points around 1.61 eV in both Ѱ and Δ 
spectra.

In order to extract the optical constants of the MAPbI3 
films, a three-phase layered structure (air/MAPbI3/substrate) 
was used to calculate the ellipsometric spectra, as shown in 
figure 3(a). The optical constants of the MAPbI3 films were 
extracted by fitting the ellipsometric spectra with three Tauc–
Lorentz oscillators [17, 18]. As an example, the experimental 

and fitting Ѱ and Δ spectra of the MAPbI3 film with a pre-
cursor temperature of 30 °C are plotted figure 3(b). The good 
agreement between the experimental and calculated spectra 
in the entirely measured photon energy range reveals that 
the model and fitting method are suitable. The fitting results 
indicate that the thickness of MAPbI3 films is about 140 nm. 
Figures  3(c) and (d) indicate the evaluated refractive index 
n and extinction coefficient k at different precursor solution 
temperatures. The k values increase from about 0.1 to 1.5 with 
the photon energy. Three optical features (peaks or valleys) 
can be clearly identified from the n spectra.

The fundamental interband transition of the MAPbI3 film is 
considered a direct transition from the valence band to the con-
duction band. According to Fermi’s golden rule, the absorp-
tion coefficient a  =  4πk/λ is proportional to the joint density 
of states in the allowed direct transition [19]. As an example, 
figure 4(a) plots the absorption coefficient a of the MAPbI3 
film with a precursor temperature of 30 °C. At the photon 
energy of 2.0 eV, the a value is about 1.3  ×  105 cm−1, which 
is larger than that observed from other MAPbI3 films [20, 21]. 
It indicates that the MAPbI3 film is of high quality for pho-
tovoltaic applications. A flat absorption edge appears in the 
sub-band gap region (<1.5 eV) for the films due to the interac-
tion of electrons and/or excitons with a phonon, which can be 
ascribed to the existence of Urbach tail states. The Urbach tail 
energy Eu can be calculated by a  =  Aexp[(E  −  Eg)/Eu], where 
A is a constant, and Eg is the band gap energy. For the film 
with a precursor temperature of 30 °C, the estimated Eu value 
is about 107 meV, which is lower than that observed from 
other semiconductor films [22]. It indicates that the MAPbI3 
films prepared by vapor deposition contain less structural and 
thermal disorder.

On the other hand, the absorption is related to the trans-
ition of charge carriers from the valence band to the conduc-
tion band. Such a relationship can be used to determine the 
band gap [23]. For hv  ⩾  Eg, (ahν)2 ∝ (E  −  Eg), where a is 
the absorption coefficient, h is Planck’s constant, ν is the 

Figure 1. (a) Surface morphology and (b) cross-sectional SEM 
images of the prepared CH3NH3PbI3 film with a precursor solution 
temperature of 70 °C.

Figure 2. Experimental (a) Ѱ and (b) Δ spectra obtained from 
the MAPbI3 (140 nm)/Al2O3 (3 nm)/Si structure with precursor 
temperatures of 30 °C, 50 °C, 70 °C, and 90 °C, respectively.

Figure 3. (a) Schematic illustration of a perovskite film structure 
used for the optical fitting model. (b) Experimental and fitting 
Ѱ and Δ spectra of the MAPbI3 film with a precursor solution 
temperature at 30 °C. (c) Refractive index n and (d) extinction 
coefficient k at different precursor solution temperatures.
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frequency of incident light, and Eg is the allowed direct band 
gap. Based on the band structure of MAPbI3, Pb spin–orbit 
coupling will result in an indirect band gap [24]. As can be 
seen in figures  4(b)–(e), the estimated band gap values are 
1.594 eV, 1.577 eV, 1.516 eV, and 1.634 eV for the films with 
precursor temperatures of 30 °C, 50 °C, 70 °C, and 90 °C, 
respectively. According to the previous report [3], the band 
gap is formed between the unoccupied Pb p orbital and the 
occupied I p orbital. Furthermore, many other factors can 
be used to explain the band gap formation mechanism of 

organic–inorganic hybrid perovskites, such as quasiparticle 
self-energy, spin–orbit coupling, and structural distortions 
[25].

Figure 5(a) gives the schematic illustration of electronic 
band structure for Urbach tail analysis. Many works have been 
carried out to explain the origins of Urbach tail effects, and 
the film defects and inhomogeneity play an important role in 
these effects. Moreover, the Urbach energy is related to the 
total contributions of thermal disorder and static disorder. The 
static disorder arises from inherent structural disorder, while 

Figure 4. (a) Absorption coefficient a of the MAPbI3 film with a precursor temperature of 30 °C. (b)–(e) Band gap (Eg) analysis using the 
variations in (ahv)2 with the photon energy at different precursor temperatures.

Figure 5. (a) Schematic illustration of the electronic band structure for Urbach tail analysis. (b) Band gap and Urbach energy at different 
precursor temperatures. The real part (c) and imaginary part (d) of dielectric functions for the MAPbI3 films.

J. Phys. D: Appl. Phys. 52 (2019) 045103
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the thermal disorder is due to excitations of phonon modes 
[26, 27]. Therefore, the Urbach effect is a result of the cumu-
lative effect of impurities, the degree of disorder, and elec-
tron–phonon interaction in the absorption processes [22]. It 
will result in a smaller band gap E′

g value, compared to the 
idealized band gap Eg value.

The band gap energy Eg and Urbach energy Eu with dif-
ferent precursor temperatures are shown in figure 5(b). We can 
find that the precursor temperature can modulate the band gap 
and Urbach energy of films. It will directly influence the light 
harvesting capability of the photoanode and the short-circuit 
photocurrent density of the solar cells [28]. In particular, the 
film with a precursor temperature of 70 °C has a minimum Eg 
value (1.516 eV). The lowered band gap will allow absorption 
of photons over a broader solar spectrum, so as to increase 
the short-circuit current of the device. The electronic structure 
of MAPbI3 is related to the p orbital of I and the p orbital of 
Pb. The changes in precursor temperature are believed to shift 
the valence band maximum and conduction band minimum, 
which further result in the Eg value change. With an increase 
of the precursor temperature from 30 °C to 90 °C, the Urbach 
tail energy changes from 107 meV to 129 meV. This suggests 
that the defects, impurities, and degree of disorder vary with 
the precursor temperature. The analysis result of figure 5(b) 
also establishes a relationship between the band gap energy 
and the Urbach energy. As the Eg value increases, the Eu value 
decreases at each precursor temperature. A large Eu resulting 
in a smaller Eg suggests that the band gap energy can be 
affected by the degree of disorder in the perovskite films.

The dielectric functions not only provide basic optical prop-
erties but also are important for optoelectronic device design. 
The dielectric function, Ɛ  =  Ɛ1  +  i Ɛ2, with Ɛ1  =  n2  −  k2 
and Ɛ2  =  2nk, is related to the band structure of the mat-
erial. Figures 5(c) and (d) show the evolution of the dielectric 
function with the precursor solution temperature. At a photon 
energy below the Eg energy, the Ɛ1 values decrease with an 
increase in the precursor temperature. Three optical character-
istics can be observed at about 1.6 eV, 2.4 eV, and 3.1 eV. The 
energy values are similar to those observed by experiments 
and theoretical calculations in other MAPbI3 materials [15, 
20]. This is related to the different interband electronic trans-
itions between filled and empty bands in the MAPbI3 films.

4. Conclusions

The effects of precursor solution temperature on optical con-
stants and absorption coefficients of CH3NH3PbI3 films in 
the photon energy range of 0.496–4 eV have been discussed. 
Band gap and Urbach tail energy tuning of the films have 
been demonstrated by changing the precursor temperature 
from 30 °C to 90 °C. The film with a precursor temperature of 
70 °C shows an optimal band gap value (1.516 eV) for solar 
cell applications. With an increase of the precursor temper-
ature from 30 °C to 90 °C, the Urbach tail energy changes 
from 107 meV to 129 meV. This suggests that the defects, 
impurities, and degree of the disorder vary with the precursor 
temper ature. Our research results show a possible method of 

band gap tuning and Urbach tail tuning for perovskite mat-
erials. This study is helpful for the community to understand 
how the fabrication process affects the intrinsic properties of 
perovskite films.

Acknowledgments

The authors would like to thank Professor Rong Huang and Ms 
Ruijuan Qi for the SEM measurements. This work was finan-
cially supported by the National Key Research and Develop-
ment Program of China (Grant Nos. 2017YFA0303403 and 
2016YFB0501604), the National Natural Science Founda-
tion of China (Grant Nos. 61774061, 61504043, 61674057, 
and 61227902), the NSAF Foundation of China (Grant No. 
U1830130), the Projects of Science and Technology Com-
mission of Shanghai Municipality (Grant No. 15JC1401600), 
the Program for Professor of Special Appointment (East-
ern Scholar) at Shanghai Institutions of Higher Learning, 
the Fundamental Research Funds for the Central Universi-
ties (ECNU), the Shenzhen Science and Technology Inno-
vation Fund (Grant No. JCYJ20150629144006876), the 
Natural Science Foundation of Zhejiang Province (Grant 
No. LQ16F050005), the Wenzhou Science and Technology 
Bureau (Grant No. G20150025), and the Scientific Research 
Fund of Zhejiang Provincial Education Department (Grant 
No. Y201534166).

ORCID iDs

Wenwu Li  https://orcid.org/0000-0002-9307-1566
Hang Zhou  https://orcid.org/0000-0002-0472-9515
Wenlei Yu  https://orcid.org/0000-0002-4002-8652
Zhigao Hu  https://orcid.org/0000-0003-0575-2191

References

	 [1]	 Pandey A K, Tyagi V V, Selvaraj J A/L, Rahim N A and 
Tyagi S K 2017 Renew. Sustain. Energ. Rev. 53 859

	 [2]	 Chen H et al 2017 Nature 550 92
	 [3]	 Zhao Y X and Zhu K 2016 Chem. Soc. Rev. 45 655
	 [4]	 Hailegnaw B, Kirmayer S, Edri E, Hodes G and Cahen D 2015 

J. Phys. Chem. Lett. 6 1543
	 [5]	 Wang S H, Yan J, Juarez-Perez E J, Ono K and Qi Y B 2016 

Nat. Energy 2 16195
	 [6]	 Li F Z et al 2018 Adv. Mater. 44 1804454
	 [7]	 Yin G N, Zhao H, Jiang H, Yuan S H, Niu T Q, Zhao K,  

Liu Z K and Liu S Z 2018 Adv. Funct. Mater. 28 1803269
	 [8]	 Foley B J et al 2017 J. Mater. Chem. A 5 113
	 [9]	 Stone K H, Gold-Parker A, Pool V L, Unger E L, 

Bowring A R, McGehee M D, Toney M F and Tassone C J 
2018 Nat. Commun. 9 3458

	[10]	 Yan K Y, Long M Z, Zhang T K, Wei Z H, Chen H N, Yang S 
H and Xu J B 2015 J. Am. Chem. Soc. 137 4460

	[11]	 Foley B J, Marlowe D L, Sun K Y, Saidi W A, Scudiero L, 
Gupta M C and Choi J J 2015 Appl. Phys. Lett.  
106 243904

	[12]	 Alpert M R, Niezgoda J S, Chen A Z, Foley B J, Cuthriell S, 
Yoon L U and Choi J J 2018 Chem. Mater. 30 4515

	[13]	 Foley B J et al 2018 Nano Lett. 18 6271

J. Phys. D: Appl. Phys. 52 (2019) 045103

https://orcid.org/0000-0002-9307-1566
https://orcid.org/0000-0002-9307-1566
https://orcid.org/0000-0002-0472-9515
https://orcid.org/0000-0002-0472-9515
https://orcid.org/0000-0002-4002-8652
https://orcid.org/0000-0002-4002-8652
https://orcid.org/0000-0003-0575-2191
https://orcid.org/0000-0003-0575-2191
https://doi.org/10.1016/j.rser.2015.09.043
https://doi.org/10.1016/j.rser.2015.09.043
https://doi.org/10.1038/nature23877
https://doi.org/10.1038/nature23877
https://doi.org/10.1039/C4CS00458B
https://doi.org/10.1039/C4CS00458B
https://doi.org/10.1021/acs.jpclett.5b00504
https://doi.org/10.1021/acs.jpclett.5b00504
https://doi.org/10.1038/nenergy.2016.195
https://doi.org/10.1038/nenergy.2016.195
https://doi.org/10.1002/adfm.201803269
https://doi.org/10.1002/adfm.201803269
https://doi.org/10.1039/C6TA07671H
https://doi.org/10.1039/C6TA07671H
https://doi.org/10.1038/s41467-018-05937-4
https://doi.org/10.1038/s41467-018-05937-4
https://doi.org/10.1021/jacs.5b00321
https://doi.org/10.1021/jacs.5b00321
https://doi.org/10.1063/1.4922804
https://doi.org/10.1063/1.4922804
https://doi.org/10.1063/1.4922804
https://doi.org/10.1021/acs.chemmater.8b00414
https://doi.org/10.1021/acs.chemmater.8b00414
https://doi.org/10.1021/acs.nanolett.8b02417
https://doi.org/10.1021/acs.nanolett.8b02417


W Li et al

6

	[14]	 Li W W, Sha T T, Wang Y, Yu W L, Jiang K, Zhou H, Liu C, 
Hu Z G and Chu J H 2017 Appl. Phys. Lett. 111 011906

	[15]	 Shirayama M et al 2016 Phys. Rev. Appl. 5 014012
	[16]	 Fujiwara H 2007 Spectroscopic Ellipsometry: Principles and 

Applications (New York: Wiley)
	[17]	 Jellison Jr G E and Modine F A 1996 Appl. Phys. Lett. 69 371
	[18]	 Li W W, Zhu J J, Xu X F, Jiang K, Hu Z G, Zhu M and 

Chu J H 2011 J. Appl. Phys. 110 013504
	[19]	 Zhu J J, Li W W, Xu G S, Jiang K, Hu Z G and Chu J H 2011 

Appl. Phys. Lett. 98 091913
	[20]	 Jiang Y J, Green M A, Sheng R and Ho-Baillie A 2015 Sol. 

Energy Mater. Sol. Cells 137 253
	[21]	 Xing G, Mathews N, Sun S, Lim S S, Lam Y M, Grätzel M, 

Mhaisalkar S and Sum T C 2013 Science 342 344

	[22]	 Rai R C 2013 J. Appl. Phys. 113 153508
	[23]	 Tauc J, Grigorovici R and Vancu A 1966 Phys. Status Solidi b 

15 627
	[24]	 Azarhoosh P, McKechnie S, Frost J M, Walsh A and van 

Schilfgaarde M 2016 APL Mater. 4 091501
	[25]	 Gao W W, Gao X, Abtew T A, Sun Y Y, Zhang S B and 

Zhang P H 2016 Phys. Rev. B 93 085202
	[26]	 Cody G D, Tiedje T, Abeles B, Brooks B and Goldstein Y 

1981 Phys. Rev. Lett. 47 1480
	[27]	 Singh S, Li C, Panzer F, Narasimhan K L, Graeser A, 
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