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A B S T R A C T

In recent years, the significant progress of organic-inorganic hybrid perovskite solar cells has
surprised the photovoltaic community. Moreover, many other optoelectronic devices have been
fabricated using this new generation of materials which makes it more attractive for researchers.
Among different physical and chemical synthesis methods, we have taken on a two-step solution-
based synthesis procedure to deposit CH3NH3PbI3 with 1.55 eV energy band gap in ambient air
condition. Various optoelectrical characterization tools have been used to thoroughly investigate
the perovskite film quality. Simulations were carried out using Finite-Difference Time-Domain
method (FDTD) for studying light absorption mechanism in perovskite films. Various surface
roughness amounts were applied to the simulations to achieve a good consistency between ex-
perimental and theoretical absorption curves. This approach can give an insight into how surface
roughness effectively impacts on the optical characteristics of the synthesized layer. Moreover,
light absorption mechanism has been also investigated which demonstrates how light with a
wavelength of more than 540 nm can be transmitted from a 400 nm thick perovskite layer.
Simulations also illustrate how surface roughness can help light trapping in the perovskite layer.

1. Introduction

Nowadays, scientists have discovered many new generations of optical materials and their constructions for different optical
applications [1–5]. One of these exciting novel substances is a branch of perovskite materials with photoconductive properties which
has surpassed other materials in the field of optoelectronics based on its applications [6]. The crystal structure of these semiconductor
perovskites (called perovskites in the rest of this paper) is in the form of ABX3 in which A represents methylammonium (CH3NH3),
formamidinium (CH2(NH2)2) or cesium (Cs); B can be replaced with lead (Pb) or tin (Sn) and finally halide atoms like Cl, Br and I can
be substituted with the X symbol [7]. In summary, the main reasons for the superiority of perovskite are its remarkable advantages
such as having a direct band gap and good absorption properties, low-cost synthesis methods, high charge carrier mobility, low
exciton binding energy, long carrier diffusion length and most importantly the tunability of the band gap [8,9].

Thus, these useful properties, have made the power conversion efficiency (PCE) of the perovskite solar cells reach above 23%
[10]. In addition to energy harvesting, different compounds of this material has been used to fabricate other devices such as the light
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emitting diodes (LEDs) [11], low power lasing in various colors and different wavelengths [12], visible and x-ray photodetectors
[13], optical sensors [14], field effect transistors [15], and Schottky diodes [16].

In order to have an optoelectronic device with a desired functionality, optimization of the material synthesis approach is of great
importance [17]. Generally, some chemical synthesis methods based on solution approaches such as solvent-engineering [18,19],
solvent-solvent extraction [20], one-step [21] and two-step [22], have been introduced along with physical methods such as thermal
evaporation [23,24] of the organo-metal trihalide perovskite material. It must be mentioned that in this work, we have used the two-
step solution deposition method to synthesize CH3NH3PbI3 or MAPbI3 perovskite materials. In the first step of this method, PbI2 in
DMF solution was used to deposit a PbI2 layer. The next step was converting this layer into perovskite by spin coating of MAI in
isopropanol (IPA) solution on it.

Fast crystallization of dissolved PbI2 in DMF, results in different crystal sizes in the final perovskite layer. It has been also learned
that applying different concentrations of dissolved MAI powder in isopropanol (IPA), changes the crystal size of MAPbI3. In fact, by
changing the MAI/IPA solution concentration from 0.063M to 0.038M, the average crystal size of MAPbI3 increases from 90 nm to
700 nm [25]. An important consequence of increasing the crystal size is the photocurrent density raise [26]. It is obvious that the
larger the crystals of the MAPbI3, the higher the short-circuit current which is due to higher light absorption and better dissociation of
electron-hole pairs [27–29]. To be more precise, current density increasing in large perovskite crystals is due to the reduced number
of dangling bonds in the interfacial area in addition to the formation of bigger crystal grains, which result in an impressive reduction
of the electron – holes recombination in the trap states of the material [30]. Also, another advantage of MAPbI3 large crystal grains is
the reduction of bulk defects which causes higher charge mobility and better carrier propagation to reach the cell electrodes [31].

One of the important utilized characterizations for checking crystallinity of MAPbI3 is X-Ray Diffraction (XRD) which shows the
formation of different MAPbI3 crystal planes [27,32]. It has been found that the XRD pattern of perovskite material before the
annealing step is a bit different from the final MAPbI3 layer [18,33]. Jeon et al. declared that the peaks below 10° for the perovskite
material before the annealing step are due to the existence of solvent materials [18].

Maximizing the light absorption of the MAPbI3 material is obviously vital for solar application [34,35]. Diffuse Reflectance
Spectroscopy (DRS) equipment can be used to calculate the optical band gap. By extracting the starting absorbance wavelength (λ) of
the material and using the following equation:

=E h c
λ
.

(1)

where E represents the energy band gap of the material, h is the plank constant, c is the light velocity, and λ denotes the wavelength
related to the band gap emission of the material [36,37].

Another important factor in solar cells which can affect light absorption is the surface roughness [38]. In this work, the root-mean-
square (rms) value, Rq, has been used for surface roughness evaluation as follows:

= =
∑ =R

y
n
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i
n
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2

(2)

where yi is a vertical distance from the center line of the surface curve, and n is the total number of vertical measurements taken
within a specific cutoff distance [39]. The rest of this paper starts with describing our experimental method in the Materials and
Methods section, then the Simulation Method section explains the simulation procedure. The Results and Discussion section re-
presents our results and discusses mainly the reasons. Finally, the Conclusions section draws our conclusions.

2. Materials and methods

In this study, the two-step solution deposition method has been used for perovskite synthesis. After optimizing the synthesis
method, characterization of the perovskite material has been carried out. The surface coverage and the morphology of the perovskite
layers were analyzed by field emission scanning electron microscopes (FESEM images). In order to thoroughly understand the
physical and optical behaviors of the material, the synthesized perovskite material was analyzed using X-Ray Diffraction, photo-
luminescence, and DRS. While perovskite surface roughness can play an important role in its light absorption behavior, Finite-
Difference Time-Domain method (FDTD) has been used to simulate the perovskite on FTO for finding a physical insight about light
absorption in our experiments. FDTD is designed based on Maxwell’s electromagnetic wave equations to acquire precise optical
responses [40]. Surface roughness has been introduced into the simulation to reproduce the experimental results.

In this section, our experimental and simulation methods are explained in more details.

2.1. Synthesis of MAI

For the preparation of CH3NH3I powder, methylamine (27.86 ml, 40% in methanol), and hydroiodic acid (30ml, 57 wt% in
water) were mixed at 0 °C and stirred for 4 h. Next, the precipitate was recovered by thermal evaporation at 55 °C for 1 h. Thereafter,
the product was dissolved in ethanol and then washed with diethyl ether. Finally, the solution was dried in a vacuum oven for 24 h at
60 °C, to evaporate the solvents while forming the white MAI powder as a result.
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2.2. Deposition of MAPbI3 perovskite material

As mentioned earlier, the two-step synthesis method was applied to form the perovskite layer in this work. But before spin
coating, the FTO (Fluorine doped tin oxide) substrate was cleaned in the ultrasonic bath containing DI water, methanol, ethanol, and
isopropanol, soaking in each for 10min subsequently [41].

After FTO cleaning, the MAPbI3 perovskite layer was formed according to the following steps. First, the 1M PbI2 solution was
prepared by dissolving 462mg PbI2 (99%) in 1ml N, N-dimethylformamide (DMF, 99.8%) through stirring at 70 °C. This solution was
spin coated on the substrate at 3000 rpm. for 5 s and 5000 rpm for 5 s. Next, the film was dried at 40 °C for 3min and 100 °C for 5min.
Afterward, the film was cooled at room temperature for at least 10min.

For step two, 0.050M (8mgml−1) CH3NH3I solution in 2-propanol was prepared under stirring at room temperature. Then,
200 μl of this solution was loaded on the PbI2-coated substrate (1 min loading time) and later was spun at 4000 rpm. for 20 s. Finally,
in order to form the MAPbI3 dried layer, the film was annealed at 100 °C for 5min [42].

2.3. Simulation method

In this study, the FDTD method has been used to simulate the perovskite layer deposited on FTO. The MAPbI3 and FTO thickness
was 400 nm and 1 μm respectively, based on the experimental data extracted from FESEM pictures (see Fig. 1). The incident light
propagated as a plane wave with the visible wavelengths ranging from 400 nm to 820 nm, into the Z-direction downwards. The
boundary conditions were set to the perfectly matched layers (PMLs), both symmetrical and asymmetrical, in the Z-direction, X-
direction, and Y-direction, respectively. Also, the several frequency-domain transmission monitors have been used at the top of the
simulation region, parallel to the perovskite material in order to capture the normalized absorption, transmission and reflection
spectra [43].

Triangle is the closest simple shape to the surface roughness of the experimentally deposited perovskite film, so it has been
implemented to simulate the surface roughness. According to the average grain size in experimentally deposited perovskite films, the
base of the simulated triangles set to 200 nm (see the shape and size of these grains in Fig. 1 a). Various surface roughness heights

Fig. 1. a, b, c) FESEM top view images of the MAPbI3, d) Optical image of the MAPbI3 perovskite layer on the FTO substrate, and e) FESEM cross
view image of the synthesized MAPbI3 layer.
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have been used to find the best results matching the experiments.
An important concept of the FDTD simulation method is that all calculations used for solving Maxwell’s equations are based on

the relative permittivity constant (ε) of the material. So, in order to introduce the MAPbI3 perovskite material in the simulation, both
the refractive index (n) and the extinction coefficient (k) which are related to epsilon (ε) were used from the previous reports [43,44].
It must be noted that these parameters have been employed according to the range of the visible wavelengths in our experimental
characterizations.

3. Results and discussion

One of the most important characterizations for all perovskite materials in optoelectronic devices is through FESEM images of the
surface covering. Fig. 1 represents the FESEM and optical images of the MAPbI3 layer produced trough two-step synthesis method.
These images illustrate the perovskite crystals and the grain boundaries, also showing the good surface coating of the synthesized
layer. It is remarkable that our synthesized perovskite material was spin-coated in the ambient air condition. Nevertheless, we have
succeeded in having an even, pinhole-free perovskite layer with an average grain size of 200 nm without using a glovebox. The shape
of these grains, as can be seen in Fig. 1a, is approximately a cube whose half is diagonally buried in the bulk and as a result, it has
been concluded that the best 2D shape for implementing the roughness into the simulation, is the triangle with a base size equal to the
average grain size, i.e. 200 nm.

As can be seen in Fig. 2, the XRD pattern and crystalline planes for dried perovskite layers are completely matching to MAPbI3
without DMF peaks which indicates the evaporation of the solvent after the annealing process, resulting to a solvent-free perovskite
film with good crystallinity. Furthermore, the crystalline plane peaks for MAPbI3 perovskite material are (110), (112), (211), (202),
(220), (312), (224), (314), (404) at the angles of 14.3°, 20.2°, 24.7°, 26.6°, 28.6°, 31.2°, 40.9°, 43.3°, 51.6° respectively.

The amount of light absorption, transmission, and reflection of the MAPbI3 perovskite material was measured in the range of

Fig. 2. XRD pattern for MAPbI3 perovskite material spin-coated on FTO substrate. The crystalline plane peaks for MAPbI3 perovskite material are
(110), (112), (211), (202), (220), (312), (224), (314), (404) at the angles of 14.3°, 20.2°, 24.7°, 26.6°, 28.6°, 31.2°, 40.9°, 43.3°, 51.6° respectively.

Fig. 3. The normalized absorption, reflection, and transmission spectra of MAPbI3 perovskite material obtained by (a) experiment and (b) simu-
lation (surface roughness with rms of 37.53 nm). These results show good agreement between theory and experiment.

H. Abdy, et al. Optik - International Journal for Light and Electron Optics 191 (2019) 100–108

103



400–820 nm (see Fig. 3). As expected, the MAPbI3 light absorption begins at 800 nm, linked to its energy band gap. By considering
Eq. (1) and 778 nm as the starting absorbance wavelength (λ) of the MAPbI3, 1.59 eV band gap was obtained for the synthesized
perovskite material.

For photoluminescence (PL) characterization, the synthesized MAPbI3 by a two-step spin coating method was excited with a
LASER source at a wavelength of 550 nm. As can be seen in Fig. 4, PL emission was observed between 740 nm and 800 nm which is an
extra confirmation for the calculated band-gap.

The MAPbI3 perovskite layer was simulated by FDTD simulation method. For intended optical simulation by FDTD, the refractive
index and extinction coefficient of material are required as the two main parameters. So, by inserting perovskite’s n and k optical
parameters, and various surface roughness heights, MAPbI3’s absorption, transmission, and reflection spectra were extracted using
the experimental conditions in the wavelength range of 400–820 nm. The following equation was used for finding the distance
between the experimental and simulation curves:

∑= − + − + −
=

=

D i n i n i n i n i n i n(| ( ) ( )| | ( ) ( )| | ( ) ( )|)
n nm

n nm

Exp
A

Sim
A

Exp
T

Sim
T

Exp
R

Sim
R

400

820

. . . . . .
(3)

where D is the distance between two sets (absorption, transmission, and reflection) of simulation and experimental curves, n is the
wavelength of the incident light, and i is the intensity of absorbed (A), transmitted (T), and reflected (R) light with Exp. and Sim.
indicating experimental and simulation results, respectively. Table 1 represents the results obtained using Eq. (3).

As can be seen in Table 1 and Fig. 5, the best match between the experimental and simulation curves is related to the rms
roughness of 37.53 nm. This amount gives us an insight into the roughness of the experimentally deposited perovskite layer. Fig. 5
also reveals the effect of surface roughness on light trapping. It shows an increment in absorption and decrement in reflection by
increasing the surface roughness. This figure shows, surface roughness does not affect transmission significantly. Hence it can be
concluded that surface roughness increment increases light trapping which can help more efficient light absorption in the perovskite
layer. Fig. 3 shows the experimental data and obtained simulation results for rms roughness of 37.53 nm. There is a slight difference
between the simulation and experimental curves. The backside roughness, which decreases the back reflection, has not been con-
sidered in the simulation. It should be noted that, as mentioned earlier, a wavelength-dependent complex refractive index has been
taken into account in simulation conditions which can be another source of variation in the experimental and simulation results. It

Fig. 4. Normalized photoluminescence spectrum of MAPbI3 perovskite material. The peak at the wavelength of 771 nm relates to the energy band
gap of MAPbI3.

Table 1
D values obtained from Eq. (3) for various rough-
ness values. The simulated device with the rough-
ness of 37.53 nm shows the minimum D value, in-
dicating the best match between the experimental
and simulation curves.

Roughness (nm) D

5.77 149.35
8.66 144.62
11.55 135.50
14.43 125.98
17.32 114.89
20.21 102.78
23.09 90.41
25.98 77.25
28.87 64.85
31.75 54.20
34.64 42.66
37.53 40.49
40.41 40.86
43.30 41.82
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also shows that the transmission starts to increase in wavelengths between 500 nm and 600 nm. To study this phenomenon more
precisely, the penetration depth of light in the perovskite layer was extracted from the simulation for different wavelengths. From
Fig. 6, which represented the light penetration depth in perovskite against the wavelength of the light, it can be seen that a perovskite
layer with a depth of less than 150 nm can absorb light waves below 500 nm. For the wavelengths above 500 nm, an intense in-
crement of the penetration depth can be seen. The light waves above 540 nm can’t be absorbed completely in the perovskite layer,
hence gives an increment to the transmission amount.

Photocurrent simulation and extracting electric field distribution can help us investigate the light absorption mechanism more
deeply [5]. Fig. 7 represents electric field distribution in the perovskite film for 5 different wavelengths from 400 nm to 800 nm. It
also shows the effect of surface roughness on the electric field distribution. Reaching |E/E0| to 0 at the bottom of the perovskite layer
only at the wavelengths of 400 nm and 500 nm is another verification to our discussion about the light penetration depth in

Fig. 5. (a) Absorption, (b) transmission, and (c) reflection spectra extracted for various amounts of surface roughness using FDTD simulation. The
dotted lines show experimental data.

Fig. 6. Light penetration depth in perovskite against the light wavelength.
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perovskite. Another interesting phenomenon is how surface roughness affects electric field distribution in the perovskite layer. This
surface roughness can help to change the light distribution in the perovskite layer and improve light absorption. However, it is worth
noting here that surface roughness can, on the other hand, degrade the performance of the cells by increasing the amount of surface
traps. A tradeoff between light absorption and amount of surface traps should be reached for the best solar cell performance.

4. Conclusions

In summary, the two-step synthesis method was applied to produce the MAPbI3 perovskite layer in ambient air condition without
using a glovebox in different physical and chemical perovskite synthesis methods. Several important optical characterizations were
used to thoroughly understand the physical behavior of the perovskite material. The quality of our synthesized material was approved
by the XRD measurements and SEM images, showing the quality of the surface coverage and the perovskite morphology. Also, the
MAPbI3 energy band gap, absorption, transmission, and reflection spectrums were measured by PL and DRS characterizations. The
FDTD optical simulation method was employed to investigate light absorption mechanisms in the perovskite layer with various
amounts of surface roughness. The experimental and theoretical curves of the perovskite material show a good consistency for the
surface roughness with rms of 37.53 nm. Simulations show that lights having the wavelength of more than 540 nm can partially
transmit from the perovskite layer with a thickness of 400 nm. Surface roughness may cause light trapping in the deposited film,

Fig. 7. Electric field distribution in the simulated perovskite film for 5 different wavelengths of (a) 400 nm, (b) 500 nm, (c) 600 nm, (d) 700 nm, and
(e) 800 nm.
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however, a good tradeoff between the increment of surface traps and light trapping should be achieved for the best solar cell
performance.
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