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ABSTRACT: Nowadays, most of the Research and Development (R&D) efforts devoted to perovskite solar cells 

have been focused on achieving higher power conversion efficiencies, by using small sized substrates with even 

smaller active areas. The present paper proposes a method for optimizing the deposition of thin layers of organic-

inorganic hybrid perovskite methylammonium lead iodide (CH3NH3PbI3) on large surfaces (up to 75 mm x 75 mm) 

via spin coating procedures, performed in a clean room environment at room temperature and by considering their 

optical properties to assess their quality. Thus, in order to map the deposited area and realize studies about their 

optical properties, the absorption coefficient, the refractive index and layers thicknesses were determined by using a 

high accuracy spectroscopic ellipsometer system based on rotating compensator ellipsometer (RCE) technology from 

the J.A. Woolam Co. as functions of the wavelength, within a spectral range from 250 to 800 nm. Also, the samples 

were studied with a fluorescence spectroscopic system, in order to evaluate their photoluminescence properties and, 

in order to validate the chosen methodology; an Atomic Force Microscopy was used to verify the layers uniformity 

and thicknesses. 
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1 INTRODUCTION 

 

Since its foundation in 2009, the solar cell laboratory 

from Instituto Tecnológico y de Energías Renovables, 

S.A. (ITER) has been devoted to R & D on ways to 

optimize standard manufacturing processes of crystalline 

silicon solar cells [1]. In addition, a great deal of effort 

has been realized to extend its know-how to encompass 

other hot and emerging topics within the photovoltaic 

technologies. In this sense, Perovskite Solar Cells (PSC) 

has represented one of its main work activities during the 

last two years [2]. Throughout that time, the Department 

of Physics and the Research Support General Service 

(SEGAI) from the University of La Laguna have been 

key resources of technical support. 

PSC emerged as a promising technology due to the 

rapidly increase in Power Conversion Efficiency (PCE) 

registered during the present decade, reaching a PCE 

record of 22.1% in 2016 [3]. Since most of the R&D 

efforts devoted to PSC have been focused on achieving 

higher PCE, by using small sized substrates with even 

smaller active areas [4], and several authors suggest the 

use of PSC as a top device in silicon-based tandem solar 

cells, due to the perovskite (PK) higher bandgap [5][6][7] 

and the appropriate refractive index [8][9][10], it is 

clearly necessary the study and optimization of 

deposition procedures that allow the implementation of 

PK films on larger substrates, aiming to converge this 

kind of technologies with the standard fabrication of 

crystalline solar cells. 

The present paper evaluates the deposition of thin 

films of organic-inorganic hybrid perovskite composed 

by methylammonium lead iodide (MAPI) on large 

surfaces via spin coating techniques by considering their 

optical properties in order to assess their characteristics. 

2 METHODOLOGY 

 

All the fabrication procedures were performed in a 

clean room (ISO 7) environment at room temperature 

(~21 °C). 

Initially the deposition of the PK thin films was 

undertaken on small size substrates (up to 25 mm x 25 

mm) by spin coating from several PK solutions obtained 

by modifying the MAPI weight concentration. These 

films were evaluated in order to relate their optical 

properties with the literature [8][9]. The measurements 

were performed by mapping the substrate in order to 

acquire spatial resolution over the surface. In this sense, 

the refractive index, the extinction coefficient as well as 

the reflectance and transmittance rates were obtained by 

spectroscopic ellipsometry techniques as a function of the 

wavelength and for the film−substrate system. From 

these measurements, the absorption coefficient (α) and 

the refractive index (n) of the deposited films were 

calculated. Also, in order to better characterize the 

quality of the deposited layers, a FluoroSENS M-11 

fluorometer [11] was used so as to determine its 

fluorescence properties. 

Finally, the thickness of the deposited films was 

estimated from theoretical fit models, implemented by 

the ellipsometer system software, and evaluated by 

comparing the obtained results with measurements 

performed in parallel with an Atomic Force Microscope 

(AFM) [12]. 

From these trials, conclusions on the quality of the 

deposited layers were drawn and, since the objective for 

this paper was to evaluate the deposition of PK thin 

layers on larger substrates, the corresponding fabrication 

parameters were applied to produce and characterize 

substrates of bigger size. 



3 EXPERIMENTAL 

 

3.1 Study over small substrates 

For the purpose of studying the PK depositions 

through their optical properties [8][9], the variables 

chosen were the weight concentration of the MAPI 

solutions and the spin coater acceleration. Thus, 25 wt% 

and 45 wt% MAPI solutions were deposited on 25 mm × 

25 mm, 2 mm thick glass substrates, see Figure 1, setting 

the spin speed to 5000 rpm [7] while varying the 

acceleration parameter in 2000 rpm/s and 5000 rpm/s. 

The relative humidity (RH) inside the chamber of the 

spin coating equipment was continuously monitored in 

order to perform the depositions when the Clean Dry Air 

(CDA) used by the device provided 10% RH within the 

chamber. 

 
 

Figure 1: PK thin films deposited on 25 mm × 25 mm 

substrates, highlighting the measurement points (red 

dots). 

 

Finally, in order to obtain the necessary spatial 

resolution, a matrix of measurement points was chosen as 

a system of reference for all the deposited samples, as it 

can be seen in Figure 1, in which the red dots represent 

the considered measurement points. 

The samples were characterized, in ambient 

conditions, under a spectroscopic ellipsometer system 

composed by a 75 W Xe arc lamp, the beam collimation 

optics, a fixed polarizer and a compensator located in a 

continuously rotating motor at the entry arm. The 

receiver unit at the exit arm consists of a stepper motor 

driven rotational stage which houses an analyzer. In 

general, experimental measurements in ellipsometry 

define the ellipsometric parameters Ψ and Δ. These 

parameters were then used to calculate, from the 

theoretical fit models implemented by the data processing 

software CompleteEASE from J.A. Woolam Co, the 

refractive index (n), the extinction coefficient (k), the 

reflectance (R) and the transmittance (T) as functions of 

the wavelength (λ), as well as the average thickness of the 

deposited films [13]. 

 

3.2 Study over larger substrates. 

Glass substrates with sizes 75 mm × 75 mm x 2 mm 

were chosen and spin coated with the 45 wt% MAPI 

solution by setting the speed to 5000 rpm, while trying 

two types of accelerations: 2000 rpm/s and 5000 rpm/s, 

as it was done in the previous section. 

 

 

 

 
Figure 2: PK thin films deposited on 75 mm × 75 mm 

substrates, highlighting the measurement points (red 

dots). 

 

Although visually the deposited samples showed a 

less uniform appearance, the ellipsometry study was 

performed by taking measurements in a matrix of equally 

spaced dots, following the same kind of pattern chosen 

for the smaller sized ones, as it can be seen in Figure 2 

(red dots). 

 

 

4. RESULTS AND DISCUSSION 

 

4.1 Small substrates 

For the purpose of studying the PK depositions 

through their optical properties [8][9], the variables 

chosen were the weight concentration of the MAPI 

solutions and the spin coater acceleration. Thus, 25 wt% 

and 45 wt% MAPI solutions were deposited on 25 mm × 

25 mm, 2 mm thick glass substrates, see Figure 1, setting 

the spin speed to 5000 rpm [7] while varying the 

acceleration parameter in 2000 rpm/s and 5000 rpm/s. 

The theoretical fit model was derived from the 

parameterization of the complex dielectric function by 

using the B-spline function, commonly used for the 

analysis of the optical constants for absorbing thin layers 

[13] in the visible range of the spectrum. Optical 

constants reported in the literature [8][9] were used as 

control points to match throughout the calculus. Thus, the 

obtained data was evaluated in a spectral range from 250 

to 800 nm to define the material behavior over the visible 

range with a high degree of precision. 

The absorption coefficient (α) for each processed 

sample was calculated from k, according to the Lambert’s 

Law defined in eq. (1) 

 

  
     

 
 

eq.(1) 

 

Figure 3 shows a graph depicting the values obtained 

for the absorption coefficient (α) from the different 

samples, together with values published in the literature. 

Thus, as it can be seen, the behavior of the 45 wt% 

solution processed samples coincides with the values 

reported by Löper et al [8], presenting the same kind of 

trend reported by Leguy et al [9], in which there is an 

increase in the values of the absorption coefficient from 

300 nm on, peaking by 350 nm, followed by a 

pronounced decrease which attenuates between 450 and 

500 nm. Alike, a 1.59 eV band gap value is observed, 

confirming results from literature [5]-[10]. 



It can also be observed the difference in shape of the 

curves from the 25 wt% solution processed samples, 

particularly in the range between the 500 to 800 nm, 

which suggest a better performance for these samples for 

the purposes of operating within such range, rather than 

as component of a tandem device. 

 

 
Figure 3: Absorption coefficient (α) of PK thin films 

deposited on 25 mm × 25 mm substrates. 

 

Similarly, the values obtained for the refractive index 

(n) from the different samples were compared with the 

values published in the literature [8][9] and displayed in 

Figure 4. As it can be seen, the shape of the curves from 

the 45 wt% solution processed samples, follow a similar 

patron to the ones available, presenting two peaks clearly 

visible: one at 400 nm and the other between 500 and 550 

nm. As to the curves of the 25 wt% processed samples, it 

can be seen how the first peak presents a softer shape, 

possibly due to a merging with the second one, and a 

rather diverging behavior from 450 nm onwards. 

 

 
Figure 4: Refractive index (n) of PK thin films deposited 

on 25 mm × 25 mm substrates.  

 

Regarding the value of the refractive index obtained 

for the 45 wt% solution processed samples at the 

wavelength of 633 nm, it is important to note that not 

only it was quite similar to the one published by Löper et 

al. [8] and Leguy et al [9] (that is, 2.53 versus 2.61 and 

2.65, respectively), but also that it results a more suitable 

option for an Anti Reflective Coating (ARC) than 

standard photovoltaic manufacturing ones which, 

according to eq.(2) [14], addresses a value of 2.41. 

 

          eq.(2) 

   

Where n0 is the refractive index of the surrounding 

material, 1.5 for encapsulant Ethyl Vinyl Acetate (EVA) 

[15], and n2 is the refractive index of the semiconductor, 

3.8763 for silicon [16].  

From the values obtained by the spectroscopic 

ellipsometer, the reflectance and transmittance were also 

studied, this time, due to the sample positioning 

limitations given by the equipment, only at a determined 

point. As it can be seen in Figure 5, for both kinds of 

solutions, the reflectance remains stable between 0.20 

and 0.30 points over one, from 330 nm to 800 nm, as it 

has been published [8][17][18]. As for the transmittance, 

near cero values were found from 330 nm to 360 nm for 

the 25 wt% solution processed samples, while for the 45 

wt% ones the range extended form 330 nm to 500 nm, 

from where it begins to climb to 800 nm, reaching 0.80 

points over one, a result that not only meet the values 

found in the literature [8][17][18], but also suggest the 

suitability of using this kind of deposited solutions as a 

better candidate for photovoltaic purposes. 

 

 
Figure 5: Reflectance and Transmittance versus 

wavelength of PK thin films deposited on 25 mm × 25 

mm substrates. 

 

In addition, as a way to evaluate the behavior of these 

thin film layers of perovskite when exposed to solar 

spectral irradiance, a study was performed following the 

approach described by Xie Ziang et al [10], by analyzing 

the conversion efficiency of these layers, without 

considering carrier recombination. This efficiency, 

known as ideal efficiency, is defined by eq. (3): 

 

  

           
 
  

  
  

 

       
 

 

 

eq.(3) 

 

Where I(λ) is the solar intensity for a given range of 

wavelength (AM 1.5G) [19], A(λ) is the absorptance ratio 

resulting from eq.(4): 

 

                 eq.(4) 

 

λ is the wavelength and λg is the bandgap wavelength.  

 

As it can be seen in Table I and Figure 6, the ideal 

efficiency obtained for the 45 wt% solution processed 

samples have a better response in the visible part of the 

spectrum than the 25 wt% ones, a result which also 

support their use as a better option for tandem devices 

together with crystalline silicon solar cells.  

 

 

 

 

 



Table I: Ideal efficiency obtained for the PK thin 

films deposited on 25 mm × 25 mm substrates. 

 

Solution 

(wt%) 

Acceleration 

(rpm/s) 

Substrate 

size 

(mm) 

Ideal 

efficiency 

(ɳ) 

25 2000 25 × 25 23.78 % 

25 5000 25 × 25 27.36 % 

45 2000 25 × 25 45.81 % 

45 5000 25 × 25 44.60 % 

 

 
Figure 6: Ideal efficiency study of PK thin films 

deposited on 25 mm × 25 mm substrates. 

 

On the other hand, in order to determine their 

fluorescence properties, the samples were studied with a 

fluorescence spectrometer, composed of two 

monochromators, a 75W Xenon lamp (THL) and a photo-

multiplier tube (PMT) detector. The measurements were 

carried out by mapping the emission intensity for the 

samples over an excitation range. The excitation 

parameters were set from 300 to 800 nm, with 10 nm 

steps, and the emission ones were scanned from 300 to 

800 nm, with an integrating time of 100 ms. In this way, 

it was possible to detect the wavelengths in which the 

excitation created conversion phenomena. 

Figure 7 shows the results obtained for a 45 wt% 

solution processed sample, deposited at 5000 rpm/s. 

These results were quite similar for the rest of the 

samples, regardless of their weight concentration or the 

acceleration chosen during their deposition processes. As 

it can be seen, the higher emission intensity focuses on 

the visible range. However, some evidence of a 

conversion phenomenon also appears when the sample is 

excited between 350 and 400 nm, emitting between 700 

and 800 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7: Excitation - Emission Mapping Scan of the 

sample with a 45wt% and an acceleration of 5000 rpm/s. 

 

From these results, a further study of this 

phenomenon was carried out, this time by evaluating only 

the emission produced at different wavelengths from the 

excitation. In Figure 8 it can be observed, for the four 

cases studied, that a conversion took place when exciting 

the sample between 350 and 400 nm, resulting on an 

emission between 700 and 800 nm. This phenomenon has 

been extensity reported for organolead trihalide 

perovskites [20]-[27], although in these cases the 

excitation was carried out with a laser emitting at a 

wavelength of visible, and detecting an emission at 

around 760 nm. 

 

 
 

 Figure 8: Excitation - Emission Mapping Scan of 

the sample: (a) Sample 25 wt% 2000 rpm/s, (b) Sample 

25 wt% 5000 rpm/s, (a) Sample 45 wt% 2000 rpm/s and 

(a) Sample 45wt% 5000 rpm/s. The Z axis represents 

intensity in photon counting, the X axis excitation 

wavelength and the Y axis emission wavelength. 

 

Table II summarizes the results obtained for the 

measured samples. By looking at these results, it can be 

concluded that the samples with 45 wt% have a higher 

conversion phenomenon than the 25 wt% ones and that, 

among the 45 wt% samples, the ones with higher 

acceleration have a slight better conversion as well. 

These results also support the suitability of using this 

kind MAPI layers in tandem with crystalline silicon solar 

cells. 

 

 

 



Table II: Percentage of total conversion 

 

Solution 

(wt%) 

Acceleration 

(rpm/s) 

Substrate 

size 

(mm) 

Total 

Conversion 

(%) 

25  2000  25 × 25 2.33 

25  5000  25 × 25 2.70 

45  2000  25 × 25 2.87 

45  5000  25 × 25 3.39 

 

Finally, the average thickness was obtained by the 

theoretical fit model with the ellipsometer, as well as the 

resulting standard deviation for the 25 mm × 25 mm 

samples, as it can be seen summarized in Table III. 

There, it is shown that the approximate thickness for 25 

wt% and 45 wt% processed samples was 255 nm and 435 

nm respectively. These results confirm the dependence 

that exists between the solution weight concentration and 

the resulting deposited thickness [7]. Also, by 

considering the differences regarding the values obtained 

for the thickness standard deviation over the studied 

surfaces, it was possible that the 45 wt% were distributed 

around the mean value more closely than the 25 wt% 

ones, which suggest a better uniformity in the deposition 

processes.  

 

Table III: Deposited thickness estimated by the 

ellipsometer fit model. 

 

Solution 

(wt%) 

Acceleration 

(rpm/s) 

Substrate 

size 

(mm) 

Average 

thickness 

(nm) 

Standard 

deviation (nm) 

25  2000  25 × 25 250.82 43.97 

25  5000  25 × 25 262.81 63.16 

45  2000  25 × 25 439.07 3.25 

45  5000  25 × 25 432.15 4.37 

 

As a way to confirm the validity of the results 

displayed in Table III, a set of samples were measured by 

both, the spectroscopic ellipsometer by way of the 

applied fit model, and a Atomic Force Microscope 

(AFM) [12]. Given the special requirements of the AFM 

measurement techniques, these samples were prepared by 

covering determined areas of the substrate with a 

polyimide tape before depositing the MAPI solution (45 

wt%, with 5000 rpm and 5000 rpm/s as the setups for the 

wafer spinner). In this way, after peeling off the tape, the 

samples were ready for measuring the interface between 

the MAPI and the MAPI-free parts over the substrates. 

Figure 9 is an image from the AFM, depicting the 

interface between the MAPI and the MAPI-free areas. As 

it can be seen, at the MAPI side, although there is a sort 

of overgrowth or elevation around 1 µm thick, due to the 

impact of the MAPI solution against the border of the 

polyimide tape during the deposition, such effect fades 

further into the MAPI side and the thickness stabilizes at 

around 450 nm, a result that concurs with the values 

obtained by the ellipsometer.  

 

 

 
 

 
 

Figure 9: AFM image and cross section, showing the 

interface between the MAPI-free and MAPI areas in one 

sample. 

 

Taking into consideration all the above, the 45 wt% 

MAPI solution was chosen as the most suitable candidate 

to be evaluated over larger substrates. 

 

4.2 Larger substrates. 

As it can be seen in Figure 10, the values derived for 

the absorption coefficient (α) related to the samples 

deposited with an acceleration of 5000 rpm/s followed a 

pattern closest to both, the values obtained for smaller 

substrates, and the ones reported in the literature [8][9]. 

This was also true for the refractive index (n), as it can be 

seen in Figure 11, which shows a slight deviation from 

the reported behavior that increases considerably at 

higher wavelengths. Thus, the value obtained for 633 nm 

was 2.31, which evidences a value not as good as the one 

obtained for smaller substrates. 

 

 
 

Figure 10: Absorption coefficient (α) of 45 wt% MAPI 

thin films deposited on 75 mm × 75 mm substrates. 

 



 
 

Figure 11: Refractive index (n) for 45 wt% MAPI 

solution deposited on 75 mm × 75 mm substrates. 

 

Figure 12 shows that both, the transmittance and 

reflectance obtained for the 75 mm x 75 mm deposited 

substrates are worse than their respective values obtained 

for the smaller ones (and reported in the literature 

[8][17][18]). This can also be addressed as to a 

worsening in the uniformity of the deposited layers, 

which suggest the need for a better adjustment in the 

setting parameters for the wafer spinner, possibly in the 

line of increasing the acceleration.  

 

 
Figure 12: Reflectance and Transmittance versus 

wavelength of PK thin films deposited on 75 mm × 75 

mm substrates. 

 

Table IV and Figure 13 shows that the ideal 

efficiency values obtained for the 75 mm x 75 mm 

deposited substrates were quite similar to those obtained 

for the smaller ones with the same weight concentration. 

If any, they appear to have an even greater efficiency in 

the visible range, which decrease by the bandgap 

wavelength. Although this improvement seems to 

contradict the obtained values for the absorption 

coefficient, which correlated with worse deposition 

uniformity, it could be explained by the inherent 

simplicity of the theoretical approach, as per eq. (3).  

 

Table IV: Ideal efficiency obtenied for the PK thin 

films deposited on 75 mm × 75 mm substrates. 

 

Solution 

(wt%) 

Acceleration 

(rpm/s) 

Substrate 

size 

(mm) 

Ideal efficiency 

(ɳ) 

45  2000  75 × 75 55.02 % 

45  5000  75 × 75 55.07 % 

 

 

 

 
Figure 13 Ideal efficiency study of PK thin films 

deposited on 75 mm × 75 mm substrates. 

 

Finally, Table V summarizes the results obtained by 

the ellipsometer fit model for the average thickness, 

together with their corresponding standard deviation. 

 

Table V: Deposited thickness estimated by the 

ellipsometer fit model. 

 

Solution 

(wt%) 

Acceleration 

(rpm/s) 

Substrate 

size 

(mm) 

Average 

thickness 

(nm) 

Standard 

deviation (nm) 

45  2000  75 × 75 397.21 141.12 

45  5000  75 × 75 478.55 117.05 

By looking at the resulting data, although for the two 

accelerations the average thickness roughly corresponds 

to the values obtained for smaller substrates, their 

standard deviation was significantly worse, indicating a 

decrease on the uniformity for the deposited layers, a 

result which concurs with the visual assessment as it was 

stated previously. Still and all, these results seem to 

indicate a possible way for improving the uniformity of 

the deposited layers by applying higher accelerations. 

 

 

5. CONCLUSIONS 

 

The use of a spectral ellipsometer as a characterization 

method for evaluating the optical properties as well as the 

thickness of thin films of perovskite, deposited over 

substrates of different sizes, has been demonstrated. This 

has been achieved by applying a theoretical fit model 

derived from the parameterization of the complex 

dielectric function via the use of the B-spline function 

and by adjusting the calculus in order to comply with the 

optical constants reported in the literature. 

Form the two kinds of MAPI solutions studied, the 

samples produced with 45 wt% ones were found as a 

better option for being used not only as an alternative 

Anti Reflecting Coating material, but also as an active 

member of a tandem solar cell, together with crystal 

silicon substrates. This conclusion was sustained by 

studying their optical properties, such as the absorption 

coefficient, refraction index, transmittance, reflectance, 

ideal efficiency and fluorescence properties. 

The thickness and uniformity of the resulting deposited 

samples via spin wafer has been studied over substrates 

of 25 mm × 25 mm and 75 mm x 75mm and conclusions 

were obtained for improvement as sizes increase. 
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