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Titanium dioxide was extensively used in solar cell industry and currently has been studied to 
produce passivated contacts in PERC/PERT and TOPCon solar cells. The aim of this paper was to analyze 
the impact of the thickness of TiO2 thin films deposited by electro-beam evaporation on the weighted 
reflectance and the surface passivation on silicon solar cells. Thin films with different thicknesses 
were deposited to produce PERT solar cells, varying from 50 to 90 nm. The surface passivation was 
enhanced as the thickness was increased. For instance, at 400 nm, the internal quantum efficiency 
increased from 71% to 76% when the thickness of the TiO2 was augmented from 50 nm to 90 nm. 
The lowest weighted reflectance was obtained in samples with 80 nm thick TiO2 films. Considering 
the compromise between antireflection properties and surface passivation, the highest efficiency solar 
cells were produced with 80 nm thick TiO2.
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1. Introduction
In the last decades, most of solar cell industries used the 

n+pp+ standard structure and front surface passivation based on 
silicon nitride (SiNx) deposited by plasma enhanced chemical 
vapor deposition (PECVD). The rear face was covered by 
a screen-printed Al thick film and with a thermal process, 
the back surface field (BSF) was formed1,2. To reach higher 
efficiencies, advanced structures like PERC (passivated 
emitter and rear cell) and PERT (passivated emitter rear 
totally diffused)3,4 or TOPCon (tunnel oxide passivated 
contacts)5 have been introduced in the production lines. 
For instance, the market share of PERC solar cells grew 
from 21% in 2017 to 80% in 20206. High volume production 
allows the implementation of more complex solar cell 
structures and the use of high-quality materials, maintaining 
the low-cost production.

The silicon surface passivation is an important step in 
the production of PERC/PERT and TOPCon solar cells. 
As the surfaces in a solar cell form a discontinuity to the 
semiconductor lattice, several dangling bonds are produced7. 
Therefore, minority charge carriers can recombine in the 
silicon wafer surface. The silicon nitride was the preferred 
material used in the last decades to reduce the surface 
recombination of the n+ doped surface, that forms the 
front face on the n+pp+ phosphorus/aluminum solar cells7. 
Three main reasons for the use of SiNx can be mentioned: 
1) the refractive index allows the production of excellent 
antireflection coating (ARC) for silicon solar cells; 2) the 
PECVD technique produces hydrogen during the deposition, 
which can passivate surface defects; 3) the positive charges 

presented in the SiNx films deposited by PECVD reduce the 
hole concentration (minority carrier) near the surface and 
therefore diminish the surface recombination.

The PERC solar cells need effective surface passivation 
in both faces of the solar cell and other materials then SiNx 
have been studied. The Al2O3 layers deposited by PECVD or 
by atomic layer deposition (ALD) have been implemented 
to passivate p-type furnaces bearing in mind that negative 
charges are produced, keeping away the minority charge 
carriers (electrons) from the surface7. The thermally grown 
SiO2 also has been proposed to passivate n-type and p-type 
surfaces8,9. The SiO2 was the main passivating layer used 
in laboratories to obtain high efficiency devices. For PERC 
solar cells, front and rear surfaces can be passivated in 
only one thermal step after dopant diffusion. Besides, non-
stoichiometric SiOx films can also be used to passivate 
contacts in TOPCon solar cells5,8.

The TiO2 was extensively used by the PV industry 
until mid-1990’s as an ARC. These thin films present high 
refractive index that is optimal for reducing reflection losses 
of glass-encapsulated solar cells, low extinction factor, high 
thermal stability, and high resistance to chemical10-12. Many 
deposition techniques have been used to obtain TiO2 films. 
The atmospheric pressure vapor deposition (APCVD) was 
the technique employed in most industries to obtain ARC 
TiO2 films due to high throughput and low cost. The ALD is 
the technique more studied because higher surface passivation 
is obtained, but with the demerits of time consuming and the 
complex post process to reduce the surface recombination13. 
The pulsed laser deposition (PLD) method has been also 
studied to obtain TiO2 compound thin films to produce ARC *e-mail: moehleck@pucrs.br
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in solar cells or TCOs (transparent conductor oxides)14-16. 
The high vacuum evaporation was used to deposit ARC 
TiO2 films, but surface passivation was not analyzed12,13,17,18.

The aim of this paper is to analyze the influence of the 
TiO2 thickness, when deposited by electron-beam evaporation 
on the weighted reflectance and the surface passivation of 
n+ doped surfaces as well as on the electrical parameters of 
PERT silicon solar cells.

2. Materials and Methods

2.1. Solar cell fabrication process
Solar grade silicon wafers, with 100 mm diameter, 

grown by the Czochralski technique, p-type, boron doped, 
were used. The steps of the solar cell fabrication process 
are presented in Figure 119-21.

The silicon wafers were textured in a solution of KOH, 
isopropyl alcohol and deionized water and cleaned in the 
RCA solution22.

A liquid containing boron (PBF20, Filmtronics) was 
spun-on on one side of the wafers and they were introduced 
in an oven for evaporation of solvents. Boron was diffused 
into the silicon wafers in a quartz tube furnace at 970 °C19,20. 
To produce the n+ emitter, phosphorus was diffused at 
845 °C in a quartz tube by using POCl3 as source. After each 
diffusion step (boron and phosphorus), the phosphorus and 
boron silicates were etched by immersion of the wafers in 
HF solution followed by RCA chemical cleaning.

The TiO2 films were deposited on the front face of the 
silicon wafers by electron-beam evaporation in a Temescal 
BJD2000 system. The 99.9% pure TiO2 pellets were placed 
in a graphite crucible and the material was melted in a 
chamber maintained under pressure of around 8.5×10-5 torr. 
The deposition rate of the material was maintained at 1 Å / s. 
The thickness of TiO2 films ranged from 50 nm to 90 nm. 
Four devices for each thickness were fabricated.

Metal grid was deposited by screen-printing: Ag on the 
front and Al/Ag paste on the rear face. The pastes were dried 
in a belt furnace and were fired at 860 °C20. To finish the 
manufacturing process, the solar cells were cut in a pseudo-
square format by laser, obtaining devices with an area of 
61.58 cm2. The Figure 2 illustrates the solar cell structure 
with TiO2 thin film.

2.2. Characterization of solar cells and TiO2 
coatings

All devices were characterized under standard conditions 
(100 mW/cm2, AM1.5G and 25 °C) in a solar simulator 
calibrated with silicon solar cells previously measured at CalLab 
- FhG-ISE (Fraunhofer-Institut für Solare Energiesysteme), 
Germany. The short-circuit current density (JSC), the open 
circuit voltage (VOC), fill factor (FF) and the efficiency (η) 
were determined from the I-V curve. The spectral response 
(SR) and hemispherical reflectance (ρ) were measured in a 
PVE300 photovoltaic QE system (Bentham Instruments), 
to obtain the internal quantum efficiency. Considering SR, 
reflectance and solar spectrum AM 1.5G, the weighted 
reflectance (ρw) was calculated, according to the following 
equation23:
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Where G(λ) is the AM1.5G spectral irradiance, SR(λ) is the 
spectral response of the solar cell and ρ(λ) is the reflectance.

The TiO2 thin films were also deposited on n-type silicon 
textured wafers and the hemispherical reflectance was measured 
in five points of the wafers, after the deposition and after 
the firing process. The firing process was carried out after 
the metal grid screen-printing and the high temperature of 
the process may modify the film characteristics.

The SEM images of textured silicon wafers were obtained 
as well as TEM images of textured samples coated with 
80 nm TiO2 thick film. SEM images were obtained with 
a Inspect-S50 FEG and TEM ones with TECNAI, 200kV.

3. Results and Discussion
Figure 3 is an SEM image showing the sample cross-section 

after KOH etching, where the morphological change from 
a plane substrate to a pyramidal structure can be observed. 
The structures in the homogeneous textured morphology 
have a dimension of 5-8 µm. The Figures 4, a-c, present the 
hemispherical reflectance of the textured silicon wafers with 
TiO2 thin films of different thicknesses. Higher thickness implies 
in minimum reflectances for longer wavelengths. The firing 
process at 860 °C produces a wavelength (λmin) shift of the 
minimum spectral reflectance of around 40 nm. The physical 
mechanisms to explain this change is the reduction of the 
film thickness and/or the increase of refractive index24-28. 
The thermal process (sintering) in temperatures above 700 °C 
results in significant densitification of the TiO2 layer and there 

Figure 2. Structure of TiO2 coated PERT solar cells.

Figure 1. Fabrication process sequence of the TiO2 coated PERT 
solar cells.
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is a linear relationship between density and refractive index 
of a TiO2 thin film26. For instance, for TiO2 films deposited by 
APCVD (atmospheric pressure chemical vapour deposition), 

the authors commented that heat treatments reduced the 
thickness and increased the refractive index, explained by 
a phase transition from amorphous to partially crystalline25. 
The Figure 4-c shows the reflectance of 80 nm thick TiO2 films 
and the shift in the wavelength of the minimum reflectance. 
The Table 1 summarizes the wavelength of the minimum 
spectral reflectance and the weighted reflectance for each ARC. 
The value of the lower ρw, before and after firing process, was 
found in the thin film with as-deposited thickness of 80 nm, 
achieving ρw of around 1.3%.

Figure 4. Reflectance of TiO2 coated textured silicon wafers (a) before, (b) after a thermal process at 860 °C (metal paste firing) and (c) 
for 80 nm thick films (before and after firing).

Figure 3. Cross-sectional MEV image of the textured silicon wafer. 
The pyramid heights vary from 5-8 µm.

Table 1. The wavelength of the minimum spectral reflectance and 
weighted reflectance for textured silicon wafers coated with TiO2 
films deposited by e-beam evaporation. dTiO2 is the thin film thickness 
measured after the e-beam evaporation.

dTiO2 (nm)
Before firing After firing

λmín (nm) ρw (%) λmín (nm) ρw (%)
50 530 ± 11 2.2 ± 0.1 490 ± 10 3.1 ± 0.2
60 635 ± 15 1.7 ± 0.1 580 ± 13 2.0 ± 0.1
65 680 ± 23 1.8 ± 0.2 635± 18 1.9 ± 0.1
70 700 ± 18 2.0 ± 0.2 660 ± 18 1.9 ± 0.1
80 690 ± 12 1.2 ± 0.1 670 ± 14 1.3 ± 0.1
90 740 ± 11 1.2 ± 0.2 710 ± 30 1.9 ± 0.4
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Figures 5 are TEM cross-sectional images showing the 
interface between the silicon substrate and the TiO2 film 
sintered at 860 °C. The film thickness is 80 nm as shown 
in Figure 5-a. The interface between the silicon substrate 
and the film is homogeneous, indicating a good adhesion 
between the film and the substrate, as it can be observed 

in Figure 5-b. The film contrast in the images indicates the 
presence of voids, even though the thermal process promoted 
a film densification.

The Figure 6 presents the electrical parameters of solar 
cells coated with the TiO2 of different thickness. The average 
values of four solar cells as well as the electrical parameters 

Figure 5. TEM cross-sectional image of a textured silicon wafer covered with 80 nm thick TiO2 film, after deposition process at 860 °C. 
The scale bar is equivalent to 100 nm (a) and 10 nm (b).

Figure 6. (a) JSC, (b) VOC, (c) FF and (d) efficiency of solar cells produced as a function of TiO2 film thickness.
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of the highest efficiency devices are presented. The most 
efficient solar cell with 80 nm thick layer presented the JSC 
1.0 mA/cm2 higher than those with 50 nm layer, agreeing 
with the lowest weighted reflectance observed. Concerning 
the VOC, the highest values were observed for devices with 
TiO2 90 nm thick layers, which can indicate a better surface 
passivation. As a result, the efficiency of the devices increased 
from 15.0% (50 nm TiO2 layer) to 15.3% (80 nm and 90 nm 
thick layers). Then, the high thicknesses of TiO2 lead to 
similar values of the efficiency due to the improvement of the 
JSC and the VOC. The enhancement in the efficiency of 0.3% 
(absolute) represents an increasing of 0.13 W in each solar 
cell of 210 mm x 210 mm (dimensions of M12 industrial 
solar cell) and an increasing of around 9.4 W in a standard 
photovoltaic module with 72 cells (power of around 476 W), 
at standard conditions. Therefore, 0.3% could be relevant in 
a large-scale production of photovoltaic modules.

In the Figure 7 is presented the internal quantum efficiency 
(IQE) of solar cells with higher efficiencies produced 
with TiO2 films deposited by e-beam. The IQE for shorter 
wavelengths is increased as the thickness of the TiO2 is 
augmented. For instance, at 400 nm, the IQE enhances from 
71% to 76% when the thickness of the TiO2 was increased 
from 50 nm to 90 nm. The error due to the IQE measurements 
is of around 0.5% at 400 nm. Therefore, the thick TiO2 films 
provided better surface passivation. To compare the surface 
passivation, similar solar cells with a thermally grown SiO2 and 
TiO2 ARC achieved an IQE of around 80% at 400 nm, with 
one extra thermal step to obtain the SiO2 layer29.

4. Conclusions
The TiO2 films deposited by e-beam vacuum evaporation 

were analyzed considering weighted reflectance, surface 
passivation and electrical parameters of n+pp+ silicon solar 
cells. Thickness of the films was ranged from 50 nm to 
90 nm and the higher internal quantum efficiency for shorter 
wavelengths shows that surface passivation was enhanced 
for thicker films. For instance, 40 nm thicker films imply an 
increase of 4% (absolute) in the internal quantum efficiency 
for a wavelength of 400 nm. The thickness of 80 nm produced 

the lowest weighted reflectance and the highest efficiency 
solar cells.
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