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Thermal atomic layer deposited (ALD) Al2O3 films are applied at the front and rear sides of PERC-type
c-Si solar cells. At the front side, Al2O3/SiNx as a double-layer antireflection coating reduces the reflection
loss, and at the rear side, Al2O3 film as the passivation layer decreases the surface recombination velocity
and enhances the internal reflectance at near-infrared (NIR) band together with SiNx layer. Due to the
improvement in the reflectance combined with a decrease of the surface recombination velocity, the PERC
solar cells show an improved Jsc by 0.2 mA/cm2 compared with the full-area back surface field cell.
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There are many ways to improve the efficiency of the
current industrial standard c-Si solar cells based on
screen-print technology, e.g., reducing the photo loss
and carrier recombination loss[1]. In current standard
full-area back surface field (BSF) c-Si solar cells based
on screen-print technology, SiNx film is deposited by
plasma enhanced chemical vapor deposition (PECVD)
on the textured front side as the passivation dielectric
layer as well as antireflection coating and BSF formed
during co-firing following the Al paste printed on the
rear side. Theoretical calculation showed that double
layer and multi-layer antireflection coating reduced the
photo loss at the surface[2,3]. Many materials have been
investigated to replace the mono-layer SiNx film, such as
SiO2/TiO2, MgF2/CeO2, SiNxOy/SiNx, and graded in-

dex SiOxNy
[4−7]. Moreover, the rear of solar cells should

be passivated by a suitable dielectric layer instead of
the whole side Si-Al alloy BSF to increase infrared (IR)
inter-reflection and reduce the recombination velocity.

Thin film of aluminum oxide (Al2O3) deposited by
plasma-assisted and thermal atomic layer deposition
provided almost-perfect surface passivation for p-type
Si[8,9]. Meanwhile, the refractive index of ∼1.7 and no
significant absorption in the visible part of the solar
spectrum, Al2O3 is very suitable to be as the reflec-
tion coating for solar cell, especially as the front layer
of a double-layer stack with SiNx together. Thus, an
advanced structure of PERC-type solar cell with Ag
screen-printed contacts at the front and local BSF at the
rear as demonstrated in Fig. 1 is very potentially applied
industrially in the future. In this letter, thermal atomic
layer deposited (ALD) Al2O3 films were applied in the
c-Si solar cells as antireflection coating at the front and
as passivation layer at the rear side.

125×125 (mm) solar cells were fabricated on 200-
µm 1–3-Ω cm p-type Cz-Si wafers. The process flow
is shown in Fig. 2. After cleaning procedure includ-
ing a KOH-based damage etching, phosphorus diffusion
using POCl3 as precursor gas resulted in a sheet resis-
tance of 55 Ω/� for a single side. The phosphosilicate
glass (PSG) and p-n junction at the edge were removed

by HF and/or HNO3 etching. Afterwards, the sam-
ples were merged to deposit a SiNx layer at the front
by an in-line PECVD system. The deposition tem-
perature was around 480 ◦C resulting in a refractive
index of 2.05 and a thickness of 80 nm. Followed, 10–
30-nm amorphous Al2O3 films were simultaneously de-
posited at both sides of c-Si solar cell by thermal atomic
layer deposition using Al(CH3)3 dosing and H2O at a
substrate temperature of 200 ◦C. The total reflectance

Fig. 1. Schematic of the PERC solar cells with Al2O3/SiNx

anti-reflection coating at the front and rear contacts with
Al2O3/SiNx (or Al2O3) rear passivation layer.

Fig. 2. (Color online) Schematic of the solar cell process flows
and tests. The red boxes show the additional steps for the
PERC cells compared with the reference process for standard
solar cells and the green boxes show the characterization tests.
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with wavelength from 300 to 1 100 nm was then char-
acterized by Cary 5 000 UV-VIS-NIR spectrophotometer
with an integrating sphere. Another 80-nm SiNx film
was deposited at the rear in order to protect the thin
Al2O3 films. Using the screen printing process Ag front
contacts show a finger width of 90 µm. At last, 2-µm-
thick aluminum film was vapored at the rear and local
point contact was formed by laser firing using a 1 064-nm
laser. The point diameter was about 30 µm and the point
pitch was set to be 0.5 mm. A local BSF is formed during
laser fired contact[10]. At last, IV and external quantum
efficiency (EQE) were characterized. In this process, we
used vapored aluminum instead of Al paste because the
Al paste was easy to penetrate into SiNx layer and de-
stroy the Al2O3 films during firing.

Figure 3 presents the surface reflectance of 80-nm SiNx

and 10–30-nm Al2O3/SiNx stacks on the textured Si
wafers. The solar spectra at AM1.5 divided into three
waveband regions are also shown in Fig. 3. In the ul-
traviolet (UV) band, the reflectance of stacks is higher
than that of monolayer SiNx, except for the 30-nm Al2O3

film below 350 nm. The increase of thickness of Al2O3

films makes the lowest peak red-shift. In the dominated
solar spectra of visible and near-infrared (NIR) wave-
band, the double-layer coatings show their excellent re-
flection performance and almost reduce the reflectance
to zero compared to the single SiNx layer. The weighted
reflectance[2] related to the short current is a more use-
ful and simple parameter to characterize the reflectance
performance. It is defined as

R =

∫ λmax

λmin

F (λ)R(λ)Q(λ)dλ/

∫ λmax

λmin

F (λ)Q(λ)dλ, (1)

where F (λ) is the photon flux of the solar spectrum

Fig. 3. (Color online) Experimental reflectance of mono-layer
SiNx and 10–30-nm Al2O3/SiNx stacks on the textured Si
surface. The solar spectra at AM1.5 are also shown, with
violent, green, and IR lines representing the UV, visible and
NIR regions.

Table 1. Weighted Reflectance of SiNx and
Al2O3/SiNx Stacks

Structure Weighted Ref.

80-nm-SiNx 2.93

10-nm Al2O3/80-nm SiNx 2.52

20-nm Al2O3/80-nm SiNx 2.61

30-nm Al2O3/80-nm SiNx 2.58

Fig. 4. (Color online) Comparison of measured EQE and re-
flectance between PERC (with 25-nm Al2O3 film) solar cell
and a standard screen-print full-area Al-BSF reference cell.
In the long wavelength region, the EQE was simulated using
the software PC1D, from which the surface recombination ve-
locity and internal reflectance were extracted.

and Q(λ) is the internal quantum efficiency of PERC
solar cell. The weighted reflectances of all these sam-
ples are calculated and the results are shown in Table
1, with λmin=300 nm and λmax=1100 nm. All over
the solar spectra, the Al2O3/SiNx stack reduces the re-
flectance from 2.9% to 2.5%. The improvement of 14%
reflectance can increase the absolute efficiency of solar
cell by ∼0.1%. However, the efficiency of this cell suffers
from the low fill factor (FF) due to the poor contact
at the front by inline IV test, because the Ag paste is
difficult to completely penetrate into the Al2O3/SiNx

stack in a normal co-firing process.
For a detailed analysis PERC and Al-BSF solar cells

were characterized by measuring their EQE using OL
series 750 automated spectroradiometric measurement
system, as shown in Fig. 4. In this PERC solar cell,
the thickness of Al2O3 film is 25 nm. In the UV band
and long wavelength region, we can clearly see the strong
improvement of the reflectance and EQE due to the anti-
reflection coating and dielectric rear surface passivation
stack. By using the software PC1D, the EQE was simu-
lated in the IR region. It results in the rear recombination
velocity Srear of 370 cm/s and the internal reflectance Rb

of 95%. In contrast, the referenced full-area Al-BSF cell
shows the Srear of 500 cm/s and Rb of 75%. Due to the
increase in the internal reflectance combined with an in-
crease of the surface passivation quality, the PERC solar
cells show an improved the short circuit current Jsc by
0.2 mA/cm2 compared with the full-area BSF reference
cell. The improvement of the surface passivation is not
very obvious may be due to that high-temperature firing
destroyed the interface structure of Al2O3/Si substrate
and increases the defects states originating from dangling
bonds.

In conclusion, industrial PERC-type solar cells with
thermal ALD Al2O3 films applied are fabricated. The
Al2O3/SiNx stacks do usefully reduce the surface re-
flectance in most of the wavelength region and enhance
the internal reflectance in long wavelength region. Mean-
while, the Al2O3 dielectric layer improves the surface pas-
sivation. As a result, an increase of Jsc by 0.2 mA/cm2

compared with the full-area BSF reference cell is ob-
tained.
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