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Abstract

An Al,O,/TiO, double layer anti-reflection coating (ARC) film formed by spray
pyrolysis was introduced for monocrystalline silicon solar cells as the nonvacuum
processing method. The thickness of the Al,O; layer and TiO, compact layer
was controlled by the volume of deposited precursor solution and confirmed
by ellipsometry and scanning electron microscopy. The average photovoltaic
properties of photocurrent density (J,), open-circuit photovoltage (V_), fill
factor (FF), and photo energy conversion efficiency (1) were 37.0 mA/cm?, 590
mV, 0.712, and 15.5%, respectively. A significant improvement on J_ and 1
could be confirmed owing to the Al,0,/TiO, ARC. The results of Fourier trans-
form infrared (FTIR) spectroscopy and optical simulation with modeling for
the reflectance properties confirmed that C-H-based organics remained after

the deposition of thin films.
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Introduction

Reducing optical losses in solar cells is a major factor
for achieving high-efficiency silicon solar cells, and im-
proving the absorption properties is one of the key features
counteracting such loss. Various materials and thin films,
including SiO,, SiN,, TiO,, AL O, etc., have been used
for anti-reflection coating (ARC) purposes depending on
the type of solar cells.

In earlier decades, TiO, was introduced as an anti-
reflection layer for crystalline silicon solar cells [1, 2], due
to its good optical properties that enhance light absorption
capability, and because of the high refractive index for
silicon solar cells. Today, SiN, has dominated the silicon
solar cell industry, due to even better optical characteristics
and a passivation effect which leads to high bulk lifetimes
[3, 4]. SiN, or the stack layers (e.g. SiN,/SiO,) are deposited

by a well-known plasma-enhanced chemical vapor deposi-
tion technique [5, 6]. However, the needs for vacuum
processing of toxic and hazardous gases such as SiH, and
NH; in CVD operation are major drawbacks, due to the
considerable costs involved.

In order to meet industrial requirements with simple
low-cost  technologies, high-throughput, cost-effective
methods need to be investigated and adapted to the solar
cell manufacturing process. A considerable amount of
literature has been published on sol-gel processes includ-
ing TiO,, TiO,-SiO, [1, 7], and some Al,O,-based Ti-
doped mixed sol-gel sources as well [8, 9]. However,
further investigations are needed to apply these kinds of
low-cost materials to the solar «cell fabrication
processes.

In this work, as a low temperature and nonvacuum
method, spray-pyrolysis deposition was performed for TiO,
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layer and Al,O, layers, and the Al,0,/TiO, double layer
was introduced as an alternative anti-reflection coating
film. Film structures were modeled and confirmed by
experimental studies. Applying appropriate film thicknesses
for each layer and the suitable order of the layers according
to their refractive indexes are the key points [10, 11].
From that point of view, after confirming the structure
of TiO, and Al, O, thin films separately, <air/Al,O,/TiO,/
Si> double layer structure was built considering the gradual
increasing order of refractive indexes — 1.7, 2.3, 4.3 — for
ALO;, TiO,, and silicon, respectively, where the refractive
index of air is equal to 1. Owing to the advantage of
this gradual increase in refractive index on the light path,
much lower reflectance can be expected [10, 11]. Finally,
silicon solar cells were fabricated with and without using
ALO,4/TiO, double coating film.

Experimental

At first, TiO, and Al,O; films were formed on flat crystal-
line silicon substrates and primary evaluation of the coating
films was carried out. After optical optimizations, Al,O,/
TiO, double layer anti-reflection coating films were applied
to the silicon solar cells fabricated on textured wafers.

For the optical measurements, square-shaped p-type
Si wafers (25 x 25 mm?) were cut out from 6-inch Cz-Si
p-type wafers. All wafers were processed by HF dip (20
v/v %) for 1 min and DI (deionized) water rinse. UV/
O, surface treatment was carried out for a complete
cleaning process. TiO, and Al,O, films were formed on
the silicon wafers by spray pyrolysis deposition using
precursor solutions which were sprayed on to the surface
of silicon wafers using a glass atomizer. The Si wafers
were set on a hot plate heated at a deposition tempera-
ture of 450°C. The TiO, precursor solution was prepared
by 10-fold dilution of titanium bis-isopropoxidebis-
acethylacetone (TAA) (prepared by mixing titanium (VI)
isopropoxide and acetylacetone in a 1:2 mole ratio) to
ethanol. The AL,O; precursor solution was 0.03 mole L™!
of aluminum (IIT) acetylacetonate (Al(acac),) in ethanol
solution. Deposited film thicknesses were mainly controlled
by the amount of sprayed precursor solutions. Each layer
was analyzed by an ellipsometer (Uvisel ER Agms-nsd,
HORIBA, Ltd., Kyoto, Japan).

Fittings of ellipsometer spectrum were performed by
DeltaPsi2 software, using Horiba Jobin Yvon, Uvisel ErAgms-
nds, considering the rough structures and the mixtures with
organic residues. Scanning electron microscope (SEM)
measurements (JSM-6510, JEOL), reflection analysis by
ultraviolet—visible spectroscopy (Lambda 750 UV/VIS
Spectrometer; Perkin Elmer, Waltham, Massachusetts, USA),
and Fourier transform infrared spectroscopy (FTIR) (Frontier
FTIR, Perkin-Elmer) were performed for the analysis.
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Silicon solar cells were fabricated in four different sets
with a variety of surface conditions: with/without ARC
on the silicon surface, with/without texture. For the fab-
rication of silicon solar cells, 25 x25 mm p-type Cz-Si
wafers were used, which were also cut out from 6-inch
wafers. For surface-textured Si solar cells, alkaline textur-
ing was performed in KOH (5.19 g) solution in H,O
(100 mL) with Alka-Tex (GP Solar [Hainbuchenring,
Neuried, Germany]; 0.28 mL) at 80°C (set: 100°C) for
30 min. In order to prevent texturing the the back side
of the Si wafer was coated with polysilazane by a spin
coater twice at 1500 rpm for 20 sec, followed by anneal-
ing at 600°C for 60 min in O, gas flow. The Si wafers
were processed by HF dip (20 v/v %) for 10 min and
DI water rinse. RCA cleaning [12] was then carried out
to remove contaminant particles on the surface of the
wafers using a NH,OH/H,0,/H,O (1:1:5 in volume) solu-
tion, for 10 min at 80°C. After removal of the natural
oxide films by HF dip (20 v/v %), a mixed solution of
HCI/H,0,/H,0 (1:1:5 in volume) was used to remove
metallic contaminations and mobile ions on the surface
by dipping the wafers for 10 min at 80°C. In order to
prevent phosphorous diffusion on the back side of the
Si wafer, silicon dioxide layer was formed on the back
side using precursor solution (polysilazane) which was
coated by a spin coater twice at 1500 rpm for 20 sec,
followed by annealing at 600°C for 60 min in O, gas
flow. For n*-emitter formation, POCI, diffusion was per-
formed at 880°C for 40 min with 0.2 Lmin™! N, flow.
Afterward, the wafers were treated with an HF dip (10
v/Iv %) and a DI water rinse, successively. Front and back
contacts were formed by screen-printing Ag and Al, re-
spectively. Screen-printed pastes were dried at 125°C for
5 min (the dried Al paste was ca. 40pym thick) and co-
firing was carried out at 800°C for 1 min in an oven.
After optimization by optical analysis, a double layer ARC
film was formed with a 90 nm AL, O, film over a 40 nm
TiO, film using 100 and 4 mL precursor solutions,
respectively.

Results and Discussion

Evaluation of thin films

In order to analyze and optimize TiO, and Al,O, spray
on deposited layers for the processing of Al,0,/TiO, double
layer film, single-layered TiO, and Al,O, films were ana-
lyzed. The fitting models were considered for the simula-
tion. First, a fitting model with a “flat layer (main body
of the layer)” and a “roughness layer (surface residue)”
was defined according to the SEM images depicted in
Figure 1A, named as “Fitting Model #1.” It was then
improved by considering “organic elements” in the
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Figure 1. (A) Example of a scanning electron microscope (SEM) image; (B) Fitting Model #1 consists of a “flat layer” and a “roughness layer”; (C)
Fitting Model #2 consists of a “flat layer” and a “roughness layer containing organic elements.”

Table 1. Ellipsometry measurement of 6 mL deposited TiO, films by use of Fitting Model #1 and Fitting Model #2.

Fitting Model #1

Fitting Model #2

Thickness/nm Material ratio

Thickness/nm Material ratio

Flat layer 60.1 TiO, (100%)
Roughness layer 2.16 TiO, (31.7%)/void

(68.3%)
Matching factor 6.88

54.4 TiO, (100%)
10.2 TiO, (33.4%)/void (25.5%)/
organic (36.1%)
0.251

Table 2. Ellipsometry measurement of 100 mL deposited Al, O films by use of Fitting Model #1 and Fitting Model #2.

Fitting Model #1

Fitting Model #2

Thickness/nm Material ratio

Thickness/nm Material ratio

Flat layer 11.3 Al,05 (100%)
Roughness layer 66.6 Al,O5 (81.3%)/

void (18.7%)
Matching factor 2.79

5.28 Al,05 (100%)
733 Al, 05 (71.54%)/void (11.45%)
/organic (17.03%)
0.346

roughness layer, shown in Figure 1B, named as “Fitting
model #2.” The “organic elements” was a parameter in
the fitting software of the ellipsometer (Horiba Jobin Yvon,
Uvisel ErAgms-nds).

Tables 1 and 2 show the fitting results of 60 mL TiO,
and 100 mL Al,O; precursor deposited on Si wafer, re-
spectively, using the models in Figure 1. “Matching factor”
stands for the perfectness of the fitting between the ex-
perimental data and the fitting data, which is expected
to be below “1” for a good matching [13]. “Void” and
“organic” in the material ratio column and the rough-
layer line show the percentage of air and organic material
in the rough layer, respectively. Hydrocarbon-based organ-
ics can remain inside the formed layer due to organics
contained in the precursor solution. The difference between
Fitting Models #1 and #2 is the presence and absence of
“organic” elements in the rough layer. Owing to the or-
ganics, the matching factor of the TiO, film and Al,O,
film decreased significantly from 6.88 to 0.251 and from
2.79 to 0.346, respectively, resulting in a significantly more
reliable fitting for the estimation of film thickness of
sprayed TiO, and AlL,O, in this work. TiO, film was

occupied by a flat layer of 84.2%. On the other hand,
ALOj; film was occupied by a rough layer of 93.3%.
For further investigation, FTIR spectra of deposited thin
films were measured in a wide spectrum from 400 to
4000/cm to analyze optical film properties. Figures 2A
and B show the FTIR spectra of single-layer TiO,/Si and
ALO,/Si  structures after spray pyrolysis deposition,
respectively. Hydrocarbon-based organic peaks were ob-
served at 2850, 2866.3, 2929.9 and 2967/cm in the FTIR
spectra of TiO, films formed on silicon wafers. These
multiple peaks from 2850 to 2970/cm can be assigned to
C-H absorptions including CH, and CHj-based com-
pounds [14] which show the presence of organics. Similar
peaks at 2851.3, 2865.8, 2928.3 and 2964/cm were also
observed in ALO; films formed on silicon substrates.
Furthermore, dependences of the TiO, and AlL,O; film
thicknesses including flat and rough layers were estimated
by changing the deposition volume of the precursor solu-
tion based on ellipsometry measurements. Figures 3A and
B present the estimated thickness data of TiO, and Al,O,
films, respectively. Total thickness was calculated by the
sum of rough and flat layers. According to these results,
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Figure 2. TiO, (A) and Al,O5 (B) films formed on Si substrate by the
spray pyrolysis deposition method.

deposition rates of TiO, and Al,O, films can be calculated
as 10.1 nm mL™' and 0.88 nm mL™!, respectively.

In order to confirm the deposition speed, the cross-
sectional SEM images were also observed as shown in
Figure 4 using thick TiO, and AL O, films. TiO,/Si
(Fig. 4A), and AlL,O,/Si (Fig. 4B) structures formed by
spray pyrolysis depositions using 30 mL TiO, and 400 mL
Al,O, precursor solutions had approximately film thick-
nesses of 260 and 380 nm, respectively, according to the
images. Based on these values, the deposition rates can
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Figure 3. TiO, (A) and Al,O5 (B) films formed by changing the amount
of precursor solutions.

be calculated as 8.7 nm mL™! for TiO, and 0.95 nm mL™!
for Al O, films. However, according to the ellipsometer
measurements, deposition rates were found as
10.1 nm mL™! for TiO, deposition and 0.88 nm mL™!
for ALO, deposition. This difference may be attributed
to the effect of surface residue and roughness after depo-
sition when the deposition is a considerably thicker layer.

For the optimization process of <Al,O,/TiO,> double
layer, the thickness of the TiO, film was varied between
20 and 120 nm (precursor solution 2—-12 mL) while the
thickness of the ALO, film was changed from 68 to
135 nm (precursor solution 75-150 mL).
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Figure 4. (A) 30 mL TiO, precursor solution layer on silicon substrate; (B) 400 mL Al,O5 precursor solution layer. Each layer was deposited by the spray

pyrolysis deposition method.
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Figure 5. Estimated J,_ calculated by the experimental reflectivity data using <Al,04/TiO,/Si> layers with various thicknesses of Al,O5 and TiO, films.

After the reflectance measurements of the cells with
ARC, maximal short circuit current densities from the
reflectance results were calculated using equation (1) in
order to observe the optimum Al,O, and TiO, film thick-
nesses to obtain efficient Al,O,/TiO, double layer ARC
film.

eS 1200

Jse,max= e 30f0 P, X (1 —reflectance(4)) dA (1)

where “J ” is the maximum short circuit current den-

sc,max
sity from the reflectance results in mA cm™2, “¢” stands

for the charge of an electron (1.602 x 107! C), “h” is
Planck’s constant (6.626 x 10734 J s71), “¢” is the speed
of light (2.998 x 108 m s7!), “P, ” is the input power
of solar irradiation (AM1.5, W (m? nm)~!), and “A” is
the wavelength in nm.

Figure 5 presents the short circuit current density
Jsemay) calculated by equation (1) using experimental
reflectance spectra of silicon substrate with Al,0,/TiO,
ARC film for various thicknesses of Al,O, and TiO, films.

According to the calculations using experimental
absorption spectra, the maximum value of J_ = of
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Figure 6. Reflectance spectra of silicon wafers with various surface
structures.

38.9 mA cm™? was achieved with a 90 nm Al,0,/40 nm
TiO, double layer ARC film (data not shown). Based on
the experimental finding, the 90 nm Al,0,/40 nm TiO,
double layer ARC film was applied when fabricating silicon
solar cells.

Solar cells with Al,0,/TiO, ARC film

Reflectivity measurements of four types of surfaces (with/
without ARC, with/without texture) are given in Figure 6.
The average reflectivity of the flat silicon surface without
ARC was around 40% and decreased to around 20% after
texturing. By applying the double layer ARC film on the
flat and textured silicon surfaces, the reflectivity was de-
creased significantly to a minimum of 0.2% at around
700 nm and to 0.4% at around 600 nm, respectively. As
a result, the average reflectance values with the ARC on
flat and textured Si surfaces were 20.1% and 9.71%, re-
spectively. In reference also, additional increase in Jg- can
be expected by texture [15].

The electrical characteristics of fabricated solar cells
shown in Figure 7 are summarized in Table 3. Owing
to the double layer ARC film, Ji. of the solar cells
improved remarkably. Without ARC, J- of solar cells
with flat surface was around 27.6 mA cm™2 where it
improved up to 33.5 mA cm~2 by texturing. The aver-
age Jq. of the flat cells with Al,0,/TiO, double layer
ARC was 343 mA cm™2, which improved to
37.0 mA cm 2 by the textured silicon cell with AL,O,/
TiO, double layer ARC. Consequently, the Cz-Si p-type
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Figure 7. Current-voltage curves (A) and external quantum efficiency
(EQE) spectra (B) of four fabricated sets of solar cells with/without
texture and anti-reflection coatings (ARC).

solar cells with Al,O,/TiO, double layer ARC on tex-
tured surface reached a m of 15.5% with a V. of
590 mV and FF of 71.2. A significant improvement on
Jsc and M could be confirmed owing to the Al,O,/TiO,
ARC when compared to the textured cells without ARC.
The increase in Jg. was related to the suppression of
reflectance (Fig. 6) and the improvement of external
quantum efficiency (EQE) (Fig. 7B), clearly. At short
wavelength in Figure 7B, EQE was suppressed especially
under 400 nm may be due to the absorption of the
TiO, layer which has a high extinction coefficient at
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Table 3. Average data of photovoltaic characteristics of fabricated Si solar cells with various surface structures with/without surface texturing

and ARC.

Surface structure ARC Jo (MA cm2) Vo (V) FF n (%)

Flat Without 27.6 +0.1 0.588 + 0.02 0.708 + 0.012 11.5+0.2
Flat With 343+0.8 0.596 + 0.03 0.706 + 0.014 144 +05
Texturing Without 33.5+0.6 0.588 + 0.05 0.702 + 0.004 13.8+0.2
Texturing With 37.0+£0.2 0.590 + 0.09 0.712 £ 0.026 15.5+0.8

FF, fill factor; ARC, anti-reflection coating.

The average data and the errors have been calculated using three different samples.

short wavelength. The small fluctuation in the range of
500-1000 nm could be due to measurement error. It
is well known that the passivation effect of TiO, would
be degraded by annealing over 350°C, which affects the
decrease in carrier lifetime and open circuit voltage [16,
17]. Therefore, another passivation layer like a silicon
dioxide should be inserted between silicon and TiO, to
achieve higher open circuit voltage, which is a future
subject of study in our group. We have also confirmed
the calculated Jg. of single layer ARC with TiO, and
SiN_ to be 39.50 and 40.67 mA cm™?, respectively, which
were obtained from theoretical reflectance and equa-
tion (1) on flat silicon substrates. However, the Ji. of
double layer ARC with TiO,/Al,O; was calculated as
43.46 mA cm~2, Previous research also showed the ad-
vantage of double layer ARC with low reflectance less
than single layer ARC [18-21]. Moreover, another ad-
vantage of TiO,/Al,O, is non-vacuum spray pyrolysis
deposition, which can realize the lower cost production
system than batch vacuum process like a SiN_ in terms
of installation and running costs [22].

Conclusion

Al,O,/TiO, thin films were prepared by a low-cost spray
pyrolysis deposition method as an alternative ARC film
for crystalline silicon solar cells. High-quality Al,O,/
TiO, thin films formed at 450°C and a reflectivity lower
than 0.4% was achieved at 600 nm. After the evalua-
tion of Al,O,/TiO, thin films, the Cz-Si crystalline silicon
solar cells were fabricated with/without Al,O,/TiO, ARC.
The average conversion efficiency was 15.5% with a Jg
of 370 mA cm™?, Vg of 590 mV and FF of 71.2
at the optimized condition. Improvements on Jg of
3.5 mA cm™? and M of 1.7% could be confirmed owing
to the AL,O,/TiO, ARC when compared to the textured
cells without ARC. Considering the nonvacuum process
and simplicity, AL,O,/TiO, double layer ARC films
formed by the spray pyrolysis deposition method were
found to be very attractive and promising for crystal-
line silicon solar cells with good optical performance.
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