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Abstract—In this work the high-quality passivation of p-type
Si solar cells with a boron-aluminum selective back surface
field (BSF) and dry thermal SiO2 layers on both surfaces is
analyzed comparing the internal quantum efficiency (IQE) and
the current-voltage parameters. This structure may be a viable
substitute for the industry’s standard solar cell, which has
to be reconsidered when faced with the bowing problem. We
observed that increasing oxidation temperature decreases IQE
for short wavelengths (400 nm), while for long wavelengths (1000
nm) the IQE increases for temperatures lower than 860 ◦C.
The same trend is observed for the solar cells’ open circuit
voltages, indicating that rear surface passivation increases for
thicker oxides. The short-circuit current density was affected by
the higher reflectance caused by the SiO2 layer. However, by
adjusting the TiO2 anti-reflective coating thickness we were able
to avoid this effect, achieving solar cells with efficiencies up to
16.8 %, which is comparable to the current efficiency of cells
with Al-BSF covering the whole back surface. Furthermore, no
bowing was observed for this structure.

Keywords—Silicon Solar Cells, Passivation, Thermal Silicon
Dioxide, Internal Quantum Efficiency

I. INTRODUCTION

Although the usual passivation technique used in the solar

cell industry is a SiNx thin film on the front surface and

an aluminum back surface field (BSF) on the rear surface

[1], recent trends may lead to a change of this scenario.

Specifically, the tendency to use thinner wafers (less than

200 μm) as substrates leads to bowing effects during the Al

paste firing to form the Al-BSF in the whole rear surface [2].

A direct solution to the bowing effect is substituting the rear

Al-BSF, which covers the whole area, for an Al grid. But this

solution implies that it is necessary to change the rear face

passivation method, because the parts that are not coated with

Al cannot be left unpassivated. Otherwise, the high surface

recombination velocity associated to the dangling bonds of

bare silicon surfaces would reduce minority carrier lifetime

and solar cell efficiency [3], [4], specially for thinner wafers.

Therefore, different passivation methods, compatible with

the industry’s standard silicon solar cell, are necessary. For

example, this method has to be able to passivate the p+-

type back surface, because the Al-BSF is located only below

the metal grid. This means that, even though it would be

convenient for the industry to have the same deposition

procedure for both surfaces, SiNx is not recommended for back

surface passivation, because SiNx usually cannot passivate p-

type surfaces well enough [5].

For these reasons, silicon solar cells with a B-Al selective

BSF but with a different back surface passivation layer are

being developed [6], since this structure avoids wafer bowing.

Here we show that a thin layer of thermal SiO2, together with

the B-BSF, passivates the rear surface even further, increasing

efficiency. We choose dry thermal SiO2 because its excellence

in passivating silicon is well known [7], [8], [9]. In fact, with

SiO2 it is possible to passivate both n and p-type silicon [9],

meaning that we can use it for both front and back surfaces.

This allows the use of a single oxidation step to passivate both

surfaces, which reduces process cost. The passivation analysis

is given here in terms of internal quantum efficiency (IQE)

and its comparison with electrical parameters.

II. METHODS

A. Solar Cell Process and Oxidation

The structure of the solar cells is shown in Fig. 1 and a

diagram showing each step of processing is shown in Fig.

2. With exception of the oxidation step, all other procedures

used to manufacture this solar cell were optimized in previous

works [9], [10], [11], [12]. The substrate was p-type, solar

grade czochralski-Si wafers with resistivity of 1-20 Ω.cm

and with initial thicknesses of 200 μm. The oxidation was

performed with O2 and was followed by a 10 minute annealing

in N2 at the same temperature. Based on previous work [13],

we fixed the oxidation time (toxi) at 7 minutes and changed the

oxidation temperature (Toxi) from 770 ◦C to 920 ◦C and then

fixed Toxi at 800 ◦C and changed toxi from 2 to 90 minutes

in order to optimize the oxidation step. The SiO2 thicknesses

ranged from 10 to 80 nm in the phosphorous emitter and from

1 to 14 nm in the B-BSF. For each set of Toxi and toxi, three to

five solar cells having a pseudo-square shape and area of 61.58

cm2 were manufactured. The current-voltage (I-V) curve of all

solar cells and the internal quantum efficiency of only the best-

performing devices of each Toxi and toxi set were measured.

B. Internal Quantum Efficiency and Electrical Parameters

The IQE is defined as the ratio of the number of collected

photogenerated carriers to the number of absorbed photons

by the solar cell. With this definition, an IQE of 100% for a

978-1-5386-2877-5/17/$31.00 ©2017 IEEE

Authorized licensed use limited to: Pontificia Universidade Catolica do Rio Grande do Sul (PUC/RS). Downloaded on March 30,2022 at 14:38:32 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 1. Silicon solar cell structure with phosphorous emitter and
boron/aluminum selective BSF.

Fig. 2. Process sequence used for solar cells manufacturing.

given wavelength means that all absorbed photons with this

wavelength contributed one electron-hole pair to the photocur-

rent collected in the metallic terminals. IQE was measured

using a xenon and a halogen lamp in combination with a

monochromator to scan the photocurrent of each solar cell

from 300 nm to 1100 nm. The reflectance was measured with

an integrating sphere. The IQE can provide information on the

passivation of solar cells because different wavelengths have

different absorption depths. Short wavelengths are absorbed

closer to the illuminated surface and long wavelengths are

absorbed deeper into the solar cell. Therefore, the IQE for

short (300-500 nm) and long (900-1100 nm) wavelengths can

provide information on the front and rear surface passivation,

respectively [3]. One has to notice, however, that IQE is also

sensitive to the lifetime of minority carriers in the bulk. For

low lifetimes, charge carriers produced further into the base

have a lower probability of being collected by the emitter.

Therefore, low lifetimes reduce IQE for long wavelengths.

The open-circuit voltage (Voc) and short-circuit current

density (Jsc) were extracted from the I-V curve, which was

measured using AM1.5G spectrum. The irradiance was cal-

ibrated to 1000 W/m2 and the cell temperature was kept at

25◦C during the measurements.

III. RESULTS

Fig. 3 shows the IQE for different oxidation temperatures

and with toxi fixed at 7 minutes. For ease of visualization,

only three of the six curves are shown. Fig. 4 presents the

IQE for the particular wavelength values of 400 nm and 1000

nm for all oxidation temperatures. From both Figs. 3 and 4 we

see that both front and rear passivation depend on oxidation

temperature.

Fig. 4 indicates that the IQE for short wavelengths decreases

for increasing oxidation temperatures. This result may be a

Fig. 3. Internal quantum efficiency (IQE) as a function of wavelength for
three different oxidation temperatures. Oxidation time was kept fixed at seven
minutes.

Fig. 4. Internal quantum efficiency (IQE) as a function of oxidation temper-
atures for wavelengths of 400 nm and 1000 nm.

consequence of the fact that with higher processing tempera-

tures the p-n junction diffuses further into the base, increasing

recombination of minority carriers in the emitter. Therefore,

the minority carriers excited in this region (which are due to

short wavelength photons) have a lower probability of being

collected by the deeper p-n junction, lowering IQE for short

wavelengths.

On the other hand, for long wavelengths the IQE increases

from 770 ◦C to 860 ◦C, and then decreases substantially for

temperatures higher than 860 ◦C. The SiO2 thickness obtained

in the B-BSF with 860 ◦C was about 5 nm. We attribute

this increase in IQE to a higher passivation provided by

thicker oxides on the boron BSF. However, for high processing

temperatures (> 860◦C), contamination and defect generation

in the sample lower bulk lifetime [14]. The combined effect

is that IQE for long wavelengths increases for low oxidation

temperatures (≤ 860 ◦C) but decreases for high temperatures

(> 860 ◦C).

Fig. 5 shows Jsc and Voc as a function of Toxi. The Voc
also increases with oxidation temperature for Toxi ≤ 860 ◦C

and then decreases for temperatures higher than 860◦C. This

gives support to our earlier interpretation that for lower

processing temperatures the passivation increases because of

thicker oxides on the rear surface, but then decreases because
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higher temperatures induce a deeper emitter and substrate

degradation, which reduce minority carrier lifetime and Voc.

Thus, the higher Voc values obtained for thicker oxides are a

consequence of a higher passivation of the rear surface that

contains the boron BSF. On the other hand, Jsc only decreases

with increasing Toxi. This may also be a consequence of a

deeper emitter produced at higher temperatures, but can also

be attributed to a higher reflectance of the front surface, caused

by the SiO2 layer between the substrate and the TiO2 anti-

reflective coating. However, the reflectance can be corrected

by depositing a thinner TiO2 layer.

Therefore, Toxi should be as low as possible in order to

prevent bulk degradation and a deeper p-n junction, but longer

oxidation times are then necessary for thicker oxides and

higher passivation of the B-BSF. In fact, as shown in Fig.

6, Voc stabilizes for toxi higher than 45 min, and shows only

a little decrease for toxi as high as 90 min. We highlight that

Toxi was 800 ◦C for the curves in Fig. 6. We achieved a Voc
of 604 mV with Toxi = 800 ◦C and toxi = 45 min.

Fig. 5. Voc and Jsc as a function of oxidation temperature for toxi = 7 min.

Fig. 6. Voc and Jsc as a function of oxidation time for Toxi = 800 ◦C.

From Fig. 6 we can see that increasing toxi lowers Jsc
substantially, even for the low temperature of 800 ◦C. This,

however, is only a consequence of increased reflectance for

thicker oxides in the emitter, as confirmed in the reflectance

curves of Fig. 7. In fact, as shown in Fig. 8, we do not observe

any appreciable decrease in IQE for short wavelengths and

also do not observe substantial reduction in lifetime, since the

IQE curves for different oxidation times are slightly changed

only for wavelengths higher than about 1000 nm. Thus, the

decrease in Jsc cannot be attributed to a deeper emitter nor to

substrate degradation. The highest IQE for long wavelengths

occurred for toxi = 45 min, as for the highest Voc, confirming

that the higher B-BSF passivation increases Voc.

Fig. 7. Reflectance as a function of wavelength for four different oxidation
times and Toxi = 800 ◦C.

Fig. 8. Internal quantum efficiency (IQE) as a function of wavelength for
four different oxidation times and Toxi = 800 ◦C.

Fig. 9 shows the IQE as a function of oxidation time

for short and long wavelengths. We observe that for short

wavelengths the IQE was not affected by toxi, even though

it was influenced by Toxi as shown in Fig. 4. Moreover, the

IQE for long wavelengths confirms that toxi = 45 min resulted

in the best rear surface passivation.

Fig. 9. Internal quantum efficiency (IQE) as a function of oxidation time for
400 and 1000 nm and Toxi = 800 ◦C.

In order to optimize the reflectance, another batch of solar

cells were fabricated with the optimal oxidation of Toxi =
800◦C and toxi = 45 min, but with the TiO2 AR-coating

thickness corrected for the presence of a SiO2 layer. The rear

SiO2, front SiO2 and TiO2 layers thicknesses were respectively
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10 nm, 53 nm and 25 nm. We note that, although only one

oxidation step was performed, the oxide thicknesses on each

surface were different because the oxidation rate differs for

highly doped n and p-type surfaces [15]. With these optimal

thicknesses, we measured short-circuit current densities as

high as 36.0 mA/cm2, which are about 3 mA/cm2 higher than

that shown in Fig. 6 for toxi = 45 min.

The effectiveness of SiO2 is further demonstrated in Fig. 10,

where a comparison between the IQE of two best-performing

solar cells is shown, one with SiO2 grown at Toxi = 800 ◦C and

toxi = 45 min and TiO2 thickness adjusted for the SiO2 layer,

and the other without oxidation but otherwise equal structure

[16]. Both IQE’s for short and for long wavelengths are

substantially higher with SiO2 passivation, indicating that the

effective minority carrier lifetime was substantially increased.

In fact, the solar cell with SiO2 passivation, shown in Fig.

10, compared to the device without SiO2, presented a Jsc
increase of 2.3 mA/cm2 and a Voc increase of about 9 mV.

The fill factor for this solar cell was 77.7% and the efficiency

was 16.8%, which is comparable to the cells that have Al-

BSF covering the whole back surface, showing that SiO2

passivation was effective for solar cells with a B-Al selective

BSF. The efficiency of the solar cell without SiO2 passivation

was 15.1%.

Fig. 10. Internal quantum efficiency (IQE) curves of the best solar cells with
and without SiO2 but otherwise equal structure.

IV. CONCLUSION

In summary, we were able to demonstrate high-quality

passivation with thermal SiO2 for solar cells with a boron-

aluminum selective BSF, achieving efficiencies up to 16.8%.

We have also shown that oxidation temperatures higher than

860 ◦C reduced IQE for both short and long wavelengths and,

as a consequence, also reduced Jsc and Voc. On the other hand,

increasing oxide thickness enhances the rear surface passiva-

tion, which increases Voc. The optimal oxidation parameters

found were Toxi = 800 ◦C and toxi = 45 min, resulting in 53 nm

and 10 nm SiO2 layers on the emitter and B-BSF, respectively.

We also observed a reduction in Jsc due to an increase in

reflectance for thicker oxides on the front side, but were able to

correct this effect by reducing the TiO2 anti-reflective coating

thickness. This work shows that thermal oxidation may be

a good candidate for the passivation of both front and rear

surfaces in solar cell production.
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