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Structuring Interdigitated Back Contact Solar Cells
Using the Enhanced Oxidation Characteristics Under
Laser-Doped Back Surface Field Regions

Vaibhav V. Kuruganti,* Olindo Isabella, and Valentin D. Mihailetchi

1. Introduction

In the early 1970s, Schwartz and Lammert developed the first
interdigitated back contact (IBC) solar cells.[1] In the nascent
stages, IBC cell design was optimized for concentrator applica-
tion to cope with the high intensities of incoming energy fluxes

and the related high current densities.[2]

Due to its inherent advantages, this cell
architecture was later adapted for one
sun application.[3] In the IBC cell architec-
ture, contacts for both types of polarities are
placed on the nonilluminated side of the
solar cell. The most obvious advantage of
IBC cells over conventional both-side
contact solar cells is the elimination of
any optical shading losses caused by the
metal finger and busbars on the front side,
allowing the solar cells to boast a higher
short-circuit current density Jsc. A more
comprehensive range of front surface tex-
turing and light trapping schemes could
be adopted on the front surface of the
IBC structure, as there is no need for
heavily doped regions like in the case of
both side contact solar cells.[4] Another
considerable advantage is the reduced com-
plexity of cell interconnection inside the
module.[5] The design architecture is per-
fect for mechanically stacked tandem cells
with higher-bandgap technologies, like per-

ovskites, in a three-terminal configuration.[6] Research groups
and companies use IBC architecture worldwide to make high-
efficiency solar cells because of the abovementioned benefits.
In research and development, Kaneka Corporation reported a
conversion efficiency of 26.7% for its heterojunction IBC,[7]

and ISFH reported a conversion efficiency of 26.1% on its
POLO IBC solar cells.[8] At the industrial scale, SunPower
reported an efficiency of 25% on the SunPower X-Series technol-
ogy,[9] and SPIC reported an efficiency above 23.5% on its
low-cost bifacial IBC ZEBRA technology.[10]

Since both polarities are located on the rear side of the IBC
solar cell concept, there is a definite need for a patterning step.
Some of the first IBC solar cells developed in the early 1980s and
1990s used photolithography techniques for patterning on the
rear side.[11] Photolithography is a well-established technique that
uses light to produce minutely patterned thin films of suitable
material over a substrate to protect selected regions (mask) dur-
ing the subsequent etching, deposition, or implantation process.
Franklin et al.[12] reported an efficiency of 24.4% on their IBC
solar cells, which were patterned using photolithography. The
fabrication of this cell had as many as four photolithography
steps. Besides photolithography, alternative patterning techni-
ques include inkjet patterning of a resist layer followed by wet
chemical etching and aerosol jet printing.[13,14] All the methods
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Interdigitated back contact (IBC) architecture can yield among the highest silicon
wafer-based solar cell conversion efficiencies. Since both polarities are realized on
the rear side, there is a definite need for a patterning step. Some of the common
patterning techniques involve photolithography, inkjet patterning, and laser
ablation. This work introduces a novel patterning technique for structuring the
rear side of IBC solar cells using the enhanced oxidation characteristics under the
locally laser-doped nþþ back surface field (BSF) regions with high-phosphorous
surface concentrations. Phosphosilicate glass layers deposited via POCl3 diffu-
sion serve as a precursor layer for the formation of local heavily laser-doped nþþ

BSF regions. The laser-doped nþþ BSF regions exhibit a 2.6-fold increase in oxide
thickness compared to the nonlaser-doped nþ BSF regions after undergoing high-
temperature wet thermal oxidation. The utilization of oxide thickness selectivity
under laser-doped and nonlaser-doped regions serves two purposes in the
context of the IBC solar cell, first patterning rear side and second acting as a
masking layer for the subsequent boron diffusion. Proof-of-concept solar cells are
fabricated using this novel patterning technique with a mean conversion
efficiency of 20.41%.
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mentioned above require multiple wet bench processing steps
and sophisticated equipment, making them not viable for
application in the photovoltaic (PV) industry. In recent years,
Dullweber et al.[15] showed an elegant way of locally depositing
one polarity of the polysilicon (poly-Si) layer using plasma-
enhanced chemical vapor deposition (PECVD) through a
glass-based shadow mask.

Laser ablation has been one of the most successful approaches
for patterning the rear side in IBC solar cells.[10,16] The use of the
laser ablation technique for the fabrication of IBC solar cells has
been reported by Engelhart et al.[16] and O’Sullivan et al.[17] using
a picosecond laser for the ablation of dielectric layers like SiO2. In
addition, Kronz et al.[18] demonstrated SiNx ablation using a
nanosecond laser. However, laser ablation can cause uninten-
tional laser-induced damage such as surface melting, heat-
affected zones, microcracks, and point defects on the underlying
silicon layer, negatively affecting solar cell performance.[19]

Hence an additional wet bench step is introduced for
laser-induced damage removal before the subsequent high-
temperature step.

Dahlinger et al.[20] presented an innovative technique using
laser doping to enable local doping of IBC cells without masking
layers.[21] The laser doping was used to form the local nþþ back
surface field (BSF) and a local pþþ emitter with high spatial res-
olution without the necessity of any masking. Alternatively,
Franklin et al.[12] and Zieliński et al.[22] used laser doping to form
one polarity and laser ablation for the patterning and aligned
contact formation using the nanosecond (ns) laser.

In this work, we use the enhanced oxidation rates under locally
laser-doped nþþ BSF regions for patterning the rear side of IBC
solar cells. We perform laser doping on POCl3 diffused samples
using PSG glass as a precursor layer. Due to the higher oxidation
rates under the heavily doped nþþ BSF regions,[23,24] upon wet
thermal oxidation at 850 °C for 30min, we were able to grow a
thick SiO2 layer of 125 nm under laser-doped regions, as com-
pared to a thin SiO2 layer of 48 nm on the nonlaser doped
regions. The selectivity in the thickness of the SiO2 layer under
lasered and nonlasered regions was used for patterning the rear
side of the IBC solar cells. It was also observed that the remaining
SiO2 layer under the laser-doped regions after patterning was suf-
ficient to act as a dopant barrier for the subsequent boron diffu-
sion process, making the processing of the IBC solar cells robust
and streamlined.

2. Results and Discussion

2.1. Deal–Grove Model Simulation Study

Silicon oxide has a profound place in the fabrication of PVs and
the integrated circuit industry. SiO2 is primarily a passivation
layer to passivate the surface dangling bonds on c-Si. It is also
used as an insulator between semiconductor devices and a
masking layer to act as a dopant barrier.[25] Due to its high etch
selectivity in alkaline solution compared to c-Si,[26] it is also used
in the semiconductor industry for patterning purposes.

SiO2 is grown in a furnace by supplying oxygen (O2) to the c-Si
surface and reacting at high temperatures. Bruce Deal and
Andy Grove (of Fairchild Semiconductor) developed the first

straightforward kinetic model for SiO2 growth in the early
1960s.[24] Ho et al.[27] studied the enhanced oxidation effects
in the heavily doped nþþ c-Si substrate. The observed phenome-
non is attributed to the shifting of Fermi level toward the con-
duction band in heavily doped nþþ c-Si substrate, causing an
increase in the equilibrium concentration of point defects or
vacancies in the silicon. These point defects act as reaction sites
for the chemical reaction converting Si to SiO2, enhancing the
linear rate constant, which is interface reaction dependent.[28]

Hence the oxidation rates are much higher for a heavily doped
nþþ c-Si substrate than for a lightly doped c-Si substrate.

In this study, simulations were performed to understand the
influence of phosphorous surface concentration Ns on the
growth dynamics of the SiO2 layer using Integrated Circuits
and Electronics group Computerized Remedial Education and
Mastering (ICECREM) software which uses the Deal–Grove
model.[29] Simulations of wet and dry oxidation were done by
varying the substrate doping from 1� 1015 to 7� 1019 cm�3

for 30min at 850 °C, as represented in Figure 1.
During dry oxidation, the silicon wafer reacts in a pure oxygen

gas atmosphere (O2) at elevated temperatures. Based on the data
presented in Figure 1, it is evident that increasing the Ns results
in a sufficient selectivity in SiO2 thickness during dry oxidation.
However, it is important to note that the oxide growth rate is sig-
nificantly low, rendering it unsuitable for selective etch back in
an acidic solution. Additionally, the retained oxide after pattern-
ing is insufficient to serve as a masking layer during subsequent
BBr3 diffusion. During wet oxidation, the silicon wafer reacts in a
water vapor atmosphere (H2O) at elevated temperatures.
Compared to dry thermal oxidation, much thicker oxides can
be formed using wet thermal oxidation. The observed phenome-
non is due to the higher solubility of H2O in Si than in the O2

molecule.[24] Hence the thicker oxides obtained using wet
thermal oxidation can be used for our patterning application.

Figure 1. Influence of phosphorous surface dopant concentration (Ns) on
the oxide thickness (dox) for wet and dry thermal oxidation simulated using
the Deal–Grove model represented by solid squares and the actual
measured dox after wet thermal oxidation at different laser pulse energy
densities Hp as a function of different Ns represented with open squares.
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In theory, we observe high selectivity (1:2.8) of SiO2 thickness
between lightly 1� 1015 cm�3 and heavily doped 7� 1019 cm�3

silicon substrates. Increasing the substrate phosphorus level
strongly affects the interface reaction rate.[27]

2.2. Influence of Laser Doping Settings on the Sheet Resistance
and Oxidation Rates of nþþ c-Si

Figure 2a illustrates the impact of laser pulse energy density Hp

on the Rsh of laser-doped nþþ c-Si (left) and the SiO2 thickness
dox under laser-doped regions after wet thermal oxidation (right).
The resulting curves can be interpreted into three separate zones,
as observed by Hassan et al.[30] for laser doping of crystalline
silicon from boron precursor layers. In zone-I
(0 J cm�2<Hp< 2 J cm�2), the laser energy is less than the melt-
ing thresholds of Si; thus, doping is not possible. Therefore, we
detect no change in the Rsh and dox values in this zone-I. In zone-
II (1 J cm�2<Hp< 2 J cm�2), a linear decrease in Rsh with
increasing Hp is seen, which indicates that the number of phos-
phorous atoms in the doped layer also increases linearly.
Interestingly, also in zone-II, we observe a linear increase in
the dox from 48 nm at 1 J cm�2 to almost 123 nm at 2 J cm�2.
This increase in the dox after wet thermal oxidation is attributed
to increased Ns. From Figure 2b, it can be observed that the Ns

increases from 4� 1018 cm�3 at 1 J cm�2 to 6� 1019 cm�3 (more
than one order of magnitude) at 2 J cm�2. Hence we can con-
clude that the decrease in Rsh of zone-II can be mainly attributed
to the alteration of the dopant concentration at the surface and
marginally due to a deeper junction.

Progressing to zone III (Hp> 2 J cm�2), the Rsh decreases
marginally and then saturates at 75Ω sq�1 with increasing laser
Hp. In this zone, we observe that the decrease in Rsh is domi-
nantly due to the deeper junction whereas the Ns gradually starts
to decrease with increasing laser Hp. dox after wet thermal oxida-
tion starts to decrease in the zone III and this can be explained by
the decreased Ns. Indeed, as seen in Figure 2b, we observe
the decrease in the Ns from 6� 1019 cm�3 at 2 J cm�2 to
1.5� 1019 cm�3 at 2.5 J cm�2. In this zone, we start evaporating
the precursor layers and partially evaporating parts of the doped

silicon surface, lowering the Ns at the silicon interface. A similar
observation was seen in Hassan et al.[30]

The experimental measured dox after laser doping and wet
thermal oxidation were compared to the simulated wet thermal
oxidation dox and are depicted in Figure 1 with an open red box.
We observe that all the experimental measured dox is lower than
that of the simulated dox. One explanation for the observed dis-
crepancy is the phosphorous active concentration doping profile
being different for experimental and simulated results. All the
simulated dox are calculated, assuming a uniform rectangular
doping profile, while the experimental laser doping has a
complementary error function doping profile. During oxidation,
silicon is partially consumed to form SiO2. According to the lit-
erature, 54% of SiO2 grows on the c-Si substrate, and the remain-
ing 46% grows below the original c-Si substrate, thereby partially
consuming Si during oxidation.[24] Hence for a very shallow
laser-doped profile with a steep decrease in the dopant concen-
tration (like 1 J cm�2), we observe a much higher deviation
between simulated and measured dox. In comparison, to the
deeper laser-doped profile with a uniform doping profile (like
2.5 J cm�2), we observe good agreement with the simulated
values.

2.3. The Process Sequence of IBC Solar Cells Using the Novel
Patterning Technique

The previous section established that we could increase the phos-
phorous concentration Ns at localized regions by fine tuning the
laser doping parameters. The enhanced oxidation rates under
these selectively laser-doped nþþ BSF regions can be used for
patterning IBC solar cells. To investigate the feasibility of this
patterning approach, a process sequence was formulated and
is depicted in Figure 3b.

The phosphorous-doped Cz-Si wafers used for solar cell
fabrication were 180� 10 μm thick with a base resistivity
(ρb)= 4� 0.5Ω cm and M2 size. The process sequence starts
with saw damage removal and Piranha chemical cleaning.
Conventional tube diffusion at atmospheric pressure using
POCl3 liquid precursor was used to deposit a phosphosilicate

Figure 2. Electrical characteristics of the nþþ laser-doped regions. a) Influence of laser pulse energy densityHp on the sheet resistance Rsh and thickness
dox of SiO2 layer after wet thermal oxidation and b) active dopant concentration profiles of the nþþ regions, determined from ECV measurements, for
different Hp.
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glass (PSG) layer on the c-Si substrate, which will be later used as
a precursor for laser doping. The best laser doping settings
obtained from the previous section were used to selectively laser
dope 33% of the area on the back side of the wafer, forming the
75Ω sq�1 nþþ back surface field (BSF) region. The precursor
PSG layer is removed in the acidic HF bath before wet thermal
oxidation at 850 °C for 30min. After the high-temperature step,
we grow a thick SiO2 under the BSF regions and a thin SiO2

under nonlaser-doped regions. The SiO2 is controllably etched
back in the HF solution in the subsequent etching step. The pro-
cess is interrupted when the thin SiO2 layer under nonlaser-
doped regions is completely removed. The samples then undergo
a texturing step during which the nonlasered regions on the rear
side and the complete front side get textured, whereas, under the
laser-doped BSF regions, the thick SiO2 acts as an etch stop. A
standard tube diffusion system at atmospheric pressure using
BBr3 liquid precursor was used to form the 150Ω sq�1 pþ emit-
ter on the rear and 150Ω sq�1 pþ front floating emitter (FFE) on
the front. The thick SiO2 under the laser-doped regions prevents
the boron from reaching the BSF interface and acts as a self-
making layer. The BBr3 drive-in phase is done in a partial oxygen
environment, thereby growing a homogeneous in situ thermal
SiO2 at the Si interface. In the paper by Mihailetchi et al.,[31]

we demonstrate that this in situ-grown thermal SiO2 can be used
as a buffer layer to etch back the BSG layer entirely in an HF wet
bench step due to the selectivity in the etching rates of the dopant
glass layer and in situ-grown thermal glass layer. The remaining
in situ thermal SiO2 was capped with a PECVD SiNx to passivate
both pþ and nþþ polarities.[32] The metallization of these solar
cells was achieved using our best-known method of screen print-
ing and firing through a process from ZEBRA technology.[5] The
schematic representation of the IBC solar cells fabricated using
the novel patterning sequence is depicted in Figure 3a.

2.4. Optimization of the Process Sequence and Solar Cell
Results

Successful implementation of this process sequence to fabricate
solar cells critically depends on the two key steps after wet ther-
mal oxidation, during which the SiO2 under nonlasered regions
has to be completely removed. At the same time, under the

laser-doped regions, one has to retain sufficient SiO2 thickness
to withstand the texturing step and the subsequent BBr3
diffusion. Hence these two processing steps are studied in detail.

2.4.1. HF Etching of SiO2 and KOH Texturing

The goal during the step etching in acidic HF solution is to
completely etch the 48 nm-thick SiO2 under the nonlaser-doped
regions and still retain a thick-enough SiO2 under laserdoped
regions to act as a masking layer for the subsequent texturing
and BBr3 diffusion processes. Since we have a difference in
the oxidation rates under lasered and nonlasered regions for
the same wet thermal oxidation duration, the etching rates
of the SiO2 under both regions were tested. To investigate the
etch rate of the different SiO2 layers, the wafers were immersed
in 2-vol% HF acid solution for a defined period, followed by
thickness measurement. The thickness t versus etching time
slope was used to determine the etching rate. The etching rate
of laser-doped regions was determined to be 0.17 nm s�1,
whereas that of nonlaser-doped regions was 0.16 nm s�1, which
is quite comparable. SiO2-obtained etching rates were
comparable with Spierings et al.[25] at an etchant concentration
of 2-vol%. Using the knowledge of the etching rates, the samples
underwent a wet bench processing in an HF bath for 420 s, dur-
ing which the SiO2 under the nonlasered part was completely
etched and retained 75 nm-thick SiO2 under the laser-doped
nþþ BSF regions.

The subsequent texturing step happens in the batch-type
RENA wet bench. The etching rate of thermally grown
SiO2= is 200–400 times slower than that of c-Si in an alkaline
texturing bath at 80 °C.[25] Hence, the nonlasered regions on
the rear and the complete front side are textured, leaving the
laser-doped nþþ BSF region protected from texturing using
the SiO2 etch stop layer. The samples are quickly cleaned in
the HF solution during the standard batch-type RENA wet bench
texturing. The texturing step removed ≈3.5 μm of c-Si under
nonlaser-doped regions. In contrast, only 20 nm of SiO2 under
the laser-doped nþþ BSF regions were etched. Hence during
the texturing process using the self-masked SiO2 under laser-
doped BSF regions, we pattern the rear side and texture the front
side of the IBC solar cells.

Figure 3. a) A schematic cross-section view of the resulting IBC cell and b) fabrication steps of IBC solar cells using the novel patterning technique.
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2.4.2. BBr3 Diffusion and BSG Thinning

BBr3 diffusion step was used to form the pþ emitter on the rear
as well as on the front side (FFE) of the solar cells. During BBr3
diffusing, we wanted to investigate if the 55 nm-thick SiO2

retained under the laser-doped nþþ BSF regions after texturing
was sufficient to act as a masking layer. To study the thickness of
SiO2 needed to function as a masking layer for our BBr3 tube
diffusion recipe, we used the SiO2 thickness control samples
specified in the experimental section.

Figure 4a shows the results of the Rsh as a function of dox, and
Figure 4b shows the boron-active doping concentration profile
measured using ECV on samples with different dox masking
layer thicknesses that underwent BBr3 diffusion. An eddy current
sensor was used to measure the layer stack’s sheet resistance
(i.e., the parallel summation of the emitter and base Rsh). The
as-cut bare wafer used in this study was a p-type wafer with a
base resistivity= 5� 0.5Ω.cm, corresponding to a doping
concentration= 2.5� 1015 cm�3 and the Rsh= 350� 10Ω sq�1.

For samples without SiO2, there is no blocking layer; hence, a
heavily doped pþ region with comparatively high boron
Ns= 2� 1019 cm�3 and deep junction depth Dp= 0.6 μm was
formed. Due to the heavy doping of the emitter layers, the Rsh

of the layer stack decreases to 60Ω sq�1, as shown in Figure 4a.
For 1 nm < dox< 10 nm, the total Rsh of the layers increases

linearly from 60 to 250Ω sq�1 with the increase in dox. In this
regime, the dopant penetrates through the SiO2, forming a
heavily doped emitter region. The increase in the Rsh values with
increasing dox indicates that with thicker oxide, we tend to block
boron from reaching the c-Si interface though not completely.
For this thickness range, as shown in Figure 4b, theNs decreased
from 2� 1019 cm�3 at 0 nm= SiO2 to 9� 1018 cm�3 at 10 nm of
SiO2, with no significant change in the junction depths.

For dox in the range between 10 and 20 nm, the total Rsh

increases from 250 to 350Ω sq�1. After a further increase in
the thickness of SiO2, the total Rsh saturates at 350Ω sq�1, which
is then limited by the Rsh of the undiffused wafer. Another
important observation from Figure 4b is for the measurements
with a SiO2 thickness= 15 nm; though the dopant penetrates
through the SiO2 layer, it decreases the overall dopantNs by three

orders of magnitudes to almost 2� 1016 cm�3 with a very shal-
low doping profile. However, there is no detectable boron doping
profile for the samples with SiO2 thickness of more than 20 nm,
indicating the thickness of SiO2 is sufficient to completely block
the BBr3 diffusion, as also confirmed from the Rsh measure-
ments shown in Figure 4b. Hence, we can conclude that the
55 nm-thick SiO2 under the laser-doped nþþ BSF region is
sufficiently thick to block the boron atoms from reaching the
BSF interface.

2.4.3. Solar Cell Results

The proof-of-concept solar cells were fabricated using the process
sequence depicted in Figure 3a. The (current-voltage) I–V param-
eters were measured using a HALM flash tester and are listed in
Table 1. A median cell efficiency of 20.09%, with a maximum
efficiency of 20.41%, was obtained. The results obtained from
the injection-dependent lifetime measurements conducted using
quasisteady-state photoconductance on symmetrical lifetime
samples revealed a lower bulk lifetime (τbulk) under the phospho-
rous laser-doped BSF, as compared to the boron emitter regions
with comparable emitter saturation current density (J0e) values.
The observed decrease in bulk time in the phosphorous
laser-doped BSF sections is speculated to be due to two potential
factors: laser-induced bulk damage during the laser doping step
and the formation of oxidation-induced stacking faults in the
subsequent wet thermal oxidation step.[19,33] Although the
achieved cell efficiency is not particularly high, as the fabrication
process was not optimized, it demonstrates the functionality of
the novel patterning method to fabricate IBC solar cells.

Figure 4. a) Influence of the masking SiO2 thickness dox on the sheet resistance Rsh of the wafers after BBr3 diffusion. b) Influence of the masking SiO2

thickness dox on the active boron carrier concentration profiles.

Table 1. Summary of (current–voltage) I–V characteristics namely:
open-circuit voltage (Voc), short-circuit current ( Jsc), fill factor (FF), and
conversion efficiency (η) of the IBC solar cells.

Group Voc [mV] Jsc [mA cm�2] FF [%] η [%]

Median 652.3 40.22 76.79 20.08

Maximum 656.6 40.38 77.39 20.42
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The utilization of the increased oxidation characteristics of
nþþ Si layers in the novel patterning technique is not limited
solely to diffused junctions, as demonstrated in this study. It
may also be applied to the state-of-the-art passivating contact
IBC solar cells.

There are several fundamental distinctions that must be con-
sidered when implementing this method on poly-Si layers.
1) Grain boundaries have a crucial role in facilitating the
diffusion of phosphorous atoms, hence enabling a high dopant
diffusivity in case of poly-Si compared to crystalline silicon.[34]

Hence, the phosphorous diffusion should be optimized such that
low phosphorous (<5� 1018 cm�3) should be incorporated in
the poly-Si layer during POCl3 diffusion and then using the laser
doping we can selectively increase the phosphorous concentra-
tion (>7� 1019 cm�3) such that we can get enough selectively
in the oxide thickness post wet thermal oxidation. 2) The antici-
pated threshold fluence required for laser doping is expected to
be lower for poly-Si layers in comparison to the c-Si substrate,
owing to the higher absorption coefficient exhibited by the for-
mer.[35] Furthermore, it is essential to carefully adjust the laser
doping settings in order to avoid any potential damage to the
interfacial oxide layer and hence maintain the desired passivation
quality.[36] 3) During oxidation, due to the stress induced by the
grain boundaries, the oxidation rates of the poly-Si are initially
faster than the crystalline silicon.[37] Also during oxidation, sili-
con is partially consumed to form SiO2. As a result, it is necessary
to start with thicker poly-Si layers in order to end with poly-Si
layer thicknesses that can be contacted without the metal paste
spiking through.[38]

3. Conclusion

This article presents a novel patterning technique for fabricating
IBC solar cells. We have demonstrated that using the enhanced
oxidation rates under the local laser-doped nþþ BSF regions, we
can pattern the rear side of the IBC solar cells and mask the laser-
doped nþþ BSF regions from the subsequent BBr3 diffusion.

We have investigated the influence of the laser pulse energy
density on the sheet resistance of the laser-doped nþþ c-Si and
the SiO2 thickness dox under laser-doped regions after wet ther-
mal oxidation. It was concluded that upon fine tuning Hp, we
could locally enhance the phosphorous Ns by more than one
order of magnitude. Wet thermal oxidation would yield thicker
and thinner SiO2 under laser and nonlasered regions, respec-
tively, with a 2.6 time selectivity under laser-doped regions.
This property can be used to an advantage if the SiO2 is then
controllably etched back into the HF solution. After removing
the thin SiO2 layer beneath the nonlaser-doped regions, the
etching process is interrupted. The remaining SiO2 layer under
the laser-doped regions can be used as an etch stop layer under
the BSF regions from the texturing step, during which the rear
side is patterned and subsequently acts as a dopant barrier for the
BBr3 diffusion step, during which the emitter is formed on the
front and rear side. The proof-of-concept solar cells were fabri-
cated with novel patterning techniques and have demonstrated a
conversion efficiency of 20.41%.

4. Experimental Section
All the process equipment used was industrial or industrial like,

such as Centrotherm tube diffusion furnaces for BBr3 diffusion, POCl3
diffusion, and thermal oxidation. Hydrofluoric acid etching was
performed in a 2% HF solution, and alkaline etching was carried out
on a batch-type RENA wet bench. Local laser treatment was performed
in industrially feasible high-throughput tools. The SiNx layers were
deposited using the Centrotherm PECVD system and fired in a
Centrotherm fast-firing furnace.

Sheet Resistance (Rsh) Samples: The Rsh samples were used to investi-
gate the influence of different laser parameters on the electrical properties
and the subsequent oxide growth rates under the laser-doped areas.
We used the M2 wafer format, p-type Czochralski wafer with a
thickness= 180� 10 μm, and a base resistivity (ρ)= 1� 0.5Ω cm. The
samples underwent saw damage etching and Piranha cleaning before
the high-temperature POCl3 tube diffusion. For this study, the POCl3
recipe was optimized only to have a deposition phase without any
high-temperature drive-in step. Due to the lack of the drive-in phase in
POCl3 diffusion, most of the phosphorous was present in the PSG layer.
All samples were then laser treated by a frequency-doubled Nd: YVO4

nanosecond ns pulse laser with a wavelength= 532 nm. A pulse duration
(τp)= 60–160 ns was used to create the laser-doped regions with various
laser settings. The laser had a flat top profile with a rectangular spot
size= 300� 600 μm2. The samples were cleaned in a 2-vol% HF solution
to remove the precursor glass layer before the subsequent high-
temperature wet thermal oxidation process for 30min at 850 °C. The thick-
ness of the SiO2 layer under the different laser doping settings was carried
out with an SE800-PV ellipsometer. The SiO2 was etched in a 2-vol% HF
acid solution at room temperature to evaluate the electrical characteristics
of the laser-doped regions, namely, Rsh and doping profile. GP Solar’s
4Tests PROwas used to measure the Rsh using a four-point probemethod,
and a wafer profiler electrochemical capacitance–voltage (ECV) tool was
used to measure the active dopant profile.

Silicon Oxide (SiO2) Thickness Control Samples: The SiO2 thickness con-
trol samples consisted of flat c-Si wafers with different SiO2 thicknesses
ranging from 5 to 65 nm. These samples were used to investigate the
required thickness of SiO2 for functioning as a diffusion barrier against
boron diffusion in the BBr3 tube diffusion step. For these samples, we
used p-type Cz-Si wafers with base resistivity= 5� 0.5Ω cm and a nomi-
nal thickness= 180 μm. The samples underwent saw damage etching and
Piranha cleaning before the high-temperature wet thermal oxidation step.
The wet thermal oxidation was done for 45 min at 950 °C to grow
185� 2 nm SiO2 on the wafers. To investigate the etch rate of the thermal
grown SiO2, the wafers were immersed in 2-vol% HF acid solution for a
defined period, followed by thickness measurement. The etching rate was
determined from the slope of the thickness versus the etching time. Using
the knowledge of the etching rate, each wafer was then separately thinned
down to specific thicknesses ranging from 5 nm to 65 nm accordingly.
These samples with different SiO2 thicknesses were processed in the
BBr3 tube diffusion. Like sheet resistance control samples, the glass layers
on the c-Si substrate were completely removed in a 2-vol% HF solution to
monitor the electrical properties.
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