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Abstract: Passivated, selective contacts in silicon solar cells consist of a double layer of highly doped
polycrystalline silicon (poly Si) and thin interfacial silicon dioxide (SiO2). This design concept allows
for the highest efficiencies. Here, we report on a selective laser activation process, resulting in highly
doped p++-type poly Si on top of the SiO2. In this double-layer structure, the p++-poly Si layer serves
as a layer for transporting the generated holes from the bulk to a metal contact and, therefore, needs to
be highly conductive for holes. High boron-doping of the poly Si layers is one approach to establish
the desired high conductivity. In a laser activation step, a laser pulse melts the poly Si layer, and
subsequent rapid cooling of the Si melt enables electrically active boron concentrations exceeding
the solid solubility limit. In addition to the high conductivity, the high active boron concentration
in the poly Si layer allows maskless patterning of p++-poly Si/SiO2 layers by providing an etch
stop layer in the Si etchant solution, which results in a locally structured p++-poly Si/SiO2 after the
etching process. The challenge in the laser activation technique is not to destroy the thin SiO2, which
necessitates fine tuning of the laser process. In order to find the optimal processing window, we test
laser pulse energy densities (Hp) in a broad range of 0.7 J/cm2 ≤ Hp ≤ 5 J/cm2 on poly Si layers with
two different thicknesses dpoly Si,1 = 155 nm and dpoly Si,2 = 264 nm. Finally, the processing window
2.8 J/cm2 ≤ Hp ≤ 4 J/cm2 leads to the highest sheet conductance (Gsh) without destroying the SiO2

for both poly Si layer thicknesses. For both tested poly Si layers, the majority of the symmetric lifetime
samples processed using these Hp achieve a good passivation quality with a high implied open circuit
voltage (iVOC) and a low saturation current density (J0). The best sample achieves iVOC = 722 mV
and J0 = 6.7 fA/cm2 per side. This low surface recombination current density, together with the
accompanying measurements of the doping profiles, suggests that the SiO2 is not damaged during
the laser process. We also observe that the passivation quality is independent of the tested poly Si
layer thicknesses. The findings of this study show that laser-activated p++-poly Si/SiO2 are not only
suitable for integration into advanced passivated contact solar cells, but also offer the possibility of
maskless patterning of these stacks, substantially simplifying such solar cell production.

Keywords: laser activation; TOPCon solar cells; passivated contact layers; poly Si doping; implied
open circuit voltage; sheet conductance; carrier mobility

1. Introduction

Passivated emitter rear cells (PERC) are the current dominant technology in silicon-
based photovoltaic (PV) production. The growing need for higher conversion efficiencies
has encouraged the PV industry to seek alternatives to PERC design. Among the ideas for
the mass production of highly efficient silicon solar cells, tunnel oxide passivated contact
(TOPCon) solar cells are considered an upcoming replacement for PERC cells since only a
few additional production steps are required to upgrade a PERC cell production line to
a TOPCon production line [1]. The principle of the TOPCon design relies on separating
the carrier extraction zone from the carrier generation zone by using a layer stack, which
consists of a thin interfacial silicon dioxide layer and a highly doped polycrystalline silicon
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(SiO2/poly Si) layer [2]. The SiO2 passivates the mono-crystalline silicon (c-Si) surface and
simultaneously separates the c-Si bulk carrier generation zone from the highly doped poly
Si carrier transport layer [3]. Such layer stacks result in an excellent passivation quality
together with low contact resistivity.

Conventional TOPCon cells employ a highly n-type-doped poly Si layer (n+-poly Si),
which is usually doped in ex situ furnace diffusion [? ] or deposited as an in situ doped
poly Si layer followed by a furnace activation step [6? ]. Furnace-based processes allow
for high throughput production of conventional TOPCon cells. However, these furnace
processes have several inherent limitations:

• Full area processing of poly Si layer: Advanced passivated contact cell concepts—
such as poly Si passivated interdigitated back contact (IBC) solar cells or other
cells with selective poly Si passivated contacts on the front side—rely on struc-
turing of poly Si layers, which usually requires additional complex masking steps.
Such structuring steps are expensive and time-consuming; therefore, they are not
favorable industrially [7,8];

• Doping concentrations within the poly Si layer: High doping concentrations are
required within the poly Si in the poly Si/SiO2/c-Si structure to establish low resistivity
of the metal/semiconductor contact [9]. However, the doping concentration in poly
Si must drop sharply at the poly Si/SiO2 interface. Deep dopant diffusion, through
the oxide into the underlying (single) crystalline silicon bulk substrate, would result
in increased Auger recombination in the Si bulk [1]. The high required doping of the
poly Si is particularly challenging, if one does not use n+-doping with phosphorus,
but p+-doping with boron, because of the lower solid solubility of boron in silicon
compared to phosphorus at the same temperature. The solid solubility of boron in
Si is smax ≈ 5 × 1020 cm−3 at 1200 ◦C, while phosphorus has a higher solubility of
smax ≈ 1.5 × 1021 cm−3 at the same temperature [10]. Elevating the boron diffusion
temperature to increase the doping concentration leads to damaged SiO2 and deep
diffusion of boron into the under-laying bulk of the crystalline Si, and, consequently,
to a lower passivation quality [11].

Laser irradiation—instead of furnace processing—avoids these limitations: It avoids
structuring, heats the cells only locally, and, in addition, if performed properly, it also
saves time. Consequently, lasers are attractive for solar cell production. For example,
already, laser-doped selective emitters[12,13] and laser-doping of c-Si from precursor layers
are two common production steps in the PV industry [14]. However, laser processing
a poly Si/SiO2 stack is more challenging since it requires processing a thin poly Si layer
without destroying the SiO2 underneath; the thickness of the tunneling oxide is only a few
nanometers, while the laser-heated poly Si is more than a hundred times thicker.

This work presents a laser activation process for creating p++-poly Si/SiO2 stacks for
passivated contact solar cell designs. Our laser process locally heats and melts a poly Si layer
and the subsequent rapid cooling of the Si melt results in highly active boron concentrations
exceeding the solid solubility limit within the poly Si layer. For our conditions, this high
concentration drops sharply at the p++-poly Si/SiO2 interface, indicating that SiO2 is
not damaged during the laser process. As a consequence, we observe an outstanding
passivation quality with a high implied open circuit voltage (iVOC) and a low saturation
current density (J0). The best sample shows iVOC = 722 mV and J0 = 6.7 fA/cm2.

The high boron doping concentration also enables the maskless patterning of laser-
activated p++-poly Si/SiO2 stacks. Buchholz et al. [15] introduced a maskless process for
establishing local p++-poly Si layers using the etch selectivity of a heavily boron-doped
p++-poly Si in the alkaline etchant. A green laser was used in their method to create high
doping concentrations locally, which resulted in structured p++-poly Si layers after etching.
However, they did not show that this process could be used for highly doping the poly Si
in a passivated contact solar cell design. Here, we show that this is possible. Consequently,
in the next step, we will implement this approach to create local p++-poly Si/SiO2 stacks in
advanced passivated contact solar cells.
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Figure 1a shows the solar cell design with selective p++-poly Si/SiO2 stacks on the
front side. To avoid parasitic optical losses by free-carrier absorption [16,17], the p++-poly
Si/SiO2 passivation layers (indicated by a dashed circle) are only locally created underneath
the front metal contacts.

Figure 1b illustrates the schematics of a poly Si passivated IBC solar cell. Such a
solar cell design (with ion implantation and a masking process) achieved a remarkable
conversion efficiency η = 26.1 % at laboratory scale [18]. Maskless, defect-free patterning
of the p++-poly Si layers, as performed here, would substantially simplify the fabrication
process and could open the door for the low-cost, large-scale, industrial production of this
passivated contact solar cell design.

Figure 1. Schematic drawing of desired advanced passivated contact solar cells with local
p++ poly Si/SiO2 stacks. (a) Selective p++ poly Si/SiO2 passivated front side cell. The full area
n+-poly Si/SiO2 double layer passivates the rear side of the cell, while, at the front, p++-poly Si/SiO2

passivation stacks are selectively placed under the front metal contact to prevent parasitic optical
losses. (b) Passivated contact, interdigitated back contact IBC solar cells. Back contacts of the cell are
passivated by selectively created, laser-activated, p++-poly Si/SiO2 stack and n+-poly Si/SiO2 layers.

A laser process for dopant activation in hole-selective poly Si/SiO2 passivation stacks
has also recently been introduced by Chen et al. [19]. Their main focus was the use of
gallium as an alternative p-type dopant instead of boron to overcome the passivation loss
arising from boron segregation at the interface between SiO2 and c-Si. The authors used an
excimer laser for dopant activation on gallium-implanted poly Si layers and compared it
with in situ boron-doped, plasma-enhanced chemical vapor deposition (PECVD) poly Si
layers. Although they reported very high iVOC = 735 mV for gallium-doped poly Si/SiO2
layers, their boron-doped poly Si/SiO2 stacks showed only a mild passivation quality with
iVOC = 700 mV.

In the present work, we show that achieving high passivation quality is possible even
with boron as a dopant species for hole-selective poly Si/SiO2 layers without the need for
ion implantation, which is considered a costly process step in the PV industry. We use
a green laser for boron activation on low-pressure chemical vapor deposition (LPCVD)
poly Si layers that results in high passivation quality with iVOC = 720 mV. Additionally, we
consider here the role of interfacial SiO2 in the laser crystallization of poly Si layers.

2. Sample Preparation

In this work, we design two types of test structures to study the effect of laser pro-
cessing parameters on the electrical characteristics and the passivation quality of the poly
Si/SiO2 double layers. To investigate the influence of the interfacial oxide and poly Si layer
thickness on these test structures, we use two poly Si layer thicknesses in our samples and
also prepare groups of samples without interfacial oxide.

Our process starts with commercially available as-cut n-type M2 size Czochralski
(Cz) silicon substrates from LONGi with a base resistivity of 27 Ωcm. After saw-damage
etching and cleaning in a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2),
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the wafers are split into two groups. One group is thermally oxidized in a tube process
to create the SiO2 with a thickness of about 2 nm, while the other group is further pro-
cessed without SiO2. Accordingly, an intrinsic hydrogen-free amorphous silicon (a-Si)
thin film is deposited via LPCVD. Next, the intrinsic a-Si films are lightly doped in our
BBr3 diffusion furnace at diffusion temperature Tdiff = 820 ◦C. The a-Si layers are par-
tially crystallized during this high temperature step. We extract the grain size dg ≈ 6
nm after the BBr3 diffusion step from the peak analysis of X-ray diffraction (XRD) mea-
surement. Thereafter, borosilicate glass (BSG) created during the diffusion is removed in
2% hydrofluoric acid (HF). The subsequent laser process is performed on square-shaped
fields with an area Alaser-field = 38 × 38 mm2, using a nanosecond laser tool operating at a
wavelength λ = 532 nm, with a rectangular-shaped tophat laser beam profile and a spot
area Aspot = 300 × 600 µm2. The XRD measurements show the grain size growth from dg ≈
6 nm for non-lasered layers to dg ≈ 20 nm for laser-crystallized poly Si layers (L-poly Si).
Two poly Si thicknesses are examined for both groups of samples, with and without a SiO2
layer.

The thickness of the poly Si films is measured with spectral ellipsometry on dedicated
test wafers. The thicknesses are determined as dpoly Si,1 = 155 nm± 5 nm and dpoly Si,2 = 264
nm± 9 nm.

The amount of energy carried by each laser pulse is a crucial parameter for adjusting
the later doping profile and, consequently, the electrical properties of the doped layers. The
area normalized energy per pulse is called the laser pulse energy density (Hp). A detailed
definition of Hp is given in ref. [20]. The Hp is varied by changing the laser duty cycle at
the same pulse repetition rate f = 10 kHz with a pulse duration τp ≈ 100 ns. A laser pulse
overlap of 10% is used in both the y-direction (scanning direction) and the x-direction to
ensure full area coverage and short laser processing time. Two kinds of test structures are
fabricated:

• Sheet resistance Rsh samples to characterize the electrical properties of the laser-
processed samples, e.g., by four-point-probe measurement of the sheet resistance and
by electrochemical capacitance/voltage (ECV) measurements of the doping profile.

• Symmetric passivation samples for assessing the passivation quality with quasi-steady-
state photoconductance QSSPC measurements [21].

Figure 2a shows a schematic cross-section of a fabricated Rsh sample, while a cross-
section of a passivation sample is shown in Figure 2b. Although test structures without
SiO2 are also fabricated, only samples with SiO2 are shown in Figure 2a,b for the sake of
simplicity.

Figure 2. (a) Schematic cross-section of the Rsh samples. Laser irradiation increases the doping con-
centration by activating boron atoms in the p+ poly Si layer. The electrical properties of the irradiated
regions are characterized by Rsh and ECV measurements. (b) Symmetric passivation samples for
QSSPC measurements. The front and rear sides of the samples are irradiated symmetrically, which
is followed by an extra high temperature annealing step and SiNx:H deposition on both the front
and rear sides. Note that test structures without SiO2 are also fabricated. However, for the sake of
simplicity, only samples containing SiO2 are shown.
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In order to imitate a complete solar cell fabrication process with diffusion and an-
nealing steps, an additional annealing step at temperature Tanneal = 985 ◦C for a time
tanneal = 30 min at ambient nitrogen is also applied to the passivation samples. Later, using
PECVD, a silicon nitride (SiNx:H) layer (which serves as a hydrogen source for passivation)
is deposited on both sides of the lifetime samples. At this stage, the passivation quality of
the samples is measured by QSSPC and photoluminescence (PL) measurements.

3. Laser Activation
3.1. Sheet Conductance

Figure 3a,b show the measured sheet conductances (Gsh) for different Hp c-Si/SiO2/
poly Si and c-Si/poly Si structures. The Gsh-values are obtained by converting the measured
Rsh-values to

Gsh = 1/Rsh. (1)

The Gsh-values of the samples with both the tested poly Si layer thicknesses can be
divided into four zones based on the different dependence on Hp:

• Zone I, background doping: All measured Gsh values are in the range of the back-
ground doping, which is created during the BBr3 diffusion. The background doping
is measured from non-lasered areas on the wafer ( Hp = 0 J/cm2). Hence, no laser
activation of dopants is observed in this zone.

• Zone II, activation: For both groups of samples, with and without interfacial oxide,
Gsh starts to increase when the laser pulse begins to melt the poly Si layer at the poly
Si melting threshold Hp ≈ 1 J/cm2. For Hp ≥ 1 J/cm2, Gsh linearly increases with
increasing Hp, which shows an increased number of electrically active boron atoms.

• Zone III, saturation: The Gsh-values of the samples without SiO2 start to differ from
the Gsh-values of samples with SiO2. The measured difference will be discussed in
more detail in Section 5. However, both groups have in common that increasing Hp
further does not significantly increase the Gsh.

• Zone IV, SiO2-destruction: A sudden increase in Gsh of samples with SiO2 is observed
in this zone, rendering it identical to the value measured for the samples without SiO2.

Figure 3a compares the measured Gsh of the samples with and without SiO2 for the
structures with the poly Si layer thickness dpoly Si,1 = 155 nm. In zones I and II ( Hp ≤ 2 J/cm2),
the same Gsh-values are measured for both sample types with and without SiO2, indicating
that the presence or absence of the SiO2 does not affect the activation process. The Gsh starts
to increase linearly from the meting threshold laser pulse energy density Hp ≈ 1 J/cm2

until Hp = 2 J/cm2. The Hp at the transition from zone II to zone III is called the transition
laser pulse energy density (HT) in the following. The SiO2 affects the measured Gsh in zone
III, where laser pulse energy densities above the HT are used. The Gsh of samples with SiO2
saturates around the average sheet conductance Gsh-ave. = 19.6 ± 3.3 mS sq, while higher
Gsh-ave. = 65.6 ± 7.3 mS sq is measured for samples without SiO2. In zone IV, the highest
Hp = 5 J/cm2 results in similar Gsh-values for samples with and without SiO2.

Figure 3b compares the measured Gsh of samples with a thicker poly Si layer with the
thickness dpoly Si,2 = 264 nm in the presence and absence of SiO2. Similar to the samples
with a thinner poly Si layer, in zones I and II, presence of SiO2 does not significantly
influence the measured Gsh-values. The activation threshold Hp remains unchanged at Hp
≈ 1 J/cm2, as was observed for samples with a poly Si layer of dpoly Si,1 = 155 nm. However,
the HT from zone II to zone III is shifted from Hp = 2 J/cm2 to Hp = 2.8 J/cm2 for the
samples with a thicker poly Si layer. In zone IV, the same Gsh-values for both structures are
measured. Similar behavior is also observed for samples with thinner poly Si layers.
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Figure 3. Sheet conductances Gsh and measured sheet resistances Rsh of samples with and without
SiO2 for poly Si thicknesses dpoly Si,1 = 155 nm and dpoly Si,2 = 264 nm. (a) For both types of samples,
the activation process starts at Hp ≈ 1 J/cm2, where Gsh begins to increase linearly with increasing Hp.
The presence of SiO2 starts to influence the Gsh when Hp exceeds the transition energy HT = 2 J/cm2.
For 2.3 J/cm2 ≤ Hp ≤ 4.6 J/cm2, the Gsh of samples without SiO2 saturates at higher values compared
to samples including the SiO2. The Hp = 5 J/cm2 significantly increases the Gsh of samples with SiO2,
and results in the same Gsh for samples with and without SiO2. (b) For dpoly Si,2 = 264 nm samples,
the activation Hp remains unchanged. However, the HT increases to Hp = 2.8 J/cm2. Similar to the
samples with a thinner poly Si layer, Hp = 5 J/cm2 results in the same Gsh-values for samples with
and without SiO2.

3.2. Progressive Melting of Poly Si

Figure 4a shows the ECV profiles of poly Si/SiO2/c-Si samples processed with low to
intermediate Hp for poly Si layers with thickness dpoly Si,1 = 155 nm. The Hp = 0 J/cm2 repre-
sents the background doping taken from the samples without laser processing. The lowest
used laser pulse energy density Hp = 0.7 J/cm2 does not change the background doping.
Melting of the poly Si layer starts when Hp reaches the melting threshold Hp = 1 J/cm2,
where the concentration at the surface is marginally increased. This is compatible with
the melting threshold found in Figure 3a,b. For Hp ≥ 1 J/cm2, higher concentrations are
measured with respect to the background doping, and the depth of the part of the profiles
with high doping concentrations progressively increases with increasing Hp. This behavior
indicates the progressive melting of the poly Si layer. After absorbing a laser pulse with
sufficient energy to melt the poly-Si, the poly Si layer begins to melt from the surface, and
the melt front propagates into the depth of the poly Si layer. Increasing the Hp, increases
the Si melt propagation, resulting in deeper ECV profiles with high concentrations.

Figure 4b shows the doping profiles of samples including SiO2 processed with high
Hp. The flat profiles with constant doping concentrations across the whole poly Si layer
thickness for 2.3 J/cm2 ≤ Hp ≤ 4 J/cm2 show that the laser pulse fully melts the poly Si
layer. The sharp drop in the concentrations approximately at the position of the SiO2
indicates that even this very thin passivating SiO2 stops the Si melt propagation. A deeper
profile inside the c-Si substrate for Hp = 4.6 J/cm2 compared to the lower laser pulse energy
densities implies that the effectiveness of the SiO2 as a diffusion barrier starts to degrade
at this Hp. This shows that the SiO2 is increasingly damaged for Hp > 4 J/cm2, which
eventually results in destroyed SiO2 for Hp = 5 J/cm2, represented by a reduced boron
concentration within the first 150 nm of the profile and the deepest profile inside the
substrate. The effect of damaged and destroyed SiO2 on passivation will be shown in
Section 6.
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Figure 4. (a) ECV profiles of the laser-processed samples for Hp ≤ 2 J/cm2 with a poly Si layer
thickness dpoly Si,1 = 155 nm. Laser activation starts at a melting threshold laser pulse energy density
Hp = 1 J/cm2 where a slightly higher surface concentration than the background doping is measured.
For Hp beyond the melting threshold (Hp ≥ 1.3 J/cm2), increasing Hp increases the Si melt propagation,
resulting in deeper ECV profiles with high concentrations. The depth of the ECV profiles with high
concentration progressively increases by increasing the Hp. (b) High laser pulse energy densities
Hp ≥ 2.3 J/cm2 melt the entire dpoly Si,1 = 155 nm thick layer and create flat ECV profiles. The SiO2

prevents the Si melt transfer to the c-Si bulk up to Hp = 4 J/cm2, creating a sharp drop in high
concentrations at the position of the SiO2. Higher Hp = 4.6 J/cm2 damages the SiO2 and results in a
deeper doping tail compared to lower Hp. Finally, Hp = 5 J/cm2 destroys the SiO2 and pushes boron
atoms into the c-Si substrate, resulting in a reduced boron concentration within the first 150 nm of
the profile.

3.2.1. Supersaturation

Figure 4a also shows the peak concentrations. For Hp ≥ 1.3 J/cm2, they exceed the
solid solubility limit of boron in Si, which amounts to smax ≈ 5 × 1020 cm−3 at 1200 ◦C [10].
This finding indicates that the laser-activated poly Si layers are supersaturated with
boron atoms. Grain boundaries in poly Si provide an easy path for boron atoms to
diffuse, and, therefore, allow for high dopant diffusivity [22]. We speculate that rapid
boron migration along this path strongly enhances boron diffusion during the furnace
BBr3 diffusion step in our experiment. However, not all boron atoms from BBr3 diffu-
sion are electrically active. For example, boron atoms located at grain boundaries are
not electrically active and, therefore, are not detectable with ECV measurements. The
background doping shown in Figure 4a represents only the electrically active boron con-
centration from the BBr3 diffusion step. After melting the poly Si layer with a laser
pulse, boron atoms diffuse into the molten Si due to a significantly higher diffusion co-
efficient D of boron in molten Si (Dl ≈ 10−4 cm2/s in liquid [23]) compared to the solid
Si (Ds ≈10−11 cm2/s in solid at 1150 ◦C [24]). Directly after the laser pulse, the molten Si
recrystallizes rapidly, and dopant impurities are frozen into the Si lattice where they are
electrically active. This results in an increase in electrically active boron concentrations
beyond the conventional solid solubility limit [? ? ].

A high active boron concentration of p++-poly Si has several advantages for the
processing of solar cells:

(i) It is essential for obtaining a low contact resistance at the metal/semiconductor contact
interface [9]. It was shown earlier that just the conventional maximum solid solubility
of boron in silicon is a limiting factor in contacting boron-doped p+-poly Si layers,
which are fabricated with a conventional furnace-based process [11].
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(ii) A high active boron concentration provides an etch stop in potassium hydroxide
(KOH) solution and, therefore, enables the maskless patterning of p++ poly layers, as
described in ref. [15].

Unfortunately, however, supersaturation is not a stable condition, and a high temper-
ature post-annealing step usually results in a reduction in the electrically active dopant
concentrations to an equilibrium level [28? ,29]. We also detect a reduction in the active
boron concentration in our lifetime samples, which undergo an additional high temperature
step. However, if the selective etching is carried out before the high temperature step, the
maskless patterning of the p++-poly Si layer is still possible. At present, we are investigating
this effect in a separate study, which will be reported in a future publication.

3.2.2. Melt Depth Extraction

Figure 5a shows the progressive melting of a dpoly Si,2 = 264-nm-thick layer in poly
Si/SiO2/c-Si samples. Similar to the thinner poly Si layers in Figure 4a, increasing Hp
results in deeper ECV profiles with high concentrations. We use this behavior to determine
the approximate melt depth (dmelt) created by different laser pulse energy densities Hp.
Assuming that the melting of the poly Si layer increases the doping concentration, those
parts of the ECV profiles with higher concentrations than the background doping are
considered the molten parts of the poly Si layer. Accordingly, the transition depth, where the
measured ECV profiles drop back to the non-melted level, is extracted as the approximate
dmelt. A possible diffusion of dopants within the solid part of the layer is neglected here.
The determined dmelt for each Hp is indicated by a vertical dashed line in Figure 5a.

Figure 5. (a) Doping profiles used for the dmelt determination of samples with a poly Si layer thickness
of dpoly Si,2 = 264 nm. The melt depth (indicated by dashed lines) of each Hp is selected as a depth
where the high concentration at the surface drops back to the non-melted background doping level.
(b) The extracted and average dmelt for dpoly Si,1 = 155 nm and dpoly Si,2 = 264 nm poly Si layers in zone
II (1 J/cm2 ≤ Hp ≤ 2 J/cm2). For both poly Si layers, the dmelt increases linearly with increasing Hp.

Figure 5b illustrates the extracted melt depth for poly Si layers with dpoly Si,1 = 155 nm
(from Figure 4a) and dpoly Si,2 = 264 nm (from Figure 5b) . For both poly Si layers, the dmelt
linearly increases with increasing Hp. This behavior for poly Si agrees with the earlier
observed linear dependence of dmelt on the Hp in the laser processing of conventional bulk
c-Si [20,30]. However, the melting rate found in ref. [20] for c-Si is about four times higher
than the melting rate found here for poly Si. This is explained by us by the different
thermal conductivities of poly Si and bulk c-Si structures. The thermal conductivity kpoly Si
of a boron-doped poly Si layer at T = 300 K with a grain size dg ≈ 400 nm and a doping
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concentration n = 1.6 × 1019 cm−3 was extracted as kpoly Si = 45.6 W/mK in [31], while the
thermal conductivity of undoped c-Si at the same temperature is kc-Si = 148 W/mK [32].

In the case of our poly Si, a similar dmelt is extracted for both layers for each Hp. This
behavior is expected since the melting of the poly Si layer starts from the surface. The similar
extracted melt depth allows us to apply a linear fit to the average dmelt and to calculate the
melting rate. The linear fit in Figure 5b shows that melting of poly Si starts at Hp = 0.7 J/cm2

and increases linearly with a rate of 122 nm/(J/cm2). This extrapolation predicts that the
melt front reaches the poly Si/SiO2 interface at Hp = 1.9 J/cm2 and Hp = 2.8 J/cm2 for
dpoly Si,1 = 155 nm and dpoly Si,2 = 264 nm structures, respectively. These values agree with
the Gsh data shown in Figure 3a,b. The same laser pulse energy densities are found there as
the HT from zone II to zone III.

Figure 6 shows the dependency of Gsh on the melt depth in zone II. The Gsh increases
linearly for both poly Si layers, indicating that the number of electrically active boron
atoms also increases linearly with increasing dmelt. However, the slope of the linear fit for
the dpoly Si,1 = 155 nm samples is higher compared to dpoly Si,2 = 264 nm. This difference
is attributed to the total number of distributed boron atoms in these poly Si layers. We
assume that the total number of boron atoms stored in these two poly Si layers is equal
because of the same BBr3 diffusion step. Hence, the boron atoms are distributed more
densely in the dpoly Si,1 = 155 nm poly Si layer compared to the dpoly Si,2 = 264 nm poly Si
layer. Thus, the same melt depth results in a higher number of activated boron atoms for the
dpoly Si,1 = 155 nm poly Si layer compared to the layer with the thickness dpoly Si,2 = 264 nm.
The reason for the higher Gsh of dpoly Si,2 = 264 nm samples at the beginning of the melting
zone in Figure 6 is not clear and requires more investigation.

Figure 6. The measured Gsh of the c-Si/SiO2/p+-poly Si samples in zone II. The Gsh of both poly Si
layers linearly increases with increase in the dmelt, suggesting that the quantity of incorporated boron
atoms in conduction also increases by increasing dmelt. Due to the equal total number of boron atoms
from the same BBr3 diffusion step, boron atoms are distributed more densely in the dpoly Si,1 = 155 nm
samples, resulting in a higher number of active boron atoms in the dpoly Si,1 = 155 nm samples
compared to dpoly Si,2 = 264 nm for the same melt depth.
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3.3. Role of Interfacial Oxide in Electrical Properties

Figure 7 shows the doping profiles for the four different laser activation zones for sam-
ples with and without SiO2. In zone I (Hp = 0 J/cm2), no laser processing is performed, and,
hence, the active boron concentration after the initial (furnace) boron diffusion is shown.
The measured value agrees with the solubility limit of boron in Si at the BBr3 diffusion
temperature Tdiff = 820 ◦C [24]. The presence of the SiO2 creates only a minor difference
between the ECV profiles of samples with and without SiO2 in this zone. Diffusion of
boron into c-Si is more pronounced for samples without SiO2. In zone II, where the used
Hp exceeds the threshold Hp of poly Si melting, the active boron concentrations above the
background doping are measured at the surface of poly Si. However, the concentration
decreases from the surface to the depth of the poly Si layer, implying a partial melting of
the poly Si layers. The poly Si layer is only partially melted by Hp = 1.3 J/cm2, and the
melt front is stopped before reaching the poly Si/SiO2 or the poly Si/c-Si interface. Thus,
the presence or absence of SiO2 does not influence the doping of the poly Si layers in this
zone. In zone III, for both sample types with and without SiO2, Hp = 3 J/cm2 results in a
consistent and high doping concentration in the depth of the entire poly Si layer, which
indicates melting of the entire poly Si layer. For samples with SiO2, the boron concentration
is strongly reduced at the approximate position of the SiO2, showing that SiO2 blocks the
Si melt front from propagating into the bulk c-Si wafer. A deep profile in the c-Si substrate
is measured for samples without SiO2, which leads to higher measured Gsh, as shown in
Figure 3a,b. In zone IV, similar ECV profiles for samples with and without SiO2 indicate
that the Si melt front created by Hp = 5 J/cm2 destroys the SiO2 and propagates into the
c-Si bulk wafer.

Figure 7. ECV profiles of samples with and without SiO2 (position of SiO2 is marked) with the poly
Si layer thicknesses dpoly Si,1 = 155 nm and dpoly Si,2 = 264 nm. In zone I (Hp = 0 J/cm2), for both poly



Solar 2023, 3 372

Si layers in (a,b), similar doping profiles are measured for structures with and without SiO2. These
profiles represent the background doping after the BBr3 furnace diffusion. The presence of SiO2 plays
a minor role in the background doping by limiting the boron diffusion in c-Si for samples with SiO2 in
this zone. In zone II, Hp = 1.3 J/cm2 results in ECV profiles with high active boron concentrations at
the surface of the poly Si layers, which decrease towards the depth and reach the background doping
level. Thus, the SiO2 does not significantly influence the electrical properties of dpoly Si,1 = 155 nm
and dpoly Si,2 = 264 nm samples. In Zone III, for samples with both poly Si layers, samples with SiO2

show a significant reduction in boron concentration at the position of SiO2, while for samples without
SiO2, a deep profile inside c-Si is measured. In zone IV, Hp = 5 J/cm2 creates similar ECV profiles for
samples with and without SiO2 for both poly Si layers, which suggests the destruction of SiO2.

4. Charge Carrier Mobility in Laser-Activated Poly Si

Due to the presence of grain boundaries, the charge carrier mobility in poly Si is
expected to be lower than that for monocrystalline silicon for the same doping concen-
trations [? ]. The average mobility µ in our doped semiconductor layers with a diffusion
profile is calculated by us from

µ =
Gsh

q
∫ x

0 n(x)dx
, (2a)

where Gsh is the sheet conductance, q is the elementary charge, and n(x) is the depth-
depending doping concentration. With the depth integrated average doping dose or sheet
concentration Nsh =

∫ x
0 n(x)dx , Equation (2a) becomes

µ =
Gsh

qNsh
. (2b)

We calculate the hole mobility in laser-activated poly Si layers with Equation (2b),
using the Gsh-values from four-point-probe measurements and by integrating the ECV
profiles over the depth, which provides Nsh. Due to the different doping types of the
substrate and laser-processed poly Si layers, the substrate does not contribute to the Rsh
measurements for the sample structures used here (see Figure 2a).

Figure 8 shows the Nsh versus the Hp for structures with SiO2. For both poly Si
thicknesses, Nsh increases for Hp ≥ 1 J/cm2 and saturates in zone III, which is similar
to the behavior of Gsh in Figure 3a,b. Based on the constant values of Nsh in the regime
2.3 J/cm2 ≤ Hp ≤ 4.6 J/cm2, we use the average Nsh value for the hole mobility calculation.
The mentioned Hp range also results in a similar Gsh-values, as is shown in Figure 3a,b,
which makes it possible to use the average Gsh-values for hole mobility calculation.

Table 1 shows the utilized data for the hole mobility calculation in poly Si and com-
pares the calculated hole mobility in poly Si with the hole mobility in c-Si for a similar
average boron concentration around n = 4 × 1020 cm−3. The average boron concentration
n in poly Si layers is estimated by dividing Nsh by the respective thickness of the poly Si
layers through

n =
Nsh

dpoly Si
. (3)

The calculated hole mobility values are comparable for both poly Si layer thicknesses.
Hence, we consider the average value of µpoly Si ≈ 15 cm2V−1s−1 as the hole mobility in
this work, which compares well to that calculated in ref. [34] as µ ≈ 14 cm2V−1s−1 for
boron-doped poly Si layers.
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Figure 8. Extracted Nsh for samples with SiO2 and poly Si layer thicknesses of dpoly Si,1 = 155 nm and
dpoly Si,2 = 264 nm. For both poly Si layers, Nsh saturates in zone III. The average Nsh values in this
zone are used for the hole mobility derivation.

Table 1. Input data for hole mobility µ calculation and calculated hole mobility in poly Si for two
different thicknesses.

Structure n [cm−3] Nsh [cm−2] Gsh [mS sq] µ [cm2V−1s−1]

155 nm poly Si (4.8 ± 0.9) × 1020 (7.6 ± 1) × 1015 19.6 ± 3.3 16.0± 2.6
264 nm poly Si (2.4 ± 0.4) × 1020 (6.6 ± 1) × 1015 14.1 ± 1.3 13.1± 1.2

c-Si 4 × 1020 - - 40 [35]

5. Role of SiO2 in Poly Si Crystallization in the Saturation Zone

Figure 3a,b, in zone III, show significantly higher measured Gsh-values for samples
without SiO2 compared to Gsh-values of samples with SiO2. In this section, we formulate
two hypotheses to explain the measured difference in the Gsh-values of samples with and
without SiO2. Accordingly, we calculate the expected Gsh from ECV profiles for each
hypothesis and compare them with the measured Gsh-values. We perform the analysis for
samples with a poly Si layer thickness dpoly Si,1 = 155 nm.

5.1. Hypothesis A

The higher Gsh-value in zone III for samples without SiO2 (see Hp = 3 J/cm2 in Figure 7a)
stems from the extent of the doping tail into the bulk material. Therefore, the doping tail in
the bulk leads to higher measured Gsh. For the test of this hypothesis A, we assume that the
ECV profile is composed of two parts, (i) a highly doped laser-crystallized poly Si L-poly
Si with a thickness dpoly Si,1 = 155 nm, and (ii) a sheet of highly doped mono-crystalline Si.
Because of a different charge carrier mobility in L-poly Si and c-Si, the contribution of each
structure in the total Gsh is calculated individually.
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5.2. Hypothesis B

We ascribe the higher sheet conductance for samples without oxide to a seeded
crystallization of the poly Si to become single crystalline Si with a higher mobility: In the
absence of SiO2 for Hp > HT in zone III, the Si melt reaches the poly Si/c-Si interface and
melts a portion of the c-Si substrate. In the crystallization process, the single-crystalline bulk
silicon acts as a seed layer. Then, via liquid phase epitaxy, the molten poly Si regrows as a
single crystalline layer. Due to the lack of grain boundaries in the solidified single crystal
Si, the charge carrier mobility of the solidified Si layer approaches the carrier mobility of
single crystalline Si and results in high Gsh-values.

5.2.1. Gsh-Data from Hypothesis A

Figure 9a visualizes the Gsh-calculation from the ECV profiles using hypothesis A. For
estimating the contribution of the highly doped L-poly Si layer to the total Gsh, we use
the derived hole mobility value in Section 4 (µpoly Si = 15 cm2V−1s−1) within the thickness
dpoly Si,1 = 155 nm of the poly Si layer. For calculating the share of a highly doped mono-
crystalline Si sheet from the part of the ECV profiles beyond 155 nm, we use the PV
lighthouse Rsh calculator tool, which calculates the corresponding Rsh of an ECV profile for
a c-Si structure [36].

5.2.2. Gsh-Data from Hypothesis B

Figure 9b depicts the Gsh calculation utilizing hypothesis B. In hypothesis B, we assume
the poly Si/c-Si structure recrystallizes to a c-Si/c-Si structure when the Hp is higher than
the HT. Hence, to calculate the Gsh-values using hypothesis B, we consider the same hole
mobility of c-Si for a recrystallized c-Si/c-Si structure, which enables us to also use the Rsh
calculator tool of PV lighthouse.

Figure 9. Employed hypotheses in the Gsh calculation from the ECV profiles for samples without
SiO2. (a) Hypothesis A considers the recrystallized structures as the combination of L-poly Si and c-Si.
The Gsh in the L-poly Si part, indicated in cyan, is calculated for the first 155 nm of the doping profile
from the surface using the determined hole mobility of µpoly Si ≈ 15 cm2V−1s−1. The contribution
of the doped c-Si part, highlighted in magenta, is determined with the PV lighthouse Rsh calculator
tool. (b) Hypothesis B assumes that, for Hp ≥ 2.3 J/cm2, the Si melt extends to the c-Si substrate
seed layer and recrystallizes to a mono-crystal Si layer via liquid phase epitaxy. This results in a
c-Si/c-Si structure with the same hole mobility as c-Si. The final Gsh(c-Si) is also determined via the
PV lighthouse Rsh calculator tool.
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5.2.3. Comparison of Hypotheses for Samples without SiO2

The comparison in Figure 10 shows that hypothesis B explains the measured data
better. The figure compares the expected Gsh values considering hypothesis A with the
measured Gsh data shown in Figure 3a. For Hp less than the HT (Hp < 2.3 J/cm2), where
the Si melt does not propagate into the c-Si substrate, hypothesis A is in close agreement
with the measured Gsh data. However, for Hp ≥ 2.3 J/cm2, where the Si melt extends to the
underlying c-Si substrate, hypothesis A predicts lower Gsh-values than the measured data,
indicating that the high Gsh-values in zone III for samples without SiO2 cannot solely be
explained by the deeper doping profile. For Hp ≥ 2.3 J/cm2, the prediction by hypothesis B
is in better agreement with the measured data than the prediction by hypothesis A. From
this comparison, we conclude that the recrystallized structure is a c-Si/c-Si structure, as
assumed by hypothesis B. Similar re-crystallization of the pre-amorphized poly Si layers
to a single-crystal structure via liquid phase epitaxy during the laser annealing is also
described elsewhere [28? ].

Figure 10. Comparison of measured Gsh from layers without SiO2 with expected Gsh when con-
sidering the mobility of L-poly Si within the first 155 nm of the sample (hypothesis A) and when
considering the mobility of c-Si for the entire samples structure (hypothesis B). For Hp less than
the HT, in which the Si melt is not extended to the c-Si substrate, the measured Gsh-values agree
with the predicted Gsh-values of hypothesis A, suggesting that the Si melt recrystallizes to an L-poly
Si structure. However, when Hp exceeds the HT, the predicted Gsh-values by hypothesis B agree
with the measured Gsh-values indicating that the Si melt recrystallizes to a mono-crystal layer with
comparable carrier mobility to a single-crystal structure.

5.2.4. Comparison of Hypotheses for Samples with SiO2

To examine the influence of SiO2 in the crystallization process, we apply the same
methodology as described above for samples with SiO2. Figure 11 shows a comparison of
the measured Gsh-values and the values predicted by hypotheses A and B. In zones I, and
II, estimated values by hypothesis A show better agreement with the measured values, as
also found above. However, here, hypothesis A also fits better in zone III, in contrast to
the result for structures without SiO2. This difference shows that the SiO2 prevents the Si
melt propagation to the c-Si substrate. Hence, no lattice information from the substrate is
available, and the Si melt recrystallizes to an L-poly Si structure.

In zone IV, for the highest Hp = 5 J/cm2, the suggested values from hypothesis B agree
with the measured Gsh-values, indicating that the Si melt destroys the SiO2 and extends to
the c-Si seed layer. Therefore, the Si melt recrystallizes into a single-crystal layer.
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Figure 11. Comparison of the measured Gsh from layers including SiO2 with the expected Gsh from
hypothesis A and hypothesis B. For Hp ≤ 4.6 J/cm2, where SiO2 acts as a barrier against the Si melt,
the measured Gsh-values agree well with hypothesis A, suggesting that the Si melt is recrystallized
to an L-poly Si structure. However, for Hp = 5 J/cm2, the measured value agrees with hypothesis B,
which implies that the Si melt destroys the SiO2 and melts a part of a c-Si substrate. As a result, a
mono-crystalline Si layer grows by liquid phase epitaxy.

Figure 12 summarizes the findings and illustrates the role of SiO2 in a crystallization
process. In the poly Si/SiO2/c-Si structures, the SiO2 separates a poly Si layer from a c-Si
substrate and prevents the Si melt propagation to the c-Si bulk which acts as a seed layer.
This results in a seedless crystallization of Si melt into an L-poly Si structure. However,
for structures without SiO2 and for structures where the SiO2 is destroyed by excessive
Hp, the Si melt reaches the c-Si substrate, and a mono-crystalline Si regrows by liquid
phase epitaxy from the bottom c-Si substrate. The recrystallized single crystal structure has
increased mobility and, hence, higher Gsh-values compared to structures where the Si melt
recrystallizes to an L-poly Si structure.

Figure 12. Role of SiO2 in the crystallization mechanism of laser-activated samples. (a) A laser pulse
with sufficient energy melts the poly Si layer, but the SiO2 blocks the Si melt transfer to the c-Si bulk,
resulting in the seedless crystallization of the Si melt into a laser-crystallized L-poly Si structure. (b)
In the absence of an interfacial oxide, the Si melt propagates to the substrate and melts a portion of
the c-Si bulk. After stopping the laser pulse, the molten Si recrystallizes by liquid phase epitaxy from
the underlying c-Si substrate with the same lattice structure.
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6. Passivation

We quantify the passivation quality of the fabricated lifetime samples (see Figure 2b)
in terms of the implied open circuit voltage (iVOC) and the saturation current density (J0),
which are derived from the QSSPC measurements using a Sinton WCT-120 tool.

Figure 13a compares the measured iVOC of the samples with and without SiO2 for a
poly Si layer with dpoly Si,1 = 155 nm. For Hp < 4.6 J/cm2, the majority of samples with SiO2
show a good passivation quality with the highest iVOC = 721 mV, which is comparable with
the highest reported values for p+-poly Si/SiO2 passivation stacks [38,39]. The reason for
the slight reduction in iVOC for 2 J/cm2 < Hp < 2.6 J/cm2 is not clear and requires further
scrutiny. Nearly 100 mV higher iVOC is measured for most samples with SiO2 compared
to those without the SiO2. Such a high difference in a measured iVOC is attributed to the
double role of SiO2 in the passivation quality. The SiO2 in a poly Si/SiO2/c-Si structure
chemically passivates the dangling bonds on the c-Si surface. It simultaneously limits
the dopant diffusion from the poly Si layer to the c-Si bulk and creates a large doping
gradient at the interface, which leads to increased field-effect passivation and reduced
Auger recombination. For Hp = 4.6 J/cm2, the measured iVOC of the samples with SiO2 is
reduced from iVOC =720 mV to iVOC = 661 mV, which hints at damaged SiO2. Damage of
the SiO2 is also suggested by the increased depth of the doping profile for Hp = 4.6 J/cm2

with respect to the lower laser pulse energy densities in Figure 4b. Increasing the used
Hp to Hp = 5 J/cm2 leads to further degradation of the passivation, resulting in a low
iVOC =624 mV. This value matches the iVOC values measured for samples without SiO2,
which indicates a destroyed SiO2. This finding is also supported by the ECV profile in
Figure 4b. The ECV profile of Hp = 5 J/cm2 implies that the Si melt destroyed the SiO2 and
extended to the c-Si bulk.

Figure 13. (a) Implied open circuit voltage iVOC of samples with and without SiO2 with a poly
Si layer thickness dpoly Si,1 = 155 nm. For Hp < 4.6 J/cm2 samples with SiO2 mostly show high
iVOC = 721 mV. But, Hp = 4.6 J/cm2 reduces the iVOC by nearly 60 mV by damaging the SiO2. The
Hp = 5 J/cm2 destroys the SiO2 and lowers the iVOC to values comparable with samples without SiO2.
(b) Increasing the tested poly Si thickness to dpoly Si,2 = 264 nm does not affect the passivation quality.
For Hp < 4.6 J/cm2, the majority of the samples show a good passivation quality with the highest
iVOC = 722 mV. However, a thicker poly Si layer reduces the damage caused by Hp = 4.6 J/cm2 to
the SiO2 and results in higher iVOC values compared to samples with a thinner poly Si layer. Still,
Hp = 5 J/cm2 destroys the SiO2 and strongly reduces the iVOC.

Figure 13b shows the measured iVOC of samples with and without SiO2 with a poly
Si layer thickness dpoly Si,2 = 264 nm. The highest measured iVOC = 722 mV is comparable
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with the maximum measured iVOC of samples with thinner poly Si layers, implying that
the passivation quality does not significantly depend on the tested poly Si layer thickness.
This behavior is expected and also supported by other studies of poly Si/SiO2 passivation
layers [34,41? ]. Similar to the samples with a thinner poly Si layer, in samples with a
poly Si layer of dpoly Si,2 = 264 nm thickness, the presence of the SiO2 leads to a higher
iVOC compared to samples without SiO2 for Hp < 4.6 J/cm2. However, the iVOC loss for
Hp = 4.6 J/cm2 is less pronounced in samples with increased poly Si layer thickness com-
pared to the samples with thinner poly Si layers. This is plausible since the increased poly
Si layer reduces the damage from the Si melt to the SiO2. Nevertheless, the same measured
iVOC of samples with and without SiO2 shows that increasing the poly Si layer thickness
from dpoly Si,1 = 155 nm to dpoly Si,2 = 264 nm does not prevent the SiO2 destruction and the
passivation loss for Hp = 5 J/cm2.

Figure 14a,b shows the extracted saturation current densities J0 of symmetrical pas-
sivation samples with SiO2 from the effective lifetime (τeff) measurement. Due to the
symmetry of the lifetime samples, we show J0/2, representing a saturation current den-
sity per side. The J0 values follow the trend of iVOC shown in Figure 13a,b. For the Hp
range, that does not damage the interfacial oxide (Hp < 4.6 J/cm2) samples with both poly
Si layers dpoly Si,1 = 155 nm and dpoly Si,2 = 264 nm providing low J0, with the best sample
achieving J0 = 6.7 fA/cm2. The Hp = 4.6 J/cm2 damages the SiO2 in samples with a thinner
poly Si layer and sharply increases the saturation current density to J0 = 112 fA/cm2. In
contrast, the increased poly Si thickness in the dpoly Si,2 = 264 nm structure reduces the
damage caused by Hp = 4.6 J/cm2 and provides only a moderately degraded passivation
quality with J0 = 17 fA/cm2. The highest used Hp = 5 J/cm2 destroys the SiO2 for both poly
Si thicknesses and results in J0 = 501 fA/cm2 and J0 = 482 fA/cm2 for dpoly Si,1 = 155 nm
and dpoly Si,2 = 264 nm, respectively.

Figure 14. Saturation current densities J0 per side of symmetrical lifetime samples with SiO2.
(a) A poly Si layer with dpoly Si,1 = 155 nm: For Hp < 4.6 J/cm2 where the SiO2 is not damaged, the
majority of samples show good surface passivation with J0 < 10 fA/cm2. The Hp = 4.6 J/cm2 leads
to damaged SiO2 and, consequently, a higher J0 = 112 fA/cm2. The Hp = 5 J/cm2 destroys the
SiO2 and results in J0 = 482 fA/cm2. (b) A poly Si layer with dpoly Si,2 = 264 nm: Similar to the
samples with a thinner poly Si layer, Hp < 4.6 J/cm2 results in low J0, with the best sample achieving
J0 = 6.7 fA/cm2. The increased thickness of the poly Si layer reduces the damage of the Si melt to
the SiO2 for Hp = 4.6 J/cm2, which results in a lower J0 = 17 fA/cm2 compared to the samples with a
thinner poly Si layer. The high measured J0 for Hp = 5 J/cm2 shows that increasing the thickness of
the poly Si layer does not prevent the SiO2 destruction with the highest Hp.

7. Summary

This work has shown the feasibility of a laser activation process for p++-poly Si/SiO2
passivation stacks. We tested various Hp in a wide range of 0.7 J/cm2 ≤ Hp ≤ 5 J/cm2 on
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samples with two poly Si layer thicknesses of dpoly Si,1 = 155 nm and dpoly Si,2 = 264 nm. The
poly Si layers already contain boron due to previous boron furnace diffusion. For both poly
Si layers, the activation process begins when the laser pulse starts to melt the poly Si layer
at the melting threshold laser pulse energy density Hp ≈ 1 J/cm2. For Hp ≥ 1 J/cm2, the
melt depth of Si and, consequently, the dopant activation, linearly increases with increasing
Hp. The activation process is completed when the Hp is high enough to melt the entire
poly Si layer. Laser pulse energy densities Hp = 2 J/cm2 and Hp = 2.9 J/cm2 fully melt
the dpoly Si,1 = 155 nm and dpoly Si,2 = 264 nm layers, respectively. The activation process
becomes saturated for higher Hp up to Hp = 4 J/cm2. Further increase in the Hp results in
damaged or destroyed SiO2 by the Si melt. The amount of damage induced by the high
Hp depends on the poly Si layer thicknesses. The Hp = 4.6 J/cm2 severely damages the
dpoly Si,1 = 155 nm poly Si layer, while the damage is less pronounced for the samples with
thicker poly Si layers. However, for both poly Si layers, the highest used Hp = 5 J/cm2

destroys the SiO2.
Further, we have investigated the recrystallization process after melting the poly Si

layers with the laser process. The SiO2 inhibits the transfer of the Si melt to the c-Si bulk up
to Hp = 4.6 J/cm2, resulting in seedless crystallization of the Si melt into a laser-crystallized
L-poly Si structure. In the absence of SiO2, and for structures where excessive Hp destroys
the SiO2, mono-crystalline Si grows by liquid phase epitaxy from the bottom c-Si bulk,
which acts as a seed layer.

Additionally, the passivation study on the symmetrical lifetime samples shows that
the passivation quality is independent of the thickness of the tested poly Si layers. The
p++-poly Si/SiO2 structures with both poly Si layer thicknesses show a good passivation
quality, with the best sample achieving iVOC = 722 mV and J0 = 6.7 fA/cm2. Only samples
processed with high Hp = 4.6 J/cm2 show a degraded passivation quality due to the dam-
aged SiO2, especially for the samples with thinner poly Si layers where the damage to SiO2
is more significant.

8. Conclusions

By choosing the appropriate laser pulse energy density, a green laser can be used to lo-
cally melt a poly Si layer in a poly Si/SiO2 passivation stack, resulting in a high active boron
concentration around n ≈ 5 × 1020 cm−3 within the poly Si layers. After a high-temperature
annealing step and capping with SiNx:H, these laser-activated stacks achieve very high
passivation quality with iVOC = 722 mV and J0 = 6.7 fA/cm2. The achieved passivation
quality shows that the interfacial SiO2 layer is not destroyed during the laser process.

This work shows that high active boron concentrations is achieved in the laser-
activated parts of poly Si layers. As described in ref. [15], high active boron concentrations
in poly Si create the etch stop layer and result in the local p++-poly Si/SiO2 stacks after the
etching process in an alkaline solution. In the future, we will use this maskless patterning
method to create local p++-poly Si/SiO2 layers for the advanced passivated contact solar
cells with p++-poly Si/SiO2 passivation stacks on the front side. In this cell structure, the
p++-poly Si/SiO2 passivation stacks should be locally created under the front metal contacts
to avoid parasitic absorption from the heavily doped poly Si layer.

One potential challenge is the observed reduction in high active boron concentration
upon the high-temperature post-annealing step. Since solar cell production includes several
high-temperature steps, like thermal diffusion, subsequent research in this regard is needed
to maintain the high active boron concentration throughout the whole processing sequence.
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