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Improved Laser-Induced Defect Passivation and
Simultaneous Elimination of Light-Induced
Degradation in p-Type Czochralski Silicon

Arman Mahboubi Soufiani"”, Anastasia Soeriyadi

Abstract—Laser doping is a typical industrial method to in-
troduce a local highly doped region in silicon solar cells to form
a selective emitter. Such a process inherently introduces defects
that can be a concern to the overall performance of the solar
cell. Here, we investigate the effectiveness of laser-induced defect
(LasID) passivation on lifetime test structures through different
annealing processes, including high-temperature belt-furnace fir-
ing, low-temperature belt-furnace annealing, and an advanced
hydrogenation process (AHP) for nt laser-doped selective emitters.
We demonstrate clear advantages of post treatment using a rapid
10 s AHP at 300 °C when the lifetime structures are prefired.
For the examined laser speeds of 0.5-6 m/s (sheet resistances of
4-70 ©2/C]), AHP is the most effective treatment method. For exam-
ple, for a typical laser doping speed of 4 m/s, starting from the same
effective carrier lifetime of 36.94-2.4 us after laser-doping step for
all the passivation treatments, the AHP not only surpasses the con-
ventional approaches by showing the highest recovery of the effec-
tive carrier lifetime (~79% compared with ~63% and ~41% for
the firing and belt-furnace annealing treatments, respectively) and
dark saturation current density reduction in the regions affected
by LasIDs but also simultaneously suppresses light-induced degra-
dation (maximum of 4% effective lifetime degradation with respect
to the passivated state, as opposed to 14% and 16% degradation
for the firing and belt-furnace annealing treatments, respectively)
common in Cz grown boron-doped p-type monocrystalline silicon.

Index Terms—Hydrogen passivation, laser doping, laser-induced
defect (LasID), light-induced degradation (LID), selective emitter.

I. INTRODUCTION

ELECTIVE emitter structures have been used as effective

S pathways to enhance the performance of both n-type and
p-type silicon solar cells [1]-[6].

While high-temperature diffusion and photolithography-

based techniques have been used to fabricate high-efficiency
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selective emitter silicon cells of different architectures [7], [8],
the low throughput and energy- and cost-intensive steps involved
prevent their industrial implementation for mass production.
An industrially feasible alternative approach is laser doping.
According to the International Technology Roadmap for Photo-
voltaic (ITRPV 2020), laser-doped selective emitters (LDSE)
are predicted to constitute more than 80% market share of
phosphorous emitter technologies for p-type solar cells by 2030
[9].

Laser doping is commonly implemented in two ways. In the
current industrial approach for passivated emitter and rear cells
(PERC), the unpassivated, diffused silicon wafer is laser doped
directly after phosphorus diffusion using the phosphosilicate
glass (PSG) layer as the dopant source. After PSG removal
and emitter rear etch, surface passivating/antireflection coat-
ing dielectric(s) are deposited [10]. Subsequently, an aligned
screen-printing process is performed. During firing, the metal
contact paste penetrates through the dielectrics to contact the
underlying laser-doped silicon region. This process has been
used by LONGit to achieve average production efficiencies over
22.5% and peak efficiency of 23.83% [11]. To enable sufficient
yields with the current alignment capability of screen printers,
the laser-doped region is wider (~100 pzm) than the aligned metal
finger (~40 pum). Alternatively, the laser-doping process can be
performed after dielectric deposition whereby the laser-doping
process simultaneously creates local contact openings through
the dielectric stack and incorporates dopants into the local area
of the underlying silicon. Using this approach, metallization
is typically performed through a self-aligned plating method
[12]. This approach was used by Suntech to achieve the first
commercial p-type Cz solar cell efficiency of over 20% in 2012
[13]. However, it is also possible to subsequently align screen-
printed contacts using a nonfire-through paste. One potential
advantage of performing laser doping after dielectric deposition
is a significant reduction in total laser-doping area coverage and
metal/silicon interface area [14], thereby reducing the device’s
recombination parameter (Jy), leading to noticeable open-circuit
voltage (Vo) gains.

A major downside of employing laser doping, in general,
is that it creates recombination active defects [15] within the
heavily doped molten region, at the boundary of the solid/molten
region and at silicon/dielectric interfaces, even when laser pro-
cessing conditions are optimized. The laser-induced defects
(LasIDs) degrade the bulk and surface charge—carrier lifetimes,
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which reduce the solar cell performance [16]. Earlier studies
proposed that the melting and recrystallization processes during
lasing introduce impurities, such as oxygen, carbon, and nitro-
gen, into the laser-doped region, forming new recombination
centers [17]. A recent study suggested that a large number of
emissive dislocations in the edge area of the laser-doped region
and to a lesser extent in the fully molten highly doped central
region may form during the solidification phase of the molten
silicon [18]. Ernst et al. [19] associated the large decrease in the
carrier lifetime of the laser-doped region mainly with the edge
areas around the central fully molten region. The contribution
of the fully molten heavily doped region was calculated to be
less but not negligible. Estimated Jy values reported for the
edge areas were at least three times larger than that of the fully
molten region. Thermal expansion mismatch between silicon
and overlying dielectrics, such as silicon nitride, has also been
proposed as a cause of LasID formation [20].

One possible remedy to minimize this laser-doped region edge
recombination is the above-mentioned process of laser doping
prior to the dielectric deposition that allows coverage of the
edges with passivating dielectric layers [21], [22]. When laser
doping is performed through the dielectric stack, the induced
damage, including the edge damage, is expected to intensify.
Applying effective defect passivation methods is necessary for
both laser-doping approaches.

A common approach to mitigate the impact of LasIDs through
passivation is to apply a post thermal treatment. Industrial LDSE
PERC solar cells with laser doping performed before dielectric
deposition have the benefit that a firing process is performed
after dielectric deposition, thereby creating scope for hydrogen
passivation of LasIDs. On the other hand, if laser doping is
performed after the firing of dielectric layers, a potential oppor-
tunity for the passivation of LasIDs is missed. However, it has
been shown that short (<5 min) low-temperature (400-500 °C)
belt-furnace annealing (BFA) can improve the performance of
typical LDSE solar cells with full-area aluminum back surface
field structure by ~0.36% absolute, where laser doping and BFA
are performed after the firing step [23]. A performance improve-
ment for front laser-doped n-PERT solar cells of up to 0.84% has
also been reported through applying BFA [23], partly due to a
considerable reduction in the Jy associated with the laser-doped
region. Another approach for passivating the defects created by
laser doping is the implementation of a laser-annealing process.
A second pass of lasing is run over the laser-doped region at
much lower laser power to anneal the damage induced in the
first high-power laser-doping pass [24], [25].

Another key challenge for p-type Cz LDSE PERC solar
cells is light-induced degradation (LID) associated with boron—
oxygen (B-O) defects [26]-[29]. Fortunately, B-O defects also
respond to thermal annealing. In particular, illuminated anneal-
ing, first reported by Herguth et al. [30], can electrically neutral-
ize the defects, almost fully eliminate B—O LID [28], [30] owing
to the improved mobility and reactivity of hydrogen [34]. This
process requires the presence of hydrogen in the bulk silicon to
enable defect passivation [31], which naturally occurs in silicon
solar cells during the metallization firing process, which simul-
taneously releases hydrogen into the bulk from the hydrogenated
dielectrics. As such, after firing, an advanced hydrogenation
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process (AHP) incorporating illumination or minority carrier
injection can be performed to passivate the B—O defects [30],
[32], [33]. Recent work has demonstrated the complete elimina-
tion of B-O LID with an 8 s AHP [35]. High-temperature firing
has also been reported to reduce the extent of B—O LID [28],
[36], [37], although not completely eliminate it.

In this study, we compare the effectiveness of different an-
nealing processes for the passivation of LasIDs created upon
laser doping after the dielectric deposition and firing steps.
In particular, we assess the impact of a low-temperature BFA
(hereafter, 400 °C annealing), a fast-firing process with a peak
temperature of 680 °C (hereafter, 680 °C firing), as well as arapid
high intensity 10 s illuminated annealing process (i.e., AHP) at
300 °C on passivating the LasIDs for n* laser-doped regions
on monocrystalline p-type Cz wafers. We then investigate the
impact of these passivation processes for their effectiveness in
simultaneously reducing susceptibility to LID.

II. EXPERIMENTAL DETAILS

Textured p-type Cz wafers with thicknesses and base resis-
tivities of approximately 167 pm and 1.55 Q-cm, respectively,
were used in this experiment. All samples were gettered in a
POCI; tube TEMPRESS furnace by heavy diffusion at 840 °C
for 45 min with a resulting sheet resistance of approximately
40 Q/sq. Then, KOH retexturing was performed to remove 4 ;m
silicon from each side of the wafers to remove the gettering
diffusion. A lightly diffused emitter profile was then created in a
POCl; tube furnace at 770 °C for 25 min followed by a drive-in
diffusion at 810 °C for 25 min in nitrogen ambient and then
at 880 °C for 40 min in oxygen ambient. The sheet resistance
after this diffusion process was 13447 {2/sq. Plasma-enhanced
chemical vapor deposition (PECVD) (MAiA from Roth and
Rau) was then used to deposit a 75 nm thick hydrogenated
silicon nitride (SiNy:H) layer—with a refractive index of 2.08
at 633 nm—on both sides of the symmetrical lifetime structures
[38].

All lifetime samples used in this study went through an initial
firing step with a peak measured temperature of 680 °C in
an industrial CAMINI furnace from Roth and Rau, with the
temperature profile shown in Fig. 1. The firing process was
used to release hydrogen atoms from the PECVD SiN,:H layer
and distribute hydrogen throughout the silicon bulk [39]-[41],
which is required for subsequent low-temperature hydrogen
passivation processes, as well as passivation of some background
defects to allow for a clearer understanding of the specific impact
of various passivation techniques on the defects formed by laser
doping.

To create the heavily doped n™ profiles, 85% H3POy (from J.
T. Baker) was spun onto the wafer as a dopant source (6000 r/min
for 40 s) prior to laser doping with a continuous-wave 532 nm
Spectra Physics Millennia Prime laser. The laser power was
measured at ~14 W at the sample surface with an illumination
spot size of about 20 m (D40). Patterned boxes of 50 x 50 mm
were formed filled with laser lines spaced 500 pm apart, with
different laser scan speeds (0.5, 1, 2, 3, 4, and 6 m/s).

The laser patterns were created on three quadrants of a wafer
for each laser speed; one quadrant did not receive laser doping,
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Fig. 1. Temperature profiles used in this work: 400 °C furnace annealing
(dotted line), 680 °C furnace firing (dashed line), and AHP (solid line).

and this quadrant acted as the control sample throughout the
processing sequences. Hereafter, the regions of the wafers with
laser-doping pattern are denoted as the laser-doped samples,
while the regions immediately affected by laser doping, the
laser-doped lines, are referred to as laser-doped regions. Unless
otherwise stated, the three laser-doped samples with the same
laser-doping condition are used to calculate the uncertainty in
the associated results. Optical microscope images were used to
determine the extent of laser damage caused by laser doping (i.e.,
laser-doped line widths including the not fully melted edge area)
and thus to calculate the area fraction of laser-doped regions.

To analyze the doping profile of the laser-doped regions, a
series of 1 x 1 cm boxes were made by overlapping laser-doped
lines. The sheet resistances and the doping profiles were mea-
sured using Sherescan four-point probe and WEP CVP21 elec-
trochemical capacitance voltage (ECV) method, respectively,
and are presented in Fig. 2. The measured doping profiles were
then used as input to semiconductor software EDNA 2 (available
on PV Lighthouse) to model the emitter total recombination
current density [42], [43] associated with the laser-doped regions
for various silicon surface recombination velocities (SRVs). For
the simulation purposes, since the measured dopant density
profiles started at a nonzero depth position with respect to the
surface, a similar dopant density as that associated with this first
position value was used for the zero-position dopant density.

The three post-treatment passivation approaches were inves-
tigated. A ~3 min 400 °C annealing process and a 680 °C
fast-firing process (the same as the first firing process) were
performed in the CAMINI firing furnace. A 10 s AHP was
performed in a DR Laser AHP tool, where the silicon wafer
was placed on a vacuum stage set at 300 °C and subjected to
960 nm laser illumination with an irradiance of about 56 kW/m?
[32]. The corresponding temperature profiles are presented in
Fig. 1.

To test for LID, an accelerated degradation test [33], [44]
was performed using the same commercial laser system (DR
Laser) as for AHP with the exception that the temperature of the
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Fig.2. (a) Dopant density profiles associated with a range of laser speeds used
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MAHBOUBI SOUFIANI et al.: IMPROVED LasIDs PASSIVATION AND SIMULTANEOUS ELIMINATION OF LID IN P-TYPE CZOCHRALSKI SILICON

sample stage was held at 150 °C during the 10 s laser illumina-
tion. Similar processing conditions have been demonstrated to
both accelerate LID in p-type monocrystalline silicon [33] and
light- and elevated temperature-induced degradation (LeTID) in
p-type multicrystalline silicon [44].

Injection-level dependent lifetime analysis was performed at
various stages of the experiment using the quasi-steady-state
photoconductance technique (Sinton Instruments WCT-120)
[45]. The effective lifetimes were corrected for intrinsic recom-
bination using the article presented in [46]. Unless otherwise
stated, lifetimes are reported at excess carrier density An =
9.4 x 10" cm™3 (considering the bulk resistivities of the sam-
ples used in this study, this is 0.1 x the bulk dopant density,
9.4 x 10" cm™%). Where estimation of the lifetime-equivalent
defect density (ANjeq) [47] is needed, it is calculated through
the inverse of the bulk lifetime

1 _ 1 0

Teff Tsurface

Thulk

where T.g and Tguface are the effective and surface minority
carrier lifetimes, respectively. Tsurface 18 €stimated through

1 [NA"’A'I’I}

Tsurface

@)

where Jy is the total emitter recombination current density,
and Ny, g, n;, and W are the known bulk dopant density, ele-
mentary charge, intrinsic carrier density, and sample thickness,
respectively. AN is calculated in two instances: Once after the
passivation step with respect to the as-fired state by subtracting
the inverse of the bulk lifetime extracted after the as-fired state
(m) from that of the after passivation state (m
and once after the degradation step with respect to the passivation
state by subtracting the inverse of the bulk lifetimes extracted
after the passivation state from that of the after degradation state
(i.e., Tbulli,LID — Tbulk{pass_), to assess the effectiveness of the
passivation techniques in annihilating LasIDs and reducing LID,
respectively. The bulk lifetimes used for the ANy, calculation
are extracted at a minority carrier density of 9.4 x 10! cm=3,

Where relevant, in the figures, the uncertainty associated with
the data for the control samples, for the as-fired and laser-doped
states, is calculated for 18 samples (six control samples as-
sociated with six laser speeds for three different passivation
methods). The uncertainty of the control data points for the
passivation and LID states is calculated for the six control
samples of the six wafers having different laser speeds. The
error bars related to the laser-doped samples at each laser speed
for the as-fired and laser-doped states are calculated for nine
samples (three laser-doped samples associated with each laser
speed for three different passivation methods). For each laser
speed of each passivation method, the error bars are calculated
for three laser-doped samples.

III. RESULTS AND DISCUSSION
A. Laser-Doping Profile Characteristics

Fig. 2(a) illustrates the profiles of the electrically active
dopants created by different laser speeds. A junction depth of
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up to 5 pm was observed for 1 m/s. Increasing the laser head
speed from 1 to 6 m/s resulted in a decrease in the surface dopant
concentration as well as a shallower profile. Consistent with the
ECYV profiles, the sheet resistance measurement results, provided
in Fig. 2(b), show an increase in the sheet resistance with laser
speed. Sheet resistances as low as 4.140.9 2/0J and as high as
69.416.9 /0] were achieved for laser scan speeds 1 m/s and
6 m/s, respectively, substantially lower than that of the surround-
ing emitter (13447 €2/07). The sheet resistances/dopant profiles
obtained here are within the same range as our previous work
using the same laser system, bearing in mind the differences
in the dopant source, spin-coating conditions, and laser powers
[5]. For the laser speed of 0.5 m/s, we could not measure a
reasonable sheet resistance within the boxes. The dopant profile
also does not follow the trend observed in Fig. 2(a). We note that
for the 0.5 m/s from the ECV results [see Fig. 2(a)], acomparison
between the doping profile of the background emitter and the
laser-doped region at this lowest speed shows that the laser
process seems to grind the surface without necessarily doping
it. These results for 0.5 m/s are inconsistent with our previous
observation using the same laser system [5]. Furthermore, as will
be seen in Section I1I-B, the lowest effective lifetime degradation
was obtained for the 0.5 m/s condition, indicating its effective
doping profile. Hence, the box pattern created for the sheet resis-
tance and the ECV measurement of this laser-doping condition
may be inadvertently different from when performing single line
laser doping used for effective lifetime measurements. Results
from the rest of the laser speed parameters show the relevance
of the laser-doping region to be further studied. Nevertheless,
for the sake of completeness, we keep the results of the 0.5 m/s
condition for further analysis.

The dopant profiles, as shown in Fig. 2(a), are then used to
model the total recombination current density for a wide range
of SRVs in Fig. 2(c). At lower laser speeds with higher surface
dopant concentrations and deeper profiles, effective shielding
of the minority carriers from recombination at the surface is
realized at high SRVs (>10* cm/s) while becoming limited
by Auger recombination. Their efficacy in surface passivation
drops at lower SRVs (<10* cm/s) as compared with faster laser
speed parameters, resulting in a J that is primarily independent
of the SRV. On the contrary, while field-effect passivation of
the faster laser speed parameters is inefficient at high SRVs
resulting in a larger total recombination current, the absence
of Auger recombination dominance, in this case, leads to low
recombination current at lower SRV cases. As such, slower
speeds are expected to yield lower Jy values for metallized
regions with high SRVs.

B. Defect Passivation

The initial effective lifetime of the samples was within the
range of 112+£8 us [see Fig. 3(a)]. After performing laser
doping, the effective lifetimes, reported at the same minority
carrier density, degraded. The degradation ranges from ~20%
for 0.5 m/s to 60%—70% for the higher laser speeds, > 2 m/s, in
line with previous results [5].
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nt laser-doped lifetime structures. (a) Presents the average effective lifetime
values (extracted at 9.4 x 10'* cm™3) at different stages of processing for
different laser-doping conditions. The hollow symbols represent the control
samples. The dashed line in panel (a) is a guide to eye marking the initial as-fired
average effective lifetime, 112 ps. (b) Illustrates the example of effective lifetime
curves versus minority carrier density for laser-doped samples with laser head
scan speed of 4 m/s. The red symbol curve is the average effective lifetime
curve of the as-fired state, and the shaded area is the uncertainty calculated
for nine curves (three laser-doped samples for three passivation methods). The
gray symbol curve and the associated shaded region are the average lifetime
curve and the uncertainty calculated for the nine laser-doped samples (three
laser-doped samples for three passivation methods). The average lifetime curve
and the associated uncertainty of each LasID passivation approach are calculated
for three laser-doped samples.

Upon passivation treatment, all approaches resulted in a no-
ticeable lifetime increase. As shown in Fig. 3(a), the previously
used approach of about 400 °C BFA [23] resulted in the smallest
recovery of minority carrier lifetime after laser doping. The AHP
resulted in the largest improvement in the effective lifetimes after
laser doping for most of the laser conditions. Interestingly, AHP
also led to a significant improvement in the effective lifetime of
the laser-doped wafers with 0.5 m/s laser speed, whereas other
passivation techniques did not. Average lifetime curves of the
laser-doped samples, laser doped with a laser speed of 4 m/s, at
each stage of processing are displayed in Fig. 3(b). This provides
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a clear illustration of the effectiveness of the AHP treatment in
passivating the laser damage. Starting from 7.g of 36.9+£2.4 us
after laser doping at 4 m/s, which is the same for all passivation
approaches, only a 16.0£4.2 us drop between the as-fired case to
after laser doping and subsequent AHP (recovery of ~79% from
the laser-doped state) is obtained, compared with 27.84+3.6 us
(recovery of ~63% from the laser-doped state) and 44.7£3.5 us
(recovery of ~41% from the laser-doped state) for the 680 °C
firing and 400 °C annealing, respectively.

These observations are better understood by evaluating the
parameter, AN, [36]. The results are presented in Fig. 4(a). In
general, ANjeqs should provide us with a better idea about the
number of LasIDs remaining unpassivated in the bulk, formed,
for instance, in the heat-affected zones [6]. It also incorporates
any change in the background defects upon laser doping and sub-
sequent passivation. The AHP treatment resulted in the lowest
AN)eq compared with the 680 °C firing and 400 °C annealing
approaches, indicating its effectiveness in passivating defects.
However, it should be noted that the ANjcq of the laser-doped
samples [filled symbols in Fig. 4(a)] also include changes in the
effective defect density due to the formation and/or passivation
of defects other than LasIDs (i.e., background defects). This is
realized from the AN, of the control samples, as shown with
hollow symbols in Fig. 4(a). Note that the change in the effective
lifetime of the control samples after laser doping (i.e., after spin-
coating spin-on dopant in the case of control samples) with re-
spect to the as-fired state is minimal, therefore the AN, values
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the main text, which considers a 10% error in the estimation of the laser line
widths.

of the control samples can be assumed to be merely influenced by
the passivation treatment processes. While some bulk defects are
passivated by implementing AHP and the 680 °C firing methods,
annealing at 400 °C activated some recombination active sites
in the bulk increasing the corresponding AN [see zero speed
data points in Fig. 4(a)], while the total emitter recombination
current density Jy. remains virtually unchanged in the control
samples for all the treatment methods. The results related to Jy .
are provided in Fig. 5 and will be discussed in the following
text. To isolate the effects associated with the laser-doped lines
themselves from those of regions not influenced by laser doping,
assuming there is no interaction between the LasIDs and the
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other bulk defects modulated by the post-treatment passivation
methods, AN values, as presented in Fig. 4(a), are corrected
for the control region’s AN} changes. The results are depicted
in Fig. 4(b). This plot further shows the advantage of AHP
over the other two LasID passivation techniques, particularly
the 400 °C annealing, in recovering the damage created by
laser doping for almost all the laser speeds investigated. AHP
results in AN values, for instance, at the 4 m/s laser speed
condition, lower than the 400 °C annealing and 680 °C firing on
average by ~57.1% and ~19.7%, respectively. While Fig. 4(b)
specifically elucidates the impact of each passivation technique
on the laser-doping affected regions, the overall performance
of a passivation technique on the whole range of defects in the
silicon wafer, which is of industrial importance, also points to the
pronounced benefit of implementing AHP after laser doping. We
hypothesize that the manipulation of the hydrogen charge state
in the AHP approach helps to passivate LasIDs as it does for
other defects [34].

C. Change in the Emitter Recombination Current Parameter

Fig. 5(a) presents the total Jy . values Jo ' of the front laser-
doped surfaces of the lifetime structures after each processing
step until after the passivation process. This Jg ' accumulates
the Jo component of the locally laser-doped regions Jo'P and
the ideally intact area in between the laser-doped lines Jj .*°"!.
The change in the emitter recombination current density of the
control samples after a sequence of processes is presented with
hollow symbols, as shown in Fig. 5. The initial single-side Ji . of
the samples in the as-fired state was on average 80-90 fA/cm?.
Upon laser doping, the total Jy. of the laser-doped surface
increased, peaking at the laser speed of 3 m/s (sheet resis-
tance ~37 Q/0J) at about 190 fA/cm?, then decreasing to about
165 fA/cm? for the laser profiles with ~69 €/ (6 m/s). This
trend could be explained considering the interplay among the
three main pathways for minority carrier loss at the laser-doped
side of the samples: Auger recombination, surface recombina-
tion in the exposed laser-doped region, and nonradiative (SRH)
recombination through LasIDs in the small bulk volume of the
laser-doped region and at the edges. At lower laser speeds,
while a high surface dopant density and a deeper profile induce
greater Auger recombination rates, such dopant profiles favor
minority carrier shielding from recombination at the exposed
silicon surface with high SRVs. The latter is likely the dominant
recombination pathway of all and, therefore, as the laser speed
increases up to 3 m/s, for which surface dopant density is reduced
and profiles get shallower, the surface recombination causes
increased emitter recombination current density Jy'". It is also
possible that at higher laser speeds, due to rapid cooling of the
melted silicon region, more defects are generated, contributing
to carrier loss through SRH recombination. As the laser speed is
further increased, further decrease in the surface dopant density
and profile depth induces lower Auger recombination rate as well
as the reduced total number of defects formed in the laser-doped
region due to its reduced volume fraction, causes a drop in Jg ",
whereas the surface recombination rate is still high.

It is noteworthy that these Jy ' values, after the laser-doping
step, for the laser speeds 2—6 m/s are expected to reduce by
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56-72 fA/cm?, in the case where a more industrially relevant
1.3 mm spacing between laser lines is considered as opposed to
500 pm used in this study.

The Jo.5" of the control samples remained almost un-
changed after laser doping. While it was somewhat reduced
after implementing AHP and 680 °C firing methods, it slightly
increased in the case of 400 °C annealing passivation treatment,
indicating that the 400 °C annealing process leads to a slight
reduction in the effectiveness of surface passivation.

The largest reduction in the Jy.'°" is achieved for AHP for
almost all the laser-doping conditions [see Fig. 5(a)], decreasing
it to values about 27-60 fA/cm? higher than the initial as-fired
state, whereas 400 °C annealing shows the smallest improve-
ment, except for the heavier and deeper laser-doped profiles
(i.e., 0.5 and 1 m/s laser speeds) for which 680 °C firing was
less effective, a similar behavior as for the ANy, trend (see
Fig. 4).

When considering the change in Jy.', the change in its
supposedly intact control region Jo .“°""! needs to be taken into
account when assessing the passivation process’s effectiveness
on Jo™P. The overall decrease in Jy.° can be partially due to
a reduction in Jy " in the AHP and 680 °C firing cases. To
examine this, the changes in Jo'P were estimated using [48]

JOetot. _ fLD % JOLD + (1 _ fLD> % JOECOHtI‘OI (3)
where fI'P is the area fraction of the laser-doped region on the
surface of the laser-doped samples.

Using (3), the Jo'P is estimated, representing the recombi-
nation current density in the laser-doped region. We note that
Jo™ values calculated here include the total J, contributions
from the edge areas in the laser-doped region, this influence has
been shown to be significant [19], as well as the central fully
melted region with a nonnegligible nonradiative recombination
contribution. It should be further noted that due to the proximity
of the laser lines created on the lifetime test structures, with
a spacing of 500 pm, it is likely that further damage is also
made on the surrounding areas in between the laser-doped lines,
not visible using an optical microscope. This potential invisible
damage can increase the Jy of this supposedly intact region
to a value different from what is used in the above equation,
Jo Lol extracted from the non laser-doped control samples
of the silicon wafers. The extent of this discrepancy can be
dependent on the applied LasID passivation treatment. Taking
this effect into account, it is likely that the presented values
of Jo'P, as shown in Fig. 5(b), are overestimated. Therefore,
the extracted values through (3) are for comparative study of
different LasIDs passivation methods and do not necessarily
provide accurate values for Jo'P.

The increasing trend in the calculated Jo"P with laser speed
up to 3 m/s follows those predicted by the modeling at very high
SRV representing that of the unpassivated and metal—silicon
interface [see Fig. 2(c)]. This is conceivable noting the decrease
in the surface dopant density and dopant profile depth as the laser
speed increases [see Fig. 2(a)]. After passivation treatment is
performed, a similar trend in the Jo'* value with increasing laser
speed is observed as that before passivation for almost all the
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with laser head scan speed of 4 m/s. Uncertainties are calculated, as described
in Fig. 3(b).

three approaches. However, the actual value of JoP is reduced
to a different extent for the different passivation treatments. A
similar trend may be due to yet the high SRVs in the laser-doped
region still being the dominant recombination pathway (since
the silicon surface in the laser-doped region is still exposed);
however, the decrease in the Jo™P value for almost all laser
conditions could be potentially due to different extent of LasID
annihilation in the small bulk volume of the laser-doped region
or at the edges. The latter effect is likely greater at higher laser
speeds as a larger number of such defects may have formed. The
causes for the larger recombination current densities calculated
for the laser-doped regions Jo'P in Fig. 5(c), in particular after
the passivation state, as compared with the simulation results
in Fig. 2(c), where the latter includes contributions from the
increased Auger and surface recombination, can be multiple. It
can be due to underestimation of the region damaged by the laser
processing beyond what is visible by the optical microscope,
incomplete passivation of laser-induced bulk defects within the
fully molten zone lumped into the Jo'P of the emitter having a
different dopant type as the base as well as the ineffectiveness
of any of the investigated post-treatment methods in the anni-
hilation of the detrimental edge damages with high possibilities
of the absence of minority carrier shielding effect at around the
edge damages.

D. LasID Passivation Techniques Impact on LID

We then assessed the extent to which these different LasID
passivation techniques can also alleviate LID in both control
and laser-doped samples. The extent of deterioration in the
effective lifetimes of the same samples, which went through laser
doping and then passivation post treatments, was investigated by
implementing an accelerated degradation test, representing LID
[33]. The summary of changes in the effective lifetimes for the
samples laser doped at 4 m/s is included in Fig. 6.
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Fig. 7. ANjcq values for the control and laser-doped samples calculated for
the LID state with respect to the passivated state.

It can be clearly seen that AHP more effectively mitigates
LID in the laser-doped samples as compared with the other two
approaches. At this laser condition of 4 m/s, for instance, the av-
erage effective lifetime (at 9.4 x 10'* cm~?) for AHP passivated
samples dropped on average by ~18.9 us with respect to the
initial as-fired state, whereas those of 680 °C fired and 400 °C an-
nealed samples by ~37.5 us and ~53.3 us, respectively. Overall,
the AHP treatment suppressed the effective lifetime degradation
in the laser-doped samples to a maximum of only 3.8% (with
respect to the passivated state), as opposed to 13.7% and 15.9%
for the firing and BFA treatments, respectively. For the control
samples, the average effective lifetime (at 9.4 x 10'* cm~3) of
the ones treated by AHP decreased after the degradation test by
only ~1.4% as opposed to ~4.2% and ~15.8% for 680 °C firing
and 400 °C annealing treatments, respectively.

To better understand these observations, the AN, values
calculated after the degradation test with respect to the passi-
vated state are presented in Fig. 7. For the laser-doped samples
treated by AHP, total ANjeq, including the changes in the control
sample, remained lower than that of the 680 °C fired samples
by at least a factor of 2. It is noteworthy that the AN)q of the
control samples, as well as the laser-doped samples, treated by
AHP is an order of magnitude lower than that of the p-type
Cz control samples that went straight through the degradation
test without an initial firing step (indicated with a hexagonal
data point in Fig. 7). The initial effective lifetime of the latter
nonfired sample was 128+7.2 ps. It is important to mention that
even though the 7.¢ of this sample is relatively high in the order
of the fired ones, the surface effect is removed for its ANjeq
calculation. The largest total AN, values after the degradation
test were observed for the 400 °C annealed samples. This is
strong evidence of the overall formation of fewer active defects
(both in bulk and at the surface) after the degradation test in the
AHP-treated samples, both in the control and laser-doped sam-
ples. Note that the AN changes after LID in the laser-doped
samples also include the change in the effective defect density
of the background defects other than LasIDs. A large number of
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defects were formed in the control regions (i.e., non laser-doped)
of the 400 °C furnace annealed samples compared with the
control samples that went through other passivation processes.
The increase in ANjcq of the laser-doped regions in the furnace
firing case can potentially be due to unstable passivation of
LasIDs by 680 °C firing, which may become activated under
illumination during the degradation test or inability of the firing
step in effective deactivation of the LID precursor defect(s)
present in the laser-doping affected regions, or a combination
of the two. Considering the high-temperature (i.e., 150 °C) illu-
mination process conducted for rapid degradation investigation
of the samples, another speculation could be that, during laser
doping, further hydrogen is released locally into silicon from the
dielectric, a subsequent furnace firing distributes this hydrogen
and, as a result, activates an LeTID mechanism, reported to be
also present in p-type Cz silicon [49]. The migration of charged
hydrogen species and their subsequent interaction with dopant
atoms in the silicon bulk and diffusion layer has been proposed
to play a role in LeTID [50].

It is noteworthy that the slow 400 °C furnace annealing post
treatment has been previously applied—using commercial fur-
naces, such as Centrotherm—on laser-doped samples for LasID
annihilation purposes [23]. Here, we present results indicat-
ing not only that this slow furnace annealing approach is not
necessarily the most effective approach in passivating LasIDs
but also activates recombination active defects and/or increases
their precursor concentration in the bulk, which in turn possibly
caused the greater extent of overall degradation in the p-type Cz
grown silicon.

The changes in the estimated Jo'P after the LID test were
then assessed. After LID, the 400 °C annealing post treatment
resulted in a minimal drop in the recombination current density
of the laser-doped regions for all the laser conditions. AHP
resulted in an increase in the Jo™P (these data are not shown since
their difference with respect to the data provided in Fig. 5(a) is
not remarkable). Comparing the hollow data points in Figs. 5(a)
and 8, while 680 °C firing process did not affect the control
sample emitter recombination current density Jo'°", 400 °C
annealing and AHP caused a degradation and improvement,
respectively. It is important that, even though 400 °C annealing
prevented noticeable rise in Jo'P after LID, the effective Jo'P
recovery upon implementing AHP after laser doping and prior to
the LID step led to overall outperformance of AHP with overall
lower Jo™P values for the samples. In this regard, 680 °C firing
stood second. The results associated with the total Jy'°" after
degradation test are given in Fig. 8.

It is noteworthy that the layer combination of the dielectric
stack and its thickness has been shown to be critical in deter-
mining the extent to which LasIDs are formed, impacting the
device performance [21], [S1]. It has been demonstrated, for
a range of laser conditions, that degradation in the minority
carrier lifetime and, thus, the implied Voc of the laser-doped
samples is reduced when a thin layer of silicon oxide (SiO2) is
deposited underneath the antireflection coating SiNy [21], [51].
We speculate that deposition of a thin layer of SiOs, with an
optimized thickness, under the SiNy layer can potentially reduce
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of the lifetime structures for the final state of the processes, after degradation test,
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speeds and all the passivation approaches (18 data points) for the as-fired and
laser-doped states. The error bars are calculated in the same way as those in
Fig. 5(a).

the damage induced by the laser-doping processing conditions
used here, particularly that caused by the notorious edge effects.

A potential implication of implementing low-temperature
AHP as an effective LasID passivation technique in LDSE tech-
nology is to deploy it as a sintering process for the plated metal
grid, enhancing both V¢ and reducing contact resistance. This
way a single AHP step can simultaneously efficiently passivate
the defects created in the laser-doping step, sinter the metallized
fingers, and prevent LID.

At last, it is noteworthy to mention that preliminary results,
not presented here, show that in the absence of SiOs, as in
this work, when no prefiring step is performed, a single firing
process after the laser-doping step is more effective than the other
two treatment approaches, AHP and BFA, which is expected.
However, a subsequent AHP after the single firing step after
the laser-doping process can potentially further improve the
minority carrier’s effective lifetime recovery and eliminate LID.

IV. CONCLUSION

We investigated the effectiveness of various post laser-doping
treatments in passivating LasIDs. For almost all the laser-doping
conditions investigated in this study, annealing under high illu-
mination intensities (AHP) was shown to be effective in mit-
igating laser-induced damage, resulting in a small remaining
lifetime-equivalent defect density (ANjeq). Depending on the
laser condition, it led to AN).q values for AHP 45%—84% lower
than those of furnace firing treatment and 65%-92% lower than
those of BFA approach (extracted after the passivation step with
respect to the initial fired state). AHP reduced the total Jy of
the laser-doped surface by up to 40%, in comparison to the
maximum of 32% and 17% for firing and BFA, respectively,
depending on the laser-doping condition.
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Upon LID testing, the AHP treatment was shown to suppress
the effective lifetime degradation in the laser-doped samples to a
maximum of only 3.8% (with respect to the passivated state), as
opposed to 13.7% and 15.9% for the firing and BFA treatments,
respectively. A large effective lifetime degradation of 15.8%
was observed in the non laser-doped control samples that went
through BFA, similar in magnitude to the degradation in the
corresponding laser-doped samples treated through BFA. This
was significantly higher than for the control samples treated with
the firing furnace and AHP process, where degradation was only
~4.2% and ~1.4%, respectively. This indicates that the 400 °C
belt furnace treatment increases the susceptibility of the bulk
(non laser-doped regions) to LID in comparison with the other
two passivation methods.

Overall, AHP provided improved passivation over more com-
mon passivation treatments, furnace firing, and annealing, result-
ing in the largest Jy recovery and lowest AN, upon laser doping
and subsequently led to the lowest extent of LID. AHP is also
a more desirable passivation method considering the thermal
budget of the LasID passivating technique.
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