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Approaches to Mitigate Edge Recombination Effects
in Silicon Lifetime Samples With Emitter

David Béurle

Abstract—Insufficiently sized symmetric lifetime samples with
pn-junction exhibit a specific injection-dependent effective charge
carrier lifetime measured by photoconductance decay due to in-
creased edge recombination, characterized by a strong decline to-
ward low injection. In this study, various approaches are presented
to suppress these edge effects in n-type Si samples with boron emit-
ter. These approaches include edge passivation using AlO, from
atomic layer deposition and the creation of an undiffused buffer
layer between the central measurement area and recombination-
active edges. For the latter, both an etch-back approach and a
masked diffusion of the boron emitter (sunken emitter) are eval-
uated. Lifetime measurements and photoluminescence imaging
demonstrate that the sunken emitter approach most effectively
suppresses edge recombination in small-sized lifetime samples.

Index Terms—Crystalline silicon, edge passivation, edge recom-
bination, injection-dependent excess charge carrier lifetime.

I. INTRODUCTION

HE injection-dependent lifetime is a key parameter de-
T scribing the suitability of silicon material and passivation
layers for use in solar cells, as it reflects all different recom-
bination channels (intrinsic, bulk defects, and surface) in a
“global way.” In an ideal case their specific injection-dependent
contribution to recombination can be used to separate their
influence and to extract characteristic quantities. Commonly
this is done by photoconductance decay (PCD) measurements
yielding a spatially integrated lifetime in dependence of carrier
injection T (An) within a sensitivity region. However, this only
works reliably if excess charge carriers are lost by recombination
within this sensitivity region and not by transport out of this
region. Hence, regions of different recombination activity, such
as unpassivated sample edges, have to be “sufficiently” far away
from the sensitivity region. Commonly, the diffusion length of
minority carriers is thought to define this length scale, however,
lifetime samples with an inversion layer are known to exhibit
increased edge recombination even if edges are further away
than a few diffusion lengths, strongly limiting 7e(An) in low
injection. In this context, an inversion layer is to be understood
as a surface layer in which bulk minority carriers become
majority carriers and vice versa. It may stem from field-effect
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Fig. 1. (a) Influence of edge recombination on injection-dependent 7esr (An)

curves measured at the sample center using the Sinton lifetime tester (WCT-
120) for differently sized samples with pn-junction and unpassivated edges.
(b) PL images of the corresponding 50 x 50 mm? sample recorded at different
excitation.

passivation—such as for negatively charged AlO, on n-type
Si—or from a pn-junction created by a classical emitter diffusion
or passivating contacts structures, such as n-type poly-Si on
a p-type base or vice versa. The reason for this behavior is
that the inversion layer provides an efficient transport channel
for minority carriers, thereby allowing edge recombination to
influence regions further from the sample edges [1], [2], [3].

The impact of edge recombination on 7. (An) is illustrated
in Fig. 1 showing the results from transient PCD measure-
ments done with a WCT-120 lifetime tester from Sinton In-
struments [4]. The ring-like sensitivity region is highlighted in
Fig. 1(b) as the area between the two dashed red circles. Shown
is the region where the sensitivity coefficient determined by
numerical simulations in [5] is above 10% of its maximum value
leading to an outer diameter of 27 mm.

An n-type Cz-Si sample with a boron emitter is successively
reduced in size from M2 format (156.75 x 156.75 mm?) using
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laser cutting which creates unpassivated edges. This leads to an
increasing injection range being dominated by edge recombi-
nation related effects [see Fig. 1(a)]. For a sample size of 50 x
50 mm?, 7er(An < 10 /em™3) is significantly limited. Con-
sequently, the analysis of such edge-impacted Te(An) curves
is prone to error and misinterpretation, in particular toward low
injection. The fact that this effect originates from unpassivated
edges is evident from the photoluminescence (PL) images in
Fig. 1(b). The two images were recorded under different excita-
tion conditions, corresponding to higher and lower injection lev-
els, respectively. While at a photon flux of 1 x 10'7 phot./cm?s
only a small edge-adjacent region exhibits low luminescence and
the sensitivity region is well within the homogeneous center, the
low-luminescence regions extend further into the sample at a
lower photon flux of 5 x 10" phot./ cm?s.

The problems caused by increased edge recombination only
arise when large processed samples (in this case, M2 format) are
subsequently downsized. In addition to the decreasing sample
size, the newly created laser-cut edges remain in most cases
unpassivated. This reduces the distance between the measure-
ment region at the center of the sample and the edges while
increasing the recombination velocity at the latter. While a
large sample might be a simple solution for one-shot stud-
ies, long-term (light-induced) degradation studies tremendously
benefit from parallelization made possible by small samples.
Performing all processing steps (BBr3 diffusion, deposition of
passivation layers, and fast-firing) on small wafers should lead
to well passivated edges but often goes along with handling
marks within the PCD’s sensitivity region. Also, process-related
inhomogeneities owing, e.g., to the dynamic firing process in belt
furnaces [6] can be avoided by selecting a rather homogeneous
part of the sample (usually close to the center) for further studies.
Thus, samples are typically processed on larger size before being
cut to the final size.

The challenges posed by increased edge recombination
caused by newly formed unpassivated edges are also well known
in other areas of solar cell research. During the fabrication of
solar modules from half-cut [7] or even shingled cells [8], [9],
fully processed, metallized, and fired solar cells are subsequently
cut to smaller size to achieve primarily electrical benefits during
interconnection. In this context, edge passivation becomes a
critical challenge as increased edge recombination due to the
existance of a pn-junction directly at the unpassivated edges
leads to lower V. and pseudo fill factor [8]. A common ap-
proach employed to mitigate this difficulty involves a preferably
damage-free separation of the cells followed by passivation with
atomic layer deposition (ALD) AlOy [8], [9]. The AlO provides
chemical passivation of the exposed edges, complemented by
field-effect passivation due to the formation of negative charges
within the layer [10]. Alternatively, an emitter window can be
created to ensure that no emitter (nor inversion layer) is present
in the region where the cell will later be separated, thereby
preventing an open pn-junction at the newly formed edge [11],
[12].

In this study, comparable approaches were applied in the
context of lifetime samples. The edge passivation quality of
the resulting samples is evaluated based on how effectively
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Fig. 2. Process flow for the etch-back and sunken emitter approaches.

the lifetime limitation in low injection can be suppressed in,
otherwise, similarly processed lifetime samples.

II. EXPERIMENTAL

All samples presented in this work were processed using
phosphorous-doped M2 n-type Cz-Si wafers with a resistivity of
2 to 3 Qcm. The boron emitter with an average sheet resistance
of 155 /sq was formed by BBr; diffusion. As a reference,
samples with laser cut and thus completely unpassivated edges
were prepared. In addition, three alternative approaches were
utilized to presumably reduce edge recombination.

For the cleave-and-passivate approach a wafer was cleaved to
the final size (50 x 50 mm?) by a diamond tip scribe at the edge,
followed by a slight wafer bending which propagates the crack
through the sample. This should lead to comparably smooth
and uniform edges introducing less damage compared to laser
cutting [9], [13]. Following the cleavage, a 25 nm thick AlOy
deposited by ALD is annealed for 30 min at 400 °C to passivate
the sample’s surfaces including the newly formed edges.

Applying an emitter window for edge passivation is achieved
through two different approaches with sample preparation sum-
marized in Fig. 2. The etch-back approach utilizes a masked
etch-back of the boron emitter in KOH in the outer parts of the
sample whereas the sunken emitter approach confines the emitter
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Fig.3. Injection-dependent 7er(An) curves for samples with varying degrees

of edge passivation. A 50 x 50 mm? sample with laser-cut, unpassivated edges
(black squares) is compared to a sample cleaved with a diamond scribe and
passivated with ALD AlOx (cleave-and-passivate, amber squares). Also shown
are samples processed using the etch-back (blue circles) and sunken emitter
(rust triangles) approaches. The emitter area of the latter two also measures
50 x 50 mm?, while the full sample corresponds to M2 size.

to a restricted central area by applying a diffusion mask prior
to emitter formation. In both cases a plasma-enhanced chemical
vapor deposition SiNy is used as mask, which was deposited
using the corresponding shadow masks laser cut from Si wafers.
The resulting structures are passivated by an A10,/SiNy, stack on
the emitter area again by suitable masking. The undiffused sam-
ple borders are solely passivated by SiNy to prevent increased
edge recombination due to inversion passivation. As all masked
processing steps are the result of placing shadow masks on
the samples no rigorously perfect alignment can be guaranteed.
Small misalignments between AlO, and boron emitter cannot
be excluded, which would lead to partly covered emitter regions
with only SiN, and undiffused regions with an AIO,/SiNy stack,
respectively. Afterward, a firing step was carried out in a belt
furnace with a peak sample temperature of T}, = 750 °C to
activate surface passivation.

III. RESULTS AND DISCUSSION

In the following section, the level of edge passivation of the
four differently processed sample types is compared by means
of injection-dependent lifetime measurements. The etch-back
and sunken emitter approaches aim for the potential to reduce
sample size post hoc—after processing—without introducing
an increased influence of edge-recombination to the PCD mea-
surements. So, the influence on 7e¢(An) curves of subsequently
reducing sample size by laser cutting is investigated for the
two approaches. In addition, effects of potential misalignments
between passivation layers and emitter are investigated by delib-
erately using unfitting shadow masks during AlO, deposition.

A. Level of Edge Passivation

The injection-dependent 7egr(An) curves of the differently
processed samples are shown in Fig. 3. For the 50 x 50 mm?
laser cut sample the injection range below An = 10cm™3 is
strongly limited due to edge-related recombination.

This limitation is reduced but still visible for the 50 x 50 mm?

sample with AlOy edge passivation, which still seems to suffer

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 15, NO. 4, JULY 2025

from insufficiently passivated edges despite the AlOy layer. In
contrast, the sunken emitter sample still being in M2 format
does not show any limitation toward low injection. Even if
edge recombination would be an issue, the edges are likely
too far from the measurement region, especially due to the
missing inversion layer in the undiffused part of the sample.
Interestingly, the efch-back emitter sample shows limitations
toward low injection despite being in M2 format as well.

The decisive difference between the etch-back and sunken
emitter approach is the creation of new edges around the emitter
area during etch-back that are marked with red arrows in Fig. 2.
Although these new edges with a depth of less than 5 pm only
make up a small proportion of the entire edges, they contain
the space charge region (SCR) of the pn-junction where the
recombination rate is highest [2], [14], [15]. Those new edges
are passivated during the depositions of the AlO,/SiN, stack.
Consequently, the efch-back approach leads to similar conditions
as the edge passivation with ALD AlO, on the 50 x 50 mm?
cleaved sample resulting in almost identical injection-dependent
Tett(An). The lifetime limitations toward low injection in both
cases are reduced but not completely suppressed due to insuffi-
cient passivation.

However, it remains an open question why exactly the sunken
emitter approach shows superiority to the efch-back or the
cleave-and-passivate approach. Unlike the latter two where
etching and cleaving results in a vertical cut of the diffused
emitter and the SCR, the sunken emitter should correspond
to a horizontal cut where boron diffused laterally underneath
the diffusion mask. In both cases, the same AlIO,/SiNy stack
should be present, thus both cases should probably show a
similar behavior. However, it seems that there is still a significant
difference granting superiority to the sunken emitter approach.
It might be related to the exact shape of the boron profile
underneath the diffusion mask, and how the passivation layers
form and interact with the substrate on a microscopic scale.

B. Influence of Sample Size Reduction

As it is the aim of the efch-back and the sunken emitter
approach to allow for size reduction after processing, this is
studied in detail in the following by laser cutting these sam-
ples without any subsequent edge passivation. Corresponding
Tett(An) curves are shown in Fig. 4. For both approaches, the
shape of 7.(An) remains unchanged as long as the remain-
ing distance between the emitter region and the newly formed
edges is large enough (shown for distances of at least 5 mm
with the 70 x 70 mm? and 60 x 60 mm? sample, respectively).
Once the emitter is in contact with the newly formed edges,
limitations of Te(An) arise in low injection from increased
edge recombination. Hence, both approaches seem to effectively
disrupt the transport channel of the minority carriers toward the
recombination-active laser cut (outer) edges in the nondiffused
area. This prevents any influence on 7.¢(An) of the recombina-
tion occurring there.

This finding is also supported by PL images captured at
two distinct excitation levels illustrated in Fig. 5. Here, sam-
ples are shown utilizing the sunken emitter approach with a
50 x 50 mm? emitter area located within the red marks. The
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Fig. 5. PL images captured at two distinct excitation levels for the 60 x
60 mm? and 50 x 50 mm? sunken emitter samples, corresponding to the
Teff(An) curves shown in the bottom of Fig. 4. The emitter area lies within
the red squares which corresponds to the complete 50 x 50 mm? sample.

sample on the left has an edge length of 60 mm, which results
in an undiffused frame of 5 mm width between emitter area and
edges. The same sample was laser cut to 50 x 50 mm? resulting
in direct contact between emitter and edges. PL images of this
case are shown on the right of Fig. 5. While the luminescence of
the 50 x 50 mm? sample is hardly reduced toward the edges for
high excitation (rather high injection), it is strongly reduced for
lower excitation (rather low injection) reflecting the limitation
in 7 (An) shown in the bottom part of Fig. 4. In contrast, the
5 mm wide frame without emitter limits the hole transport to the
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Fig. 6. (a) Injection-dependent lifetime curves of samples prepared with mis-
alignment between AlOy and emitter region. (b) PL images of the corresponding
54 x 54 mm? sample recorded with low and high excitation.

edges and consequently the impact of edge recombination for
the 60 x 60 mm? sample. Even for low excitation no strongly
reduced luminescence toward the edges is visible. Hence, the
sunken emitter approach seems to be the best choice to reduce
the impact of edge recombination in the presented small lifetime
samples with boron emitters.

C. Impact of Passivation Layer Alignment

As already mentioned in section II, a potential misalignment
between emitter region and AlOy deposition can arise during
sample preparation with emitter window, which may lead to
varying conditions at the surface-adjacent pn-junction. How this
might influence resulting sunken emitter samples was investi-
gated by deliberately depositing an AlOy layer with deviating
size on the 50 x 50 mm? emitter region. During the AlOy de-
position shadow masks with 48 x 48 mm? and 54 x 54 mm?
openings were used to aim at samples where the lateral pn-
junctionis passivated by solely SiN, and by an A10,/SiN,, stack,
respectively. The injection-dependent lifetime curves of those
samples are shown in Fig. 6(a). It can be seen that depositing
the AlOy with a shadow mask slightly smaller than the emitter
region does not seem to have an impact on 7.¢(An). However,
if the AlOy is deposited on a considerably larger area than the
emitter (2 mm on all sides), a distortion of the lifetime curve
toward low injection becomes visible. Opposing to the limitation
caused by the effect of edge recombination, an abrupt rise in
effective lifetime can be observed for the corresponding sample.
The AlO,/SiNy, passivation on the undiffused surface is superior
to both the emitter region with stack passivation as well as the
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undiffused region passivated solely by SiNy. The resulting
higher effective lifetime, which can be seen by increased lu-
minescence in the PL images as shown in Fig. 6(b), leads
to a reservoir of minority carriers that are connected to the
measurement area by the present inversion layers (inversion
passivation and emitter). With ongoing measurement time these
holes can travel to the measurement area with emitter to recom-
bine, which influences the measured conductivity, and therefore
the apparent effective lifetime in low injection is increased. In the
PL image recorded at low excitation an expanding of the high
luminescence region can be seen, which indicates that indeed
recombination characteristics outside the actual measurement
area are impacting the latter. Accordingly, it should be avoided
to create areas with strongly varying surface passivation in
close proximity of the emitter region especially if an efficient
minority carrier transport channel (in this case due to field effect
passivation) is present as well. However, the resulting lifetime
curves of the sunken emitter approach seem to be quite stable
toward small misalignments.

IV. CONCLUSION

Lifetime samples with pn-junction exhibit strong injection-
dependent 7.i(An) curves toward low injection when cut to
50 x 50 mm? as edge recombination impacts the sensitivity
region during PCD measurements. The cleave-and-passivate
approach, which utilizes a mechanical cleaving introducing less
damage than the laser cut and a subsequent edge passivation by
ALD AIOy leads to reduced but still noticeable edge recombi-
nation related lifetime limitations in low injection. It seems that
edge passivation with AlOy is not suited to suppress the effects
of edge recombination completely.

Both emitter window approaches succeed in decoupling
the edges created by laser cutting in the undiffused area
from the measurement area in the emitter region. However,
Tett(An) curves of etch-back samples still show an almost iden-
tical injection-dependence as with the cleave-and-passivate ap-
proach. Here, new (inner) edges are formed during the etch-back,
which are passivated by AlO/SiNy causing similar conditions
with insufficiently passivated vertical edges including the SCR.
The sunken emitter approach leads to superior edge passivation.
For the shown samples any lifetime limitations in low injection
are suppressed successfully. Although regions with strongly de-
viating recombination characteristics close to the emitter region
are shown to distort the 7¢(An) curves in low injection as well,

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 15, NO. 4, JULY 2025

minor process-related misalignments between emitter and A1Oy
can be tolerated without noticeable effects.
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