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ABSTRACT

Carrier-selective passivating contacts have been demonstrated to be crucial to reach the practical efficiency limit of single junction,
crystalline silicon (c-Si) based solar cells. Yet, the electrical transport losses affecting the collection of photogenerated carriers remain to be
addressed. To this aim, different methodologies and characterization techniques are currently used. In this contribution, we propose the
concept of shell as a new terminology to describe carrier-selective passivating contacts. Then, we present a novel characterization methodol-
ogy using transfer length method (TLM) measurement under variable illumination to investigate the charge-carrier transport in amor-
phous/crystalline silicon heterojunction (SHJ) n-type contact stacks. We use technology computer-aided design simulation to model a TLM
structure and to identify the physical phenomena and the key parameters affecting the contact resistivity (p.) and the charge carrier accumu-
lation of such contact stacks. Then, the simulation results are compared with experimental data by performing variable-illumination TLM
measurements of actual SHJ n-type contact stacks. Specifically, we demonstrate that illumination has a strong impact on the measured p,
value, highlighting the importance of measuring p. under maximum power point conditions for a relevant characterization of solar cell
transport losses. In addition, we investigate the dependence of p, to a change in the injected carrier density within the c-Si bulk to compare
the illumination responses of different SHJ n-type contact stacks. In the quest for maximal efficiency, this method may insightfully complete
other characterization techniques to further understand and study the electrical transport in solar cells.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0042854

I. INTRODUCTION

The use of carrier-selective passivating contacts has been theo-
retically identified' and experimentally demonstrated™ to be the
most promising way to reach the practical efficiency limit of single
junction, crystalline silicon (c-Si) based solar cells. One way to

the so-called contacts of solar cells.” Along these lines, this paper is
split into two main parts. In the first one, we present a general-
ized and unambiguous description of contacts in solar cells by
introducing the terminology of shell.® This aims to accurately
investigate—and eventually mitigate—the electrical and the optical

overcome the remaining efficiency losses is to mitigate the trans-
port losses affecting the extraction of photogenerated carriers’ by
improving the passivation quality and by reducing the resistive
losses, both resulting in an improvement in the overall selectivity of

losses affecting state-of-the-art solar cells. Importantly, this termi-
nology helps to go beyond the limitations of the term of contacts,
which is indifferently used to refer to any part of the solar cell
where the generated carriers are extracted, and, therefore, to
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precisely consider the interface and the physical property coupling
present between the different material layers in solar cells. In the
second part, we present a novel characterization method based on
an upgraded theoretical framework of transfer length method
(TLM) measurements. To characterize the resistive losses of contact
stacks, the TLM measurement has been widely used to determine
their contact resistivity (p.) and, thus, to quantify their electrical
losses once integrated in solar cells. Currently, however, p. mea-
surements are performed under dark conditions and, thus, do not
consider the impact of the injection present inside the c¢-Si bulk on
electrical transport quality. In this work, we use TLM measure-
ments under variable illumination to further study specific shells
including different electron-collecting contact stacks in the
amorphous/crystalline silicon heterojunction (SHJ) technology.7
Using this improved characterization method, we demonstrate
(i) that illumination, and, thus, the injected carrier density inside
the c-Si bulk, has a strong impact on the p, value, (ii) the impor-
tance of measuring p, under maximum power point (MPP) condi-
tions for a relevant characterization of solar cell transport losses,
and (iii) how the dependence of p. to a change in the injected
carrier density within the c-Si bulk provides additional insight to
compare the illumination responses of different SHJ n-type contact
stacks. To complete our experimental results, technology computer-
aided design (TCAD) simulations are used to model the TLM
structure and to identify the physical phenomena and the key
parameters affecting p. and the selectivity of several SHJ n-type
contact stacks. In addition, the suspected limitations and physical
phenomena appearing during such TLM measurements are eluci-
dated. Overall, this work provides additional important insights
into the fundamental understanding and the practical characteriza-
tion of SHJ solar cells, as well as useful methods to guide the actual
efficiency improvement of such devices toward their practical effi-
ciency limits.

Il. METHOD
A. Shell of solar cells
1. General frame

In an approach proposed by Cuevas et al.,' a solar cell can be
seen as a balloon inflated with light-generated carriers. This “balloon”
corresponds to the solar cell absorber where electron-hole pairs are
generated by converting the energy of the incoming light. In general,
to efficiently extract these photo-generated carriers out of the
absorber bulk, three electrical functions must be fulfilled, namely,
(i) passivation, to avoid recombination at the surface of the absorber,
(ii) selectivity, to spatially separate the holes and the electrons at
different absorber locations, and (iii) terminal electrodes to
extract the carriers outside the absorber and to inject them into
an external load. Previously, the term membrane was introduced
by Wiirfel® to describe materials providing selectivity, and simi-
larly the term skin was proposed by Cuevas et al."”” to describe
passivation in addition to selectivity. Recently, following the pio-
neering work of Yablonovitch,'” the ability to provide selectivity
in addition to passivation has been defined as a carrier-selective
passivating contact (CSPC), ie., a contact that passivates the
surface of the absorber and that blocks one type of carriers to

METHOD scitation.org/journalljap

escape from the absorber, while allowing the other one to be
extracted. Prime examples of CSPC are the SHJ technology,7 as
well as various approaches based on a thin tunneling oxide
capped with polycrystalline silicon, such as the TOPCon'' and
the POLO'” concepts. However, in these cases, the term contact is
ambiguous, as it can equally refer to many different sub-elements
constituting it."? Indeed, all so-called contact schemes for solar
cells actually consist of several stacked materials and/or material
with locally changing properties, thus creating various interfaces
and contacts between those. This section, therefore, aims at pro-
viding a generalized and unambiguous description of contacts in
solar cells, allowing to accurately investigate—and eventually miti-
gate—the electrical and the optical losses affecting state-of-the-art
solar cells: the terminology of shell.’

As defined in the frame of this work, the shell must fulfill the
three above-mentioned electrical functions required for efficient
carrier extraction, i.e., passivation, selectivity, and providing termi-
nal electrodes. In addition, the shell must comply with optical
requirements so as not to hinder the light absorption in the
absorber. More specifically, at the front side of solar cells, the shell
must be highly transparent to minimize the parasitic absorption
losses. At the rear side, depending on the solar cell architecture, the
shell might be required to be highly transparent as well (e.g., to
ensure a high bifaciality) and to provide, in addition, a high inter-
nal reflection to increase the photons’ optical path in the absorber
bulk. As a result, the most important challenge of a shell is to fulfill
all these electrical and optical functions altogether with as few losses
as possible, to achieve high quality light collection and carrier extrac-
tion, thus eventually allowing high conversion efficiency. Depending
on the solar cell technology, the shell may consist of a unique mate-
rial with locally changing properties and/or of a stack of several thin
layers made from different materials. The doping gradient in the
silicon absorber used in the Al-BSF technology is a typical example
of the former case, whereas the intrinsic and doped hydrogenated
amorphous silicon, transparent conductive oxide (TCO), and metal
layer stacks in the SHJ technology are perfect examples of the latter.
Generalizing, it means that the shell includes all the parts of the
solar cell located at both sides of the absorber between the near-
surface modified region of this latter to the last terminal electrodes
included before the external load. Importantly, the global shell char-
acteristics and its ability to provide the three required electrical func-
tions, as well as the optical ones, are defined by the global coupling
of all of the components constituting it. In the case of electrical
properties, this coupling is evidenced by the energy band bending
occurring when the different elements constituting the shell are
brought together. Note that because of this coupling, the “influence”
of the shell might also extend into a part of the absorber bulk close
to its surface, such as a space charge region (SCR) induced via the
energy band bending. This is depicted in Figs. 1(a) and 1(b).

As briefly mentioned above, in the specific case of the SHJ
technology, the shell is composed of a stack of several thin layers
made out of different materials. These are intrinsic hydrogenated
amorphous silicon [a-Si:H(i)], doped hydrogenated silicon layers,
TCO, and metal layers, deposited on both sides of the n-type
silicon bulk [c-Si(n)]. Such a shell in the case of a two side-
contacted solar cell is illustrated in Fig. 1(a) (note that in back-
contacted solar cells, the purposes of the front of the shell are
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FIG. 1. (a) Sketch of an SHJ shell in the case of a typical two side-contacted solar cell. The c-Si bulk, coupled with the two parts of the shell (encompassing the different
material layers), is represented. These are the intrinsic amorphous layer (i), p and n-type thin silicon layers [(p) and (n), respectively], as well as TCO and metal layers. All
these sub-layers coupled together define the three different electrical functions (passivation, selectivity, and terminal electrode) that are partly revealed in the energy-band
diagram in (b). The several interfaces and sub-contacts defined by the different sub-layers are represented in orange-hatched areas. Finally, the CSPC range effect extend-
ing from the TCO to inside the c-Si bulk is also represented in light-orange dashed areas. (b) Corresponding schematic energy-band diagram in the space domain for
open-circuit condition and under injection. The conduction and the valence band energies (E¢ and Ey, respectively), as well as the band bending (spatial evolution of the
energy states), are represented spatially for the different SHJ material layers. The electron and hole quasi-Fermi levels (Er, and E,, respectively) are also depicted spa-
tially through the c-Si(n) bulk and the shell. The conduction and the valence band offsets with their respective energies (AEc and AEy respectively) are also depicted.

The latter build different energy barriers affecting the transport of the generated carriers.

passivation and optical losses minimization only, since the
carrier-selective and electrode aspects are performed by the rear
of the shell in addition to passivation). In this case, it appears
clearly that the shell is composed of several interfaces and sub-
contacts defined by the coupling of the different thin layers and
the silicon bulk. The latter are highlighted as orange-hatched
areas in Figs. 1(a) and 1(b). The coupling of the physical proper-
ties of the different materials, including the c-Si(n) bulk, defines
the overall energy band bending presented in the space domain in

Fig. 1(b) and shapes the global electrical properties. Thus, because
of this coupling, the addition, removal, or change of a single shell
sub-component or of the c-Si(n) bulk directly affects the global
energy-band arrangement, the latter being difficult to predict pre-
cisely a priori. Each shell layer must then be developed consider-
ing its resulting coupling with all other sub-components and the
silicon bulk. It is, thus, challenging to optimize only one part of
the SHJ shell without affecting the resulting electrical properties.
Closing this comprehension gap requires taking a closer look at
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the way the photo-generated carriers move within the energy-
band structure; this is the topic of Sec. IT A 2 below.

2. Carrier transport, contact resistivity, and selectivity

Transport is defined in this work as every single displacement
of photo-generated carriers, expressed by the change in carrier con-
centration along position and time (continuity equation), from
their generation location until their extraction at the terminal elec-
trodes of the shell. The transport is, thus, the flow of both carrier
types from the absorber through the shell, in their way to their
selective areas and final respective electrodes. The quality of the
carrier transport is impacted by two physical phenomena, namely,
recombination and resistive effects, both resulting in electrical
losses. Recombination is the result of a loss of carriers that induces
a chemical potential drop; its magnitude is defined by the absorber
bulk quality and the shell passivation ability. In contrast, resistive
effects are the result of drift diffusion and interface’s phenomena
that induce an electrical potential drop when both carrier types
flow from their generation location inside the absorber to the ter-
minal electrodes, passing through the shell. Both electrical losses
impact the final device performances, with the pseudo voltage (pV)
reflecting the recombination losses and the series resistance (Rg)
reflecting the resistive losses.”” To achieve a high fill factor (FF),
and eventually high conversion efficiency, pV must be maximized,
while Rg must be minimized. Nowadays, in state-of-the-art, single
junction, crystalline silicon (c-Si) based solar cells, the contribution
of the ¢-Si bulk to the remaining electrical losses no longer limits
the solar cell performances, as it operates close to its Auger limit
and features a suitable conductivity.'* Rather, the main contribu-
tions to the remaining electrical losses are dictated by the shell
itself; therefore, best-in-class c-Si solar cells are nowadays shell-
limited devices.'™'® It turns out from this electrical transport
analysis that improving the conversion efficiency of c-Si solar cells
requires a mitigation of the recombination losses and the resistive
effects incurred by the shell. To do so, the shell must facilitate a
large quasi-Fermi-level splitting inside the bulk in addition to a
minimal chemical drop until the terminal electrodes, together
with providing minimal supplemental resistive effects besides the
absorber’s own resistance.

As already mentioned in Sec. II A 1, SHJ shells aim at
meeting these requirements by combining thin layers of different
materials. However, this layer combination induces several energy
barriers stemming from discontinuities in the energy-band struc-
ture, arising at the hetero-interfaces created between the different
materials constituting the SHJ shell, leading to resistive losses."”
Such energy barriers are clearly visible in the energy-band diagram
of the SHJ shell sketched in Fig. 1(b), e.g., at the interface between
the c-Si(n) bulk and the intrinsic amorphous silicon layers as well
as between the doped thin silicon layers and the TCO. The overall
energy band bending and alignment, including the energy barrier
characteristics (such as their height and width), is governed by the
coupling of the physical properties of the different materials consti-
tuting the shell as well as by the c-Si(n) bulk properties. In particu-
lar, the band bending is defined by the Fermi energy within the
device, from c¢-Si bulk to TCO. More precisely, the Fermi and
quasi-Fermi levels are determined by the c-Si absorber carrier

METHOD scitation.org/journalljap

density, the thickness, the activation energy (E,), and the defect
density of the thin silicon layers, as well as the work function (WF)
and the carrier concentration (Ntco) of the TCO layer, among
others.”'® These physical parameters define the energy position of
the conduction and the valence bands with respect to the Fermi
level for the c-Si wafer and for each material layer. Carrier transport
through the hetero-interfaces located along the energy-band
diagram occurs by two different general mechanisms, namely, ther-
mionic emission and tunneling. In the specific case of SHJ shells,
several tunneling processes have been identified'’ and thoroughly
described, these are: direct tunneling (DT),”" band-to-band tun-
neling (B2BT),”' and trap-assisted tunneling (TAT).”” These
processes are, thus, connected to the band bending at the c-Si/
a-Si:H(i), a-Si:H(i)/doped thin silicon layer and doped thin
silicon layer/TCO interfaces. Eventually, when all these effects
result in an ohmic current-voltage (I-V) behavior under rele-
vant operating conditions, the corresponding resistive electrical
transport losses affecting carrier extraction can be accounted by
a contact resistivity value (p.). In that case, this parameter allows
one to assess the global carrier transport quality through all the
hetero-interfaces and the materials constituting SHJ shells. Any
change to the energy barriers or to the bulk properties of the
materials constituting the shell and of the c-Si bulk will directly
affect the p, value.'” The parameter p, then reflects the effect of
the global band bending on transport resulting from the prop-
erty coupling of the different materials and is, therefore, a rele-
vant parameter to investigate different interfaces within and
induced by the shell.

More specifically, at the vicinity of the c-Si/a-Si:H(i) interface,
a change of the c¢-Si bulk injected carrier density, i.e., a quasi-
Fermi-level change inside the c-Si bulk, will affect the local band
bending inside the c¢-Si bulk and, thus, affect the accumulation of
carriers at this location, potentially impacting the p, value. Said dif-
ferently, the value of p. is expected to depend strongly on the injec-
tion conditions. On the other hand, the energy band bending also
rules the selectivity of a given shell. Indeed, in the case of SH]J,
selectivity is ruled by the ratio between the conductivities of major-
ity and minority charge carriers inside the absorber at the vicinity
of the c-Si/a-Si:H(i) interface.” Yet, as electron and hole mobilities
are of the same order of magnitude inside c-Si,”** a high selectiv-
ity requires a high asymmetry in carrier concentration close to this
interface. In the case of SHJ, this asymmetry results in carrier accu-
mulation inside the c¢-Si bulk close to the c-Si/a-Si:H(i) interface,
such as the higher the accumulation the higher the selectivity.””*
To enforce different accumulation conditions, the activation energy
of the thin silicon layers was proven to be a relevant parameter.
This parameter is equal to the energy difference between the Fermi
level and the current transporting band, i.e., the conduction band
for the case of electrons and the valence band for the case of holes.
Thus, the lower the E,, the higher the doping of the thin silicon
layer. As demonstrated in Ref. 4 a low (respectively high) E, was
found to allow for a high (respectively low) selectivity owing to a
high (respectively low) accumulation close to the c-Si/a-Si:H(i)
interface. Consequently, for SHJ shells, p. and selectivity are
expected to depend on the injection condition, for instance
induced by variable illumination: this forms the rationale of our
investigation.
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B. TLM sample fabrication and measurement

TLM samples were fabricated on 240-um-thick, float-zone
n-type c-Si wafers [c-Si(n)] with a resistivity of 2.8 €Q-cm. The
wafers were textured on both sides in an alkaline solution to create
random pyramids and then wet chemically cleaned. Before the dep-
osition of the required layers, the native silicon oxide was removed
in a diluted hydrofluoric solution. Then, a thin blanket of a-Si:H(i)
films were deposited on both sides of the wafer for surface passiv-
ation by plasma-enhanced chemical vapor deposition (PECVD),
using an Indeotec Octopus II system. Then, a thin blanket p-type
a-Si:H film [a-Si:H(p)] was immediately deposited, with the same
deposition system, at the rear of the TLM samples. On the front of
the TLM samples, different n-type thin silicon multilayers combin-
ing a thin bottom amorphous buffer layer and different top nano-
crystalline layers [referred to as a-Si:H(n)/nc-Si:H(n)] were
deposited to reach different E, (see Table I). The thin bottom
buffer a-Si:H(n) layer was kept the same for all multilayers. More
details on our thin silicon layer stacks can be found elsewhere.”” ™’
Afterward, an indium tin oxide (ITO) layer was deposited at the
rear of the TLM samples, on the top of the a-Si:H(p) layer, using
DC magnetron sputtering with an In,0;:SnO, (ITO) target. The
thickness of this rear ITO layer measured on a planar bare glass
substrate was 110 nm, which led to an optimal thickness for anti-
reflective coating (ARC) on textured wafer. The combination of
a-Si:H(i)/a-Si:H(p)/ITO at the rear of the TLM samples then allows
to achieve a good passivation quality, together with an optimized
ARC, and, thus, to maximize the injected carrier concentration
reached in the c-Si(n) bulk of the TLM samples for a given illumi-
nation. Note that the presence of the a-Si:H(p) layer prevents any
electron current to pass through the ITO rear layer, hence restrict-
ing it to the c-Si(n) bulk. At the front of the TLM samples,
aluminum-doped zinc oxide (AZO) was deposited by RF magne-
tron sputtering with an Oerlikon Clusterline tool on the different
n-type thin silicon multilayers. This AZO layer features a carrier
concentration of 1.5x 10*°* cm™ and a thickness of 180 nm on a
glass substrate. The different shells manufactured, as presented
above and used for this study, are listed in Table L. Shells 1 to 4
feature similar high passivation quality at the rear but different
n-type multilayers at the front with thickness ranging from 34 to
89 nm along with E, from 17 to 265 meV. Shell 5 features the same
n-type multilayers than shell 1 but a low rear passivation quality.

TABLE . List of the different shells under study with the thickness and activation
energy of a-Si:H(n)/nc-Si:H(n) as well as the quality of the rear passivation. The rear
passivation quality is tuned with the a-Si:H(i)/a-Si:H(p) stack. The back ITO, the
front AZO, and Ag are the same for all shells.

n-type multilayer
Shell E, (meV) Thickness (nm)

Rear passivation quality

1 265 39 High
2 173 34 High
3 48 37 High
4 17 89 High
5 173 34 Low
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The thicknesses of the n-type multilayers were measured on
planar glass substrates using reactive ion etching to create a thick-
ness step, its height being measured using a stylus profilometer.
Their activation energy was determined by conducting a
temperature-dependent dark conductivity measurement.’’ The
TCO thicknesses were assessed by using a stylus profilometer and
their carrier concentration (Nyco) was determined by performing
the Hall effect measurement in the Van der Pauw configuration,32
in both cases on bare planar glass witness samples. Finally, a
400-nm-thick silver (Ag) rear blanket layer was sputtered over the
whole AZO layer. After this step, the TLM samples were annealed
at 210°C for 30 min. It is important to note that, thanks to our
large-area PECVD and PVD tools, within a single experiment, all
TLM samples were co-deposited with identical a-Si:H(i), a-Si:H(p),
ITO, and rear blanket Ag layers. Therefore, only each specific
n-type thin silicon multilayer and AZO deposition was performed
individually for each TLM sample. Then, TLM patterns featuring a
length (L) of 2 mm and gaps of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mm
were printed using a protective ink mask. The Ag and AZO layers
were then etched between the pads, and the ink was removed. After
these etching steps, the TLM samples were cut with a selected
width (w) of 6 mm to create edge isolation. This isolation is needed
to confine the current flow and to avoid additional errors caused
by edge effects, i.e., to prevent the current flowing away from the
edges of the TLM pads before being recollected. To do this, the
TLM samples were first pre-cleaved at the rear using a laser and
then cut manually. Then, the interpad distances were precisely
measured, thanks to a microscope, as they may slightly differ from
their nominal value. A sketch of our typical TLM sample and
design is given in Fig. 2. I-V measurements were performed on
each completed TLM sample under dark conditions and under dif-
ferent illuminations using a Wacom class AAA light simulator and
different filters to achieve an injected electron density (AN,) up to
about 5.96 x 10'° cm ™3, defining the 100% illumination level. The

_ Consecutive TLM pads TLM slice design
o W =6 mm
S >
= VRN E - Gaps
a

_‘1;5 Ag E P F 0.5 mm
5 AZO } 1.0mm
= 5o S
5 a-Si:H(n)/nc-Si:H(n)
= a-Si:H(i) } 15 mm
2 } 2.0 mm
72

c-Si(n

®) } 2.5 mm
a-Si:H(i) } 3.0 mm
a-Si:H(p)
ITO

FIG. 2. Cross section of the experimental samples (left) and top view showing
the TLM pad layout (right).
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TLM samples were illuminated from the a-Si:H(i)/a-Si:H(p)/ITO
side using a flip table to ensure a homogeneous injection below and
between each TLM pad. From these I-V curves, the TLM computa-
tion was performed, and the output parameters, namely, the
contact resistivity (p.), contact resistance (R.), sheet resistance
(Ry,), and transfer length (Ly), were extracted. Finally, corrections
on the value of p. considering the wafer thickness of the TLM
samples were performed for each illumination, as presented in
Ref. 33. Finally, for each illumination, the AN, values were calcu-
lated from the wafer Ry, taking into account the dependence of the
electron mobility on the injection.”

C. Finite element simulations for TLM

To model the TLM structure and to simulate the value of p,
as a function of the c-Si(n) bulk injected carrier density, opto-
electrical simulations were performed using TCAD Sentaurus.’
This simulation platform rigorously solves the drift-diffusion equa-
tions together with interface physics (tunneling, thermionic emis-
sion, recombination, etc.). This allows to consistently assess the
transport mechanisms through the hetero-interfaces of the shells
under study. The simulated TLM structure consists of two identical
contact pads on top of a c¢-Si(n) bulk spaced by variable gaps
as used on the actual sample (0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mm).
Each contact width is 1.0 mm, and the n-type contact stack is
formed by 6 nm of a-Si:H(i), 30 nm of an n-type thin silicon layer,
and 180 nm of TCO. The c-Si(n) bulk features a wafer resistivity of
3Qcm, which gives a doping of 1.55x 10" cm™. The E, values
were adjusted by a uniform doping concentration in a defective
background of doped layers to achieve 17, 48, 173, and 265 meV
(similar to the experimental values presented in Table I). The TCO
was modeled as a degenerate semiconductor;*” thus, work-function
mismatches and induced band bending are accurately considered.
The TCO carrier concentration (Nyco) was set to 1.44 x 102 cm™.
Further details on the TLM modeling can be found in Refs. 4, 17,
and 36. To change the injected carrier density inside the c-Si bulk
for a given shell, different injection levels, and, thus, different elec-
tron quasi-Fermi levels (Eg,), are emulated inside the c-Si bulk
absorber using different carrier generation rates equivalent to the
targeted light intensities. A reference optical generation profile
was adjusted based on ray-tracing optical simulations to reach
39 mA/cm®, which is a typical current density in solar cells using
SHJ shells. This generation profile was fixed to be the 100% of
illumination, and accordingly, TLM structures were evaluated in
the dark with 7, 13, 50, and 100% illumination by scaling the gen-
eration rate. The recombination rate inside the c-Si bulk (Tyyy)
was adjusted to reach a AN, of about 4.85x 10'>cm™ for the
100% illumination. The corresponding energy-band diagrams for
these different illuminations were simulated and considered.
From the latter, the SCR widths (wgcr) inside the c-Si(n) bulk
were calculated considering its extent from the first decreasing
point of the energy conduction band (E.) to the c-Si(n)/a-Si:H(i)
interface location. The conduction band energy height (E;) was
also calculated considering the energy difference between the flat
part of E. and the minimum energy at the c-Si(n)/a-Si:H(i) inter-
face. Finally, the electron and hole accumulations were calculated
by determining the ratio of the electron (respectively, hole)
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density at the c-Si(n)/a-Si:H(i) interface to the electron (respectively,
hole) density inside the bulk. These parameters were calculated for the
different illuminations and E, under study. Then, each TLM structure
was simulated to obtain the current v. voltage response from —1 to
1V, and the TLM methodology was applied to extract Ry, and p,.

D. Edge recombination impact on contact resistivity
measurement

As described in Sec. IT A 2, the TLM samples under investiga-
tion have cut edges to create current isolation. Their edges are con-
sequently unpassivated and important recombination losses occur
there. Under illumination, this induces a non-homogeneous excess
carrier concentration from the middle of the TLM pad width (w)
to its edges, thus leading to a corresponding c-Si(n) wafer resistivity
variation. The latter is expected to be lower at the center of the
pads than at the edges. Consequently, Ry, of the c-Si(n) TLM con-
ductive layer is non-homogeneous and varies along the w direction.
This again breaks one of the fundamental hypotheses of TLM that
assumes homogeneous Ry, to ensure an evenly distributed current
flow between two pads. A priori, there is no simple way to rigor-
ously extract the contact resistivity in such a case. However, it is
possible to evaluate its impact on the p. value extracted with the
standard TLM approach. To do this, the one-dimensional drift-
diffusion solver PC1D”” is used to simulate an inhomogeneous
excess carrier concentration profile inside a 1D structure, allowing
to consider one direction corresponding to the direction parallel to
w in real samples. The material of the 1D structure is defined as a
¢-Si(n) bulk with a doping of 1.7 x 10" cm™, which is close to the
value measured on experimental samples. Its length is set to 6 mm
corresponding to the width of the actual TLM samples. The inter-
face recombination velocities for electron (S,) and holes (S,) at
both edges are assumed to be equal to S,=S,=10" cm/s, which
corresponds to the highest thermal velocity of carrier transport and
is large enough to consider that all excess carriers have recombined
at the edges. The simulated 1D structure used is depicted in Fig. 3
and compared with an actual TLM sample. To simulate the differ-
ent illuminations under study, several generation profiles are
defined. Each of them is established to be homogeneous for each
position inside the simulated structure in order to reproduce the
experimental generation of the TLM sample. The latter being illu-
minated from the back, the generation is then homogeneous along
the w direction. The 1 sun generation profile is set to an average
constant generation of 9.68 x 10" cm™ ™", This generation corre-
sponds to the typical value present inside SHJ solar cells using
similar thin silicon layers, TCO, and bulk thickness as the actual
TLM samples. Finally, the carrier lifetimes defined experimentally
by bulk and shell passivation quality are simulated in PC1D using
the single Shockley—Read-Hall lifetime parameters (tsry). Thus, by
solving the drift-diffusion equation for this 1D test structure with
PCID, it is possible to simulate the electron density profile (N,(x))
along the 1D direction. This profile is expected to be representative
of what can be observed in an experimental TLM structure, along
the pad width direction, assuming negligible transport in the other
directions. Thus, considering a TLM c-Si(n) bulk of thickness d, it
is possible to calculate the corresponding electron sheet resistance
profile [Ry,(x)] for any x; position below the TLM pad using
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FIG. 3. Schematic description of the PC1D structure for simulating the recombi-
nation effects at the TLM sample edges.

Egs. (1) and (2), with q being equal to the elementary charge and
an electron mobility (u,,) of 1330 cm® V™' s™", assuming that in the
range under study, the photogenerated carriers have little impact
on mobility,”**

Oe(xi) = qu,Ne(xi), (1)
1
Ran(x;) = W- (2)

Here, x; stands for the ith position of the simulation domain
mesh. From the Ry (x) profiles, it is then possible to calculate an
average value of equivalent Ry, (Ry,, ) with Eq. (3), which is approxi-
mated by considering the conduction of parallel resistances between
two TLM pads. This approach, thus, ignores the lateral transport
effects in the wafer along the TLM width direction, as was done in
Ref. 38 for evaluating the impact of silver line resistance on TLM
structures, where it was shown to have very little impact,

Ry, =

- <+Ax> X in« (3)

R, (xi )

Under injection, Ry,(x) is experimentally driven by the bulk
and surface recombination of the actual TLM samples. In the simu-
lation, all recombinations are lumped in one tsry term, which is
then adjusted to get Ry, simulated from PCID to match the
average value of Ry, measured experimentally for each illumination.
Then, in the case of a p, that depends on the excess carrier concen-
tration, as it is the case in this work and will be presented in
Secs. III A 2 and III C, a contact resistivity profile (o .(x)) induced
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by Ry(x) is present below the TLM pad width. From p_(x), it is
possible to calculate the transfer length profile (L7(x)) and contact
resistance profile (R.(x)) present below a pad using the TLM equa-
tions [Egs. (4) and (5)] with L =2 mm being the TLM pad length,

Lr(x) = 1’;’;((’;)), @
_ px) L
Rc(x,-) = m x coth (m) . (5)

Then, knowing R, and Ry, for all positions x; on the x mesh,
and considering all the resistance in parallel (ie., ignoring here
again lateral transport along the TLM width direction), it is possi-
ble to compute the total TLM resistance (Rrzmx) for each interpad
distance k using Eqs. (6) and (7),

1 1

= , 6
RTLMk(xi) 2Rc(-xi) + Rsh(-xi) X '%Pk ( )
1
Rrimvk = 71 N ™)
by <RTLMk(xi))

Finally, from the plot of Ryym as a function of the interpad
distance, k, it is possible to perform TLM computation and to get
the values of Ry, , R, Ly, and, thus, p,. These output parameters
that are obtained by considering an inhomogeneous Ry,(x) profile
are then compared with the ones obtained experimentally using the
standard TLM computation that consider homogeneous Ry, i.e.,
ignoring the Ry, inhomogeneity due to edge recombination.

I1l. RESULTS AND DISCUSSION
A. Finite element simulations for TLM measurements
1. lllumination and non-ohmic behavior

During our investigation, one of the first observed phenomena
was the presence of non-ohmic TLM I-V curves with the augmen-
tation of the illumination. This phenomenon was thoroughly inves-
tigated as it was first thought to be a limitation to perform TLM
computation. Indeed, a non-ohmic behavior will break the funda-
mental TLM hypothesis requesting the ohmicity of the shell part
under investigation. Figure 4(a) shows the simulated I-V curves
obtained between two TLM pads as a function of the illumination
for a shell with 1, of 0.4 ms. It is observed that a non-ohmic
behavio appears above a certain illumination threshold, here 13%.
This non-ohmic behavior becomes stronger as the illumination
increases and is independent of the different E, under study (data
not provided). Additionally, Fig. 4(b) plots the simulated I-V
curves between two TLM pads under 13% illumination for different
Thulk- 1N this case, it is observed that the non-ohmic behavior
becomes increasingly noticeable upon the rise of Ty, again
regardless of the E, value (data not given). In both cases presented
in Figs. 4(a) and 4(b), increasing the illumination or the Tyuu
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FIG. 4. Simulated |-V curves between two TLM pads as a function of the illumi-
nation for a T,y fixed to 0.4 ms (a) and as a function of the bulk lifetime for an
illumination fixed to 13% (b).

results in an augmentation of the generated carrier concentration
inside the c-Si bulk. Thus, the trigger of the non-ohmic behavior is
revealed to be the quantity of injected carriers inside the c-Si(n)
bulk, rather than the illumination level or the recombination
mechanisms alone. This non-ohmic behavior is, therefore, proven
not to stem from an effect of the shell properties but from the
¢-Si bulk properties. The experimental pieces of evidence, as well
as the physical origin of the non-ohmic behavior and how to
accurately extract the value of p. in these conditions, are pre-
sented in Secs. III B 1 and III B 2.

2. lllumination and impact on p.

Figures 5-8 show the impact of changing E, of the n-type thin
silicon layer (17, 48, 173, and 265 meV) and of varying the illumi-
nation on the following: the conduction band energy in the space
domain (Fig. 5), the two band parameters wgcr and E;, (Fig. 6), the
electron and hole accumulations (Fig. 7), and the ratio of electron
to hole at the c-Si(n)/a-Si:H(i) interface (Fig. 8). On the one hand,
it is observed that as expected, in the dark, the electron accumula-
tion is more pronounced for a low E, than for a high E,. Upon
increasing E, from 17 meV to 265 meV, wscr decreases from 820
to 725nm and E; decreases from 0.22 to 0.13eV (see Fig. 6),
resulting in an electron accumulation reduction from 2.91 x 10> to
8.86 x 10" [see Fig. 7(a)]. On the other hand, the hole accumulation
is found to be higher for a high E, than for a low E,, increasing
from 3.25x107* to 1.13x 1072 [see Fig. 7(b)]. Finally, looking at
the ratio of electron to hole at the c-Si(n)/a-Si:H(i) interface, it is
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observed that the latter is higher for a lower E, (see Fig. 8). Overall,
this highlights that a higher electron accumulation and, thus, a
higher electron selectivity in the dark is obtained for a lower E,, as
discussed in Secs. IT A 2. Then, looking at the different illumina-
tions, we observe that for all E, considered here, the conduction
band and the quasi-Fermi level are getting closer, resulting in an
electron density augmentation (see Fig. 5) and affecting the band
parameters: indeed, E;, and wscr decrease upon increasing the
illumination (see Fig. 6). This will directly affect the electron accu-
mulation that is found to reduce with the illumination increase
[Fig. 7(a)]. In addition, by increasing the illumination, the hole
density rises as well, impacting the hole accumulation that is found
to increase upon illumination for all the different E, under investi-
gation [see Fig. 7(b)]. In particular, the ratio of electron to hole at
the c¢-Si(n)/a-Si:H(i) interface reduces with the illumination
increase, demonstrating that the electron selectivity is, therefore,
impacted by illumination such as the higher the illumination, the
lower the electron selectivity (Fig. 8). Overall, Figs. 5-7 show that the
decrease in the value of these parameters is independent of E, but is
dependent only on the illumination. In addition, when the illumina-
tion varies, the electron (respectively, the hole) accumulation for a low
E, always stays higher (respectively, lower) than that for a high E,.

Figures 9(a)-9(d) show the Ry, and p, values extracted from
TLM simulations for the different E, and the various illuminations.
Figure 9(a) shows that, as expected, the Ry, decreases with increas-
ing the illumination; this behavior directly owes to an augmentation
of the electron density (N,) under higher illumination, the latter
being the same for the four different E, as the passivation quality is
similar for the different shells under study. In contrast, Fig. 9(b)
shows that p_ drastically increases with illumination for all the
investigated E,. It is observed that the higher the E,, the higher the
increase of p, with illumination. Figure 9(c) shows p, as a function
of Ry, Starting from the Ry, value in the dark (hence the bottom
right points in the graph), it is observed that for all E,, p, increases
linearly as the Ry, decreases, but with different slopes. These slopes
correspond to the response of the n-type contact stacks to the illumi-
nation; said differently, the higher the slope, the higher the impact of
the illumination and, thus, of the injected carrier density on the
contact resistivity. The slopes extracted from the p.=f(Ry,) linear
curves are plotted in Fig. 9(d). Here, we observe that the higher the E,,
the higher the slope of the p.=f(Ry,) curve and, thus, the higher the
impact of the illumination on the shell under study. This may suggest
that a higher electron accumulation, and, thus, a higher electron selec-
tivity in the dark, will result in a lower slope and, thus, in a smaller
impact of the illumination on the shell properties.

However, it is found that the absolute values of p, are not
directly related to the carrier accumulation variation upon illumi-
nation. Indeed, first of all, the variation of the electron and the hole
accumulations in the dark with the rise of E, is significant: from
2.91x10° to 8.86x 10" for electrons and from 3.25x 107" to
1.13 x 102 for holes, whereas the p. variation remains relatively
small, that is, from 1.06 x 1072 to 1.63 x 1072 Q cm?. Conversely,
the electron and the hole accumulation variation with the illumina-
tion increase are significantly smaller: from 2.91 x 10° to 8.59 x 10
for electrons and from 3.25x10™* to 9.61x10™* for holes;
however, in that case, the p. variation is much larger, from
1.06 1072 to 1.77x 107" Qcm? (for the case of shell 4 with
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E,=17meV). In other words, as a prime example, the p. value at
100% of illumination of shell 4 featuring an E, of 17 meV is higher
than the p, value in the dark of shell 1 featuring an E, of 265 meV,
despite a higher electron and lower hole accumulation.

An additional outcome of these results is that considering a
AN, of about 2.0 x 10" cm™ at MPP* and, thus, an Ry, of about
50 Q/sq, Fig. 9(c) shows that the difference between the p, value
calculated in the dark (corresponding to Ry, ~ 110 £/sq) and at MPP
is between 0.11 and 0.14 Q - cm? for the four different E,. Hence, con-
sidering that a 1 Q cm® Rg induces an FF loss of ~5%,p, " the differ-
ence between the induced FF loss calculated at MPP illumination and
the one in the dark is between 0.57%,,s and 0.70%,,. It is, therefore,
important to measure the p, at MPP condition to study accurately the
actual impact of a shell on the transport losses and, thus, on the corre-
sponding effect on the FF of solar cells.

B. TLM under illumination and non-ohmic behavior
1. Experimental pieces of evidence

Figure 10(a) plots the I-V curves experimentally measured for
shell 2, featuring an n-type multilayer with the E, of 173 meV and

1018 E,:

® 17 meV
48 meV

® 173 meV

® 265 meV

T T T T T T

0 50
Illumination (%)

FIG. 8. Ratio of electron to hole at the c-Si(n)/a-Si:H(i) interface as a function
of illumination for different E,’s.

high rear passivation quality, under different illuminations and
between two consecutive TLM pads spaced by 2.5 mm. The major
observation here is the excellent agreement between the simulations
presented in Sec. III A 1 and the experimental results: The non-
ohmic behavior gets stronger with a higher illumination and, thus,
with a higher AN,.. The AN, corresponding to the different illumi-
nation conditions are given in Table II. Markedly, the non-ohmic
behavior appears above a certain injected carrier density threshold,
here, 2.2x 10" ¢cm™ for an illumination of 50%. In addition, as
observed with simulation, the non-ohmic behavior is present for all
of the shells under study with the high passivation quality (shells 1
to 4) listed in Table I. The latter appears at a similar illumination
intensity threshold with similar AN, values (data not provided),
confirming that these shells feature similar passivation quality.
Furthermore, the onset of the non-ohmic behavior is experimen-
tally shown to depend on the passivation quality of the shell under
study. This is illustrated in Fig. 10(b), which plots the TLM I-V
curves under illumination of shell 5, featuring the same n-type
multilayer as shell 2 (with, namely, E, of 173 meV) but presenting
a low rear passivation. Although the TLM I-V curves of shell 2
become non-ohmic with illumination increase, the ones of shell 5
stay ohmic for all illuminations. This is due to the different passiv-
ation qualities and hence to the different injected carrier densities
actually reaching inside the c-Si(n) bulk for a given illumination.
The injected electron density induced by the illumination for both
shells is listed in Table II. Thus, it is experimentally validated that
the injected electron density inside the c-Si(n) drives the non-
ohmic behavior of the TLM samples, consistently with what was
demonstrated by the numerical study presented in Sec. IIT A 1.

2. Simple explanation of the non-ohmicity

Here, the appearance of the non-ohmic regime is demonstrated
to be due to a drift of the free carriers induced by the voltage
applied between two consecutive TLM pads, leading to a non-
homogeneous carrier density and, thus, to a variation of the wafer
Ry, below the TLM pads and the gap in-between. Indeed, it is dem-
onstrated by simulation and presented in Figs. 11(a) and 11(b)
(top sketches) that for zero TLM bias (AU =0 V), the generated car-
riers are homogeneously distributed inside the bulk [Fig. 11(a)], but
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Rs, and (d) slopes from simulated p; = f(Rsp)-

as soon as a non-zero TLM bias is applied, here simulated for one
volt (AU=1V), a drift of generated carriers arises, leading to an
inhomogeneous carrier density inside the bulk and below both TLM
pads [Fig. 11(b)]. A simplified case study to illustrate the impact of
this effect is presented in Figs. 11(c) and 11(d) (bottom sketches).
Under illumination and at AU =0V (no TLM voltage bias), the elec-
trons are homogeneously distributed inside the c-Si(n) bulk along

the distance L, and their density equals ng. + AN,, with n,. the bulk
doping density, everywhere within the sample bulk. Under a TLM
applied bias AU=0aV (with o>0), the electrons drift because of
the applied external field. We now assume these electrons to be dis-
tributed following a simple non-homogeneous distribution: in the
sample region 0 < x < L/2, the electron density is now n,, whereas in
the region L/2 <x <L, the electron density is ny. + 2AN,. Note that
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TABLE Il. Injected electron density (ANg) as a function of illumination for the high
and low rear passivation quality of shells 2 and 5, respectively, both featuring an
n-type multilayer with E, =173 meV.

Illumination AN, (cm™>) shell 2 AN, (cm™) shell 5
Dark 0 0

7% 3.14x 10" 1.30 x 10"
13% 4.85x 10" 222x10™
50% 223 x10" 531 x 10"
100% 6.55 x 101° 7.84x 10

the total number of electrons (and hence holes) is chosen to be cons-
tant inside the whole volume of the sample in both the 0 V and the
oV cases. This is equivalent to assuming the same total recombina-
tion rate in both cases. Computing now the equivalent resistance
of the sample bulk seen by the electrons in the 0V and the oV
cases (Roy and Ry, respectively), it turns out that Roy < Ryy (see the
Appendix for the full calculation details). Said differently, the wafer
resistance depends on the applied bias AU, ie., R=R(AU). Hence,
the higher the TLM applied bias, the higher the total resistance seen
by the TLM current between two TLM pads (as R,y gets consis-
tently larger values than Ryy). This explains the non-ohmic shape of
the I-V curve obtained between two TLM pads measured under illu-
mination. At low voltages however, a linear -V regime is still
present, because the drift of charges is small, but as soon as the
voltage rises, the non-ohmic I-V behavior appears and then stabil-
izes at high voltages to a second linear I-V regime. This stabilization
is due to the presence of a maximal drift of carriers, such as the car-
riers are all completely depleted through the whole silicon bulk.
In addition, this second linear regime features a higher slope (i.e., a
higher resistance) than the first linear one, evidencing the increase of
the c-Si global resistance with the voltage increase [see Fig. 10(a)].
Importantly, in any case where the TLM bias induced a
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non-negligible drift of carriers, two different injection conditions are
present below the two TLM pads, which then makes impossible to
perform the TLM computation. Thus, to stay in a near-uniform
injection throughout the wafer, we chose to perform the TLM com-
putation taking the slope in the first linear regime of the I-V curves
(symmetrically around the origin). Illustrative examples of such
linear ranges are given in Fig. 12 in the case of shell 2. Note that this
drift effect is expected to be present also for other test structures
used for p, characterization, such as the one presented in Ref. 41.
In that case, the spatial variation in the excess carrier concentration
will arise in the vertical direction and will also impact the resulting
resistance of the c-Si bulk.

C. TLM under illumination and impact on p.

Figures 13(a)-13(c) plot the TLM parameters obtained from
our experimental measurements and for shells 1 to 4 featuring differ-
ent E; (17, 48, 173, and 265 meV, respectively). Figure 13(a) shows
that, consistently with our simulations, the Ry, decreases with
increasing the illumination for the different E,. In addition, it is
observed that for the different illuminations, the R, present similar
values for each E,, hence revealing similar passivation quality for the
different shells under study. The injection conditions corresponding
to the different illuminations are listed in Table ITI. Figure 13(b)
shows that the p, drastically increases with the illumination for the
investigated E,. In particular, it is observed that with the illumina-
tion, the distribution of p, for the different E, stays the same, but the
difference in the value of p, between the different E, is more pro-
nounced for a higher illumination. Figure 13(c) plots the p, as a
function of the Ry, experimentally obtained for the four different
shells along with the linear p, = f(Ry;,) fitting curves. Remarkably, our
experimental results are consistent with those obtained from numeri-
cal simulations (see Sec. ITI A 2). (Note that both experimental and
simulation data follow the same trend when changing the illumina-
tion. However, by comparing the differences between the simulation
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FIG. 11. Top: electron density for a 1 sun illuminated TLM sample, under 0 (a) and 1V (b) TLM voltage; Bottom: simplified case study with at 0V (c) the total number of
electrons homogeneously distributed inside the ¢-Si bulk along the distance L, and at otV (d), a particular non-homogeneous distribution. This simple case study illustrates
that the higher the TLM applied bias, the higher the total resistance seen by the TLM current between two TLM pads (Rgy < Ryy)-
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and the experimental results, it is observed that a much stronger Ry, decrease and the p. = f(Ry;,) fitting curves present different slopes
impact of the activation energy on the p, behavior is observed exper- for the different shells. The values of the slopes are presented in

imentally. This may be due to the fact that in the TCAD simulations, Fig. 13(d). Looking at the three E, values of 17, 48, and 173 meV, it
perfect hetero-interfaces at c-Si/a-SiH and n-aSi:H/TCO are is observed that the higher the E,, the higher the p.=f(Ry,) curve

assumed. The discrepancies in contact resistivity magnitude between slope as predicted by simulation. Generalizing the rationale explained
simulations and experiments are then likely suspected to come from in Secs. II A 2 and III A 2, we can, therefore, assume that the shell
the imperfect interfaces that are present in the experimental TLM featuring E, of 17 meV is the least sensitive to illumination, thanks

samples). Indeed, the p. value is found to increase linearly with the to a high dark electron accumulation, and that the shell featuring E,

E;: @ 17 meV 48 meV @ 173 meV @ 265 meV
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TABLE Ill. Average experimental values of Rsp, Ne, and AN, of the different shells
under study.

Illumination Ry, (Q/s5q) N, (cm™) AN, (cm™>
Dark 116 1.64 x 10%° 0

7% 99 1.94x 10" 2.96x 10"
13% 92 2.09 x 10"° 4.55x 10"
50% 54 3.71 x 10" 2.07 x 10"
100% 28 7.60 x 10"° 5.96 x 10°

of 173 meV presents the highest illumination sensitivity because of a
lower dark electron accumulation. From these considerations, it is
also important to discuss the drop of the slope for E, of 265 meV.
This drop suggests that despite a higher E,, its illumination impact is
smaller than the shell featuring E, of 173 meV. This highlights the
fact that, as already well known, E, is not the only parameter ruling
the accumulation and the illumination response in SHJ solar cells.
Other key parameters, especially defect density, are involved and
must be considered.'®'” In addition, it is observed that the shells
with E, of 265 and 48 meV feature similar p, in the dark (0.05
and 0.04 Q cm?, respectively) but different slopes of 2.4 x 107> and
1.8 x 107> cm?, respectively. This result highlights the relevance of
our approach: in addition to comparing shells based on their resistive
losses, it is possible to compare their response to the illumination.
A second major observation is that for all E, under study, the p.
value obtained under MPP conditions (here, for AN, =2.07 x 10"
and Ry, of 54 Q/sq) is between 0.07 and 0.17 Q cm? higher than the
one obtained in the dark. Hence, the difference between the induced
FF loss calculated at an illumination corresponding to around MPP
and the one in the dark is between 0.35 and 0.85%,,.."" Thus, to
have effective n-type contact stacks, a small dark contact resistivity
and/or the smallest slope must be targeted so that the contact is as
less as possible sensitive to illumination. This again pinpoints the
pertinence of our method to assess the quality of the carrier trans-
port under the conditions experienced in the field by solar cells,
where injected carriers play an important role.

Illumination

—100% —50% —13% 7%
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D. Edge recombination and its impact on contact
resistivity measurement

Figure 14(a) plots the simulated Ry, (x) profiles present below
the TLM pad for the different illuminations. These profiles are
defined; for example, the Ry, obtained with Eq. (3) is seen match-
ing the values corresponding to the experimental Ry, data for the
case of E, =265 meV (shell 1) presented in Table III. It is observed
that Ry (x) is significantly affected by edge recombination: a strong
increase at the TLM pad edges is clearly visible. This is due to a
strong decrease in the excess carrier concentration from the middle
of the pad to its edges induced by the edge recombination. Then,
the contact resistivity profile (p.(x)) was calculated considering the
experimental dependence between p,. and the illuminated Ry, pre-
sented in Sec. ITI C. For each Ry, (x) profile, the p (x) profile is cal-
culated for the case of E,=256meV using the experimental
dependence presented in Fig. 13(c) and is plotted in Fig. 14(b).
Following the experimental pieces of evidence in Sec. III C, it is
observed that the higher the Ry, the lower p.. Thus, a significantly
smaller value of p. is observed at the edges compared with the
middle of the pad. Then, using Eqgs. (4)-(7), TLM computation is
performed with the dependence of Rypyi as a function of the
interpad distance of gap k. The output values of p, are presented
in Table IV and compared with the experimental ones. It is
observed that both experimental and computed values are close:
their difference spans from —5.8% to 3.3%. This difference is
representative of the global error calculated for all the n-type mul-
tilayers under study, which was found to be +5.8%. This demon-
strates that considering the spatial distribution of Ry, (x), in
addition to the experimental linear dependence of p, with the Ry,
the final values obtained are close to the ones extracted with the
standard TLM computation considering a homogeneous Ry, In
addition, note that PC1D simulation ignores the conduction of
free carriers inside the thin silicon/TCO stacks that were recently
demonstrated to provide efficient lateral transport when
combined with the c-Si(n) bulk.*” If this effect proves relevant for
the samples investigated in this paper, it will lead to a
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FIG. 14. Equivalent electron sheet resistance profile
(@) and contact resistivity profile (b) below the TLM pad
width considering the different illumination, for the case of
E, =265meV (shell 1).
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TABLE IV. Experimental and computed value of p, for the case of E, =265 meV
(shell 1) and for the different illumination intensities.

pe (Qcm?)
Mlumination Experimental Computed Difference  Error (%)
7% 1.07x107"  1.01x107' —622x107°  —58
13% 1.16x 107" 1.16x107' 4.06x107* 0.4
50% 196 x 107" 2.03x107' 643x107° 33
100% 275%107"  267x107" —8.17x107> =30

homogenization of the Ry, profile and then mitigate the edge
effects. The impact of the non-homogeneous Ry, on the final
extracted value of p, using the standard TLM computation is then
limited. Thus, our method to extract p, under variable illumina-
tions yields a negligible error and is, therefore, accurate enough to
study the p, evolution as a function of the excess carrier concen-
tration. Note that the TLM pad width can be increased to reduce
the error induced by the edge effect. However, by doing so, the
silver pad conductivity must be adapted to not provide any addi-
tional error. Indeed, it has been demonstrated in Ref. 38 that the
measurement of p, depends significantly on the TLM pad width
for a fixed silver pad conductivity, leading to a rise in the error in
the measurement of p, with the width augmentation.

E. Outlook

As highlighted in the introduction of this paper, solar cells
using passivating contact are nowadays achieving high conversion
efficiency and approaching their intrinsic efficiency limit. In this
quest for maximal efficiency, the higher the device performances,
the more difficult it is to identify ways for effecting further
improvements. The method presented in this work may insight-
fully complete the already existing ones, such as SunsVoc at a
very high injection®’ or the works presented in Refs. 9 and 26, to
help further understand and study the electrical transport in solar
cells with the aim of guiding their actual efficiency improvement.
In addition, this method might prove particularly relevant consid-
ering the augmentation of the injection level at MPP that goes
along with the continuous increase in solar cell efficiencies.
Nowadays, record-breaking SHJ devices present MPP injection
levels around 2.9 x 10'° cm™,” and the theoretical limit of single
junction devices presented by Richter"* predicts an MPP injection
level up to around 7.9 x 10" cm™>. Therefore, the higher the MPP
injection, the higher will be the difference between the contact
resistivity measured in the dark and its actual value at MPP for a
given shell. This is illustrated in Fig. 15, which plots the FF loss
difference between different injection conditions and in the dark,
considering the linear dependence of the p, to the Ry, of shell 3
featuring an E, of 48 meV [Fig. 13(c)]. The injection considered
are those listed in Table III. The cases of planar and localized IBC
contacts are studied assuming an IBC n-type contact fraction of
40%." The FF loss difference will actually be about 0.9%,,s consid-
ering the theoretical limit of single junction devices as presented
by Richter,”* and it will go up to about 1.5%,y, for the case of
Kaneka’s record IBC device.” This demonstrates that the higher
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FIG. 15. FF loss difference between different injection levels and in the dark,
considering the linear dependence of the contact resistivity on the injection of
shell 3 for a planar contact (gray) and an IBC (blue) contact. The two dotted
lines are guides to the eyes to follow both FF loss evolutions.

the MPP injection, the less relevant the contact resistivity mea-
sured in the dark will be for an accurate FF loss breakdown. Note
that in both cases, the contribution of the c-Si(n) bulk to the final
FF loss decreases with the illumination augmentation as its resis-
tivity is reduced. Indeed, a reduction in the FF loss difference
between MPP injection and in the dark up to —0.18%,p, is
expected for planar contacts and up to —1.02%,,, for IBC contact,
which will partly counterbalance the augmentation of the FF loss
induced by the increase of p.. Last but not least, it is important to
remind ourselves that so far we have focused on the influence of
only E,. Yet, it is well known that E, is not the only parameter
ruling the accumulation and the illumination response in SHJ
solar cells. Other key parameters, especially defect density, are
involved and must be considered.'®'® Overall, our method pro-
vides valuable information about the global illumination response
of the electron-collecting part of a shell regardless of the individ-
ual parameters of each of its sub-components and can then be
further generalized to the investigation of other parameters than
E,. Furthermore, we think our approach to be of general validity
and to be equally applicable to investigate shells based on technol-
ogies other than SHJ, such as the POLO and the TOPCon.

V. CONCLUSION

In this contribution, we presented a new methodology to
characterize the electrical transport quality of SHJ solar cells.
First, we introduced the terminology of shell to provide a general-
ized and unambiguous description of contacts in solar cells allow-
ing to accurately investigate the electrical losses affecting SHJ
solar cells. Second, we presented the TLM measurement under
variable illumination, which was demonstrated to be a relevant
characterization method to investigate and assess the carrier
transport quality of n-type SHJ contact stacks. This method
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revealed a strong dependence of p, as a function of the c-Si bulk
Ry, induced by different injected carrier densities. The importance
of considering the MPP condition to measure p, in order to study
the impact on the transport losses and, thus, on the real value of
FF of solar cells is also demonstrated. In addition, this method
showed that different n-type contact stacks featuring various E,
are impacted differently by illumination. These results were sup-
ported by TCAD simulation with a particular focus on the E, of
n-type thin silicon layers to change the accumulation at the c-Si
(n)/a-Si:H(i) interface. In addition, the different limitations of
this method, namely, the non-ohmic behavior induced by TLM
applied voltage and edge recombination, were elucidated. Finally,
this study presented the first results and investigations of the impact
of the illumination on the p. value and provided the first insights
into the involved physical phenomena. However, the global descrip-
tion and understanding of the physical phenomena responsible for
the linear rise of p. with the decrease of Ry, induced by the illumi-
nation increase, are still matters of investigation.
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APPENDIX: NON-OHMIC BEHAVIOR

In this section, the appearance of the non-ohmic regime due
to the drift of the free carriers induced by the voltage applied
between two consecutive TLM pads is explained in more detail.
This phenomenon leads to a non-homogeneous carrier density
and, thus, to a variation in the wafer Ry, below the TLM pads and
the gap in-between. The latter breaks one of the fundamental
hypotheses of TLM measurement, which states that the Ry, must be
homogeneous inside the conductive layer, ie., inside the c-Si(n)
bulk here. Our simple calculations reveal that the higher the
voltage bias applied between two TLM pads, the higher the global
resistance seen by the TLM current when flowing through the
conductive layer [ie., the c-Si(n) bulk], leading then to a non-
ohmic I-V behavior. Under illumination, free holes and electrons
are generated inside the c-Si(n) bulk. First, considering zero
applied TLM voltage between two pads, i.e., AU =0V voltage bias,
the electrons are homogeneously distributed inside the c-Si(n) bulk
along the distance L, and their density equals ng. + AN, with n,.
the bulk doping density, everywhere within the sample bulk
(see Fig. 11). We then have

pP; 1
Rshj = E], o) = qu;nj, p; = W: (A1)
i)

with the index j standing for electron (e) or hole (h), d the wafer
thickness, o the conductivity, p the resistivity, and u the mobility.
These three parameters are then homogeneous inside the wafer,
and then the resistive contribution R of the wafer to the total
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resistance measured between two pads is also homogeneous with

U
U=RL I=5=UxL, (A2)

oL _%_ ¥

A3
7R L L (43)

Here, U is the voltage, I is the current between two TLM pads,
and X is the conductance (the inverse of R),

A
SR (A1)
1 no(ng + 2An)

2oV o< = . A5
aV £ £ L(ﬂo + Al’l) ( )

2,2

1o + ng + 2An

Comparing both parameters, we get
ZLV _ nﬁ + 2Anng (A6)
Sov nd+ 2Anng + An? ’

Kl _ n(z) + 2Ann, (A7)

Roy 13+ 2Anng + An?

Thus, from the computed equivalent resistance of the sample
bulk seen by the electrons in the 0V and the oV cases (Ryy and
Ry, respectively), it turns out that Ryy < Ry Said differently, the
wafer resistance is depending on the applied bias U, i.e., R=R(U).
Hence, the higher the TLM applied bias, the higher the total resist-
ance seen by the TLM current between two TLM pads (R, gets
larger and larger than Rgy). This explains the non-Ohmic shape of
the IV curve obtained between two TLM pads measured under illu-
mination. Therefore, at low voltages, a linear I-V regime is still
present, because the drift effect is small, but as soon as the voltage
increases, the non-ohmic I-V behavior appears, then stabilizes at
high voltages to a second linear I-V regime. This second linear
regime features a higher slope than the first linear one, evidencing
the increase of the c-Si global resistance with the voltage
(see Fig. 16). In addition, it is observed that with the increase of the
illumination, and thus of AN,, the applied voltage required to reach
a given current is smaller, i.e., the global resistance is smaller, as
the Ry, of the c¢-Si(n) bulk decreases with the AN, increase
(see Fig. 16). Importantly, because of the fact that, for a given TLM
bias, both TLM pads feature two different Ry, below them, the p, is
not equal between the two pads, making impossible to perform
TLM computation. In addition, the resulting resistance between the
two TLM pads varies with the TLM bias voltage, but this resistive
effect is negligible compared with the wafer Ry, variation with the
TLM bias voltage.
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