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ABSTRACT

We investigate lateral charge carrier transport in crystalline silicon solar cells. Under typical operation illumination of high-efficiency solar
cells, a significant population of electrons and holes exist in the silicon wafer, leading to a non-negligible sheet conductance for both carrier
types. To investigate the contribution of these sheet conductances to lateral transport in solar cells, we develop a model that calculates the
effective series resistance of two sheet resistances coupled via a contact resistance. In solar cells, the upper sheet resistance describes the
highly conductive region like a diffusion or a transparent conductive oxide, whereas the lower sheet resistance describes the silicon absorber.
We find that the coupling contact resistance needs to be low to benefit from the lateral current flow in the silicon absorber. We show experi-
mentally for silicon heterojunction solar cells that the silicon absorber supports lateral minority charge carrier transport for well-passivated
devices. Another finding is that there is no principle advantage for coupling of the two sheet resistances for rear-junction or front-junction
solar cells, as the pn-junction (for front-junction solar cells) does not prevent coupling. We suggest that for n-type silicon heterojunction
solar cells, the observed advantage of the rear-junction over the front-junction architecture is due to practically lower contact resistance and
higher mobility of electrons vs holes. We also confirm experimentally the importance of a low contact resistivity between the highly conduc-
tive region and the silicon absorber for effective coupling and present an innovative technique to extract contact resistance from comparing
Suns-VOC and current–voltage measurements.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5139416

I. INTRODUCTION

In wafer-based silicon solar cells, charge carriers have to travel
laterally toward grid-fingers, which usually happens in highly con-
ductive regions: nþ or pþ diffusions.1 In emerging devices with
so-called passivating contacts, often a transparent conductive oxide
(TCO) is used to provide lateral conductivity2–6 as the diffusion is
too shallow or the doped layers are too thin to provide sufficient
lateral conductivity, and the latter is the case for, e.g., silicon heter-
ojunction (SHJ) solar cells.5 Given its conductivity is high enough,
the silicon absorber can also contribute to lateral transport. For
example, industrial increasingly common so-called PERC (passiv-
ated emitter and rear cell) devices rely on lateral majority carrier
transport in the absorber.7

Under illumination, excess charge carriers are provided, which
increase the conductivity of the absorber. This is referred to as

conductivity modulation in the literature.8–10 While the modulation
of the conductivity for majority charge carriers is relatively small,
especially for highly doped absorbers, the effect is much more pro-
nounced for minority charge carriers. Under 1-sun illumination,
their concentration usually increases by over ten orders of magni-
tude and, as a consequence, the minority-charge-carrier conductiv-
ity of the absorber is drastically increased. Whether it is high
enough to support lateral minority-charge-carrier transport
depends on the level of passivation and the intensity of the illumi-
nation.9 Similar carrier density for electrons and holes is obtained
in a well-passivated silicon absorber under 1-sun illumination, and
the difference in hole sheet conductance vs electron sheet conduc-
tance is mainly due to the difference in mobility.

Despite the similar carrier concentrations of electrons and
holes under illumination, lateral transport of minority carriers in a
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silicon absorber is rarely considered for the loss analysis of a solar
cell’s series resistance. This might be due to the fact that, in the
past, the sheet resistance for the minority carriers in a silicon
absorber was usually high due to insufficient passivation of the
solar cells and the resulting low minority-carrier density. This will
be further discussed below. Instead, lateral minority-carrier trans-
port was indeed predominantly happening in, e.g., the front-surface
diffusion of a front-junction solar cell.

With the emergence of silicon solar cells with passivated con-
tacts, however, the minority-carrier density at maximum power point
(MPP) becomes sufficiently high to provide lateral conductivity.

Silicon heterojunction (SHJ) solar cells feature excellent pas-
sivation, and thus high minority charge carrier densities at MPP,
as well as diffusion lengths of several millimeters. Still, lateral
transport of minority carriers in the silicon absorber is usually
not considered when breaking down series resistance losses. This
might be due to the misconception that the pn-junction would
block the coupling of TCO and silicon absorber. Indeed, it is
stated that the silicon absorber can support lateral (majority
carrier) transport when the minority charge carrier collecting
junction is at the rear.5,11–15

In agreement with Refs. 16 and 17 (In Ref. 16, classical silicon
solar cells with diffused contacts are discussed. However, the func-
tional principle applies also to solar cells where two-layer lateral
transport is not provided by diffused regions but, e.g., TCOs.), we
would like to underline that lateral minority charge carrier trans-
port can generally also happen in the silicon absorber. In an earlier
publication,18 we showed experimentally that neglecting lateral
transport in the silicon absorber of SHJ front-junction devices can
lead to faulty breakdown of the RS losses. When the sheet resis-
tance for holes in the silicon absorber, Rhþ

A,Si, is not taken into
account for lateral transport, the remaining resistance attributed,
e.g., to the p-contact is overestimated. In our earlier publication,18

however, we neglected the coupling contact resistance ρc between
silicon absorber and TCO and assumed the two layers as parallel
resistances [cf. Eq. (1)].

While classical solar cell devices with diffused contacts do not
feature a contact resistance between the two conductive layers, solar
cells with passivating contacts usually do. Here, we develop a
model that considers a contact resistance for the coupling of two

conductive layers. We use the same approach as Huang et al.19 but
modify the model to be applicable to solar cells. We validate our
model with numerical simulations and show experimentally that
for front-junction SHJ devices lateral transport in the silicon
absorber is relevant, depending on the injection level in the device
and ρc. Furthermore, we discuss that the advantage of rear-junction
(Often referred to as “rear emitter” devices. As “emitter” is a mis-
nomer regarding photovoltaics,1 we use rear-junction as identifier.)
devices is not the fact that the pn-junction is at the rear but the
higher likelihood that prerequisites for lateral transport in the
silicon absorber is fulfilled (cf. Sec. II A).

For SHJ devices, with total series resistances of 0:2Ω cm2 for
the whole device,20 the accurate untangling of the different series
resistance components for device analysis and optimization
becomes increasingly challenging. Our model enables the consider-
ation of lateral transport in the silicon absorber without the need
for time consuming numerical simulations and offers a method to
evaluate contact resistance in the device from standard current–
voltage, Suns-VOC, and sheet resistance measurements.

For all the calculations or numerical simulations in this paper,
the silicon absorber is n-type, with a resistivity of 2Ω cm
(ND ¼ 2:382�1015 cm�3) and a thickness of 180 μm. If not stated
otherwise, the pitch (grid-finger distance), p, is 1850 μm, the
finger-width, wf , is 50 μm, and the contact resistance between TCO

and Ag, ρTCO=Agc , is 1mΩ cm2. This corresponds also to the param-
eters of the experimental devices discussed in this paper.

II. COUPLING TWO SHEET RESISTANCES VIA A
CONTACT RESISTANCE IN SILICON SOLAR CELLS

As described above, lateral transport in silicon solar cells
happens usually either in a highly conductive region or the silicon
absorber. In the case of SHJ solar cells, the highly conductive
region is the TCO of the respective contact. Although the principle
applies also to silicon solar cells with diffused regions, in the fol-
lowing, we limit the discussion and the identifiers to SHJ solar cells
for simplicity.

For the calculation of the effective sheet resistance for SHJ
rear-junction solar cells Refs. 11, 13, 14, 17, 18, 21, and 22 assume
the sheet resistance of the TCO, RA,TCO, and silicon absorber, RA,Si,

FIG. 1. (a) Scheme of possible lateral current flows in solar cells (half pitch). For silicon heterojunction solar cells, the highly conductive region is usually realized with a
transparent conductive oxide (TCO). (b) Equivalent circuit of the analytical model developed in this work (full pitch).
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as two parallel resistances,

RA, k ¼ RA, Si
�1 þ RA, TCO

�1
� ��1

: (1)

However, Eq. (1) is a simplification. As depicted in Fig. 1(b), the
two sheet resistances are coupled via the contact resistance ρc in
the device. Thus, Eq. (1) is an approximation and mathematically
valid only [The approximation comes close to the model including
ρc, for very low RA,TCO, or when ρc is “low enough” (cf. Fig. 5).
The concrete definition of “low enough” depends, however, on the
interplay of RA,TCO, RA,Si, ρc, and the finger-pitch p.] when
ρc ¼ 0Ω cm2, which will be further discussed in Sec. II A.

We set up a model that solves the current flow in two parallel
conducting layers coupled via a contact resistance and use it to
calculate the resulting effective resistance. As this resistance is due
to lateral- as well as contact resistance, we call it Rlatþc

S in the fol-
lowing. The equivalent circuit (full pitch) is depicted in Fig. 1(b),
and a more detailed description of the model is given in Appendix A.
The model yields the same results as a (sufficiently high-resolution)
SPICE model.

A. Impact of the contact resistance and prerequisites
for lateral current flow in the silicon absorber

Using our model, we varied the silicon absorber and TCO sheet
resistances for three different values of contact resistances and show
contour plots of the resulting resistance Rlatþc

S in Figs. 2(a)–2(c).
When ρc is zero, lateral transport can happen equally in the
TCO or the silicon absorber, as can be seen in Fig. 2(a). For the
case of ρc ¼ 500mΩ cm2 [cf. Fig. 2(c)], the resulting Rlatþc

S is
much less dependent on the silicon absorber’s sheet resistance,
suggesting that lateral transport mostly happens in the TCO.
Resistive losses due to lateral transport are dominated by the
sheet resistance of the TCO. Still, for a (relatively high) RA,TCO of
300Ω, the Rlatþc

S is reduced by about 0:2Ω cm2, when the sheet
resistance of the silicon absorber is low. Such a low RA,Si can be
provided by excess holes (front-junction device on n-type

silicon), or when electrons as majority carriers provide sufficient
conductivity. In Figs. 2(a)–2(c), we indicate with vertical lines
hole sheet resistances Rhþ

A,Si, corresponding to different injection

levels in an n-type silicon absorber. The value of Rhþ
A,Si is to be

read on the lower x axis, as RA,Si. On the upper x axis, we give
the injection level as implied voltage at MPP (iVMPP) and a
typical value for the corresponding VOC derived from numerical
simulations (see below). The Re�

A,Si value of the absorber in the
dark is 111Ω.

In Figs. 2(a)–2(c), we showed under which conditions lateral
transport in the silicon absorber can lower the series resistance of
the device. We found that there are three prerequisites for signifi-
cant lateral current flow in the silicon absorber,

1. sufficient sheet conductance for the considered carriers in the
silicon absorber,

2. low-enough contact resistance between the contact’s TCO and
the silicon absorber, and

3. relatively high RA,TCO vs RA,Si, as when ρc . 0Ω cm2, lateral
transport is preferably happening in the TCO; only for
ρc ¼ 0Ω cm2, the current distribution is equal between TCO
and silicon when their respective RA are equal.

This underlines the importance of a low contact resistance to obtain
highest efficiencies. A low contact resistance reduces not only the
vertical transport losses (carriers crossing the contacts) but also
lateral transport losses, as it enables the support for lateral transport
in the absorber.

The model is describing the general case of two conducting
layers connected via a contact resistance. For SHJ solar cells, the ρc
of the model corresponds to the effective contact resistance of an
a-Si(i/p)/TCO or an a-Si(i/n)/TCO stack. The model is thus assum-
ing that holes/electrons in the silicon absorber and electrons from
the TCO are coupled as described in Fig. 1(b). It is, therefore, not
taking into account a pn-junction, which may be present between
the two conducting layers in, e.g., front-junction or bifacial rear-
junction devices.

FIG. 2. Contour plots of the resulting resistance (Rlatþc
S ) of two stacked sheet resistances coupled via a contact resistance ρc for a ρc of (a) 0 mΩ cm2, (b) 50mΩ cm2,

and (c) 500mΩ cm2. Contour lines with labels indicate iso-Rlatþc
S conditions. Vertical lines indicate specific Rhþ

A,Si corresponding to different injection levels at MPP in
a 180 μm 2Ω cm n-type silicon absorber. For reference, the implied voltage at MPP and typical corresponding VOC values are indicated on the top axis. The Re�

A,Si value
of the absorber in the dark is 111Ω.
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B. Validation of the model for lateral transport of
minority carriers

To validate the approach for the cases in which the role of the
pn-junction is not clear from the literature (cf., e.g., Refs. 11–15),
we performed numerical simulations using Sentaurus TCAD. We
set up a front-junction (FJ) SHJ device with a unit cell as depicted
in Fig. 3(b), and varied RA,TCO and the surface recombination
velocity at the rear side. With the latter, we obtain five different
injection conditions leading to simulated devices with VOC values
from 604mV to 752 mV, where the latter is the Auger limit for the
used absorber. The front-side a-Si(i/p)/TCO stack is modeled as
described in Appendix C and yields a low ρ p

c , no additional specific
contact resistances were assumed for any of the interfaces between
TCO and silicon absorber. This should enable efficient coupling
between the minority-carrier sheet resistance Rhþ

A,Si and RA,TCO.
From the simulation, we calculate RMPP

S and pVMPP following the
approach of Bowden and Rohtagi as described in Appendix D, for
the five injection conditions.

We calculate RMPP
S also with our model for Rlatþc

S at the front
side, and additional RS components to match the simulations, as
detailed in Appendix D. For our model, we assume a ρ p

c of
0:04Ω cm2, as it fits best the simulation.

In Fig. 3, we show RMPP
S obtained with the two methods. For

further comparison, as gray dashed line, we show also an RMPP
S

resulting from lateral transport in TCO only. This was calculated
with Eq. (B5) for the different RA,TCO and adding the same addi-
tional RS-components as for our model.

For RA,TCO between 0Ω and 500Ω, our model fits well the
numerical simulation, with a deviation of our model from the
simulated values below 3%. For RA,TCO ¼ 1000Ω, model and
simulation deviate more, up to 14% for the devices with a VOC

of 669 mV. This might be due to the analysis of Bowden and
Rohtagi becoming less accurate for relatively high RS. As a result,
also the extracted pVMPP values are subject to a relatively large
uncertainty. As for the devices with a VOC of 669 mV, rather

small differences in voltage will lead to relatively large differences
in Rhþ

A,Si at MPP, this could explain why the deviation is the
highest for this case.

Despite these uncertainties, the RS values obtained from our
model follow well the RS values calculated from the numerical sim-
ulations. Solar cells with VOC � 635mV can be described assuming
only lateral transport in the TCO. For solar cells with VOC above
700 mV, transport in the silicon wafer needs to be taken into
account for accurate results, especially when RA,TCO is high. Such
VOC values are obtained by silicon heterojunction solar cells and
also by many other premium solar cells currently manufactured
with classic high-temperature diffusion. With the emergence of
SHJ and high-temperature passivating contacts,23–26 this will be rel-
evant for many (industrial) solar cells in the coming years.

The numerical simulations show that it is a misconception
that the pn-junction is blocking the coupling of the conductances
of silicon absorber and TCO. Thus, our simple model is generally
valid for the analysis of lateral transport paths in silicon solar cells.
There is no principle difference between rear-junction and front-
junction devices for lateral transport.

C. Specifics of front- vs rear-junction SHJ devices

In the SHJ literature, for both experiment11,21 and simula-
tion,11,15,27 it was found that rear-junction (RJ) devices benefit
from lateral transport in the silicon absorber, while front-
junction devices do not. Usually, the contact at the front-side of
SHJ front-junction devices is the p-contact. For this contact,
contact resistance values in the range of 300�500mΩ cm2 are
given in the literature.13,17,28–31 For the n-contact, lower values
down to 50mΩ cm2 are given. The latter can be considered as a
good n-contact.28,29,32,33 As can be seen from Fig. 2(b) for such
low ρc the support of the silicon absorber in lateral transport is
much more pronounced. With the insights from Sec. II, we thus
conclude that the advantage of the rear-junction configuration of
SHJ solar cells in practice is due to

FIG. 3. (a) Comparison of Rlatþc
S from

our model to calculate the effective RS
of two sheet resistances (silicon
absorber and front-side TCO) coupled
via ρc (symbols). Solid lines: series
resistance at MPP of front-junction SHJ
devices with varying RA,TCO (x axis)
and five different injection levels,
numerically simulated with Sentaurus
TCAD. Dashed gray line: analytical cal-
culation of RMPP

S assuming lateral trans-
port only in the front TCO [Eq. (B5)] and
an additional lumped RS. (b) Scheme of
the simulated structure.
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• most rear-junction SHJ cells being based on n-type silicon, i.e.,
the relevant contact is the n-contact,

• ρc of the n-contact being lower than of the p-contact,13,17,28–30

thus enabling better coupling,
• the reported rear-junction SHJ cells being monofacial cells,
which means that lateral transport in the bulk is (potentially)
only relevant for the charge carriers collected at the front
contact, and

• the mobility of electrons vs holes being about three times higher,
thus at equal carrier concentrations, RA,Si, is three times lower
for electrons vs holes.

To illustrate the points above, we calculated the injection-dependent
Rlatþc
S for front-junction (FJ) and rear-junction (RJ) cases for an

n-type silicon absorber and contact geometry as stated at the end
of the Introduction. We assume monofacial cells, thus lateral
transport is only relevant for the charge carriers traveling to the
front contact, as the full-area rear metallization provides abun-
dant lateral sheet conductance [cf. Figs. 4(c) and 4(d)]. We
compare 100Ω and 500Ω for the TCO sheet resistance, as we
found 500Ω to be the upper limit of what is reported in the liter-
ature for RA,TCO for RJ devices,11,15,21 and 100Ω being a value
typically used for front-junction SHJ devices.34 In the calculation,
the FJ and RJ cases only differ in the injection-dependent RA,Si,
due to the difference in hole/electron concentration and mobility.
We assume a range between 645 mV and 685 mV for the implied
voltage at MPP.

As shown in Fig. 4(a), for a contact resistance of 0:4Ω cm2

and RA,TCO of 100Ω, there is only a minor difference in Rlatþc
S

between the FJ and RJ case (�0:01Ω cm2 at 0.645 V). This is the
case despite RA,Si being a factor of four to seven lower for the RJ

case, as indicated on the upper x axis. This means that lateral
conductivity is mainly provided by the TCO for both front and
rear-junction case. For a RA,TCO of 500Ω, as shown in Fig. 4(b),
the difference between RJ and FJ case is larger but still only
amounts to 0:14Ω cm2 at an implied voltage of 645 mV. When
reducing ρc, however, the calculated Rlatþc

S differ significantly between
front and rear-junction case, especially for RA,TCO ¼ 500Ω. For
ρc ¼ 0:05Ω cm2, the difference at 645mV amounts to 0:36Ω cm2,
indicating lower lateral resistance for the RJ case, due to transport in
the silicon absorber.

To underline the importance of considering ρc for the RS

analysis of rear-junction cells, we calculated the effective RS for
silicon absorber, TCO, and contact resistance once with our
model (This corresponds to what we refer to as Rlatþc

S above.)
(ρc-dependent coupling), and once assuming Eq. (1) to calculate
RA, k, as typically done in the literature, which corresponds to
ρc ¼ 0Ω cm2. We assume an iVMPP of 650 mV for a silicon
absorber and front-grid geometry as above. For the model with
ρc ¼ 0Ω cm2, the lateral RS is then calculated using Eq. (B5) and

RA, k. Additionally, we add ρc and ρTCO=Agc � p=wf to be compara-
ble with the results for ρc-dependent coupling. As shown in
Fig. 5, the approach with ρc ¼ 0Ω cm2 is underestimating RS as it
overestimates the coupling between the TCO and the silicon
absorber, especially for high contact resistances and high RA,TCO.
For a ρc of 0:001Ω cm2, both models yield similar results, but
already for ρc ¼ 0:05Ω cm2 the models differ significantly for
RA,TCO . 50Ω.

This underlines that also for RJ cells, RA,Si can only signifi-
cantly contribute to lateral transport when ρc is low. For an accu-
rate RS analysis, ρc needs to be considered.

FIG. 4. Comparison of the resulting resistance Rlatþc
S vs implied voltage/injection for the front-junction (FJ) and rear-junction (RJ) cases for a series of contact resistances

ρc. For a TCO sheet resistance of (a) 100Ω and (b) 500Ω. Indicated on the upper x axis are the sheet resistances of a 180 μm, 2Ω cm, n-type silicon absorber for both
the FJ (hole sheet resistance) and RJ (electron sheet resistance) cases. The gray area indicates the range of implied voltage at MPP corresponding to injection conditions
for typical high-efficiency silicon solar cells. Please note the different scales of the y axis for (a) and (b). (c) and (d) show schemes of the considered front- and rear-
junction cases, respectively.
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III. EXPERIMENTAL RESULTS

A. Variation of the sheet resistances of the TCO and
silicon absorber

As shown by our calculations presented in Sec. II, the silicon
absorber can support lateral conductivity of a specific charge carrier
type (electrons or holes), when their concentration is high enough, and
the contact resistance between silicon and TCO of the corresponding
contact is low. To investigate if these conditions are met for our silicon
heterojunction solar cells, and to experimentally access the impact of
the injection level, we fabricated SHJ solar cells as described below.

1. Device fabrication and characterization

We prepared two groups of SHJ solar cells, which we refer to
as low-injection (LI) and high-injection (HI) devices in the

following. The two injection conditions result in two different Rhþ
A,Si

at MPP in the silicon absorber. The HI devices feature a-Si(i)
layers at both sides of the absorber, while for the LI devices, we
omitted the a-Si(i) layer at the rear side as depicted in Fig. 6(b).
This leads to lower effective lifetime and thus lower injection. In
terms of VOC, the LI devices are comparable with PERC solar
cells. Different sheet resistances RA,TCO of the front TCO were
obtained by varying the O2/Ar gas flow ratios between 0.01 and
0.06 during the deposition of Indium Tin Oxide (ITO), leading
to sheet resistances in the range of 50�250Ω. To keep the
contact between ITO and a-Si(p) constant for all sheet resis-
tances, we used an approximately 4 nm thin ITO contact layer
that was deposited under identical conditions for all devices,
using an O2/Ar ratio of 0.02. Further details on device fabrica-
tion can be found in Ref. 35. We used 4 in. float-zone n-type
wafers with a resistivity of 2Ω cm and a thickness of 180 μm. Per
RA,TCO and group, we prepared one wafer that contains five 2�2 cm2

solar cells.
Current-voltage (JV) measurements were performed at stan-

dard test conditions (STCs) with a dual-lamp Wacom AM1.5g solar
simulator with class AAA characteristics. Besides STC, all solar cells
were also measured at approximately 5:5mWcm�2 intensity using
a neutral density filter. From the two JV-curves, the series resistance
at MPP, RMPP

S , was calculated using the method from the litera-
ture.36,37 With RMPP

S , we then calculate the pseudo-voltage at MPP,
pVMPP, using Eq. (B3). The median, negative, and positive error
values were calculated considering all five cells. RA,TCO was mea-
sured four times with the four-point-probe technique on a grid-free
area on the same wafer, as well as via TLM also on the same wafer.
From these values, the average and standard deviation were calcu-
lated. The latter is generally lower than the symbol size in Fig. 7 and
thus, error-bars in the x-direction are not included for clarity.

2. JV parameter and FF loss analysis

In Fig. 6(a), we show the JV-curves of the solar cells. As can
be seen, the two groups feature significantly different VOC, indicat-
ing the two different injection conditions for the two groups. With
increasing RA,TCO JSC increases due to decreasing parasitic free

FIG. 6. (a) Cell schemes of the low-
injection (LI) and high-injection (HI)
devices. (b) JV-curves of LI (gray
shades) and HI (red shades) devices.
Lighter shades correspond to higher
RA,TCO (i.e., lower parasitic absorption),
as a result of a higher O2/Ar ratio
during the deposition of the ITO.

FIG. 5. Comparison of the RS calculated for a rear-junction (RJ) device on an
n-type silicon absorber with two methods: Dashed lines correspond to neglect-
ing ρc-dependent coupling using Eqs. (1) and (B5). Solid lines correspond to
the RS calculated with our model accounting for ρc-dependent coupling, for ρc
between 0:001Ω cm2 and 0:4Ω cm2. An iVMPP of 650 mV was assumed which
corresponds to a Re�

A,Si value of 67Ω.
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carrier absorption in the front ITO, and both LI and HI devices
feature the same JSC as expected.

The fill-factor is reduced with increasing RA,TCO for the LI
devices. This trend cannot be seen for the HI devices, as their
curves scatter more than the ones of the LI devices. From the
presentation of pVMPP in Fig. 7(a), it can be seen that the scatter-
ing of FF is due to the scattering of pVMPP, probably as a result of
varying passivation at MPP within the HI group. That scattering
of the passivation is higher for the HI devices and can also be
seen from the VOC, which scatters less for the LI vs the HI
devices. This hardly avoidable scattering in a non-production
environment can be attributed to processing inaccuracies, mostly
impacting the HI devices since they are more sensitive to varia-
tion in passivation quality.

The slope of RMPP
S vs RA,TCO was obtained from linear fitting

and is less steep for the HI vs the LI devices [cf. Fig. 7(b)]. This indi-
cates that lateral conductivity is higher for the HI devices. With
RMPP
S we calculated the pseudo-voltage at maximum power point

(pVMPP) using Eq. (B3). As can be seen from Fig. 7(a), pVMPP is
about 50mV higher for the HI devices, resulting in a one order of
magnitude higher minority charge carrier density Δp, calculated for
590mV (LI) and 640mV (HI), with Eq. (B4), assuming perfect
selectivity.38 We use Δp and Eq. (B2) to calculate Rhþ

A,Si and added it

as a right y axis of Fig. 7(a). Rhþ
A,Si is three to four times lower for the

HI vs the LI devices. Using this Rhþ
A,Si and the measured RA,TCO, we

calculated Rlatþc
S for three ρc (0.2, 0.3, 0:4Ω cm2) for both LI and HI

devices. Together with the measured finger (Rf
S) and n-contact (ρnc )

resistances, and the calculated vertical resistance for electrons [Rvert
S ,

cf. Eq. (B6)], we sum up the following:

RMPP, calc
S ¼ RlatþC

S þ Rf
S þ Rvert

S þ ρnc|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
Rres
S

, (2)

with Rres
S summing up all residual RS components. RMPP,calc

S is also
included in Fig. 7(c), for the three ρc as mentioned above, and for LI

and HI devices, respectively. Also included in Fig. 7(c) (dashed
line) is a series resistance assuming only lateral transport in the
TCO [cf. Eq. (B5)] plus Rres

S and 0:3Ω cm2 to account for ρ p
c . The

latter RS calculation fits well the RMPP
S of the LI devices, whereas

it overestimates RMPP
S for the HI devices for RA,TCO in the range

of 250Ω. For the LI devices, the slopes of RMPP,calc
S are a little less

steep than for the dashed line, indicating that despite the high
RMPP
A,Si some lateral transport is still happening also in the silicon

absorber. It is surprising, however, that the dashed line (trans-
port only in TCO) seems to describe the experimental data better
than the solid lines (derived from our model). Another interest-
ing point is that a ρc of 0:2Ω cm2 seems to fit the data of the HI
devices better, whereas for the LI devices, the calculations with
ρc of 0:3Ω cm2 seems to describe the experimental data better.
This could be simply due to insufficient statistics, or it could
indicate that ρc of the p-contact is also injection dependent. The
lower ρc at higher injection could possibly be explained by a
higher hole concentration in the a-Si(i) layer and thus higher
conductivity in this layer. An injection-dependence of ρc at the
p-contact is also observed in Sec. III B for the solar cell with
a-Si(p) contact and might be also related to transport in the
a-Si(i) layer. This is an interesting point that should be investi-
gated in more detail in future work.

B. Deriving the coupling contact resistance

We now consider a different set of experimental devices. The
derivation of the p-contact resistance (ρ p

c ) for n-type SHJ solar
cells can be done by determining RMPP

S , subsequently subtracting
all know RS-components and assigning the residual resistance to
the contact resistance of the p-contact.17,18,35 In our earlier publi-
cation,18 we compared front-junction SHJ solar cells with a-Si(p)
and nc-Si(p) as a hole-selective layer. It is known from the litera-
ture that nc-Si(p) should enable a much lower ρc than a-Si(p).28,29

In Ref. 18, we showed that neglecting lateral transport in the
silicon absorber of these devices would lead to faulty breakdown of

FIG. 7. Data for low-injection (LI) and high-injection (HI) solar cells. (a) VMPP and pVMPP, as well as indicated minority-carrier densities Δp at the respective pVMPP, (b)
RMPP
S plus linear fits to the data, (c) calculation of RMPP

S , taking into account only RA,TCO for lateral transport (dashed line), as well as RMPP
S calculated from the model for

three different ρc values (solid lines).
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the RS losses. However, we assumed ρc ¼ 0Ω cm2 for the coupling
between silicon absorber and TCO. The work presented here dem-
onstrates that this also leads to faulty results.

In Fig. 8, we show Rlatþc
S calculated from our model with

the parameters of the two solar cells (cf. caption of Fig. 8).
From Suns-VOC and JV measurements, we calculate the
pseudo-voltage-dependent series resistance RS(pV) using Eq. (B8).
We can see that RS(pV) of the nc-Si(p)-cell is just slightly below the
line of ρc ¼ 0:1Ω cm2 at MPP and decreases generally with increas-
ing injection. While RS(pV) of the nc-Si(p)-cell follows well the cal-
culated dependence, RS(pV) of the a-Si(p) cell does less, especially
for pV below pVMPP. This might be explained by an injection-
dependence of ρc itself, similar to the previous case, which is not
considered in our model.

In Table I, we summarize the contact resistances ρ p
c of the two

solar cells, derived with three different methods. “TCO only”
assumes lateral transport only in the TCO [Eq. (B5)]. This method
is slightly underestimating ρ p

c of the a-Si(p)-cell and giving a nega-
tive value for the nc-Si(p) cell. “RA, k” assumes lateral transport in
TCO and silicon absorber, neglecting the coupling via ρc [Eq. (1)].
In this case, ρ p

c is overestimated, as the resistance due to lateral
transport is underestimated. The model developed for this paper
gives a three times lower contact resistance for the nc-Si(p)-cell vs
the a-Si(p)-cell.

IV. CONCLUSIONS

We study lateral transport in silicon solar cells. Usually, silicon
solar cells comprise highly conductive regions for lateral charge
carrier transport toward grid-fingers. We highlight that for well-
passivated (VOC � 700mV) devices under operation, the concen-
trations of both charge carrier types in the silicon absorber are high
enough to support lateral transport, while for classical devices, such
as passivated emitter and rear cells (PERCs), this is usually only the
case for the absorber’s majority carriers. Using an analytical model,
numerical simulation, and experiments, we find that a low contact
resistance between the highly conductive region and the silicon
absorber is mandatory to enable significant support of the silicon
absorber. For majority carriers, e.g., for lateral transport in rear-
junction silicon heterojunction (SHJ) solar cells, this had not been
previously considered.

We furthermore show that the pn-junction does not prevent
coupling. For SHJ solar cells, usually the electron-contact can
benefit more from lateral conductivity in the silicon absorber
due to the often lower contact resistance and the higher mobility
of electrons vs holes. This explains the present-day advantage of
rear-junction over front-junction devices. The achievement of
low-resistive hole-contacts will shrink this advantage. Also for
solar cells with high-temperature passivating contacts this
advantage might not be present due to the low contact resis-
tances achieved for both electron- and hole-contacts. For solar
cells featuring such contacts, and based on p-type wafers, we
expect significant contributions of the silicon absorber to lateral
minority-carrier transport due to the higher mobility of elec-
trons and the low contact resistance.

The model developed in this paper should allow for the deter-
mination of the pn-junction’s contact resistance not only via sub-
tracting all known RS-components from RMPP

S , as done in Sec. III B
and Ref. 17, but also from fitting a series with varying pitch of the
finger-grid at the contact of interest, using ρc as the fitting parame-
ter. In this paper, we applied the model only to mono-facial SHJ
solar cells, calculating the effective RS of the front contact. The
model can also be used in the same way for bi-facial cells to calcu-
late one series resistance component for each contact.

TABLE I. The contact resistances ρ p
c of two SHJ solar cells, derived with three dif-

ferent methods. The solar cells have different hole-selective layers, as indicated in
the first column. “TCO only” assumes lateral transport only in the TCO. ρc = 0
assumes lateral transport in TCO and silicon absorber, with perfect coupling
(ρc = 0Ω cm2), as in Ref. 18. The last column shows the values for ρ p

c derived with
the model presented in this paper (ρc-dependent coupling).

Derived ρ p
c

TCO only RA, k This work
(Ω cm2) (Ω cm2) (Ω cm2)

a-Si (p) 0.23 0.36 0.30
nc-Si (p) −0.09 0.24 0.09

FIG. 8. Series resistance as a function
of the pseudo-voltage. (a) For the case
of the cell with a-Si(p) hole-selective
layer, (b) for nc-Si(p). Cell data are
plotted as gray diamonds, derived from
Eq. (B8). Solid lines (red to blue) are
calculated from our model, dashed
lines (gray shades) assume lateral
transport only in the TCO, both for dif-
ferent ρc (indicated by the numbers on
the lines). Rres

S is calculated as shown
in Eq. (2).
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APPENDIX A: DESCRIPTION OF THE EQUATION
SYSTEM TO SOLVE TWO SHEET RESISTANCES
COUPLED VIA A CONTACT RESISTANCE

Figure 1(b) shows the description of the current extraction in a
typical solar cell front contact over one base element of the metal grid
pattern of pitch L. Homogeneously generated current in the wafer of
total value I0 (δI ¼ I0

L dz) is extracted to a finger of width l. The
current travels both in the wafer and the TCO, whose sheet resistance
are RA,Si and RA,TCO, respectively. These two elements are connected
together by a contact resistivity ρc, accounting for the contact proper-
ties of the a-Si:H contact in the case of this paper. Contact between

TCO and finger is characterized by a contact resistivity ρTCO=Agc . We
chose here to solve the system for homogeneous generation in the
wafer, but it can also be solved similarly considering no generation
under the finger. The best choice between these to cases is debatable
because in real cells there is generation under the fingers because of
texturing and exact generation profile is complex. In any case, owing
to the small area fraction of the metal grid and the fact that resistive
losses for current generated under the contact will contribute less to
the series resistance than current generated away from it, the differ-
ences between the two approaches is expected to be low.

To get the series resistance Rlatþc
S at device scale, it is needed to

calculate the total Joule power loss Ptot in the system. For that we need
to know the current and the voltage at every position in the wafer and
the TCO [I2 zð Þ, V2 zð Þ and I1 zð Þ, V1 zð Þ, respectively]. Then, we have

PW ¼ RA,Si

w

ðL
0
I2

2 zð Þdz, (A1)

PTCO ¼ RA,TCO

w

ðL
0
I1

2 zð Þdz, (A2)

PW=TCO ¼ w
ρc

ðL
0

V1 zð Þ � V2 zð Þð Þ2 dz, (A3)

PC ¼ w

ρTCO=Agc

ðLþl
2

L�l
2

V1
2 zð Þdz, (A4)

Ptot ¼ PW þ PTCO þ PW=TCO þ PC , (A5)

Rlatþc
S ¼ Ptot

I02
Lw, (A6)

with w is the lateral dimension of the system. The configuration of the
present system is very similar to the double layer TLM case and the
process to solve it is also very similar, in fact the homogeneous part of
the differential equations appearing here are the same than in Ref. 19.

Before starting the resolution, it is worth noting that because
of the periodicity of the contact structure, we have planes of sym-
metry in z ¼ 0, L

2, hence in those positions, we have I1 ¼ I2 ¼ 0.
We can, therefore, solve the system between 0 and L

2, assuming no
contribution from the rest of the system.

1. Outside grid

Using Kirchhoff’s current law and Ohm’s law we get

dI1 ¼ V2 zð Þ � V1 zð Þð Þ w
ρc

dz, (A7)

dI2 ¼ V1 zð Þ � V2 zð Þð Þ w
ρc

dz þ δI, (A8)

dV1 ¼ �RA,TCOI1 zð Þ dz
w
, (A9)

dV2 ¼ �RA,SiI2 zð Þ dz
w
: (A10)

All the current generated from the left will be collected in the
central printed area, this means that we have I1 þ I2 ¼ I0 z

L.
Dividing Eq. (A7) by dz, differentiating it, substituting voltage
terms using Eqs. (A9) and (A10), and using this condition, we can
deduce that the differential equation followed by I1 is

d2I1
dz2

¼ RA,TCO þ RA,Si

ρc
I1 zð Þ � RA,SiI0

ρc

z
L
: (A11)

This is easily solved and we obtain

I1 zð Þ ¼ � d1e
ξcz þ d2 e

�ξcz
� �þ RA,SiI0

RA,TCO þ RA,Si

z
L
, (A12)

I2 zð Þ ¼ d1 e
ξcz þ d2 e

�ξcz þ RA,TCOI0
RA,TCO þ RA,Si

z
L
, (A13)

V1 zð Þ ¼ �RA,TCO

ξcw
�d1 e

ξcz þ d2 e
�ξcz

� �� RA,TCO k RA,Sið Þ I0z
2

2wL
þ d3,

(A14)

V2 zð Þ ¼ �RA,Si

ξcw
d1 e

ξcz � d2 e
�ξcz

� �� RA,TCO k RA,Sið Þ I0z
2

2wL
þ d4,

(A15)

with ξc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RA,TCOþRA,Si

ρc

q
, RA,TCO k RA,Sið Þ ¼ RA,TCORA,Si

RA,TCOþRA,Si
, and d1, d2,

d3, d4 constants to be determined from continuity and boundary
condition.
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2. Under grid

Similar to outside the grid contact, we get

dIC1 ¼ VC2 zð Þ � VC1 zð Þð Þ w
ρc

dz � VC1 zð Þ w

ρTCO=Agc

dz, (A16)

dIC2 ¼ VC1 zð Þ � VC2 zð Þð Þ w
ρc

dz þ δI, (A17)

dVC1 ¼ �RA,TCOIC1 zð Þ dz
w
, (A18)

dVC2 ¼ �RA,SiIC2 zð Þ dz
w
: (A19)

We use the same process than previously to separate current
and voltage terms combining (A16), (A17), (A18), and (A19). This
time, however, we get a coupled system to solve for Ic1 and Ic2,

d2IC1
dz2

d2IC2
dz2

2
664

3
775 ¼

RA,TCO

ρc
þ RA,TCO

ρTCO=Agc

� RA

ρc

�RA,TCO

ρc

RA

ρc

2
664

3
775 IC1 zð Þ

IC2 zð Þ
� �

: (A20)

To solve this system, we use a bit of linear algebra. The eigenvalues
of the matrix in Eq. (A20) are

Hp,n ¼ 1
2ð RA,TCO

ρTCO=Agc

þ ξc
2

+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RA,TCO

ρTCO=Agc

þ ξ2c

 !2

�4
RA,TCO k RA,Sið Þ

ρTCO=Agc

ξc
2

vuut Þ (A21)

and the associated eigenvectors are up;n ¼ 1
λ p;n

� �
with

λ p,n ¼ RA,TCO

RA,Si � ρcHp,n
: (A22)

Then, the solution to the system is

IC1 zð Þ
IC2 zð Þ
� �

¼ ape
ηpz þ bpe

�ηpz
� � 1

λp

� �
þ ane

ηnz þ bne
�ηnzð Þ 1

λn

� �
;

(A23)

with η p,n ¼
ffiffiffiffiffiffiffiffiffi
Hp,n

p
VC1 zð Þ and VC2 zð Þ can be obtained integrating

Eqs. (A18) and (A19), and the integration constants can be
deduced from Eqs. (A16) and (A17) that we can combine to obtain
VC1 zð Þ and VC2 zð Þ separately,

VC1 zð Þ ¼ � ρTCO=Agc

w
dIC1
dz

þ dIC2
dz

� 	
þ ρTCO=Agc

w
δI
dz

, (A24)

VC2 zð Þ ¼ � ρTCO=Agc

w
dIC1
dz

� ρc þ ρTCO=Agc

w
dIC2
dz

þ ρc þ ρTCO=Agc

w
δI
dz

:

(A25)

The last term in each equation is obviously our integration
constant, so we can finally integrate Eqs. (A18) and (A19)

VC1 zð Þ ¼ �RA,TCO

wηp
ap e

ηpz � bp e
�ηpz

� �
� RA,TCO

wηn
an e

ηnz � bn e
�ηnzð Þ þ ρTCO=Agc

w
I0
L
, (A26)

VC2 zð Þ ¼ �RA,Siλp
wηp

ap e
ηpz � bp e

�ηpz
� �

� RA,Siλn
wηn

an e
ηnz � bn e

�ηnzð Þ þ ρc þ ρTCO=Agc

w
I0
L
: (A27)

3. Continuity and boundary conditions

We now need to determine d1, d2, d3, d4, ap, bp, an, and bn.
For that we know already that I1 0ð Þ ¼ I2 0ð Þ ¼ 0, which gives a
first condition, as the condition is redundant. We also know
IC1 L

2

� � ¼ IC1 L
2

� � ¼ 0, which gives two more conditions. We also
have the continuity of the current and voltage in the wafer and
TCO at z ¼ L�l

2 that gives four more conditions. The last condition
is obtained by noticing that Eqs. (A8) and (A17) have the same
form and depend only on the voltages and δI, which are all con-
tinuous. The last condition is, therefore, that dI2

dz is continuous with
dIC2
dz at z ¼ L�l

2 . All the parameters can, therefore, be obtained by
solving the linear system created by all these boundary conditions,
and then I1 zð Þ, V1 zð Þ, I2 zð Þ, and V2 zð Þ can be evaluated at any
position and the Rlatþc

S calculated using Eqs. (A1), (A2), (A3),
(A4), (A5), and (A6).

4. Simplification of the linear system

The linear system from boundary and continuity conditions
can be simplified by using the boundary conditions: using
I1 0ð Þ ¼ I2 0ð Þ ¼ 0, we have d1 ¼ �d2. Also changing the origin by
using z0 ¼ z � L

2 for the currents and voltages below the grid and
using I1 z ¼ L

2

� � ¼ I2 z ¼ L
2

� � ¼ 0, we have ap ¼ �bp and an ¼ �bn.
Equations are

I1 zð Þ ¼ �α1 sinh ξczð Þ þ RA,SiI0
RA,TCO þ RA,Si

z
L
, (A28)

I2 zð Þ ¼ α1 sinh ξczð Þ þ RA,TCOI0
RA,TCO þ RA,Si

z
L
, (A29)

V1 zð Þ ¼ RA,TCO

ξcw
α1 cosh ξczð Þ � RA,TCO k RA,Sið Þ I0z

2

2wL
þ d3, (A30)

V2 zð Þ ¼ �RA,Si

ξcw
α1 cosh ξczð Þ � RA,TCO k RA,Sið Þ I0z

2

2wL
þ d4, (A31)

IC1 z0ð Þ ¼ αp sinh ηpz
0


 �
þ αn sinh ηnz

0ð Þ, (A32)
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IC2 z0ð Þ ¼ λpαp sinh ηpz
0


 �
þ λnαn sinh ηnz

0ð Þ, (A33)

VC1 z0ð Þ ¼ �RA,TCO

wηp
αp cosh ηpz

0

 �

� RA,TCO

wηn
αn cosh ηnz

0ð Þ

þ ρTCO=Agc

w
I0
L
, (A34)

VC2 z0ð Þ ¼ �RA,Siλp
wηp

αp cosh ηpz
0


 �
� RA,Siλn

wηn
αn cosh ηnz

0ð Þ

þ ρc þ ρTCO=Agc

w
I0
L
: (A35)

The linear system of the boundary condition is then

� sinh ξc
L�l
2

� �
00 � sinh ηp

�l
2


 �
� sinh ηn

�l
2

� �
sinh ξc

L�l
2

� �
00 �λp sinh ηp

�l
2


 �
�λn sinh ηn

�l
2

� �
RA,TCO

ξcw
cosh ξc

L�l
2

� �
10 RA,TCO

wηp
cosh ηp

�l
2


 �
RA,TCO

wηn
cosh ηn

�l
2

� �
�RA,Si

ξcw
cosh ξc

L�l
2

� �
01 RA,Siλp

wηp
cosh ηp

�l
2


 �
RA,Siλn
wηn

cosh ηn
�l
2

� �
ξc cosh ξc

L�l
2

� �
00 �λpηp cosh ηp

�l
2


 �
�λnηn cosh ηn

�l
2

� �
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L

2
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3
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: (A36)

This system can be solved, and, in principle, it is possible to
obtain analytic expressions for all the desired coefficients, then do
the integrations of Eqs. (A1), (A2), (A3), and (A4), to finally get an
analytical expression for Rlatþc

S . This is, however, not very practical
because the final formula will be very complex. It is more sensible
to substitute the expressions in Eq. (A36) by their numerical
values, solve it, and then numerically calculate the power loss and
Rlatþc
S . Due to the simplifications done, power losses became

PW ¼ 2
RA,Si

w

ðL�l
2

0
I2

2 zð Þdz þ
ð0
�l
2

IC2
2 z0ð Þdz0

 !
, (A37)

PTCO ¼ 2
RA,TCO

w

ðL�l
2

0
I1

2 zð Þdz þ
ð0
�l
2

IC1
2 z0ð Þdz0

 !
, (A38)

PW=TCO ¼ 2w
ρc

ðL�l
2

0
V1 zð Þ �V2 zð Þð Þ2dzþ

ð0
�l
2

VC1 z0ð Þ �VC2 z0ð Þð Þ2dz0
 !

,

(A39)

PC ¼ 2w

ρTCO=Agc

ð0
�l
2

VC1
2 z0ð Þdz0: (A40)

APPENDIX B: ADDITIONAL FORMULAS USED FOR THE
CALCULATIONS

The relevant input parameters of the model are the sheet resis-
tance of the TCO, RA,TCO, the sheet resistance of the silicon
absorber, RA,Si, for the relevant carrier species, thus Rhþ

A,Si or
Re�
A,Siand the contact resistance between silicon and TCO ρc. While

RA,TCO can be measured, e.g., with the four-point-probe technique,
for a silicon solar cell, RA,Si is more difficult to access. Generally,
the conductivity σe=h for electrons (e) or holes (h) in a material can

be calculated with

σe=h ¼ q � ne=h � μe=h, (B1)

where q is the elementary charge, ne=h is the concentration of elec-
trons or holes, and μe=h is the mobility.

Then, the sheet resistance for electrons (e) or holes (h) in a
silicon absorber of thickness tSi can be calculated with

Re�=hþ
A, Si ¼ 1

σe=h � tSi
: (B2)

The total concentration of, e.g., electrons is ne ¼ n0 þ Δn
with the electron concentration in equilibrium n0, and the excess
charge carrier density Δn (and for holes accordingly). The excess
charge carrier density is injection dependent and can be calcu-
lated from the difference of the quasi-Fermi levels, i.e., the
so-called implied voltage of the silicon absorber34 [Eq. (2)]. For
high enough selectivity, the implied voltage equals the pseudo-
voltage pV , which can be measured with a Suns-VOC measure-
ment.39 If the series resistance at a certain voltage is known, pV
can also be calculated using Eq. (B3),

pV ¼ V þ J(V) � RS(V): (B3)

When not limited by selectivity,38 the pseudo-voltage equals the
implied voltage Vimpl and is thus corresponding to the splitting of
the quasi-Fermi-levels. With this, the excess charge carrier density
Δn can be calculated following Eq. (B4),40

Δn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(n0 þ p0)

2

4
þ n0 p0 e

q�Vimpl
kBT � n0 p0

s
� n0 þ p0

2
, (B4)
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with n0 ¼ ND and p0 ¼ n2i =ND for an n-type silicon absorber, kB
the Boltzmann constant, and the absolute temperature T .

The series resistance due to lateral transport in a conductive
layer, with a current injected homogeneously from below, and
flowing toward one end of the unit cell can be calculated with
Ref. 41, Eq. (41). In the case of SHJ solar cells, this would refer to
lateral transport only in one layer (i.e., the TCO), where p is the
grid-finger distance and RA,TCO is the sheet resistance of the TCO,

RTCO
S,lat ¼ 1

12
p2 RA,TCO: (B5)

The vertical resistance Rvert
S can be estimated with the specific

resistivity for electrons or holes ρe=hSi and the thickness of the silicon
absorber with

Rvert, e=h
S ¼ ρe=hSi tSi: (B6)

From the resistance between the two external busbars and
Eq. (B7), the finger resistance can be calculated with the line resistance
of a finger Rf

line in Ω cm�1, the pitch p, and the finger length, lf ,

Rf
S ¼

1
3
p l2f R

f
line: (B7)

The pseudo-voltage-dependent RS was calculated from the
RS-free pseudo-JV-curve obtained from a Suns-VOC measure-
ment,39 and the JV-curve from measurement at STC, as described
in Eq. (B8),

RS(pV) ¼ pV(J)� V(J)
J

: (B8)

APPENDIX C: DESCRIPTION OF THE SIMULATION
APPROACH

The numerical simulations presented in this paper are carried
out using Sentaurus TCAD, which allows the implementation of
various models necessary for modeling silicon heterojunction
devices.42 Analogous to the experimental solar cells, we used an
n-type silicon absorber with a resistivity of 2Ω cm and a thickness
of 180 μm. The front-junction is a standard SHJ layer stack of
intrinsic amorphous silicon a-Si(i), p-type amorphous silicon a-Si
(p), and a transparent conductive oxide TCO(nþþ), which accounts
for lateral transport toward the metal contacts. The TCO is modeled
as a 100 nm thick conductive layer with a low-ohmic contact toward
the a-Si(p) layers. The front finger has a width of 50 μm, and the
front finger-pitch is 1850 μm. The defects in all a-Si layers are
assumed as in Ref. 43. The rear contact is a low-ohmic standard
SHJ layer with 5 nm a-Si(i), 10 nm a-Si(n), and full-area metal
contact. At the interface of the c-Si(n) bulk and a-Si(i) passivation
layer, we assume an effective surface recombination velocity with S0
varied from 0 cm s�1 to 107 cm s�1 in order to investigate the differ-
ences in lateral transport for different injection conditions within
the silicon absorber. For the local metal finger at front side, we
assumed a contact resistivity of 6:8mΩ cm2; for the full-area rear
contact, we assumed a contact resistivity of 250mΩ cm2. Simulation

models and parameters, which were used for the Sentaurus TCAD
model are listed in Table II and are based on Ref. 42.

APPENDIX D: DETAILS ON MODEL VALIDATION

To derive RMPP
S for the JV-curves simulated with Sentaurus

TCAD, we used the common method from the literature with two
illumination levels36,37 as for the experimental devices. To be able to
apply the method, we simulated two JV-curves, one at 1 sun and the
other at 0.05 sun. With RMPP

S , as well as voltage (VMPP) and current
density (JMPP) at MPP, we calculate the pseudo-voltage at MPP pVMPP

with Eq. (B3). When selectivity is not limiting, pVMPP equals iVMPP.

TABLE II. Physical models and parameter set for the Sentaurus TCAD simulation
model.

Sentaurus TCAD
version L-2016.03-SP2

Physical models
Thermionic emission References 42, p. 771 and 44
Silicon: bandgap Paessler45

Silicon: density of states
masses

Green46 and Couderc47

Silicon: auger Richter48

Global
Temperature 298.15 K
Spectrum AM1.5g
TCO, described as conductor
Thickness 100 nm
Sheet resistance varied
Doped amorphous silicon
a-Si(p/n)
Thickness 10 nm
Activation energy 200 meV for p-type, 150 meV for

n-type
Trap concentrations As in Ref. 43
Intrinsic amorphous silicon
a-Si(i)
Thickness 5 nm
Trap concentrations As in Ref. 43
Crystalline silicon bulk
Thickness 180 μm
Resistivity 2Ω cm, n-type

TABLE III. Series resistance values and components used for the validation of our
model.

Rvert
S @MPP RS rear Rhþ

A,Si
Condition (Ω cm2) (Ω cm2) (Ω)

604 mV 0.035 0.25 30 597
635 mV 0.035 0.25 9741
669 mV 0.032 0.25 2806
732 mV 0.021 0.25 400
752 mV 0.014 0.25 192
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From iVMPP, we calculate the excess charge carrier density
using Eq. (B4) and use it as input to calculate the hole conductivity
with Eq. (B1) and from that Rhþ

A,Si with Eq. (B2). The calculated
Rhþ
A,Si values are given in Table III for reference. We then use Rhþ

A,Si
as input for our model to calculate Rlatþc

S .
As our model does not contain an RS-component due to verti-

cal transport of the electrons but the RMPP
S obtained for the numeri-

cal simulation obviously does, we calculated Rvert
S for each injection

condition using Eq. (B6). The derived Rvert
S are summarized

in Table III. Additionally, in the simulation a contact resistance of
0:25Ω cm2 was assumed for the full-area rear contact. To be com-
parable with the RMPP

S values obtained from the simulation, we add
this as well to the RS calculated with our model.
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