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Abstract

ISFH is following a distinct cell development roadmap, which comprises—as a short-

term concept—the combination of an n-type doped electron-collecting poly-Si on

oxide (POLO) junction with an Al-alloyed p+ junction for hole collection. This combi-

nation can be integrated either in front- and back-contacted back junction cells

(POLO-BJ) or in interdigitated back-contacted cells (POLO-IBC). Here, we present

recent progress with these two cell concepts. We report on a certified M2-sized

22.9% efficient POLO-BJ cell with a temperature coefficient TCη of only �(0.3

± 0.02) %rel/K and a certified 23.7% (4 cm2 d.a.) efficient POLO-IBC cell. We discuss

various specific conceptual aspects of this technology and present a simulation-based

sensitivity analysis for quantities related to the quality of the hole-collecting alloyed

Al-p+ junction which are subject to continuous improvement and thus hard to predict

exactly. We report that the measured pseudo fill factor values decrease more due to

metallization than would be expected from recombination in the metallized regions

with an ideality factor of one only. The gap to pseudo fill factor values that are theo-

retically achievable at the respective open-circuit voltages is 1.1%abs (Ga-doped

wafer) for POLO-IBC and 1.4%abs (B-doped wafer) to 2%abs (Ga-doped wafer) for

POLO-BJ. With an embedded blocking layer for Ag crystallites in the poly-Si, we pre-

sent a concept to reduce this gap.
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1 | INTRODUCTION

Polycrystalline-Si on oxide-based passivating contacts have been

introduced in the bipolar junction transistor community in the

1970s1–3 and already adapted into crystalline Si solar cells in the

1980s.4–9 Possibly due to, at that time, moderate energy conversion

efficiencies limited by other aspects than the contacts and due to

other challenges in the industrialization of Si solar cells, the topic got
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out of focus at least for in public PV research for a long time. When

“publically rediscovered” in 2013,10,11 a scientific debate started on

the working principle of this junction scheme.

ISFH's junctions, initially mostly comprising a rather thick (�2 nm)

thermally grown interfacial oxide,12,13 were considered as “special
case” since quantum mechanical tunneling of charge carriers across

the oxide—otherwise considered as the dominating transport

mechanism—is unlikely for these oxide thickness values. With the pin-

hole model,14,15 an alternative transport mechanism was proposed,*

and the term “poly-Si on oxide” (POLO) was coined in distinction to

“tunneling oxide passivated contact” (TOPCon). Post priori, the exis-

tence of pinholes in well-passivating junctions was verified with vari-

ous experimental methods such as TEM,16,17 selective etching,18,19

EBIC,17,20 temperature-dependent contact resistance

measurements,21–23 and I–V measurements on small areas.24 Mean-

while, it was shown theoretically that both—tunneling and pinhole-

dominated junctions—allow for a high junction selectivity at least for

electron-collecting junctions.25 Moreover, it has recently been shown

for various thermally and wet-chemically grown interfacial oxides23

that the transition from the tunneling to pinhole-dominated transport

regime upon high-temperature annealing coincides with the optimum

of the passivation quality. We, therefore, consider the question “pin-
holes or tunneling” to be answered with “both coexisting” for most of

the relevant interfacial oxide types. Since �3 years, we are using wet-

chemically grown interfacial oxides in our industrial relevant cell struc-

tures. We nevertheless continue to use the term “POLO” since the

name “poly-Si on oxide” is independent of the transport mechanism

and describes the junction scheme more accurately than “TOPCon.”†
However, we acknowledge that the latter has become a kind of

“brand name” and is more established in the community, just as other

inaccurate terms before.26

Besides basic work related to the abovementioned scientific

question on the current transport mechanisms, enormous progress

was achieved in the last years regarding the implementation of pas-

sivating contacts in lab-type and industrial Si solar cells. On lab-type

solar cells, an efficiency of 26.1% was achieved in 2018 on a p-type

POLO2-IBC structure,27 while 26.0% was reached on a front- and

back-contacted lab-type cell from p-type Si in 2020.28 For industrial-

ization, most groups focus on implementing an electron-collecting

passivating poly-Si/SiOx junction on the rear side of a front and

back-contacted n-type cell with a “conventionally boron diffused”
front junction. While this structure—which is also denoted by the

term “TOPCon”—was introduced on lab scale,11 research institutes

like ECN,29 GIT,30 SERIS,31 and others first transferred it to industri-

ally more relevant cell structures. In the meantime, companies have

gained a lot of know-how. Full-area record efficiencies measured

according to ISO 17025/IEC 6094 are approaching32 or even

exceeding33 25%, and an efficiency of 25.4% has been announced

recently.34 Thus, the industrial R&D record is now less than 0.4%abs

below the respective record of 25.8% on small lab-type TOPCon

cells.35 Several companies have recently announced this n-type cell

concept to be their successor of the PERC technology for mass pro-

duction.36,37 Research institutes still contribute to the progress with

an in-depth understanding and optimization of specific building

blocks such as the firing stability of the passivating contacts38–42

and their damage-free metallization.43,44

With such a strong focus on the TOPCon cell structure given,

we believe it is important to evaluate alternative industrial cell struc-

tures with passivating contacts as well.45 “Established” players like

SunPower46 or LG47 are focusing on IBC structures. The “ultimate

cell design” might differ from that of an n-type TOPCon cell.28

Based on fundamental considerations of combined contact selectiv-

ities for electron- and hole-selective contacts,48,49 ISFH developed

its distinct cell development roadmap.50 The first step exploits the

high combined selectivity of a large-area electron-collecting n-type

POLO (nPOLO) and a small-area hole-collecting alloyed Al-p+-type

(Al-p+) contact. The latter is standard in the PERC and PERC+ tech-

nology51,52 and can be inexpensively formed during the metallization

process without the necessity for boron diffusion or Ag metallization

on this polarity. This Al-p+/nPOLO combination can be implemented

either in a front- and back-contacted structure (“POLO-BJ”)48,53,54

or in an IBC structure (“POLO-IBC”)55–57 (see Figure 1). For both

cell structures, the efficiency potential—as previously simulated with

state-of-the-art experimental input parameters for industrial compo-

nents (screen-printed fingers, Cz material, etc.)—seems on par with

other benchmarks: 24.7% for POLO-BJ and 25.5% for POLO-IBC.50

One should note that the POLO-BJ structure48 can be considered

as an industrial version of the 26% lab-type cell.28,58 Recently, we

have reported on both our first experimental POLO-BJ59 and

POLO-IBC cells.60

In this special issue publication, we want to give an overview—

based on the findings of 2 years of experimental work—about advan-

tages but also about conceptual and technical challenges for ISFH's

specific approach for the implementation of passivating contacts. To

this end, we first report on the progress in the experimental develop-

ment of POLO-BJ and POLO-IBC cells, resulting in efficiencies up to

22.9% (23.7%) for POLO-BJ (POLO-IBC, d.a. 4 cm2) so far. Next, we

analyze specific aspects that have prevented us so far from exploiting

the full previously simulated50 efficiency potential and that are spe-

cific to our cell concepts.

F IGURE 1 Schematic drawing of (A) the POLO back-junction
(BJ) cell and (B) the POLO interdigitated back-contact (IBC) cell
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For this purpose, we first perform a simulation-based sensitivity

analysis to assess the impact of a variation of parameters that are “diffi-
cult to predict exactly.” This refers in particular to the quality (prefactor

of recombination current density J0Alp+, specific contact resistance ρc)

of the Al-p+ regions. In Kruse et al,50 we assumed J0Alp+ = 400 fA/cm2,

ρc = 1.3 mΩcm2 as measured on reference samples processed along-

side with PERC+ cells.61 However, the presence of nPOLO junctions in

our POLO-BJ and POLO-IBC cells implies some constraints, in particu-

lar regarding the maximum applicable firing temperature. To not harm

the passivation quality of the nPOLO junctions in the metallized

regions, the firing temperature has to be significantly lower than for

PERC(+) cells. Furthermore, the specific geometry of our Al fingers on

the front side of the POLO-BJ cells impacts the formation of the Al-p+

regions. These reasons result in a less perfect formation of the Al-p+

regions in our POLO-BJ53 and POLO-IBC cells57 so far and conse-

quently in higher J0Alp+ values than assumed in the simulation paper by

Kruse et al.50

Second, we analyze in detail the pseudo fill factor of our devices

on precursor and full cell level. By comparison with theoretical expec-

tations, we reveal that the recombination behavior in our cells is com-

promised upon metallization by additional issues besides an increase

of surface recombination paths with an ideality factor of one. While

we review different hypotheses for the root cause of this issue, it is

clear that the nPOLO junctions act as “emitter” in our cells. Therefore,

spiking of Ag crystallites through the poly-Si can cause recombination

in the space charge region with an increased ideality factor, as well as

shunts. Since, nevertheless, sufficiently high firing temperatures are

necessary, particularly for improving the Al-alloyed p+-based hole-

collecting junctions, we present a novel concept of an embedded

blocking layer for Ag crystallites in the poly-Si.

A potential advantage of our approach—thanks to the higher

open-circuit voltage compared to PERC—is expected in the tempera-

ture behavior. We, therefore, investigate this aspect by following a

recent directing work of Le et al.62 We measure a temperature coeffi-

cient of only �(0.3 ± 0.02) %rel/K for the efficiency of our POLO-

BJ cell.

2 | RECENT IMPROVEMENT OF ENERGY
CONVERSION EFFICIENCY AND
INTERPRETATION OF DEVICE PHYSICS

In Table 1, we have listed our latest I–V results for our so far best

POLO-BJ and POLO-IBC cells, as independently confirmed by ISFH

CalTeC, compared to other high-temperature process-based record

cells.

The 22.9% efficient POLO-BJ cell is described in detail in Min

et al.59 Briefly summarized, the improvement as compared to the

22.6% reported in a previous publication54 is achieved by an improved

shape of the front-side Al fingers (finger width only 60 μm, high

aspect ratio) and by increasing the Al-p+ thickness. The latter results

in a reduction of the pre-factor of the recombination current density

J0,Al,p+ from a previous value of 2800 fA/cm253 down to 830 fA/cm2

(as concluded from a comparison of the measured I–V curves with

numerical device simulations based on Quokka263).

For our improvement of the efficiency of the POLO-IBC cell from

23% as described in Haase et al 57 to 23.7% (4 cm2 d.a.), we

implemented a smaller Al-p+ contact width, which reduces not only

the area-weighted recombination but also J0,Al,p+ itself by increasing

the Al-p+ thickness. We quantified J0,Al,p+ for our POLO-IBC cells by

comparing experimental results and numerical device simulations

using PC3D.64 Processing many small-area cells with different geome-

tries (different Al-p+ area fractions, but also different pitches, emitter

coverage fractions, etc.) provides an comprehensive set of data that

strongly narrows down the possible simulation input parameters pro-

viding a consistent agreement. The resulting saturation current den-

sity value J0,Al,p+ for POLO-IBC is 600 fA/cm2—which is a clear

improvement as compared to the previous J0,Al,p+ value of

2250 fA/cm2.57 For POLO-IBC, we furthermore increased the photo-

generation by a double antireflection coating (DARC). The latter is of

course not relevant on module level but quite common on record cell

level—even for industrial-like solar cells.

While our current experimental results represent an interim sta-

tus after �2 years of development, we think that they are promising.

TABLE 1 Comparison of the main IV parameters obtained on our so far best experimental POLO-IBC and POLO-BJ cells with the predictions
from simulations (input values from Table 2, values of brackets, if a range is mentioned) and with recent records for the industrial high-
temperature benchmarks TOPCon and PERC

Cell structure η (%) Voc (mV) FF (%) Jsc (mA/cm2) Area (cm2) Ref.

POLO-IBC (simulated potential) 25.3 736 83.2 41.3 (no DARC) Unit cell This work

POLO-IBC (measured) 23.71 711.5 80.9 41.3 (DARC) 4 (d.a.) This work

POLO-BJ (simulated potential) 24.5 733 82.9 40.3 Unit cell This work

POLO-BJ (measured) 22.9 714 80.9 39.6 244 (full area BB-less) 59

TOPCon/Longi (measured) 25.2 722 83.9 41.6 243 (aperture area) 35

TOPCon/Jinko (measured*) 25.4 - - - 264 34

TOPCon/Trina (measured) 24.6 717 84.5 40.6 244 (full area) 32

TOPCon/Jolywood (measured) 24 703 84.5 40.4 252 65

PERC/Longi (measured) 24 694 83.3 41.6 244.6 (full area) 35

Note: Measured IV data are independently confirmed and, except (*), ISO 17025/IEC 6094 calibrated.
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In particular, the open-circuit voltages up to 714 mV are on par with

that reported for record TOPCon cells32,35,65 and significantly higher

than the 694 mV reported for the best PERC cell.35 Since the latter

also has Al-alloyed p+ hole-selective contacts, this comparison clearly

proves that the passivating electron-collecting nPOLO junction facili-

tates higher Voc values than a conventionally phosphorus-diffused

emitter.

The comparison in Table 1 also shows that we are not exploi-

ting our technology's full simulated efficiency potential yet. This

requires further analysis—as provided in Sections 3 and 4. Here, we

would like to first introduce our picture of the interpretation of the

device physics as used in the following. Our picture is strongly

influenced by the two-diode model that is well established in the

PV community. Within this framework, the total recombination cur-

rent density of the cell with a voltage-dependent ideality factor is

resulting from a superposition of different recombination paths with

voltage-independent ideality factors. The voltage dependence of dif-

ferent important recombination paths such as radiative recombina-

tion in the entire injection-level range, Auger recombination in low-

level injection and Shockley–Read–Hall recombination in low-level

injection can be described with an ideality factor of 1. In the two-

diode model, they are lumped into a diode with a saturation current

density J01, which is the sum of the respective values of all these

paths. In numerical device simulators based on the conductive

boundary model66 such as Quokka or PC3D, the voltage depen-

dence of the recombination at most of the surfaces is described by

an ideality factor of 1. This is justified when considering the inher-

ent (unperturbed) recombination properties of doped surfaces, of

undoped surfaces passivated by charged dielectrics,67 and for most

passivating contact schemes. However, the voltage-dependent ideal-

ity factor of the total recombination is often larger than 1 in real

devices. This can (partially) taken into account in the two-diode

model with a second diode, exhibiting an ideality factor of 2. Typi-

cally, the presence of this additional diode is associated with

Shockley–Read–Hall recombination in regions where the hole and

electron concentrations are of similar order of magnitude. This could

be the case in the space charge region of the pn junction but also in

the wafer bulk if the device is in high-level injection. Shockley–

Read–Hall recombination at undoped surfaces might also occur

under high-level injection either if a surface passivation scheme with

a rather low density of fixed charges (e.g., SiOx) is applied or if

scratches, blisters, or other process-induced degradation mecha-

nisms (locally) compromise the surface passivation quality.68 Within

the framework of the two-diode model, an increased ideality factor

of the total I–V curve can also be implied by a finite shunt resis-

tance at lower voltages and by the series resistance at higher volt-

ages. Although the (dark and light) I–V and Jsc–Voc curves of our

cells can be well described by the two-diode model, we do not want

to limit ourselves to this simplified view. It is well known that also

further effects such as transport-limited recombination, edge effects,

inhomogeneities, and resulting balancing currents69 can contribute

to an increased ideality factor. It is also possible (and even desirable)

that Auger bulk recombination in high-level injection with an ideality

factor of 2/3 is one of the major remaining paths, facilitating an ide-

ality factor of the total recombination smaller than 1.

When describing surface recombination processes in the follow-

ing, we distinguish between recombination paths that are related to

an ideality factor of one (and increase the corresponding saturation

current density J01) or that contribute to an increased ideality factor.

3 | SENSITIVITY ANALYSIS FOR HARD-
TO-PREDICT INPUT PARAMETERS

While we made—mainly thanks to excellent cooperation with Toyo

Aluminium—good progress in improving the quality of the Al-p+

regions under our specific constraints and although further improve-

ment is ongoing, the development of the parameters J0Alp+ and ρc is

hard to predict precisely. We therefore perform a sensitivity analysis

of the device performance with respect to these parameters. Since

the optimal area fraction for the Al-p+ regions results from balancing

recombination losses with lateral transport losses for a given J0Alp+

and ρc value pair, we also include the wafer doping level and the area

fraction of the Al-p+ regions in our analysis.

One should note that while the difference of the quality of our

actual Al-p+ regions and the respective assumptions in Kruse et al50 is

one important reason for the discrepancy between the simulated effi-

ciency potential and the current experimental status, there are also

other aspects compromising so far the efficiency in our experimental

devices. However, although they are possibly of comparable impor-

tance, most of them can hardly be described within the framework of

a unit cell simulation. Therefore, we discuss many of these aspects

qualitatively in the analysis of our pseudo fill factor pFF values below.

For the sensitivity analysis, we use Quokka263 for the simulation

of the POLO-BJ and PC3D64 for the simulation of the POLO-IBC

structure. Since the analysis yields qualitatively comparable results for

POLO-BJ and POLO-IBC, we restrict ourselves to one structure

(POLO-IBC) in the following.

The predictable-with-high-confidence parameters are fixed,

whereas the hard-to-predict-exactly parameters are varied as

described above. Table 2 lists all of our input parameters, fixed values,

and range of parameters. The values in brackets are the measured

values on the current devices or test samples. One should note that

although it is possible to also include imperfections such as parallel

current paths via shunts or surface recombination losses with an ideal-

ity factor of 2 in these models, we restrict ourselves at this point to

the assumption of surface recombination with an ideality factor of

1 only and a high external Rshunt. As we will show below, this (optimis-

tic) approach cannot describe all losses in our current devices. Never-

theless, it can reveal the impact of the quality of the Al-p+ regions on

the performance of our devices.

We perform 25 simulations with different combinations of input

parameters with the rules of design of experiment analysis.

Figure 2 shows the predicted results of our POLO-IBC simula-

tions. The figure shows five-by-four graphs. On the y-axis, we show

the different cell parameters as a function of one of our varied input
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parameters. On the x-axis, we show the four different varied input

parameters. In every graph, the dashed line marks the value for the

parameter, which is used in the other three variations on the x-axis. It

is also listed in Table 2 in brackets.

With decreasing Al-p+ contact resistivity ρc from 1.3 to 0.1 Ω cm2,

the short-circuit current density Jsc and the open-circuit voltage Voc

do not change. Still, the FF increases from 82.8% to 83.8% since the

series resistance decreases. Hence, the efficiency also increases from

25.1% to 25.5%.

With decreasing Al-p+ contact recombination factor J0Alp+ from

1000 to 100 fA/cm2, Voc is increased by 1.5% relative. This also

results in an increased pseudo fill factor. Since a reduction of recombi-

nation at high-low junctions is also relevant under short-circuit condi-

tions (due to the remaining split of the quasi-Fermi levels at this

location), the Jsc is increased as well. Overall, the efficiency increases

to 25.5%.

With increasing Al-p+ area fraction from 0.4% to 1.5%, the FF

increases the most by 4.1%rel mainly due to reduced series resistance

at the contact and in the bulk. Voc, Jsc, and pFF decrease by 0.9%rel,

2.0%rel, and 0.5%rel due to increased recombination at the contacts.

Hence, the efficiency shows a maximum of 25.3% for 1.0% Al-p+ area

fraction.

With decreasing bulk resistivity ρb from 1.2 Ω to 0.6 Ω cm, the FF

increases the most by 1.0%rel due to less series resistance in the bulk.

The pFF, Voc, and Jsc decrease by 0.5%rel, 0.1%rel, and 0.9%rel due to

increased recombination. Hence, the efficiency is 25.3%, nearly inde-

pendent of the bulk resistivity in the simulated range. This is a positive

finding since it allows for using a wide resistivity range present in an

ingot.

To summarize, the sensitivity analysis shows that the reduction of

Al-p+ recombination and resistance is of high importance—for POLO-

IBC, but in a similar manner also for POLO-BJ (not shown). By con-

trast, our current experimental values for the base doping and the Al-

p+ area fraction are already close to the respective optimum values. It

is not possible to further compensate a low Al-p+ quality—in terms of

both high J0Alp+ and ρc-by adjusting the base doping and the Al-p+

area fraction. This is also expected from our fundamental consider-

ations of the selectivity of otherwise ideal solar cells: In Schmidt

et al,49 figure 10 shows that the optimal area fraction of a contact

with our current parameters—J0Alp+ = 600 fA/cm2, ρc = 0.8 mΩcm2—

is �0.3%. Since these calculations are based on the simple one-diode

model and thus do not include further extrinsic losses like transport

losses for holes in the wafer, our more realistic device simulations

yield slightly higher values for the optimal area Al-p+ fraction: 0.9%

for POLO-BJ and 0.7% for POLO-IBC.

Most important, we obtain consistent results to the previous

work of Kruse et al50 when assuming comparable low J0Alp+ values of

400 fA/cm2 (our experimental ρc value of 0.8 mΩcm2 is already lower

than the 1.3 mΩcm2 assumed by Kruse et al.50). A J0Alp+ value of

400 fA/cm2 or below is compatible with a high efficiency potential of

24.6% for POLO-BJ and 25.4% for POLO-IBC.

4 | (PSEUDO) FILL FACTOR ANALYSIS

As mentioned above, the unit cell simulations performed for our

sensitivity analysis do not include all loss channels present in our

experimental cells. Therefore, they overestimate the efficiency for

the reference point of the current J0Alp+ and ρc values. This is in

particular obvious in the fill factor values. Remarkably, also as com-

pared to the fill factor values of the TOPCon cells (Table 1), our

experimental FF values fall short. One might also take the perspec-

tive that the fill factor values up to 84.5%32,65 reported for the

TOPCon cells are remarkably high. Nevertheless, an even higher FF

value of 86.6% has been reported recently on a large-area

hydrogen-rich amorphous Si/c-Si heterojunction cell with nine

busbars by Longi.70 Such high fill factors have two prerequisites:

high pseudo fill factors > 85% as implied by a “favorable” recombi-

nation behavior and low series resistance values.

As shown in Figure 2, the unit cell simulations predict high

pseudo fill factors of �85.5% on our POLO-IBC cells for our current

quality of the Al-p+ regions. The actual measured values of 83.9%

(see below) are significantly lower. However, the unit cell simulations

also predict the open-circuit voltage to be �25 mV larger than our

measured values.

At this point, it is not clear whether our lower pFF values are a

consequence of the lower Voc (i.e., a consequence of higher-than-

expected surface recombination with an ideality factor of 1) or

whether additional issues compromise the pseudo fill factor in our

devices. In the following subsection, we, therefore, analyze the

pseudo fill factor‡ for our technology in order to deduce a strategy

for how to increase the fill factor.

TABLE 2 Input parameters for the unit cell simulation of POLO-
IBC. The values in brackets refer to the current experimental values

Parameter Value

Wafer thickness (μm) 160

Minority carrier bulk lifetime τn0 (μs) 2000

Majority carrier bulk lifetime τp0 (μs) 20,000

Wafer resistivity ρb (Ω cm) 0.6–1.2 (0.9)

Al-p+ contact fraction (%) 0.4–1.5 (0.76)

Al finger width (μm) 100

Ag finger pitch (μm) 988

nPOLO emitter rear coverage (%) 73

nPOLO emitter contact width (μm) 60

J0e nPOLO emitter with and without contact

(fA/cm2)

2

J0-Al-p+ base contact (fA/cm2) 100–1000 (600)

J0-AlOx/SiNy passivation front side and base finger

(fA/cm2)

2

Rsheet nPOLO emitter (Ω) 80

ρc Ag/nPOLO emitter contact (mΩ cm2) 0.9

ρc Al-p+ base contact (mΩ cm2) 0.1–1.3 (0.8)

Rshunt (Ω cm2) 10,000
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For this purpose, we calculate which pseudo fill factor values can

be expected for the Voc values actually measured on our cells—first

assuming that the surfaces only imply recombination with an ideality

factor of 1. These calculations are based on one-dimensional Quokka2

simulations with a highly idealized cell structure: The front side is

assumed to be perfectly passivated. The rear-side passivation is swept

from perfect passivation (J0,rear = 0.01 fA/cm2) to a metallized sce-

nario (J0,rear = 1000 fA/cm2). This—in combination with the recombi-

nation in the bulk—determines the Voc of the device. The wafer

thickness is set to 160 μm, and the base doping is 1 Ωcm in all cases.

The parameterization from Richter et al.71—as implemented in

Quokka2—is used for the intrinsic (Auger, radiative) bulk recombina-

tion. For the Shockley–Read–Hall recombination in the bulk, we con-

sidered three scenarios: (i) no SRH recombination, that is, “infinite”
high τSRH values to access the intrinsic limit, (ii) a state-of-the-art

deactivation of BO complexes according to the parameterization of

Walter et al72 (valid for [Oi] � 5�1017 … 1018 cm�3), and (iii) an

injection-independent bulk lifetime τSRH,fix which represents Ga-

doped p-type material. For the latter case, we swept τSRH,fix from

100 μs to 0.1 s. We also applied the “τSRH,fix” scenario to n-type mate-

rial with 1-Ωcm base resistivity.

Generation current density is set to 42 mA/cm2. Since no further

series resistance contributions are taken into account, the simulated

fill factor should be determined by the recombination behavior only

and thus be comparable to the pseudo fill factor of our cells.

Figure 3 compares the simulated pseudo fill factors with the

experimentally measured values. Let us discuss the simulation results

first: Regarding the “intrinsic bulk recombination limit” for p type

(black line), it is obvious that the pseudo fill factor is increasing with

increasing surface passivation quality. In particular, if the latter

enables Voc values of �725 mV or larger, the pFF steeply increases

well above 85%. For a Voc value of 750 mV—as achieved by Longi on

their record Si heterojunction cell70—the pFF reaches 87.7%. This is

because the injection level is approaching the same order of magni-

tude as the doping concentration, resulting in a decrease of the ideal-

ity factor of the Auger recombination in the bulk from 1 to 2/3. The

“intrinsic bulk recombination” limit pFF (Voc) curve is also approached

for the “injection-independent” bulk lifetime scenario (cyan symbols)

representing Ga-doped materials for sufficiently high τSRH,fix values.

For a J0,rear value of 10 fA/cm2, for example, a τSRH,fix value of 1, 10,

and 100 ms enables a pFF value of 84.62%, 85.65%, and 85.86%,

respectively. Obviously, pFF (τSRH,fix) saturates when τSRH,fix is

F IGURE 2 Predicted response
graph of the design of experiments
simulation study for the POLO-IBC
cell. Each graph shows the predicted
result with an upper and lower
confidence interval. The y-axis shows
the predicted IV parameters in
absolute values on the left and
relative values on the right in

dependence of the four varied input
parameters on the x-axis. In every
graph, the dashed line marks the
value for the parameter, which is used
in the other three variations on the x-
axis. Upper and lower curves indicate
the interval of confidence

332 PEIBST ET AL.

 1099159x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3545 by T

echnische Inform
ationsbibliothek, W

iley O
nline L

ibrary on [27/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



approaching 10 ms since the dominating recombination mechanism is

shifting from SRH to intrinsic recombination in this regime. This again

verifies previous knowledge that excellent p-type material with high

injection-level-independent SRH lifetimes τSRH,fix—such as FZ or Ga-

doped Cz—enables as high pseudo fill factor values as n-type

material.27,28

It is interesting to note that a certain Voc value can be reached by

different combinations of J0,rear and τSRH,fix, which do not yield the

same pFF values. This is the reason for the apparent branches in

Figure 3. Interestingly, the lowest pFF values for a given Voc corre-

spond to intermediate τSRH,fix values which are sufficiently high to

enable high injection-level conditions but still sufficiently low to cause

significant SRH recombination—in this case with an ideality factor

between 1 and 2. This effect is even more pronounced for the n-type

material (gray diamonds) since the chosen base resistivity of 1 Ωcm

corresponds to a lower doping concentration (ND = 5�1015 cm�3) than

for the p-type material (NA = 1.5�1016 cm�3). Thus, the high-level

injection conditions play a larger role. This points to the fact that an

improvement of surface passivation has to go hand in hand with an

improvement of the bulk material in order to achieve both—highest

Voc and pFF values.

When now comparing the abovementioned model predictions for

material with injection-level-independent SRH lifetimes (e.g., Ga-

doped p-type Cz) with the predictions for boron-doped material with

the best BO complex deactivation reported so far72 (see blue curve in

Figure 3), a significant difference in the pFF values is observed for

higher Voc values. The remaining (weak) injection-level dependency of

τSRH for the boron-doped material is predicted to prevent pFF values

above 85% even for the best surface passivation quality. This might

be considered a fundamental disadvantage of boron-doped Cz mate-

rial, even if the deactivation of the BO complexes is permanent. How-

ever, the parameterization of Walter et al72 is based on experimental

values and, therefore, not carved in stone. Higher lifetimes and less

pronounced injection-level dependencies could be facilitated, for

example, by lower [Oi] concentrations than considered by Walter et al

(i.e., <5�1017 cm�3). Indeed, we have already measured lifetimes on

Al2O3-passivated boron-doped Cz material50 which exceeds the

parameterization of Walter et al72 and also enabled higher iVoc, ipFF

pairs (745 mV, 86.2%)50 than predicted according to Figure 3.

In the following, we compare our experimental (implied) pFF

values to these predictions. We first measure the implied I–V charac-

teristic by the photoconductance decay method on cell precursors

without metallization (front-side textured and Al2O3/SiNx passivated,

rear-side planar with nPOLO junctions capped with Al2O3/SiNx, fired,

BO deactivation). QSSPC measurements are only reliable on the

POLO-BJ structure since the structured rear side of the POLO-IBC

cell would affect the eddy currents. Since QSSPC is a spot measure-

ment, we cannot exclude—although we averaged across five positions

on the wafer—that the recombination behavior is different (worse) in

some regions, for example, the wafer edge. All POLO-BJ precursors

that we have fabricated so far use boron-doped material. The open

red crosses in Figure 3 show promising (iVoc, ipFF)—pairs with highest

iVoc values up to 740 mV and highest ipFF values up to 85.5%. All

these data points show higher ipFF values than predicted by the simu-

lation based on the BO parameterization by Walter et al (compare

blue curve in Figure 3). The highest ipFF value of 85.5% even

approaches the “intrinsic bulk recombination limit” for the

corresponding iVoc value of 730 mV. This is another example of an

exceedance of the parameterization of Walter et al.72 These findings

show not only the high quality of our surface passivation schemes

including the fired nPOLO junction on the rear but also verify a high

SRH bulk lifetime τSRH in our samples. Obviously, there is also no or

only a minor contamination issue at this stage. The (i)pFF values of

these p-type cell precursors are on par with those achievable on n-

type material. Recombination in the bulk does not limit our fill factor

values.

When applying the metallization, the surface recombination is

increased (as compared to the precursor level) due to the—in this

stage present for the first time—Al-p+ hole-collecting contacts. While

we cannot fully exclude a deterioration of the passivation quality of

the nPOLO junction in the Ag metallized regions as well, numerous

analyses (not shown) indicate that this is—if present at all—a small

effect in terms of additional recombination with an ideality factor of

1. The resulting open-circuit voltages from 711 to 718 mV measured

on our best devices so far are lower than expected from device simu-

lations (compare, e.g., 736 mV (733 mV) for POLO-BJ (POLO-IBC)

according to Kruse et al50). However, the essential point here is that

the pFF values measured on these cells are much lower than predicted

by the simulations and lower than expected from the promising

results on precursor level. For the POLO-BJ cell (filled red crosses in

F IGURE 3 Simulated pseudo fill factor values for specific
assumptions on the bulk lifetime (lines, cyan, and gray symbols) as a
function of the open-circuit voltage Voc. The latter is exclusively
varied by sweeping the prefactor of a recombination with an ideality
factor of one at the rear side of an otherwise ideal cell from 0.01 to
1000 fA/cm2 (lines = specific τbulk,SRH parameterizations) or by
furthermore sweeping injection-level independent τbulk,SRH values
from 100 μs to 0.1 s (cyan and gray circles). Also shown are our
experimental values, either extracted from the implied I–V curve on
cell precursor level (open red crosses for POLO-BJ) or from Jsc–Voc

curves on full cells (POLO-BJ: filled red crosses, POLO-IBC: filled
stars). All values refer to a base resistivity of �1 Ωcm and a wafer
thickness of 160 μm
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Figure 3), the best measured pFF of 82.9% is �2%abs smaller than the

“intrinsic bulk recombination limit” and �1.4% abs smaller the predic-

tions of the BO deactivation according to Walter et al72 at the mea-

sured Voc value of 713 mV. One might speculate that the BO defect

deactivation process is affecting the full cells differently (i.e., less effi-

cient) than the cell precursors73 but also the POLO-IBC cells—made of

Ga-doped p-type Cz material—show low pFF values (compare golden

stars in Figure 3). Since some of our POLO-IBC cells are measured on

4 cm2 designated area (small golden stars), one hypothesis for the low

pFF values ≤ 83.9%, in this case, could be perimeter losses. However,

we have quantified these parameter losses on lab-type IBC cells with

the same dimensions and base doping density to be only �0.25%abs.
74

Here, we are missing at least 1%abs to the “intrinsic bulk recombina-

tion limit.” Furthermore, we also measured Jsc–Voc curves on full-area

illuminated M2-sized POLO-IBC cells (large golden star in Figure 3).

Here, the pFF is only 0.1%abs larger than of the best small-area cell

and still 1.1%abs below the “intrinsic bulk recombination limit.”
Obviously, the recombination behavior in our full cells is com-

promised in a manner that the pFF—and thus the final fill factor—is

reduced by 1%abs–2%abs compared to the limit implied by the bulk

material and surface recombination with an ideality factor of 1. There

are different possible reasons: (i) balancing currents between different

recombination-active areas in the cell, (ii) shunting issues implied by

the (emitter) metallization, (iii) additional contaminations implied by

the metallization process, and (iv) surface recombination in the metal-

lized regions with an ideality factor larger than 1.

Regarding hypothesis (i), one supporting argument is that if there

is an inhomogeneity in the passivation quality of the nPOLO junctions,

it will result in stronger pronounced balancing currents for electrons

and holes (the latter through the wafer) than in the case of an n-type

substrate. One counterargument is that the pFF is also reduced on the

small-area POLO-IBC cells. Passivation quality is quite homogeneous

across this small area. It is also rather homogeneous across the entire

wafer, as shown by lifetime maps and photoluminescence and electro-

luminescence measurements on final cells. Regarding hypothesis (ii),

we analyze the parallel resistance Rshunt as determined from the

reverse I–V curve (�0.5 V) based on the two-diode model. In our firing

temperature variations, we find many cells with Rshunt < 10 kΩcm2 for

nonoptimal firing conditions (too high firing temperatures). Obviously,

the firing process window is quite narrow since the nPOLO junction

poses the emitter in our cells, and any penetration of Ag crystallites

through the poly-Si may short-circuit the cell. This is a disadvantage

compared to a TOPCon cell where the n-type poly-Si/SiOx is the base

contact.

Nevertheless, our best cells fired at the optimum temperature all

exhibit Rshunt values > 4 (10) kΩcm2 on POLO-BJ (POLO-IBC)—and

still show the reduced pFF values depicted in Figure 3. Although we

attempt to widen the firing process window (see Section 5), a

shunting issue is not our leading hypothesis for the pFF limitation in

our best cells. Hypothesis (iii) is not supported by any indication so

far. From the high (iVoc, ipFF) pairs measured on the fired precursors

(see above), we conclude that the firing process itself does not intro-

duce further contaminations. Regarding hypothesis (iv), it appears

plausible that Ag crystallites penetrating through the poly-Si could

reach the space charge region of the pn junction, causing recombina-

tion with an increased ideality factor. Nevertheless, also the Al-based

metallization could contribute to the unfavorable recombination

behavior. It is known that the Al-alloyed p+-type regions can cause

recombination with an increased ideality factor, in particular, if they

are not perfectly formed out.75 Indeed, we have observed that—

possibly implied by the constraints on the applicable firing tempera-

ture for a shunt-free metallization of the nPOLO junctions—the Al-p+

regions in our cells exhibit increased recombination with an ideality

factor of 1 than reported for PERC cells.53,57 For the dash contacts

applied on our POLO-IBC cells, the p+ depth at the endings is signifi-

cantly reduced.57 Also, for the point contacts applied to the front side

of the POLO-BJ cell, a further increase in the depth of the Al-p+

region would be desirable.53 However, we have also varied the area

fraction of the Al-p+-type regions on our POLO-IBC cells—without

finding a clear correlation between an increased Al-p+ area fraction

and a reduced pFF. This indicates that the Al-p+ regions themselves

seem not to be the origin of the increased ideality factor. However,

the Al metallization might still comprise the recombination behavior

by other effects such as spiking of the Al through the Al2O3/SiNx pas-

sivation stack aside of the LCO regions.60

To summarize, we do not have a consistent picture of the root

cause of the reduced pFF values measured on our cells yet, and fur-

ther research is required here to transfer the high measured pFF

values of up to 85.5% for POLO-BJ precursors to metallized POLO-BJ

and POLO-IBC devices. In this regard, improving the robustness of

the nPOLO junction against a spiking-through of Ag-crystallites—even

at higher firing temperatures and even for thinner poly-Si layers—

would be desirable. It would mitigate shunting issues and prevent pos-

sible recombination with increased ideality factor in the space charge

region of the pn junction. Higher firing temperatures would facilitate

the improvement of the Al-p+ regions in terms of reducing recombina-

tion with an ideality of 1, and, if present, with a higher ideality factor.

Thinner poly-Si layers would reduce free carrier absorption.

5 | CONCEPT OF AN EMBEDDED
BLOCKING LAYER

For increasing the robustness of the nPOLO junction against a

spiking-through of Ag-crystallites, tailoring the in-diffused P profile—

either by an optimization of the interplay between the interfacial

oxide, temperature budget for the POLO junction formation, and the

doping concentration in the poly-Si43,65 or by an additional weak P

diffusion performed prior to the poly-Si deposition—is an obvious

approach. Here, we introduce an alternative new concept: We are

working on a barrier layer embedded in the poly-Si, which should stop

the Ag crystallites before reaching the SiOx/c-Si interface. For this

purpose, different dielectric and conductive layers are evaluated. Our

front-up approach is a thin SiOx—as used for the interface between

the poly-Si and the Si. Indeed, most of the Ag crystallites penetrating

through the poly-Si do stop at the c-Si/SiOx interface according to
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our SEM cross-sectional measurements (Figure 4A). One speculative

hypothesis is that the glass components of the paste that typically

enable penetration of the paste through the dielectric layers on top of

the poly-Si do not reach the buried SiOx layer, which thus does not

dissolve. Another hypothesis is that the formation of Ag crystallites

depends on the crystal orientation in the (poly) Si. Also, in this case,

an amorphous blocking layer can yield different orientations of the

crystallites in the lower and the upper poly-Si layer, preventing grains

favorable for Ag penetration vertically extending through the entire

poly-Si. The embedded blocking layer needs to allow a current flow

from the poly-Si on top (in contact with the Ag crystallites) and the

poly-Si below. Also, for this reason, it appears plausible to start with a

SiOx layer which already has proven to facilitate efficient electron

transport by either pinhole formation or tunneling.

We evaluated the passivation quality of a stack of a wet-

chemically grown interfacial oxide (ozone diluted in deionized water,

1.5 nm thickness according to ellipsometry), a first in situ n-type

doped LPCVD poly-Si layer with a thickness of 30 nm, an ex situ ther-

mally grown embedded SiOx blocking layer (EBL) with a thickness of

1.5 nm (measured on polished reference samples with ellipsometry),

and a second in situ n-type doped LPCVD poly-Si layer with a final

thickness of 140 nm. Figure 4B shows an SEM cross-sectional image

of this stack. After junction formation at 860�C, deposition of an

Al2O3/SiNx hydrogen donor layer stack, and firing, we determined a J0

value of 6 fA/cm2 per side (implied open-circuit voltage at

1 sun = 725 mV) on symmetric lifetime test structures. Although we

typically obtain lower J0 values, also the reference group without

embedded blocking layer performed equally in this batch. We, there-

fore, conclude that—as expected—the EBL does not influence the pas-

sivation quality of the POLO junctions. An evaluation of its potential

benefit, that is, of its Ag blocking capability, is still ongoing on cell

level. In perspective, one can imagine in situ grown EBLs for LPCVD

as well as for other deposition techniques (PECVD, APCVD, etc.).

6 | TEMPERATURE COEFFICIENT

Besides the experimental demonstration of the high simulated effi-

ciency potential, we are working on the elaboration of further posi-

tive aspects of our technology. One cost-saving potential is the

application of an “all-Al”§ metallization, that is, a non-alloying Al

paste for contacting the poly-Si. We have recently reported on a

proof-of-concept POLO-BJ cell with this metallization scheme.59 A

further potential advantage is—compared to PERC—a reduced tem-

perature coefficient, which we expect from the high open-circuit

voltage. A comprehensive work on this aspect for TOPCon cells has

recently been published by Le et al.62 In the following, we report on

our first evaluation of temperature coefficients of our technology,

exemplarily measured on POLO-BJ cells. We compare POLO-BJ

cells based on B-doped and Ga-doped wafers in order to take into

account the effect of an injection-level dependency of the bulk

lifetime—if present at all.

We perform these measurements on a LOANA I–V tester from

pvtools. We either set the wafer temperature to the highest set point

(65�C) and decrease it by 10�C from measurement to measurement

(“downward measurement” in Figure 5) or start from 25�C while

increasing the temperature between the measurements (“upward

measurement” in Figure 5). This check for consistency is successful

(see Figure 5). We report all I–V values for the temperature actually

measured by the sensor below the wafer. We estimate the uncer-

tainty in the wafer temperature to +/� 3�C.

Figure 5 shows the main I–V parameters as a function of the tem-

perature. Also, the results from linear regression are given in terms of

relative values. The uncertainties specified for the temperature coeffi-

cients of the efficiency, the short-circuit current, and the open-circuit

voltage are adapted from ISFH CalTeC, assuming that our in-house

measurement system implies similar values.

Although the absolute values of the boron-doped and the Ga-

doped POLO-BJ cell differ from each other, linear regression results in

almost identical values. This is consistent with our finding above that

the (p)FF of our cells is not limited by injection-dependent bulk

recombination—even not for cells on boron-doped material.

(Otherwise, we would have expected a different temperature depen-

dence of the (p)FF.)

In the following, we discuss our results in the context of the

directing work of Le et al62: First, our temperature coefficient of the

efficiency (TCη) of �(0.3 ± 0.02) %rel/K is (in absolute numbers) smaller

than for PERC (TCη,PERC = �0.37%rel/K
76) and only slightly larger than

for SHJ (TCη,SHJ = �0.29%rel/K
76). The temperature coefficient of the

open-circuit voltage TCVoc = � (0.25 ± 0.01) %rel/K compares to

F IGURE 4 (A): Scanning electron microscope (SEM) cross-sectional image of a metallized nPOLO junction, showing the stopping of the Ag
crystallites at the c-Si/SiOx interface. (B) SEM cross-sectional image of a (non-metallized) nPOLO junction with embedded blocking layer (EBL).
The latter consists of a thin SiOx layer
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TCVoc,PERC = �0.29%rel/K
76 and is equal to TCVoc,SHJ = �0.25%rel/

K.76 One should note that these results probably only pose an interim

status: If we really succeed in improving Voc from currently 714 mV to

the simulated potential of 736 mV, the temperature coefficient of the

open-circuit voltage will reduce further (in absolute numbers). When

calculating the γ value—as introduced by Green77 for the temperature

dependency of the diode saturation current density from

Equation (2) in Le et al,62 we obtain values between 1.1 and 1.5. The

temperature coefficient of the short-circuit density TCJsc = + (0.06

± 0.015) %rel/K is larger than of PERC (TCJsc,PERC = + 0.04%rel/K
76)

and SHJ (TCJsc,SHJ = + 0.04%rel/K
76)—which is an advantage in this

case. It is interesting to note that our TCJsc value of +0.06%rel/K is

larger than the highest TCJsc value (TCJsc,Al-BSF = + 0.05%rel/K
76) of all

technologies compared in the overview of Le et al.62 One hypothesis

is that both concepts—our POLO-BJ cell and the Al-BSF cell—suffer

from optical losses in the infrared regime. In our case, free carrier

absorption in the rather thick, highly doped n-type poly-Si layer on

the rear is significant (0.32 mA/cm253). Since a decrease of the

bandgap of the c-Si wafer with increasing temperature mostly affects

the absorption in the long-wavelength regime, more of this light is

absorbed in the wafer before reaching the poly-Si on the rear.

It is particularly interesting to compare the temperature behavior

of the FF on our cells with the respected behavior on the TOPCon

cells on UMG material investigated by Le et al.62 These UMG-based

TOPCon cells are obviously limited by a strong series resistance

(Rs > 1 Ωcm2), which is essentially implied by the tunneling-based

F IGURE 5 Temperature
dependency of IV parameters
measured on POLO-BJ cells
based on either Ga-doped (red) or
boron-doped (black) wafers. The
cell temperature was first set to
the highest value and
subsequently decreased
(“downwards,” open symbols) or

increased starting from 25�C
(“upwards,” filled symbols). All
measurements were performed
in-house on full area (M2) with a
busbarless contacting scheme
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poly-Si/SiOx junction on the rear. Since the tunneling current

increases with increasing occupation probability of high energy states

in the Si, the series resistance decreases with increasing temperature.

This results in an (in absolute numbers) low TCFF,TOPCon,UMG of

�0.07%rel/K.
62 By contrast, our POLO junction scheme—as applied

on the POLO-BJ cells—does not contribute significantly to the series

resistance. Since pinhole-mediated transport contributes essentially in

our junctions, the specific contact resistance even increases with

increasing temperature—together with other contributions such as lat-

eral transport of holes in the wafer. Therefore, our temperature coef-

ficient of the fill factor TCFF = �0.12%rel/K is (in absolute numbers) as

large as in PERC cells (TCFF,PERC = �0.12%rel/K
76) with a similar

increase in the lateral transport losses with increasing temperature.

When considering the temperature behavior of the resistance-free

pseudo fill factor, we obtain similar values (TCpFF = �0.08%rel/K) as

Le et al. (TCpFF,TOPCon,UMG = �0.07%rel/K).

Eventually, the (in absolute numbers) lower temperature coeffi-

cient TCFF of the UMG-based TOPCon cells in Le et al62 enables a

slightly lower temperature coefficient of the efficiency TCη,TOPCon,

UMG = �0.285%rel/K
62 than for our POLO-BJ cells. However, we con-

sider the UMG-based TOPCon cells from Le et al62 as very specific

(due to the high Rs > 1 Ωcm2 and the moderate STC efficiencies of

�20%). Highly efficient TOPCon cells with η >> 20% have a much

lower series resistance, probably not limited by the poly-Si/SiOx junc-

tion. An increasing temperature will not relieve a strong limitation—

even if the current transport across the poly-Si/SiOx junction is based

on tunneling. Therefore, we think that the temperature coefficient of

the efficiency of our cells is comparable to that of TOPCon cells. Both

technologies provide an advantage as compared to PERC in this

regard.

7 | CONCLUSION AND OUTLOOK

The specific of ISFH's POLO cells is the combination of electron-

collecting passivating nPOLO junctions with conventional Al-alloyed

p+-type regions for hole collection. We use p-type Si wafers and

implement this concept in front- and back-contacted cell structure

with a back junction (POLO-BJ) and in interdigitated back-contacted

cell structures (POLO-IBC). Here, we report on the progress for both

technologies, in particular on a certified 22.9% efficient POLO BJ cell

and a certified 23.7% efficient POLO-IBC cell.

Since these efficiencies—although promising—do not fully exploit

the efficiency potential as previously simulated50 yet, we perform a

simulation-based sensitivity analysis. We focus here on quantities

related to the quality of the hole-collecting alloyed Al-p+ junction—

which are subject to continuous improvement and thus hard to pre-

dict exactly. The sensitivity analysis shows that the reduction of Al-p+

recombination and resistance is of high importance for both cell struc-

tures. A reduction of J0Alp+ from current values of 600 (830) fA/cm2

down to 400 fA/cm2 is compatible with a high efficiency potential of

25.4% (24.6%) for POLO-IBC (POLO-BJ). This probably can be

reached by adapting the paste ingredients as well as the firing profile.

Therefore, we conclude that the optimization of the quality of the Al-

p+ region is a solvable challenge and not a road blocker. An even bet-

ter quality of the Al-p+ region would facilitate even higher

efficiencies.

However, the unit cell simulations performed for our sensitivity

analysis do not include all loss channels present in our experimental

cells. They, in particular, overestimate the fill factor. We, therefore,

analyze in detail the recombination-induced pseudo fill factor in our

devices. While we measure (implied) pseudo fill factor values up to

85.5% on (even boron-doped) POLO BJ cell precursors prior to metal-

lization, the pseudo fill factor drops on cell level down to 82.9% on

POLO-BJ and to 83.9% on POLO-IBC cells. These measured pFF

values are �2%abs (POLO-BJ) and �1%abs (POLO-IBC) lower than the

expectations for Ga-doped material at the respective Voc values. We

discuss possible root causes for the reduced pFF. While further

research is required here, it is obvious that an increase of the robust-

ness of the nPOLO junctions against spiking-through of Ag crystallites

and, in the same context, improvement of the quality of the Al-p+

regions by an increase of the firing temperature is desirable. For this

purpose, we propose the concept of an embedded blocking layer for

the Ag crystallites in the poly-Si—ideally realized in situ during the Si

deposition. While an evaluation of this concept on cell level is still

ongoing and thus future publications have to report on the results,

the concept of the EBL is one example of how the limitations

described above could be addressed.

Since there probably are further solutions, we are confident that

our current results only pose an interim status. Indeed, our learning

rate is quite steep with �1%abs improvement per year59—despite our

(compared to a pilot line) rather limited throughput and long feedback

time. We, therefore, think that both the POLO-BJ and the POLO-IBC

technology can be optimized to efficiencies of >24.5% and >25% on

midterm.

Besides the efficiency improvement, we are working on the elab-

oration of further positive aspects of our technology. One aspect in

this regard are concepts for further material cost reduction such as

the “all-Al” POLO-BJ cell59—which would be also applicable to the

POLO-IBC structure. Another aspect is that the rather high open-

circuit voltages of our cells also result in an (in absolute numbers)

reduced temperature coefficient. We report here on our first evalua-

tion of the temperature behavior, resulting in a temperature coeffi-

cient for the efficiency of �(0.3 ± 0.02)%rel/K for POLO-BJ cells on

boron and Ga-doped material. This compares to a TCη,PERC of

�0.37%rel/K.
76 An analysis of the temperature dependence of all IV

parameters, in particular of the contributions to the fill factor, reveals

distinct differences between our cells and tunneling resistance-limited

TOPCon cells from Le et al.62

As an outlook toward future development steps of the ISFH

roadmap,50 we mention that both our POLO-BJ and our POLO-IBC

cells can be modified to become two-terminal78 or three-terminal79

bottom cells, bridging from PERC to Si-based tandem.78 The two-

terminal perovskite-POLO-PERC+ tandem (“P3T”) concept has been

positively assessed cost-wise.80 We recently presented a first two-

terminal proof-of-concept device.81
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ENDNOTES

* One should note that the original motivation of the pinhole model14 was

the symmetric electrical behavior of electron- and hole-collecting n-type

of p-type doped poly-Si/SiOx junctions, which seems to pose—
independent from the oxide thickness—an inconsistency of the tunneling

model with higher energy barriers for holes than for electrons.
† In this work, we use the abbreviation “TOPCon” as denotation of the

specific cell structure rather than for the denotation of the junction

scheme.
‡ An analysis of the series resistance of our cells is beyond the scope of

this paper. The total values of �0.38 Ωcm2 (�0.48 Ωcm2) for POLO-BJ

(POLO-IBC) are not extremely high and can be decomposed straight for-

ward into the single contributions. Besides the contribution from the

metal grid (�0.2 Ωcm2 for POLO-IBC), all contributions are included in

the unit cell simulations.
§ We would like to remark that, unless one does not target also Ag-free

cell interconnection concepts like foil-based Al laser welding, one still

needs Ag soldering pads. Although the Ag consumption would still be

reduced significantly in this case, the term “all-Al cell”—while catchy and

easy to understand—would not be accurate.
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