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A B S T R A C T

In this work, the efficiency of n-type silicon solar cells with a front side boron-doped emitter and a full-area
tunnel oxide passivating electron contact was studied experimentally as a function of wafer thickness W and
resistivity ρb. Conversion efficiencies in the range of 25.0% have been obtained for all variations studied in this
work, which cover 150 µm to 400 µm thick wafers and resistivities from 1 Ω cm to 10 Ω cm. We present a
detailed cell analysis based on three-dimensional full-area device simulations using the solar cell simulation tool
Quokka. We show that the experimental variation of the wafer thickness and resistivity at device level in
combination with a detailed simulation study allows the identification of recombination induced loss
mechanisms. This is possible because different recombination mechanisms can have a very specific influence
on the I-V parameters as a function ofW and ρb. In fact, we identified Shockley-Read-Hall recombination in the c-
Si bulk as the source of a significant FF reduction in case of high resistivity Si. This shows that cells made of high
resistivity Si are very sensitive to even a weak lifetime limitation in the c-Si bulk. Applying low resistivity 1 Ω cm
n-type Si in combination with optimized fabrication processes, we achieved confirmed efficiency values of
25.7%, with a VOC of 725 mV, a FF of 83.3% and a JSC of 42.5 mA/cm2. This represents the highest efficiency
reported for both-sides contacted c-Si solar cells. Thus, the results presented in this work demonstrate not only
the potential of the cell structure, but also that a variation of the wafer thickness and resistivity at device level
can provide deep insights into the cell performance.

1. Introduction

Carrier-selective passivating contacts have been one of the key
enabling technologies for the recent tremendous efficiency improve-
ments within the field of crystalline silicon (c-Si) solar cells [1–8].
Among the different passivating contact approaches [9,10] (and
reference therein), the most well-known example is the heterojunction
of hydrogenated amorphous silicon and crystalline silicon (a-Si:H/c-Si).
The application of this structure allows open-circuit voltages, VOC, up to
750 mV [11] due to an extremely low surface recombination. The
realization of an IBC cell featuring the a-Si/c-Si heterojunction led to an
efficiency of 26.6% [8], an outstanding value less than 3%abs below the
theoretical limit of 29.4% [12].

Another passivating contact approach is based on a stack of a high-
quality ultra-thin SiOx layer which is capped by a heavily doped Si thin
film and subsequently annealed (e.g. poly-Si [13,14], SIPOS [15,16],
TOPCon [4]). Compared to a-Si:H, these approaches have a consider-

ably improved tolerance to high-temperature back-end metallization
processes like screen printing and firing [17,18]. This approach benefits
from the excellent surface passivation properties realized with the ultra-
thin SiOx layer, while maintaining at the same time excellent contact
resistance properties, as demonstrated by several research groups
[4,14,19–21].

In our approach we combine the advantages of tunnel oxide
passivating contacts (TOPCon) with those of a classical homojunction
with its excellent electrical properties and optical transparency. This is
realized by using TOPCon as a full-area electron contact on the rear
surface of an n-type c-Si solar cell with a boron-doped front side emitter
[4,5,22], as shown in Fig. 1. The excellent electrical and optical
properties of the boron-doped emitter are based on an Al2O3 surface
passivation [23–25]. The full-area rear contact allows not only high VOC

values due to the excellent passivation properties, but also very high fill
factors FF, as there is no lateral current flow contribution for the
electrons within the silicon bulk [5,26]. So far, efficiencies up to 25.1%
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featuring FFs>83% have been achieved with this cell structure [5].
In this work, we studied the efficiency of these cells experimentally

as a function of wafer thickness W and resistivity ρb (i.e. the base
doping) on a 25% efficiency level. Based on a detailed cell analysis
using three-dimensional (3D) full-area device simulation together with
experimentally determined input parameters, we are able to identify
and quantify the main loss mechanisms of this cell structure and to
estimate the efficiency potential of the structure.

2. Experimental

The TOPCon solar cells fabricated within this study have a
designated area of 2×2 cm2 and were made of high-quality (100)-
oriented n-type float-zone (FZ) Si wafers with a diameter of 100 mm.
Wafers with three different resistivities (1 Ω cm, 5 Ω cm and 10 Ω cm)
and a thickness1 of 200 µm were used for the resistivity variation and
wafers with three different thicknesses (150 µm, 200 µm and 400 µm)
and a resistivity of 5 Ω cm were used for the thickness variation.

The front side of the solar cells features an alkaline textured
(random-pyramids) surface with a boron-doped p+ emitter. The emitter
was formed by BBr3 tube furnace diffusion at 870 °C followed by drive-
in oxidation, resulting in an emitter with a sheet resistance of
Rsheet,p+= 300 Ω/sq. The emitter was passivated with a 10 nm thick
Al2O3 layer deposited with plasma-assisted atomic layer deposition
[25]. The front side was additionally coated with a double-layer
antireflection coating (DARC) consisting of 50 nm SiNx grown by
plasma-enhanced chemical vapor deposition (PECVD) and 90 nm
thermally evaporated MgF2.2 Prior to the MgF2 deposition, contact
openings were etched wet-chemically through the front side Al2O3/SiNx

coating and the front side metal contacts were formed with a stack of e-
beam evaporated Ti/Pd/Ag (833 µm pitch). To reduce surface recom-
bination losses at the front metal contacts, a heavily doped p++ emitter
is located underneath the contacts, also diffused in a BBr3 tube furnace
process and a subsequent drive-in. All structuring processes required for
the front side are based on photolithography (partially to structure
thermally-grown SiO2 mask layers) and the lift-off technique. The full-
area TOPCon electron contact on the rear surface is formed by an ultra-
thin wet-chemical (HNO3-based) SiOx layer covered by a 15 nm thick
phosphorous-doped Si compound layer deposited with PECVD, which is
annealed afterwards in a tube furnace at 800 °C (process details in Ref.
[4,27]). The rear side metallization is realized by thermally evaporated

Ag.
The 1-sun current-voltage (I-V) parameters of the solar cells were

measured under standard testing conditions (STC: AM1.5g, 100 mW/
cm2, 25 °C) using a sun-simulator with an incident current calibration
based on certified I-V measurements (Fraunhofer ISE CalLab) for each
wafer thickness. The pseudo fill factor PFF as well as effective minority
carrier lifetime τeff of the finished solar cells were extracted from
illumination intensity vs. VOC (Suns-VOC) measurements [28,29] using
the Suns-VOC setup from Sinton Instruments. The total series resistance
of the cells under illumination conditions, Rs,light, was determined from
the voltage difference of the Suns-VOC and the 1-sun I-V data at
maximum power point (mpp) [30,31]. The parallel resistance Rp was
extracted from the slope of the I-V characteristic measured in the dark,
using a linear fit in a voltage range of 300±60 mV.

3. Simulation setup

3D device simulations of the fabricated solar cells were performed
with Quokka [32,33], a solar cell simulation tool based on the
conductive boundary approach [34] in which the surfaces are defined
with recombination parameters, J0, and sheet resistances, Rsheet. Full-
area 3D simulations were conducted for a quarter of the solar cell
including the dark perimeter (cf. Fig. 2), in order to account also for cell
edge losses of these small area solar cells embedded in a wafer. All
simulation input parameters (listed in Table A1) were determined
experimentally, e.g. based on τeff measurements at symmetrically
processed lifetime samples (with Al2O3-passivated p+ emitter or
TOPCon on n-type Si) for the J0 values, or with four point probe
measurements for the Rsheet values. The optical model is based on
lumped parameters, i.e. a wavelength-dependent front surface trans-
mission and a parameterization of the pathlength enhancement Z,
which is independent of W. The parameters were extracted from the
measured reflectance and EQE data shown in Fig. 6, as described in Ref.
[35]. Notably, the determined Z parameters accurately describe the
EQE curves for all wafer thicknesses. For some simulations, Shockley-
Read-Hall (SRH) recombination [36,37] within the c-Si bulk was
considered using the recombination properties of interstitial Fe [38].
All details of the simulation setup are described in the Appendix A.

4. Results and discussion

4.1. Solar cell results

The measured I-V parameters and PFF of the cells are shown in
Fig. 3 for the resistivity variation and in Fig. 5 for the thickness
variation. The box plots summarize the results of 10–12 cells per group
except for the cells made of 150 µm thick 5 Ω cm material, of which
only 6 cells were fabricated. The graphs show also simulation results
which are discussed in Section 4.2. The I-V parameters of the best cells
per variation are compared in Table 1, showing that efficiency values in
the range of 25% were obtained for all variations. For two variations,
the 200 µm thick 1 Ω cm base as well as the 400 µm thick 5 Ω cm base,
independently confirmed efficiency values up to 25.3% were achieved.

A closer look at the resistivity, ρb, variation shown in Fig. 3 reveals a
slight reduction of the efficiency with increasing ρb, from a peak value
of 25.3% for 1 Ω cm wafers to 25.0% for 10 Ω cm wafers. The JSC is
independent of ρb at a very high level of about 42.5 mA/cm2. The VOC

shows a slight increase with increasing ρb, on average from 716 mV for
1 Ω cm to 718 mV for 10 Ω cm. This weak effect is, however, over-
compensated by a pronounced FF reduction of about 0.7%abs with
increasing ρb, on average from a high level of around 82.5 to a level
around 81.8%. The same reduction is also observed for the PFF values
on a ~2.5%abs higher level. Due to some scattering, which is discussed
below, this reduction can be best observed from the peak values. Unlike
FF, the PFF values extracted from the Suns-VOC measurements are not
influenced by series resistances [29]. Thus, the observed trends of PFF

Fig. 1. Schematic cross-section of the n-type Si solar cell with diffused front boron-doped
emitter and full-area passivating rear contact (TOPCon).

1 For simplicity, the nominal thick is used throughout the text to refer to the different
materials although the measured thickness is ~3 µm thinner than the nominal thickness
except the 400 µm thick material, which is ~3 µm thicker. For the calculations and
simulations, however, the measured thickness values were used.

2 These layer thicknesses are nominal values, which are in good agreement with the
thicknesses measured perpendicular to the faces of the random pyramids using SEM
images.
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and FF are a strong indication that the obtained FF reduction is not
induced by an increased series resistance due to the higher base
resistivity. This is supported by the Rs,light data shown in Fig. 4a.
Although there is some scattering in the Rs,light data (in particular for
the 5 Ω cm material), very similar Rs,light values around 0.4 Ω cm2 can
be observed for the 1 Ω cm and the 10 Ω cm material. Thus, for these
25% efficient n-type Si cells, it is experimentally evident that an
increase of the base resistivity from 1 Ω cm to 10 Ω cm does not
increase the series resistance of the cells. However, the decrease in
PFF leads to a significant FF loss. The reason for this FF, i.e. PFF,
reduction is analyzed in Section 4.2.

The I-V results of the wafer thickness variation shown in Fig. 5
reveal that the efficiency increases with increasing wafer thickness, W,
from a peak value of 24.9% for the 150 µm thick cells to 25.3% for the
400 µm thick cells. At the same time, VOC decreases from a level around
720 mV to around 712 mV, respectively. Such a decrease in VOC is
actually expected as the recombination within the silicon bulk increases
with W. The average FF is on a rather constant level around 81.5%,
while the peak FF values show a weak increase with increasing W. The
observed efficiency increase with increasing thickness is, however,
dominated by the strong increase in JSC from 42.2 mA/cm2 for the
150 µm thick cells to over 43.0 mA/cm2 for the 400 µm thick cells, with
a peak value of 43.3 mA/cm2 (cf. Table 1), which represents the highest
JSC reported so far for single junction c-Si solar cells. These high short
circuit currents were independently confirmed by Fraunhofer ISE
CalLab and National Renewable Energy Laboratory (NREL) within an
average deviation of ≤0.7%. The increasing JSC with increasing W
results from a more effective absorption of the weakly absorbed long
wavelength light (λ>1000 nm) as the mean pathlength of this light
inside the cell scales with W [35]. This improved IR response can be
clearly observed from the EQE and IQE data shown in Fig. 6 measured
on representative cells of each thickness. At λ>1000 nm, the EQE
increases with W while R (i.e. the escaping light) decreases due to the
more effective absorption. With respect to the FF it can be observed that
the PFF increase is more pronounced than the FF increase, which
indicates that the series resistance of the cells increases with increasing
W. This is quantified by the respective Rs,light data shown in Fig. 4b, as
Rs,light slightly increases from an average level of 0.4 Ω cm2 for W
=150 µm to 0.5 Ω cm2 for W =400 µm. Thus, the strong increase in
PFF with increasing W is partially compensated by an increasing series
resistance.

In order to identify the influence of shunts on the observed PFF
trends and hence, on the FF trends, the parallel resistance Rp of the cells
was extracted from I-V data measured in the dark. The respective Rp

data is shown in Fig. 7. As can be seen, Rp shows neither a systematic
trend as function of W nor as a function of ρb. On average, Rp is at a
level of around 3.5 kΩ cm2 for all variations, with a scattering from
~2 kΩ cm2 to ~6 kΩ cm2. Hence, the observed parallel resistances

provoke a certain FF reduction and the scattering of Rp contributes
strongly to the scattering of FF and PFF, but it does not explain any
systematic trend of the FF and PFF, neither for the thickness variation

Fig. 2. Quarter of the fabricated solar cell (i.e. 1×1 cm2 active area) including busbar
(located outside the active area) and the dark perimeter, as simulated in 3D with Quokka.

Fig. 3. Box plot of the I-V parameters and PFF (open symbols) of the 200 µm thick solar
cells as a function of the base resistivity. The experimental data is compared to 3D device
simulation results shown as well (lines are guides-to-the-eyes). The simulations were
performed using Quokka for a quarter of the total cell including the dark perimeter. The
simulation results are shown for two different simulation configurations: with (black
symbols) and without (grey symbols) SRH recombination in the c-Si bulk. Note that
simulation results are not shown for PFF. The scale range of the VOC, JSC and FF graphs
represent the same relative effect on η. The error bars represent exemplarily the
uncertainty of the simulation results with Fe SRH recombination according to the
uncertainties of the input parameters given in Table A1.

Table 1
I-V parameters as well as PFF, Rs,light and Rp of the best cells per variation. All cells have
an area of 2×2 cm2 (designated area) and were measured under STC.

ρb W VOC JSC FF PFF η Rs,light Rp

(Ω cm) (µm) (mV) (mA/cm2) (%) (%) (%) (Ω cm2 (kΩ cm2)

1 200 718.0 42.5 82.8 85.2 25.3a 0.38 3.6
5 150 720.4 42.2 81.7 84.3 24.9 0.38 2.7
5 200 718.9 42.5 81.9 84.6 25.0 0.44 3.9
5 400 712.5 43.3 81.9 85.3 25.3a 0.52 3.5
10 200 717.8 42.5 81.9 84.6 25.0a 0.43 5.2

a independently confirmed by Fraunhofer ISE CalLab.
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nor for the resistivity variation. These relatively low Rp values are
attributed to the busbar located outside the active cell area (cf. Fig. 2),
but it is not related to the cell structure as shown in Fig. 1.

The results described above revealed significant trends of the I-V
parameters as a function of the wafer thickness and resistivity.
However, the decreasing efficiency with increasing resistivity was, for
instance, not expected as rather ρb-independent efficiencies have been
predicted in previous studies, at least for ρb>~1 Ω cm material of high
quality, i.e. low bulk defect recombination [5,26]. The observed
efficiency reduction was found to correlate with a PFF reduction but
not with the series resistance Rs,light. Thus, the PFF plays an important
role for the interpretation of the cell results. A similar important role of
PFF was also observed for the thickness variation. In both cases, a
dominating role of shunts can be excluded. The PFF is, however, not
only sensitive to shunts, but also to charge carrier recombination
properties, either within the silicon bulk, the junction or at the surface
[29]. Therefore, the observed PFF trends and hence, the FF trends are
most likely strongly induced by these recombination effects. Such
recombination induced effects on FF were reported, for instance, for
impurity recombination within the silicon bulk [26,39] or for injection-
dependent surface recombination [3,40]. Recombination in the (dark)
perimeter is another significant efficiency loss for the small area solar
cells embedded in a wafer, which is – at least to some extent – due to a
FF reduction [41,42].

4.2. Simulation results

In order to identify the nature of the dominating recombination
mechanisms, we performed device simulations as described in Section
3. For these simulations, we considered perimeter recombination losses
as well as surface recombination properties, based on experimentally
determined, injection-independent J0 values (cf. Appendix A). The
simulation results are shown in Figs. 3 and 5 (results without SRH
recombination). The simulated JSC is in good agreement with the
measured values in particular for the W-variation, which shows that
the lumped optical parameters describe the optics of the cells pretty
well. With an offset of about 3 mV, the simulated VOC is already very
close to the measured values. The simulated FF, however, is at an
almost ρb-independent and W-independent level around 83.6%, which
is significantly higher than the experimental results. This FF disagree-

ment results in an analogous disagreement of the simulated and
measured efficiency.

Non-ideal, injection-dependent surface recombination or SRH re-
combination in the c-Si bulk induced by impurity contamination are
possible sources for additional FF losses. Although injection-indepen-
dent J0 values were not observed experimentally at the symmetrically
processed lifetime samples (cf. Fig. A1), indicating ideal surface
recombination, the solar cells might still suffer from injection-depen-
dent, non-ideal surface recombination as considerably more process
steps are involved in the solar cell fabrication (e.g. the photolithogra-
phy processes). With respect to SRH recombination, it is important to
emphasize that the recombination properties of the high-quality FZ
wafers used for the solar cells were tested prior to the solar cell
fabrication using symmetrically passivated lifetime samples. The τeff
level measured at these samples was very close to the intrinsic lifetime
limit as observed in Ref. [43], for which reason the initial impurity
concentration can be considered to be insignificant. However, our lab-
type high-efficiency cell fabrication sequence contains several high
temperature processes above ~900 °C, e.g. the thermal growth of

Fig. 4. Total series resistance of the cells under illumination conditions, Rs,light, as
determined from the Suns-VOC and the 1-sun I-V data. (a) shows Rs,light for the base
resistivity variation and (b) for the thickness variation.

Fig. 5. Box plot of the I-V parameters and PFF (open symbols) as a function of the wafer
thickness (5 Ω cm n-type FZ Si). The data is presented analogously to Fig. 3. The
simulation results are shown for one additional SRH recombination assumption: NFe(W)
according to Eq. (1) with DFe =3×109 cm−2, which results in NFe(200 µm)
=1.5×1011 cm−3 as assumed for the W-independent NFe.
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masking SiO2 layers or the drive-in diffusion of the p+ emitter. All of
these processes bear the risk of introducing impurities into the c-Si bulk,
in particular transition metals such as Cr, Fe, Co, Ni, Cu and Au, which
are well known for their recombination activity in c-Si [44–46] and
which are also highly mobile in c-Si at these high temperatures.3

In order to find out whether non-ideal recombination at the surface
or SRH recombination within the silicon bulk or even a combination of
both are the origin of the additional FF reduction, we performed device
simulations considering exemplarily interstitial Fe as SRH recombina-
tion center within the c-Si bulk. A recombination parameter J02 with an
ideality factor of n =2 was considered to account for non-ideal,
injection-dependent surface recombination exemplarily for the Al2O3-
passivated p+ emitter at the front surface, which is referred to as J02,p+.
The device simulations were performed with the setup as described in
Section 3, however, for the sake of computing time, a two-dimensional

(2D) unit cell of the solar cell structure shown in Fig. 1 was applied.
Fig. 8 shows the simulation results as a function of J02,p+ for

different Fe concentrations, NFe: in (a) the efficiency exemplarily for the
200 µm thick 5 Ω cm material and in (b) the FF difference for the wafer
thickness variation, ΔFFsim(W) = FFsim(400 µm) – FFsim(200 µm), and
the resistivity variation, ΔFFsim(ρb) = FFsim(10 Ω cm) – FFsim(1 Ω cm),
which is compared to the respective experimentally obtained differ-
ences ΔFFexp(W) and ΔFFexp(ρb) (horizontal lines in Fig. 8b). If only
J02,p+ is considered, the simulation results indicate a good agreement
with the measured results of thickness variation for a J02,p+ around
4 nA/cm2. At this J02,p+, however, the simulated results do not agree
with the measured results of the resistivity variation, as ΔFFsim(ρb) is
almost zero. If only SRH recombination is considered (see Fig. 9), a
reasonable agreement of simulated and measured results can be
obtained for the ρb variation with NFe ≈1.5×1011 cm−3, which
describes the ΔFFsim(ρb) very well. However, the FF reduction is even
more pronounced for the W variation, which is again in disagreement
with the measured results, as ΔFFexp(W) is almost zero or even slightly
positive. These trends are modified to some extent, if SRH recombina-
tion is combined with J02,p+(see Fig. 8). However, a reasonable
agreement of simulated and measured values is not observed for any
combination. Thus, neither J02,p+ nor Fe SRH recombination or even a
combination of both can describe the experimental results of the
resistivity and the thickness variation consistently.

This changes remarkably, if the total amount of Fe impurities within
the wafer is assumed to be constant instead of the constant impurity
density NFe assumed so far. This might be actually a very realistic
scenario, if the impurities are introduced into the silicon bulk via a
surface contamination and a subsequent in-diffusion during high
temperature processes. In this case, the impurity concentration scales
inversely with the wafer thickness and can be described with an area
dose DFe:

N W D W( ) = .Fe Fe
−1 (1)

Under this assumption (without assuming an additional J02,p+), the
simulation results for the ρb variation are not affected, as W = const.,
but the results for the W variation are significantly altered. This is
shown in Fig. 9 as a function of NFe(W = 200 µm). The FF now tends to
increase slightly with W, as observed experimentally, and there is a DFe

(= 3×109 cm−2, i.e. NFe(W = 200 µm) = 1.5×1011 cm−2) for which
these 2D device simulation results indicate a good agreement with the
experimental values of the resistivity and the thickness variation, i.e. a
consistent description for both variations.

This agreement was verified with the 3D full area simulations
including perimeter. The results of these simulations are compared to
experimental data in Figs. 3 and 5. As can be seen, there is a good
agreement of the simulated and measured values for all I-V parameters.
For the W variation, Fig. 5 compares also simulations results obtained
for the NFe(W) assumption with those of the constant NFe assumption. It
can be clearly seen that a constant NFe results in a decreasing FF with
increasing W, which is in disagreement with the experimental data.

Fig. 10 illustrates the influence of the constant NFe and NFe(W), i.e.
constant DFe, assumption on the effective lifetime τeff. The graph shows
τeff(Δn) data measured on the best cell of each variation together with
calculated τeff(Δn) data (as described in the Appendix B). With respect
to SRH recombination, the three scenarios were considered: (i) without
SRH recombination, (ii) with constant impurity concentration (NFe =
1.5×1011 cm−3) and (iii) with NFe(W) according to Eq. (1) and DFe =
3×109 cm−2. Scenario (i) clearly overestimates τeff considerably
around mpp. In scenario (ii), the SRH lifetime is at τSRH = 8.9 ms
independent of ρb and W, and for Fe actually also independent of Δn.
With this τSRH limitation, the discrepancy between measured and
calculated τeff clearly vanishes for the resistivity variation, but it
underestimates τeff of the 400 µm thick cell significantly. With scenario
(iii), the discrepancy in τeff at mpp vanishes also for the thickness
variation and all measured lifetime curves can be reproduced.

Fig. 6. Measured external quantum efficiency EQE, reflectance R and the internal
quantum efficiency IQE of characteristic cells featuring the three different wafer
thicknesses studied in this work.

Fig. 7. Parallel (shunt) resistance Rp extracted from the slope of the dark I-V curves
around 300 mV. (a) shows Rp for the ρb variation and (b) for the W variation.

3 For instance, Cr, Fe, Co, Ni, Cu and Au have a very high diffusivity in c-Si [44,45,47],
which is more than 8 orders of magnitude higher than, for instance, the diffusivity of B in
c-Si. Due to this high diffusivity, these impurities diffuse> 200 µm already after 30 min
at 900 °C [45,48].
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At this point it is interesting to point out that the τeff at mpp of the
10 Ω cm solar cell is with 2.9 ms about twice the mpp τeff of the 1 Ω cm
cell. This indicates less charge carrier recombination at mpp in the
10 Ω cm material, although the efficiency obtained for the 10 Ω cm
material is lower than that for the 1 Ω cm material (cf. Table 1). The
reason for this is the injection-dependent quasi-Fermi level position of

the majority charge carriers, whose contribution to the quasi-Fermi
level splitting is more important in case of lowly doped silicon (i.e. high
resistivity) as the equilibrium Fermi level is more distant from the band
edge. To compensate this, a cell made of high resistivity Si needs to
operate at a considerably higher Δn level and consequently, at a higher
mpp τeff.

The results of the simulation study, as discussed so far, indicate
clearly that a SRH recombination with a constant dose of impurities
describes the experimental solar cell results consistently, rather than a
constant impurity concentration or injection-dependent surface recom-
bination (e.g. due to J02,p+). In fact, the independent variation of ρb and
W at the device level allowed to identify this impurity based loss
mechanism due to its specific influence on the I-V parameters as a
function of wafer thickness and resistivity. This ρb and W variation
approach at device level can be considered as a combination of two
approaches used to evaluate effective lifetime data of symmetrically
processed lifetime samples: (i) the wafer thickness variation method,
which is used for separating bulk and surface recombination properties
[49], and (ii) the wafer doping variation method, which is used to
characterize SRH recombination properties of impurities due to the
sensitivity of SRH recombination on the doping concentration [50].

So far, we only considered Fe as SRH recombination center. In fact,
we performed a comprehensive simulation study (> 104 device simula-
tions) for various other transition metals well known for the recombi-
nation activity in Si, such as Ti, V, Cr, Ni, Cu, Zn or Au, which cover a
wide range of energy levels and capture cross sections for electrons and

Fig. 8. (a) shows the simulated efficiency as a function of the recombination parameter
J02,p+ exemplarily for the 200 µm thick 5 Ω cm material with and without Fe SRH bulk
recombination for three representative Fe concentrations. (b) shows the simulated FF
differences for the W-variation (ΔFFsim(W) in blue) and ρb-variation (ΔFFsim(ρb) in red).
The horizontal lines for ΔFFexp(W) and ΔFFexp(ρb) represent the corresponding differences
observed experimentally. The device simulations were performed with Quokka for a 2D
unit cell, as described in the text.

Fig. 9. (a) shows the simulated efficiency as a function of Fe concentration NFe

exemplarily for the 200 µm thick 5 Ω cm material (without a J02,p+ contribution). (b)
shows the simulated FF differences for the W-variation (ΔFFsim(W) in blue) and ρb-
variation (ΔFFsim(ρb) in red) analogously to Fig. 8. For theW variation, simulations results
are show for a W-independent NFe as well as for NFe(W) according to Eq. (1). Note that
these both NFe assumptions result in the same NFe for the ρb-variation (as W = const.
=200 µm).

Fig. 10. Effective lifetime τeff (open symbols) as a function of Δn measured at the final
solar cell (the cells listed in Table 1). τeff was extracted from Suns-VOC measurements. (a)
shows τeff for the resistivity variation (W= 200 µm) and (b) for 150 µm and 400 µm thick
wafers (ρb = 5 Ω cm). The ▲ and ★-symbol represent τeff at open-circuit (OC) and
maximum power point (mpp) condition, respectively. The experimental lifetime data are
compared to calculated lifetime data with and without Fe SRH recombination as
described in the text.
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holes, and hence, a wide range of SRH recombination characteristics in
c-Si. We found that for most of these elements rather similar conclu-
sions can be drawn as discussed here exemplarily for Fe and even for a
mixture of them, i.e. they can also provide a consistent description for
the ρb and W variation when considered with the constant dose of
impurities given in Eq. (1). Some other impurities (e.g. Cu and Au) can
even be excluded due to their unique influence particularly on the FF.
Therefore, we can conclude that these results strongly indicate that our
cells suffer from a SRH recombination with a constant dose of
impurities as described with Eq. (1). However, we cannot identify the
impurity element(s), although a dominating role of some can be
excluded. Details of this simulation study will be published elsewhere
[51].

4.3. Efficiency potential

The 3D device simulations of a quarter of the cells including the
perimeter and the NFe(W) assumption according to Eq. (1) provide a
quite accurate description of the cells fabricated in this work. There-
fore, this cell model was used to quantify the power loss associated with
the electrical loss mechanisms by applying the free energy loss analysis
(FELA) approach [52], which is implemented in Quokka. The results are
shown in Fig. 11 for the ρb and W variation. The results reveal that the
main losses arise from recombination within the c-Si bulk, recombina-
tion at the p+ emitter and due to the perimeter. With respect to bulk
recombination, it is interesting that although the cells made of 1 Ω cm
material suffer least from SRH recombination, the total bulk recombi-
nation losses are almost the same as for the 200 µm thick cells made of
≥5 Ω cm Si due to the considerably higher Auger recombination loss.
The bulk recombination losses decrease with decreasing W due to a
decrease of intrinsic recombination losses while at the same time the
surface recombination losses increase, so that the total recombination
losses are almost independent of W, which shows that with decreasing
W these cells become more sensitive to surface recombination. The
perimeter losses are almost independent of W and ρb, except for the
1 Ω cm material, which perimeter losses are a factor of 1.5 lower.
Finally, it is important to point out that the power loss associated with
the full-area passivating rear contact is rather small, e.g. the recombi-
nation losses are a factor 2.5 lower than that of the p+ emitter, which
demonstrates the potential of the TOPCon approach.

Based on this power loss analysis, the efficiency potential of the
solar cell structure is expected to be>25.5% for all materials and
wafer thicknesses studied in this work, if recombination active impu-
rities within the bulk can be avoided and a high parallel resistance can
be achieved. Thus, although n-type wafers are considerably more
tolerant to common impurities compared to p-type Si [46], this study
underlines that on a very high efficiency level high base resistivity n-

type Si wafers become sensitive even to slight bulk lifetime degrada-
tions induced by impurity recombination.

A second batch of solar cells has been fabricated basically as
described in Section 2. In this batch, an improved front contact
geometry was applied, which reduced the emitter recombination losses.
Moreover, the TOPCon contact has been improved by replacing the
HNO3-based SiOx growth process for an ozone-based oxidation process,
which reduced the surface recombination. The cells were made of
1 Ω cm FZ Si (thickness of 200 µm) which was found to be less affected
by SRH recombination losses. The I-V parameters are given in Table 2
for the best cell with a designated area of 2×2 cm2 (as described above)
as well as with an aperture area of 2×2 cm2 (i.e. with busbar in the
active cell area). A confirmed efficiency of 25.7% and 25.6% has been
achieved, respectively. These values represent the highest efficiencies
reported for both-sides contacted c-Si solar cells [53]. The cells benefit
not only from a high VOC, but also from a very high PFF level in the
range of 86%, and consequently a high FF above 83%. These results
demonstrate impressively the potential of the cell architecture studied
in this work. A detailed analysis of these cells is in progress and will be
published elsewhere.

5. Conclusions

In this work, the efficiency of n-type silicon solar cells with a front
side boron-doped emitter and a full-area tunnel oxide passivating
electron contact was studied experimentally as a function of wafer
thickness W and resistivity ρb. Efficiency values in the range of 25%
have been observed for all studied variations. An increase of the base
resistivity was found to result in a significant FF and also PFF reduction;
a trend which was not predicted in previous studies. To identify the
origin of this behavior, a detailed device simulation study was
performed with Quokka, taking non-ideal surface recombination and
impurity recombination in the c-Si bulk into consideration. In fact, the
very specific influence of the different recombination mechanisms on
the I-V parameters as a function ofW and ρb permitted the identification
of impurity recombination in the c-Si bulk as a source for the FF loss.

Fig. 11. Free energy loss analysis for the thickness and resistivity variation, based on the 3D Quokka simulations of a quarter of the cell including the perimeter, exemplarily for Fe
impurities and NFe(W) according to Eq. (1) with DFe = 3×109 cm−2. Note that the power loss scale in mW/cm2 is equivalent to an efficiency loss in %abs.

Table 2
I-V parameters and PFF measured at the best cells of the second batch (made of 200 µm
thick 1 Ω cm FZ Si, structure as shown in Fig. 1) under STC.

Areab VOC JSC FF PFF η

(cm2) (mV) (mA/cm2) (%) (%) (%)

4.0 (da) 724.9 42.5 83.3 85.7 25.7a

4.0 (ap) 727.6 42.2 83.2 86.2 25.6a

a Independently confirmed by Fraunhofer ISE CalLab.
b Designated area (da), aperture area (ap).
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The simulation results indicate also that the impurity concentration is a
function of W and follows an area dose description, which suggest that
the impurities are introduced over the surface during high temperature
processes. Thus, the results presented in this work demonstrate not only
the potential of the cell structure, but also that a variation of the wafer
thickness and resistivity at device level can provide deep insights into
the cell performance; a prerequisite for further device optimizations.
The results show further that cells made of high resistivity Si are much
more sensitive to lifetime limitations in the c-Si bulk, but the wafer
resistivity has not a significant influence on the efficiency potential,
mainly due to the one-dimensional electron transport in the base.

Finally, we presented cells fabricated with optimized processes. A
peak efficiency of 25.7% has been achieved, which represents the

highest efficiency reported for both-sides contacted c-Si solar cells as well
as for c-Si solar cells with a diffused junction.
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Appendix

A. Details of Quokka simulation setup

Quokka [32,33] was used to perform device simulations of the fabricated solar cells. 3D total area simulations were conducted for a quarter of the
fabricated solar cells (i.e. 1×1 cm2 active area) including the dark perimeter, as shown in Fig. 2, which represents a symmetry element of the whole
cell. As can be seen, the busbar is located outside the active cell area on top the perimeter with an insulating stack between the busbar metal and
silicon.4 The rear perimeter area is covered with the same TOPCon/Ag stack as in the active cell area. A convergence analysis regarding the dark
perimeter losses showed that a perimeter width of 2.5 mm underestimates this losses less than 10%rel. Therefore, a width of 2.5 mm was considered,
which also allows to solve the I-V parameters for this 3D quarter of the solar cell including perimeter (i.e. 1.25×1.25 cm2) with more than 106

vertices in an reasonable time (less than days). The simulations were performed for standard testing conditions.
It is important to point out that all input parameters as specified in Table A1 were determined experimentally. The specific contact resistance to

the front side p++ emitter was measured with the transfer length method (TLM) on dedicated contact structures. The grid finger line resistance was
measured at dedicated finger structures. The optical model used to describe the solar cells is based on a lumped parameter approach, i.e. a front
surface transmission T, calculated from the measured reflectance data excluding escape, and a pathlength enhancement Z, which was parameterized
based on experimental EQE and R data as described in Ref. [35]. The resulting model fit parameters are also specified in Table A1.

In order to determine the surface passivation quality e.g. of the TOPCon rear contact and the front side p+ emitter in terms of J0, symmetrically
processed lifetime samples were prepared together with the solar cells. The TOPCon lifetime samples were made of planar (100)-oriented n-type FZ
Si wafers with the different resistivities used for the cells: 1 Ω cm, 5 Ω cm and 10 Ω cm and respective thicknesses of 200 µm, 150 µm and 200 µm.
The p+ lifetime sample was made of a (100)-oriented 10 Ω cm n-type FZ Si wafer with a thickness of 200 µm and alkaline textured surfaces, identical
to the front surface of the cells. TOPCon as well as the Al2O3 passivated p+ emitter were processed as described in Section 2. Rsheet of the p+ emitter
was measured with four point probe measurements, which is in good agreement with Rsheet extracted from the TLM measurements. The J0 values
were extracted from injection-dependent effective lifetime τeff data according to the high-injection method proposed by Kane and Swanson [54]
applying the correction routines described by Kimmerle et al. [55]. τeff was measured with the photo-conductance decay (PCD) technique using the
Sinton lifetime tester WCT120 in quasi-steady-state mode (QSSPC) [56] and the generalized analysis proposed by Nagel et al. [57]. The optical factor
fopt required for the QSSPC analysis was determined for each sample by adapting the QSSPC measurements to transient PCD measurements in an

Fig. A1. Recombination parameter J0 as a function of Δn for the Al2O3 passivated p+ emitter and TOPCon on n-type Si wafers with the three different doping concentrations. J0 was
extracted according to Ref. [55] including the charge carrier diffusion correction. For Δn below ~3×1015 cm−3, the data scatters significantly due a strong sensitivity of the J0 analysis on
even a slight scattering of the measured data.

4 The front surface recombination parameter for the perimeter region is J0,front,perimeter = ~5 fA/cm2, as determined using dedicated symmetrically processed lifetime test structures, as
described below.
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excess carrier density Δn range between 1015 cm−3 and 1016 cm−3. For properly adapted fopt, a good agreement of both measurements was observed
for all samples. Injection-dependent J0 results are shown in Fig. A1 for the Al2O3 passivated p+ emitter and TOPCon on n-type Si wafers with the
three doping concentrations.

Table A1 gives also uncertainty ranges for the experimental input parameters, which were estimated from several experimental measurements
and thus, represent not only a measurement uncertainty but also a variation of the physical quantity from sample to sample. To estimate the lower
limit for the accuracy of the simulation results shown in Figs. 3 and 5 based on these experimental uncertainties, the extreme values of each
parameter were combined which are expected to decrease the efficiency, and vice versa for the upper limit.

B. Effective lifetime calculation

The effective lifetime of the fabricated solar cells was calculated according to [62]:

τ τ τ
J

qWn
N n1 = 1 + 1 + ( + ∆ )

eff intr SRH

0,total

i,eff
2 dop

(B.1)

with the lifetime related to intrinsic recombination τintr (Auger and radiative recombination), the total area-weighted surface recombination
parameter J0,total, the effective intrinsic charge carrier concentration ni,eff and the doping concentration Ndop, all as specified in Table A1. The lifetime
associated with the SRH recombination τSRH was calculated based on the recombination properties of Fe given in Ref. [38].
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