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Abstract — The potential of passivating contacts incorporating in situ phosphorus (P)-doped
polycrystalline silicon (poly-Si) films grown by low pressure chemical vapor deposition
(LPCVD) is demonstrated in this work by integrating these layers at the rear side of large-area
(241.3 cm?) bifacial n-type Tunnel Oxide Passivated Contact (n-TOPCon) solar cells with
diffused front emitter and screen-printed contacts. /n situ doped poly-Si films are studied as
their use could simplify the production of industrial n-TOPCon solar cells compared to the
common approach relying on ex situ doping of intrinsic LPCVD poly-Si films. The developed
poly-Si passivating contacts exhibited excellent characteristics with low recombination current
densities in passivated and screen-printing metallized regions down to 2.3 fA/cm? and 65.8
fA/cm?, respectively, and a low contact resistivity of 2.0 mQ-cm?. For reaching the best
passivating contact characteristics and high solar cell efficiencies, a poly-Si film thickness of
150-200 nm was found to be optimal while a polished rear surface morphology was found to
be beneficial. The best solar cell reached a certified power conversion efficiency of 23.01%
along with a high open circuit voltage of 691.7 mV, enabled by the passivating contacts with
the in situ doped poly-Si films. 1-cell glass-glass laminates were also fabricated with the
developed solar cells, which showed no loss in their power output both upon 400 thermal cycles
and after 1000 hours of damp heat testing. Lastly, a roadmap is presented, indicating strategies
to achieve efficiencies up to 25.5% with n-TOPCon solar cells incorporating the in situ P-

doped LPCVD poly-Si films.

Keywords — passivating contacts, TOPCon, solar cells, polysilicon, LPCVD, in situ
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1 Introduction

In recent years, n-type Tunnel Oxide Passivated Contact (n-TOPCon) solar cells have found
increased interest and market share in the field of photovoltaics (PV) [1]. The appeal of n-
TOPCon solar cells is in the incorporation of rear passivating contacts consisting of n-type
polycrystalline silicon (poly-Si) and interfacial SiOx films, which provide low recombination
current density (Jo) and contact resistivity (oc) simultaneously [2]. The potential of the n-
TOPCon technology has already been demonstrated by the achievement of a record power
conversion efficiency (1) of 25.8% with a lab-type small-area solar cell [3], impressive # up to

25.4% with large-area solar cells [4—6], and a high average 5 exceeding 24% in production

[7.8].

In the PV community, a vast body of research has been devoted to the development and device
integration of poly-Si passivating contacts, based on various fabrication techniques [2,9,10].
For the fabrication of the poly-Si films used in industrial n-TOPCon solar cells, low pressure
chemical vapor deposition (LPCVD) has been the primary choice so far [1]. The PV industry
has favored this technique because of its high throughput and since LPCVD equipment offers
the possibility of thermally growing the interfacial SiOx film in situ [2]. While the latter feature
allows process simplification by combining the deposition of the SiOx and the Si, deposited
either as poly-Si or as amorphous Si (a-Si), layers in a single step, current LPCVD-based
approaches in the PV industry still do not exploit the full potential of this technique in terms
of process simplicity. This is because the necessary phosphorus (P) doping of the Si film is
realized by an ex sifu method, usually dopant diffusion, after LPCVD of intrinsic Si, which
makes the fabrication of the passivating contact inherently a two-step process [2]. By contrast,
an alternative approach based on in situ doping can allow producing the entire passivating

contact in a single step, offering the possibility of leaner fabrication.

Device integration of poly-Si passivating contacts fabricated by the standard industrial
approach based on LPCVD and ex situ P doping has been the focus of a plethora of studies
[2,5,10,11]. As a result, the impact of various n-TOPCon solar cell design parameters on the
ex situ doped passivating contact and device properties has already been investigated. The
studied parameters include the method used for growing the interfacial SiOx film [12], the
structural properties of the poly-Si film [13], the poly-Si film thickness (#o1y) [14,15], and the

composition of the screen-printing paste used for the metallization of the passivating contact



[16]. Related to the alternative approach for the fabrication of poly-Si films based on LPCVD
and in situ P doping, various studies are present in the literature, which provide valuable
insights into the impact of LPCVD process parameters on structural and electrical properties
of poly-Si films [17-22]. Nevertheless, the applications considered in these studies are mainly
not associated with PV. In fact, the number of publications on the fabrication of industrial n-
TOPCon solar cells with in situ P-doped LPCVD poly-Si films has been limited due to
challenges arising from combining LPCVD with in situ P-doping, which has made ex situ
doping the preference of the PV industry so far [23-25]. The main challenge is to achieve a
high active doping level (Np,act) in the deposited Si film, which is needed for obtaining low Jo
and pc, together with a high deposition rate (r4ep) and thus throughput, as P-containing

precursors slow down the Si film growth [17].

A process offering an optimized trade-off between these parameters has recently been
developed by our group, which achieves the deposition of Si films, in polycrystalline form,
with a high Np act of 1.3:10%° cm™ and an rqep of 0.078 nm/s [26]. This represents a ~53% drop
in r4ep With respect to the LPCVD of intrinsic Si at the same temperature (590°C), which
corresponds to an increase of the time required for the deposition of a typical 150 nm thick Si
film by only ~17 min, from ~15 min for the growth of intrinsic poly-Si to ~32 min in case of
in situ doping [26]. Moreover, by combining the poly-Si films developed in our previous work
with thermally grown interfacial SiOx layers and applying post-LPCVD annealing, excellent
passivating contacts were fabricated with Jo down to 1.5 fA/cm? and p. down to 1.8 mQ-cm?

[26]. The potential of these passivating contacts is assessed in this work at device level.

It is important to note that the use of thermal annealing, which is considered necessary for the
activation of dopants and commonly applied to in situ doped Si films [2], makes the in situ
doping-based approach a two-step process itself as in the case of ex situ doping by dopant
diffusion. However, it has been shown in the literature that, while the deposition of in situ
doped Si films is more expensive than their intrinsic counterparts due to the reduced r4ep in
case of in situ doping, the overall cost of ownership of n-TOPCon solar cells incorporating in
situ doped poly-Si passivating contacts can be lower by 0.2 $cents per Watt peak than the
devices with conventional ex situ doped passivating contacts, if the annealing in case of in situ
doping can be optimized to yield a shorter and leaner process [17,27]. Moreover, a simpler
single-step process may still be achieved in case of in situ doping either by developing LPCVD

equipment which can perform the annealing also in situ, or by means of the fired passivating



contact concept, which eliminates the annealing and relies on the firing step used for screen-
printed metallization also for the activation of dopants in the Si film [28]. However, these

developments are beyond the scope of this work.

This paper reports on the integration of passivating contacts based on in situ P-doped poly-Si
films by LPCVD at the rear side of large-area bifacial n-TOPCon solar cells. The devices were
fabricated relying on industrial methods, using a homogeneous boron-diffused front emitter
and screen-printed metallization. Impact of #y01y on the passivating contact and the solar cell
properties is presented. Moreover, performance of the passivating contacts and the solar cells
are reported for two types of rear surface morphologies: semi-textured and polished. The paper
also reports on the suitability of the developed solar cells for application in PV modules by
means of thermal cycling and damp heat tests. In addition, a roadmap is provided which shows
how the efficiency of n-TOPCon solar cells featuring in situ P-doped poly-Si films by LPCVD

can be further improved starting from the baseline established in this work.
2 Materials and Methods

2.1 Integration of In Situ Doped LPCVD Poly-Si Passivating Contacts in n-TOPCon
Solar Cells

The in situ P-doped LPCVD-based poly-Si films developed in [26] were integrated in n-
TOPCon solar cells in two sets of experiments. The goal of the first experiment was to study
the impact of #poly on the solar cell performance and identify the optimal #,y value. This
experiment is referred to as the #,0ly screening experiment. For this purpose, solar cells with a
large area of 241.3 cm? were prepared using n-type Cz wafers with the structure illustrated in
Fig. 1a), following the process flow in Fig. 1b). After random pyramid texturing and cleaning,
a ~1 pum-deep homogeneous p-type emitter with a sheet resistance of 110 Q/o was realized by
BBr; diffusion, followed by the removal of the borosilicate glass (BSG) in a solution containing
diluted hydrofluoric acid (HF). The boron-diffused layer was later removed from the rear side
by the so-called emitter removal process using a mixture of 49% HF, 70% nitric acid (HNO3),
and concentrated sulfuric acid (H2SOs), with volume concentrations of 6.2%, 36.0%, and
21.4%, respectively, in the mixture diluted in water [29]. This is a single-side etching process
performed in a Rena inline processing equipment with the wafers moving at 8°C on closely
spaced rollers with a speed of 1.5 m/min over etch baths overflown with the aforementioned

chemistry. The process consists of two passes of each wafer through the equipment, leading to



the removal of ~1.5-2 um of Si from the rear determined by weight measurements, resulting in

a semi-textured surface morphology with slightly rounded-off pyramids.

a) b) Texturing & Cleaning
SiO, Mask Removal
70 nm PECVD SiN,:H Annealing: 900°C, 60 min
BSG Removal
5 nm ALD AL,O, | BscRemoval ] YN
110 Q/o p* Si Emitter Removal
241.3 cm?,2.3 Q-:cm 70 nm PECVD SiN,:H (Front)
155 pm, n-type (100) Cz-Si
1.5 nm thermal SiO, PECVD SiO, Mask (Front) 70 nm PECVD SiN,:H (Rear)
In situ ?oped ‘ 1.5 nm Thermal SiO, Ag Screen-printing (Rear)
Ag Ag LPCVD n* poly-Si
70 nm PECVD SiN,:H In Situ Doped LPCVD poly-Si Ag/Al Screen-printing (Front)
Parasitic Poly-Si Removal by
Dry Etching (Front)

Figure 1. a) Schematic (not drawn to scale) of the large-area bifacial n-TOPCon solar cells with a homogeneous
diffused front emitter and screen-printed contacts. b) Process flow followed for fabricating the solar cells in a).

The fabrication continued with the realization of the poly-Si passivating contact on the rear.
For this, first, the front side was masked with a 200 nm thick SiOx mask grown by plasma
enhanced chemical vapor deposition (PECVD) in a batch-type system. Later, the interfacial
SiOy layer of the passivating contact structure was grown thermally, yielding a thickness of
~1.5 nm measured by transmission electron microscopy (TEM) on identically oxidized
thickness monitors. We would like to note that the monitors had been annealed by the same
process as the solar cells prior to the TEM measurements. Following the oxidation, the in situ
P-doped poly-Si film was deposited by LPCVD in a single-wafer ASM Epsilon 2000 reactor,
using the process reported in [26]. The split of the 7,01y sScreening experiment was introduced at
this step by varying the deposition duration, which resulted in three different #,01y values: 100
nm, 150 nm, and 200 nm. For each one of these thicknesses, a group of 8 solar cells was
prepared. The #,01y values were confirmed for each split by scanning electron microscopy
(SEM) measurements on identically processed thickness monitors. As for the oxide thickness
monitors, the #p0ly monitors had also undergone the same annealing process as the solar cells

before the thickness measurements.

As the LPCVD process creates a wrap-around of poly-Si at the front surface, this parasitic layer
was removed by a single-side dry etch process in NF3 plasma, followed by the removal of the
SiOx mask in HF. The reader should note that, while dry etching was used in this work, wrap-

around removal can also be performed by the simpler and more common approach based on



single-side wet-chemical etching of poly-Si in a diluted alkaline solution, eliminating the
masking step [12,30,31]. Subsequently, the samples were annealed at 900°C for 60 min [26].
Afterwards, the front surface was passivated with 5 nm thick atomic layer deposited (ALD)
AlOy and 70 nm thick PECVD SiNy:H films, the latter of which also acts as an antireflection
coating (ARC). A 70 nm thick PECVD SiNx:H film was also applied to the rear side for
improving the passivation quality provided by the passivating contact by means of
hydrogenation. Fabrication of the solar cells was then completed by metallization using a zero-
busbar design on both sides, leading to bifacial solar cells. The metallization fraction of the
front and rear surfaces of the solar cells was 2.7% and 5%, respectively. For metallization, Ag
and Ag/Al pastes were screen-printed at the rear and front sides, respectively, followed by
firing of the pastes through the SiNx:H films for realizing contacts with the poly-Si and the
emitter. Firing was performed with a belt speed of 150 inches per minute and a set peak

temperature of 855°C.

The focus of the second experiment was to investigate the impact of the rear surface
morphology on the n-TOPCon solar cells. This experiment is referred to as the rear surface
morphology screening experiment. For this, a reference group of 7 solar cells was prepared
with the same design and process as for the #,0ly screening experiment i.e., the rear surface
morphology was semi-textured. For this reference group, a single #yo1y value of 150 nm was
chosen. In addition, another group of 14 solar cells was fabricated, also with #,ory = 150 nm but
a polished rear surface morphology. The design of these solar cells is also the one depicted in
Fig. 1a) and the fabrication followed the process flow in Fig. 1b), with the only difference to
the reference group being the strength of the single-side etch used for removing the boron-
diffused emitter from the rear side. Instead of the emitter removal process, a polishing process
was applied to these solar cells using the same equipment as for emitter removal but a more
concentrated HF/HNO3; mixture. In more detail, the volume concentrations of 49% HF and
70% HNOs in the polishing solution were 20% and 80%, respectively. The wafer speed was
1.5 m/min, identical to the emitter removal process, but the process temperature was slightly
higher, at 12°C. The polishing process was applied a single time to each wafer, which removes
~6 um of Si and yields a flatter rear surface, which, however, does not correspond to a mirror-
polished surface but exhibits significant roughness [29]. Moreover, on four of the best solar
cells of the rear surface morphology screening experiment, selected from the group with the

polished rear surface, an additional 90 nm thick SiOx layer was deposited by PECVD (in a



single-wafer system unlike the previous PECVD steps) on top of the front SiNx:H film and the
metal grid to create a double ARC (DARC) and to further reduce the front reflectance [32,33].

The solar cells of both experiments were characterized by current-voltage (/-V) measurements
under 1 sun illumination with the AM1.5 G spectrum using a Wacom solar simulator and a
GridTouch system by Pasan to contact the zero-busbar devices. These measurements were
performed both with front and rear illumination. In case of the solar cells with a DARC, I-V
measurements were repeated after the realization of the DARC, and the best solar cell was also
sent to ISFH CalTeC for a calibrated /-/ measurement. From the /- measurements with front
illumination, the open circuit voltage (Voc), the short circuit current density (Jsc), the fill factor
(FF), and the power conversion efficiency (7) of the solar cells were extracted. Moreover, the
n values obtained with front and rear illumination were used for determining the bifaciality of
the solar cells as the ratio of the rear and front #. Furthermore, the /- measurements with front
illumination were repeated with the illumination intensity reduced to 7% of 1 sun. The resulting
data and the data acquired under 1 sun front illumination were used together for determining
the ideality factor (n) and the area-normalized series resistance (rs) by the Bowden method
[34]. In addition, to gain insight into the FF losses, FF values without the impact of rs (FFy)

and without the impact of both s and non-ideal n (FFo) were calculated [34].

The solar cells were further inspected by optical microscopy to assess the quality of the screen-
printed contacts. Moreover, the reflectance (R) and the external quantum efficiency (EQF)
spectra of the devices were measured under front illumination at a 2 cm x 2 cm spot on the
solar cell in the wavelength (1) range of 280-1200 nm using a LOANA system by PV-tools
with a black chuck. For the EQFE measurements, a bias light of 0.3 suns was used. The EQE
data was corrected by a wavelength-independent scaling factor so that its integration with the
AM1.5 G spectrum yields the Js. determined by the /-V measurements. These data were
analyzed for understanding the differences in the optical performance of each group of solar

cells.

For understanding the factors limiting the performance of the n-TOPCon solar cells,
symmetrically passivated monitor samples were also prepared together with the devices. These
rear and front monitors, depicted schematically in Fig. 2a) and 2b), respectively, were designed
to reproduce either the rear or the front side of the devices, allowing the passivation and contact

properties of each surface to be independently investigated. As the rear surface design was



varied during the experiments, a set of two rear monitors was fabricated for each #o1y and rear
surface morphology studied. By contrast, the front surface remained the same in all
experiments, thus only two front monitors were prepared. Fabrication of the monitors followed
the relevant steps in the process flow shown in Fig. 1b). On the monitors, the metal fingers
were screen-printed only on some regions and with varying metallization fraction, while other

regions were left non-metallized [26].

)
Ag 70 nm PECVD SiN,:H

In situ doped 70 nm PECVD SiN,:H

\LPCVD n* pOly-Sl 5 nm ALD A|203

1.5 nm thermal SiO, 110 Q/a p* Si
241.3 cm?, 4 Q-cm 241.3 cm?, 4 Q-cm
155 pm, n-type (100) Cz-Si 155 pm, n-type (100) Cz-Si
1.5 nm thermal SiO, ‘ 110 Q/o p* Si

_____ Insitudoped 5 nm ALD AL,O,
w\ LPCVD n* pon-Si
7 PECVD SiN,:H
70 nm PECVD SiNH 0 nm PECVD SiN,

Figure 2. Schematics (not drawn to scale) of the symmetrically passivated monitor samples used for assessing the
passivation and contact properties of a) the rear side, and b) the front side of the n-TOPCon solar cells.

\

Passivation properties of both surfaces were investigated by performing minority carrier
lifetime (T) measurements on the passivated regions of the respective monitors by the transient
decay method, using a BT Imaging equipment. From the resulting injection level (An)
dependent lifetime data, Jo of the passivated regions (Jop) at An = 10' cm™ was extracted.
Photoluminescence (PL) images of the monitors were also taken using the same BT Imaging
equipment, revealing the passivation quality in metallized regions in terms of PL counts. Based
on these counts, the findings of the lifetime measurements, and the method described in [35],
Jo of the metallized regions (Jo,m) was also determined. Furthermore, structures containing
fingers with a pitch of 2 mm, and dimensions of 1 cm by ~50 pm were laser-diced from the
monitor samples for measuring p. by the transfer length method (TLM). In the following
sections, each of these parameters are reported with an extra index “r” or “f” to indicate that

these belong to the rear or the front surface, respectively.

2.2 Damp Heat and Thermal Cycling Tests on 1-Cell n-TOPCon Solar Laminates

I-cell laminates of the n-TOPCon solar cells with a #,01y of 150 nm and polished rear surface
were fabricated in a glass-glass configuration, using SmartWire Connection Technology
(SWCT) foils by Meyer Burger [36], PO8110 encapsulant by 3M, and glass without ARC. To

contact the wires, Sno.96sAgo.035-coated Cu ribbons with a width of 5 mm and a thickness of 0.3



mm were placed in contact with the SWCT foils. Subsequently, a 20 min-long lamination was

performed at 150°C, while applying a pressure of 700 mbar onto the assembled structure.

The laminates were investigated both by damp heat and thermal cycling tests. For the damp
heat test, a laminate was exposed to 85°C and a relative humidity of 85% for 1000 hours.
Another laminate was subjected to the thermal cycling test, which took the sample repeatedly
between -40°C and 85°C for 400 cycles with a cycle duration of 3 hours and a dwell time of

10 min at both temperatures. No current was applied to the laminates during thermal cycling.

The laminates were characterized by light /-V measurements under 1 sun front illumination
using the LOANA system, yielding the Voc, Jsc, FF, 5, and the output power (Pou) of the
laminates. The measurements were performed before and after the damp heat and thermal
cycling tests, and in case of thermal cycling also after every 100 cycles. The evolution of Pou
during the tests was assessed to determine whether the laminates of the n-TOPCon solar cells
pass the damp heat and thermal cycling tests by exhibiting a Pou loss < 5% for a single
IEC61215 test.

2.3 Roadmap for Improving the n-TOPCon Solar Cells

To establish a roadmap indicating experimental strategies to improve the efficiency of the n-
TOPCon solar cells with in situ P-doped LPCVD-based poly-Si passivating contacts,
simulations were performed using the Quokka 2 software [37]. First, a model was built to match
the /-V parameters of the best solar cell with a #,01y of 150 nm, polished rear surface, and single
ARC. The corresponding input parameters of this model are listed in Table 1. These values
were selected based on experimental data, in case of e.g., Jo.r and contact resistivity, and design
parameters, in case of e.g., contact half widths, whenever available, and were otherwise chosen
reasonably in order to match the /-V parameters of the best solar cell. For the input parameters

not listed in Table 1, the defaults of the Quokka settings file generator were used.

Table 1. Input parameters for Quokka 2 simulations to match the best solar cell fabricated in this work with a #01y
of 150 nm, polished rear surface, and single ARC.

Main Parameters Solar cell thickness: 155 um; Front width: 750 um; Rear width: 500 pm; 7% 298
K
Front Side Properties Contact half width: 20 pm;

Emitter: 110 Q/o, 1 um depth, 92% collection efficiency;
Contacted region: Jo g = 632.2 fA/cm?, Jo» = 0, Contact resistivity = 2.1 mQ-cm?;
Non-contacted region: Jor = 21.3 fA/em?, Jo» =0




Bulk Properties

Doping type: n-type; Resistivity: 2.3 Q-cm; Background lifetime: 1 ms

Rear Side Properties

Contact half width: 25 um;
BSF: 38 Q/o, 150 nm depth, 0% collection efficiency;
Contacted region: Jo g = 65.8 fA/cm?, Jo» = 0, Contact resistivity = 2.0 mQ-cm?;
Non-contacted region: Jor = 2.3 fA/cm?, Jo2 =0

Generation Parameters

Shading width: 13 pm (based on contact half width and geometrical calculation)
Fixed Z: 12.82 (calculated with the Z calculator of PV lighthouse and using
experimentally determined internal reflectance data [26,38]);
Transmission: User-defined (based on measured R)

External Circuit

Series resistance: 0; Shunt resistance: 10° Q-cm?

The remaining simulations were organized in 8 steps to establish the roadmap by improving or

optimizing several solar cell parameters. These were (i) the bulk lifetime (zg), (ii) the bulk

resistivity (ps) and the contact resistivities (pc.f, pcr) (1i1) the screen-printed finger widths (wr,

wr) and pitches (pr, pr), (1V) fpoly, (V) reflectance R by the use of DARC, (vi) the passivation of

the non-contacted regions of the front side by the use of an advanced emitter, (vii) the

passivation of the contacted regions of the front side by the use of a selective emitter, and (viii)

again the front surface passivation in non-contacted regions using a transparent passivating

contact. The Quokka 2 input parameters varied in each step are listed in Table 2. It is important

to note that in each step the optimum values determined in preceding steps were used.

Table 2. Input parameters varied in each step of Quokka 2 simulations to improve the solar cell efficiency.

Step Number

Input Parameters

1

Bulk background lifetime: 1-8 ms

2 Bulk resistivity: 1.0-2.3 Q-cm; Front and rear contact resistivity: 1.0-2.1 mQ-cm?

Front and rear contact half width: 10-35 pm; Shading width: 6.5-19.5 pm;
Front unit cell width: 250-1125 um; Rear unit cell width: 100-700 pm

BSF: 38-76 Q/o, 150-75 nm deep; Fixed Z: 12.82-16.72

Transmission for DARC: Calculated with OPAL 2 (PV Lighthouse optical
simulator) for 50 nm SiNx & 90 nm SiOx

Advanced emitter: 130 Q/g, 2 um depth, 94% collection efficiency
Front side non-contacted region: Jo g = 16 fA/cm?

Front side contacted region: Jo g = 50-632.2 fA/cm?

Front side non-contacted region: Jox = 5 fA/cm?

3 Performance of n-TOPCon Solar Cells and Laminates

3.1 Impact of Poly-Si Film Thickness on n-TOPCon Solar Cells

Figures of merit of the n-TOPCon solar cells with semi-textured rear surface morphology and

varying fpoly are summarized in Table 3. While the best solar cell has an 7 of 22.4% along with




a relatively high FF of 81.1%, this seems to be an outlier as the best average # lies just below
22%, accompanied by significantly lower average FF values of 79.4% and below. Comparison
of the average # as a function of #,0ly shows that solar cells with thicker poly-Si films are more
efficient, with a significant jump of 0.4% in # for #poly increasing from 100 to 150 nm, but only
a 0.1% improvement when %1y 1s further raised to 200 nm. Differences between the other
parameters of the three solar cell groups reveal two opposite trends with increasing #yoly, which
explain the nonlinear improvement of the average #: (i) Jsc drops by ~0.15 mA/cm? per 50 nm
increase in fpoly, and (ii) Voc and FF improve, particularly when 01y is raised from 100 to 150

nm.

Table 3. I-V parameters of n-TOPCon solar cells with semi-textured rear surface and varying poly-Si thicknesses
in the passivating contacts at the rear. Averages and standard deviations were obtained by measurements on 8
devices per group. Parameters of the best solar cell are also shown.

tpoly [nm] Voe [mV] | Jsc [mA/em?] | FF [%] 5 [%] rs [Q-cm?] n
100 681.4+1.3 40.0+0.1 78.3+0.4 | 21.4+0.1 | 0.8+0.1 1.240.1
150 690.7+0.8 39.840.1 793403 | 21.840.1 | 0.8+0.1 1.10.1
200 692.5+0.9 39.7+0.1 79.4+0.7 | 21.9+£0.2 0.8+0.2 1.1+0.1

200 (}é:flt)som 693.7 39.7 81.1 224 0.5 1.1

The loss in Jsc with higher #,01y is attributed to increased parasitic absorption in the heavily
doped poly-Si film, mainly due to free carrier absorption (FCA). Our previous optical studies
predict a linearly increasing Js. loss as a function of #,01y when the poly-Si passivating contact
is integrated at the rear side of solar cells as in this work, with the loss equal to ~0.2 mA/cm?
per 50 nm increase in #oly [26,38]. Studies by other groups in the literature also predict similar
FCA-related losses between 0.1 and 0.25 mA/cm? per 50 nm increase in #pory [12,15,39]. Hence,
the behavior of Jsc in Table 3 as a function of #,01y can be explained with the parasitic absorption
losses reported in the literature. To verify this hypothesis, R and EQF measurements were
performed, yielding the results in Fig. 3. The plot on the left shows that the solar cells with
different #p01y have very similar optical properties at short and visible wavelengths, while R
seems to decrease with increasing #oly at long wavelengths, attributed to increased absorption
in the poly-Si at the solar cell rear. The impact of higher #y01y on EQFE and thus on Js is more
clearly seen in the second, zoomed-in plot, which indicates a clear drop in the wavelength range
of 1000 to 1200 nm. These findings agree well with the results of similar studies in the literature

based on EQF measurements [15,39]. Since the optical differences are at long wavelengths i.e.,



concerned with photons reaching the rear side of the solar cells, and depend systematically on
fpoly, the data show that FCA in the poly-Si films is indeed the reason behind the Js: loss with

increasing #poly.

[%]

EQE

I
400 600 800 1000 1200

)t i

Figure 3. Reflectance (R) and external quantum efficiency (EQE) spectra of n-TOPCon solar cells with different
poly-Si film thicknesses (#ly). The plot on the right-hand side shows a magnified version of the first plot in the
wavelength range of 1000-1200 nm.

In addition, the impact of parasitic absorption in the poly-Si films on the optical performance
of solar cells is also evident from the bifaciality values of each solar cell group, measured as
82.140.5%, 80.2+0.6%, and 78.0+0.3%, for #yory of 100, 150, and 200 nm, respectively. This is
expected, since the parasitic absorption in the poly-Si at the illuminated side of the solar cell is
known to increase with #poly and also to be significantly greater than the absorption in a poly-

Si film at the non-illuminated side for the same #01y [40].

To understand the increasing trend of FF in Table 3 with #yly, an FF loss analysis was
performed, yielding the results in Fig. 4a). First, it is evident from these data that the difference
between FF, and FF i.e., the loss due to series resistance of the solar cells, is significantly
larger than the difference between FFo and FF, i.e., the loss due to recombination. This is
expected given the relatively high 7 of 0.8 Q-cm? of the solar cells, which is attributed to issues
during the screen-printing process mainly due to the use of aged Ag paste, resulting in quite
regularly spaced finger interruptions at intervals of a few 100 nm as shown by the microscopy
image in Fig. 4b). Poor quality of the metallization being the limiting factor for the FF is also
demonstrated by the performance of the best solar cell, on which little to no finger interruptions
were found. As a result, the best solar cell has a significantly lower 75 of 0.5 Q-cm? and a higher

FF of 81.1%. Despite rs-related losses being the dominant mechanism, these cannot explain



the FF trend observed, since 7 is similar for all groups of solar cells. Instead, the behavior of
FF with #,01y seems to follow that of the FF,.. This suggests that the FF trend and particularly
the ~1% FF improvement for a #,ly increase from 100 to 150 nm arise from enhanced
mitigation of recombination losses, yielding a lower n value (see Table 3) and therefore an

improvement in FF;,.
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Figure 4. a) Fill factor (FF) of the n-TOPCon solar cells with different #,01y, together with the FF without the
impact of the series resistance (FFy), as well as the FF* without the impact of both the series resistance and the
non-unity ideality factor (FFy). b) Optical microscopy image of a solar cell fabricated during the #,,1y screening
experiment, showing the quite regularly and closely spaced interruptions in screen-printed fingers.

The positive impact of using a #yory of 150 nm or higher in mitigating recombination losses was
verified by characterizing the symmetrically passivated monitors. The results, depicted in Fig.
5a), show that Jom, decreases by more than a factor of 5, to values below 100 fA/cm?, when
tpoly 1s increased from 100 to 150 nm, showing that passivating contacts with thicker poly-Si
films preserve their carrier selectivity better against aggressive screen-printed metallization.
This observation agrees with the findings of similar studies in the literature [14,15,41-43].
Moreover, according to Fig. 5a), Jor decreases slightly, to 3.6 fA/cm?, for higher fy01y, which
agrees with the trend reported in some works in the literature [14,15], while other works did
not identify any trend in Jop, as a function of #,01y [41,43]. Overall, the reduction in Jom, and
Jopr With increasing fpoly indicate that the use of thicker poly-Si films lead to lower
recombination losses. Both the ~1% higher FF, and FF, and the ~10 mV higher Ve for #yoy >
150 nm are attributed to enhanced mitigation of recombination in case of thicker poly-Si.
Another benefit of using higher #y1y is the achievement of lower pe, down to 1.7 mQ-cm?, as
Fig. 5b) shows. As for Jop,, the decrease in pcr with increasing fpoy agrees with some
[14,15,43], but not all results in the literature [41]. Comparison of all these findings regarding

the impact of #,01y on poly-Si passivating contact properties, obtained here on semi-textured



surfaces, with the corresponding results on textured surfaces reported in our previous work
indicate a good agreement [26]. Despite the reproducibility of the results, it is not well-
understood why Jo,r and p¢r are lower for higher #po1y. This calls for a more detailed study on
the impact of #y01y on the poly-Si film properties such as the doping profile, which is beyond

the scope of this work and will be targeted in the future.

In addition to the properties of the passivating contact at the rear, Fig. 5 reveals for the front
surface that a low pcr = 2.1 mQ-cm? can be achieved, but with a poor passivation quality as
indicated by the high Jor= 21.3 fA/cm? and Jom = 632.2 fA/cm?. This is expected given the
lack of passivating contacts at the front side and appears to be the main factor limiting the Vo
of the solar cells. This finding agrees with the results of similar recombination loss analyses

reported in the literature for n-TOPCon solar cells [5,16].
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Figure 5. a) Recombination current density in passivated (Jo) and in screen-printed (Jom) regions of rear monitors
(index “r”) as a function of the poly-Si thickness (#yoly), and of the front monitors (index “f”). b) Contact resistivity

(pc) of rear monitors (index “r””) as a function of #y.1y and of front monitors (index “f”).

Overall, these results show that a thick enough poly-Si film with #,01y > 150 nm is necessary to
achieve high-quality passivating contacts and high-efficiency n-TOPCon solar cells for the
screen-printed contacts used. While choosing #,01y > 150 nm results in slightly improved
electrical properties of the devices, it also leads to optical losses, showing only marginal
improvements in terms of #. It is expected that, for #,01y beyond 200 nm, # might drop due to
increased Jsc losses, which might limit the solar cell performance, as shown in the literature
[15]. For these reasons, 150 nm was chosen as the poly-Si thickness for the rear surface
morphology screening experiment in this work. Apart from the choice of a sufficiently high

fpoly, 1t 1s evident that improving the screen-printing process to avoid finger interruptions and



thus increase the FF can offer significant gains in 7. Therefore, new bottles of screen-printing
pastes and new screens adapted to the wafer size were used for the rear surface morphology

screening experiment.

3.2 Impact of Rear Surface Morphology on n-TOPCon Solar Cells

For studying the impact of the rear surface morphology on the solar cell characteristics, n-
TOPCon solar cells with semi-textured and polished rear surfaces were prepared. The
morphologies of a fully textured surface as a reference, and the semi-textured and the polished
surfaces are illustrated in the SEM images shown in Fig. 6a), 6b), and 6¢) respectively. Findings
of the -V characterization of n-TOPCon solar cells with #,0ry = 150 nm and the semi-textured
and polished rear surface morphologies are shown in Table 4. First, comparison of the semi-
textured reference group with the corresponding results in Table 3 for #,0ry = 150 nm shows that
the average # has slightly improved by 0.1%. This is due to the 0.7% jump in FF, which follows
from the lower 75 of 0.6 Q-cm?, and is attributed to the improved screen-printing process,
yielding little to no finger interruptions as found by optical microscopy. The reason for the
limited gain in 7 despite this significant FF increase seems to be the drop in Voc by 2.4 mV. To
understand this loss in Ve, PL images of monitor samples from the #,01y screening and rear
surface morphology screening experiments were compared. The design of the monitors with
regions of different metallization fractions (MF) is depicted in Fig. 7a). As shown in Fig. 7b),
the non-metallized regions of the monitor from the #yoly screening experiment are uniformly
passivated, while the monitor from the rear surface morphology screening experiment, depicted
in Fig. 7¢), has lower PL counts i.e., darker regions at the edges. This is attributed to unexpected
contamination of the edges, found to be originating from the boat of the PECVD equipment

used. By contrast, the darker color in the metallized regions is expected due to elevated

recombination because of metallization, which clearly increases with higher MF in Fig. 7b)

and 7c).

Figure 6. Scanning electron microscopy (SEM) images of a) a fully textured, b) the semi-textured and c) the
polished rear surface morphology.



Table 4. I-V parameters of n-TOPCon solar cells with 150 nm thick poly-Si in the passivating contact at the rear
and different rear surface morphologies. Averages and standard deviations were obtained by measurements on 7-
14 devices per group. Parameters of the best solar cell are also shown.

Rear Surface Voe [mV] | Jsc [ mA/em?] | FF [%] n [%] rs [Q-cm?] n
Semi-textured 688.3%0.8 39.8+0.1 80.040.5 | 21.9402 | 0.6+0.1 | 1.1+0.1
Polished 689.5+1.1 40.30.1 80.2+0.3 | 223401 | 0.6+0.1 | 1.1%0.1

POhShe‘égﬁ;’St Solar 690.2 40.4 80.4 224 0.6 1.1

TLM Stnpe

MF= N MF= MF =
6.0% M 86% 0%

MF =
0%
MF= N MF= N MF=
2.8% 54% M 11.5%

TLM Stripe

Figure 7. a) Schematic of the symmetrically passivated monitors investigated by photoluminescence (PL)
imaging. The metallization fraction (MF) in each square on the monitors is indicated. b,c) PL images of the
monitors with semi-textured surface morphology and poly-Si thickness of 150 nm from b) the #,1y screening
experiment and c) the rear surface morphology screening experiment. The regions with poorer passivation and
lower PL counts appear darker in the images.

Table 4 also reveals that the flatter rear surface morphology resulting from polishing allows
the fabrication of n-TOPCon solar cells which are 0.4% more efficient on average. While minor
improvements are observed in Voc and FF of the solar cells with polished rear, the main reason
behind the efficiency gain is clearly the 0.5 mA/cm? increase in Js.. Results of R and EQE
measurements performed on solar cells with different rear surface morphology, depicted in Fig.
8a), reveal that the optical improvement originates from a gain in EQFE at long wavelengths.
This leads to the conclusion that the polished rear surface offers enhanced light trapping
compared to the semi-textured one, which also explains the higher R at long wavelengths, as
more light is internally reflected at the polished rear, increasing the escape reflectance. It is
important to note, however, that the use of the polished rear surface also reduces the bifaciality
from 81.2+0.3% in the case of the semi-textured rear, to 78.7+0.5%. This is because of the Js
under rear illumination decreasing by 0.8 mA/cm? due to an increased R in the case of the
polished rear surface. The impact of this drop in bifaciality on the energy yield at the PV system

level requires further investigation, which is beyond the scope of this work.
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Figure 8. a) Reflectance (R) and external quantum efficiency (EQF) spectra of n-TOPCon solar cells with different
rear surface morphologies. b) Fill factor (FF) of the n-TOPCon solar cells with different rear surface, together
with the FF without the impact of the series resistance (FFn), as well as the FF without the impact of both the
series resistance and the non-unity ideality factor (FFy).

Concerning the impact of rear surface morphology on the FF, the analysis in Fig. 8b) shows
that the dominant loss mechanism remains rs-related for both morphologies as in Fig. 4a), albeit
with a lower drop from FF;, to FF than in the #1y screening experiment, given the lower rs in
Table 4 than in Table 3. Furthermore, the minor improvement in FF for the solar cells with
polished rear follows from the increase in FF;, by the same margin of 0.2% i.e., from enhanced
mitigation of recombination losses. This conclusion is supported by the ~45% lower Jop of
2.3 fA/em? and Jom, of 65.8 fA/cm? found for the polished monitors, as depicted in Fig. 9a).
This finding agrees with the results in the literature [5]. The observed reduction in
recombination losses also explains the 1.2 mV increase in Vo of the solar cells with polished
rear surface. Achievement of lower Jopr and Jom, on the flatter polished surface is attributed
to three factors based on the literature: (i) the reduced surface area compared to the semi-
textured surface, (ii) the lower dangling bond density of (100)-oriented surfaces than the (111)-
oriented facets, with the former and the latter exposed to a greater extent in case of the polished
and semi-textured surfaces, respectively, and (iii) the reduction in stress related defects in the
SiOx film [44]. Moreover, Fig. 9b) shows that p. decreases from 2.5 mQ-cm? in case of the
semi-textured surface to 2.0 mQ-cm? when the surface is polished, which is surprising as a
higher contact resistivity would be expected due to the lower contact area. The reason behind
this p¢,r reduction is not well-understood and given the relatively high standard deviation of 0.3
mQ-cm? of the p.: data in case of the polished surface, the observed drop should be treated

with caution and might be inconclusive.
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Figure 9. a) Recombination current density in passivated (Jop,) and in screen-printed (Jom;) regions of rear
monitors with different surface morphology. b) Contact resistivity of the rear monitors (o.) with different surface
morphology.

The findings of the solar cell development thus reveal that the use of a sufficiently thick poly-
Si film and a polished rear surface morphology are key for enabling high efficiencies. For
further increasing the 7, two strategies seem plausible: (i) reducing the total Jo and thus
improving the V. of the devices by enhancing the passivation of the front surface and by
passivating the front contacts as the high Jop.r and Joms in Fig. 5 suggest, and (ii) improving
the relatively low EQF of the devices at short wavelengths, as Fig. 8a) shows. While the former
is challenging to achieve with industrial processes, the latter is feasible by realizing a DARC

at the front surface, which was chosen as the final step of improvement in this work.

3.3 Impact of Using DARC on n-TOPCon Solar Cells

Table 5 shows the improvement achieved by using the DARC consisting of a stack of 70 nm
SiNx and 90 nm SiOx films on four of the best solar cells with polished rear surface. First, the
best solar cell with a certified # 0f 23.01% and a high Voc 0of 691.7 mV (see Fig. 10), fabricated
with the industrial process in Fig. 1b), clearly demonstrates the potential of passivating contacts
with in situ P-doped poly-Si films deposited by LPCVD. This result matches the highest 7
obtained in the literature with a large-area n-TOPCon solar cell incorporating an in situ doped
LPCVD-based poly-Si passivating contact [25]. Moreover, the achieved 7 is also on par with
the highest certified # of 23.06% obtained in our group using the conventional ex situ doped
LPCVD-based poly-Si passivating contacts (data not published yet). Second, it is important to
note that the certified FF of the best solar cell is 1.1% higher than the corresponding FF
measured in-house, which is attributed to the certified measurement neglecting front and rear

grid-resistance contributions, as indicated in Fig. 10 [45]. Nevertheless, even with 1.1% higher



FF, resistive losses remain dominant and the discussions in previous sections regarding the FF
loss analyses are valid. Third, DARC yields an average increase in # by 0.2%, which is due to
a significant improvement in Js by 0.5 mA/cm?. The resulting average Jsc of 40.8 mA/cm?
matches the Jsc obtained in the literature using a similar DARC design on n-TOPCon solar cells
[33]. We would like to note that using a DARC at the rear side of the solar cells can also be
useful for boosting the bifaciality, but this would come at the price of increased process
complexity. Table 5 also shows that, as expected, DARC has little to no impact on V. The FF
does not show a significant change either, only a 0.2% drop, and the »s does not change, even
though the extra SiOx film to realize the DARC was deposited onto the Ag fingers. We
speculate that the wires of the /-J measurement setup with high mechanical tension punch

through the thin SiOx film on the Ag fingers and the realization of the DARC on the finished

solar cells therefore does not lead to contacting issues.

Table 5. I-V parameters of n-TOPCon solar cells with single and double antireflection coating (ARC). Averages
and standard deviations were obtained by measurements on 4 devices with 150 nm thick poly-Si in the passivating

contact at the rear and with the polished rear surface morphology. Parameters of the best solar cell determined by
certified measurements at ISFH CalTeC are also shown.

Front ARC Voo [ImV] | Jsc [mA/cm?] | FF[%] | 5 [%] | rs[Qcm?] n
Single ARC 690.5+0.3 40.3£0.1 80.3+0.1 | 22.4+40.1 0.6+0.1 1.1+0.1
Double ARC 690.6+0.5 40.8+0.1 80.1+£0.2 | 22.6+0.1 0.6+0.1 1.1+0.1
Double ARC (Best Solar
Cell — Calibrated 691.7 40.95 81.25 23.01 - -
Measurement)
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Figure 10. Result of the certified /-7 measurement of the best n-TOPCon solar cell fabricated in this work.

Further analysis of the Jsc increase after the realization of the DARC was performed by R and

EQF measurements on solar cells with single and double ARC, as shown in Fig. 11. It is evident



from these data that the reduced R at short and long wavelengths and the resulting increase in
EQE cause the optical improvement of the solar cells, as expected. It is important to note that
the thickness of the SiNy film in the DARC structure was optimized for a single but not double
ARC, yielding the second dip in R at a quite long wavelength of ~1000 nm. Hence, room for
further improvement of the R spectrum, the Js, and thus the # exists by optimizing the DARC

stack.
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Figure 11. Reflectance (R) and external quantum efficiency (EQE) spectra of n-TOPCon solar cells with single
and double antireflection coating (ARC).

3.4 Damp Heat and Thermal Cycling Tests on 1-Cell n-TOPCon Solar Laminates

The results of the damp heat and thermal cycling tests applied to 1-cell laminates containing
the developed n-TOPCon solar cells are shown in Fig. 12. These indicate that P of the
laminates, initially equal to ~4.9 W, does not drop and even increase by ~1% relative upon
1000 h of damp heat testing (see Fig. 12a)) and by ~2% relative after 400 thermal cycles (see
Fig. 12b)). Hence, the laminates pass the damp heat and thermal cycling tests (Pout loss < 5%
for a single IEC61215 test), showing that the screen-printed fingers of the developed solar cells
do not degrade due to moisture and the interconnections between the fingers and the wires of
the laminates do not fail due to thermal cycling. The results of this first assessment indicate
that the developed solar cells can be suitable for integration in PV modules in the glass-glass
configuration. In the more conventional glass-backsheet configuration, PV modules are known
to be more susceptible to failure, particularly during the damp heat test, due to moisture ingress
through the backsheet [46]. Hence, for assessing the suitability of the developed solar cells for
application in glass-backsheet modules, the applied tests are to be repeated using the glass-

backsheet configuration. Furthermore, for a complete study of the reliability of PV modules



based on the developed n-TOPCon solar cells, further investigations such as potential induced

degradation and humidity freeze tests are required and will be performed in the future.
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Figure 12. a) The relative output power (Pou) of the laminate subjected to the damp heat test, before and after
1000 hours of testing. b) Evolution of the relative Py and the fill factor (FF) of the laminate subjected to thermal
cycling, as a function of the number of cycles.

Further analysis of the /-V parameters of the laminates leads to a few more conclusions. First,
for both laminates, the cell-to-laminate losses were found to be high, with the laminates having
~2% absolute lower # than the cells, equal to 20.1-20.3%. This is expected, as the laminates
were not optimized for maximizing the 7. Among the other /-V parameters, the Vo does not
change significantly upon lamination, remaining at ~690 mV, while the Jic drops by ~1.6
mA/cm?, to ~38.7 mA/cm?, because of the optical losses at laminate level, mainly due to the
use of glass without ARC for the preparation of the laminates. Moreover, the FF drops by
~4.5% absolute, to 75.5-75.9%, which is attributed to the series resistance contribution of the
interconnections, raising the 7s of the laminates to ~1.5 Q-cm?, which is significantly higher
than the 7s of the solar cells before lamination. Investigating the impact of the performed tests
on the /-V parameters of the laminates shows that, for the laminate subjected to the damp heat
test, the 1% relative increase in Pou originates mainly from an increase in Js, from 38.7
mA/cm? to 39 mA/cm?. This improvement in Js is not well-understood. For the thermal
cycling, the evolution of Poy clearly follows the FF of the laminate, as depicted in Fig. 12b).
Other /I-V parameters were found to remain unchanged during thermal cycling. Interestingly,
FF increased significantly, by 3.1% absolute, during the first 100 cycles, after which it dropped
by 1.3% absolute during the following 300 cycles. The initial FF improvement is associated
with a significant drop in the series resistance of the laminate, which is attributed to

modifications in the properties of the interconnections, as the series resistance of the solar cell



itself is not expected to change during thermal cycling. Nevertheless, the physical mechanism

behind the change in the properties of the interconnections is not well-understood.

4 Roadmap for Improving the n-TOPCon Solar Cells

While a high certified 7 of 23.01% is demonstrated in this work, it is important to assess the
ultimate potential of the n-TOPCon solar cells with in situ P-doped LPCVD poly-Si passivating
contacts, as record large-area n-TOPCon solar cells fabricated by the PV industry already
achieved 77 up to 25.4% [4]. For this purpose, a roadmap is established by Quokka 2 simulations
and presented in Fig. 13, showing that, with proper design and process optimizations, solar
cells with # of 25.5% can be achieved using in situ P-doped LPCVD poly-Si passivating

contacts.

255%
255 0: Best Cell

1: Higher
4| 2 Lower

3:0ptimized w & p
ir

4: Lower t

0 1 2 3 4 5 6 7 8

Figure 13. Roadmap to 25.5% n-TOPCon solar cell efficiency established by Quokka 2 simulations. The
improvements to the solar cell design and fabrication process applied in each simulation step are listed at the
right-hand side.

Figure 13 shows that the initial simulation to match the best solar cell using the parameters in
Table 1 yields = 22.8%, along with Voc = 694.7 mV, Js. = 40.4 mA/cm?, and FF = 81.1%.
Comparison of these simulation results with the measured /-V parameters in Table 4 of the
modeled best solar cell indicate 0.4% higher simulated # due to 0.7% higher simulated FF and
4.5 mV higher simulated V., while the simulated and the measured J. are perfectly matched.
This is expected, since (i) accurately measuring the FF of zero-busbar devices is difficult and
the measured FF' can be an underestimation, particularly given the 1.1% difference between
the FF determined in-house and at ISFH CalTeC as discussed in Section 3.3, and (ii) the Vo
of the best solar cell suffered a 2-3 mV loss due to the contamination at the edges as discussed
in Section 3.2, which is not considered in the simulations. Therefore, the model of the best

solar cell based on the parameters in Table 1 is considered valid.



The main factors limiting the efficiency of the best solar cell were found to be recombination
losses in the bulk and at the front surface and contacts. As wafers with significantly higher bulk
quality i.e., 78 up to 8 ms are commercially available [47], the first step of the roadmap assessed
the improvement achievable by improving the wafer quality. As Fig. 13 shows, the use of
wafers with g = 8 ms leads to a significant # gain of 0.9% due to the FF" and the V. increasing
by 1.9% and 9 mV, respectively. It is interesting to note that most of this gain (0.7% in #) can
be obtained already for 78 = 4 ms, showing that the increase in # with g has a saturating
behavior. Step 2 and 3 of the roadmap shows that # can then be increased by 0.4%, to above
24%, by (i) reducing pg to 1 Q-cm, and pcrand pcr to 1 mQ-cm? using improved screen-printing
pastes, (i1) further developing the screen-printing process to realize narrower fingers with wr=
wr =20 um, and (iii) optimizing the grid design for the lower pcrand p. by increasing the pitch
of the fingers. These improvements mainly affect the FF, yielding a 0.6% increase. In step 4,
another 7 gain of 0.2% is predicted when going for thinner poly-Si films with #po1y = 75 nm,
which is expected to become the industry standard thickness by 2028 when new screen-printing
pastes which can contact thinner poly-Si films with low Jom are developed [1]. As explained
before, reduced #poly results in less FCA and a consequent 0.3 mA/cm? increase in Js. An
impressive 7 of 24.3% i.e., a gain of 1.5% absolute, can be achieved after these 4 steps of the

roadmap, relying on industrially feasible improvements only.

In step 5, implementing a DARC enhances the Ji and the # by 0.6 mA/cm? and 0.3%,
respectively, in agreement with the experimental results in Table 5. It should be noted,
however, that this improvement would not translate to module level due to optical losses in
encapsulants and as the refractive index of the SiOx film used in the simulations as the top layer
of DARC is not suitable for module applications. Lastly, steps 6, 7, and 8 of the roadmap
foresee the reduction in recombination losses at the front surface of the solar cell. In step 6, the
losses in the non-metallized regions are decreased using a deeper, advanced emitter. The
advanced emitter is known to yield a lower Jo ¢ of 16 fA/cm? [48], and results in 3 mV higher
Voc and 0.1% higher #. In step 7, recombination losses in the metallized regions are reduced by
introducing a selective emitter. The selective emitter is assumed to reduce Jo,m,r down to 50
fA/cm?, a value possibly achievable with p-type passivating contacts, yielding 7 mV higher Voc
and 0.3% higher #, thus reaching = 25%. While the improvements to the emitter considered
in steps 6 and 7 are available technologies and can be used for fabricating solar cells with
record efficiencies, it can be difficult to implement those in production, since fabrication of the

advanced emitter requires a long process duration [48] and realizing the selective emitter



requires patterning, increasing the process complexity. In step 8, recombination losses in the
non-metallized regions of the front surface are further reduced using a transparent passivating
contact at the front, covering the entire solar cell. This could potentially be achieved by
applying a full-area p-type poly-Si passivating contact to the front surface and thinning down
the poly-Si film between the contact fingers to obtain low thicknesses and mitigate parasitic
absorption losses [49,50]. For the transparent passivating contact, a Jo,¢of 5 fA/cm? is assumed
in step 8. This yields an 11 mV increase in Vo, a 0.3% improvement in FF, and a 0.5% higher
n, resulting in n = 25.5%.

5 Summary and Outlook

Realizing in situ P-doped poly-Si films by LPCVD offers the prospect of simplifying the
manufacturing of industrial n-TOPCon solar cells, by eliminating the need for an external
doping process, prevalent in the industry today. In this work, the potential of in situ P-doped
LPCVD poly-Si films was demonstrated at solar cell and laminate level, by integrating them
in passivating contacts at the rear side of large-area bifacial n-TOPCon devices. To achieve the
highest efficiencies possible, the solar cell design was optimized starting with an investigation
on the impact of the poly-Si film thickness on the solar cell performance. This study revealed
the necessity of using a #,ly > 150 nm to properly passivate the areas metallized by screen-
printing, allowing Jomr < 100 fA/cm?. While such thicker layers were found to yield slightly
lower Jop,r and pc; as well, they were also responsible for increased FCA, reducing the Jsc of
the solar cells by ~0.15 mA/cm? per 50 nm increase in #poly. As a result of this trade-off between
the electrical and optical properties of the devices, the average # saturated just below 22% for
fpoly = 150 nm, when a semi-textured rear surface morphology was used. A fpoy of 150 nm was

therefore chosen for further development.

Further improvement of the solar cell design was achieved by realizing a flatter, polished rear
surface for the devices, resulting in an average 7 of 22.4%. This was found to be mainly due to
improved light trapping at the rear side, increasing Js by 0.5 mA/cm?. The electrical
performance of the passivating contact also improved on the polished surface, yielding Jopr =
2.3 fA/em?, Jomr = 65.8 fA/cm?, and per = 2.0 mQ-cm?. A further gain in Js. by 0.5 mA/cm?
was then obtained by applying a double ARC to the front surface of the devices, in the form of
an additional SiOx layer on top of the SiNx layer, which resulted in a broadband reduction in
R. This resulted in # being higher by 0.2% on average, and the best solar cell had a calibrated
5 of 23.01%, accompanied by a high Voc of 691.7 mV, and a high Jsc of 40.95 mA/cm?.



The fabricated n-TOPCon solar cells were also incorporated in 1-cell laminates, which were
subjected to 1000 h of damp heat testing and 400 cycles of thermal cycling. Upon both tests,
Pout of the laminates did not degrade but increased by 1-2%. Hence, the laminates passed the

tests, indicating that the developed solar cells can be suitable for use in PV modules.

Lastly, the ultimate efficiency potential of n-TOPCon solar cells with in situ P-doped LPCVD
poly-Si passivating contacts was predicted by establishing a roadmap to an # of 25.5% using
Quokka 2 simulations. Among the strategies outlined in the roadmap, the most effective
improvements to the solar cell design and fabrication process were found to be the use of wafers
with higher bulk lifetimes and of advanced and selective emitter as well as transparent

passivating contact technologies for enhanced passivation of the front side of the solar cells.

Our future work will focus on following the roadmap established in this paper to achieve the
foreseen improvements to 7 experimentally. Furthermore, further simplification of the process
used for fabricating n-TOPCon solar cells will be targeted by developing fired passivating
contacts based on the in situ P-doped LPCVD poly-Si films used in this work, thereby skipping
the post-LPCVD annealing process.
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