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Abstract. In this work, we investigate different front-side passivation approaches for p-type
IBC solar cells. We compare a POClIs-diffused and SiNy-passivated front floating emitter (FFE)
with an undiffused front surface passivated by a layer stack of aluminum oxide Al.O3 and silicon
nitride SiNy, using different technologies for Al,O3; deposition. Further, we investigate a boron-
doped front surface field (FSF), realized with different BBr3 diffusion approaches. We achieve
promising implied open-circuit voltages iVoc of up to 740 mV with Al,Os/SiNy-passivation, which
is a 7 mV increase compared to the reference process using the phosphorus-doped FFE. Fur-
ther, we fabricated boron-doped FSF samples exhibiting promising recombination parameters
of jo < 6 fA/cm?. The transfer of the Al,O3/SiNx-passivation into pIBC solar cells already reaches
peak efficiencies of n = 23.3%, comparable to the FFE.
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1. Introduction

In the last years, photovoltaic industry is switching from the fabrication of passivated emitter
and rear (PERC) solar cells [1] towards tunnel oxide passivating contact (TOPCon) solar cells
[2], due to higher efficiency potential. Nevertheless, many PERC lines are available in industry,
which could be easily upgraded to an interdigitated back contact (IBC) solar cell line for p-type
wafers by adding a tool for the poly-Si deposition and a laser for structuring [3, 4]. The IBC
structure, which has been investigated by many others with different approaches, e.g. [5-10],
offers a cost-effective solar cell structure with high efficiency potential. Further, IBC offers re-
duced silver consumption, due to the use of aluminum as a p-contact. Reducing silver con-
sumption in TOPCon fabrication is crucial for a sustainable terawatt scale PV production [11].
Our pIBC solar cell features a carrier-selective n-poly-Si contact which enables an efficiency
potential of >25% [12]. Currently, a phosphorus oxychloride (POCIs) diffusion process forms a
front floating emitter (FFE), simultaneously crystalizes the poly-Si layer and forms a PSG layer
that serves as an etch barrier in the wet-chemical etching step for rear side structuring [4].
Nevertheless, this FFE limits the efficiency due to front side recombination (jorre > 10 fA/cm?).
Therefore, we investigate two alternative front side architectures: An undiffused surface pas-
sivation with Al,O3/SiNy passivation layers and a boron-doped front surface field formed by a
thermal boron diffusion process passivated with Al.O3/SiNx. These approaches are also appli-
cable on other IBC structures.
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2. Experimental
2.1 Test structures

2.1.1 Development of Al203/SiNx passivation on p-type silicon

In back contact solar cells, the passivation of the front-side is an important factor. Due to the
generation of the charge carriers on this side of the solar cell, the minority carriers need to
diffuse through the whole bulk until they reach the emitter region on the rear side. In this in-
vestigation, the front side passivation of the textured and undiffused p-type surface of the pIBC
solar cell, by a layer stack of aluminum oxide Al.O3 and silicon nitride SiNy is developed. Fig-
ure 1 shows the applied process flow for the development. We used Czochralski-grown gal-
lium-doped silicon wafers (Cz-Si:Ga) with a base resistivity o, of oo =5t0o 7 Qcm in M2
(156.75 x 156.75 mm) format. First, the surface is textured with random pyramids in an alkaline
solution, followed by a wet-chemical cleaning step. Subsequently, a variation of a batch atomic
layer deposition (ALD) process is performed. The varied important parameters of the batch
ALD process are the temperature Tap and the number of cycles cyap, which is proportional
to the grown Al.O3 layer thickness. We varied the ALD parameter with 4 different temperatures
Tap in 20K steps as well as 5 different numbers of cycles in steps of 10 cycle each. After the
ALD process, half of the samples went through a thermal annealing process to prevent layer
blistering. Now, both-sided silicon nitride SiNy layers are deposited as an anti-reflection layer
by means of plasma-enhanced chemical vapor deposition (PECVD). As a final process step,
all samples undergo a firing process in an infrared firing furnace at a set temperature of
Tset = 800°C to mimic the cell fabrication process. Finally, the effective carrier lifetime of the
samples is characterized by quasi-steady state photoconductance (QSSPC) measurement.

p-type Cz-Si:Ga (M2 format, p, = 5...7 Qcm)
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Cleaning
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[ Firing ]
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Figure 1. The process flow for the development of Al,O3/SiNy layer stack passivation on textured p-
type silicon surface is depicted

2.1.2 Development of boron front-surface field passivation

As an alternative front-side we investigated a boron-diffused front surface field (FSF) with
Al,O3/SiNy passivation, using the process flow depicted in Figure 2. On the left half, textured
wafers are used, whereas the right half uses saw-damage etched (SDE) wafers. Both types of
surfaces are wet-chemical cleaned prior to the boron diffusion using boron tribromide BBr3; as
liquid dopant precursor in a tube furnace. We compared two types of boron processes. The
first process, depicted as “BBr; diffusion” is similar to a conventional boron diffusion process,
containing a deposition phase with active BBrs flux and a subsequent drive-in step including
in-situ oxidation [13]. The second boron process is reduced to the deposition phase where the
borosilicate glass (BSG) layer grows on the wafer surface. This process, denoted as “BBr3
deposition”, omits further drive-in and in-situ oxidation steps. For the textured samples, a ther-
mal tunnel-oxide process is performed as in the solar cell process flow. Furthermore, all sam-
ples receive wet chemical cleaning prior to the thermal annealing process. This annealing pro-
cess, which crystallizes the poly-Si layer in the solar cell process flow, simultaneously serves
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as a dopant drive-in for the samples with the “BBr; deposition” process. Prior to the BSG etch-
ing for all the samples, the emitter sheet resistance Rqn of the SDE samples is characterized
by four-point probe and inductive Rsn measurement. Electrochemical capacitance voltage
(ECV) [14] measurement yields the doping profile on the SDE samples. A stack of ALD Al2O3
and PECVD SiNy passivates the textured samples on both sides. After the firing process,
QSSPC measurements and the evaluation procedure by Kimmerle et al. [15] yields the recom-
bination parameter jo.
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Figure 2. Process flow for the characterization of the boron-diffused FSF characteristics like recombi-
nation parameter jo, sheet resistance Rs» and doping profile

2.2 Solar cells

In this work, different front side passivation schemes are integrated into the pIBC solar cell
process. The fabrication process flow is depicted in Figure 3. Group G1 features the FFE [4]
and represents the reference process. Groups G2 and G3 investigate the passivation of the
undoped p-type front surface with an Al,O3/SiNx layer stack. Group G4 uses a boron FSF with
Al203/SiNx-passivation. All groups use p-type Cz-Si:Ga wafers with o, = 1.8 Qcm in M2 format,
which are alkaline textured. For groups G1 to G3, a PECVD silicon oxide SiOy layer serves as
a single front-side barrier for the subsequent etching of the rear side in an alkaline potassium
hydroxide (KOH) solution. After removal of the rear side texturing, the SiOx etching barrier is
removed in hydrofluoric acid (HF). For group G4 a boron diffusion process (maximum temper-
ature Tmax > 1000°C) is performed, where the BSG layer acts as an etching barrier. Prior to the
chemical etch isolation (CEl), the BSG layer is removed on the rear side of the wafer. Subse-
quently, the rear side emitter is removed, and the surface is polished during the CEI process.
A cleaning step is performed prior to the thermal oxidation process to form the tunnel oxide
layer underneath the n-doped poly-Si layer which is then deposited on the rear side using a
PECVD tool. For group G1, a phosphorus oxychloride (POCIs3) diffusion process serves as
poly-Si crystallization process and simultaneously forms the FFE on the front side. For groups
G2-G4 an anneal process crystallizes the poly-Si layer. In the following laser structuring pro-
cess, the poly-Si layer is ablated on the rear side. Now, chemical etching in an alkaline solution
removes the laser damage in the opened areas. After wet-chemical cleaning, the reference
group G1 is passivated by a stack of a thin thermal oxide and PECVD SiNy layer on the front
side and a PECVD AIO,/SiNy stack on the rear side. Group G2 includes a thermal atomic layer
deposited (ALD) aluminum oxide (Al.O3) layer on both sides and an outgasing step to remove
excess hydrogen from the Al2O3 layer. The front and rear side of the group G2 samples are
coated with an PECVD SiNy layer, here specific recipes for capping of ALD layers were applied.
Group G3 and G4 uses PE-ALD Al,O3; and PECVD SiNy layers on front and rear side. After
the deposition of the passivation layers, some samples are extracted and fired to determine
the implied open-circuit voltage iVoc by QSSPC measurement. The remaining samples are
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further fabricated to pIBC solar cells. On the rear side, a laser contact opening (LCO) process
ablates the passivation layers in the earlier ablated areas for the p-contact formation. The
metallization is performed using screen-printing of silver pastes on the poly-Si areas (n-con-
tact) and aluminum paste on the LCO for the p-contact, followed by a contact firing process
which forms the metal contacts. Finally, the current voltage (/V) characteristics of the solar
cells are measured. A regeneration process in a firing furnace is then performed prior to a
further /V measurement.

G1: FFE (reference) G2: undiffused A G3: undiffused B G4: Boron-FSF
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Figure 3. Process flow for the fabrication of p-type IBC solar cells with different front side passivation
schemes

3. Results and Discussion
3.1 Test structures

3.1.1 Development of Al203/SiNx passivation on p-type silicon

For the front side passivation scheme using ALD Al.O3 and PECVD SiNy on the undiffused p-
type wafer, we optimized our batch ALD process, as described in section 2.1.1. Figure 4 shows
the average values and standard deviation of the effective carrier lifetimes r determined by
QSSPC on 3 samples with 5 positions over the wafer at an injection level of An =1-10" cm™,
For most of the investigated process combinations without an outgassing process, we did not
observe any blistering. Nevertheless, for all process combinations, except the highest Tapo and
cyap, outgassing is beneficial for the resulting lifetime. Starting from a carrier lifetime 7 of
7= (431+56) us for very thin layers deposited at the lowest Taip, increasing cyaip increases r
for the same Tawo. This holds for all investigated Tao except the highest Tap and shows room
for improvement with even thicker layers at higher cyaio. At the highest investigated Taip, first
increases from 7= (1189+113) ys to 7= (1512+240) ys when increasing cya.p, Which is the
highest lifetime in this investigation. Further increasing cyap decreases the lifetime again to
7= (822+£185) ps.



MeBmer et al. | SiliconPV Conf Proc 3 (2025) "SiliconPV 2025, 15th International Conference on Crystalline
Silicon Photovoltaics”

\\? ALD temperature Ty / °C Outgas
.@.’Ié& Low —+ High yes/no
w
= Low
=
&
&
[&]
&
o
—
=
[T
o
T
R
=
Z | High

Figure 4. Average value and standard deviation of the effective carrier lifetime determined by QSSPC
at An = 1-10"5 cm3 for samples with ALD Al.Os-passivated, textured p-type surface using different
temperatures and number of cycles. The samples are capped with SiNy and fired

3.1.2 Development of boron front-surface field passivation

For the alternative front side using a boron-doped front surface field (FSF), two different BBr3
tube furnace processes are investigated as described in section 2.1.2. Figure 5 a) shows the
doping profiles measured on n-type wafers by ECV. Already during the BBr; deposition pro-
cess, boron diffuses into the silicon wafer and forms a doping profile with a maximum charge
carrier concentration Nmax Of Nmax = 1.6-10"° cm™ and a junction depth X of X= 180 nm at a
concentration of N = 1-10"8 cm3,
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Figure 5. a) Doping profiles for the BBr3 deposition without and with anneal as well as the conven-
tional BBr; diffusion process measured by ECV. Inductive sheet resistance measurement results are
further stated in the graph for the respective process. b) Recombination parameter jo for the BBrs pro-

cesses

The inductive sheet resistance measurement yields Rsn = (589+16) Q)/sq for this profile.
During the poly-Si annealing process for the pIBC solar cell, with un-etched BSG, the doping
profile changes as well. The boron atoms redistribute inside of the silicon. The maximum con-
centration reduces to Nmax = 9.5:10'® cm while the junction depth increases to X = 230 nm.
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The emitter sheet resistance increases slightly to Rsn = (621+£10) Q/sq. The conventional boron
diffusion process includes a high temperature drive-in and results in an emitter sheet re-
sistance of Rsh=(309+3)Q/sq with a much Ilower maximum concentration of
Nmax = 2.8-10"® cm™ and a significantly higher depth with X = 800 nm compared to the BBr;
deposition approach. We determine the recombination parameter jo by QSSPC measurements
on symmetrical carrier lifetime samples, as described in section 2.1.2, shown in Figure 5 b).
Using the slope method from Kimmerle et al. [15] for the evaluation yields promising
Jjoe = (6.12£0.9) fA/cm? for the BBr; diffusion approach and even lower joe = (5.0+0.8) fA/cm? for
the BBr; deposition with anneal approach. The latter represents a lean process flow with low
thermal budget.

3.2 Solar cells

With the process flow described in section 2.2, unmetallized solar cell precursors are fabri-
cated and characterized by QSSPC. Figure 6 a) shows the unmetallized solar cell precursor
with the different front-side schemes. On the left, the doped front-side with phosphorus and
boron doping is schematically depicted. On the right, the undiffused structure with AloO3/SiNx
passivation is shown. Figure 6 b) shows the asymmetrical base region, representing the p-
contact region in the solar cell. Figure 6 c) shows the implied open-circuit voltage Vs, the
voltage potential of the solar cell. The reference scheme with the POCIs FFE reaches
iVoc = (72714) mV. Omitting the FFE and passivating the front side with ALD Al,O3 and PECVD
SiNx on top (Undiff. A), increases the iVoc by 3 mV to iVoe = (730+£4) mV. Using a PE-ALD Al,O3
process (Undiff. B) further increases the V. to promising Ve = (73415) mV with a peak at
740 mV. Using a boron FSF reaches only iVoc = (710£7) mV, despite the promising joe results
shown in the previous section 3.1.2. The measurements in the base regions show
iVoe = (71529) mV for “Undiff. A” and iVec = (72419) mV for “Undiff. B” and iV = (69316) mV
for the boron FSF. These measurements show that currently this region limits the potential of
our pIBC structure.

—
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Figure 6. a) Schematic structure of unmetallized cell precursors with different front sides. b) Sche-
matic structure of the unmetallized base region. c) Voltage potential of the pIBC solar cells measured
on unmetallized structures by QSSPC

Figure 7 shows the /V characteristics before and after a regeneration process for the fab-
ricated pIBC solar cells. In general, the regeneration process mainly increases the open-circuit
voltage Vic and the pseudo fill factor pFF of the solar cells for all groups. The reference POCl;
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FFE reaches an energy conversion efficiency of 7=(22.840.3)% with a maximum of
n = 23.3%. Omitting the FFE and passivating the front-side with both-sided ALD Al.Os; and
PECVD SiNy with non-optimized ALD layer results in similar Vo of Vo = (710£2) mV compared
to the reference FFE, but results in a reduced short-circuit current density jsc of
Jjsc = (40.1£0.2) mA/cm? which is 0.6 mA/cm? lower than the reference FFE. Improving the SiNy
layer as the anti-reflection coating might improve the js.. Switching to PE-ALD Al,O3 for the
undiffused surface results in an increased Voc by 7 mV to Ve = (717+£3) mV but still reduced jic
which is 0.4 mA/cm? lower than the reference FFE. Overall, this approach reaches similar en-
ergy conversion efficiency with r = (22.8+0.4)% with a similar maximum of 7 = 23.3%. Despite
the promising joe results (see section 3.1.2) the boron FSF results in = (21.5+£0.3)% due to
strongly reduced V.. and jsc. We suggest that the bulk lifetime is affected by the boron diffusion,
which leads to low Vi, which needs to be investigated in more detail. Further, the width of the
IV parameter indicates that the POCI; FFE has the narrowest distribution compared to the
undiffused front side. Undiffused front sides are more sensitive against contamination, particles
and scratches due to handling. Nevertheless, this aspect of (p)IBC fabrication needs more
statistical analysis due to the low amount of solar cells in this investigation.
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Figure 7. Current-voltage 1V characteristics of the pIBC solar cells with different front-side passivation
schemes measured by a cell tester after firing as well as after an additional regeneration process in a
firing furnace

4. Conclusion

In this work, we investigated different front-side passivation schemes for p-type IBC solar cells:
POCIs-diffused FFE, different Al,O3 / SiNx passivation and a boron-doped FSF. For this, we
improved our ALD Al,O3 process and increased the lifetime up to 7= (1512+240) us for sym-
metric textured p-type samples. For the boron FSF we reached promising emitter recombina-
tion parameters lower than jo. < 6 fA/cm? with a conventional boron diffusion as well as for a
two-stage doping profile formation. Fabricating pIBC solar cells with those front-side pas-
sivation schemes results in a peak energy conversion efficiency of r=23.3% for the POCI3
FFE reference group as well as for the PE-ALD Al,O3 / PECVD SiNy passivation. Further work
will explore the potential of ALD Al.O3 on solar cell level as well as the promising joe for the
boron FSF.
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