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1. Introduction

Conventional silicon solar cell concepts such as passivated emit-
ter and rear cells (PERC) are limited by, among others, excess-
carrier recombination at the metal–semiconductor interfaces of
the front and rear side metallization to the semiconductor.[1]

Introducing a passivating layer in-between that interface such
as a tunnel oxide passivated contact (TOPCon) consisting of

an ultrathin SiOx combined with a highly
doped poly-Si layer allows us to signifi-
cantly reduce contact recombination
losses.[2,3] This way recent achievements
of Richter et al. led to a certified record effi-
ciency of 26.0% for a both-side-contacted
TOPCon solar cell.[4]

Industrial upscaling of process steps
includes the development of poly-Si film
deposition. Currently, the widely used
industrial method is low-pressure chemical
vapor deposition (LPCVD). It enables in situ
formation of the tunnel oxide and allows a
conformal deposition of an intrinsic or in
situ doped poly-Si layer. An inherent disad-
vantage of the process is a severe wrap-
around even in the case of back-to-back
loading, which has to be removed in an addi-

tional process step.[5–7] Plasma-enhanced chemical vapor deposi-
tion (PECVD) is considered a more single-sided deposition
technique, although minimal wrap-around can still occur.

Metal contacting of TOPCon layers represents the main chal-
lenge in transferring this solar cell concept into an industrially
scaled process. To guarantee the full functionality of the
TOPCon layer, the metallization process should not damage this
layer.[8] It has been shown by different research groups that
TOPCon solar cells with poly-Si thicknesses below 100 nm fea-
turing screen-printed Ag contacts reveal increased contact
recombination.[8–11] However, thinner poly-Si layers are desir-
able to reduce the deposition time, thereby reducing cost of own-
ership,[12,13] free-carrier absorption (FCA) in the highly doped
polySi layer[14] as well as improving the bifaciality factor.[15] In
addition, thinner layers could reduce the etch back time.[7]

Laser ablation and plating of Ni/Cu/Ag contacts was found to
be a candidate to allow for metallizing of TOPCon solar cells with
thinner poly-Si layers without inducing increased excess carrier
recombination.[9,16]

In this study, the impact of the reduction of the poly-Si layer
thickness on the wrap-around during PECVD and the metalliza-
tion of these TOPCon layers are investigated. The shunt resis-
tance Rsh and the current Irev under reverse bias voltage
(�12 V) were investigated as a measure of the influence of the
wrap-around. Reverse-biased IR imaging[17–19] for hot spot
prediction and microcharacterization by scanning electron
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In typical industrial processing of tunnel oxide passivated contact (TOPCon) solar
cells, poly-Si is deposited on the entire back of the cells. During the deposition
process, a wrap-around of poly-Si onto the edges and the front side of the cells is
virtually unavoidable if chemical vapor deposition processes are used. Plasma-
enhanced chemical vapor deposition (PECVD) is used to investigate very thin
poly-Si films and their effect on wrap-around on bifacial TOPCon solar cells
fabricated without wrap-around etching. As a result, reduction of the poly-Si
thickness down to 30 nm significantly increases the shunt resistance, reduces the
reverse bias current, and thus reduces the risk of hot spots as measured by IR
imaging and microcharacterization by secondary electron microscopy.
Electroplated metallization proves to be a suitable candidate for contacting such
thin TOPCon layers, being less sensitive than screen-printed metallization.
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microscopy (SEM) were used to visualize the poly-Si
wrap-around. The effect of reducing the poly-Si layer thickness
down to 30 nm on the performance of solar cells was character-
ized for both electroplated and screen-printed metallization of
the TOPCon rear side.

2. Experimental Section

2.1. Sample Preparation

Bifacial TOPCon solar cells were manufactured from
156.75� 156.75mm2 large n-type Cz–silicon wafers featuring
a resistivity of 1Ω cm. The exact processing of the solar cells
is discussed in detail in the publication of Arya et al.[16] The sche-
matic cross-sectional layout is shown in Figure 1. The produced
TOPCon solar cells feature a thermal SiOx layer prepared in a
tube furnace and a phosphorus-doped amorphous silicon
(a-Si) layer deposited in a Centrotherm c.PLASMA tube
PECVD with horizontal carrier. The a-Si was transformed to
poly-Si by annealing at 900 �C for 10min under a nitrogen atmo-
sphere. The samples were subjected to an O3/HF solution to
remove the poly-Si wrap-around, reducing the poly-Si thickness
by about 10 nm. The variation of the poly-Si thickness resulted
in thicknesses of 30, 50, 70, and 90 nm, respectively. The poly-
Si on the rear side was coated with a SiNx, whereas the front side
features a p-type boron emitter passivated by an AlOx/SiNx stack.
The solar cells were screen printed with a Ag grid on the rear side
and a AgAl grid on the front side and fired at a set peak tempera-
ture of 820 �C, corresponding to an actual wafer temperature of
�720 �C. In addition, TOPCon solar cells featuring screen-printed
contacts on the front side and plated contacts on the rear side were
also manufactured for all poly-Si thicknesses.

2.2. Characterization Methods

The finished solar cells were subjected to IV measurements
(cetisPV-Celltest3/halm), quantum efficiency and reflectance
measurements with a step size of 10 nm (pv-tools LOANA) as
well as microcharacterization by SEM (Auriga/Zeiss).

The IV measurement routine also included fast, reliable, yet
quantitive inline hot-spot detection using reverse-biased IR imag-
ing allowing the resolving of smallest temperature changes.
Because of the high local power density of hot spots, an approach
proposed by Ramspeck et al. was used in this work where an IR
image after a very short time (few tens of milliseconds) under
reverse voltage of �12 V was taken and subtracted with an IR
reference image taken before applying the voltage displaying
the temperature change during biasing.[17]

The microcharacterization to visualize the poly-Si wrap-
around in cross-section was performed by use of a scanning elec-
tron microscope. This characterization method remains chal-
lenging, as the poly-Si layer features the same n-type doping
as the bulk material even though different doping levels are pres-
ent. The thermal oxide between the poly-Si and the bulk is only
1–2 nm thick and is therefore below the resolution limit of the
scanning electron microscope. The approach selected here was to
mechanically break the solar cell prior to introducing into the
scanning electron microscope without further sample prepara-
tion. The poly-Si layer could be distinguished from crystalline
silicon bulk material due to the columnar shape structure of
the poly Si.[20]

3. Results and Discussion

3.1. Reverse IV Characteristic and Thermography

In Figure 2 the shunt resistance Rsh and the reverse bias current
IRev at �12 V of the solar cells are displayed depending on the
poly-Si layer thickness. As plated and screen-printed solar cells
revealed the same trend the results are merged in Figure 2.
For a poly-Si thickness of 90 nm, Irev reaches values over 10 A
and Rsh of around 10 kΩ cm2. Both parameters improve for
decreasing poly-Si thicknesses to mean values between 2 and
4 A and above 100 kΩ cm2 for a poly-Si thickness of 30 nm.

The reverse current and the shunt resistance usually refer to
the presence of shunts that bear the risk of hot-spot generation in

Figure 1. Schematic drawing of the cross-section of both TOPCon solar
cell designs with screen-printed contacts on the front side and screen-
printed or plated contacts on the rear side, respectively.

Figure 2. Reverse bias current Irev at �12 V and shunt resistance Rsh as a
function of poly-Si thicknesses. The screen-printed and plated results are
grouped in the same boxes as the trend remained similar independent of
the metallization type.

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2021, 2100156 2100156 (2 of 5) © 2021 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-a.com


PV modules manufactured with these cells. This trend decreases
with thinner poly-Si layers. Figure 3 shows thermography images
taken under reverse bias voltage of �12 V of solar cells for all
poly-Si thicknesses (30–90 nm). For the sample with 90 nm
poly-Si almost the whole edge of the solar cell reveals a significant
temperature increase. With decreasing poly-Si thickness, the
edge proportion and the brightness of increased temperature
decrease as well, reducing the risk and severity of hot spots.
For the sample with a 30 nm thick poly-Si layer, a smaller share
of the edge is thermally visible, whereas a larger share remains
thermally inactive.

3.2. Microcharacterization

Figure 4 shows cross-section SEM images of two TOPCon solar
cells shown in Figure 3 at several positions for 50 nm (A–B) and
90 nm (a–c). The SEM characterization was performed at ther-
mally active positions according to the thermography images
as indicated by the green box in Figure 3. On both samples,
images were taken at the transition of the edge to the front side
(A, a) and on the edge close to the rear side (B, b). For the sample
with a poly-Si thickness of 90 nm, an additional image was taken
on the front side 20 μm from the edge. All cross-section images
reveal the presence of two layers onto the Si bulk material. The
outer layer represents the SiNx, whereas the intermediate layer
represents the TOPCon layer. The sample with a poly-Si layer
thickness of 90 nm reveals a poly-Si thickness of 65 nm at posi-
tion (b), whereas at position (a) a thickness 45–55 nm is mea-
sured. On the front side, at position (c) 20 μm from the edge,
a poly-Si layer is still measurable with a thickness above
20 nm. Characterization even further away from the edge to iden-
tify the wrap-around extent became challenging as the poly-Si
layer reaches the limitation of resolution of the used SEM
(<20 nm).The sample with a poly-Si thickness of 50 nm (left)
at position (B) reveals a poly-Si layer with a thickness of
38 nm. Toward the front side the poly-Si thickness decreases
down to a thickness of 25 nm. On the front side itself the
poly-Si layer could no longer be identified anymore within range
of 20 μm from the edge. The comparison of both samples shows
a decrease of the thickness of the poly-Si wrap-around for a lower
poly-Si thickness.

3.3. Quantum Efficiency Analysis

In Figure 5 the internal quantum efficiency (IQE) and reflectance
measurements for plated and screen-printed solar cells are
shown as a function of the poly-Si thickness in a wavelength
range of 800–1200 nm. At a wavelength of 800 nm the IQE

Figure 3. Thermography images taken under reverse voltage (�12 V) of
TOPCon solar cells featuring poly-Si layer thicknesses of 30, 50, 70,
and 90 nm, respectively.

Figure 4. Cross-section images of a TOPCon solar cell with a poly-Si layer
thickness of 50 nm (left) and 90 nm (right).For the 50 nm thickness the
images were taken at the transition of the front side to the a) edge
and on the b) edge close to the rear side. For the 90 nm thickness images
on the front side about 20 μm far from the edge (c), at the transition
of the front side to the edge (a), and on the transition of the edge to
the rear side (b).

Figure 5. IQE and reflectance curves for selected poly-Si thicknesses. For
plating all thicknesses (30, 50, 70, 90 nm) are shown, whereas for screen
printing only the results for 30 and 70 nm poly-Si thickness are shown.
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curves start to deviate from each other until they merge again at
around 1100 nm. For both metallization approaches, the same
trend is visible, that with decreasing poly-Si thickness the IQE
is lowered in the mentioned wavelength regime. The samples
with a poly-Si thickness of 90 nm and plating metallization reveal
the highest IQE curve. The screen-printed sample with a poly-Si
thickness of 30 nm features the lowest IQE curve. The IQE curve
of the screen-printed sample at a poly-Si thickness of 70 nm is
nearly identical to the IQE curve of the plated sample with
30 nm poly-Si thickness. The short circuit current density (Jsc)
was calculated from the referring external quantum efficiency
(EQE) curves from Figure 5 in the wavelength regime
900–1200 nm according to the poly-Si thickness and metalliza-
tion. In Table 1 the average Jsc loss compared to the cell with
90 nm poly-Si and plated contacts as reference value is shown.
The observed decrease in the IQE and Jsc for thinner poly-Si
layers is due to an increase in contact recombination.[21] The
results of increased recombination are in accordance with obser-
vations by Arya et al. showing an increase of the contact recom-
bination and that poly-Si layers below 100 nm remain less
sensitive to laser ablation than to screen-printing metalliza-
tion.[16] Further, the analysis of the IV results of the solar cells
presented by Arya et al. reveal a decrease in Voc and Jsc for both
metallizations whereby the plated cells feature a higher level.[16]

The expected reduction of the FCA can be seen in the increase of
the escape reflection for thinner poly-Si layers between 1100 and
1200 nm. According to Feldmann et al. 0.2mA cm�2 gain in Jsc is
expected by reducing the poly-Si thickness from 90 to 30 nm.[14]

However, this reduced FCA cannot be seen in the QE curves.
Presumably this gain in Jsc is compensated for by the increased
contact recombination for thinner poly-Si layers.

4. Conclusion

Single-side TOPCon layer deposition via PECVD leads to a
wrap-around of the poly-Si layer onto the front side. This parasitic
current path is potentially shunting the solar cells, leading to a
lowered shunt resistance. By combining the quantum efficiency
results with thermography and microcharacterization with SEM,
the poly-Si wrap-around was identified as the reason for the hot-
spot generation. Reducing the deposited poly-Si thickness from
90 to 30 nm, the impact of the wrap-around can be diminished,

which improves Rsh and Irev. Apart from a shorter deposition
time, this approach would also decrease the FCA and increase
the bifaciality factor of the solar cells. However, even for a
poly-Si layer 30 nm the wrap-around is not fully removed as indi-
cated by elevated Irev and SEM characterization. The IQE of
screen-printed TOPCon solar cells was affected by increased
contact recombination for thinner poly-Si thicknesses, whereas
laser ablation and plating on thin poly-Si layers between
50 and 90 nm was revealed to be less sensitive, thereby allowing
higher currents.
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