
Impact of the homogeneous junction breakdown in
IBC solar cells on the passivation quality of Al 2 O 3
and SiO 2 : degradation and regeneration behavior

Item Type Article

Authors Müller, Ralph; Reichel, Christian; Yang, Xinbo; Richter, Armin;
Benick, Jan; Hermle, Martin

Citation Müller R, Reichel C, Yang X, Richter A, Benick J, et al. (2017)
Impact of the homogeneous junction breakdown in IBC solar cells
on the passivation quality of Al 2 O 3 and SiO 2�: degradation and
regeneration behavior. Energy Procedia 124: 365–370. Available:
http://dx.doi.org/10.1016/j.egypro.2017.09.311.

Eprint version Publisher's Version/PDF

DOI 10.1016/j.egypro.2017.09.311

Publisher Elsevier BV

Journal Energy Procedia

Rights Under a Creative Commons license

Download date 23/05/2023 20:50:38

Item License http://creativecommons.org/licenses/by-nc-nd/4.0/

Link to Item http://hdl.handle.net/10754/625970

http://dx.doi.org/10.1016/j.egypro.2017.09.311
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://hdl.handle.net/10754/625970


ScienceDirect

Available online at www.sciencedirect.com

Energy Procedia 124 (2017) 365–370

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer review by the scientific conference committee of SiliconPV 2017 under responsibility of PSE AG.
10.1016/j.egypro.2017.09.311

Available online at www.sciencedirect.com

ScienceDirect
Energy Procedia 00 (2017) 000–000

www.elsevier.com/locate/procedia

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and Cooling.

The 15th International Symposium on District Heating and Cooling

Assessing the feasibility of using the heat demand-outdoor 
temperature function for a long-term district heat demand forecast

I. Andrića,b,c*, A. Pinaa, P. Ferrãoa, J. Fournierb., B. Lacarrièrec, O. Le Correc

aIN+ Center for Innovation, Technology and Policy Research - Instituto Superior Técnico, Av. Rovisco Pais 1, 1049-001 Lisbon, Portugal
bVeolia Recherche & Innovation, 291 Avenue Dreyfous Daniel, 78520 Limay, France

cDépartement Systèmes Énergétiques et Environnement - IMT Atlantique, 4 rue Alfred Kastler, 44300 Nantes, France

Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Within the last years, many different approaches for the simplified fabrication of interdigitated back-contact (IBC) solar cells 
have been developed. Most of those concepts result in emitter and back-surface field (BSF) regions that are in direct contact to 
each other which leads to a controlled breakdown under reverse bias at the p+n+ junction. In this work, the influence of the 
reverse breakdown on the passivation quality of Al2O3 and SiO2 at the p+n+ junction is investigated, not only shedding light on 
the degradation but also on the regeneration behavior of the cells. It was found that cells with Al2O3 passivation on the back side 
degrade during reverse breakdown whereas sister cells with SiO2 passivation were rather unaffected. Consequently, the 
degradation seems to be related to the passivation layer. However, it is shown that the passivation can be regenerated even under 
normal operation condition. A possible explanation is the discharging of interface traps, which are getting recharged already at 
room temperature.  
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1. Introduction 

Interdigitated back-contact (IBC) solar cells have a very high efficiency potential [1, 2] but typically come along 
with a complex fabrication process. Several approaches for simplifications of the process flow have been suggested 
within the last years [3-11]. The simplifications are often based on self-aligning processes, i.e. the masking of one 
dopant type (or source) by the other dopant type (or source) [3, 7-10]. This inherently leads to a steep doping 
gradient at the transition from emitter to back-surface field (BSF) with very thin space charge regions on both sides 
of this p+n+ junction. Consequently, the junction shows a breakdown at low voltage when reverse biased [3, 4, 12].  

SunPower has proven that their IBC solar cells show a non-damaging reverse breakdown that is even beneficial 
for the module performance compared to standard cell concepts when a part of the module is shadowed [13]. On the 
other hand, it was found that the reverse breakdown can affect the cell performance even if it occurs homogeneously 
along the whole p+n+ junction in a controlled way [12], but the reason is still unknown.  

In this work, a direct comparison of identically processed IBC solar cells with either Al2O3 or SiO2 passivation on 
the back side (see Fig. 1) is made in order to test the influence of the passivation layer on the solar cell degradation 
under reverse bias. Additionally, the regeneration at different temperature regimes over time is investigated.  

 

  

Fig. 1. Schematic of the IBC solar cells with BSF formed by local ion implantation of phosphorus and subsequent BBr3 furnace diffusion to form 
the emitter and anneal the phosphorus implantation [7]. The pitch is 0.5 mm with 0.4 mm emitter width and 0.1 mm BSF width. The cells were 
processed identically, but the thermally grown SiO2 was either kept as back-side passivation layer and capped with SiOx (b) or replaced by an 
Al2O3 / SiOx stack (a). (FFE = front floating emitter) 

2. Experimental 

Solar cells were fabricated on 1 Ω cm n-type FZ silicon wafers with 200 µm thickness. The samples were 
textured on the front side with KOH forming random pyramids. Phosphorus was implanted locally on the back side 
(3×1015 cm-2, 10 keV) to form the BSF. All the masking in the fabrication was done by a photoresist. Emitter and 
front floating emitter (FFE) were realized by a full-area BBr3 furnace diffusion (890 °C, 1 h). After removing the 
boron glass, a ~40 nm thick oxide was grown in a tube furnace at the Australian National University. The thermal 
oxide was either kept as back-side passivation layer (see Fig. 1b) or removed in HF and replaced by a 10 nm thick 
Al2O3 layer (plasma-assisted atomic layer deposition, PA-ALD). The back side (passivated with either Al2O3 or 
SiO2) was then capped with 100 nm SiOx (plasma-enhanced chemical vapour deposition, PECVD) (see Fig. 1a). On 
the front side, the Al2O3 was capped with 60 nm SiNx (PECVD). Before metallization, all samples received a 
forming gas anneal at 425 °C for 25 min to activate the Al2O3 passivation. Contact openings on the back side were 
etched in HF, Al was evaporated and wet-chemically structured. Finally, the finished cells were tempered at 300 °C 
for 5 min on a hotplate to improve the metal contact.  

3. Results 

3.1. IBC solar cells 

The cell parameters of the best solar cells from both groups (either Al2O3 or SiO2 back-side passivation) are 
summarized in Table 1. The thermally grown SiO2 offers a very good surface passivation for the ~160 Ω/sq boron 
emitter with a recombination current density prefactor (J0) of only 13 fA/cm2 on a planar surface (compared to 

(a) (b) 
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9 fA/cm2 for Al2O3). Hence, the open-circuit voltage (VOC) of 674 mV is at a similar level as the Al2O3 passivated 
cells (671 mV). For both cells, the VOC is limited by recombination in the highly-doped BSF region. The deviation in 
short-circuit current density (JSC) are related to slight differences in the front reflection (texture and SiNx anti-
reflection coating). The fill factor (FF) of all cells is well above 81 % due to the small pitch and low series 
resistance and the energy conversion effieciency (η) is above 22 %.  

Table 1. Solar cell parameters of the best cells measured under standard testing conditions (25 °C, AM1.5G, 1000 W/cm2). The pseudo fill factor 
(pFF) was measured by SunsVoc.  

Aperture cell area: 4 cm2 
(best cell results) 

Voc  
[mV] 

Jsc  
[mA/cm2] 

FF  
[%] 

pFF 
[%] 

  
[%] 

Back-side passivation: Al2O3 671 40.5 81.4 82.4 22.1 

Back-side passivation: SiO2 674 40.9 81.6 82.9 22.5 
 

3.2. Junction breakdown in reverse-biased cells 

The IBC solar cells show a controlled junction breakdown at low voltage, which occurs homogeneously 
distributed along the whole p+n+ junction [12]. At a reverse bias of -6.7 V, the current density is in the range of JSC 
(~40 mA/cm2) for both types of back-side passivation. These conditions are representative for a shadowed solar cell 
in a string with all other cells illuminated, because the illuminated cells force a current flow through the shadowed 
cell. The influence of the reverse breakdown on the solar cell parameters was investigated by alternately switching 
from current-voltage (IV) measurement to reverse bias.  

Fig. 2 shows a comparison of two IBC solar cells with different back-side passivation layers. Initially, the VOC 
was very similar (~665 mV) and high fill factors of ~82 % were observed for both cells. Each time after reverse-
biasing (orange background), the VOC and FF of the cell with Al2O3 back-side passivation dropped significantly. In 
contrast, the cell with SiO2 back-side passivation was almost unaffected by the reverse bias voltage of -6.7 V, even 
when applied for ~2 h (see Fig. 2b).  

After the degradation by reverse-biasing, the IBC solar cell with Al2O3 back-side passivation regenerates already 
during the IV measurements under STC (see Fig. 2a). In order to further investigate this regeneration effect, 
dedicated measurements were performed. First, cells with SiO2 and Al2O3 passivation were reverse biased for 10 s 
up to 33 h and the cell parameters were measured afterwards as fast as possible (which took about 1 to 3 min, cf. 
Fig. 2). It was found that the cell with Al2O3 passivation degrades continuously with time, i.e. the conversion 
efficiency was reduced by about 1 %abs within 1 min and about 2 %abs within 33 h of reverse bias (see Fig. 3a). Note 
that not the best cell but one with a high VOC and FF was chosen (cf. Fig. 2a), so the initial efficiency was only 
21.6 %. In contrast, the SiO2 passivation turned out to be quite stable. The results indicate an efficiency loss of about 
0.4 %abs after 33 h of reverse bias, but such small changes are close to the measurement uncertainty as can be seen 
by the scattering of data in Fig. 2.  

After degradation for 20 h under reverse bias, the regeneration of the cell with Al2O3 passivation was investigated 
under standard testing conditions (STC: 25 °C, 1 sun illumination) and at elevated temperatures on a hotplate (see 
Fig. 3b). The regeneration at STC was found to be quite slow, whereas at 100 °C (without illumination), a 
significant improvement was observed already within a couple of minutes. At 200 °C, the cell performance was 
almost fully recovered within only one minute. This regeneration behavior was fitted by a stretched exponential 
function 

     )(exp1minmaxmin tc    (1) 

with the degraded efficiency ηmin, the initial efficiency ηmax, the exponential factor c, and the stretching exponent 
β.  
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Fig. 2. Transient behaviour of the solar cell parameters during alternating conditions: reverse bias in the dark and IV measurement under standard 
testing conditions (STC). Dotted lines are just a guide to the eye.  

 

 

Fig. 3. Degradation (a) and regeneration (b) of the conversion efficiency of the IBC solar cell with SiO2 or Al2O3 back-side passivation. The 
degradation was performed by reverse-biasing the cells at -6.7 V at room temperature. The regeneration was tested under STC (25 °C, 1 sun 
illumination) and at elevated temperature on a hotplate in the dark. Before the regeneration processes, the cell was degraded for 20 hours. Lines 
in (b) represent best fits with the stretched exponential function.  

4. Discussion 

In a former study on very similar solar cells, the degradation after reverse breakdown was related to an increase 
in recombination current density pre-factor with ideality factor of two (J02) [12], i.e. an additional recombination of 
charge carriers in the space charge region. In principle, this could be a recombination localized within the silicon 
bulk where the emitter and BSF are in direct contact to each other, but there are two clear indications that the 
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degradation is not a bulk effect. Firstly, the cells with SiO2 passivation were fabricated from the same silicon crystal 
and were doped identically, but do not show the strong degradation. Secondly, the regeneration at very low 
temperatures (≤ 100 °C) can hardly be explained by a bulk effect. As a consequence, the recombination occurs most 
probably where the p+n+ junction touches the surface.  

The comparison of cells with different back-side layers is a clear indication, that the degradation of the cell 
performance is related to the Al2O3 passivation. Obviously, the reverse-bias voltage (or current) somehow affects the 
Al2O3 passivation quality, at least at the p+n+ junction. The passivation quality of Al2O3 is strongly based on 
negative charges. There are many different types of charges like fixed charges far away from the band gap of 
silicon, interface trap charges, etc. [14]. At least some of them can be discharged e.g. by an external voltage stress 
(charge trapping and detrapping) [15-17]. A reverse bias of the IBC solar cells results in a strong electric field within 
the passivation layer above the p+n+ junction that could cause a reversal of interface trap charges. This would lead to 
a decrease in passivation quality and hence an increase in J02. In contrast, the SiO2 passivation is mainly based on a 
low interface defect density and charges play only a minor role in the passivation quality, which would explain the 
difference to Al2O3.  

Unfortunately, it is hard to distinguish experimentally between the influence of the interface defect density and 
the influence of the field effect due to charges, because the degradation due to reverse breakdown occurs only at the 
p+n+ junction and cannot be induced on a larger area for lifetime investigations. However, the regeneration behavior 
of the degraded Al2O3 passivation layer could reveal indications on the involved mechanisms. For example, Al2O3 
layers have to be thermally activated to achieve a good surface passivation, but this activation typically starts at 200 
to 300 °C for plasma-assisted as well as thermal atomic layer deposition processes [18]. Consequently, the 
regeneration mechanism observed for the IBC solar cells (Fig. 3) is probably different to the initial activation as it 
occurs at much lower temperatures. Nevertheless, the thermal activation of Al2O3 layers was fitted by a stretched 
exponential function [19] which is also applicable to the regeneration process of the Al2O3 passivation after reverse 
bias (cf. Fig. 3b).  

There are also other treatments that damage the Al2O3 passivation but can be annealed at lower temperatures. For 
example, the radiation with an electron beam that can occur during evaporation of metals, usually damages 
passivation layers. This e-beam damage typically disappears after a thermal annealing at around 200 °C. However, 
the mechanism must be different to the reverse-bias degradation as SiO2 passivation layers are also affected by the 
e-beam damage (cf. [20]).  

5. Conclusions 

Simplifications of the fabrication process for interdigitated back-contact (IBC) solar cells often result in the 
formation of p+n+ junctions if emitter and back-surface field are in direct contact to each other. This leads to a 
controlled breakdown at a low voltage under reverse bias, which is in principle an advantage for module integration. 
However, the reverse breakdown can cause a severe degradation of the cell performance, most probably due to a 
loss of passivation quality at the p+n+ junction at the back side. Al2O3 seems to be a bad choice for the back-side 
passivation as it is strongly affected by the reverse breakdown. In contrast, SiO2 offers a quite stable passivation. 
Consequently, it is advisable to take special care of the back-side passivation layer if the IBC solar cells show a 
reverse breakdown. Other passivation layers than Al2O3 and SiO2 were not yet investigated but might be affected as 
well. Furthermore, this topic could arise when dealing with IBC solar cells with passivating contacts or hetero 
junctions depending on the fabrication processes.  
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