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Abstract 

In order to minimize electrical losses in the phosphorous emitter being one of the dominant factors limiting the performance of 
standard screen-printed p-type c-Si solar cells, selective emitter structures have been introduced to advanced standard p-type 
solar cells in recent years. A selective emitter is expected to yield various benefits for many different kinds of n-type solar cell 
concepts as well. The technical implementation of such a selective p+ diffused Si region by wet chemical etch-back of the heavily 
doped Si wafer surface via porous Si (por-Si) formation is developed into a well controllable process using a new etching 
solution adapted for p+ doped Si layers in respect of their higher concentration of valence band holes. As an initial proof of 
concept, integrated into 100 μm thin n-type bifacial large-area Si solar cells, the selectively etched-back B emitter yields a VOC 
gain of 5 mV and an Rshunt increase by a factor of 20. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the SiliconPV 2014 conference. 
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1. Introduction 

Electrical losses in the phosphorous emitter as one of the dominant factors limiting the performance of standard 
screen-printed p-type c-Si solar cells gave reason to develop selective emitter structures for advanced standard p-
type solar cells in recent years. A technical implementation of such a selective n+ region is the wet chemical etch-
back of the heavily doped Si wafer surface via porous Si formation and subsequent removal of the porous layer 
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which was introduced by Haverkamp et al. [1] based on an approach of Zerga et al. [2]. This approach permits fine 
controlling of por-Si layer thickness, i.e. target sheet resistance Rsh. Furthermore, solely a single diffusion process is 
required and the additional processes can completely be carried out by industrial processing equipment. 

Solar cells based on n-type doped c-Si wafers have raised growing interest in the recent past (e.g. [3-6]) since 
they feature obvious advantages over standard p-type Si substrate material: a higher tolerance of some residual metal 
impurities generally allowing higher carrier diffusion lengths [7], and the nonoccurrence of boron-oxygen complex 
related light-induced degradation (LID) of solar cell performance [8]. 

A selective p+ emitter is expected to yield additional benefits for many different kinds of n-type solar cell 
concepts: 

� The trade-off between high surface doping concentration to achieve low contact resistance to the screen-printed 
Ag/Al metalization on the one hand and high emitter Rsh to minimize emitter saturation current density j0e on the 
other hand necessary with homogeneous emitters can be avoided.  

� In order to induce better shielding of the highly recombinative metal contacts and to avoid shunting of the p-n 
junction, deeper p+ emitter profiles can be employed beneath the metal contacts. The latter applies especially to 
co-fired Ag/Al paste as it is used for contacting boron doped Si because of Al spiking into the emitter [9]. 

� Employing a deeper B profile beneath the metal contacts may additionally yield a lower contact resistivity [10]. 
Fritz et al. [11], too, have found that emitter properties other than surface doping concentration influence the 
quality of the contact to a boron diffused Si region while for POCl3 diffused layers, mainly a very high P 
concentration at the surface is essential [12]. 

� Due to the higher solubility of B in SiOx, grown during the diffusion process, than in Si, the BBr3 diffused profile 
typically exhibits a [B] depletion towards the wafer surface [13] which is identified to cause excessive surface 
recombination [14]. This can be eliminated by removing the depleted layer by means of boron emitter etch-back 
(B-EEB). For this purpose, B-EEB is required also in the metal contact area. 

� Despite a post-oxidation step during the BBr3 diffusion process, the borosilicate glass (BSG) layer tends to be 
hard to remove in HF solution. B-EEB as part of the solar cell process may reliably etch off the BSG due to 
HNO3 added to HF. A completely removed BSG allows better passivation of the p+ Si layer beneath. 

2. Developing the boron emitter etch-back process 

An appropriate wet chemical solution for boron emitter etch-back is required to have certain properties. In 
particular, the etching needs to be homogeneous on a large-area Si wafer and the etching rate of the solution, thus 
the target thickness of the removed Si layer (i.e. target p+ Rsh) has to be controllable and adjustable along with 
maintaining reasonable process durations. Good controllability is achieved by etching the p+ region via formation of 
a por-Si layer which is subsequently removed. 

An acidic solution composed of HF, HNO3 and H2O (stain etching) provides higher etching homogeneity and 
better process control than its alkaline counterpart [1] because stain etching is – due to its electrochemical nature 
(involving electron transfer as part of the surface reactions) – a self-limiting process, thus can form por-Si in 
contrast to hydroxide based solutions [15,16].  

For EEB in a stain etching solution, the underlying redox reaction is 

�� ��������� e)4(3h)4(3OH8NO4SiFH3HF18HNO43Si 2623 mm  .   (1) 

Points on the Si surface randomly become oxidation or reduction sites acting as localized electrochemical cells 
and sustaining currents on the surface. The oxidation on an anodic site consists in 

��� ������ e)4(H4SiOhOH2Si 22
0 mm       (2) 

while the reduction on a cathodic site is 
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�� ���� 3hO2HNO3HHNO 23  .      (3) 

In contrast to a polishing stain etch, for por-Si formation, some sites are more frequently anodic than they are 
cathodic. Once an etch pit is formed, quantum confinement leads to a shielding of the pore walls and etching 
proceeds only at the pore bottom towards the Si bulk. 

Por-Si formation is initiated by valence band holes on the Si surface (cf. (2)) being products of the reduction (3). 
Thus, the injection of h+ into the valence band is the crucial role of the oxidant and its electrochemical potential is a 
control parameter to influence por-Si formation. HNO3-rich stain etch solutions induce electropolishing, whereas in 
HF-rich solutions, the process is limited by the availability of holes, thus por-Si is formed [15]. 

The density of free valence band holes in p+ layers is higher compared to n+ layers. Thus, for stain etching B 
doped regions, the HNO3 content in the B-EEB solution required to form por-Si is lower. Moreover, HNO3 content 
has to be reduced to avoid electropolishing. 

Employing the same stain etching solution as for EEB of n+ Si yields very nonuniform B doped layers with 
unreasonably high Rsh values. Using an adapted etching solution with modified concentrations of the chemicals, the 
BSG is removed reliably and faster whereupon the B diffused layer is etched-back homogeneously and in a 
controllable manner. As an example, Fig. 1 (left) depicts the depth profiles of a 20 and 50 �/sq B doped layer (blue) 
which are etched-back to ~100 �/sq (red) by means of the developed B-EEB solution. A SEM micrograph of the 
etched-back 20 �/sq layer (Fig. 2 right) demonstrates the por-Si formation during B-EEB process. The measured 
por-Si thickness correlates with the depth difference of the etched-back ECV profile being shifted by ~470 nm to 
attain congruence with the starting profile (cf. Fig. 1 left). 

 

              

Fig. 1. Left: B concentration profile of a 20 and 50 �/sq p+ region after BBr3 diffusion and after subsequent B-EEB to 100 �/sq determined by 
ECV. Right: Cross sectional SEM micrograph of the 20 �/sq BBr3 diffused Si wafer surface etched-back to 100 �/sq by creating a ~470 nm 
thick por-Si layer.  

A 30 �/sq BBr3 diffused layer on a large-area alkaline textured Cz-Si substrate is subjected to B-EEB for various 
etching durations yielding Rsh of up to 120 �/sq within 12 min (Fig. 2). Rsh initially increases hardly due to 
remaining BSG on the surface and due to the relatively constant or depleted doping concentration and the absence of 
the kink/tail shape. The increase of the etching rate with layer depth is then caused by the more pronounced decline 
of [B]. Rsh variation on the large-area wafer (error bars in Fig. 2) increases with etching duration indicating a [B] 
dependent etching rate. In general, the etching rate can easily be modified by changing the H2O dilution rate of the 
B-EEB solution.  
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Fig. 2. Rsh of a 30 �/sq B doped layer (as-diffused) on a textured Cz-Si surface versus B-EEB duration. The error bars result from the variation of 
Rsh determined in different locations on the 125×125 mm2 wafer by four-point probe method. 

For the insertion of a selective B emitter into an n-type solar cell process, a 30 �/sq BBr3 diffused starting emitter 
is subjected to B-EEB for different etching periods yielding Rsh between 70 and 130 �/sq which result from 
different profile depths and surface doping concentrations (Fig. 3 left). The corresponding ECV profiles are 
measured after the complete solar cell process which means that high temperature steps followed the B-EEB process 
and modified the profile shape again (cf. Fig. 4).  

 

          

Fig. 3. Left: Profiles of 30 �/sq B emitter successively etched-back to different Rsh determined by ECV after subjecting to solar cell process (cf. 
sec. 3). Particularly the thermal oxidation (900°C for a few minutes) creating the passivation layer causes another B depletion at the wafer 
surface. Right: j0e of B emitters with different Rsh (as-diffused) and of the 30 �/sq emitter etched-back to different Rsh (passivation like in solar 
cell process, substrate 200 �cm n-type FZ-Si). 

The corresponding j0e of the profiles in Fig. 3 (left) are depicted in Fig. 3 (right) together with further non-etched-
back B emitters featuring Rsh between 30 and 130 �/sq. Independent of B-EEB employment, j0e diminishes with 
increasing Rsh. On planar wafer surfaces, generally lower j0e than on alkaline textured surfaces are achieved. A peak 
firing temperature difference of 70 K has no significant influence on j0e. 

3. N-type solar cells with selectively doped structures 

As an initial proof of concept in solar cells, the novel B-EEB (green in Fig. 4) together with the corresponding 
process for phosphorus doped layers (red in Fig. 4) is inserted into an n-type bifacial solar cell processing sequence 
as optional improvements in order to create either a selectively etched-back p+ emitter or a selective n+ back surface 
field (BSF). Both sides of the solar cell are textured. Boron emitter and phosphorous BSF are passivated by stacks of 
dielectric layers. The metal finger grids are all screen-printed (Fig. 4). 
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Fig. 4. Processing sequence for screen-printed bifacial n-type solar cells with optional steps for selective p+ emitter and selective n+ BSF; 
schematic representation of the final solar cell featuring selective doping structures on both sides. 

100 μm thin bifacial solar cells with selectively doped structures on both sides created by applying the additional 
process steps are compared with homogeneously doped devices (Tab. 1). In both approaches, advanced BBr3 
diffused starting p+ layers (homogeneous: Rsh = 50 Ω/sq, selective: Rsh = 30 Ω/sq + B-EEB) are employed [17]. At 
the rear, a homogeneous 60 �/sq n+ BSF is compared with a POCl3 diffusion of Rsh = 40 �/sq + EEB. 

In order to structure the selective p+ and n+ layers, an inkjet-printed shadow mask shields the areas beneath the 
metal contacts from being etched [18]. After EEB, the mask is removed together with the por-Si in KOH solution. 

IV measurement of the bifacial solar cells is carried out using a non-reflective and non-conductive IV chuck. A 
reflective but non-conductive chuck increases short circuit current density jSC by ~ 0.6 mA/cm2 yielding a maximum 
efficiency � of 19.8% (bifaciality = 99.6%). 

Table 1. IV characteristics of the manufactured bifacial solar cell types (5 inch n-type Cz-Si, thickness = 100 μm, �base = 2.0-4.5 �cm, 	base ≈ 7 ms) 
measured using a black chuck. 

Solar cell type Voc  
(mV) 

jsc  
(mA/cm2) 

FF  
(%) 

�
 
(%) 

Rser  
(�cm2) 

Rshunt  
(k�cm2) 

Bifaciality 
(%) 

Hom. p+ emitter, hom. n+ BSF 
Sel. p+ emitter, hom. n+ BSF 
Sel. n+ BSF, hom. p+ emitter 

644 
649 
661 

37.1 
37.0 
37.6 

78.3 
77.3 
78.4 

18.7 
18.5 
19.5 

0.46 
0.58 
0.46 

3.6 
72.8 
67.6 

94.3 
95.9 
99.4 

 
The increased open circuit voltage VOC of the selectively doped solar cells (Tab. 1) reflects the reduced j0e in the 

etched-back regions (cf. Fig. 3, right). Beneath the metal contacts, the deeper doping profiles induce better shielding 
of the highly recombinative contacts. 

Due to the “kink and tail” shape of a POCl3 diffused profile, the VOC gain by a selective n+ BSF is very high 
(17 mV) combined with a jSC increase of 0.5 mA/cm2. In the passivated n+ areas, j0BSF is reduced by EEB from 
~200 fA/cm2 (40 Ω/sq) to ~30 fA/cm2 compared to ~130 fA/cm2 (60 Ω/sq) in the homogeneous case. By employing 
the selectively etched-back B emitter, a VOC gain of 5 mV is achieved along with maintaining jSC (reduction of j0e by 
B-EEB from ~60 fA/cm2 to ~30 fA/cm2 in the passivated p+ areas vs. 45 fA/cm2 in the homogeneous case, cf. 
Fig. 3). The relatively poor jSC can easily be enhanced by thickening the wafer (from 100 μm to 175 μm: 
�jSC ≈ 0.5 mA/cm2) or reducing finger width (from 110 μm to 70 μm: �jSC ≈ 1.1 mA/cm2). An additional VOC and jSC 
gain may be attained by inserting the B-EEB into the solar cell processing sequence not before, but after the high 
temperature POCl3 diffusion and thermal oxidation [10]. In this case, the [B] depletion at the wafer surface would be 
removed and surface recombination may be reduced. 
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Because of a diminished fill factor FF and a risen series resistance Rser (Tab. 1), the selective p+ emitter solar cell 
does not exploit its full potential. This is caused by the smaller lateral conductivity of the higher Rsh emitter between 
the metal contacts and prevents jSC from being enhanced compared to the homogeneous emitter solar cell. Contact 
resistivity, however, is not supposed to be an issue as depth and surface doping concentration of the selective p+ 
emitter beneath the contacts are higher than in the homogeneous case (cf. Fig. 3, left). 

Rshunt is considerably enhanced (by a factor of ~20) by implementing a selective p+ or n+ structure. In the case of 
the selective p+ layer, the deeper emitter profile beneath the metal contacts reduces the shunting of the p-n junction. 
In the case of the selective n+ layer, the emitter profile is also deeper compared to the homogeneous solar cell, but 
caused by the higher temperatures during the heavier POCl3 diffusion.  

All solar cell types exhibit very high bifaciality = �RS/�FS of >94% which is further increased by the selective p+ 
or n+ layer. The selective n+ layer yields bifaciality of >99% because �RS is enhanced due to a significantly reduced 
recombination at the front. 

4. Conclusion and outlook 

The technical implementation of a selective p+ region by wet chemical etch-back of the heavily doped Si wafer 
surface via porous Si formation has been developed into a well controllable process using a new etching solution 
adapted for p+ doped Si layers in respect of their higher concentration of valence band holes. 

Integrated into initial 100 μm thin n-type bifacial large-area solar cells as a proof of concept, the selectively 
etched-back B emitter has yielded a VOC gain of 5 mV and an Rshunt increase by a factor of 20. Using a selective 
phosphorous BSF in the solar cell created by the equivalent process for n+ layers, conversion efficiency of up to 
19.5% with VOC = 661 mV and bifaciality of 99.4% have been achieved on a black and non-conductive measuring 
chuck. 

Further optimized solar cells featuring a combination of selective structures on both sides and an etched-back p+ 
emitter without surface [B] depletion are anticipated to attain efficiencies of >20%.   
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