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Introduction
During the last few years, n-type wafers 
and solar cells have been receiving more 
attention. The inherent advantages 
of n-type doped Czochralski-grown 
silicon (Cz-Si) wafers over p-type Cz-Si 
wafers are the absence of light-induced 
degradation (LID) [1], a reduced 
sensitivity against metal contaminations 
[2] – in particular iron – and a longer 
minority-carrier lifetime. The price 
of n-type Cz-Si wafers, however, is 
currently about 16% higher than that 
of p-type Cz-Si wafers [3], but this gap 
could become smaller in the future.

Compared with solar cells made 
from p-type silicon wafers, where 
the aluminium back-surface field 
(Al-BSF) cell  and the passivated 
emitter and rear cell (PERC) are by far 
the two most dominant architectures, 
there  are  more concepts  under 
investigation for cells made from 
n-type silicon. Both heterojunction 
with intrinsic thin layer (HIT) [4] and 
back-contact back-junction (BC-BJ) 
[5,6] solar cells are known for their 
high conversion efficiencies. Other 
promising cell concepts include rear-
emitter structures, formed by either 
diffusion [7–10] or alloying a screen-
printed aluminium layer [11,12], and 
the passivated emitter and rear locally 
diffused (PERL) [13] or passivated 
emitter and rear totally diffused (PERT) 
cells [14–16]. Also under consideration 
are  n- ty p e  meta l - w rap- through 
(n-MWT) solar cells [17,18]. 

Some of  the above-mentioned 

architectures feature a rear surface 
that is only partially metallized, which 
makes them potentially interesting for 
bifacial applications. With adaptations 
of the module layout, an additional 
energy yield of the order of 20% has 
been reported [19,20], at almost no 
additional cost; this is certainly one of 
the reasons why the ITRPV roadmap 
forecasts a market share increase for 
n-type solar cells from 5% in 2013 to 
almost 40% in 2024 [21]. In addition, it 
is worth mentioning that bifacial solar 
cells are developed not solely for n-type 
substrates, but also for p-type wafers 
[22,23]. For an overview of bifacial 
systems and recent progress in this 
field, see Kopecek et al. [24].

This paper reports on the status 
of bifacial n-PERT solar cells and 
R&D activities at Fraunhofer ISE. 
After a presentation of a fabrication 
process with sequential diffusion 
processes, this process is simplified 
by an implementation of the compact 
co-diffusion approach, in which a 
deposited borosilicate glass acts as a 
dopant source for emitter formation 
during a gas-phase diffusion process 
for back-surface field formation. The 
properties of the diffusion process as 
well as of the doping profiles produced 
are characterized, and saturation 
current densities and specific contact 
resistance values are reported. One 
dedicated section addresses the 
recombination at the emitter–metal 
interface and describes ways to reduce 
that particular contribution to the 

overall recombination. 

Sequential diffusion approach
In the reference process for the 
fabrication of bifacial H-pattern cells, 
156mm n-type Cz-Si wafers with a base 
resistivity between 3 and 6Ωcm are 
used. After random pyramid formation 
in alkaline solution, the boron emitter 
and the phosphorus BSF are formed by 
two sequential tube-furnace diffusion 
processes using boron tribromide (BBr3) 
and phosphorus oxychloride (POCl3) 
as dopant sources. Obviously one has 
to ensure selective doping of each 
side during this sequence, and this is 
accomplished by the use of sacrificial 
dielectric diffusion barrier layers, 
applied prior to each diffusion.

As BBr3 diffusion takes place at 
temperatures considerably higher than 
those for POCl3 diffusion, it was decided 
to perform the BBr3 diffusion first, in 
order to minimize profile changes during 
the second high-temperature step [25]. 
A clear advantage of this approach is the 
possibility of optimizing each diffusion 
process separately, at least to a large 
extent. A disadvantage is the use of two 
high-temperature processes; this could 
possibly affect the minority-carrier 
lifetime in the bulk, as well as putting 
some cost pressure on the process 
sequence.

After the second diffusion process 
and glass removal, a dielectric stack of 
aluminium oxide (Al2O3) and silicon 
nitride (SiNx) is deposited by plasma-
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enhanced chemical vapour deposition 
(PECVD) on the front side, whereas on 
the rear side a single PECVD-SiNx layer 
is deposited. Front-contact formation is 
realized by screen printing a AgAl paste, 
whereas a Ag paste is used on the rear 
side. After contact firing, laser edge 
isolation ensures the electrical insulation 
between the front and rear sides.

Fig . 1 shows a schematic cross 
section of a bifacial n-PERT solar cell 
in a standard H-pattern layout; the 
top and bottom views are illustrated in 
the photograph in Fig. 2. Conversion 
efficiencies of 19.7%, measured in a cell 
tester on a white and non-conductive 
foil, have been achieved using the 
sequential diffusion approach.

Simplified process sequence 
using co-diffusion 
As discussed above, in the fabrication of 
the investigated H-pattern bifacial solar 
cells it is necessary to provide doping 
profiles of different polarities on the front 
and rear sides of the device. Although this 
can be achieved, for example, by applying 
diffusion barriers and two subsequent 
gas-phase diffusion processes, it would 
be more convenient to restrict the dopant 
formation to one side of the sample and 
perform only one high-temperature step.

“The co-diffusion approach 
investigated at Fraunhofer ISE 
permits a largely independent 

adjustment of boron and 
phosphorus doping profiles.”

Figure 1. Schematic cross section of a bifacial n-PERT solar cell with an 
H-pattern grid on both the front and back sides.
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Figure 2. Photographs of the front and back sides of a bifacial n-type solar cell 
with an H-pattern grid. The cell layout is suited to bifacial applications, for 
example in glass–glass modules or in modules with transparent backsheets.
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Figure 3. (a) Process flow for the fabrication of bifacial n-PERT solar cells. After BSG/SiOx dielectric layer stack deposition, 
co-diffusion takes place in a POCl3 diffusion process. (b) Schematic cross section of the samples before co-diffusion in a 
POCl3 atmosphere.
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Re cent ly,  more  attent ion  ha s 
e s p e c i a l l y  b e e n  g i v e n  t o  i o n 
implantation [26–28] and diffusion 
from deposited doped glasses [29–
34]. Both require a subsequent high-
temperature step for respectively 
dopant activation and drive-in. One 
approach is to implant or cap both 
sides of the wafer and perform one 
thermal treatment in an inert gas or 
in an atmosphere with a low oxygen 
content [35]. Both co-annealing and 
co-diffusion significantly streamline 
the process sequence, but the degree of 
freedom for independent control of the 
doping profiles is reduced, as the dose 
for each dopant type can only be chosen 
in advance and cannot be adjusted 
during the thermal process. The ups 
and downs of both process sequences 
have already been nicely summarized 
by Lim et al. [36]. The co-diffusion 
approach investigated at Fraunhofer 
ISE, which combines the diffusion from 
a deposited glass with that from a gas-
phase diffusion process, overcomes 
the above-described limitation, since 
it permits a largely independent 
adjustment of boron and phosphorus 
doping profiles.

For the fabrication of co-diffused 
bifacial large-area n-PERT solar cells, 
denoted CoBiN (co-diffused bifacial 
n-type) [32], n-type Cz-Si wafers with 
an edge length of 156mm and a base 
resistivity of 3Ωcm are used; the process 
flow is depicted in Fig. 3(a). A layer stack 
of borosilicate glass (BSG) and silicon 
oxide (SiOx), deposited by atmospheric 
pressure chemical vapour deposition 
(APCVD) (in cooperation with SCHMID 
Group), is used as a dopant source for 
emitter formation during BSF formation 
in a POCl3 atmosphere (see Fig. 3 (b)), in 
the standard phosphorus tube-furnace 
diffusion system that is widely used 
today in the PV industry. Other groups 
have also successfully applied the boron 
source by alternative methods, such 
as PECVD [29,30,33], spin-on [37] or 
inkjet printing [35]. Recently, Mitsubishi 
reported the use of an APCVD-BSG 
layer for emitter formation in bifacial 
n-PERT solar cells as well, yielding 
conversion efficiencies above 21% [31].

After front-surface passivation 
with an Al2O3 layer in an inline 
atomic layer deposition (ALD) tool, 
the SiNx anti-reflection coating and 
the silicon oxynitride (SiOxNy)/SiNz 

rear-passivation stack are deposited 
by PECVD. In this experiment, the 
front contact has been formed by dual 
printing (printing the busbars and 
fingers in different process steps), where 
Ag paste is applied for the floating 
busbar and AgAl paste for the fingers. 
Both the front AgAl fingers and the 
subsequently printed rear Ag fingers 
are formed by print-on-print (double-
printing) technology, using the same grid 
and paste for each printing step twice. 
Contact firing and laser edge isolation 
complete the process sequence.

Solar cells fabricated with the CoBiN 
process sequence have demonstrated 
conversion efficiencies of up to 19.9% 
(see Table 1) on a reflecting, conductive 
chuck (calibrated measurements at 
Fraunhofer ISE CalLab PVCells); these 
values are similar to those reported by 
other authors [30,36,38]. Measurements 
taken on a black, non-conductive chuck 
yield a conversion efficiency of only 
19.5%, which highlights the impact of 
the measurement conditions on the 
conversion efficiency in the case of 
bifacial cells. 

Böscke et al. [16] have reported that 
measurements on a non-reflective, 

Measurement chuck Voc [mV]  Jsc [mA/cm2] FF [%] η [%] Rp [kΩcm²]

Black, non-conductive 647 38.3 78.7 19.5 19
Golden, conductive 648 38.8 79.0 19.9 19
Combined 648 38.8 78.7 19.8 19 

Table 1. I–V data of large-area bifacial n-type co-diffused CoBiN solar cells, extracted from calibrated measurements 
at Fraunhofer ISE CalLab PVCells. The parallel resistance Rp is determined from a measurement in an industrial cell 
tester.
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Figure 4. (a) Temperature–time profile of the POCl3 diffusion process, highlighting two deposition phases, which 
allows independent control of the depth and surface concentration of the phosphorus doping profile. Drive-in of the 
boron emitter out of the APCVD-BSG/SiOx stack takes place during the first deposition step at 950°C. (b) The resulting 
phosphorus profiles, measured by electrochemical capacitance voltage (ECV) profiling on alkaline saw-damage-etched 
surfaces.
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non-conductive chuck show a decrease 
in both Jsc and FF compared with a 
reflective, conductive chuck. Since no 
norm yet exists relating to how bifacial 
cells or modules should be measured, the 
calculation of a combined efficiency has 
been proposed, which includes Voc and Jsc 
from the measurement on the reflective 
chuck and FF from the measurement on 
the non-conductive chuck. This results 
in a combined efficiency of 19.8% for 
Fraunhofer ISE cells. 

When measuring bifacial n-PERT 
solar cells, it is important to look not 
only at the forward current but also 
at the reverse bias stability; as several 
authors have shown, this might be a 
bigger challenge for these cells than for 
p-type cells [15,28,39]. 

Layer and doping profile 
properties 
In the POCl3 co-diffusion process 
developed at Fraunhofer ISE, with a 
temperature–time profile depicted 
in Fig . 4(a),  the use of different 
deposition phases makes it possible 
to separately control the depth and 
surface concentration of the BSF. The 
POCl3 flow in the first deposition phase 
controls the depth of the phosphorus 
BSF; in addition, the temperature of 
950°C allows the drive-in of the boron 
out of the pre-deposited BSG source.

“The use of different 
deposition phases makes 
it possible to separately 

control the depth and surface 
concentration of the BSF.”
Changes in the POCl3 bubbler gas 

flow during the second deposition 
phase, towards the end of the process, 
affect the surface concentration of 
the doping profile (see Fig. 4(b)); the 
profile can be tailored to achieve a low 
specific contact resistance between the 
phosphorus BSF and the screen-printed 
Ag contacts. Thus, an independent 
manipulation of BSF depth and surface 
concentration is possible in a single 
process, while the BSG composition and 
thermal budget of the process control 
the boron doping profile.

Fig. 5 shows the specific contact 
resistance ρc and dark saturation current 
density J0,BSF of phosphorus BSFs for 
variations in the POCl3 gas flow in the 
second deposition phase. The contacts 
have been formed by the screen 
printing of Ag paste followed by contact 
firing. As expected from the diffusion 
profile, transfer length method (TLM) 

measurements reveal low ρc values, 
between 2mΩcm2 and 4mΩcm2, for a 
wide range of POCl3 flow rates, when a 
second deposition phase is introduced. 

The J0,BSF values shown in Fig. 5 
were extracted in high-level injection 
on symmetric n-type Cz-Si samples 
with alkaline-textured surfaces after 
passivation by either a PECVD-SiNx 
layer or a PECVD-SiOxNy/SiNz stack 
and contact firing. For a flow rate 
of 200sccm, which was the lowest 
tested flow rate in this experiment, 
J0,BSF amounts to 125fA/cm2 for a  
SiOxNy/SiNz passivation stack. This 
flow rate (200sccm) is also used for BSF 
formation in Fraunhofer ISE solar cells. 
Fraunhofer ISE’s POCl3 process was 
recently enhanced to allow J0,BSF values 
below 100fA/cm2, and the process 
time was shortened, while improving 
at the same time the sheet resistance 
homogeneity over the wafer.

The question arises as to whether 
the deposited BSG/SiOx stack is 

really impervious to phosphorus and 
completely blocks the phosphorus 
diffusion from the gas phase. To 
address this point a secondary ion mass 
spectrometry (SIMS) was performed 
on shiny-etched wafers after layer 
deposition and POCl3 dif fusion; 
measurements of the respective atomic 
concentration in the dielectric layers as 
well as in the silicon wafer were taken. 
The results are shown in Fig. 6, with a 
proposed layer arrangement indicated 
above the graph.

At the surface of the samples, the 
POCl3 from the atmosphere reacts 
with the bare SiOx layer to form a 
phosphorus silicon glass (PSG). The 
high concentration gradient might 
lead to some phosphorus diffusion 
through the SiOx and BSG layer, as 
highlighted by a P concentration of 
around 1017cm-3 in the silicon wafer 
itself; however, that concentration is a 
few orders of magnitude below that of 
the boron concentration. Interestingly, 

Figure 5. Specific contact resistance ρc and dark saturation current density J0,BSF 
of phosphorus-diffused BSFs for different POCl3 gas flows. A PECVD-SiNx 
layer or a SiOxNy/SiNz stack was used for surface passivation.

Figure 6. SIMS measurements of BSG/SiOx layer stack after POCl3 diffusion. 
The proposed sample structure is shown above the graph.
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the high boron concentration gradient 
leads to a boron diffusion through the 
SiOx layer into the PSG, resulting in 
concentrations above 1019cm-3, whereas 
in the SiOx layer itself a very low boron 
concentration of 1016cm-3 is measured.

From the results it is concluded 
that, even if there might be some 
diffusion of phosphorus through the 
BSG/SiOx stack, it will not negatively 
impact the boron diffusion profile; 
this is confirmed by identical boron 
doping profiles measured for diffusion 
processes with and without POCl3 in 
the process atmosphere. Similar results 
are expected in the solar cell, where the 
dielectric stack is deposited on alkaline-
textured surfaces.

The resulting boron emitter profiles 
themselves are characterized by a sheet 
resistance of 77Ω/sq. and J0e = 57fA/cm2, 
measured in high-level injection on 
symmetrically textured n-type Cz-Si 
samples after passivation by an Al2O3/
SiNx stack and activation of the 
passivation layers in a firing furnace. 
After a screen printing of AgAl paste 
and contact firing, TLM measurements 
yield ρc = 2mΩcm2, which is similar 
in value to that of the diffused boron 
profiles from the gas phase. 

Boron emitter metallization
Inherent in boron prof i les  that 
are  sui table  for  scre en- pr inte d 
contacts using AgAl paste is a rather 
high recombination J0e,met at the 
semiconductor–metal interface. Values 
of J0e,met in the range 3500–4200fA/cm2 
have recently been reported [17,40], 
which might be the result of deep spike 
penetration of the AgAl paste into the 
wafer surface and emitter; these values 
are a couple of times higher than those 
seen for Ag pastes on the phosphorus 
BSF. Although the metallized area 
fraction Amet at the front of solar cells is 
only a few per cent, the J0 contribution 
of the AgAl contacts is about two 
to four times higher than that of the 
passivated area J0e. As a result, efforts to 
reduce Amet are being made. 

One approach is dual printing of 
the AgAl front contact, where printing 
takes place in two separate steps and 
different pastes are used for the busbar 
and fingers. The implementation of 
floating Ag busbars in H-pattern cells 
thus reduces Amet of the AgAl paste 
from 5.8% to 3.4%, which in this case 
increases the open-circuit voltage Voc by 
7mV. However, the shaded-area fraction 
remains unchanged. Another approach 
is the integration of MWT structures, 
where moving the busbars from the 
front to the rear not only decreases Amet 
compared with contacting busbars, but 
also reduces shading. 

An alternative approach to reducing 
front-metallization-related recombination 
is an adaptation of the boron diffusion 
process. Edler et al. [40] have shown that 
increasing the profile depth while keeping 
the surface concentration unchanged 
is effective in reducing J0e,met. This 
indicates a possible window for selective 
boron emitters, which might, however, 
be made obsolete by improvements 
in metallization pastes, as seen in the 
case of phosphorus emitters in the past. 
Adaptations of Fraunhofer ISE’s BBr3 
diffusion process have made it possible 
to decrease J0e by increasing the depth 
and reducing the surface concentration 
of the emitter profile to values down to  
30fA/cm2 on alkaline-textured surfaces 
(see Fig. 7). Here, the surfaces are 
passivated by a fired Al2O3/SiNx layer 
stack, with ‘Type A’ and ‘Type B’ referring 
to different processes. Initial TLM 
measurements reveal specific contact 
resistance values in the low mΩcm2 
range for all ‘Type A’ processes using 
a commercially available AgAl paste; 
however, the J0e,met determination is still 
pending.

Another promising option for 
reducing J0e,met might also be the 
replacement of screen-printed contacts 
by plated Ni/Cu contacts, if process 
maturity is ensured; this could very 
likely be combined with an adaptation 
of the emitter profile as indicated above.

Conclusions 
For the fabrication of bifacial n-PERT 
front-junction solar cells, a reference 
process has been established, which 
is based on two sequential diffusion 
processes and which allows conversion 
efficiencies of up to 19.7% in H-pattern 
cells , measured on a white, non-

conductive foil. It has been shown that 
the detrimental impact of high front-
contact recombination can be reduced 
by the implementation of floating Ag 
busbars, which increases Voc by 7mV. 

T h e  p r o c e s s  s e q u e n c e  h a s 
been further greatly simplified by 
substituting a co-diffusion process for 
the two sequential diffusion processes. 
An APCVD process forms the BSG/
SiOx stack for emitter formation 
on the front side of the samples, 
followed by a drive-in during BSF 
formation in a POCl3 atmosphere. 
The POCl3 diffusion process contains 
two deposition phases; this allows 
independent manipulation (to a large 
extent) of both depth and surface 
concentration of the BSF. Bifacial solar 
cells with a conversion efficiency of 
up to 19.9% have been fabricated with 
this CoBiN process. Further increases 
in conversion efficiency are expected in 
the near future through improvements 
to the PO Cl3 dif fusion process , 
adaptations of the BSG source and new 
metallization pastes.

The fact  that POCl3 dif fusion 
furnaces are widely available and 
facilitate high throughput, as well as 
the similarities of the CoBiN process 
sequence to p-type PERC solar cell 
fabrication, reduces the barriers to 
industrial implementation.

“A TOPCon layer 
implementation could 

increase the conversion 
efficiency of bifacial n-PERT 
front-junction solar cells to 

over 22% in the near future.”

Figure 7. Emitter saturation current density J0e plotted vs. the sheet resistance 
Rsh for symmetric, alkaline-textured, 10Ωcm, n-type Cz-Si wafers. The J0e 
determination is performed in high-level injection after passivation with an 
Al2O3/SiNx stack by PECVD and contact firing.
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Outlook
To  a d d r e s s  t h e  h i g h  c a r r i e r 
recombination at the screen-printed 
AgAl emitter contact, it is planned to 
adapt Fraunhofer ISE’s BSG source and 
POCl3 diffusion process accordingly. 
Improved metallization pastes will be 
applied for the screen-printed contacts 
route, or, alternatively, fully plated 
contacts on both the front and the rear 
will be included. This will decrease not 
only J0e,met but also J0e in the passivated 
regions and thus result in a higher 
open-circuit voltage. Simulations with 
Sentaurus Device indicate a conversion 
efficiency potential of over 22% for 
such cells.

Another option is to adapt the 
cell structure itself and include a 
polysilicon [41,42] or a TOPCon 
(tunnel oxide passivated contact) layer 
for a carrier-selective rear contact. 
With monofacial solar cells of size 
2cm × 2cm with a planar rear side, 
the excellent passivation quality of the 
TOPCon layer has yielded open-circuit 
voltages of 715mV and conversion 
efficiencies greater than 24% [43]; 
a very good passivation quality on 
textured surfaces, however, has already 
also been demonstrated by Moldovan 
et al. [44], with a Voc limit of 715mV. 
Since recombination in the BSF region 
is the second-highest loss factor after 
J0e,met in the CoBiN cell structure, a 
TOPCon layer implementation could 
increase the conversion efficiency of 
bifacial n-PERT front-junction solar 
cells to over 22% in the near future. 
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