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Introduction 

Increasing solar cell efficiency is 
a powerful lever for further cost 
reductions in photovoltaics .  For 
industrial-type screen-printed p-type 
solar cells on monocrystalline silicon, 
efficiencies of up to 22.6% have so 
far been reported [1], whereas for a 
comparably processed p-type solar 
cell on multicrystalline silicon (mc-
Si), the highest certified efficiencies 
reported to date are 21.3% [2] and 
21.6% [3]. Even so, p-type mc-Si 
accounts for ~70% of global solar cell 
production [4]. Although mc-Si suffers 
from a higher carrier recombination 
caused by structural defects and a 
higher concentration of impurities, the 
simpler crystallization process used 
offers a cost advantage potential over 
monocrystalline silicon. 

The highest efficiencies for silicon 
solar cells so far, however, have been 
achieved with n-type silicon, with 
a record efficiency of 26.7% being 
reported for an interdigitated back-
contact (IBC) solar cell [5]. The high 
material quality of n-type silicon is 
mainly due to its relative tolerance 
to common impurities (e.g .  Fe) , 
resulting in higher minority-carrier 
dif fusion lengths compared with 
p-type substrates with a similar 
impurity concentration [6].  With 
advances in crystallization techniques, 
such as seed-assisted growth for the 
fabr ication of  high-performance 
multicrystalline silicon (HP mc-Si) [7], 
the material quality of mc-Si wafers has 
significantly increased in recent years, 
mainly because of a reduced density 

of recombination-active dislocation 
clusters. 

The HP mc-Si process, combined 
with the above-mentioned benefits of 
n-type silicon, might therefore offer 
opportunities for a low-cost, high-
efficiency silicon material which has 
the potential to reduce the efficiency 
gap with monocrystalline silicon [8]. 
This paper describes the fabrication 
process for a high-efficiency solar cell 
with a passivating rear-side contact 
(TOPCon [9]) on high-quality n-type 
HP mc-Si.

“The development of HP 

mc-Si has made it possible 

to significantly improve the 

material quality of mc-Si.”

Material development

The crystallization of n-type mc-Si at 
Fraunhofer ISE started several years 
ago with the crystallization of standard 
n-type mc-Si. A comparison of that 
material with p-type mc-Si from a 
comparable crystallization process 
revealed an advantage of n-type doped 
mc-Si as a result of its lower sensitivity 
to typical metal impurities [10]. The 
development of HP mc-Si [7] has made 
it possible to significantly improve the 
material quality of mc-Si. With the use 
of granular silicon as seed material 
placed on the bottom of the crucible, 
a homogeneous and small-grained 
crystal structure was developed for the 
laboratory ingots of G2 size, equivalent 
to 75kg of silicon (Fig. 1). This led to 
a massive reduction in dislocation 
density and thus to an improvement in 
minority-carrier lifetime in the wafers.

In 2015 n-type HP mc-Si crystallized 
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Figure 1. (a) An n-type HP mc-Si ingot of G2 size. (b) Photoluminescence 
image of a wafer from a centre brick in the upper third of an HP mc-Si ingot.
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at Fraunhofer ISE was demonstrated 
to be a suitable base material for 
high-efficiency solar cells, with the 
achievement of  an ef f icienc y of 
19.6% from an n-type mc-Si solar cell 
featuring a passivating rear-side contact 
(TOPCon [9]) and an isotextured 
front surface [8]. The crystallization 
process for HP mc-Si was recently 
further optimized by the use of high-
purity crucibles and improved thermal 
processes, and the base resistivity was 
adapted in order to be optimally suited 
to the TOPCon cell concept.

Analysis of material 
potential

To demonstrate the improvement in 
the material quality of n-type mc-Si 
crystallized at Fraunhofer ISE, a 
thorough efficiency analysis of three 
materials was performed: 1) standard 
n-type mc-Si; 2) n-type HP mc-Si; and 
3) optimized n-type HP mc-Si. For the 
investigation of the material quality, 
l i fetime samples were processed 
by applying the high-temperature 
steps of the utilized solar cell process 
sequence, including a boron diffusion 
at 890°C and an annealing step at 
800°C (both for 1h). Thus, it was 
ensured that the material quality of the 
lifetime samples corresponded to the 
material quality of the final solar cells. 

To ensure an injection-independent 
surface passivation, the samples were 
passivated with SiNx films.

Images  of  the  bulk  minor i ty-
c h a r g e  c a r r i e r  l i f e t i m e  w e r e 
obtained by injection-dependent 
photoluminescence (PL) imaging , 
calibrated by modulated PL [11]. A 
combination of these images with 
a PC1D [12,13] simulation of the 
TOPCon cell enables a prediction 
of the material’s efficiency potential 
b y  a n  e f f i c i e n c y - l i m i t i n g  b u l k 
recombination analysis (ELBA) [14], 
as well as allowing a detailed loss 
analysis, as suggested in Schindler et 
al. [15]. Further information about 
the procedure and the simulation 
parameters, as well as details about an 
investigation of the impact of the base 
resistivity, can be found in Schindler et 
al. [16].

Fig .  2(a)  shows predictions of 
the spatial ly  resolved ef f icienc y 
potential  of the three materials . 
The corresponding material-related 
efficiency losses with regard to the 
simulated device limit (no Shockley-
Read-Hall (SRH) material limitations) 
of 23.1% are illustrated in Fig. 2(b). 
The largest losses of ~2.4%abs. occur 
in the n-type mc-Si created from a 
standard crystallization process: these 
losses can be separated into inner grain 
losses (~1%abs., orange part of the left 

bar in Fig. 2(b)), and losses due to 
recombination-active structural crystal 
defects (~1.4%abs., grey meshed part of 
the left bar in Fig. 2(b)). Consequently, 
the efficiency of a TOPCon solar cell 
based on this material would be limited 
to approximately 20.7%.

The HP mc-Si crystallization process 
suppresses the creation of highly 
recombination-active dislocation 
clusters, while the use of a high-purity 
crucible reduces the inner grain losses 
due to homogeneously distributed 
impurities. A significant reduction in 
efficiency losses is therefore observed 
for the second material: the n-type 
HP mc-Si features inner grain losses 
of ~0.3%abs., and losses of ~0.7%abs.

due to recombination-active structural 
crystal defects, which sum up to total 
efficiency losses of ~1%abs. (see centre 
column in Fig. 2). 

Finally, by optimizing the HP mc-Si 
crystallization process it is possible 
to decrease the area fraction of grain 
boundaries and consequently reduce 
the losses due to recombination-
active structural crystal defects. In 
combination with an adaptation of 
the base resistivity, the total losses 
could be reduced to ~0.7%abs. for the 
optimized n-type HP mc-Si, which 
would allow efficiencies of the order of 
22.4% (see right column in Fig. 2) with 
the TOPCon cell concept.

Figure 2. (a) ELBA prediction of the spatially resolved efficiency potential for the three different n-type mc-Si materials 
– standard, high-performance and optimized high-performance crystallization process; (b) corresponding solar cell 
efficiency losses.

(a) 

(b)



It should be noted that the gain in efficiency potential 
for the optimized n-type HP mc-Si material was partly 
achieved by the correct choice of base resistivity. Fig. 3 
shows a simulation of the efficiency as a function of base 
resistivity for two different materials, for the TOPCon cell 
concept described above. A defect-free material is limited 
by Auger recombination at low resistivities, and features an 
increasing efficiency with increasing base resistivity (orange 
dashed curve in the lower graph of Fig. 3). In contrast, a 
material with an injection-independent background lifetime 
of 1ms is also limited by Auger recombination for very low 
resistivities, but the efficiency reaches a maximum at a base 
resistivity of ~0.45Ω·cm, before it decreases again for higher 
resistivities.

The decrease at high resistivities is attributed to fill factor 
losses, as illustrated by the black solid line in the upper graph 
of Fig. 3, which shows the normalized cell parameters for 
the defect-limited material as a function of resistivity. The 
fill factor losses towards high resistivities are not a series-
resistance effect, but rather a recombination effect which 
influences Vmpp and also leads to losses in the pseudo fill 
factor. The decrease towards lower resistivities is attributed 
to Jsc limitations caused by Auger recombination (black 
dotted line in the upper graph of Fig. 3). For n-type HP 
mc-Si, the correct choice of base resistivity is therefore of the 
utmost importance for fabricating highly efficient solar cells.

“For n-type HP mc-Si, the correct choice of 

base resistivity is of the utmost importance for 

fabricating highly efficient solar cells.”
Surface texture

To suppress surface reflection of incident light, and thus 
maximize the current of a solar cell, specific structures have 
to be applied to the solar cell front side. These structures 
typically consist of a surface texture in combination with an 
anti-reflection coating. For monocrystalline silicon, the surface 
texture consists of small pyramids, which can be realized by 
anisotropic etching in alkaline solutions. When this texturing 
is used in combination with an anti-reflection coating, the 
weighted reflectance of such a surface can be as low as 2%. 

In the case of mc-Si, however, the application of a pyramidal 
surface texture is not possible, because of the varying crystal 
orientations of the different grains; thus acidic solutions are 
used for the surface texturing of mc-Si solar cells in industrial 
production. Unfortunately, the quality of this type of surface 
texture does not match the excellent optical and electrical 
quality of pyramidal textures. Alternative technologies 
exist, however, which enable the creation of textures with a 
performance comparable to that of a pyramidal texture on 
mc-Si; two examples are the honeycomb texture [17,18] and 
black silicon [19,20].

The honeycomb texture (based on photolithography) has 
already been applied to the multicrystalline record solar cell 
(20.4% efficiency) presented by Schultz et al. in 2004 [17]. 
The other approach, which was also used for creating the 
surface texture of the high-efficiency HP mc-Si solar cells 
in this work, is based on black silicon; the nanostructured 
black-silicon surface enables an almost perfect suppression 
of the surface reflection, with values of less than 1% for the 
weighted reflectance. In the past, the surface passivation of 
this nanostructured surface with very steep needles (‘silicon 
grass’) was an issue, but this could fortunately be resolved 
by the introduction of deposited Al2O3 layers (atomic layer 
deposition: ALD), which yield a very conformal coating even 
on black-silicon-textured surfaces [21–24]. 
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For the creation of black-silicon 
textures, typically reactive ion-etched 
(RIE) processes are utilized. In this 
study, however, an inductively coupled 
plasma (ICP) process with a very low 
bias voltage (as proposed in Hirsch et 
al. [25]) was employed in order to keep 
the surface damage due to the plasma 
etching as low as possible. With the 
ICP process, a separate damage etch 
prior to surface passivation is not 
necessary. An SEM micrograph of the 
surface texture realized by the ICP 
process is shown in Fig. 4:  it can be 
seen that the texture does not feature 
the very steep needles typical of a 
classic black-silicon texture. The height 
of the texture is less than 1μm, and the 
aspect ratio is around 2. 

The corresponding ref lectance 
measurements for assessing the optical 
quality of this surface texture are 
shown in Fig. 5. With just the surface 
texture, i.e. without the anti-reflection 
coating , the surface ref lection is 
already quite low. When the measured 
reflectance is weighted with the sun 
spectrum (AM1.5g, 280–1,000nm), the 
total reflectance is of the order of 2.5%.

To further reduce the surface 
reflection, an anti-reflection coating 
can be added. In the current study a 
layer stack consisting of Al2O3 (ALD) 
and SiNx (plasma-enhanced chemical 
vapour deposit ion:  PEC VD) was 
applied. As can be seen in Fig. 5, the 
application of this anti-ref lection 
coating further reduces the surface 
reflection, and values of ~1% for the 
weighted reflectance can be achieved. 
The optical performance of the applied 
plasma texture is therefore comparable 
to that of a classic black-silicon texture.

In addition to an excellent optical 
performance, the front-side texture 
needs to demonstrate a high electrical 
quality (low surface recombination) 
as well as being compatible with 
subsequent processing steps, such 
as emitter dif fusion and surface 
passivation. The results of the tests of 

emitter diffusion (90Ω/sq., BBr3 tube 
diffusion) and surface passivation 
by Al2O3 (ALD) showed that the 
performance of the ICP black-silicon 
texture compared quite well with that 
of a pyramidal texture as applied to 
monocrystalline silicon, with values for 
the recombination pre-factor J0e of the 
order of 50fA/cm2. 

Solar cells

On the basis of the excellent results 
obtained in respect of the material 
quality of n-type HP mc-Si, as well as 
the facility to implement all necessary 
process steps, high-efficiency solar 
ce l l s  were  f abr ic ate d  f rom the 
multicrystalline n-type silicon. The 
schematic of the solar cell is shown 
in Fig. 6: the features of the applied 
cell  design (as discussed above) 

are an ICP black-sil icon surface 
texture, a BBr3-diffused front-side 
emitter (90Ω/sq.) passivated by an 
Al2O3/SiNx (ALD/PECVD) layer stack, 
and photolithographically defined and 
evaporated front contacts. The solar 
cell rear side incorporates a passivating 
contact consisting of a wet-chemically 
grown thin tunnel oxide covered by 
a PECVD-deposited a-SiCx:P layer 
(TOPCon [9]) with a full-area Ag 
metallization. 

A photograph of a f inal high-
efficiency solar cell fabricated on n-type 
HP mc-Si is shown in Fig. 7. Within the 
active cell area with the black-silicon 
texture, the grain structure of the 
multicrystalline silicon can no longer 
be seen – the cell area appears perfectly 
black. In the spaces between the active 
solar cells, however, the small grains of 
the HP mc-Si are clearly visible. 

Figure 3. Impact of base resistivity on solar cell performance. The lower 
graph shows the conversion efficiency for a solar cell with a perfect material 
quality, as well as for a cell with a limited lifetime (injection-independent 
background lifetime of 1ms). The upper graph shows the normalized I–V 
parameters of the cell with the limited lifetime.

Figure 4. SEM micrograph of the front-side plasma texture (black silicon) on the n-type HP mc-Si. The micrograph on 
the right shows an enlargement of the surface texture with the Al2O3/SiNx anti-reflection coating.
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A summary of the corresponding 
I–V  parameters measured for the 
best solar cells is shown in Table 1. In 
addition to the n-type HP mc-Si solar 
cells with a black-silicon texture, the 
table also includes the results for cells of 
the same material with a planar surface, 
as well as for reference solar cells made 
of n-type float-zone (FZ) silicon. It can 
be seen that the FZ reference solar cells 
delivered a high conversion efficiency of 
23.3%, which is close to the maximum 
achievable using the applied technology 
(23.6%, based on device simulation 
[26]). This indicates that almost the full 
potential of the applied cell structure was 
exploited.

“The resulting conversion 

efficiency of the black-

silicon-textured cells was 

21.9%, which is the current 

world-record efficiency for a 

multicrystalline silicon solar 

cell.”
In the case of the multicrystalline solar 

cells with the black-silicon texture, a high 
open-circuit voltage Voc of 672.6mV, 
a high short-circuit current density Jsc 
of 40.8mA/cm2, and a fill factor FF of 
79.7% were obtained. The resulting 
conversion efficiency of the black-
silicon-textured cells was 21.9%, which is 
the current world-record efficiency for a 
multicrystalline silicon solar cell. 

A comparison of the multicrystalline 
solar cells with the black-silicon texture 
and with the planar front side reveals 
a small difference in Voc of 3.5mV 
(676.1mV was measured for the planar 
solar cells). This difference represents 
an additional J0e resulting from the 
surface texture of 20fA/cm2, which is 
exactly what would have been expected 
on the basis of lifetime test samples, 
and confirms that the passivation 
of the black-silicon texture by the  
Al2O3/SiNx layer stack was effective. 
The comparable FF values for the 
planar and textured solar cells show 
that the surface texture did not have 
any detrimental effect on the front-
side metallization. However, as can be 
seen from the FZ reference, the applied 
structure allows higher values for FF 
and pFF. As the pFF does not rely on 
series-resistance effects, and because 
the parallel resistance is sufficiently high 
(>4kΩ·cm2), the relatively low FF is most 
likely directly related either to the quality 
of the base material (e.g. recombination 
at the maximum power point (mpp)), 
or to effects connected with the 

multicrystalline nature of the material. 
The high J sc (40.8mA/cm2) for 

the black-silicon texture indicates 
an effective reduction in the surface 
reflection. This reduction can be also 
seen in the reflectance curves shown in 
Fig. 8: the measured surface reflectance 
of the black-silicon cells (especially in 
the short-wavelength range) is even 
lower than the reflectance of the FZ 
reference solar cells with a pyramidal 
surface texture. As can be seen by 
the reflection in the long wavelength 
range, similar light trapping can be 
observed for both front-side structures. 
Nevertheless, the Jsc measured for the 
multicrystalline solar cells is less than 
the value for the FZ reference solar cells; 
this can be attributed to losses in the 
long wavelength range (see IQE curve 
in Fig. 8). As both cells feature the same 
rear-side structure (passivating contacts, 

TOPCon), this difference is also most 
likely related to the base material.

Conclusion and outlook

In the study reported in this paper it 
was demonstrated that n-type HP mc-Si 
is well suited to the fabrication of high-
efficiency solar cells. The transition 
from standard mc-Si to an improved 
crystal structure with a low impurity 
concentration could reduce the material-
related efficiency  losses to about 0.5%abs. 
when the ideal base resistivity is utilized. 
On the assumption of a high-efficiency 
cell structure with passivating contacts 
(e.g. TOPCon), an efficiency potential 
well above 22% for the multicrystalline 
silicon is possible. When an adapted 
TOPCon cell fabrication process with a 
black-silicon front-surface texture and a 
90Ω/sq. Al2O3-passivated boron emitter 

Figure 5. Measured reflectance of the black-silicon-like plasma texture 
without and with an Al2O3/SiNx anti-reflection coating.

Figure 6. Schematic of the n-type HP mc-Si solar cell on multicrystalline 
silicon.
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was employed, a record efficiency of 
21.9% was achieved for the n-type HP 
mc-Si solar cells.

“The implementation of 

an optimized technology 

is expected to bridge a 

significant portion of 

the efficiency gap with 

monocrystalline silicon.” 
In future work the limitations of the 

multicrystalline silicon in combination 
with the processing steps needed for cell 
fabrication will be investigated in more 
detail in order to derive optimization 
strategies. The implementation of 
an optimized technology is expected 
to bridge a significant portion of the 
efficiency gap with monocrystalline 
silicon, thus raising the cost advantage 
potential of multicrystalline silicon.
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