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ABSTRACT

A simple porous silicon texturing technique that is ap-
plicable to various kinds of silicon material, including mul-
ticrystalline and ribbon Si, of any doping type and level is
used to fabricate solar cells. Acidic etching of Si leads to a
homogeneous porous silicon (PS) surface layer with re-
flectance as low as 9 %. Phosphorus diffusion and thermal
oxidation are shown to produce very low emitter saturation
current density, 128 fA/cm?, which is only slightly higher
than values obtained on planar surfaces, but still capable
of giving open-circuit voltages in excess of 650 mV. The
dopant oxide solid source (DOSS) solar cell process with
its simultaneous formation of phosphorus emitter and in-
situ surface oxide leads to an excellent surface passiva-
tion, while maintaining low reflectance on PS-textured
wafers. The fabricated solar cells show efficiencies of up
to 14.9% using the PS layer as an anti-reflection coating
(ARC) and surface passivation. This is the highest re-
ported value with this kind of texturing and without any
additional ARC. The simplicity of the process makes it a
very promising technology and easily transferable into
industrial production.

INTRODUCTION

Surface texturing is an important tool to improve the
conversion efficiency of silicon solar cells. In addition to
reduced reflection of the incoming light, light-trapping of
long wavelength light is also desirable, which becomes
even more important for thinner wafers or ribbon materi-
als. While monocrystalline silicon can easily be textured by
alkaline solutions etching preferably in <111> direction,
texturing of multicrystalline (mc) Si consisting of grains
with different orientation is still a challenge. A promising
technique is the formation of porous silicon (PS): Etching
of silicon wafers in diluted nitric and hydrofiuoric acid at
room temperature leads to an appropriate porous surface
layer, which gives the wafer a blue-to-purple look in order
to minimize reflection.

Several groups are working on the application of PS
layers to silicon solar cells (a review is given in [1]). The
common objective is to form an antireflective (AR) "coat-
ing" and simultaneously etch back the emitter by forming
PS on finished cells. Since the metallization acts as an
etch mask, a selective emitter is formed. However, this
method has several draw-backs: The metallization is at-
tacked by the etching, leading to inhomogeneity and, most

important, to a degradation in fill factor {2]. in addition, the
etch solution is contaminated with metal, which limits its
usability and re-usability and demands expensive waste
management. Moreover, another wet-chemical step does
not fit well into an industrial fabrication sequence and
holds the risk of carrying off chemicals (especially since
porous surfaces tend to soak liquids). Therefore, we focus
on the formation of PS during the normal cleaning se-
quence at the beginning of the solar cell process.

ACIDIC SURFACE TEXTURING
Porous Silicon Formation

Porous silicon is typically formed using the electro-
chemical process for uniformity reasons and controllability
{3JADDIN. A more simple, pure chemical technique is the
so-called stain etching in a HNOa/HF. This etching strongly
depends on the type and doping level of the silicon mate-
rial, since the reaction is actually a localized electro-
chemical etching [4]. Therefore, lower resistivity wafers
etch faster. However, we have succeeded in forming PS
on different float zone (FZ), Czochralski (Cz), multicrystal-
line (mc) silicon, and even ribbon material like EFG and
String Ribbon of different resistivities using the acidic etch
or stain etching process. Even high resistivity n-type FZ
can be etched.

The stability of the porous silicon texture against sub-
sequent processing, particularly other chemical etching
steps, is one of the most challenging technological prob-
lems of this technique [5]. The PS layer formed by our
process, though, is the final step in the cleaning process
and is subsequently dried and loaded into the furnace. A
thin PS layer was found to maintain anti-reflection qualities
over a 60 min. diffusion followed by a 15 min. oxidation at
925°C. If the PS layer is too thick, the optical qualities are
not maintained during the diffusion cycle. However, re-
moval of the phosphorsilicate glass (PSG) removes the
PS texturing at least partly.

Optical Properties of Porous Silicon

The diffuse reflectance (Fig. 1) of PS-textured silicon
shows a minimum at about 600 nm, refiecting its color
after etching. The weighted reflectance (Ry), that is the
integral reflectance between 400 and 1100 nm weighted
with the AM 1.5 global spectrum, is as fow as 9 % for low-
resistivity p-type FZ and mc-Si and 15 % for high-
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resistivity n-type FZ-Si, respectively, compared to 35 % of
a planar surface. The higher reflectance of high-resistivity
silicon is due to the slower etching resulting in a thinner
PS layer that does not minimize the reflectance.

It is interesting to note, that above 500 nm the reflec-
tance characteristic of PS texturing is similar to that of a
SiNx antireflective (AR) coating. This might indicate, that
the porosity of the PS layer is low, so that above 500 nm it
acts like a virtual dielectric layer resembling SiNy with n=2
and 780 nm thick layer. The weighted reflectance, though,
is still more than 0.5 % absolute lower than that of an SiNyx
AR coating.
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Fig. 1. Reflectance of pianar silicon, silicon with SiN AR
coating, and with porous silicon texturing, respectively.

Electrical properties of porous silicon emitter

The good refiectance comes with a rough surface that
leads to high surface recombination velocities (SRV), on
the order of 10° cm/s if not passivated. In addition to the
above mentioned probiem, the porous silicon texture could
be removed by the PSG etching after diffusion. This calls
for a special emitter formation process, that includes sur-
face passivation but no PSG removal. We have therefore
applied the dopant oxide solid source (DOSS) diffusion
method [6] described in more detail below. This process
simultaneously forms a phosphorus emitter and an in-situ
surface oxide leading to excellent surface passivation,
while maintaining low reflectance on PS-textured wafers.

The phosphorus source used for diffusion in this pro-
cess yields a sheet resistivity range of 6-600 (¥/sq. at
925°C, and can be tailored to the desired sheet resistivity
by selecting the proper concentration of P,Os. For a diffu-
sion cycle that gave a 40 Q/sq. emitter on a p|anar sur-
face, an emitter saturation current Joe of 500 fA/em? is ob-
tained. A PS textured sample diffused dunng the same
furnace process gave a Joe of 128 fA/em?, which could
give open-circuit voltage Voc values in excess of 650 mV.

Due to the porous structure the sheet resistivity on
textured samples is not measurable by the four-point
probe method directly. After removing the PS layer by a 4
min. oxide etch (BOE) to expose a bare silicon surface, a
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sheet resistivity of approx. 250 (/sq. is measured. How-
ever, the doped porous silicon surface layer might contrib-
ute to the lateral current transport, so the actual sheet re-
sistance could be lower than 250 Q/sq. An alternate way
of extracting a realistic value can be done from using the
Joe dependency on the sheet resistance: Fig.2 shows a
graph of values obtained on planar samples using the
DOSS diffusion method. The correspondlng emitter sheet
resistivity to a Joe value of 128 fA/cm’ as measured for a
PS textured sample is around 100 <¥/sq. In contrast, a 250
QJsq. planar samzple has an emitter saturation current as
low as ~75 fA/cm®.

700

g

IS
]

Jons [FA/CM?]

150
Sheet Resistance [Q/sq]

200 250

Fig. 2. Emitter saturation currents for planar samples dif-
fused using the STAR process. PS had a 128 fA/lcm2 Joe
for an approximate 250 (/sq. diffusion under the PS layer.

So, by forming the PS layer before furnace diffusion
and in-situ oxidation, the emitter saturation current density,
Joe, that resuits from a DOSS diffusion is comparable to
planar values which now enables us to implement this
texturing scheme in a high-efficiency solar celi process.

POROUS SILICON TEXTURED SOLAR CELLS

DOSS solar cell processing
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Fig. 3. Process Flow Chart

Using the dopant oxide solid source (DOSS) diffusion
method [6], porous silicon textured solar cells with a
screen printed Al BSF have been fabricated from 0.6 Q-cm



FZ-Si (Shin Etsu), 0.7-1.3 Q-cm Cz-silicon (Bayer) and 0.2
Q-cm mc-Si (Eurosolare). The process sequence is shown
in Fig. 3. The diffusion of phosphorus has been performed
by using source wafers with spin-on dopant applied to
both sides, which have been introduced to the furnace
together with the samples so that every sample is stacked
in front of one source wafer for emitter formation. Phos-
phorus is released from the source wafers at 925 °C, dif-
fuses into the samples to form the emitter. By offering
oxygen, an in-situ oxidation is achieved. The actual diffu-
sion time has been one hour, followed by an oxidation
step for 15 min to obtain the in-situ oxide. This one step
furnace process leads to diffused, textured, in-situ oxide
passivated, and AR-coated solar cells using a porous sili-
con layer. It has to be noted, that no PSG removal is in-
cluded in this process. Thus, the DOSS method is a per-
fect match for PS texturing.

By stacking high resistivity (>100 Q-cm) n-type float
zone silicon wafers between two phosphorus source wa-
fers, samples to measure the lifetime and dark saturation
current density with n‘in* structure have also been fabri-
cated.

The phosphorus dopant is a limited diffusion source
and can be tailored to obtain any desired sheet resistivity
for a given process by changing the concentration of P,Os
contained in the spin-on glass. This is an important con-
sideration for porous silicon textured samples. The porous
silicon layer acts somewhat as a diffusion barrier by
limiting the phosphorus dopant implanted into the bulk
silicon region for junction formation. Thus a much heavier
concentration of P;Os is required to obtain the desired
sheet resistivity as would be necessary for a planar sam-
ple or even a random pyramid textured sample. The
overall thickness of the PS layer contributes to whether or
not the PS layer is completely oxidized during the furnace
step.

DOSS solar cell results

Table 1. Best porous silicon solar cell results for photo-
lithography (PL) and screen printed porous silicon solar
cells. **Confirmed at Sandia National Labs.

Material  Voc(mV) Jsc(mAlcm®) FF Eff(%)
0.6 Qcm FZ 629 2932 0807 14.9(PL)
1.0Qcem Cz 618 27.61 0.785 13.4 (PL)
020cmmec 615 27.07 0762 127 (PL)
06 Qcm FZ 627 28.91 0.759 13.8(SP)
1.0 Qcm Cz 613 27.05 0.768 12.7 (SP)
0.2 Qem mce 602 26.70 0.741 11.9(SP)

The PS layer has been formed prior to emitter diffu-
sion and metal contact formation. The solar cells have

301

been fabricated using a diffusion process that yields 20
Q/sq. on a planar surface. This ensures a sufficiently
heavy diffusion on the PS textured samples. Table 1
shows results obtained for both photolithography front
contacts and screen printed front contacts. For the photo-
lithography process metal contact has been made by re-
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Fig. 4. LBIC map of 0.6 Q/cm FZ 4 cm® sample with
a Porous Silicon anti-reflection coating.

moving the in-situ oxide and PS layer below the area to be
covered by metal. Screen printed front contacts were sim-
ply added directly to the PS surface. Initial results show
excellent potential for further development including the
highest confirmed efficiency reported to date at 14.9 %.
Excellent open circuit voitages and fill factors in excess of
80 % are demonstrated for photolithography cells. A 29.3
mA/cm? short circuit current is obtained for a AM1.5 global
weighted reflectance of 17 %. Since PS layers with a 9%
AM1.5 global weighted reflectance are already demon-
strated (see Fig. 1), there is potential for even higher cur-
rent collection. Further optimization of the starting sheet
resistance and lower reflectance can result in much higher
cell efficiency.

As is apparent from the open circuit voltage the sur-
face passivation is sufficient to maintain good Vo values.
The reduced efficiency resuits from the decreased current
collection due to the non-optimal PS layer.

The potential for increase performance is supported
by the following two graphs. Fig. 4 and Fig. 5 show the
uniformity of the PS as a anti-reflection coating as well as
a good internal quantum efficiency, IQE. The uniformity of
the PS layer as an anti-reflection coating is shown in the
LBIC map in Fig. 4. This demonstrates that the reflectivity
of the solar cells can be tightly controlled allowing for
maximum current collection when coupled with the good
IQE shown in Fig. 5. The non-uniformity of PS can be
avoided through a more thorough understanding of PS
formation via a stain etching method. A 0.6 QYcm FZ
sample is used to focus on any artifacts that may arise in
the use of a PS layer for the IQE measurement.
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Figure 5. Internal Quantum Efficiency and Front Sur-
face Reflectance for Porous Silicon textured FZ sample

CONCLUSIONS

Porous silicon etching is a very simple technique to
texture multicrystalline silicon. Low reflectance and very
good surface passivation is possible. The DOSS solar cell
process is able to take full advantage of this kind of sur-
face texturing. The diffusion from a limited source can be
tailored to obtain the desired sheet resistivity underneath
the PS layer that will maximize the solar cell performance
and has demonstrated excellent fill factors. Poor fill fac-
tors have been a problem in the past for further develop-
ment of PS textured solar cells. This problem is completely
overcome in this study which resulted in a 0.807 fill factor.
The in-situ oxidation appears to completely oxidize the PS
layer to obtain excellent surface passivation, and because
the process does not require the removal of the phospho-
rus silicate glass after diffusion, which would remove the
texturing, low reflection can be maintained. The simplicity
of the whole process can make the transfer into production
easy and fast, ieading to commercially available high effi-
ciency multicrystalline silicon solar cells. Cell fabrication
needs to be optimized, though, in order to realize the full
potential of PS texturing.
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