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ABSTRACT: In this work, we investigate the emitter sheet resistance and emitter recombination current density by
optimizing the POCIzemitter diffusion process parameters to achieve improved electrical properties and cell
performance. Wafers used in the experiment were boron-doped p-type mono-crystalline silicon samples,
nanotextured in an atmospheric pressure dry etching tool (ADE) producing highly textured surfaces and decreased
surface reflection. Surface roughness is subsequently reduced by a short isotropic etch, to facilitate the surface
passivation. The optimization of the diffusion process is realized by adjusting the phosphorus deposition temperature
and its drive-in duration, resulting in decreased emitter saturation current density of ~100 fA/cm? and in more
homogeneous emitter sheet resistance of ~105 Q/sq. Compared to the un-optimized diffusion process, it also leads to

a decreased Auger recombination.
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1 INTRODUCTION

In the photovoltaics industry, wet-chemical etching
methods have been used for decades for creating texture
on silicon substrates. However, alternative texturing
methods are also investigated by the photovoltaic
community [1-5].

As an alternative to wet-chemical microtexture,
nanotexturing processes have been gaining large interest
due to their superior ability for enhanced light
entrapment, hence very low surface reflectivity, also
referred as black silicon (B-Si) structures [1-5]. One of
them is the plasma-less and mask-less atmospheric
pressure dry etching (ADE) based on fluorine (F,) gas
capable of texturing monocrystalline silicon wafers [6, 7]
as well as multicrystalline silicon wafers [8, 9].

Nanotextured surfaces due to their feature size and
enlarged surface area can accumulate large amount of
dopant atoms during gas phase emitter diffusion process
contributing to increased Auger and surface
recombination [10]. Therefore, by optimizing the
diffusion process, these losses should be mitigated.

As a continuation in the process development of the
ADE technique, for its integration into a solar cell
manufacturing process flow, an optimized emitter
formation on such a textured surface is beneficial in
terms of cell performance. In this work, we present
phosphorus oxychloride (POCI3)-based emitter diffusion
process developed for ADE textured p-type
monocrystalline silicon (mono-Si) wafers resulting in
lowered emitter recombination current density and
homogeneous emitter sheet resistance.

2 APPROACH
2.1 Experiment design

The process flow for the wafer precursor preparation
is presented in Figure 1(a) while Figure 1(b) presents
the process steps followed for the lifetime-test wafer
preparation and the characterization techniques involved
for different measurements.
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Figure 1: Schematic diagram of process workflows.

Two types of wafers were used in this experiment.
Phosphorus-doped n-type wafers with relatively high
base resistivity (5 Qcm < ppge < 7 Qcm) and boron-
doped p-type wafers (0.8 Qcm < ppage < 1.2 Qcm). All
the wafers (156 mm edge length) were saw-damage
etched (SDE) using an alkaline process. One group of
the wafers was then processed in the atmospheric
pressure dry etching (ADE) tool to produce rough
silicon surfaces on one surface of the wafer with
reflection at the wavelength of 600 nm (Rgy) as low
as 5% (Figure 2(a)) while the other surface remains saw
damage etched (SDE).
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(b)
Figure 2: Scanning electron microscopy (SEM) top
view images of (a) ADE-textured surface with weighted
surface reflection Rggy = 5%, (b) ADE-textured surface
after acidic post treatment with weighted surface
reflection Rggo~ 10%.

Such low reflective surfaces are very challenging to
passivate using the standard industrial SiN,-based
plasma-enhanced chemical vapour deposition (PECVD)
process [11]. Therefore, the wafers went through an
isotropic acidic post-treatment process in order to
decrease the surface roughness (Figure 2(b)). Surface
reflection of the wafers is measured both before and
after the acidic post-treatment. The post-treatment
process widens the nanostructures, which on one hand
decreases the surface roughness and enables higher
surface passivation quality, although on the other hand
increases surface reflection.

It is important to note in this experiment that the
samples did not have a homogeneous texture across the
wafers, as illustrated in Figure 3. Such samples with
surface reflection variations from Rgp = 10% to
Reoo = 18% on a single wafer, present their own
challenges for diffusion process optimization as well as
PECVD-SiN, surface passivation [11, 12].
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Figure 3: Surface reflection distribution investigating 3
positions on each wafer shown as one block after ADE
texture and acidic post treatment. Each diffusion process
consists of a group of 2 to 3 wafers.

The second group of wafers is etched in an alkaline
solution to produce reference alkaline texture (random
pyramids), which is symmetric on both surfaces while
the third group is kept as relatively flat reference
samples after the SDE process.

The wafers are further divided into two groups in
Figure 1(b). All n-type wafers are prepared
symmetrically for emitter recombination current density
joe analysis (e.g. ADE process performed on both sides)
while the p-type wafers are prepared for other emitter
characterization such as emitter dopant profiling and
sheet resistance measurements. Four different diffusion

processes (A, B, C, D) were performed in industry-type
POCls-based tube diffusion furnace, followed by
phosphosilicate glass (PSG) etching.

Table 1 showS the emitter diffusion process
parameters which were applied. Two process parameters
were varied during these experiments, which were PSG
deposition temperature (Tgp) and dopant drive-in time
(tgrive-in)- These parameters were varied individually to
see their effect on nanotextured surfaces. Ty, has major
influence on the surface charge carrier concentration
and tyrive-in Mostly affects the p-n junction depth [13].

Diffusion process parameters
Diffusion PSG deposition Step Dopant drive-in step
Temperature (Taep) (°C) Time (fasive-in) (MiN.)

A T t

B T-10 t

C T 2t

D T-10 2t

Table 1: Emitter diffusion process parameter variations.

Diffusion A was the optimized emitter for standard
alkaline texture while diffusion B, C and D were
variations of diffusion A, with 10 °C lower deposition
temperature and/or a doubled drive in time. The n-type
wafers, after PSG etching, are plasma treated to grow a
thin plasma oxide followed by PECVD of SiN, (75 nm
on front and rear surfaces as anti-reflection coating
(ARC)). After surface passivation, the wafers from all
groups were fired at a set temperature of 830°C in a
conveyor belt furnace. The p-type wafers were also
subjected to the same diffusion variations as the n-type
wafers. The PSG was etched after the diffusion process
and then the wafers were subjected to emitter
characterization.

2.2 Characterization Techniques

N-type wafers from all the diffusion variations were
characterized for carrier lifetime using quasi-steady state
photoconductance (QSSPC) technique [12]. Lifetime-
calibrated photoluminescence (PL) imaging was used to
measure spatial carrier lifetime [14]. On the other hand,
p-type wafers from all diffusion variations were
characterized for emitter sheet resistance (Rq) using four-
point probe method (4pp) with 5x5 measurements per
wafer [15]. Emitter dopant profile of the p-type wafers
was measured using electrochemical capacitance voltage
technique (ECV) [15] while the surface topography after
ADE texture and acidic post etching was investigated
using scanning electron microscopy (SEM) images [15].

3 RESULTS

After the PSG etching, the p-type wafers were
subjected to emitter dopant profiling  using
electrochemical capacitance voltage (ECV) technique.
Figure 5 shows these carrier profiles for the ADE
nanotextured wafers, standard alkaline textured wafers
and reference flat wafers for diffusion A to diffusion D.
These profiles are corrected for the emitter sheet
resistance locally measured using four-point-probe (4pp)
technique.

For the ADE textured wafers in Figure 5(a), diffusion
A is the standard process for the alkaline textured wafers.
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Diffusion B has lower deposition temperature than
diffusion A, which decreases the surface carrier
concentration. Otherwise, the carrier concentration
profile is very similar to diffusion A. Diffusion C has
double dopant drive-in time than diffusion A, which
deepens the emitter while also slightly decreases the
surface concentration compared to diffusion A as both
diffusion A and diffusion C have same Tg.

Diffusion D — having a lower deposition temperature
and double drive-in time has lower surface carrier
concentration than other variations while the emitter is
slightly deeper than diffusions A and B. The emitter
depth for diffusion D is lower than diffusion C, despite
having the same dopant drive-in time due to lower
surface concentration (T, is lower than diffusion C),
which lowers the concentration gradient.
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Figure 5(a): Emitter diffusion profile for ADE textured
wafers measured by ECV. The profiles are scaled to the
locally measured sheet resistance.

Same trend follows for the alkaline textured and flat
wafers in Figure 5(b) and Figure 5(c) respectively.
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Figure 5(b): Emitter diffusion profile for standard
Alkaline textured wafers measured by ECV. The
profiles are scaled to the locally measured sheet
resistance.
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Figure 5(c): Emitter diffusion profile for flat (SDE)
wafers measured by ECV. The profiles are scaled to the
locally measured sheet resistance.

Figure 6 shows the emitter sheet resistance of ADE
textured, alkaline textured and flat wafers measured
using 4pp technique. All the wafers in diffusion B show
higher sheet resistance compared to all other variations
due to lower surface concentration and same emitter
depth as diffusion A. The ADE textured wafers in
diffusion C have a marginally lower sheet resistance
than the standard diffusion A, which is related to deeper
emitter (2 times drive-in time). Decreasing Ty, from
diffusion C to D increases the sheet resistance, in similar
fashion for diffusions A and B. The standard deviation
in the sheet resistance interprets that diffusion B has
slightly higher uniformity than diffusion D for ADE
textured wafers. The ADE textured wafers in diffusion
C despite having a lower standard deviation in the
emitter sheet resistance, could have an increased emitter
recombination current density due to lower sheet
resistance compared to diffusion A on alkaline texture.
Therefore, diffusion B has a better chance of producing
an optimized emitter for the ADE textured wafers.

The Ry, for ADE-textured wafers, in general, is
lower than for alkaline textured wafers for all the
diffusion variations, which could be due to the higher
surface area of the ADE textured wafers, which
accumulates more phosphorus atoms than alkaline-
textured wafers.
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Figure 6: Emitter sheet resistance for ADE-textured,
alkaline-textured and flat wafers for diffusion A, B, C
and D, measured by 4pp.
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Figure 7 shows emitter recombination current
density (joe) Of the ADE textured, alkaline textured and
flat wafers for different diffusion variations (A, B, C,
D). The jg. distribution for the ADE textured wafers
follows the reflection distribution shown in Figure 4.
Low reflective surfaces tend to have highly textured
areas with deeper texture, which could potentially be
highly doped. Looking at diffusion C first, the j,, values
for all different wafer types are higher than their
corresponding wafer types in diffusion variations B and
D. While comparing diffusion B and diffusion D, the
average jq. is lower for diffusion B. Thus jg. in Figure 7
shows the expected dependence on the Ry, shown in
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Figure 7: Emitter recombination current density for
ADE textured, alkaline textured and flat wafers for
diffusion A, B, C and D, measured by QSSPC.

The ADE-textured wafers show that the average jo.
for diffusion B is lowest among all the variations.
Likewise, alkaline-textured and flat wafers also have
lower average jg. for diffusion B, due to the high sheet
resistance of this diffusion process. Silicon material is
affected by Auger recombination, which depends on
charge carrier concentration.

Therefore, wafers in diffusion B having lower
carrier concentration while the emitter depth is the same
as diffusion A, could potentially have lower Auger
recombination. Hence by the optimization of the
diffusion process parameters, ADE-textured wafers
show better performance in terms of lower emitter
recombination current density and higher lifetime.

4 DISCUSSION

The emitter formation by gas phase diffusion using
POCI; on ADE-textured wafers is certainly different than
for alkaline-textured wafers. Nanotextured surfaces due
to enlarged surface area potentially accumulate large
amounts of phosphorus dopant atoms during POCI;
diffusion, which leads to higher doping levels and thus
increased Auger recombination in the emitter. A
diffusion process with lowered PSG deposition
temperature yields a lower dose of phosphorus dopants in
the emitter, thus decreases the emitter recombination
current density joe by > 12%.

On the other hand, a diffusion process, which applies
a higher dopant drive-in time, increased the emitter
profile depth but hardly affected the sheet resistance and

the emitter recombination current density for ADE
textured surface.

In comparison, the diffusion process having the
combination of lower PSG deposition temperature and
higher dopant drive-in time shows slight increase in
emitter depth and lower surface dopant concentration
and higher sheet resistance. For adjusted diffusion
parameters, jo. Of ADE textured wafers is still
higher than the reference alkaline textured wafer, even at
similar sheet resistance values.

Therefore, it may be beneficial to further decrease the
phosphorus concentration for the ADE-textured wafers
by further optimization of the emitter diffusion process
parameters.

5 SUMMARY

Nanotextured Si surfaces lead to more pronounced
phosphorus diffusion into the Si wafers during POCI5-
based thermal processes. Lowering the phosphorus
amount in the emitter helped to decrease the emitter
saturation current density, reaching ~100 fA/cm? and a
sheet resistance of ~105 Q/sq.

The most effective method to lower this phosphorus
surface concentration was by reducing the PSG
deposition temperature.
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