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The challenges of passivating defects in silicon solar cells using hydrogen atoms are discussed. Atomic hydrogen is
naturally incorporated into conventional silicon solar cells through the deposition of hydrogen-containing dielectric layers
and the metallisation firing process. The firing process can readily passivate certain structural defects such as grain
boundaries. However, the standard hydrogenation processes are ineffective at passivating numerous defects in silicon solar

cells. This difficulty can be attributed to the atomic hydrogen naturally occupying low-mobility and low-reactivity charge
states, or the thermal dissociation of hydrogen–defect complexes. The concentration of the highly mobile and reactive
neutral-charge state of atomic hydrogen can be enhanced using excess carriers generated by light. Additional low-

temperature hydrogenation processes implemented after the conventional fast-firing hydrogenation process are shown to
improve the passivation of difficult structural defects. For process-induced defects, careful attention must be paid to the
process sequence to ensure that a hydrogenation process is included after the defects are introduced into the device. Defects

such as oxygen precipitates that form during high-temperature diffusion and oxidation processes can be passivated during
the subsequent dielectric deposition and high-temperature firing process. However, for laser-based processes performed
after firing, an additional hydrogenation process should be included after the introduction of the defects. Carrier-induced
defects are even more challenging to passivate, and advanced hydrogenation methods incorporating minority carrier

injection must be used to induce defect formation first, and, second, provide charge state manipulation to enable
passivation. Doing so can increase the performance of industrial p-type Czochralski solar cells by 1.1% absolute when
using a new commercially available laser-based advanced hydrogenation tool.
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Industrial Silicon Solar Cells

Over 90% of the world’s solar cells are made using crystalline
silicon – essentially purified sand.[1] After the purification

process, the silicon is grown as either single crystal using the
Czochralski process or as lower-quality multicrystalline by a
casting process. Both of these are typically made using p-type
silicon with boron doping of the order of 1� 1016 cm�3, com-

pared with the density of silicon atoms at 5� 1022 cm�3.
However, both crystallisation methods can introduce several
impurities (including oxygen, carbon, and transition metals) as

well as structural defects (including vacancies, grain bound-
aries, and dislocations) into the silicon lattice that form recom-
bination-active defects in the device and reduce performance.

After slicing, the silicon wafer goes through the cell fabrica-
tion process. The current technology dominating themarket uses
a full-area aluminium back-surface-field (see Fig. 1). First,

texturing of the surface is performed to reduce reflection,
followed by cleaning in a mixture of HCl and HF to remove

metals, followed by a dilute HF dip to remove oxides. Second, a
phosphorus emitter (or to be correct regarding electronic jargon,
an electron collector) is formed using high-temperature proces-

sing to create a heavily doped n-type (nþ) region. However, the
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Fig. 1. Cross-sectional diagram of an aluminium back-surface-field
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high-temperature processing used creates the opportunity for

further defects to be introduced into the device. This includes the
diffusion of residual impurities on the surface after cleaning into
the device, or the precipitation of interstitial oxygen within the

silicon bulk. After removal of the emitter from the rear of the
device, an antireflection coating, typically silicon nitride, is
grown on the front surface of the device. Subsequently, metal
contacts are screen-printed onto both surfaces, in a manner

similar to that for printing on T-shirts. Silver is printed on the
front surface with fingers ,70 mm wide and 1.5mm apart to
extract electrons from the front surface, along with perpendicu-

lar busbars,1mmwide used for interconnection between cells
(current industrial solar cells use five busbars on a device).
Aluminium is printed over the entire rear, along with alumin-

ium/silver tabs to aid in soldering. Lastly, a high-temperature
co-firing process in the vicinity of 8008C is used to drive the Ag
contacts through the front silicon nitride layer and make electri-
cal contact to the nþ silicon. Simultaneously, the screen-printed

Al on the rear alloys with the silicon to form a heavily doped pþ

back-surface field (BSF) region.
Solar cells using this structure can achieve an efficiency of

18–20% in mass production,[2] with the current cost of manu-
facture in the range of US$0.47–US$0.75 for a multicrystalline
silicon solar cell that can produce,4.6W (29 August 2018).[3]

These efficiencies are largely possible through the use of
hydrogen passivation, particularly for the more defected multi-
crystalline silicon. That is, atomic hydrogen can bond to the

recombination-active defects, and eliminate the recombination
activity, by forming recombination-inactive hydrogen–defect
complexes. The present paper discusses methods of hydrogen
passivation for silicon solar cells, and the challenges for passiv-

ating a range of structural defects inherent in the crystal,
process-induced defects introduced during the cell-manufactur-
ing process, or carrier-induced defects caused by exposure to

sunlight.

Hydrogen Passivation in Silicon Solar Cells

Hydrogen passivation is widely used in silicon solar cells to

reduce the recombination activity associated with a wide array of
defects in the devices. Virtually allmajor commercial silicon solar
cell technologies that are currently used incorporate hydrogen

passivation in some form or another. As a result, an immense
number of publications on silicon solar cells have discussed
hydrogen passivation. A Google Scholar search for publications
containing all of the terms ‘hydrogen passivation’, ‘silicon’ and

‘solar cell’ generated,3260 results (search date: 8 August 2018).
Commercial silicon solar cells use dielectric layers such as

silicon nitride (SiNx) and aluminium oxide (AlOx) grown by

plasma-enhanced chemical vapour deposition (PECVD). The
use of such layers results in non-stoichiometric layers of the
films with tunable refractive indexes. In addition, the use of

hydrogen-containing precursor gases such as silane, ammonia,
and trimethylamine (TMA) results in the incorporation of
atomic hydrogen in the layers.[4,5]

Example references where such layers have been used for

silicon solar cells can be found in works by Wang,[6] Kim,[7]

Saint-Cast,[8] and Cesar[9] and citations therein. Such layers
provide excellent surface passivation.[10–13] In addition to field

effect passivation and hydrogen passivation of interface
defects,[14] atomic hydrogen incorporated into such layers can
be released during subsequent thermal processing.[10,11,15–17]

This atomic hydrogen can diffuse into the silicon and be used to

passivate bulk defects. The natural incorporation of atomic

hydrogen in p-type screen-printed solar cells has been vital in
the success of p-type technologies through improvement in the
electrical quality of the silicon.[18] In multicrystalline silicon

solar cells, the use of PECVD hydrogenated SiNx (SiNx:H) is
considered essential owing to the benefits of improved bulk
minority carrier lifetime.[19] Through the passivation of various
impurities and structural defects within the material, substantial

improvements in effective minority carrier lifetime and hence
internal quantum efficiency (IQE) can be obtained.[17,20–28]

Efficiency enhancements of 1–2% absolute have been de-

monstrated on solar cells using hydrogen-containing dielectrics
compared with those with non-hydrogen-containing
dielectrics.[17,19]

P-type monocrystalline silicon solar cells receive benefits of
hydrogen passivation for process-induced defects such as oxy-
gen precipitates[29,30] and the carrier-induced boron–oxygen
(B-O) defect.[31,32] This defect forms under normal operating

conditions in the field and can reduce cell performance by up to
2% absolute.[33]

Even in the 1980s and 1990s, the incredible importance of

hydrogen passivation in silicon solar cells had been noted for
high-efficiency silicon solar cells in the laboratory, leading to
multiple world records. The processes used, including forming

gas annealing (FGA) and the ‘alneal’ process (annealing in the
presence of aluminium) date back to earlier work in the
semiconductor industry. For example, the alneal process was

used for metal-oxide semiconductor structures back in the
1960s[34] in which interactions between SiO2 and active metal
layers such as aluminium could generate atomic hydrogen to
passivate defect states at the SiO2/Si interface.

[35] Such pro-

cesses have been pivotal in the development of rear, point
contact solar cells and various solar cells that fall into the
passivated emitter and rear cell (PERC) family, including the

passivated emitter with rear, locally diffused (PERL) solar
cell.[36–40] For PERL type solar cells, effective hydrogen pas-
sivation of the surfaces was essentially the difference between a

600-mV and a world-record 700-mV device with 25% effi-
ciency. Even on the front surface, an alneal was used, leading to
improvements in open circuit voltage (VOC) of up to 30mV.[39]

In this instance, aluminium was deposited on the front surface,

followed by FGA and the patterned removal of the aluminium in
phosphoric acid to define the active cell area.

Record solar cells with 26.7% efficiency[41] use hydrogen to

improve surface passivation through the use of hydrogenated
amorphous silicon (a-Si:H).[42] Another high-efficiency exam-
ple used high-temperature annealing and hydrogen passivation

for tuning the morphology and band-gap of the doped silicon
thin-film layer for tunnel-oxide passivated contacts,[43] which
have now reached an efficiency of 25.8%.[44]

The use of hydrogen passivation in commercial high-effi-
ciency silicon solar cells is more difficult to ascertain owing to
the sensitivity of company processes. However, evidence to
suggest the importance of hydrogen passivation can nonetheless

be found. For example, several papers and patents relating to the
development of Sunpower rear-contact solar cells, Sanyo het-
erojunction, and passivated contact structures by Silevo and

Tetrasun have alluded to the use of hydrogen-containing dielec-
tric layers and FGA.[45–50] Such processes have been used
widely for hydrogen passivation of silicon surfaces.[51–54]

Despite the widespread use of hydrogenation in silicon solar
cells, in many papers, it would appear that hydrogen passivation
is considered ‘black magic’, and one gets the impression that as
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long as there is hydrogen within the solar cell and a thermal

process has been used, effective hydrogen passivation will
result. However, this is not necessarily the case. Conventional
solar cell structures, process flows or attempts at hydrogen

passivation do not necessarily result in the most effective
hydrogen passivation. The ability to passivate defects is com-
plicated by the defect type, whether it is structural, process-
induced or carrier-induced, and therefore when the defects are

introduced into the device.

Improving the Mobility and Reactivity of Hydrogen for
Defect Passivation

Perhaps one of the most underestimated properties of hydrogen
in silicon is its ability to assume different charge states, namely
taking on a positive (Hþ), neutral (H0) or negative (H�) charge
state.[55–58] The dominant charge state depends on thematerial’s
dominant conductivity,[58] which has significant implications
for the diffusivity and reactivity of hydrogen.

Although the diffusivity of atomic hydrogen is extremely
high compared with that of other species in silicon,[56,59] the
relatively immobile nature of the other impurities means that
migration of hydrogen is required to reach the defects. As such,

the diffusivity of atomic hydrogen is critical. However, atomic
hydrogen naturally goes into a low-mobility charge state (rela-
tive to the highest mobility charge state of hydrogen). For

example, at low temperatures in thermal equilibrium in p-type
silicon, almost all hydrogen is Hþ, with a reported diffusivity D
at 1508C of D¼ 6� 10�13 cm2 s�1.[56] Similarly, for n-type

silicon, almost all hydrogen is H� with D¼ 3� 10�10 cm2 s�1.
In both p-type and n-type silicon, the high-mobility charge state
H0 with D¼ 1.4� 10�8 cm2 s�1 is always a minority charge
species, present in only tiny concentrations.[56] The high diffu-

sivity of H0 is due to the neutral charge, meaning that it is not
affected by electrostatic effects[58] and can, therefore, move
easily through diffused layers. The ability of hydrogen to

assume different charge states also has important implications
for defect passivation. Certain defects require a specific hydro-
gen charge for passivation.[55,60–62]

To increase the concentration of the minority charge species,
increased temperatures can be used to thermally generate
minority carriers and increase the H0 concentration through a

shifting of the quasi-Fermi level towards mid-gap, therefore
changing the occupation of electrons and holes at the energy
levels of interstitial hydrogen. However, the temperature
required for a given H0 concentration depends on the bulk

doping density (Na) and requires higher temperatures as Na

increases, as well as depending on the excess carrier concentra-
tion. For example, assuming Sah–Shockley statistics,[63,64] in

1.5-O cm boron-doped silicon (Na¼ 1� 1016 cm�3) with a
minority carrier concentration below 1� 1014 cm�3, a tempera-
ture of at least 700K is required to have at least 1% of hydrogen

as H0. Boron-doped silicon with Na¼ 1� 1019 cm�3 requires a
temperature in excess of 980K. The use of higher temperatures
also increases the diffusivity of each hydrogen charge state.[58]

However, for certain defects, the temperatures required to allow

sufficient diffusivity are too high to allow an effective passiv-
ation of defects owing to the thermal dissociation of hydrogen–
defect and defect complexes. As a result, lower temperatures

must be used to reduce the reaction rates of the dissociation
reactions. Unfortunately, the temperatures required to reduce
thermal dissociation sufficiently may be too low to thermally

generate sufficient hydrogen in high-mobility charge states to

move the hydrogen within a capture cross-section of the defects

and allow passivation.
The key to increasing themobility and reactivity of hydrogen

within silicon is to change the availability of electrons and holes
through minority carrier injection. Doing so modulates the

fractional hydrogen charge state concentrations, and can enable
effective defect passivation at low temperatures.[65] Fig. 2 shows
the fractional H0 concentration as a function of temperature and

excess carrier concentration (Dn) for boron-doped silicon with
an acceptor doping concentration of Na¼ 1� 1016 cm�3. Par-
ticularly at temperatures below 600K, the fractional H0 concen-

tration can be enhanced by orders of magnitude by using
minority carrier injection.

One method to perform advanced hydrogenation processes

(AHP) that generate excess carriers in the device is using
illumination sources such as halogen lamps, light-emitting
diodes or lasers. In this work, we opt for the use of lasers owing
to their high-illumination intensity capabilities.

Hydrogenation of Structural Defects

Structural defects are often incorporated into the crystal struc-
ture of cheap, low-quality silicon common to the photovoltaic

industry such as multicrystalline silicon. These structural
defects include grain boundaries and dislocation clusters within
the grains. In some sense, structural defects can be considered

simple to passivate with hydrogen, as they are always available
for passivation throughout the solar cell fabrication sequence.
Nonetheless, significant evidence related to the difficulty of

passivating structural defects can be found in the literature. For
example, structural defects with deep energy levels have been
reported to bemore difficult to passivate than intra-grain defects
in multicrystalline silicon.[66] The effectiveness of hydrogen

passivation in multicrystalline silicon can also vary throughout
the ingot, presumably owing to interactions with defects and
subsequent variations in hydrogen diffusivity.[67]

Small-angle grain boundaries, dislocations decorated with
metallic impurities, and regions with high dislocation densities
have proved to be more challenging to passivate using hydro-

gen.[68,69] An example highlighting the difficulty in passivating
structural defects during conventional hydrogen passivation
processes is shown in Fig. 3. Calibrated implied open circuit
voltage (iVOC) maps[70] obtained from photoluminescence (PL)

images[71] are shown after acidic texturing, phosphorus emitter
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diffusion, and the deposition of PECVD SiNx:H, and after the

subsequent firing process as applied to screen-printed solar
cells. The images highlight the widespread improvement in
effective minority carrier lifetime of the material from the firing

process, and hence, iVOC. In this instance, most grain boundaries
are easily passivated during the firing process. The recombina-
tion activity of some grain boundaries and heavily dislocated
regions remains, suggesting the inability of conventional hydro-

genation processes for silicon solar cells to eliminate the
recombination activity of such defects.

Further evidence is obtained on finished standard screen-

printed solar cells, with significant recombination activity
observed in the vicinity of the structural defects (see Fig. 4a).
The reduced IQE at a wavelength of 981 nm from light-beam

induced current (LBIC) measurements highlights the reduced
collection of minority carriers throughout the bulk of the silicon
in the vicinity of the dislocation clusters. However, the applica-
tion of additional low-temperature hydrogenation processes can

lead to substantial efficiency improvements in the range of 1–
2% absolute.[72–74] Fig. 4b shows the improvement in IQE in the
heavily dislocated regions after an additional laser hydrogena-

tion process (see ref. [73] for further details). These results
highlight the weakness of current industrial implementations of
hydrogen passivation and the importance of additional low-

temperature hydrogenation processes for improving the passiv-
ation of structural defects.

Hydrogenation of Process-Induced Defects

Process-induced defects add an extra level of complexity for
hydrogen passivation in silicon solar cells, as the defects have

not necessarily been introduced by the process step where
hydrogen passivation is performed. As a result, the process
sequence may need to be modified to enable effective passiv-

ation of such defects.
Although hydrogen passivation of process-induced defects is

incredibly important and can increase the efficiency of silicon

solar cells by more than 0.8% absolute,[75] the involvement of
hydrogen may often be overlooked. In many instances, hydro-
gen passivation naturally occurs after the introduction of the
defects. For example, oxygen precipitates typically form during

high-temperature processes such as emitter diffusion and oxida-
tion.[29,76,77] Given that such processes are performed before
SiNx:H deposition, particularly when such cell technologies use

a subsequent firing process, hydrogen passivation may reduce

the impact of those defects. For example, previous publications
on screen-printed solar cells have shown a reduction in the
recombination activity of oxygen precipitates after firing com-

pared with that directly after emitter diffusion.[78,79] Although
not explicitly discussed in those papers, the reduction in recom-
bination activity is likely due to hydrogenation.[30] Although the
industrial implementations ofmetallisation firing byHaunschild

et al. were not effective at eliminating all recombination activity
of oxygen precipitates, an advanced hydrogenation firing pro-
cess with modified power distribution to the lamps and also

incorporating minority carrier injection during the cool-down
was shown to eliminate the recombination activity of oxygen
precipitates completely.[30] However, further work is required to

investigate the specific impact of illumination on these defects.
Fig. 5a shows a calibrated iVOC map of a sample with recombi-
nation-active oxygen precipitates directly after the deposition of
PECVD SiNx:H, with the corresponding map after the subse-

quent high-temperature advanced hydrogenation process shown
in Fig. 5b, where the recombination activity has been eliminated
(see refs [30] and [80] for further details).

Another process that can introduce defects is laser doping. A
key benefit of the laser doping process is the application of
localised heating, which enables localised doped regions to be
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Fig. 4. Internal quantum efficiency (981 nm) from a light-beam-induced

current measurement (a) of a finished screen-printed solar cell, and (b) after

advanced hydrogenation.

Implied VOC [mV]

620

(a) (b)

630 640 650 660 670 680

Fig. 5. Calibrated 1-sun iVOC of a boron-doped Czochralski silicon wafer

containing oxygen precipitates (a) after the deposition of SiNx:H, and (b)

after an advanced hydrogenation process.
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formed. Another benefit is that the doping process can take place

in the molten state of silicon, increasing the diffusivity of key
dopants like boron and phosphorus by 6–8 orders of magnitude

compared with that in the solid state using typical processing

temperatures in the range of 800–10008C.[59] This enables
effective doping on the silicon within microseconds rather than
the hours required for conventional approaches. However, the

thermal stresses generated during the laser doping process can
induce the formation of defects. For such defects, the natural
passivation of the defects during solar cell fabrication depends
on the process order. For example, performing laser doping

before dielectric deposition has been shown to reduce or avoid
defect formation.[81–84] However, performing laser doping
before dielectric deposition as used by Köhler et al. in conjunc-

tion with aligned screen-printed contacts[85] also allows hydro-
gen passivation of the defects to occur during the SiNx:H
deposition process. Further passivation of the defects may be

achieved during the subsequent screen-print firing process for
metal contact formation that releases hydrogen from the SiNx:H
layer. Similar effects can be achieved for self-aligned plated
contacts when n-type laser doping is performed before the Al–Si

alloyedBSF formation.[7,86] In this instance, and for other PERC
solar cells, defects generated during the laser-ablation process
for rear contact formation can be consumed by themolten region

or passivated by hydrogen during the Al/Si alloying process. In
contrast, performing laser doping after screen-print firingmeans
that the defects are introduced after the conventional hydro-

genation process, and hence the defects will be recombination-
active. Fig. 6 displays Auger-corrected inverse lifetime curves
for fired wafers that have undergone laser doping followed by

additional hydrogenation treatments. In this example, laser-
induced defects are introduced after a typical hydrogenation
process (fast-firing), resulting in a substantial increase in the
Auger-corrected inverse effective minority carrier lifetime

(1/teff – 1/tAug) for all injection levels for both n-type and
p-type laser doping. This reduction in teff causes a reduction in
the iVOC for both n-type and p-type laser-doped samples, from

692 and 686mV to 661 and 670mV respectively (see Table 1).
Crystallographic defects induced by laser doping likely cause
the reduction in iVOC, indicated by the introduction of a strong

Shockley–Read–Hall lifetime component[87,88] and hence
reduced bulk lifetime (tbulk) from values of 522 and 603 ms to
104 and 176 ms for n-type and p-type laser-doped regions
respectively. No increase in dark saturation current density

(J0) was observed for either n-type or p-type laser doping,
indicating effective shielding of minority carriers from the
exposed silicon surface. The larger drop in iVOC for the samples

with n-type laser doping, particularly to a lower iVOC value than
that of samples with p-type laser doping, is indicative of an
increased level of recombination activity introduced by the

n-type laser doping. This may be due to the laser doping
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Fig. 6. Auger-corrected inverse effective minority carrier lifetime curves

(1/teff – 1/tAug) for (a) n-type laser doping from a dopant source of

phosphoric acid, and (b) p-type laser doping using a dielectric layer of

aluminiumoxide as the dopant source. Curves are showndirectly after firing,

after laser doping, after a belt furnace anneal (BFA), and a subsequent laser-

based advanced hydrogenation process (AHP).

Table 1. Effective minority carrier lifetime (teff) and implied open circuit voltage (iVOC) for n-type (n
1) and p-type (p1) laser doping at various

stages after firing, laser doping, a subsequent belt furnace anneal (BFA), and laser-based advanced hydrogenation process (AHP) (bulk lifetime (tbulk)
and dark saturation current density (J0) values extracted from lifetime curve fitting are also shown)

Laser doping type Process step teff [ms] iVoc [mV] tbulk [ms] J0 [fA cm�2]

nþ 7008C fire 258 692 522 71

Laser doped 87 661 104 69

4008C BFA 149 677 233 88

3008C AHP 194 682 360 87

pþ 7008C fire 224 686 603 102

Laser doped 117 670 176 104

4008C BFA 151 676 265 103

3008C AHP 159 677 335 121
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occurring in the vicinity of the p-n junction, in contrast to p-type

laser doping on the other surface of the test structure,,180 mm
from the p-n junction.

After a 4008C belt furnace anneal (BFA), a reduction in the

inverse effective minority carrier lifetime was observed for all
injection levels, indicating the passivation of defects induced by
the laser doping process, resulting in an improvement in the 1-
sun iVOC for both n-type and p-type laser-doped samples.

However, the recovery in iVOC was most pronounced for the
n-type case, where the iVOC increased by 16mV, likely owing to
the larger extent of recombination introduced by the n-type laser

doping process. This improvement was due to the passivation of
bulk defects resulting in increased tbulk values of 233 and 265 ms
for n-type and p-type laser-doped regions respectively. It should

be noted that for the n-type laser-doped sample, a slight increase
in the J0 was observed, potentially due to an undesirable
passivation of dopants in the laser-doped region. A passivation
of dopants would reduce the effectiveness of the laser-doped

region in shielding minority carriers from the exposed silicon
surface.

The laser-based AHP led to further decrease in 1/teff at low-
injection levels for both samples, corresponding to an improved
passivation of bulk defects. This improved passivation led to
improvements in the tbulk to values of 360 and 335 ms for n-type
and p-type laser-doped regions respectively. For the n-type
laser-doped sample, this increased the iVOC value to 682mV,
with the sample showing no further change in J0. However, for

the p-type laser-doped sample, an increase in inverse effective
minority carrier lifetime was observed at high injections, con-
sistent with an increase in J0. The increase in J0 counteracted the
improvement in the bulk lifetime, resulting in a negligible

change in iVOC. This change in J0 may be attributed to the
increased mobility and reactivity of hydrogen using the AHP,
enabling the passivation of dopant atoms in the p-type laser-

doped region. Further work is required to avoid the increase in J0
during the passivation of laser-induced defects.

The relevant material parameters of tbulk and J0, extracted by
fitting the lifetime curves, are displayed in Table 1.

If using a laser-doped selective emitter with a self-aligned
metallisation scheme based on light-induced plating,[89] one
option is to passivate the laser-induced defects during nickel

sintering.[75] However, in this instance, a re-optimisation of the
conditions may be required. For example, if the nickel sintering
temperature is too low, an ineffective passivation of the laser-

induced defects may result, with the solar cells subsequently
requiring an additional hydrogenation process.[75] In contrast,
using a higher nickel sintering temperature could adequately

passivate the defects without the need for a separate hydrogena-
tion process.[90] However, thermal constraints related to the
metal contacts must be considered to avoid any unintentional

alloying of Al/Si above the eutectic temperature, changes to the
composition of nickel silicide for plated contacts or thermal
stresses induced if the annealing or sintering is performed on the
fully plated stack. As a result, particularly for process-induced

defects introduced by laser processing, the process sequence
may need to bemodified, or the processes re-optimised to ensure
effective passivation of the defects.

Hydrogenation of Carrier-Induced Defects

A variety of carrier-induced defects can be present in silicon

solar cells, caused by impurities such as copper or iron.[91–93] In
boron-doped Czochralski silicon, the most prominent carrier-
induced degradation mechanism is caused by the simultaneous

presence of boron and oxygen in the silicon material, which

leads to the formation of B-O complexes.[94,95] Carrier-induced
defects such as the B-O defect present a more complex problem
for hydrogen passivation, in that during conventional solar cell

fabrication sequences, the defects have not sufficiently formed,
and therefore, cannot be passivated. It is only with prolonged
exposure to carrier injection during additional processing that
the defects form, and can subsequently be passivated.

A solution for mitigating B-O related carrier-induced degra-
dation based on illuminated annealing was first proposed in
2006.[31] However, at the time, the mechanism was poorly

understood. In 2009, Münzer identified a critical role of hydro-
gen during illuminated annealing, whereby the permanent
deactivation only occurred in solar cells fabricated using

hydrogen-rich SiNx:H grown by PECVD, and not those using
hydrogen-lean SiNx:H grown by low-pressure chemical vapour
deposition (LPCVD).[32] Further work by multiple authors has
highlighted the influence of the hydrogen concentration and

thickness of dielectric layers in the passivation,[16,96,97] the
dependence of the passivation rate on the illumination intensity
(separately from the role for defect formation[95,98]), and the

correlation between the passivation rate and the theoretical
concentration of H0.[31,33,60,99,100] The importance of illumi-
nated annealing has also been noted for a more recently identi-

fied degradation mechanism.[101–103]

Despite the evidence presented for B-O defects, controversy
has surrounded hydrogen’s involvement in the permanent deac-

tivation mechanism. For example, one study presented a theory
for permanent deactivation based on a purely thermal mecha-
nism involving boron nanoprecipitates.[104] However, subse-
quent work demonstrated that with identical thermal profiles

during fast firing, permanent recovery was only observed when
samples were fired in the presence of PECVD SiNx:H,

[105,106]

and hence it is not completely thermal. Furthermore, a dual role

of the firing process has been recently identified with the
thermal elimination of defect precursors, as well as modulating
the hydrogen concentration in the silicon, which leads to a

change in the rate of passivation.[107]

A significant challenge for industrial boron-doped Czo-
chralski silicon solar cells has been how to incorporate an
effective illuminated annealing process into the production

environment, with a throughput of 3600 wafers h�1. Early work
required minutes to hours for the complete elimination of B-O-
related degradation.[33,108–110] To speed up reaction rates, higher

temperatures could be used. However, the increased reaction
rates of desirable reactions to enable defect passivation, includ-
ing defect formation and defect passivation, are counteracted by

the dissociation of the hydrogen–defect complex and the disso-
ciation of the B-O defect.[111,112] Both of these reactions reduce
the availability of defects for passivation, particularly at ele-

vated temperatures owing to the higher activation energies of
those reactions. Therefore, they place an upper limit on the
temperature that can be used to effectively mitigate carrier-
induced degradation for a specific sample and processing

condition. Using typical conditions with low-intensity light,
only temperatures below ,2308C could enable effective pas-
sivation of the B-O defects, with incomplete passivation occur-

ring at higher temperatures.[110]

In contrast, by accelerating the defect formation rate using
high-intensity illumination, a substantially higher temperature

can be used, which results in a further reduction in the time to
form the defects.[72,98,100] Using such a process, B-O defects can
be completely formed and passivated on finished industrial
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screen-printed solar cells in less than 8 s,[72,100,113] which can
improve cell performance of industrial cells in the vicinity of

1% absolute.[113] This has seen the development of new halo-
gen-, light-emitting diode (LED)-, and laser-based industrial
advanced hydrogenation tools for the mitigation of B-O-related
degradation.[113] An example showing the impact of advanced

hydrogenation processes for eliminating B-O-related degrada-
tion is shown in Table 2. The cells that received an AHP process
to eliminate B-O-related carrier-induced degradation show a

higher efficiency (20.54%) after the AHP and subsequent
accelerated stability test[98] compared with the initial efficiency
(20.11%). This increase was related to significant increases in

the VOC and short circuit current (JSC) of the devices, indicating
the passivation of additional defects in the device. Furthermore,
no significant increase in the standard deviation was observed
for the electrical parameters. In contrast, cells that did not

receive an AHP saw a drop in efficiency after the stability test
from 20.11 to 19.42%. This was due to a reduction in VOC, JSC,
and fill factor (FF). Furthermore, a larger spread of the electrical

parameters was measured on the industrial cells after stability
testing. Hence, the AHP led to an improvement in the stable cell
performance of 1.1% absolute compared with the control

samples.

Conclusions

The present paper discussed the challenges of passivating
structural, process-induced, and carrier-induced defects.
Although structural defects are typically easy to passivate owing

to always being present in the wafer, they can still benefit from
the application of hydrogen passivation processes incorporating
minority carrier injection. The implementation of such pro-

cesses can improve the IQE in dislocated regions of cast silicon
material. For process-induced defects, careful attention must be
paid to the order of processing to ensure that a hydrogen pas-

sivation process is performed after the introduction of the
defects. For defects such as oxygen precipitates, the defects can
naturally be passivated during subsequent high-temperature
firing processes. However, for laser-induced defects, additional

hydrogenation processes should be used if the defects are
introduced after the typical hydrogenation process used for solar
cell fabrication. Advanced hydrogenation processes show an

improved level of passivation for laser-induced defects in the
bulk. However, the processes can also lead to an undesirable

increase in the J0 due to the passivation of dopant atoms in the

laser-doped region. Further work is required to avoid this
increase in J0 and the reduced effectiveness of shielding
minority carriers from the exposed silicon surface.

For carrier-induced defects, typically, the defects have not
formed by the end of solar cell fabrication, and a dedicated
process with carrier injection must be performed to both form
the defects and manipulate the hydrogen charge states to enable

defect passivation. The implementation of advanced hydrogena-
tion processes to eliminateB-O-related degradation can increase
the stable performance of industrial PERC solar cells by 1.1%

absolute using new commercial laser-based advanced hydro-
genation tools.

Methodology

For hydrogen charge state occupation, a model to predict charge
state distributions was developed in Matlab based on the work
by Sun et al. using Sah–Shockley statistics.[63,64] This present

work assumes a hydrogen acceptor energy level of 0.07 eV
below mid-gap and a donor energy level of 0.16 eV below the
conduction band.[58] The capture cross-section ratios assumed
for the acceptor and donor levels are 0.05 and 1 respectively.[63]

For laser-induced defect experiments, laser doping was
performed on industrially processed 600 (156mm) PERC cell
lifetime test structures. The p-type boron-doped Czochralski

silicon grownwafers had a thickness of,180mmand resistivity
of ,1.6 O cm. The structure included a phosphorus emitter on
the front surface, passivated by thermal oxide and PECVDSiNx:

H. On the rear surface, a stack of aluminium oxide and PECVD
SiNx:H was used. Prior to laser doping, wafers were fired with a
peak temperature of ,6208C in an industrial belt furnace.

For n-type laser-doped samples, phosphoric acid was spun

onto the front surface as a dopant source. For p-type laser
doping, the rear aluminium oxide layer was used as a dopant
source.[114] Laser doping was performed on the front surface for

n-type doping and the rear surface for p-type doping using a 532-
nm continuous wave Newport laser with a spot size of,20mm.
For the n-type doping, a power of 14W and a speed of 2 m s�1

were used. P-type doping was performed with a power of 21W
and a speed of 6 m s�1.

After laser doping, phosphoric acid was removed in water

(where relevant). Then, wafers received a rapid BFA at 4008C.
Finally, anAHPwas performedwith a 938-nm laser operating in
continuous wave mode at 3008C for 10 s with an illumination
intensity of ,100 suns.

Lifetime measurements were obtained at various stages
using a quasi-steady-state photoconductance tool (QSS-PC)
(Sinton Instruments WCT-120)[115] and analysed using the

generalised method.[116] Measured data were corrected for
Auger recombination using the Richter model.[117] Effective
minority carrier lifetimes were extracted at an excess minority

carrier density (Dn) of 1� 1015 cm�3 (equal to ,10% of the
background boron dopant density).

For the passivation of B-O defects, industrially fabricated 600

p-type Czochralski PERC solar cells were used. Finished cells

were dark-annealed at 2608C for 20min to dissociate B-O
defects.[118] Advanced hydrogenation was performed in a com-
mercially available DR Laser tool at 2408C, with 45 kWm�2 of

980-nm illumination for 10 s. An accelerated stability test was
performed in the same laser tool [98,103] on control cells and the
laser-hydrogenated cells at a temperature of 1358C, with

45 kW m�2 of 980-nm illumination for 10 s.

Table 2. Current density–voltage (J–V) data including open-circuit

voltage (VOC), short-circuit current density (JSC), fill factor (FF), and

efficiency for industrial PERC solar cells with and without an advanced

hydrogenation process (AHP) (2408C, 45 kWm22, 10 s) in an industrial

laser-based advanced hydrogenation tool

Results are shown after initial cell fabrication and a 2608C dark anneal to

dissociate B-O defects, and after the subsequent AHP and accelerated sta-

bility test (1358C, 45 kW m�2, 10 s). Ten cells were processed per group

Group Parameter Initial After light-soaking

Control VOC [mV] 652.4� 2.5 645.7� 8.5

JSC [mA cm�2] 38.76� 0.14 38.13� 0.56

FF [%] 79.54� 0.32 78.85� 0.43

Efficiency [%] 20.11� 0.14 19.42� 0.50

AHP VOC [mV] 653.3� 1.6 664.6� 2.0

JSC [mA cm�2] 38.81� 0.08 39.15� 0.08

FF [%] 79.08� 0.35 78.96� 0.36

Efficiency [%] 20.05� 0.08 20.54� 0.17
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Current density–voltage (J–V) measurements were obtained

on a HALM tester with class AAA spectrum at room
temperature.
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