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Modelling of hydrogen transport in silicon solar cell structures under
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This paper presents a model for the introduction and redistribution of hydrogen in silicon solar
cells at temperatures between 300 and 700 °C based on a second order backwards difference
formula evaluated using a single Newton-Raphson iteration. It includes the transport of hydrogen
and interactions with impurities such as ionised dopants. The simulations lead to three primary con-
clusions: (1) hydrogen transport across an n-type emitter is heavily temperature dependent; (2)
under equilibrium conditions, hydrogen is largely driven by its charged species, with the switch
from a dominance of negatively charged hydrogen (H™) to positively charged hydrogen (H")
within the emitter region critical to significant transport across the junction; and (3) hydrogen trans-
port across n-type emitters is critically dependent upon the doping profile within the emitter, and,
in particular, the peak doping concentration. It is also observed that during thermal processes after
an initial high temperature step, hydrogen preferentially migrates to the surface of a phosphorous
doped emitter, drawing hydrogen out of the p-type bulk. This may play a role in several effects
observed during post-firing anneals in relation to the passivation of recombination active defects
and even the elimination of hydrogen-related defects in the bulk of silicon solar cells. Published by

AIP Publishing. https://doi.org/10.1063/1.5016854

I. INTRODUCTION

The use of hydrogen (H) to passivate bulk defects in sili-
con solar cells is a well-established technique that has been
demonstrated to result in significant increases in bulk carrier
lifetimes,l_3 with increases of over an order of magnitude
reported.*> In order to better understand and control these
processes, it is important to understand the transport of
hydrogen within silicon, in particular, how it is affected by
doping profiles and internal electric fields in solar cell
architectures.

Hydrogen passivation of commercial solar cells has tra-
ditionally taken place at temperatures in excess of 800 °C,
with hydrogen introduced to the structure from a hydroge-
nated silicon nitride (SiNx:H) layer during firing of screen-
printed metal contacts.® In contrast, several alternative cell
technologies either cannot, or would prefer not to, use high
temperature processing.” > This creates significant chal-
lenges, not only in terms of releasing hydrogen from dielec-
tric films, but in the effective transport of hydrogen within
the silicon itself.'® It is also instructive to examine how
hydrogen introduced during a high temperature firing step
may redistribute during subsequent thermal processing.
There have been a number of recently developed techniques
that use intermediate temperature (300—700°C) processing
to perform low temperature gettering of impurities,' "'

2 or to
alleviate degradation in crystalline solar cells.'®!*'®8
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Processing at these temperatures would be expected to lead
to a significant redistribution of hydrogen within the device,
in particular between the emitter and bulk regions.

The introduction and redistribution of hydrogen at these
temperatures are of interest not merely due to hydrogen pas-
sivation of defects, but because it has recently been sug-
gested that hydrogen can also be linked to the formation of
recombination active defects.'”** This includes those
responsible for carrier-induced degradation in both mono-
and multi-crystalline silicon:'*'®?" first, in the region
0.3-0.8 um below the Si/SiN, interface®” leading to a charac-
teristic recombination behaviour,23 second, a build-up at
contact/silicon interfaces.*

Dopant-hydrogen interactions, and more recently,
the formation of hydrogen dimers,**~° have been modelled at
temperatures up to 300 °C. However, the charge state transi-
tions and electric field interactions, both in terms of drift of
hydrogen ions and the effects of hydrogen ions and dopant
deactivation, have not been adequately dealt with for different
dopant profiles. Furthermore, the motion of hydrogen at inter-
mediate temperatures is poorly understood. Commercial and
research attention has typically been on the introduction of
hydrogen from dielectrics at temperatures above 800°C."*¢
In contrast, studies on hydrogen dopant interactions typically
only range up to 300°C, due to the relatively low binding
energies of hydrogen with the typical dopants used in crystal-
line silicon, namely boron and phosphorous.?>

Of particular importance for transport of hydrogen at
these temperatures are the interactions of hydrogen with dop-
ants and electric fields within silicon. This in turn is
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determined by the charge state of the hydrogen within the
silicon, which has been the subject of a number of recent
studies.**!*? The properties of highly phosphorus-doped
emitter regions in traditional p-type solar cells have been
observed to have a marked influence on hydrogen passiv-
ation of the bulk silicon,>™> while hydrogen bonding with
dopant ions is capable of substantially changing the effective
doping.*®*” This paper will present modelling on the intro-
duction and redistribution of hydrogen at temperatures
between 300 and 700 °C in silicon solar cells. In particular, it
will focus on hydrogen transport and interactions within the
silicon itself, with a cursory examination of how hydrogen
enters the silicon from an external source. The main uncer-
tainties of the model parameters and outcomes will be dis-
cussed and implications will be identified for industrial cell
fabrication processes.

Il. HYDROGEN SOURCES

There are two primary methods for introducing hydro-
gen into silicon cells: first, the incumbent technology where
H is released from a dielectric layer, typically SiNx:H, at the
cell’s surface. This release is highly temperature depen-
dent.*®3? Second, exposing the cells to a hydrogen contain-
ing plasma.**~* This reduces the temperature dependence of
the hydrogen source; however, it does not provide a passiv-
ation layer and can induce damage.****

A. Hydrogen from dielectrics

The most common dielectric sources of hydrogen for sil-
icon solar cells are hydrogenated silicon nitride and alumin-
ium oxide (AlOx:H) layers. These may be deposited using
chemical vapour deposition, in particular, plasma enhanced
chemical vapour deposition (PECVD) or in the case of
AlOx:H through atomic layer deposition (ALD).**~*® The
amount of hydrogen incorporated into these layers has been
reported at up to 30% atomic for SiNyx:H and 12% for
AlOx:H, depending upon the deposition techniques and
processing parameters.*’**

The lower concentration of hydrogen in AlOx:H com-
pared with SiNx:H has led some authors to assume that it
acts as a less effective source of hydrogen. However, most
available evidence indicates the opposite to be the case at
temperatures below 500°C, where AlOx:H layers have
been observed to release significant quantities of hydro-
gen.49 In contrast, most commercial SiNyx:H layers are
deposited such that they will not release significant hydro-
gen unless annealed at temperatures above 600°C, to
ensure compatibility with screen-printed firing pro-
cesses. >3 Tt is, however, feasible to alter the deposition
parameters of PECVD SiNx:H to increase hydrogen release
at lower temperatures.’®->"!

While characterisation of the hydrogen content via
infra-red absorption spectra has proved effective for deter-
mining how much hydrogen has been released during firing,
it is still unclear exactly how much hydrogen enters the sili-
con. It is generally agreed that the majority of hydrogen
released escapes to atmosphere in gas form;***~> however,
the exact proportion entering the silicon and the temperature
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and nitride deposition parameter dependences of this fraction
are still open to debate.

One option for increasing the quantity of hydrogen
introduced from a dielectric layer at low temperatures is the
application of an electric field. Hydrogen is reported to exist
in a charge state in almost all dielectrics, and, in particular,
in the positive state in AlOyx, SiOx and SiNy layers.56
Therefore, the application of an electric field may greatly
increase the amount of hydrogen entering the silicon. This
may be achieved either through corona charge deposition or
through the application of a bias voltage to contacts depos-
ited on the dielectric and on the rear contact of the device.
The ability to drift hydrogen through SiOx at room tempera-
ture has been established for decades,"’_%58 although to date
there has been little investigation on dielectrics typically
used for solar applications.

B. Plasma sources

The use of hydrogen containing plasmas avoids issues
with temperature dependence of hydrogen release, and has
also been shown to be capable of introducing very high
fluxes of atomic hydrogen. While initial work introduced
hydrogen from a plasma in direct contact with the sili-
con,?’? the damage caused by bombardment of high energy
ions and UV radiation makes it inappropriate for use with sil-
icon solar cells. A remote hydrogen plasma has been demon-
strated to avoid the majority of these problems, by confining
the plasma in such a way that there is no direct line of sight
between the plasma and the samples.*® However, some dam-
age has still been observed at temperatures below 300 °C,
though how much of this is due to the residual energy of the
hydrogen radicals is unclear.*'

This approach has been used with success for the passiv-
ation of thin crystalline solar cells and more recently with
the passivated contacts and heterojunction structures.®*~%2
Industrial scale remote plasma systems have been demon-
strated to be capable of delivering more than 3 x 10'* hydro-
gen atoms/cm?/s to a silicon sample.*'

C. Parameters used in this work

Since the focus of this work is the behaviour of hydro-
gen within the silicon itself, it will be assumed that the flux
of atomic hydrogen entering the silicon surface is constant
and temperature independent, and out-diffusion will be
ignored. This allows direct comparison of transport in the sil-
icon bulk at different temperatures, and avoids complications
arising from different surface fluxes. A more complex model
containing out-diffusion kinetics and the motion of hydrogen
within dielectric films would be required for accurate predic-
tions in industrial cells and is intended as part of future
development of this model.

For the simulations in this paper, a constant flux of
1 x 10" atoms/cm?/s interstitial hydrogen is maintained at
the front surface. While this value is somewhat higher than
most atomic hydrogen sources are reported to be capable of,
it allows rapid simulation of hydrogen transport within the
silicon itself. While other values may be used, it is expected
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that this would primarily affect the timescale, rather than the
general behaviours observed.

lll. HYDROGEN TRANSPORT IN SILICON

Although finding appropriate sources for introducing
hydrogen to silicon at temperatures below 700°C can be
challenging, the lower temperatures also create difficulties in
effectively transporting hydrogen throughout the silicon
material. In the following, we show that undesirable build-
ups of hydrogen can occur in near-surface regions, while
minimal hydrogen migrates into the silicon bulk to passivate
defects. This behaviour is largely driven by the various
charge states of interstitial hydrogen and their interaction
with impurities and defects within silicon solar cell
structures.

A. Hydrogen charge states

It is generally agreed that hydrogen transport is largely
in the interstitial form**®* and hence its motion is compli-
cated by its amphoteric nature —i.e., that H can exist in posi-
tive, negative and neutral charge states in crystalline silicon
(denoted H', H°, and H™ respectively), depending upon
local electron and hole concentrations. The equilibrium
charge state fractions may be calculated using the donor and
acceptor energy levels for hydrogen in silicon, reported as®

Ep = Ec —0.16eV, (1)
E, = Ey + 0.48¢V. )

Hence, the resulting equilibrium charge state fractions
depend upon the Fermi energy, as shown in Fig. 1 for tem-
peratures of 300 and 700 °C, calculated after Refs. 31 and
63. A clear cross-over is visible at a system Fermi level just
less than 0.2eV above mid-bandgap, above which H™ is
dominant and below which H" is dominant. This is also
nearly co-incident with the Fermi level for the maximum
fractional concentration of H’. More recently, the model
has been updated to include non-equilibrium conditions, ini-
tially assuming a primary dependence upon the electron

A) 0

107 F
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10 ' ' '
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quasi-Fermi energy*”? and subsequently using a Sah-
Shockley model.*' The drawback of the Sah-Shockley model
is the need to know the capture cross-section ratios for the
donor and acceptor states. As there are no experimental data
available for these values, Sun er al.>' used approximations
based on the behaviour of metallic impurities

I\ for Ep, 3)
Op
I — 0.05 for Ey. 4)
Op

While this is reasonable for interstitial metallic impurities, it
is not clear how well this applies to hydrogen in silicon, and
a significant change in these ratios will result in substantially
different behaviour of H in silicon. In particular, the ability
to generate H™ in p-type silicon under high-injection condi-
tions is minimal with the ratios in (3) and (4), due to the
much stronger interaction of the acceptor level with holes
compared with that of electrons. If the capture cross-section
ratio for E, is increased, then it becomes possible to have
significant fractional H™ concentrations in p-type silicon.
However, to date, there has been no detailed experimental
observation of these effects, and thus, for this work, we use
the model of Sun et al.>' with no modification of the capture
cross-sections.

The use of a non-equilibrium model for hydrogen charge
state transitions is not required for the simulations presented
in this work, which are all at equilibrium. However, the use
of the sah-shockley model is not computationally expensive
and will allow future simulations to consider non-
equilibrium conditions.

B. Hydrogen diffusivity and mobility

The reported diffusivities of hydrogen in the different
charge states spans several orders of magnitude,'’ " espe-
cially in the case of H". Consensus on exact values, and
which species diffuse more rapidly, has not been obtained. A

number of investigations have been carried out, with the

B, g0
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FIG. 1. Fraction of hydrogen in neutral (HY), negative (H™) and positive (H") charge states as a function of Fermi level (relative to the middle of the bandgap)

(a) at 300 °C and (b) at 700 °C. Calculated after Ref. 31.
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work of Van Wieringen and Warmoltz (VWW)®* at tempera-
tures between 1000 and 1200 °C often cited as an upper limit
for the diffusivity of hydrogen in defect-free silicon. At
lower temperatures, a large range of diffusivities has been
reported, depending upon the doping concentration of the sil-
icon and the temperature.**%>® These discrepancies are
largely due to the interaction of hydrogen with a multitude
of impurities or defects within crystalline silicon, meaning
that in many cases, what is measured is trap-limited diffusion
of hydrogen.®® "

There is general agreement on the diffusivity of H" with
activation  energies reported between 0.43  and
0.48 eV.**%7"71 The diffusivity of H™ is much less clear.
Johnson and Herring® determined a diffusivity activation
energy of 0.7e¢V at temperatures between 27 and 47°C;
however, a more recent theoretical calculation by Estreicher
et al.%” obtained an energy barrier of just 0.39eV for diffu-
sion of H™. Unambiguous observation of the diffusion of H™
at elevated temperatures has thus far proved challenging due
to interaction with other elements in silicon.

Determining the appropriate diffusivity for H” is even
more problematic. Not only is the proportion of hydrogen in
the neutral charge state generally much lower than that in
other charge states, but it has been suggested that it can be
found at both the bond-centred and tetrahedral site within the
silicon lattice. While the bond-centred site is the minimum
energy location for both H" and H®, H™ is usually found at
the tetrahedral site,®>” and so H® formed from H™ will be at
this location. Determinations of how much H? is at the tetra-
hedral (H}) compared with the bond-centred (H3) site have
not yet been reported. Theoretical calculations on H} have
predicted that it should be metastable and migrate very rap-
idly through the lattice (with an activation energy of
0.14¢V).®” The rapid migration of H? has also been inferred
from low temperature DLTS measurements.” In contrast,
the migration of H%C is expected to be closer to that of H"
with a theoretical activation energy of 0.38eV.%’

For the simulations in this work, we take the diffusivity
of H" from the low temperature results of Gorelkinskii and
Nevinnyi,”" while a conservative diffusivity of H” is taken to
be that determined by VWW.* Finally, the diffusivity of H™
is taken from the work of Johnson and Herring.*” The diffu-
sivities used are thus as follows:

—0.43
Dy = 4.24 x 10 %exp <kT> 5)
—0.48
Dyo = 9.67 x 10 3exp (k—T> (6)
—0.7
D].If =13x lofzexp <W> (7)

As a consequence of its high charge to mass ratio, the
motion of hydrogen in silicon is also strongly affected by
electric fields. Several authors®*’® have shown that an
applied bias across a Schottky junction can sweep hydrogen,
and internal electric fields due to doping profiles within the
silicon can also have a significant influence.” Mobilities )
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used in our work are calculated via a simple Einstein relation
to the diffusivity

Dy

Hx

Despite having the largest activation energy, these rela-
tions predict that the diffusivity of H™ at 400°C will be
730 x 10°° cm? s™', approximately three times larger than
that of HO, while H" has an even lower diffusivity of
2.55x 1077 cm? s™'. This apparent discrepancy is likely a
result of extrapolation of the diffusivities from very different
temperatures. It should be noted that Dy~ has very little
impact upon the results of simulations in this work in and of
itself, as strong electric fields are present in all regions where
H™ exists in large concentrations, and hence profiles are
determined largely by the ratio of drift and diffusion fluxes
of H™.

In contrast, the impact of different values of Dyo
requires further consideration. In these simulations, no dis-
tinction is made between H° at the bond centred and tetrahe-
dral sites (H$. and HY), and a single diffusivity is used for
both species. In order to examine the effect this has upon the
results, simulations will be presented using both the conser-
vative value in (8) and the highest values reported.*”

C. Interaction with impurities

Another important effect is the interaction of the various
hydrogen charge states with defects and impurities. One of
the most studied traps for interactions with interstitial hydro-
gen are dopant impurities. Hydrogen has been observed to
bond to both shallow acceptors and donors in silicon.?®?7-°
It is generally agreed that these bonds form due to the inter-
action of the dopant ion with the opposite charge state of
hydrogen i.e.,

B~ +H'" — HB, )
P* +H — HP. (10)

Hydrogen-dopant pairs have relatively low binding ener-
gies, estimated between 0.7 and 0.85eV (Refs. 28, 74, and
75) for HB and a wider spread of 0.5 to 0.71eV for
HP.%*%%7% At dopant concentrations up to 1x 10'°cm™2,
these pairs have been observed to dissociate rapidly with
processing above 200 °C. HP pairs have often been referred
to as dissociating much more readily than HB; however, this
possibly owes more to the asymmetry in the hydrogen charge
states rather than any great difference in binding energies.®®
They have also been observed to show markedly increased
rates of dissociation in the presence of minority carrier injec-
tion, from either illumination®®’” or applied bias. It is not
clear how much of this is due to carriers playing a role in dis-
sociation and how much from alterations in the charge states
of interstitial hydrogen.?®®*"” Interaction with excess minor-
ity carriers may be safely ignored in this equilibrium model;
however, moving to a non-equilibrium model will require a
more involved set of equations.
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For this paper, we use the following rates of trapping

and de-trapping at dopant impurities from Refs. 63, 66,
and 70:

dHB] e " —1.28
= CpiH'][B7] — 2.8 x 10 exp —7 [HB],
(11)
d|HP] B ~1.18
Bl g H7PY] =1 x 10" (—> HP], (12
0 Cp[HT)PT] =1 x 10% exp T [HP], (12)
where
Du+¢*
Cp = 13
B1 8SikT7 ( )
Cp =207 (14)
P = SSikT ’

&s; 1S the permittivity of silicon in F/cm. It should be noted that
the trapping of hydrogen at phosphorus is not well understood
at temperatures above 200°C, and may have a noticeable
impact upon the results. Given Eq. (8) and (10), it is possible
to calculate that at the temperatures used in this work, we actu-
ally obtain a higher equilibrium ratio of [HP]:[H™] than for
[HB]:[H"], which is contrary to expectations.

It has also been demonstrated that hydrogen can bond to
metallic impurities and crystallographic defects in silicon,
including dislocations,m’79 self—interstitials,80’81 and vacan-
cies.**®? Furthermore, interstitial hydrogen is also known to
interact strongly with itself and other forms of hydrogen to
form hydrogen dimers, including interstitial hydrogen mole-
cules, or extended defects.>*®® Recent work by Voronkov
and Falster has identified at least three forms of the hydrogen
dimer within silicon at low temperatures,”® which are pre-
dicted to dominate over atomic hydrogen at temperatures up
to 650 °C under equilibrium conditions.?**’

Extended defects typically nucleate at a dislocation or
vacancy,®’” and some “platelets” can extend across the entire
wafer along the (111) or (100) planes. These platelets form
much more readily in n-type silicon than in p-type®® and it
has been suggested that nucleation requires both H™ and
H™.% Platelet nucleation is reported to be suppressed with
processing at temperatures above 350°C,”° although plate-
lets already nucleated at lower temperatures can grow rap-
idly when exposed to temperatures in this range.

The picture is further complicated in multicrystalline sil-
icon due to the interaction of hydrogen with grain bound-
aries. It has been suggested that the diffusion of hydrogen
can be enhanced at grain boundaries,”’ and also that grain
boundaries act as traps for hydrogen, reducing its ability to
diffuse into the silicon.”** From other reports in the litera-
ture, it is plausible to suggest that the number of defect states
at the surface plays a significant role in the in-diffusion of
hydrogen.**43:2

In these simulations, both the rapidly dissociating dimer,
tentatively identified as interstitial molecular hydrogen, and
the slow-forming dimer (H,n and H,c, respectively, as
defined by Ref. 29) are considered, with trapping and de-
trapping rates given by

J. Appl. Phys. 123, 043108 (2018)

% =13x10Cexp (%f) ([Hﬂ [H) /Ky, 0 — p[HZA]),
(15)
)00 e (1) (U0 1)
(16)

where ky,4 is defined by the ratio of hydrogen dimers to HB.
The diffusion of H,, dimers is also included, with a diffusiv-
ity of Ref. 29

-0.8
Dy,, = 1 x 10 exp (k—T) (17)

While other dimers or hydrogen complexes undoubtedly
play a significant role as traps for interstitial hydrogen, these
are likely to vary with material properties and are not consid-
ered in these simulations. A notable omission in the current
model is the interaction of interstitials and vacancies with
hydrogen dimers. It has been reported that these are likely to
increase the dissociation of dimers®> beyond that assumed in
this work. In particular, for the case of diffusion in phospho-
rous emitters, the high vacancy concentrations may act to
reduce the concentration of hydrogen dimers.”>*°

IV. MODELLING HYDROGEN TRANSPORT AT
MODERATE TEMPERATURES

In all simulations, interstitial hydrogen will be assumed
to exist in local equilibrium between its various charge states
at all times. This is justified by noting that in solar cells the
self-ionization reaction

H' - H' +e, (18)

provides a reasonable measure of the timeframe required for
hydrogen to reach an equilibrium between its charge states at
a given location. Given that both H" and H® have the same
minimum energy location in the silicon crystal lattice, the
activation energy may be expected to be merely the differ-
ence between the donor level and the edge of the conduction
band, namely, 0.16eV. This has been shown to fit experi-
mental data at —200°C with an exponential pre-factor of
7.9 x 10'? s7'.7% This results in a self-ionization rate of
1.6 x 10'% s™" at room temperature and 5 x 10" s™" for sim-
ulations at 673 K. This is at least eight orders of magnitude
greater than the rates for all other processes considered in
this model, including diffusion and trapping at impurities.
The model is based on a 2nd order backwards difference
formula evaluated using a single Newton-Raphson iteration
and a tolerance of 0.1%. The full model and further details of
the applied solving procedures can be found in Appendix A.

V. THE INTERACTION OF HYDROGEN WITH
PHOSPHOROUS EMITTERS

The first scenario of interest is the migration of hydro-
gen across a shallow but heavily phosphorous doped emitter.
This is of particular importance for silicon photovoltaics, as
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FIG. 2. Dopant concentrations in the first um of structures used in our simu-
lations, as reported in Ref. 99. The “heavy” profile has a sheet resistance of
79 Q/sq. while the “light” profile has a sheet resistance of 89 Q/sq.

standard cell structures use a heavily doped phosphorous
emitter on the front surface immediately beneath the dielec-
tric layer, which is the main source of hydrogen for bulk pas-
sivation. To reach the bulk, the hydrogen must therefore
diffuse through the heavily doped emitter region.

Several authors have reported significant retardation of
hydrogen transport into silicon samples at low temperatures
in the presence of a thin n' emitter.”**” The transport of
hydrogen across lightly doped emitters has also been
observed to depend heavily upon temperature, with orders of
magnitude changes in hydrogen penetration going from
480°C to 610 °C in thin crystalline silicon devices.**%®

We carry out simulations for two different active phos-
phorous profiles on a p-type 1 x 10'® cm ™ boron doped sub-
strate as reported for a recent study.” These profiles are
pictured in Fig. 2. The first profile was chosen to be typical
of modern screen-printed solar cells while the second

| 300°C, ¢H=1x10"2 fom?/s
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represents a “light” modified profile using a high-
temperature oxidation step. The light diffusion has a much
lower peak doping concentration at the surface and pene-
trates further into the silicon. Despite this, the two profiles
do not have markedly different sheet resistances.

Figure 3 presents the results of simulations carried out at
a temperature of 300 °C using the heavy diffusion profile. It
is clear that the vast majority of hydrogen is initially trapped
within the phosphorous doped emitter, with a drop in con-
centration of more than five orders of magnitude between the
surface concentration and that at 1 um depth for times up to
160s. It is not until the hydrogen concentration in the emitter
approaches the doping concentration that this decreases to a
mere three orders of magnitude. A comparison with the pro-
file obtained after just 10s with no emitter present demon-
strates how greatly the transport of hydrogen is impeded by
the presence of a phosphorus emitter.

Part of the reason for this precipitous decrease may be
found in Fig. 3(d), which depicts the concentrations of H,
H°, and H™ after 80s. A clear cross-over point is visible at
approximately 400 nm depth. This is not the location of the
metallurgical junction but rather the point at which the Fermi
level in the silicon is such that the dominant form of intersti-
tial hydrogen switches from H™ to H". The electric field at
this point then sweeps H' further into the silicon, while H™
is repelled towards the surface, thus creating a local minima
in the hydrogen concentration. Beyond this point, there is no
significant barrier to hydrogen transport into the silicon bulk.
However, in the region between the surface and this inflexion
point, the dominant H™ is subject to a strong electric field
opposing in-diffusion. This results in a steep concentration
gradient.

The steep concentration gradient is exacerbated by the
effects visible in Fig. 3(c). In particular, the trapping of
hydrogen by phosphorous leads to very large concentrations
of hydrogen within the emitter region. Indeed, significant

A) 40 B)
10%° ¥
360 s 30 5

10 s - no emitter holes ?, FIG. 3. Simulations at 300 °C in the Si
160 s ety 20 % wafer with the heavy phosphorus pro-
10'% 1 80 s S i file of Fig. 2 and an influx of hydrogen
. 405 § of 1x 10 cm 2s™'. (a) Total hydro-
"’E 10 § gen concentration, for the indicated
L o w simulation times and, for comparison,
5 10s electric field a simulation for a 10s process without
21010 : 0 any emitter (dashed line). (b) Electric
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£ 10771\ field and carrier concentrations after
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FIG. 4. Simulated concentrations of interstitial hydrogen, hydrogen dimers and hydrogen-dopant pairs for an influx of hydrogen of 1 x 10 em 257! for (a)
the “heavy” phosphorus diffusion profile for 10s at 700 °C and (b) the “light” phosphorus diffusion profile for 1s at 700 °C. In both cases, the concentration of

H,c is well below the range displayed.

transport of hydrogen into the bulk only occurs when the
vast majority of phosphorous in the emitter has been de-
activated by hydrogen. This reduces both the chances of fur-
ther trapping and the electric fields in that region. It can also
be seen that at these temperatures, there is an expectation
that the majority of the hydrogen in the bulk will form
dimers, reducing its ability to passivate other defects.

It is entirely expected that the diffusion of hydrogen
across an n-type emitter will increase with temperature.
However, the simulations presented in Fig. 3 clearly eluci-
date the reasons for this behaviour. The dominant effects are
a reduction in trapping of hydrogen at phosphorous in the
emitter and an increase in the fraction of interstitial hydrogen
in the positive and neutral charge states in this region. In par-
ticular, the cross-over point moves towards the surface as the
increase in the intrinsic carrier density shifts the Fermi level
towards mid-gap. The increased diffusivity of hydrogen and
the increase in the ratio of interstitials to dimers play rela-
tively minor roles in the increased flux of hydrogen across
the emitter, while the increase in the ratio of diffusivity to
mobility is largely counterbalanced by an increased electric
field in the near surface region. Although the increase in
hydrogen transport across an emitter is clearly heavily tem-
perature dependent, the simulations in Fig. 4 predict that it is
at least as dramatically influenced by the emitter doping pro-
file. A similar amount of hydrogen is observed on the p-type
side of the diode in 1s for simulations using the “light” pro-
file as is observed for 10 s simulations with the “heavy” emit-
ter profile. The 10 Q/sq. difference in sheet resistance (and in
total active phosphorous) is not anywhere near as significant
as this change in hydrogen transport.

A comparison of Figs. 4(a) and 4(b) leads to a clear
explanation for this difference at 700 °C. The first 50 nm of
the heavy profile has active phosphorous concentrations
above 1 x 10% atoms/cm®, an order of magnitude higher
than the peak doping concentration in the light profile. Due
to this higher dopant concentration, both trapping of hydro-
gen and the electric field at the edge of this region are greatly
enhanced. These simulations would therefore predict that it

is the peak doping concentration that is most critical for
hydrogen transport, not the sheet resistance or the total phos-
phorous dose in the emitter.

Figure 5 presents the concentration of hydrogen on the
bulk side of the emitter for both diffusion profiles at tempera-
tures of 300, 500, and 700 °C. Interestingly, the effect of the
emitter doping profile is more pronounced with increasing
temperature, leading to the expectation that it would have a
significant impact at traditional firing temperatures in excess
of 800°C. This is supported by results in the literature,* >
where an increase in bulk excess carrier lifetime (indicative
of superior hydrogen passivation) was observed after firing
when a lighter emitter diffusion was employed.

The explanation of this behaviour is relatively straight-
forward with our simulations; at the lowest temperatures,
nearly all phosphorous needs to be de-activated for signifi-
cant hydrogen transport to occur. Therefore, the relative
importance of peak doping vs. total phosphorous dose is
decreased, although it remains a significant factor. The actual
situation will be more complicated due to incomplete ioniza-
tion of phosphorous dopants,'® clustering of phosphorous
atoms in silicon,101 and interactions with vacancies resulting
from emitter formation.”®'?

100 L S 7 B A
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FIG. 5. Simulated concentrations of total and interstitial hydrogen beyond
the “heavy” and “light” phosphorus profile (of Fig. 2) in the p-type wafer at
a depth of 1 um, as a function of time, at 300, 500, and 700 °C with an influx

of hydrogen of 1 x 10 cm 25!,
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1 x 10" cm™ 257" (a) for a H diffusivity of 2.45 x 10~® cm%/s used in this work [Eq. (8)] and (b) for the much higher H° diffusivity of 1.34 x 10~ cm?/s given

by Eq. (15).

It has been suggested29 that the primary means of hydro-
gen transport across n-type emitters at low temperatures is via
the diffusion of H’. The simulations in this work do not sup-
port that conclusion at temperatures above 300 °C. However,
as discussed in Sec. III B, the value for the diffusivity of H” is
the subject of some debate. In Fig. 6, the hydrogen fluxes for
simulations carried out with the original value for Do, given
in Eq. (8), are compared with simulations using the much
higher value proposed by Refs. 30 and 72

—0.14
Do = 0.015 x exp(—). 19)

kT

Somewhat counter-intuitively, an increase in the diffu-
sivity of H by nearly three orders of magnitude actually
decreased the flux of hydrogen across the emitter. This is
due to the H® concentration actually increasing away from
the surface, which is in turn due to the change in the Fermi
level. Nonetheless, the dominant fluxes remained the drift
and diffusion of the charged species, H™ near the surface and
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H™ across the depletion region. It is therefore concluded that
at temperatures above 300 °C, hydrogen transport across n-
type emitters occurs primarily via the motion of the charged
species, and that the generation of H" on the n-type side of
the junction is critical for significant incorporation of hydro-
gen to the p-type bulk.

VI. THE INTERACTION OF HYDROGEN WITH BORON
EMITTERS

Another important conclusion of these simulations is
that while heavily doped n-type emitters present a significant
challenge for hydrogen in-diffusion at low temperatures,
heavily doped p-type emitters on n-type substrates are more
difficult still.

In Fig. 7, the 500 °C simulations for the light phosphorus
emitter are compared with a recently reported boron emit-
ter,'® with a similar peak doping concentration. The first
point of interest is that although the total boron dose in the
emitter in Fig. 7(a) is higher than in the phosphorus profile,

B) 1016 ‘
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FIG. 7. (a) Active dopant profiles for the boron emitter (blue lines) used in this work, compared with the light phosphorus diffusion (red lines). The resulting

electric fields for both profiles at 500 °C with an influx of hydrogen of 1 x 10'*ecm™

257! are plotted on the right axis. (b) Simulated interstitial hydrogen con-

centrations at 500 °C for the boron emitter structure after 1s (solid blue line), phosphorus diffusion after 1s (red line) and 2.7 s (dark red line). The H" concen-
tration for the boron emitter structure is depicted with a dashed blue line that largely coincides with the interstitial hydrogen concentration.
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due to the lower mobility of holes, the sheet resistance is
~110Q/sq. c.f. 89 Q/sq. for the phosphorus emitter. For sim-
ilar sheet resistances, still more boron will be required,
which introduces more traps for hydrogen within the emitter.
Comparing Figs. 7(a) and 7(b), it may be observed that
despite the similar electric field strengths across the emitter,
the transport of interstitial hydrogen is significantly lower for
the boron emitter. This is due to the fact that the hydrogen
charge state cross-over point will always occur on the n-type
side of the metallurgical junction. The transport of hydrogen
across a boron emitter will therefore be opposed by the elec-
tric field over its entire dimension.

These results are also affected by the trapping of hydro-
gen at phosphorus and boron in their respective emitters. As
mentioned in Sec. III C, the experimentally observed values
used in our simulations predict a stronger trapping of H™ as
HP than H' as HB; however, most reports in the literature
would expect the opposite to be true.*”*>'%* While there is a
lack of reliable data on hydrogen trapping at HP, should it be
weaker or comparable to trapping at HB, this would exacer-
bate the reduction in hydrogen transport across a boron emit-
ter compared with a phosphorus emitter.

The difference between transport across phosphorous
and boron doped emitters is likely to become even more pro-
nounced under non-equilibrium conditions. Using the cap-
ture cross-sections in the current model, any increase in the
hole concentration in an n-type emitter will act to increase
the concentration of H" in this region. In contrast, increasing
the electron concentration in a heavily boron doped region
will lead to a much smaller increase in the H™ concentration.

VII. IMPLICATIONS FOR DIFFERENT CELL
ARCHITECTURES

The simulated dependence of hydrogen introduction on
the phosphorous emitter profile has important implications
for screen-printed solar cell structures. The emitter peak dop-
ing concentrations in these cells have been decreasing for a
decade,'® largely stimulated by reducing the inactive phos-
phorus clusters,'® which act as recombination sites,'®” and
enabled by improved silver pastes.'®'% It might therefore
be expected that modern solar cells are experiencing elevated
bulk concentrations of hydrogen in the base region.

Another observation from these simulations relates to
differences in the behaviour of hydrogen at these tempera-
tures in standard, full-area aluminium back surface field cells
(Al-BSF) compared with Passivated Emitter Rear Cells
(PERC), which have only localized BSF’s."'M! Tt is
expected that the PERC structure will contain much higher
concentrations of hydrogen within the silicon bulk for the
following reasons.

The primary difference is the presence of an effective
hydrogen source, most commonly in the form of an AlO,:H/
SiN,:H stack,''? at the rear of the PERC cell, as opposed to
an effective hydrogen sink in the form of a full-area Al:Si
alloyed region. Hydrogen may be introduced into a PERC
cell from the rear-passivating layer with no significant diffu-
sion barrier beyond that encountered in the bulk silicon. The
presence of another hydrogen source at the front surface,
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albeit one screened by a phosphorous emitter, means that at
the very worst, net out-diffusion from the front surface is
unlikely. It might therefore be expected that significant con-
centrations of hydrogen might be built up in these devices as
a result of processes at temperatures from 200 to 600 °C,
potentially including cooling from the co-firing process.

In contrast, for hydrogen to be introduced into full-area
AI-BSF cells, it must be released from a SiN,:H layer on the
front surface and be transported across a heavily doped phos-
phorous emitter. Much of hydrogen within the bulk that man-
ages to diffuse to the rear surface will also segregate to the
Al:Si alloyed region and therefore it is predicted that a much
less significant build-up of hydrogen will occur in standard
cells with processing below 873 K.

As a result, processes related to hydrogen are expected
to be much more pronounced in PERC structures. This may
be a significant benefit in passivating defects in multicrystal-
line silicon"”® and accelerating the permanent deactivation
of the boron-oxygen defect.''*!'* An increased effectiveness
of boron-oxygen treatment processes on PERC cells has
already been reported, although it is difficult to separate any
effects of increased hydrogen concentration from those due
to increased carrier concentrations in PERC cells under illu-
mination when compared with full-area AI-BSF devices.'®
However, there are also some potentially deleterious effects
linked to these elevated hydrogen concentrations, including
the formation of hydrogen-related defects.'®-*

A further implication of our simulations concerns pas-
sivated emitter totally diffused (PERT) cells on n-type
wafers. Because no BSF can be formed with Al contacts, the
difficulties of local phosphorus diffusions are avoided by
having a full-area phosphorus diffusion with the hope to
require only a mediocre rear passivation quality. Hence, both
the front (and rear) surfaces receive a full-area boron (and
phosphorus) diffusion, so it is difficult to incorporate H into
the base region. The simplicity of having solely full-area dif-
fusions may be offset by difficulties in improving excess car-
rier lifetime, as particularly the passivation of shallow,
thermally generated defects is important in such cells. The
carrier lifetime is often lower at the end of fabrication com-
pared with the initial lifetime in the wafer."'

Interdigitated back contact (IBC) cells on n-type wafers
usually have a very light and shallow phosphorus diffusion
to form a front surface field (FSF), if at all, and therefore can
be flooded with hydrogen at rather low temperatures.

VIil. RE-DISTRIBUTION OF HYDROGEN ACROSS
PHOSPHOROUS EMITTERS

While the mechanism by which hydrogen might be
introduced to the bulk of solar cell structures during firing
processes is of most interest, it is also instructive to examine
how hydrogen might be redistributed during subsequent ther-
mal processes. In particular, a number of post-firing thermal
processes have been proposed to deal with issues such as
degradation in mono- and multi- crystalline silicon,'>'*'®
and to perform low temperature gettering.'"''®

The simulations in Fig. 8 assume a uniform initial
hydrogen distribution throughout the material, and zero
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FIG. 8. Depth profile of total hydrogen concentration with no surface flux
when annealed at 400 °C with the heavy phosphorus doping profile. The ini-
tial hydrogen concentration was uniform, at 1 x 10'¢ atoms/cm3.

out-diffusion from the silicon surface. While this scenario is
again somewhat simplistic, it does allow examination of the
general behaviour of hydrogen during post-firing processes.
In line with previous work, under similar conditions, it is
assumed that all hydrogen initially begins as H, 5 dimers.

Compared with the simulations on in-diffusion in Sec. V,
it is unsurprising that hydrogen in the emitter is swept towards
the surface by the electric field, and largely exists bound to
phosphorous at these sites. Perhaps less expected is the extent
to which hydrogen from the bulk p-type material migrates to
the emitter region. In a matter of minutes at 400 °C most of
the hydrogen in the first 20 um of the material is simulated to
move to the emitter. This extraction would be even more rapid
were it not for most of the hydrogen in the bulk existing as
dimers at this temperature. Once more, this is largely driven
by the presence of the cross-over point, creating a strong local
minimum in hydrogen concentration.

For these samples, the assumption of uniform distribu-
tion is more accurate than might be supposed. As the primary
region of interest lies beneath the metal contacts, which are
rapidly fired through the SiNy:H layer at with 1 to 2s at high
temperature, there is likely less in-diffusion of hydrogen
from the front surface. In which case, hydrogen from the rear
dielectric layers and lateral diffusion of hydrogen in the bulk
will likely lead to a more uniform depth distribution than for
regions without metal contacts.

Experimental evidence for the build-up of hydrogen at
solar cell surfaces may be found in recent observations of an
increase in front contact resistance when cells are thermally
processed after firing of the metal contacts."*'"” Figure 9
depicts this change for industrial multicrystalline PERC cells
annealed at 353 °C, which follows a similar behaviour to the
simulated build-up of hydrogen at the front surface, albeit
with a much larger time constant. While some authors have
attributed this to a thickening of the glass layer at the Ag/Si
interface,''” a recent study observed a high degree of insta-
bility in the contact resistance under an applied bias at room
temperature.”* Furthermore, the behaviour under bias is con-
sistent with the motion of H™, the dominant form of mobile
hydrogen in heavily doped n-type materials at this tempera-
ture. It is not yet clear whether the hydrogen is located at the
interface itself or in the underlying silicon.

It is possible that this redistribution of hydrogen will
also affect the hydrogen and defect activity within the bulk.
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FIG. 9. Series resistance as a function of annealing time at 353 °C for indus-
trial p-type multicrystalline PERC solar cells.

In particular, if the temperature is high enough to lead to a
significant dissociation of hydrogen-defect complexes, the
reduction in total hydrogen concentration in the bulk may
lead to an increase in recombination active defects and hence
a reduction in bulk lifetime. Conversely, several recent
papers have identified hydrogen as potentially involved in
bulk lifetime degradation of silicon materials,l*g’16 and as
such, it may be that reducing the concentration of hydrogen
in the bulk that is not passivating deep level defects will
reduce the rate and extent of degradation and increase the
stable bulk lifetime of the silicon material. This could poten-
tially explain why these post-firing thermal processes appear
to be effective at reducing degradation effects.

IX. CONCLUSION

The use of hydrogen to passivate defects in silicon is
essential in order to achieve high efficiencies on materials
containing significant impurity concentrations. If hydrogen
passivation techniques are to be effectively deployed at tem-
peratures below those currently used for metal co-firing,
there are a number of challenges that need to be met. An
effective source of atomic hydrogen is required to introduce
hydrogen into the silicon; however, this is in many ways the
easiest hurdle to overcome. More challenging is to ensure
that hydrogen is distributed throughout the silicon bulk in
such a way that it passivates recombination centres.

To this end, our simulations lead to three primary con-
clusions. Firstly, as expected, the transport of hydrogen
across an n-type emitter is heavily dependent upon tempera-
ture. Secondly, the transport of hydrogen under equilibrium
conditions is largely driven by the charged species of hydro-
gen, with the switch from a dominance of H™ to H' within
the emitter region critical to significant transport across the
junction. Finally, the doping profile within the emitter plays
a key role, in particular, the peak doping concentration has a
large influence on how much hydrogen reaches the silicon
bulk.

It was observed in our simulations that during post-
firing anneal, hydrogen will preferentially migrate to the sur-
face of a phosphorous doped emitter, drawing hydrogen out
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of the p-type bulk. This may play a role in several effects
observed during post-firing anneals.

While the simulations in this work can illuminate gen-
eral behaviours, there are several open questions.
Comparison of the model with further experiments may well
lead to improved values for many of the input parameters,
with the trapping of hydrogen at phosphorus at elevated tem-
peratures of particular importance. In addition, the influence
of non-equilibrium conditions should also be investigated.
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APPENDIX: MATHEMATICAL DETAILS OF THE MODEL

The simulations in this paper were carried out using a
MATLAB script. Using a finite element method at each loca-
tion, values were determined for interstitial hydrogen in each
charge state as well as for hydrogen bound to dopant ions
and hydrogen dimers as shown in Fig. 10.

The flux between points n and n + 1 is given by

Jn :JH+,n+ JH°,n+ JH*,n +JH2A,/1; (Al)
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FIG. 10. Representation of hydrogen trapping and transport between finite
elements.
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where
Hy| - |H,
JH*,n = Dy~ [ ] [ +l] + /JH+En [H,-H [HL_]L (A2)
Xnt1 — Xn
HO _ HO
Jo,, = Do 1] = [H.1] : (A3)
: Xn+1 — Xn
H-n — YH- Hyg-Lp [ n][H,,+1]7 ( )
Xnr1l — Xp
Hou | — [Hop,
i = Din [Hoan] — | 2A71+1]. (AS)

Xn+1 — Xp

From Eq. (A2) and (A4), it may be observed that diffu-
sion between locations is calculated based on the difference
in values for each charge state of hydrogen, while drift for
locations is calculated using the geometric mean of the val-
ues for H™ and H™. This was preferred to the arithmetic
mean due to handling situations with large differences in
interstitial hydrogen concentration, such as during the initial
stages of in-diffusion.

The total change in interstitial hydrogen concentration
at point # is thus

O, _ Jus—Jy OB OlHP]  OlHa]
Ot Xpp1 — Xp_i ot ot ot
O[Hxc)
2 EraE (A6)

where the rate of change of hydrogen trapped at dopants and
dimers is given by Eqs. (7), (8), (11), and (12). The simula-
tions were performed on a non-uniform domain of 20 um
depth. The left boundary conditions were defined by a user
set constant flux into the front surface, which was either
1x10" atoms/cmz/s or 0. At the rear surface, a Neumann
boundary conditions was applied with zero flux out. While
this limit on the domain is smaller than most solar cell thick-
nesses and can lead to an erroneous increase in bulk hydro-
gen concentration, this effect is negligible in our simulations
and does not affect the general behaviour.

The overall system is strongly coupled to the interstitial
hydrogen concentration and is mathematically stiff. This sys-
tem was defined over a non-uniform vector in x, with spac-
ing ranging from 5nm at the surface to 100 nm in the bulk.
This system of equations was solved with a normalized toler-
ance criterion of 0.1% evaluated against the 2nd order back-
wards differentiation formula in the interstitial hydrogen
concentration

AP AP 2 OH;
Hi,n =|1+— Hi,nfl _—nHi.,an"'_Atn_la
( 3At§+l> 3A2, 37" o
(A7)

where H; is the total interstitial (H" + H® + H™) hydrogen
concentration at each point and Ar is the timestep. Since the
system 1is strongly coupled with interstitial hydrogen, the
most dynamic species this was sufficient to achieve conver-
gence. In order to increase the size of time-steps that fulfilled
this tolerance, a single Newton-Raphson iteration was
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performed in the interstitial hydrogen concentration, with
accompanying normalization of the bound forms of hydro-
gen performed to fulfil continuity conditions. If a simulation
step failed to meet the tolerance criteria with one iteration, it
was discarded and the time-step halved for the next simula-
tion step. While more than one iteration improved the con-
vergence of the results, it was computationally expensive. In
contrast, increasing the tolerance criteria improved the simu-
lation speed, but led to larger fluctuations in the outputs, in
particular, the bound concentrations of hydrogen.

When a simulation successfully met the tolerance crite-
ria, the program moved to the next step with a 5% increase
in time-step. In this way, the time-steps increased throughout
the simulation until they reached the limit for which suffi-
cient convergence could be achieved. This was found to be
heavily temperature and structure dependent. For simulations
using the heavy diffusion profile, the average time-step at
300 °C was 3.5 us compared with 29 ns at 700 °C.

The electric potential and field within the structure,
along with the concentration of electrons and holes was cal-
culated every 500 time-steps using a simple 1D equilibrium
Poisson solver.''® Replacing this with a non-equilibrium
solver will be necessary for simulations using carrier genera-
tion or applied bias to manipulate the internal electric fields
and hydrogen charge states. The effective doping at each
node was taken as

Np.oy = Np + [H'| — [HP], (A8)
Naeo = Na+ [H™] — [HB]. (A9)

Incomplete ionisation was not considered in these simu-
lations. While this may mean that the doping profile at
300°C and above is slightly different than the electrically
active profile measured at room temperature, the maximum
difference is predicted to be less than 25% at doping concen-
trations between 1x 10" and 1 x 10" atoms/cm3, and
smaller again outside this mnge.100 Furthermore, differences
between temperatures of 300 °C and 700 °C as used in these
simulations would be negligible.

Storing the data for each simulation step was found to
be impractical with a personal computer. Instead, only the
past two time-steps (required for the backwards differentia-
tion formula) were kept, and every 20 000 time-steps, the
data for each variable was written to an output. These output
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