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Polysilicon/oxide (poly-Si/SiOy) passivating contacts are a promising technology for the next-generation of high-
efficiency silicon solar cells. The structure can be realised by a range of fabrication techniques, which can induce
very different impurity gettering effects during the formation process. Understanding the different gettering
effects will enable tailored solutions to optimise the gettering efficiency in device fabrication. This paper dem-
onstrates a method to separately quantify the impact of each component on the overall gettering effect of the
poly-Si/SiOy passivating contact structures. These components consist of the heavily doped poly-Si layer, in
terms of its gettering strength; the SiOy interlayer, regarding its potential blocking effect for slowing down the
diffusion of impurities; and the dopant in-diffused surface regions of the silicon wafer bulk directly below the
SiOy interlayer, which may have a small additional gettering effect due to heavy doping. Phosphorus in-situ
doped poly-Si layers from plasma-enhanced chemical vapour deposition (PECVD), coupled with SiOyx in-
terlayers from different growth techniques, were used to demonstrate the method. The experimental and
simulation results confirm that the heavily doped poly-Si layer acts as the main gettering sink and the presence of
different SiOy interlayers determines the overall gettering rate. For the ultrathin SiOy interlayers studied in this
work, which have a similar thickness but different stoichiometry, a standard thermally grown SiOx demonstrates
the strongest blocking effect, followed by a chemically grown SiOy from hot nitric acid, and a thermal SiOx of a
reduced stoichiometry (grown in a pure nitrogen ambient) demonstrates practically no blocking effect.

Iron

1. Introduction

Passivating contacts based on the structure of a heavily doped pol-
ysilicon layer on an ultrathin silicon oxide interlayer (poly-Si/SiOx) have
enabled substantial solar cell efficiency gains in recent years [1-3]. A
wide range of techniques have been demonstrated to fabricate the pol-
y-Si/SiOy structure in a robust fashion (see, e.g., a review in Ref. [4]).
These techniques, however, can result in very different impurity get-
tering effects during the structure formation process [5-9].

Due to cost constraints, solar-grade silicon materials are inherently
less pure and the cleanness of the photovoltaic manufacturing facilities
is generally less well controlled than in the microelectronic industry.
Removing impurities from the silicon wafer bulk to a region that has less
of an adverse impact on the overall device performance, a process
referred to as gettering, is therefore a crucial aspect of the solar cell
fabrication process. Gettering of metallic impurities by the heavily
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doped poly-Si/SiOx during the high-temperature formation process was
found to improve the bulk material quality of silicon substrates without
compromising the surface passivation effect of poly-Si/SiOx [5]. Un-
derstanding the gettering effects, kinetics and mechanisms of the pol-
y-Si/SiOy structures will enable further optimisation of the structure
formation process to realise mass-production of high-efficiency solar
cells on low-cost silicon materials.

In order to understand the different gettering effects of various poly-
Si/SiOy structures, this work aims to demonstrate a method to separate
and quantify the individual impact of each component on the overall
gettering effect of the poly-Si/SiOx. These components include the
heavily doped poly-Si layer, which acts as the main gettering sink [6];
the ultrathin SiOy interlayer, which in some cases hinders the transport
of impurities from the silicon wafer bulk to the poly-Si gettering layer
[5]; and the heavily doped crystalline silicon (c-Si) near-surface region
directly beneath the SiOy interlayer, which may contribute to an
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additional gettering effect because of heavy doping [10]. Combining the
effect of each component, the overall gettering effect of the poly-Si/SiOy
structure during the applied formation process can then be reproduced.

2. Experimental details

A flowchart summary of the experimental procedures is shown in
Fig. 1.

Iron (Fe) was used as a marker impurity in silicon to assess the get-
tering effect. High-quality float-zone (FZ) silicon wafers with intentional
Fe contamination were prepared. The silicon wafers were boron doped
with a bulk resistivity of 2.5 Qcm, and were 290 + 10 pm thick after
surface etching in a tetramethylammonium hydroxide (TMAH) solution.
Intentional Fe contamination into the silicon wafer bulk was achieved by
ion implantation of °°Fe and subsequent high-temperature (1000 °C)
annealing to distribute Fe atoms evenly throughout the wafer thickness.
The wafers were unloaded from furnace at a high temperature of 900 °C
to minimise Fe precipitation, as the solubility limit of Fe at 900 °C [11] is
above the implanted Fe concentrations of 10'2 — 10'® cm~3 (volumetric
concentration after distribution) and a rapid cool-down in high air flow
(within minutes) is highly unlikely to cause significant precipitation
effects. The high-temperature distribution anneal was carried out in a
dry oxygen and subsequently nitrogen ambient, which promoted the
growth of surface silicon dioxide layers for surface passivation effects.
This allowed minority carrier lifetime measurements to determine the
dissolved interstitial Fe (Fe;) concentrations in the silicon wafer bulk
(technique to be detailed below). The bulk Fe; concentrations were
found to agree well with the implanted Fe doses, indicating minimal Fe
precipitates in the samples. Further details of the ion implantation and
annealing process can be found in Refs. [12,13].

Silicon wafers with no intentional Fe contamination were included as
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p-type FZ Si wafers, etch and clean
Fe ion implantation No Fe controls
1000 °C distribution anneal in oxygen and nitrogen
Measure lifetime and bulk [Fe]
Remove thermal SiO, in HF
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Activation plateau at 800 °C, cool-downto 750 °C, then
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Fixed-temperature cumulative anneals
(not all anneals on the same sample)

No SiO, & thermal SiO,:

* 800 °C, then 650 °C anneals
* 800 °C, then 700 °C anneals
* 800 °C, then 750 °C anneals
« 800 °C anneals

« 850 °C anneals

* 900 °C anneals

Less stoich. thermal SiO, &
nitric SiO,:

* 800 °C, then 650 °C anneals
* 800 °C, then 700 °C anneals
« 800 °C anneals

Measurements
* Aftereach anneal: lifetime, bulk [Fe/], sheet resistance
* After all of the anneals, on controls: ECV

Fig. 1. A flowchart of the experimental procedures.
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control samples to monitor the surface passivation and process-induced
Fe contamination levels in the silicon wafer bulk. The control samples
consisted of both n-type ~100 Qcm FZ and p-type 2.5 Qcm FZ silicon
wafers. The latter ones were the same as those used for Fe implantation,
and were co-processed during the high-temperature distribution anneal.

Lifetime samples with symmetric poly-Si/SiOy structures were then
prepared. The thermally grown silicon dioxide layers were removed in a
dilute hydrofluoric acid (HF) solution and the wafers were then cleaned
in a standard Radio Corporation of America (RCA) cleaning process.
After that, the silicon wafers underwent different SiOy growth methods:
chemically grown SiOy in hot nitric acid, and thermally grown SiOy at
600 °C with two different oxygen/nitrogen gas ratios, resulting in SiOx
layers of different stoichiometry [14]. One set of the thermal SiOx layers
was grown in a gas atmosphere containing oxygen and nitrogen, rep-
resenting a standard thermal SiOy interlayer, and its detailed charac-
terisation can be found in Ref. [14] (denoted as “TO 1” in Ref. [14]). This
SiOy is referred to as “thermal SiOy” in this paper. The other thermally
grown SiOy layers were grown in a pure nitrogen ambient, and are ex-
pected to be less stoichiometric than “TO 17 in Ref. [14]. This is denoted
as “less stoichiometric thermal SiOy” in this paper. The thicknesses of the
nitric, thermal, and less stoichiometric thermal SiOy layers were 1.3 nm,
1.2 nm, and 1.2 nm, respectively, from spectroscopic ellipsometry. One
set of the samples had no SiOx layer prior to the amorphous silicon (a-Si)
deposition.

The samples were then coated with 40-nm phosphorus (P) in-situ
doped a-Si films on both sides via plasma-enhanced chemical vapour
deposition (PECVD), using a Centrotherm cPLASMA 2000 PECVD tool
[15,16]. The film thickness was measured by spectroscopic ellipsometry.
The samples then received high-temperature annealing to activate/-
diffuse the dopants and recrystallise a-Si into poly-Si films. The
annealing condition was 800 °C for 20 min in nitrogen, with a ramp-up
from 750 °C at a rate of 10 °C/min and a ramp-down to 750 °C at a rate
of 3 °C/min. A remote plasma hydrogenation process (RPHP) [17] at
400 °C for ~30 min was performed to further enhance the passivation
quality of the poly-Si/SiOy structures.

Cumulative anneals at fixed temperatures (650-900 °C) were plan-
ned after the poly-Si/SiOx formation process (i.e. the aforementioned
800 °C activation and 400 °C hydrogenation). However, because the
formation process itself was found to already getter a fraction of Fe from
the silicon wafer bulk to the poly-Si layer, in some cases the remaining
bulk Fe concentrations were too low to allow an accurate measurement
of the subsequent bulk Fe loss kinetics during fixed-temperature anneals.
Since the distribution of Fe in the poly-Si layer and the silicon wafer bulk
depends on the segregation coefficient (k) of the poly-Si at steady state
and the k, decreases with increasing temperature (as will be shown
later in Sect 4.2.1), annealing at a higher temperature (higher than the
temperature of the last process step) drives some Fe from the poly-Si
back into the silicon wafer bulk, thus increasing the initial bulk Fe
concentrations prior to the fixed-temperature anneals. In other words,
Fe can be cycled in different regions of the sample depending on the
annealing temperature (i.e. the temperature-dependent kg, as will be
shown in Eq (1) later).

Therefore, prior to each set of the cumulative anneals at 650 °C,
700 °C and 750 °C, the samples went through an 800 °C anneal from
minutes to tens of minutes to drive a fraction of Fe back into the silicon
wafer bulk. The exact amount of time needed to reach steady state de-
pends on the blocking effects of the different SiOy interlayers and was
guided by the kinetic simulation (to be detailed below). 800 °C was
chosen as it was found to have a minimal impact on the sheet resistance
of the samples after annealing for a relatively short time, indicating
insignificant dopant in-diffusion. The reverse process of Fe diffusing
back into the silicon wafer bulk was also traced at 800 °C to study the
kinetics. Since the gettering kinetics at 850 °C and 900 °C are too fast to
be accurately measured, only the steady state conditions were measured
and confirmed by additional anneals.
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The fixed-temperature anneals were carried out in a nitrogen
ambient. The samples were loaded in and out of the tube furnace at the
respective annealing temperature, and were rapidly cooled down in a
high air flow within minutes. The effective minority carrier lifetime, Fe;
concentration in the silicon wafer bulk, and sheet resistance of the
samples were measured after each annealing step. The dopant depth
profile was measured after contact formation and then after all of the
annealing steps on control samples.

The effective minority carrier lifetime of the samples was measured
by a photoconductance-based lifetime tester (WCT-120 from Sinton In-
struments) [18], either in a quasi-steady-state or a transient decay mode.
The sheet resistance of the samples was measured by both
four-point-probe and dark conductance from the lifetime tester. The
electrically active phosphorus depth profile was measured by electro-
chemical capacitance-voltage (ECV) using a WEP Wafer Profile CVP21
tool.

The Fe; concentration in the bulk of p-type silicon wafers was
measured by a lifetime-based technique, from comparing the effective
minority carrier lifetimes before and after Fe-B pair dissociation via
strong illumination [19-21]. This technique enables the effects of other
light-insensitive recombination channels, such as surface recombina-
tion, to be “cancelled out” in the calculation of the bulk Fe; concentra-
tions. The surface lifetime (i.e. lifetime solely due to surface
recombination) was estimated from the control samples with no inten-
tional Fe contamination. The exact surface lifetime is in principal not
critical, as long as the bulk lifetime due to Fe contamination is the
dominating effect. This was mostly the case for the poly-Si/SiOx sam-
ples. The samples without the SiOy interlayer, however, had much
poorer surface passivation such that the surface lifetimes and bulk Fe
lifetimes were comparable on the same order of magnitude, especially
after gettering. This led to much bigger uncertainties in the calculated
bulk Fe concentrations in these no SiOx samples, as will be shown later in
the results. A 5% uncertainty in lifetime measurements [22] before and
after Fe-B pair breaking was assumed to estimate the uncertainty in bulk
Fe; concentration.

3. Simulation details

As the heavily doped poly-Si layer was identified to be the main
gettering region in the poly-Si/SiOx structure [6] and gettering was
found to occur through a segregation mechanism [5,6], the gettering
kinetics are simulated based on a diffusion-limited segregation gettering
model, using the algorithm outlined in Ref. [23] to numerically calculate
Fe diffusion and segregation in the c-Si/SiOyx/poly-Si structure.

The diffusivity and solubility of Fe in the c-Si wafer bulk, denoted
here as D, and S, respectively, were from Refs. [11,24]. By the
definition of the segregation coefficient (ksy), the solubility of Fe in the
poly-Si (Shy,
Spety = Sc<si % Kseg. The kyeg of Fe from ¢-Si to poly-Si was experimen-
tally determined from the initial and final steady state Fe concentrations
in the silicon wafer bulk, by the conservation of mass [25]:

) was determined from the kg, of Fe from c-Si to poly-Si:

Ko = [F e}[m/}',s.\ _ ([Fele—si_ini — [Felc_si_ys) % twufer/ Tpoly Eq (1)
[Fe]o_si_y [Fe]o_gi_y
where [Fe],;, . is the Fe concentration in the poly-Si layer at steady

state, [Fe]._g i and [Fe]._g  are the initial and steady state Fe con-
centrations in the c-Si wafer bulk, and t,o;, and t,pr are the thicknesses
of the poly-Si layer and silicon wafer (half wafer thickness if gettering on
both sides).

Note that Eq (1) assumes that all Fe atoms that are lost from the
silicon wafer bulk are relocated to the poly-Si layer, which is valid if the
total amount of Fe gettered by the other regions, the in-diffused surface
region and the ultrathin SiOy interlayer, is negligible in comparison.
Otherwise, the Fe concentrations in these other layers need to be
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accounted for in the conservation of mass. Eq (1) was used in most parts
of this work, as will be explained later.

As will be shown later in Sect 4.2.2, the Fe concentration in the sil-
icon wafer bulk reaches a steady state after a sufficiently long annealing
time. At high temperatures of 800-900 °C, the steady state Fe concen-
trations are below the solid solubilities of Fe in c-Si [11,24], which again
confirms the segregation gettering mechanism. Eq (1) assumes a con-
stant kg, in the poly-Si layer, which is reasonable here as the phosphorus
concentration in the in-situ doped poly-Si layer is relatively uniform and
does not change significantly during annealing (Sect 4.2.3).

The diffusivity of Fe in the heavily doped poly-Si is unknown, and is
probably affected by the gettering (in other words, trapping) capacity of
the poly-Si layer. Similar to the approach used in modelling phosphorus
diffusion gettering (PDG) in c-Si [25], the Fe diffusivity in the poly-Si

gettering layer (Df7, ) was estimated by Die, = Di¥; /kseg. Simulations
showed that assuming Df¢, = D{’; produced the same result as Dje; =

DFe g, /keg, as was previously observed in modelling PDG [25], since the
diffusion through the silicon wafer bulk remains as the rate-limiting
factor for the gettering process (without considering the blocking ef-
fect of the SiOy interlayer).

The diffusivity and solubility of Fe in different SiOy layers (denoted
as DF¢ and Sf¢) are even less certain and were treated as fitting param-
eters in the simulation. As summarised in Ref. [26], the data of D‘Zf; in the
literature are sparse, and there are conflicting S’ data in the literature.
The diffusion kinetics is determined by the flux, which is proportional to
the product of diffusivity and solubility, as well as the difference in the
supersaturation ratios of any two regions (defined as two nodes in nu-
merical simulation) [23]. The difference in the supersaturation ratios, or
the difference in the concentrations if both nodes are within the same
material, diminishes as the segregation process approaches steady state.
Therefore, to quantify the diffusion process, in this work we will report
the fitted product of diffusivity and solubility, DF¢SF, in different SiOy

interlayers. For the same DFESE, different combinations of DF¢ and SF¢

produce the same kinetics, unless S is so high (e.g. higher than ngb,)
such that Eq (1) needs to be modified to account for a high Fe concen-
tration in the ultrathin SiOy interlayer.

Lastly, the simulated Fe concentration profiles (depth-wise in the c-
Si/SiOyx/poly-Si structure) were averaged to produce the average Fe
concentration in the silicon wafer bulk, as a function of annealing time,
in order to compare with the experimentally measured Fe reduction
kinetics. Before gettering steady state is reached, the Fe distribution
across the wafer thickness is non-uniform as gettering sinks are only
present on the wafer surfaces. Nevertheless, the measurement of average
Fe concentrations from the lifetime-based Fe-B pair dissociation tech-
nique was found to be not significantly affected by the inhomogeneous
Fe distribution across the wafer thickness [27].

4. Results and discussion
4.1. Comparison after a typical formation process

Fig. 2 compares the fraction of the remaining Fe concentration in the
silicon wafer bulk after a typical poly-Si/SiOy structure formation pro-
cess (high-temperature anneal and hydrogenation), for samples with no
or different SiOy interlayers. Despite the different SiOy interlayers, all of
the poly-Si/SiOx samples obtained a good surface passivation effect,
with the implied V. of the p-type control samples in the range of
710-725 mV, representing a typical cell process (i.e. process not opti-
mised for gettering). On the other hand, the p-type no SiOx samples had
a low implied V,. of 615 mV, as expected. The process-induced bulk Fe
contamination was estimated to be on the order of 10° cm~3, which is
well below the remaining Fe concentrations in the intentionally-
contaminated samples (on the order of 10! — 10'2 cm~2). Because the
samples had different initial bulk Fe concentrations in the range of
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Fig. 2. Experimental and simulated fraction of the remaining Fe concentration
in the silicon wafer bulk after high-temperature activation (800 °C) and hy-
drogenation (400 °C). The samples had the same PECVD phosphorus-doped
poly-Si layers but different SiOy interlayers. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

10'2 — 10'% cm~3, the remaining Fe concentrations were normalised to
the respective initial concentrations. That is, the 100% mark in Fig. 2
indicates the initial bulk Fe concentration from ion implantation prior to
any gettering process.

As the samples had the same poly-Si layers (the predominant get-
tering sink [6]) and the different SiOy interlayers only affect the get-
tering rates but not the gettering capacity of the poly-Si layers (to be
shown later), the different fractions shown in Fig. 2 reflect the different
blocking effects of the SiOy interlayers.

The sample with no SiOy interlayer had no such blocking effect, and
its result reveals the full gettering potential of this particular poly-Si film
during this particular temperature-time profile. As will be shown later in
Sect 4.2.3, dopant in-diffusion into the c-Si wafer bulk after structure
formation (without further anneals) had only a small impact on the
overall gettering effect, even for the no SiOy samples. The results in
Fig. 2 indicate that, the standard thermal SiOy has the largest blocking
effect, followed by the chemically grown nitric SiOx and then the less
stoichiometric thermal SiOy, which practically has no blocking effect.
The slightly lower bulk Fe concentration in the less stoichiometric
thermal SiOx sample compared to the no SiOx sample is partly due to a
small difference in wafer thicknesses, as the simulated (i.e. expected)
residual Fe concentration ratios are 8% for the less stoichiometric
thermal SiOy sample (slightly thinner) and 11% for the no SiOy sample.
However, it is yet unclear what caused the additional reduction in the Fe
concentration ratio in this less stoichiometric thermal SiOx sample.

Combining the effect of each component (poly-Si, SiOy interlayer,
and heavily doped c-Si surface region), as will be characterised in the
following sections, the overall gettering kinetics of the poly-Si/SiOx
structure can be simulated. The resulting bulk Fe concentrations are
simulated considering the whole applied formation process, which
involved an 800 °C 20 min anneal with a 3 °C/min ramp-down to 750 °C
and a subsequent 400 °C 30 min hydrogenation step. As shown in Fig. 2,
a generally good agreement with the experimental results is evident.

4.2. Quantifying the impact of each component

To unravel the individual impacts of the heavily doped poly-Si layer
and SiOy interlayer, fixed-temperature anneals were carried out to study
the temperature-dependent gettering kinetics. After a sufficiently long
annealing time, the residual Fe concentrations in the silicon wafer bulk
reach a steady state level, and as shown in Eq (1) this steady state Fe
concentration ratio reflects the gettering strength of the poly-Si layers
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(Sect 4.2.1). The gettering kinetics (in other words, gettering rate) de-
pends on the blocking effect of the SiOy interlayer. By fitting the
experimental gettering kinetics, the transport of Fe through different
SiOy interlayers can be quantified (Sect 4.2.2). Lastly, the gettering ef-
fect of the in-diffused c-Si surface regions can be estimated from the
depth profiles of the electrically active phosphorus concentration (Sect
4.2.3).

4.2.1. Gettering strength of the poly-Si layer

The segregation gettering strength is commonly quantified by the
segregation coefficient, kg, which is the ratio of the impurity solubility
in the gettering region (in this case, heavily doped poly-Si) to the solu-
bility in the performance-affected region (in this case, c-Si wafer bulk).
As shown in Eq (1), kg can be estimated from the initial and final steady
state Fe concentrations in the silicon wafer bulk, which can be experi-
mentally determined from the fixed-temperature anneals.

Fig. 3 compiles the experimentally measured ki, of all of the sam-
ples, regardless of the presence or type of the SiOy interlayer, at a range
of annealing temperatures. As will be shown later in Sect 4.2.2, the
presence of different SiOy interlayers only affects the gettering rate, but
not the gettering strength (i.e. k) of the poly-Si layer. In addition,
although different degrees of dopant in-diffusion are expected for sam-
ples with no or different SiOy interlayers, the in-diffused amount is too
small to significantly affect the high doping concentration in the poly-Si
layer (Sect 4.2.3).

From the temperature-dependent k., data, the activation energy (E,)
of this segregation gettering process for Fe is estimated to be 2.4 + 0.2
eV (or more precisely, —2.4 + 0.2 eV, as the reaction is exothermic). E,
indicates the enthalpy change between the gettered and un-gettered
states [10].

As the gettering effect of intrinsic poly-Si is weak and gettering is
mainly caused by a high dopant concentration [5], we compare the kg,
of P-doped poly-Si to the kg, of P-doped c-Si from the literature. The
literature kg values were extracted from semi-empirical models
assuming a pairing reaction between substitutional P and interstitial Fe,
with the assistance of vacancies [25,28-30]. The electrically active
substitutional P concentration ([P*]) in the poly-Si layers was measured
by ECV and is around 7 x 10'® cm~3 (see Sect 4.2.3). This [P*] was used
to compute the literature kg, values in Fig. 3.
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Fig. 3. Temperature-dependent segregation coefficients of the PECVD in-situ P-
doped polysilicon layer used in this work (symbols). Also included in this figure
are the segregation coefficients from phosphorus diffusion gettering in c-Si
assuming Fe pairing with electrically active P dopants, from Haarahiltunen
et al. [25], Talvitie et al. [28], and Schon et al. [29,30].
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As shown in Fig. 3, the literature kg of the heavily P-doped c-Si can
vary by 2-3 orders of magnitude and our experimental data lie some-
where in between. The large variation in the reported kg, values high-
lights the uncertainties associated with quantifying phosphorus
diffusion gettering, as there are multiple models proposed in the liter-
ature to explain the gettering mechanisms (e.g. see a brief discussion in
Ref. [30]). In addition, although the measured [P*] in the poly-Si layers
is well below the solubility limit of P in Si [31], we cannot rule out the
possible presence of electrically inactive P in the poly-Si, which can
contribute to additional gettering effects [32,33]. Furthermore, our test
conditions, in terms of [P*] and temperatures, may not fully fall within
the experimental ranges examined in Refs. [25,28-30]. Nonetheless, the
comparison in Fig. 3 gives us confidence in our experimental kg values
of the heavily P-doped poly-Si. The gettering strength of the heavily
P-doped poly-Si seems to be comparable with the phosphorus diffusion
in c-Si of the same doping concentration.

4.2.2. Blocking effect of the SiO, interlayer

It was previously observed that the presence of SiOyx interlayers
adversely affects the gettering effect of poly-Si/SiO after a typical for-
mation process, which was speculated to be due to a reduced mobility of
impurities through the SiOy interlayer [5]. To examine this hypothesis
and to quantify the Fe transport in SiOy, simulations were carried out to
model the diffusion-limited segregation gettering kinetics and fit the
experimental data.

i). Simulation verification

As detailed in Sect 3, the only fitting parameter in the simulation is
the product of Fe diffusivity and solubility in SiOx, DISF¢. For the
samples with no SiOy interlayer, there is no fitting parameter in the
simulation. The good agreement between simulation and experiment for
the no SiOx samples (see Fig. 4) verifies the simulation approach. In
addition, samples with different initial bulk Fe concentrations demon-
strate similar gettering kinetics and segregation coefficients, which
again confirms segregation as the main gettering mechanism.

The injection of hydrogen into the silicon wafer bulk was conjectured
to affect the diffusivity of Fe in silicon [34]. As the no SiOx samples
exhibit gettering kinetics that can be well described by the literature
reported Fe diffusivity in silicon, a modified Fe diffusivity due to
possible bulk hydrogenation effects, such as from the applied RPHP, is
not observed in this work. Moreover, samples prepared with or without
a prior RPHP demonstrate similar gettering kinetics (to be published),
indicating a negligible impact of bulk hydrogenation on the measured Fe
gettering kinetics.
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As mentioned previously, due to the poor surface passivation of the
samples without a SiOy interlayer, the error bars in the measured bulk Fe
concentrations are very large, especially at low Fe concentration levels
(Fig. 4). Some of the lower error bars even extend to zero Fe concen-
trations, such as the ones in Fig. 4(a) where the lower error bars are not
fully displayed. Nevertheless, the consistency of the steady state data
suggests a likely overestimation of the uncertainty range in these no SiOy
samples.

ii). Simulating the reverse process

Intuitively, a gettering process reduces the impurity concentration in
the silicon wafer bulk. However, as the gettering strength decreases with
increasing temperature (Fig. 3), annealing at a higher temperature
triggers a re-distribution of impurities that results in an increased bulk
impurity concentration. An example is shown in Fig. 5, where the
sample was previously annealed at 650 °C to steady state and was then
subjected to 800 °C anneals. Since the model only depends on the
segregation coefficient and diffusion parameters, the kinetics of the
reverse process (i.e. Fe diffusion from poly-Si to c-Si through a SiOx
interlayer) can also be simulated, as demonstrated in Fig. 5.

iii). Comparing the blocking effects of different SiOy interlayers
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Fig. 5. Gettering kinetics at 800 °C, for a thermal SiOy sample. Prior to the
800 °C anneals, the sample reached the gettering steady state at 650 °C, and
thus a lower initial Fe concentration in the silicon wafer bulk than the steady
state at 800 °C. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 4. Gettering kinetics of the samples with no SiOy interlayer, at annealing temperatures of (a) 650 °C and (b) 700 °C. Symbols are experimental data and lines are
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Fig. 6 presents a comparison of the gettering kinetics at 700 °C for
samples with no or different SiO interlayers. The 100% mark in Fig. 6
indicates the initial bulk Fe concentrations prior to this set of cumulative
anneals at 700 °C (see experiment flowchart in Fig. 1). As shown in
Fig. 6, although there are variations in the final stead state fractions of
the remaining bulk Fe concentrations (note the logarithmic scale), the
difference is within a factor of two, which is quite small compared to the
variations as a function of temperature (see Fig. 3). This small difference
in the steady state Fe concentration ratios is possibly due to slight uni-
formity issues in PECVD. The presence of different SiOy interlayers is
shown to only change the gettering rate, but not the final steady state
fraction of the remaining bulk Fe concentrations. The same was also
observed from comparing the gettering kinetics at 650 °C (data not
shown).

The different gettering kinetics of the samples with different SiOy
interlayers can be well described by simulations assuming different
DFegFe in SiOy. The less stoichiometric thermal SiOx and one of the nitric
SiO samples (labelled as “Nitric SiOy, 1) exhibit the same gettering rate
as the no SiOy samples, and therefore the fitted DS in SiOy is the same

o0x~ ox

as in c-Si: Dfesfe = DFe_gfe .. Due to the limited sensitivity of the
average bulk Fe concentration to a high Fe transport through an ultra-
thin SiOy interlayer, DF¢SFe = 5 x 10~ DF* o SF .. can also fit the exper-

0x~0x
imental data, providing a lower bound for the DF¢ST% in such SiOx layers.
Nevertheless, from a practical point of view, these SiOy interlayers have
no blocking effect.

One of the nitric SiOy samples (labelled as “Nitric SiOy, 2”") shows a
slower gettering kinetics that can be simulated by assuming Df¢SFe =
1.5 x 1073 D¢, SF¢ ... There were 2-3 Fe-contaminated samples per test
condition, and only the nitric SiOx samples demonstrate such sample-to-
sample variations in the gettering kinetics, which may be caused by a
non-uniform growth of the chemical SiOx layers in hot nitric acid.

Standard thermal SiOy interlayers illustrate the strongest blocking
effect, which can be fitted by a much reduced Fe transport in SiOy:
DiSee = 2% 107° DI S ;.

Also shown in Fig. 6 are the simulated gettering kinetics using DF¢

Fe scenarios. As dis-

from the literature [26] and assuming different S;¢
cussed in Ref. [26], the solubility data of Fe in SiOy varies by such a large
extent that there is no consensus on whether the solubility in SiOy is
higher or lower than that in c-Si, and experimental evidence for both
cases are available in the literature. We also observed experimentally
either no Fe segregation into thick (tens of nm) thermal SiOy surface
layers from secondary ion mass spectrometry (SIMS) [13,35], or a
seemingly comparable Fe concentration in nitric SiOx and in heavily
doped poly-Si in a poly-Si/SiOx/c-Si structure from atom probe tomog-
raphy (publication under preparation [36]). It is suspected that the
different Fe solubilities may be caused by different SiOx properties.
As shown in Fig. 6, the combination of literature D¢ and Sf¢ = SF¢
produces a gettering kinetics that would take years to happen, which

100%
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certainly disagrees with the experimental findings here and elsewhere
[5-9]. Assuming the same Fe solubility in SiOx and in heavily doped
poly-Si, that is, a strong segregation of Fe into SiOy, yields a gettering
kinetics that are closer to the experimental data of the thermal SiOx
samples, although still slower. However, it is worth emphasising that
this comparison does not indicate that Fe strongly segregates to the SiOx
interlayers, as the actual Fe diffusivities in ultrathin SiOy interlayers may
deviate significantly to the literature DF¢ values, which were derived
from very thick (hundreds of nm) silicon oxide layers.

The analysis of the fixed-temperature gettering kinetics was
extended to several temperatures and the resulting fitted Df2SF are
plotted in Fig. 7, along with the literature values. For the investigated
temperature range of 650-800 °C, the SiOx blocking effect is shown to
increase from the less stoichiometric thermal SiOy (practically no
blocking effect), to the nitric SiOyx in some cases, and then to the stan-
dard thermal SiOy interlayers which demonstrate the strongest blocking
strength. These findings from the fixed-temperature anneals are
consistent with the experimental results from a typical contact
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Fig. 7. Comparison of the product of Fe diffusivity and solubility in c-Si and in
different SiOy interlayers. Symbols are from fitting experimental gettering ki-
netics, and lines are either calculations based on the literature Fe diffusivity and
solubility [11,24,26], or from data fitting the experimentally extracted
DFesFe values.
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formation process (Sect 4.1).

4.2.3. Gettering effect of the in-diffused c-Si surface region

To assess the contribution from the in-diffused c-Si surface region on
the overall gettering effect, the electrically active P dopant concentra-
tion, [P*], in the poly-Si/SiOy/c-Si samples was measured by ECV. Fig. 8
shows the [P*] profiles first after the structure formation process, and
then at the end of all of the further fixed-temperature annealing steps
(see the experiment flowchart in Fig. 1). As can be seen in Fig. 8, dopant
in-diffusion into c-Si is not significant, except for the samples with no
SiOy interlayer especially after further high temperature anneals, as
expected.

The amount of Fe that is gettered by the heavily doped c-Si surface
region can be estimated from the reported segregation coefficient of P-
doped c-Si for Fe [25,28-30]. As previously shown in Fig. 3, there is a
large variation in the reported ks, values. Here we used the kg models
from Haarahiltunen et al. [25] and Schon et al. [29] to evaluate the
upper and lower bounds of the gettered Fe concentrations, respectively,
as these two are closer to our own experimental data (Fig. 3).

Due to the limited depth resolution of ECV, the 1.3-nm SiOy inter-
layer and the onset of the c-Si wafer bulk cannot be exactly located on
the ECV profiles. However, it is reasonable to assume that the interface is
where the [P*] profile starts to drop. This may slightly overestimate the
gettered Fe concentration in the in-diffused c-Si region.

The ECV etch depths of the poly-Si layers are consistently observed to
be smaller than the thicknesses measured by spectroscopic ellipsometry
(unpublished results). This is likely caused by an underestimated etch
rate of the poly-Si in ECV, as briefly commented on in Ref. [37]. The
depth measurement of the c-Si region, however, is well calibrated and
thus does not affect the estimation of the gettering effect of the
in-diffused c-Si region.

For the nitric, thermal, and less stoichiometric thermal SiOx samples
after further fixed-temperature anneals, which have similar ECV profiles
(comparison not shown here), the fraction of Fe that is gettered by the
in-diffused region to the total Fe concentration in the whole poly-Si/
SiOy/c-Si system is in the range of 0.1%-5% at 650-800 °C, calculated
from Refs. [25,29]. The fraction is the same for the no SiOx samples just
after structure formation. After further high temperature annealing, the
fraction for the no SiOx samples changes to 0.5%-16% due to stronger
dopant in-diffusion. Therefore, the results confirm that the majority of
the Fe is gettered by the heavily doped poly-Si layer in this work.

5. Conclusion

To understand the gettering effects of various poly-Si/SiOyx passiv-
ating contact structures, we have presented a method to separate and
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quantify the individual impact of each component on the overall get-
tering effectiveness. These components are identified to be, i) the
heavily doped poly-Si layer, which serves as the predominant gettering
region; ii) the SiOx interlayer, which is a diffusion barrier that de-
termines the overall gettering rate; and iii) the in-diffused c-Si surface
region, which may contribute to an additional gettering effect depend-
ing on the doping level.

The gettering capacity of the poly-Si layer is quantified by a
temperature-dependent segregation coefficient, from the initial and
final steady state Fe concentrations in the silicon wafer bulk. The
diffusion parameter (the product of Fe diffusivity and solubility) asso-
ciated with the SiOy interlayer is extracted via fitting the experimental
gettering kinetics by a numerical simulation of the diffusion-limited
segregation gettering process. The gettering effect of the in-diffused c-
Si surface region is estimated from the dopant depth profile and the
reported segregation coefficient of the heavily doped c-Si.

The experimental results and simulation confirm that the heavily
doped poly-Si layer is the main gettering sink, and the blocking effect of
the SiOy interlayers only slows down the gettering rate, but does not
affect the gettering strength of the heavily doped poly-Si layer, as long as
there is no strong dopant in-diffusion to significantly alter the doping
level in the poly-Si layer. For the investigated SiOy interlayers, which are
of similar thickness but with different stoichiometry, the blocking effect
is shown to increase from a less stoichiometric thermally grown SiOy,
which practically has no blocking effect, to a chemically grown nitric
SiOy, and then to a standard thermal SiOy. That is, the gettering kinetics
is slowest for the samples with thermal SiOy interlayers. Nevertheless, if
given sufficient time to allow impurity diffusion through the SiOy in-
terlayers, the full gettering potential of the poly-Si layer can be achieved.

Combining the temperature-dependent gettering effect of each
component, the overall gettering effect of the poly-Si/SiOx structure
during a typical formation process can be simulated, and is shown to
agree with experimental results. This provides a useful approach to
enable future predictive modelling and optimisation of the gettering
effectiveness in poly-Si/SiOx cell fabrications.
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