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Abstract

Multicrystalline silicon (mc-Si) is a widely used material for photovoltaic applications. The presence
of metallic contaminated grain boundaries strongly affects the crystal electronic properties enhancing
electron-hole recombination, thus reducing the solar cell performance. The present study aims to
investigate the electrical activity of metallic contaminated grain boundaries in mc-Si. Two sets of mc-
Si wafers, contaminated with iron and aluminium, respectively, were analysed. The wafers presented
grain boundaries whose density and character were characterized by Electron Backscatter Diffraction
(EBSD), while their electrical activity was analysed using Conductive Atomic Force Microscopy (c-
AFM). The grain boundary density decreases along the ingot height and the most common coherent
grain boundaries have the character X3". The grain boundary electrical activity is mostly due to
metallic precipitates located at the grain boundaries. In particular, iron precipitates enhance the
current contrast at the grain boundaries. Both fixed voltage maps and current-voltage characteristics
at the grain boundaries were measured to understand and clarify the transport phenomena at grain
boundaries decorated with metallic impurities. The current profiles measured by c-AFM across a
grain boundary were modelled by assuming the contribution of a Coulombic potential introduced by
the positively charged precipitate. Quantitative parameters regarding the segregated iron-related
precipitates are estimated from the model. The results of this study, based on local electrical
characterization and appropriate modelling, will contribute to improving the understanding of the

recombination at iron precipitates at grain boundaries in mc-Si.
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1. Introduction
Multicrystalline silicon (mc-Si) is, together with monocrystalline silicon, the most widely used
material in the photovoltaic industry. However, it contains a high density of extended defects, i.e.,
grain boundaries (GBs) and dislocations, and a wide range of impurities, affecting the output solar
cell performance.

GBs and dislocations can be active recombination centres affecting minority carrier lifetime
[1] and the recombination activity depends on the character and coherency degree of the boundary
[2]. Metal decoration is another factor that enhances the electrical activity, as single impurity atoms
introduce deep levels in the bandgap [3]. The nucleation and coarsening of bigger metallic precipitates
at the GB introduce metal-like density of states, this forms an internal metal-semiconductor junction
with a space charge region that affects the capture rate and the recombination of carriers.

Unintentional contamination by metallic impurities has a detrimental effect on the electrical
properties of microelectronic and photovoltaic devices. One of the most common impurities is iron,
which is often present in feedstocks [4] and crucibles [5]. Iron limits the bulk minority carrier lifetime
of most as-grown p-type silicon wafers [6] because of its large electron cross section [7] and the
conversion efficiencies typically decrease already at concentrations of few parts per billion [8,9]. The
formation and distribution of iron precipitates in silicon ingots [10], the effect of iron contamination
in silicon solar cells [11], and defect-engineering techniques to remove such impurities [12,13] have
been widely studied in literature.

Iron reaches its solubility limit at high temperatures, but supersaturation is not maintained
during the cooling and rapid interstitial diffusion occurs: atoms can either be attracted to dislocations,
act as nucleation sites and give rise to decorated dislocations [14], or aggregate and form intermetallic
compounds with silicon. Iron disilicides are the most common among those compounds, and FeSi»
exists in two stable forms: a-FeSiz, metastable at room temperature, that decomposes very slowly to
B-FeSi2> with a transition temperature of 982°C [15]. Cubic y-FeSi> has also been reported as a
metastable phase that transforms into B-FeSi, beyond a certain size [16].

Although iron silicides are known to be detrimental in photovoltaic devices, they can behave
as beneficial compounds, as the formation of isolated precipitates of single-crystal B-FeSi> by ion
implantation was used to fabricate a stable working silicon-based LED. Thus, this phase is a potential
candidate for an optically active material compatible with the existing silicon technology [17]. This
shows that Fe related precipitates in silicon cannot be described just as lifetime-killers, but they have
a more complex effect on the optical and electronic properties of silicon.

The electrical activity of decorated GBs in mc-Si is usually investigated with the electron
beam induced current (EBIC) technique [3], while conductive atomic force microscopy (c-AFM)
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analyses of GBs in silicon are still in their infancy. However, c-AFM is an interesting method in this
respect, as it allows to study conductivity with a submicron resolution, which is ideal to observe
electrically active precipitates. This technique has already been used on hydrogenated
microcrystalline silicon grown by chemical vapor deposition [18-20], but also for the characterization
of iron contaminated directionally solidified (DS) mc-Si wafers, which found a higher conductivity
at the grain boundaries [21].

In this manuscript structural properties of DS mc-Si wafers are characterized by Electron
Backscatter Diffraction (EBSD). Fe and Al contaminated mc-Si wafers are investigated by c-AFM,
to study the different electrical behaviour of metallic contaminants at GBs. Current profiles across
contaminated GBs are modelled to extract quantitative parameters such as precipitate charge and

radius.

2. Materials and methods

The samples investigated in this study were obtained from two DS mc-Si ingots of size G5, grown in
a quartz crucible, with a silicon nitride coating. To study the effect of different metallic precipitates
on the GBs, one ingot was grown from silicon melt intentionally contaminated with 1000 ppb of iron
and the other with 1000 ppb of aluminium. These two metals are the only contaminants that were
added intentionally, together with boron as doping species to achieve the targeted electrical resistivity.

Five samples from each ingot were characterized with EBSD, to quantify the density of
different types of GBs at different ingot heights. The EBSD measurements were performed using a
JEOL JSM 840A Scanning Electron Microscope, equipped with a TSL MSC-2200 unit for beam
control, TSL OIM software for data acquisition and analysis, and a NORDIF Phosphor detector at an
accelerating voltage of 20.0 kV, tilt angle of 62.5° and a working distance of 30 mm. The samples
have an area of 3 x 3 cm? and their surface was polished using sandpaper with a grit size of 9, 3, and
1 micrometers. An area of approximately 23 x 14 mm? was analyzed in each sample. Since the area
to be analysed was large, the Comboscan technique was used. With this method, the area of interest
was divided in smaller regions, that are scanned sequentially by automatically moving the sample
stage, stored and stitched back together. The stage movement is time consuming, thus a low
magnification of 27x and a beam step size of 50 um were used to have more efficient measurements.

Topography and current maps on GBs were obtained by c-AFM. These measurements were
carried out with a Park NX10 AFM, placed on an active vibration isolation table, and controlled by a
PC with the NX10 Software. During measurements, the room humidity ranged from 35% to 40%.
The AFM tip was a Rocky Mountain 25Pt300B, a platinum tip with spring constant 18 N/m and
radius below 20 nm. The sample was fixed onto a magnetic sample holder with bi-adhesive tape and
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the electrical contact was made with silver paste. All the scans were captured at a rate of 0.30 Hz,
with Z-feedback setpoint 449.055 nN, and gain 0.500. The sample is biased at -10.0V and the
amplifier gain is 10°. As wearing or degradation of the Pt coating of the tip might introduce artifacts
in the measurements [22], the c-AFM maps were repeated to check for reproducibility. These effects
induced by degradation were not observed in the scans. Local current-voltage measurements were
acquired on the silicon grains and on the GBs. Results from the characterization of two samples are
reported, referred as “Fe contaminated” and “Al contaminated”, respectively. Both samples were
chosen from the bottom of the ingots, at a height fraction of ~0.06. Here it is expected a higher density

of GBs, that are known to be preferential sites for the segregation of these metallic impurities.

3. Results and discussion

3.1. Microstructural characterization by Electron Backscatter Diffraction
The EBSD map of the Fe contaminated sample is shown as an example in Fig. 1. A representation of
the grains can be obtained from orientation image maps, where all individual grains are given a colour

depending on their orientation (Fig. 1a).
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Fig. 1 (a) Inverse pole figure of the Fe contaminated sample showing the grain orientation. (b) EBSD
map of the Fe contaminated sample showing the GB character. GB density along the ingot height in

the (c) Fe contaminated and (d) Al contaminated ingots.

Fig. 1b shows the coherent GBs with character 3" in the Fe contaminated sample. Fig. 1(c and d)
shows how the total GB density and the density of the 3" GB, calculated as the length of the GBs
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normalized by the considered wafer area, vary along the height of the iron and aluminium
contaminated ingots, respectively. In both ingots the total GB density decreases as a function of height
fraction and it is almost halved from the bottom to the middle of the ingot, while from the middle to
the top the density becomes more stable, with no noticeable differences [23]. The 3" boundaries are
the most common coherent boundary in mc-Si [24] and their density also decreases along the ingot
height. Other coherent boundaries with a non X3" character, such as X5 and X11, exist in a very small
density compared to the X3" [23].

Adamczyk et al. [25] found that recombination active GBs are mostly small-angle GBs
(boundaries with misorientation angle below 15°), which were not detected with this setup. Segments
of GBs that lack coherence are also recombination active and this is thought to be due to the increased
nucleation site density for metallic precipitates. Among the coherent GBs, X3 boundaries are typically
inactive, and their recombination activity might be related to the presence of metals, while X27
boundaries have a higher recombination activity especially in the middle and top of the ingot [25]. In
fact, £27 are known to be the source of dislocations, but at the bottom of the ingot the density of large
dislocation clusters is much smaller, so the effect of these GBs on the electrical properties is reduced
[23,26].

3.2.Grain Boundaries characterization by Conductive Atomic Force Microscopy

Fig. 2(a and b) show current AFM maps of the Fe contaminated and Al contaminated sample,
respectively. The current maps present a constant background current and dark straight lines,
which means high negative current, that are related to recombination active GBs. The topography
maps (shown in Figure Al in the Supplementary Material) do not have any feature that could be
responsible for the enhanced current flow. The bottom half of the current map in Fig. 2b shows a
higher noise compared to the top half, which was attributed to charge accumulation due to the high

applied voltage.



(b)

Fig. 2 Conductive Atomic Force Microscopy current maps of the (a) Fe contaminated and (b) Al
contaminated samples. Dark regions in the current maps are related to the presence of GBs.

Fig. 3 shows a few current profiles extracted across the GBs in the two samples. The current
maximum variation, calculated as the difference between the average value in the grain and the
minimum value reached at the boundary, is around -2 nA in the Fe contaminated and around -0.7

nA in the Al contaminated.
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Fig. 3 c-AFM maps of the Fe contaminated and Al contaminated samples (a, b) and the relevant

current profiles (c, d) across the line scan sketched in the current maps.



In addition, the GBs of the Fe and Al contaminated samples show different effective GB width
as estimated by the c-AFM maps. The electrical effect of the GB in Fe contaminated has a spatial
extension between 2 and 3 um [21,27], and the width is not homogeneous, suggesting impurity
clustering which can be related to segregation of metallic impurities and/or formation of metallic
precipitates at the GB. On the other hand, the GB width in the Al contaminated sample is lower
(around 1.5 pum) and more homogeneous. The lateral resolution of the instrument is limited by the
size of the tip, and it is generally 100 times larger than atomic scale [28], but, due to the long-range
Coulombic interaction, the widths measured in the current maps are still significantly higher than
the geometric width of silicon GBs, that usually reaches a few lattice constants [29]. The type of
precipitate decorating the GB plays a major role on the electrical properties of the sample: the iron
precipitates segregated at the GB of the Fe contaminated sample are likely to be the main cause
for the higher current contrast.

Local current-voltage characteristics have been measured by c-AFM on the GB and on the
grain in both samples. Measurements were repeated in three different positions on the GBs, and in
eight different positions on the grains, and the average curves are shown in Fig. 4. The Pt tip of
the c-AFM and the sample can be considered as a Schottky junction, and the resulting current-
voltage characteristic is assumed to follow the thermionic emission model. In both cases the tip-
sample junctions are forward biased when the sample has a negative applied voltage. The forward
current is higher at the GBs, confirming the higher conductivity already observed in the current
maps. The GB characteristics in the Al contaminated sample also shows an electrical breakdown

voltage at -9 V.
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Fig. 4 Current-voltage characteristic of the (a) Fe contaminated and (b) Al contaminated samples

on the GB and on the grain.

The characteristics were fitted with the thermionic emission model:

I=1(eB-1)-1, (1)

Here, Is is the saturation current I, = AA*T2exp[—eq@g/kT], where A is the area of the Schottky
junction, A" is the Richardson's constant, T is the absolute temperature of the system, e is the
elementary charge, ¢s is the Schottky Barrier Height (SBH), and kg is the Boltzmann constant; the
expression for the exponential factor B is e/nkgT, where n is the ideality factor of the Pt/Si
Schottky nano-diode; lo is an additional current term related to the surface conduction. The values

of Is, B, and lo were extracted from the fit and the SBH was calculated from Is, using A"=112 A
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cm K2, and T=300 K. The area of the Schottky junction A was estimated as nriip?, with the tip
radius rip=20 nm.

The estimated values of g on the grain and on the GB are reported in Table 1, indicating a
lowering Agpg Of the potential barrier of approximately 0.1 eV at the GB in the Fe contaminated
sample and of 0.075 eV in the Al contaminated sample. The values of Apg could be explained by

the presence of different types of precipitates in the two samples.

Sample o8 Grain (eV) 98 GB (eV) Ags (€V)
Fe contaminated 0.5884 + 0.0005 0.4883 + 0.0002 0.1
Al contaminated 0.6574 + 0.0002 0.5818 + 0.0002 0.075

Table 1 SBH on grain and on GB, estimated from an exponential fit of the curves in Fig. 4.

3.3. Current Profile Modelling

The results reported in Table 1 can be understood on the basis of the hypothesis that FeSi clusters
form at the GB. This hypothesis is based on literature comparison: Lal et al. [30] report similar values
for the SBH (0.59 eV, 0.54 eV, and 0.49 eV) from current-voltage measurements on similar Fe
contaminated samples, as-deposited and after annealing at 500 and 600 °C, respectively. The thermal
annealing causes an increase in the interface state density, leading to a decrease of gg, with the
formation of stable B-FeSiz. In another study [31] on a Cz low-doped ([B]=10%* cm™) silicon bi-
crystal with a ¥25 GB, the sample face was iron plated, heat treated (1200 °C for 3 hours) and then
cooled. This process induced the formation of iron precipitates, giving a SBH of 0.48 eV. Similarly
[32], the deposition of iron on n- and p-type silicon led to the formation of 18 to 35 nm thick layer of
B-FeSi,. Current-voltage measurements with silver paste as back contact found that B-FeSi; is a p-
type semiconductor with high carrier density (on the order of 108 cm™).

The presence of B-FeSi, precipitates might explain the high current contrast between the grain and
the GB. Single impurity atoms in a semiconductor introduce band-like states within the bandgap,
affecting the carrier lifetime. On the other hand, nucleation and coarsening of metallic precipitates,
with a metal-like density of states and their own Fermi level and work function take place. Thus, an
internal Schottky junction forms within the Si matrix, with its space charge region around the

precipitate that determines the capture rate of the carriers.
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The shape of a current profile close to the GB can be modelled by assuming a redistribution of charge
density due to a Coulombic potential introduced by a spherical and positively charged (Q) precipitate

of radius Rp that is just below the surface (Fig. 5a). The precipitate is set at the origin and R is the

distance between the tip and the centre of the precipitate.
(a)

Vsa mple

[¢)]
[&)]

~
o
T

N
)]
T

r

8]
Precipitate radius (nm)

w

(8]

—_
[6)]

Position (pm)

Fig. 5 (a) Schematic of the tip-sample system in a region close to a GB. The charged iron precipitate
(yellow) that decorates the GB introduces a Coulombic potential that induces a charge redistribution
and changes the current flowing between tip (red) and sample. (b) Experimental current profile across

a grain boundary fitted by Equation 3. Inset: distribution of R, calculated from 50 current profiles.

The hole density profile is affected by the charged precipitate and is assumed to have the shape
p(R) = —c/R?. The current density J is given by the usual drift and diffusion terms, but the
precipitate introduces an additional electric potential F(R) that modifies the drift term:

d Vsample
Ul = —eD, o= + euppF (R) + eptypo =72 (2)
where Dy, is the hole diffusion coefficient in silicon, W is the hole mobility, Vsample is the applied
voltage, t is the thickness of the sample ~180 pum) and po is the hole density inside the grain. The

derivation of the current at the grain boundary is detailed in Appendix A.
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Equation 2 can be simplified to:
1 =la=(S+L+y)mmg,? @)
and the parameter £ is related to Q and Rp:

5 unec
o= ﬁ% (Q + 47T€CRp) (4)

Q and Rp are unknowns in the expression of g, and these values are related by the expression of the

carrier density pprec Of a spherical precipitate:

Pprec = EQL (5)

STRp®

The reported values for pprec are between 108 and 10%° cm [33]. For these calculations pprec = 3 x
10 cm was assumed [33]. Fig. 5b shows the fit on the current profile using Equation 3 and R, was
estimated with Equations 4 and 5. This fit was repeated for 50 consecutive current profiles in the c-
AFM scan to improve the statistics on the estimation of the parameters and a distribution with an
average precipitate radius of Ry = (36 = 7) nm was obtained (the distribution of R, is shown in the
inset of Fig. 5b).

With pprec fixed at 108 cm™ and 10%° cm®, the average Rp becomes (110 + 20) nm and (24 + 5) nm,

respectively, in agreement with literature values [33-35].

4. Conclusions
In this study, wafers from two mc-Si ingots were investigated in order to characterize the electrical
activity of iron and aluminium decorated GBs, as these defects severely affect the performance of
silicon-based photovoltaic devices. The total GB density and the density of £3" GBs, measured by
means of EBSD, decrease from the bottom to the top of both ingots. These structural defects affect
the electrical properties of the material as they are a source of dislocations, but most importantly are
segregation sites for electrically active metallic precipitates. A nano-scale electrical characterization
performed with c-AFM allowed to identify, with submicron resolution, regions of GBs that are
strongly active as recombination sites. Thus, it was possible to study how metallic precipitates locally
affect the electrical properties of mc-Si wafers. The increased current flow observed at the GBs can
be explained by the presence of metal-silicide phases and the effect on the electrical properties of the
sample depends on the type of contaminant. Iron-related precipitates are more recombination active
compared to aluminium ones and their electrical effect is spatially inhomogeneous along a GB. The
hypothesis of metallic precipitation was corroborated by local current-voltage characteristics
measured on the GB and on the neighbouring grains, that were modelled assuming thermionic

emission as the principal mechanism of electrical conduction.
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The Schottky Barrier Height decreases at the GB with respect to the grain, due to the formation of
metallic precipitates that introduce a metal-like density of states at the GBs. From the current profiles
measured across GBs by c-AFM, it was possible to estimate a precipitate radius of few tens of nm,
by assuming that it introduces the Coulombic potential of a positively charged sphere, therefore
modifying locally the conductivity of the sample. This shows that c-AFM analyses and modelling are

powerful tools for the understanding of electrical activity of metallic precipitates in mc-Si.
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Appendix

A. Current profile derivation

The shape of a current profile close to the GB can be modelled by assuming a redistribution
of charge density due to a Coulombic potential introduced by a spherical and positively charged
(Q) precipitate of radius Ry that is just below the surface. The precipitate is set at the origin and R
is the distance between the tip and the center of the precipitate. The hole density profile is affected
by the charged precipitate and is assumed to have the shape p(R) = — c¢/R?. The current density
J is given by the usual drift and diffusion terms, but the precipitate introduces an additional electric
potential F(R) that modifies the drift term:

d Vsample
Ul = —eDy o= + euppF (R) + epypo —=72 (A1)

where Dy, is the hole diffusion coefficient in silicon, [y is the hole mobility, Vsampie is the applied
voltage, t is the thickness of the sample ~180 um) and po is the hole density inside the grain. The
Coulombic potential is given by the charge Q of the precipitate and by the carrier density integrated
for R>Rp:
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1
F(R) = 4megR?

[Q + 4me f;p(p -n-— Na)rzdr] (A2)

but, as the sample is p-type, it is possible to approximate p —n — N, = p, so Equation A2

becomes:

R 1 R
2 — _
Q+ 4neL p(r)r dr] = Ime.R? [Q 47‘[6L cdr]
D

p

F(R) =
(R) 4me R?

= [Q — 4mec(R — R,)] (A3)

47t65R2

Combining Equations Al and A3, the expression for the absolute value of the current density as a

function of the distance R from the precipitate becomes:

Iyl = ( 2Dyec +£ CZ) — e (@+ 47T€CRp) t+euppo—, — Sample (A4)

R* 4ATIEg

which can be related to the current and simplified to:

11 =14 = (55 + £ +y) mry,? (AS)

where the expression for the parameters o, 8, and y can be extracted from Equation A4:

= —2Dyec 2 (A6a)
B = “”“ (Q + 47TecRp) (A6b)

Y = ett,po—22 (AGC)
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Fig. A.1 Topography maps of (a) Fe contaminated and (b) Al contaminated samples.



