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Gettering in silicon photovoltaics:
current state and future perspectives

M. Seibt’, A. Sattler”, C. Rudolf, O. VoB, V. Kveder'”, and W. Schroter
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PACS 61.72.Ce, 61.72.Ff, 61.72.Yx, 71.55.Cn, 72.40.+w, 81.05.Cy

This paper summarizes current understanding and predictive simulations of gettering processes predom-
inantly applied in silicon photovoltaics. Special emphasis is put on various processes limiting gettering ef-
ficiency and kinetics, i.c. the mobility of interstitially dissolved metal species, the formation of the gettering
layer, and the effect of immobile metal species. The latter are substitutional metal species, precipitates,
complexes with defeets related to non-metallic impurities, and finally the interaction with extended defects,
in particular dislocations. Finally, alternative annealing schemes involving high-temperature rapid thermal
processing are explored by simulations. It is shown that a processing window exists for a two-step process
efficient for the removal of precipitates even under the constraints of a fixed thermal budget for phosphorus
diffusion.

@ 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Low-cost crystalline silicon materials are increasingly used for main-stream photovoltaic applications.
Such materials contain various extended defects, e.g. grain boundaries, second phase precipitates and in
particular grown-in dislocations. The latter are known to strongly affect the minority carrier lifetime and
hence the solar cell efficiency, especially when decorated with metal impurities either in form of various
point defect species or as metal silicide precipitates. Hence, the incorporation of gettering steps into the
processing scheme is a prerequisite for the production of efficient solar cells. Metal impurities may be
incorporated into solar cell silicon materials during crystal growth and also during device processing.
Recent investigations of the metal impurity content of silicon solar cell materials have shown surpris-
ingly high concentrations, e.g. 10"*~10' cm™ iron in different multicrystalline materials [1}.

Metal impurity gettering is a process of semiconductor device manufacturing technology and techniques
suitable for gettering are intimately linked to the device under consideration. An illustrative example is to
compare the requirement of silicon microelectronics and silicon photovoltaics. Active areas of micro-
clectronic devices are located in a thin region below the wafer surface, i.e. impurity gettering to the bulk
of the wafer in order fo clean the surface-near region is a suitable process so that internal gettering [2] is
the technique of choice [3, 4]. Solar cells, however, are whole-wafer devices implying that external get-
tering techniques have to be used. In fact, phosphorus diffusion gettering (PDG) and aluminum gettering
(AIG) are the gettering techniques predominantly applied in silicon photovoltaics. Both steps are not

* Corresponding author: e-mail: seibt@phd4.physik.uni-goettingen.de, Phone: +49 551 394553, Fax; 449 551 394560
** now at: Siltronic AG, P.O. Box 1140, 84479 Burghausen, Germany
*** permanent address: Inst. of Solid State Physics, Russian Academy of Science, Chernogolovka, 142432 Russia

S, BWILEY
&) InterScience* .
STICOVIN SO N IRIFS SPiAT ©2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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primarily included for the sake of gettering but to produce functional parts of the device, i.e. the highly
phosphorus doped emitter and the backsurface field, respectively, both for p-type silicon solar cells,

The fact that gettering has to fit in manufacturing processes and that impurities are gettered to active
parts of the device, in particular the front-side emitter, imposes constraints on the thermal budget and on
possible processing schemes under which gettering has to operate. It is thus advisable to develop predic-
tive simulation tools [5—8] by which various processing schemes can be explored for their gettering effi-
ciency and compatibility with solar cell production. Such a simulation tool has to describe processes like
phosphorus diffusion, metal impurity diffusion, interaction with intrinsic point defects, precipitate disso-
lution and growth, only to mention a few. For multicrystalline materials, in addition, metal impurity

-interaction with extended defects like dislocations and grain boundaries is an important issue [9] because
of the tremendous effect of metal decoration on the recombination activity of dislocations [10].

In this paper, quantitative experiments as well as predictive simulations will be summarized and used to
review effects significantly affecting gettering efficiency and kinetics. Section 2 gives a brief introduction
into the underlying physical processes of PDG and AlG, and describes an experimental approach to
quantitatively follow gettering kinetics without interfering effects of sample cooling to room temperature
and the complexity and uncertainty to extract total metal concentrations from electrical measurements.
This section concludes with lining out the possibilities of the simulation tool used in the remainder of
this work. Phenomena limiting gettering efficiency and kinetics are described in Section 3 including immo-
bile metal impurity species, precipitates, complexes and the interaction with dislocations, Alternative
schemes including rapid thermal processing, RTP, are discussed in Section 4 where it is shown that a
suitable combination of a high temperature dissolution step and a low-temperature gettering step allows to
effectively remove precipitated metal impurities under the constraints of emitter production.

2 Gettering techniques for silicon photovoltaics
and their quantitative assessment

As mentioned above, silicon solar cells have to be regarded as whole-wafer devices which implies that
gettering techniques have to be of external type. Two gettering processes are usually active during solar
cell processing, i.e. phosphorus diffusion gettering (PDG), as part of the emitter diffusion in p-type solar
cells, and aluminum gettering (A1G) which takes place during formation of the back-surface field. In this
section, the underlying physics of these two techniques are briefly summarized. In addition, quantitative
modeling and experimental verification of impurity redistribution duting gettering as used in the remaining
part of this paper is described.

2.1 Aluminum gettering

The underlying physics of aluminum gettering is simply the higher solubility of metal impurities in the
Al:Si melt forming on the.backside of silicon wafers if the temperature exceeds the eutectic temperature
of the binary system Al-Si of T, =577 °C [11]. It can be quantified by means of the segregation coeffi-
cient Sy, which is defined as the ratio of the metal concentrations in the Al:Si melt and silicon in ther-
modynamic equilibrium:

(eq)

Carsi
Dl = (—cq)' . (l)
Csi

In the presence of the Al:Si layer on the wafer backside, metal impurities will redistribute such that the
final concentration ratio is given by Eq. (1) whereas the actual concentrations have to be calculated from
the continuity equation for metal impurities:

J e () dr+ g (x) dx = [ e (x, = 0) dx ‘ @
Alsi Si Si
WwWw,pss-a,com ©2006 WILEY-VCH Verlag GmbH & Co, KGaA, Weinheim
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Fig. 1 (online colour at: www.pss-a.com) Aluminum gettering of cobalt in float-zone silicon. (a) Segregation
coefficient S(7) of cobalt in Al:Si melt as a function of temperature as measured by radiotracer technique [12, 13].
(b) Normalized intensity /1, — basically corresponding to the fraction of gettered cobalt — as a function of reduced
gettering time v1/d (d: sample thickness, f. AlG gettering time) for variable temperatures indicated on the right
scale. The amount of gettered cobalt varies according to the temperature dependence of the segregation coefficient.
It should be noted that cobalt atoms reversibly redistribute between the silicon and the Al-gettering layer according
to the segregation coefficient shown in (a).

where the integrals have to be taken over the thickness of the Al: Si-layer and the wafer thickness as indi-
cated. The main features of impurity segregation are (i) a temperature-dependent segregation coefficient,
and (ii) the reversibility of impurity redistribution which, to first order, exclusively depends on temperature.
It should be noted that the segregation coefficient as given by Eq. (1) will usually decrease with increasing
temperature due to the — compared to metallic alloys — strong thermal activation of the solubility of metal
impurities in silicon.

Figure 1(a) shows the segregation coefficient of cobalt in the Al:Si melt referred to float-zone silicon
as a function of temperature. It has been determined by measuring total cobalt concentrations by means
of radioactive ¥'Co deliberately introduced into silicon and subsequently gettered to the Al:Si melt [12].
The reversibility of the redistribution between the silicon and the Al:Si melt is demonstrated by the re-
sults summarized in Fig. 1(b). It shows the normalized intensity J/,.,, of the 6.4 keV radiation resulting
from the S'Co —> 'Fe decay as measured from the Al:Si layer during the gettering heat treatment (see
Section 2.3 for details). The variation of the gettering temperature (dashed line, right scale) induces the
reversible redistribution of the cobalt between the Al:Si gettering layer and the silicon bulk according to
the segregation coefficient shown in Fig. 1(a).

2.2 Phosphorus diffusion gettering

Phosphorus diffusion gettering (PDG) comes about due to a variety of physical processes briefly described
below. For more detailed discussions, the reader is referred to [3, 4, 8]. One of the operative mechanisms
is segregation, very similar to the case of AlG. The enhanced metal solubility in highly phosphorus
doped silicon compared to intrinsic silicon has two origins, i.e. (i) the so-called Fermi level effect active
for negatively charged metal species — according to current knowledge mainly affecting substitutional
metal species M, —, and (i) their reaction with phosphorus leading to pairs as e.g. M;P. These effects
have been observed for the 3d transition elements manganese, iron, cobalt [14] and copper [15], as well
as for gold [16—18]. Recent experiments for nickel have questioned the existence of an enhanced solubility
of nickel in highly P-doped silicon [19]. While both these mechanisms would also be active in the absence
of P-diffusion, a third process is intimately linked to non-equilibrium concentrations of intrinsic point de-
fects resulting from fluxes of P-atoms into the silicon [20]. If the diffusion capacity of phosphorus ex-
ceeds that of self-diffusion, non-equilibrium concentrations of intrinisic point defects are injected into the

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, ‘Weinheim WIW.pss-a.com
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bulk of silicon wafers while their concentrations at the surface remain close to equilibrium values, For P-
diffusion it has been shown that self-interstitials are injected due to dissociation of (PI)-pairs in the kink
region of typical phosphorus concentration profiles [21-23]. As a tesult, the gettering effect for metal
impurities predominantly dissolved substitutionally is enhanced by a factor corresponding fo the ratio
(c®/cf®) of self-interstitial concentration in the bulk, ¢{”, to that at the surface, ¢{”. From these consid-
erations it immediately follows that suitable model for phosphorus diffusion itself is a prerequisite for
predicitve simulations of metal impurity gettering by PDG. Using these physical models experimental
data/obtained by Sveinbjérnsson et al. [24] for PDG of gold in silicon could be quantitatively described
[251].

The formation of silicide precipitates in the highly P-doped layer has been observed in several studies
but has not been described quantitatively up to now [26—29]. It presumably occurs under conditions of
phosphorus concentrations exceeding the solubility which leads to the formation of electrically inactive but
mobile phosphorus species [30, 31] or even to phosphorus precipitation into SiP [32]. Since such high
phosphorus concentrations are usually not applied in solar cell fabrication, this process has not been
exploited in photovoltaics up to now. For a more detailed discussion the reader is referred to [3, 4, 8].

2.3 Quantitative modeling and experimental verification

2.3.1 Gettering simulator

The quantitative description of gettering processes and their simulation has two aspects: (i) the redistri-
bution of metal impurities between the silicon bulk and the gettering layers, and (ii) the resulting effect
on the electrical properties of the silicon wafer, i.e. finally the performance of the photovoltaic device.
These two steps clearly require the development and implementation of suitable diffusion and gettering
models and a framework describing excess carrier recombination at the deep impurities. For AlG, the
gettering model is simply the segregation of metal impurities into the Al:Si liquid on the backside of a
silicon wafer which simply enters the equations describing transport of metal impurities as a boundary
condition. The treatment of PDG requires handling of a complex system involving a suitable model for
the phosphorus diffusion itself and the resulting interaction with metal impurities. As described in Sec-
tion 2.2, the latter can be of electronic origin, a direct reaction of metal species with phosphorus, as well as
an indirect interaction via intrinsic point defects produced in non-equilibrium concentrations by the pho-
phorus diffusion process. In subsequent Sections a simulation tool will be used to investigate different
processes limiting gettering kinetics. It contains the following physical models:

— Phosphorus diffusion is simulated in terms of the model described in detail in Refs. [25] and [5].
Briefly, two mobile phosphorus species are assumed as diffusion vehicles, i.e. (PI)-pairs and a complex
containing two phosphorus atoms and a vacancy, i.e. (P,V). The former is stable in the highly phosphorus
doped region but will dissociate in regions of low phosporus concentration leading to self-interstitial injec-
tion into the bulk of silicon wafers. The latter prevails in near-surface regions and accounts for the kink-
and-tail form of typical phosphorus concentration profiles. Due to the coupling of silicon vacancies and
interstitials these two species will compete, especially during early stages of phosphorus diffusion.

— Since our present implementation does not aim at describing PDG at phosphorus concentrations ex-
ceeding the solubility at gettering temperature, silicide precipitation at the interface between silicon and
the phosphorus silica glass has not been included in the gettering model. Hence, the remaining effects to be
described are the Fermi-level effect and the formation of pairs between negatively charged substitutional
metal species and positively charged phosphorus. The former needs the position of acceptor levels of
substitutional metal atoms while the latter is described by the binding energy of the respective pair. For
the simulations shown in this work, the assumed parameters are summarized in Table 1. The parameters
for PDG of gold have been determined by adjusting the gettering model to experimental data of
Sveinbjérnsson et al, [24] while those for cobalt have been chosen in order to fit experimental data of
[14, 33, 34]. For PDG simulations involving iron impurities, the properties of cobalt in highly phospho- -
rus doped silicon have been adopted for iron while using the well-known properties of iron in intrinsic

Ww.pss-a.com @ 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table1 Paramaters describing metal impurities at high phosphorus concentration used to simulate PDG
in this work. £; position of acceptor level below the conduction band at gettering temperature (0 =0,
—1, =2); M“(P™),): dominant metal—phosphorus pair; E: binding energy of the dominant pair, The pa-
rameters for iron in highly P-doped silicon have been assumed to be identical to those of cobalt (see text).

impurity  E99[eV] EC®[eV] E™M[eV]  MOP®Y), E,[eV]

Au 0.55 - - AuP® 0,87
Co 0.43 0.37 0.12 Co®?(P™), 1.15

silicon, Hence, the transport kinetics of iron in the bulk of wafers are described properly whereas segre-
gation is taken into account only qualitatively.

— Diffusion of metal impurities in the (intrinsic) bulk of silicon wafers is described in terms of well
established models of interstitial diffusion (3d transition elements) or kick-out diffusion (gold or platinum)
depending on the impurity under study (for a compilation of diffusion parameters, see [35]).

— One important aspect dealt with in subsequent sections is the dissolution of pre-existing precipitates
of metal impurities in solar cell wafers. It is taken into account by adding the reaction of interstitially dis-
solved metal species with precipitates in a mean-field approximation, i.e. a reaction term of type

() ~(" s, e

is added to the diffusion equation, where ¢; denotes the concentration of interstitial metal atoms and ¢{*”
is the concentration of interstitial metal impurities in equilibrium with a precipitate of radius R, 7(R,) the
reaction time constant, and the brackets on the right hand side indicate averaging over the size-
distribution function of the precipitates. The simulations shown in this work have been done assuming a
monodisperse size-distribution function and diffusion-limited precipitate growth and dissolution. Hence,
possible reaction barriers and precipitate coarsening (Ostwald ripening) are not taken into account. Under
such conditions, the reaction time constant is given by

1
~———=4aN R D, , 4
T( Rp) pR]l 1 ( )
where N, is the volume density of precipitates and D the diffusion coefficient of interstitial metal atoms.

Figure 2 shows an example of a simulated PDG process at 900 °C for gold in silicon, assuming an
initial concentration of ¢, (f=0)=3 x 10" ¢m™. The variation of the gettering time (Fig. 2(a)) shows
that under these conditions gettering proceeds from the frontside towards the backside of the wafer.

In order to estimate the effect of gettering on the performance of a solar cell, excess carrier recombi-
nation is described in terms of the Shockley—Read—Hall (SRH) model [36, 37]. The resulting depth distri-
bution of carrier lifetime is shown in Fig. 2(b) for the concentration profiles of Fig. 2(a). The successive
improvement of carrier lifetime in the front-region of the wafer can be clearly seen. An even more com-
prehensive form of presenting the effect on the solar cell performance is to calculate the spectral re-
sponse (SR) from the depth profiles of the carrier lifetime [55]. The curves of Fig. 2(c) indicate that the
SR especially improves in the long-wavelength (low-energy) regime of incident light which is absorbed
in the bulk of the solar cell. Finally, the sheet resistance of the phosphorus doped layer, for the usual
design used as the emitter of the solar cell, can be easily calculated from the phosphorus concentration
profile. Tt is thus possible to vary gettering conditions while keeping important solar cell parameters — as
the emitter sheet resistance — unchanged, The simulations described in detail in Section 4 are made under
such conditions. )
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2.3.2  Quantitative measurements of gettering kinetics

The gettering simulator allows to calculate concentration profiles of individual impurity species, i.e. of
the mobile interstitial species (M;), immobile substitutional species (M,), precipitated impurities, as well
as complexes and pairs with other intrinsic or extrinsic point defects. Experimental techniques measuring
concentration profiles of individual species have to be spectroscopic in nature, as ¢.g. deep level transient
spectroscopy. Since reactions between different species will occur during gettering as well as during
heating up and cooling down samples to and from gettering temperature, it is difficult to compare the
resulting concentration profiles with simulations. In order to measure total concentrations, radioactive
techniques like neutron activation analysis or radiotracer activity measurements are at hand. In Section 3
experimental results obtained for cobalt in silicon will be presented. A detailed description of the ex-
perimental procedures can be found in [12, 13]. Briefly, radioactive *’Co was diffused into silicon at
temperatures between 900 and 960 °C followed by rapid quenching into ethylene glycol. Total cobalt
concentrations of (0.29 —3.18) x 10" cm™ were measured by counting the 122 keV photons resulting
from the Co — *'Fe decay. Near surface precipitates were removed by chemical etching prior to evapo-
ration of Al on one of the surfaces. The gettering anneal was performed in a furnace which had been
specially designed for in-situ measuring the 6.4 keV X-rays also resulting from the radioactive decay. By
aligning the sample with its Al layer towards the detector, the intensity of this radiation is mainly given by
the amount of cobalt gettered into the Al:Si melt since the penetration depth of 6.4 keV X-rays for sili-
con is only 24.6 um. Hence, the gettering effect is measured during annealing at high temperature avoid-
ing the interference of the results with impurity redistribution during cooling which may be difficult to
control.

WWW.pss-a.com © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

REC Exhibit 1016, Page 11 of 23



702 M. Seibt et al.: Gettering in silicon photovoltaics: current state and future perspectives -

3 Gettering efficiency and kinetics — limiting factors

In this section, physical processes limiting the efficiency and kinetics of impurity gettering will be dis-

cussed. They will be analysed by means of simulations and experimental results obtained for cobalt in

silicon. Special emphasis will be on the role of immobile metal species, in particular metal silicide pre-
cipitates.

3.1 Formation of gettering layer

Since the main effect of AlG and PDG under conditions usually applied in silicon solar cell fabrication is
due to segregation, the time necessary to form the respective gettering layer will affect gettering kinetics.
For AIG, the Al:Si melt with composition corresponding to the equilibrium with silicon at gettering
temperature has to be formed. From gettering kinetics measured for fast diffusing cobalt in silicon (see
also Section 3.3) it could be concluded that the gettering layer forms instantaneously from the evaporated
Al films reacting with silicon. Since diffusion in liquids usually is very fast, one may conclude that the
gettering layer in this case already forms during heating up the silicon wafer to gettering temperature.

The situation is different for PDG since phosphorus diffusion — and hence the formation of the getter-
ing layer — is a slow process especially when compared to diffusion of the highly mobile interstitial im-
purities cobalt, nickel or copper. Figure 3 summarizes simulations of PDG for model impurities which
have identical properties in the highly phosphorus doped layer, i.e. those given for cobalt in Table 1, but
diffusion coefficients in intrinsic silicon corresponding to those of iron, cobalt, and copper at 900 °C. It
is assumed that all impurity atoms are dissolved interstitially (initial concentration: 10" em™, wafer
thickness: 300 pm) at gettering temperature. For short gettering times, the amount of gettered metal
impurities is limited by their diffusivity while for long times a quasi-stationary state is reached which can
be described by a r**-power law for the fraction of metal impurities remaining in the wafer. In this re-
gime, gettering kinetics are limited by the indiffusion of phosphorus which is corroborated by the tempo-
1al evolution of the emitter sheet resistance shown in Fig. 3 (right scale). It should be noted that this
quasi-stationary state is reached within about 100 s for the fast diffusors but takes approximately 1 h for
the model impurity with diffusion properties of interstitial iron in intrinsic silicon.

3.2 Diffusivity of mobile species

For completion, this section considers the diffusivity of interstitial metal atoms as a limiting factor of
gettering kinetics. A more thorough treatment of this aspect can be found in [5]. For a given impurity,
gettering kinetics are ultimately limited by the diffusion coefficient of the interstitial species if one as-
sumes that all metal atoms are mobile and gettering layers form instantaneously. A rough estimate of this

Fig. 3 (online colour at: www.pss-a.com) Simula-
tion of phosphorus diffusion gettering kinetics: the

fraction of metal impurities left in the bulk is shown

¥ L 10" for metal impurities with interstitial diffusion coeffi-
;} 7 cients corresponding to those of iron (solid squares),
z @ cobalt (crosses), and copper (solid citcles). For short
g :10° 8 times, gettering kinetics are limited by the diffusion
£ é of metal impurities, whereas phosphorus indiffusion
£ .8 is the limiting process for long times. The latter are
E "% 5 characterised by a time Jaw ot which also de-
2 4§ scribes the time-dependence of the sheet resistance
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effect is to compare the diffusion length L, of interstitial metal atoms with the thickness d of the solar
cell wafer: if external gettering is to be effective, L has to be on the order of d. Figure 4 compares these
quantities for the 3d transition elements from Ti to Cu. For the fast diffusors cobalt, nickel and copper,
Ly & d is fulfilled and Ly > d still holds for chromium, manganese and iron. The much smaller mobility
of the light 3d elements prevents external gettering procedures to be effective for these impurities.

3.3 Immobile species

Transport of metal impurities during gettering is always carried by the mobile interstitial metal species
M;. In addition, metal impurities may be present in several forms of immobile species which do not con-
tribute to diffusion. Instead, the effective diffusion coefficient D may be much smaller than the intersti-
tial diffusion coefficient D, as can be estimated from the relation

_ b
¢ +c, ’

eff’ (5)
where ¢, is the total concentration of all immobile species. In addition, immobile species may act as a
persistent source of interstitial metal atoms which is especially important if M; is the dominant electri-
cally active species accounting for the impurity effect on minority carrier lifetime as for the 3d elements
from titanium to iron. In subsequent sections, we shall consider substitutional metal species, precipitated
impurities, complexes of metal atoms and other impurities, and finally the interaction with extended
defects, in particlar dislocations. '

3.3.1 Substitutional species

The 3d transition metal impurities are predominantly dissolved on interstitial sites in intrinsic silicon im-
plying that their transport i3 independent of the presence of intrinsic point defects serving as diffusion
vehicles. This is considerably different for impurities like zinc, platinum and, as the most prominent
example, gold. These elements predominantly dissolve on substitutional sites also in infrinsic silicon, In
order to illustrate the effect of substitutional species on gettering kinetics, we briefly discuss PDG of
gold in silicon, A more detailed investigation has been reported in [25]. In the framework of the kick-out
mechanism which is operative for gold diffusion the mobile species Ay, is produced by the reaction

Au+1+= Ay, 6)

where 1 denotes silicon self-interstitials. Hence, a supersaturation of self-interstitials will enhance the
gettering kinetics for gold. Figure 5 shows concentration profiles of substitional gold and silicon self-
interstitials for PDG at 900 °C for 2 h. The main feature of the Au, concentration profile is a steep step at
a depth corresponding to the penetration depth of I which, in turn, is mainly determined by the gold con-
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centration itself since the effective diffusion coefficient of I is limited by the reaction Eq. (6). Finally, it
should be noted that the self-interstitial supersaturation produced by the phosphorus diffusion process
has beneficial effects on gettering kinetics as well as on the gettering efficiency (compare Section 2.2).

3.3.2 Metal silicide precipitates

Multicrystalline silicon materials for photovoltaic applications contain extended defects like grain
boundaries, dislocations and microdefects. Such defects are known to serve as nucleation sites for transi-
tion metal impurity precipitates mainly in form of metal silicides (see [9] for a recent review). Since
crystal growth inevitably involves slow cooling from high temperature, metal impurities are expected to
be mainly present in form of precipitates in solar cell wafers. In a series of recent experiments this expec-
tation has been proven by means of synchroton-based spatially resolved chemical analysis [38].

In order to remove precipitated metal impurities by external gettering, precipitates have to be dissolved
and interstitial metal species emitted by precipitates have to diffuse to the gettering layer and accumulate
there. The dissolution reaction (Eq. (3)) will slow down gettering kinetics and ultimately limit the proc-
ess. Close inspection of Bgs. (3) and (4) reveals that the reaction term is governed by two properties, i.e.

_ the relative magnitude of the concentration ¢; of M and the concentration ¢**(R,) in equilibrium
with a precipitate of radius R,, and

—the density N, and size R, of precipitates.

For experimental investigations of the dependence of gettering kinetics, conditions have to be chosen
such that all other rate-limiting processes can be excluded. For this reason AlG has been chosen instead
of PDG since the time to form the gettering layer is small compared to the total gettering time. In fact,
the Al:Si liquid seems to form already during heating the sample to gettering temperature, 7. Further-
more, immobile metal species in addition to precipitates have to be excluded so that dislocation-free
float-zone silicon materials have been used. Since total metal concentrations have to be measured the
radiotracer technique described in Section 2.3.2 has been applied for cobalt impurities. It is well known
that cobalt predominantly precipitates during or after cooling from high temperature unless high concen-
trations of shallow acceptors are present [33, 39]. Hence, at room temperature practically all cobalt atoms
have precipitated which is the starting point of any gettering experiment. During heating up the sample to
T,; and during subsequent annealing, precipitates will dissolve to the extent that the equilibrium concen-
tration ¢*®(R,), approximated by the solubility ¢{*” in the following, is established in the sample, These
considerations show that two limiting cases can be distinguished, i.e. ¢y < c®?(Ty) o ¢ > ¢ (Ty),
whete c,, is the total cobalt concentration. In the former case all precipitates have to dissolve in order to
establish the solubility at gettering temperature, in the latter precipitates will still be present even if the
solubility is established. Figure 6 compares AIG kinetics of cobalt for ¢, < ¢{¥(7g) (filled squares) and
> V(T (open circles) and with a simulation calculated assuming that all cobalt impurities are inter-
stitially dissolved (solid line) which is equivalent to assuming that AIG is limited by interstitial cobalt
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Fig. 6 (online colour at: www.pss-a.com) AlG kinetics
of cobalt in float zone silicon for different ratios of total
cobalt concentration c,, and solubility c,, at gettering
temperature. c,,/c,, < 1: experimental data (squares) and
model of simple outdiffusion (line) showing that precipi-
tate dissolution does not limit gettering kinetics. ¢, /c,, > 1:
experimental data (open circles) showing that precipitate
dissolution considerably slows down gettering kinetics.
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diffusion [40]. It is clearly seen that gettering kinetics are as fast as simple outdiffusion of completely
dissolved interstitial cobalt for ¢, < ¢f*(7};) which provides evidence that in this case precipitate disso-
lution has to be completed at a very early stage of gettering, or even during heating up to gettering tem-
perature. On the contrary, for ¢, > c*?(7}) gettering kinetics significantly lag behind pure outdiffusion,
i.e. precipitate dissolution is the rate-limiting process.

The effect of precipitate density and size on gettering kinetics has been verified by a second set of
experiments described below. For a given total cobalt concentration, the product N,R? of cobalt silicide
precipitates at room temperature has to be constant. As a consequence, the time-constant 7(R,) for pre-
cipitate dissolution will be proportional to N,** implying that gettering kinetics should slow down with
decreasing precipitate density (or increasing precipitate size). Figure 7 shows AlG kinetics for cobalt at
T = 806 °C for a total concentration of ¢, = 6 x 10> cm™ equal to the solubility of cobalt at that getter-
ing temperature ¢ = 6 x 10'* cm™ according to [41]. The two samples differ by their thermal treatment
prior to AlG, namely by pre-annealing at 670 °C which is known to lead to precipitate coarsening (Ost-
wald ripening) [33, 42]. It is evident that gettering is considerably slower for the sample with pre-anneal
(open circles) compared to that without (solid squares).

3.3.3 Complex formation

Non-metallic impurities like carbon, oxygen, and nitrogen are present in different silicon materials in dif-
ferent concentrations. Interaction of metal impurities with point or extended defects associated with these
impurities is a wide field. In particular, extended defects resulting from oxygen precipitation in
Czochralski grown silicon promote precipitation of metal impurities, the underlying process of internal
gettering used in silicon microelectronics. First evidence for the formation of complexes between cobalt

Fig. 7 (online colour at: www.pss-a.com) AlG kinet-
ics at 806 °C of cobalt in float zone silicon for different
initial precipitate densities. The initial cobalt concentra-
tion of ¢,; = 6.0 x 10" cm™ is equal to the solubility at
gettering temperature, ¢, (7= 806 °C) = 6.0 x 10"* cm™.
The two samples differ by the precipitate coarsening
treatment at 7’=670 °C prior to AlG: no coarsening
(solid squares) and coarsening for 6.2 h (open circles),
The solid line describes simple outdiffusion, for com-

# no coarsening arison, It is clearly seen, that a reduction of the precip-
02 /0@ o coarsening for 6.2h at 670°C D g ¥ seen, Lha precip
— simple diffusion itate density by the coarsening treatment slows down
0.0 : i : ] the gettering kinetics.
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ptid*
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and oxygen-related centers (OX-centers) at high temperature has been reported recently [13]. In these
experiments, radioactive Co was diffused into oxygen-rich Cz-Si ([O;] =7.8 x 10" cm™, new AST)
which was annealed for 1 h at 1310 °C prior to cobalt doping in order to dissolve pre-existing oxygen
precipitates and complexes. After quenching to room temperature, chemical removal of surface layets,
samples were subjected to a gettering treatment using a liquid Au:Si layer instead of the Al: Si melt used
in AlG [43]. Using the temperature cycling procedure described in Section 2.3.2, cobalt impurities were
redistributed between the silicon and the gettering layer. Unlike for FZ-Si where decreasing temperature
always results in an increasing amount of gettered cobalt, back-diffusion of cobalt atoms from the getter-
ing layer to the silicon was observed for oxygen-rich silicon when the gettering temperature was lowered
below Tox =930 °C. This inverse gettering is associated with a strongly decreasing effective diffusion
coefficient of cobalt in silicon. Both phenomena provide evidence that immobile complexes of cobalt
and OX-centers form below Toy. Inverse gettering was also observed for oxygen-rich multicrystalline
silicon with similar oxygen content usually found near the bottom of block-cast materials.

3.4 Interaction with extended defects

Extended defects like grain boundaries and dislocations play an important role for the electrical perfor-
mance of multicrystalline silicon materials. Both serve as heterogeneous precipitation sites which is the
reason that those regions contain high concentrations of metal precipitates or clusters [44]. It is well ac-
cepted to date that the recombination activity of dislocations is closely related to deep level defects in or
in the direct vicinity of the dislocation core [10]. They can be due to intrinsic core defects or due to metal
impurity atoms as presumably the dominant source. The lafter can segregate in the strain field of disloca-
tions or form ‘chemical’ bonds with the dislocation core [9, 45]. Recent studies of dislocation lumi-
nescence in silicon have demonstrated an impressive enhancement of the so-called DI luminescence [46]
at room temperature as a result of suitable gettering and passivation processes [47, 48]. This enhance-
ment of dislocation luminescence is associated with a strong reduction of deep levels serving as non-
radiative recombination centers competing with the D1-luminescence.

If gettering kinetics of metal impurities at dislocations are to be described quantitatively and to be
included in predictive simulations the predominant type of interaction has to be identified, binding ener-
gies of impurities to dislocations have to be determined and the electronic structure of metal atoms close
to or in dislocation cores has to be studied. For conclusive experiments in this field, at least two prob-
lems have fo be solved, i.e.

— to distinguish the effects of metal impurities on the deep level spectrum of dislocations from those
produced by thermal treatments and undeliberate contamination, and

— to distinguish between deep level centers in the undisturbed bulk from those located close to disloca-
tions.

The latter problem has to be solved by spectroscopic techniques. In fact, deep level transient spectros-
copy, DLTS, has been shown to be sensitive to the environment of point defects [49]. On the one hand,
capture Kinetics provide a fingerprint of whether point defects are isolated or linked via a common
charge-dependent Coulomb potential. On the other hand, emission characteristics allow to distinguish
localised and bandlike extended defects as well as — for localized extended defects — provide some in-
sight into the relative response to the dislocation strain field of the deep level point defect and of the band to
which charge carriers are emitted in the DLTS experiment, i.e. the conduction and valence band for n-
and p-type semiconductors, respectively [45]. The former problem has been tackled recently by deliber-
ately introducing metal impurities into dislocated silicon by diffusion and subsequent DLTS measure-
ment at different depths in the sample corresponding to different metal impurity concentrations [50]. Us-
ing this approach it could be shown that gold most probably segregates in the strain field of dislocations.
Figures 8(a) and (b) show DLTS spectra from dislocated n-type silicon corresponding to low and high
gold concentration, respectively. In addition to the well-known dislocation-related C-lines, a signal (la-
belled “Au” in Fig. 8(b)) was detected in regions of high gold concentration which was absent in regions
of small gold concentration [50]. The emission characteristics of the line correspond to those of the gold
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Fig. 8 (online colour at: www.pss-a.com) DLTS of gold in dislocated n-type silicon. (a) Low gold concentration
showing mainly dislocation-related C-lines. (b) High gold concentration showing a near-midgap level as the domi-
nant defect besides the dislocation-related C-lines. Electron emission from the near-midgap level shows properties
practically identical to those of the gold acceptor level in dislocation-free silicon. The logarithmic capture kinetics
provide evidence that gold has accumulated close to dislocations.

acceptor in dislocation-free silicon whereas logarithmic capture kinetics provide evidence for the ex-
tended nature of the defects. It has been concluded that such behaviour is in agreement with gold atoms
in the strain field of dislocations rather than in the dislocation core. Recent experiments on gold diffused
dislocated p-type silicon have shown similar results for the gold donor level and, in addition, revealed a
more shallow level with logarithmic capture kinetics and a concentration very close to that of the gold
donor level [51].

Such experiments are readily extended to 3d transition element impurities with the additional complica-
tion, however, that their tendency to form silicide precipitates at dislocations and thus vanish from solution.
Nevertheless, a framework for experiments has been developed which possibly allows to study not only the
electronic structure of metal impurities at dislocations but also to study redistribution kinetics of impurities
between the undisturbed bulk and the dislocations, Hence, the estimation of binding energies of metal
impurities to dislocations — a prerequisite for quantitatively including such defects into gettering simula-
tions — seems to be feasible.

4 Alternative proccessing schemes

Standard processing schemes for silicon solar cells produced on p-type materials include furnace anneal-
ing steps for emitter diffusion and back-surface field formation which simultaneously serve as PDG and
AIG steps, respectively. There is recent interest in alternative processing involving in particular rapid
thermal processing, RTP. Annealing times of phosphorus diffusion could be reduced to several seconds
at e.g. 1100 °C with the emitter sheet resistance still in the range of typical furnace anneling conditions.
From the physical considerations outlined in Section 2 it is evident that the efficiency of PDG will be
significantly reduced due to the decreasing segregation effect with increasing temperature. In addition,
the diffusion length of metal impurities will be smaller compared fo typical furnace annealing processes
since their diffusion coefficient is much less thermally activated as the effective diffusivity of phospho-
rus in silicon. Figure 9 shows the results of a PDG simulation for a model impurity with properties of
interstitial iron in intrinsic silicon and those of cobalt in highly phosphorus doped silicon (compare Ta-
ble 1). The concentration profiles (Fig, 9(a)) for the silicon bulk demonstrate the reduced gettering effi-
ciency of the RTP process at 1100 °C compared to the furnace anncaling at 900 °C. Comparison of the
resulting SR curves emphasize that RTP gettering hardly improves the electrical performance of the
material. Please note, that conditions were chosen such that the emitter sheet resistance was identical in
the two cases.
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Fig. 9 (online colour at: www.pss-a.com) Reduced getteting efficiency due to high-temperature RTP. (a) Metal
impurity concentration profiles in the bulk of a silicon wafer subjected to PDG at 900 °C and 1100 °C for times
establishing a fixed sheet resistanco of 20 /sq. (b) Resulting changes of the ‘Spectral Response’ showing almost no
effect of RTP getteting.

In a recent paper, Buonassisi and coworkers [52] have shown that RTP of multicrystalline silicon elec-
trically degrades the material. They could further show that degradation is due to the dissolution of metal
silicide precipitates — especially iron silicide — located at grain boundaries.

In this section, the reduced gettering effect during RTP will be demonstrated for conditions where all
metal impurities are interstitially dissolved (Sec. 4.1). It will be further shown that a two-step annealing
scheme allows to recover the gettering efficiency typical for furnace annealing. In Section 4.2 gettering
simulations will be extended to the case that metal impurities are condensated into silicide precipitates.
We show there that a RTP two-step process can possibly be beneficial for silicon materials containing
metal silicide precipitates.

4.1 Rapid thermal gettering — interstitially dissolved impurities

In order to restore gettering efficiency in processing schemes involving RTP, possible variants are the
combination with a low-temperature gettering annealing, i.e. a two-step process, or the use of slow tem-
perature ramping from RTP temperature. In the remaining of this section, simulations are presented
which demonstrate this statement taking the example of a two-step process. The simulations are catried
out for the model impurity with properties of interstitial iron in intrinsic silicon and those of interstitial
cobalt in highly phosphorus doped silicon. Gettering conditions have been chosen as a RTP-step at
Ty = 1100 °C followed by a second annealing at T = 800 °C. The maximum annealing time . at Tp
necessary to establish an emitter sheet resistance of about 20 Q/sq without subsequent 800 °C annealing
is used fo introduce the normalized annealing time #, = t/tyy,. Annealing times at T, and T have been
chosen such that the thermal budget for phosphorus diffusion remains unchanged, i.e. the emitter sheet
resistance was fixed. The concentration profiles summarized in Fig. 10(a) reveal the reduced gettering
effect for RTP gettering (#,= 1) and the significant reduction of the contamination level if the second
annealing step at T = 800 °C is added to the process. Subsequently, this second step will be referred to
as the gettering step. The maximum gettering effect to be achieved is realised by a single-step process at
T, without prior RTP. Practically the same effect is reached for #,= 0.4 implying that a reduction of the
total processing time can be achieved by the two-step process leaving the gettering effect and the emitter
properties unchanged. An enhanced gettering effect, however, is not expected from such two-step proc-
essing if only interstitially dissolved metal impurities are taken into account.
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Fig. 10 (online colour at: www.pss-a.com) Simulation of a two-step gettering process consisting of RTP at 7, =
1100 °C followed by a gettering anneal at 77, = 800 °C resulting in a fixed emitter sheet resistance. It is assumed that
all metal impurities are dissolved on interstitial sites at the respective annealing temperature. RTP annealing time has
been normalized to the case without subsequent 800 °C annealing step. (a) Concentration profiles of metal impuri-
ties. (b) Resulting spectral response. The improved gettering efficiency of the increasing 800 °C-annealing fraction
of the total thermal budget is clearly seen. It should be noted, that for completely dissolved metal impurities, RTP has
no beneficial effect compared to furnace annealing.

4.2 Rapid thermal gettering — precipitated impurities

The situation changes if metal impurity precipitates are taken into account which will be shown below.
Bearing in mind the results of Buonassisi and coworkers [52] that impurity atoms released from silicide
precipitates during RTP may electrically degrade solar cell materials, two strategies are at hand, i.e. to
anneal at such low temperature during solar cell manufacturing that precipitate dissolution is kept at a
minimum [52] or to dissolve the precipitates and redistribute the mobilized impurities by a suitable get-
tering scheme. The experimental results described in Section 3.3.2 have quantitatively shown that the
relative magnitude of the total metal concentration, c,,, and the equilibrium concentration c{* at getter-
ing temperature mainly determine gettering kinetics. For fast precipitate dissolution, the annealing tem-
perature has to exceed T, defined by the condition c,,, = ¢*P(Tyy,).

The dependence of Ty, on impurity concentration is shown in Fig, 11 for different metals. For illustra-
tion let us assume a total metal concentration ¢, = 10" cm™ indicated by the vertical line, It is apparent

Fig. 11 (online colour at: www.pss-a.com) Tempera-
ture necessary to dissolve metal silicide precipitates in
silicon as a function of the total metal impurity concen-
tration, Two horizontal lines indicate processing tem-
peratures of typical furnace annealing (850 °C) and of
typical RTP (1100 °C). Roughly three groups of im-
purities can be identified if a typical metal concentration
of ¢, =10"em™ is assumed. Silicide precipitates of
nickel, copper, and palladium dissolve during furnace an-
nealing, whereas those of cobalt, iron, manganese and
also chromium are stable under these conditions but
dissolve at 1100 °C, Precipitates of the third group (Ti,
V) should be stable at even higher temperature,

T,..I°Cl

ol

1E14 1E15 1E16
impurlty concentration [cm™]
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that silicide precipitates of nickel, copper, and palladium will dissolve even at a typical furnace annealing
temperature of 850 °C (solid horizontal line) where segregation is effective for both PDG and AIG im-
plying that such precipitates can be effectively removed, in agreement with experimental results [52]. For
cobalt, iton, manganese and in particular chromium, higher temperatures are needed, i.e. temperature
where segregation in general and hence the efficiency of PDG and AIG is reduced.

In order to dissolve precipitates and remove the dissolved impurities by gettering, a two-step process-
ing scheme involving high-temperature RTP annealing (dissolution step at Tp) followed by low-
temperature annealing (gettering step at 7) under the constraints of a fixed emitter sheet resistance is
feasible as will be shown below by means of a gettering simulation study. It has been done under the
condition of an emitter sheet resistance R, = 20 Q/sq, a RTP step at T;, = 1100 °C followed by a gettering
step at Ty, = 800 °C. Hence, for a given RTP annealing time, the duration of the subsequent gettering step
is given by the condition of fixed R,. The results will be presented by plotting total metal concentration
¢ and precipitate density N, vs. RTP annealing time #/%,,,, normalized t0 f5; which is the RTP process-
ing time necessary to establish the sheet resistance without subsequent gettering step. In Section 3.3.2 it
has been discussed in some detail that precipitate dissolution kinetics will depend on density and size of
precipitates which are linked if - as assumed here — all metal impurities have precipitated prior to the
two-step annealing:

o (1= 0)= o = S RN, ™
where £ denotes the volume per metal atom in the spherical metal silicide precipitate of radius R, and
density N,. The simulations have been performed for a fixed impurity concentration in precipitates with a
low, medium and high density. In Fig. 12(a) the total metal concentration (normalized to the initial
value) is plotted vs. the normalized annealing time at dissolution temperature 7. Qualitatively, the metal
concentration decreases with increasing RTP annealing time, reaches a plateau on a low concentration
level and increases again for large #/#,... The interpretation of this behaviour is straight forward, if the
time-dependence precipitate density is taken into account (Fig. 12(b)). For short times, precipitate dis-
solution at 7y, is incomplete leading to incomplete gettering of impurities at T where the equilibrium

1.0 A 1 Il 1 L 1 1_0 1 1 1 _l — 1 L
0.9 —u— low density (1) 3 0.9 l_—i— low density (1) L
0.8 —&— medium density (2) |} 0.8 —a--medium density (2) [
’ —— high density (3) : ’ —— high density (3)
0.7 4 e 0.7 4
¥ 0.6 - 2 0.6 N
g 05 L 2 o0s] d
0.4 E 0.4- i
0.34 - 034 w \prrme=X = o= = - L
0.2 ] F 024 Nl P D= - -~ L
0.1 E 0.1 [ L
0.03— 0.0 R e
0.0 0.8 0.8 1.0

a) mmx b)

TFig, 12 Simulation of a two-step gettering process consisting of RTP at T, =1100°C followed by a gettering
anneal at 7, = 850 °C, The duration ¢ of the RTP step and the subsequent gettering step have been chosen such that
the sheet resistance of the P-doped emitter remained constant. (a) Total concentration ¢ of metal impurities as a
function of RTP-time #, and (b) precipitate density N, as a function of RTP-time / for three different initial precipitate
densities N, for a fixed initial impurity concentration ¢,, (t=0)=c,, The time 7, corresponds to the
P-diffusion time at = 1100 °C necessary to establish the sheet resistance without subsequent gettering step. Dashed
atrows indicate processing windows for complete metal impurity gettering for different initial densities of precipi-
tates. Please note that ¢ = 0 refers to gettering anneal only without prior RTP treatment.
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concentration is below the total metal concentration leading to slow gettering kinetics (compare Sec-
tion 3.3.2 for experimental results). For long times, dissolution of precipitates is complete, the remaining
gettering at T, however, is too short to remove impurities from the bulk of the wafers, It should be noted
that points at # = #,,,, correspond to RTP gettering only. It is obvious that the plateau regions forming for
intermediate RTP times correspond to a processing window which allows almost complete removal of
metal impurities. Finally, it should be mentioned that instead of a two-step processing scheme, tempera-
ture ramping from 77, to room temperature can be adjusted such that the same gettering effect can be
achieved. :

5 Summary and conclusion

In summary, this paper has described the current state of understanding, modeling and experimental
verification of gettering techniques mainly used in silicon photovoltaics, namely phosphorus diffusion
gettering, PDG, and aluminum gettering, AlG. Special emphasis has been put on factors limiting getter-
ing efficiency and kinetics. For the ubiquitously present 3d transition metal impurities these are silicide
precipitates, binding to extended defects like dislocations, and formation of complexes with non-metallic
impurities.

As precipitation is concerned, the relative magnitude of the total metal impurity concentration and the
solubility at gettering temperature as well as the size and density of the precipitates determine gettering
kinetics as has been verified experimentally for AlG of cobalt. First evidence for a binding between co-
balt and oxygen-related centers has been presented which leads to the important phenomenon of ‘inverse
gettering” which is the backdiffusion of cobalt atoms into the silicon in order to establish a new station-
ary state in the presence of OX-centers. Further experiments are needed to identify the type of OX-
centers involved in complex formation and also to check whether binding to OX-centers is a general
phenomenon operative for other 3d transition metal atoms, too.

Binding to dislocations is another important issue for solar cell silicon materials. An experimental
framework has been set up which makes investigations of binding energies, segregation kinetics as well
as of the effect of metal impurities on the deep level spectrum of dislocations feasible. For the case of
gold it has been shown that segregation in the dislocation strain field seems to be the dominant type of
interaction. Although it has been demonstrated that a suitable combination of gettering and passivation is
able to reduce non-radiative carrier recombination at dislocations to such an extent that radiative recom-
bination becomes efficient even near room temperature [47, 48], this field has still not reached the level
of quantitative understanding and modeling. _

Finally, alternative processing schemes involving RTP have been explored for their potential to effec-
tively remove precipitated metal impurities. A two-step processing scheme consisting of a dissolution
step realized by RTP followed by a gettering step at lower temperature has been described and a process-
ing window has been shown to exist even if processing constraints of a fixed thermal budget for phos-
phorus diffusion are applied. Instead of the two-step scheme, an alternative combination of precipitate
dissolution by RTP followed by controlled cooling to room temperature leads to identical results. Ex-
perimental verification of these processing schemes are a future task although strong evidence for the
beneficial effect of slow cooling after high-temperature annealing has been presented previously [53,
54]: in a series of experiments it was shown that as-grown block cast silicon materials electrically de-
grade if (furnace) annealed at 1200 °C and subsequently quenched to room temperature, The same an-
nealing conditions followed by slow cooling, however, recovered the initial diffusion length. These re-
sults were interpreted in terms of metal impurity release from precipitates during 1200 °C annealing and
their re-precipitation during slow cooling and staying in solution or forming high densities of small clus-
ters during quenching. Therefore, it might be concluded that the detrimental effect of high-temperature
RTP is closely related to fast cooling typical for RTP rather than the high temperature treatment alone.
Clearly, more experiments are necessary to clarify this point and to explore whether a robust processing
scheme involving RTP and effective gettering can be established.
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