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Transition metals in silicon have been a constant problem in
the integrated circuit (IC) industry. They are generally fast
diffusers with high solubilities (1) at high temperatures. The
most common metal contaminants, Cr, Fe, Cu, and Ni, can
easily be introduced from stainless steel and copper pro-
cessing equipment. Introduction of the metals into the wafer
happens during ingot growth, from cleaning solutions, etching
acids, or ion implants, or directly from the furnace during a
high-temperature anneal. Even at low concentrations (1 X
10'% at./cm?), transition metals can reduce the device yield.
The metal contamination exhibits various deleterious effects
depending upon the device.

» pn Diodes. When dissolved in silicon, transition metals
can form deep levels (2), which act to degrade device per-
formance by the generation (3) (or recombination in
small forward biases) of carriers in any reverse-biased
depletion regions. Impurities can lower the reverse bias
breakdown voltage (4) and increase leakage currents
(5,6). Metal precipitates can also form bands of deep lev-
els (7,8) and short pn junctions (9,10).

* Bipolar Devices. Dissolved metals in bipolar junction
transistors (BJT) generally increase the base currents,
degrading the emitter efficiency and base transport fac-
tors (3). The net result is an increase in parasitic cur-
rents, power consumption, and heat production. While
such effects may in some cases be tolerated, more debili-
tating are the effects of metal precipitates, which can
cause emitter—collector shorts (9—-11).

* MOS Devices. MOS devices are most sensitive to imper-
fections in the oxide layer and the Si—SiO, interface (12).
Unfortunately, studies demonstrate that many transition
metals segregate to or precipitate at the Si—SiO, inter-
face, or they become trapped in the oxide layer itself
(13,14). The net result is a breakdown in the dielectric
strength of thin oxide layers (15-23) and/or an increase
in generation rates (24). Transition metals have thus
been linked to poor retention times (high refresh rates)
in dynamic random access memories (25).

» Charge-Coupled Devices (CCDs). CCDs are extremely
sensitive to contamination by metals, since they often
form deep-level traps. The generation current from such
traps is a source of noise and can, if large enough, cause
pixel failures. Iron levels in such devices are on average
5.4 X 10® Fe/em?® (0.015 interstitial Fe atom/pixel) and
gold levels 3.6 X 10% Au/cm?® (0.01 Au atom/pixel) (26).

* Photovoltaics (PVs). Solar cell collection efficiency is de-
graded by recombination centers. These centers can be
due to dissolved or precipitated metal impurities intro-
duced during growth and/or processing. It is a continuing
challenge to passivate and/or getter these defects with-
out introducing costly processing steps (27-34).

» Enhanced Structural Defect Formation. Dissolved metals
have been shown to decrease the barrier of formation for
defects such as oxidation-induced stacking faults (OSF)
and dislocations (35). Iron has also been shown to en-
hance the nucleation and growth of oxygen precipitates
(36). These effects may help induce deleterious structural
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defects in device regions, which have been observed in
failed devices (10,37).

Gettering techniques keep unintentionally introduced met-
als away from the device regions. The actual criteria for suc-
cessful gettering varies depending upon the application. From
the materials science point of view, these criteria break down
as follows:

» ICs. Prevention of surface precipitation (haze) and near-
surface defects, including metal-induced defects

* CCDs. additional reduction of dissolved metals in the
near-surface region

* PVs. removal of dissolved and precipitated metals from
bulk

These techniques are not only insurance against accidental
contamination, but also necessary to maintain high yields.
The current gettering techniques have been optimized pri-
marily through yield studies, and, while little is known of the
quantitative aspects, the techniques appear adequate for cur-
rent fabrication technologies. However, the IC industry is
quickly moving toward larger wafers (38) (possibly with lower
oxygen concentrations), novel structures (SOI, silicon on insu-
lator, epitaxial layers, etc.), highly doped substrates (power
devices), back-side treatments (polysilicon (39) deposition or
polished back sides), rapid thermal anneal (RTA) processes,
smaller device dimensions, and larger electric fields and cur-
rent densities (40,41). This imposes increasingly strict re-
quirements on the reduction of impurities in silicon sub-
strates. The Semiconductor Industry Association (SIA)
guidelines for metal concentrations in incoming wafer are
=10% at./cm? for 1998 to 2000 (38). It is unlikely that these
levels can be maintained solely through preventative mea-
sures, such as higher-purity chemicals, cleaner furnaces, and
general improvements to the processing conditions. Tremen-
dous effort is spent on preventive techniques, yet the yield is
becoming ever more sensitive to the slightest perturbations
of the manufacturing environment. Thus it is imperative to
understand not only the mechanisms of gettering, but also its
quantitative aspects, which can be used in predictive com-
puter simulations to optimize gettering processes.

A BRIEF OVERVIEW OF GETTERING

In general, gettering is a three-step process (42). The impu-
rity must be (1) released from its original and undesirable
state so that it can then (2) diffuse through the crystal and
be (3) captured at the gettering site. The release process has
only recently begun to be studied. Initial results from
McHugo et al. (43) have demonstrated the rapid release of Cu
and Ni from dislocations in polycrystalline silicon, indicating
that release is rapid with no observable barrier. For the
slower-diffusing transition metals such as iron, diffusion to
the gettering site is typically the rate-limiting step. There are
two general classes of gettering processes, defined by their
capture mechanisms: segregation and relaxation (44).

Synopsis of Relaxation Gettering

In any relaxation gettering technique, heterogeneous precipi-
tation sites are intentionally formed in regions away from the
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device/surface region. The gettering process occurs with an
impurity supersaturation which can occur during cooling from
high temperatures. Any mobile and supersaturated impuri-
ties can quickly precipitate only in regions of the silicon wafer
that contain high concentrations of precipitation sites. In
these regions, the dissolved impurity concentration will de-
crease rapidly and might not deviate significantly from the
thermodynamic equilibrium concentration. In neighboring re-
gions, such as the device/surface region with low nucleation
site densities, supersaturated impurities cannot precipitate
quickly, and thus impurity concentrations may significantly
exceed the thermodynamic equilibrium concentrations during
cooling. This difference in precipitation site density creates
a dissolved-impurity concentration gradient. In this manner,
supersaturated impurities diffuse away from the surface/de-
vice region and into the bulk during a cooldown. This process
is referred to as relaxation gettering because it requires the
supersaturation of impurities to relax to equilibrium concen-
trations during a cooling step. There are two types of relax-
ation gettering techniques: internal and back-side gettering.

Internal gettering is also called intrinsic gettering, since
the gettering defects are viewed as inherent in the Czochral-
ski (Cz) wafer. Internal gettering has been used widely in in-
dustry by utilizing oxygen precipitates and associated struc-
tural defects as heterogeneous nucleation sites for any
supersaturated transition metals. There had been a debate
over the years as to which particular defect was responsible
for gettering. Presently, it is recognized that different impuri-
ties will nucleate on different defects. Furthermore, it is un-
derstood that the cooling rate has a significant effect on which
sites are nucleated and on the overall gettering efficiency.

Back-side relaxation gettering typically involves heteroge-
neous nucleation sites formed by damaging the back side of
the wafer or by depositing a layer of polysilicon that itself
contains many heterogeneous nucleation sites such as disloca-
tions and grain boundaries. Back-side gettering techniques
are effective for fast diffusing impurities such as copper and
nickel.

Synopsis of Segregation Gettering

Segregation gettering utilizes a region of higher impurity sol-
ubility to extricate impurities from a region of lower solubil-
ity. The segregation gettering layer is located outside of the
active device region and has the advantage over relaxation
gettering that no supersaturation is required. Thus, in princi-
ple, low impurity concentrations in the device region can be
realized quickly at a temperature where the impurities can
diffuse quickly. A segregation coefficient is defined as the ratio
of the impurity solubility in the gettering region to that in the
device region. Segregation can result from various conditions:

* Phase. Liquid silicon has a much higher solubility for
transition metals than crystalline silicon. This is widely
exploited during Cz growth of Si ingots.

* Material. Other boundary materials, such as aluminum,
have greater transition metal solubilities than crystal-
line silicon, simply due to their different chemical compo-
sition.

o Fermi Level. Manipulation of the Fermi level in a getter-
ing region can increase the ratio (dynamic equilibrium)
between the dissolved ionized and neutral metal impu-
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rity (45—48). Thus the gettering region will contain a
larger total dissolved metal concentration.

» Traps. Pairing reactions, (46,49-51) between dopants
and several transition metals can also increase the total
metal concentration in highly doped materials.

* Strain. Strain has also been thought to increase (or de-
crease) the solubility of transition metals and has been
demonstrated to either getter metals directly (52,53) or
influence metal gettering at defects (54).

For IC devices in silicon, with the active device region
within 1 wm of the front surface of the substrate, the getter-
ing layer is typically placed in the proximity of the front sur-
face (>1 um depth) or at the rear surface of the substrate.
Alternatively, the active device region of a silicon photovoltaic
cell is the entire substrate thickness, so segregation gettering
to the front or back surface is appropriate.

Segregation gettering of impurities in a semiconductor can
be accomplished by numerous methods. For photovoltaic sili-
con substrates, the most commonly used methods are alumi-
num and phosphorus gettering. Epitaxial films grown on high
quality substrates are becoming of great importance to the IC
industry. One of the structures that are of particular interest
is a p epitaxial layer grown on a p** substrate (p/p**). Aside
from device design advantages, there exists the added advan-
tage that Fermi level and/or trapping segregation between
the p layer and the p** substrate can reduce transition metal
contaminant concentration in the p layer to extremely low
levels. Increased solubility due to the Fermi effect is dis-
cussed by Hall and Racette (55), Gilles et al. (56), Stolk et al.
(57), and McHugo et al. (58).

Trends

In the past the IC industry has relied primarily on internal
relaxation gettering. Future gettering techniques will most
likely include some type of segregation gettering as well, since
relaxation gettering alone may no longer be able to achieve
the necessary reduction in metal concentrations in the lower
thermal budgets, which are required for very shallow junc-
tions. In principle, segregation techniques have the advan-
tage of being effective even when the impurity is not super-
saturated.

DEFINITION OF SOLUBILITY

A clear understanding of solubility is important in both segre-
gation and relaxation gettering, since segregation relies on a
difference in solubility between two regions and relaxation re-
lies on a difference in solubility from equilibrium values. Sol-
ubilities of transition metals in silicon are defined as the equi-
librium dissolved metal concentration in silicon when
bounded by a specific phase (1). For example, the solubility of
interstitial iron in silicon (below eutectic) is defined as the
equilibrium concentration of iron when FeSi, is the un-
stressed boundary phase on the surface. If the boundary
phase were FeSi, or pure Fe, a different solubility would be
obtained. Indeed, such an effect was observed by Weber (1).
Since time is required for the FeSi, phase to establish itself
at the surface after deposition of pure Fe, the solubilities mea-
sured by Weber at short times were different than the final
equilibrium concentrations.

The familiar thermodynamic expression for solubility is,

el — e—AG/kT — eAS/ke—AH/kT — Coe—AH/kT (1)

where AH, AS, and AG are the enthalpy, entropy, and free
energy of formation, respectively. The energy of formation
AG is actually the sum of a number of energy terms as,

AG=E, —E, +E, @)

where E, is the binding energy of the metal to the boundary
phase, E, is the electron interaction energy, and E, is the
strain energy.

Microscopically, a metal atom must detach itself from the
surface silicide before it can enter the silicon. This is a ther-
mally activated process, and the energy required for the de-
tachment is essentially a binding energy E,, which in fact de-
termines the vapor pressure of the metal over the silicide.
Assuming for the moment the absence of other effects, the
solubility of a metal in silicon should therefore be equivalent
to the vapor pressure of the metal over the silicide (or other
boundary material) (59). It is immediately clear, for example,
that Fe, FeSi, and FeSi, all have different binding energies
for iron, resulting in different vapor pressures, and therefore
different solubilities in silicon. There are additional interac-
tions between the silicon matrix and the metal impurity.
These interactions result from:

* the interaction of the outer electron orbitals of the metal
and the silicon matrix, E,

* the elastic strain energy of an impurity, E

Clearly the electron interaction can be significant, since a
number of metals can be ionized much more easily as an in-
terstitial in silicon than as a single atom in a vacuum. For
most of the 3d transition metals, except Ti and Cr, the metal-
lic radius is small enough to fit into the tetrahedral site with-
out producing any elastic strain (60).

From this rough examination of solubility, it stands to rea-
son that a change in the silicon matrix due to strain, struc-
tural defects, or melting will affect one or both of the interac-
tion energies. Masuda-Jindo (61) attempted to calculate the
interaction (segregation) energy between strained regions re-
sulting from structural defects and metal impurities [i.e.
E (defect) — E.(matrix)] using linear combination of atomic
orbitals (LCAO). His results indicated that the transition
metals V, Cr, Mn, Fe are attracted to tensile regions (E, ~
0.25 eV for 5% tensile strain), while Cu is attracted to com-
pressed regions. Certainly these trends need to be verified ex-
perimentally, but the general conclusion is that structural
changes will most likely affect the equilibrium concentration
(solubility) of metal impurities. One can, in fact, view the de-
fect structure (i.e. the dislocation core) as a different phase
with a different solubility. However, judging from the above
results, very large strains may be required to obtain only
weak segregation.

Additionally, metal impurities may be ionized and then
paired. Since only the neutral species is in equilibrium with
the boundary phase silicide, the additional ionized and paired
species increase the total amount of metal present in the sili-



con. The entire reaction can be described as,

M <M oMY~ < MtA-or M D™

silicide (3)
Since the term solubility is used to indicate the total metal
concentrations, ionization and pairing increase the solubility
of the metal in the silicon. Further discussion of solubility will
be presented in relevant portions of the text.

RELAXATION GETTERING

Historical Aspects

One of the earliest studies on relaxation gettering was by Kai-
ser (62) who in 1957 proposed a complexing reaction between
intentionally grown oxygen precipitates and metal impurities.
Mets (63) in 1965 elaborated on the possible complexing and/
or precipitation of copper and regions with high oxygen con-
centrations. Furthermore, he clearly demonstrated the getter-
ing of copper by damaged surfaces. Twelve years later, in
1977, Tan et al. (64) presented the first comprehensive model
of internal relaxation gettering with an intentionally formed
denuded zone and bulk heterogeneous nucleation sites. Addi-
tionally, they demonstrated yield improvement by using this
method.

In numerous early works on gettering, the exact capture
process was not always explicitly specified. Discerning segre-
gation from relaxation effects in internal, back-side damage
or polycrystalline back-side gettering experiments is not al-
ways straightforward, especially when monitoring-device
yields or etchpit densities are used as indications of gettering.
Copper and other metals were often said to be “trapped” and
“gettered” by dislocations or oxygen precipitates (65-67),
leaving the exact gettering mechanism ambiguous. Involve-
ment of silicon interstitials was often speculated. Much prog-
ress in understanding relaxation gettering has been made
since the early studies. The next section on the kinetics of
relaxation gettering will explain the mechanism of relaxation
gettering by describing the precipitation rate and the diffu-
sion of impurities. The following section will discuss the de-
tails of heterogeneous precipitation sites. Two of the primary
relaxation methods, internal and back-side gettering, will be
discussed at the end of this section.

General Mechanism

Kinetics of Relaxation Gettering. A fundamental aspect of
relaxation gettering is the difference in the precipitation rate
of an impurity in the device and gettering regions. To first
order, this difference depends upon the density of precipita-
tion sites, that is, successfully nucleated defects. A computer
simulation of a slow cool process with an initial dissolved iron
concentration of 3 X 10 Fe/cm? is shown in Fig. 1. The cool
begins at 850°C and ends at 200°C with a slow rate of 80°C/
min. As time increases, the equilibrium solubility (1) de-
creases and is shown by the heavy dashed line in Fig. 1. Since
diffusion takes time, the more precipitation sites there are,
the sooner an impurity can precipitate. In Fig. 1, the iron
precipitation sites are assumed to correlate directly with an
oxygen precipitate density, implying that iron has nucleated
at the oxygen precipitates.

To illustrate such a concentration gradient, a computer
simulation was performed simulating relaxation gettering of
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Figure 1. Illustration of precipitation during a slow cool. During the
cool from 850°C to 200°C, the equilibrium solubility (1) of the iron
decreases as shown by the dotted line. Dissolved iron can precipitate
quickly if a large number of precipitation sites are available as shown
by the solid line. If few precipitation sites are available, precipitation
of iron is reduced as shown by the dashed line.

a 40 um epitaxial layer on a substrate with a large concentra-
tion of oxygen precipitates and is shown in Fig. 2. During the
slow cool, dissolved iron in the epitaxial layer precipitates
very slowly, since it is assumed that the density of precipita-
tion sites in the epitaxial layer is very small. In the bulk re-
gion, there is a high density of precipitation sites and iron
precipitates rapidly. The dotted curve labeled “Dissolved” in
Fig. 2 is the concentration profile of dissolved iron at the end
of cooling. It clearly shows a concentration gradient and thus
a flux of iron out of the epitaxial layer and into the bulk
where it precipitates. The flux of iron due to the concentration
gradient is established once the iron begins to precipitate in
the bulk, and continues until the diffusivity of iron becomes
so low that diffusion out of the epitaxial layer becomes insig-
nificant. The total iron concentration, dissolved and precipi-
tated, at the end of the slow cool is also shown in Fig. 2. One
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Figure 2. Illustration of the dissolved iron concentration gradient
during a slow cool. In the bulk there is a high density of precipitation
sites and iron precipitates quickly. In the epitaxial layer there are
few precipitation sites and the dissolved iron does not significantly
precipitate. This results in a concentration gradient and therefore a
flux of iron from the epitaxial layer to the bulk, as is shown by the
“Dissolved” line.
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can clearly see that the total iron concentration in the epitax-
ial layer has dropped by approximately two orders of mag-
nitude.

While the qualitative picture of relaxation gettering is
straightforward, the quantitative aspects are more difficult
and may be why a complete understanding of relaxation get-
tering has languished for so long. The difficulties in quantify-
ing relaxation gettering include the following:

Metal impurities have different precipitation behavior, as
will be discussed later.

The cooling rate affects the number of heterogeneous sites
that are actually nucleated.

Direct characterization methods, such as transmission
electron microscopy (TEM), cannot be used to determine
an overall effective nucleation site density and getter-
ing efficiency.

It is clear that in order to quantify relaxation gettering, one
must quantify the precipitation rate from a macroscopic
standpoint.

Earlier, it was stated that to first order, the precipitation
rate (the rate at which the solute disappears, not the rate at
which precipitates are formed) is proportional to the density
of precipitation sites. To be more exact, the time constant of
a purely diffusion limited precipitation process is proportional
to the product of the density of precipitation sites, n, and the
radius of the precipitation sites, r,. This follows from the ana-
Iytic solutions for the average solute concentration during
precipitation, which were derived by Ham (68) in 1958. He
presented two solutions for precipitation onto spherical pre-
cipitates: one solution assumes a growing precipitate, and the
other a nongrowing precipitate. Using these solutions, the
rate of precipitation can be quantified. However, there are
several assumptions used in deriving these solutions:

* The nucleation site density n is constant. This may be
the case in heterogeneous nucleation or in homogeneous
nucleation where there is a distinct nucleation and then
a growth stage. Ham’s results would apply only to the
growth stage.

* The process is diffusion-limited only. Nucleation-limited
precipitation and reaction-limited precipitation are not
considered.

* The nucleation site distribution is random.

* The initial solute concentration is uniform and can be
adequately described by an average concentration c,.

* The radius of the precipitate, ry, is much smaller than
the distance between precipitates, r..

Whether all of these conditions are met during precipitation
of transition metals in silicon is uncertain. The manner in
which copper precipitates on dislocations may preclude any
quantitative analysis based on Ham’s equations. This will be
discussed later.

To simplify the problem, Ham solved Fick’s diffusion equa-
tion assuming a fixed precipitate radius rather than a grow-
ing radius. For a precipitate of fixed radius, Ham finds that
the precipitation process is adequately described by

et) —cs & (cy —cs)e /0 (4)

where

1
"~ dnnr,D

)]
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and ry is the fixed precipitate radius.

Ham also showed that when the radius does not change
significantly (i.e., when more than 50% of the solute has pre-
cipitated), the growing-radius solution then approximates the
fixed-radius solution as

et) — cs
Co —Cs

~ ke /% (6)

where % is a constant that is larger than 1 and depends on
the ratio n/cy, and 7, is given in Eq. (5). In this case, r; is
taken as the radius of the precipitate when more than 50% of
the impurity has precipitated. This is due to the fact that the
radius increases as the cube root of the volume. Once approxi-
mately half the solute has precipitated, the increase in radius
due to the remaining half of the solute is relatively small. The
disadvantages of applying the fixed-radius solution are
twofold:

First, fitting this equation to experimental data points
yields only the product nry. This is a poor metric for
comparing precipitation processes, since nr, can itself be
a function of the initial impurity concentration and the
impurity density in the precipitate.

Second, early in the precipitation process the precipitate
radius may be increasing, giving rise to a nonexponen-
tial curvature. Specifying only the product nr, gives no
information as to the nature of the first half of the pre-
cipitation process.

To obtain n and r, separately, some studies have used the
conservation of mass to obtain n as follows. The conservation
of mass is simply expressed as

Ac = grrine, (7

Combining Egs. (5) and (7), one obtains an expression for n
as

, 1 ¢ 1/2
n= (er " (4nD7)3 E) ®)

where Ac is the drop in solute concentration, and c, is the
density of the impurity in the precipitate. This approach is
quite suitable for any process where the radius is fixed, as
might be the case if iron precipitated on oxygen precipitates.
Iterative techniques can provide much more flexibility and
can model situations where n, r,, and D are not necessarily
constant. This will be discussed further in the section on com-
puter modeling of gettering.

Given a density of precipitation sites, one can predict the
precipitation rate using Ham’s equations. However, before an
impurity can precipitate, it must first form a stable nucleus.
Transition metals nucleate heterogeneously on defects. Which
defects are favorable heterogeneous nucleation sites will be
discussed in the next section.
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Figure 3. Schematic illustration of the competing energy terms in-
volved in nucleation. Initially the surface term dominates for small
radii, but at larger radii the volume term will dominate and precipi-
tate growth is favorable. Thus, there exists a barrier to nucleation,
AG*. Defects can reduce this barrier by reducing the surface and/or
strain energy, making nucleation at defects more preferred than in
the bulk material.

Thermodynamics of Relaxation Gettering. From classical nu-
cleation theory, there are two opposing forces in the nucle-
ation process. The volume term, AG,,, which promotes nucle-
ation for supersaturated solutions, is proportional to the cube
of the precipitate radius, r, and represents the energy gained
when a given volume of precipitate is formed. Of course, the
solute must be supersaturated; otherwise energy must be
supplied to form the precipitate. The opposing term, AG,, is
the energy required to form the interface between the precipi-
tate and the host matrix, and thus is proportional to on the
square of r and to the surface energy. Finally, for a misfitting
precipitate, the misfit strain energy must also be included,
and is also proportional to the cube of the precipitate radius,
AGiain- The misfit strain energy can oppose or enhance the
nucleation of a precipitate, depending upon the strain state of
the host matrix. If there is no strain in the matrix, then the
creation of strain will oppose the formation of a nucleus. This
can be expressed as

AG = AG AC¥vol + AC;strain
AG =0 4nr® — $7r3(AGy — AGy)

surf —

9

where o is the surface energy per unit area, AG, is the energy
gained in precipitating a unit volume of solute, and AG; is the
strain energy created per unit volume by the formation of the

Cu, Pd Ni, Fe
Punched-out dislocation loops
Frank partials Frank partials
Surfaces (haze) Surfaces (haze)
Oxygen precipitates? Staking fault planes?

Staking fault planes?

Increasing barrier to nucleation
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misfitting precipitate. A defect of any sort can act as a cata-
lyst for nucleation by lowering the surface energy term and/
or modifying the strain in the matrix. The energies are illus-
trated in Fig. 3. Initially the surface term dominates for small
radii, creating a barrier to nucleation. The height of this bar-
rier is denoted as AG* and occurs for a critical radius r*. At
larger radii the volume term will dominate, making continued
growth of the nucleus energetically favorable. For successful
nucleation, a nucleus must therefore overcome the barrier to
nucleation. Defects can help to lower this barrier by reducing
the surface energy term or the strain energy term. Coulombic
interactions between the precipitate and the dissolved impu-
rity also have an effect on the nucleation and precipitation of
metals. However, there exists no expression for the charge of
the precipitate as a function of size.

Transition metals precipitate heterogeneously at struc-
tural defects such as oxygen precipitates, dislocations, stack-
ing faults, and surfaces. To be clear in describing relaxation
gettering processes, one should note that an oxygen precipi-
tate or a dislocation is not in itself a gettering site. These
defects can only act as heterogeneous nucleation sites for a
silicide precipitate. The silicide precipitate, once formed, is
then the gettering site. Thus there need not be a one-to-one
correlation of defects and gettering sites, since nucleation de-
pends upon supersaturation and on the barrier to nucleation
of each defect present.

While the mechanism of internal relaxation gettering had
long been thought to be precipitation at either dislocations or
oxygen precipitates themselves, it began to be clear in the
late 1980s and early 1990s that each metal has different pre-
cipitation behavior and precipitates preferably at different de-
fects (69,70). Graff et al. (71,72) and Falster and Bergholtz
(73) in 1990 compared the silicon surface as a heterogeneous
precipitation site with oxygen-related defects in the bulk for
Cu, Ni, Pd, and Co. For some metals and conditions, the oxy-
gen-related defects were more favorable precipitation sites
and prevented haze formation, that is, precipitation at the
surface (74). In addition to earlier studies on copper precipita-
tion at dislocations, Gilles et al. (75) in 1990 indicated that
iron precipitated at oxygen precipitates, Falster et al. (76) in
1992 observed the different heterogeneous precipitation be-
haviors of Cu, Pd, and Ni in silicon, and Shen et al. (77) in
1994 showed that punched-out dislocations were more favor-
able precipitation sites than Frank partials for Cu and Ni.
Qualitatively at least, one can thus begin to rank some struc-
tural defects by their barriers to nucleation, as is shown in
Fig. 4 based upon work by Shen (77-80) and Falster (73,76).
The diffusivity of the metal also plays an important role in

Oxygen precipitates and punched-out dislocation loops

Figure 4. Qualitative ranking of hetero-
geneous nucleation sites based on Shen
(77-80) and Falster (73,76). Defects near
the top are more favorable nucleation
sites. During a slow cooldown, metal im-
purities are expected to nucleate only at
the top sites.
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which defect sites are nucleated. A fast diffusing metal such
as copper can move large distances to find the most favorable
heterogeneous nucleation sites while slower metals such as
iron may nucleate only at the nearest defect.

There is considerable uncertainty as to where grain bound-
aries would rank. A study by Ihlal et al. (53) correlated the
energy of interfaces in bicrystals with gettering efficiency.
This would indicate that high-energy boundaries are more fa-
vorable nucleation sites than low-energy boundaries. This is
also in qualitative agreement with Shen’s observation of cop-
per nucleating preferentially at higher energy dislocations
(punched-out dislocations) than on lower-energy dislocations
(Frank partials).

Additionally, the cooling rate has a significant influence on
the type and number of precipitation sites. A slow cooling rate
results in a small supersaturation, and thus a small driving
force for precipitation. In this case, nucleation is expected to
occur on only the most favorable sites. Fast cooling rates cre-
ate high supersaturations, and nucleation could occur at any
and all structural defects present. Studies by Shen et al. (77—
79) on Cu, Fe, and Ni, using slow and fast cooling rates, have
illustrated exactly this type of behavior (78,81-83). Hieslmair
et al. (84,85) predicted optimal linear cooling rates on the ba-
sis of experimental data on iron precipitation and computer
simulations.

Possible Segregation to Structural Defects. As described
above, a defect can lower the barrier to nucleation. Often in
the literature, the gettering mechanism itself is not specified
and impurities are simply assumed to be trapped at defects.
Terms such as “trapping” and “decoration” imply that an im-
purity need not be precipitated in order to be fixed at a struc-
tural defect. Such terminology implies that metal impurities
segregate to structural defects. Whether or not this is the case
is difficult to ascertain experimentally, but possible mecha-
nisms for such behavior are as follows:

* Many structural defects (grain boundaries, dislocations)
have dangling bonds, which could bind impurities. Since
most silicon bonds in structural defects are recon-
structed, the dangling bond density is low, limiting the
total amount of impurity that can be gettered in this
manner. Additionally, it would be difficult to detect such
decoration.

* Electron orbital interactions between interstitial impuri-
ties and the surrounding silicon atoms partly determine
the solubility of an impurity. It is clear that by altering
the structure of the silicon matrix, the electron orbital
interactions are affected (61) and can change the solubil-
ity of an interstitial impurity as discussed above in the
section on solubility. Baldi et al. (86) viewed the disorder
caused by structural defects as approximating the liquid
silicon structure and thus expected some amount of seg-
regation, as is observed between solid and liquid silicon.

* The nature of the charge state of dislocations can have
an effect on ionized metal impurities. This coulombic
trapping would depend on the Fermi level and the spe-
cific impurity. Neutral impurities would thus not segre-
gate to dislocations.

» Segregation of metal impurities to structural defects due
to interaction of the metal and the strain has also been

suggested (87). However, assuming the strain energy of
a dislocation is the interaction energy, Sumino (88)
showed that this interaction energy cannot significantly
bind impurities at room temperature.

* Cahn (89) derived expressions for the activation energy
of nucleation on a dislocation. He showed that the dislo-
cation strain-energy term is favorable for nucleation only
for small precipitate radii, while the volume term is fa-
vorable for nucleation for large radii. If there is not suf-
ficient overlap between the two terms, it is in principle
possible that very small nuclei are stable yet will not
grow without a large supersaturation.

All of the segregation processes outlined above have a lim-
ited capacity for metals, and probably become saturated dur-
ing any intentional metal contamination step common to get-
tering studies. Therefore, segregation effects appear to be
minor in comparison with the relaxation (precipitation) pro-
cesses during gettering. “Copper decoration” is a commonly
used term in many studies. However, it is copper precipita-
tion on defects that is actually observed in many studies. Con-
sidering the extremely fast diffusion coefficient of copper (90),
it would be easy to mistake a segregation/trapping effect for
what is actually precipitation even with a fast cool down.

The recombination activity of dislocations appear to be ex-
tremely sensitive to metal contamination. Numerous studies
have attempted to understand the interaction of low levels
of metal impurities and dislocations by using electron-beam-
induced current (EBIC) (83,88,91-93). It is difficult to draw
definite conclusions about segregation of metals to structural
defects, but it seems reasonable to state that there appears
to be a segregation of small amounts of metal impurities to
structural defects. Still, these and other studies have estab-
lished that dislocations do act as heterogeneous nucleation
sites and precipitation is a significant gettering mechanism.

Strain and Relaxation Gettering. The role of strain produced
by structural defects in enhancing the precipitation of metals
has been discussed (94,95). Strain around a defect enhances
or inhibits the formation of a silicide depending on whether
the silicide precipitate can relieve or exacerbate the strain as
in the following reaction:

M, =M

+ {strain} (10)

precip
For example, a compressive strain around an oxygen precipi-
tate would enhance the formation of a silicide with a greater
silicon density than the silicon matrix itself. Thus, it would
be energetically favorable for FeSi, to precipitate around oxy-
gen precipitates, since this silicide has a smaller molar vol-
ume and will relieve some of the strain. On the other hand,
Cu;Si would not be expected to precipitate at oxide precipi-
tates since this would increase the total strain in the silicon
matrix. McHugo et al. (54) indicated that strain around the
oxygen precipitate could enhance iron precipitation and in-
hibit re-dissolution of gettered iron, thereby stabilizing the
gettered iron. Furthermore, not all precipitates have exactly
the same amount of strain around them, and the strain is not
even uniform around a single oxygen precipitate. It should
also be pointed out that the enhancement or inhibition of pre-
cipitation of silicides due to strain does not indicate that the
solubility of the metal has changed. The solubility is always



defined with respect to an unstressed surface silicide. Strain-
enhanced or inhibited precipitates represent a different
boundary condition and will result in different equilibrium
concentrations of dissolved impurities. The effects of strain on
solubility include electron orbital interactions and have been
discussed in the section on solubility.

A quantitative analysis of heterogeneous nucleation sites
is difficult. Work done to date allows for qualitative compari-
sons between a few types of defects at best. Optimally, one
would like to be able to obtain some kind of distribution of
barriers to nucleation for a given type of defect. In order to
obtain such a distribution, however, many factors must be
taken into account (supersaturation, strain, nucleation site
and precipitate geometries, electronic effects, etc.).

Internal Gettering

Because of its relevance to internal gettering and creation of
detrimental surface defects, oxygen nucleation and precipita-
tion in silicon have been studied for many years (a compre-
hensive treatment is given by Ref. 96). The objective of most
internal gettering techniques was to create a denuded zone
(DZ) near the surface or device region and then to nucleate
and grow oxygen precipitates in the bulk of the wafer. The
DZ is, in principle, a defect-free zone with no oxygen precipi-
tates. The DZ can be formed by heating the wafer to high
temperatures to allow the dissolved oxygen to diffuse out of
the wafer. After this outdiffusion, the resulting oxygen con-
centration in the surface region is significantly lower than the
bulk concentration. Thus, during a subsequent lower-temper-
ature anneal, nucleation of oxygen only takes place in the
bulk (64). The last step is to grow the oxygen precipitates at
a high temperature. Following these guidelines, many time—
temperature recipes have been proposed, (97—-103) but repeat-
ability and uniformity have always been difficult to achieve.
There were differences in the oxygen precipitation behavior
within a wafer, between wafers from different sections of a
Cz ingot, and between different wafer vendors (104). Thus the
history of the wafer, including the time—temperature history
during ingot cooling, influenced oxygen precipitation. Typi-
cally, the time—temperature treatment of a wafer for internal
relaxation gettering is as follows:

* Annealing above 1050°C for the outdiffusion of oxygen
and formation of DZ

* Annealing below 800°C for between 3 h and 24 h to nu-
cleate oxygen precipitates

* Annealing above 950°C for between 1 h and 16 h to grow
the oxygen precipitates

Ramped temperature treatments were also used (105) to fur-
ther accelerate the oxygen precipitation process.

Recently, however, Falster et al. (106) have developed a
method to reliably and uniformly control and nucleate oxygen
in silicon wafers by controlling the excess vacancy concentra-
tions. The first step is to anneal the wafers at high tempera-
tures (1200°C for 10 s) to erase the thermal history of the
wafer. At this temperature, there exists an equilibrium con-
centration of vacancies and silicon interstitials such that the
vacancy concentration exceeds the interstitial concentrations.
By carefully controlling the annealing temperature, the cool-
ing rate, and the ambient gas, the final vacancy profile can be
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manipulated so that there remains an excess concentration in
the bulk and very low concentrations near the surfaces. The
general shape of the vacancy concentration is followed by the
oxygen precipitation behavior. Apparently, not only is outdif-
fusion of oxygen not required for DZ formation, but the oxy-
gen precipitation behavior is completely decoupled from the
oxygen concentration itself and is controlled by the vacancy
concentration. When the vacancy concentration comes to dom-
inate the oxygen clustering behavior, the normally very
strong oxygen concentration dependence of precipitation dis-
appears.

Thus, a structure with a DZ on the surface and oxygen
precipitates in the bulk can be formed reliably. The oxygen
precipitates also produce other structural defects such as
punched-out dislocations and stacking faults depending on
the precipitate growth conditions. A compressive strain field
will also surround oxygen precipitates, since the density of
silicon in the SiO, precipitate is approximately half that in
the silicon matrix. Which sites are the most favorable precipi-
tation sites depends upon the metal impurity, the cooling
rate, and the silicide precipitate density. Generally, all metals
were observed to precipitate on almost any defects when
quenched from high temperatures. Under such conditions,
however, the metals are certainly in metastable states, and
often their crystal structures are ambiguous. Using slower
cooling rates, particularly when the cooling rate is adjusted
for the metal diffusivity, certain trends are observed. Clearly,
high-silicon-density silicides can help relieve compressive
strains and would thus be favorable in regions with high com-
pressive strain fields such as near an oxygen precipitate.
Low-silicon-density silicides require the emission of silicon in-
terstitials, and nucleation of such a precipitate would be in-
hibited near an oxygen precipitate. Vanhellemont and Claeys
(94) and Seibt (107) described this process for various metals
and tabulated the required emission or absorption of silicon
self-interstitials for the growth of metal precipitates. Based
on these results and on results from Falster et al. (76), the
precipitation behavior of metals can be approximately divided
into two groups,

high-silicon-density silicides, which are either smaller or
only slightly larger (within 2%) than the silicon matrix,
and

low-silicon-density silicides, which are significantly larger
than the silicon matrix.

Table 1 shows the expected composition and density ratio of
several common metal impurities (94,107-110). The density

Table 1. Composition and Properties of Various Metals
Silicides Expected to Form During Precipitation®

Metal Expected Silicide Density Ratio References
Iron FeSi, 0.94 94,107
Nickel NiSi, 0.96 94,108
Cobalt CoSi, 1.0 108,109
Palladium Pd,Si 2.1 109
Copper Cu;Si 2.3 107-109

“The density ratio is the silicon density in the silicide divided by the silicon
density in the bulk, 5 X 10% Si/cm®. A number less than 1 indicates the absorp-
tion of silicon self-interstitials during growth, while a number greater than 1
indicates emission of silicon self-interstitials during growth.
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ratio is the silicon density in the silicide divided by the silicon
density in the bulk, 5 X 10?2 Si/cm?.

High-Silicon-Density Silicides: Iron, Nickel, and Cobalt. Gilles
et al. (75,111) in 1990 measured the low-temperature precipi-
tation rate of iron and inferred nry,, where n is the density of
precipitation sites with a radius of r,. They showed a direct
correlation between the product nr, for oxygen precipitates
during the oxygen precipitate growth step and that for iron
in the same samples at low temperatures. This clearly estab-
lished a link between iron precipitation and the presence of
oxygen precipitates and indicated that iron was precipitating
on the oxygen precipitate itself. TEM studies, however, failed
to detect iron precipitates at the oxygen precipitate. In TEM
studies on nickel precipitation, Falster et al. (76) and Bhatti
et al. (112) observed that nickel precipitated at the silicon—
oxygen precipitate interface on some of the oxygen precipi-
tates. This precipitation enhanced the generation of punched-
out dislocations, which then also served as nucleation sites.
It is not clear how nickel precipitation enhanced the genera-
tion of punched-out dislocations. It would be expected that
nickel precipitation would not add to the strain around the
oxygen precipitate and could even help to relieve it. Shen et
al. (37) observed that the presence of iron serves to enhance
the nucleation of oxygen precipitates, suggesting iron can re-
lieve some of the strain produced by the oxygen precipitate.
Direct studies by Shen et al. (78) also showed the behavior of
iron precipitation on stacking faults. McHugo et al. (54)
showed that iron precipitates more slowly and is more easily
re-dissolved from oxygen precipitates with no strain than oxy-
gen precipitates with strain, indicating that the strain of the
oxygen precipitate enhances gettering of iron. Hieslmair et
al. (85) expanded on Gilles’s work and showed that the iron
precipitate site density matched the oxygen precipitate site
density for over four orders of magnitude of oxygen precipi-
tate density. The overall model of how iron precipitates is as
follows.

Given a slow enough cooling rate, oxygen precipitates are
the primary nucleation sites. Punched-out dislocations
are also expected to be favorable nucleation sites.

No punched-out dislocations are expected to result from
iron precipitation at oxygen precipitates.

At higher cooling rates, iron precipitates at any nearby de-
fects, including stacking fault planes.

Other faster diffusing metals in the high-silicon-density group
precipitate at:

Oxygen precipitates and punched-out dislocations which
are the primary nucleation sites.

Precipitation at the oxide—silicon interface adds stress and
helps punch out dislocation loops, which glide far from
the oxygen precipitate.

These punched-out dislocation loops then serve as addi-
tional nucleation sites.

Recent experimental results of iron precipitation and com-
puter simulations of gettering by Hieslmair et al. (85) predict
that for a 4 um DZ or epitaxial layer and a high concentration
of oxygen precipitates, iron levels can be kept below 2 X 108

cm? with a cooling rate of about 70°C/min to a final tempera-
ture of 200°C.

Low Density Silicides: Copper and Palladium. Copper precipi-
tation in silicon has been studied for over 40 years, beginning
with studies by Dash (113) in 1956. Nes (114,115) and Solberg
(116) described the manner in which copper repeatedly pre-
cipitated on dislocations. Tan et al. (64) in 1977 observed cop-
per precipitation on punched-out dislocations from oxygen
precipitates and proposed the idea of internal gettering. Seibt
studied the precipitation of Cu on stacking faults (117) and
proposed (95) that for effective gettering of copper, the silicon
self-interstitial concentration must be taken into account.
Falster and Bergholz (73) studied the gettering of copper and
other metals by oxygen-related defects, observing the sup-
pression of haze formed by surface precipitation of copper. Ad-
ditionally Falster et al. (76) and Bhatti et al. (112) showed
that Pd precipitation behavior is similar to that of Cu. Studies
(15,76) also revealed that metals can be redissolved after they
were precipitated (gettered) and can be gettered again. Shen
et al. (77,78) have extensively investigated copper precipita-
tion on various types of structural defects using different cool-
ing rates. It was not until recently, however, that the intrinsic
diffusivity of copper was determined (90) and could explain
the very rapid precipitation of copper when cooling from high
temperatures. With a migration enthalpy of only 0.18 eV, it
is easy to see that copper atoms can diffuse large distances to
favorable heterogeneous nucleation/precipitation sites even
at room temperature.

These and other studies present a fairly cohesive model of
copper precipitation and thus of internal gettering of copper.
Essentially, copper

precipitates in banded colonies in the absence of large ox-
ide precipitates and/or dislocations and stacking faults.
While punched out dislocations are preferred heteroge-
neous precipitation sites, copper will precipitate on
Frank partials if the cooling rate is fast and punched-
out dislocations are sparse.

Dislocations are more likely to form around oxygen precipi-
tates if Cu is present. Once formed, dislocations are
good heterogeneous nucleation sites for copper precipi-
tation.

As copper nucleates and grows on dislocations, they kick
out silicon self-interstitials which are absorbed at dislo-
cations and force some segments to climb. These seg-
ments serve as fresh nucleation sites.

The stress from the growth of copper precipitates causes
dislocations to glide and intersect other dislocations,
creating jogs. The final result of copper nucleation and
growth and of dislocation nucleation, climb, and glide,
is a dislocation tangle around the oxygen precipitate,
on which further copper nucleation takes place. Thus,
relaxation gettering for copper is enhanced when oxy-
gen precipitates are grown in such a manner that
punched-out dislocations are formed.

Since gettering depends upon a difference in precipitate
site density, the copper precipitate site density should be
studied as a function of oxygen precipitates and related de-
fects. Laczik et al. (82), using scanning infrared microscopy



(SIRM), observed that the number of copper precipitates
never exceeded 5 X 107 precipitates/cm? for even fast cooling
rates (=100°C/s) and large oxygen precipitate densities (=
10° precipitates/cm?®). This was explained as a kind of instant
Ostwald ripening effect. As the metal nucleates on a favorable
site, the metal concentration in the vicinity of the site drops.
This reduces the driving force for precipitation at other sites
nearby, precluding nucleation on any sites within a diffusion
length of the original site. Since copper and nickel are fast
diffusers, the diffusion length is large. This model would pre-
dict that, given a high density of nucleation sites, the number
of copper precipitates is a direct function of the cooling rate.
This type of model may also explain the temperature depen-
dence of the iron precipitation site density observed by Hiesl-
mair et al. (84).

So far, metal precipitation has been studied individually.
Coprecipitation of metals is certainly possible and in some
cases is expected to be favorable. Seibt (95) observed copper
and iron coprecipitation. To the best of the author’s knowl-
edge, no study has focused on coprecipitation of metals. This
is certainly a weakness of gettering studies, since there is
usually more than one metal contaminant in practical appli-
cations. Additionally, there has been speculation that iron is
reacting with oxygen precipitates and forming a silicate
rather than precipitating on oxygen precipitates and forming
a silicide (118-120).

Back-side Polysilicon and Damage Gettering

Surface damage gettering was demonstrated and discussed
by Mets (63) as early as 1965. He used surface damage from
sandblasting to repress bulk precipitation of copper and im-
prove pn-junction leakage currents. He likened the damage
region to a sponge for impurities such as copper. Studies and
observations of copper precipitation on dislocations
(64,114,116) in the 1970s did not affect the concept of damage
regions acting as a sponge. Baldi et al. (86) likened the disor-
der in structural defects to a more liquidlike structure and
expected a segregation effect similar to that between solid
and liquid silicon. As a consequence, most of the studies on
back-surface gettering assume segregation-type (sponge) be-
havior and, more often than not, overlook the possible relax-
ation (precipitation) aspects of back-side gettering. Many
studies continue to this day in this tradition (66,67,86,121—
124) and often neglect to mention the cooling rate used in
the study. Thus, there are currently three models for back-
side gettering:

» Back-side treatments provide an abundance of heteroge-
neous nucleation sites for precipitation of metal impuri-
ties (39,125-127).

» Back-side gettering is a segregation-based technique
such that metals become trapped at the defects at high
temperatures and/or without supersaturation [Refs.
66,121-124,128; for a discussion of segregation to dislo-
cations, see Sumino (129)].

* Back-side treatments enhance the precipitation of oxy-
gen precipitates by absorbing silicon self-interstitials
(130). Back-side treatments essentially enhance internal
gettering (131). This idea fits well with other studies that
observe that oxygen precipitation is sensitive to the sili-
con self-interstitial concentration (132).
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Earlier discussions in this work have given a basis for seg-
regation of metals to grain boundaries and dislocations. The
difficulty is that these particular segregation mechanisms
have a finite capacity for capturing impurity metals, which
become saturated when one intentionally contaminates sili-
con samples at high temperatures, as is often done in getter-
ing studies. Therefore, the segregation gettering mechanism
may play a role when low levels of contamination are present,
as might be the case when actual device yields are correlated
with back-side treatments (86,121). Some studies, however,
intentionally contaminate silicon samples and attempt to re-
port on segregation effects.

Precipitation of metals in the back-surface gettering layer
is expected to proceed as described in the previous section.
Cooling rates are very important, since the metals must dif-
fuse through the wafer to precipitate at the back surface.
While this is not problematic for copper or nickel, back-side
gettering of iron may not be feasible because of the very slow
cooling required (133). Sadamitsu et al. (118) and Ogushi et
al. (124) have performed isothermal studies on gettering of
iron by poly back seal (PBS) and have shown long annealing
times of the order of 30 hours at 600°C to reduce initial iron
levels from 1.5 X 102 to 3 X 10! Fe/cm?.

Back-side damage gettering may no longer be a viable get-
tering technique, since the damage introduces particulate
contaminants further into the process line. To reduce particu-
late contamination levels, 300 mm wafers may have a pol-
ished back surface to reduce particulate generation, entrap-
ment, and shedding (134). Thus polysilicon layer gettering
may be the only viable back-side gettering technique in the
future.

SEGREGATION GETTERING

General Mechanism

Considering gettering as a three-step process of release from
the original site, diffusion, and capture into the gettering
layer, the critical step for segregation gettering is the capture
process. The release process has only recently been studied
but the initial results indicate release can be rapid with no
observable barrier (26). Furthermore, while the diffusion of
the impurities to the gettering layer is often the rate-limiting
step for gettering (27), the capture process in segregation get-
tering defines how many impurities can be gettered, i.e., how
effective the gettering can be. The ability of a gettering region
to segregate impurities is quantified by a segregation coeffi-
cient, S, given by

S = Gy 11

Cq

where C, and C; are the impurity concentrations in the get-
tering and device regions, respectively, under thermodynamic
equilibrium conditions. The relative thicknesses of the device
and gettering regions affect the total amount of impurities
that can be gettered. Assuming a constant amount of impu-
rity remains in the wafer during a heat treatment, the final
thermodynamically equilibrated concentration of the impurity
in the device region, Cy, can be given as

1

=C,———— 12
41 + Sty/ty (12)

Cfd
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where Cjq is the initial impurity concentration in the nonget-
tering region, and ¢, and ¢4 are the thicknesses of the gettering
and device regions, respectively. From this equation we
clearly see that a gettering region will not completely remove
all impurities from the device region after a gettering heat
treatment. Rather, only a fraction is removed, depending on
the initial contamination level, the segregation coefficient,
and the relative thicknesses of the device and the gettering
region.

The ideal temperature for segregation gettering depends
on the temperature dependence of the segregation coefficient
and diffusion coefficient for the impurity (42) as well as the
time duration of the gettering anneal (136) and the initial
level of contamination. In general, as the gettering tempera-
ture is increased, the diffusion coefficient will increase (in-
crease in kinetics of gettering), while the segregation coeffi-
cient will decrease due to the rapid increase in impurity
solubility in the silicon substrate relative to the impurity sol-
ubility in the Al layer (decrease in thermodynamic driving
force). Figure 5 is a schematic representation of the optimal
gettering temperature, with time dependence. As longer get-
tering times are used, the optimal temperature will decrease
until all impurities are gettered (maximum gettering effi-
ciency). A number of researchers (29,42,136—139) have noted
different optimal gettering temperatures for impurity re-
moval in single-crystal and polycrystalline silicon. These vari-
ations are most likely due to differences in gettering times
and impurity type.

Segregation gettering of impurities in a semiconductor can
be accomplished by numerous methods. For silicon sub-
strates, the most commonly used methods are gettering by
heavily doped substrates and by phosphorus and aluminum,
all of which are discussed in more detail below.

Kinetic
limitation

Maximum

Gettering efficiency

Thermodynamic
limitation

/// Temperature

Optimal temperatures

Figure 5. Time and temperature dependence for optimal gettering.
High-temperature gettering is limited thermodynamically by the seg-
regation coefficient, and low-temperature gettering is limited by the
kinetics of impurity diffusion. Note that the optimal gettering tem-
perature shifts to lower temperatures and the gettering efficiency in-
creases with increased gettering time. Maximum gettering efficiency
is reached when all impurities are removed.

Gettering by Heavily Doped Substrates

Effective gettering of metal impurities can be achieved with
heavily doped substrates. Epitaxial layers ~10 um thick with
low to moderate doping are deposited on the substrates in
order to provide an active region for IC devices. The sub-
strates are typically doped with boron, phosphorus, or arse-
nic, depending on the device application. The heavy doping
increases the solubility of metal impurities such that segrega-
tion gettering results between the epi-layer and substrate.
The heavy doping additionally acts as a sink for stray cur-
rents between IC devices, thus retarding latchup problems
(104). Heavily-doped-substrate gettering belongs to a category
of gettering techniques known as proximity gettering because
the sink for impurities is located a short distance from the
active device region. The close proximity of the gettering layer
to the device region is advantageous because the thermal bud-
get required to getter is minimal. Moreover, heavily doped
substrates are significantly thicker than the device region,
which makes a significant difference in the amount of impuri-
ties removed from the device region, as referred to above in
Eq. (12). Gettering with heavily doped substrates holds an
additional advantage over internal gettering in that internal
gettering sites are widely dispersed over the area of the wa-
fer, while heavily doped substrates create a continuous areal
sink for impurities. This advantage manifests itself in shorter
anneals for complete gettering to occur in heavily doped sub-
strate gettering as compared to internal gettering.

Historical Aspects and Performance. Hall and Racette (55)
were the first researchers to directly measure enhanced solu-
bility of a metal impurity in heavily boron-doped silicon wa-
fers. Specifically, they measure increased Cu concentrations
with boron doping of 10% at./cm? to 4.3 X 10% at./cm®. These
enhancements increased with decreasing temperatures for
the temperature range of 300°C to 700°C. Cagnina (141) and
O’Shaughnessy (142) measured enhanced Au concentrations
in heavily phosphorus- and arsenic-doped wafers for dopant
concentrations greater than 10 at./cm? in the temperature
range of 1000°C to 1200°C. Later work has shown increased
solubilities of Fe, Mn, and Co (40) and Fe in heavily doped
silicon. Taken together, these results suggest heavily doped
substrates can provide an excellent means of proximity get-
tering. In fact, studies of IC device performance by Gregor
and Stinebaugh (143) and Cerofolini et al. (144) showed in-
creased performance with the use of heavily exitaxially doped
wafers. Since this early work, researchers have directly mea-
sured removal of impurities from epitaxial layers with the use
of heavily boron-doped substrates (p/p** wafers) (145-148).
Additionally, Fe has been removed from lightly doped wafers
with the use of heavily boron-doped back-side layers only 1
um thick (149). However, p/p** wafers were shown not to ef-
fectively remove Mo from the epitaxial layers (147).

Comparison with other Gettering Techniques. In comparison
with other gettering techniques, heavily doped substrates are
one of the most effective means to getter impurities. IC device
characteristics have been shown to be better for p/p** or
n/n** wafers than for internal gettering (143,144). Further-
more, Aoki et al. (146) demonstrated that p/p** wafers were
more effective in removing Fe from the device region than
internal gettering for moderate to low contamination levels at



a 1000°C gettering temperature where the Fe was not super-
saturated during the anneal. These results clearly show the
advantages of segregation gettering over relaxation gettering.

Mechanism of Gettering: Heavily Doped Substrates

Fermi Level Effect. Gettering by heavily doped substrates
operates by a number of mechanisms. The first is solubility
enhancement via the Fermi level effect, driven by a solubility
increase of positively or negatively charged impurities in the
p*™t or n** substrates, respectively. The enhancement in
charged species was proposed by Reiss et al. (45,46) as well
as Shockley et al. (47,48). The essence of the Fermi level effect
is that the solubility of charged metal impurities depends on
the position of the Fermi level while the solubility of neutral
impurities is independent of the Fermi level. Therefore, the
total solubility of an impurity can be enhanced with a varia-
tion in the Fermi level. An example is Fe in boron-doped sili-
con, which has a donor state 0.39 eV above the valence band
and therefore can become positively charged to a large extent
when the Fermi level is below 0.39 eV. The solubility of the
positively charged species is:

Ng. 1 (ED—EF>
= €

2P\ T

Ne, 2 Xp (13)
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where Ny, is the concentration of positively charged Fe
atoms, Ny is the concentration of neutral Fe atoms, Ey — Ey
is the position of the Fermi level with respect to the Fe donor
energy level, and % is the Boltzmann constant. Heavy boron
doping can significantly increase Ep — Er even at elevated
temperatures, leading to an increase in the Fe* concentration
and thus the total Fe concentration in the heavily boron-
doped wafer.

It must be noted that donor level positions in the bandgap
of semiconductors are typically measured at room tempera-
ture and not at elevated temperatures; therefore, the impu-
rity enhancement by the Fermi level effect is typically esti-
mated. By implementing the following charge neutrality and
charge equilibrium relationships, one can then derive a useful
relationship between the boron concentration and the posi-
tively charged impurity concentration:

_N N, + VN2 +4n?

imp+,i on

N.

imp+

(19)

i

where N, is the concentration of positively charged impuri-
ties in the heavily boron-doped silicon, Nyy,. ; is the concentra-
tion of positively charged impurities in intrinsic silicon, N, is
the concentration of negatively charged boron, and n; is the
intrinsic carrier concentration. The total impurity concentra-
tion N, will be

Ntot = Nimp,i _Nimp+,i +Nimp
Ny + VNI 1l —2n, (15
= Ny i + Ny i 4

2n;

where Ni,,; is the total impurity concentration in intrinsic
material at the temperature of interest. Of particular note is
that the solubility enhancement occurs as the ionized boron
concentration N, exceeds the intrinsic carrier concentration
n;. As N, becomes much greater than n;, the total impurity
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concentration is linearly proportional to the ionized boron
concentration. As mentioned above, to obtain absolute concen-
trations, the position of the impurity donor level in the band-
gap must be known at the gettering temperature.

lon Pairing. Solubility enhancement via ion pairing occurs
by coulombic attraction of the charged impurity atom to the
charged dopant atom of opposite sign. Pairing occurs between
metal impurities and dopants such as B, Al, and Ga and pos-
sibly with P and As dopants as well. An example of a pairing
reaction between an impurity and a boron dopant is shown
below:

Imp, + h* + B~ = Imp-B (16)
where Imp, is the neutral impurity, h* is the hole that posi-
tively charges the impurity atom, B~ is the negatively charged
boron atom, and Imp-B is the final impurity—boron pair.
Clearly, ion pairing requires the creation of positively charged
species, a result of the Fermi level effect. It must be noted
that the pairing mechanism is not entirely a coulombic inter-
action, since the binding energies of Fe to B and to Al differ
by approximately 0.15 eV (50,51). The importance of ion pair-
ing and that of the Fermi level effect will be compared later.

From this reaction and the mass action law, an equation
for the expected pair concentration is given by:

C. .., = KNpceN;

imp0

am

pair

where Cp,;, is the concentration of impurity—boron pairs, K is
the reaction constant, Ny is the concentration of charged dop-
ant atoms, cc is the concentration of charge carriers (holes or
electrons), and Ny, is the concentration of neutral impuri-
ties. Invoking the charge neutrality and the charge equilib-
rium relationships from above, it follows that
Coair = KNy i(Np + Np VNG + 4n?) /2n; (18)

where n; is the intrinsic carrier concentration. If the charged
dopant concentration is significantly larger than the intrinsic
carrier concentration, then the concentration of impurity—
dopant pairs scales as the square of the charged dopant con-
centration. This compares with a linear increase via the
Fermi level effect.

The pairing of Fe with B has been studied and modeled
(49,50,150). The pairing has been found to follow the relation
below at or near room temperature:

0.65:&0.02eV> (19)

[Fe,B:] = [Fe; 1[B; 1 x 10~23 exp ( T
where [FeB.], [Fe/] and [B;] are the concentrations of Fe—B
pairs, positively charged interstitial Fe, and negatively
charged substitutional B, respectively, and % is the Boltz-
mann constant. One must note that this relationship may not
be valid at elevated temperatures.

Fe—B pairing becomes statistically improbable at elevated
temperatures (>200°C) but with very high boron doping lev-
els (>10% ¢cm™®) the pairing can still affect the total impurity
concentration. Considering only the Fermi level effect, one
would expect the relation of Fe solubility to boron doping level
as shown in Fig. 6. We see the strong temperature depen-
dence of this enhancement effect as well as the strong depen-



900°C e T

LI

RUAVIY

400 GETTERING IN SILICON
1x10"7 E T
1x1016 E
1x10" E
E Ixi10ME
< =
B 1x108fF
c —
S B
® 1x102[F
"E —
S —
2 1x10" E
[e] =
[&] —
£ 1x100F
Figure 6. The theoretically expected Fe =
solubility in boron-doped silicon according 1x10° 3
to the Fermi level effect for 500°C, 700°C, —
900°C, and 1100°C. The position of the Fe 1x108 E
donor level in the bandgap has been var- . -
ied from the valence band edge (E; = 0.05 1x 110 1016
X

eV) to the upper half of the bandgap
(E3 = 0.75) in increments of 0.1 eV.

dence on the Fe donor level in the bandgap, especially at mod-
erate to low temperatures. The enhancement due to ion
pairing may be observed by comparing Fig. 6 with Fig. 7,
where we have included the ion pairing effect in Fig. 7. We
have assumed the relation for Fe—B pair concentrations holds
for elevated temperatures. We see the Fe—B pairing has in-
creased the Fe solubility by approximately one order of mag-
nitude for 500°C, especially for B concentrations >10Y
atoms/cm?®, while little or no effect is apparent at 700°C,
900°C, or 1100°C.

From Figs. 6 and 7, we see the importance of the impurity
energy level in the bandgap. Generally, energy levels of impu-
rities are measured at room temperature which may not be
accurate at elevated temperatures. However, studies by
Gilles, Schroter, and Bergholz (56) have shown the Fe donor
energy level shifts toward the valence at temperatures

E4=0.75¢eV

E4=0.056V

1x 10" 1x 1018 1x 10" 5x101°

Boron concentration (at./cm3)

>700°C, while at 700°C the level is as it is measured at room
temperature (0.39 eV above the valence band). McHugo et al.
(58) have shown the Fe donor level shifts away from 0.39 eV
and toward the valence band edge for temperatures =800°C,
where the donor level is at 0.4 eV, 0.24 eV, 0.23 eV and near
the valence band edge at 800, 900, 1000, and 1100°C, respec-
tively. Considering this data with Fig. 7, we see the impurity
enhancement via the Fermi level effect and ion pairing is sig-
nificant at high doping levels (>10 ¢cm™®) and moderate to
low temperatures (<800°C).

Dislocation Formation. Another possible gettering mecha-
nism in heavily doped substrates occurs via misfit dislocation
formation, which provides a relaxation gettering site. The
misfit dislocations form because of the significant difference
in lattice constant between heavily doped wafers and the epi-
taxial layers. Dislocation formation has been observed to oc-
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cur for boron doping above 3 X 10¥ at./em?® to 8 X 10Y
at./cm® (151-153) and phosphorus doping above 5 X 10%
at./ecm?® (152,153). One must note that the thickness of the
epitaxial layer also plays a role in the onset of dislocation
formation (154).

Gettering of impurities to misfit dislocations has been ob-
served (154). However, in general, the presence of misfit dislo-
cations in the epitaxial layer is undesirable, since the disloca-
tions may thread to the surface, thus causing deleterious
effects in the device region.

Accelerated Oxygen Precipitation. An interesting phenome-
non in heavily doped substrates is the acceleration of oxygen
precipitation (155—157). This acceleration is expected to in-
crease the oxygen precipitate concentration during a typical
heat treatment, thereby increasing the amount of relaxation
gettering in the bulk of the material (intrinsic gettering) as
compared to a moderately to low boron doped substrate. How-
ever, while the high boron doping level may increase the oxy-
gen precipitate density, it may leave the precipitates as inef-
ficient gettering sites, as has been measured in highly carbon-
doped silicon (54).

Boron-Silicon Precipitates. Of particular interest is the ob-
servation by Tomita et al. (149) of an extreme increase in get-
tered Fe into heavily boron-doped epilayers once the boron
concentration became greater than the solid solubility of bo-
ron in silicon (10* at./cm?®) even though no dislocations
formed. In essence the electrically inactive boron created in-
tense gettering. This work agrees with recent studies by My-
ers et al. (158) for high-dose boron implants. One may specu-
late that boron precipitates enhanced the gettering; however,
further work on this subject should be pursued.

Phosphorus Gettering

Indiffusion of phosphorus into silicon has been shown to get-
ter metal impurities such as Au (159-168), Fe (162,169), Cu
(55,162,164,170), Co (171,172), Ni (169), and Pt (173,174).
Phosphorus indiffusion gettering can be accomplished using
the carrier gas POCI;, other carrier gases such as PBr; (164)
or P;0O5 (169,170), or a spin-on source (42,170). A phosphosili-
cate glass (PSG) can form on the silicon surface when an oxi-
dizing atmosphere is present. This glass acts as the doping
source for the phosphorus indiffusion.

Historical Aspects and Performance. The first indirect obser-
vation of gettering by phosphorus indiffusion was by Goetz-
berger and Shockley (170), who found that soft diodes im-
proved with deposition of either a phosphorus or a boron glass
followed by heat treatment. Shortly thereafter, a direct mea-
surement of the gettering effect was performed by Wilcox et
al. (159,160), who found that high concentrations of phospho-
rus both hindered the diffusion of gold and increased its solu-
bility. From this work, they suggested a vacancy interaction
with the gold atoms, but compound formation of Au,P; may
also explain their measurements (159). In the same year Hall
and Racette (55) measured an increased copper solubility in
heavily phosphorus-doped wafers as well as heavily arsenic-
and boron-doped wafers. They noted that phosphorus-doped
wafers gave a greater solubility increase than arsenic-doped
wafers, by a factor of 10 at 600°C and a factor of 3 to 4 at
700°C. From this observation they suggested some degree of
ion pairing may be occurring in addition to the Fermi level
effect, as suggested by Reiss (45) and Shockley and Moll (48).
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However, it must be noted that the arsenic-doped wafers did
have a significant solubility enhancement, up to a factor of
1000. Thereafter, a number of researchers directly confirmed
the phosphorus gettering effect (141,142,161,163,164,167,169,
171,172,175-178). Observations from these works are: (1) the
impurity distribution follows the phosphorus indiffused pro-
file (142,161,167); (2) dislocations form with extremely high
phosphorus concentrations (153,161); (3) no metal impurity
gettering occurs in the glass layer used for phosphorus indif-
fusions (164); (4) a relationship exists between the carrier gas
used for glass formation (164), the growth speed of the glass
layer (171), and the amount of impurities gettered; (5) precipi-
tation of impurities in the phosphorus-doped layer (164,169);
(6) SiP precipitates can form in the near surface region of the
phosphorus-doped region (169,171,179) and (7) a high concen-
tration of substitutional Co and Mn is observed in heavily
phosphorus-doped regions (56).

Phosphorus gettering has been used to improve the perfor-
mance of both single-crystal and polycrystalline silicon. Im-
provements in diode quality (162,170), I-V leakage
(86,98,166), and minority carrier diffusion length (180,181)
have been realized with phosphorus gettering of silicon used
for integrated circuits. Additionally, great gains in solar cell
performance have been achieved with phosphorus gettering
(29,33,138,139,181-185). For polycrystalline solar cell materi-
als, the response of the material to the phosphorus gettering
treatment depends on the concentration of structural defects
(29,138,184) as well as oxygen and carbon concentrations
(29,139,182).

Comparison with Other Gettering Techniques. Phosphorus
gettering is among the best gettering techniques. For in-
stance, Cagnina (141) found that phosphorus-doped wafers
had a higher solubility for metal impurities than arsenic or
boron doped wafers, while Meek et al. (164) measured more
impurities in phosphorus indiffused layers than in boron in-
diffused layers. In terms of material performance, phosphorus
gettering has been seen to improve material better than back-
side damage (86,98) and back-side polysilicon deposition (86).
Additionally, phosphorus indiffusion gettering has been
shown to improve diode characteristics as well as or better
than internal gettering (98,143,144,186). Furthermore, phos-
phorus indiffusion getters more or approximately the same
amount of impurities as implantation-induced gettering (163),
and material properties are improved to a greater extent or
approximately to the same extent as with implantation
(143,144,186). Finally, the use of Cl (trichloroacetic acid) in
the annealing gas during phosphorus in-diffusion slightly im-
proves the material properties (143).

Cogettering. Some benefits are realized when phosphorus
gettering is combined with another gettering technique. As
will be discussed in more detail in the Al gettering section, a
combination of phosphorus and aluminum gettering has been
shown to greatly improve material performance beyond the
use of one gettering technique (139,180,183,187,188). A syner-
gistic gettering effect between phosphorus and aluminum get-
tering has been proposed (187) and some experimental results
indicate this effect occurs (188). Finally, phosphorus gettering
has been combined with Cl gettering. This is simply accom-
plished by adding trichloroacetic acid into the phosphorus an-
nealing gas. Improvements have been realized for solar cells
(184) and CMOS integrated circuit devices (143). The mecha-
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nism for Cl gettering may be extraction of metal impurities
from the surface/near-surface region of the silicon or removal
of impurities from the annealing furnace.

Mechanism of Gettering: Phosphorus Gettering. A heavily
doped layer of phosphorus provides a number of potential
mechanisms for gettering: solubility enhancement by the
Fermi level effect and ion pairing, gettering to dislocations,
and silicon self-interstitial injection-assisted gettering. While
the Fermi level effect and ion pairing certainly contribute to
impurity solubility enhancements in phosphorus-doped silicon,
these effects cannot fully explain the experimentally measured
enhancements, suggesting other mechanisms are active. Details
of each mechanism are discussed immediately below.

Fermi Level Effect and lon Pairing. As discussed in the section
on gettering by heavily doped substrates, solubility enhance-
ment via the Fermi level effect is driven by a solubility in-
crease of negatively charged impurities in the heavily phos-
phorus-doped region. The enhancement in negatively charged
species was proposed by Reiss et al. (45,46) as well as Shock-
ley et al. (47,48). Essentially, the total concentration of impu-
rities is increased in heavily doped regions of silicon because
the charged species concentration is increased while the equi-
librium neutral species concentration is unchanged, equating
to an increase in the total impurity concentration. An exam-
ple is Au in phosphorus-doped silicon, which has an acceptor
state 0.55 eV below the conduction band and therefore can
become negatively charged with phosphorus doping. Using
similar analysis of the Fermi level effect as demonstrated in
the heavily doped substrate section, it can be shown that the
solubility enhancement occurs as the ionized phosphorus con-
centration exceeds the intrinsic carrier concentration and, as
the ionized phosphorus concentration becomes much greater
than the intrinsic carrier concentration, the total impurity
concentration is linearly proportional to the ionized phospho-
rus concentration. To obtain absolute concentrations, the po-
sition of the impurity acceptor level in the bandgap must be
known at the gettering temperature.

Solubility enhancement via ion pairing occurs primarily by
coulombic attraction of the negatively charged impurity with
the positively charged phosphorus atom. Clearly, ion pairing
requires the creation of negatively charged species, a result
of the Fermi level effect, therefore ion pairing occurs only
after the ionized phosphorus concentration becomes greater
than the intrinsic carrier concentration, i.e., the impurities
become negatively charged via the Fermi level effect.

Using ion pair analysis similar to that described in the
heavily doped substrate section we see that as the positively
charged phosphorus concentration becomes significantly
larger than the intrinsic carrier concentration then the con-
centration of impurity—phosphorus pairs is proportional to
the square of the ionized phosphorus concentration. This is in
contrast to the impurity concentration increase via the Fermi
level effect where the impurity concentration increase is lin-
ear with ionized phosphorus concentration.

The Fermi level effect and ion pairing are active during
phosphorus gettering as shown by Cu and Au solubility stud-
ies on heavily doped phosphorus and arsenic wafers
(55,141,142). Since the Fermi level effect and ion pairing are
the only expected enhancement mechanisms in wafer studies
(dislocation formation and self-interstitial injection are not
active), these results show that the Fermi level effect and ion

pairing do affect the impurity solubility. It is also interesting
to note that these studies show arsenic-doped wafers enhance
the impurity solubility but to a lesser extent than phospho-
rus-doped wafers, especially at lower temperatures, indicat-
ing pairing is more intense with phosphorus doping (55,141).
The fact that arsenic doping does getter impurities is contrary
to later works, which discount the Fermi level effect based
on a comparison of material performance after arsenic and
phosphorus indiffusion gettering (42,144,186). These works
are a qualitative comparison with other factors, such as unin-
tentional contamination, potentially confusing the analysis.

In order to assess the functionality of the Fermi level effect
and ion pairing in completely explaining phosphorus getter-
ing, we have compared experimentally measured impurity
concentrations as a function of phosphorus concentrations to
the expectations from the Fermi level effect and ion pairing.
Au data was used due to the extensive research on phospho-
rus gettering of Au.

A compilation of phosphorus gettering data at 900°C from
Sveinbjornsson et al. (167), Meek et al. (164) and Zimmer-
mann et al. (174) is shown in Fig. 8 along with the theoreti-
cally expected Au solubility according to the Fermi level ef-
fect. Additionally, a compilation of phosphorus gettering data
at 1000°C from Cagnina (141), Joshi and Dash (161), Meek et
al. (164), and O’Shaughnessy et al. (142) is shown in Fig. 9
along with the theoretically expected Fermi level effect. The
calculations of the Fermi level effect were performed up to
2 X 10% P atoms/cm? in order to avoid complications once the
Fermi level approaches the conduction band. The position of
the Au acceptor level in the band gap has been varied from
the valence band edge (E, — E, = 0.8 for 900°C and 0.75 for
1000°C) to the conduction band edge (E, — E, = 0.05) for the
theoretical calculations. We see the Fermi level effect corre-
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Figure 8. Phosphorus gettering data on Au at 900°C from Svein-
bjoérnsson et al. (167), Meek et al. (164), and Zimmermann et al. (174),
along with the theoretically expected Au solubility according to the
Fermi level effect. For the theoretical calculations, the position of the
Au acceptor level in the bandgap has been varied from the valence
band edge (E, — E, = 0.8) to the conduction band edge (E. — E, =
0.05) in increments of 0.05 eV.
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Figure 9. Phosphorus gettering data on Au at 1000°C from Cagnina
(141), Joshi and Dash (161), Meek et al. (164), and O’Shaughnessy et
al. (142), along with the theoretically expected Au solubility according
to the Fermi level effect. For the theoretical calculations, the position
of the Au acceptor level in the bandgap has been varied from the
valence band edge (E. — E, = 0.75) to the conduction band edge
(E. — E, = 0.05) in increments of 0.05 eV.

lates fairly well with experimental data at 1000°C but poorly
at 900°C.

Ion pairing, in conjunction with the Fermi level effect,
may fully explain phosphorus gettering especially consider-
ing the ion-pairing effect scales as the square of the phos-
phorus concentration while the Fermi level effect has a
linear dependence. Critical to calculating the Au concentra-
tion enhancement due to ion pairing is the reaction con-
stant of the Au—phosphorus pairing reaction. Using the cal-
culated reaction constant of Chou and Gibbons (107% cm?®)
(176) we have calculated the expected Au enhancement in
heavily phosphorus doped layers with the ion-pairing reac-
tion and the Fermi level effect. Figures 10 and 11 are the
results of these calculations. We see better agreement is
achieved at both temperatures. The 1000°C calculations
may completely explain all measured data, however, the
900°C calculations still cannot explain the measured data.
Of additional note is the good agreement between theory
and experimental data at low phosphorus concentrations
only when the Au acceptor level is assumed to be fairly
close to the conduction band, E, — E, = 0.05 eV to 0.3 eV.
This may indicate a shift of the Au energy level toward the
conduction band at elevated temperatures, which would
agree in principle with the results of Gilles et al. (56) and
McHugo et al. (58).

The discrepancy between experimental data and theoreti-
cal calculations may be explained when consideration is given
to how the experimental data was taken. Specifically, the Au
concentrations of Cagnina (141) and O’Shaughnessy et al.
(142) were measured on phosphorus doped wafers while all
other data was measured after phosphorus indiffusions. It
seems the Fermi level effect and ion pairing can explain the
amount of Au gettered into phosphorus doped wafers but can-
not with indiffused phosphorus. This suggests phosphorus
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Figure 10. Phosphorus gettering data on Au at 900°C from Svein-
bjornsson et al. (167), Meek et al. (164), and Zimmermann et al. (174),
along with the theoretically expected Au solubility according to the
ion pairing effect in conjunction with the Fermi level effect. For the
theoretical calculations, the position of the Au acceptor level in the
bandgap has been varied from the valence band edge (E, — E, = 0.8)
to the conduction band edge (E, — E, = 0.05) in increments of 0.05 eV.

indiffusions produce an additional gettering effect, possibly
via dislocation formation or self-interstitial injection or get-
tering at the phosphosilicate-silicon interface or SiP pre-
cipitates as has been suggested in the past (167,169,171,172,
177,178).
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Figure 11. Phosphorus gettering data on Au at 1000°C from Cagnina
(141), Joshi and Dash (161), Meek et al. (164), and O’Shaughnessy et
al. (142), along with the theoretically expected Au solubility according
to the ion pairing effect in conjunction with the Fermi level effect.
For the theoretical calculations, the position of the Au acceptor level
in the bandgap has been varied from the valence band edge (E, —
E, = 0.75) to the conduction band edge (E. — E, = 0.05) in increments
of 0.05 eV.
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Dislocation Formation. Phosphorus has been observed to
generate dislocations when indiffused to high concentrations
in silicon (153,161,164,165,189). Yeh and Joshi have shown
that phosphorus indiffusion induces a reduction in the silicon
lattice constant by up to —1.8% (153). They attribute the lat-
tice contraction to the smaller covalent radius of the phospho-
rus atom than that of the silicon in the lattice. In this same
work, Yeh and Joshi observed dislocation formation as the
phosphorus surface concentration exceeded 5 X 10% P/cm?.
The dislocations were found to form a net of misfit disloca-
tions located at a specific depth from the front surface. It
must be noted that dislocation formation may depend on the
total integrated dose of phosphorus in the indiffusion region
rather than the surface concentration (189). Furthermore, the
concentration limit of 5 X 10?° P/cm?® should not be considered
as a universal limit for dislocation formation. The phosphorus
indiffusions of Yeh and Joshi were carried out with a solid
phosphorus source in a nonoxidizing atmosphere, for which
the strains may not be comparable to those induced by a gas
source. Additionally, the indiffusions were only at one tem-
perature, 1200°C, and so may not accurately represent dislo-
cation formation at lower temperatures.

Numerous other studies have identified dislocation forma-
tion during phosphorus indiffusions. Joshi and Dash (161)
and Meek et al. (164) have observed phosphorus-indiffusion-
induced dislocation formation with the use of transmission
electron microscopy (TEM). However, both research groups
[Joshi and Dash with TEM, and Meek et al. with Rutherford
Backscattering Spectroscopy (RBS)] observed precipitated
gold only in the near-surface region, not in the dislocated re-
gion. Considering these studies, dislocation formation during
phosphorus indiffusion does not seem to be significant in get-
tering Au impurities. However, Tseng et al. (165) measured
an increase in the gettered Au concentration in the dislocated
region of a phosphorus-implanted layer. However, the im-
plant damage itself may account for the gettering action. In
general, precipitation of impurities at dislocations would be
expected to occur in the presence of an impurity supersatura-
tion, which would occur during cooling, i.e., after the phospho-
rus indiffusion. Therefore, the amount of impurities gettered
to the dislocations depends critically on the cooling rate after
the phosphorus indiffusion.

Silicon Self-interstitial Injection. Phosphorus gettering may
be assisted by silicon self-interstitial-injection. Phosphorus
indiffusion has been observed to inject intrinsic point defects
into the silicon bulk. Initially many researchers (86,156,164,
166,176,190,191) speculated that vacancies were injected dur-
ing phosphorus indiffusion, creating enhanced diffusion of
other dopants (emitter-push effect) (156,190,191). Addition-
ally, point defect injection was thought to enhance the getter-
ing action of the phosphorus layer by increasing the substitu-
tional solubility concentration of metal impurities (86,164,
166,176). A review of this early work is given by Willoughby
(192). Later, a number of phenomena were observed during
phosphorus indiffusions that strongly suggested that phos-
phorus indiffusion injects silicon self-interstitials. Examples
of the observed phenomena are extrinsic stacking-fault
growth (193), dislocation climb (194,195), epitaxial regrowth
of silicon at the phosphosilicate—silicon interface (169,179),
oxygen precipitate dissolution (168) and vacancy defect (D-
defect) dissolution (196). The mechanism may be the forma-
tion of SiP precipitates (169,171,179) that have an accompa-

nying volume expansion or strain at the interface between the
phosphosilicate glass (PSG)/silicon interface.

This self-interstitial injection has been used to explain the
gettering effect of phosphorus indiffusion. Researchers (169,
171,172,177,178) provide a theoretical model and experimen-
tal results suggesting that self-interstitials play an important
role in phosphorus gettering. Their model refers to the work
of Gilles et al. (56), who observed a large increase of the Co
substitutional species in the heavily phosphorus doped layer
with indications of substitutional Co pairing with phosphorus.
Furthermore, deep-level transient spectroscopy (DLTS) re-
sults from (56) suggested that the substitutional Mn species
concentration greatly increased with phosphorus doping.
From the results on Co and Mn, Gilles et al. inferred that the
increase in Fe concentration in the heavily phosphorus-doped
regions was also due to an increase in the concentration of
substitutional Fe species. This increased substitutional con-
centration is possible if one supposes that the substitutional
metal impurity has an acceptor energy level in the bandgap
and therefore its concentration increases via the Fermi level
effect discussed above.

With this increased substitutional species concentration in
mind, the theoretical model (169,171,172,177,178), suggests
phosphorus indiffusion produces a flux of self-interstitials
into the silicon bulk and towards the PSG-silicon interface.
The latter flux is due to the annihilation of self-interstitials
at the interface, as may also occur for a bare silicon surface.
The flux towards the bulk can enhance the diffusion of impu-
rities (e.g. Au) and possibly increase the rate of precipitate
dissolution. More crucial to the model are the self-interstitials
near the PSG-silicon interface, which are speculated to kick
out the substitutional metal impurities into an interstitial
state. This is the same kickout mechanism related to impu-
rity diffusion in silicon (197,198). The kickout of the impurity
increases the interstitial species concentration of the metal
impurity above the solubility limit, thus driving precipitation
of the interstitial metal impurity either at the interface, as
has been observed (169,179), or at another preferred precipi-
tation site. Therefore, over time, the amount of precipitated
metal impurity increases while the concentration of substitu-
tional and interstitial metal impurities remains at a high
level because of having a near-infinite source of impurities
from the material bulk.

Analysis: Phosphorus Gettering Mechanism

The experimental observations of impurity gettering with
phosphorus indiffusions (161,167,176) cannot be fully ex-
plained by the Fermi level effect and ion pairing. While the
Fermi level effect and ion pairing are active they cannot fully
explain the gettering phenomena from phosphorus indiffu-
sions, as shown above in Figs. 8—11. Another mechanism is
active but has not been clearly identified. Gettering of impuri-
ties to dislocations, formed by phosphorus indiffusion, can oc-
cur although the studies of Joshi and Dash (161) and Meek et
al. (164) indicate little or no Au getters to these dislocations.
Perhaps the best indicator of this unknown mechanism is
from studies that show the phosphorus source/silicon inter-
face plays an important role in phosphorus indiffusion get-
tering. Meek, Seidel and Cullis (164) observe slight differ-
ences in gettered Au concentrations when using either a
POCI; or PBr; phosphorus diffusion source, implying the two



sources create a different interface condition. Furthermore,
Kiihnapfel and Schréter (171,172) show a factor of 7 increase
in the amount of Co gettered when the phosphosilicate glass
growth rate is increased above 3 nm/min. Additionally, they
observe a factor of 7 increase in Co concentration at the sili-
con surface with simultaneous phosphorus doping and phos-
phosilicate glass growth (with no SiP precipitate formation)
as opposed to only phosphorus doping, even though the sur-
face concentration of phosphorus is the same for both bound-
ary conditions. These results strongly suggest the silicon—
phosphorus source interface plays an important role in
phosphorus indiffusion gettering. Kiithnapfel and Schréter
suggest silicon self-interstitial injection is the cause for the
gettering enhancement, with further embellishment of the
model made later (178). However, further work should be per-
formed with other impurities to confirm this concept.

Aluminum Gettering

Aluminum gettering occurs by deposition and subsequent
heating of a thin Al or 2%Si-Al film on the back side of a
silicon substrate. The Al layer getters impurities from the sili-
con substrate by segregation. Additionally, pitting or damage
at the interface between Si and Al-Si may act as precipita-
tion sites for metal impurities (33)—a form of relaxation get-
tering—although this mechanism has not been directly
proven. Al diffusion into silicon also forms a p* layer, which
can reflect electrons and avoid recombination at the back sur-
face. This is generally known as the back-surface field (BSF)
effect (199,200). Additionally, Al diffusion passivates grain
boundaries (201) or dislocations to a great extent via rapid
diffusion along grain boundaries (202). However, Martinuzzi
et al. have obtained experimental results on Al gettering that
indicate that material properties improve even without the
benefit of pipe diffusion (203). Also, there is indirect evidence
that Al accelerates production of atomic H, which is used for
defect passivation (33,204).

Historical Aspects and Performance. The Al gettering phe-
nomenon was first suggested by researchers who noted a
marked increase in solar cell performance when annealing an
Al layer on the back side of a silicon substrate (205,207). Orr
and Arienzo (208) suggested gettering occurred even after rel-
atively short anneals of 90 s. Thompson and Tu (209) were
the first to directly observe Al gettering of metal impurities
when they noted a significant accumulation of Cu in an Al
layer on the back side of a silicon substrate following inten-
tional contamination of the frontside of the substrate and sub-
sequent heating. Since then, Al gettering has been shown to
improve material properties in polycrystalline silicon used for
solar cells in both thick substrates (28,29,33,137,201,210,
211) and thin film silicon (212) as well as in IC-grade single
crystal silicon (29,32,135,203,213). Minority carrier diffusion
lengths (L,) in these materials can be increased by 100 um to
200 um, and overall solar cell efficiencies have been shown to
increase by as much as 0.5% to 1%.

Comparison with Other Gettering Techniques. The efficiency
at which Al gettering improves material quality has been
compared with P gettering (183,188,214,215) as well as get-
tering to implantation-induced cavities (213). Al gettering
performance is comparable to both P and cavity gettering.
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One advantage of Al gettering is its large capacity for impuri-
ties even with extended anneals. P gettering loses stability
after long anneals via a decrease in the P peak concentration.

Cogettering. Material properties, such as L,, have been
shown to greatly improve for cogettering with P and Al
(139,180,183,188,216). A synergistic effect has been measured
experimentally (139,188) and explained theoretically (187).
Mahfoud et al. (139) propose that the P layer getters Fe and
Au while the Al layer getters Cu, thus providing the syner-
gistic effect. Gafiteanu et al. (187) suggest the synergistic ef-
fect originates from the silicon self-interstitial injection by the
phosphorus indiffusion, which accelerates the gettering pro-
cess by increasing both the dissolution of metal precipitates
and the diffusivity of some impurities. Furthermore, the get-
tering ability of the Al layer is significantly more stable than
that of the P layer (due to continued P indiffusion and a de-
crease in the peak phosphorus concentration), so that when
both mechanisms are combined the gettering action is en-
hanced.

Mechanism of Gettering: Aluminum Gettering. As mentioned
above, aluminum gettering primarily operates by a segrega-
tion mechanism. Figure 12 is the phase diagram of the Al-Si
system. The eutectic transition indicates that Al alloys with
the silicon and will melt above 577°C. Below 577°C, the Al
film will remain solid with the atomic percentage of silicon
ranging from 0 to 1.59%. Both liquid and solid Al possess a
solubility of 1 at.% to 10 at.% for many metals, including Fe,
Cu, Ni, and Au, over a wide temperature range (217,218).
This high solubility occurs even with a moderate concentra-
tion of silicon in the Al. Metal impurity solubilities in silicon
are significantly lower and significantly decrease with de-
creasing temperature. For example, even at an elevated tem-
perature of 1000°C, transition metal solubilities range from
0.000001 at.% to 0.001 at.% (1), therefore, a segregation coef-
ficient of 102 to 10° is expected, depending on the metal impu-
rity and temperature.

Direct measurements of the Al segregation coefficient have
been made by Apel et al. (219) for Co in silicon and Hieslmair
et al. (135) for Fe in silicon. Apel et al. found 10° as a lower
bound for the segregation coefficient of Co between silicon and
an Al layer at 820°C. Hieslmair et al. found segregation coef-
ficients of 10° to 10° for Fe between silicon and an Al layer at
temperatures from 750°C to 950°C. Each of these results is
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= 11.3%
© -
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Figure 12. Phase diagram of aluminum and silicon. The «a-Al phase
is a solid solution of silicon in an aluminum matrix.
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only a lower bound to the segregation coefficient, since in both
experiments the gettering heat treatments were not suffi-
ciently long to allow for complete diffusion of the impurities
out of the substrate and into the gettering layer.

GETTERING BY IMPLANTATION

Metal impurities are gettered to implanted regions by either
relaxation or segregation. Relaxation occurs either at implan-
tation-induced damage or at clusters/precipitates of the im-
planted species. Segregation gettering results from the Fermi
level effect or metal ion pairing with the implant species (e.g.
phosphorus implantation), or at high concentrations of the
implanted species, which essentially create a separate ther-
modynamic phase from the surrounding silicon, (e.g. a high
boron implantation creating a boron—silicide precipitate)
(158). This new phase can have a higher solubility for impuri-
ties than the silicon matrix, thereby driving segregation. A
beneficial aspect of implantation gettering is the close proxim-
ity of the gettering layer to IC device regions, whereby getter-
ing can occur with low thermal budgets. Additionally, the im-
plant region provides a more uniform gettering layer than
internal gettering, where the gettering sites are widely dis-
persed.

Gettering has been observed for implantation with silicon
(163,165,220-222), phosphorus (163,165), carbon (223-229),
oxygen (228), helium (228,230-236), hydrogen (222,237,238),
boron (158,221,229,239), germanium (240,241), aluminum,
and chromium (242). Typical implantation energies range
from 50 keV to 10 MeV with implant doses ranging from
10* at./ecm? to 10'" at./cm?. The implant damage (dislocations,
stacking faults, point-defect clusters) for any implanted spe-
cies will getter by a relaxation mechanism. However, getter-
ing by segregation occurs as well, in particular for phospho-
rus, boron, helium, and hydrogen implantations. The
phosphorus and boron implants create a layer of higher solu-
bility than the silicon matrix, by means of the Fermi level
effect and metal-impurity—dopant binding. Hydrogen and he-
lium implantation form cavities centered at the projected
range of the implant. During annealing at temperatures
above 600 K, the gaseous species escape from the silicon ma-
trix, leaving the cavities behind (243). The surfaces of the cav-
ities are bare (unoxidized), allowing for segregation via che-
misorption of metal impurities as well as precipitation. Metal
impurities will chemisorb onto the interior surface before they
will precipitate on the surface. The degree of chemisorption
required before impurities precipitate depends on the binding
energy of the impurity atom to the surface as compared to an
impurity precipitate. It has been observed that the binding
energy of copper and gold to the cavity surface is greater than
to the precipitate (234,236), while the opposite is true for Fe
and Co (232).

In general, implantation is an effective means to getter
metal impurities. IC device characteristics have been shown
to improve with various implantations (186,226,244). Com-
pared to other gettering techniques, implantation getters a
comparable amount of impurities. The true strength of im-
plantation gettering is the close proximity of the gettering
layer to the device region. This allows for rapid gettering of
impurities away from the devices, as has been directly ob-
served for boron- (239), carbon- (227), and helium-implanta-

tion-induced cavities (235). Comparisons of gettering capabili-
ties amongst various implant species have been studied
between Si- and H-implantation induced cavities (222,237),
Si- and B- (221), Si-, B-, and C- (229), C-, O-, and He-implan-
tation-induced cavities (228), as well as with Ar, O, P, Si, As,
and B (163). The results of Wong-Leung et al. (222,237) indi-
cate Au gettering to cavities is more effective than to silicon-
implant-induced dislocations.

Kuroi et al. (221) found that more Cu is gettered to boron
implants than to silicon implants. However, their -V mea-
surements indicate the silicon implants are more effective in
reducing leakage currents with intentional Cu and Fe con-
tamination. These results are in contradiction with the re-
sults of Benton et al. (229), who show that boron implants
getter more Fe than silicon implants. The work of Benton et
al. additionally shows that carbon is only moderately effective
in gettering Fe, with a gettering effectiveness between that of
boron and silicon implants. Their data for carbon gettering
are in agreement with Skorupa et al. (227) with respect to
residual dissolved Fe in the near-surface region.

Overwijk et al. (228) present results on implantation get-
tering of Fe and Cu that show that carbon and oxygen im-
plantation gettering is active at implant doses below 6 X
10% at./cm? but He implantation is not. However, at doses
greater than 6 X 10% at./cm? the He implantation getters
significantly more impurities than carbon or oxygen.

Seidel et al. (163) have determined that gettering of Au
varies with implant species, the order of effectiveness being
Ar = O > P > Si > As = B, with all species implanted at 200
keV and at a dose of 10 at./cm?. However, in all of the above
comparisons one must consider the annealing temperature,
which can significantly affect gettering to the P, As, B, H, and
He implants, due to the temperature dependence of segrega-
tion gettering. Additionally, the cooling conditions or degree
of supersaturation must be considered, since this can drasti-
cally change the gettering effectiveness of nondopant implant
species (e.g. Ar, O, and Si), which getter by a relaxation mech-
anism.

A comparison between gettering to He-implantation-in-
duced cavities and to internal gettering sites has been made
by McHugo et al. (233,235) for Cu and Fe. Their results indi-
cate that the majority of impurities are gettered to the cavi-
ties and that impurities are removed from the device region
faster with cavities than with internal gettering sites. The
increased gettering kinetics is likely due to the close proxim-
ity of the cavities to the device region and the fact that getter-
ing to cavities occurs even without an impurity supersatu-
ration.

A drawback of gettering by implantation is that implanta-
tion-induced defects can degrade device performance. Of par-
ticular concern is the increase in concentrations of native
point defects, vacancies, and self-interstitials, which can en-
hance dopant diffusion in the device region and hinder shal-
low-junction formation (245). This problem may be alleviated
with coimplantation of carbon, which has been shown to in-
hibit dynamic annealing of implant damage (246). The carbon
implant essentially captures self-interstitials, as has been
shown previously in electron irradiation work (247). Another
drawback is the requisite high implant doses, which corre-
spond to undesirably long implantation times. However, rapid
implantation of many species has been shown using plasma



immersion ion implantation, where a typical implantation of
2 X 10'7 H/ecm? takes on the order of 2 min (248).

GETTERING SIMULATIONS

The fundamental phenomena of gettering is the diffusion of
impurities which is described by Fick’s diffusion equation.
This parabolic differential equation can be easily imple-
mented in an explicit or implicit finite differences algorithm
which discretizes time, A#, and spatial dimensions, Ax. Ex-
plicit finite differences are limited in speed by a stability cri-
terion which does not exist for the implicit finite differences
algorithm (see, for example, Refs. (249-252)). While the im-
plicit formulation is stable for any size time step, At, larger
errors are incurred with larger step sizes. The diffusivity of
metals in silicon are temperature dependent and decrease
during a slow cool. Additionally, effective diffusion coefficients
are functions of the metal concentrations themselves (46,90).
Thus it is obvious that a changing diffusion coefficient must
also be taken into account when modeling gettering. Within
this finite differences algorithm, the gettering mechanisms,
relaxation and segregation, are then included. For relaxation
gettering, Ham’s law (68) is used to model the precipitation
of the impurity. For segregation, there exist a few different
approaches, all of which modify the diffusion equation di-
rectly.

Modeling Relaxation Gettering Based
on the Growing Radius Solution

Taking into account the growth of the precipitates and the
increase of their radii during growth, Ham solved the three-
dimensional diffusion equation and obtained the following an-
alytical equation to describe the kinetics of precipitation:

2/3 _ 1/3
Dt-<4ﬂ—n> <(co Cs)(1+Z))

3 Cp —Cs
1 ([u(t)2 +u(®) + 1u(0)? - 2u(0) + 1])
C 6 \[w@®)? - 2u(@®) + Nu0)* +u0) +1]

i _1{2ut)+1 i _1/2u0)+1
\/gtan (7\/§ >+ﬁtan <7«/§ )
(20)
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s_q__ t®—c _dnrg ey —cs
v =l E—aarz M AT T e
(21)

and where c(¢) is the time-dependent solute (impurity) con-
centration, ¢, is the initial impurity concentration, c, is the
impurity equilibrium solubility concentration, ¢, is the den-
sity of the impurity in the precipitate, D is the diffusivity at
the fixed precipitation temperature, n is the precipitate site
density, and r, is the initial precipitate radius. It should be
noted that if all the solute is dissolved at ¢ = 0, then r, can
be set to 0.

Equations (20) and (21) can be used to fit given experimen-
tal data on isothermal precipitation by varying n until a satis-
factory fit is obtained. It has been used, for example, by Liv-
ingston et al. (253) to model the precipitation of oxygen in
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Figure 13. An example of the use of Ham’s equations to obtain the
precipitation site density n. The bold line is the exact analytic solu-
tion with a growing radius given by Ham using an iron precipitate
density of 7.2 X 108 sites/cm®. The iterative technique with the same
site density yields the same curve. Variations in n are also plotted.

silicon. However, because of the implicit nature of this formu-
lation, it is not useful in conjunction with computer simula-
tion programs (e.g., finite-difference calculations) that model
diffusion and other processes.

Modeling Relaxation Gettering Based
on the Fixed Radius Solution

Using an iterative technique based on the fixed-radius solu-
tion provides several advantages. First, this method can sim-
ulate the growing-radius solution by appropriately increasing
the radius after each small time interval A¢. Furthermore,
this approach can be used in conjunction with other finite-
difference simulations that require an explicit expression for
the change in dissolved concentration as a function of time.
Another important advantage is that precipitation can still be
modeled when the radius, precipitate site density, or diffusiv-
ity are not fixed (see 85, 254). Tan et al. (255) has proposed
the use of the following formulae for modeling of precipita-
tion:

de
d—; =4xnrD(cs — ) (22)
and r is determined by an equation obtained by Ham,
dr C—cs
i cpD . (23)

In the iterative method, r, cannot be set to 0 at the start
of these simulations in the same manner as in the analytical
solution, otherwise, if it is, no precipitation will result. This
is because Ham’s law does not take nucleation into account.
Thus, at the start of the simulation, ry should be initially set
to a very small value, such as the nucleus capture radius.
While the initial choice of r, may at first appear problematic,
the final solution does not depend significantly on it as long
as it is small.

Thus Ham’s equations can be used to quantify precipita-
tion rates in terms of n and r,. Experimental data can be fit-
ted and quantified. An example of iron precipitation in Cz
silicon with no oxygen precipitates is shown in Fig. 13. The
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precipitation sites themselves are unknown but are suspected
to be grown in defects.

Modeling more complex precipitation behavior, such cop-
per precipitation, is difficult. There may, however, be several
simplifications that allow simulations of copper precipitation,
and thus of relaxation gettering of copper. One simplification
is to use an effective silicide density, which would amount to
treating the precipitate colony as one large precipitation site.

Computer Modeling of Segregation

Tan et al. (255,256) described the equations for modeling seg-
regation. The equations were derived from thermodynamic
considerations. Thus, segregation is a result of a gradient in
the chemical potential which is included in the flux term in
much the same manner as an electrical potential would be
included for charged particles. The general flux and diffu-
sion—segregation equations are as follows:

J=- <£_98_m> (24)
x m ox
and
_2[p (% _Com) o5)
ot 0x 0x m ox

where o/ is the flux of impurities, C is the impurity concentra-
tion, x is the spatial coordinate, D is the diffusivity of the
impurity, and m is the segregation coefficient defined as

_ C)
m = W (26)

where C®(x) is the equilibrium solubility at x and C*Y(ref) is
the equilibrium solubility at some reference point in the crys-
tal region. This approach has the disadvantage, when treat-
ing abrupt interfaces, that the interface must be approxi-
mated with a large number of nodes.

A simple approach was proposed by Antoniadis and Dutton
(257), who modified the flux term to

C
Jeeg=h (Cn - ”—“)

m

27)

where J,, is the impurity segregation flux across the inter-
face, and & is a mass transfer coefficient. The subscripts on
the concentration designate the node. Thus C, is the concen-
tration of the node before the interface, and C,.1 is the first
node on the other side of the interface. This approach essen-
tially manipulates a kinetic equation to simulate segregation,
a thermodynamic phenomenon. Tan argues that while the
modification of the gradient was a valid approach, the choice
of h is problematic and depends upon the method used. Hiesl-
mair et al. (31) used a similar expression,

D C
S ooy = Zeff C, — "_+1> 28
& Ax ( m 28)
where
D"Dn+1
D=5, ., (29)

The factor D, is important when the diffusivity of the impu-
rity changes across the interface. This term assumes the in-
terface to be halfway between nodes n and n + 1 and essen-
tially provides the effective rate-limiting diffusion coefficient.
This equation, however, works only for segregation of impuri-
ties from n to n + 1, that is, m > 1. For segregation in the
opposite direction, C, should be divided by m. In general, this
approach of modifying the concentration gradient provides
satisfactory results.

The major difficulty with gettering simulations is to accu-
rately obtain the material parameters such as n, r, the segre-
gation coefficient, and sometimes even the diffusivity. Addi-
tionally, it remains to be seen whether these simple models
can satisfactorily model gettering considering that some im-
purities exhibit complex gettering behaviors and defect inter-
actions.
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