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The purpose of this panel is to present
different perspectives and opinions regarding
the issues surrounding why software should or
shouldn’t be entrusted with critical (high con-
sequence) functionality.

1 High Consequence Systems

Definition 1 high consequence system: A system

in which significant 10SS1results from a failure.

For numerous practical reasons, when designing a
system, there is generally a limitation placed on the
resources that can be expended in order to (1) increase
the reliability of the system’s design, and (2) provide
convincing evidence that the system’s design and im-
plementation is reliable. It is typical for performance,
inclusive of reliability, to be compromised due to cost
and schedule constraints.

Because of these practical considerations, in a well
designed system, the level of resources that one is will-
ing to expend in order to provide sufficiently convinc-
ing assurance that a particular failure will not occur
should be commensurate with the severity of the loss
resulting from that failure. Thus the greater the con-
sequence associated with the failure, the greater the
level of assurance needed that the system will not ex-
perience such a failure. A dii%cult question that arises
at this point is: “HOWdoes one measure level of assur-
ance?”

Historically, a relatively unambiguous way to mea-
sure level of assurance has been in terms of the number
of test cases to which the system has been subjected.
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This perspective naturally leads to a probabilistic view
of failure. For example, if a given system, s, is tested
for a specific failure, f, the result of testing might con-
clude that the likelihood that s will experience f is on
the order of 10–4.

At present, probabilistic-based metrics are the
most common way of quantifying the necessary level
of assurance that a system will not experience a fail-
ure. Such metrics are used even when the evidence
provided is non-test based (e.g., formal verification).
Speaking in these quantitative terms then, high conse-
quence systems have been defined ~ systems for which
the probability of a (high consequence) failure should
be on the order of 10–6 or less per unit time (usually
measured in hours), under specified conditions.

Given this view, suppose that a high consequence
system is being built. for which we require that the
likelihood that the system will experience a failure, f,
be on the order of 10–6. There are two issues that
need to be considered here: (1) is it the case (e.g.,
can it be demonstrated) that for the actual system
the probability of f is less than or equal to 10–6, or
(2) can sufficiently convincing predictive (i.e., model-
based) evidence be provided that the probability off
will be less than or equal to 10–6?

Over the years, convincing arguments have been
made that, in the high consequence realm, one gen-
erally cannot provide suillcient evidence about the in-
trinsic behavior of a system and must therefore rely on
providing convincing evidence based on an analysis of
a predictive model of the system [l] [2][3]. Furthermore,
it is also widely accepted that testing (model-based or
otherwise) alone will not be sui%cient to provide the
level of assurance required. Thus, other analysis tech-
niques, such as formal verification, must be brought to
bear in order to provide a suf%cient level of assurance
that the system will not experience a failure.

Given the arguments of the previous paragraph, it
follows that if a technology is intractable with respect
to known analysis techniques then its use in a high
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with liquid phase growth of silicon. Composition and quantity of the self-doping metal,
temperature and time of the growth cycle will determine the junction depth and doping
profile, which will in turn determine the junction’s Jo, or effective SRV in the case of a
back surface field. Contact resistance of the remaining metal to the underlying grown
silicon is an important issue, and is expected to be lower than any other contact formation
technology for a given silicon doping level due to the clean interface between metal and
grown silicon. Lifetime issues are another critical factor. The carrier metal will be
incorporated into the underlying silidon to an extent depending on the segregation
coefficient, which can potentially degrade carrier lifetimes. It will be important to choose
a earner metal with both low levels of incorporation as well as benign recombination
properties. The lifetime issue can also work in reverse. Most metallic impurities in
silicon prefer to remain in the melt[3]. This is the principle used in zone refining. Hence,
the self-doping metal may be used as a gettering agent. Its effectiveness will depend on
the segregation coefficients of impurities in the melt, but also on the temperature and
duration of the epitaxial growth cycle.

This paper will focus on the required growth conditions for self-doping metals
and the various lifetime issues. Recent results for a novel self-doping metal system \\’ill
be discussed briefly.

Growth Conditions

Self-doping metals use the same principles used in the growth of silicon fi-om the
liquid phase. In liquid phase growth, thick layers of silicon maybe grown assuming that
the melt contains enough dissolved silicon, or can be replenished during growth. The
self-doping contact will typically only grow a thin layer, perhaps one micron, to be used
as a diode emitter or back surface field. The quantity of metal deposited, and the
volubility of silicon in the metal will determine the thickness of the grown layer.

Growth temperature is typically an important variable in LPE, since it determines
the total amount of material which can be grown, as well as wetting of the substrate. In
principle, there would be no need to exceed the eutectic temperature by any significant
amount, assuming that an adequate thickness of silicon can be grown at the eutectic
temperature. However, increased temperature may be desirable to enhance gettering
efficiency of the melt.

Liquid phase gro~~n silicon has shown high material quality[ 1]. One of the
prerequisites for this is to grow the silicon with a slow cooling rate, so as to be near
equilibrium. If the growth temperature of the self-doping metal system were to
significantly exceed the eutectic temperature, then the literature suggests that the ramp
down must proceed slowly, say <50 C/hour[ 1]. In conventional liquid phase growth,
when growth is terminated, the melt is removed from contact with the substrate. This
typically occurs well above the eutectic temperature. Therefore, the self-doping metal
system is unique in this respect. It is not clear how the growth conditions at the eutectic
temperature will affect material quality of the grown silicon. In principle, a liquid
eutectic compound can be cooled and separation of the components will occur, but it is
not clear if the silicon component can be grown epitaxially. It is possible that
spontaneous nucleation will occur in the melt and component separation will occur non-
homogeneously, i.e. particles of solute scattered through the solidified solvent. It seems
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likely that cooling will have to be slow when crossing the eutectic temperature. The
silicon aIuminum eutectic is commonly used as a back surface field, for which purpose it
performs well, however, the requirements of a collecting junction are more stringent.
The material quality of the silicon grown by the self-doping metal system will be an
important research issue.

A more practical matter for self doping metals is the ability to wet the silicon
surface. Wetting refers to the ability of the solvent to form a low contact angle with the
substrate. If wetting does not occur, then the solvent will ball up on the substrate.
Wetting of silicon by molten metals is very challenging due to the very stable native
oxide[4]. In silicon epitaxy, liquid phase or vapor phase, the challenge is to reduce the
native oxide before the growth cycle by eliminating water vapor from the growth
ambient [5]. The self-doping metal system again presents a slightly unique perspective, in
that the metal compound will be applied before any high temperature step. Any native
oxide remaining on the surface prior to metal application will impede wetting. This is
relatively easy to avoid if the metal compound is applied by sputtering. The silicon
surface is simply back-sputtered before metal deposition. Our group has found this
highly effective for wetting silicon from silver compounds. If the self-doping metal
compound is to appIied as a screen printed paste, then the situation becomes more
difficult, perhaps more difficult than
is clearly an unresolved issue for the

Lifetime Issues

any other issue relating to self-doping metals. This
future of self-doping metals.

The ideal choice for metal depends on a number of factors, such as the
incorporation of metal into the grown silicon, lifetime impact of this incorporated metal.
\vetting of the silicon, resistivity of the metal, and its solderability. The best choices
\vhen considering resistivity and solderability are copper and silver. There are quite a
fen unknowns when considering silicon grown from a silver solution, but it appears that
there are enough favorable properties to make silver the defauh choice for now.

The li fetirne effect of impurities is dependent on their concentration, energy Ie\els
and capture cross sections. Hence, the concentration of the metal solvent incorporated
into the silicon is an important factor. Like most metals, silver has a retrograde volubility
in silicon, meaning that volubility of silver in solid silicon peaks at a temperature belo~v
the silicon nlelting point. The volubility of silver in silicon peaks at about 1016cm-~ at
1300 C. Rollert, et.al. report silver volubility essentially constant at temperatures below
1000 Cat 7* 10’J cm-3[6]. This paper gives an Arrhenius-type drop in the solid volubility
at temperatures above 1100 C, and then notes that the drop in solid volubility ceases
below 1000 C. This reported behavior is at odds with other transition metals, which
show a continuous drop in volubility with decreasing temperature. Neglecting this flat
region, the solid volubility drops quite rapidly with decreasing temperature.

There is very little data on the recombination properties of silver in silicon,
however, Sze lists silver as having an acceptor level at 0.36 eV and a donor level at 0.33
eV, from the respective band edges[7]. These are similar to the energy levels of other
lifetime killing impurities. However, capture cross sections are somewhat obscure. An
early study of silver doped silicon was somewhat inconclusive[8]. Photoconductance
decay measurements indicated the same minority carrier lifetime in samples diffused with
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silver to the 10’5-10’ G cm-3 range, as in un-diffused controls, The authors used this data
to establish an upper limit on the capture cross sections of the silver impurity. The
conclusion was that they were almost two orders of magnitude lower than those of gold
in silicon, implying that silver is a much more benign impurity than goId.

Silver has a diffusion coefficient in silicon which is intermediate between fast and
slow diffusers[9]. The diffusion coefficient is given in equation 1. At the silver-silicon

eutectic temperature, this works out to 11 pn-ddhr. If there are detrimental effects to
silver incorporation then they will be confined somewhat near the surface, although deep
enough to potentially affect collection efficiency.

~ (T)=6 *lo-5e-].i5e~/kT cm2/sec 1

The other side of the lifetime issue is the potential benefit of forming junctions by
a molten metal solution. Metallic impurities prefer to remain in a molten metal, and
hence, can be gettered from the silicon during the growth cycle. The gettering efficiency
of the metal solution will depend on the distribution coefficient for the impurity-metal-
silicon system, as well as the diffusion coefficient of the impurity in silicon. The
distribution coefficient is the ratio of impurity concentration in the solid to that of the
liquid. The distribution coefficient is difficult to obtain, but diffusion coefficients are
well !-mown. For example, the diffusion coefficient of iron in silicon is 1.06* 10-6cm2/s

at the silver-silicon eutectic[9]. This gives a diffusion length of 617 ptidhr. This is
adequate for gettering action.

Recent Results

One challenge of the self-doping metal system is to avoid shunting of the metal to
the surrounding silicon. Since only the silicon directly underlying the metal is epitaxial
silicon, there is very little margin for error when growing a layer of opposite conductivity
type. This can be significant problem if the molten metal consumes some of the
underlying silicon. In this case, the re-grown silicon will be no higher than the level of
the surrounding silicon, hence, it is ve~ easy for the metal to short out the junction. Our
approach has been to use a self-doping metal compound incorporating silicon. This
raises the metal to silicon interface above the level of the remaining silicon wafer. A
compound of Ag/Si/B has been used successfully for creating p on n diodes. Films were
applied by sputtering. A brief period of back sputtering was used to assure good wetting.
Simple diode structures fabricated to date have shown an adequately low shunt
conductance. A plot of the dark current-voltage characteristic of one of these diodes is
shown in Figure 1. The substrates used were 0.3 Ohm-cm N-type CZ. The back side was
heavily phosphorous diffused and contacted with Ti/Pd/Ag. This diode demonstrates a
good I-V characteristic, demonstrating a good quality epitaxial junction. Future work
will involve more characterization of the doping profile and silver incorporation. Also,
formation of an N-type epitaxial layer will be pursued.
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Figure 1. Dark I-V curve of p on n diode created from Ag/Si/B compound.
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