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2. In the crystalline layer just below the amorphous layer, the silicon was the recipient of

impurity atoms, albeit in lower quantities than necessary to cause an amorphous region.

Yet, heavy primary-crystalline-defect damage from the implanted ions exists in this zone,

as well as implanted impurity atoms that must be electrically activated in order to achieve

the full electrical activation of the dose. These cannot be ignored when considering an

annealing strategy for amorphous layers.

3, Prussin et al.,?8 have shown that the critical energy, E_, required to create an amorphous

layer depends on the implanted species, and is 2.5x10%0 keV/em?, 1.0x102! keVicm?,

and 5.0x 102! keV/ cm3, for As, P, and B, respectively.
The temperature of the substrate during implantation also impacts amorphous layer formation,
Figure 10-19 shows a plot of the critical dose versus reciprocal temperature for various ions. 28 Tt
can be seen that for light ions such as B!l, a 50°C rise above room temperature prevents the
formation of an amorphous layer at any dose. This is due to the fact that B generates only a few
stably displaced atoms during implantation, and a small increase in T above room temperature
allows such closely spaced vacancy-interstitial pairs (Frenkel defects) to recombine.

10.3.4 Electrical Actlvalion and Implantation Damage Annsaling

In this section the methods that can be used in attempts to restore the silicon to its pre-implanted
structure, and to electrically activate the implanted impurity atoms are considered. The subjects
will be covered in the following order: a) electrical activation of implanted impurities; b)
annealing primary crystalline defect damage; c) annealing of amorphous layers; d) dynamic
annealing effects; and €) diffusion of implanted impurities.

10.3.4.1 Electrical Activation of Implanted Impurities: Since most as-implanted impurities do
not occupy substitutional sites, a subsequent thermal step is employed to bring about electrical
activation. The degree to which the thermal procedure is effective in electrically activating
impurities is commonly determined by Hall effect measurements, but can also be checked more
simply by measuring the sheet resistance, Rg.3% To a first approximation, Rg is inversely
proportional to the mobility 4 and the implanted dose ¢ (cm2):

Rg o< 1/(q  §) (10.18)
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Flg. 10-19 Theoretical relationship between amorphous threshold and temperature for B*, P*, and Sb* into
Si.2% Reprinied with permission of Gordon and Breach Publishing Company.
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10.3.4.3 Annealing of Amorphous Layers: The annealing of continuous amorphous layers that
extend to the Si surface has been found to occur by solid-phase epitaxy (SPE),35 at temperatures
between 500-600°C (Fig. 10-21). That is, a recrystallization process occurs on the underlying
crystalline substrate, and regrowth proceeds toward the surface. The amorphous layer regrows at
tation, and implanted spe-

varying rates, depending on the annealing temperature, crystal orien

cies, although at 600°C regrowth is usually completed in a matter of minutes. Regrowth is faster
h as B, P, and As enhance regrowth, while 0O,C. N, or

on (100) than (111) 83, and impurities suc
Ar retard regrowth, In practice, 550°C is favored, since (100) regrowih at this temperature
occurs at a controllable and reproducible rate.

The impurity dopant atoms are swept into substitutional lattice sit
regrowth, and thus full electrical activation within the amorphous layer can be obtained at
relatively low temperatures. The impurities that are implanted into the region beyond the
however, must be subjected to the higher temperatures needed to electrically

f primary crystalline damage (Fig. 10-22). Therefore, to fully act-
the region of heavy primary crystalline damage behind it, higher
temperature anneals than 600°C must be used (normaily 800-1000°C). Note that specific
minimum times and temperatures depend on the particular implanted species and dose.

If the amorphous layer does not extend all the way to the surface (i.e., a buried amorphous
layer), the annealing proceeds differently.38 That is, SPE occurs at both amorphous-single
crystal interfaces, and the regrowing interfaces meet below the surface. This meeting point has
been found to be a heavily damaged layer, with propertics likely to cause device degradation.
Thus, it is prudent (0 select implantation conditions that avoid the formation of buried

amorphous layers. Note that if a wafer exhibits color bands after implantation and anneal, they
are probably symptomatic of a subsurface damage layer left behind by a buried amorphous

es during the SPE

amorphous layer,
activate impurities in regions o
ivate an amorphous layer, and
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Fig. 10-22 1) Profiles for BF,* implanted into <100> Si at 150 keV and 10!5/cm? after different
isothermal anneals, The dotted curve is the as-implanted atomic profile from SIMS analysis. The original
amorphous-crystalline interface is denoted by the arrow, SPE is complete after ~100 minutes. The hatched
region is electrically inactive.54 b) Free-carrier concentration and mobility for implanted layers which
illustrate dopant incorporation by solid phase epitaxy (SPE). Reprinted with permission of the American

Physical Society.
even more complicated as a result of the presence of implantation damage. As an example,
empirical studies of the diffusion of B in implanted single-crystal Si indicate that at high
temperatures (2 1000°C), the data appears to obey ordinary diffusion theory (Fig. 10-23). At
lower temperatures, however, ordinary diffusion theory does not accurately predict the diffusion
behavior. That is, at 900°C the boron profile can be closely fit only if a diffusion constant is
used that is about three times the value observed under a chemical 900°C diffusion. In addition,
at 700-800°C, the depth of profile peak remains fixed, but the concentration in the tail is much
decper than is predicted from normal boron diffusion constants. This increase in the B diffusion
(by as much as 4x) in the implanted profile tail occurs during the initial stage of the thermal
anneal, but slows to the equilibrium diffusion rates for the rest of the anneal. Consequently, this
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Fig. 10-23 Boron concentration as a function of annealing at various temperatures. The anneal time is 35
minutes.S Reprinted with permission of Philips Research Reports.
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