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Direct implantation of dopant ions is the most precise method for obtaining
a desired dopant profile in a semiconductor substrate.! However, in order
to achieve satisfactory electrical properties, lattice defects introduced
by the energetic dopant ions and by the subsequent annealing process must
be confined or eliminated. Because of the many parameters which can be varied
during implantation and annealing, it is not generally feasible to survey
all conditions. Consequently, the most efficient approach is to understand
the mechanisms of defect formation and annealing so that guidelines for choosing
a set of implantation/annealing conditions can be determined.

Since implantation depths are usually much less than one micron, suitable
defect characterization techniques must demonstrate high spatial resolution.
Cross-sectional transmission electron microscopy (XTEM) is one such technique.
With a resolution (lateral and depth) of ~0.2nm, the atomic structure of
imp]antation-re]éted defects 1is accessible. Furthermore, by comparison of
defect distributions as determined by XTEM with elemental depth profiles as
measured by secondary-ion mass spectrometry (SIMS), defect—so]ute interactions
can be explored. In this paper, the application of XTEM to understanding
the origins and annealing behavior of implantation-related defects is discussed.
These applications are illustrated with examples which come primarily from
work done at Lawrence Berkeley Laboratory. Similar work is underway at several

other laboratories worldwide.
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The general technique for preparing XTEM specimens of semiconductors
by ion milling is described by Bravman and Sinclair.2 Although this method
is usually successful, special precautions must be taken when preparing XTEM
specimens of ion-implanted and unannealed semiconductors. The first precaution,
that XTEM specimens of idon-implanted semiconductors should be ion milled in
a specimen stage cooled by liquid nitrogen, is important since as-implanted
semiconductors are. far from equilibrium. For example, the slight heating
during ion milling of GaAs without a cold ‘stage is sufficient to cause
significant crystallization of amorphous Tlayers created by imp]antation.3
A second problem arises when one wishes fo observe imp]antation-indﬁced-defects
or amorphous/crystalline (<x/c) interfaces at high (lattice or atomic)
resolution. Ion milling with argon at 4-6 keV results in the amorphization
of the specimen surféhe to a depth of ]-3nm. Therefore, it can be difficult
to separate the effects of ion implantation from the effects of ion milling.
Certainly, the portion of the specimen which is imaged should be considerably
thicker than twice the thickness of the ion milling-induced surface damage.
This restriction may place severe 1limits on the range of useful specimen
thicknesses since feétures of interest may overlap in thicker specimens. In
practice, images are recorded at different thicknesses along the wedge. The
influence of the ion milling damage can then be }eadily ascertained. Although
the severity of thisl problem can be reduced by milling at lower energies (v
1 keV), elimination of ion milling artifacts will require development of new
thinning techniques or adaptation of proven chemical techniques to
cross-sectional specimens.

APPLICATIONS
The implantation conditions for which a sémiconductor becomes amorphous

are of great practical significance. For example, it is desirable to create
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an amorphous layer during dopant implantation into silicon since solid-phase
epitaxial regrowth during annealing encourages the incorporation of dopant
atoms onto substitutional (electrically active) sites.4 In contrast, Tow
temperature (5 600°C) annealing of amorphous layers in GaAs generally results
in a high density of stacking faults.d Figure 1 is an example of how XTEM
can aid in the determination of_critica] doses for amorphization. By comparing
the image (depth calibration using lattiée fringes of known spacing) with
the calculated density of enefgy deposited into nuclear stopping, it can be
concluded that 11 eV per GaAs atom pair is sufficient to amorphize GaAs for
this substrate temperature.6

The contribution of XTEM has been critical to understanding the role
of the o/c interface morphoTogy in the nucleation of secondary defects. For
example, the presence of crysta111ne seeds in the‘broad a/c transition region
of ion-implanted GaAs (Fig. 1(c)) insures epitaxial regrowth during the initial
stages of annealing. However, as the regrowth front becomes simply connected,
faceting occurs (possibly. related to implantation-induced local
nonstoichiometry) and stacking fault bundles are nucleated.®. In silicon,
such broad o/c transition regions aid in the trapping of excess interstitials
as crysta]]ine islands coalesce. The result is a distribution of interstitial
defects which, before coarsening, reflects the width of the original @ /c
transition region.7 Cross-sectional TEM studies also suggest that slightly
misoriented microcrystallites in broad o/c transition regions are responsible
for the nucleation of "hairpin" dislocations (Fig. 2).8 This observation
is important for shallow junction technologies which involve preamorphization
for channeling suppression. A reduction in hairpin dislocation density by

102 can be achieved by preamorphizing with Ge* instead of Si*.7 The resulting



a/c transition region is much narrower (Fig. 3) and thus contains fewer hairpin
nucleation sites.

Finally, XTEM in combin;tion with SIMS can be usefu]‘for studying solute
clustering during annea]ing of implanted material. For example, by comparison
of XTEM images with SIMS profiles from the same samples, the fine clusters
imaged in Fig. 4 were shown to be related to the clustering of implanted
fluorine.? The same combination of techniques has also shown that implanted
f]uoriﬁe is gettered by interstitial loops and by the tips of hairpin
dislocations (Fig. 2).9

In the future, application of atomic resolution XTEM will provide new
insights 1into the mechanisms of amorphization during implantation. In
combination with other techniques such as SIMS and electrical measurements,
XTEM will also lead to a detailed understanding of the effects of gettering
by dimplantation-induced defects on the electrical properties of electronic

devices.10
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FIGURE CAPTIONS

Comparison of XTEM micrograph of (a) as-implanted GaAs with (b) calculated
density of energy deposited by nuclear stopping. Crystalline and amorphous
GaAs are indicated by "c" and "o", respectively. (c) XTEM image of Tlower
a/c transition region in Fig. I.I The defects indicated by “A" and "B" are
described in ref. 6.

Comparison of XTEM images (d = 220) and SIMS fluorine profiles for Sit -
preamorphized, BFpt-implanted and rapid-thermally-annealed silicon. Note
that during annealing af 950°C, fluorine is gettered to hairpin tips and
interstitial loops.

High-resolution XTEM images of a/c transition regions in (a) Sit-preamorphized
and v(b) Get-preamorphized silicon. Both implants were performed at liquid
nitrogen temperature.

Bright field (g = 220) XTEM micrograph of Ge*-preamorphized and BF2+-jmp1anted

silicon after annealing at 1100°C for 10 sec. .Fine clusters near the surface

are fluorine related.’” High-resolution image of cluster is inset.
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