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ABSTRACT |
The mechanism of the crystal to amorphous transformation during
ion damage in silicon has beén investigated using high resolution
lattice imaging electron microscopy. Sharp interfaces were observed

between amorphous and crystalline regions in.partially amorphous sili-

con. Simulated latticé fringe images for increasing Frankel pair con-

centrations-weke generated whichvsuggest that a sharp change'in‘lattice
fringe visibility implies a sharp change in structure.
| The critical displacement damage nécessary to producé an amorphous
layer for 11 MeV As implants'was shown to increase with temperature-
.and to agrée well with the calculated displacement energy absorption
vs depth. Amorphous regions Weré observed to shrink during room
temperature 1.5 MeV electron irradiation which suggests that radiation
induced shrinkage can contribute to the'température dependence of the

critical dose for amorphization.

This manuScript'was printed from originals provided by the author.



INTRODUCTION

The range of structures possible within the various materizls
~usually classified as amorphous silicon is still not clearly defined.
In éddition the mechanism by which crystalline material is converted
to an amorphous structure by radiation damage has not been well under-
stood. From the technological point of view the characterizafion of‘
primary and secondary defects produced in silicon by ion implantation
and subsequent annealing has recently assumed greater importance. As
solid state devices shrink in size the need to better understand the
radiation damage that accoppanfes implantation of a dopant and the
annealing of the radiation-ihduced defects becomes critical in the
choice of processing sieps. For most idn implants the dose‘is suffi-
cient to form an amorphous layer in silicon if the implant temperature
is at room temperature or be]ow} It is the purpose of this paper to
further consider the mechanism of formation of amorphous layers in
silicon. For a review see Gibbons. (1)

RESULTS AND DISCUSSION

Recently it has been estimated(z) that heavily damaged crystal-
line silicon "relaxes" to an amdrphous state when about 10 bercent of
the atoms have been displaced from their-1attice sites at a temperature
low enough to prevent long range migration of the elementary point
defects. As the implantation temperature rises the critical fraction
of displaced atoms increases répid]y, 11 MeV implantation of As into
Si clearly illustrates this temperature dependence. In Fig. 1 the

crosssection transmission electron microscope pictures of the buried
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amorphous layers for 1015 As/em? into (100) silicon at 300°K and

at 77°K are compafed to the calculated displacement energy absorption

vs depth. Within the uncertainties of the calculation the front and
back boundaries of the amorphous‘zones occur at the same total dis-
placement energy absorbed and in agreement with the model of Morehead
and Crowder(3) the 300°K imp]ént requires considerably more dis-
placement damage to produce amorphous material. The energy per unit
distance (ev/A) deposited into huclear stopping, which is c]ose]y

related to the total number qf displaced atoms, has been generated

~ from the tables of Brice.(4) The critical absorbed energy densities

at 77°K and 300°K were 2.1 x 1021 KeV/cm® and 4.56 x 1021 kev/cm®

respectively. In these high energy implants the amorphous crystal

boundary nearest the surface occurs at a depth where the energy absorp-

tion vs depth is increasing only slowly over a wide depth range. This
provides significant volumes of material for study that are damaged
nearly to the point of becoming amorphous and also material that is
almost but hot quite 100 percent amorphous.

A point that has never been entirely clear is whether or not |
damaged crystal zones that contain more than some critical concentra-
tibn of point defects undergo a relaxation to a lower energy amorphous
structure Which is in some way distinctly different from a crystal
containing a high density of vacancies, divacancies, interstitials,
diinterstitials, etc. If such a relaxation does occur there should be
sharp interfaces in partially amorphous material separating region

that have relaxed fkom those that have not. In this paper some recent



observations using high reso]ution'latticé imaging electron microscopy
are presented that are consistent with the hypothesis thaf a suffi-
ciently damaged crystal does relax to the amorphous state at some
criticé] point defect concentration. Figure 2 shows (a) a small amor-
phous zone surrounded by crystalline material and (b) a crystalline
island surrounded by amorphous material (b). At the p]éces where the
interface ié seen edge-on the lattice fringes characteristic of
crysta]line'material end abruptly; in a distance of the order of an
atomic dimension the image changes from distinct fringes to the
mottled image characteris;ic of an amorphous material. The simulated
images in Fig. 3 show that such a sudden disappearance of lattice
fringes would not’be expected unless thére is anAabrupt change in
structure.‘ Using a fully dynamical mu]fi—s]%ce computation scheme(5)
the lattice fringe images of {111} planes in <110> oriented silicon
under-tilted illumination conditions are compared for increasing
Frenkel pair defect’concentrations: (a) no defects, (b) 5 percent,
(c) 10 percent and (d) 15 percent. The unit cell included 890 atoms
with a cfysta] thickness of 40A. The simulation incroporates all the
microscope parameters characteriétic of the instrument used for the

images in Fig. 2: electron acceleration voltage, E

o = 100 kV, spher-

jcal aberation coefficient, Cs = 1.2 mm, defocus, aZ -880R. The

defects were introduced.by removing silicon atoms at random with their
random replacement in the lattice at <110> split interstitial configf
urations. It is clear from these results that for a gradual increase

in point defect concentration there is a corresponding gradual change



in the image from perfect fringes to Tess and less distinct fringes.

At 15 percent Frenkel pair concentration the image is close to that

characteristic of an amorphous material. In partially amorphous sili-
con two phases were_observéd to coeXist; the amorphoué state does not
appear to be reached simply by increasing the point defect ahd defect
cluster Congentratibh§fﬂntil lattice order gradually diSappears.
The-f&rmation of 100 befcent amorphbus silicon during ion damage
apparent]y»does'involve the formation of increasing numbers of small
amorphous zonés and possibly the growth of these amorphous zones if
the‘point defect concentraFion in the Surrounding}damaged crjsta]
riseé‘above a_critica] concentration. vThe small amorphous.zones

formedvhear the end of the range of an implanted heavy ion appear to

have sﬁarply defined. boundaries. The position of the boundary of the

zone presumably corresponds to the surface inside of which the criti-
cal concentration of point defects necessary for the damaged crystal
to amorphous transformation has been exceeded. In a crystalline
matrix these small zones should be only metastable so long as the
point defect concentration in the surrounding crystal Stays below the
critical level. They should shrink by a net transfer of atoms across
the interface from the amorphous side to the crystalline side. Migra-
tion of an amorphous-crystalline interface'requires an activation
energy above 2.4 ev.(6:7) At room temperature the thermally acti-
vated rate of migration would be negligible. Simultaneously to the

formation of amorphous zones, however, interstitials and vacancies,



which are mobile at foom temperature, will be created in the crystal-
line meterial. A1l the previoesly formed amorphous-crystalline inter-
faces should act as sinks for these defects. Their recombination at
the interface and other radiation induced transfers of energy to atoms
at the interface should provide the necessary activation energy for
continuous athermal shr1nkage of all existing amorphous zones.
-Accord1ng to this model a 100 percent amorphous layer wou]d be formed
or not formed depending on the relative rates of formation of new
amorphous zones and shrinkage of existing ones.

At liquid n1trogen temperature where se1f interstitials and vacan-
cies are immobile in s111con the shrinkage rate will be negligible and
the point defect concentration in the crystalline regions should also
increase to the critical concentration at which amorphous zones‘might
expand.

At the other extreme at high temperature the point defect concen-.
tration except nearvthe ends of ion tracks Wi1] never exceed the
critical and amorphous zones Wi]] shrink faster than new zones are
created. A continuous emorphohs layer is therefore never formed.

Radiation induced shrinkage of amorphous zones is potentially an
attractive a]ternativevexplanation for the temperature dependence of
the critical dose for amorpheus layer formation to that proposed by
Morehead and Crowder(3) and as modified by Gibbons(l) The result
of'én experiment to test the concept of radiation induced shrinkage of
amorphous zones is shown in Fig. 4. Here a deep buried amorphous

layer was produced by As implantation in Si at 11 MeV. A cross-section



transmission electron microscopy specimen taken from this wafer was

then irradiated in the beam of a 1.5 MeV electron microscope at room

~ temperature while under observation. The electron beam was located

for increasing times near each of the amorphous-crystal boundaries.
In every case the crystalline material grew at the expense of amofphous
material. In the partially amorphous fegion small amorbhous zones
surrounded by crystal shrank and small crystal regions surrounded by
amorphous material grew. Some apparently new crystalline zones
appeared in what, with tﬁe resolution available, looked 1ike 100 per-

cent amorphous materia], indicating that minute crystalline islands

“had been present. -

For 1.5 MeV electron irradiation at room temperature no new
amorphous zones are expected to form, the primary damage shou]d consist
entire]yfof iso]ated interstitial silicon and siliéon vacancies. These
mobile point defects apparent]y caused the amorphous-crystalline inter-
faces to move so as to increase the volume of crystalline material.
Thermal migration of an amorphous-crystalline interface requires a
temperature of about 400°c.(7) In this case it was estimated that
the electron beam heating of the specimen could not have‘been.more
than 100°C. The experiment was also repeated with low and high beam
currents to produce different amounts of specimen heating. The effect
was found to be insensitive to beam current. Therefore it was con-
cluded that the observed migration of the amorphous-crystalline inter-

faces was radiation induced.



Electron damage or light ion damage can not produce amorphous
zones directly. However, at low enough temperature statistical fluc-
tuations of point defect concentration or in the case of tight ion
bombardment, overlap of heavily damaged vo]umes(l) is assumed to
nucleate amorphous zones. High resolution electron microscopy sug-
gests that in these cases amorphous zones may also be nucleated
heterogeneously. If dislocation lines are present or are formed by
precipitation of vacancies or interstitials to form a small disloca-
tion loop then the "bad material” at the core of a dislocation might
act as a nucleus for growth of an amorphods zone. The amorphous zone
seen-in Fig. 1b is located at an edge dislocation as can be seen by
counting the lattice fringes to the left and to the right.

Definité proof that a sufficiently damaged crystal relaxes to a
distinctly different amorphous structure is still lacking. A direct
observation of growth of a small amorphous zone during electron
irradiation at Tow temperature would be required. This observation -
may be possib]e by combining high resolution lattice imaging of a
sma]j amorphous zone with electron irradiation of the same area in the
1.5 MeV electron microscope at 77°K.

Relaxation of a crystal region with a high enough point défect
concentration to an amorphous structure like that described by random
network models(s’g) is most easily imagined at low temperature where
the damage in the crystal is rather homogeneous, consisting largely of
individual vacancies and interstitials. At room temperature for sili-

con the damage would be much more complex. The smallest defects with



" appreciable life times afe the divacancies and probably clusters of
two or more interstitials. There would also be a continuous spectrum
of larger complexes. As the témperature is further_increased the
smallest defects wili increase in size until finally small inter-
stitial type dislocation loops predominate. It is not clear at what
stage in this progreésion to larger and Targer defects it would still
be possible for. a transformation or relaxation to an amorphous strué-
“ture to bccur. Studies of the secondary defects that result from
regrowth of amorphous layers suggest that the structure of amorphous
silicon formed at low and high temherature by ion implantation is not
the same. (10) Amorphous layers formed in (111) Si by ion damage at
77°K or room temperature regrow to crystalline material that contains
nﬁmerous microtwins.. This is not the case for regrowth of amorphous
layers in (111) Si formed above room temperature. In this case only
dislocation 1lines are formed. One possib]e explanation for these
effects is.that amorphous material formed at higher temperature is
less homogeneous. It may also contain minute crystalline islands. At
high temperatures (> 200°C) where vaCancies and interstitials are .
highly mobile it may also be difficult to eliminate the last small
crystalline regions because any vacanty‘or interstitial formed within
it has a near-by sink, the amorphous/crystal interface. qu an
inhomogeneous amorphous layer the regrowth front as it crystallizes
epitaxially on the underlying crysta] may always remain very rough on |
-a microscopic scale so that no {111} facets on which microtwins might

nucleate ever have a chance to develop during migration of the front.
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CONCLUSIONS

1) The simulated high resolution lattice fringe image of {1190}
silicon becomes gradually less and less regular with increasing
Frenkel pair concentration. For a Frenke] pair concentration of 15
| percent, the image closely resembles that characteristic of an amor-
phous material.

2) The amorphous zones formed near the ends of heavy ion tracks in
si]icon have sharp interfaces separating the amorphous zone from the
Surrounding crystaT. This is consistent with the hypothesis that a
crystal containing a high enough point defect concentration can relax
to a distinctly different amorphous structure at least at low enough'
temperature. Final probf, however, awaits an observation that amor-
phous zones can grow during electron irradiation at low temperature.

3) Amorphous zones surrounded by crystalline material do undergo
radiation induced shrinkage at room temperature where e1ementary point
defects are mobile. This provides an attractive exp]anation for the
temperature dependence of the critical energy absorbed in nuclear
stopping that is required to form amorphous material. |

4) Amorphous silicon even restricting consideration to those
structures produced by radiation damage is without much doubt a class
of materials with structures ranging from something 1ike the idealized
random network models to structures that are considerably less

homogeneous.
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FIGURES

Figure 1.
Figure 2.

Figure 3.

FigUfé 4,
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\
Comparison of XTEM measured a-C interface depths with

calculated disp1acement energy absorption vs depth at LN2
and room temperature.

Lattice fringe pictures of (a) a small amorphous region at
a dis}ocation core and (b) a small crystalline island in an

amorphous matrix.

Computer simulated Tattice fringe images dfj{lll}’planes in

<110> Si with increasing Frenkel paif,defect concentrations

(a) no defects, (b) S'befcent, (c) 10 péncent, and (d) 15
percent. : SLTE |
Effect of electron 1rradiation:bn'baftially‘amorphous

reg{on produced by an 11 MeV As implant.
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ELECTRON IRRADIATION INDUCED MIGRATION
OF AN AMORPHOUS/CRYSTALLINE INTERFACE
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