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Abstract In-situ observations on ion-beam induced amorphisation of
GaAs, GaP and Si are reported. Direct-impact amorphisation was found
to occur in GaAs irradiated with lOOkeV Xe+ ions to low doses at low
temperature (~40K) in contrast to previous room temperature irradia-
tions. In GaP and in silicon, where heavy projectiles do cause direct
impact amorphisation at room temperature, the evolution of the damage
structure with ion dose was studied. The defect yield both in GaP
irradiated with lOOkeV Kr+ ions and in Si irradiated with lOOkeV Xe+

ions was found to decrease monotonically with increasing dose over the
dose range 1O15-1O17 ions m~2.

1. Introduction

Ion implantation has been used successfully to dope silicon for several
years, and there has been considerable progress in the use of this tech-
nique to dope compound semiconductors such as GaAs and GaP* An unavoid-
able drawback of ion irradiation, especially for compound semiconductors
where annealing can pose problems, is radiation damage of the substrate,
which can lead at high ion implant doses to the formation of a buried or
surface amorphous layer. Two mechanisms have been suggested for the
mechanism by which such amorphous layers are produced. In the first, the
amorphous layer is built up by the overlap of small amorphous regions
created within individual displacement cascades» 'Direct impact amorphi-
6ation* is known to occur in Si and in GaP provided that the energy
density within cascades is sufficiently high (see e.g. Chandler and
Jenkins 1983, Howe et al 1980). In the second the crystalline to amor-
phous transition Is triggered when the cumulative defect density, arising
from the spatial overlap of two or more cascades, reaches some critical
value* Both mechanisms nay occur simultaneously, and a theory has been
developed to take account of this (Webb and Carter 1979). We report here
some preliminary results on experiments which explore the mechanisms of
Ion-beam induced amorphisation of (semiconductors further. We have carried
out in-situ heavy-ion irradiations of GaAs, GaP and Si to investigate:

(1) Direct Impact amorphisation at low temperatures in GaAs. In room
temperature -irradiations amorphous sones are not observed at low
doses (Chandler and Jenkins 1983).



.(ii) The evolution of damage with dose and'Che' transition to an amorphous
I layer in GaP and in Si under irradiation with heavy projectiles (Xe+ j
> and Kr + ions respectively) known to cause direct Impact aatorphisatlon J
j- ' st low doses. • ' j

2a Experimental procedures

The In-situ experiments vere performed on the High-Voltage Electron
Microscope (HVEM) - Tandem Accelerator Facility at Argonne National
Laboratory. This facility consists of two accelerators, a 300keV Texas
Nuclear accelerator and a NEC 2MeV Tandem accelerator, either of which
produce ion beams that can be directed onto the HVEM sample position by an
ion-beam interface. Only the first of these •accelerators was used in the
present experiments. Details of the facility are given by Taylor et al
(1981). The low-temperature experiment in GaAs was performed using a
single-tilt, liquid-helium cooled sample stage with the specimen main-
tained at about 40K. A (LOO) foil was irradiated with lOOkeV Xe+ ions to
a dose of 5.1015 ions m""2. The experiments in GaP and Si were performed
at room temperature using a standard double-tilt holder. (100) foils were
irradiated with lOOkeV Kr+ and Xe+ ions respectively to total doses >1017

ions m"~2 in dose increments of typically 5.10^-^ ions m""2. Typical dose
rates were about 0.7.101* ions m~2 s"1

 (IOJIA m ~ 2 ) . The Kratos EM7 HVEM
was operated at ZOOkV. Foils were viewed flat-on under well defined
diffraction conditions. The angle of incidence of the ion beam was about
60° to the specimen surface. During irradiation of the Si specimens the
foils were viewed continuously using a high-resolution video recorder.
After each irradiation Btep diffraction conditions were re-set if neces-
sary and micrographs were recorded. '"

3. Results and Discussion

3.1 The low temperature experiment on GaAs

Figure 1 shows an area of a GaAs foil just following irradiation at 40K
with lOOkeV Xe + ions to a dose of 5.1015 ions m~2 and imaged using a
diffraction vector j*400. The dark-dot contrast features in this thin
area are characteristic of amorphous zones. The defect yield (taken to
mean in this paper the ratio of visible distinct contrast features to the
number of incident ions) is about 0.4. This relatively high value is
consistent with the formation of amorphous zones by a process of direct
Impact amorphisatlon within Individual displacement cascades.

Fig.l. Amorphous zones in GaAs
produced by low-temperature
(40K)irradiation with lOOkeV Xe +

ions to a dose 5.1O*5 m~^.



Direct Impact amorphi6ation has been found to occur with high efficiency
fin GaP and Si in room temperature Irradiations with heavy projectiles, but
in GaAs room temperature irradiation with lOOkeV Xe+ ions was found to
produce at low doses only a very low yield of weak contrast features which
could not be identified unambigously (Chandler and Jenkins 1983). Only at
doses >3.lO16 ions m~2 were amorphous regions produced (Chandler 1984).
The above results suggest that the point defect production processes and
the initial creation of amorphous zones are similar in GaAs, GaP and Si,
but thereafter annealing processes may occur in GaAs in irradiations at
room temperature. This conclusion has also been reached by authors
reporting Rutherford back-scattering experiments (e.g. Ahmed et al 1980,
Williams and Austin 1980).

Unfortunately, immediately after the micrograph of Fig.l was recorded the
specimen shattered, terminating the experiment, so the annealing behaviour
of the defect regions could not be investigated.

3.2 Damage evolution in GaP and in Si

Damage evolution seemed to follow a similar pattern in both materials.
Figures 2 and 3 show stages in damage development in GaP irradiated with
lOOkeV Kr+ ions and in Si irradiated with lOOkeV Xe+ ions respectively.
The lower dose behaviour is shown in more detail in Fig.2 whilst damage
development over the whole dose range studied is shown in Fig.3. In each
case only a few of the irradiation steps are illustrated. A careful
analysis of these and other micrographs of the series and of video record-
ings revealed the following:

(a) Some dark-dot contrast regions appeared at an early stage in the irra-
diation sequence and persisted in a more or less unchanged form
through many of the remainder of the series. Examples of such regions
are arrowed and labelled 1 in Figs.2 and 3. The observation in these
thin areas of foil of dark contrast dots at low dose is consistent
with direct Impact amorphization.

(b) Some defect regions faded in contrast from one irradiation to the
next, and over the course of several irradiations disappeared
altogether. Neighbouring defect regions were not similarly affected,
and the same change was found in consecutive micrographs obtained
under slightly differing contrast conditions, so the possibility that
this is a contrast artefact can be discounted. Examples of such

(a) 5.1.1015 ions m~2 (b) 9.A.1015 ions n~2 (c) 1.2.1016 Ions m~2

Fig.2. In-situ irradiations of GaP with lOGkeV Kr+ ions. The same are., is
shown in each micrograph, imaged in dark-field using £*>220.



(a)0.73 (c)7.0 (d)8.8 (e)17.4.1016 m"
Fig.3. In-situ irradiations of Si with lOOkeV Xe+ ions. The same area is
shown in each micrograph, imaged in dark-field using g=22O.

regions are arrowed and labelled 2 in Figs.2 and 3.

(c) When new contrast dots appeared they did so suddenly, in Si between
consecutive irames of the video recording.

(d) Occasionally, defect regions became stronger in contrast from one
irradiation to the next, whilst not seeming to change much in overall
size. More often, when new contrast centres formed close to existing
features the region between the dark centres showed a light grey con-
trast. As the dose increased to ~10* 7 ions nf 2 larger black/grey
contrast areas formed, encompassing regions previously occupied by one
or several dark dots. Regions showing these features are arrowed and
labelled 3 in Figs.2 and 3. At a dose of -2.1017 ions m~2 (Fig.3e)
partially connected dark contrast areas covered much of the field of
view, but these could not be correlated on a one-to-one basis with the
dark dots visible in the same foil area at lower doses.

The consequences of the various effects described above on the overall
density of visible contrast features is shown in Fig.U. At low doses
(<1016 ions m~2) defect yield values for both Kr+-»GaP and Xe+->Si were high
(>0.3), consistent with a direct impact amorphization mechanism. At doses
>2.1G*6 ions m~2, however, the yields dropped steeply to much lower values
(<0.1) and then showed a continuing steady decline for doses up to the
maximum employed. The areal density of defect regions showed a tendency
to saturate at a value of 5-7.1015 m~2. Even at doses approaching 10 1 7

ions m~2, about ten times the cascade overlap dose, separate contrast dots
could usually be distinguished (Fig3d). By a dose of 1.7.1017 ions m~2,
however, such a distinction was less meaningful and the concept of a
'defect yield' was no longer valid (Fig.3e).

The in-rsitu experiments at Argonne were complemented by more extensive
room-temperature irradiations of GaP and GaAs carried out in an ion
implanter at AERE Harwell. In general observations made in these
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Fig.4. Defect yields (solid curves and symbols) Fig.5. Amorphous areas in
and areal densities (dashed curves and open GaAs after lOOkeV Kr + ion
symbols) for lOOkeV Kr+-K5aP (circles) and irradiation to a dose
lOOkeV Xe++Si (squares). 3.1017 ions m~2.

experiments parallelled those of the in-situ experiments described above.
In particular, in specimens of both GaP and GaAs irregular partially-con-
nected 'amorphous areas' were found at doses 1-3.1017 Kr + ions m" 2

(Fig.5). This structure would appear to be somewhat more developed but
essentially similar to that seen in Fig.3e. Complete surface amorphisa-
tion was observed in GaP at doses of 3.1017 W* ions m~2 and at 1.1018 Kr +

ions m~2, but was not found in GaAs at doses up to these levels. This is
consistent with more extensive annealing in GaAs in room temperature
irradiations.

The observations described above may be compared with experiments in Si
carried out by Ruault et al (1983). These authors studied the formation
and evolution of radiation damage in Si due to room-temperature Bi implan-
tation at 50keV and 200keV using the in-situ ion irradiation facility at
Orsay. The chief conclusion of this work was that amorphous layers are
not formed by the overlap of amorphous zones produced in the cores of
displacement cascades. Rather, so called 'grey zones' formed in
vicinity of neighbouring dark contrast features and extended towards: <;.>.
ion-entry surface, and these were believed to be the precursors of amor-
phous layers. Grey zones were believed to form by the overlap of lij-?.r*-
damaged regions in the wings of cascades. Our observations would tenu to
support this hypothesis.

A second conclusion reached by Ruault et al (1983) was not however sub-
stantiated in the present work. They reported a time evolution of indivi-
dual damage features. In their geometry ions were incident at a shallow
angle (~30°) to the specimen surface, and damage formed along elongated
damage tracks. The contrast along such tracks was found to develop into



(* subdue ters' over a period of about ten seconds. Rusult et &1 concluded
from this that these small subcluster6 were not formed directly in regions
of high deposited energy density along the track, but were a result of
defect motion. : In our experiments no such time evolution of new defect!
(regions was observed: new contrast spots appeared suddenly. In addition:
'our observation of the formation of defect regions in GaAs at 40K also
supports the idea that amorphous zones form spontaneously at cascade cores
without the need for long-range defect migration.

The observation (b) above points to a dynamic mechanism of radiation-
induced annealing, which has not been reported in previous TEM studies.
Beam annealing effects during implantation of GaAs and GaP have been
reported previously by several authors in Rutherford back-scattering
6tudies, albeit at higher doses and dose rates (e.g. Ahmed et al, 1930,
Williams and Austin 1980). An Interesting feature of our observations was
that some defect regions appeared more resistant to annealing than others.
A possibility related effect was reported by Williams /and Austin, who
found that in GaAs disorder partially annealed during room- and higher-
temperature irradiation was difficult to remove completely below an anneal
temperature of 870K, whereas defect regions 'frozen-in* at liquid nitrogen
temperature could be recrystallised epitaxially at temperatures below
520K. This suggested the presence of defect complexes with higher activa-
tion energies in partially annealed layers. Our observations here on the
different susceptibilities to annealing of apparently similar defect
regions, and our observations reported in 3.1 that high—dose irradiations
of GaAs lead to defect regions stable at room temperature, whereas amor-
phous zone produced by direct Impact amorphization were not observed at
room temperature, both suggest that the atomic structures of 'amorphous'
zones are not uniform, but may differ from zone to zone and depend on the
material and the irradiation conditions.

The mechanism of radiation-induced annealing is not yet understood in
detail. One interesting possibility is local annealing due to thermal
spikes at displacement cascades. The cascade 'temperatures' are suffi-
ciently high and thermal spike lifetimes sufficiently long for appreciable
thermal annealing to occur in cascade peripheries. This has been dis-
cussed in more detail by Chandler (1984).
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