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Crystalline-to-amorphous transition for Si-ion irradiation of Si(100)

Peter J. Schultz,* C. Jagadish, M. C. Ridgway, R. G. Elliman,’ and J. S. Williams®
Department of Electronic Materials Engineering, The Australian National University, G.P.O. Box 4, Canberra, Australia
(Received 28 June 1991)

Silicon (100) crystals are implanted with 1-MeV Si** ions to a fixed fluence of 1x10'* ions/cm? at
systematically different incident-ion dose rates, R, and substrate temperatures, 7. A critical depen-
dence on T is found for R,, the critical flux for formation of a continuous amorphous layer in the sub-
strate material. The activation energy characterizing the process is found to be 0.9 +0.05 eV, which is
attributed to the collapse of defect complexes formed during irradiation. Critical temperatures for this
process, at each fixed dose rate, are all near room temperature.

The amorphization of silicon caused by irradiation with
energetic ions has been studied for many years, but it is
sufficiently complicated that the details of the process are
still not clear. It has always been recognized that there is
a critical fluence for amorphization ¢. which is a function
of both incident-ion species and energy.!? In addition, it
was noted early on that dynamic annealing during im-
plantation is important, and thus both the temperature of
the substrate and the ion flux, or dose rate (R) during im-
plantation are significant. In spite of this early recogni-
tion, there has been very little done to explore this in de-
tail until very recently. By irradiating silicon with rare-
gas ions (Ne through Xe) it has been observed that for a
given fluence and temperature there is a critical flux for
amorphization, known as the amorphous threshold flux,
R,, which obeys an Arrhenius dependence on temperature
with an activation energy of E,=1.2 eV.** This value
was found for the amorphization of a subsurface layer and
for the balance between recrystallization and amorphiza-
tion at a prexisting planar crystalline-amorphous inter-
face, both processes occurring in the 400-550 K tempera-
ture regime for the ion fluxes employed. At these temper-
atures the divacancy [which has an activation energy for
annealing of 1.2-1.3 eV (Refs. 6 and 7)] has a relatively
short lifetime (on the order of seconds),® comparable to
the time required for cascade overlap at these fluxes. The
additional evidence that the ion dependence of the process
obeys a bimolecular scaling® (i.e., defect density squared)
combined with the similarity of the activation energies led
to the conclusion that the stability of the silicon divacancy
controls the observed crystalline-amorphous phase transi-
tion, at least in the 400-550 K temperature range studied.
The dependence of this transition on divacancy annealing
was first suggested by Vook and Stein. >

In this paper we present a systematic study of the tem-
perature and flux dependence of the crystalline-amor-
phous transition for a fixed fluence of 1x10" cm ™2, 1-
MeV Si%* ions incident on (100) silicon substrates. The
critical temperatures observed in the present study are all
near room temperature (some below, some above). This is
significant since the ion mass, energy, fluence, and flux are
all in fairly typical ranges for a variety of implantation
and damage studies reported in the literature recently,
suggesting that beam heating effects could lead to variable
results under nominally “identical” conditions unless spe-

44

cial care is taken to thermally couple the target wafer to a
temperature-controlled holder. The data also support a
similar thermally activated process of the model suggested
by Vook and Stein.® However, under the near-room-
temperature conditions of the present study the divacancy
is extremely stable (= 10° sec), and we find a lower ac-
tivation energy of E,=0.9+0.05 eV. This result is dis-
cussed in terms of both the stability and variety of defect
complexes formed, which depend primarily on the sub-
strate temperature during irradiation.

Czochralski grown (100) Si wafers (phosphorous
doped, 2-4 ©cm) were irradiated with Si’*t ijons at 1
MeV using the 1.7 MV NEC Tandem implanter at the
Australian National University (ANU). Dose rates from
R=2.63%x10"%t0 2.88%x 10" jons/cm?s (corresponding to
beam currents of ~10 yA/cm? to ~10 nA/cm? resulted
in irradiation times from several seconds to about 1 h per
point. The incident beam was wobbled over a small (4
mm diam) aperture to ensure uniformity, and the intensi-
ty was held constant to within a few percent throughout
each series of temperatures at a given flux. Samples were
clamped to a large copper mounting block using high-
vacuum grease to ensure good thermal contact. The tem-
perature was maintained within =1 K during each im-
plant, with an estimated relative precision of better than
+ 2 K, and absolute accuracy of roughly &5 K.

Crystal damage was evaluated by analysis of the
Rutherford-backscattering-channeling (RBSC) distribu-
tions measured with a surface-barrier detector at a
scattering angle of 170°. For this analysis, a 20-nA-
incident beam of 2-MeV He?* was produced by the 1| MV
General Ionex Tandem accelerator at the Royal Mel-
bourne Institute of Technology. A set of typical spectra
for the lowest dose rate are shown in Fig. 1, clearly indi-
cating the buildup of subsurface damage with decreasing
substrate temperature by the increased RBSC signal near
channel 140 (corresponding to a depth of ~1.3 um).
Two reference spectra are also shown for a random direc-
tion and for a perfectly aligned virgin Si(100) sample. No
significant change is observed for implantation between
temperatures of 320 K and =400 K, or even higher, indi-
cating the data shown for 320 and 330 K reflect the
minimum damage level for this fluence. It can be seen
from Fig. 1 that the complete range of final states from
the damaged to the fully amorphized layer occurs with a
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FIG. 1. Rutherford backscattering spectra for 2-MeV He™*
channeled along the (100) direction of silicon samples. All data
are for samples implanted with 1-MeV Si™ ions at the substrate
temperatures indicated using a fixed flux of 2.88x10"
ions/cm?s, and a fixed fluence of 1x10'> jons/cm?, except the
curve for the “virgin” material. The transition from minimally
defected material (= 320 K) to a continuous, buried amorphous
layer (<290 K) is evident near channel No. 140,

change of just 25 K in substrate temperature, centered
very near room temperature, where most implants report-
ed in the literature are done. This variation is well within
the limits of typical beam heating effects for MeV-uA ion
beams,® and demonstrates the need for adequate care in
sample mounting® and the need to report the flux used for
any given experiment.

Similar data to those shown in Fig. 1 were obtained for
all dose rates. The extent of amorphization in the high
damage end-of-range layer was parametrized by measur-
ing the relative height of each curve between the virgin
and amorphous samples. These damage yields Y, are
shown in Fig. 2 versus the substrate temperature during
irradiation 7 and it can be seen that a similar characteris-
tic shape is obtained for the transition from crystalline-
amorphous for all dose rates, which we parametrize with a
simple inverse exponential,

1
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The best fit of Eq. (1) to the data are the solid curves in
Fig. 2. The constant § describes the width of the phase
transition, and it is consistent for all dose rates
(6=0.19+0.02 K~"). The critical temperature T, at
which the transition occurs is plotted in Fig. 3. The data
show a simple exponential activation to within the limits
of experimental accuracy, as would be expected for the ki-
netic model of damage nucleation proposed by Vook and
Stein.® The best fit to the data in Fig. 3 yields an activa-
tion energy of £, =0.9 = 0.05 eV, which is shown together
with slopes of 0.8 and 1.0 eV.

Models for ion-beam induced amorphization vary from
heterogeneous models in which amorphous zones are gen-
erated directly by the incident ions, to homogeneous mod-
els in which the average defect density is increased to a
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FIG. 2. The relative damage measured at channel 140 be-
tween the virgin (0.0) and random (1.0) curves. The data
shown are for ion flux of the following: O: 2.88x10'' ions/cm?s;
®: 3.57x10'? ions/cm?2s; and V: 2.63%x10'} ions/cm?s. The
solid curves are the fit of Eq. (1) to the data, which yield the
critical temperatures 7. that are plotted in Fig. 3.

level where the damaged crystal is unstable with respect
to the amorphous phase. In the heterogeneous model,
amorphous zones accumulate with increasing ion fluence,
eventually overlapping to form a continuous amorphous
layer. In the homogeneous model, defects accumulate
with increasing fluence until the damaged crystal becomes
metastable, and amorphous Si then nucleates and grows
at the expense of the crystalline phase.

An ion flux dependence is expected for both heterogene-
ous and homogeneous amorphization processes. In both
cases the instantaneous defect concentration and the re-
sulting damage are expected to be functions of tempera-
ture and ion flux. In the heterogeneous case, amorphous
zones will shrink if the temperature is sufficiently high. If
the ion flux is low enough that the zones anneal prior to
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FIG. 3. Critical flux vs temperature for crystalline to amor-
phous transition, defined as illustrated in Fig. 2. The best fit to
the Arrhenius distribution yields E, =0.9 eV, which is shown to-
gether with slopes of 0.8 and 1.0 eV.
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overlap, amorphization may never be achieved (except in
the homogeneous limit where there is sufficient buildup of
the residual damage). If the ion flux is sufficiently high to
allow zone overlap before zone annihilation, then damage
will accumulate. In the homogeneous case, the dynamical
defect concentration during irradiation will also depend
on a balance between defect creation and annihilation
rates. If the ion flux is too low then defects will annihilate
faster than they are created and the defect density may
never exceed the critical value for amorphization.

In the limit of very low temperature, the amorphization
process will eventually become athermal (i.e., E,— 0).
At this point the balance between heterogeneous and
homogeneous damage is determined solely by the energy
deposition density, which depends only on the ion mass
and energy, and defects that are formed are not greatly
influenced by annealing processes. As a consequence, one
might expect the measured activation energy to decrease
as the temperature decreases, due to an increasing
athermal component. At finite temperature, however,
both heterogeneous and homogeneous damage nucleation
processes could involve many different defects and their
various annealing routes. In specific temperature regimes
the temperature-ion flux dependence may be dominated
by particularly stable defect configurations, and it is in-
structive to consider a more detailed view of defect pro-
duction and interactions.

During implantation, each incident ion produces a dam-
age volume around the track known as a damage cascade.
In the absence of defect mobility, collisional processes dic-
tate that vacancy-type defects are concentrated near the
center of the cascade, while the outer perimeter is richer
in interstitials. In silicon, self-interstitials are highly
mobile and immediately recombine with vacancies, substi-
tutional dopant impurities (Watkins replacement mecha-
nism'?), and/or combine to form more stable complexes
(such as dislocation loops). Vacancies become mobile
around 100 K, and can be trapped by oxygen impurities
(known as the A center, common in Czochralski-grown
Si), by the dopant atoms (E center, common in float zone
Si), or combine to form divacancies. The impurity-bound
centers are not expected to be critically involved in the
crystalline-amorphous phase transition. As discussed
above, the instability of the Si divacancy has been associ-
ated with the crystalline-amorphous transition at elevated
temperatures. For the present data at = 300 K, the diva-
cancy is very stable and is clearly not responsible for limit-
ing the structural phase transition. In this case it is
reasonable to assume that the measured activation is in
fact an average value for various, more complex defect
structures. Extended multivacancy- or vacancy-impurity
defect complexes can be formed either dynamically during
irradiation or in post-irradiation thermal annealing of
damaged material. " '

Silicon is covalently bonded and fourfold coordinated.
Amorphous silicon is made up of distorted five- and
seven-member rings mixed with the six-member rings of
the perfect crystal. Atomistic models for the crystalline-
amorphous transition are based on the formation of com-
plex multivacancy defects which ultimately result in the
distorted ring structures, and the buildup of these defects
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through the overlap of damage cascades.'? Such models
encompass elements of both heterogeneous and homo-
geneous damage nucleation processes, in allowing for ini-
tial high densities of complex damage within individual
cascades, as well as the uniform buildup of a distributed
damage base.

A particularly successful model of this type is based on
the numerical simulations of Tan,'3 who modeled the nu-
cleation of extended defects by assuming that the dom-
inant factor in the configurational energy of the defects is
the number of dangling bonds per point defect incorporat-
ed. He observes that the first stage is the condensation of
point defects (both intrinsic, vacancies, and extrinsic, in-
terstitials) along (110) row configurations, which he calls
intermediate defect configurations (IDCs). The vacancy
IDC is just an arbitrary extension of a planar multivacan-
cy, the simplest of which is the divacancy,'* and the ulti-
mate relaxation of the IDC (with no dangling bonds) is to
adjacent pairs of five- and seven-membered rings, which is
amorphous material. Such a model would exhibit a con-
siderable dependence on temperature (and thus flux),
since nucleation of the complex defect structures would in
part be limited by point defect mobility. In the vicinity of
each damage cascade, the Frenkel pairs would all be fully
relaxed into divacancies and, to some extent IDCs, as well
as stable dislocation loops. The planar tetravacancy,
which is probably the most common vacancy-type defect
formed at room temperature next to the divacancy,
presumably has an even lower activation energy than the
divacancy (it anneals at ~450 K as opposed to ~570 K
for the divacancy),? and may be contributing to the “re-
duced’ activation energy for the average defect distribu-
tion which controls the phase transition.

Returning to the rate equation description introduced
by Vook and Stein,* where the accumulation of damage is
balanced by dynamical annealing, it is possible to at least
phenomenologically consolidate the atomistic IDC model
with the simpler picture of a single, predominant defect
process that is implied by the Arrhenius dependence of R,
on temperature, at least over the limited range of temper-
atures applicable to the present study. In this picture,
each incident Si ion would create “stable” heterogeneous
damage eomplexes and possibly small, localized, amor-
phous zones at the end of each cascade. These small
heterogeneously formed disordered zones are the result of
relaxation of highly mobile point defects created within
the cascade through a mechanism such as the energy
minimization which resulted in Tan’s model for the IDC.
The zones would dynamically shrink via point defect emis-
sion (either vacancies or self-interstitials), and the bal-
ance between the production rate of the zones (ion flux)
and the rate of zone collapse would determine the critical
temperature. This would suggest that the measured ac-
tivation energy of 0.9 eV is associated in part with defect
release from the disordered (possibly amorphous) zones,
but in any case is an average of all competing processes.

In conclusion, we have measured the critical depen-
dence on temperature and flux of the crystalline to amor-
phous transition in Si-ion irradiated Si(100). For a fixed
fluence of 1 MeV, 1x10" ions/cm?, it is shown that a
complete transition from minimally defected to fully
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amorphized material occurs within about 10 K on ei-
ther side of the critical temperature, which in this case is
very near room temperature. This has significant implica-
tions to ion-implantation processes used for both applied
and fundamental experimental purposes, since most im-
plantation is done at room temperature and much that has
previously been reported has neglected any discussion of
the flux dependence of the process. In addition, we have
determined that the critical dependence of flux on temper-
ature has an activation energy of £, =0.9£0.05 eV, as
opposed to the higher E, =1.21+0.05 eV determined at
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higher temperatures for noble gas irradiation of Si.*°
This is attributed to a fundamentally different mechanism
for the amorphization, involving the dynamic collapse of
complex defect structures via point-defect emission.
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