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ABSTRACT

The amorphous(a)-to-crystalline (¢) phase transition has been
studied in electren(e™) and/or ion irradiated silicon (Si). The irradiations
were performed in sifu in the Argonne High Voltage Microscope-Tandem
Facility The irradiation of Si, at <10 K, with 1-MeV e™ to a fluence of
14 dpa failed to induce the c-to-a transition. Whereas an irradiation, at
<10 K, with 1.0 or 1.5-MeV Kr* ions induced the c-to-a transition by a
fluence of =0.37 dpa. Alternatively a dual irradiation, at 10 K, with
1.0-MeV e~ and 1.0 or 1.5-MeV Kr* to a Kr* fluence of 1.5 dpa -- where
the ratio of the displacement rates for e~ to ions was =0.5--resulted in
the Si specimen retaining a degree of crystallinity. These results are
discussed in terms of the degree of dispersion of point defects in the
primary state of radiation damage and the mobilities of point defects.

INTRODUCTION

The amorphization of silicon (Si) as a result of irradiation by
energetic particles has been stucdjed for over two decades, but the exact
mechanism sz by which the transition from the )
crystalline(c)-to-amorphous(a) phase takes place has remained
unresolved[1-12]. in this paper we present new experimental results on
the c-to-a phase transition for electron (1- MeV e~) and/or
ion-irradiated Si ( 1.0 or 1.5-MeV Krtions). The experiments were

erformed employing the unique capabilities of the Argonne National

aboratory High Voltage Electron Microscope-Tandem Facility. The
experimental results show directly that the c-to-a phase transition
depends on the de?ree_of_dlsperswn of the point defect distribution in
the primary state of radiation damage. Thatis, a 1 MeV e~
irradiation--which produces a random distribution of Frenkel

airs[13]--to a fluence of 14 dpa failed to induce the c-to-a transitjon.

hereas, an irradiation with 1.0 or 1.5-MeV Kr* ions--which produces
dense displacement cascades[14]-- to a fluence of 0.37 dpa induces the
c-to-a transition. Moreover, it has been shown for the first time that
S grlsm ly the dual irradiation of a reg%ron with 1-MeV e” and 1.0 or
(1 -MeV Krt ions can strongly retard1

u
. ’ he c-to-a transition, if the ratio
R) of the displacement rates (dpa s') for electrons-to-ions exceeds
=0.5. Atomistic models are presented for the observations.

EXPERMENTAL PROCEDURE

. The experiments consisted of irradiating <100>-p-type Si specimens
in the 1-MeV transmission e~ mlcrosco?e ( EM? with 1-MeV e~ and/or
1.0 or 1.5-MeV Krtions at a specimen temperature of <10 K. The first
experiment consisted of |rrad|atm? a small region-- =2 pm diam.-- of
the Si specimen with 1.0-MeV e~ {o a high fluence, at <10 K, to see if it
could be amorphized under these extreme conditions. The thermal



conductivity of c-Si is similiar to that of pure metals and therefore c-Si
presents no special beam heating problems. The second experiment
involved irradiating Si with 1.0 or 1.5-MeV Krtions, at <10,K, to
determine the fluence at which the c-to-a phase transition occurs. And
the third experirnent consisted of a simultaneous irradiation, of a small
region, with 1.0-MeV e and 1.0 or 1.5-MeV Kr*ions at a fixed value of R.
The last experiment was used to study directly the effect of the spatial
distribution of point defects on the c-to-a transition.

Electron Current Density Profile and Electron lrradiations

The electron current density as a function of position in the
specimen has been shown to be'given by a Gaussian expression [15]. The

expression has the form:
la(n)=loexpl-(r/rp)?];
where |g is the value of the electron flux at r=0 and rg is given by
ro=(IT/rlo)172;

where |1 is the total electron current. The values of |5 and IT employed
were
3.63x1019 e'cm2s-1and 168.5 nA, respectively. The value of ry was first

determined by measuring IT anc I, with the aid ot a Faraday cup. The quantity
2rq is the effective beam diameter (D) and this value was 1.92 um for all the

e” irradiations.

The e~ irradiations were performed by continuously irradiating the
sgecwnen and intermittently monitoring the state of the irradiated volume by
observing bend extinction contours in bright-field transmission electron
micrographs and selected area diffraction patterns (SADPs?. The SADPs were
taken employing an aperture whose diameter was smaller than the diameter of

the e irradiated area.

Kr* lon Irradiations and the Dual Irradiations

All the 1.0 or 1.5-MeV Kr* irradiations were performed in situ employing
the tandem accelerator. The dual irradiations were performed by irradiafing a
small region--D4= 1.92 um--of the specimen with e and a much larger re%non
which included fhis small region with the 1.0 or 1.5-MeV Kr+*ion beam. At the
latter energies no Krt ions were deposited in the specimen. The e” flux was
maintained at a constant value and the Kr* ion flux was systematically
increased in steps. The state of the dual irradiated region was also monitored
Intermittently as described above.

EXPERIMENTAL RESULTS

1.0-MeV Electron Irradiation
Figure 1 shows the effect of the1-MeV e~ irradiaticn of a specimen




maintained at <10 K. The bright field transmission electron micrographs are
on the left-hand side and their corresponcding SADPs are on the right-hand side
Figures 1(a) and 1(b) are for fluences of zero and 14 dpa, respectively. The
displacement of the bend extinction contour in the e -irradiated area
demonstrates that there are stresses associated with this region. Note the
absence of diffuse scattering rings in the SADP even after 14 dpa had been
accumuiated. Small secondary point-defect clusters--=50 A diameter-- were

found in the e -irradiated area.

Figure 1: The effecis of 1 MeV e" irradiation of a Si speciman at <10 K. In (a)
the sFeCfmen had received zero dpa and in (b) 14 dpa. The irradiated area is
denotez by D,. The corresponding SADPs are on the right-hand side.

1.0 or 1.5-MeV Krtlon Irradiation

Silicon specimens irradiated at <10 K with either 1.0 or 1.5-MeV Kr* became
amorphous at <0.4 dpa. The lack of crystallinity was determined from the
absence of bend extinction contours, and the absence of sharp diffraction spot:

and the presence of diffuse scattering rings in the SADPs.

Dual Elactron and lon rradiations

Figure 2 demonstrates the effects of the dual irradiation, at <10 K, on the
degreg of crystallinity of the irradiated volume of material. The

accumulated fluences due to the 1.0-MeV Krion irradiation in Figs. 1(a),
1(b) and 1(c are 8.57x1012 cm™2, 4.26x1013 and 1.45x101% cm™2 ( 0.02,
0.11 and 0.37 dpa), respectively. The value of the e flux was
3.63x1019¢m <"1 (2.64x1 0-3 dpa s").



. The displacement of the bend extinction contour in g{omg from
Fig.2(a) to (QLIS quite clear. This displacement is due 1o the stresses
associated with the dual irradiated regicn. The presence of the bend
extinction contours after 0.37 dpa of 1.0-MeV Kr* had been accumulated
demonstrates that the Si retains a large degree of crystallinity. The
corresponding SADP [Fzgi_2(c[)] exhibits sharp diffraction spots as well as
he [atter is indicative of a-Si in this region.

some diffuse scatterin%. ,
It is important to note that by 0.37 dpa of 1.0-MeV Kr* the surrounding
Si is essentially completely amorphous. The dashed circle in Fig. 2(c) is
denoted the critical diameter (D) and is defined b%the displaced bend
. Physically this is

extinction contour(s). The value'of R at D, is = 0. |
the minimum value of R necessary to ,mam‘faln a degree’of crystallinity.
The same silicon specimen was irradiated to an accumulated Kr fluence

of 1.5 dga by increasing the Krt ion flux in discrete steps to a value of
4.5x1073dpd s”I. The value of D decrea§%g but the value of R at D was
constant at =0.5. A 1-MeV e irradiation of a partially a-Si region, at

<10 K, failed to induce crystallization of the a-Si.

Figure 2: This figure shows the effect of a dual irradiation--1.0-MeV e~
and 1.0-MeV Kr* --on a small (D%=1.f92 um) area. Figures 1(a),1(b)

and1(ct) were irradiated to fluenceés of Q,02, 0.1] and 0.37 dpa,
respec The e flux was 2.64x10™3 dpa s~1. The SADPs {right hand

ively.
side) were ¥aker_1 with an aperture whose diameter was <1.92 pm. Note
the bend extinction contours in the irradiated area.



DISCUSSION

1 MeV Electron Irradiation

The irradiation, at <10 K, to a fluence of 14 dpa with 1 MeV e”
demonstrates that even under these extreme conditions Si can_not be
amorphized, The only other low-temperature in sity e irradiation
experiment is due to Foell[16]. Foell e -irradiated Si specimens
between 15 and 60 K, employln? a beam voltage between 400 and 3
650§<eV' the maximum value of the fluence was =10.8 dpa (5x10
cm <). Foell also found no evidence of a-Si. However, he observed small
dislocation loops. These, loops are presumably interstitial in character,
as some form of the self-interstitial atom (SlA) is known to be mobile in
Si at these low temperatures{12]. The existence of a highly-mobile SIA
at <10 K implies that this temperature is in the so-called Stage |
regime. The neutral vacancy §v) becomes mobile at =70 K and the
negatively doub[Y-char ed vat =160 K[12]; hence all charge states of
the v are immobile at <10 K. To date no experimental evidence has beer
obtained for the stimulated athermal migration of v's in Si by the e~
beam via, for example, the Bourgl;om—Corbett mechamsm[g ,18]. Hence,

y

the only possible ori%in of the dislocation loops observed by Foell and

ourselves is due to the clustering of highly mobile SIAs--as a result of
random-walk encounters--which convert into dislocation loops when the
clusters exceed a critical size. The formation of dislocation loops from
the clustered SiAs suppresses the c-to-a transition in the case of the e
irradiation. Thus, the conditions for the suppression of the c-to-a
transition appear to be: (a) a random distribution of Frenkel pairs; (b) a
highly mobile SIA; ard (c) an immobile v. _

It should be noted that measurements of the production rate of
damage in e -irradiated metals, in Stages | and Il, are consistent with
the préceeding ideas. Electron irradiation, below Stage |, produces a
random distribution of immobile Frenkel pairs. In Stage 1l--where SIAs
are highly mobile--clustering of SIAs and trapping of S1As at impurities
are very important reactions. The net result is that the production rate
of radiation damage--caused by MeV e~ irradiation-- in Stage Il is very
low compared to that in Stage | and therefore the supersaturation of
Frenkel pairs in Stage Il is small compared to the value in Stage I--this
reduces the the tendency towards amorphization. In Stage Il'the
concentration of isolated v's is fgreater than that of SlAs, since the
clustering of SIAs as a result of long-range thermally activated
migration reduces the concentration of isolated SIAS.

Dual Electron and Krt lon Irradiations

The retardation of the c-to-a transition, at <10 K, as a result of a
dual irradiation can be understood qualitatively employing the following_
argument. The 1.0-MeV Kr* produce displacement cascades with a v-rich
core[1 9,20;, surrounded by & mantle of SIAs whose local concentration is
several at.%[21]. Embryos of a-Si form in this region as a result of
essentially dynamic SIA-SIA reactions--that is, little or no
thermally-acftivated lon -ran%e migration. This is analogous to small
Stage | recovery in metals which had been irradiated with heavy ions.
The 1.0-MeV e™-irradiation in Stage Il produces a state of damage, as



described above, which has a strong surplus of isolated v's over SIAs.
Hence, the v's dynamically shrink cnd/or destroy the 3-S! embryos
around the displacement cascades--this retards the c-to-a transition.
With lncreasmﬁ]fluence the volume fraction of the a-Si phase increases
as a result of the conversion of the a-Si embryos to the a-Si phase. Once
the latter conversion has occurred it can not be converted back to the
c-Si phase at <10 K, as we have observed that a 1-MeV e~ _irradiation of
a %artlally a-Si region, at <10 K, failed to induce crystallization of the
a-Si. The qrowth and shrinkage of the a—embr%os Is essentially the
random walk problem with absorbing barriers. The effect of the

e -irradiation Is a strong one, as in the presence of only the Kr* flux the
c-to-a transition takes place at <0.4 dpa, while for the dual irradiation

Si retains .cr¥stallln|ty at a Krt fluence of 1.5 dpa. The ratio R is the
control variable and for larger values of R the value of the ion fluence
to which Si retains crystallinity is increased. [The details of this model

will be published elsewhere.]
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