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A neon ion beam has been used to regrow epitaxially a —1700-A-thick amorphous surface layer
in silicon on sapphire at low temperatures. The damaged layer was produced by implanting 80-keV
silicon ions to a dose of 2)&10' ions/cm at room temperature. The channeling technique with
315-keV protons was used to investigate the depth distribution of the damage, and disorder depth
profiles were extracted from the backscattering spectra using calculations based on multiple-
scattering theory. The epitaxial regrowth was quantitatively determined from the extracted profiles.
Many of the parameters which influence the regrowth rate, such as dose, dose rate, target tempera-
ture, energy, and random or channeled direction for the annealing beam, were varied. The results
were compared with energy deposition calculations which indicated strongly that the annealing rate
depends on the energy deposited in elastic collisions by the annealing ion beam. A defect annealing
model based on vacancy diffusion is discussed.

I. INTRODUCTION

Ion implantation of dopants in semiconductor materials
has several advantages in comparison with conventional
diffusion techniques. Various parameters, such as the
depth distribution of the dopants, the dose, and the lateral
diffusion, can be controlled much more accurately. How-
ever, the energetic ions introduce damage along their
tracks which must be removed in an annealing process.
The object is to restore the crystal structure and position
the dopants on substitutional sites where they can be elec-
trically active. The conventional way of achieving this is
by thermal annealing at 500'C to 1000'C where ordinary
solid-phase epitaxial regrowth occurs. It has also been
demonstrated that a high-power laser or electron beam, as
well as pulses of such beams, can be used to heat the sam-
ples to these temperatures or even higher, where 1iquid-
phase epitaxial regrowth is obtained. This local heating
technique can also be accomplished with an intense ion
beam. ' Baglin et al. ' used a pulsed 280-keV proton
beam to recrystallize an amorphous surface layer with a
dose corresponding to —I J/cm . Unfortunately, the
methods where high temperatures are involved eventually
cause a broadening of the dopant distribution. Therefore,
low-temperature processes would be more profitable for
the fabrication of semiconductor devices.

Silicon films on insulating substrates, such as silicon on
sapphire (SOS), have aroused great interest due to the pos-
sibility of making components with lower capacitance and
higher speed. The stacking of such thin silicon films
would enable three-dimensional component structures to
be fabricated. For these layers a low-temperature anneal-
ing method is necessary to prevent dopant diffusion and
defect formation which alter their electrical properties.

Recently it has been shown that the annealing of radia-
tion damage in semiconductors can be achieved with the
use of an ion beam at a much lower annealing tempera-
ture (200—300'C) than in conventional methods. Holmen
et ak. ' studied radiation damaged layers in germanium

with the secondary electron emission method and found
that ion-induced annealing occurs at a given dose rate if
the target temperature is held above a certain threshold.
This critical temperature increases with dose rate and ion
mass.

Such an annealing process is also present when dam-
aged layers are formed during ion implantation. For sil-
icon it is well known that the dose required to form an
amorphous layer increases with temperature and decreases
with ion mass and dose rate. 5 7 For instance, for high
fluences of boron implantation at room temperature,
Eisen et a/. found a strong dependence of the amount of
disorder produced on dose rate.

For still lighter ions, such as H+ and He+, ion-induced
annealing has been demonstrated even at room tempera-
ture. ' Kool et al. reported an annealing effect for
carbon implanted silicon bombarded with 200-keV H+ or
He+ ions. They observed that the damage peak from the
C+ implantation was slightly reduced, whereas at larger
depths damage could be introduced by the annealing
beam. Furthermore, the initial annealing rate was propor-
tional to the amount of disorder and a lower ion energy
was seen to increase the annealing rate.

Epitaxial regrowth of amorphous material due to ion
bombardment has been demonstrated, provided that crys-
talline material is present to act as a seed for the re-
growth. " ' A sufficiently high energy of the ion beam
is also required so that the annealing ions are able to pass
through the amorphous/crystalline interface. Golecki
et al. ,

" for example, used 250-keV Si+ ions to induce re-
growth of a 2300-A-thick amorphous layer in silicon at
300'C. However, they observed that disorder was pro-
duced at a depth corresponding to the projected range of
the annealing ions. Nakata et al. ' ' used a high-energy
ion beam, 2.56 MeV As+, to anneal completely a 650-
A-thick amorphous surface layer in silicon. The target
was heated to 290'C by the ion beam itself. They report-
ed that the recrystallized layer thickness increased linearly
with ion dose and substrate temperature.
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Ion annealing of a buried amorphous layer in SOS has
been performed in a previous experiment' using a 300-
keV Ne+ beam. The regrowth proceeded from both sides
of the amorphous layer and the number of defects de-
creased approximately logarithmically with dose in the in-
terval 5 X 10'" to 5 X 10' ions/cm .

In this work a study of the ion-beam-induced epitaxial
regrowth of amorphous surface layers in silicon on sap-
phire is performed using the channeling technique. The
amount of damage is extracted from the backscattering
spix:tra by applying disorder depth profile calculations.
The purpose is to study systematically the dependence of
the rate of regrowth on various parameters such as target
temperature, ion dose, dose rate, and ion energy. An ef-
fort will be made to explain the results in terms of a
mechanism closely related to the energy depositied in nu-
clear collisions.

II. EXPERIMENT

A. Experimental setup
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The target material used was silicon on sapphire (SOS)
(Union Carbide). The 1.0-iMm-thick intrinsic (100) silicon
layer had been grown on a (1102) sapphire substrate by a
chemical-vapor-deposition (CVD) inethod. This film
thickness was selected due to its lower backscattering
yield compared to thinner silicon layers, indicating a
lower damage concentration in the thicker films. The
SOS wafers were cut, etched in a dilute HF solution, and
rinsed in an ultrasonic bath. They were mounted on a tar-
get holder attached to a goniometer which was movable in
three orthogonal directions. The target could be rotated
around two perpendicular axes lying in the crystal plane
and heated to 400 aC by a surrounding oven. Two thermo-
couples, attached to the target holder, were used to mea-
sure the temperature.

The target chamber, shown in Fig. 1, was an ultra-
high-vacuum system, operating at a pressure of 2X 10
Torr, connected to the 400-kV-ion accelerator as well as
the 50-kV isotope separator at the Ion Physics Laborato-
ry, Goteborg. The ion-beam current could be measured in
a Faraday cup or at the target, where a negatively biased

shield around the oven acted as an electron suppressor.
Current integration electronics were used to achieve high
accuracy of the dose measurements.

B. Procedure

The experiments were performed with three different
ion beams in four stages, but using the same ultrahigh
vacuum (UHV) system under permanent vacuum.

1. Damage production
0

A 1730-A-thick amorphous surface layer was created
by implantation of 80-keV Si+ ions to a dose of 2X10'5
ions/cm at room temperature. The dose rate was below
2X10' ions/cm s and the target was bombarded in a
direction 7' off the (100) axis in order to minimize chan-
neling effects. The critical angle for channeling of the sil-
icon beam in the (100) direction in silicon is, according
to Lindhard, '7 of the order of Ttlz ——3.4'. Each bombarded
area, 3 mm in size, was produced with a scanned ion
beam to ensure a homogeneous implantation. At first, the
isotope Si+ was used in order to minimize any contam-
ination with impurities, especially N2 . However, as the
ion current ratios for the different Si isotopes were in ac-
cordance with the isotope abundances for Si, the majority
of the implantations were performed with Si+. In addi-
tion, the backscattering spectra of the damaged layers
were identical within the experimental accuracy for these
two isotopes.

2. Channeling analysis

315-keV protons entering in the (100) direction were
used for the channeling analysis. The backscattered parti-
cles were collected at a scattering angle of 135' with a sur-
face barrier detector which was cooled to —50'C to im-
prove the energy resolution. The proton energy and the
geometry used enabled a study of the silicon film down to
the sapphire interface with an energy resolution of -7
keV, corresponding to 450 A at the surface. For each
backscattering spectrum, the total integrated H+ charge
was 2.0 pC probing a 0.5-mm spot in the middle of the
implanted area. The beam, with a divergence of less than
0.1', was aligned with the (100) axis within 0.1' by ob-
serving the minimum of the backscattered particles at a
nearby unimplanted area. For different implanted spots,
the total integrated yield varied less than 3.2%, for unim-
planted spots, it varied less than 2.8/o, while different
measurements on the same spot showed a 0.5%%uo variation.
Thus, the variations for different spots were mainly attri-
buted to differences in the silicon film thicknesses and in
the damage concentrations of the virgin material rather
than inaccuracy of the dose measurements.

Movable
slits

Cooled Si surface
barrier detector

FIG. 1. Experimental setup. MCA represents multichannel
analyzer, RGA represents residual gas analyzer, and ESA
represents electrostatic analyzer.

3. Ion-beam annealing

The ion-beam annealing procedure was performed with
300-keV 2 Ne+ ions, bombarding a 3-mm -large area
along the (100) direction of the SOS samples. According
to the Lindhard-Scharff-SchiEitt (LSS) theory' the pro-
jected range RF and the straggling for neon ions in amor-
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TABLE I. Ranges for experimental parameters for Ne bom-

bardment of 1-pm-thick SOS.

Dose
Temperature
Energy
Dose rate
Direction

3)&10' —( —2)&10' cm )

150—( —400'C)
100—( —600 keV)

1)&10"—( —3&(10' cm s ')
(100) or 7' off (100)

4. Regrowth analysis

See Sec. 1182 for the measurement of the damage dis-
tributions after annealing.

0

phous silicon is 5600 and 1250 A, respectively, at 300
keV. ' These estimations are supported by recent mea-
surements by Grahmann and Kalbitzer for the electron-
ic stopping power of low-energy neon ions in silicon,
which showed a good agreement with the LSS theory.
Since the neon beam is immediately scattered when pass-
ing through the damaged layer, the use of a theory which
is valid for amorphous material is justified.

With the use of a scanned ion beam, with scanning fre-
quencies in the interval 0.2—1 kHz, the dose rate was nor-
mally kept below 3 X 10' iona/cm s so that beam heating
effects could be eliminated. The influence of dose, tem-
perature, etc., was examined using the values given in
Table I. For the highest dose rate (3X10' ions/cm s),
the temperature rise of the surface at the center of the
beam spot was estimated to be less than 10'C. ' During
each annealing stage one implanted area was left as a
thermal reference to enable the pure thermal annealing at
that temperature to be estimated.

III. RESULTS

In Fig. 2, a random backscattering spectrum for silicon
together with spectra from virgin bulk silicon and virgin
—1.0-pm-thick silicon on sapphire are shown. The ran-
dom spectrum was obtained in the (100) direction after
multiple implantations which completely amorphized the
crystal to a depth exceeding 1 p,m.

For SOS, the yield is higher than for Si. The difference
begins with a surface minimum yield of 5%%uo and 3.5%%uo,

respectively, increases with depth, and is largest at the
silicon/sapphire interface at 10000 A. This indicates that
defects are present in the SOS material and they have been
identified mainly as twins and stacking faults. 2z

A spectrum from SOS implanted with 2X10' ions/
cm 80-keV Si+ ions is also shown in Fig. 2 and indi-
cates an amorphous layer extending from the surface to a
depth of 1730 A. The higher yield from 2000 A and in-
wards, as compared to the virgin SOS spectrum, is due to
dechanneling of the analyzing proton beam in the amor-
phous surface layer.

Calculations of the depth profile for the energy deposit-
ed in elastic collisions of the incoming Si beam were per-
formed using the moments given by Winterbon, ' in order
to estimate theoretically the depth of the amorphous
layer. If an average displacement energy of 20 eV per
atom is assumed for amorphization at room temperature,
the deposited energy should be at least 1024 eV/cms or 5
eV/A for the dose used. Thus, a 1650-A-thick amor-
phous layer would be expected.

The depth scale was constructed using a random stop-
ping power for the protons on their outgoing path, taken
from Andersen et al. and a channeled stopping power
on their ingoing path. The ratio of the two stopping
powers was taken from Cembali et al. z For an amor-
phous layer, this results in an overestimated depth, 12%
(1940 A) for the "as-implanted" spectrum shown in Fig.
2.
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FIG. 2. Backscattering spectra ((100), aligned) for nnitn-
planted (100) bulk silicon, (100) silicon on sapphire (SOS), and a
SOS sample implanted with 2X10' Si+ i,ons/cm (80 keV) at
room temperature. A random spectrum for bulk silicon is also
shown.

Figure 3 shows the dose dependence of the ion-beam
annealing. From the spectra it can be seen that the an-
nealing process starts from the amorphous/crystalline in-
terface of the initially damaged surface layer and proceeds
epitaxially towards the surface. At the same time the
yield at about 6000 A becomes. higher due to damage
created approximately at the projected range R~ of the an-
nealing Ne+ ions. This damage initially increases with
dose but saturates at a certain level according to the disor-
der depth profile calculations (see Fig. 6).

At 200'C the annealing proceeds slowly with dose and
the damaged surface layer is not removed even for a dose
of ZX 10' ions/ctn . The deeper introduced damage also
protrudes to the surface, largely inhibiting further anneal-
ing. At 300'C the initial annealing rate is almost S times
higher and a completely regrown layer is obtained after a
dose of 1.2X10' ions/cm . For this dose, the yield
behind the surface minimum yield is only slightly higher
than for a virgin crystal but will increase for larger doses.
The dose behavior at 400'C shows an initial annealing
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FIG. 4. Backscattering spectra ((100), aligned) implanted
with 2&10' Si+ ions/cm (80 keV) and subsequently annealed
with 6&10' /cm Ne+ ions (300-keV) for various target tern-

peratures.
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The results of annealing with different energies at a
constant target temperature of 300'C and a dose of
6X10'6 ions/cmz are presented in Fig. 5. A low-energy
ion anneals more effectively. However, the damage creat-
ed around R~ is deposited closer to the surface, which
limits the thickness of the regrown layer.
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FIG. 3. Backscattering spectra ((100),aligned) for SOS sam-
ples implanted with 2)& 10"2'Si+ ions/cm (80 keV) and subse-
quently annealed with various doses of 300-keV 2 Ne+ ions at
200'C, 300'C, and 400'C, respectively.

D. Dependence on other parameters

Annealing with different dose rates, ranging from
IX 10 to 3X10 ions/cm s, to a constant dose of
6X 10' ions/cm did not alter the channeling spectra.
Only for the highest dose rate was the residual amorphous
layer slightly thinner, possibly caused by a small beam
heating effect.

In all of the experiments rcportcd above, thc, annealing
beam was aligned with the (100) axis. To estimate the
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rate 3 times higher than that at 300'C, and for a dose of
less than 9X 10' ions/cm the damaged layer is regrown.
But at 400'C the surface peak is higher and further bom-
bardment gives an increasing amount of damage.
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Figure 4 shows the dependence on target temperature
for annealing with 300-keV Ne+ ions at a constant dose
of 6X10' ions/cm . A higher temperature is seen to in-
crease the efficiency of the annealing beam. However, a
similar figure with spectra showing the best regrown
layers, irrespective of dose, would favor a temperature of
-300 C. At 150 C, no annealing occurs and, instead, an
amorphous zone which ranges from a depth of -4000 to
-7000 A is formed by the implanted neon ions at the
dose Used.
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FIG. 5. Backscattering spectra (( 100), aligned) for SOS sam-
ples implanted with 2& 10' Si+ ions/cm (80 keV) and subse-
quently annealed with 6&10' /cm of Ne+ or Ne + ions at
300 C fox various ion energies.
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influence of any channeling effect of the bombarding Ne+
ions on the annealing, the target was tilted 7' off the
(100) axis. For a 300-keV neon beam channeled along
the (100) axis in silicon the critical angle is of the order
of $2——2.3'.' The thicknesses of the regrown layers were
identical to the ones in Fig. 3, within experimental accura-
cy. The lack of dependence on random-channeling direc-
tion reflects the very fast scattering of the annealing neon
beam in an amorphous layer. According to multiple-
scattering theory (see Sec. IV A), after traveling a distance
of approximately 250 A, already 50% of the 300-keV
neon beam is scattered through an angle greater than the
critical angle for channeling.

IV. DEPTH PROFILES OF LATTICE DISORDER

XD(t) =X@(t)+[1 Xy(t)]P(t), — (2)

where Xz(t) =yy(t)ly&(t) and represents the normalized
yield from an undamaged crystal and P(t) is the probabil-
ity that an ion is deflected more than a critical angle gc
due to many small-angle scattering events at the defects,
when penetrating from the surface to the depth t

Equation (2) separates dechanneling due to defects and
normal dechanneling, from lattice vibrations for example,
somewhat arbitrarily. P(t) is usually calculated with
multiple- or plural-scattering theory which is valid for
amorphous layers with randomly distributed scattering
centers. Thus, the best results are expected for amorph'ous
layers at the surface or embedded in a single crystal.
For a damaged crystal which is not amorphous, the chan-
neled and the random components of the ion beam en-
counter different densities of scattering centers. In such a
layer, a multiple-scattering treatment of the dechanneling
with a single function for P(t) seems to be less appropri-
ate. The extracted riumber of defects, or disordered

In order to analyze quantitatively the backscattering
spectra and extract the dependence of the annealing rate
on various parameters, we have used a technique dis-
cussed by several authors and reviewed by- Behrisch
and Roth. ' The propagating ion beam, initially aligned
with a low-order crystal axis, is divided into two parts:
one channeled and one dechanneled or random part. The
channeled component is sensitive to structural defects in
the crystal, e.g., point defects, stacking faults, and mi-
crotwins. Such defects result in backscattering of the ions
or just in minor deflections which tend to dechannel the
ions. The dechanneled component encounters all atoms
and is backscattered as in amorphous material. This can
be summarized by the expression

X( t) = [1 XD(t)—] +XD(t),
N'(t)

1V

where X(t)=y(t)/y&(t) and represents the normalized
yield at a depth t, y (t) is the channeled yield from a dam-
aged crystal, yz(t) is the normal or random yield, XD(t) is
the dechanneled fraction of the beam, N is the atomic
density equal to 4.978X10 cm for Si, and N'(t) is the
number of defects at the depth t, to be evaluated.

An approximate expression for the dechanneled frac-
tion of the ion beam is

atoms, is somewhat difficult to interpret since different
kinds of defects have different scattering cross sections.
The defect distribution may also be correlated with the
crystal lattice, as for example with vacancies, where it is
weighted by the lateral flux distribution of the channeled
ions making the assumption of random scattering centers
rather crude. However, when the type of defect is known,
a specific scattering cross section can be applied ' to
determine the number of defects.

A. Multiple scattering at defects

P(t) is evaluated using a multiple-scattering distribu-
tion derived by Sigmund and %interbon. Their theory
assumes small scattering angles and neglects all energy
loss, which implies that the calculations will be most ac-
curate in the first 5000 A, where the relative energy loss
of 315-keV H+ is less than 10%. The multiple-scattering
distribution, F(t,a), is integrated for all angles greater
than 1(„the critical angle for channeling:

P(t) = f F(t,a)dQ= f af ~(~,a}da=P(~), (3)

where a is the total deflection angle for which the tangent
of a is substituted in the small-angle approximation, dQ
is the solid angle belonging to a and f~(w, a) is tabulated
in Ref. 36 for 0.001 & r & 2000. The reduced quantities a
and r and the Thomas-Fermi screening radius a are de-
flllled as

Eacx= 2Q ~

2Z)Z2e
(4)

(5)

a =0.8853ao(Z / +Z2 / ) (6)

where E is the ion energy, Z~, Z2 are the atomic numbers
of the ion and target atoms, respectively, ao is the Bohr
radius, and e is the elementary charge.

Equation (3) is integrated numerically using the tabulat-
ed distribution values which are based on the Thomas-
Fermi interaction potential. For ~&0.'2, i.e., for a small
amount of integrated disorder, a single scattering distribu-
tion'is used, which is derived from (3) in the small-r lim-
t.36

limP(r) = f f(a )da,
c

(7)

where f(a) is a function determined by the interaction po-
tential. For the Thomas-Fermi potential the following ap-
proximate formula for f(a) is used:

f(a ) ga 1—2m [1+ ( 2/a 2—2' )g]
—1/0

where m=0.311, A, =1.70, and q=0.588.
Solving Eqs. (1) and (2) for N'(t) gives the defect con-

centration at depth I;, but since this quantity also appears
in Eq. (5), where it is integrated with the depth scale
described above, the calculations are iterative for each
depth t and proceed inwards. For the yields yz(t) and
y~(t), the spectrum shown in Fig. 2 for virgin bulk silicon
and the random spectrum, respectively, are used.
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B. Critical angle
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where d is the distance between the atoms along the rows
parallel to the incident beam. For 315-keV protons chan-
neled along the (100) direction in silicon, gi ——0.88'.

According to Eq. (9), the critical angle should increase
with depth due to energy loss. However, in Eq. (4) the re-
duced angle decreases with depth, reflecting an enlarged
scattering cross section. With these effects in mind, to-
gether with the great sensitivity of the dechanneling rate
on the critical angle, g, is treated as a parameter to be
varied. For this purpose, 5 &(10' ions/cm of 100-keV
Ne+ ions were implanted and analyzed. The disorder
depth profiles were calculated from the resulting spec-
trum, from the spectrum from an implantation of 2&&10'

ions/cm of 80-keV Si+ (see Fig. 2), and from spectra
from implantation of IX10"-ions/cm of 300-keV Si+
ions, both in SOS and bulk silicon. ' For the true P, the
level behind the damaged layer should return to the un-

damaged SOS level (or bulk silicon level, respectively).
The best fit was achieved with 1(t, =0.7S', which was easi-

ly established within 3%. gi ——0.88' divided by the fitted
value of tP, gives a value of 0.85, which is in agreement
with the value given by Picraux.

The depth scale used in Eq. (5) is based on the stopping
power for (100) aligned protons. In the case of thick
amorphous layers, this results in an increase in w which
gives an excessively high dechanneled component. There-
fore, the results would be improved if a depth scale that is
dependent on the disorder level could be added to the cal-
culatloIls.
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FIG. 6. Depth profiles of lattice disorder for an SOS sample
implanted eath 2X l0' Si+ ions/crn 4,

'80 keV) and subsequent-

ly irradiated with various doses of 300-keV 2oNe+ ions at 300'C.
A disorder profile for an unimplanted SOS sample is also
shoran.

shown as a function of the annealing dose for three target
temperatures. In this case the number of defects, integrat-
ed over the interval 0 to 2500 A, refers to predominantly
amorphous material and consequently the number of an-
nealed defects equals the number of recrystallized atoms.
The values at zero dose represent the thermal references
which could be viewed as the starting points for the ion
annealing. The observed thermal annealing', occurring at
the less heavily damaged amorphous/crystalline interface,
is less than 10% of the total amount of disorder even if
continued for hours at 400'C. The level where all defects
are annealed, which is the same level as for virgin bulk sil-

icon, is shown as well as the level for virgin SOS.
The number of annealed defects increases with dose,

Figure 6 shows some of the disorder depth profiles, cal-
culated from the backscattering spectra in Fig. 3. To im-

prove the clarity of the figure, the calculated depth pro-
files have been smoothed with a Gaussian function having
a full width at half maximum (FWHM) of four channels.
The statistics are good at the surface and at the damaged
surface layer, where direct scattering is dominant, but get
worse with depth owing to the smaller fraction of chan-
neled ions. The defect density for the implanted sample
during the first 1700 A is very close to the atomic density
for Si, indicating a totally amorphous surface layer.
Beyond 2500 A the defect density follows that for virgin
SOS. The negative values just before 10000 A, where the
calculations stop, are due to the silicon/sapphire interface
where the yield in the backscattering spectra drops. The
disorder profiles confirm the epitaxial regrowth of the
amorphous layer with a resulting damage comparable to
virgin SOS after an annealing dose of 1.2&10' Ne+
ions/cm .

In Fig. 7 the number of removed, defects, that, is the
number of defects in the initially damaged spectrum
minus the number of defects in the annealed spectrum, is

$00
I

Bulk Si
W IO %%&&%%\8 %&W&4t ~

Var gran SOS

LLj

0 I

0

I I
-

I

i0
DOSE (10" cm')

FIG. 7. Number of annealed defects, extracted from the dis-
order depth profiles by integration in the depth interval 0 to
2500 A, as a function of the 300-keV Ne+ ion dose for three dif-
ferent target temperatures.
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FIG. 8. Initial annealing rate as a function of the reciprocal

absolute temperature.

with a higher initial rate for higher temperatures. The
best result is, however, reached for 300'C at a dose of
1.2X10' ions/cm . At higher doses the amount of an-
nealed defects decreases with dose, which reflects the fact
that the neon disorder profile extends into the integration
interval.

A third- or fourth-order polynomial was fitted to the
experimental data for each temperature by the method of
least squares. These curves are shown in Fig. 7 and the
logarithm of the derivative of each polynomial at zero
dose is plotted as a function of the reciprocal absolute
temperature in Fig. 8. From the resulting Arrhenius plot
an activation energy of 0.36 eV can be extracted.

VI. DISCUSSION
I

A. Factors influencing the ion-beam annealing

The annealing rate of the amorphous surface layer,
shown in Fig. 3, is much lower than the annealing rate of
a buried amorphous layer in Ref. 16. This is probably due
to a difference in the initial amount of damage for the two
cases. For the deep implantation of silicon ions the dose
was less by a factor of 2, but still created a 4000-A-thick
damaged layer. Thus, the amorphous/crystalline transi-
tion region was larger and contained more easily annealed
defects. However, at a dose of —10' ions/cm, when the
easily annealed defects have been removed, the annealing
rates are comparable. The observed thermal annealing
also occurs at the partly damaged amorphous/crystalline
transition regions. For the buried amorphous layer ap-
proximately 500 A were regrown at each side of the dam-
aged layer while for the present amorphous surface layer
only —100 A were thermally regrown. Thus a consider-
able difference exists in the initial amount of damage for
the two implantations. Continued thermal treatment did
not result in any further observable regrowth which is
consistent with a negligible regrowth rate, -3 A/h. This
regrowth velocity was derived from thermal annealing

data of epitaxial regrowth in the (100) direction of sil-
icon extrapolated to 400'C.

The yields for the regrown layers have not been reduced
below the yields for unimplanted SOS material. Evident-
ly, the original defects in the SOS material, i.e., twins and
stacking faults, are stable and are not easily removed. The
explanation is probably that when an amorphous layer re-
grows, these defects grow on the underlying seed of ex-
tended defects, and the original amount of damage reap-
pears. In this context it should be emphasized that the
theory for the disorder profiles assumed randomly distri-
buted pointlike defects. Extended defects, with different
cross sections, were not considered owing to the great dif-
ficulty in separating the contributions in an intermixed
layer. However, for virgin SOS material, results by Cam-
pisano et al. indicate that if dechanneling from random-
ly distributed rows is considered, the number of such rows
per cm is a factor of 10 lower than our defect density for
virgin SOS in Fig. 6.

The backscattering spectra, as well as the disorder pro-
files, show that the damage created by the annealing neon
beam is centered around -5500 to 6000 A. This corre-
sponds approximately to the projected range for 300-keV
Ne+ ions whereas the mean damage depth is -4000 A.
The same effect has also been reported by several au-
thors" ' ' for implantations at elevated temperatures.
Furthermore, the disorder depth profile for the sample an-
nealed with 1.2X10' ions/cm at 300'C resembles the
implantation profile for the neon ions. Experiments with
the same neon beam to the same dose on a virgin crystal
produced a nearly identical spectrum, disregarding a little
shift towards increased depth (due to the lower stopping
power for the channeled neon ions). These observations
suggest that during high dose implantation in silicon at
elevated temperatures, soine stable disorder is created
along the ion-implantation profile. At high temperatures,
defects are able to migrate and we speculate that in order
to accommodate the high concentration of implanted ions,
extended defects are formed which require annealing tem-
peratures of inore than 800'C.

The backscattering spectra in Figs. 3 and 4 for ion an-
nealing at 350'C and 400'C show that the amount of
damage at the surface of the completely regrown layers is
higher than at 300'C and the damage increases at still
higher doses. The same effect also appears at implanta-
tions of neon in virgin silicon for doses larger than
—3 X 10' ions/cm at these temperatures. The
phenomenon may be related to diffusion of neon atoms
towards the surface or to bubble formation" occurring at
high neon concentrations, but may as well be explained
for by defect diffusion which results in extended defects
or defect clusters.

The epitaxial regrowth of amorphous layers during
thermal annealing depends on the concentration and the
kind of impurity introduced during implantation. For a
review, see Ref. 43. Low concentrations of n and p-type-
dopants enhance the regrowth rate while other impurities
such as rare gases retard the growth. A neon concentra-
tion in excess of 1 at. % is known to block the epitaxial re-
crystallization. In the present experiment, the neon con-
centration at 2000 A is -0.4% for a dose of 1X10'
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ions/cm . Since the regrowth proceeds towards the sur-
face the concentration will be much smaller even for the
layers regrown at 200'C. Therefore, the neon concentra-
tion is not believed to be responsible for the decrease in re-
growth rate with dose, which can be seen in Fig. 7.

Sputtering of the (amorphous) silicon surface due to the
neon bombardment is considered to have only a minor ef-
fect on the measurements. According to EerNisse, for
300-keV Ar+ ions, the sputtering yield is approximately
1.0 atoms/ion, which gives an upper limit for the sput-
tered layer of -200 A at a dose of 10' ions/cm . Ander-
sen and Bay found for 45-keV Ne+ ions on amorphous
silicon a sputtering yield of 0.85. Extrapolation to 300
keV using the theory of Sigmund gives an estimated
sputtering yield of 0.3, in which case the sputtering effect
is negligible compared to the depth resolution of the
detector. Nevertheless, the backscattering spectra such as
those in Fig. 3 show no evidence of sputtering. This can
be inferred from the constant position of the silicon/
sapphire interface.

The results show that the annealing was independent of
dose rate in the region 1&&10' to 3)&10' ions/cm s at
300'C. In comparison, measurements on germanium '

showed that at a certain temperature a high dose rate pro-
duced damage, whereas a low dose rate was able to anneal
defects. However, for neon ions on germanium with the
dose rates used here, this temperature occurs at -200'C.
In the present case a dose-rate dependence might therefore
be expected in the temperature range where the ion-beam
annealing begins (150—200 'C).

B. Ion-beam annealing mechanism

The results shown in Fig. 5, where the annealing ion en-

ergy is varied, indicate that the energy deposited in nu-
clear collisions plays a dominant role in the annealing pro-
cess. Low-energy ions have a high nuclear energy deposi-
tion density in the depth interval of the amorphous layer
and the observed annealing rate is high. Annealing with
different kinds of ions, having the same energy, also sup-
ports this view. Helium ions scarcely induce annealing at
all while higher mass ions are more effective. The same
argument could also give an explanation for the initial
shape of the curves in Fig. 7, where the annealing rates
decrease towards the surface presumably as a consequence
of the decreasing nuclear energy deposition density.

The importance of the energy deposited in elastic col-
lisions is also supported by other experiments. Kool
et a/. found that a lower energy for the annealing H+
and He+ beams was favorable, while having the annealing
beam aligned with a crystal axis decreased the annealing
rate considerably, possibly due to fewer close collisions for
the channeled ions. However, for neon ions we found that
the annealing rate was independent of crystal alignment
since the amorphous layers almost immediately scattered
the ion beam. Further illustration of the role of elastic
collisions can be seen in experiments with high-energy
electrons which showed that annealing was possible at an
energy of 1 MeV but not with 100-keV electrons. ' ' The
effect was attributed to the necessity to have sufficient
displacement energy ( & 20 eV in silicon).

The activation energy found, 0.36 eV„ is within experi-
mental accuracy, close to the activation energy for the
neutral vacancy, 0.33 eV. On the other hand, thermal an-
nealing exhibits an activation energy between 2.35 and
2.85 eV which reflects diffusion in the amorphous region.
Nakata et al. ' ' found an activation energy of 0.18 eV
which coincides with diffusion of the double-negative va-
cancy. They concluded that it was created by conversion
of the neutral vacancy due to electrons and holes pro-
duced by electronic scattering of the energetic ion beam.

Consequently, the following model for the ion-beam an-
nealing mechanism can now be put forward. Because of
elastic collisions, the ion beam produces vacancies and in-
terstitials in the crystalline region below the amorphous
layer. These point defects are free to migrate and the va-
cancy diffusion is governed by the observed activation en-
ergy. The amorphous/crystalline interface acts as a sink
for these vacancies where they recombine either with an
atom from the amorphous phase or with an interstitial
atom, and as a result they contribute to recrystallization,
as indicated in Fig. 9. However, the initially created va-
cancy could be converted to another kind of defect, e.g. ,
the double-negative vacancy proposed by Nakata et al.
In such a process, a high electronic stopping of the ion
beam might contribute by supplying electrons which may
alter the charge state of the created vacancy and increase
its mobility. The result would be an enhanced annealing
rate but, evidently, the last described process is not neces-
sary for ion-beam annealing to occur. The model relies on
a mechanism occurring in the crystalline material below
the damaged layer which is given support by, for instance,
the extracted activation energy. However, to certify that
the ion-beam annealing is not related to processes in the
amorphous region some definite proof might be needed.

Since the diffusion of the neutral vacancy appears to be
the process which limits the regrowth rates, it is possible
to estimate roughly the mean diffusion distance from the
interface. At 300'C the. initial regrowth rate is —11.3 an-
nealed defects per incoming neon ion and the correspond-
ing nuclear energy deposition density is -7.3 eV/A at
1730 A. With an atomic displacement energy of 20 eV
for the creation of a vacancy and assuming that only va-
cancies produced in the vicinity of the interface contri-
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bute, the distance from which vacancies diffuse would be
-30 A.

For a damaged layer which is far from amorphous, the
ion-beam annealing rate is proportional to the number of
defects which can be annealed. In the view of the above
model, the vacancies do not migrate to a sink in the form
of an interface in this case, but rather diffuse to randomly
distributed defects. As a consequence, a different anneal-

ing rate would be expected and has been observed for the
annealing of the less heavily damaged regions of a buried
amorphous layer. '

VII. SUMMARY

In conclusion, we have shown that a neon ion beam of a
few hundred keV energy can be used to regrow completely
a -2000-A-thick amorphous layer in silicon provided
that the temperature is held above 200'C. Due to damage

created at -R~ for the annealing beam, a high energy is
preferable while a heavy ion increases the annealing rate.
The results favor a model where vacancies and intersti-
tials, created in the crystalline material due to the energy
depositied in nuclear collisions by the ion beam, diffuse
towards the amorphous/crystalline interface where they
contribute to the recrystallization.
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