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Crystalline to amorphous transformation in ion-implanted

silicon: a composite model®
John R. Dennis® and Edward B. Hale

Department of Physics and Materials Research Center, University of Missouri—Rolla, Rolla,

Missouri 65401

(Received 9 June 1977; accepted for publication 24 October 1977)

The transformation of silicon to the amorphous state by implanted ions was studied both experimentally
and theoretically. Experimentally, the amount of transformed silicon and the critical ion dose necessary to
amorphize the entire implanted layer were determined by ESR. How the critical dose varies with ion mass
(Li, N, Ne, Ar, and Kr), ion energy (20-180 keV), and implant temperature (77-475 K) was
determined. Theoretically, several phenomenological models were used to analyze these data. The overlap-
damage model was used to determine the critical dose from the data, the size of the amorphous region
around the ion track, and the degree of overlap damage required for amorphization. For all implants, the
first ion created only predamage, while the second or third ion into the same region caused the
amorphous transformation. The critical-energy-density model was in good agreement with the measured
critical doses. This model assumed that a region would become amorphous if the energy density deposited
into atomic processes by the ions exceeded the critical energy density of 6Xx10%* eV/cm®. For high-
temperature implantations, out-diffusion models can explain the temperature dependence of the critical
dose. Although the analysis is not completely definitive, the critical-energy-density model may also be
valid at high temperature if diffusion of the damage energy is taken into account. This out-diffusion of
energy from around the ion track occurs via a thermally activated process. Probably, the energy moves

with the out-diffusion of the vacancies from the ion track.

PACS numbers: 61.80.Jh, 64.70.Kb, 61.16.Hn

I. INTRODUCTION

Crystalline silicon can be transformed into amor-
phous silicon by ion implantation. 1.2 This radiation-
induced transformation is not observed under all im-
plantation conditions since experimental variables, such
as dose, ® ion mass, *~°, ion energy, !*!! and implanta-
tion temperature, *:5:12:33 myust have appropriate values.
The influence of all these variables on the amorphous
transformation are systematically reported in this
paper. In addition, analysis of these data has been per-
formed and combined with concepts from several mo-
dels. This combination has revealed new insight into
the importance of predamage, deposited energy density,
vacancy concentration and motion, and other details on
the amorphization process. From these results has
emerged a composite model for the basic mechanisms
relevant to the amorphous transformation.

In Sec. I, the experimental results are presented.
In Sec. III, the low-temperature-implantation model
and analysis are discussed. At higher implantation
temperatures, energy and defect diffusion become im-
portant, and the model and data for this case are an-
alyzed in Sec. IV. Section V is a summary.

1. EXPERIMENTAL PROCEDURES AND RESULTS

The implantations were performed on our ion acceler-
ator with voltages from 20 to 180 kV. The samples were
usually n-type silicon with resistivities between 10 and
100 Q cm. They were implared a few degrees from the
[111] axis to minimize channeling effects. The samples

YWork supported by the US Army Research Office, Research
Triangle Park, N, C.

Y present address: Halliburton Co. , Research Division,
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were mounted on a rotatable Dewar, and the sample
temperature could be adjusted from liquid nitrogen
(80 K) to above 500 K. The dose rate was typically a
fraction of a pA/em?. Recent experiments have shown
there is no dose-rate dependence in the amorphization
process.

All the data presented in this paper were taken by
electron-spin-resonance (ESR) measurements on the
intensity of the g=2.006 ESR line observed when ions
are implanted into silicon.®® This line has also been
seen in amorphous-silicon films. !*-1° Detailed
studies!®+%:2% have concluded that the amorphous layer
produced by ion implantation has quite similar ESR,
optical, and backscattering properties as amorphous-
silicon films prepared by rf sputtering or evaporation.
The spin density was'®16:1® (7—-20)% 10'® gpins/cm®, or
about one spin per 500 atoms. The signal anneals very
little below 500 K with substantial structural changes
occurring by 800 K.%!" The microscopic structure of
the paramagnetic defect has not been positively deter-
mined. The structure has usually been attributed to
a “dangling bond”, *-!° possibly at the internal surface
of a macroscopic void or a vacancy cluster, %oor per-
haps at an atomic mismatch region. %

In this paper, as elsewhere, ®*'® it is assumed that

the intensity of the ESR line is directly proportional

to the amount of amorphous silicon present in the im-
planted layer. This was done for several reasons. One
is that the amorphous signal is not observed at the low
or moderate doses where the largest number of point
defects are found, but only at high doses where the num-
ber of point defects is substantially reduced or non-
existent, ®?* and also where other techniques have deter-
mined that amorphous material is present.?''%1® In addi-
tion, the linewidth, line shape, and g factor do not vary
substantially with dose, ion, ion energy, temperature,

© 1978 American Institute of Physics 1119
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FIG. 1. Saturation of the amorphous ESR signal amplitude.
The critical dose indicates the minimum dose necessary for a
continuous amorphous layer.

or layer depth. These ESR parameters are rather sen-
sitive to changes in the environment of the unpaired
electron, **'® and their constancy suggests that the sig-
nal arises from amorphous regions which have proper-
ties very similar to the thick amorphous films or con-
tinuous implanted amorphous layer.

The ESR measurement were taken at room tempera-
ture on a X-band ESR spectrometer. The ESR signal
was used to monitor how changes in various experi-
mental parameters influence the amorphization process.
Figure 1 shows typical data for an ESR-signal—vs-dose
curve taken on a series of 11 different samples. The
signal shows a strong buildup of amorphous material
followed by a saturated region. The saturation indicates
that the maximum number of spins have formed in the
implanted layer. This is interpreted as formation of a
completely amorphous layer.?=!® In the past, a satura-
tion dose was typically determined at the knee of the
curve and was called the critical dose. As will be shown
in Sec. IIl, the critical dose can also be determined
by fitting a model (solid curve in Fig. 1) to the data
points.

The critical dose can vary substantially with ion
mass, ion energy, and implant temperature. For low
temperature (80 K), Table I lists critical-dose values
for a wide variety of implantation conditions. Table II
lists values at higher temperatures. These values are
all our data, some of which have been reported else-

TABLE 1. Critical amorphizing dose at low temperature

(80 K). These doses were determined from ESR data as
discussed in the text. The critical doses are given in units of
10" jons/cm? with an estimated error of + 30%.

N Ne Ar Kr
20 16 3.2 3.8 1.4 0. 50
30 0.45
40 20 3.2 0.42
50 1.6 0.40
60 28
80 42
100 45 3.0 2.0 0.28
120 5.5
150 4,17
180 60 6.0 4,0 1.8 0.30

1120 J. Appl. Phys., Vol. 49, No. 3, March 1978

TABLE II. Critical amorphizing dose at higher temperatures
(>200 K). These doses were determined from ESR data as
discussed in the text, The critical-dose estimated error limits
are i+ 30%.

T Critical dose
Ton Energy (K) (10" ions/cm?
Li 20 300 >10
B 180 300 12
N 20 200 6.0
20 300 30
20 355 60
20 381 85
20 390 105
20 410 115
40 300 30
60 300 42
80 300 47
100 300 55
120 300 68
180 300 85
Ne 20 300 10
40 300 12.5
80 300 17.5
120 300 22,5
180 300 25,0
Ar 20 200 1.6
20 300 4.0
20 428 12.5
20 475 35,0
20 508 70
20 684 270
Kr 20 300 0.55

where, 10-12 Analysis of the dose curves, as well as
systematic changes in the critical dose, yield a variety
of details about the amorphization process. These de-
tails are discussed in the remainder of this paper.

I1l. MODELS AND ANALYSIS FOR LOW-
TEMPERATURE IMPLANTATIONS

A. Overlap-damage model

1. Model

As an ion comes to rest in the sample, it produces
silicon knock-ons which cause substantial radiation
damage around the ion track. This damage can result
in amorphization. The temperature dependence of the
critical dose indicates that amorphous silicon nucleates
around the ion track. However, there is uncertainty
as to whether a light ion, or any ion, can produce
amorphous material directly, or whether the nucleating
ion must strike a region which has been previously
damaged. This uncertainty can be resolved by consider-
ing how the amorphous material is builtup as the im-~
plantation proceeds.

Gibbons? has considered the buildup of amorphous
material due to overlapping damage. He showed that
the amorphous fraction of the total implanted area A,/
A, can be derived from a set of differential equations
which relate the differential buildup of amorphous ma-
terial with dose dA ,/d® to the amorphous cross-sec-

J.R. Dennis and E.B. Hale 1120
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FIG, 2. Predictions of amorphous-silicon buildup with dose.
The model is from Gibbons (Ref. 2). The s values correspond
to the number of ions necessary to damage a given region be-
fore it becomes amorphous,

tional area A; formed around the track by an amorphiz-
ing ion. The fractional amorphous area is?
A, ml(A,9)
a1-(Z

k=0 k!

exp(-—A,-<I>)> . (1

The summation-limiting integer (m — 1) is called the
overlap number, while m itself is the number of ions
required to damage the same region to produce amor-
phization. For example, the case m =1 corresponds to
direct amorphization by the first ion into an undamaged
region. A plot of Eq. (1) for several m values is shown
in Fig. 2.

The above model is overly simplified. For example,
A, is a function of depth into the sample if the damage
profile is not uniform. (Depth-profiling results and
models will be discussed elsewhere. ) In addition, A
and m are clearly statistical averages. There are also
other limitations in the differential equations used in
the formulation and these are discussed in the Appendix.

2. Approach to complete amorphization

The importance of overlap damage can be assessed
from the shape, basically the slope, of the damage

curve as Fig. 2 shows. A slope greater than unity indi-
cates that overlap damage is important in the trans-
formation. The degree of overlap in the actual data can
be determined by overlaying data curves, such as in
Fig. 1, onto Fig. 2. The amorphizing ion integer m
can be determined using this graphical-overlay method
by matching the data curve to the best-fitting curve in
Fig. 2. For example, the solid curve in Fig. 1 is the
m =2 curve, Table III lists the best-fit s values to our
other data. [This graphical method provides a good
systematic means of analyzing the data, However, the
model, Eq. (1), has its limitations as discussed in de-
tail in the Appendix. ]

The values in Table III show no definite trend in m
values with ion mass or ion energy, although there may
be a slight decrease with mass, In some cases, whether
m =2 or m =3 corresponds to the best fit is not clear
because of scatter in the data. However, in all cases,
the m =1 curve is a very bad fit to the data. (Note the
substantial difference in Fig. 2 between the m =1 curve
and the other curves, whereas the higher m curves are
much closer together.) Others have also observed, %3
the greater than linear slope, i.e., m > 1, The above
analysis, as well as a somewhat more general analysis
discussed in the Appendix, strongly suggest that pre-
damage is necessary for amorphization over a wide
range of implantation variables, which includes heavy
as well as light ions.

3. Critical dose

Each critical-dose value listed in Tables I and II was
determined as the dose at 90% of the saturated-signal
value using a graphical overlay of Fig. 2 to fit the data.
Figure 1 shows this method more or less yields typical-
ly quoted values for the “knee” of “lowest-saturation”
dose, %®

4. Size of amorphous region

In the graphical-fitting process, the dose axis of a
curve like Fig. 1 calibrates the x axis of Fig. 2. Thus,
the amorphous area A, can be determined. In the past,
it has often been assumed that the critical dose was the
reciprocal of A4;, since A, is the amorphized area per

TABLE III. Amorphizing ion number for various ions and energies as obtained from comparing shape of dose curve to overlap-

model curves,

Temperature
80 K 300 K
Ton Li - N Ne Ar Kr B N Ne Ar Kr
Energy
(keV) Ion number (m)
20 2% 2 3 2 2 13 2 2 2
30 2
40 3 3 2 3 3
50 2 2
60 3 3
80 3 3
100 3 3 1% 2 2
120 2 s 2 2
150 2
180 2% 2 3 23 3 3 2 3
121 J. Appl. Phys., Vol. 49, No. 3, March 1978 J.R. Dennis and E.B. Hale 1121
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TABLE IV, Diameters of amorphous regions for low-tempera-
ture (80 K) implantations. The values are the diameters in
Angstroms corresponding to a circular area 4; in Eq. (1), with
the m values given in Table III. Values may be low as dis-
cussed in the Appendix.

N Ne Ar Kr
12 14 19 31
9.0 13 18 48

ion. [This is equivalent to using a critical dose at 63% of
the saturation level on the m =1 curve, or 27% on the m
=2 curve (see Fig.2).] Since the data show that the m
=2 or 3 curve is appropriate, A; would have been too
small by roughly a factor of 3 to 5 (see Fig. 2).

Table IV shows how the diameter of the amorphous
area A, (assumed circular) varies with ion energy. The
values in Table IV may be too small if the damaged area
has a much smaller amorphous core (see the Appendix).
The trends in the diameters show values from a few
nearest-neighbor distances for the light ions to several
lattice constants for the heavier ions.

B. Critical-energy-density model

1. Model

A critical dose exists and can be systematically de-
termined from a buildup model. In addition, the critical
dose can be predicted from another model, the critical-
energy-density (CED) model.®'?® This model assumes
that the transformation to the amorphous state is due
to an increase in lattice energy. This energy increase
comes from the energy deposited by the implanted ions
in their collisions with the lattice atoms. (The energy
lost in the collisions with the electrons is assumed to
be unimportant to the transformation.) Presumably,
as the implantation proceeds, the implanted energy pro-
duces a greater and greater collection of point defects.
At the critical implanted energy, it becomes energetic-
ally favorable for the point defects to coalesce into
voids and the tight tetrahedral structure which com-
poses the amorphous state. Mathematically, it is con-
venient to define E, as the critical energy density, i.e.,
the energy which must be deposited into lattice damage
per unit volume to amorphize that volume. This means
the critical dose under all implantation conditions can be
determined as the dose required to deposit the same
E,. Thus, for a uniform beam of area 4, in a length
ax

H

N, dv

A, =K, (2

where N, is the critical number of ions required, X is
the depth along the surface normal, and v is the deposit-
ed restructuring energy per ion. (Normally, v is taken
as the energy lost in atomic processes per ion. This
neglects the fraction of the energy loss which does not
go into structural damage, e.g., some energy loss goes
into the creation of phonons.) Since N,/A, is the critical
dose, Eq. (2) becomes

1122 J. Appl. Phys., Vol. 49, No. 3, March 1978
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2. Analysis

Since theoretical calculations are available for dv/dX,
the critical dose predicted from Eq.(3) can be compared
with the measured value. In principle, Eq.(3) should be
verified by performing amorphous depth-profiling mea-
surements. However, often D, is determined for the
entire damaged layer and dv/dX is approximated as
v/Ry, where R, is the depth of the damage or some pro-
portionally related depth. Thus, for a uniformly dam-
aged layer, Eq. (3) becomes

D, :ECRd/V, (4)

Vook®® demonstrated the importance of Eq, (4). Using
data from several laboratories, he showed that the mea-~
sured low-temperature critical-dose values were essen-
tially inversely proportional to ¥/R,;. For R, he used
the ion projected range and determined that an E, value
of 6X10% eV/cm? fit the low-temperature data well for
a variety of different ions.

Later, Dennis and Hale'! independently verified the
CED model by determining the dependence of critical
dose on implantation energy. This was done for light,
intermediate, and heavy ion implants. They showed
that the energy dependence of the critical dose in all
three cases was in good agreement with the theoretical
energy dependence of R,/v as predicted by the model.
For R, they used the quantity X, where X, was de-
fined as the depth corresponding to 90% of the total pre-
dicted damage accumulation.

Figure 3 is a theoretical prediction of how the guan-
tity X,,/v varies with both mass and energy.?’'?® Values
for X, and v were extrapolated from tables.®® These
values can be compared with experiment if Eq. (4) is
valid. Data points for low- and high-energy implants
of N* are shown in Fig. 4. The critical dose approxi-
mately doubles between these two energies as expected
from Fig. 3 and Eq. (4). Figure 5 compares the Table
I data points for other ions with the solid curve predict-
ed by Fig. 3 and Eq. (4). The vertical axis on the right
was computed by assuming E, =6X 10 eV/cm®. Figure
5 shows the predicted and observed variation of D, with
energy: an increase of D, for light ions, little change

J.R. Dennis and E.B. Hale 1122

€€:96:/1 €202 AN 20



T T
JN*in Si 2"+ 180 kev

RELATIVE E SR SIGNAL

D, (180)

DOSE (ions/cm?)

FIG. 4. Variation of the critical dose at a low and high energy
for a light ion N*,

with energy for intermediate ions, and decrease with
energy for heavy ions.

The CED model can also be used to compute the later-
al extent of the amorphization produced by the recoiling
target atoms around the ion track. A recoiling secondary
can be approximated as a low-energy ion implanted by
the externally implanted ion. With this approximation,
Eq. (4) can be used for the recoiling silicon atom. How-
ever, in this case, the projected range R, can be treat-
ed as the unknown, since an estimate for the critical
dose and vV can be approximated as shown below. The im-
portance of determining R, is that R; is related to the
amorphous diameter, which was independently deter-
mined in Table IV by another calculation. The amorphous
diameter is twice the component of the total range which
is perpendicular to the surface. This we assume is one-
half the projected range R; since the scattering is in the
forward direction. This value is convenient for a first
approximation since d =R,. To calculate this diameter,
the v of the recoil atom is assumed to be the damage en-

T T »—} 1000

o 0

E -

L + —100
(] -~

c

o - R

w .

‘g " a 4 Arta >
(=Y A//"—””———:j x
o IOI‘— .;
s [ —— 10X
E T L + o =
o - ... Kr x
S .

T

1
0 50 100 150 200
ENERGY (keV)

FIG. 5. Variation of the critical dose with energy for light,
intermediate, and heavy ions. The solid curves correspond to
X,,/v values for Fig. 3, assuming E.=6x10% eV/cm3.
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ergy lost by the incoming ion between atoms,’ i. €., Vreeot1
=(dv/dX),ani*’%, where n, is the atomic density of the
target {n,(Si) =5.0% 10* atoms/cm®]. The critical dose
would correspond to about n%/a, i.e., one atom per

atom distance square, since the low-energy-recoil
atoms primarily interact strongly with their nearest
neighbors. This means the diameter can be estimated,
using Eq. (4), as

nk/3 <dv)
d=-2 (=] . (5)
E, \dX) i

c

If the values in Fig. 3 are used, Eq. (5) predicts diam-
eters of 1—3 A for Li* and about 50 A for Kr*. These
values are in very rough agreement with those indepen-
dently calculated in Table IV.

IV. MODEL AND ANALYSIS FOR HIGH-
TEMPERATURE IMPLANTATIONS

A. Out-diffusion models

1. Vacancy out-diffusion model

It was recognized very early that the critical dose
changed substantially with implantation temperature.
This is especially true for light ions as Table II shows.
Originally, there was some controversy over the under-
lying cause of this temperature dependence, but more
recent work has shown that the vacancy out-diffusion
model of Morehead and Crowder® can account for the
data.'® This model attributes the temperature depen-
dence to thermal diffusion of vacancies radially out-
ward from the core of the ion track for a short time
interval after the ion passes.

29

In this short interval, various atomic rearrange-
ments occur as the amorphous structure is being final-
ized. The atoms in the disordered region seek their
lowest-energy configuration. Vacancy motion is likely
to be important because there is a high vacancy con-
centration near the center of the ion track, where the
vacancies were formed in the primary collisions. Some
of these vacancies cluster into voids, perhaps to relieve
the strain energy which builds up due to the lack of long-
range order. In addition, there is also radial outward
diffusion of vacancies due to the large radial gradient
in the vacancy concentration. [This radial-vacancy-
concentration gradient could be important because amor-
phous silicon is known to be several percent less dense
{more voids) than crystalline silicon. ] Hence, the va-
cancy distribution could determine the radial extent of
the amorphous region. This would mean that the low-
temperature (no diffusion) amorphous radius R, is de-
creased an amount 5R by vacancy out-diffusion. (Often
OR is not small, since for very light ions at room tem-
perature SR =R  and no amorphous material is formed).
Since the critical dose is inversely proportional to the
amorphized area, the ratio of critical dose at tempera-
ture T to the low-temperature critical dose can be
written®

D(T)/D,=R%/(R, - 6R)?*
=[1-(8R/Ry]*. (6)

To get the explicit temperature dependence in Eq. (6),

J.R. Dennis and E.B. Hale 1123
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OR is obtained by studying details of the vacancy out-
diffusion process.

Previously, ® the expression used for the decrease in
amorphous radius 6R was

8R =2(D,T)t/?
=2[D! T exp(~ E/RT)|'/?, 7

where 7 is the amorphous restructuring interval and,
hence, the diffusion time; D, is the vacancy-diffusion
coefficient with prefactor D; and E is the activation
energy for diffusion. Such an expression for 6R was
obtained from a one-dimensional diffusion equation.® It
was not stated precisely how the solution was obtained,
but for an infinitely thin plane source, the vacancy con-
centration drops to e of its initial value at the so-
called diffusion length given by 6R in Eq. (7). Such an
approximation for 0R can be improved upon as dis-
cussed below.

Another approximation is to solve for the radial con-
centration from a cylindrically symmetric diffusion
equation assuming an initial radial Gaussian distribu-
tion for the vacancies around the ion track. 3’ This dis-
tribution will decrease in amplitude and spread in width
as diffusion occurs. For most implants, the critical
amorphizing vacancy concentration will not be very
near the peak Gaussian concentration, and this means
that the amorphous radii would increase (spread) with
the Gaussian distribution, and hence, the critical dose
would decrease at the higher implantation temperatures.
This has not been observed in any experiments. Since
the critical dose increases (radius decreases), it is
proposed that there is a sink for the vacancies at radii
exceeding R;. In reality, the sink would correspond to
trapping by the peripheral interstitials which were
knocked out to form the vacancies.

As a practical compromise, we have solved the radial-
diffusion equation with an initially constant concentration
out to the radius R;, assumed an infinite sink for all
time for greater radii (i.e., C,=0 for R> R;), and
assumed a critical concentration of ¢! times the initial
peak value. The results of the calculations are shown
by individual points in Fig. 6, where the fractional loss
in radius is plotted versus the normalized D,7 product.
The square-root dependence of Eq. (7) is given by the
solid line. Since the experimental data vary significant-
ly only for large 3R/R,, a better fit to the solution is
a linear D,7 approximation. With this approximation,

Eq. (6) becomes

D(T)/Dy=[1~-Cexp(- E/RT)]?, ®

where C is independent of temperature. The previous
equation for D(T)/D, obtained using Eq. (7) was

D(T)/Dy=[1-C' exp(- U/kT}]?, (9)
where C’ is independent of temperature and U =3 E be-
cause the square-root dependence in 6R introduced a
factor of 3 in the exponential. A comparison of Eqgs. (8)
and (9) will be made in Sec. IV B,

2. Energy out-diffusion model

Equation (8) can be derived from a different perspec-
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FIG. 6. Decrease in the normalized radius with increase in
diffusion. The points correspond to solutions of the cylindrical
diffusion equation as described in the text, The best fit at
small radii (large R/R() is linear in D,T.

tive. From this point of view, the amorphous transfor-
mation is determined by the amount of deposited atomic-
energy density at all temperatures rather than just low
temperatures. At high temperatures, the out-diffusion
of energy from the damaged area must be considered
since this diffusion reduces the energy density in the
damaged region. Thus, only the central part of the
damaged region transforms,

It is convenient to envision a plot of the deposited
atomic-energy-density contours about the ion track. At
low temperature, the area inside the critical-energy-
density contour E, will be amorphous. For high-tem-
perature implants, the critical-energy-density contour
will contract about the ion track as the energy out-
diffuses. Thus, only a smaller area will be amorphous.

A possible way for the energy to out-diffuse is via
vacancies which take their energy of formation with
them. If this is true, then the derivation of Eq. (8) from
Eq. (6) and the cylindrical geometry equivalent of Eq.
(") is still valid. If the energy out-diffusion is propor-
tional to vacancy out-diffusion, then Eqs. (8) and (6)
are still valid. Further discussion of the models is in-
cluded in Sec. IV B.

B. Analysis of high-temperature data

1. Temperature dependence

Equations (8) and (9) have an identical and experi~
mentally verified temperature dependence.“"‘z Figure
7 shows the data points for the case of 20-keV Ar® im-
plants. The solid curve is Eq. (8) or (9) using a fitting
procedure described elsewhere.'? The important point
is that an activated out-diffusion process can fit the
data very well.
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FIG. 7. Large variation of the critical dose with implantation
temperature.

2. lon-mass dependence

Although the temperature dependence cannot distin-
guish between Egs. (8) and (9), the ion-mass dependence
can. Namely, Eqgs. (6) and (7) show that C’« Rj', while
Fig. 6 indicates COCR;ZQ Since R, depends on ion mass
as in Table IV, it is of interest to compare C’*! and
C1/% to Ry for various ions. This is done in Table V.
The comparison indicates a better agreement with Eq.
(8). Hence, the experimental results support the new
calculations.

Table V also lists the best-fit value for E in Eq. (8).
These values should ideally be the same. They seem to
indicate no trend with ion mass. In addition, they are
not too far from the double-negative-charge state of
the vacancy, whose activation energy for migration in
undamaged silicon is 0.18+0.02 eV.* Other energy
values exist for other charge states.

Table V also lists values for T, defined by the equa-
tion C = exp(E/kT.). (The T. values are easy to obtain
from the data as Fig. 7 shows.)

3. lon-energy dependence

Figure 8 shows high- and low-temperature data for
various energies of N and Ne ions. The data suggest the
energy dependence is independent of temperature de-
spite large changes in the critical dose. This means in
Eq. (6) that all the energy dependence of D(T) is in D,
and none in 8R/R,.
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FIG. 8. Temperature variation of critical dose at various
energies,

This lack of energy dependence in 8R/R; is not un-
derstood. Some constraint seems to make the fractional
area, [1- (6R/Ry)}?, independent of energy. Since R,
depends on energy {see Table IV), it is not clear why
8R/R, does not. Perhaps the restructuring time 7 makes
OR energy dependent. The vacancy out-diffusion model
yields 6R/R,= R [Eq. (8)] or 6R/R,xR;' [Eq. (9)],
and hence, would predict a strong energy dependence
for {1-(6R/Ry)F. The energy out-diffusion model does
not explicitly predict 6R/R,. Thus, the energy-depen-
dence data does not conflict with this model.

V. SUMMARY

A layer of crystalline silicon can become amorphous
under certain implantation conditions. The ESR signal
from the amorphous-silicon layer has been used to sys-
tematically study how the ion dose, ion mass, ion en-
ergy, and implantation temperature effect the amorphous
layer formation. Analysis of the data using an overlap-
damage model’ suggested that the greater than linear
buildup of amorphous material with dose occurred be-
cause the first ion into a crystalline region produced
severe damage, but subsequent ions actually caused the
amorphous transformation. A model called the critical-
energy-density model®?® was used to predict the critical
dose at which a complete amorphous layer is formed.
This model assumed that if the energy density deposited
into atomic processes exceeded the critical value (~6
X10% eV/cm®), then the implanted region will transform
to the amorphous state. This model was able to predict
the ion mass and energy dependence of the critical dose.
To account for changes in the critical dose at high im-
plantation temperature, the vacancy out-diffusion model

TABLE V. Parameters determined from the temperature dependence of the critical dose.

c1/? ¢t R,
Ton Eq. (8) Eq. (9 Table IV E Te
(20 keV) (x10) (x109) (A (eV) (K
N 5.5 3.0 6 0.20+0,06 400+ 30
Ar* 6.1 3.7 93 0.26+0,06 540 + 30
Kr* 14,6 22 15% 0.2410.06 725430
1125 J. Appl. Phys., Vol. 49, No. 3, March 1978. J.R. Dennis and E.B. Hale 1125
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TABLE VI. Special case solution for the generalized model.
Results for each case were obtained by plotting Eq. (A4) and
determining the best fit m and the A; values from graphical
overlay comparison with results of the overlap-damage model
in Fig. 2. Case 1: Gibbon’s m =1 case; direct transformation
so no intermediate damage, thus A;=0. Case 2: no direct
transformation so A,=0. Case 2(a): Gibbons’s m =2 case
since damage and transformed areas are the same. Case 2(b)
and 2(c): small transformed core approximations, Case 3:
equal transformed areas so A ;= A.. Case 4: very small trans-
formed core approximation.

Case Area Best-fit Best-fit
No. conditions m value A; value
1 Ag=0 1 (exact) A,

2 A, =0 and

2(a) Ay=Agor 2 (exact) A,

2(b) A =5A,or 13 or 2 A, or 3A,
2(c) A =104, 1} or 2~ A, or %Ac
3 A=A, 1 (exact) A=A,

4 Ag»> (A, -A) 1 A,

or >>hoth 4,, A,

has been used. At the higher temperatures, the large
number of vacancies along the ion track radially dif-
fused outward from the track. Since this out-diffusion
increased the density of silicon and lowered the energy
density around the track, the amount of amorphous ma-
terial formed at the same dose was less for high-tem-
perature implants than low-temperature ones. In con-
clusion, despite the complexity of the amorphization
process, a phenomenological composite model can be
used to interpret and predict critical features of im-
portance on a microscopic level.

APPENDIX

In Sec. IITA it was shown that most of the data can
be fit to Gibbon’s overlap model’ with m =2, i.e., the
second ion into the same region causes the amorphiza-
tion. In this Appendix, a more generalized model for
the m =2 case is considered in detail. Namely, the
model takes into account direct amorphous conversion
from an undamaged region as well as conversion from
a damaged region. The model is important because it
provides a better understanding of the limitations of
the method used in the main text to determine m and
A

e

In this model it is assumed that the undamaged area
A, of the total area A, is depleted during the implanta-
tion by two mechanisms. First, an area 4, is converted
per ion into a damaged but not amorphous region. Sec-
ond, an area A, is directly converted per ion into an
amorphous region. Thus, the change of the undamaged
area with bombardment is

dAll Au Au
"A“X;"Adh_o’ (A1)

dN —

where A,/A, is the probability of hitting an undamaged
region. The change in total damage area A, is given by
dAD _ Au AD

=A A

N "ITO_A (A2)

in which the first term on the right-hand side is the
area builtup from the previously undamaged area, and

1126 J. Appl. Phys., Vol. 49, No. 3, March 1978

the second term is the depletion of damaged area due
to an area A,, which is converted per ion to an amor-
phous area. Finally, the increase in total amorphous
area A, from both undamaged and damaged area is

dAA . Au AD
TIF_AGKO”L&Z;‘ (A3)
The solution for A, from Eqs. (A1)—(A3)
A A
A, = -_— (e
4 AO {1 (Aa +Ad - Ac) exp (AO N)
o, 50
0
X (A _hAc_“ﬁt__) )
© A4 -A) (A4)

Equation (A4) is important because it predicts the
shape of the dose curve once a choice for 4, 4,, and
A, has been made. A variety of choices have been con-
sidered for these areas. The results are summarized
in Table VI. One result is that the experimentally de-
termined m value would normally be less than its nomi-
nal m =2 value. The fact that the typically observed
value is 2 suggests that Gibbon’s model [case 2(a)] is
rather good or that the true m has a higher value. In
either case, the main conclusion in the text, i.e., pre-
damage is necessary, remains valid.

The second point is that in cases such as 2(b) or 2(c),
A, can be too small by a factor of perhaps 2 or 3. Such
cases are not unrealistic since transmission-electron-
microscope studies show individual damage regions
(presumably the diameter of 4,) to be larger than the
A; diameter values in Table IV, espeically for light
ions.
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