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Energy dependence of amorphizing implant dose in silicon * 
John R. Dennis and Edward B. Hale 
~partment of Physics and Materials Research Center, University of Missouri·Rolla, Rolla, Missouri 65401 
(Received 21 June 1976; in final form 23 August 1976) 

The radiation-induced transformation from crystalline to amorphous silicon was studied using ion 
implantation. The ion energy was varied from 20 to 180 keY for Li+, N+, Ne+, Ar+, and Kr+. The energy 
dependence of the critical amorphizing dose was determined by electron spin resonance. Comparison of the 
data with theoretical calculations of the energy density deposited into atomic processes showed good 
agreement. This energy_dependent agreement gave evidence that energy density is important to the 
transformation at both low and high implantation temperatures. 

PACS numbers: 61.80.Pn, 64.80.Jf, 76.30.Mi 

Silicon can be transformed from the crystalline to the 
amorphous state by ion implantation. 1 It has been pro­
posed2 that if the energy density implanted by the ions 
into atomic processes is sufficiently large, then the 
transformation will occur. At low implantation temper­
atures, experiments using a variety of ion masses2 

have shown that the implanted volume becomes amor­
phous when the energy deposited into damage exceeds 
a critical value Ec. However, for amorphization at 
higher temperatures a substantially greater ion dose is 
necessary. 2 An important question is then whether this 
actually indicates a breakdown in the critical-energy­
density model at high temperatures. This letter pre­
sents an independent verification of the critical-energy­
density model at low temperatures by varying ion ener­
gy rather than ion mass. In addition, the high -tempera­
ture data also suggests that the critical-energy-denslty 
model is still important even though substantially higher 
doses are required for amorphization. 

The implantations were performed on our ion accel­
erator with voltages from 20 to 180 kV. The samples 
were n -type silicon with resistivities exceeding 10 n 
cm. Typically, a series of ten samples was implanted 
at each energy. Each sample in the series was exposed 
to a different ion dose. The signal intensity of the 
amorphous electron spin resonance line at J5 = 2.006 
was measured for each sample, Comparison of these 
intensities permitted determination of the critical 
(saturation) dose at which the implanted volume becomes 
continuously amorphous. 3 This critical dose was deter­
mined throughout the energy range for a light (Li +), 
intermediate (Ar+), and heavy (Kr+) ion, The data points 
are shown in Fig. 1 for implantations into silicon sam­
pies at a low temperature (80 0 K). This data can be used 
to test the critical-energy-density model. 2 

If this model is correct, then at the critical dose the 
energy balance between the average energy density 
deposited into atomic processes and the critical energy 
density can be written as 

Dv/J(m=Ec, (1) 

where D is the critical dose (ions/cm2
), v is the energy 

deposited per ion into atomic processes, and Xm is the 
depth of the damage (e. g., depth corresponding to 90% 
damage accumulation). Whether Ec is actually a con­
stant can be tested by comparing the critical dose data 
with theoretical values for v /J(m' The solid curves in 
Fig, 1 are plots of Ec(v/J(mr1 for the experimentally 
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determined2 Ec value of 6x1023 eV/cm3 and v/Xll values 
extrapolated from Ref. 6. (Extrapolation from Ref. 7 
give similar values.) 

The calculations for the light ion (Li +) show a definite­
ly increasing energy dependence as observed. For the 
intermediate ion (Ar+), the calculations and data show 
little change with energy. For the heavy ion (Kr+), the 
data show essentially no energy dependence at the 
higher energies with increased lower energy values. 
The calculations show a slight increase at lower energy, 
but not as much as observed, The agreement in absolute 
value is not as good, It shows no consistent trend with 
ion mass and can not be improved by adjusting Ec' 
However, when the complexity of the radiation damage 
process and the uncertainties in the measurements are 
conSidered, the over-all agreement with the simple 
form of Eq. (1) seems quite reasonable. 
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FIG. 1. Critical amorphizing dose for various ion energies at 
low temperature (80 oK). The data points were obtained for a 
light ion (Li+, 0), intermediate ion (Ar+, <l), and heavy ion 
(Kr+, 0) in silicon. The dose rates (Ref. 4) in the three cases 
were 1. 6, 0.32, and 0.16 IlA/cm2, respectively. The solid 
lines are theoretical curves for the same three ions assuming 
the critical-energy-density model. 
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FIG. 2. Critical arnorphizing dose for various ion energies at 
high temperature (300 ° K). Similar to Fig. 1 except values are 
for both N (t.) and Ne (0) ions at low temperature (filled sym­
bols, 80 oK) and high temperature (hollow symbols, 300 oK) with 
dose rates (Ref. 4) of 1. 6 p.A/cm2 for N+ and 0.8 p.A/cm2 for 
Ne~ 

The energy dependence occurs because a greater 
fraction of the total ion energy goes into electronic pro­
cesses as the energy is increased. The important ratio 
Xm/v changes only slightly with energy because both the 
numerator and denominator increase with energy. Of 
importance for analysis are the small changes in the 
energy normalized form of the ratio (Xm/E)/(v/E). For 
a light ion, electronic losses increase substantially 
with energy, In such a case, v/E decreases substantial­
ly more than Xm/E and causes an increasing critical 
dose as in Fig, 1. For other masses the numerator and 
denominator both change, but the ratio has only subtle 
changes. An exception is the case of heavy ions at low 
energy where disproportionate changes in Xm/E causes 
a decrease with decreasing energy. 

Implantations at both a high (300 0 K for light ions) and 
a low (BOOK) temperature have been performed with 
both N+ and Ne+. These results are shown in Fig. 2. The 
solid curves are the theoretical results for the initially 
deposited energy denSity and show basic agreement with 
the low-temperature data as in Fig. 1. Of special inter­
est is the fact that the high -temperature data has the 
same energy dependence, but essentially an order of 
magnitude larger critical dose was found. To evaluate 
whether this actually indicates an order of magnitude 
breakdown in the critical-energy-density model, a 
model previously proposed for the temperature depen­
dence of the critical dose should be considered. 

In this modelS the critical dose increases with tem­
perature because the area which becomes amorphous 
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around each ion track decreases with temperature. 
This decrease of area was attributed to vacancy out­
diffusion from the center of the ion track8

-
10 where a 

high vacancy concentration was initially created and 
necessary for the lower denSity of amorphous silicon . 

From an energy point of view a diffusing vacancy 
takes its formation energy with it, and thereby reduces 
the energy density in the heart of the damage track. 
(There is some evidence to suggest that the damage 
energy is actually lost when vacancies annihilate with 
knocked -out silicon atoms on the periphery of the dam­
aged region. 11) This energy out-diffusion causes a con­
traction of the critical-energy-density contour about 
the ion path. This continues until the atomic rearrange­
ments going on in the core of the track stabilize into an 
amorphous configuration. The area which is no longer 
within the critical contour must now receive additional 
deposited energy and hence a greater dose for amorphi­
zation. Thus, as before, when vacancy diffusion occurs 
at the higher implantation temperatures, a greater dose 
is required. 

In summary, additional data has been taken to estab­
lish the conditions under which silicon becomes amor­
phous. This data provided an independent verification 
of the energy denSity model. It also shows that the en­
ergy dependence of the critical dose is the same for 
both high and low temperatures, even though the critical 
dose changed substantially. 

*Research supported by the U. S. Army Research Office, Re­
search Triangle, N. C., with the accelerator mainly financed 
by the Research Corporation. 
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