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Energy Dependence of Ge Amorphization by Ne, Ar or Kr Ion Irradiation 

R. C .  Birtcher 

Materials Science Division, Argonne National Laboratory, Argonne, IL 60439 

Ge has been irradiated at room temperature with Ne, Ar or  Kr ions of 

different energies, and the doses required for complete amorphization determined 

by in situ transmission electron. microscopy and electron diffraction. Onset of 

amorphization was detected after the lowest ion doses reflecting amorphization by 

individual ions. The ion dose required for complete amorphization increased 

nearly linearly with ion energy over the range 0.5 MeV to 3.5 MeV for all ions. 

Amorphization cross sections have been determined for all ions and energies 

used. The displacements per atom required for complete amorphization 

decreased with increasing ion energy or ion mass. This decrease is due to a 

decrease in radiation annealing of amorphous volumes as a result of a decrease 

in the fraction of low energy transfers to  Ge atoms. Increasing the relative 

fraction low energy transfers to Ge atoms by simultaneous 1 MeV electron 

irradiation increased the Kr ion dose required for complete amorphization by as 

much as a factor of 2.5. The effect is believed to  be due to  an increase in the 

fraction of freely migrating defects produced by low energy transfers to Ge atoms. 



INTRODUCTION 

Among the effects produced by the interaction of energetic ions with matter, 

disruption of a crystalline lattice to the point of amorphization is among the most 

complex and least understood. The amorphous state is metastable, existing over 

a limited range of temperature, and its formation requires external energy input. 

This can be achieved by several techniques one of which is radiation damage. 

Investigations of irradiation induced amorphization have been performed on 

many intermetallic alloy systems, and models to understand amorphization have 

been developed based on elastic shear instabilities and the energy stored in defects 

and chemical disorder [l]. By their very nature, radiation effects in alloy systems 

involve inseparable contributions from both chemical disordering as well as defect 

production. Only a few elemental systems such as Si and Ge are known to 

amorphize. Ge is amorphized during ion irradiation by single cascade events [Z]. 

Above room temperature, the ion dose required for complete amorphization of Ge 

increases with increasing temperature, and an upper temperature limit for Ge 

amorphization by 1.5 MeV Kr ions was determined to  be approximately 300°C [31. 

Such a dependence is similar to that found for amorphization of other materials 

and is believed to  be due to competition between amorphization and thermally 

driven defect recovery 113. 

In addition to temperature and ion dose dependencies, Ge amorphization 

was found to be sensitive to the specimen thickness [3]. At 200 "C during in situ 

electron microscopy observation during ion irradiation, the thinnest part of a 

specimen near the edge of the initial perforation in the specimen was 

amorphized, but at the same time, thicker but still fully irradiated re&ons 

remained crystalline while radiation-induced dislocation loops formed. Still 

thicker regions remained crystalline and contained a lower density of larger 

loops. This thickness dependence is believed to  be due to a lowering of the 

thermally migrating defect concentration by annihilation at the specimen 
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surfaces resulting in reduced radiation annealing of amorphized volumes in 

thinner regions and thus lower amorphization doses. 

Brilluoin scattering has been used to determine the volume fraction of 

amorphous Ge during 3.5 MeV Kr ion irradiation at room temperature [4]. The 

absolute value of the cross section for amorphization was determined to be 4.5 

nm2. When in situ electron diffraction was used to determine the complete 

amorphization dose for this irradiation, the volume fraction of crystal material 

remaining after amorphization was 1.10-4. In this work the ion dose required for 

complete amorphization at room temperature of thin Ge foils has been studied as 

a b c t i o n  af both ion mass and energy using in situ electron diffraction. The 

spectrum of ion masses and energies used result in energy transfers to the Ge 

atoms extending over two orders of magnitudes. The energy dependence of the 

cross section for complete amorphization was extracted using the value 

determined for 3.5 MeV Kr ions. 

EXPERIMENTAL 

In-situ irradiations were performed at the HVEM-Tandem Accelerator 

Facility [SI at Argonne National Laboratory. The facility consists of a modified 

KratodAEX EM7 high voltage electron microscope (HVEM) and a 2 Mv tandem 

National Electrostatics ion accelerator. Ion energies above 1.5 MeV were achieved 

through the use of double charged ions. Specimens were formed from 

polycrystalline Ge (99.9999 at. % pure) with grain size > 5 p. TEM discs were 

core drilled and jet-polished to  perforation [SI. Typical specimen thicknesses in 

the observed areas were determined by electron energy loss techniques in a 

Philips 420 electron microscope to be about 50 nm. The only defects observed in the 

as-polished samples were isolated dislocations and grain boundaries. All 

irradiations were performed at room temperature, and a separate specimen was 

used for each ion energy. The highest temperature recorded by a thermocouple 

on the specimen holder during ion irradiation was less than 50 "C. The electron 
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energy in the HVEM was maintained at 300 kV which is below the displacement 

threshold of Ge for electron irradiation [7]. 

The ion dose required for complete amorphization at room temperature was 

determined for Ne, Ar and Kr ions with energies between 0.15 and 3.5 MeV. Dose 

rates of 3 to  4-10-3 iondnm2sec were used for all irradiations. In order to  avoid an 

increase in the amorphization dose because of synergistic effects from 

simultaneous electron irradiation [&SI, the electron beam was turned off during 

ion irradiations. Periodically during each irradiation, the ion beam was 

interrupted and electron diffraction patterns were recorded. In situ observations 

allowed chmges in one area t o  be monitored during an entire irradiation. 

Amorphization was discernable by diffise rings in the electron difiaction 

pattern. 

Ge is amorphized by individual ions [2], so that a diffise ring was detectable 

in the diffraction pattern after any low ion dose. Detection of the onset of 

amorphization was limited only by detectability of viewing a weak diffuse ring in 

the presence of intense diffraction spots. For example during 1.5 MeV Kr ion 

irradiation, a dif ise  ring was observed in the diffraction pattern after doses as 

low as 0.03 Kr/nm2 or  an estimated 0.002 displacements per atom, dpa. Similarly 

the ability to determine the complete amorphization dose was limited by the ability 

to  detect the disappearance of all Bragg diffraction spots from a diffraction pattern 

containing several intense diffuse rings. For this reason, the arnorphization dose 

was determined by examination of electron diffraction micrographs and not from 

the viewing screen in the HVEM. The complete amorphization dose was 

determined from the first electron diBaction micrograph that did not  contain 

discernable Bragg diffraction spots from crystalline Ge. Because discreet 

observations were made, the complete amorphization doses are uncertain by an 

irradiation step or approximately 5%. These determinations are some what 

subjective, but the same procedure was used in all cases and the results are 

internally consistent. The volume fraction of crystalline material remaining at 
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the complete amorphization dose determined by this technique was 1.10-4 for 3.5 

Mev Kr ions [4]. 

During two Kr ion irradiations, additional point defect damage was 

produced by simultaneous irradiation with a 1 MeV electron beam focused into a 

Gaussian profile having a full width at half maximum of approximately 2 p. 

This focused beam of approximately 1-105 e--/nm2 sec produced an average of 

0.4.10-3 dpdsec at its center. At the same time the entire specimen was 

uniformly irradiated with a 1 MeV Kr ion beam that produced 1.10-3 dpdsec or a 

2 MeV Kr ion beam that produced 0.8-10-3 dpdsec. 

TRIM [lo] calculations were performed for all ions and energies for a 

specimen thickness of 50 nm using 15 eV as the Ge displacement energy 171. A 

primary experimental uncertainty in determining the energy dependence of 

amorphization arises from ion energy loss and stopping which lead to variation of 

damage production through the specimen thickness. These effects are greatest 

for heavier ions at lower energies. Trim calculations indicate that a 0.5 MeV Kr 

ion lost on average about 25% of its initial energy, and the retained fraction of Kr 

was less than 2% resulting in an average implanted Kr concentration of less than 

9 appm in the electron transparent region of the specimen at the complete 

amorphization dose of 0.8 Kr/nm2. At higher energies, both Kr retention and 

fractional energy loss in the electron transparent areas of the Ge specimen were 

significantly lower. Calculations show that less than 2% of the ions were retained 

for Ar ions with energies above 0.25 MeV or Ne ions with energy above above 0.2 

MeV. Less than a monolayer of Ge was removed by sputtering after irradiation by 

any ion to  its complete amorphization dose. 

RESULTS and DISCUSS ION 

A: Amomhization Dosea 

Ion doses required for complete amorphization of thin Ge specimens at room 

temperature were determined by in situ electron diffraction. Examples of electron 
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6 diffraction patterns taken during interruptions of a 1.5 MeV Ne ion irradiation 

are shown in Figure 1. A diffuse ring indicating partial amorphization was 

observed in the electron diffraction pattern after doses as low as 0.002 dpa. This is 

only a practical limit and not an indication of a threshold dose. In Fig. 1B, weak 

rings from amorphous material are visible along with remaining Bragg spots 

from the residual crystalline volume fraction. During irradiation, diffraction 

intensity shifts from the Bragg spots to the diffuse rings. The sequence of 

diffraction patterns in Fig. 1 are typical of those used in this experiment, and 

similar sequences of images were made during Kr, Ne and Ar ion irradiations at 

several energies. 

The energy dependences of the complete amorphization doses determined 

for Ne, Ar and Kr ion irradiations are shown in Figure 2. The ion dose required 

for complete amorphization at a given energy is lower for a heavier ion. This is a 

consequence of increasing collision cross section and energy deposition with 

increasing ion mass. For each ions, the ion dose required for complete 

amorphization increases with increasing ion energy. This is a consequence of a 

decreasing cross section for nuclear collisions with increasing ion energy and a 

decreasing efficiency to  produce damage with increasing energy transferred to  

the lattice atoms [Ill. In crystalline materials, the damage production efficiency 

is a strong function of the primary recoil energy energy decreasing from 100% for 

single defect production by low energy events to about 30% for cascades with an 

average energy of 20 keV [ll]. Molecular dynamic simulations indicate that this 

is due to defect recovery within the cascade. Similar measurements o r  

calculation have not been made for production of amorphous volumes, and the 

dependence of the size of the amorphous volume on the energy of the damage 

event is not known. 

Linear least squared fits were made to the curves in Fig. 2. With the 

exception of Ne and Ar ions with energies less than 0.5 MeV, the data for all ions 

can be described by an empirical equation of the form 



DIOn = DoIOn*[l + s d  * &'ion] 1 

where Dion is ion dose for complete amorphization, Dolon is the ion dose required 

at zero ion energy, Eion is the ion energy in MeV and s d  is given by SIonDoIon 

where SIon is the rate of increase of the complete amorphization doses with ion 

energy. The values of these parameters are listed in Table I. The relationship of 

DoIon to ion mass in the range of Ne to Kr can be described by a power law with an 

exponent of -2.5. These parameters provide a simple empirical method to 

estimate the complete amorphization dose for Ge at room temperature. The 

values of sd, given in Table I, are about 0.75/MeV independent of ion type. This 

suggests that s d  is a materials property that is to  first order proportional to the 

number of defects required to  amorphize a unit volume divided by the cross 

section to produce damage. 

B: Amomhization Cross Secb 'on 

The complete amorphization doses can be converted to amorphization cross 

sections. The dose dependence of the amorphous volume fraction during 3.5 MeV 

Kr irradiation at room temperature has been determined by Brilluoin scattering 

C41. The volume fraction of crystalline material decreased as fx = e"@, where (p is 

the ion dose and CJ is the cross section for amorphization for a given ion of a given 

energy. Based on the value of 4.5k0.3 -2 for 3.5 MeV Kr ions, the fraction of 

crystalline material remaining afker TEM observation of the disappearance of all 

diffraction spots at the "complete amorphization" dose was 1x10-4 (09 =9.2). 

Assuming that this volume faction is the same for all in situ TEM observations in 

this work, the amorphization cross section was calculated for all irradiations and 

is shown in Figure 4 as a function of ion energy. 

As expected, the amorphization cross section decreases with increasing ion 

energy or decreasing ion mass. The experimental values of the amorphization 

cross section can be compared to  full cascade TRIM calculations of the damage 

produced by each irradiation, and the results are shown as solid lines in Figure 4. 
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8 Since the fraction of damage converted into amorphous volume is not known, the 

TRIM results have been normalized to the values of the damage produced and the 

amorphization cross section for 3.5 MeV Kr ions. The TRIM calculations 

adequately describe the results of the Kr and Ar irradiations except when ion 

stopping affects the experimental results. However, the TRIM calculations are 

30% higher than the experimental data for the Ne irradiations. This is due to 

greater radiation induced annealing during irradiation with lighter ions and 

indicates a change in the production of amorphous volumes during irradiation. 

This is discussed in the next sections. 
"* 

C: AmorDhization dDa 

The ion doses required for complete amorphization can be related to more 

physical terms by their conversion to  displacements per atom, dpa. TRIM 91 fdl 

cascade calculations were made, and the average amount of damage produced in 

a 50 nm thick Ge layer was determined for each irradiation. Because the 

calculations are sensitive to  cascade termination at both surfaces, accurate 

thickness measurement of each specimen area monitored would be required for 

precise determination of the number of atomic displacements required for 

amorphization. Since this measurement could not be performed on all 

specimens, a thickness of 50 nm was used for all calculations. It must be 

remarked that there are serious limitations to  TRIM calculations. Although 

TRIM does a good job of describing overall features of ion range and energy loss, it 

contains several approximations that prohibit it from completely describing defect 

interactions and recombination within high density displacement events and the 

interaction between displacement events. TRIM calculations can not account for 

the decrease in the efficiency to produce damage with increasing cascade energy. 

The amorphization doses for all irradiations expressed in terms of 

displacements per atom are shown in Figure 3 as functions of ion energy. The 

lines in Figure 3 are linear fits, and values of the intercepts,Dodpa, and 



slopes, Sdpa, for these fits are given in Table I. The number of displacements 

required for complete amorphization decreases with increasing ion mass and ion 

energy. The dependence of complete amorphization on ion energy is largest for 

lighter ions such as Ne and least for heavier ions such as Kr. The effectiveness of 

an irradiation to amorphize Ge increases with ion mass and energy. Irradiations 

that generate dense cascades are more effective in amorphizing Ge and rather 

insensitive to ion energy while irradiations dominated by low energy transfers are 

less effective and very sensitive to ion energy. This trend is counter to  the 

dependence of damage production at low temperatures in metals where more 

energetic csscades are less effective in producing damage when defects are 

immobile. The difference in behavior is due to  annealing of preexisting 

amorphous volumes as a result of a decrease in the fraction of low energy 

transfers to  Ge atoms. Low energy transfers produce freely migrating defects. 

The fraction of damage produced as freely migrating defects decreases with 

increasing ion energy and ion mass, and thus heavier ions exhibit less of this 

effect. 

D: ImDact o f Low E n e r e  Disglacements and Freelv MimatinP Defects 

Variation of the amount of damage required for amorphization with ion 

mass can be explained if the stability of an amorphous volume is affected by the 

energy distribution of atomic recoils produced by the different irradiations. AS 

examples of such effects, the ion doses for amorphization of Si or CuTi are known 

to  be affected by the additional defects from low energy transfers created by 

simultaneous electron irradiation [8,9]. Direct observations have shown that 

room temperature electron irradiation at  energies below the displacement 

threshold result in crystallization of amorphous volumes in ion irradiated Ge, Si, 

GaAs and GaP [12]. 

To investigate the effect on complete amorphization dose, Ge was irradiated 

with a focused 1 MeV electron beam during Kr ion irradiation. In the area 
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10 irradiated with both 1 MeV electrons and with 2 MeV Kr ions, the ion dose 

required for complete amorphization was increased by more than a factor of 2.5 

over the value found in nonelectron irradiated areas even though the maximum 

Ge displacement rate from the electron irradiation was about 50% of that 

produced by the Kr irradiation. The fractional increase was about 20% for 

simultaneous 1 MeV electron and 1 MeV Kr ion irradiations. 

A 1 MeV electron irradiation transfers up to 60 eV to a Ge atom resulting in 

one or two atomic displacements. Such an electron irradiation does not 

amorphize Ge at room temperature. Electron irradiation suppression of ion beam 

amorphization was determined as a function of temperature for Si [SI and CuTi 

193. The effect occurs when defects are mobile and electron irradiation alone is 

unable to amorphize the material. When defects are immobile at low 

temperature, the electron damage adds to the ion damage lowering the ion dose 

required for complete amorphization. Suppression of amorphization can be 

attributed to either annealing of amorphous zones directly by electron collisions at 

the interface between an amorphous volume and the surrounding crystalline 

material or annealing by freely-migrating defects produced by low energy 

displacement events in the crystalline regions. The temperature dependence 

suggest that the latter is responsible for the effect. 

I 

The sensitivity of the Kr dose required for complete amorphization to 

simultaneous electron irradiation indicates that the dependence of the complete 

amorphization on ion mass and energy is due at least in part to differences in the 

fraction of low energy atomic recoils and to variation of the production of freely 

migrating defects. In crystalline materials, the fraction of freely migrating 

defects decreases strongly with increasing ion mass and energy [131. For  a 

particular ion mass, low energy transfers and freely migrating defect production 

is more dominate at lower ion energies. Dense cascades, such as those produced 

by a Kr ion irradiation, approach a limiting case in which the fraction of freely 

migrating defects is only a few percent. Light ions such as Ne have a larger 



fraction of low energy displacement events than a heavy ion such as Kr. The low 

energy damage component of a Ne irradiation acts like an electron irradiation 

and increases the number of atomic displacements required for complete 

amorphization above that found for a Kr irradiation. 

CONCLUSIONS 

The ion doses required to amorphize Ge at room temperature by ions of 

different masses and energies have been determined and expressed as cross 

sections for amorphization and in terms of displacements per atom. The ion dose 

required for complete amorphization increases with increasing ion energy and 

decreases with increasing ion mass. The Kr ion dose required for amorphization 

is increased by simultaneous electron irradiation. The number of displacements 

per atom required for complete amorphization decreases with increasing ion 

energy and ion mass. Irradiations that are dominated by low energy 

displacement events require the highest number of displacements per atom. This 

is attributed to recovery of amorphous zones during irradiation by freely 

migrating defects. 
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Figures 

1 Electron diffraction patterns from Ge during 1.5 MeV Ne irradiation at 

room temperature; A: before ion irradiation, B: &er partial amorphization 

and C: after complete amorphization. 

2 

3 

4 

Ne, Ar and Kr ion doses required for complete amorphization of Ge at room 

temperature as a fimction of ion energy. 

Amorphization cross section as a function of Ne, Ar and Kr ion energy. 

The h e  are power-law fits to TRIM calculations normalized to  the value 

for 3.5 MeV Kr ions. 

Displacements per atom required for complete amorphization of GE at 

room temperature by Ne Ar and Kr ions as a function of ion energy. 
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Figure 2. Ions doses required to completely amorphize Ge at room temperature as a 

h c t i o n  of ion energy. 
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Figure 3. Amorphization cross section as a function of Ne, Ar and Kr ion 

energy. The line are fits to TRIM calculations normalized to the 

cross section determined for 3.5 MeV Kr ions. 
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Figure 4. Displacements per atom required for complete amorphization of GE 

at room temperature by Ne (solid squares), Ar (diamonds) and Kr 

(open squares) ions as a function of ion energy. 


