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ABSTRACT

The damage structures of a-Al2O3 and a-SiC were examined as functions of

ion implantation parameters usino Rutherford backscattering-channeling, analy-

t i ca l electron microscopy, and Raman spectroscopy. Low temperatures or high

fluences cf cations favor formation of the amorphous state. At 300 K, mass of

the bombarding species has only a small e f fect on residual damage, but certain

ion specias appear to s tab i l i ze the damage microstructure and increase the

rate of approach to the amorphous state. The type of chemical bonding present

in the host l a t t i c e is an important factor in determining the residual- damage,

state.

1. Introduction - ^ & f a H

Ion implantation and ion beam mixing are being increasingly used to al ter

the near-surface of materials other than semiconductors. Recently there has

been renewed interest in the study of the structure and properties of ceramics

subjected to such treatments. Because of the non-equilibrium nature of such

treatments and the complex nature of ceramic structures, progress in

understanding the damage microstructures he lagged behind that for metals and

alloys.
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As a class of materials, ceramics (or insulators) have a wide variety of

properties and structures. The chemical bonding ranges from ionic to covalent

to near-metallic, and the atomic structure varies from crystalline to glassy.

These materials are particularly sensitive to the chemical and electrical

character of impurities or dopants. Damage due to bombarding ions may occur

at different rates in the various sublattices due to differing masses or

displacement energies for the different atomic species. Ion damage can occur-

as a result of ionization as well as displacement collisions; diffusion can have

electrical and chemical driving forces; and phase changes can be introduced by

damage or compositional changes.

In a review of defects and defect processes, Crawford concluded that the

electronic properties of a few selected point defects in alkaline earth

oxides, sapphire, and spinel are reasonably well understood. The residual

radiation damage produced by irradiations that generate isolated point defects

is likewise understood, but the production of the damage microstructure for

high fluence neutron irradiation or heavy ion implantation damage is yet to be

explained [1].

Studies of the optical absorption of a-Al2O3 implanted with various gas

ions and with aluminum ions have detected absorption bands at 4.8, 5.4, and

6.0 eV [2,3]. These absorption bands are characteristic of the F+ and F cen-

ters, that is, oxygen vacancies containing one and two trapped electrons,

respectively.

Using the Rutherford backscattering-channeling (RBS) technique, Drigo et

al. [4] measured lattice disorder and lattice pcsition for lead-implanted

a-Al203. They found saturation in the disorder for fluences greater than 10 1 5

Db/cm2 and concluded that it indicated amorphization. At lower fluences,



about 70% of the implanted lead occupied aluminum lattice sites. They also

concluded that aluminum and oxygen atoms were displaced in the stoichiometric

ratio of 2:3.

Curves of lattice disorder (determined by RBS) introduced by 40 keV kryp-

ton ion bombardment of a-Al2O3 had a sigmoidal form and reached a saturation

value at a fluence of 1 x 10 1 6 ions/cm2 [5]. Although the yield of the peak

damage region for the aligned crystals never reached that of a random sample,

Naguib and coworkers concluded that the saturation was indicative of the pre-

sence of amorphous regions. They also concluded that stoichiometry was

preserved.

There has been great interest in the formation of the amorphous state in

ceramics due to implantation damage [6-8]. Much of the discussion is based on

studies of the evolution of implanted inert gases during subsequent annealing

and the supposition that high rates indicated the presence of an amorphous

phase or wera due to a moving crystallization interface that swept the gas to

the surface [9,10]. Reflection electron diffraction was also used by Matzke

and W'nitton [8] to characterize the surface of implanted a-Al2O3. Diffuse

halo patterns were observed for samples implanted with 2 x 10 1 6 ions/cm2 of

krypton or xenon (0.5 to 40 keV). The range of the inert gas ions in

a-Al 2 0 3 was a few tens of namometers.

Transmission electron micrographs of a-Al2O3 implanted with inert gases

(He, Ne, Ar) in the temperature range of 500 to 1250 K contained images of

defect clusters and small dislocation loops for low fluences. At higher

fluences, large numbers of pores or bubbles were present [11,12],

Investigations of the structure and electrical properties of implanted

a-SiC have been reported [13-19]. The amount of disorder, as measured by RBS,

saturated at the value for a random sample for nitrogen and antimony [13—15].



About 50% of the i m p l a n t e d n i t r o g e n occup ied s u b s t i t u t i o n a l l a t t i c e s i t e s at low

f l u e n c e s [ 1 3 , 1 5 ] . Evidence f o r C-C and S i -S i bonds and C-H, C-D, and S i -H bonds

was o b t a i n e d from Raman spec t ra taken from a-SiC specimens implanted w i t h

l i g h t gas ions t o f l u e n c e s repo r ted t o cause amorph i za t i on [ 1 3 , 1 9 ] .

A number of c r i t e r i a f o r p r e d i c t i n g the amorph i za t i on of ceramics d u r i n g

i r r a d i a t i o n have been proposed. Matzke and Whi t ton suggested t h a t a n i s o t r o p i c

non -cub i c ox ides are amorphized by low f l uences of i o n s , whereas cub ic

m a t e r i a l s remain c r y s t a l l i n e t o very h igh f luences [ 9 ] . Naguib and K e l l y

i n t r o d u c e d a thermal sp ike model and a bond- type c r i t e ^on [ 6 ] . The bond- type

c r i t e r i o n p r e d i c t s easy amorph iza t ion f o r m a t e r i a l s whose Paul ing i o n i c i t i e s

are l ess than 0 . 6 . The thermal sp ike model regards the d i s o r d e r of the

d isp lacement cascade to be equ i va len t t o a l i q u i d . Cons ide r ing the number of

a tomic jumps t h a t occur as the tempera tu re f a l l s below t h e m e l t i n g p o i n t , Tm,

b e f o r e reaching the c r y s t a l l i z a t i o n t e m p e r a t u r e , T c , g i ves the r e s u l t t h a t the

m a t e r i a l remains c r y s t a l l i n e i f T c /T m < 0.27 and becomes amorphous i f

T c / T m > 0 .27. Such models do not a l l o w f o r chemical i n t e r a c t i o n between

i m p l a n t species and cascade-produced d e f e c t s . K e l l y [ 2 0 ] a l so proposed a

model f o r amorph i za t i on o f oxides due t o d ispersed p o i n t de fec ts i n which r a n -

dom iza t i on of an i n i t i a l s u p e r l a t t i c e i s caused by d isp lacements and t he low

d i f f u s i v i t i e s of the atomic species are too low f o r l ong - range order t o be r e -

e s t a b l i shed.

Park in and C o u l t e r have addressed the ques t ion o f de fec t p r o d u c t i o n i n

po l ya tom ic m a t e r i a l s where the moss and d isp lacement energ ies of the v a r i o u s

atom species may d i f f e r [ 2 1 ] . Accord ing to t h i s mode l , d e t a i l s of de fec t p ro -

d u c t i o n are most i n f l u e n c e d by the i n i t i a l PKA energy and the mass r a t i o o f

t he at on, types i n the m a t e r i a l .
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This paper describes the damage accumulation in a-Al2O3 and a-SiC due to

heavy ion implantation and is part of a continuing study at ORNL on the effects

of ion implantation on the structure and properties of cer;. '•.-.' [22—25]. These

materials have crystal structures that can be described by hexagonal axes but have

very di f ferent bonding. The Pauling ion ic i t y of a-A!203 is 0.63 (intermediate ionic

bonding) and that of a-SiC is 0.12 (covalent bonding). A number of experimental

techniques were used to determine the influence of implantation parameters

(temperature, fluence, ion species) upon the damage structure of these two compounds.

2. F.xperi:iiental Procedures

Single crystals of a-Al2O3 (obtained from Crystal Systems, Inc., Salem, MA)

with few impurities (<100 appm to ta l ) and low dislocation density (103— 1C/4 /cm2)

were cut to within ±2° of <0001> or <l~210>, polished, and annealed at 14O0°C

in a i r for 120 h to produce damage-free samples. Half of each sample was

retained as virgin reference materia"! and the remaining half was implanted

with various ions at 77, 300, or 640 K. Current densities <2 pA/cm2 were cho-

sen to minimize beam heating to 100°C or less. The ion beam was incident at

7° or 3° from the crystal normal, and fluences ranging from 1U15 to 1017/cm2

were obtained at energies from 40 to 30U keV.

Both single crystals and polycrystal1ine samples of a-SiC were used in the

ORNL studies. Single crysta" platelets in the (0001) or ientat ion were produced

by the Acheson furnace process at the Carborundum Company. They were predominantly

of the 6H polytype. The polycrystal l ine material was sintered a-SiC. Specimens

were implanted with nitrogen (62 keV) or chromium (280 keV) at substrate temperatures

of 300, 825, and 1025 K. The temperature of selected samples was measured by

means of thermocouples mechanically clamped to the sample surface but not d i rect ly

in the beam. Based on these measurements, i t is estimated that the contr ibut ion

of beam heating during low temperature implantations was ~100°C and s ign i f i can t ly

less during high temperature implantations.

Specimens were examined using Rutherford backscattering-ion chan-

neling techniques (RBS-C) with 2.0 MeV 4He+ to determine the depth p ro f i le of



the implanted species, the depth d i s t r i b u t i o n of damage in the host l a t t i c e ,

and the l a t t i c e loca t ion of the i m p u r i t y . One measure of damage or l a t t i c e

disorder used in the fo l lowing discussion is the minimum y i e l d , Xm - j n , deter -

mined for a p a r t i c u l a r sub la t t i ce at the depth of peak damage. The minimum

y i e l d is defined as the ra t i o of the backscattered y i e l d from an al igned

specimen to the y i e l d from a randomly or iented specimen.

The data w i l l De presented using displacements per atom (dpa) as the uni t

of fluence or dose in order to compare the e f fec ts from implant ing ions of

d i f f e r e n t masses and energies. The damage-energy dens i ty was ca lcu la ted as a

funct ion of depth using the computer code E-DEP-1 [ r e f . 26] modif ied to incor -

porate the suggestions of Robinson and Oen [ 27 ] . These values of damage are

approximately 20°̂  higher than for the standard ve rs ion . The number of d i sp la -

cements was ca lcu la ted with the modi f ied Kinchin-Pease equation [ 2 8 ] . For

a-Al2O3 , the values of displacement energy determined by Pells and P h i l l i p s [29]
Al 0

were used, that i s , Ej = 1 3 eV, Ê  = 72 eV. The value E,j = 45 eV was used

for both s i l i c o n and carbon in the Cdse of SiC [ 3 0 ] . In both cases, one-hal f

of the displaced atoms were considered to be cat ion species and one-hal f anion

species, according to the treatment of Parkin and Coulter [ 2 1 ] . In the case

of a-Al2O3 , the r a t i o of Ai :0 would be 40:60 instead of 50:50 i f s to ich iometry

i s maintained during damage product ion .

Specimens for TEH were prepared fo r both cross-sect ion and plane v iewing.

Ion m i l l i n g was used for t h i nn i ng . Specimens were examined in a Ph i l i ps

EM40UI7FEG equipped with 6585 STEM and EDAX 9100 x-ray EDS system. The

probe size used was about 4 to 5 nm.

Raman spectra were recorded wi th a Ramanor HG-2S spectrophotometer

(Jobin Yvon-lnstruments SA). This instrument employs a double monochromator



w i t h curved ho log raph i c g r a t i n g s , coo led p h o t o e l e c t r i c d e t e c t i o n , and p u l s e -

count ing e l e c t r o n i c s . A N i c o l e t 1170 s i gna l averager was used t o c o n t r o l t he

spect rometer and t o accumulate the spec t ra f rom m u l t i p l e scans . Spectra were

e x c i t e d w i t h the 514.5 nm l i n e o f a Spec t ra -Phys i cs model 164 a r g o n - i o n l a s e r .

A spike f i l t e r e l i m i n a t e d most o f the plasma l i n e s em i t t ed by t he l a s e r .

L igh t i n t e n s i t y focused on t he sample v a r i e d f rom 0.2 t o 0.5 W. The l ase r

l i g h t , as observed w i t h a l o n g - f o c u s m i c roscope , was focused on the sur face o f

the sample at 45° t o the normal and the Raman s c a t t e r i n g observed at 90° to

the e x c i t i n g l a s e r l i g h t . The monochroinator s l i t s were p a r a l l e l t o the h o r i -

zonta l p lane formed by the i l l u m i n a t i n g ind s c a t t e r e d l i g h t . The p o l a r i z a t i o n

of the l a s e r l i g h t was v e r t i c a l .

3. Resul ts and Discuss ion

3.1 Aluminum Oxide

A l l a - A l 2 O 3 samples of our study t h a t were imp lan ted at 300 K had a charac-

t e r i s t i c gray-brown c o l o r . Op t i ca l a b s o r p t i o n measurements con f i rmed the p r e -

sence of F and F+ c e n t e r s , r e p r e s e n t i n g e l e c t r o n s t rapped at oxygen vacanc ies .

F igu re 1 shows the b a c k s c a t t e r i n g spec t ra o f 2 MeV ^He"1" i ons from a

c r y s t a l i m p l a n t e d w i t h chromium (300 keV) t o f l u e n c e s of 1 x 10 1 6 / cm 2 and

1 x 10 1 7 / c r n 2 . A f t e r e i t h e r f l u e n c e , the s u r f a c e peaks from aluminum and oxy-

gen are h i g h e r a f t e r i m p l a n t a t i o n than i n t h e v i r g i n c r y s t a l , but the near-

sur face r e g i o n i s r e l a t i v e l y damage f r e e . The pr imary e f f e c t o f i n c r e a s i n g

f luence was t o extend the damage t o g r e a t e r depths w i t h l i t t l e inc rease i n the

magnitude o f t he damage l e v e l . Approx imate ly 45% of the chromium occupied

l a t t i c e s i t e s on the aluminum s u b l a t t i c e at the 1 x 10 1 6 /cm 2 f l u e n c e .

Disorder i n the oxygen s u b l a t t i c e was g r e a t e r than in the aluminum s u b l a t t i c e



for all specimens examined. For the fluences shown in Fig. 1, the values were

XA1 - 0.66 and X U = 0.38.

Transmission electron micrographs (TEM) of these specimens showed a high

concentration of defect clusters or small dislocation loops. Because of very

high residual stresses, tiltiny experiments to deterine the character of these

defects were unsuccessful [23],

The influence of fluence on disorder is shown in Fig. 2 for chromium implanted

into Al 2 0 3 . Disorder in the aluminum sublattice, X^l , remains constant at a value

of 0.66 for the fluence range of 10.9 to 109 dpa for specimens implanted at 300 K.

The saturation suggests that the defects are very mobile at these high damage levels

such that defects ara annihilated at the same rate as they are produced. This may

be similar to the saturation noted by earlier investigators and interpreted as

being due to the amorphous state [4,5]. Burnett and Page [31] report that

a-A12'J3 implanted with 6 x 10 1 7 Cr/cm2 (300 keV) at 300 K had an amorphous surface

layer, hence the curve in Fig. 2 must again increase to a value of unity. The

fiance for their specimen corresponded to more than 600 dpa and the c'nromium-

lj-aluninum ratio was approximately unity.

The effect of substrate temperature on the resultant structure is shown

in Figs. 2 and 3. The RBS spectra of Fig. 3 ^ve from crystals implanted with

4 x lO 1^ Cr/cm2 (150 keVj at 77, 300, and 640 K. This fluence corresponds to

5.1 dpa. Disorder in the aluminum sublattice at the peak damage position, is

about the same for substrate temperatures of 300 and 640 K. The spectra show

considerable recovery in the immediate surface layer for the higher substrate

temperature. The degree of substitutionality of chromium was about the same

for these temperatures (34% at 640 K, 29,; at 300 K). The 77 K implant gave a

scattering curve typical of an amorphous layer that extended to about 120 run —

well beyond the peak concentration of chronium. The amorphous nature of this



region was confirmed by TEM observations [24]. Figure 2 shows that the criti-

cal fluence for amorphization at 77 K (~3 dpa) is 200 times less than at

300 K (>600 dpa).

Implanting with foreign ions raises the question as whether chemical

effects or displacement damage determines the phase(s) present after implan-

tation. In order to remove possible chemical effects, specimens have been

implanted with aluminum and oxygen ions in the stoichiometric ratio at 77 K

(4 x 1 0 1 6 Al/cm2 at 90 keV, 6 x 10 1 6 0/cm2 at 55 keV). The RBS spectra indi-

cated an amorphous region that extended to a depth of about 150 nm [24].

Thus, damage alone can produce the amorphous state if recovery processes are

suppressed; however, as will be shown, there may also be chemical affects.

Zirconium and zinc are the only cations to produce amorphous a-Al2O3 at

300 K in our studies [32]. The î BS for zirconium (170 KeV) gave a value of

0.75 for XA1 after a fluence of 2 x 10 1 6/cm 2 (46 dpa) but a value of 1.0 after

a fluence of 4 x 10 1 6/cm 2 (92 dpa). Figure 4 shows the TEM micrograph and

selected area diffraction patterns for the latter sample. There is a buried

amorphous layer that extends from 40 to 100 nrn from the surface (zone B ) .

Zones A and C show the damaged but crystalline material on either side of the

amorphous layer. As the fluence was increased to higher values, the width of

the amorphous region increased and eventually reached the surface. The RBS

spectra showed that there was no tendency for zirconium to occupy substitu-

tional lattice sites. Burnett and Page report amorphization for zirconium

fluences a ^actcr of 10 lower than for chromium [31].

In order to determine that the zirconium effect was not associated with

changes in the cascade nature due to the higher mass, implants were made with

niobium (having approximately one higher mass unit). The value of x^l for a
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fluence of 90 dpa was 0.68 (compared to 1.0 for zirconium at dpa of 92). Thus, it

appears that zirconium stabilizes the defects to prevent "3covery processes or

prevents the disordered regions within cascades from reordering. The data for

Cr, Ti , Zr, and Nb are summarized in Fig. 5. In the range of fluences studied

(to 110 dpa), the disorder in the aluminum sublattice is approximately the

same for Cr, Ti , and Nb. The corresponding value for X° was about 0.9.

3.2 Silicon Carbide

The fluence required to amorphize covalently bonded a-SiC was more than

1000 times lower at 300 K than required for A12O3. [Room temperature (300 K)

is approximately 0.13 T,n for A12O3 and 0.11 Tj, decomposition temperature, for

S i C ] Figure 6 shows the peak, disorder in the silicon sublattice, X^i , as a

function of fluence, dpa. The energies of the nitrogen (62 keV) and Cr (280

keV) were chosen to give the ions approximately the same range in the target.

There was a change in the slope of the curves indicating an acceleration in

the rate of disordering after some initial period. These data also show a

difference in disorder for the different ion species although the total defect

production was the saMie.

Figure 7 shows the Raman spectra of a virgin a-SiC crystal and of similar

crystals implanted with nitrogen (62 keV) to fluences of 2.7 x 10 1 5,

2.7 x 1 0 1 6 , and 1.6 x 1017/cm2, corresponding to 0.54, 5.4, and 32 dpa,

respectively. The two strong peaks at 789 and 967 cm"1 are the transverse

optical (TO) and longitudinal optical (L0) vibrations of the SiC crystal lat-

tice. The auxiliary peaks at 150, 768, and 796 cnr1 are characteristic of the

6H a-SiC polytype structure [33]. As SiC becomes disordered these peaks

broaden until thay vanish in amorphous samples.
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In amorphous materials, all vibrational modes can contribute to the

first-order Raman scattering [34], which results in a spectrum with broad

peaks related to the density of states as determined by neutron scattering.

In the case of SiC, the completely amorphous material shows very few spectral

features.

With increasing nitrogen fluence, the peaks in the Raman spectra became

weaker until all disappeared after 32 dpa irradiations indicating complete

amorphization of the sample. The RBS spectra, on the other hand, showed that

X$i (disorder in the silicon sublattice reached the value of 1.0 at a fluence

of 0.2 dpa for 62 keV nitrogen ions (Fig. 6). The rising background of

several of the spectra is due to traces of fluorescence attained during the

implantation process.

Wright and co-workers [18,19] show broadened and weakened Raman peaks for

the crystal vibrations of a-SiC amorphized by H+, D+, and He+ ion

implantations. The RBS spectra showed that xSi (disorder in the silicon

sublattice) reached the value of 1.0 at a fluence of 0.2 dpa for 62 keV nitro-

gen ions (Fig. 6). The penetration depth of the 514.5 nm exciting laser light

for Raman spectra production varies greatly with the quality and color of the

SiC crystals. Highly reflective samples produce weak spectra while clear

samples give strong spectra. The virgin samples clearly gave light penetra-

tion to much grater depths than that of the expected ion penetration which is

of the order of 0.2 ym. It is not clear whether the slow disappearance of the

Raman spectral peaks with increasing fluence, as compared to the RBS data, was

due to a spreading in depth of amorphization or to an increasing opacity of

the surface layer of SiC. The latter explanation seems more likely.

There is no evidence in the spectra of Fig. 7 for the C-C or Si-Si bonds

reported by Dolling and Cowley [35] for sputtered deposited amorphous SiC

films. Thus, decomposition of the SiC by the bombarding ions is not indicated.
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Broad bands centered at 1360 and 1586 cnr1 (C-C bonds) or near 480 cm"1

(Si-Si bonds) are reported for non-stoichiometric samples of SiC [36].

The Raman spectra for a virgin crystal of a-SiC and for one after implan-

tation to 2.2 dpa with 2 x 10 1 5 Cr/cm2 (260 keV) are shown in Fig. 8. The

spectrum of the implanted sample contains no detectable peaks. Figure 6 shows

that the amorphous (disordered) state as defined by RBS was reached at a

fluence of 0.25 dpa. In our studies, the Raman peaks disappeared in the

chromium-implanted samples at much lower fluences than for nitrogen-implanted

samples, possibly indicating a more rapid increase in the opacity of the sur-

face layer.

As in the case of a-A!203, raising the substrate temperature allows reco-

very processes to occur or bonds to reform and delays the Oi.set of amorphiza-

tion in a-SiC. Figure 9 shows the RBS spectra for samples implanted with

nitrogen (52 keV, 8 x 1016/cm2) or chromium (260 keV, 1 x 10*6/cm2) at 1023 K

(750°C)c The spectra show thai neither specimen became amorphous. The values

of X̂ i and dpa were 0.85 anu 16.8, respectively, for the nitrogen implants and

0.6 and 9 dpa, respectively, for the chromium implants. These dpa levels are

45 to 100 times those that produced amorphous structures at 300 K.

4. Summary

The accumulation of disorder in the cation sub la t t i ce of a-Al2O3 and

a-SiC, and the formation of an amorphous s t a t e during ion implantation have

been measured as a function of important implantation parameters: f luence,

subs t ra te temperature, and ion species . Covalent bonded a-SiC reaches an

amorphous condition at a fluence 10~3 t ha t required for a-Al2O3 at approxima-

t e ly 0.1 Tm. Substrate temperature is par t i cu la r ly important for both
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mate r i a l s , since dynamic recovery processes determine the residual s t ruc tu re

at higher temperatures. The rate of damage accumulation i s faster fo r n i t r o -

gen than for chromium in o-SiC. S i m i l a r l y , zirconium produces the amorphous

state in a-Al 2 0 3 at 300 K at a f luence about ten times less than does

chromi urn.
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FIGURE CAPTIONS

Fig. 1. Backscattering spectra of 2 MeV H+ from 52Cr (300 keV, 1015 and

1017/cm2) implanted ct-Al2O3 at 300 K.

Fig. 2. Disorder in the aluminum sublattice (XA1) a s a function of

fluence (displacements per atom) for chromium implanted into a-Al2O3 at 77 and

640 K.

Fig. 3. Backscattering spectra from a-Al203 implanted with 4 x 1016 Cr/cm2

(5.1 dpa) at 77, 300, and 640 K.

Fig. 4. Ooss section TEM micrograph and selected area di f f ract ion pat-

terns for a-Al2O3 implanted with 4 x 101G Zr/cm2 (170 keV, 92 dpa) at 300 K.

Fig. 5. Disorder in the aluminum sublattice (xAl) a s a function of

fluence (dpa) for a-Al203 implanted with Cr, Ti , Nb, ana Zr at 300 K.

Fig. 6. Disorder in the si l icon sublattice (X^i) as a function of

fluence (dpa) for a-SiC implanted with nitrogen (62 keV) and chromium (280

keV) at 300 K.

Fig, 7. Raman spectra from a-SiC implanted with nitrogen (62 keV) to

0.54, 5.4, and 32 dpa at 300 K.

Fig. 8. Raman spectra from a-Si C implanted with chron.ium (280 keV) to

2.2 dpa at 300 K.

Fig. 9. Backscattering spectra from a-SiC implanted with nitrogen

(62 keV, 8 x 1016/cm2, 16.8 dpa) and chromium (280 kaV, 1 x 1016/cm2, 9 dpa)

at 1023 K.
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