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Systematic Study of the Ion Beam Mixing of Oxide Markers into Alumina 

Elizabeth A. Cooper, Harriet Kung, and Michael Nastasi 

Los Alamos National Laboratory, Materials Science and Technology Division, Los 

Alamos, NM 87544 

Abstract 

We have completed a systematic study of ion beam mixing of thin marker layers 

into amorphous alumina. The degree of mixing was found to be controlled by 

thermodynamic factors, the nature of the marker (oxidation state), and matrix crystallinity. 

Ballistic mixing was observed for all markers, but the mixing of some oxide markers 

exhibits a thermally activated regime at higher temperatures. The experiments were 

conducted fiom a low temperature of -17OOC to a maximum temperature of 750OC. 210 

keV Ar was used to ion beam mix the marker layer at the various tsmperamres. The 

marker spreading was analyzed using RBS. 

The mixing of one marker (Fe203) into crystalline alumina (sapphire) was 

compared to that of the amorphous alumina. It was found that the marker mixed 

asymmetrically into the two matrix materials, with a higher degree of mixing into the 

amorphous matrix. TEM cross-section results veri@ that there is a preference for the 

marker to mix into the amorphous alumina layer preferentially to the crystalline layer. 

Introduction 

The study of Ion beam mixing of layered compositions is important in two regards: 

first, there is the potential of alloying the layers into a new functionally different 

composition [ 11 and, secondly, from a fundamental aspect, it is important be able to 

anticipate the potential damage due to degradation of the layer structure that could be 

caused in these materials due to a radiation environment. Typically, at very low 



temperatures, the radiation induced marker spreading is independent of temperature and is 

proportional t o s t h i s  constirites the so-czlled ballistic mixing regime. In some mixing 

systems, however, there are one or more thermally activated regimes in which the degree 

of marker mixing into the matrix increases exponentially as a hnction of temperature, but 

with activation energies typically much less than 1 eV. [Z] This low activation energy is 

indicative of radiation _- enh-anced d&sion(I@D). An example of this is shown in Fig. 1 

for results we obtained for the mixing of an iron-oxide marker into an amorphous alumina 

matrix [3,4] the first study of this kind that demonstrates that the thermally activated 

regimes can exist in ceramic marker systems. In the system shown in Fig. 1, two thermally 

activated regimes are observed, as well as the low temperature ballistic regime. For the 

purpose of determining the activation energies, both the thermal mixing and ballistic 

mixing components have been subtracted &om the marker spreading in this plot. A good 

review of processes in ion beam mixing can be found in Ref [Z] and Ref [5 ] .  

Our interest in the ion beam mixing of thin marker layers in ceramic systems is 

motivated by the fact that layered oxides are technologically important materials for fusion 

reactor applications and very little work has previously been done to examine the radiation 

induced layer mixing in these materials, especially as a function of temperature. Extensive 

work has been completed in metal and semiconductor systems (see for example, Refs [6]- 

[lo]. Many ion beam mixing studies in ceramic systems are summarized in Table 1 with 

references. We have included some covalently bonded non-oxide (nitride and carbide) 

ceramics to cover the range of ceramic mixing systems that have been explored. The 

review of oxide systems in the table is divided into thin film marker studies and bilayer 

configuration studies. 

Ion beam mixing in oxide systems has not been investigated until very recently and 

has been reviewed by McHargue [5] and are summarized in Table 1. So far, only ballistic 

(cascade or recoil) mixing has been observed for pure metal markers in alumina. 

Temperature dependent bilayer mixing of Cr203 and ZrO2 into alumina by J o s h  et al. 
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[12] [13] showed no detectable mixing in either system at 25 OC, but a small a amount of 

ballistic mixing i11 both systems at 860°C. The first indications ofthermslly assisted ion 

mixing were reported for Fe2O3 markers in AI203 [6][7]. This motivated us to 

systematically explore the ion beam mixing of other marker systems into alumina based on 

thermodynamic arguments, mainly solubility and compound formation as a function of 

temperature. We also investigated the effect of matrix structure (amorphous vs. 

crystalline) on the degree of marker spreading for the iron oxide marker [25]. 

Experimental 

Sample Preparation 

Thin film marker samples were produced by electron beam deposition. We have 

chosen a thin marker configuration to avoid resolution limitations, heat of mixing e f f i s ,  

and excessive surface robghenhg due to sputtering for the higher doses required to 

observe mixing of the bilayers. Two configurations were used and will be discussed in 

more detail later. These two configurations are shown schematically in Fig 1. Typical 

marker layer thickness was 35-140 8, (depending on the RBS yield for each element) and 

the upper amorphous alumina layer was usually about 1000 8, thick (see [l 13 and 1251). 

The deposited amorphous alumina had a measured density of 2.55 gm/cc, compared to 

3.98 g d c c  for the sapphire substrate. The first configuration (Fig. 2(a)) has an amorphous 

alumina layer above and below the marker layer; this is referred to as the d a m  

configuration later in this discussion. The second confguration (Fig. 2(b)) has an 

amorphous alumina top layer, a marker layer, and a crystalline alumina (sapphire) layer 

below the marker; this is referred to as the d c r y s t  configuration in the forthcoming 

discussion. The d c r y s t  configuration was used to test ifthe matrix density and degree of 

crystallinity would effect the marker spreading. The markers were ion mixed at constant 

temperatures ( -166OC -750OC) using 210 keV Ar. The samples were in thermal contact 

with a temperature controlled Ni block during irradiation. To distinguish between mixing 
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due to thermal effects only, control samples were places on the opposite face of the Ni 

block to be exposed to the same thermal ccfiditions as the ion bean mixing samples. 

Based on TRIM calculations, dpa at the marker depth ranged from 12 to 65 for 

doses ranging fiom 1.25 to 7x1Ol6 Ar/cm2. A majority of the experiments were run for a 

dose of 2 . 5 ~ 1 0 ~ ~  Ar/cm2 resulting in 23 dpa at the marker depth. For the 

amorphoushystalline experiments, dose was held constant, resulting in a calculated 23 

dpa at the marker depth of 100 nm. 

RBS 

All post-irradiation samples were examined using Rutherford Backscattering 

Spectroscopy (RBS). The spreading of the marker layer was determined by fitting the 

RBS peak with a gaussian (in the case of the d a m  configuration) or a superposition of .- . 

two halfgaussians (see[25]) for the andcryst configuration to fit the aspmetric _-  
spreading. The activation energy for the systems that exhibited high temperature radiation 

enhanced mixing was determined by subtracting the ballistic and thermai contributions 

fiom the marker spreading and assuming an Arrhenius relationship for the activation. 

TEM 

Pre- and post-irradiation samples were prepared in cross-section, thinned, and ion 

milled to electron transparency. The TEM results presented in this paper are for samples 

with the andcryst configuration shown in Fig. 2(b). 

, ' : 

Results and Discussion 

Marker Oxihtion State 

A comparison of the ion-beam mixing of iron metal markers and iron-oxide 

markers into amorphous alumina is shown in Fig. 3 (a) and 3(b), respectively, both for 

samples ion beam mixed at 625OC to a dose of 2 . 5 ~ 1 0 ~ ~  Ar/cm2. From this, it can be seen 
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that there is a significant influence of the oxidation state of the marker on the ion beam 

mixing results [4]. This is demonstrated by the apparently complete lack cfmarker 

spreading for the Fe-metal in Fig. 3(a) compared to the broad symmetric spreading 

observed for the Fe2O3 marker in Fig. 3(b). It is true, in general, that in oxide mixing 

systems that the pure metal markers in alumina (A1203) and silica (Si02) only demonstrate 

low-level ballistic mixing. This is shown in Table 1 for a literature survey of many 

systems. These results are consistent whether the experimental sample configuration is a 

thin marker or a bilayer. 

Crystailinity of Matrix 

Shown in Fig 3(c) is the RBS results for the d c r y s t  configuration ion beam 

mixed at 630OC to the same dose as the samples shown in Figs. 3(a) and 3(b). The RBS 

results show asymmetric mixing; there is more mixing into the surface (amorphous 

alumina) than into the sapphire substrate. The fitted results indicate that the activation 

energy for the thermally enhanced regime for the crystalline (sapphire) mixing was twice 

that for the amorphous mixing. These results are reviewed in Table 2. 

To address the question of whether or not the difference in absolute degree of 

mixing was due to voids in the deposited amorphous layer, a cross sectional TEM study 

was undertaken to examine the nature of the as deposited sample, and also to make a 

secondary observation on the degree of marker mixing in the system. The results of the 

TEM study are shown in Fig. 4 for several sample conditions. 

Figure 4(a) show the pre-irradiation cross-section for the d c r y s t  configuration. 

The main observations seen for this sample are: 

1) there are no voids in deposited amorphous alumina, even though the deposited 

density is very low, 

there are some non-epitaxial crystalline regions in the as-deposited iron oxide, but it 

is mostly amorphous, 

2) 
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3) 

4) 

the marker layer thickness is approximately 4 nm, and 

the surface (amorphous) alumina layer thickness is approximately 95 nm. 

Fig 4(b) shows a cross section for an andcryst sample which was ion beam 

irradiated at -145OC to a dose of 2 .5~10~~Ar /cm~.  From this micrograph it can be seen 

that: 

3) 

4) 

the end of range for implanted Ar is approximately 255 nm; TlUM calculations 

estimate that this should be 250 nm using Kinchin-Pease approximations. This 

distance is well into the sapphire (originally crystalline) layer, 

the originally crystalline sapphire layer has amorphized from the ion beam damage. 

The end of ion range is signified by transition from amorphous alumina to original 

crystalline alumina (sapphire) in this layer, 

iron oxide marker layer has remained amorphous, and 

little spreading obseivable for marker layer from the micrograph. 

Fig. 4(c) shows an d c r y s t  sample which has only undergone a high temperature 

(725%) heat treatment in the ion beam irradiation chamber (a thermal control sample). 

Some observations from this micrograph are: 

5 )  

7) 

regions of gamma alumina have formed in the amorphous alumina (upper) layer, 

the iron oxide layer has spread significantly (15 nm), 

the sapphire-iron oxide interface has roughened, 

occasional "blooming" of iron oxide into surface alumina layer can be seen, and the 

"bloomed" iron oxide has crystallized epitaxially with respect to the sapphire, 

voids have formed in the marker layer after spreading (low density), reducing the 

density of the remaining iron-oxide, and 

some parts of marker layer (other than the "bloomed" areas) have recrystallized 

epitaxially (with sapphire). 

Finally, in Fig. 4(d), a cross-section for an adcryst sample is shown which has 

been high temperature ion-beam mixed, at 625OC, to a dose of 2.5~1016 Ar/cm*. 
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dark (electron backscattering) transition region in sapphire - amorphous 

massive spreading of iron oxide marker (1 80 nm through dark layer, assuming Z- 

contrast indicates iron) 

epitaxial (with alpha alumina) iron oxide marker 

no signtficant voids in iron oxide layer after mixing 

surface alumina is nanocrystalline gamma alumina (no significant amorphous alumina 

left) 

iron fiee surface layer (gamma alumina) is approximately 70 nm thick 

i%emoc3fnamics 

In order to investigate and separate the thermodynamic factors which might be 

controlling the amount of thermally enhanced marker mixing for oxide marker systems 

into alumina, we examined several sets of samples with markers that had different 

thermodynamic phase relationships with alumina. These were: Fe2O3, which has a wide 

solid solution range and compound formation, and for which we had previously shown 

that a high temperature regime exists where there is thermally activated radiation enhanced 

mixing ; Y203, which has compound formation; Cr2O3, which has a complete solid 

solution range; and 21-02 which has neither compound formation or solid solubility. The 

results of the ion beam mixing in these systems and a review of thermodynamic references 

are shown in Table 2. The marker mixing as a fbnction of temperature is shown in Fig. 5 

for all of these systems. 

Comparing the behavior of the marker systems with the phase diagram 

(thermodynamic equilibria), it can be seen that in a system which no compounds or solid 

solubility exists (ZrOa), only ballistic mixing occurs, and as previously seen by Josh  and 

co-workers [12] [13], de-mixing can occur at high temperatures. In contrast to this, all 

the systems examined that formed either compounds or solid solutions exhibited high 

temperature thermally activated ion beam mixing. The highest degree of mixing was 

observed in the Fe2O3 system which has both a wide solubility range and compound 
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formation. The Y2O3 and Cr2O3 systems, which only had compound formation and only 

solid solution, respectively, also were found to have a thermally erlhanced regime, but at 

much higher temperatures than observed for the Fe203 marker system. 

As seen fiom the E M  study, the difference in marker mixing rate between the 

amorphous and crystalline matrix cannot be explained by voids in the as-deposited 

amorphous alumina. The difference can only be attributed to a difference in the initial 

energy state between the initially fblly crystalline matrix material and that of the 

amorphous material. This difference could be either structural (more two-dimensional 

surface exposure in the amorphous material), or thermodynamic (higher initial energy state 

of the amorphous material) which causes easier intercascade diffusion processes, or a 

combination or both. 

Conclusions 

We have shown that the chemical nature of the marker is important in governing 

the degree of ion beam mixing. This can be seen by comparing the results from the iron 

metal and the iron oxide marker systems. The cross-section TEM results have shown that 

the difference in mixing into the amorphous alumina and the crystalline alumina is not due 

to voids in the amorphous alumina, since voids are not created during the deposition. 

Figure Captions 

Figure 1. Typical temperature dependency of ion beam mixed marker spreading for a 

marker that exhibits thermally enhanced mixing. This example is for iron oxide into 

amorphous alumina. 

Figure 2. Sample configurations for the d a m  and d c r y s t  depositions. 

Figure 3(a). RBS spectra for iron metal marker showing very little difference between 

pre- and post-irradiation marker spreading. 
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Figure 3(b). Rl3S spectra for iron oxide marker in adam configuration showing 

significant difference in marker spreading between pre- and post-irradiation conditions. 

Figure 3(c). Comparison of pre- and post-irradiation RBS spectra for iron oxide marker 

in adcryst configuration showing significant marker spreading, and also showing 

asymmetric mixing profile. 

Figure 4(a). TEM cross-section for pre-irradiation d c r y s t  sample. 

Figure 4(b). TEM cross-section for an adcryst sample ion beam mixed at cryogenic (- 

145OC) temperatures to a dose of 2.5~10~~ Ar/cm2. 

Figure 4(c). TEM cross-section for an adcryst sample which was only thermally 

annealed at high temperature (725OC). 

Figure 4(d). TEM cross-section for an d c r y s t  sample ion beam mixed at high 

temperature (625OC) to a dose of 2.5~10~~ Ar/cm2. 

Figure 5. Summary of results for all thin film oxide marker mixing systems into alumina. 

Table Captions: 

Table 1. 

Review of ion mixing results for ceramic systems. Table is divided into three sections: 

oxide thin markers, oxide bilayers, and other mixing systems (nitrides and carbides). 

Table 2. 

Review of thermodynamic aspects and results of marker mixing in alumina. 
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Table 2. 

marker 

Fe2O3 

ion mixing activation energy ref compounds or solid solution ref 
(eV) 
0.52 (amorphous) [4] T>1400 C compound: (Fe,Al)406 ( ss spinel) [26] 

Cr2O3 

1.07 (crystalline) [25] T-4400 C AI203 solid solution with Fe3.0? 
0.36 [ 1 11 complete solid solution Cr2O3 in a203 for all [27] 

T< Tm to <20% CrqO? 
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