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Abstract

In this paper, we review the experimental observations of tht?E temperature dependence

and the moving species in ion mixing, emphasizing the metal-semiconductor systems. Ion

mixing is the combined effect of two components. One component is temperature

independent and is primarily due to events in the prompt regime, the other component is

temperature dependent and has the characteristics of the associated thermal reactions. The

moving species during ion mixing are influenced by collisional effects, either due to

secondary recoils, or due to local hot spots, or both. The secondary recoil concept is

consistent with experimental observations that the motion of the lighter element in a bilayer

sample is enhanced. There is ample evidence that while the athermal regime is caused by

particle-solid interactions, thermodynamical forces are important in deciding the magnitude

of mixing. In the thermally activated regime, the ion induced reaction product should be

influenced by the heats of formation of various compounds. We also indicate areas where

satisfactory explanations are not available at present.
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I. Introduction

This paper discusses two aspects of ion mixing, primarily for metal-semiconductor

systems; (i) the temperature dependence of mixing rates and (ii) the moving species during

ion mixing. It is these two aspects in ion mixing that eventually determine the ion-mixing

products. The general phenomena and the possible origins of these observed characteristics

will be addressed.

We begin by recognizing that there is a one-to-one correlation in the first phase

formation between thermal annealing and ion mixing of simple metal-Si systems (i.e. single

metal layer on Si) l l !. Upon further investigation of more complex systems, i.e. the W-Ni-Si

system and the Pt-Ni-Si system, it was found that ion mixing leads to ternary alloy formation

whereas thermal annealing may lead to layer reversal of these two systems . These

results are consistent with the concept that there is sigpificant semiconductor atomic motion

(Si in this case) during ion mixing.

Three possible explanations have been advanced by Hung and Mayer '51 as to why Si

atomic motion is always enhanced relative to that of the metal in ion mixing. Two of the

explanations, the influence of ion irradiation induced amorphous Si, and the release of Si at

the metal-Si interface within the collision cascade, were ruled out by experiments. The

presence of ion-irradiation induced defects in the samples was proposed as the third possible

cause to enhance Si motion under ion mixing conditions.

Upon careful examination of existing experimental results and utilizing of calculations

based on the TRIM (transport of ions in matter) computer simulation , Tao et al. noted that

the instantaneous damage energy density is always higher on the metal side for all metal-Si

systems reported and that the atoms from the low damage density region (the Si layer) move

preferentially into the high damage density region (the metal layer)I6J. This atomic transport

under ion mixing is analogous, but not identical, to the radiation-induced segregation in

dilute alloys m .
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Based on these observations, Tao et al. set out to test the concept of damage-controlled

atomic motion by moving the high damage region from the metal layer to the semiconductor

layer. The Ge-Mg and the Ge-Ti systems were chosen for the test since the instantaneous

damage density is higher in Ge than in either the Mg or the Ti layer. Figure 1 shows the

initial damage profile calculated by the TRIM code for the Ge-Mg system. Figure 2 shows

the backscattering spectra before and after ion mixing for the Ge-Mg sample. It is clear from

this figure that the two W markers merged into one after ion induced formation of Mg2Ge,

indicating that the dominant moving species is Mg. To our knowledge, this was the first

reported result in which semiconductor motion is not enhanced during ion mixing.

Encouraged by these experimental observations that motion of atoms from the low damage

region (Mg and Ti in this case) to the high damage region (the Ge layer) is enhanced, Tao et

al. investigated a total of twelve systems to test the general validity of the concept of a

damage controlled atomic motion. Table 1 summarizes the results. It is clear from the Table

that the concept of atomic transport from the low damage density region to the high damage

density region is followed for all 12 cases investigated. It should be pointed out that the

experimental results for these 12 cases were obtained in the thermally activated regime of

ion mixing (to be discussed in section HI).

II. Temperature dependence of atomic transport

The experimental results reported in Ref. [6] indicate two trends in ion mixing: (i) The

atomic transport during ion mixing appears to correlate with the instantaneous damage

distribution (essentially Frenkel pair production). It should be noted that the interstitials in

the metal layer are expected to disappear rapidly. Within a very short time, a steady-state

condition for defect distribution should set in for the entire sample. The correlation between

instantaneous damage distribution and atomic transport must therefore be an over-

simplification, (ii) There seems to be two components to atomic motions. One component
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is due to the influence of an ion beam. The other component is due to a thermodynamical

driving force as in the case of thermal annealing. When the two components are operating in

the same direction, generally only one element is observed as the moving species under ion

mixing. For example, in the ion mixing of Si-Cr, Si is observed to be the dominant moving

species since Si is favored to move thermally as well as due to the ion beam. When the two

components are operating in opposite directions (the Ni-Si system, for example), both

elements move as shown in Table 1.

Since the thermal annealing behavior appears to play a role in ion mixing, the question

arose whether the marker movement under ion irradiation would be affected by the

temperature at which ion mixing was performed. Hung, et al. investigated this issue using

the Ni-Si and Pt-Si systems . Figure 3 shows the effect of substrate temperature on the

atomic ratio of Si to Ni transport during ion mixing using either Ta or W as markers. The

dose required for the same amount of mixing between Ni and Si tends to increase with

decreasing temperanire. The atomic ratio of Si to Ni transport increases from - 0.2 at 180°C

to ~ 1.6 at -196°C (77 K). Figure 4 shows the individual amount of Si and Ni atoms crossing

the W marker versus the substrate temperature during ion mixing. The amount of Ni atoms

transported due to ion mixing increases with increasing temperature; whereas the amount of

Si atoms transported remains unchanged. The change of Si/Ni flux ratio with increasing

substrate temperature is, therefore, caused by the increase in the Ni transport. These results

may be further analyzed using the Q-curve concept.

III. The Q-curve

The temperature dependence of ion mixing rate is commonly referred to as the Q-curve.

The Q-curve is characterized by a very rapid mixing rate above a critical temperature Tc, and

a temperature insensitive mixing region below Tc. Figure 5 shows the Q-curve for the Ni-Si

system where the square of the mixed atoms divided by the number of incident particles was



plotted against the reciprocal of the substrate temperature during irradiation. At

temperatures below -40°C, the magnitude of the mixing appears to be temperature-

independent. Above -40°C, the mixing rate increases very rapidly. After subtracting the

temperature-independent part from the combined mixing data, one is left with an exponential

function of temperature with an activation energy of about 0.11 eV, in agreement with

findings reported in the literature t9'.

From Figure 4, one may also deduce an activation energy for the transport of Ni atoms

under ion mixing. It was found that the activation energy for the Ni flux is about 0.1 eV (the

Si flux is, of course, independent of temperature). It is obvious that the temperature

dependence of the Q-curve must be related to the temperature dependence of the Ni atomic

flux. The next question is: "Why is the Ni flux temperature dependent, but not the Si flux?"

IV. The origins of the moving species during ion mixing

We may divide the ion mixing processes into two regimes , the prompt regime (or

prompt mixing) and the delayed regime (or delayed mixing). In the prompt regime, the

incident ion transfers its energy to the target atoms, producing many recoils. The primary

collision producing recoils in the forward direction is considered to have an insignificant

contribution to ion mixing . Mixing in the prompt region is mainly due to secondary

collisions which are isotropic (commonly called cascade mixing). Biersack has

demonstrated theoretically that in a collision cascade the lighter target atoms always have a

larger displacement and therefore a larger recoil flux as compared to those of the heavier

atoms in a binary system with essentially a bilayer sample configuration. As mentioned

previously, Tao et al. i6i have investigated the moving species during ion mixing in twelve

binary systems; the experimental results showed that during ion mixing the lighter element

tends to migrate more toward the heavier element in all twelve systems, consistent with

Biersack's concept. For the Si/Ni case cited here [8), we may corrHate the Si motion with the
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larger secondary recoils of the lighter atoms proposed by Biersack. Since the motion of Si is

temperature-independent, it is consistent with the athermal nature of cascade mixing. There

are also secondary recoils generated in the Ni layer causing Ni atoms to move into the Si

layer. The relative magnitude of the atomic fluxes, i.e. the Si flux moving into the Ni layer

and the Ni flux moving into the Si layer, depends on the masses, the range of the ions and the

displacement energies, Ed. In cascade mixing, both constituents must move relative to each

other. The atomic flux ratio may be estimated using the TRIM code.

It is also possible to consider the motion of Si from another point of view. Shreter et al.

have proposed that during ion mixing the deposition energy in a small volume produces

an instantaneous localized high temperature region. The reaction in this region may be

treated as a normal thermal process for the duration of that high temperature. Therefore, we

may also consider the Si motion to be associated with a thermally activated process at

elevated temperatures within the collision cascade. In the cascade region the instantaneous

temperature may be much higher than the substrate temperature (a rough estimate showed a

temperature of - 700°C to 800°C under the condition used here for the Si/Ni system). Thus,

the variation of the substrate temperature from LN2 to 150°C has little influence on the

temperature of the cascade so that cascade mixing in this temperature range is essentially

independent of temperature. The motion of Si has been found to be significant at high

temperatures in the investigation of lateral diffusion of Si/Ni and Si/Pt systems where the

motion of Ni and Pt dominate at temperatures between 400°C ~ 700°C whereas Si motion

becomes significant above 700°C . This observation is consistent with the concept of Si

motion being favored in a high temperature cascade.

At present, it is not clear which of the two processes is the main cause of the Si motion,

but both processes would tend to enhance the Si motion relative to that of the metal. The

validity of the thermal spike concept applied to metal-Ge systems and metal-metal systems

remain to be tested. On the other hand, both the secondary recoil idea and the thermal spike

concept are due to particle-solid interactions and differ only in the time evolution following
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the impact of ions.

Following the example given by Averback , the time evolution of a collision cascade

has three phases: the initial displacement phase (phase 1) in which many atoms are

displaced from their lattice sites (- 10~13 sec), a relaxed phase (phase 2) in which close

Frenkel pairs spontaneously recombine (- 10~12 sec) and a "thermal spike" phase (phase 3)

in which stimulated diffusive motions in local hot spots induce additional recombination.

The observed enhanced motions of light elements may well be combined effects of both

processes. It is, perhaps, not an important issue to distinguish the two at present. TRIM

calculations based on the secondary recoil idea does, however, correctly predict the

experimental observation that increasing the Xe ion energy from 300 keV to 600 keV in the

mixing of the Ni-Si system causes an increase in Si atomic flux relative to that of Ni.

Chemica! effects in the low temperature regime

The temperature independent component of ion mixing is apparently associated with

collisional effects. It follows then, that if the kinematics of the irradiation were similar for

two different systems the ion mixing effects should be similar. Experimental observations,

however, suggest that this is not necessarily the case. For example, the mixing of Cu-Au is

much larger than that of Cu-W even though the kinematics are quite the same . Similar

trends were observed for the mixing of Cu-Mo, Cu-Nb and Cu-BiI16J. It was found that ion

mixing correlates with the heat of mixing through Darken's equation of diffusion ll9\ i.e.

2AHn
1

'in

RT
(1)

where D is the effective interdiffusion coefficient around 1:1 composition, DQ is the

diffusion coefficient for pure random walk mixing and AHm is the heat of mixing and

therefore the chemical driving force for diffusion. Experimentally the mixing rates were

observed to increase with increasing heats of mixing even in the low temperature athermal
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regime for various systems with similar kinematics of irradiation. The fact that the heat of

mixing is important for the low temperature athermal mixing suggests that interaction

energies comparable to chemical energies (i.e. < 1 eV) may be important in deciding the

mixing rate f16'19'.

VI. The thermally activated regime

Prompt events last for about 10"11 seconds; the delayed events then follow. Mixing in

the delayed regime is considered to be processes associated with radiation-enhanced

diffusion which is substrate temperature dependent. At low temperatures radiation-enhanced

diffusion has only a limited contribution to the transport of species. The prompt mixing

dominates, which result in a larger flux of light atoms than that of heavy atoms. As the

substrate temperature increases, delayed mixing becomes more significant and finally

becomes the dominant mixing process. In the case of ion mixing of the Ni-Si system, Ni

motion is temperature dependent, we may associate the Ni motion with radiation-enhanced

diffusion. It should be recognized that Ni is the dominant or only moving species during

thermal reaction of Si/Ni samples below 700°C (conventional furnace annealing). As the

substrate temperature is raised during ion mixing, the characteristics of thermal reactions

begin to show and may eventually dominate when the temperature is sufficiently high.

Since the atomic mobilities are enhanced in this regime, the kinetic restrictions

normally experienced in thermally induced thin film reactions should be significantly

relaxed. Ion mixing should, therefore, lead to the product with the largest driving force, i.e.

with the largest negative enthalpy of formation, AHf. Experimentally the ion mixed products

for metal-Si systems do not appear to correlate with thermodynamic driving forces, partly

due to very similar heats of reaction for various metal-Si systems and partly due to a lack of

systematic investigations. However, preliminary results obtained on the Co/Si system where

AHf of CoSi (-12 kcal/gm.at.) is significantly larger than those of Co2Si (AHf = -9.2
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kcal/gm.at.) and CoSi2 (AHf = -8.2 kcal/gm.at.) indicate a definite thermodynamic effect in

ion mixing. More work is required to confirm this issue.

VII. Summary

Ion mixing is, therefore, a combined effect of two components. One component is

temperature independent and is primarily due to events in the prompt regime, the other

component is temperature dependent and has the characteristics of the associated thermal

reactions.

The moving species during ion mixing are apparently related to collisional effects,

either due to secondary recoils, or due to local hot spots (thermal spikes), or both. The

secondary recoil concept is consistent with experimental observations that the motion of the

lighter element in a bilayer sample is always enhanced. The magnitude of mixing in the

athermal regime and that only one moving species is observed in certain systems cannot be

satisfactorily explained at present.

Thermodynamics, manifested in terms of correlations between mixing rates and heats

of mixing and between reaction products and heats of formation, play important roles in the

athcrmal and in the thermally activated regime of ion mixing.
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Table 1.

Moving Species for Thermal Annealing and Ion Mixing t

System

Si-Ni

Si-Pt

Si-Pd

Si-Mo

Si-W

Si-Cr

Si-Mg

Ge-Ti

Ge-Mg

Pd-Ti

Hf-AI

Ge-Si

Marker

W,Ag

Mo

W

W

W

W

W

w

Cr

Xe

Moving Species and

Flux Ratio Under

Thermal Annealing

Nionly

Pt _ 13

Si = 1

£>•
Si only

Si only

Si only

Mg only

Ge _ 15
Ti = 1

Mg only

Ti-I I
Pd 3 4

Al _ 1 2

Hf " 1

Si

Ion Mixing

Flux Species and

Moving Ratio

N i _ l 2
Si 2 ~ 1

PI _ 1 I
Si 1 ~ 2

£««•
Si only

Si only

Si only

Mg only

Ge 7
Ti "I

Mgonly

Ti _ 0.9 1.4
Pd " 1 ~ 1

Atoms Whose Motion

Is Relatively Enhanced

Si

Si

Si

Si only

Si only

Si only

Mg only

Ti

Mg only

Ti

Al

Si

Layer of Lower

Damage Density

Si

Si

Si

Si

Si

Si

Mg

Ti

Mg

Ti

Al

Si

Phase Formed*

Thermal

Annealing

NijSi

Pl2Si

Pd2Si

MoSi,

WSi2

CrSij

Mg2Si

Ge,Ti5

MgjOe

PdTij

•AljIU

Solid solution

Ion

Mixing

Ni2Si

Pt2Si

Pd2Si

MoSij

WSij

CrSi2

MgjSi

.IL<i
Ge ~ 5

M?2Ge

•S«'

•S-
Solid Solution

t (After Ref.t6J).

'When; compound is not listed, the atomic ratio measured by RBS is given.
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Figure Captions

Fig. 1. Depth distribution of nuclear energy loss for energy losses greater than ED, where
EQ is the energy needed to create a Frenkel pair. The calculation based on TRIM
is for a Ge/Mg/Ge sample.

Fig. 2. Rutherford backscattering spectra of the Ge(substrate) /W(5A)/Mg(1770A)/W(5A)
/Ge(l 160A) sample before and after ion mixing.

Fig.3. Temperature dependence of the flux ratio of Si to Ni. The open circles were
obtained with a Ta marker. The closed circles were obtained for the same mixing
between Ni and Si with a W marker.

Fig. 4. The individual amount of Si and Ni atoms transported due to ion mixing versus the
substrate temperature.

Fig. 5. Arrhenius plot of the rate of ion mixing (solid circle) in the Si-Ni system for 225
keV AT ions irradiation. The open circles indicate the temperature dependent part
of the mixing.
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