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Ar+-induced mixing mechanisms in metal-metal 
bilayer systems 
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Ion-beam mixing in AI-Pd, AICCr, Pd-Cu, Ag-Cu and Ag-Fe bilayers has been studied using 
Rutherford backscattering spectroscopy (RBS) and Auger electron spectroscopy (AES) over 
an ion dose range between 1 x 1015 and 1 x 1016 Ar + cm -2 at room temperature. RBS and 
AES results show that the mixing efficiency of the light elements is higher than that of the 
heavy elements. The mixing efficiency of a heavy element is independent of the heat of mixing 
energy, while that of a light element has a close relation with the heat of mixing. The 
experimental results are discussed in terms of cascade mixing and thermal spike mixing. 

1. I n t r o d u c t i o n  
Irradiation of a solid with energetic ions results not 
only in the production of vacancies and interstitial 
atoms, but also in the related phenomenon of ion- 
beam mixing. This ion-beam mixing process turns out 
to be a very suitable technique in producing either 
crystalline or amorphous surface alloys [1]. However, 
the basic mechanisms of ion-induced mixing are not 
yet very well understood; the rate of mixing of two 
component systems under heavy ion bombardment 
cannot be explained only by the cascade mixing mech- 
anism. In some cases, thermal spike and/or radiation- 
enhanced diffusion (RED) effects are believed to play 
an important role. Thus more than one mechanism is 
operating in a particular system. 

Ion-induced mixing processes such as cascade, ther- 
mal spike and RED are very closely related to the 
damage density produced by ion irradiation. The 
damage density profile due to ion bombardment in a 
binary system reveals [2] that the damage density in 
the heavy-element side is higher than that in the light- 
element side. This difference in the damage density 
between the light-element and heavy-element sides 
might affect the atomic transport of the constituents in 
a binary system during ion-beam mixing. Rauschen- 
bach et  al. [3] reported that in the A1 Fe bilayer 
system the mixing efficiency of A1 (light element) is 
significantly larger than that of Fe (heavy element) 
because of a strong dependence of diffusion coeffi- 
cients on the damage profiles. Tao et al. [4] noted that 
in metal-Si systems the atoms from the low damage- 
density region (Si layer) move preferentially into the 
high damage-density region (the metal layer), so the 
light element (Si atoms) plays the role of the moving 
species during ion-induced mixing due to damage- 
controlled atomic motion. 
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In this study we report the mixing efficiencies of 
constituents in metal metal bilayer systems (AI-Pd, 
AI-Cr, Pd Cu, Ag-Cu and Ag-Fe). The mixing effi- 
ciencies of the constituents in bilayer systems were 
investigated by Rutherford backscattering spectro- 
scopy (RBS) and Auger electron spectroscopy (AES). 
The experimental results are interpreted in terms of 
the cascade mixing and thermal spike-induced mixing 
mechanisms, associated with the nuclear energy de- 
position profiles. 

2. Experimental procedure 
Metal metal thin-film bilayers were deposited on a 
single-crystalline Si substrate by electron beam evap- 
oration in a high vacuum (10-7 torr). The thickness of 
the top metal layer (A1, Pd or Ag) was designed to 
match the mean projected range of the 80keVAr + 
ions in the top layer. The deposition rate and evapor- 
ated thickness of each element were monitored and 
controlled by a vibrating quartz-crystal deposition 
monitor. Ion-beam mixing was carried out with 
80 keV Ar + ions at room temperature in a vacuum of 
2 x 10 v torr. To avoid sample heating due to ion 
bombardment the substrate was glued to a large 
copper block and ion currents were maintained below 
1.5 gA cm -2. The ion fluence ranged between 1 x 1015 
and 1.5 x 1016 Ar + cm -2. 

The mixing efficiencies of AI and Pd in the A1-Pd 
bilayer system were investigated using the AES tech- 
nique. The 595 scanning Auger microprobe in the 
MSU Advance Materials Center was operated with a 
primary electron beam of 3.0 keV. Auger depth pro- 
files were obtained using 1 keVAr § ion sputter 
etching with simultaneous monitoring of the A1 
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LMM (68 eV) and Pd MNN (330 eV) Auger trans- 
itions. Intensities of the Auger peaks were determined 
as the peak-to-peak heights in the derivative spectra 
(dN(E)/dE mode). The residual pressure and Ar back- 
ground pressure were in the range of 10 .9 and 
10 - 6 torr, respectively. 

The RBS technique was employed to determine the 
average mixing efficiencies of light and heavy elements 
in bilayer systems. For  this, the target was tilted to an 
angle of 60 ~ from the incident He § beam, and the 
He + beam extracted from a 2 MeV Van de Graaff 
accelerator [5] was magnetically analysed and collim- 
ated to a 1 mm 2 spot on the sample. The energy of the 
backscattered He + ions was analysed with a solid- 
state detector at a laboratory scattering angle of 160 ~ 
The energy resolution of the analysing system was 
16 keV. 

3. R e s u l t s  a n d  d i s c u s s i o n  
In order to examine the atomic mixing process in the 
A1 Pd system during Ar + bombardment,  we meas- 
ured AES depth profiles of A1 (Fig. la) and Pd 
(Fig. lb) after mixing, using 5x1015 and 1 
x 1016 Ar + c m  - 2 ,  along with that of the as-deposited 

sample. The evaporated film thicknesses of A1 (top 
layer) and Pd (bottom layer) were 70 and 20nm, 
respectively. The AES depth profile of the as-depos- 
ited sample exhibits a rather sharp transition region at 
the interface. With increasing Ar + ion dose, the pro- 
files tend to become broader across the interface 
r6gion. This result clearly indicates that intermixing 
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has occurred through the Al-Pd interface as a result of 
Ar § bombardment. Also the peak position of the Pd 
signal moves progressively toward smaller sputtering 
time with increasing ion dose because of the sputter- 
removal of A1 atoms during ion-beam mixing. The 
thickness of A1 removed by sputtering is 10 nm at a 
dose of 1 x 101~ cm 2, as determined from the RBS 
area analysis. 

The AES depth profiling method has the advantage 
that in the case of smooth sputter removal, excellent 
depth resolution can be obtained, limited only by the 
escape depth of the Auger electrons ( -~ 1 nm). How- 
ever, a severe problem arises in determining the sput- 
tered depth since the sputtering rate is generally 
matrix-dependent. In this case, a depth scale with high 
accuracy can be obtained by measuring independently 
the individual thicknesses of the evaporated metal 
layers. The thicknesses of the evaporated A1 and Pd 
layers are evaluated from the RBS spectra of the as- 
deposited sample obtained with the sample normal 
tilted to an angle of 78 ~ from the incident He + beam. 
The R U M P  program [6] for the backscattering spec- 
tra is employed to evaluate the thickness of the evap- 
orated layers. By assuming that the concentrations at 
the AI-Pd interface in the as-deposited sample is a 
step-like function, the sputtering time corresponding 
to the evaporated film thickness can be defined here as 
the F W H M  of the AES depth profile. Comparing the 
RBS spectra with the AES depth profile for the as- 
deposited sample, the ion etching rates for the A1 and 
Pd layers for 1 keV Ar § during AES depth-profiling 
are found to be 5.15 and 5.02 nmmin -1, respectively. 

In the case of ion-beam mixing experiments, Fick's 
law is generally used under the assumption that the 
diffusion coefficient, D, is a constant, i.e. independent 
of atomic concentration, which results in a Gaussian 
error function type of depth profile [7] in the interface 
region. However, this assumption can never be used in 
a case where the depth profile of the interface deviates 
from the Gaussian error function as it does for a dose 
of 1 x 1016cm -2 in Fig. 1. We evaluate the diffusion 
coefficients or the mixing efficiencies as a function of 
depth from the AES depth profiles using the 
Boltzmann Matano method [8]. 

In a real experiment, the diffusion coefficients can 
vary with concentration gradient. In this case, Fick's 
second law must be written as 
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Figure 1 AES depth profiles of (a) AI and (b) Pd in AI-Pd bilayered 
system for ( ) an as-deposited sample, and for ion-beam mixed 
samples with doses of (-  ) 5 x 10 a5 and (---) 1 x 1016 Ar + cm -2, 

~c ~ / a c \  
- ~x~D~x) (1) ~t 

where c is the atomic concentration and x is the 
position along the depth. We assume that the initial 
conditions for c(x, t) are c(x > 0, 0) = 1 and c(x < O, O) 
- -0  for the A1 layer, and c(x<0,0)= 1 and 

c(x > 0 , 0 ) =  0 for the Pd layer. For these initial 
conditions, the partial differential Equation 1 can be 
transformed into an ordinary homogeneous differ- 
ential equation for c(y) using the substitution 
y = x / t  1/2. Using this definition of y and Equation 1, 
the relation becomes 

2D(c ' ) t  = _ ( d x ~  f~'xdc (2) 
\dc/c,do 
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where c' is any concentration 0 < c' < 1. When we 
define the mixing efficiency of a bilayer system as 
11 = 4Dt/~ (~ is the ion dose), the mixing efficiency for 
a given concentration c' can be calculated from the 
slope of dx/dc at c = c' and the area So'xdc. To 
calculate 11, the measured depth profile data have been 
fitted to a smooth cubic spline function, and then the 
differentiation and integration have been performed. 

Fig. 2b shows the calculated mixing efficiencies of 
A1 and Pd for the sample mixed with the dose of 
1 x 1016 Ar + cm -2 along with an AES depth profile 
(Fig. 2a) of the same sample for comparision. This 
result shows clearly that the mixing efficiencies, i.e. the 
diffusion coefficients, are far from being constants. The 
maxima of mixing efficiencies for A1 and Pd are found 
near the A1-Pd interface, and that for A1 is located 
behind the interface, while that for Pd is located in 
front of the interface. The maximum value of rl for A1 
is significantly higher than that for Pd by a factor of 4. 
This phenomenon of A1 diffusing faster than Pd might 
be correlated with collisional events such as cascade, 
thermal spike and RED effects, and different atomic 
mixing mechanisms between the light element (A1) and 
heavy element (Pd). 

The ion-induced mixing process is commonly 
divided into three stages [9, 10] according to the 
time evolution occurring in a given system: 

1. During the first - 10-13s, a set of cascades is 
initiated through individual collisions of moving 
atoms (primary ions and recoils) with target nuclei at 
rest (cascade mixing regime). 
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Figure 2 (a) AES depth profiles of ( ) A1 and (---)Pd at a dose of 
1 x 1016 Ar + cm -2. (b) Depth  profiles of calculated mixing efficien- 
cies for ( ) A1 and (-..) Pd at a dose of 1 x 1016 Ar + cm 2. 
(c) Depth  profile of the nuclear energy deposition, Sn, due to 80 keV 
Ar + in the A1 (70 nm) -Pd  (20 nm)-Si system. 

2. If the deposited energy is sufficiently large, the 
highly disordered cascade region achieves local ther- 
mal equilibrium with its surroundings during the first 
few picoseconds. The resulting local hot region, which 
may survive for up to~-10-11s, is then called a 
thermal spike (thermal spike regime). 

3. Eventually the atoms in the vicinity of the initial 
cascade will have reached thermal equilibrium, and 
return slowly to ambient temperature. Then atomic 
motion occurs by thermal diffusion of irradiation- 
induced defects, known as radiation-enhanced diffu- 
sion. This type of transport occurs over time intervals 
of from 10-11s up to more than ls (RED regime). 

All the phases are very closely related to the nuclear 
energy deposition distribution or the damage density 
profile produced by ion irradiation. Guinan and 
Kinney [11] have observed, using molecular dynam- 
ics computer simulation for high-energy cascades, that 
almost all defects are produced in the cascade phase, 
and that a large number of defects annihilate during 
the thermal spike phase to result in atomic transport 
that is more than an order of magnitude greater than 
that predicted from equilibrium transport theory. 
Also, Biersack [12] has demonstrated theoretically 
that in a collision cascade the lighter target atoms 
always have a larger displacement as compared to that 
of the heavier atoms in a binary system. We suggest 
that these observations might be the theoretical sup- 
port for our experimental observations. 

Fig. 2c shows the nuclear energy deposition, 
S,, profile due to 80keVAr + ions in the 
Al(70 nm)-Pd(20 nm) Si system. The S, profile was 
obtained employing the TRIM Monte Carlo simu- 
lation program [-13] with 1000 incident Ar + ions. The 
projected range of Ar + (Rp = 69 +_ 21 nm) is marked 
with an arrow. As shown in Fig. 2, the S, profile is very 
similar to the depth dependence of the mixing efficien- 
cies: near to the interface, the energy deposition is 
highest and the mixing efficiencies show maxima, 
also the energy deposition on the Pd side is higher 
than on the A1 side and the value of rl for A1 is 
significantly higher than that of Pd. These results 
reveal that the phenomenon of A1 diffusing faster than 
Pd relates closely to the nuclear energy deposition 
profile and its related mixing mechanism. 

Therefore we suggest that the higher energy depos- 
ition on the Pd side induces a pronounced vacancy 
concentration, which causes a pronounced increase in 
diffusion of A1 by the RED mechanism via vacancy 
migration and/or thermal spike-induced mixing [14]. 
In fact, A1 has the lowest vacancy migration energy 
among metals [15] and a high solubility in Pd (about 
18 at %) [16] compared with the negligible one of Pd in 
A1. Moreover the A1-Pd binary system has a relatively 
high negative heat of mixing energy ( A H  m --  

- 104kJg-at -1) [-16]. As a consequence of the high 
energy deposition on the Pd side, the low value of 
migration energy for A1, the high solubility of A1 in Pd, 
and the highly negative value of AH m, radiation- 
enhanced diffusion and/or thermal spike-induced mix- 
ing would be more pronounced for A1 than for Pd, and 
A1 atoms may diffuse into the Pd matrix due to a 
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Figure 4 Atomic mixing variances of ( ) Al and ( - - )  Cr as a 
function of ion dose. 

different diffusion mechanism from that of the Pd 
atoms. 

In order to elucidate our suggestion in more detail, 
we investigated the average mixing efficiencies of the 
light elements and heavy elements in A1-Cr, Pd-Cu, 
Ag-Cu and Ag-Fe bilayer systems using the RBS 
technique. Fig. 3 shows typical RBS spectra for 
Al(70 nm)-Cr(40nm) bilayers for the as-deposited 
sample and for samples mixed with doses of 6 x 1015 
and 9 x 10 is Ar + cm -2. The incident energy of He + 
was 1.4 MeV and the target was tilted to an angle of 
60 ~ from the direction of the incident He + beam. All 
the spectra have been normalized to the height of the 
random Si substrate signal obtained from the as- 
deposited sample. The signals for various elements are 
indicated by arrows in the figure. It can be seen from 
Fig. 3 that Ar + ion bombardment has caused broad- 
ening of the RBS signal for Cr and A1; the signal 
portion of the low-energy edge for A1 is progressively 
shifted to lower energy with increasing ion dose, while 
the high-energy edge for Cr moves to higher energy. 

To evaluate the average mixing efficiencies for A1 
and Cr, the mixing variances of Cr and A1, defined as 
~2 = 2Dt, are extracted by fitting the high-energy edge 
of the Cr signal (bottom layer) and the low-energy 
edge of the A1 signal (top layer) in the RBS spectra 
to an error function, erf(x/21/2~). The RUMP 
program [6] is employed to simulate the RBS spectra, 
taking into account both detector resolution and the 
energy straggling effect. Fig. 4 shows clearly that the 
mixing variances increase linearly with ion dose. 
The mixing efficiencies of A1 and Cr, defined as 
r 1 = d(4Dt)/d~ or 2d(A~2)/ddp, can be evaluated from 
the slopes of the linear fit. The mixing efficiencies for 
Al and Cr are found to be 12.6 and 2.38 nm 4, respect- 
ively. The value of rl for A1 is significantly higher than 
that for Cr as in the case of the A1 Pd system. 

Plots of the mixing variance, cy 2 = 2Dt, versus ion 
dose have been constructed for the Pd-Cu, Ag-Cu 
and Ag-Fe bilayer systems. The data points for each 
system were least-squares fitted with a straight line, 
and the value of q was evaluated from the slope of the 
linear fit. Fig. 5 shows the mixing efficiencies of heavy 
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elements, flu, in binary systems v e r s u s  A H  m (Fig. 5a) 
and the ratios of the mixing efficiencies of light 
elements (qe) to qn in a binary system as a function of 
AH m (Fig. 5b). These results show that qn is independ- 
ent of AHm, while the value of rlL/q,  reveals a strong 
dependence on AH m. We present in the following 
discussion a qualitative analysis for these phenomena 
in terms of cascade and thermal spike-induced atomic 
mixing. 

Sigmund and Gras-Marti [17] derived an analytic 
expression for the mixing efficiency, q, in the cascade 
region: 

2 S n R 2 
n = Ed (3) 

Here F 0 = 0.608, ~21 = [4MIM2/ (M1 + M2)2] 1/2, 
where M 1 and M 2 are the atomic mass number of 
incident ion and target atom, E a is the minimum 
displacement energy and R c is the mean range of a 
displaced atom taken to be 1 nm [183. Recently, John- 
son et al. [19] derived a phenomenological expression 
for the effective mixing efficiency in the thermal spike 
region 

I K A//m 
rl - pS/SAH2oh~l + 2 ~ j  (4) 

where 9 is the average atomic density, AHoo h is the 
cohesive energy, and K 1 and K z are fitting constants 
with values of K1 = 0.0035 nm and K 2 = 27. 

When the mixing process of a constituent of a 
bilayered system arises due to a cascade mixing mech- 
anism only, the mixing efficiency of the constituent 
should be proportional to the value of S.~21/NEd as 
shown in Equation 3, and it should be independent of 
A H  m. When the mixing process is induced by the 
thermal spike effect, the mixing efficiency should have 
a close relation with A H  m. Fig. 5c shows the mixing 
efficiencies of heavy elements, q . ,  in binary systems as 
a function of Sn~21/NE d. qn is proportional to the 
value of Sn~21/NEd a s  expected from Equation 3, 
except for the A1-Cr system. The value of qH for the 
A1-Cr system is considerably larger than the expected 
value from Equation 3. Some of the A1 Cr samples 
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were studied by scanning electron microscopy. After 
irradiation with 1 x 1016 Ar + cm -2, the surface of the 
A1 layer has a dense distribution of 0.1-0.2 tam size 
craters, which would cause an anomalously large 
degree of mixing in RBS analysis. Therefore we sug- 
gest that the unexpectedly larger value of Vln for the 
A1-Cr system might be due to the dense distribution of 
craters. 

Thus we conclude that the mixing mechanism for 
the heavier elements in a bilayered system is due to the 
cascade mixing process, and lighter elements are inter- 
diffused by thermal spike-induced mixing. 

In terms of the ion-beam mixing model mentioned 
above, this suggests the following. Assuming that the 
value of RZ/Ed for the light element is approximately 
equal to the value for the heavy element in a binary 
system, the relocation of heavier atoms in the light- 
element side is favoured against the relocation of 
lighter atoms in the heavy-element side because the 
nuclear energy deposition in the heavy-element side is 
about 2 3 times higher than in the light-element side. 
Therefore the light element interdiffuses faster than 
the heavy element, and the heavy element may lose a 
chance to reach the thermal-spike mixing phase. Thus 
the heavy element interdiffuses by cascade mixing 
as shown in Fig. 5a and c, while the light element 
interdiffuses due to the thermal spike-induced mixing 
as shown in Fig. 5b. 

4 .  C o n c l u s i o n  
Ar + ion beam-induced mixing of A1-Pd, A1-Cr, 
Pd-Cu, Ag-Cu and Ag-Fe bilayers has been studied 
using RBS and AES techniques for ion doses in the 
range between 1 x 1015 and 1 x 1016 Ar + ions cm -2 at 
room temperature. The mixing-induced AES depth 
profile at the A1-Pd interface deviated significantly 
from the Gaussian error function. Therefore, the mix- 
ing efficiencies of AI and Pd atoms are evaluated as a 
function of depth by the Boltzmann-Matano method. 
The mixing efficiencies are found to be far from con- 
stant and show maxima near the A1-Pd interface. The 
maximum value of the mixing efficiency for A1 is 
higher than that of Pd by a factor of 4. This profile of 
mixing efficiency is very similar to the nuclear energy 
deposition profile. Also, the average mixing efficien- 
cies in the A1-Cr, Pd-Cu, Ag Cu and Ag-Fe systems 
from RBS analysis reveal that the mixing efficiencies of 
heavy elements (Cr, Pd, and Ag) are independent of 
the heat of mixing energy or migration enthalpy, while 
those of light elements (A1, Cu and Fe) have a close 
relationship with the heat of mixing energy, which 
means that in a binary system, the heavy element 
interdiffuses by the cascade mixing mechanism and 
the light element interdiffuses due to the thermal-spike 
mixing mechanism associated with damage-controlled 
diffusion. 

Figure 5 (a) Mixing efficiencies of the heavy elements, rlH. (b) Ratio 
of mixing efficiencies of the light element, qL, to that of the heavy 
element,Tin, as a function of AH m. (c) Mixing efficiencies of the 
heavy elements, qn,  as a function of Sn~21/NEd in Ag-Fe, Ag-Cu, 
Pd-Cu and A1-Cr binary systems. 
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