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Irradiation effects in Ag-Fe bilayers: lon-beam mixing, recrystallization, and surface roughening
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Ag/Fe bilayers deposited onto Sj(%i substrates were irradiated at 20, 77, and 300 K with 300—750 keV Ar
and Xe ions in order to study the ion-beam-induced mixing and phase formation in this thermally immiscible
system. A combination of Rutherford backscattering spectros¢BBS), channeling, conversion electron
Mossbauer spectroscop EMS), and scanning tunneling microscof§TM) was used to analyze the atomic
transport at the interface and the resulting microstructure and morphology changes of the samples. In the
CEMS measurements, a 13 nm thifFe marker layer at the Ag/Fe interface was introduced in order to
enhance the sensitivity to alterations of the interfacial composition. From the small amount of Ag atoms found
to be dissolved in Fe and from the sharpness of the element profiles at the interface, we derived a very small
mixing efficiency, which is significantly smaller than the prediction of the ballistic model. Since ballistic
mixing is expected in any case, we argue that demixing and phase separation occur in the relaxation stage or
thermal spike phase of the collision cascade, as a consequence of the positive heat of mixing. On the other
hand, ion irradiation induces a large surface roughening of the Ag top layer as proven by STM. This effect is
obviously due to recrystallization of Ag, which results in grain growth and texture formation along the
direction of the impinging ion, as demonstrated by RBS/channeling measuref®&01863-182(06)02921-9

. INTRODUCTION NZ3(AH )2
Thed=2K—=1772 @
Since the beginning of the 1980’s, ballistic mechanisms b
during ion-beam mixing have been recognized and described
by Sigmund and Gras-Mart? According to their model, whereN is the mean atomic density of the target material
ion-beam mixing only depends on the kinematic propertieindk is the mixing rateA o?/®. Nevertheless, in all these
of the materials, it always takes place, and it is independermodels the chemical driving forces have been assumed to be
of the chemical properties of the system. The most importanfavorable for mixing in systems with negative heat of mix-
parameter is the energy densiy, , deposited at the inter- ing.
face in primary and secondary elastic collisions.

Transient diffusion in thermal spikes was proposed when

. : . . Immiscible Miscible

it became evident that in most bilayer systems the measured , : — ,
mixing rates were up to ten times larger than those predicted 6 .
ballistically® Such diffusion processes can be biased by NiAl 1
chemical driving forces and, indeed, an increasing amount of < St |
mixing was found for increasing chemical affinities in kine- ®© 4} i
matically similar bilayer couple$.The influence of the co- % NiTly

hesive enthalpy AH.,) and the heat of mixingAH ;) in £ 3 NiTi g g SPNI
thermal spikes has been delineated in some models, giving B ol lAg/Fe TiStel AT ]
rise to a Darken-type enhancement of the mixing process. & corm =-°§frTrii l
Cheng: using fractal theory, determined that a mean atomic 1 PdiCo FeNe e .
number @) larger than 20 was a necessary condition for the 0 i tecoa N
formation of thermal spikes. In most of the cases, the con- -010 -0.05 000 005 0.1 0.15
sideration of the chemical driving forces within these models Chemical Affinity ( AH_,/JaH_ ;)

accounts for the difference between the ballistic mixing rates

and the experimental data. The experimental obserfation fic 1 Reduced mixing efficiencyy,.q observed for various
presented in Fig. 1 is also reproduced by these models: thglayer couples as a function of the chemical affinity of top and
higher the chemical affinity AH ,x/AHy), the larger the  pottom layers. The data were taken from Ref. 6. The prediction of
ion-beam mixing. In this figure, ion-beam mixing is ex- the ballistic model is represented by the horizontal dashed line, the
pressed by the reduced mixing efficiengy.y: arrow indicates the position of the Ag/Fe system.
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TABLE I. Geometry of the samples used in this work: ion, ion energy, irradiation temperature, substrate,
Fe thicknessg,, initial Ag thicknessd,,, final Ag thicknessdi\g, maximum ion fluenced™® projected
rangeR, and range stragglingR,, .

lon & Temp. dre dirg dig pmax R,® AR
Energy (K) Substrate  (nm) (nm) (nm) (10% ions/cnt) (nm) (nm)
20 Si 95 90 67 60 120 48
Ar 770 Si 150 110 80 60 120 48
300 keV 77 Si 150 105 53 70 120 48
300 Si 150 105 53 60 120 48
20 Si 95 70 58 10 97 36
Xe 77° Si 150 70 50 8 97 36
750 keV 77 Si 150 65 48 7 97 36
300 Si 150 95 75 8 95 31
450 keV 77 SiQ 70¢ 50 26 8 61 25

sCaIcuIated withTRIM, version 1992.
Single step irradiation.
‘Sequential irradiation.

With a 13 nm>’Fe marker layer.

Until some years agblittle theoretical and experimental base pressure in the evaporation chamber wad @ ¢ Pa
work had been done, in systems with positive heats of mixand about X 10 ° Pa during film deposition. The evapora-
ing (i.e., thermally immiscible systemdike Cu/Bi, Cu/Nb, tion was performed by means of an electron gun for Fe and
and Cu/Ma? Fe/Cu; Fe/Mg;'® and Ag/Ni***but now they  Ag and by a W crucible heated by the Joule effect for
are of growing interest as their usefulness in understanding’Fe. The deposition rate for all the elements was kept at
the basic ion-beam-mixing processes has been recognizeflo_1 8 nm/min and controlled by means of a quartz oscil-
For this reason, the system silver-iron with its large positiveator. The thicknesses of the layers were 5@ nm Ag, 13
heat of mixing QH x=+42 kJ/mole at equiatomic com- (+1.2 nm *"Fe and 54¢ 1.5 nm Fe on 150 nm Si@Si
position, or even in the liquid stateHpl, = +28 kJ/molg,"®  supstrates. The substrates were kept at 300 K during evapo-
and its mean atomic numbeZ £ 36.5, favoring, according ration. The detailed geometries of the samples are listed in
to Cheng’s analysi3the formation of thermal spikgss of  Table I.
particular interest. In addition, the difference in mass permits
the analysis with Rutherford backscattering spectroscopy
(RBS) and the®’Fe isotope can be used to study the micro- B. lon implantation

structure via Mssbauer spectroscopy. lon implantation at 300, 77, and in two cases at 20 K was

performed at the (tingen 530 kV implanter IONAS? The

Il. EXPERIMENTAL ion species used were Ay Xe™, and Xe"* with energies
ranging between 300 and 750 keV. The corresponding pro-
jected ion ranges as calculated with tteam code (version

The bilayer samples were prepared by subsequent depogi992*° are listed in Table I. Typical beam currents measured
tion of Fe and Ag films on water-cooled silicqi00) sub-  at the target were about 1-44A over a 1X 1 cm? surface
strates by electron gun evaporation. The iron films of 70-area. Homogeneous implantation was achieved by means of
150 nm thickness were deposited at a typical rate of 0.2—0.8n electrostatiX-Y sweeping system. The effects of irradia-
nm/s, as monitored by a quartz oscillator, and at a pressuiign as a function of the ion fluenck were investigated in
lower than 10 # Pa during evaporation. Fe films thicker than two different ways:(a) a single sample was irradiated in
150 nm could not be prepared because of delamination dugequential steps and analyzed after each irradiation with the
to intrinsic stresses. Subsequently, without breaking thelifferent methods(sequential irradiationor (b) different
vacuum and under the same conditions, 60—110 nm thicklentically prepared samples were irradiated at the desired
silver films were deposited onto the Fe layer. The thick-ion fluence in a single stefsingle step irradiation
nesses of the Ag films were chosen depending on the ion The energy densiti, deposited at the interface via elas-
species and energies they were to be irradiated with. In thitic collisions was determined by means of tirem (Ref. 15
way, the desired deposited energy density at the interfaceode, taking into account the higher generation recbisis
(Fp) could be adjusted and the complicating effects of suractually smaller than the nuclear stopping powgy) (of the
face sputtering could be decoupled as much as possible fromn, since the recoil atoms themselves lose their kinetic en-
the processes taking place at the interface. ergy by both elastic nuclear and inelastic electronic stopping.

Bilayers of Ag/Fe with a 13 nm marker ¢95% isotopi-  Furthermore, the spatial distribution B might differ from
cally enriched °Fe at the interface were deposited ontothat of S, because of the energy transport by the primary
SiO,/Si substrates by successive evaporation of the threeecoils. The deposited enerd is related to the number of
components under ultrahigh vacuuHV) conditions. The relocated atoms By

A. Sample preparation
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Fo=(2np+ng)Ep, 2 500 : . .
. 750 keV Xe
where np and ng denote the number of displacement and 90 nm Ag/150 nm Fe
.. . . 400 o i
replacement collisions per unit path length aig is the i) As deposited /
displacement threshold<(20 eV). Because of sputtering, the 2 810" Xelom? ;
Ag film gets thinner as it is bombarded, i.e., its thickness %, 300} 1
d(®) is a function of the ion fluenc®. From theTRim (Ref. 8
15) simulations it has been found that the energy deposited at & 200 " ]
the interface depends on the top layer thickness and thus § : “\
varies with the ion fluencé. Therefore, an average depos- 20 100 ‘ ; i .
ited energy density is considered: Y .
— 1 ([ Pma 0 400 600 800
Fqu)maXfo FD(d((I)))d(D (3) Energy [keV]

As confirmed by the experimental observations, FIG. 2. RBS spectra of an Ag/Fe bilayer, as-depositemlid
d(CI)) = dO—YcI) is a linear function of the ion ﬂuen({where line) and after irradiation with & 10® Xe/cm? of 750 keV at 77 K
the slopeY corresponds to the sputtering ragnd a third- ~ (dashed ling
order polynomial can be fitted 6 (d) in order to perform

the integral. interfacial concentration gradient?,,, and the lateral fluc-

tuation of the top layer thicknesaé, which itself contains
both the interface and the surface roughness. In the present
After deposition and after each irradiation step, thecase, as will be demonstrated belavf, is, to a large extent,
samples were analyzed by means of Rutherford backscattegietermined by irradiation-induced Ag grain growth and the
ing spectroscopyRBS), using the 900 keV He™ beam of  corresponding surface roughness of the Ag top layer. The
the Gatingen 530 kV implanter IONAS? The energy spec- influence of the surface roughness on the RBS spectra is
trum of the backscattered He' ions was measured Using a gchematically illustrated in Fig. 4. In a first-order approxima-

silicon surface barrier detector under an angle of 165° Withjo, the total effect at the Ag/Fe interface is given by
respect to the normally incident beam. The detector resolu-2 2

2 .
, . =g+ 05, . If no damage were produced at the Fe/Si
tion (measured at the silver surface of each sajnplas _ RBS_7d” 7 mix g P

about 12 keV(full width at half maximun). Typical values interface, its variance would refleof; only, and could thus
for the beam current were between 5 and 15 (150—500 be used to estimate the influence of the surface roughness on

nA/cm?). the variance observed for the Ag/Fe interface. However, we
Except for two cases, where ion implantation and rpscannot exclude that mixing also occurs at the Fe/Si interface:

were performed at 20 K without warming up the sample in@though most ions were stopped in the Fe film, elastic en-
between, all the RBS measurements were done at 300 K. F&F9Y at the Fe/Si interface was deposited by recoiling Fe
some selected samples, the texture of the Ag top layer, due to
ion—induced recrystallization, was monitored by means of
the channeling effect. For this purpose, an angular RBS scan
with a well collimated HE * beam was performed across the
incidence angle of the implantation beam.

The spectra analysis was performed using the program
RUMP.2®1" This program allows the simulation and fitting of
an error-function-like composition profile of the elements in-
volved:

C. Rutherford backscattering spectroscopy

1 (x—d)/\20,
C(X) _ CO J RBS

= _2
1 2\/; exp(—z9)dz|, (4

whered is the interface positiorftop layer thicknessand 0.5
oRes IS its standard deviation.

A typical RBS spectrum of a sample before and after
irradiation with 750 keV Xe ions is shown in Fig. 2. The 0.0 - R
respective experimental depth distributions of Ag and Fe are 0 500 1000 1500
plotted in Fig. 3, together with the fitted error function pro- Depth [A]
files. As observed in many other ion mixing experiments, the
edges at the interface are less steep after irradiation, i.e., FiG. 3. Experimental concentration profiles obtained from the
O'ZRBS increases with increasing ion fluence. However, onespectra shown in Fig. &solid line). The dashed lines represent the
should note thab3gs is composed of the variance of the fitted error function.

0

Concentration

(b)
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Energy +
Rough (c) RBS spectrum ) .
suface  Lasassasyee et T
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FIG. 4. Sketch of a bilayer with an intermixed interfa@g and z[nm]
of a bilayer with a rough surfadg). Both cases result in the same ) o )
RBS spectrunc). FIG. 5. Surface height distribution as measured with STM for a

sample as—deposite@olid line, ogry=3.1(=0.1) nm and after
atoms. In fact, the variance measured at the Fe/Si interfadgadiation at 77 K with 4<10'® Ar/cm? of 300 keV (dashed line,
was generally larger than the one observed at that Ag/F&sm=10.1(x1.1) nm.

interface.
should be mentioned that, because of the energy loss of the

conversion electrons, the information depth in Fe and Fe-
_ . based alloys is limited to about 100—150 Ah{! This is
In order to quantify the surface roughnesg, scanning  more than twice the depth of th&Fe layer in the samples

tunneling microscopySTM) was performed. The measure- reported here and hence more than 95% of thesséauer
ments were done in air with a Nanoscope Il microscope iNspectra originate from th&’Fe-enriched layer.

constant current mod€0.05 — 1.1 nA. The bias voltage

varied in the range 550-1000 mV, where no alterations of
the surface during the STM measurements were observed. lll. RESULTS
The scanning areas were 1000000, 200 2000, and

4000x 4000 nnt. The variance of the height distribution of ) o
the STM scans As mentioned above, RBS measures the depth distribution

of the constituent materials of the Ag/Fe bilayers laterally
) - averaged over the beam spot of 2 mm in diameter. As shown
Usmzmzl (zi—2)%, (5  in Figs. 2 and 3, the irradiation results in a narrowing of the
Ag top layer due to sputtering as well as a clear broadening
was taken as a measure of the surface roughaéssHere, of the interfacial edges of the Ag and Fe distribution. We
N is the number of pixel§400x 400 of the STM image, again point out that this broadening, because of the lateral
z, the surface height at pixé|] andz their average value. In averaged signal, may be caused by atomic intermixing of the
order to achieve the most representative data, the height di#terface and roughening of the surface due to sputtering
tribution obtained from the largest available scan was usedind/or recrystallization. _ _
Here, it must be mentioned again tha might contain, in In Fig. 6@a), the related changes in the variances
addition to the surface roughness, a contribution due to inA ores= res(P) — ogs(0) are plotted as a function of the
terface roughness. As will be justified below, there is nolon fluenced for the case of a sample sequentially irradiated
evidence for the presence of the latter in our data and we ca@f 77 K with 300 keV Ar" ions. The nonlinear dependence
considero%y,, as a measure af5. In most cases the height should be noted, which is in contrast to the linear depen-
distribution (see Fig. 5 was Gaussian, however, there were dence usually reported for miscible systems and to the pre-
also some non-Gaussian distributions. Although the varidictions of the theoretical models. The dispersion of the data
ances of the data were always clgsgically within 15% to ~ Points for individual samples irradiated at a different fluence

those of the Gaussian fits, in such casggs might not be a each, as shown in Fig.(8), is too high to draw conclusions
2 as to whether such deviation persists. The dispersion may be

inear superposition any more ofy,, and oy attributed to small differences in the preparation of the
samples, which can lead to slightly different properties of the
films and their surfaces. However, the broadening at high
The samples having thé’Fe enriched Ag/Fe interface fluences seems to be smaller than in the case of sequentially
were investigated with conversion electron $8bauer spec- irradiated samples. The broadening found after 20 K bom-
troscopy(CEMS) in the as-deposited and the implanted state bardment with Ar ions atb =60x 10%° Ar/cm? is also dis-
All the spectra were taken at room temperature with a conplayed in Fig. 6 and it is only slightly smaller than those of
ventional He/6%CH-flow proportional countéf and a con- the samples irradiated at 77 K. In the case of room-
stant acceleration drive with @'Co/Rh sourceabout 400 temperature single irradiatiori&ig. 6(c)], the dispersion of
MBq). The spectra were analyzed by superimposing Lorentthe data is small and little deviation from linearity is ob-
zian lines with a least-squares-fit prografisomer shifts  served. The samples irradiated with Xe ions, which are dis-
are always given relative ta-Fe at room temperature. It played in Fig. 7, present similar characteristics as discussed

D. Scanning tunneling microscopy

A. RBS measurements

N

E. Conversion electron Massbauer spectroscopy
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FIG. 6. Interface broadening o3gs as a function of the ion . . .
9.o7es FIG. 7. Interface broadening ogs as a function of the ion

fluence® measured with RBSa) for one single sample irradiated fluence® measured with RBSa) for one single sample irradiated

sequentially W.'th 3.00 kgv Arat .77 Kb for a series of sam_ples sequentially with 750 keV Xe at 77 Kp) for a series of samples
each of them irradiated in one single step with 300 keV Ar ions ateach of them irradiated in one single step with 750 keV Xe ions at
77 K and 20 K(circle), and(c) for a series of samples irradiated in 9 P

. : . 77 K and 20 K(circle), and(c) for a series of samples irradiated in
one single step at 300 K with 300 keV Ar ions. one single step at 300 K with 750 keV Xe ions.

above. In Fig. 8, the RBS spectra of the sample irradiated B. STM measurements
with Ar ions at 20 K are shown. The spectra were taken at 20

K bef_ore and immediately after irradiation and z_ilso aft_erorder to examine the surface roughness before and after ion
warming up the sample to room temperature. An inSpectiof,  jiation. |n Fig. 10, the STM images of a virgin sample

of the high-energy edge of the Fe signal clearly shows that,q of 5 sample irradiated with 300 keV Ar ions at 77 and at

no additional broadening occurs during warming up of the3gg K are displayed. The surface of the as-deposited sample
sample. The Ag signal is affected by a channeling effect due

to irradiation-induced recrystallization, as will be discussed

Selected samples were investigated by means of STM in

below. 500 T T T T
i I i i i i F As d ited
As indicated above, samp!es irradiated to high fluences in i Mo st 20K
one step show a decrease in the RBS yield of the Ag top Tl Measurement at 300 K ]

layer. Therefore, RBS-channeling scans were performed in
order to test if this can be attributed to an irradiation-induced 300
texture in the sample surface. For this purpose, specific
samples were irradiated at 20, 77, and 300 K with Xe ions at 200
normal incidence. In addition, one sample was irradiated at

77 K and an angle of about 15° with respect to the surface 100
normal and another one at 20 K with normally incident Ar
ions. Figure 9 shows the normalized Ag backscattering yield %0 500 600 700 800
as a function of the tilt angle. A minimum value is found
when the direction of the analyzing particles coincides with
that of the implantation beam, indicating an increase in tex- FIG. 8. Comparison of the spectra measured for a sample as—
ture in the direction of the impinging ions. This effect is deposited(solid line), immediately after irradiation with %10

more pronounced for low-temperature irradiation. No chan-ar/cm? at 20 K (dashed lingand after warming up the sample to
neling effect was observed for the as-deposited samples. room temperaturédotted ling.

Energy [keV]
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FIG. 9. Normalized RBS yield of the Ag film as a function of 200-390 key Ar’.' .300 K
the tilt angle for samples irradiated under normal beam incidence 150} Single irradiation.
with (a) 300 keV Ar ions at 20 K(b) 750 keV Xe* * ions at 300 K 100l i
and(c) at 20 K, and(d) for a sample irradiated with Xe ions at 77 @
K and an incidence angle of 15°. S0r
Ofm ®

is flat and presents small grains. After room-temperature ir-
radiation the grain size has increased remarkably and the
surface has become much rougher. Such an increase in the
grain size is also seen after 20 and 77 K irradiation, but here

0 10 20 30 40 50 60 70
@ [10"%ions/cm?]

(a) 4 &
" ¥ i
L
s
»
(b)
(c)

+15

-15 nm

+25

-25 nm

+25

-25 nm

1
1000 nm

FIG. 10. STM images of(a) an as-deposited samplé)) a
sample irradiated with 34 106 Ar/em? at 300 K, and(c) a sample
irradiated with 4< 10'® Ar/cm? at 77 K.

FIG. 11. Change of the roughness parameterz,,, as a func-

tion of the ion fluenced measured with STM(a) for one single
sample irradiated sequentially with 300 keV Ar ions at 77, for

a series of samples each of them irradiated in one single step with
Ar ions at 77 K, and(c) for a series of samples each of them
irradiated in one single step at 300 K.

the surface consists of flat platelets, while in the case of the
300-K-irradiated sample spherically shaped grains are
formed. No difference was observed between the images of
the samples irradiated in one single step and those irradiated
sequentially.

A gquantitative analysis of the STM results is possible by
evaluating the measured height distribution of the surface, as
shown in Fig. 5. The second moment of the height distribu-
tion (03, increases with the ion fluenck, as shown in
Fig. 11 for the cases @B) one sample irradiated sequentially
at 77 K, (b) a series of samples irradiated in one step at 77 K
and (c) a series of samples irradiated in one step at 300 K.
The value found after 20 K irradiation with >610%°
Ar/cm? is also included in Fig. 1(b). Figure 12 shows the
results for the samples irradiated with Xe ions. The curves
present the same characteristics and magnitudes as in RBS,
including the fact that the broadening observed at 20 K is
slightly smaller than at 77 K.

C. Mossbauer measurements

A set of samples enriched iA’Fe at the interface was
studied with both RBS and Msbauer spectroscopy. No
other contribution, except that of puseFe, was found in the
Mossbauer spectra for any of the as-deposited samples. On
the contrary, the spectra of the irradiated samples exhibit
three additional magnetic subspeéfr® which have been
interpreted as followsMO originates from Fe atoms with
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FIG. 12. Change of the roughness parametera,,, as a func- 01 23 456 7 8

tion of the ion fluenceP measured with STM(a) for one single Fluence [1 015/cm2]

sample irradiated sequentially with 750 keV Xe ions at 77 for

ase_ries of samples each of_them irradiated in one_step with 750 keV FIG. 13. (@) CEMS spectrum of a sample irradiated with 450

Xe ions at 77'K and 20_ Kcircle), and(c) for a series of sampl_es keV Xe* ions at 77 K withd =6 1015 Xe/cm?, (b) fraction of

each of them irradiated in one step at 300 K with 750 keV Xe ions., e as 4 function of the ion fluence for 450 keV Xe irradiation at
77 and 300 K,(c) ractions of the additional magnetic subspectra

neighboring Ag atomS, but not as next neighborS, Wh"eM 0, M1, andM2 as a function of the ion fluence for 750 keV Xe

M1 and M2 correspond to Fe atoms with one or tyar  [ons at 300 K.

more Ag atoms as next neighbors. As an example, the

CEMS spectrum of a sample after a total fluence uf1® IV. DISCUSSION

15 2 i + o ; ——
Xejem' with 450 keV Xe™ ions at 77 K is shown in Fig. lon-beam mixing of metallic bilayers has been studied for

13(@), while in Fig. 13b) the a-Fe fraction in the spectra is variety of systems and ions. The results have been re-
given as a function of the ion fluence for samples irradiateq;iq,yeq e.g., by Chenyby Nastasi and Mayéf and by

at 77 and 300 K as well. This fraction decreases with increasg e For most miscible systenfhaving a negative heat of
ing ion fluence and no significant difference can be observeq.]ixing AH ,,,<0), the mixing efficiency

between the two irradiation temperatures. The fractions of
the other three magnetic subspectra, which correspond to Ag

atoms dissolved in the Fe matrix, increase with increasing AdZy
ion fluence as shown in Fig. {@. From the ratios between KT ©®

the fractionsM0, M1, andM2, a 2.4(-0.3 at. % Ag con-
centration ina-Fe(Ag) can be calculated for the irradiation at
300 K considering a binomial distribution. At 77 K, this Ag defined as the interface broadening?,, per incident ion
concentration amounts to 2:80.3) at. %. and deposited energy densky, at the interface was found
Another sample that was also irradiated to a fluence of 60 be constant. This linear correlation between the mixing
X 10% Xe/cm? with 450 keV Xe' ions at 77 K, but in one ratek=A¢?,,/® andFp, points to either ballistit? or local
single step, presented no significant difference in itSséo  spike® mixing. For large negative values AH ., chemical
bauer results, in contrast to the difference in the broadenindriving of the irradiation—induced atomic transport was
Ao2gs observed with RBS for the two irradiation modes. clearly demonstrated, e.g., for the systems NifANi/Sb 27
This clearly shows that the latter is related to the changes @&b/Al2"?® and was attributed to diffusion in local thermal
the surface and not at the interface, as seen by the STMpikes. In addition, x-ray-diffraction, transmission electron
analysis. microscopy(TEM) and hyperfine methods like perturbed an-
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gular correlation (PAC) and CEMS have convincingly

proven the formation of crystalline intermetallic compounds 1001 e 1
at the interfac@?°-30-22 s0p e

The situation in the thermally immiscible Fe/Ag system is Obw—a g [) } T
different as the formation of compounds or alloys is forbid- .50l T ]
den in thermodynamical equilibrium. In a recent PAC and (@
CEMS study of Xe-irradiated In/Fe and Ag/Fe bi- and mul- -100 300 keV Ar* 77K 1
tilayers, Neubauer and co-work&tsave identified several -150L Sequential irradiation
point defects associated with Ag atoms in the neighborhood T N i
of the hyperfine probes. However, these authors did not find & 100 e
any evidence of the formation of a binary crystalline or E. 50 20K |
amorphous phase. According to an x-ray study of the ion s oLwEl
mixing of Ag/Fe multilayers, Krebset al3? proposed that 5
ballistic mixing in the collisional phase of the recoil cascade N -50¢ (b)
is counterbalanced by demixing and phase separation in the T -100} 300keV At 77K
thermal spike phase. Although the formation of an atomic 2 150} Single irradiation.
solution or a new phase would be suppressed by such bal- ~F PN
anced mechanisms, Ag-decorated defects may form as a con- b5 1007
sequence of long-range ballistic transport due to head-on pri- 50+
mary collisions. These defects will then become visible in 0—'.§—§ -
the PAC and Mesbauer spectra, even at low Ag concentra- sol f %
tions. o)

The results obtained in the present work from RBS and -100 300 keV Ar* 300 K x
STM analyses of Ag/Fe bilayers strongly support this inter- -150} Single irradiation.
pretation. As mentioned above, the broadening obtained e
from RBS measurementsaigs may contain two contribu- 0 10 20 30 40 50 60 70
tions: interface mixing and surface roughening. In most @[1015ions/cm2]

analyses of IBM experiments, it has been implicitly assumed
that surface roughening and recrystallization of the top layer rig. 14. Effective mixingAo?,=Ao2gs— Ao, as a func-
by the impinging ion beam is unimportant as compared tQion of the ion fluenceb: (a) for one single sample irradiated se-
the strong interface mixing effect. However, in systemsquentially with 300 keV Ar at 77 K(b) for a series of samples each
where a small or even vanishing mixing effect is expected, @f them irradiated in one step with 300 keV Ar ions at 77 K, &nid
guantitative separation of the two effects is necessary, as wasr a series of samples each of them irradiated in one step with 300
shown by Suret al,*® who investigated ion mixing of CrN  keV Ar ions at 300 K.
<«-coated Al and found by utilizing STM that about 50% of
the broadening observed in the RBS spectra was due fic mixing of the Ag/Fe interface, which should occur in any
irradiation-induced surface roughening. case, is to a large extent canceled by subsequent chemically
When comparing the quantitiésozgs (Figs. 6 and Yand  driven relaxation processes. _
A%y, (Figs. 11 and 1Robtained for Ar- and Xe-irradiated It Should be noted that in Figs. @8 and 14c) the experi-
Ag/Fe bilayers, it also turns out that the broadening observefl€ntal points for the highest fluences fall below zero. We
with RBS is to a large extent determined by an increasindttribute this to the fact that in such cases, due to the high Ag
surface roughness. As discussed before, the differencgPuttering yield, part of the Fe film might already be exposed
AUZRBS_Ao-gTM can be regarded as a direct measure of thdo the surface, causing a perturbatlon_ to the STM measure-
interface mixing effect and is plotted in Figs. 14 and 15ments. l,n the particular case .Of(m for instance, the height
versus®d. It is clear that the irradiation-induced atomic mix- distribution of the corresponding sample does not appear as a

ing at the interface is close to zero and, if present at all, mucfpaussian any more but exhibits a long tail at the left side of

. . . . I 2
smaller than expected for ballistic processes. According téhe distribution The assumed linear additivity dérp,, and

the model of Sigmund and Gras-Maf ballistic mixing is Aagm is therefore not strictly valid anymore. This is illus-

given by the expression: trated in Fig. 14c), where the data point labeled by the sym-
bol X refers toAo3y, as calculated from the asymmetric
Ao, =(To/3p)(RIEHDPFy, (7)  surface height distribution. When estimatingra,, from a

. . . . Gaussian fitted to that fraction of the distribution which is
whereI',=0.608 is a dimensionless constaptis the aver- not affected by the tail, a better agreement with the data
age atomic density at the interfadgy is the displacement optained at lower fluences is achievdall square with error
threshold, andR; is the minimum separation distance of a pap).

Frenkel pair. Taking =7.166x 10°* atoms/cnt, R;=1 nm According to the fractal approach to the collision
andEy=20 eV, we arrive at the ballistic interface broaden-cascades Ag/Fe belongs to those materialZ* 20) where

ing Ao, inserted as dashed lines in Figs. 14 and 15. It ighermal spikes should be easily initiated and atomic transport
evident that in all these cases the experimental values ahould occur by transient diffusion in a liquidlike state. It
Aot =Aohes— Ao’y fall significantly below the calcu-  would therefore be reasonable to argue that the ballistically
lated A o2, (see Table Ii. We therefore conclude that ballis- intermixed Ag/Fe interface rearranges by subsequent spike-
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, - - served for Ag/Fe. Such behavior would perfectly agree with
150r (a) . a thermal spike scenario with small molten volumes across
100| 750 keV Xe* 77K ] the interface, where interdiffusion or demixiof the ballis-

Sequential irradiation tically intermixed atomp may take place, depending on
50} whether the liquid phases are miscible or not. Thus, the com-
__________________________ i ‘ ; pletely immiscible bilayer couple remains unmixed, while
0 fF—a-4—H i = quenching of the miscible liquids conserves the composition
50l | of the intermixed melt. At an irradiation temperature of 300
o . . . . . . K also in those systems which do mix at low-temperature
E 150l () ] irradiation, intermixing is obviously counterbalanced by
£ 750 keV Xe* 77 K thermally activated demixing, most likely due to chemically
g 100t Single irradiation 1 guided radiation enhanced diffusidRED). In contrast to
Nb"" 5ol 20K such an interpretation, Kelly and Mioteffb presented an
< L i ¢ ion—induced atomic transport mechanism without invoking
v Ol—mmig — & any thermal spikes. According to their approach, chemical
2 guidance of ion mixing originates from thermally activated
Ng -50; . residual defect motion at the ambient target temperature.
150} (o) However, our experiments performed at 20 K clearly exclude
. such a mechanism, since the target temperature was below
100} 750keVXe® 300K ] annealing stagég (32 K for Ag, 120 K for Fe,*® where
Single imadiation long-range migration of interstitials and vacancies is sup-
o e pressed. If residual defect motion were important, no demix-
0bgm— ing should occur at 20 K and the whole ballistic effect should
. be visible. Furthermore, the residual interstitials would be-
-501 . . . E . ] come mobile during warming up of the sample to 300 K,

0 2 4 6 8 10 which should resuff in additional demixing and thus in dif-

15 5 ferent RBS spectra at 20 and 300 K. This was clearly not the
@ [10 "ions/cm”] case, and we therefore conclude that residual defect motion

does not contribute to the ion induced atomic transport in the
FIG. 15. Effective mixingA oz, =Ac%kes—Aodmy as a func-  Ag-Fe system at low temperatures.

tion of the ion fluenced: (a) for one single sample irradiated se- The above results are nicely supported by the CEMS ex-
quentially with 750 keV Xe at 77 K(b) for a series of samples each periments. If one assumes that a number of atoms equivalent
of them irradiated in one step with 750 keV Xe ions at 77 K and 20tg an Ag layer of about 0.2 nm dissolve uniformly in a 6.5
K (circle), and(c) for a series of samples each of them irradiated iny, 5TFe layer, one can reproduce the 2.4 at. % Ag concen-
one step with 750 keV Xe ions at 300 K. tration in a-Fe deduced from Mssbauer spectroscopy. From
ballistic calculations, one would expect an equivalent of

. L= 8 €about 6 nm Ag to be dissolved in the Fe matrix. This means
results of ion mixing performed by Averbaekt al.” on Cu/ that only a very small net mixing remains at the interface,

Nb, Cu/Bi, Cu/Mo and®*Cu/**Cu bilayer couples. These \pich is most probably caused by long-range relocations of
authors found that those systems which are miscible in th@ g 51oms(recoil implantatiop. Primary knock-on collisions
liquid, but not in the solid state, are intermixed by ion irra- may transport a small number of Ag atoms far into the
diation & 6 K but exhibit no mixing when irradiated at 300, Fe matrix, where they cannot participate in segregation
K. The system Cu/Mo which is immiscible also in the liquid 5q re|axation processes at the interface. These atoms will
state does not mix at any temperature, as we have also 0Qg,y at their impurity sites where they are observed with the
hyperfine method$PAC and CEM$2%31

The atomic solution of about 2.5% Ag in Fe, deduced
rom Mossbauer spectroscopy, is higher than the solubility in
hermodynamical equilibrium at 300 K0.001 at. %% but

induced demixing. This interpretation is supported by th

TABLE II. Deposited energy density, at the Ag/Fe interface,
ballistic mixing predicted by the model of Sigmund and Gras-Marti
(Ref. 2, and the difference of the broadenings observed by RB

and STM as a function of the ion species and irradiation temperahot as large as the values obtained after vapor quenching

ture. to 30 at. % Ag.®” This means that the processes during ion
Fo? AoZ D (Aodge— Aolp,)/ D irradiation are not as far frqm'thermodyn.amical equilibrium
(keV/nm) (nm (nm?) as in vapor quenphing. A similar conclusion was reached in
the case of the immiscible system Fe/Mgln agreement
20 K 1.10 0.155 0.030 0.030 with the results of Neubauest al. and Krebset al, and in
Ar 77 K 1.10 0.155 0.016 0.019 contrast to Pan and Lifiwe did not observe the formation of
300 K 1.10 0.155 -0.024 0.028  any secondary phase.
20 K 4.60 0.645 0.420 0.100 The increase of the surface roughness under ion bombard-
Xe 77 K 4.60 0.645 0.080 0.080 ment is, to a large extent, determined by the increase of the
300 K 3.90 0.550 -0.160 0.150 size of the Ag grains and by their shape and orientation.
Surface roughening due to sputter effects seems to be less
&Calculated withtRIM. important in the present case. After deposition of the Ag

b\Weighted fits from Figs. 14 and 15. films the surface consists of half-sphere-shaped grains of
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100F - - = ] lateral direction, as observed in the experiment. As soon as
L thermally activated long-range defect migration becomes

. { 1 possible(as for 300-K irradiatiop grains may grow in three
75l 4 dimensions and become spherically shaped. This effect prob-
I I E ably also explains the different roughnesses observed for the

[nm?]

. single and sequentially irradiated samples: Partial three-
501 § directional recrystallization might occur by defect recovery
during warming up of the sample to 300 K between each
irradiation step, which coul@in addition to small irradiation
251 I . direction variations suppress texture formation in the se-
L . ! ! - quentially irradiated samples much more than in the single
8 8 A % 100 irradiation mode. Our results agree well with the experiments
Y™ [%] presented by Hasegawat al,*® who investigated grain
growth by 2—3 keV Ar ions at room and at higher tempera-
FIG. 16. Correlation between the varianegy of the surface  tures. However, contrary to their interpretation which at-
height distribution and the minimum yieli™ of the Ag RBS  triputes the grain growth to a thermally activated process by
subspectra. beam heating of the sample during irradiation, the different
structure of the grains obtained by low-temperature irradia-
about 30-50 nm in diameter, and the variance of the surfacion suggests that the mechanism most likely involves diffu-
height distribution ¢y, is about 10 nm. As can be seen sion insidethe thermal spikes, as described above and also
in Fig. 10, which shows the STM images of samples irradi-suggested by other authdfs!*
ated with 4< 1016 Ar/cm?2, both low-temperature and room- In conclusion, we have shown that ballistic ion mixing of
temperature irradiation, cause strong recrystallization anéhe Ag/Fe interface is significantly counterbalanced by a
grain growth. However, while the room-temperature irradia-chemically driven relaxation mechanism, which results in
tion seems to result in almost spherically shaped graingemixing of the two materials and which is most probably a
(150-300 nm in diametgrand an increase of%, by a thermal spike diffusion process. Nevertheless, the small Ag
factor of 10, irradiation at 77 K produces a much smoothefconcentration achieved in Fe is still much higher than in
surface of platelike structure withZ;,~ 50 nn. The dif- thermodynamical equilibrium. According to _the o_bser_ved_
ference in the ion—induced recrystallization at low and roonf€mperature dependence of the effects, transient diffusion in
temperature can also be seen in the film texture after iofPC@l thermal spikes seems to be the most likely demixing
bombardment. Low-temperature irradiation results in a@nechanism, while the supersaturation is attributed to long-
highly oriented film, as can be seen by the strong channeling‘:‘”ge recoil implantation. This interpretation is supported by
effects shown in Fig. 9 for 20 and 77 K irradiations. Chan-N€ |0n-_|nduced recrystallization behavior and the observed
neling measurements on a 300-K-irradiated sample reveal gPrrelation between the surface texture and the roughness.
much less textured surface. The relationship between the suf1€ grain shape observed at a low irradiation temperature is
face texture and the roughness becomes visible also in Fi§lributed to a thermal-spike-induced grain growth process,

16, which shows the roughness paramet®y,, plotted ver- while additional thermally activated diffusion is needed to
su’s the observed minimum yie¥™ in the ch'\gmneling mea- explain the surface structure after room-temperature irradia-

surements. It turns out that the higher the orientation of thd'on-
surface, the smaller is its roughness. Again, we take this as a
hint that transient diffusion in thermal spikes is the most
prominent transport mechanism at low temperature, while at The authors are grateful to D. Purschke for expertly run-
room temperature also thermally activated defect migratioming the IONAS accelerator, to Dr. M. Uhrmacher, Dr. H. U.
becomes important. Local thermal spikes of some nm in diKrebs, and M. Neubauer for illuminating discussions and to
ameter are formedhside the Ag film and recrystallization Professor G. von Minnigerode for his interest in the STM
and grain growth should occur by fusing of grain boundariesanalyses. One of the autho(A.C.S) is also indebted to
and subsequent solidification. Since in the thin film grainDGAPA-UNAM, Mexico, for financial support during his
boundaries are mainly perpendicular to the surface, graiPh.D. studies in Gitingen. This work was funded by the
growth by such a mechanism is expected preferentially irDeutsche ForschungsgemeinscHBFEG).
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