Interface broadening due to Ar % ion bombardment measured
on Co/Cu multilayer at grazing angle of incidence
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A Co/Cu multilayer system, with double layer thickness of about 60 nm was Auger electron
spectroscopy depth profiled applying 1 keV'Asombardment, varying the angle of incidence in the
range of 78°-86°. It was found th&) the relative sputter rate changes with the angle of incidence;

(b) the interface broadening of the Co/Cu transition is larger than that of the Cu/Co transition and
depends on the deptft) the broadening of the Co/Cu transition increases with increasing relative
sputter rate; an@d) the broadening of the Cu/Co transition does not depend on the relative sputter
rate. These features will be explained as the consequences of the strong preferential sputtering of Cu
(with respect to Cpin this angular range. Because of the preferential sputtering ion bombardment
induced roughening and smoothenifwghich was directly observed by atomic force microscopy
measurementoccurs on the Co/Cu and Cu/Co interface, respectiefiriM simulation has been

also performed which suggested that ion mixing also causes larger broadening on the Co/Cu than on
the Cu/Co interface. €2003 American Vacuum SocietyDOI: 10.1116/1.1559921

[. INTRODUCTION excellent agreement with the vast number of ion milling
_ o N _ experiencesand AES depth profiling studiés?®
Specimen preparatiofion milling) for cross-sectional In this article we will show, however, that there are devia-

transmission electron microscopyTEM) studies frequently  tions from the above general rule. Co/Cu multilayer structure
applies low energy ion bombardment at grazing angle of inwith a double layer thickness of roughly 60 nm was AES
cidence. Destructive depth profiling techniqi@siger elec-  depth profiled using 1 keV Ar. The angle of incidence var-
tron spectroscopyAES), x-ray photoelectron spectroscopy ied in the range of 78°-86°. We found that the sputter rate of
depth profiling, and secondary ion mass spectromeatiyo  Cu is larger than that of Co and the ratio strongly changes in
apply ion bombardment of similar sputtering conditions tothis range of the angle of incidence. The interface broadening
remove the material in a sectioning way. During ion bom-turned to be different for the two, Co/Cu and Cu/Co, inter-
bardment of a solid only pafgenerally smallerof the en- faces; it is larger for the Co/Cu interface than for the Cu/Co
ergy is used for removing atoms, and the rest is dissipated itiiterface. The broadening of the Co/Cu interface increases
the material resulting in various defects; the lower the energyvith increasing relative sputter rate, which will be explained
the lower the damage. Since the goal in these applications EV i'on bombardment induced interface roughening and ion
to measure damage-free surface the ion energy is reduced Z4xINg.

much as possible. Part of the dissipated energy causes sur-

face roughening. The roughening weakly depends on ion ent. EXPERIMENT

ergy, but strongly depends on the angle of incidence. _
The copper/cobalt multilayer structure was sputter depos-

Many papers have been published on surface roughening. ' ; - .
The theoretically well based approaches, using various mag[-eOI on polished single-crystdll1]) silicon substrates in a

ter equations, seem inadequate to predict the morpholo jasma beam sputter deposition systé@iputron Balzeis

development at a wide range of the sputtering parametershe thickness of.the individual Iayers was controlleld. using a
and material structurd® However, phenomenological ap- quartz crystal microbalance during sputter deposition. The

roaches based on quite different moiiBAseem o b nominal thickness of all layers was about 30 nm.
broaches based on quite different assumptionseem to be The thickness of the individual layers was determined by
applicable for the description of the morphology develop—R

. o . utherford backscattering spectroscof®¥BS), which ap-
ment for sputtering parameters used in ion milling and AE lied *He* bombardment. The detection angle with respect
depth profiling. These theories predict smoothing if grazin

t0 the beam was 165°. The sample was tilted to 70° to im-

angle of incidence is used for ion sputtering, and the Spec,'brove the depth resolution.

men is rotated during sputtering. These predictions are in  ~oss-sectional  transmission  electron microscopy

(XTEM) was used to estimate the intrinsic interface rough-
dElectronic mail: menyhard@mfa.kfki.hu ness. XTEM studies were carried out using the usual recipe;
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Auger p-p height (arb. un.)
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Fic. 2. As measured AES depth profileshifted to each otheof the Cu/Co

multilayer system. Sputtering conditions: Ar1 keV, angles of incidence
78° and 85°, and rotated specimen.

Fic. 1. XTEM image of the specimen. ning part of the profiles are not shown. The apparent widths
of the Co and Cu layers are different; the Co layers seem to
) be thicker than the Cu ones just contrary to actual thick-
two parts of the specimen were glued together face-t0-facqagqes of the layers. It is also evident that apparent thickness
and this unit was ion milled using the usual sch_elﬂrnéo of the layers depends on the angle of incidence of the sput-
keV ion energy was applied for removing the major part Ofiejng The transition from the Co layer to the Cu is thicker
the material, approaching the .perforatlon, ion energy Wa?broade} than the transition from the Cu to Co layer.
decreased to 0.25 keV to get rid of the damaged layer. The £q e getailed evaluation of the depth profile we should
specimen was rOtf‘ted during ion sputtering and the angle QFansform the sputtering time scale to depth and the Auger
incidence was 88°. . ) . ) eak-to-peak heights to concentration. The latter can be eas-
Auger depth profiling was caried out using a dedlcateoﬁy done®®if we know the relative sensitivity factor, the back-
depth profiling device” The projectile was AT, with energy _scattering factors, and the inelastic mean free pdM&P)
of 1 keV. The depth profiles were recorded at angles of inCizor hoth elements. The relative sensitivity factor is the ratio
dences of 78°, 82°, 83°, 84°, 85°, 8_5'5 , and 8afth re- of the Auger peak heights measured in pure Cu and Co. The
spect to the surface normalThe specimen was rotated dur- .,y seattering factors are calculated from the expression of
ing sputtering. The target current proportional to theShimizu,l“while IMFP valueg1.14 and 1.54 nm for C(656
bombarding current was me.asured during sputtering, angv) and Cu(920 eV}] are taken from the NIST databaSe.
was used to keep the sputtering current constant. To transform the sputtering time to depth we suppose that
) The Cu 920 eV and Co 656 el a\{0|d 'the overlapping the sputter rate is proportional to the local concentratfdn.
with Cu) Auger peaks were recorded in direct current mod&yis case the erosion rate can be given by two parameters:
by a preretarded cylindrical mirror analyz€8TAIB DESA ¢ o ‘yhe sputtering rate of Ct¥,, and the relative sputter
100. The measured cures were numerically differentiateqateY=YCU/YCO. The ratio of the thickness of the layers
and the peak-to-peak heights were used to characterize “E‘fepends only ofY, while their absolute values ori, andY.

surface concentration. Four sputtering timesto remove a given laygrcould be
determined from each experimdite results for the first and
ll. RESULTS last layers were ignored because of experimental problems

The actual structure was determined by RBS and wa&nowing the actual layer thickness from the RBS measure-
found to be Cu 26.3 nm/Co 23.3 nm/Cu 25.8 nm/Co 22.2ment Y and Y., were determined for all sputtering
nm/Cu 26.0 nm/Co 22.5/Si substrdtastead of the nominal conditions'’ Y values are shown in Fig. 3.

30 nmCu/30 nm Cp Figure 4 shows part of the AES depth profithe region

Figure 1 shows a typical XTEM image; the interfaces arearound the second Cu layetecorded at 85° angle of inci-
flat and smooth and do not change with depth. The intrinsiclence(lower curve in Fig. 2 after the coordinate transfor-
roughness of the interface can be estimated to be less tham2ation was carried out. To characterize the transitions the
nm (rms). depth resolution, which is the distance of the points belong-

Figure 2 shows two as recorded depth profilésiger ing to 84% and 16% concentratiotfsyas calculated. The
peak-to-peak heights, C®56 eV) and Cu(920 eV}, as a depth resolution has physical meaning only at that case if the
function of the sputtering time For both measurements the interface broadening is a Gaussian type. To check the valid-
ion energy (AF) is 1 keV, while the angles of incidence are ity of the assumption we fitted two error functions to the
85° and 78°, respectively. The amount of surface contaminameasured curve shown in Fig. 3. In the case of the Co/Cu
tion varied from specimen to specimen and thus the begintransition the agreement is quite good while in the case of the
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TaBLE |. Depth resolution and slope values determined after transformation
of the axes in the case of sputtering conditions of projectilé, Amergy 1

/%{% keV, and angle of incidence 82°.
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points are connected to lead the eyes. difficulty is that the broadening of the interface depends on
the depth. Avoiding the problems connected to this depen-
dence in the following we will compare data belonging to the
Cu/Co transition the fitting is poor. This means that the transame transitions. The transitions will be signed according to
sition between the layers cannot be described by a simpléne number of layefcounted from the surfagehey belong
Gaussian broadening. To cope with this problem we fitted @o. For example, 2Cu/Co stands for the transition from the 2
linear function to the transition to characterize it as well.Cu layer to Co. If we compare the same transitions as a
Obviously both quantities depend on the applied algorithnfunction of angle of incidence the picture is not much clearer.
of the transformation of the axes. As an example Table IOn the other hand a clear correlation appears if we show the
shows the depth resolution values and the correspondingsults as a function of the relative sputtering rate. This is
slopes measured on the depth profile of ion energy 1 keV andemonstrated in Fig. 5; it shows the slopes determined in

angle of incidence 84°. transitions 1Co/Cu and 2Cu/Co. Two different behaviors can
be observed. In the case of the Co/Cu transition the broad-
IV. DISCUSSION ening increase@he slope decreasewith the increase of the

S ) ) relative sputter rate. On the other hand for the Cu/Co transi-
Considering Table | we make some observations. First th‘ﬁon, weak, if any, dependence on the relative sputter rate is

slope and depth re§qlution values show similar trends. Botl, ;4. Though the actual values of the slopes depend on the
show that the transm_on from Cu to Co is steeper _than fromyansformation of the axe&he accuracy of which strongly
Co to Cu. Second, in the case of Cu/Co transitions, botlyenends on the accuracy of the RBS measurement that pro-

values(slope and depth resolutipmonvincingly show that jjes the thickness of the layethe ratios are independent of
the interface broadening increasédepth resolution in- the transformation.

creases, slope decreasetth depth. In the case of the Co/CU g gtrongly asymmetric behavior observed correlates

transition, however, the interface broadening only slightlyith the relative sputtering rate, thus any explanation should
increases with depth.  be based on the difference of the sputter rates of Co and Cu

The depth resolution and slope values were determinegh s angular range. The two most important processes
for all angles of incidence€78°, 82°, 83°, 84°, 85°, 85.5° .4 sing interface broadening are ion induced roughening and

and 869. The trends were similar to those demonstrated Wit%ixing. We will check how these processes are affected by
the help of Table I, but the actual values depended in somg, large difference of the sputtering rates.

First we deal with the effect of interface roughening. Let
us suppose that the instantaneous surface proceeds from the
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Fic. 4. AES depth profile after transformation of aXescles of the second  Fic. 5. Slopes determined on the 1 Co/Cu and 2 Cu/Co transitions as a
Cu layer and the corresponding simulated prafiieangles. Angle of inci- function of the relative sputter rate. The slopes measured on the Cu/Co
dence in both cases is 85°. Full and dotted lines show the error functionsnterfaces are negative; for the sake of better demonstration they were mul-
fitted to the measured data. tiplied by —1.
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Fic. 6. AFM images of surface at 50% composition(af 1Co/Cu andb) 2Cu/Co transitions. The scanned areas axel Jum?.

first Co layer to the second Cu one. We might suppose thatdius of curvature of 10 nm. The images were recorded with
due to several reasor(polycrystalline layer, rough initial a resolution of 512 points/line at 1 to 2 Hz scan rate. The
surface, presence of impurities on the surface) ¢he in-  roughness was given by root mean squanes) of the aver-
stantaneous surface is somewhat rough. Approaching the Gage of height deviations taken from the mean data plane.
layer first only on some patches of the instantaneous surfadéigures 6a) and &b) show the AFM images of surfaces of
appears Cu. The removal rate of the Cu regions is highe€o/Cu and Cu/Co transitions, respectively. It is clear without
than that of regions still covered by Co. Consequently theany additional evaluation that the surface belonging to the
surface roughness increases. The higher the relative sputt€o/Cu transition is rougher than that belonging to the Cu/Co
rate, the higher the surface roughening. Though sample rotaransition. Several rms values were calculated for the sur-
tion and grazing angle of incidence cause smoothening bfaces by placing 500500 nnf areas on various spots. The
means of step movement$! they cannot compensate this average of these measurements yielded 4.1, and 2.1 nm rms
process completely. If all the cobalt is removed, that is, wherfor the Co/Cu and Cu/Co transitions, respectively.
the pure copper region is reached due to the grazing angle of We should also consider the effect of ion mixing, since
incidence bombardment and rotated specimen, the stepe altered layer composition and thus its thickness depends
movements are active and the surface gets smoother, but noh the relative sputtering rate. To study the ion mixing we
necessarily completely flat. Thus the instantaneous surface &pply our standard methdf We started with the structure
smoother when it reaches the Cu/Co interface than that whetetermined by RBS and simulated the sputtering by means of
it reached the pure copper region. Additional smootheningx dynamicTRIM code’® This calculation provided us with
occurs entering the next cobalt layer. The sputtering rate ah-depth distribution along the sputtering from which the
Co is lower than that of Cu, thus the “fell back” parts can simulated depth profile can be derived. The main problem
“catch up.” Thus in the Cu/Co transition the smoothening with the applied code is that by using its default parameters
continues resulting in a steeper transition than that in thé cannot reproduce the relative sputter rate observed in the
Co/Cu one. In the pure Co layer further smoothening occursexperiment. In Ref. 17 we showed that by reducing the sur-
Since the extent of the smoothening depends on the removéddce binding energy of copper to 1.52 éwhich is unrealis-
layer thickness, complete healing can only be expected if théc from a physical point of viewthe sputtering rate versus
layer thicknesses are rather lartjé this condition is not met  angle of incidence curve was similar to the measured one.
(present casgethe process is self-accelerating resulting in Thus we simulated the depth profile by using 1.52 eV for the
degradation of the depth profile, which was also observed asopper surface binding energy while all other input param-
depth-dependent depth resolution. eters were the default ones. Figure 4 shows the reéguilt
The validity of the above speculation can be easilyangles. It is clear that therRiM also predicts an unexpected
checked by measuring the roughness of the instantaneolerge and asymmetric broadening of the Cu/Co and Co/Cu
surface in the transition layers. For this measurement wéterfaces. The depth resolutions are 6.1 and 2.3 nm for the
prepared two surfaces by terminating the depth profilingCo/Cu and Cu/Co transitions, respectively.
(angle of incidence 83“when the concentration was 50% in It is obvious that even the unexpectedly high interface
the 1Co/Cu and 2Cu/Co transitions, respectively. The surbroadening is less than the experimentally found values. We
faces were measuregk situby an atomic force microscope must, however, consider the combined effect of the ion mix-
(AFM; DI Nanoscope [Ein contact mode using a Si tip with ing and roughening. Assuming that the two processes are
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independent we can utilize that the summation rule of thg3) the interface broadening of the Co/Cu interface increases

independent probabiliti€d.According to this rule the square with the increase of the relative sputter rate.

of the individual broadening should be added and the square

root of the sum is the resulting broadening. For the presenthese phenomena can be explained by ion bombardment in-

case we get 7.4 and 3.3 nm for the 1Co/Cu and 2Cu/Cc@uced interface roughening and mixing. Both processes

transitions, respectively. These values agree reasonably wéluse different broadening on the Co/Cu and Cu/Co inter-

with the ones, 8.5 and 5.5 nm for the 1Co/Cu and 2Cu/Cdaces. The difference of the ion induced roughening on the

transitions, experimentally found. two interfaces was verified by direct AFM measurement.
The sputtering conditions applied in this study were intro-
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