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X-ray study of strains and dislocation density in epitaxial Cu/Ni/Cu/S{002) films
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The strain state of epitaxial @80 A)/Ni(ty;)/Cu(2000 A)/Si(001) films as a function of the nickel film
thickness (30 A<t;=<2000A) has been studied using Bragg diffraction and grazing-incidence diffraction
with a synchrotron x-ray source. For 30s%,;=<150 A both the in-plane and out-of-plane nickel strains show
a phenomenological (1)#® power dependence, which is significantly different from thielaw commonly
accepted in the literature. The Matthews’ theory, including the effect of the copper capping layer, is used to
account for the equilibrium strains of the nickel layer. The 500 and 2000 A films show larger strains than that
predicted by the theory, consistent with other studies. The ratio of the nickel in-plane to out-of-plane strains is
—1.18+0.05, very close to the expected nickel bulk value-dfc;,/cq;=—1.28.[S0163-18209)12743-7

I. INTRODUCTION netic anisotropy, the Cu/Ni/@Q02) system is a good candi-
date for the study of strain relaxation in metallic films. The
The effect of strain on magnetism, namely inverse mag#materials are simple metals. The misfit strain of the nickel on
netostriction, can be significant in thin films and multilayers.copper is about 2.6%, not too large that it could prohibit
Perhaps the most dramatic manifestation of this effect is thépitaxial growth. In fact, the Ni/Q001) system was one of
existence of strong perpendicular magnetization in the epithe first systems used to study the misfit accommodation in
taxial Cu/Ni/CY{001) system over a broad range of the nickel thin films>” _
film thickness: the nickel magnetic moment prefers to point [N this paper we present a strain study of
out of the plane of the film for the nickel film thickness CU(50 A)/Ni(ty;)/Cu(2000 A/Si(00) films as a function of
ranging from 20 to 120 A-3The broad range of the perpen- the nickel film thicknesses (30#ty;<2000A) using syn-
dicular magnetic anisotropy is due in part to the large rechrotron x-ray diffraction. The in-plane and out-of-plane
sidual strain in the nickel layer, which interacts with the Strains were measured using the grazing-incidence diffrac-
magnetic moment through the magnetoelastic coupling. Théion (GID) and Bragg diffraction, respectively. For 30A
resuling magnetoelastic anisotropy ener@yhich favors <tn<150A, both the in-plane and out-of-plane strains
out-of-plane magnetizatiorcan overcome the shape anisot- show a phenomenological ¢)#° power dependence, which
ropy (which favors in-plane magnetizatipnBecause the is significantly different from the 1/dependence commonly
strain-induced anisotropy is a product of the magnetoelastigssumed in the literatufeThe effect of the capping layer on
coupling coefficient and strain, both quantities must bethe nickel is included by using the model proposed by Bas-
known if the magnetic anisotropy is to be understood andson and Bafl (BB) (which is an extension of the Matthews’
controlled. In this paper, the strain state of the nickel layer i€quilibrium strain modéf). Large deviation from the equi-
described; the strength of the magnetoelastic coupling haibrium strain is observed in the 500 and 2000 A films in
been discussed elsewhére. agreement with other resuft. The ratio of the in-plane to
Although there have been studies in the past on the straiput-of-plane strain for the nickel films has the average value
of the nickel layer as a function of the nickel film thickness, of —1.18+0.05, which is in good agreement with the ratio
they are inadequate for the study of the effect of inversé2Ci,/Cq; deduced for a film under biaxial stress induced by
magnetostriction. For example, Ch&ninvestigated the the epitaxial growth: the bulk elastic constants give
out-of-plane strain of the nickel in 2cp/c;=1.28.
Cu(1000 A)/Ni(ty;)/Cu(1000 A)/Si(001) films using x-ray
diffraction. Since only a small number qf samplggi(=50, Il. SAMPLE PREPARATION
100, 500, and 1000 angstromsas investigated, little quan-
titative information about the strain behavior could be ex- The silicon substrates were dipped in dilute hydrofluoric
tracted from the data, particularly in the thickness range ovesolution (5% by volume for ten seconds to remove the na-
which out-of-plane magnetization occurs. Another study bytive oxide. They were then rinsed in de-ionized water for
Mller et al® used low-energy electron diffractioft. EED) about 3 min and immediately transferred into a load-lock
to investigate the strain of ultrathin nickel films. Although chamber to be pumped down. The films were grown in a
LEED is useful for the study of surface reconstruction andmolecular-beam epitaxy chamber lgybeam evaporation.
relaxation, it is not suitable for investigating the averageThe base pressure was less thanl0™ 1 torr. The depo-
strain of films that are more than about ten-monolayers thicksition pressures for the copper and nickel layers were in the
In addition to having a broad range of perpendicular maglow-10"8torr range. Both the copper and nickel growth rates
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buffer layer that was annealéd situ at 150 °C for less than
eight minutes.

IIl. EXPERIMENTAL RESULTS AND ANALYSES

The x-ray experiments were performed using the beam-
line X3B1 of the Brookhaven National Synchrotron Light
Source. Synchrotron radiation was used for its high intensity
and narrow collimation. The wavelength of the radiation was
selected to be 1.149 A by a double-crysta{1%il) mono-
chromator; the scattered x-rays were analyzed by d Gg

FIG. 1. RHEED patterns recorded from a (@000 A/Si(00)  crystal to provide high-angular resolution. Both the Bragg
surface in th¢200] azimuth:(a) is the surface of the copper without and grazing-incidence diffraction setups were calibrated us-
the intentional annealb) is the surface after the copper was an- ing an ALO; powder reference standard. The resolutions for
nealed at 200 °C for about one minute. both setups were on the order of 0.02° in scattering angle 2
Diffraction from the copper buffer layer was used to align

were 1.0 A/s. Film growth started at a temperature of 20 °che sample with the incident beam for both the in-plane and
and substrate temperature gradually increased to about 50 Qyt—of-plane lattice measurements. Since _the lattice orienta-
during the deposition due to the thermal radiation from theion of the copper buffer layer is kl’]OWﬂl\:{V:lLtzh respect to the
sources. Reflected high-energy electron diffractiRRIEED)  Silicon substrate, namely @il0IICL 100, the detector
was used to monitor the film qualitin situ. The copper Was first set at an expected scattering angleThe sample
buffer layers for all the samples except the 500 and 2000 Avas rocked about the angle vith respect to the incident
films were annealeih situ to about 150 °C for eight minutes beam to maximize t.he.|nten3|ty at the Q(_atector. The condition
and then cooled down to 20 °C prior to the deposition of the?f maximum intensity is a Bragg condition. The crystal was
nickel layer. The annealing process improved the flatness dhen aligned by setting/= 6,.. Once the copper film is
the buffer layer surface. Figurda shows the RHEED pat- aligned, the nickel is also allgned by virtue of its epitaxial
tern of a 2000 A copper film on @01) before the anneal. 9growth on the copper, GLOQINi(100. This epitaxial rela-
The spottedness of the pattern indicates that the surface §pnship between the nickel and copper is confirmed by the
the copper film was atomically rough. Figurélshows the diffraction experiments, as discussed below.
RHEED pattern of the same film after the anneal. The
strea!<y RHEED pattern suggests t_hat the the surface was A. Symmetric Bragg diffraction
atomically flat. The surface retains its smoothness after the ) ) .
deposition of the nickel and copper capping layer as con- The out-of-plane lattice constant of the nickal,', was
firmed by RHEED patterns. measured using the symmetric Bragg diffraction method.
Annealing of epitaxial C(2000 A)/Si(001) films above The intensities from thg002 planes of the copper and
200°C appears to cause the formation of copper S|||C|dé1|Cke| are shown in Flg 3. Note the Iogarithmic scale in the
through the copper buffer layer. Figure 2 is a scanning elecy axis. The copper peak position stays at its bulk value for all
tron micrograph of a G@000 A)/Si(001) film that was an- the nickel film thicknesses; the nickel peak evolves toward
nealed at around 200°C for about a minute. The imagdts bulk value with the increasing nickel film thickness. The
shows islands of copper silicide on the copper fiim as |nd|_500 and 2000 A films still show Significant vertical contrac-
cated by Auger spectroscopy and microanalysis. X-ray stud§jon, signifying that they are not fully relaxed.
confirms that at least some of the silicide was,£Si, as There is a peak between that of the copper and nickel,
discussed later in the paper. However, no silicon could b&hich is particularly pronounced for the thinner films. We

detected by Auger spectroscopy on the surface of the copp®glieve it comes from the diffraction by th&21) planes of
the e-Cuy5Si, cubic phase, which is buried in the Cu buffer

layer, near the Cu/Si interface. Thespacing calculated from

the diffraction peak is 1.756 A; the reported value in the
literature is 1.767 A3 Other peaks of the GySi, phase were
also detected in the annealed samples using a laboratory

n source with CuK, radiation. However, it must be pointed
@ : out that other workers had reported the copper silicide at the
\ Cu/Si interface to be;”-CusSi phasel 1214
59 For the thinner nickel films (30 At\;<150A), since
gi‘l’igﬁfer ; : there is a large difference in the intensity between the copper

and nickel peak, the fitting of the nickel peak is very sensi-
tive to the profile of the tail of the copper peak. The follow-
ing procedure was used to extract the nickel diffraction data:
FIG. 2. Scanning electron microscopy image of (2000  the copper peak was first fitted with more weight being
A)/Si(001) film annealed at 200 °C for about one minute. Islands ofplaced on its left tail. The fitting was best achieved with a
copper silicide threaded through the copper layer. The islands com@ixture of a gaussian and lorentzian function. The fitted
in two sizes. curve was then used to subtract the copper contribution from
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TABLE I. In- and out-of-plane nickel lattice constants, (and
a, with estimated errors of-0.005 A are tabulated for the various
nickel film thicknesses using thH200) and (002 diffraction peaks,
respectively. Straing+=10%) are computed by using the formula
(a—ay)/a, wherea, (=3.5241A) is the bulk lattice constant of
nickel. The in-plane strains are calculated using $he0.6° data
except for the 50 and 70 A films, the=0.3° data are used to
- calculate the strains. The value foc2/c4, is found by taking the
ratio of €, to ¢.
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a [A] a [A]
7] tni [A] a, [A] €, [%] (y=0.6°) (y=0.3°) € [%] —2cCiy/Cyy

. 30 3.4180 —3.01 3.6038 2.26 1.33
50 3.4433 -2.30 3.5884 3.5908 1.89 1.21
60 3.4514 —2.07 3.5878 1.81 1.14
70 3.4604 —-1.82 3.5774 3.5767  1.49 1.21
100 3.4779 —1.31 3.5652 1.17 1.12
. 120 3.4834 —1.15 3.5626 1.09 1.06
150 3.4873 —1.04 3.5557 0.90 1.16
500 3.4945 -0.84 3.5482 0.68 1.23
2000 3.5107 —0.38 3.5353 0.32 1.20

10°

Intensity [arb. units]

10*

10?

30A

0
10 collected. Figure 4 shows the intensity diffracted from the
3 3% 3 38 39 40 4 (200 planes withy=0.6°. As before, the peak of the the
copper buffer laye(if observed stays at its bulk value for all
2 O [deg] the nickel films, and the nickel peak evolves toward its bulk
value with the increasing nickel film thickness. Note that the

FIG. 3. X-ray reflectivity from the(002) Bragg planes of the (551 c,.Sj, peak was not observed in grazing incidence,
copper and nickel layer in Cu/Ni/Cuf®0D1) films. The wavelength

of the radiation is 1.149 A. All curves are displaced by arbitrary
amounts.

102

the reflectivity data. The remaining intensity was assumed to
be that of the nickel and GiSi,, each of which was fitted 10°
with a gaussian. For the 500 or 2000 A nickel film, both the
nickel and copper capping layer were fitted simultaneously -
with strictly Gaussian functions. The intensity from the cop-

per silicide can be safely neglected for these two nickel film 10°
thicknesses. The computed lattice constéansing the Bragg
formula) are tabulated in Table I. It must be said that the
contribution of the copper capping layer was ignored in the
analysis. The capping layer peak is so weak that the buffer-
copper peak overlaps it completely and therefore hinders the
determination of the lattice constant of the capping copper
layer.

As expected from epitaxigD02) films, no(112) diffrac- 10°
tion peaks could be detected in the-26 scan. Further, the =
grazing-incidence diffraction confirms true epitaxy between
the Ni and Cu layers, as we shall now discussed. 12

10°

Intensity [arb. units]
T

B. Grazing-incidence diffraction

The in-plane lattice constant of the nickel was measured
in the grazing-incidence diffractiofGID) geometry*® In this 35
setup, the sample plane is inclined slightly from the vertical
scattering planédefined by the incident beam and the center 2 0 [deg]
of the detector The incident beam meets the surface at a
grazing angley of 0.3 to 0.6°, while the detector accepts  F|G. 4. Grazing incidence diffractiotwith y=0.6°) from the
radiation from the grazing exit angle between zero and abouboo) Bragg planes of the copper and nickel layer in
one degree. The diffraction from Bragg planes that are exeu/Ni/Cu/S{001) films. The wavelength of the radiation is 1.149 A.
actly or nearly perpendicular to the surface of the sample il curves are displaced by arbitrary amounts.
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FIG. 5. Grazing incidence diffraction from th@00 Bragg | |

planes of the copper and nickel layer in Cu/Ni/C0®8il) films at 10° : : : ' ' :
two incident angle$0.3° and 0.6f. The wavelength of the radiation

. . 4. 55 555
is 1.149 A. All curves are displaced by arbitrary amounts. 52 525 53 535 54 545

2 O [deg]

which suggests that the silicide is buried well below the Lo : )
nickel/copper buffer interface. FIG. 6. Grazing incidence diffraction from th€20 Bragg

. o . I f th ickel | i Ni i) fil
The penetration depth of the radiation could be varied b)f anes of the copper and nickel layer in Cu/NIC(IBI films at

. . 16 i wo incident angle$0.3° and 0.6f. The wavelength of the radiation
changing the grazing angle ° Figure 5 shows the diffracted s 1 149 A, All curves are displaced by arbitrary amounts.
intensity of the 50 and 70 A nickel films with two different

values ofy (0.3° and 0.6f. Very little scattered intensity was To confirm that these films are indeed epitaxi@D2)
observed from the copper buffer layer for=0.3°. These fiims (as opposed to just highly textured filmshe incident
results show, as expected, that the diffraction intensity is-ray beam was deliberately misalignéabout a few de-
very sensitive to they parameter. It must be said that there isgrees away from a[100] crystallographic direction of Ni.
a considerable errof=0.1°) in determining the absolute Then, the(200 and(220 peaks were scanned. As expected,
value of v. The major source of the error comes from theno diffraction peaks could be detected.
mounting of the sample that might not be completely flat on
the sample holder. IV. DISCUSSION

The GID intensities were fitted with Gaussian functions. S ] o )
Since the diffracted intensity from the copper layer is com- Epitaxial nickel on copper is under a biaxial tensile stress
parable to that of the thin-nickel film due to the shallownessdue to the lattice mismatch in their bulk forms. The lattice
of the incident angley, both peaks were analyzed at the sameMismatch gives rise to isotropic strain in tti@01) plane
time. For the cases withy=0.3°, only one gaussian was (€xx=€yy=¢), and an out-of-plane compressive strain
needed. We assume the capping layer is completely coherefit— (2€12/C11) €] due to the Poisson effect. The misfit strain
with the nickel for nickel thicknesses below 150 A. Thus, the©f nickel on copper is 2.6%. Figure 7 shows both the in-
contribution of the copper capping layer was ignored in thePlane and out-of-plane average residual strain of the nickel
fitting, except for the 2000-A Ni film data, where there is alayer as a function of the nickel film thickness. The strains
clear peak asymmetry that we attributed to the capping laye@re calculated using the formula { ay)/a, wherea is the

The computed in-plane lattice constants are tabulated in ) ) _
Table . TABLE II. In-plane lattice constantsa( with estimated errors

The diffraction from the(220 Bragg planes was also of =0.005 A were calculated using th@20) diffraction peaks with

studied by GID on the 30- and 60-A nickel films. Figure 6 ¥=0-3° and 0.6°. The straift=10% is calculated using the for-
shows the diffraction intensity of these samples with mula (a—a,)/a, wherea, (=3.5241 A) is the bulk lattice constant

=0.3° and 0.6°. The in-plane lattice constants calculateéDf nickel.

from these(220) peaks are in good agreement which those ty [A] a e [%]
was found from thg200) peaks, and they are tabulated in N 14 ! !
Table Il. One advantage of using tf#20) peaks is that they 30 0.3 3.6066 2.34
show more separation than do 290 peaks. For bulk cop- 30 0.6 3.6016 2.20
per and nickel, the separation is 1.5° for {220) peaks and 60 0.3 3.5894 1.85
1.0° for the(200) peaks. The disadvantage is that the inten- 60 0.6 3.5912 1.90

sity of the former is about half of that of the latter.
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W0 T T that of the nickel film, it seems appropriate to employ the BB

3 5 ‘ ] model in analyzing the strain data. With some assumptions
(which will be stated latgr the equilibrium value of in-plane
biaxial strain, as predicted by the BB model, can be obtained
using the following equation:

T

2 . b (1-vcogpB) 1 teuttai

g I cosysing 8w(l+v) te,+ty b/a

']

g feo ®
[

2 tCu+tNi77

Here, b is the length of the Burgers vectdrs, is the cap
copper film thicknessys is the angle between the interfacial
plane and the slip plane of the dislocatighthe angle be-
tween the Burgers vector and dislocation lines. is anad
hocfactor to account for the core energy of a dislocation. For
metals, its value is between 0.5 and®2y=1 is used in our
analysis. The first term in Eq1l) can be interpreted as the
Nickel Film Thickness [A] strain of the film whose thickness is the sum of the film
thicknesses of the copper capping and nickel layer; the sec-
FIG. 7. In-plane and out-of-plane strain as a function of theond term accounts for the fact that copper and nickel have
nickel film thickness. The data are fitted with three different mod-different bulk lattice constants, weighed by the thickness of
els: the 1t law, (1/[)213 fit, and Basson and Ball equilibrium model. the Capping |ayer_ Notice that fd&u: 0, we get the Mat-
thews’ expression for the strain of a single epilaifens
measured lattice constant, aag=3.5241 A, is the bulk lat- expected.
tice constant of nickel’ The values are also given in Table .~ The assumptions used in writing E@) are: (i) the films
The ratio — €, /¢, has the value 1.180.05, which is very —are mechanically isotropidji) both the nickel and copper
close to the ratio in a bulk nickel crystalca/c;;=1.28  capping layer have the same Poisson’s ratio and shear modu-
(Ref. 18 (see Table)L The relarionship betweer €, /¢,  lus; (iii) the copper capping layer is completely coherent
and 2:12/(:11 can be found using the strain-stress re|ati0n_With the nickel. Although the BB model makes a distinction
ships, using the fact that the stress along the axial directior?etween cases for which the average linear spacing of the
a,,=0 in the nickel film. The Poisson’s ratiois calculated dislocations is greater or less than twice the total film thick-
to be 0.37-0.1 using the formula &,/c;,;=2v/(1—V). ness 2{c,+ty;), we find that the difference is not significant
One simple way of analyzing and predicting the thicknesdor our films. For simplicity, we assume the case 2(tc,
dependence of the strain is to first fit the in-plane strain data tni) for all nickel-film thicknesses.
(better resolution than out-of-planesing the phenomeno- If the dislocations in the nickel are assumed to be purely
logical equatione, = 7(t. /ty;)® wheren(=2.6%) is the mis- 60° dislocations on{111} slip planes, then cos=1A#3,
fit strain of the nickel on coppet, and p are the fitting ~C0SsB=1/2, andb=ay;/v2, whereay; is the lattice constant
parameters. With,=27 A, andp= 2/3, the power law gives of the nickel layer. Using these numbers, the in-plane equi-
a good fit to the datésee Fig. 7, if it is restricted only to  librium strain can be found, and it is plotted in Fig.(BB
films that are less than 150-A thick. The out-of-plane strainmode). The equilibrium critical thickness of the nicke]
curve found by the formula, = — (2¢1,/cqq) n(tc/ty)P, is  (the thickness below which it is energetically more favorable
in good agreement with the experimental result. A naturafor the nickel film to be coherent on the copper buffer layer
interpretation, coming from the dimensionality of the param-is calculated to be 15 A using E€L) with €f=2.6%. This is
etert. is that it is the critical thickness below which the in agreement with the result reported by Inglefi€ldyhich
nickel is coherent with the copper buffer layer. But it mustis thatt, must be between 15 to 20 angstroms. The out-of-
be warned that there is no theoretical basis to think that thiplane strain is found by the formula, = —(2ci5/C19) €.
is indeed the true critical thicknegm fact, it is not, as we Note that for the thinner nickel films, the predicted equilib-
shall se¢ One justification for restricting the nickel thick- rium strains agree well with the measured values. This is
nesses range in the fitting is that both the in plane and out afxpected because the misfit strain between the nickel and
plane strain are better fitted if the data from the 500 and 2000opper is large2.6%). However, the thicker filmg¢500 and
A film are excluded. A better justification comes from an 2000 A) show large deviation from the equilibrium strain,
equilibrium theory, which is now discussed. which is in agreement with other studi25The reason for
Thermodynamic equilibrium theory of misfit strain relax- this departure is not well understood. It has been argued by
ation in epitaxial films is based on minimizing elastic andMatthews and Crawfoftthat the misfit dislocations have not
dislocation energy. The method was first introduced byreached their equilibrium density due perhaps to the tangling
Frank and van der Merwe in 1949 The model proposed by of dislocations. Figure 7 also shows the tlirve usingt,
Basson and Balithe BB model (Ref. 9 is an extension of =27 A. The critical thickness of 27 Ainstead of 15 A is
the Matthews modé&! from single to multilayered films. used for two reasonsti) a useful comparison with the
Since the capping layered film thickness is comparable t§1/t)?® law can be madeii) it gives better fit than that if

10’ 10° 10° 10*
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T T g 10t The result for both the equilibrium and measured dislocation

: 1 ] densities are plotted in Fig. 8. As expected, the dislocations
densities increase with increasing nickel film thickness to
reduce the strain energy. The dislocation spacésgl/p, is
also plotted on the same figure.

2.010°

1510°

V. CONCLUSIONS

The strain in a series of Cu/Ni/Cu{8D1) films has been
studied using x-ray diffraction. Perpendicular and in-plane
strains of the nickel films have been measured independently
using symmetric Bragg and grazing-incidence diffraction re-
spectively. The 2000 A copper buffer layer maintains its
bulk lattice constnat, even with nickel films that are up to
2000 A in thickness. The Ni misfit strain decrease approxi-
c 0 mately as (1t)?” rather than the often assumed fdrm. Its
10" 102 10° 10* absolute values are significantly larger than those previously
reported. The BB equilibrium model seems to be able to
account for the strain in the nickel films that are less than

FIG. 8. The solid line is the equilibrium linear density of dislo- 150 A thick. The equilibrium critical thickness is predicted
cation. The dash line is the equilibrium dislocation spacing. Thesd0o be about 15 A. The ratio of out-of-plane and in-plane
lines come from the Basson and Ball model. The discrete points arstrain agrees well with the bulk value. The strain in thicker
the data calculated from the diffraction peaks. Ni films (500 and 2000 Ais appreciably larger than equi-

librium strain, in agreement with the earlier work.
t.=15A is used. Observe that the strain predicted by the 1/
law drops much faster than that of the experimental values ACKNOWLEDGMENTS
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