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X-ray standing wave and reflectometric characterization of multilayer structures
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A microstructural characterization of synthetic periodic multilayers by x-ray standing waves is presented. It
is shown that the analysis of multilayers by combined x-ray reflectom@&RR) and x-ray standing-wave
(XSW) techniques can overcome the deficiencies of the individual techniques in microstructural analysis.
While interface roughnesses are more accurately determined by the XRR technique, the layer composition is
more accurately determined by the XSW technique, where an element is directly identified by its characteristic
emission. These aspects are explained with an example of a 20-period Pt/C multilayer. The composition of the
C layers due to Pt dissolution in the C layers @t ,, is determined by the XSW technique. In the XSW
analysis, when the entire amount of Pt present in the C layers is assumed to be within the broadened interface,
this leads to larger interface roughness values, inconsistent with those determined by the XRR technique.
Constraining the interface roughness values to those determined by the XRR technique requires an additional
amount of dissolved Pt in the C layers to explain the Pt fluorescence yield excited by the standing-wave field.
This analysis provides the average compositigfCPt, of the C layers.
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[. INTRODUCTION surface. By measuring the angular dependence of the inten-
sity of the emitted fluorescence and comparing with the com-
Improvements in thin-film deposition techniques in recentputed angular dependence, the standing-wave field has been
years have led to the fabrication of layered synthetic microused as a structural probe to determine the positions of the
structures(LSM’s) consisting of thin layers of alternating impurity atoms in crystal$;***® adsorbed atoms on
elements or compound$. These materials have unique surfaces; and atoms at a layer/substrate interfatand to
structural® magnetic* and electronitproperties, with a wide study thermal effects such as the broadening of the atomic
range of applications. LSM'’s containing alternating layers ofposition due to thermal vibratidh and order-disorder
high atomic number elements.g., W, Mo, Pt, etd.and low  transitions:’ Various applications of the x-ray standing-
atomic number elementg.g., C, Si etd.are being used as wave(XSW) technique to problems relating to single-crystal
x-ray reflector$. Indeed, x-ray multilayer optics are now surfaces and interfaces may be found in recent reviéws.
used in many applications including x-ray astronomy, mi- The standing-wave phenomenon was also observed in
croscopy, and spectroscopy, and as filters and monochromaaultilayer mirroré®=22 and Langmuir-Blodgett multilayer
tors for intense sources such as synchrotron radiation arfiims.>® This standing-wave field was also used in different
x-ray laser cavities. It is important to correlate the measureavays for analyzing the local structure of multilayéf$?> for
properties with structure so that preparation techniques caa density evaluation of deposited films on multilay&and
be optimized to yield high performance materials. X-rayfor selective extended x-ray-absorption fine-structure
techniques are very useful for the measurement of microanalysis’’
structural aspects of multilayered systems. Here we present For a periodic multilayer system, x-ray reflectivi¢RR)
an application of combined x-ray standing wave and x-rayis used to determine bilayer periodicity, interface roughness,
reflectometry techniques for a microstructural analysis of peand the fractional thickness of the layers in a bilayer. Inter-
riodic multilayers. face roughness characterization by x-ray standing-waves has
For a perfect single crystal, according to the dynamicabeen attempted for a Ni/C multilayer systéfrHowever, the
theory of x-ray diffraction’;® a standing-wave field is gener- extracted parameters were not optimized. Matsusital.?®
ated within the crystal as a result of a superposition of inci-used the XSW technique to determine the density of impurity
dent and diffracted waves when x rays are Bragg reflected bgtoms in a multilayer structure. Here we present a combined
the crystal. The equi-intensity planes of the standing-waveeflectivity and standing-wave characterization of a periodic
field are parallel to and have the periodicity of the diffracting multilayer system to extract various structural parameters.
planes. At an angle of incidence corresponding to the risingAs an example we use a 20-period Pt/C multilayer system.
edge of the diffraction peak, the antinodal planes of theComparing with experimental data, we show that structural
standing-wave field lie between the diffracting planes. As thegparameters extracted from x-ray reflectivity analysis cannot
angle of incidence increases, the antinodal planes move coexplain the Pt fluorescence yield excited by x-ray standing-
tinuously inward onto the diffracting planes at the falling waves. An explanation of the Pt fluorescence yield addition-
edge of the diffraction peak. Over the angular region ofally requires the presence of an amount of dissolved Pt in the
Bragg reflection, emission such as fluorescent x¥dysnd  C-layers. XSW analysis provides the amount of dissolved Pt
electrond? from the crystal is strongly modulated, being at ain C, and the average composition®t_, of the C layers.
maximum(minimum) when the antinodalnoda) planes co- Probing a small quantity of material dissolved from one layer
incide with positions of the atoms in the crystal or on theinto the other layer of a layer pair in a multilayer system is
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E} EI‘ whereE_J-(O) is the field amplitude at the top of thiéh Ia_lyer.
0 For all j, the components of the wave vectég=kj — ik,
X are given by
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In Eq. (4) Ny is Avogadro’s number, an@,, is the mass
1 density of the element in the layer with atomic numBemd
Substrate atomic weightM. f” andf” are the realdispersive and the
imaginary(absorptiof anomalous dispersion factors, respec-
FIG. 1. A schematic representation of x-ray reflection from atively. p is the electron densitgincluding dispersioy) andu
multilayer system. See the text for details. is the linear absorption coefficient for the incident photons in
the mediumr, is the classical electron radius. We consider
very important for magnetic multilayers where alternatingthe medium for the incident beam to be a vacuum, vegh
layers are magnetic and nonmagnetic materials. A smalf 1.
amount(even a few perceptof magnetic impurity(either For the s polarization of the electric field and smooth
from the magnetic layer or externain the nonmagnetic interfaces, the complex coefficients of reflectigrand trans-
layer can change the magnetic coupling and magnetoresiglissiont;, being the ratio of electric fields at the j+1
tance significantly’ presumably because of changes in theinterface, are given by Fresnel’s formulas
topology of the Fermi surface of the resulting alloys. The

importance of the combined XSW and XRR analysis is elu- r:ki,z_ Kij+12 (5)
cidated. N S
2K; ,
Il. THEORY t=r—p—. 6
kj,z+ kj+1,z

We give a brief theoretical background for x-ray standing- o o
wave generation inside a multilayer system. We mainly fol-FOr the smallg; and 3; approximations, no distinction need
low the treatment given by Dest al for the formation of € made betweesandp polarizations. .
standing-waves and resonance enhancement of x rays in lay- FOr rough surfaces these expressions are to be modified.
ered materials using the recursion method of Pattate | Nere are several methods for obtaining modified expres-
then obtain the field intensity for a periodic multilayer sys- Sions. In a well-known methd&*r; is multiplied by a fac-
tem, and compute the angular variation of the fluorescenctr ;. given by
yield from constituent elements in the multilayers. The fluo- B 2
rescence yield profile depends on the structural parameters of Sj=exf — 207K Kj+1.], @)
the multilayer. A consistent set of microstructural parameter§here o

y | : : . j is the root-mean-square deviation of the interface
of the multilayer is obtained from a combined analysis of theatoms from the perfectly smooth condition. An expression

reflectivity and fluorescence yield. like Eq. (7) is only valid for small roughnesses
(olkj [ <1). For the modification of;, it is to be multi-
A. Reflection from a multilayer system plied by

If all interfaces are parallel in a multilayer systéRig. 1),
a plane electromagnetic wave of frequeneyn a medium
at a positionr can be written as

Ti=ex o7 (K; ,—Kj+1,)%2]. (8)
So far we have discussed reflection and refraction at a
single interface. For a multilayer system, involving multiple
Ej(r)=E;(0O)exdi(wt—kj-r)], (1 interfaces, the electric fields at all the interfaces can be ob-
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tained from either a recursion relation or from a matrix for- where the period of the multilayer ¢&=d; +d,, andn s the
malism. In the following we will use the method of recursion order of reflection.

relation. In the recursion methdd3*the transmitted fieldE;
and the reflected fieIEJr at the top of thgth layer are found
from the relations

It is well known from the dynamical theory of x-ray dif-
fraction from perfect crystals tHaa standing-wave field is
set up in the crystal during diffraction. The antinode position

of this wave changes over half the planar distance in passing

E}zajzxj E}, (9)  the diffraction peak. This is also true for x-ray diffraction
from a periodic multilayer system, which will be illustrated
a.Et T later.
= v (10

2 . . " !
1+aj 1 Xj41rS B. Field intensity

and The interference between the incidénfield (E}) and the
(rSi+a% X;+1) reflectedE field (E}) can form standing-waves within any
= (11)  layer. In order to obtain this standing-wave field in b
1+aj, 1 Xj+1rS; layer one needs to know the fielé andE] as function of
where depth @). The totalE field at a pointr in thej th layer is
given by
|  mmeRila) . Ef(n=E}(n+E(r), (16)
d; being the thickness of theth layer. For the substrate,
El=X,=0. where
The electric-field amplitudeE} (transmitted and EJr (re- ; ; ) ]
flected can be computed from the knowledge Xof ¢, and Ej(r)=Ej(0)exp(—ik; z)exdi(wt—k,x)]  (17)
€, the thickness of the layersl{), and the interface rough- 5
ness @) using Eqs(2)—(12), and the reflectivityR is then
obtained from the ratio oE fields outside the surface: Ej(r)=E[(0)exp(+ik; ,2)exfi(wt—k; ,)]. (18

R( 9):|E5/E}J|2' (13 Here the origin has been chosen to be on the interface at
For reflectivity from a periodic synthetic multilayer system the top of thejth layer. ThusE;(0) andEj(0) represent the
involving interface roughness, this treatment is essentiallfransmitted and the reflectesl fields at the top of thgth
equivalent to that of Underwood and Barb&e. layer. E}(O) and EJT(O) are readily obtained from the recur-
For a periodic multilayer system, below the critical anglesion relations[Egs. (9)—(12)]. The field intensityl(6,z)
of incidencesS = 25y, there exists an evanescent wave be-=|E/(r)|? is given by”
low the surface and total external reflection of the incident

beam occurs|EL|~|EL|). The interference betwees], and o . Ej(0) 2 .

E{ can form standing-waves above the surfécéor ¢ 1(0,2)=[E[(0)[*] exp{—2kj .z} + E'(0) expi2kj .z}

> 65, the incident beam penetrates into the first layer of the )

multilayer system. Wherd{= 65, the incident beam pen- ; )

etrates into the multilayer system fat>65. If 65> 65, +2Io ) cogv(0) +2Kkj ,z} |, (19
I

there is the possibility of resonance enhancement of x rays in
medium “1” for 65<6< 5.3 %For ¢ greater than both wherew(6) is defined by
65 and 65, the x-ray beam penetrates into the multilayer; if

the multilayer is periodic, Bragg diffractions can océor. E}(O) E]T(O) _
For a periodic multilayer system of x-ray reflectors the EL0 = ﬁ Hv(0)
multilayer period consists of one low-electron-density alter- i(0) i(0)

nating layer and one high-electron-density alternating Iaye[_e_, »(6) is the phase of thE-field ratio at the top of théth

(say, PUC/PUC....); the higher-density layer works as a layer. If the absorption in the medium is ignoréce., k!

- i i B FY4
marker and the low-density layer work;_ as a spacer. ThISZO)' Eq.(19) reduces to
arrangement makes the system an artificial periodic struc-

ture. Therefore, in the reflectivity from such a periodic — 1ty (2

! " I(0,z)—|Ej(O)|
multilayer system, Bragg peaks appear at positions deter-
mined by Bragg’s law(including refraction and absorptign Ef(O)‘Z ET(O)‘

1+|— 2|
2(dky,+dyk) ) =2nm (14 E}(O)\ E}(O)\
or
xcogv(0)+2k; ,z}|. (20
2(dysinf;+d,sinéd,)=n\ (15
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It is clear from Eqgs.(19) and (20) that a standing-wave is A periodic multilayer structure can be characterized by
generated within thgth layer. The quantity within the square generating standing-waves within the multilayer and measur-
brackets in Eq(20) may attain a maximum value of 4, for ing the standing-wave-excited fluorescence yield from one or
|EJT(O)/E}(0)|2=1. For small angles of incidenced), in more elements present in the multilayer. This is explained in
some situations there are possibilities of resonance enhandée following sections. For a computation of the standing-
ment of the x-ray intensity in the layer. This was described inwave field intensity,(6,z), we will use a more rigorous
detail by Dev et al®* However, at =65 and ¢5, form of Eq.(19).

|E{(0)/E}(0)|]*<1 for a nonperiodic multilayer, and the

field intensity is essentially given by the first term in E49) C. Examples of calculation

or (20), with a slight modulation from the second and third
terms. For suchy values the reflectivity is only significant

hen @ satisfies the B dition f flection f various quantities in Secs. Il A and Il B using an example—a
when ¢ salisties the bragg condition for reriection from a periodic multilayer system consisting of 20 bilayers of Pt/C
periodic multilayer. Standing-waves are set up in the

. . . > on a glass substrate. The discussions presented here are gen-
multilayer when Bragg diffraction occurs. This can be see g P g

. 4 - "eral, and are not restricted to only Pt/C multilayers.
from Eq. (20) by inserting the Bragg conditiofEq. (14)] For multilayers, earlier analyses were performed assum-

In this section we present the results of calculations of

/ / oL ing the same roughness for both types of interfakiB(and
2k 01+ kg tp) =2k d=2nm B/A) in the multilayer @/B/A/B...).3*%®n general, these
or values should be different. The surface free energies of the
materials,o, and oy, partly control the interface morphol-
k’=n—7T (21) ogy during the growth. liop<og, this is the wetting con-
Zod” dition for the growth of materialh on materialB and a non-

wherek; is the weighted average value for a layer pair of thewettmg condition for the growth of materiél on materialA.

multilayer with a periodicityd=d, + d,. While the magni- Thus anA-on-B (A/B) interface is expected to be smoother.

tude of thekE-field ratio varies to some extent for layers 1 and -rrehs?)Ilsjlttilcj)itlZlnec\:,\tlroour:drr?iircr)i\c/f)rse cf)?A\; /%B mmgg ei'rshlgI:](-st
2 of the bilayer, we can approximate this to be equal to it by Y

: : Shat the interface of C growing on W is much sharper than
value just above the surface, i.e., that of W growing on C? It must be noted thairy,> 0.

E'(0) 2 r|2 However, other factors, such as the growth temperature and
! ~|=° = R(6), interdiffusion or chemical reaction between species across
E}(O) EB the interface also affect the interface roughrf@sk any

case, there is no reason to assume the interface roughness for
both types of interfaces to be equal. Here we assume differ-
ent roughnesses for the Pt-on-@,) and the C-on-Pt»)
2 interfaces. It will be shown later that we indeed obtain a
a . .
1(6,2)=1+R(8)+2VR(6) co% v(6)+ —z] . (220  Dbetter fit to experimental data when ando, are allowed to
d be different.

In Fig. 2, we show the simulated reflectivity curves for
smooth surfaces and interfaces along with those for several
sets of values of surface and interface roughness. A total
external reflection at low angles and multilayer Bragg peaks
up to fourth order are seen. The higher-order peaks are more
drastically affected by the surface{) and interface rough-

from Eq. (13). Now for a normalized incident intensity, in-
serting the value ok, in Eqg. (20) we obtain(for n=1)

It is clear that EQ.(22) now defines a standing-wave
within the multilayer within a periodicityl, and has the same
form as that derived from the dynamical theory of x-ray dif-
fraction from perfect crystal$® In the dynamical theory of
x-ray diffraction, theE field in a medium is calculated by

solving Maxwell's equations in that medium and obtaining Th ina bet B ks is det
solutions consistent with Bragg's law. This field, then, ness G1.02). € spacing between bragg peaxs 1s deter-
rplned by the periodicity or the bilayer thickness) ( Thus

describes the x-ray standing-wave intensity as a function o X o
Pese parameters can be determined from the reflectivity data

angle over the region of the Bragg peak where the phase (%)y a least-squares fitting procedure. In these computations
ret ; ,9,18,37 - .
(E/EY)(6),v(6), changes byr radians?®"*"The actual  ° % °0 Usedp=1—(2.302¢ 10 %) —i(2.596x 10 ®) and

value ofv(#) on the higher-angle side beyond the diffraction co=1—(3.016¢10~%)—1(8.138<10°19). (pp,—5.05/A%,

peak determines the position of the diffraction plaffem B 3 K
order to show the similarity between expressions for thePc=0-698/A%), A=0.709 A (MK,, x rays and d

standing-wave intensity in the dynamical theory for perfect=43 A (d;=17 A, d,=26 A). X-ray standing-wave inten-
crystals and in the present case for multilayers, we have irsities are shown in Fig. 3 over the first Bragg peak region
serted Bragg’s law into Eq(20) and obtained Eq(22), (0=0.3° to #=0.6°) at several angles shown on the reflec-
which is the well-known form obtained from the dynamical tivity curve in the inset. The variation of phase(d), of
theory, where ‘1/d” is the magnitude of the reciprocal- E{(0)/Ep(0) andE}(0)/E}(0) are shown in the second in-
lattice vector for the concerned diffraction. The phase variaset of Fig. 3. The field intensity,(z) can be obtained using
tion v(6), for the present case of a multilayer is shown inR(8) and v(6) from the insets and Eq22). However, we
Fig. 3. This has a form similar to that obtained from thehave used the more rigorous equatid®) to compute the
dynamical theory®3’ field intensityl (z) at several values of. At an angle away
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FIG. 2. Reflectivity from a 20-period Pt/C multilayer system
with periodicity d (43 A)=d; (17 A)+d, (26 A), and with sur-
face and interface roughnesses (Aa,al,oz: 0,0,06);3,3,

from the strong reflection regiota) the field intensityl (z)
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FIG. 4. Integrated XSW field intensity over the Pt layers and
over the C layers for different surface and interface roughnesses for
the Pt/C multilayer system. Reflectivity over the first-order Bragg
peak(solid squaresfor 0,=0, o;=0, ando,=0 (A), integrated
field intensity over Pt layers withoy, o, and o, (in A)
[0,0,0—), 333(——-), 353 ....... ), 3,55(—-), and

has a weak modulation around a value of unity. At the low-3,7,7@@®®)], and integrated field intensity over C layeimon-

angle side of the diffraction peak), there are antinodes of
the standing-wave field in the C layefisodes in the Pt lay-
ers. As 6 increases l{—c—d—e), the antinodes shift in-

ward and finally coincide with the Pt layers. The field inten-

sity over the Pt layers gradually increasegascreases. The
integrated field intensity in the Pt layers,

d:
i
wo=3 ["iw20z 23
jodd Jo
Pt
5 107
<3 Zosl £d
= zosf A\
=y Zoal 1 oy
% 3 iy
g2 ook i
= 0. ;
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= 1 1 z 1
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FIG. 3. X-ray standing-wave field intensity distribution within
the Pt/C multilayer system, at different angles of incidefcaver
the first-order Bragg peak regiofshown in the inset (a) 6
=0.35° (—), (b) 6=0.486° (—), (c) 6=0.500° (------ ), (d)
#=0.516° (———), (e) 6=0.535° (— ——). The phases/(6) of
E-field ratios E}/E}) ( ) and E}/EY) (———) are also

nected open circlgdor oo=0,=0,=0 (A).

is shown in Fig. 41p( 6) for smooth surfaces and interfaces
(0p=01=0,=0), and for several sets afy, o¢, and o,
values, are also shown. It is clearly seen that the field inten-
sity 1(6) variation with € is sensitive to surface and interface
roughness. The integrated field intensity over the carbon lay-
ers,

(24)

l(6)= X

j even

dJ
. 1;(8,2)dz,

for op=01,=0,=0, is also shown in Fig. 4. We note that
the field intensity in the Pt layers peaks at the high-angle
edge, while the intensity in the C layers peaks at the low-
angle edge of the reflectivity peak. This opposite trend holds
the clue to the determination of the concentration of any
dissolved Pt in C layers.

Our objective is to find the Pt distribution in the Pt/C
multilayer. In the dipole approximation, the fluorescence
yield from an atom is proportional to the field intensity on
the atom. Thus with the measurement of the fluorescence
yield from Pt, it is possible to determine the Pt distribution.
The fluorescence yield from Pt in the Pt layers should follow
curve 1 in Fig. 4, while the fluorescence yield from Pt in the
C layers should follow curve 2. Thus the the effective shape
of the fluorescence yield curve will depend on the relative
concentrations of Pt in the Pt and C layers.

Interface roughness can be due to actual roughness or

shown in the second inset, which also shows the reflectivitydiffusion across the interface. The Pt distributitz), with

(——,%X3). At a given deptle, the variation in field intensity with

interface roughnesses;#+ o5, is shown schematically in

angle over the strong reflection region occurs mainly because dfig. 5. It is obvious that a fraction of Pt is in the C layers

large variation in phase;(6). [see Eq.(22)].

near the interface. The fluorescence vyield of Pt generated

245409-5



S. K. GHOSE AND B. N. DEV PHYSICAL REVIEW B63 245409

1.2

0 If(z), Pt concentration 1|

k O = 1.0 7

—
o
[0.0]

/; \\
Q

[y
Reflectivity

(=]

(=]

L0
D R

XSW Field Intensity (normalized)

dl 0.2

/ 0.0 J
0.42 .
0 (degree)

"

|

|

|

|

FIG. 6. Theoretical plots for the Pt fluorescence yield, computed
for the distribution of Pt in Fig. 5, over the first-order Bragg reflec-
tion angular region. Reflectivitysolid squares Pt fluorescence
yield integrated over Pt layers with surface and interface rough-
nessess,=3 A, 0,=5 A, ando,=3 A (—). Pt fluorescence
yield integrated over the whole multilayet,=3 A, o;=5 A, and
0,=3 A and forf,=1 (——-), f.=09 (------ ), and f,=0.8

FIG. 5. Schematic diagram of the Pt distributidi{z), with (= ——). See the text for details.
interface roughness over the bilayer periag)., o,, and o, are
surface roughness, and Pt-on-C and C-on-Pt interface roughnessg@r —d,<z=d,. z=0 is on the Pt-on-C interfacer, is the

) ) Pt-on-C interface roughness. The Pt distribution across the
(179) from any depth is proportional to the product of the C-on-Pt interface is given by
field intensity and Pt concentration at that depth,

11%(0,2)=Cl;(6.2)f;(2), (25) 1+erf

(29

G

for —d,<z=<d; wherez=0 is taken on the C-on-Pt inter-

1
fa(2)= 2
whereC is a constant. The fluorescence yield detected out-
side the sample is given by

ji-1 face.o, is the C-on-Pt interface roughness. The total Pt dis-
|J.fd(glz):C“(g,z)fj(z)xex;{— ’Lf"“t dnt+z] |, tribution f(z) over the bhilayer and two interfaces is sche-
Sina |\ m=o0 matically shown in Fig. 5.f(z)=f,(z)+f,(z) in the C

(26) layers, whereas in the Pt layéfz) =f,(z) or f,(z), which-

with dy=0, and the depth integrated detected fluorescenc8Ver iS lower. The interface roughnessgsando, are those
yield is used in the analysis of the reflectivity. Now that the Pt dis-

tribution f(z) over the total thickness of multilayer is de-

N ot | 1= fined, the integrated detected fluorescence yi&l@d6) can
|fd(9)zcz EXF{ _ Fout Ay } be computed using Eq27). The Pt fluorescence yield com-
=1 Sina | m=o puted for this distribution of Pt over the first-order Bragg

d reflection angular region is shown in Fig. 6.
xf J|j(9,z)fj(z)exp< — @z)dz, 27) The solid curve =3 A, 0;=5 A, ando,=3 A) in

0 Siha Fig. 6 shows the computed fluorescence yield profile for Pt

. only in the Pt layers. In this calculation the effect of rough-

where « is the angle between the sample surface and the : ) e .

ness enters only into the computation of the field intensity,

direction of the fluorescence detector from the center of the o : .
) : . and the contribution to the fluorescence yield from Pt in the
sample surface, ang,,, is the weighted average linear

absorption coefficient for the outgoirfiuorescent photons. C layer due to interface broadening is neglected. This means,

S ) . in Eq. (27), that only the sum ovey odd layers has been
The distribution O.f the Pt concentration over the bII"’lyt':‘rs‘considered. The sum over all layers contains the fluorescence
across the Pt-on-C interface is given by

yield contribution from Pt distributed in the C layers as well.
. The fluorescence yield curve, including this contribution, is
1_erf( ) (28)  shown by the dashed lind{=1; the significance of . will
\/Ecrl be discussed later

1
fl(z):E
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respectively. Keeping.=1, it is also possible to fit the fluo-
FIG. 7. Theoretical plots of reflectivity for different electron rescence data assumlng_ broader interfaces, i.e., allowing

densities pc of the C layers.pe=0.69&5A3 (—), and pc Iarger values o?rl ano! o5 in Eqs.(28) and (29). However,
=0.8029A% (15% higher compared to the actual density this would be inconsistent with the values of and o
(———). Curves are vertically shifted by two orders. However, Obtained from an analysis of reflectivity data, as will be
they are also shown in an overlapping mode to demonstrate th&hown in Sec. IV. In order to obtain a consistent set of mi-
they are practically indistinguishable. crostructural parameters, it is necessary to allow, that
<1. f. may be called aoherent fractionand (1-f.) an

The possibility of a small amount of dissolved Pt in the Cincoherent fractionin analogy with the XSW analysis with
layers, in addition to the Pt in the interface profile, has notgragg diffraction from single crystafs.

yet been taken into account. In the computation of the reflec-
tivity the existence of such dissolved Pt in C should enter as
a change in the electron density of the C-layers. However,
due to the low electron density of C (0.698.%), the reflec- Pt/C periodic multilayers with different bilayer period
tivity is not very sensitive even to a relatively large change inlengthsd ranging from 35 to 47 A were constructed on float
the C-layer electron density. Reflectivity for a 15% higherglass substrates, and kept at room temperature, by dc mag-
electron density (0.8@2A %) of the C layers, shown in Fig. netron sputtering especially designed for coating inner walls
7, is hardly distinguishable from that for the pure C electronof cyllindrical surfaces. Two sputter sources of Pt and C are
density. Moreover, the electron density of the C layers delocated at the top and bottom of the cylindrical vacuum
pends not only on the amount of dissolved Pt, but also on thehamber. Samples were grown at a low Argon pressure of 1
change in C-layer thickness upon Pt incorporation. The eleombar. The deposition rates of Pt and C were 1 and 0.4 A/sec,
tron density can also change due to incorporation of ambiermespectively. The layer thickness during deposition was con-
atoms(e.g., Ap during multilayer depositiof® Thus an ac- trolled using the ion current and deposition time. Uniformity
curate determination of the amount of Pt in the C layers idn the horizotal plane is achieved by rotating the sample,
difficult from the reflectivity measurement. However, with while vertical uniformity is acieved by the mask. The overall
the x-ray standing-wave method it is possible to determinghickness variation was found to k€2 % over an area of

the amount of dissolved Pt in the C layers through the detect0x 10 cn?. The control of the thickness of individual layers
tion of its fluorescence. Here the detection of Pt is direct, anavas within 1 A. A total of 20 layer pairs of Pt/C were de-
the fluorescence vyield variation with angle for Pt in the Cposited in each case. X-ray specular reflectivity measure-
layers has an opposite trend compared to Pt in the Pt layeraents were made on these samffiés determine the bilayer
(see Fig. 4. Thus an analysis of the shape of the measured Rhickness and interface roughness. We have used one of
fluorescence yield curve can provide the amount of dissolvethese samples for the combined x-ray standing-wave and re-
Pt in C. flectometry analysis.

We assume the presence of some dissolved Pt in C. Out of Experiments were performed in our laboratory with a
the total Pt a fractiorf, of Pt remains in the Pt layers and 18-kW Mo rotating anode x-ray source. The experimental
within the broadened interface regions of the C layers, andetup is shown schematically in Fig. 8. A monochromatic
the remaining fraction (% f.) is dissolved uniformly in the Mo Ka; beam is obtained with the help of an asymmetri-
C layers. The Pt fluorescence yields as functions of angle fotally cut Si{111) crystal monochromator. The asymmetri-
f.=1, 0.9, and 0.8 are shown in Fig. 6. Later we will show cally cut crystal reduces the divergence of the monochroma-
with experimental data that the fit to the fluorescence yieldized beam and is in standard use in x-ray standing-wave
improves when arf,<1 is allowed in the least-squares fit- experiments.The incident beam on the sample has an angu-

IIl. EXPERIMENT
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FIG. 10. Experimental Pt , fluorescence yieldO O O and
FIG. 9. Experimental reflectivity dataYOO) and fitted theo-  reflectivity (solid squaresvs angle of incidenced over the first-
retical reflectivity curve {—) for a Pt/C multilayer on a glass order Bragg reflection and the theoretical curves.-¢--): oq
substrate with 20 bilayers. Parameters obtained from the fit: bilayer 3 A, 01=4.5 A, 0,=2.9 A, andf.=1.0(no Ptin the C layels
thicknessd=42.9 A, Pt layer thicknesd; = 16.8 A, C layer thick- (—): 00=3 A, ¢1=45A, 0,=29A, and f.=087
nessd,=26.1 A, surface roughness,=3 A, Pt-on-C interface  (Pb.osCoo9- (———) 0,=3 A, 0,=89A, 0,=42A, andf,
roughnessr; =4.5 A, and C-on-Pt interface roughness=2.9 A. ~ =1.0. Also shown(for 0,=3 A, 0,=4.5 A, ando,=2.9 A) are
The theoretical reflectivity curves: (----) for o,=3 A, o, the curves(open squargsfor Pt iCo g7 (f.=0.935) and(filled
=8.9A, ando,=4.2 A and all other parameters are unchanged.circles Pl o/Co g3 (f.=0.844). Fluorescence curves have been nor-
See the text for details. malized atf=0.4° as in Fig. 6. See the text for details.

lar divergence of 0.006°. The vertical beam width is kept as It was demonstrated that in the case of single-layer films
small as 10Qum. Reflected x rays were detected with athe roughness is correlated with the thickness of the fitti.
Nal(Tl) detector and the At , fluorescent x rays were de- However, in the case of multilayer systems with alternating
tected with a SLi) detector. The reflected x rays and the marker and spacer layers, the roughness becomes compli-
fluorescent x rays were collected simultaneously at eachated depending on the types of material, and their diffusion
angle. Control of the instruments for the operation of theproperties, reaction, and growth behavibit was shown
HUBER diffractometer and data collection is obtainedthat in a W/C multilayer system the W-on-C interface is
through a PC using Turbo C programming for IEEE andmore rough than the C-on-W interfateFundamentally this
RS-232 protocols. More details about the setup were preis expected because of the nonwetting condition in the sur-
sented elsewhef€ The average exit angle [the inclination  face free energyd,,> o) for the growth of W on C. In our

of the SiLi) detector with respect to the sample surfigfoe  caseop™> 0o, and we also observed the same trend: the

fluorescent photons was 50°. Pt-on-C interface is more rougho(=4.5A) than the
C-on-Pt interface ¢,=2.9 A). The Pt electron density for
. . 3 . .
IV. RESULTS AND DISCUSSIONS this sample is 4.95A 3, which is lower than that of the pure

Pt electron density of 5.@3A°% (p,=21.5 gm/cc). In gen-

The experimental reflectivity data and the fitted theoreti-eral, thin films tend to have a lower density compared to pure
cal reflectivity curve(Theory-1 are shown in Fig. 9. Bragg bulk material. Additionally, interdiffusion across the inter-
peaks up to the third order are seen. The small oscillationfaces leading to a mixed layer would decrease the Pt-layer
are due to the total thickness of the multilayer. Experimentatlensity and increase the C-layer density.
data have been fitted by allowing the variation in the electron The PtL « fluorescence yield has been measured over an
density, layer thickness, and surface and interface roughangular region containing the first-order Bragg peak, and
nesses of the layers. From least-squares fitting, the values ahalyzed as follows. From the spectrum at each angle in the
the parameters have been extracted. This fitting gives theultichannel analyzer only a Pte peak is selected. These
Pt-layer densityp;=4.95/A3, thicknessd,;=16.8 A, and peaks at all angles are fitted, and the background-subtracted
C-layer density (fixed) p,=0.698/A3, thickness d, areais determined. This area gives the yield. These raw yield
=26.1A, 0,=45A, and 0,=2.9 A. Thus the bilayer data have been corrected for “footprints,” probing thickness
thickness is 42.9 A. The third-order peak position does novariation and finite detector aperture. These corrections are
fit properly. This may be due to the multilayer having aexplained at the end of this section. This corrected.Rt
slight variation in bilayer thickness along the growth direc-fluorescence yield vs angle, along with the reflectivity over
tion. the first Bragg peak, is shown in Fig. 10. We fit the fluores-
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cence yield data based on the model described earlier. Thimagnetoresistance. In fact, in magnetic multilayers with a
model incorporates all the parameters extracted from the rewide range of Cy_,Ni, (x=0.04-0.42) alloy spacers, the
flectivity fit. That means that the density, thickness, surfacesmallest amount of impurityx=0.04) showed the largest
and interface roughness, etc. of the layers are kept intacthange in magnetoresistarféélhe magnetic impurity in the
Here we have considered the contribution of roughness asonmagnetic layer of the multilayer may be an element other
error functions[Eqgs. (28) and (29)] at both interfaces with than the magnetic element present in the multilayer. Since
01=4.5 A ando,=2.9 A. Theseo values are the rough- x-ray fluorescence can identify the element, the distribution
ness values obtained from an analysis of the reflectivity. of such impurity elements in the multilayer can be deter-
is well known that reflectivity calculations using an explicit mined by XSW experiment&.

error-function concentration profile at the interface and a flat |t must be mentioned here that the fluorescence data can
interface reflection coefficient multiplied by a Debye-Waller 5159 pe fitted, without assuming the dissolved fraciioe.,
function[Eq. (7)] are equivalent) If we consider that there keepingf,=1), by allowings; and e, to vary for the fluo-

s no dissolveq Pt in the C I_aye(ise_., fc:,l)’ we do Not  yescence fit. This fit is also shown in Fig. 10. However,dhe
obtain a good fit. The best fit is obtained with the model with, _, .o« obtained from this fit, = 8.9 A ando,=4.2 A) are

a uniform mixing of Pt in the C layers with,=0.87. This . : ; . R
means that 13% of total Pt is dissolved within the C Iayers.mconS'Stem with those obtained from the reflectivity fit. The

) ) X computed reflectivity for these-values, as shown in Fig. 9
Converted to an atomic concentration, this corresponds to a{)l'heor -2, is very different from the measured reflectivit
average composition $4C o5 Of the carbon layer. It should Y=o, y Y-

be noted that the Pt concentration in the C layers is actuaIIJ his ShQWS that this set of Iargefva!ue.s does not represent
higher near the interface. This concentration varies with th&°'Tect interface roughnesses. This is probably the reason
distance from the interface, and can be easily determine§yhy @ very larges value (10 A) fits the fluorescence data of
from the distributiongEqgs. (28) and (29)]. K_awamura and '_I'akenaﬁa.Our resglts underline the neces-

In order to show the sensitivity of the fluorescence yieldSity for a combined x ray standing-wave and reflectivity
curve to the Pt concentration in the C layers, we also shov@nalysis of periodic multilayers. We suggest that a combined
the plots for P§y4Co 97 and P§Co.oz in Fig. 10. They are use of reflectivity and x ray standing waves can provide the
distinctly different from the data and the fitted curve for microstructural details of a periodic multilayer. The proce-
Pt 0=Co.05. This clearly shows that the uncertainty in the dure to follow is as follows{i) Obtain the bilayer periodic-
estimated Pt concentration of 5% is smaller than 2%. In thdty, the fractional thickness of the highdayer, and surface
fitting of the data the weighte® factors are 0.041, 0.031, and interface roughnesses from the reflectivity (it The
0.023, 0.024, and 0.029 for 3, 4, 5, 6, and 7% of Pt, respednterface roughness should not be constrained to be equal for
tively. It is noted from Fig. 10 that with an increasing Pt both types of interfacediii) Use the parameters obtained
concentration in C, the Pt fluorescence yield increases on tHeom the reflectivity fit, and for the fluorescence data fit pro-
low-angle edge and decreases on the high-angle edge of tieeed with the assumption of a dissolved fraction of one ma-
reflectivity curve. This can be easily understood from Fig. 3.terial in the other, either in a uniform distribution or with any
At an angular positiorb on the reflectivity curve, the x-ray other improved distribution model. For a more accurate de-
intensity is high in the C layers and low in the Pt layers.termination of this distribution, higher-order Fourier compo-
However, if there is no Pt in the C layers, there would be nanents of the distribution can be determined by XSW mea-
Pt fluorescence emission from there. As some Pt migratesurements with higher-order Bragg diffractions.
from Pt layers to C layers, the amount of Pt present in the C In order to fit the reflectivity data to E413) and fluores-
layers would produce a strong fluorescence emission. That isence data to Eq27), the following corrections to data were
why increasing the Pt concentration in the C layers produceapplied: (i) A footprint correctiot® was applied to both re-

a higher fluorescence yield at this angular positipas seen flectivity and fluorescence data. At very small angles the
in Fig. 10. It is also noted from Fig. 3 that the maximum field beam projection is larger than the sample area. Thus only a
intensity in theC layers is much higher than the maximum fraction of incident photons is actually incident on the
field intensity in the Pt layer&@lso see Fig. ¥ This is due to  sample. After this correction, the data represent what they
the lower absorption of x rays in the C layers. Due to this, ashould be if all the photons were incident on the samfiilg.
given amount of Pt in the C layers produces a stronger fluoThe fluorescence data come from a relatively thin ldyee
rescence signal than the same amount in the Pt layers whéickness of the multilaygrcompared to the beam penetra-
the x-ray intensities are at a maximum in the respective laytion depth. Thus with a variation of the effective probe

ers. depth changes. To correct for this, fluorescence data are to be

Probing the quantity of material dissolved from one layermultiplied by sind at each point(iii) The fluorescence de-
into the other layer of a layer pair in a multilayer system istector has a finite aperture, and the fluorescent photons may
not only important for optical mirrors and devices, but alsocome from a much larger sample area. The detector offers a
very crucial for magnetic multilayers, where interface broad-varying effective solid angle for fluorescent photons originat-
ening and alloying within the layers affect magnetic proper-ing from different parts of the sample surface. As the ex-
ties of multilayers. In magnetic multilayers with alternating posed sample area varies with this requires a correction
layers of magnetic and nonmagnetic materials, a smalivhich depends on the detector aperture, the detector distance
amount(even a few perceptof magnetic impurity in the from the sample, and the sample length. In our case, over the
nonmagnetic layers can change the magnetic coupling and range (0.45°-0.6°) of the first-order Bragg peak region,
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this introduces only a minor correction for 1% variation in multilayer fabrication. Thus an accurate determination of the
detected intensity. layer composition from the XRR technique is practically im-
possible. These aspects have been elucidated with an ex-
V. CONCLUSIONS ample of a 20-period Pt/C multilayer. In the XSW technique,
o ) ] elements are directly identified. Thus the amount of dis-

. For a periodic multilayer system Wlth aI;ernating layers of sglved Pt or any other impurity in the C layers, such as Ar,
high-Z and lowZ elements, Bragg diffraction of x rays oc- often incorporated during multilayer fabrication, can be de-
curs when the Bragg condition for the bilayer periodicity is termined. As the interface roughness drastically affects the
satisfied. As in diffraction from a large perfect crystal, stand-higher-order Bragg peaks and the overall intensity at higher
ing waves are set up in the multilayer while diffraction oc- angles, interface roughnesses are more accurately determined
curs. The antinodafor noda) planes of the standing-wave py fitting the reflectivity data over a large range of angle of
are parallel to the layer planes, and have a periodicity equghcidence. On the other hand, in the XSW analysis, if the
to the multilayer period. On the low-angle side of the Bragg-amount of Pt in the C layers is assumed to be solely within
reflection peak, the antinodal planes are within the layershe proadened interface, and is treated as roughness, one ob-
with a low-Z element. As the angle of incidence advancesains roughness values that are too large compared to those
through the diffraction peak the antinodal planes shift in-gptained from the refictivity fit. Fixing the interface rough-
ward, and finally coincide with the nearest layer of hih- ness values at those obtained from the XRR analysis, and
element of the layer pairs. Emission processes, such as phgssuming the remaining Pt to be in uniform distribution in
toemission or fluorescence from atoms in the multilayer, arghe C layers, the Pt concentration in the C layers is deter-
modulated over an angular region containing the Bragg peaknined. (More details about the elemental distribution, such
fO”OWing the shift of the antinodal planes. An analySiS of as higher-order Fourier ComponentS, can be obtained by
this modulation in the emission yield provides structural in-xS\w measurements with higher-order Bragg peakbus a
formation about the multilayer. The usefulness of the comtombined analysis by XSW and XRR techniques removes
bined application of x ray reflectivity and x ray standing- the deficiencies of the individual techniques. For a 20-period
wave techniques for the analysis of multilayer pyc multilayer system, interface roughness@i-on-C:
microstructures has been explained. The deficiencies of eachs A, C-on-Pt : 2.9 A) and the C-layer composition

technique can be overcome by a combined application ofpy, ..c, . have been determined. Determination of a small
these techniques. XRR depends on the electron-density digyantity of impurity, even a few percent, in the spacer layer
density of one layer of the layer pair is very small compared

to the other, reflectivity is not very sensitive to even a large

fractional change of this electron density. Moreover, the

change in the electron density is not necessarily due to the
diffusion of atoms from the other layer of the layer pair; it We thank Dr. G. Lodha and Professor K. Yamashita for
could also be due to other impurities incorporated duringproviding the Pt/C multilayer sample.
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