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Resonance enhancement of x-rays and fluorescence yield from marker layers in thin films
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Resonance enhancement of x rays in a thin film and fluorescence emission from embedded marker layers
within the film have been studied. With embedded marker layers of Ti, Fe, and W at different depths in a thin
Si film on a Au-coated Si substrate, it has been shown that the position of a marker layer throughout the depth
of the film can be unambiguously determined with a precision better than 0.5 nm. In this example, field-
intensity enhancement upto 16 times have been observed. Field enhancement gives rise to enhanced sensitivity.
The usefulness of this resonance-enhanced x-ray fluorescence spectrometry in the study of diffusion with
marker layers in thin films including polymers and nanocomposites has been elucidated.
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Physical phenomena such as, total external refleétion, plots that a marker layer placed at either of these two equi-
terference fringes in reflection from layers on a substrate,distant positions would give rise to the same fluorescence
formation of evanescert' and standing wavesand reso- Yield, and consequently by fluorescence yield measurements
nance enhancement of x rays in thin films on substfafes their positions could not be distinguished. However, this is
are observed when x rays are incident at grazing angles oot true. The field intensities are equal at these positions only
flat surfaces of materialsOdd-order resonance enhance- @t specific angles. Here we demonstrate that fluorescence
ments of x rays have been observed by Wangl. in a ylelds_from marker' atoms placed at depths equidistant from
Langmuir-Blodgetf(LB) layef and Devet al. observed both ~ the middle of the film, detected over an angular range, have
odd andevenorder enhancements in a polymer blend Idyer. quite different profiles and there is no ambiguity in the de-
The depth distribution of the two polymer components in thel€ction of thesg posmons..We demonstrate this by measuring
blend was determined by measuring the x-ray fluorescencéorescence yield from thint1 nm) embedded marker lay-
yield from specific(marke) atoms in one polymer compo- €rs of Ti, Fe, and W at different depths within a thin Si film
nent as a function of angle of incidence. (~50 nm on a Au-coated Si substrate. Ti, Fe, and W layers

Marker layers are usually used in the study of polymer-Were embedded at approximate depths of 12.5, 25.0, and
polymer interdiffusion in thin films. For example, diffusion 37-5 nm, respectively. That is, the Ti and the W layers are
coefficients have been determined by placing a marker layefquidistant from the position of the Fe layer. Results clearly
of Au between two polystyrene layers of different molecularshow that any marker position in the film can be determined
weights and measuring the shifts of the marker layer positiotinambiguously. Thus the movement of a marker layer
due to polymer interdiffusion by Rutherford backscatteringthroughout the layer thickness can be precisely determined
spectrometry(RBS).% X-ray reflectivity (XRR) is also used s needed in a diffusion experiment. o
to study diffusion of polymers of different molecular weights ~ We first present the computation of the theoretical field
with the help of heavy atom marker layéfswhile the RBS ~ intensities from a model system—a Si thin film on a Au-
technique has poor depth resolution, the disadvantage witfPated Si substrate. We compute the angular dependence of
XRR is that the heavy atom layer has to be thick enough téhe field intensities at depths where we plan to embed the
remain as uniform layer to give a good electron density conmarker layers. The detailed theoretical description is fol-
trast in the polymer. Resonance-enhanced x-ray fluorescené@ved from the work of Dewt al. _ _
spectrometry(REXFS, as shown here, would be a better If we consider a multilayer as schematically shown in the
choice for diffusion studies with marker layers. In these ex-inset of Fig. 1a), whereEj, andEj represent the incident and
periments fluorescence from marker atoms are detected. Tli@e reflecteck fields outside the top layer, respectively and
pattern of fluorescence yield variation as a function of angleE}(O) and E}(O) represent the transmitted and the reflected
of incidence contains the information about the markerE fields at the top of th¢th layer. Then the totdt field at the
depth. In the experiment by Wargg al., fluorescence signal positionr within the jth layer is given by
was collected from a loosely packed biatomic layer, while T . ]
the number of fluorescing atoms involved in the experiment Ej(r)=Ej(r)+Ej(r) (1)
by Devet al. was only~ 1x 10*> atoms/cri. REXFS offers
high sensitivity (~10* atoms/cr or bettej and high depth
resolution (-0.2 nm.

For resonance enhancement of x rays, various plots of 1.(6,2)=|ET(r)|2. 2)
intensities in earlier works® as well as in the inset of Fig. : '

1(b) show that the x-ray field intensities at depths equidistanReflectivity outside the surface is given By=|Ey/Ep|>.
from the middle of the film are equal. It may appear from theE}’s and E}’s and in turnR and |;’s are computed using a

and the field intensityfor s polarization at a given depttz
from the top of thejth layer is
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1.2 , usually happens within a layer of low electron deng#yg.,
EOW E, Si, polymer, LB layer etg.when it lies on a layer of higher
1.0 E7s > E| electron densitye.g., Au.
E-7 A, Let us discuss the results of calculations of various quan-
08 | E7 o ~F, tities using an example. We take a three layer system: Si/Au/
Substrate Si, schematically shown in the inset of Fig(al In this

computation we have used the following parametgrsfen-
ergy of the incident x rays= 11.1 keV, ¢;=1—(3.96
X 10 6)—i(4.87x10°8) (silicon), e;=1—(2.37X10 %)—

Reflectivity
o
o

0.4 r i(1.51x10°%) (gold), e3=¢€;, d;=50 nm andd,=70 nm,
oo=01=0,=0. The critical anglesp.= 24, are 6,(Si)
02 r =0.161° andf.(Au)=0.394°. For < 6.(Si), incident x
rays will undergo total external reflection from the silicon
0.0 L S Y layer and an evanescent wave will be present in the layer. For
20 z2 P 0> 6.(Si) the incident x rays penetrate into the silicon layer
-’g 18 - é - // \\ and get reflected strongly by the Au layer upé&e 6.(Au).
N g - ] / \ At 6,(Si)<0<6.(Au) a part of the x-ray beam, already re-
g 14 | =l 5 A /\\ flected from the Au layer, is reflected back into the silicon
5 - % - AN Fa \ layer from the silicon/air interface. The constructive interfer-
£12r £ \‘\ ence between this beam and the incident beam causes en-
210 - T B S eh e L S e hancement of field intensity in the silicon layer.
g g ! For this system the reflectivitR(6) is shown as a func-
€ 6 | 4 tion of grazing angle of incidencefj in Fig. 1(a). Field
o] . £ intensity enhancement within the Si layer occurs at those
E 47 b angles where there are minima in the reflectivity curve. The
2 field intensitiesl (z) within the top Si layer for the angles of
0 s LA NACANANY incidence @) corresponding to the first, second, third and
0.1 0.2 0.3 0.4 0.5 0.6 fourth minima in reflectivity are shown in the inset of Fig.

0 (degree) 1(b). We notice that standing wave patterns are generated
) o S . within the layer. This also shows that the intensity is en-
FIG. 1. Theoretical reflectivity[R(6)] and field intensity hanced within the layer, the enhancement being the largest
[1:(6,2)] curves for a S50 nm/Au(70 nm/Si(substrate system.  for the first order, which is about 19 times. We notice from
The inset in(a) schematically shows the Si/Au/Si system with re- the inset of Fig. (b) that second, third and fourth orders
flected and transmitted fields. (a) Reflectivity, (b) the angular have 2, 3, and 4 antinodes, respectively, formed within the
dependence of the field intensities at three depth positions withir|1ayer V\'Iith’ decreasing intenlsity In Fig(tm,we present the
™ l _ . 1 .
tkl'eato'i ;'5"?” layerzth ['(Z’g_hlf'i nT:l;?(?“O“Oz’ r_n'd_dle angular dependence of the field intensity at three positions
[1(0,2=25.0 nm] (), and3th [1(9,2=37.5 nm)] (= = =).  \ishin the top silicon layerith, middle, and3th. Although
Inset in(b) shows the field intensitiez) within the top Si layer the field intensities at théth position and théth position
for the angles of incidencedj corresponding to the first, second, are equal at specific angley( 0,, 05, 6,) where reso
third and fourth minima in reflectivity, i.e, at9;=0.173° o V2 Y3, V4] T -
(_I —=), 0 :u0.2° (l_l__) |0 :0_241|Y| {_)I and 01:0.289° nance enhancements occur, as shown in the inset, the overall
[ ,. . .)? respectively. F’irstBthrough fourtr; order résonance en-angUIar .d.ependences ar? clearly diffe_rent. So these.equ_idis-
hancements take place at these angles. Eant pohsncljops from t;le trrr:lddle of the film can be easily dis-
inguished from each other.
. . . . In our experiment we monitor the field intensity by de-
recursion relatioh®!with the knowledge of the layer thick- tecting fluorgscence yield from Ti, Fe, and W atomys e)r/nbed-
nessd;’s, interface roughness;’s and the dielectric func- ded as thin marker layers a%vlé.5 '25_0 and 37.5 nm

tions €;'s, wheree; is given by respectively, within a 50 nm thick Si film.
The samples were prepared under ultrahigh vacuum
6=1-25-i28;. 3) condition (base pressure:>310 ° mbap with an e-beam

coating unit. Six crucibles were used to deposit all the ele-
ments. First a thin film of Cf20 nm was deposited on the
In Eqg. (3) ; and B; are related to the electron density and Sj substrate and then 70 nm of Au was deposited on the
the linear absorption coefficient of theén layer, respectively. Cr |ayer. Cr is coated to increase the sticking of Au on
The transmitted field intensity}E}|?, is an oscillatory the substrate. Then Si and the marker layers of W, Fe,
function of § and may be quite large in comparison to theand Ti were deposited to make the film structure
incident intensity] E})|2, under appropriate conditions giving as follows: S{12.5/Ti(1.0)/Si(12.5/Fe1.0)/Si(12.5/W(1.0)/
rise to large enhancemehis 1;(0,2) at specificd values.  Si(12.5/Au(70)/Cr(20)/Si(substratg The numbers in the pa-
Resonance enhancement occurs at these specific angles. Traathesis indicate the nominal thickness in nm. The rate of

233403-2



BRIEF REPORTS PHYSICAL REVIEW B 64 233403

deposition for Si, Cr, and Au was 0.02 nm/sec and that for
the three marker layerdi, Fe, and W was 0.01 nm/sec.

X-ray reflectivity and fluorescence measurements were
performed using synchrotron x radiation in HASYLAB at
the RGMO | bending magnet beam line. A monochromatic
beam (=0.1116 nm was obtained using a @33 and
Si(511) double crystal monochromator. The slit widths par-
allel and perpendicular to the sample surface were 3.5 mm
and 60 um, respectively. The sample size was 25
X 20 mnt. Beam divergence was 0.005°. The scattering ge-
ometry was that fors polarization. A Na(Tl) detector de-
tected the specularly reflected beam and @.igidetector
detected fluorescence from Ti, Fe, and W layers, excited by
the E field in the sample. The average exit angte[the
inclination of the SiLi) detector with respect to the sample
surfacg for fluorescent photons was 25°. Measurement was
made up tod=1.0° with 0.001° step size. Data collection
time at each point was 20 sec.

The experimental reflectivity and the fluorescence vyield
data(Ti K, , FeK,, and WL ,) from the marker layers and
the corresponding fitted theoretical curves are shown in Fig.
2. Although the marker layers are thin, we treated them as
individual layers in the computation. The footprint correction
has been incorporated in the experimental curves. All the
theoretical curves in Fig. 2 for the fluorescence yield have
also been corrected for the fact that the fluorescence count
increases a¥ increases due to finite aperture of thé€Lbi
detector. The reflectivity curve does not follow the trend as
calculated for the case of the Si/Au systéRig. 1(a)]. This
is because the marker layers of high electron density are also 5
contributing to the shape of the reflectivity curve. From the
fitting of the reflectivity(up to #=1°) we obtain layer den-
sities, thicknesses and surface and interface roughnesses. The j \
parameters obtained for each Si layer are as follod: 001 ' ‘ 0‘3 05
=3.7x10 © and thicknesslg;=12.7+0.3 nm. Thes values ' ' '
for Ti, Fe, W, and Au are obtained as &90 °, 1.18
X107°, 2.25<10°°, and 2.26<10 °, respectively. The FIG. 2. Experimental datafOOOQ) and the fitted theoretical
thicknesses for the Ti, Fe, W, and Au layers come out to beurves(—) for the Si/Ti/Si/Fe/Si/W/Si/Au/Cr/ $substratg sys-
1.7+0.2, 1.5£0.2, 1.1+ 0.1, and 72.@ 0.5 nm, respectively. tem, as shown in the insdi) Reflectivity; (b), (c), (d) are fluores-
Surface and interface roughnesse§’s{) are<0.3 nm. Iltis cence yields from the marker layers Ti, Fe, and W, respectively. In
observed that the density of the layers are 4% smaller (d) two additional curves are given to show the depth resolution.
compared to the bulk values. Since the marker layers are dfluorescence yield curves for positions of 0.5 nm deeper-(-)
higher density than the spacer Si layers, the shape of thnd 0.5 nm shalloweg. ... .... ) from_the mean _best-fit position. In
reflectivity curve has changed compared to an ideal Si layef® the arrow mark shows the position of the first order Bragg peak
of 50 nm thickness. We notice that the reflectivity cufiey. from the se_mlpenodlc multilayer on Au._ See text for details. Fluo-
2(a)] has a hump at abowd=0.3°. This is because of the rescence yield data ha\{’e been n_o_rmallzetﬂall_". Data are pre-
first order Bragg reflection from a semiperiodic multilayerfjrr;t:d only up te=0.6° for retaining the clarity of various fea-
formed with S{12.7 nm/marker (~1.5nm) bilayers. This
bilayer is repeated four times on the Au layer. The Bragg
peak is broad because the number of bilayers is small. yield from marker at the middle positiofFig. 2(c)]. This

Figures Zb), 2(c), and 2d), show the fluorescence yield means that if a single marker layer is used within a thin film
from Ti, Fe, and W marker layers, respectively. We fit thefor diffusion studies, the marker layer positions for marker
fluorescence yield data with the density, thickness, surfacenovement throughout the depth of the film can be unam-
and interface roughness values extracted from the reflectivitpiguously determined. In Fig. 2 we also notieel1-16
fit. The contributions of interface roughnesses are consideretiimes x-ray intensity enhancement in the first order. In Fig.
as error function distribution. It is clear from Figs. &) 2(d), fluorescence yield curves for two positions—0.5 nm
and 2d) that the angular dependence of the fluorescencdeeper and 0.5 nm shallower than the best-fit mean position
yield from equidistant positions around the middle of theof the W layer—are shown. The fluorescence yield curves
film are quite distinct. Each of them is again distinct from theare easily distinguishable. This shows that the depth resolu-

Reflectivity

[4)]

o

iy
(3]

[4)]

o

Fluorescence yield (normalized)
3 3

0 (degree)
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tion is better than 0.5 nm. Resonance enhancement of x ray#m, the surface vibrational density of states can be distin-

can be observed in materials where absorption of incident guished from that in the bulk of the layer by selectively

rays is reasonably small. Elements or compounds involvingutting a >’Fe monolayer at the surface or in the middle of

low-Z atoms fulfill this criterion. This enhancement has beenthe Fe layer.

shown for a polymer layer.Thus for diffusion studies in In summary, we have shown that in resonance enhanced

polymer layers using marker, REXFS would be superior tox-ray fluorescence spectometry experiments, position of a

other available techniques. The superior depth resolution almarker layer within a thin film can be determined unambigu-

lows determination of diffusion coefficients as small asously. Thus diffusion studies using marker layers can be per-

1072 cré/sec® In diffusion experiments marker layer formed in thin films of polymers and other materials involv-

movement may also broaden the marker atom distributioning low-Z atoms. The x-ray intensity enhancement would

The shape of the fluorescence yield curve is sensitive to thiprovide higher sensitivity. Combined with its superior depth

broadening and can be evaluated as in Ref. 13. resolution, we believe that this technique will find applica-
We discuss some other areas of applications of this techtions in the areas of polymer and nanostructure research.

nique below. Novel organic/inorganic nanocomposites can be

designed using simple polyméfor using templates formed

with block copolymers. These copolymers spontaneously
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