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X-ray standing wave spectroscopy at grazing incidence (GI-XSW) is demonstrated to be a

versatile method to characterize multilayer thin films and element distributions on a nanometre

scale. In this work we present a measurement procedure and development of a computerized

simulation tool to interpret measured intensities. Four different kinds of samples are investigated.

First, thickness determination of a set of thin germanium layers on silicon ranging from 29 nm to

1 mm is presented, which demonstrates the wide dynamic range that is feasible and the limitations

that occur. Second, analysis of a sample of gold clusters evaporated on an 80 nm polystyrene film

on a silicon substrate is shown. Low contrast organic mono-, double or multilayers is the third

kind of sample to be characterized by XSW. Finally, qualitative and quantitative characterization

of a laser multilayer mirror utilizing XSW and a fast Fourier transform evaluation method are

described. Measurement and simulation procedures for each kind of sample are outlined in this

report as well as the possibilities and limits of this XSW method.

Introduction

Thin films and multilayers have become very important in

science and technology during the last decades. The semicon-

ductor industry, laser and X-ray optics or organic surface

modifications are a few of many application fields for these

structures. Thus, measurement methods for thin films in the

nanometre range are increasingly required. Also, polymers as

well as metal-organic compounds are playing an important

role in industry and science, e.g. in automobile production or

as coatings of mass storage devices like CDs and DVDs.1–3

Depending on the type of sample to be characterized,

different measurement techniques from a wide variety of tools

are available. However, besides already existing powerful

methods, such as X-ray photoelectron spectroscopy (XPS),

Auger electron spectroscopy (AES), secondary ion mass spec-

troscopy (SIMS), sputtered neutron mass spectrometry

(SNMS), glow discharge optical emission spectroscopy/mass

spectrometry (GD-OES/MS), new methods are still in demand

because existing methods still have problems or inherent

limitations. Either they are dependent on calibration proce-

dures relying on standards that often do not exist (GD-OES/

MS, XPS, AES, SIMS), or they are only vacuum compatible

(e.g. SIMS, XPS, AES), or are difficult to use on non-con-

ducting samples.

If nanometre and sub-nanometre in-depth resolution is

necessary, the achievable resolution and sensitivity of existing

techniques is not adequate. A comparison between several

methods for depth profiling (XPS, SNMS, grazing incidence

X-ray fluorescence (GI-XRF), Rutherford backscattering

(RBS), total-reflection XRF (TXRF)) was performed, for

example, by Klockenkämper et al.4, showing that discrepan-

cies of up to one order of magnitude in the parameters

measured with different methods can occur, mainly due to

calibration problems.

X-ray related methods like X-ray reflectivity (XRR),2,5–7

X-ray absorption or X-ray standing waves (XSW)8–27 are

techniques that are suitable for a wide range of thin film and

multilayer samples, and that have the potential to overcome

some of the existing limitations. They do not require external

standards, little or no sample preparation, and have short

measuring times if they are used in combination with a

synchrotron radiation source. In addition to a very high

photon flux (orders of magnitude more than an X-ray tube)

synchrotron radiation offers the advantage of precisely tun-

able photon energy up to several tens of keV.

XSW is rooted in the fact that incoming longitudinally

coherent electromagnetic waves reflected at surfaces or inter-

faces interfere with the out-going reflected waves. Together

they form a static intensity pattern that can be regarded as a

ruler with subnanometre resolution. Although the XSW tech-

nique was developed ca. 40 years ago, it has only become really

exploitable recently with the availability of high photon fluxes

provided by second and third generation synchrotrons, such as

ESRF,11,12,21,22 NSLS,9,14,16,20,23 APS,9,18 SRS,10,15 DELTA1

or others.17,19,24,26,27

XSW measurements are commonly performed around the

Bragg angle of reflection9,11,12,17–20,23 or at normal incidence

(NI-XSW).10,14,15,22 Multilayers13,17,18 or crystal lattices14,16

are subject to most of these investigations, which are well

suited to characterize periodic structures. However, a periodi-

city in the sample (crystal lattice or periodic multilayer) is

mandatory for these kinds of XSW measurements and

limits its applicability. In contrary, X-ray standing waves at

grazing incidence (GI-XSW)8,24–27—also called long-period

XSW—presented here require only one or several flat,
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reflecting interfaces and so-called marker atoms emitting

detectable fluorescence radiation. Distances in a GI-XSW

intensity pattern are in the range of nanometres and permit

characterization of structures of this order of magnitude.

An XSW measurement procedure and a computer simula-

tion program developed to calculate the XSWwavefield will be

described in detail below.

Theoretical background

Beams of monochromatic and sufficiently longitudinally co-

herent X-ray radiation impinging onto and reflected at a sharp

interface can interfere at their intersection point. Depending

on the position of these intersection points relative to the

mirror, constructive or destructive interference will occur,

leading to a periodic pattern of nodes and antinodes of

X-ray standing waves above the interface. Positions of minima

and maxima only depend on angle of incidence and energy

(wavelength) of the X-ray radiation. Marker atoms located at

the position of a maximum will emit fluorescence radiation

detectable by an energy dispersive detector. Positions of nodes

and antinodes vary with varying angle of incidence and/or

wavelength of the radiation,28 thus changing the angle (as it

was done in measurements presented here) or energy of the in-

coming beam results in a measurement of fluorescence versus

angle or wavelength.

De Boer29 and Klockenkämper30 have outlined a method to

calculate the XSW field above a surface or within a multilayer,

utilizing formalisms introduced by Abelès31 and Parrat.32 This

method has been expanded and implemented in a computer

program that will be introduced in the following. Detailed

calculation procedures are presented elsewhere.1

To calculate the XSW field in a multilayer system the angle

of incidence for each subsequent layer must be determined as a

function of wavelength and refractive index of the layer

material. Further, absorption inside each layer has to be

considered. Dispersion and absorption coefficients for all

elements and many compounds are tabulated or can be

calculated.33,34 Then interference of the electrical fields of

reflected and incoming beams in each layer are calculated

under consideration of path length and phase for each beam.

Squaring of the electrical field amplitudes delivers the field

intensity. Marker atoms can probe the XSW field as they emit

fluorescence radiation depending on their position inside the

XSW field. Elements with absorption edge (i.e. binding en-

ergy) below the energy of the incident beam can serve as

marker elements. Finally, taking into account absorption of

emitted fluorescence radiation on its way to the detector one

obtains the theoretical XSW signal.

In the following, the discussion of two examples will de-

monstrate the methodology. Fig. 1 shows the calculation of an

XSW field above a flat silicon substrate for X-ray energy of

10 keV. Below the critical angle of Si (i.e. 0.181) virtually no

radiation penetrates the sample and interference of totally

reflected and incoming beam lead to maxima of up to four

times the intensity of the incident radiation I0. Above the

critical angle, the field enters the substrate, resulting in a field

intensity decreasing exponentially with depth. Oscillation am-

plitudes above the sample reduce to smaller values than below

the critical angle. They average around 1 because less radiation

is reflected at the interface leading to less intensity in the

interference with the incident beam.

Fig. 2 displays the calculated XSW field for a 70 nm Si layer

on a thick Ge substrate. The X-ray energy is again 10 keV.

Similar to the pure Si substrate no radiation penetrates the

sample for angles below the critical angle of Si. Above this

angle and below the critical angle for Ge (i.e. 0.241) radiation

enters the Si layer. However, it is totally reflected at the Ge

substrate. Partial internal reflection at the Si–vacuum interface

leads to multiple inner reflections inside the Si layer. XSW field

intensities far above 4I0 are produced due to coherent multi-

reflections. Above the critical angle of Ge, radiation can

penetrate the substrate, too, and the XSW field resembles

the high angle region in Fig. 1 again.

Typically an XSW scan is performed by changing the angle

of incidence by tilting the sample with the marker position

kept constant. It can be extracted from the 3-dimensional

graphs in Fig. 1 or Fig. 2 by plotting the cross-section of

intensity versus angle at a fixed height value. If the marker is

distributed throughout a layer of finite thickness integration of

the whole layer has to be performed. This procedure and other

possibilities of XSW scans are described in more detail else-

where.1

Experimental procedure

XSW measurements presented here were performed at beam-

line BL 9 of the DELTA synchrotron facility35,36 in Dortmund

Fig. 1 Calculated XSW field above a Si substrate for E = 10 keV.

Fig. 2 Calculated XSW field for a 70 nm Si layer on a Ge substrate

for E = 10 keV.
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(http://www.delta.uni-dortmund.de/) with energies of the in-

cident beam between 13 keV (wavelength 0.0954 nm) and

15.2 keV (0.0816 nm) depending on the element utilized as a

marker. Synchrotron radiation was generated by a super-

conducting asymmetric wiggler (SAW) and energy was mono-

chromatized using a silicon (311) double crystal

monochromator. Longitudinal coherence length ranged from

3.5 mm (15.2 keV) to 5.0 mm (13.0 keV). Detailed description of

the beamline set-up can be found in Krywka et al.37

The experimental set-up is displayed in Fig. 3. The beam

was bent down and focused by a curved silicon mirror. The

beam cross section (and thus the scanning region on the

sample) was then defined by two slit systems in front of the

sample to a width of 1 mm and a height of 150 mm. If necessary

(to prevent damage to the detector) the beam intensity could

be reduced by an absorber system. The angle of incidence on

the sample was selected with an accuracy of 0.0021 by tilting

the sample stage. Fluorescence radiation from the sample was

detected by an energy dispersive detector (XR-100CR, Amp-

tek, Bedford, MA, USA) 1 cm perpendicular above the sample

and processed by a multi-channel analyzer (MCA).

To perform an XSW scan, first an energy spectrum of the

total fluorescence radiation at one angle of incidence is

recorded and fluorescence intensity peaks of the marker ele-

ment(s) of interest are located. Then regions of interest (ROIs)

are allocated to channels comprising the peaks. Finally, an

angle scan from 0.011 to approximately 0.61 is performed

measuring the integrated intensity of each ROI versus the

angle of incidence.

With the same set-up a reflectivity scan is performed using a

scintillation counter approximately 1 m behind the sample at

specular position (angle of incoming beam= angle of reflected

beam) that is defined by another two slit system. This scan

provides supplementary information on the sample and at the

same time serves as a cross-check.

Analyzed samples and results

Layer thickness determination

Germanium layers on silicon (JENOPTIC, Jena, Germany) of

four different thicknesses (29 nm, 76 nm, 309 nm and 1010 nm)

were characterized with XSW scans at 15.2 keV. Fig. 4 shows

measured and calculated curves for all analyzed samples. For

each thickness, the measured signal, a simulation fit for the

nominal thickness and a best fit with varied thickness is shown.

While the simulated curve for the thickness generally deviates

from the other curves towards higher energies (with the

exception of the thinnest Ge layer where the best fit leads to

the nominal thickness), best fit and measurement curves can be

distinguished by the noise affected appearance of the measure-

ment curves. The thicknesses obtained by a best fit to the data

shown here are (from top to bottom): 93 nm, 106 nm, 59 nm

and 29 nm. It can be seen that deviations between the

measured and simulated curve for the nominal thickness get

very large for thicknesses above approximately 100 nm.

XSW oscillations are clearly visible for the thinnest film

(29 nm) but virtually disappear for thicker layers because of

high absorption inside germanium. Nevertheless, the shape of

the XSW curve is still dependent on the thickness. A very good

accordance of measured and calculated curves (accuracy

about 2 nm) could be achieved for the 29 nm sample. Only

for greater angles the measured signal falls below the calcu-

lated curve. This effect is even stronger for the 76 nm sample.

Here the best fit turns out for a theoretical thickness of 57–

60 nm. Dramatic deviations occur for the thicker samples. The

theoretical intensity value approximately rises linearly for

great angles as expected,30 while the experimental value con-

verges towards a horizontal asymptote. If the thickness in

simulation is varied widely enough to fit the measurements it

converges to a value of 102–110 nm for the 309 nm sample and

90–96 nm for the 1010 nm sample, respectively. Obviously

thickness determinations cannot be performed with XSW at

this energy for layers thicker than approximately 100 nm.

This can be understood regarding Fig. 5. The calculated

XSW field inside a 100 nm Ge layer on Si for E= 15.2 keV (cf.

Fig. 5a) shows clearly visible oscillations. The theoretical

determination of the angle resolved fluorescence intensity

requires integration over the entire 100 nm thickness of the

Ge layer. Thus oscillations disappear in this averaging process

(cf. Fig. 5b). Consequently, the nanometre sensitivity of XSW

is lost, especially if the signal is additionally corrupted by noise

and other errors. Obviously this method is most powerful if

Fig. 3 Schematic set-up for XSW and reflectivity scans. Detailed

explanations are given in the text.

Fig. 4 XSW scans and fits for Ge layers on Si for different thicknesses

(from top to bottom): 1010 nm, 309 nm, 76 nm, 29 nm. The curves are

discussed in more detail in the text.
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the XSW period and the structures to be observed are in the

same order of magnitude. As the oscillation period of XSW is

proportional to the wavelength of the incident beam,1,24,25,30 it

is possible to expand the accessible thickness range by redu-

cing the photon energy. A lower limit for this energy is the

binding energy EB of the inner shell electron to be ejected by

the incident photon that is always higher than the energy of

the respective fluorescence radiation observed. For Ge Ka
fluorescence considered here, this limiting binding energy

amounts to 11.103 keV. Thus, if 100 nm thickness may be

regarded as the maximum thickness accessible at E =

15.2 keV, the total physical limit for Ge thickness determina-

tions with XSW would be approximately 140 nm. However,

marker elements with lower binding energies would permit

much greater thicknesses. Finally utilizing La fluorescence

could offer access to greater thicknesses, but the energy of

this fluorescence radiation is so low and thus absorption so

high that XSW cannot occur.

Metal-organic multilayer

As an example of a metal-organic multilayer a complicated

sample structure consisting of gold clusters on an 80 nm

polystyrene film spin-coated on a Si/SiO2 substrate was ana-

lyzed. If evaporation of gold is performed slowly enough, gold

atoms do not form a continuous layer but nanometre sized

spherical clusters2,5 that allow incident radiation to partially

pass even below the critical angle of reflection. On the other

hand, the great optical contrast between gold and polystyrene

leads to a strong and well structured XSW signal permitting an

accurate fit (cf. Fig. 6). The fitted polystyrene and gold layer

thicknesses (80 nm and 1 nm, respectively) coincide well with

the nominal values determined through sputter rate (i.e.

thickness of a homogenously distributed gold layer with

similar coating). The nominal thickness was confirmed by

additional X-ray reflectivity measurements of the sample made

during and after production.2,5,38

Clearly, nominal gold thickness as it results from the

simulation is an artificial concept. Reducing dispersion and

absorption values (i.e. density of the specimen on the surface)

increases the film thickness (i.e. the z-region where the gold is

distributed) accordingly. The gold layer is not continuous, and

a more appropriate measure than film thickness is surface

coverage. Calculations5 for this sample deliver an area cover-

age of approximately 38%.

This value roughly corresponds to a film thickness of 3 times

the nominal thickness and one third of the nominal dispersion

and absorption coefficients, respectively. Input of these para-

meters into XSW simulation leads to a fit as satisfying as the

one shown in Fig. 6.

Low-contrast organic mono- and double-layers

Fig. 7 shows an XSW scan of a biological layered sample.

Phospholipids were deposited onto a quartz substrate to form

Langmuir–Blodgett films39 as mono- or double layers. A

potassium chloride containing buffer solution is spread onto

the Langmuir–Blodgett film. As the optical contrast between

phospholipids and buffer is very low, only an element specific

method can characterize the interface between the films. XSW

can measure the signal of three elements simultaneously dur-

ing one angle scan. Additionally to the phosphorus as a

marker inside the phospholipid, chlorine and potassium as

the main components of the buffer solution covering the

phospholipid layer were measured. Strong background

Fig. 5 XSW calculation for a 100 nm Ge on Si at E = 15.2 keV. (a)

In the 3D visualization (above) of the XSW field (XSW intensity versus

height above the substrate and angle of incidence) oscillations are

clearly visible. (b) The angle scan (below) calculated by integrating the

intensity of the entire Ge layer for each angle virtually shows hardly

any oscillations.

Fig. 6 XSW scan and fit for a polystyrene layer on Si/SiO2 sample

covered with Au clusters. Given values for the sample were 80 nm

polystyrene thickness, 1 nm nominal gold thickness and silicon with a

native oxide layer of unknown thickness. The fit curve was calculated

for 1 nm gold on 80 nm polystyrene on 1 nm SiO2 on silicon.
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scattering from the buffer solution made measurements diffi-

cult, but a periodic oscillation could be recorded for all

elements. Knowing the wavelength of the incident radiation

l = 0.0954 nm (E = 13.0 keV) one can calculate a typical

distance corresponding to the oscillation wavelengths that

amount to 8–11 nm. The reliability is best for the P scan

because for K and Cl the period could not be determined as

precisely. With a typical phospholipid molecule chain length

of 3 nm measurements suggest that the lipids form double or

triple layers. However, the formation of a monolayer can be

excluded. Alternatively, the measurements could suggest an

amorphous phospholipid layer of 8–11 nm thickness.

Multilayers

A commercial multilayer laser mirror (Spectra-Physics, Moun-

tain View, USA) was analyzed using TXRF and XSW tech-

niques. TXRF showed Ti content in the mirror. However,

light elements like C, Li, Si or Mg that are possibly incorpo-

rated in different layers were not accessible by this technique.

In XSW measurement (cf. Fig. 8) again only the Ti signal

could be detected. However, together with the angle infor-

mation—that is complementary to the element information

obtained with TXRF—other materials can be characterized

indirectly as will be shown below.

Fitting of the measurement shown in Fig. 8 with the XSW

simulation program turned out to be too complicated because

the layout of the sample (i.e. materials and number of layers)

was not known. To extract information from the strongly

noise-affected measurement a computer program was devel-

oped to calculate periodicities in the signal using fast Fourier

transform algorithms.40–44 Transforming the frequencies of

interest back to the angle space leads to an oscillation wave-

length spectrum shown in Fig. 9.

From these angular periods and the wavelength of the

synchrotron radiation used one can deduce the typical (multi)-

layer thicknesses dexp,ges listed in the last column of Table 1. To

obtain qualitative and quantitative information on the mirror

one has to assume a sample structure. Typically, a laser mirror

consists of several double layers of two materials. As TXRF

measurements have proven Ti in the sample, titanium dioxide

(TiO2) is taken as one component; the second one must be a

light element or compound, e.g. MgO, SiO2 or LiF. Further-

more, each layer thickness must be 1/4 of the centre laser

wavelength (i.e. 570 nm) for the mirror used divided by the

known index of refraction n of the respective compound.45

Table 1 lists the added thickness values of a periodic stack of

alternating TiO2 (52.8 nm) plus MgO (81.9 nm), SiO2 (92.1

nm) or LiF (102.2 nm). It can be seen that theoretical and

experimental values agree very well (only) for MgO as the

second component together with TiO2. The table shows the

summarized thickness of the sample region that a beam passes

through if it is reflected at the first, second to the seventh

Fig. 7 Oscillating XSW signals for a phospholipid mono- or double-

layer covered with KCl buffer solution. From top to bottom: Cl, K, P.

Curves are shifted vertically for clarity. Oscillation periods are related

to wavelength of the radiation and layer thickness by Dy = l/2d.

Fig. 8 XSW scan of a multilayer laser mirror, scanning of the Ti

fluorescence signal.

Fig. 9 Oscillation wavelength spectrum obtained from FFT of XSW

scans on a multilayer laser mirror.

Table 1 Calculated and measured layer thicknesses inside a multi-
layer laser mirror of alternating layers of TiO2 and a second material
(MgO, SiO2 or LiF)

# TiO2 # Second material
dth,ges
(MgO)/nm

dth,ges
(SiO2)/nm

dth,ges
(LiF)/nm dexp,ges/nm

0 1 81.9 92.1 102.2 N/A
1 1 134.7 144.8 155.0 143.8
1 2 216.6 236.9 257.2 225.8
2 2 269.3 289.7 310.0 265.3
2 3 351.2 381.7 412.2 337.3
3 3 404.0 434.5 465.0 390.3
3 4 485.9 526.6 567.2 477.3
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interface. The very first layer is not visible because its small

thickness corresponds to a long oscillation wavelength located

inside the very broad maximum beyond the great angle limit in

Fig. 9.

Fig. 10 displays the correlation of the expected and mea-

sured thicknesses inside the multilayer mirror of TiO2 and

MgO. The coincidence of the values is obvious. Thus, XSW-

method has been proven to be capable of determining com-

position and thicknesses of an unknown multilayer sample in

just one scan.

Conclusions

It has been shown that X-ray standing waves are a versatile

and powerful tool to analyze layered structures on a nano-

metre scale, both concerning distances/layer thicknesses and

element determination and distribution. A necessary require-

ment for these kinds of analysis is a flat, smooth surface;

however, different types of sample ranging from liquid to

solid, non-conducting to conducting, monolayer to periodic

multilayer systems can be analyzed. The versatility of the

method has been demonstrated with 4 different types of

samples.

Germanium layer thicknesses on a silicon substrate could be

measured in a range below 100 nm. Increasing thickness of the

layer corrupted the signal more and more. However, as has

been shown, the accessible thickness range can be expanded by

moving to longer wavelengths.

A sample of gold clusters on a polystyrene film was char-

acterized qualitatively and quantitatively. Incorporating heavy

marker atoms, a weakly absorbing matrix and dimensions in

the nm range, XSW measurements appear to be ideal for this

technologically important kind of sample.

Only few methods are sensitive to low contrast interfaces

especially in biological samples that are of increasing impor-

tance in life science. As has been shown, XSW can deliver—in

certain limits—even quantitative thickness information using

marker elements already incorporated in the materials under

investigation.

Finally, a complicated periodic multilayer structure—in this

case a laser mirror—can be analyzed qualitatively and quanti-

tatively. Combined with a fast Fourier transform algorithm

and general information about laser multilayer mirrors, the

advantages of XSW (element sensitivity, periodicity and nm

resolution) can be exploited.

Limits of XSWmethods have come visible during this work,

too. Very thick layers (e.g. Ge samples) or strongly scattering

materials (like buffer solution in biological samples) can cause

problems. Some might be reduced by changing experimental

parameters like the wavelength of photon flux or by sample

preparation. A marker positioned at a characteristic location

in the sample is essential for XSW measurements. Thus,

samples not fulfilling these conditions cannot be analyzed

until a marker is added to the system. Further, generating a

theoretical curve fitting to the measurements gets increasingly

difficult with the number of unknown parameters. On the

other hand, well known system structures can be analyzed

quickly, easily and accurately if only one or few parameters

have to be adjusted.

In the future other scanning variables can be utilized (e.g.

varying the energy of the incoming beam with a monochro-

mator), which open new approaches and possibilities.

Due to the need for high photon fluxes and the tunability of

the energy, XSW is a typical synchrotron technique. None-

theless, XSW has been proven to be a versatile technique

which can be employed in a wide variety of problems which

otherwise are difficult to tackle.
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