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This paper describes a method for rapid measurements of the specular X-ray

reflectivity signal using an area detector and a monochromatic, well collimated

X-ray beam (divergence below 0.01�), combined with a continuous data

acquisition mode during the angular movements of the sample and detector. In

addition to the total integrated (and background-corrected) reflectivity signal,

this approach yields a three-dimensional mapping of the reciprocal space in

the vicinity of its origin. Grazing-incidence small-angle scattering signals are

recorded simultaneously. Measurements up to high momentum transfer values

(close to 0.1 nm�1, also depending on the X-ray beam energy) can be performed

in total time ranges as short as 10 s. The measurement time can be reduced by

up to 100 times as compared with the classical method using monochromatic

X-ray beams, a point detector and rocking scans (integrated reflectivity signal).

1. Introduction

Specular X-ray reflectivity (XRR) is a well established and

powerful technique for thin film characterization. It gives easy

access to important average information like thickness, elec-

tron density and roughness of thin films (on a substrate).

These quantities are probed in a direction perpendicular to the

surface of the sample. The relatively large penetration depth

(range of several micrometres) of hard X-rays (of several

keV energy) gives access to such quantities not only for thin

films at the outermost surface but also for buried interfaces.

Provided that a correct and appropriate modelling of the

experimental data is carried out (Stepanov, 2017; Fujii, 2010,

2013), a resolution in the 0.1 nm range can be expected. The

precision is improved by using data measured up to large

momentum transfer (q) values and including the contribution

of the diffuse scattering as well (Sinha et al., 1988; Weber &

Lengeler, 1992). Experimentally, the fast decay of the Fresnel

reflectivity signal in the reciprocal space (as q�4) requires high

signal-to-noise detection and intense X-ray sources, as avail-

able at synchrotron facilities. In such cases, intensity values

spanning over up to ten orders of magnitude can be accessed

during the measurement of the XRR curve and access to large

q values (several 0.1 nm�1) is possible. Indeed, measuring the

XRR curve as far as possible in the momentum transfer q

space is needed for a robust modelling of the data, allowing

one to show, for example, the presence of ultra-thin layers

(down to single monolayers). Also, in particular cases, the

measurement of the off-specular (diffuse) or small-angle

scattering signals gives information about the islands’ distri-
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bution, lateral roughness, surface layer and/or interface

morphology (i.e. in a direction parallel to the sample surface)

etc. Most of the time, these signals are of very low intensity (up

to several orders of magnitude lower compared with the XRR

signal) and require the use of intense and well collimated

beams as provided by the synchrotron source.

Recently, much effort has been put into optimizing and

speeding up the XRR acquisition schemes. In a classical

measurement scheme, the acquisition of an XRR curve takes

from several minutes (in the best cases for qualitative

measurements) to several hours (as we will detail later in this

paper) when quantitative background-corrected and inte-

grated scattered data are considered. These time periods are

far too long in most cases to gain insight into the dynamics and

evolution phenomena of thin film samples at their surfaces or

interfaces. Moreover, it might be difficult to ensure that the

sample is maintained in its original state (i.e. clean and

unchanged in its local environment) in the X-ray beam over

extended time periods, such as those required by the classical

XRR measurement scheme. This condition is even more

critical for soft condensed matter thin films.

Most of the existing XRR studies (see details further in the

text) stress the need for fast XRR measurements (Kobayashi

& Inaba, 2012): a faster acquisition scheme grants access to

detailed studies of time evolution of chemical, thermal or

mechanical changes at surfaces and interfaces. Each such

phenomenon relies on a characteristic time scale which needs

to be accessed by an adapted XRR data acquisition speed. We

will show in this paper that a time resolution of up to 10 s can

give valuable information in such studies.

The experimental approach proposed hereafter uses: (i) a

monochromatic low-divergence (below 0.01�) X-ray synchro-

tron beam; (ii) a fast-reading, high-dynamics (up to six orders

of magnitude) and low-background area detector; (iii) a

continuous acquisition mode of the data, realized during the

synchronous angular movement of the sample and detector

(Mocuta et al., 2013; Medjoubi et al., 2013; Leclercq et al.,

2015). The obtained data are then reconstructed to extract not

only a background-corrected and integrated XRR signal but

also a full three-dimensional data set in the reciprocal space.

We will show the important gain in acquisition time of better-

quality XRR data sets, compared with the point detector step-

by-step approach. Data on the same sample using these two

approaches will be shown and compared.

Our setup offers flexibility in terms of: (i) X-ray beam

energy (avoiding absorption edges of chemical elements

making up the sample, i.e. reducing fluorescence background);

(ii) angular (and thus q-space) resolution (which can be

adapted, depending on the film/multilayer thickness);

(iii) exposure time per image (i.e. detection of low signals at

high q values will require longer exposure times than the

beginning of the XRR curve; the consequence might be, of

course, detrimental to a fast XRR acquisition of the full

curve); and (iv) usage of a classical diffractometer setup.

The paper is organized as follows: after the description of

the samples investigated in this study, the use of the area

detector combined with the continuous acquisition mode is

detailed. Comparison between data obtained with these two

approaches will be shown on a model (multilayer) sample. The

supporting information obtained when performing the fast

XRR measurement will be highlighted. The power of the

method will be exploited via two more examples in which

some kinetics are addressed. The first one is of a sample which

evolves under X-ray illumination. The second one concerns

the characterization of a diffuse interface during its formation

in a thermal annealing process. Triggering and measuring such

phenomena required rapid measurements of the XRR curve

over extended 2� angular (or momentum transfer q) ranges.

Finally, the advantages and limitations of the method will be

highlighted, discussed and compared with previously reported

fast acquisition XRR methods. Possible research and analysis

fields in which this method could shed new light and allow

useful information to be obtained will also be discussed. A

brief reminder of the XRR principle and classical (point

detector) measurement setups (using monochromatic X-ray

beams), together with other possible XRR acquisition

schemes, is given in the supporting information.

Despite the numerous advantages that the methods detailed

in the supporting information bring to the XRR technique,

they also suffer from a number of limitations including rather

complex setups which offer less flexibility in terms of maximal

accessible momentum transfer values, limited possible sample

environments or an uneasy tuning of the (angular or q-space)

resolution of the acquired data. Moreover, if the energy range

spans over one or several absorption edges of the materials

used in the sample, the fluorescence signal might be detected

and contribute as background only to the XRR measurement.

2. The samples

Three samples were examined in this study to illustrate the

validity of our fast XRR approach using an area detector

(XPAD, X-ray pixel area detector). The examples were also

selected to highlight scientific cases for which fast and quan-

titative (integrated) XRR measurements of the scattered

signal are of the utmost importance to understand and char-

acterize the structure of the samples. The data naturally

contain complementary grazing-incidence small-angle scat-

tering (GISAXS) data that will also be exploited and

discussed.

2.1. ‘Soliton’ sample

In order to validate the approach, similar XRR data were

recorded and compared with both a point and area detector.

The sample used consists of several metallic layers and its

structure is depicted in Fig. 1 (inset): a soft magnetic layer of

CoFeB, less than 1 nm thickness, is grown as a sandwich

between two Pt layers. In order to ensure optimal growth

conditions for the bottom Pt layer on the Si wafer, a buffer Ta

layer is used. While scientific interest in this sample is due to

it being part of complex architectures acting as a spintronic

unidirectional vertical shift register (Lavrijsen et al., 2013), it
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is simply used here as a model sample, validating our experi-

mental approach.

2.2. Thin epitaxial film of BaTiO3 on SrTiO3

A second sample illustrates the need for reliable and fast

XRR measurements. It became evident, during this study,

that, for this second sample, its thin film structure evolves

while the sample is being illuminated by the X-ray beam. A

fast XRR approach which guarantees corrected and inte-

grated intensities is required to follow this effect and to make

sure it is not an artifact, as will be shown later in this paper.

The sample consisted of an epitaxial thin film (�10 nm thick)

of BaTiO3 deposited on a single-crystalline SrTiO3(001)

substrate, using atomic oxygen assisted molecular beam

epitaxy in a chamber containing dedicated Ba and Ti Knudsen

cells (for details, see Barbier, Mocuta, Stanescu et al., 2012;

Barbier et al., 2015). We demonstrated in a previous study

(Barbier, Mocuta, Stanescu et al., 2012) that the BaTiO3 film

grown on the SrTiO3 substrate is two-dimensional, epitaxial,

and that the interface is sharp. These films are ferroelectric

and have great potential in the context of developing non-

volatile random access memories and novel applications in the

field of spintronics using multiferroic systems. The sample

mentioned here can be seen as a model one. Apart from its

stability (oxide sample), BaTiO3 has been known for decades

for being the prototype ferroelectric perovskite-type material.

Moreover, Fe doping of the layer revealed recently the

coexistence of ferroelectricity and magnetic long-range

ordering (Barbier et al., 2015; Xu et al., 2009).

2.3. Thin Ni film on Si

The third example deals with the in situ investigation of the

formation of a diffuse interface as may occur during a thermal

annealing of a thin layer (Putero et al., 2010; Ehouarne et al.,

2006). A 20 nm-thick Ni layer deposited on single-crystalline

Si(001) substrate was used as a test sample. The layer is

capped by a 5 nm-thick TiN layer to prevent oxidation. It is

important to follow, during the annealing of the sample, not

only the formation of such an interface (e.g. thickness) but

also the build up of stress as this can affect properties like

continuity of the layer, growth of the diffuse interface etc.

Nickel–silicon systems may be an alternative in microelec-

tronics (Lavoie et al., 2003; Kittl et al., 2003; Breil et al., 2015)

to form very thin ohmic contacts on Si (Lauwers et al., 2004;

Imbert et al., 2010).

3. Experimental setup and data acquisition approach

In the following, we propose the use of a monochromatic

X-ray beam, a continuous acquisition scan mode (Medjoubi,

Bonissent et al., 2013; Medjoubi, Leclercq et al., 2013; Mocuta

et al., 2013; Leclercq et al., 2015) and an area detector (XPAD)

having a high sensitivity, large dynamic range, low noise and

fast response (Delpierre et al., 2007; Medjoubi et al., 2010,

2012; Fertey et al., 2013, and references therein).

The experiments described in this paper were all performed

at the French synchrotron source (Synchrotron SOLEIL,

DiffAbs beamline, https://www.synchrotron-soleil.fr/en/beam

lines/diffabs). In all the cases depicted here, an X-ray energy in

the 7.0 to 19.0 keV range was used; the precise value will be

detailed for each measurement. The beam size was about 200

� 250 mm [full width at half-maximum (FWHM), vertical �

horizontal]. The beam divergence in vertical (V) and hori-

zontal (H) directions amounted to 0.01� and 0.09�, respec-

tively. The XRR experiments were carried out with a

horizontal sample surface; thus the scattering plane is vertical.

The detector used for this study was the XPAD S-140 hybrid

pixel detector. The family of XPAD3 photon-counting readout

chips has been extensively described elsewhere (Basolo et al.,

2007; Pangaud et al., 2007, 2008); therefore only its main

characteristics are presented in this paper. The circuit

comprises 9600 square pixels with a pitch of 130 mm, organized

in a matrix of 80 rows and 120 columns. Each pixel is equipped

with a 12 bit counter with an extra bit that can be accessed

during exposure; this allows the dynamic range to be extended

up to 32 bits. The response of the detector is linear up to

3 � 105 photons s�1 pixel�1 and photon selection is done with

a single threshold discriminator. The minimum threshold that

can be set corresponds to an energy of 4 keV (Basolo et al.,

2008). The XPAD S-140 detector is made up of 14 XPAD3.2

chips bump-bonded to a single 500 mm-thick silicon sensor.

The XPAD circuits are organized in two rows of seven chips

giving about 75 � 32 mm of sensitive surface (240 � 560

pixels). The sensor is pixelated with the same pitch as the

readout circuits except for the zones that correspond to the

gaps between adjacent chips that are 3 pixels wide. Further-

more, the detector offers fast readout (depending slightly on

the chosen dynamic range of 16 and 32 bits, in the range of a

few ms) and low noise (not influenced by the background
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Figure 1
Point detector measurements: comparison of the data recorded as line
scans in specular condition with background subtraction and the curve
recorded as a result of rocking scans at each point. This last measurement
took about 8 h (1 s exposure per point). In one case, the data are also
simulated and fitted to retrieve the thickness and roughness of the layers
(see text for details). Note, for the last mentioned data, the interference at
q �0.17 Å�1 which is much more visible. (Inset) The structure of the
soliton sample (the thickness and materials of the different layers).



noise). These specifications make this detector a very inter-

esting option for XRR measurement.

To ensure that all pixels in the matrix will respond

uniformly to photons of a given energy, the discriminator

threshold of each pixel must be calibrated individually. This is

done in a two-step process; first a circuit global threshold is

adjusted that is later fine-tuned in each pixel in order to

compensate dispersion of the microelectronic process. The

threshold should be set at half the working energy in order to

avoid a charge sharing effect. For some of these measurements

(X-ray beam energy in the 7.0 to 8.0 keV range) the minimum

threshold was below half of the working energy; thus it was set

above the noise peak of each pixel.

A geometrical distortion correction for the pixel position

might be performed, similarly to the one for fibre-optic tapers

in X-ray CCD detectors (Paciorek et al., 1999a,b); it can

possibly be the result, for example, of a non-accurate

mechanical mounting of the XPAD module(s) in the detector

frame. It was not necessary for this study, but could be

performed by using an absorbing mask with small holes placed

on a regular square grid. The geometrical effect of the larger-

size pixels was corrected in the data treatment procedure

(Mocuta et al., 2013; Le Bourlot et al., 2012).

After sample alignment (sample placed at the centre of

rotation of all the circles of the diffractometer, and coinciding

with the incoming beam), changing the incident angle of the

sample �i is still required to measure points along the qz

direction. The area detector covers a certain �f range; however

we keep its angular position so as to maintain �f = �i. Each

image acquired with the area detector represents a two-

dimensional cut (but not by a plane) in the reciprocal space.

The whole measurement will thus yield a three-dimensional

data set in reciprocal space, in the region close to its origin

(q = 0) (see Fig. S2 in the supporting information). The

measurement implies the continuous scanning of the angular

position of the sample and, possibly, of the detector. If the

detector angle is scanned as well, the two motors are moving

synchronously with adapted speeds and accelerations so as to

have �f = �i. The XPAD images are acquired during the

movement, at high acquisition speed (e.g. possible up to a

repetition rate of several 100 Hz in some very specific

configurations). Thus one image corresponds to an integration

of the scattered signal over a certain angular range. The

exposure time per image and the motor speed are chosen in

order to obtain both the required angular resolution and

counting statistics. The gain with this measurement approach

is twofold: on the one hand, dead times are reduced down to a

minimum by removing the motors’ acceleration/deceleration/

stop times (as in step-by-step scanning), and, on the other

hand, it provides a complete three-dimensional mapping of

the reciprocal space (i.e. integrated scattered signal and

background correction recorded in the same data set).

In the continuous motor movement acquisition scheme, a 2�
range of 10� can be covered with 0.01� angular resolution and

a 10 ms exposure time per point in around 10 s of total

measurement time. If the dynamic range of the detector is not

large enough to measure the full XRR curve, calibrated beam

attenuators can be used. In this case the proper angular range

has to be determined in order to use the right beam

attenuation (to ensure a linear response of the detector) – the

XRR curve will be cut in several q ranges and reconstructed

after the attenuation correction. The use of attenuators will

introduce some additional sub-second dead times for each

scanned angular range by the motors’ acceleration/decelera-

tion and insertion of automatic attenuators in the beam.

The recorded XPAD images are converted into q-space

data using the proper geometry transformation (see, for

example, Mocuta et al., 2008, 2013; Schlepütz et al., 2005). A

three-dimensional data set is generated. We will show in the

following the different types of information which can be

extracted. For comparison, similar XRR data were recorded,

on the same sample, using a point detector (Fig. 1). The slits

defining the detector aperture were set at 0.25 � 1.3 mm (V�

H) opening, yielding an angular aperture (during the point

detector measurement) of �0.03� � 0.15� (V � H).

4. Results and discussion

We mentioned earlier in this paper the use of point detectors

for XRR measurements, with different approaches; the two

approaches (background correction using an ‘offset’ line scan

and integrated intensities extracted from rocking scans) are

compared for the multilayer (‘soliton’) sample, under the same

measurement conditions (same experiment session) in Fig. 1.

The data were normalized to the same value for the total

external reflection plateau. One can note a slightly better

defined wide oscillation around q ’ 0.17 Å�1 in the case of

rocking-curve-extracted data. The XRR curve can also be

simulated and fitted; such a result is shown in Fig. 1, yielding

thicknesses slightly lower than – but still in agreement with –

the ones expected for this sample: 2.8 nm Pt/0.9 nm CoFeB/

18.9 nm Pt/3.1 nm Ta/Si(001). The interfacial roughness is

found to be below 0.5 nm except for the CoFeB/Pt interface,

which amounts to slightly more than 2 nm.

The sample was also measured using the XPAD detector.

The set of data reported hereafter was acquired at an X-ray

energy of 7.0 keV.

From the data set containing the XPAD images, it is

possible to reconstruct the equivalent of a point detector

measurement. This was done using Python (https://

www.python.org/) specific code. The conversion of the data

sets in q-space coordinates as well as the various two-dimen-

sional cuts along high-symmetry q directions were performed

using open-source ImageJ (https://imagej.nih.gov/ij/) macros.

The three-dimensional visualization of the data set was

performed using open-source Paraview software (https://

www.paraview.org/). The source codes used can be found in

the supporting information.

In practice, a region of interest (ROI) is defined on the

XPAD image at the expected (theoretical) position of the

reflected beam (geometrical condition �i = �f, cf. Fig. S1). The

size of this ROI was chosen to be similar to the angular

opening of the point detector slits (0.25 � 1.3 mm V � H,

i.e. �2 � 10 pixels) during the XRR measurement. On the
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same image a background signal can be extracted by simply

shifting the same ROI in the reciprocal space (i.e. on the three-

dimensional data set). The agreement with the corresponding

point detector XRR data is very good, as expected. One may

note anyhow that in this case the background is not equivalent

to that recorded using rocking scans with the point detector:

the background with the XPAD is taken at a different qy value,

while with the point detector (rocking scan) a different qx is

accessed. It can also be noted here that a background similar

to the point detector rocking-curve measurement can be

extracted as well from the three-dimensional data. In the

rocking-scans point detector approach, the resulting total

scattered intensity is integrated along one direction only

(namely qx) in the reciprocal space. We should point out here

that the use of a pair of slits in front of the point detector will

better suppress on the XRR signal the diffuse scattering by

defining a real angular acceptance: the detector ‘sees’ only the

active area of the sample. This is clearly not the case when

using an ROI on the area detector: each pixel can see diffuse

signal originating from areas of the sample illuminated by the

X-ray beam and which are not in the centre of the sample. The

XRR data extracted from the three-dimensional data set

acquired with the XPAD comprise a two-dimensional inte-

gration in the (qx, qy) plane (Fig. S2). The three-dimensional

reconstructed reciprocal-space volume also allows extraction

of the signal along the line qx = constant, which can be used as

background to be subtracted from the XRR data (Fig. S2).

This might explain the difference highlighted in Fig. 2 (left

panel) – the broad oscillation around q’ 0.17–0.2 Å�1 is even

more visible. The XRR data are obtained from the three-

dimensional data set by integration (summation) over the

pixels containing non-background data. This ROI can be

adapted in the data set at any time, which is not possible

for the point detector measurements – in which case the slit

settings might not always be adapted, but keep in mind that a

better background suppression can be done only using the pair

of slits. Data binning can also be performed to adapt the

results to the required resolution and increase the counting

statistics as well. Also, the three-dimensional data set allows

one to rule out (from the integrated and corrected XRR data)

the presence of some parasitic signals like diffuse scattering,

Yoneda peaks etc. In the classical XRR acquisition scheme

using a point detector, such parasitic signals can be measured

and misinterpreted as true (specular) contributions. It can

though be minimized by a proper setting of the detector slits

(typically closing them) at the cost of limited counting rates,

but having an optimized opening (in terms of counting

statistics and background removal) is not straightforward.

Once the XPAD data are reconstructed (in three dimen-

sions), cuts along high-symmetry directions (namely the

planes qx = 0 and qy = 0, Fig. S2) can be examined. The first

one corresponds to the so-called GISAXS region (see, for

example, Renaud et al., 2009; Barbier, Mocuta, Belkhou et al.,

2012). We should point out here that, in most cases, a GISAXS

measurement consists of a single image recorded with an area

detector, placed to record the X-ray scattered signal close to

the direct (transmitted) X-ray beam, i.e. the vicinity of the q =

0 region of the reciprocal space. The assumption of a relatively

flat Ewald sphere is made (large X-ray beam energy, of several

keV), so that the image obtained directly corresponds to the

qx = 0 slice in the reciprocal space. While this assumption holds

in most cases when broad scattered signals are expected (for

example, nanostructured as-grown surfaces), it is not valid in

the case of a well structured sample [e.g. artificial gratings; see,

for example, Yan & Gibaud (2007), Stanescu et al. (2013)]. In

such cases, even the very small curvature of the Ewald sphere
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Figure 2
Soliton sample described in x2.1. (Left) Comparison of the reflectivity curves acquired with a point detector (rocking scan) and fully integrated q-space
converted XPAD images. Both data sets were corrected for the active (illuminated) area of the sample, and normalized for the same intensity at the total
external reflection plateau. (Right) Two-dimensional cuts through the three-dimensional data set (after q-space reconstruction). Note that, in the figure,
the horizontal qy axis length is expanded by a factor of 2 with respect to the vertical one (see the length of 0.1 Å�1 scale in the horizontal and vertical
directions). Also the qx coordinate was laterally shifted for display purposes. Note the presence of attenuators in the beam when measuring data close to
the total external reflection of the beam (arrows). The intensity colour scale is logarithmic and spans over five orders of magnitude, from blue to red.



is too large to intercept properly the high-symmetry directions

in the reciprocal space (GISAXS signal) in a single area

detector image. Alternative approaches were thus proposed

(Lu et al., 2013; Yan & Gibaud, 2007). Three-dimensional

mapping of the reciprocal space allows one here to overcome

in an elegant way this geometrical limitation; as a matter of

fact, accurate cuts along high-symmetry planes can be easily

obtained from the three-dimensional data set. The GISAXS

data can be modelled (Lazzari, 2002; Stepanov, 2017) in order

to extract meaningful information about the sample

morphology. In the case of very low scattering in this region

needing large exposure times, a motorized beamstop can be

placed in front of the area detector to block the intense XRR

signal and allow removal of beam attenuators and/or larger

counting times to record with better statistics the low diffuse

scattering signal.

An example of a GISAXS measurement performed as

detailed above is shown in Fig. 2. The information contained in

the GISAXS image (cut at qx = 0, containing as well the XRR

curve) is richer than just the XRR curve. We can note the

presence of structured diffuse scattered intensity for values of

qx � � 0.02 Å�1 (Fig. 2, right panel) corresponding to a real-

space distance of about 25 to 30 nm. Cross sections of the

sample were also examined in high-resolution transmission

electron microscopy (HR-TEM) (Fig. 3). The thickness of the

different layers is confirmed, as well as a columnar growth of

the film. It remains difficult to estimate the lateral size of

these columns from the TEM images, but it would remain

compatible with the lateral size of 30 nm deduced from the

GISAXS data.

The XPAD was used to acquire data in continuous acqui-

sition mode with different exposure times per image. Reliable

data up to values of q ’ 0.6–0.7 Å�1 can be obtained for

exposure times as short as 10 ms per image: the total acqui-

sition time of the full XRR data (in three dimensions, and

including motor movements and beam attenuator insertion

and extraction) is about 15 s. The reciprocal-space volume can

be reconstructed in all these cases – an example of the result

obtained for the fastest acquisition is shown in the supporting

information (Fig. S4). A measurement of the soliton sample

was also performed using the XPAD detector and an X-ray

beam of 19 keV energy. The advantages of a proper setting of

the detector discrimination threshold (Mocuta et al., 2013;

Medjoubi et al., 2010, 2012) are counter-balanced by a poorer

q-space resolution: as the detector is placed at the same

distance with respect to the sample, the q-space resolution is

reduced by a factor of about 2 by the X-ray energy increase.

Despite this, the data obtained have a quality comparable with

that of the data already shown in this paper.

A visual comparison of the data obtained on this soliton

sample using either the point or area detector shows rather

similar scattered intensity variation versus q coordinate, but

with some differences for q ’ 0.1 to 0.25 Å�1 (Fig. 2, right

panel). A clear explanation of the origin of this difference

between the two data sets cannot be given. We can speculate

that the presence of the diffuse scattered intensity [appearing

as satellites at (qx, qz) � (0.03, 0.15) Å�1] in the GISAXS map

contributed to an overestimation of the background level

subtracted from the XRR data when a point detector and

rocking scans are used – this would yield a lower-intensity

level of the XRR point-detector-

corrected signal in Fig. 2 (right panel)

for q ’ 0.15 Å�1. Attempts to model

the XRR data (using the package

SimulRefl developed at CEA Saclay,

IRAMIS) yield, as expected, differ-

ences in the extracted quantities, be it

thickness of the layers or the respec-

tive interfacial roughness – these

differences remain small enough to be

attributed to the inherent errors of the

measurement (e.g. Poisson distribu-

tion on the absolute value of the

measured intensity in each point). A

full propagation of the measurement

errors has not yet been done, although

is possible (the geometry of the

measurement is well known and can

be modelled in both above-mentioned

cases). Moreover, the complexity of

the soliton sample, the quality of the

layers and their rather small thickness

(see e.g. the presence of the very thin

0.8 nm CoFeB layer) do not allow for

a clear choice of the better data set

after comparing for example with

TEM results.
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Figure 3
Soliton sample described in x2.1. (a) HR-TEM image; the inset details the sample structure as
designed for manufacturing; (b) dark-field (DF) image obtained micrograph realized using the
diffraction spot marked in panel (c) by the arrow – the spot is elongated in a direction parallel to the
interface. The white zones in the image thus correspond to crystalline grains having the growth axis
perpendicular to this interface (i.e. columnar growth). In both cases above, the coloured scale bars
correspond to the expected thickness of the various layers present in the sample. The same coloured
code as in the inset of panel (a) is used. (c) Electron diffraction pattern originating from the sample.



In an attempt to quantitatively determine the quality of the

data using these two approaches, a rapid evaluation was made

by performing a re-binning of the data on a regular q step,

followed by a fast Fourier transform (FFT) on each of the

XRR data sets. The results show that the data obtained using

the area detector have, even for the very low exposure times,

better defined peaks attributed to thicknesses corresponding

to the constituent layers (or summation of them) in the soliton

sample (Fig. S5). A second example is the peculiar behaviour

of an oxide thin film sample in the X-ray beam (of 8.0 keV

energy): the XRR interference pattern evolves while the

sample is exposed to photons. Before detailing the results, we

will point out that the effect seems to be triggered only at very

high photon flux densities, such as those available at third-

generation synchrotron sources with well collimated and

focused X-ray beams. Consequently, particular care is taken to

align the sample in the highly attenuated X-ray beam, before

acquiring reference XRR data (low photon flux); this reveals

very broad and low-amplitude oscillations, which are mani-

fested as destructive interferences (nodes) in the XRR curve.

They are attributed to a very thin layer having a different

density compared with the rest of the sample, which ensures

the contrast needed to create this interference in the measured

XRR signal. By removing all the beam attenuators and

immediately acquiring (continuously and rapidly) XRR data,

i.e. with increasing the X-ray exposure of the sample, this

broad oscillation becomes narrower: the node position moves

towards lower |q| values and supplementary nodes (second

and third order) appear subsequently at higher |q| (or 2�)

values. This is illustrated in Fig. 4 (left panel, arrows). The

period of this broad oscillation is more than ten times that

originating from the thin film layer, about 10 nm, and there-

fore associated with a thin layer (less than 1 nm thickness).

The amplitude and the contrast of this broad oscillation in the

XRR curve are very low, and thus associated with a slightly

different electron density. It is only by using the extremely

high photon flux available at a synchrotron source (and access

to large momentum transfer values) that one is able to show

these low-amplitude and broad oscillations. Moreover,

measuring three-dimensional data sets and integrating the

scattered signal, including background correction, allow this

very low amplitude signal to be highlighted, which might be

overlooked in a measurement with a point detector – most of

the time this oscillation translates into a very faded signal.

We should point out here that the photon flux density varies

slightly on the sample during the XRR measurement, due to

the X-ray beam footprint changing on the sample. Also, the

probed area of the sample surface changes accordingly. We

should also mention that in a classical XRR measurement with

monochromatic X-rays it is expected that a possible sample

evolution in the beam (i.e. XRR signal changing in time) will

be ‘smoothed out’ by the measurement approach itself. The

time needed to measure the first XRR points [with the clas-

sical point detector approach, either a linear qz scan or inte-

grated (rocking) approach] is generally long enough to bring

the sample to its final state, and so incompatible with the

characteristic time of its changes in the X-ray beam. Even if it

is not the case, the measured XRR curve will be a mixture of

the ‘initial’ state of the sample for the low |q| values and its

‘final’ state (modified by the X-ray beam exposure) for large q

values. The transition will not be obvious in the XRR curve.

From the qualitative measurements, we observe evolutions but

we cannot make quantitative measurement using the classical

XRR data acquisition scheme. We ruled out any artifact

related to the experimental approach by several tests and

measurement campaigns, using various setups and samples.

The details will be reported elsewhere.

The third example shows the formation of a diffuse nickel

silicide layer as a result of a solid-state reaction during the

thermal annealing of a thin film of Ni deposited on a Si(001)

substrate, similarly to what was reported

by Putero et al. (2010, 2013), Ehouarne

et al. (2006). The sample was mounted

on an Anton Paar heater (https://

www.anton-paar.com/corp-en/) (model

DHS 900), under a poly-ether-ether-

ketone (PEEK) dome; the annealing is

performed under a He atmosphere.

Once the sample was aligned in the

X-ray beam, fast XRR measurements

(X-ray beam energy of 8.0 keV) are

launched in an endless loop while

heating the sample to 290�C with a

6�C min�1 ramp in temperature. The

resulting data are reported in Fig. 5:

at each point, the absolute time and

the heater temperature are recorded.

Measuring a single reflectivity curve

is achieved in less than 20 s. The

measurements were also completed by

wide-angle diffraction ones in a �–2�
geometry (Fig. 5, right panel), which
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Figure 4
BaTiO3 thin layer sample described in x2.2. (Left) Fast XRR curves (partial data, the total external
reflection plateau is not shown) measured every minute for the sample exposed to the X-ray beam.
One measurement took about 30 s. An evolution of the sample in the X-ray beam can be noticed:
the arrows point out changes in the position of a broad supplementary oscillation appearing in the
data, and moving through them during the X-ray exposure. The intensity colour scale is logarithmic
and spans over three orders of magnitude, from white to black. (Right) Comparison of several XRR
data recorded at different moments in time, extracted from the previous data set: the curves
correspond to data recorded every �5 min. Besides the displacements of the intensity minima, the
regions highlighted by arrows show the presence and displacement of a negative interference effect
moving towards lower 2� values. This effect and its origin will be discussed elsewhere.



were performed on the sample during the thermal annealing,

under the very same experimental conditions. This approach

could be easily extended to measure/characterize the system

via other fast acquisition methods (Medjoubi, Bonissent et al.,

2013; Medjoubi, Leclercq et al., 2013; Leclercq et al., 2015;

Chahine et al., 2014), including strain and texture measure-

ments (Fouet et al., 2012; Gaudet et al., 2013; Mocuta et al.,

2013; Richard et al., 2013, 2015).

Several temperature regions can be distinguished from

these measurements (Fig. 5). We will try to point out the main

features:

(i) Temperatures up to �100�C: no significant changes can

be distinguished, either in XRR or in the X-ray diffraction

(XRD) data. The slight shift of the Ni(111) Bragg peak posi-

tion towards lower 2� values is characteristic of the thermal

expansion of the lattice.

(ii) 100–180�C: the Ni layer is slowly consumed (intensity of

the corresponding Bragg peak is slowly diminishing) while the

creation of a new layer is seen in the XRR data (appearance of

interference). The shift of the Ni(111) Bragg peak position in

XRD towards higher 2� values could be attributed to a

relaxation of the lattice parameter in the thinner film.

(iii) 180–210�C: rapid changes are detected in the XRR

signal. The faster decay of the XRR signal at large scattering

angles could point towards a roughening of the layer. The

value of the critical angle for total external reflection slightly

decreases, which is in agreement with a significant inclusion of

Si into the Ni layer. Thickness oscillations are fading and

becoming broader in XRD data.

(iv) 210–290�C: very rapid consumption of the Ni layer

(cf. XRD), as well as a rapid appearance of nickel silicide

peaks – their intensity seems to stabilize rapidly. XRR signals

seem to extend further away in reciprocal space than in (iii),

with rapid changes of the interference pattern versus the

temperature.

Higher annealing temperatures could have been used; the

nickel silicidation and creation of interesting phases are

expected for temperatures above 300�C. We point out here

that, even if a wealth of information can be extracted from

these data [approaches to extract information from the large

number of XRR curves have already been proposed (Putero et

al., 2010, 2013; Ehouarne et al., 2006)], it was not the aim of

this paper to detail and understand the creation of this diffuse

interface – the corresponding results will be shown elsewhere.

5. Conclusion

We have shown here a genuine experimental approach

possible at modern synchrotron sources, to perform fast three-

dimensional reciprocal-space mapping (several to 10 s) in the

vicinity of the origin of the reciprocal space, and extract XRR

and GISAXS information. The approach uses fast-reading and

low-noise area detectors and synchronous motor movements.

At high-intensity X-ray sources, the total acquisition time

limits are fixed by the combination of the maximal motor

speeds and the desired area detector acquisition speed

(limiting exposure time per frame). After proving the concept

on a model sample, we illustrated our method using a sample

exhibiting an evolution in the X-ray beam with dynamics over

minutes, and thus compatible with the characteristic acquisi-

tion times of the fast XRR approach detailed here. In the last

example, we investigated the thermal kinetics (formation of a

diffuse interface) during an annealing process. This approach

reveals its usefulness for studying processes like rapid thermal

annealing or quenching.

Compared with the fast XRR approaches developed before

by other groups (and mentioned at the beginning of this

paper), we can point out both advantages and drawbacks.

Other approaches ensure better time resolutions, with values

down to as low as 100 ps being reported in a pump–probe

experiment (Nüske et al., 2011); in this

case, the structural changes need to be

reversible (with fast relaxation times).

But in most of the cases line-like XRR

data (possibly with an offset background

line for correction) can be extracted. Our

approach ensures a three-dimensional

mapping of the reciprocal space; later on,

different data sets can be extracted (for

example, by choosing particular ROIs in

the full data set), which is impossible on

integrated data acquired using standard

XRR acquisition schemes with a point

detector. There is also the possibility

to easily tune the q-space resolution

element or the measured q range. The

energy of the X-rays during the

measurement can also be chosen to avoid

getting closer to absorption edges and

deal with fluorescence parasitic back-

ground. The recorded data set contains,

without the need for any extra acquisi-
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Figure 5
Ni thin layer sample, detailed in x2.3. (Left) Temperature evolution of the XRR signal recorded
(every �30 s) during the in situ thermal annealing of the sample. The broad oscillations giving
extra contrast (period of�2� in 2� for low temperatures) correspond to the topmost capping layer.
(Right) Temperature evolution of the XRD signal recorded under the same conditions, during the
in situ thermal annealing of the sample. The colour scale is logarithmic in both cases and spans
over nine (left panel) and four (right panel) orders of magnitude, from white to black. Several
temperature regimes can be distinguished, which are discussed in more detail in the text.



tion, the GISAXS signal, which can be important in under-

standing the sample structure and its morphology.

Compared with the approach of the fast rotating sample

mounted on a wedge (Buffet et al., 2013), our approach has the

advantage of always illuminating the same sample region

(i.e. same strip along the X-ray beam direction), which would

not be the case for a rotating sample. In the case of the wedge

sample, the resulting q-space voxels yield a non-uniform

q-space grid, so a proper integration of the data set might

become more complicated. The �–2� continuous scanning

approach results in data sets with a more regular q-space

gridding, which are easier to regroup in order to compare with

point detector acquisitions. It also offers the flexibility of

cutting the XRR curve into several ranges, each of them

measured with the proper X-ray beam attenuator to ensure a

linear response of the detector. Sample environments could

also be less compatible with a fast and endless rotating sample

setup. Depending on the phenomena to be studied and the

characteristic time scales, an approach that is appropriate and

compatible (with the setup and the sample environment) will

have to be considered from those available.

Characterizing the morphology of a thin film sample and its

time evolution with a resolution of less than 10 s might reveal

its importance in studying phenomena like the absorption of

proteins at solid–liquid interfaces (time scales between

seconds and several minutes), thermal annealing and phase

transformation or sample changes in the X-ray beam – the last

two as shown in this paper. The approach depicted here also

paves the way to accessing dynamics in the crystalline struc-

ture of samples, a topic which will definitely gain interest in the

next few years.
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