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ABSTRACT

Sputter deposition is a versatile and industrially important deposition technique

for thin films, with increasing demand for matching the characteristics of thin

film materials to specific requirements. The actual film properties are largely

determined by sputtering parameters such as pressure conditions, temperature

and power settings. By means of various X-ray diffraction and scattering tech-

niques, it is shown that the characterization of film formation and growth is

feasible in real time at synchrotron sources, thus adding an important dimen-

sion to the fundamental understanding of the evolution of thin film

microstructure. In particular, grazing incidence small-angle X-ray scattering,

grazing incidence X-ray powder diffraction and X-ray reflectometry are used in

a complementary manner to study the influence of deposition temperature and

substrate choice on the crystallization kinetics and growth of polycrystalline

BaTiO3 films.

Introduction

The remarkable features of modern synchrotron

radiation sources allow real-time studies of a variety

of reactions, development or manufacturing pro-

cesses. By studying a method during its application

with a time resolution in the sub-second regime,

direct conclusions of the various influences can be

drawn. Due to its variety of parameters, plasma

sputter deposition is a manufacturing process that is

suitable for time-resolved, nondestructive measure-

ments [1, 2]. For industry, sputter deposition is a

manifold and important manufacturing technique for
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thin films. Therefore, the need for the adaption of the

properties of thin film materials is increasing for a

wide range of requirements. The parameters that

determine the film properties during sputter depo-

sition are, e.g., pressure conditions, power setting

and also substrate material and temperature [3–6].

Depending on the particular application of the layers,

the properties of the thin film should be adapted in

order to achieve optimum performance. It is well

established that the macroscopic properties are

inherently correlated with the microstructure and

crystallographic state of the thin film. However, the

general understanding of the underlying physical

and crystallographic mechanism is yet mostly based

on ex situ measurement after the preparation. Hence,

as part of the miniaturization of microelectronic cir-

cuits and devices and the necessary adaptation of the

film thickness as well as the grain size, etc., the

deposition process should be examined in real time

during the deposition. For this purpose, a sputter

deposition chamber was built to investigate the

deposition process in real time using intense X-rays

from different synchrotron radiation sources (see

Fig. 1) [7].

This article addresses state-of-the-art sputtering

experiment aiming for in situ investigation of prop-

erties of oxide materials as well as their interaction

with the substrate. Oxide thin films find use in a wide

range of applications [8]. One such example is barium

titanate (BaTiO3), which can be considered the classic

perovskite ferroelectric material from a historical

point of view. It was the first material of this type in

which the B site cation displacement was discovered

to be the origin of ferroelectricity [9–11]. More known

features are ferroelectric behavior at room tempera-

ture, high dielectric constant as well as outstanding

piezoelectric properties [12, 13]. BaTiO3 has been

used in pure and chemically modified powder and

epitaxial thin films as the functional component in

various electrical applications for several decades

[14]. Its chemical composition makes it an attractive

material in today’s strive for lead-free ferroelectrics

[15]. Moreover, it was found under appropriate

boundary conditions that even single unit cell high

BaTiO3 layers show ferroelectric behavior [16, 17].

A better structural insight into the early interface

formation is required to understand the early inter-

face formation and most importantly to get a better

understanding of the crystallization procedure for the

future improvement of amorphous, epitaxial and

polycrystalline thin films. This could only be

achieved in situ with the advent of X-rays from a

third-generation synchrotron. Figure 1 shows the

principle of a scattering or diffraction measurement

with our in situ sputtering chamber. For a detailed

description of the chamber, see Ref. [7].

Experimental details

Preparation procedures

Oxide thin films and in the scope of this work BaTiO3

thin films usually are prepared by reactive sputter

Figure 1 Schematic setup for

in situ sputter deposition

measurements, with the X-ray

beam (yellow), the chamber

(silver) including the sample

holder in grazing incidence

geometry and a 2D detector

(blue). Data taken with a

certain time resolution and

transferred to a PC.
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deposition. In most cases, sputter deposition uses a

magnetically enhanced glow discharge or magnetron

discharge to produce the ions which bombard and

sputter the cathode material [18]. Therefore, the

reactive gas and its amount compared to the main

plasma gas are important. The choice of these

parameters depends mostly on the desired thin film

material as well as on the intended film application.

Moreover, depending on the application, the crys-

tallization is an important step. Multiple events of

atomic rearrangement take place in the course of heat

treatment.

There are three main preparation techniques for

sputter deposition of oxide thin films:

• Deposition of a thin film to a certain thickness

without heating the substrate and annealing the

film at a later point in an oxygen atmosphere.

• Deposition of the material to the final thickness in

the presence of an already heated substrate, where

the substrate temperature can be as high as the

annealing temperature of the thin film.

• Sequential deposition of the film in small steps to

the final thickness while inducing the crystalliza-

tion after every step of deposition.

In this work, we focused on the first two preparation

procedures to prepare the thin films.

Experimental techniques

For thin film analysis, whether they are amorphous,

polycrystalline or single crystalline, reciprocal space

offers detailed structural information, which is par-

ticularly useful when combined with sub-second

time resolution during growth processes. Because of

that, this work is based on the following techniques

[7]:

• In situ grazing incidence small-angle X-ray scat-

tering (GISAXS) experiments allow for studies of

the sputter deposition process already from the

early stages of deposition [19, 20]. Therefore,

GISAXS gives a deep understanding of the influ-

ence of process parameters on the grain size,

shape, size distribution and correlation lengths. If

heat treatment is needed to initiate crystallization,

one can perform GISAXS before, during and after

the crystallization.

• In situ grazing incidence X-ray powder diffraction

(GIXRPD) provides information about phases or

phase transitions, crystallinity, lattice parameters

and can be used for crystal structure solution and

refinement. In addition, in situ GIXRPD is the

basis to derive the crystallization pathway and

transformation kinetics during annealing of the

deposited layers. In contrast to GISAXS, this

method is sensitive to atomic distances.

• In situ X-ray reflectivity (XRR) measurements

provide the film thickness, surface and interface

roughness and electron density as well as their

changes due to the crystallization process.

All these techniques provide the possibility to study

many aspects of thin films in situ and thereby to

analyze the dependency of the film development on

the processing parameters.

To collect these information over a large Q-space

including the information of small-angle scattering

and diffraction, it usually demands two detectors:

one with large sample-to-detector distance (SDD) for

GISAXS, ideally a 2D detector, and one to detect the

GIXRPD over a certain angle where Bragg reflexes

are expected to emerge. For the diffraction, one can

use a point or 2D detector. In order to obtain

diffraction data, a 2D detector can provide in-plane

information or can indicate preferred orientation [21].

The detection of XRR depends on the experimental

setup and the installed detectors. It can be done with

a 2D detector or with a point detector installed at an

diffractometer arm (see ‘‘Measurements’’ section).

The following sections are organized according to the

combinations point detector ? 2D detector and two

2D detectors.

Measurements

In the present work, BaTiO3 thin film evolution was

studied at two different synchrotron beamlines ded-

icated to surface diffraction, i.e., SIXS at SOLEIL [22]

and P08 at PETRA III [23]. At SIXS, a point detector

installed at the diffractometer arm and a pixel hybrid

2D detector were used. At P08, two 2D detectors were

used simultaneously.

If not mentioned otherwise, the measurements

were performed with the following parameters. The

plasma process and substrate heating were started

10 min. before opening the shutter in front of the

sputtering target. The sputtering power on the

BaTiO3 target was 10 W/cm2 at SOLEIL and
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14 W/cm2 at PETRA III, and the gas mixture was 80%

argon (Ar) and 20% oxygen (O2) with a total flow of 1

standard cubic centimeter per minute (SCCM). The

distance between the sputtering target and substrate

was fixed at a distance of 4 cm. The films were

deposited on pre-cleaned Si, SiO2 or MgO wafers

with a size of 10 � 10 mm2.

Measurements with a 2D and a point
detector

For the measurements at SIXS, the chamber was

mounted on a heavy-duty hexapod without further

weight compensation. According to the experimental

setup, the beamline energy was chosen to be 11.9 keV

and the focus size was set to 1 (h) � 0.04 (v) mm2.

Therefore, we followed the surface evolution by

GISAXS with the 2D detector (XPAD3 Hybrid Pixel

Detector, pixel size 130 lm � 130 lm) [24] and

detected GIXRPD and XRR with the point detector

(Model Cyberstar, Echirolles cedex, France) (see

Fig. 2). Therefore, the measuring routine was to start

the deposition and to follow the structural evolution

with GISAXS. In turn, GIXRPD and XRR were per-

formed after the deposition and after the annealing,

respectively. For the latter, see Fig. 5. For more

details on the data handling and analysis, see ‘‘Re-

sults and discussion’’ section.

GISAXS

For this experiment, the sample-to-detector distance

(SDD) was 2.4 m and the incidence angle was 0.4�. To

still perform the GIXRPD and XRR measurements,

we could not install a flight tube in front of the

GISAXS detector. Due to the weak refraction index of

BaTiO3 and the high background noise from the

Kapton� windows of the chamber, and the air scat-

tering, we used an exposure time for the patterns of

10 s. Due to the long exposure time, we reduced the

sputtering power at the target to slow down the

deposition process. For all, that the experiment yiel-

ded to a series of 2D GISAXS pattern of the thin film

formation. Exemplarily, Fig. 3 depicts a GISAXS

pattern after 300 s of deposition at 400 �C with the

scattering peaks of an early thin film formation. Also

marked in the figure are the primary beam position,

the Yoneda wings in the level of the Yoneda peak

[25], the reflected beam and the beam stop. As it can

Figure 2 The sputtering chamber installed at the surface and

interface X-ray beamline SIXS at SOLEIL. The photograph

shows: (1) X-ray flight tube, (2) high-resolution diffractometer, (3)

sputtering unit, (4) point detector and (5) 2D detector.

Figure 3 Exemplary two-dimensional GISAXS false color plot of

BaTiO3 after 300 s of deposition at 400 �C. Denoted are the beam

stop, the out of plain cuts (Yoneda cut and detector cut) and the

inter-modular detector gaps (IDG).
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be seen, we were using one beam stop for both: the

direct and reflected beam. The recording of the data

started five patterns before opening the shutter.

These five pictures were used to determine the

background for the data analysis. Figure 4 shows the

background-subtracted data of Fig. 3 (left) and the

temporal evolution of the Yoneda peaks (upper right)

and four exemplary fits of the Yoneda peaks at 100,

300, 400 and 600 s.

GIXRPD

The GIXRPD measurement at the beamline SIXS was

performed with the point detector. For that, we also

used the on-the-fly method, performing with 4�/s.

The corresponding incident angle was 0.4�. Figure 5

shows a GIXRPD plot of the film from Fig. 6c after

the annealing of the thin film to 700 �C for 10 min,

which leads to the crystallization of BaTiO3 identifi-

able by the structure peaks, which are marked in the

figure.

XRR

Subsequent to deposition, XRR dataset was recorded

on the as-deposited thin film. This was done using

the point detector installed at the detector arm of the

diffractometer. With the fast absorber system [26] of

the SIXS beamline, the XRR measurement could be

done on the fly in a time of 30 s for 3�. Depending on

the performed experiment in terms of deposition

temperature and a subsequent annealing, XRR mea-

surements were carried out before and after the

annealing. Figure 6 shows a thin film deposited on a

Si substrate at a temperature of 100 �C and annealed

for 10 minute to a temperature of 700 �C to induce

crystallization. The data were fitted using the Parratt

algorithm [27]. The corresponding layer model to the

fits is shown in Fig. 6b, c. All figures and results in

this subsection belong to the same thin film. Using

the 2D detector and the point detector with the on-

the-fly measuring mode is a great option to investi-

gate the growth of thin films in situ which can only be

optimized by using two 2D detectors to perform

GISAXS and GIXRPD simultaneously.

Measuring with two 2D detectors

For the measurements at P08, the chamber was

installed at the six-circle diffractometer. This

Figure 4 Background-free GISAXS signal after 300 s of

deposition at 400 �C (top) and temporal intensity evolution of

horizontal cuts at the Yoneda peak (middle) and of the pseudo-

Voigt fits of the Yoneda cuts (bottom). The data points displaying

the background-subtracted data and the lines the corresponding

pseudo-Voigt fit.
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diffractometer is specially designed to accommodate

the small beam height of 1 m and is of extreme high

precision with 2 � 10-15 resolution of the main axes

and less than 15 lm sphere of confusion (see Fig. 7)

[23]. The focal size was 0.5 (h) � 0.4 (v) mm2. We

have used for the GISAXS during the deposition and

the XRR after the deposition a single-photon counting

pixel detector with 981 � 1043 pixels of 172 lm2 each

(Model Pilatus 1M, Dectris Baden, Switzerland). The

detector was installed on a xyz-translation stage. This

stage was used to move the detector during the XRR

measurement to cover the inter-modular detector

gaps of the detector. A second single-photon count-

ing pixel detector with 487 � 619 pixel of 172 lm2

each (Model Pilatus 300k, Dectris, Baden,

Switzerland) was mounted on the detector arm of the

diffractometer. With this second 2D detector, we

were following the evolution by GIXRPD simultane-

ously to the GISAXS measurement. The offset of the

GIXRPD detector allowed the installation of a flight

tube filled with He gas to minimize air scattering.

With this installation of the two detectors, we could

follow the evolution of the growing thin film over a

large Q-space range. The X-ray energy was 11 keV,

and the exposure time was 2 s for both detectors,

including all the information given by GISAXS and

GIXRPD as mentioned in ‘‘Experimental techniques’’

section. A brief discussion about the information

given by these measurements is given in ‘‘Results and

discussion’’ section.

Figure 5 GIXRPD data taken with the point detector at the

surface interface X-ray scattering beamline SIXS at SOLEIL.

Shown is the region from 1.7 to 6.3 Å�1, and marked are the

polycrystalline powder diffraction peaks from BaTiO3 and the

broad peaks from Si wafer structure [38].

(a) XRR before and after
anealing.

(b) Density and layer sequence
model before anealing.

(c) Density and layer sequence
model after anealing.

Figure 6 XRR measurements SIXS and density profiles. a Shows two XRR measurements, before and after the annealing to 700 �C for

10 min. b Shows the corresponding density profile for the amorphous BaTiO3 thin film. c Shows the density profile after the annealing..

Figure 7 Experimental setup at the surface diffraction beamline

P08 at PETRA III at DESY, Hamburg. Shown are the electronic

rack (1), the high-resolution diffractometer (2), the deposition unit

(3), the 2D GIXRPD detector (4), the temporary installed He-filled

flight tube (5) and the 2D GISAXS detector. The angles of both

detectors were fixed during the measurement, and both detectors

were running simultaneously.
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GISAXS

The GISAXS patterns were taken with a time reso-

lution of 2 s without any movement of the detector

and a beam stop fix installed in front of the detector

to cover the primary and the reflected beam (see

Fig. 8). The detector was installed with a sample-to-

detector distance of 2.09 m, and the incident angle

was 0.4�. The flight tube was filled with He gas which

has the advantage of minimizing the air scattering

and reducing the absorption, but nevertheless, the

Kapton foil at both ends of the flight tube itself

increases the background due to scattering. But this,

in turn, has a lower effect than pure air scattering

over the whole distance from the chamber to the

detector. Furthermore, the position and size of the

beam stop are crucial for the data quality: It should

be as close to the sample as possible to catch the air

scattering from the primary beam and at the same

time small enough to not cover the small-angle scat-

tering signal. The flight tube was a temporary

installation. Therefore, for practical reasons, the beam

stop was installed at the end of the flight tube close to

the exit window. As an example, Fig. 8 shows a

region of interest of the GISAXS pattern after 10 s of

deposition on a substrate at 500 �C and also the

intensity evolution of the Yoneda cuts and a series of

selected fits for the early stage of deposition.

GIXRPD

The second detector was used for GIXRPD and was

installed under a fixed two-theta angle of 22� with a

SDD of 672 mm. Both detectors were triggered

simultaneously. Thus, we were able to follow the

formation and growth of the thin film in the range

from 1.9 to 2.8 Å�1 simultaneously to the small-angle

range. When depositing at temperatures above

500 �C, the crystallization occurred during the

cFigure 8 Exemplary region of the GISAXS detector of the two-

dimensional GISAXS pattern taken at the surface diffraction

beamline P08 at PETRA III (top). Denoted are the beam stop, the

Yoneda level, the inter-modular detector gaps (IDG), the direct

beam and the outer edge of the experiment horizon limited by the

flight tube. The intensity evolution of the horizontal cuts at the

level of the Yoneda peak (middle). And the pseudo-Voigt fits of

the Yoneda cuts (bottom). The date points displaying the

background-subtracted data and the lines the corresponding fit.
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deposition and did not have to be induced by

annealing the sample after deposition. The crystal-

lization is indicated by the occurrence of powder

diffraction rings on the left-hand side of Fig. 9. The

right-hand side of Fig. 9 shows the corresponding

azimuthally integrated GIXRPD pattern.

XRR

These results can be complemented with the infor-

mation from XRR measurements. In case of layer-by-

layer growth with correlated roughness, as it is the

case in Fig. 12a, one can extract the equidistant

intensity modulations from the GISAXS patterns to

get information about the film thickness during the

whole thin film evolution. Otherwise, the XRR mea-

surements have to be done after the deposition. The

XRR measurement also can be done before and after

annealing a thin film. Figure 10 shows the reflectivity

measurements after the deposition of a BaTiO3 thin

film.

To measure the reflectivity after the deposition, the

GISAXS detector stage was moved along the qy
direction, because the beam stop was also attached to

this stage. Consequently, the X-rays were hitting the

detector in a different spot. For the first step, the X-

ray beam was attenuated due to the high intensities

in the critical angle regime. Additionally, during the

XRR measurements, the detector was moved in qz-

direction three times to cover the inter-modular

detector gaps. During the XRR measurements, the

detector was moved in height three times. The dif-

ferent absorption levels were defined prior to the

measuring and were fixed during the three mea-

surements. While the detector was at a fixed position,

we had to rotate the sample for the reflectivity mea-

surements. The data were merged and analyzed

using the Parratt formalism (see results in Fig. 10).

Results and discussion

With the experimental setup and the methods

described above, we were able to follow the influence

of the different preparation parameters by measuring

at different substrate temperatures and different

substrate materials. To demonstrate the capabilities

of combined measurements, we present selected

results. The systematic analysis of the substrate

material and substrate temperature is not in the scope

of this paper and will thus be published elsewhere.

The thin film formation is strongly energy depen-

dent [5, 6]. The early nucleation is a product of three

terms N ¼ N� � A� � x, with N� the equilibrium con-

centration of the stable nuclei and x� the rate at

which atoms impinge on the nuclei of critical area A�

[28]. With the thermodynamic criterion for the

growth mode developed by E. Bauer, the equilibrium

condition is given by Dr ¼ rf � ri � rs, where rf is the

free energy of the film, ri is the free energy of the

interface, and rs is the free energy of the surface

[28, 29]. The free energy can hence be exploited

toward the three known growth models, i.e., layer-

by-layer, island and island plus layer growth [30, 31].

However, in general it can be stated that higher

substrate temperatures favor fewer but larger nuclei,

whereas higher deposition rates favor more and

smaller nuclei. Thus, if one uses high temperatures

and also low deposition rates, epitaxial growth is

facilitated [30–32].

Figure 9 Exemplary two-dimensional GISAXS pattern during

the deposition at 500 �C on the left-hand side and the

corresponding azimuthally integrated GIXRPD pattern on the

right-hand side.
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With the 2D GISAXS patterns collected during the

experiments, we were able to follow the evolution of

the thin film from the first nucleation. This is visu-

alized in Fig. 11, which shows contour plots of the

out-of-plane cuts (Yoneda cuts) of the early formation

of BaTiO3 on a SiO2 wafer at 500 �C and at 600 �C

versus the first 100 s of deposition. Within this work,

we show the influence of the free surface energy by

varying the deposition temperature.

The evolution is depicted in the shift of the peak

position, the decrease in its position, FWHM and the

amplitude. This information was extracted from

pseudo-Voigt fits (see Fig. 8). The shift to lower qy
values over time is related to an increase to the cen-

ter-to-center distance D between BaTiO3 clusters. The

relation D � 2p=q enables us to track the mean cluster

distance during the growth as a quantitative param-

eter. A transition to an adsorption-driven cluster

Figure 10 XRR data, data fit and density profile after the

deposition of BaTiO3 at 100 �C. a Shows the data according to the

three different detector positions. b Shows the data and the result

of the Parratt formalism fit. c Shows the corresponding density and

layer sequence model of the fit.

Figure 11 Horizontal line

cuts versus deposition time

and results of data fits. The

upper row on the left shows a

2D map showing the temporal

intensity evolution of the

Yoneda cuts versus deposition

time for the first 100 s of

deposition at 500 �C. The

upper row on the right shows

the results of the pseudo-Voigt

data fits regarding 10 a. Shown

is the evolution of the position

and r. The lower row on the

left shows a 2D map showing

the temporal intensity

evolution of the Yoneda cut

versus deposition time for the

first 100 s of deposition at

600 �C and on the right side

the results of the pseudo-Voigt

data fits.
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growth regime from a diffusion-mediated coales-

cence regime can be observed from the evolution of

the FWHM (see Fig. 11). Since there was no change in

the sputtering source parameters, the amount of

arriving particles can be considered as constant for

both temperatures. Hence, the transition from fast

increasing ordering to a slower growth of a two-di-

mensional cluster growth, indicated by the change in

the slope at 45 s of deposition at 500 �C and 40 s for

600 �C, respectively, is equal. The evolution of the

out-of-plane cuts of the thin films shows a tempera-

ture-dependent difference in terms of position and

amplitude. This means with higher temperatures,

larger clusters are achieved in shorter time ranges,

which correspond to our description above.

The evolution of the vertical scattering features is

depicted in Fig. 12a, b. It shows the off-detector line

cuts versus the deposition time at 100 �C and 500 �C.

In Fig. 12a, the appearance of equidistant intensity

modulations relates to the growing average film

thickness along the detector axis qz and indicates

amorphous layer growth during the deposition at

100 �C. Missing polycrystalline rings in the simulta-

neous running GIXRPD detector also indicate an

amorphous state of the thin film. A layer-by-layer

growth for BaTiO3 is well known in the low

deposition temperature region [7, 13]. In contrast, the

off-detector cuts in Fig. 12b during the deposition at

500 �C, indicate no equidistant layer-by-layer growth

which correspond to the appearance of growing

clusters as suggested from the Yoneda cuts at high

temperatures (see Fig. 11a). This result is proven by

the appearance of polycrystalline rings in the

GIXRPD detector (see Fig. 16).

After the deposition of the thin films, atomic force

microscopy (AFM) measurements were taken.

Exemplary data are shown in Fig. 12c, d. The results

show a rather smooth surface with a rms roughness

of (2.5 ± 0.2) nm for the deposition at 100 �C and a

rough surface of (19.4 ± 1.9) nm rms for the deposi-

tion at 500 �C. The smooth surface measured with the

AFM translates to the described thin film formation

of layer-by-layer growth through the whole film

evolution. The AFM measurement of the high tem-

perature deposition shows a surface of hemispherical

(dome shape) thin film formation.

As described above, XRR measurements were

taken after the deposition. Due to the high surface

roughness at 500 �C, the XRR measurement was not

possible [27]. Table 1 shows the results for deposi-

tions below the crystallization energy. And Table 2

shows the roughness determined with an AFM. In

Figure 12 Detector line cuts

(along qz) versus deposition

time for the deposition

temperature of 100 �C (a) and

500 �C (b). Equidistant

modulations in the qz direction

occur during the deposition at

low surface energy (substrate

temperature of 100 �C)

indicating contentious

amorphous layer-by-layer

growth with correlated

roughnesses but not at the

deposition temperature of

500 �C. Also shown are AFM

measurements after 100 �C (c)

and 500 �C (d).
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terms of roughness, the results of the XRR and AFM

measurements are in good agreement. The surface

roughness ascertained from the AFM measurement

for the temperatures at 500 �C and 600 �C explains

why the XRR measurements were not possible. Also,

the findings from the ARM and XRR measurement

are in good conclusion with the film evolution

described above.

To further emphasize the quantitative results of

our data, we fit the 2D GISAXS pattern taken during

the thin film evolution. To simulate and fit the data,

we used the software BornAgain (BA) [33]. BornA-

gain is a software package to simulate and fit small-

angle scattering at grazing incidence. The greatest

advantage of BornAgain compared to other software,

which is also used to analyze GISAXS data, is the

ability to fit data and not only to simulate it. At first,

we fit the pattern taken after 200 s of deposition at

100 �C on SiO2. The model that fits the best is the

formation of two layers of amorphous and randomly

distributed small BaTiO3 cylinders with a height of

5 nm and a diameter of 3 nm and a particle density of

70%. The difference between the two layers is the

particle density. This fit result matches the informa-

tion obtained of the out-of-plane cuts. Figure 13

shows simulations of the thin film evolution with

correlated roughness as described above and the

corresponding fit. As second fitting result, we like to

show the fitting of the early formation during the

deposition at 600 �C. These results are shown in

Fig. 14. It depicts a ROI of the 2D pattern on the left of

the beam stop after 2, 6 and 12 s and the simulated

data for the data fit. The best fitting model is a hemi-

ellipsoid cluster on a hexagonal lattice, with good

agreements of the cluster size to the calculated size

from the geometrical pseudo-Voigt assumptions

(4 nm for 2 s and 10 nm for 10 s ± 1 nm). This shows

the basic qualitative and quantitative information one

can gain out of the GISAXS data.

These exemplary GISAXS analyses become even

more powerful when they are combined with the

GIXRPD data (see Fig. 16). It shows the azimuthal

integrated intensity of the GIXRPD detector versus

time (Fig. 16a) plus the width (Fig. 16b) and peak

intensity (Fig. 16c) behavior from BaTiO3 during the

deposition at 500 �C. We have shown a adsorption-

driven cluster growth during the deposition at this

temperature. After 220 s of deposition and cluster

growth, the crystallization occurs as it can be seen in

Fig. 16b, c, and highlighted are the nonlinear least

squares fits. The constant width indicates a homo-

geneous average polycrystallization size, and the

increasing amplitude corresponds to the quantity of

diffraction sources, i.e., crystallites [34]. Figure 15

Table 1 Results of the XRR

measurements after the

deposition with different

temperatures

Temp. (�C) Thickness (nm) Density (g cm-3) Roughness (nm)

100 41.8 ± 0.2 3.0 ± 0.2 2.1 ± 0.3

300 41.5 ± 0.2 3.2 ± 0.3 2.5 ± 0.4

400 37.1 ± 0.4 4.7 ± 0.4 8.1 ± 0.4

Table 2 Results of the AFM

measurements after the

deposition with different

temperatures

Temp. (�C) Roughness (nm)

100 2.5 ± 0.2

300 5.9 ± 0.9

400 11.4 ± 4.5

500 19.3 ± 1.9

600 22.5 ± 3.1

Figure 13 Exemplary

GISAXS pattern and fit of

BaTiO3 after 200 of deposition

at 100 �C. Shown is a model

layer-by-layer growth with 2

layers of correlated roughens

built from cylinders with a

height of 5 nm and a diameter

of 3 nm.
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shows the comparison of the cluster size taken from

the pseudo-Voigt fit and the simulations. The large

error bars are the result of the signal-to-noise ratio in

the early stage of formation. In this phase of deposi-

tion, the bigger part of detected scattering are from

the Kapton windows of the flight tube (see Fig. 8).

This also shows the amount of information that is in

the 2D pattern compared to a small ROI in the plane

of the Yoneda wings. Measurements at 500 �C and

600 �C have shown that the crystallization behavior is

different in time and crystallization speed of the

entire material. We were able to follow the crystal-

lization of an oxide thin film with GISAXS and

GIXRPD, to our best knowledge, for the first time

in situ during the deposition. The detailed results to

this will be presented in a different publication.

Figure 14 Exemplary

GISAXS pattern and fit of

BaTiO3 after 2, 6 and 12 s of

deposition at 600 �C. Shown

is a model of hemi-ellipsoids

clusters on a hexagonal lattice

with a size of 3 ± 1 nm after

2 s, 4 ± 1 nm after 6 s and

5±1 nm after 12 s,

respectively.

Figure 15 Calculated cluster size from the pseudo-Voigt fits of

the Yoneda cut data and BornAgain [BA] fits during the

deposition at 600 �C. Shown is a model of hemi-ellipsoids

clusters on a hexagonal lattice with a size of 3 ± 1 nm after 2 s,

4 ± 1 nm after 6 s and 5 ± 1 nm after 12 s, respectively.
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Summary and outlook

There is a lot of literature that describes the thin film

formation in theory and experiment, where most of it

is based on ex situ investigations [35–37]. In this

work, we demonstrated an in situ investigation of the

entire thin film evolution in real time and ways of

quantitative and qualitative analysis of the data. We

proved that this is a powerful technique to investi-

gate the dynamics of the crystallization to gain a real

advantage of tailoring application optimized thin

films. It has been observed that the temperature has a

clear influence on the film structure and morphology

during all stages of deposition. This correlation is

discussed in the context of an established scientific

model. In contrast to the temperature, the choice of

substrate material decreasingly affects the film

properties with increasing layer thickness. Finally,

the crystallization of the films was shown throughout

the thickness of the deposited layer and to be largely

temperature dependent. Figure 17 displays the thin

film evolution at temperatures of 400 �C and less as

well as above 500 �C. The shown experimental setup

can be further improved with the use of two beam

stops: one for the direct beam and one for the spec-

ular beam to get all of the information coming from

the Yoneda peak. And for the crystallization of thin

films, one can gain more information by placing the

GIXRPD detector in the plain direction of the

substrate.
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