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ABSTRACT: A new cluster tool for in situ real-time processing and depth-resolved compositional, structural and optical
characterization of thin films at temperatures from -100 to 800 °C is described. The implemented techniques comprise
magnetron sputtering, ion irradiation, Rutherford backscattering spectrometry, Raman spectroscopy and spectroscopic
ellipsometry. The capability of the cluster tool is demonstrated for a layer stack MgO/ amorphous Si (~60 nm)/ Ag
(~30 nm), deposited at room temperature and crystallized with partial layer exchange by heating up to 650°C. Its initial
and final composition, stacking order and structure were monitored in situ in real time and a reaction progress was de-

fined as a function of time and temperature.

High-temperature (high-T) materials and applications
have gained increasing scientific interest and technologi-
cal importance for about 20 years. They are often related
to energy conversion and so-called new energy materials.
Currently studied high-T applications are solid-oxide fuel
cells,”* concentrated solar power (CSP) generation,*
exhaust gas heat recovery by thermoelectricity,>® and
high-T sensors.”® Required working temperatures for
these applications are in the range of 600 to 1000 °C. Rel-
evant material systems are often thin films of sub-nm to 1
pm thickness that are comprised of sophistically designed
multilayers for achieving the full functionality. Intra- and
interlayer phase transitions, defect generation and an-
nealing, degradation processes, such as element redistri-
bution and interface mixing, as well as material exchange
with the environment can have substantial effects on
their structure, properties and functionality. To ensure
thin film’s functionality under high-T conditions, new
concepts for analysis and process monitoring are neces-
sary. Suitable processing abilities are required, and com-
position, structure as well as functionality have to be
monitored in situ in real time.

Cluster tool setups integrate a number of dedicated
chambers into a single experimental system and enable
multistep experiments at controlled conditions. This
concept combines fast sample transfer with moderate lab
space requirements and prevents mutual interference of
the different experimental techniques. For thin film tech-
nology, high vacuum (HV) or even ultra-high vacuum
(UHV) conditions are required. In this technical note, a
new cluster tool comprising magnetron sputtering (MS)

ion irradiation, Rutherford backscattering spectrometry
(RBS), Raman spectroscopy and spectroscopic ellipsome-
try (SE) is described.® MS is a scalable, clean and waste-
free industry-relevant physical vapor deposition tech-
nique. RBS yields depth-resolved atomic concentrations
for elements with Z> 6. Raman spectroscopy offers out-
standing structure sensitivity and monolayer detection.
Ellipsometry provides nm-precise thickness information
for single layers, multilayers and mixtures, and in addi-
tion, the determination of the optical constants of the
sample’s components. These techniques are appropriate
for thin film technology and distinguish this setup from
existing cluster tools, which mainly rely on X-Ray- and
electron-based detection techniques, whose information
depth and depth resolution are limited."*""**>"

The capability of the new cluster tool is demonstrated for
the model system MgO/ amorphous silicon (a-Si) (~60
nm)/ Ag (~30 nm), which was deposited at room temper-
ature (RT) and heated up to 650 °C. Initial and final com-
position, stacking order and structure of the involved
materials were analyzed in situ in real time. The reaction
progress was monitored as function of time and tempera-
ture by three complementary methods. Metal-induced
crystallization (MIC) is identified as responsible reaction
mechanism.

EXPERIMENTAL SECTION

The cluster tool is installed as end station at an ion beam-
line of the Ion Beam Center (IBC) at the Helmholtz-
Zentrum Dresden-Rossendorf (HZDR).® Four chambers
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are connected to the central transfer chamber (Prevac)
(Figure 1). Temperatures from -100 to 1000 °C can be ap-
plied to the sample in all chambers, and in situ monitor-
ing is possible from -100 to 800 °C. The setup enables the
reproducible sample transfer from one chamber to anoth-
er within less than 30s. The maximum sample size is
25 mm in diameter.

r chamber x.

Figure 1: Cluster tool connected to ion beamline no. g of the
6 MV tandem accelerator of the IBC. The setup has a size of
about 5 m x 5 m.

The sputter chamber for sample pre-treatment, deposi-
tion and patterning is equipped with two direct current
(DC) magnetrons (Thin Film Consulting ION'X-2" UHV)
and an ECR ion source (Tectra Gen II). The magnetrons
are designed for a working pressure of 0.1to 10 Pa of Ar
for operation at an electrical power of up to 400 W. They
are bordered by chimneys to prevent excessive contami-
nation of the chamber walls, and are mounted in a 180°
geometry, thus excluding co-sputtering. The magnetron
to sample distance is approximately 10 cm. The ECR ion
source is mounted in a 9o° geometry to the magnetrons
and enables sputter cleaning and ion-induced pre-
patterning of substrates. It can deliver ion beam currents
of up to 60 mA at ion energies of 0.2 to 2.5 keV. Its maxi-
mum working pressure is 0.1 Pa in the vacuum chamber,
preventing simultaneous operation of the magnetrons
and the ion source.

The ion beam analysis (IBA) chamber (Figure 2) is con-
nected to a 6 MV tandem accelerator, which provides a
wide range of ion species. For RBS measurements, He"
ions of 2 MeV are commonly used. An ion current of ap-
prox. 20 nA provides a good signal to noise ratio and pre-
vents beam-induced sample damage and unintentional
heating. A multi-stage setup with a double-magnetic
quadrupole, two crossed magnetic dipoles, 3 scintillators
(Al203), 3 Faraday cups and a beam chopper system is
used for beam alignment, fine tuning and monitoring.
The sample holder is positioned onto a 5-axis manipula-
tor, which bears also one of the scintillators and one of
the Faraday cups (Figure 2). A beam spot diameter of
<1mm is achieved on the sample, and the positioning
reproducibility is 100 pm. The backscattered ions are

detected at a backscattering angle of 155° by a silicon
detector (SiD) covered by 100 nm Al to reduce its sensitiv-
ity to near-infrared and visible light. Nevertheless, detec-
tor saturation by thermal radiation limits the accessible
temperature for in situ RBS to 800 °C. The time resolution
is 30 s for qualitative analysis and 1 min if quantitative
evaluation is desired. The SiD energy resolution is about
18 keV. The depth resolution is of the order of 15 nm for
near-surface regions, where energy straggling is negligi-
ble.

Figure 2: Drawing of the IBA chamber. The ion beam axis is
indicated as a red line, the sample holder is depicted in blue
color. The Faraday cup for measuring the beam current at
the sample and a quartz scintillator for beam alignment are
mounted directly below the sample holder (light gray color).

The Raman chamber is optimized for maximum light-
throughput and high sensitivity. Glass fiber optics con-
nect exciting lasers, remote measurement head, Raman
chamber and spectrometer. A diode-pumped solid-state
laser and a frequency-doubled Nd:YAG laser with wave-
lengths of 473 and 532 nm, respectively, are used for exci-
tation. The remote head and a purpose-built macro ex-
tension optics (Horiba Jobin-Yvon) with a numerical
aperture of 0.22 and a focus length of 8o mm are used for
focusing and collection of light. The lateral and depth
resolution of the collection optics are 60 pm and approx-
imately 270 pm, respectively. The macro extension optics
is mounted outside the UHV, leaving a small air slit be-
tween it and the transparent window of the Raman
chamber. A motorized linear translation stage is used for
defined focusing onto the sample surface. Sample moni-
toring is managed by video cameras. The 180° back-
scattered Raman light is first guided through the Rayleigh
and interference filters of the remote head and subse-
quently dispersed by an iHR s50 spectrograph (Horiba
Jobin-Yvon) equipped with changeable 300/ mm, 600/
mm and or 1800/ mm holographic gratings. For the detec-
tion of the Raman light a liquid nitrogen-cooled CCD
detector with a back-illuminated deep-depletion chip is
used. Its quantum efficiency exceeds 9o % in the entire
spectral range from 400 to 80oo nm. CCD oversaturation
with thermal photons limits in situ Raman experiments to
8oo °C.
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The ellipsometry chamber is equipped with a M2oooV
ellipsometer (J.A. Woollam Co.). The exciting light is
emitted by a Quartz-Tungsten-Halogen lamp and covers
an energy range from 1.24 to 3.31€V, corresponding to a
wavelength range of 1000 to 375 nm. The incidence angle
is 70.5° with respect to the sample normal. Opposing the
light source, the CCD detector is mounted under an iden-
tical angle. A rotating compensator enables simultaneous
measurements of all wavelengths and therefore data ac-
quisition in few seconds. The optical detection limits the
accessible temperature range to 8oo °C. Among the three
analytical techniques used, the SE has the best time and
depth resolution. A special feature of the ellipsometry
chamber is a gas inlet system enabling studies of optical
properties in oxygen, nitrogen and argon as well as in
mixtures of them. The most relevant specifications of the
techniques implemented in the cluster tool are summa-
rized in Table 1.

Table 1: Performance parameters of the techniques
implemented in the cluster tool. (n.a.: not applica-
ble)

Technique Maximum  Time Depth Lateral
tempera- resolution  resolution  resolution
ture (°C) (s)

DC - MS 1000 n.a. n.a. n.a.

RBS 800 30 15 nm 1mm

Raman 800 30 270 pm 60 um

SE 800 5 1nm 2 mm x

10 mm

To show the capabilities of the cluster tool, three samples
of the model system MgO (bulk)/ a-Si (~60 nm)/ Ag
(~30 nm) were deposited by DC-MS at room temperature
(RT) at =1Pa with deposition rates (powers) of 2.3
nm/ min (40 W) for Si and 8.5 nm/ min (10 W) for Ag and
subsequently heated in HV in independent RBS, Raman
spectroscopy and SE experiments with a constant ramp
rate of 0.3 K/ s between 100 and 650 °C. The maximum
temperature was kept for an hour after which the samples
were cooled with a rate of -0.3 K/s. The samples were
kept in vacuum (10 Pa for RBS and SE, 10”7 Pa for Raman)
throughout the experiments except for a short duration (<
30 min) in air between the deposition and the heating
step in order to change the sample holder. In this way,
always the same sample holder is used for depositions,
without exposing it to high temperatures. This procedure
ensures the best possible reproducibility of the deposition
process and thus, of sample composition. This change
may however only be applied, if the studied materials are
inert in air. Since the RBS spectrum of the as-deposited
layer stack shows no intensity bump at the high-energy
edge of the substrate's oxygen signal, this condition is
fulfilled in this study.

RESULTS AND DISCUSSION

The RBS spectrum of the virgin sample shows the signals
of Mg and O atoms in the substrate as two plateau-like
features (Figure 3a)). The distinct peaks at higher
backscattering energy are attributed to the Ag and Si layer

Analytical Chemistry

(Figure 3 a)). A quantitative fitting procedure using
SIMNRA' reveals areal densities of 1.6 x 107 atoms cm™
and 2.8 x 10”7 atoms cm™ for Ag and Si, respectively. Fol-
lowing the initial characterization, the thermal treatment
was started and monitored in situ as a function of time
and temperature (Figure 3 b)). Upon reaching a tempera-
ture of 580 °C, the Ag peak broadened and shifted to a
lower backscattering energy by about 0.02 MeV. Thus, the
Ag depth distribution was broadened and its center of
gravity moved towards the substrate. Simultaneously, the
Si peak was broadened and split into two sub-peaks at
first glance, indicating the re-distribution of the whole Si
layer, a part of it having moved towards the surface. The
Mg and O edges were unchanged in energy but slightly
broadened (Figure 3 c)), i.e. the total stopping power of
the Si/Ag bilayer did not change. The latter observation
points to conserved total atomic concentrations of Ag and
Si within the layer stack.
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Figure 3: In situ RBS analysis of the MgO/ a-Si/ Ag stack. a)
RBS spectrum at RT of the as-deposited stack, b) RBS map-
ping from 100 to 650 °C, c) RBS spectrum at RT of the final
layer stack after the heating experiment. The temperature
was held constant upon reaching 650 °C as indicated by the
hatched stripe of the temperature axis.

Importantly, the processes occurred at high temperatures
and not after re-cooling. Neither by continued heating to
650 °C, a1 h hold at this temperature nor by re-cooling to
RT, further changes of the RBS spectra occurred. Fitting
the RBS data by SIMNRA™ turned out to be complicated,
presumably due to the lateral and in-depth inhomogenei-
ty generated in the sample during the in situ annealing.

The Raman spectrum of the initial stack shows no signal
from RT to about 520 °C, since the Ag top layer is Raman-
inactive and optically non-transparent (Figure 4a)). Ac-
cordingly, any Raman signal would only appear after the
Si/ Ag stacking order change had started.
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Figure 4: In situ Raman analysis of the MgO/ a-Si/ Ag stack.

a) Raman mapping from RT to 650°C. b) Raman spectrum of

the final layer stack taken at 650°C. The hatched stripe in the
temperature axis has the same meaning as in fig. 3.

At about 520 °C, the /point vibration of crystalline
silicon (c-Si) appeared at around 515 cm™ as dominant
spectral signature. It shifts to slightly lower frequencies
with further increasing temperature (Figure g4a)).”"®
Moreover, the asymmetric broadening of the c-Si line to
lower Raman shifts (Figure 4a, 4b)), indicates minor
amounts of defective silicon (def-Si), i.e. either wurtzite-
type'”* or near-surface Si*"**, and of non-crystallized a-
Si® in the final layer stack. The line shape analysis of the
final stack’s RT in situ Raman spectrum gave Raman shifts
of 522 ¢cm™ for ¢-Si, 500 cm™ for def-Si and 480 and
440 cm™ for the a-Si lines. Their relative integral intensi-
ties were 80 %, 5%, 9 % and 6 %, respectively, obtained
by fitting the spectrum with a BWF line for c-Si and
Gaussians for def-Si and a-Si. The crystalline Si volume
fraction p, was estimated from the integral Raman inten-
sities by equation (1), wherein the intensity of the 440 cm’
'line is not included:*

lo_gi + lgep—si (1).
Ic—Si + Idef—Si + yIa—Si

Pc =

The crystallite size dependent integrated Raman cross
sections, y = 2 /2, s, determines the Raman line shape of
the crystalline Si.*** Since a BWF shape was found to fit
the c-Si profile best, the minimum crystallite size L is
L>15nm and thus, the minimum y-value is y = 0.65.**
With equation (1), the ¢-Si volume fraction is estimated to
be = 90 %.

As third characterization technique, in situ SE of the
model system was measured continuously as a function of
temperature. 100 acquisitions of both, the amplitude ratio
Y and the phase shift A were recorded every 11.5 seconds
during the heating process, resulting in ~ 750 spectra for
the two parameters (Figure 5).
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Figure 5: In situ spectroscopic ellipsometry of the MgO/ a-
Si/ Ag stack as a function of temperature. a), d) Measured ¥
and A of the virgin sample at RT. b), e) in situ mapping of ¥
and A from 120 to 650 °C. ¢), f) ¥ and A of the final sample
measured at 650 °C. The hatched stripe in the temperature
axis has the same meaning as in fig. 3.

A distinct change in the ellipsometry parameters oc-
curred, when the temperature of about 580°C was
reached (Figure 5b) and e)). This change is also apparent
form the comparison of i and A of the as-deposited (Fig-
ure 5 a), d)) and thermally processed layer stack (Figure 5
¢), ). The SE data were analyzed with the software
WVASE32 (J.A. Woollam Co.). The spectrum of the virgin
sample was modelled by a three-layer system consisting
of MgO substrate, a-Si and Ag by fitting reference data
from WVASE32 and the literature to the measured spec-
tra.”®*” Layer thicknesses of 34+1 nm (Ag) and 65+3 nm (a-
Si) were obtained. Combining areal densities measured by
RBS and SE spectra, mass densities of 2.0 gcm?> and
8.5 g cm” for the virgin a-Si and Ag layer, respectively, are
obtained in agreement with literature data of sputtered a-
Si and Ag thin films.”** By supplementary transmission
electron microscopy (TEM), an a-Si thickness of 63 nm
was found in full agreement with the SE. Unfortunately,
the Ag thickness could not be cross-checked by TEM
because the Ag layer got modified during lamella prepara-
tion.

The final SE spectrum of the heating experiment could
not be described by a model stack of homogenous layers.
Its simulation required assuming a stack with effective
medium approximation (EMA) layers®>* containing dif-
ferent volume fractions of Ag and c-Si. The obtained fit
model with a total thickness of 105 nm comprised 3 main,
Bruggeman-type EMA layers consisting of Ag and c-Si, a
5 nm thick surface roughness layer and a 5 nm thick EMA
bottom layer of c¢-Si and MgO. The thicknesses of three
main EMA layers were 19 nm (top), 27 nm (middle) and
49 nm (bottom), and their atomic compositions were
62 at.% c-Si/ 38 at.% Ag (top), 46 at.% c-Si/ 54 at.% Ag
(middle) and 83 at.% c-Si/ 17 at.% Ag (bottom), respec-
tively. This model reproduced qualitatively the shape and
major features of the experimental data. It accounts for
the partial up-shift and the double-peak structure of the
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Si-RBS-signal, its general broadening and for the down-
shifted and broadened Ag-RBS-peak. It is also consistent
with the dominance of c¢-Si within the total Si volume
fraction obtained by Raman spectroscopy. Nevertheless it
has to be noted that the obtained specific numbers have
to be taken with care because of the large number of un-
knowns for fitting of SE data by EMA models.

In situ real time RBS, Raman spectroscopy as well as SE
showed consistently a structural transformation of an
initial MgO/ a-Si (~60 nm)/ Ag (~30 nm) model stack in
the temperature range from 530 to 580 °C, which resulted
in the almost complete crystallization of a-Si and a partial
layer exchange. In the final layer stack an Ag-rich layer
was sandwiched by two c-Si-rich layers. From the mecha-
nistic point of view, the reaction is attributed to a MIC>*
and not to a dissolution-precipitation process, since it
occurred at high temperatures and not during re-cooling.
This process can be further characterized in terms of a
reaction progress, defined for all three analytical methods
(Figure 6). For Raman spectra, this was done straightfor-
wardly by assigning the reaction progress to the intensity
of the c-Si line, normalized to its final value. For SE, the
reaction progress was assigned to the normalized average
spectral values. The RBS spectra were decomposed into a
linear combination of initial and final spectrum, and the
coefficient of the final one was assigned as reaction pro-
gress. According to figure 6, the total transition time was
of the order of 4 min. The precise values for the transition
duration from steepest slopes of the reaction progress are
(4.0%0.5) min for Raman spectroscopy, (3.7+0.3) min for
Rutherford backscattering spectrometry and (4.1+0.3) min
for spectroscopic ellipsometry. The transition tempera-
ture, defined as the temperature yielding the largest value
of the first derivative of the reaction progress functions,
was in the range of 540 to 580°C. The observed variation
of the transition temperature is much smaller than that
reported in the literature for this system, which covered a
range from 385 °C to 540 °C.”3® The slightly lower value
obtained by Raman spectroscopy can be tentatively at-
tributed to a laser-induced photo or heating effect.
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DO0000000000000000000° | & ymmm
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Figure 6: Reaction progress as function of time and tempera-
ture measured by Raman spectroscopy, RBS and SE. The
critical temperature corresponds to the transformation tem-
perature and is indicated by vertical dashed lines.

SUMMARY AND CONCLUSION

A new cluster tool was described. Its capabilities were
demonstrated for the real-time in situ analysis of struc-
tural changes of the model system MgO/ a-Si (~60 nm)/
Ag (~30nm) as a function of temperature under high
vacuum conditions. The complementary analytical tech-
niques of the setup, RBS, Raman spectroscopy and spec-
troscopic ellipsometry, allow the determination of thin
film properties not accessible by one technique alone.
This holds independently on the materials structure, i.e.
whether they are crystalline or amorphous. In this sense,
the new cluster tool is a unique new setup for in situ pro-
cessing and comprehensive characterization of thin films
in the temperature range from -100 to 8oo °C.
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