XIEAHF DS 55 40 £ (2009) KRR T IxBer s —
Advances in X-Ray Chemical Analysis, Japan, 40 (2009) ISSN 0911-7806

X-Ray Analysis of Yb Ultra Thin Film:
Comparison of Gas Deposition and Ordinary Vacuum Evaporation

Martin JERAB and Kenji SAKURAI

(1) BARDEES XER







X-Ray Analysis of Yb Ultra Thin Film:
Comparison of Gas Deposition and Ordinary Vacuum Evaporation

Martin JERAB™ and Kenji SAKURALI”

National Institute for Materials Science
1-2-1 Sengen, Tsukuba, Ibaraki 305-0051, Japan
U Charles University, Faculty of Mathematics and Physics
V Holesovickach 2, Praha 8, 180 00, Czech Republic
# Corresponding author: sakurai @yuhgiri-nims.go.jp

(Received 7 January 2009, Revised 16 January 2009, Accepted 19 January 2009)

0 O O Nanotechnology has gained big importance in the last decade in the areas of basic research
and applied science. One part of nanotechnology is preparation of nanoparticles where new, not
ordinary, materials are recently used. In the present study, we succeeded in the preparation of
ytterbium nanoparticles by employing the gas deposition method preparing particles with avariety
of sizes. We combined several different techniques to perform investigations of the properties of
films from nanoparticles such as the thickness of deposited film, interface parameters, the size
distribution of nanoparticles, their crystal structure, etc. and their dependence on deposition parameters.
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1.0 Introduction

O O Preparation of nanoparticles has become anim-
portant issue not only in basic research but also in
applied nanotechnology. In particular, nanoparticles
from rare earth elements are attractive due to their
specific chemical and physical properties. One of the
most interesting elements in the lanthanide seriesis
ytterbium (Yb) ¥, often serves as a dopant for a
variety of functional materials. Due to its unique
electrical properties, itisusually used in active media
for optics (YAG laser). So far, there have been very
limited reports on the formation of Yb particles be-

cause their successful synthesis by chemical routes

was achieved only afew years ago 2. In the present
study, we have employed a completely different tech-
nique, the gas deposition method .

0 O Thetechnique is based on the vacuum deposition
method. Metallic ytterbium is evaporated by heating
in a gas atmosphere (in our case He). The particles
are formed by solidification and aggregation during
collisions with the gas molecules. The particles lose
almost all their thermal kinetic energy during the
callison. Based on this, thelanding of the nanoparticles
on the substrate is very soft and the nanoparticles do
not deposit any energy on the substrate. A similar
method was successfully applied to produce gadolinium
nanoparticles ?.
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2.0 Experimental setup

0 O The apparatus used in the present gas deposition
experiment is basically avacuum evaporation chamber
(10° Pa) equipped with a Knudsen evaporation cell
(K-cell) and sampleload lock system®. The experiments
can be switched from the ordinary vacuum evapora-
tion to gas deposition simply by introducing the He
gas. An illustrative scheme of the entire apparatus
and components of the main chamber (MCh) isshown
in Fig.1. The apparatus is composed of two cham-
bers (main chamber MCh, load lock chamber LL Ch)
which are separately pumped by turbo molecular
pumps. The load lock chamber with linear motion of

samplesis separated from the main chamber by agate

valve. This set-up alows usto perform preparation of
nanoparticlesin clean and well controlled conditions
and prevents contamination during deposition. The
pressure in the chamber before injection of the gas
was about 10° - 107 Pa (10°® -10° Torr). On the
bottom of the main chamber there was a K-cell with
shutter. Metallic ytterbium was evaporated by heating
(500 ~ 825°C, melting point is 824°C) in the He
environment (0.5~25 Pa). The evaporating temperature
was controlled by a heating control unit with an
accuracy of 0.5 °C. The particles were formed by
solidification and aggregation during the collisions
with inert He gas molecules. To collect floating
particles, the glass substrate was placed close (10

mm) to the top of the K-cell. In order to eliminate

adjuster )
Cooled water
Tank
™ Substrate
; Shutter
. 9331 Evaporating source
Kcell
Fig.10 Figure showsillustrative schemes Thickness
monitor

of the gas deposition apparatus. The ap-
paratusisbasically avacuum evaporation
chamber (10 Pa) equipped with a
Knudsen evaporation cell (K-cell) and
sample load lock system ®. The experi-
ments can be switched from the ordinary
vacuum evaporation to gasdeposition sim-
ply by introducing the He gas. MCH:
Main chamber, LLCh: Load lock cham-
ber, RP: Rotary pump, TMP: Turbo mo-
lecular pump, GV: Gate valve
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further aggregation of nanoparticles at the substrate
surface by radiation heating, the back of the substrate
was cooled. The deposition rate is measured by a

quartz thickness monitor.
3.0 Measurement technique

0 O The deposited thin film composed of
nanoparticles was analyzed using several different
techniques. The size distribution of the deposited
nanoparticles was analyzed by processing atomic
force microscope (AFM) images (Shimadzu SPH-
9500J3). Surface roughness was also examined by
this method and compared with the results of X-ray
reflectivity measurements (XRR). In addition, this
technique was used to determine the thickness of the
deposited film, as well as to estimate surface and in-
terface roughness. The MUREX software ® was used
for XRR data processing asfollows. Theoretical smu-
lation of XRR was computed with Parratt’'s formalism ©
using alayer model at the top of the glass substrate.
Simulated curve was compared with experimental
data and the model’s parameters (thickness, density,
surface/interface roughness, scaling factor) were manu-
aly changed to optimize the fitting of both curves.
Goodness of fit was evaluated by the same software
By |Re(i)0 Reac(i)[ least-squares method and deter-

mined from the

Rp[=z

and

Rexp (l) - Rcalc (l)|
2 R ()

R _ 2 (Rexp - Rcalc (l) )2
" 2 Rexp (i)2

factor inlog scale. An R-factor less than 4% was an
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acceptable fit. The computer fitting was then per-
formed with the initial parameters taken from
“manual” fitting to optimize the parameters, deter-
mine the best-fit values and further reduce the R-
factor. The best-fit values were taken to be the thick-
ness, density and surface/interface roughness for the
nanoparticles thin film. The crystal structure of the
deposited nanoparticles was studied by X-ray dif-
fraction (XRD) and grazing incidence in the plane
X-ray diffraction (IPXRD). Rigaku PINT-ATX was

used for all X-ray measurements.
4.0 Results and Discussion

0 O While ordinary vacuum evaporation produces
islands, i.e., particles stacked together (Fig.2), the
technique used in the present study (gas deposition)
allows us to obtain nanoparticles. From the AFM
measurement, it was found that the particles have an
almost spherical shape with quite a small variation
in size for each sample (Figs.3, 4). The size is typi-

caly around 4 nm in diameter. Thisindicates that one

230 nm

0 nm

Fig.20 AFM image of sample prepared by vacuum
deposition under following condition; deposition tem-
perature t;= 600 °C, deposition pressure P=3.8x 10°
Pa, deposition timet = 3 hours. Thefigure showsthat the
deposit is composed of islands, i.e., particles stacked
together.
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4.5 nm

M ntng < A0DNM S

68 nm

Fig.30 AFM images of samples prepared under follow-
ing conditions; a) deposition temperature ty= 700 °C,
deposition pressure P = 3 Pa, deposition timet = 3 hours,
b) t;= 825 °C, deposition pressure P =3 Pa, deposition
timet = 3 hours. The nanoparticles for both samples are
spherical. The mean size of the nanoparticlesisd =1.6 £
1.2 nm, d = 2.5 + 1.8 nm respectively ?.

particleincludes ca. 2000 atoms, ~38% of them being
at the surface. The surface changed from smoky black
to colorless after taking the sample from the vacuum
chamber. This indicates that the obtained Yb
nanoparticles are easily oxidized. Figs.5 and 6 show
the measured XRR (X-ray Reflectivity) curves for
two different samples. It was found that the data can
beinterpreted well (R-factor lessthan 4%) when assuming
two layers (combination of oxide and metallic layers or
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35.0 nm

1.9 nm

Fig.40 AFM images of samples prepared under follow-
ing conditions; a) deposition temperature t;= 500 °C,
deposition pressure P = 0.5 Pa, deposition timet = 3
hours, b) t;= 825 °C, deposition pressure P = 0.5 Pa,
deposition time t = 3 hours. The nanoparticles for first
sample shows particles stacked together. The mean size
of theseidandsisd =17.9 + 1.5 nm. Second sampleis
composed of nanoparticleswith mean sizeof d = 6.7 =
1.1 nmin diameter.

two oxide layers - due to the morphology of the
sample) on the glass substrate, rather than using the
single layer model. Fig.5 reveals that the top layer
has a higher density than the second layer. Because of
the density of Yb,0, (9.17 g/cm®) is quite higher than
that of the Yb metal (6.90 g/cm®) 1° and the density
value of the model top layer is higher than that of the
Yb metal, the top layer isinterpreted as aY b,0O, and
lower layer as aYb metal. The results give slightly
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Fig.50 X-ray reflectivity for the sample prepared under the following conditions; deposition temperature t;= 600°C,
deposition pressure P = 3.8x 10° Pa, deposition timet = 3 hours. The data are analyzed by the |east-squares curve
fitting with the 2-layer model. The obtained parametersarelisted inaTable. The R, (= Z|Ry,(1)0 Rac(i)] / ZRui))
and R,, (= (EW(i) (Rop(i)o Reac(i))7ZW(i)Req(i)%)) 2 where w(i) = 1 in this case) in log scale were 3.06 % and 3.44%,

Glancing angle [mrad]

respectively. The AFM image of a sample surface is shown in the inset.
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Fig.600 X-ray reflectivity for the sample prepared under the following conditions; deposition temperature t; = 500°C,
deposition pressure P = 3 Pa, deposition time t = 3 hours. The data are analyzed by the least-squares curve fitting
with 2 oxide layers model. The obtained parametersarelisted inaTable. The R, and R,,, inlog scale were 1.23 % and

Glancing angle [mrad]

1.32%, respectively. AFM image of sample surface is shown in the inset.
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lower densities for both layers than those of bulk
values. We think that thisis mainly due to the growth
mechanism (extremely soft landing on the substrate)
and morphology of the particles.

O 0 Fig.6 shows the XRR data from another sample.
The best model for this sample reveals again two
layers but composed of oxide layersthat differ mainly
in electron density. The top layer has a much lower
electron density than the lower layer. The density of
the lower layer is 7.76 g/cm®. Thisis a higher value
than that of the Yb metal and reflects the sample
morphology. The XRR measurement givesinformation
only about the mean value parameters through the
illuminated area. From the AFM images of this
sample, one can see that the surface layer is composed

of small nanoparticles with amean diameter ~9.6 nm”.

10 15 20 25 30 35 40 45

This surface layer of nanoparticles represents a thin
low density layer obtained from the model. More
heavy material is deposited under this layer.

0 0O From both examples, the XRR gives reliable
information about the oxidation of Y'b nanoparticles
well. The sample is shown in Fig.7. The structure is
not a single phase. In addition to a face-center cubic
(fcc) Yb metal, some hexagonal Yb metal and oxides
peaks were observed.

O O Another important parameter is roughness. We
compared roughness obtained from XRR and AFM
measurements. Both values differ randomly but not
by more than three times. The difference could be
due to non-uniformity of the samples, as AFM isa
local measurement and XRR gives average values

through the larger area. The typical and maximum
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Fig.70 X-ray diffraction pattern measured for the sample prepared under the following conditions; deposition
temperature t,= 800°C, deposition pressure P = 5-10° Pa, deposition timet = 3 hours. The XRD pattern shows that
the deposit is not single phase. The peaks from FCC and hexagonal ytterbium are observed..
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Table 10 Nanopatricles equivalent diameter (in nm). Results have been obtained
from the AFM image processing and the observed size was recal culated to the
real nanoparticle size?.

0.5Pa 3Pa 10 Pa 25 Pa
500 °C 17.9+1.5 9.6+£22 g O
600 °C g O g O
700 °C g 1.6+12 g O
800 °C 45+22 g t g
825°C 6.7+1.1 2.5+1.8 3.7+2.1 1.7+1.2

Table 20 Thickness of deposited film (in nm) obtained from X-ray reflectivity curve
modeling. The data are analyzed by the |east-squares curvefitting using Parratt formula®-.

Vacuum 0.5Pa 3 Pa 10 Pa 25Pa
500 °C 5.18 4.67 7.15 O O
600 °C 15.37 5.12 O O O
700 °C 14.38 O 10.71 O O
800 °C 34.70 12.66 4.50 O O
825°C 15.65 16.50 23.06 17.,40 4.77

observed roughnesses of the sampleswerearound 1 nm
and 5 nm, respectively. Table 1 shows the size of the
Y b nanoparticles obtained at different evaporation
temperatures and He pressures. The size of the
nanoparticles was obtained by image processing of
AFM images. The observed sizes were recal culated
to their real values ”. During the present experiments,
it was not possible to find a clear dependence of the
Y b particle size on the conditions, unlike with other
metals. Some convection could make the system
rather complicated, because of the quite low melting
point of Yb. On the other hand, layer thickness has a
simple clear dependence. Increasing the temperature
and reducing the He partial pressure led to a higher
deposition rate and higher layer thickness. The total

layer thicknesses of the samples are shown in Table 2.
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5.0 Conclusion

0 O We succeeded in the preparation of Yb
nanoparticles by the gas deposition method in aHe
atmosphere. The size, shape and morphology were
studied by AFM and X-ray techniques. The studied
particles have mainly a spherical shape and differ
dlightly in size for each sample. It was not possible
to find a clear dependence of Yb particle size on
deposition conditions ®. Nevertheless, such depen-
dence can be observed for layer thickness. Increasing
the temperature and reducing the He partia pressure
led to ahigher deposition rate and in turn higher layer
thickness.

0 O Thesurfaceof Y b nanoparticlesisoxidized assoon
as being exposed to air. This can be observed visually
by the change of the color of the deposit and confirmed
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by XRR and XRD. The models of the deposits
obtained by comparing measured XRR curves with
calculated ones using the Parratt formula ® consist
typicaly of two layerswherethe top layer iscomposed
of ytterbium oxide. Peaksfrom Y b,0O, can be observed
in the XRD patterns. The XRD data revealed also
that the nanoparticle thin film has no single phase. In
addition to fcc an Y b metal, some hexagonal Y b metal
peaks were observed.

O O The present study shows that it is possible to
prepare ytterbium nanoparticlesin avariety of sizes

by employing the gas deposition method.
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