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Abstract

Restricting the palladium cap layer thickness to # 9 nm on top of 170 nm Pr films during in situ hydrogen loading has been
shown to result in nanocrystallite size PrH32d films even though the deposited Pr films are of large crystallite size. The effect is
attributed to hydrogen-induced stresses in the PrH32d films, which trigger structural rearrangement. These nanocrystalline films
show a blue shift of the transmittance edge with respect to PrH32d films of large crystallite size. The approximate size of the
nanocrystallites calculated from the blue shift using an effective mass approximation (EMA) theory is supported by XRD, TEM
and AFM measurements.

PACS: 78.66.J; 68.55J; 61.16.B; 61.16.C
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1. Introduction

The role of palladium as a catalyst for dissociative
absorption of hydrogen is well known [1-3]. By utilizing a
thin cap layer of palladium (typically 5-20 nm) through which
hydrogen could diffuse into the underlying yttrium and
lanthanum films, Huibert et al. discovered real-time transitions
from metallic (YH2 or LaH2) to semiconducting (YH3 or
LaH3), accompanied by pronounced changes in their optical
properties [4]. Choosing electrochemical means of loading,
Notten et al. also demonstrated the dissociative absorption and
associative desorption behavior of hydrogen in YHx films
using Pd overlayer [5]. The influence of Pd layer and Pd/AlOx

composite on hydrogen absorption by rare earth metal (REM)
films has been investigated extensively by van derMolen et al.
and van Gogh et al. [6,7]. The thickness of Pd layer has been
found to affect the reversibility and switching time.

While investigating the effect of palladium cap layer
thickness on hydriding behavior of underlying praseodymium
films, we found that the resulting PrH32 d films are polycry stal-
line with an average grain size of 0.1 mm (shown later in the

text) for a cap layer thickness $ 12 nm. However, cap layer
thicknesses of 5 and 9 nm yield PrH32d films with grain size in
nanometer dimensions. This is accompanied by a large blue
shift in the transmittance edge as compared to that of large
grain size PrH32 d films. In this paper, we report this interesting
effect and the reason thereof.

2. Experiment

To minimize the incorporation of oxygen in Pr films, the
vacuum chamber was repeatedly flushed with Argon for a
considerably long time (typically an hour) before finally
evacuating it. Praseodymium thin films of typical thickness
170 nm were then deposited on corning 7059 substrates kept at
room temperature in a vacuum of the order of 1.32 £ 1024 Pa
by vacuum evaporation. These films were subsequently
covered with different thicknesses of Pd overlayer i.e. 5, 9,
12,15and 19 nm. In order to prepare films under identical and
reproducible conditions, a pre-calibrated 6 MHz quartz crystal
film thickness monitor (Edwards FTM5, UK) was used to
monitor the deposition rate and thickness of films. Without
breaking the vacuum, the films were then exposed at room
temperature to hydrogen by introducing hydrogen gas into the
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vacuum chamber till a pressure 1.0 £ 10 Pa was attained. As
reported for other REM and magnesium based REM alloy
hydrogen systems [8,9], this pressure is sufficient to transform
metallic Pr films into their nearly trihydride state (i.e. PrH32d).
This has been confirmed through electrical, optical and
structural studies of Pr-H system [10]. Qualitatively, the
trihydride state electrically corresponds to saturation in the
value of resistance after the occurrence of metal to
semiconductor transition in these films. Since the time taken
to reach trihydride state depends on the thickness of cap layer,
the time of exposure to hydrogen gas was optimized by in situ
monitoring of electrical resistance in PrHx film.

Double beam Hitachi UV-VIS-NIR spectrophotometer
was employed to measure the optical transmittance and
reflectance in the wavelength range 200-850 nm. A relative
method was used for normal incidence transmittance and 58
specular reflectance measurements. The reflectance spectra
were measured with reference to a standard aluminium
mirror from the Pd side (i.e. Pd facing the incident beam)
and the transmittance with reference to air. Resolution of the
instrument in UV-VIS region is 0.07 nm. The accuracy in
visible range is 1% in transmission mode and 3% in
reflection mode. The wavelength accuracy is ± 0.2 nm for
the UV-VIS region. Crystallographic structure of the
hydrided films was investigated using glancing angle X-
ray diffraction (GAXRD). A X-ray diffractometer (Gieger-
flex-D/max-RB-RU200) from Rigaku Corporation, Japan,
was used for this purpose. This diffractometer uses Cu Ka
radiation (l = 1.54 A) from a rotating anode that can yield a
maximum power of 12 kW. During measurements, the
incident angle is kept constant and the sample rotated in a
vertical plane to avoid the preferential orientation effects in
film diffraction data. The most important advantage of
GAXRD measurement on thin films is that it helps in
reducing the signal from the substrate considerably while
enhancing the signal from the film. A glancing angle of 28
was chosen in all measurements. The surface microstructure
and structural properties of these films were also investi-
gated using Hitachi HF-2000 field emission TEM, operated
at 200 kV. The surface morphology of the hydrogen-
saturated Pr films capped with palladium layers were
studied using an AFM (Topometrix), operating on tapping
mode.

3. Result and discussion

3.1. Oxygen incorporation

The maximum concentration of oxygen that can be
incorporated in the films under our experimental conditions
has been calculated using the following equation and a
sticking probability of 0.1 for oxygen [11]:

Here, Ma and Mg refer to molecular weights, respectively, of
the praseodymium and oxygen, P the residual oxygen gas
pressure in torr (2.0 £ 1027 torr), r the density of praseo-
dymium (6.77 g/cm ), and d the deposition rate
(3.0 £ 1027cm/s). This value comes out to be 0.00115.
Usually, the sticking probability of oxygen is even less than
0.1 and therefore the concentration of oxygen incorporated
in films may even be less than 0.00115. This receives
support from absence of oxygen/PrOx peaks in our studies
using AES (Super SAM Perkin Elmer 590A)/ESCA (PHI-
ESCA Model-1800).

3.2. Optical properties

In its characteristic optical appearance, PrH32d films
covered with 5/9 nm thick Pd layers appeared bluish violet
in transmittance mode and dull milky in reflection mode. On
the other hand, PrH32d films covered with 12/15/19 nm Pd
layers were yellowish transparent in transmittance mode and
relatively smooth and shiny in reflection mode.

The transmittance and reflectance spectra of PrH32d

films capped with 5, 9, 12, and 19 nm Pd layers are shown in
Fig. 1(a) and (b). Our studies show that the position of
transmittance edge stays at 2.82 eV for cap layer thicknesses
of 12, 15 (not shown in Fig. 1) and 19 nm. There is,
however, a blue shift of transmittance edge for cap layer
thicknesses of 5 and 9 nm. Typical values are shown in
Table 1.

We considered the position of transmittance edge of
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Fig. 1. The transmittance and reflectance spectra of the PrH3 2 d films
covered with Pd layers of different thicknesses in the wavelength
range of 200-850 nm. Pd-5, Pd-9, Pd-12 and Pd-19 indicate the cap
layer thickness in nms on 170 nm thick PrH32d films.
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PrH32d films having a cap layer of thickness 19 nm as
reference. As mentioned above, films capped with Pd layer
of thickness # 9 nm show blue shift in their transmittance
edge with respect to the reference. It is reported that the
shifting of the absorption edge towards higher energy may
be associated with a decrease of the grain size [12]. We,
therefore, feel that the observed blue shift may be indicative
of the existence of smaller sized crystallites in PrH32d films
capped with 5 and 9 nm Pd layers as compared to those with
12,15, and 19 nm thick Pd cap layers. We now show that the
PrH32d films formed with Pd overlayers of 5 and 9 nm are
indeed nanocrystalline.

Corresponding to blue shift, we determined the crystal-
lite size of PrH32d films using following expression
obtained from the effective mass approximation (EMA)
theory [13]:

DE =
h2 [ 1 1 1 1:786e2

= T\ — + — \~ 1 ^
8m0R \_me mh J 4p1011R

(2)

where mpe and n% are effective masses of electron and hole,
respectively, (both in units of m0—the electron rest mass),
£oo the high frequency relative dielectric constant, R the
radius of the crystallite and, DE the shift in transmittance
edge. Effects that could complicate the calculations, such as
structural rearrangements as the function of size were not
considered.

We utilized the Mott criterion dc , (l/aB) for a
conventional semiconductor to determine Bohr radius
(AB). Here, dc—the critical impurity concentration rep-
resents the extended region of semiconductor states in rare
earth hydride films and l is the lattice constant of PrH32d

film. The effective masses of electrons and holes were then
calculated from the relation [14]:

aB =
I

= a011

r # 11
= —+ —
|_ me mh h

(3)

where a0 is Bohr radius of a hydrogen atom. Since the values
<5C and 11 are not available in literature for Pr-H system, we
have to a first approximation taken the values of dc = 0.25
[14] and 11 = 2.5 [15] as reported for La-H system on the
assumption of similarity of behavior of these hydrides.
Using these values and the parameters l = 0.554 nm (from
Fig. 2(b)), and a0 = 0.0546 nm, the approximate size (i.e.

diameter) of nanocrystallites corresponding to blue shifts of
1.36 and 0.24 eV was calculated from Eq. (2) and (3) to be
19 and 32 nm, respectively. These calculations receive
support from X-ray investigations.

3.3. Structural properties and surface morphology

3.3.1. Glancing angle X-ray diffraction studies
The diffraction pattern of a Pr film capped with 19 nm

thick Pd layer, shown in Fig. 2(a), confirms its polycrystal-
line nature. The structure of Pr film is d-hexagonal with a
preferential [004] direction. Upon hydrogenation, the
resulting PrH32d film is fcc (CaF2 type) with preferential
[111] direction, as shown in Fig. 2(b). The average
crystallite size calculated from diffractogram using Debye
Scherrer formula is about 0.1 mm. Fig. 2(c) shows the
diffractogram of a PrH32d film, obtained on exposure of the
Pr film capped with 5 nm thick Pd layer to hydrogen. It is
clear that, compared to reference film, the intensity of
preferential (111) peak corresponding to PrH32d film
decreases, accompanied by a shift from 2u = 27.988 to
2u = 27.48. This shift in 2u indicates an increase in the
lattice parameter. One of the possible reasons for increase in
lattice parameter could be due to escaping of hydrogen from
the films. However, we rule this possibility out because of
the following reasons. At low thickness of cap layer (i.e. 5
and 9 nm) on Pr films, palladium forms clusters because of
its relatively higher surface energy than that of any REM
[16]. The size of these clusters decreases with a decrease in
the Pd layer thickness. Further, the palladium films at such
low thicknesses are discontinuous and these clusters do not
cover the entire surface area of the underlying Pr film. It has
been theoretically predicted and experimentally verified that
the geometry and the electronic band structure of these Pd
clusters vary with cluster size and they show corresponding
change in their properties; for example, these clusters cease
to show reversible hydrogen capacity [3,17,18], but they
continue to show catalytic hydrogen dissociation behavior.
The remaining portions of PrH32d film (not covered with Pd
clusters) immediately get oxidized when the films are taken
out of vacuum chamber for X-ray diffraction studies. The
oxide is non-permeable to hydrogen [8] and, therefore, also
prevents unloading of hydrogen from underlying hydrided
films. Thus, escaping of hydrogen both from Pd covered and

Table 1
The positions of the transmittance edge and that of the minima and maxima occurring in the reflectance spectra for a 170 nm thick PrH32d films
covered with four different cap layer thicknesses (Refer Fig. 1)

Sample name Pd overlayer thickness (nm) Transmittance edge (eV) Position in reflectance spectra of

Minima (eV) Maxima (eV)

Pd-5
Pd-9
Pd-12
Pd-19

5
9

12
19

4.18
3.05

3.12
2.27
2.04
1.87

4.65
2.84
2.40
2.34
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Fig. 2. X-ray diffraction patterns of (a) Pd (19 nm)/Pr (170 nm), (b) Pd (19 nm)/PrH32d (170 nm) and (c) Pd (5 nm)/PrH32d (170 nm) films. The
curves (b) and (c) show that the intensity of the preferentially oriented [111] peak decreases along with a slight shift towards lower 2u value with
decrease of overlayer thickness. The films are hydrogenated at 1.0 £ 105 Pa pressure of hydrogen gas at room temperature. The symbols W, K,
X, and B correspond to peaks of Pr, Pd, PrH32d and PrOy, respectively.

uncovered portions does not seem to be possible. Therefore,
we attribute the increase of the lattice constant to the
formation of relatively smaller crystallites in the PrH32d

films covered with 5 nm thick Pd layer. The average size of
these crystallites in PrH32d film and the size of overlying Pd
cluster, calculated using the diffraction pattern shown in Fig.
2(c), was found to be 23 nm (a value close to that calculated
from EM A theory) and 21 nm, respectively.

This experimental observation can be understood as
follows. On exposure of underlying polycrystalline Pr film
to hydrogen gas through a Pd cap layer, the d-hexagonal Pr
film first converts to fcc-PrH2±g and then to fcc-PrH321.
Thus, there is no structural transition in going from the
dihydride to the trihydride state. But the lattice parameter of
the fcc structure keeps on decreasing until the trihydride
state is reached [10], similar to what was observed in bulk
PrHx [19]. We found that the in-plane and out-of-plane
expansion amount to about 9.3% and 6.2%, respectively
between Pr and its dihydride phase, whereas in-plane and
out-of-plane contraction of approximately 1.3% occur
between its dihydride and trihydride phases [10]. An
isotropic contraction builds up a lot of stress in the films.
Since hydrogen unloading, as explained above, is not
possible in such films, the stresses get relieved through
formation of nanocrystallites in the PrH32d films, when the
film is covered with a Pd layer of thickness #9 nm. Pr films
capped with a Pd layer of thickness $ 12 nm however, retain
their large crystallite size even after hydrogenation. This can
be understood on the basis of the change in microstructure of
Pd films as a function of thickness. Since the surface energy
of Pd cap layer is higher than that of underlying Pr films, the
nucleation and growth theories suggest an activation barrier

to the nucleation of the condensed phase [20,21]. Pd will
therefore deposit in the form of electrically disconnected
small clusters/islands for low thickness of cap layer. On
further increasing the cap layer thickness, both vertical and
lateral growth occurs. The latter leads to coalescence of
islands and the formation of neck between them. These large
islands grow together leaving channels or holes. With
further increase of the cap layer thickness, these channels or
holes fill via secondary nucleation to give a continuous film.
Based on results reported for Pd deposited on other REM
films [8] and our own observations, it can be inferred that Pd
deposits as electrically disconnected islands for Pd thick-
nesses # 9 nm. Interconnection between islands appears to
occur beyond 9 nm and a continuous film without channels
or holes deposits for Pd thickness of $ 19 nm. We have
experimentally observed reversibility between the di and
trihydride states of 170 nm thick Pr films capped with
thicker palladium layer (i.e. $ 12 nm) upon loading and
unloading of hydrogen, both in electrical and optical
properties [10]. A red shift in transmittance edge on
desorption of hydrogen has also been observed in such
films [10]. However, the films capped with thin Pd layer (i.e.
< 9 nm) do not exhibit any reversibility. These experimental
observations lead us to infer that when Pr films, capped with
Pd thicknesses $ 12 nm (for which Pd islands are elec-
trically connected), are saturated with hydrogen, the higher
cohesive energy between Pd-Pd atoms prevents stress
induced structural rearrangement to take place. However,
these stresses in the film (resulting due to isotropic
contraction between the di- and tri-hydride states) may
facilitate somewhat in unloading of hydrogen through Pd
layers using rotary pumps.
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These interesting observations do not occur in poly-
crystalline YHx films. Remhof et al. demonstrated that upon
hydrogenation, yttrium (which can be treated as a heavy-
REM) converts to dihydride state with 5% expansion along
c axis [22,23]. On further loading, trihydride phase is
formed with an out-of-plane lattice expansion of 15% with
respect to the Y film. It is expected that the excess stress,
developed in the film on hydrogen absorption, is relieved
through structural rearrangement of stacking sequence, as
the fcc b-YH2 phase transforms to hexagonal g-YH3 phase.
However, in a recent study of epitaxial Y film grown on a
CaF2 substrate, it was shown that a small, but effective, in-
plane expansion of 0.8% in the film during initial hydrogen
loading results in a network of self-organized ridges,
separating micrometer-sized triangular domains [24].

3.3.2. TEM analysis
In a crucial sample preparation process, the Pd capped

PrH32d films were removed from corning 7059 substrates
using ice cold dilute solution of HF (i.e. 5% HF þ 95%
distilled water). Ice cold solution was needed to keep the
film intact and float on the surface of the solution before
picking up on the copper grid. Analysis of TEM micrograph
revealed that HF solution etched out thin Pd clusters
(formed in films capped with 5 nm thick Pd layer) also and
exposed the underlying films. This proved beneficial in the
sense that it provided an opportunity to directly investigate
the microstructural changes in the underlying films without
doing polishing of the surface. The microstructure of such
films, shown in Fig. 3(a), exhibits the presence of
nanocrystallites in PrH32d films. The average size of these
crystallites was found to be about 22 nm. The selected area
diffraction patterns of these crystallites exhibit a series of
concentric ring patterns, as shown in inset of the same
figure. Indexing of ring patterns confirms the fcc structure of
the crystallites.

For films covered with thicker Pd layer (i.e. 19 nm), the
ice-cold dilute solution of HF reduced bigger Pd island to
small-sized clusters and dissolved thin necks in the
interconnected islands network of Pd on PrH32d film. Fig.
3(b) shows a typical electron micrograph. The average size
of the remaining Pd clusters was found to be about 75 nm.
Concentrating on Pd covered portion of PrH32d films, the
microstructure at very high magnification (i.e. 1200 k)
exhibits the lattice imaging (marked by arrow), as shown in
Fig. 3(c). The selected area diffraction pattern reveals fcc
structure for both Pd and PrH32d films with their prominent
orientation along (111) plane i.e. direction of beam. This is
in agreement with the X-ray results. First circle consisting of
six spots represents the {200} planes of PrH32d. Second
circle shows the presence of six pairs of spots instead of six
single spots. It is expected to be due to {220} planes of
PrH32d and {200} planes of Pd. This receives support from
the x-ray diffraction pattern, which showed the presence of
both the planes at slightly different 2u values, as shown in
Fig. 2(b). Instead of being sharp ones, the spots are slightly

Fig. 3. Bright field images and diffraction patterns of Pd capped
PrH32d films in (a) nanocrystalline form (i.e. when cap layer
thickness is 5 nm) at 300 k magnification (b) polycrystalline form
(i.e. when overlayer is 19 nm thick) at 200 k magnification and (c)
polycrystalline form at 1200 k magnification. The arrow indicates
the position of lattice imaging. The empty circles indicate the
positions of the nanocrystallites in Fig. 3(a).

diffused which may suggest stresses in hydrogen-saturated
films.

3.3.3. Atomic force microscopic studies
Actual microstructure of palladium cap layer on top of
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Fig. 4. AFM (tapping mode) 2D view (5 mm £ 5 mm) of 170 nm
thick PrH32d films capped with (a) 5 nm and (b) 19 nm Pd layers.
The solid line in part (a) indicates the rearrangement of
nanocrystallites formed in the PrH32d film upon hydrogenation in
a systematic pattern.

hydrogen-saturated Pr films could not be observed in TEM
micrographs because of difficult sample preparation pro-
cedure. It was therefore investigated using AFM. A
comparative 2D view of PrH32d films capped with 5 and
19 nm Pd layers is shown in Fig. 4. Fig. 4(a) shows the
formation of uniform array of crystallites arranged in
systematic curve, as shown by dark curved line, for a Pr
film with 5 nm cap layer. However, for a film covered with
19 nm Pd layer, 2D view displays relatively smoother
surface, as shown in Fig. 4(b). The white spots in both the
AFM images correspond to Pd islands grown on the Pr film
following Vollmer-Weber growth mode [16]. The average
size and height (as indicated by intensity bar shown adjacent
to 2D views) of Pd islands are appearing to increase with Pd
layer thickness.

4. Conclusion

In situ hydrogenation of Pr films covered with very thin
Pd cap layers leads to formation of nanocrystalline PrH32d

films. The size of these nanocrystallites was found to be
nearly the same as that of Pd clusters formed in this
thickness range. The formation of nanocrystallites has been
attributed to a stress-induced rearrangement of initially large
crystallites to yield a low energy configuration. The higher
cohesive energy between Pd-Pd atoms at Pd thicknesses
where clusters become interconnected overcomes the
hydrogen-induced stress energy in the underlying films
and thus prevents the transformation of large size crystal-
lites in underlying PrH32d films into nanocrystallites.
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