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20 nm thick Pd coatings deposited on Si substrates with 800 nm SiO2 and 1 nm Cr buffer layers were treated in a
2.45 GHz microwave plasma source at 700 W plasma power and 40 Pa working pressure without substrate
heating. For obtaining information on the effect of energy influx due to ion energy on the palladiumfilms the sub-
strate potentialwas varied fromUsub=0V to−150V at constant gasflowcorresponding tomean ion energies Ei
from 0.22 eV∙cm−2 ∙s−1 to 1.28 eV ∙cm−2 ∙s−1.
In contrast to high pressure reactionswithmetallic Pd, under plasma exposurewe do not observe solid solutions
over a wide range of hydrogen concentration. The hydrogen incorporation in Pd films takes place discontinuous-
ly. At 0 V substrate voltage palladium hydride is formed in two steps to PdH0.14 and PdH0.57. At−50 V substrate
voltage PdH0.57 is formed directly. However, substrate voltages of −100 V and −150 V cause shrinking of the
unit cell. We postulate the formation of two fcc vacancy palladium hydride clusters PdHVac(I) and PdHVac(II).
Under longtime plasma exposure the fcc PdHVac(II) phase forms cubic PdH1.33.
The fcc PdH0.57 phase decomposes at temperatures N300 °C to formmetallic fcc Pd. The hydrogen removal causes
a decrease of lattice defects. In situ high temperature diffractometrymeasurements also confirm the existence of
PdHVac(II) as a palladiumhydride phase. Stoichiometric relationship between cubic PdH1.33 and fcc PdHVac(II) be-
comes evident from XRmeasurements and structure considerations. We assume both phases have the chemical
composition Pd3H4. Up to 700 °C we observe phase transformation between both the fcc PdHVac(II) and cubic
PdH1.33 phases. These phase transformations could be explained analog to a Bain distortion by displacive solid
state structural changes.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The behavior of hydrogen inmetals has attracted scientific attention
for many decades and is interesting from both basic research and tech-
nological points of view. Many hydrides find a wide range of applica-
tions of which the most prominent is the reversible hydrogen storage.
Moreover the high diffusivity of hydrogen also makes nanoscaled
metal hydride (MeH) systems interesting possibilities for sensor appli-
cations, and surface reactions with hydrogen on Pt, Pd, Ni, and other
metals are applied in catalysis, particularly in fuel cells.

Most binary metal hydrides are synthesized by solid gas reactions
between metal and hydrogen. The palladium hydrogen system is
known for quite some time [1,2,3]. Palladium hydride is metallic
palladium that contains a substantial quantity of hydrogen within its
fcc crystal lattice. Palladium hydrides may contain two crystalline
phases, α and β. The low concentration α-phase with an atomic ratio
H/Pd b 0.1 and the high concentration β-phasewithH/Pd N 0.6were ob-
served at room temperature [4]. These palladium hydrides reveal a

defect rock salt structure type and are described as the prototype for in-
terstitial hydrides. Higher hydrogenated phases can be produced in the
Pd hydride system by ion implantation or high pressure hydrogenation.
Ion implantation of deuterium into Pdwas reported to produce concen-
tration as high as 1.3 to 1.6 deuterium atoms permetal atom [5,6]. Fukai
et al. [7,8] observed in Pd metal a lattice contraction at high hydrogen
pressure (3.5 GPa) and high temperatures (800–900 °C). According to
the authors the findings suggest the formation of a lot metal vacancy
clusters, so called superabundant vacancies (SAV) [9]. Tavares et al.
[10] describe a plasma based ion implantation applied to the Pd–H sys-
tem. In this experimental study, the Pd samples have been implanted
with pulsed high energetic hydrogen ions of 40 keV, corresponding to
a pulse voltage of−40 kV. Strong hints suggest formation of a vacancy
ordered structure and show thereby that very high pressure hydrogena-
tion is not mandatory to superabundant vacancy phase generation.

A specific challenge in plasma sciences is the investigation of struc-
tural changes and chemical reactions in solid surfaces and surface layers
when external plasma parameters are varied. The investigation of
plasma-surface interaction plays an essential role in low-temperature,
low-pressure plasma processing. Compared to the well-known ther-
mally stimulated solid–gas chemistry, little is known about solid–

Thin Solid Films 596 (2015) 185–189

⁎ Corresponding author.
E-mail address: wulff@uni-greifswald.de (H. Wulff).

http://dx.doi.org/10.1016/j.tsf.2015.08.061
0040-6090/© 2015 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Thin Solid Films

j ourna l homepage: www.e lsev ie r .com/ locate / ts f

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2015.08.061&domain=pdf
http://dx.doi.org/10.1016/j.tsf.2015.08.061
wulff@uni-greifswald.de
http://dx.doi.org/10.1016/j.tsf.2015.08.061
http://www.sciencedirect.com/science/journal/00406090


plasma chemistry. The effect of low energy plasma species onto solid
surface layers is one focus of plasma research. In analogy to experiments
with thinmetallic nickel films in Ar–H2 plasma [11,12,13]we have stud-
ied the behavior of Pd layers in microwave plasma. The influence of
plasma composition and energy fluxes on Pd surface will be studied to
understand the synthesis, the chemical composition and formation of
crystal structures.

2. Experimental

Thin pure Pd coatings (20 nm) were deposited on Si substrates with
800 nmSiO2 and 1 nmCr buffer layers. Thesefilmswere treated in ami-
crowave plasma source SLAN [14] with 10 sccmAr/10 sccmH2 gasmix-
ture without substrate heating. Plasma power and gas pressure were
kept constant at 700 W and 40 Pa, respectively. It is difficult to directly
modify the behavior of the neutral particles, but charged particles can
be controlled by changing the local electric field, and this is the basis
of substrate voltage method. Negative substrate voltage accelerates
positive ions (Ar+, Ar2+, Ar2+, H+, H2

+, ArH+) towards the Pd film. The
substrate voltage was varied in steps of 50 V from 0 V to −150 V.
From Langmuir probe diagnostics we calculate increasing mean ion en-
ergies from Ei from 0.22 eV ∙cm−2 ∙s−1 at 0 V to 1.28 eV ∙cm−2 ∙s−1 at
−100 V substrate voltages. Within 15 min the energy influx by the
Ar/H2 plasma implements a substrate temperature of about 200 °C.
The influence of the used substrate voltage on the substrate tempera-
ture is marginal.

The samples were characterized before and after plasma exposure
(each with 15 min) by GIXD (grazing incidence X-ray diffractometry,
asymmetric Bragg case, incidence angle ω = 0.5°) regarding position,
intensities and line profile of observed Bragg reflections and XR (X-ray
reflectometry) regarding thickness, density and roughness. Both, GIXD
and XR were performed at HASYLAB beamline D4 (E = 10 keV) at
DESY and on a Siemens D 5000 diffractometer equipped with a special
sample stage for reflectometry measurements and a special parallel
beam attachment (parallel beam collimator) for diffractometry investi-
gations. Cu Kα radiation (40 kV, 40 mA) was used.

Hydrogen desorption experiments were done in situ by measuring
the X-ray pattern (or single reflections) at elevated temperatures
using a Buehler HDK2.4 mounted on a θ–θ diffractometer XRD 3000
(Fa. Seifert). The pressurewithin the chamberwas 0.5 Pa. For eachmea-
surement the sample was heated up to a certain temperature with a
heating rate of 10 K/min. Measurements were carried out in steps of
100 K.

3. Results and discussion

The formation of palladiumhydrides in anAr/H2 gas atmosphere de-
pends on plasma impact. X-ray patterns of as-deposited films and films
after Ar/H2 gas treatment under vacuumconditions (40 Pa) donot show
any differences. After plasma exposure we observe peak shifts. The for-
mation of Pd hydrides depends on the used substrate voltage and the
plasma exposition time. Fig. 1 shows an overview of X-ray patterns of
fcc Pd after short time plasma exposure (30 min). The substrate poten-
tial Usub was varied from 0 V to −150 V in steps of −50 V. Longtime
plasma exposure gives a more detailed insight in the plasma processes.
At 0 V substrate voltages the fcc Pd lattice expands [Fig. 2]. The hydro-
gen incorporation takes place discontinuously and produces two differ-
ent phases, both of which contain palladium metal atoms in a face
centered cubic lattice (rock salt structure type). At room temperature
PdHx may contain two crystallographic phases, α and β. The α-phase
exists at x b 0.017 whereas the β-phase is realized for x N 0.58 [4]. At
−50 V substrate voltage only the hydrogen enriched palladiumhydride
is produced. Compared to the 0 V samples, the X–ray line profile of the
−50 V samples is drastically changed. The X-ray line profiles of the as-
deposited and also the 0 V treated films are characterized by a very high
density of structure faults and/or by small particle sizes. The Pd (111)

integral intensity is Iarea= 292 cps, the integral width is β=1.27. How-
ever, the −50 V treated films exhibits a reduced defect density and/or
increasing particle sizes [Fig. 3]. The intensity increases to Iarea =
477 cps and the integral width decreases to β = 0.69.

Hydrogen in d-metals is almost incompressible [15,16]. For Ni and
Pd holds the volume change per hydrogen atom ΔνH = 0.0025 nm3. If
ΔνH = const, the volume change in the fcc unit cell ΔV/V caused by
NH hydrogen atoms depends linearly on the hydrogen concentration
cH = NH / NMe. NMe is the number of metal atoms. Then:

ΔV
V

¼ cH
V

� NMe � ΔνH with Ω ¼ V=NMe: ð1Þ

Vegard's rule holds:

cH ¼ ΔV �Ω
V � ΔνH

: ð2Þ

Fig. 4 shows the lattice parameters of PdHx after plasma exposure at
0 V and−50 V. The reference values for PdHx (black points)were taken
from [17]. If we assumeVegard's rule holdswe get hydrogen concentra-
tions of cH = 0.14 and cH = 0.57 for the produced palladium hydrides.

PdH0.57 decomposes at temperatures N300 °C to formmetallic fcc Pd
[Fig. 5]. The hydrogen removal causes once again a decrease of lattice

Fig. 1. X-ray patterns of fcc Pd films as deposited and treated with Ar/H2 plasma at
different substrate voltages after 30 min plasma exposure.

Fig. 2. Lattice parameters calculated from (111) reflections of fcc PdHx after plasma
exposure; substrate voltages 0 V and−50 V.
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