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Motivation

1.1 Saving energy with smart windows

Energy is an essential factor for the sustainable development of our industrialized
world which highly depends on fossil energy sources. Considering the environmental
impacts and the increasing pollution and exploitation of fossil energy resources, the
implementation of new energy concepts is essential for our future industrialized
society.!l The sustainability challenges concerning energy saving and environment
protection are huge and will require major changes in the way that energy is supplied
and consumed.l21 Also the building sector with its high energy consumption needs
effective actions to reduce its CO, emissions. Buildings account for approximately
40% of the energy consumption and 36% of the CO, emissions (in the EU).8 For
residential buildings the majority of the consumed energy is used for internal heating
and cooling systems. Approximately 60% of the energy consumed in buildings is lost
through windows.4l By better use of the functionality of a window and making, for
instance, so-called smart windows, innovative and energy-efficient buildings can be
developed. Smart window technology can offer an efficiency upgrade and promise to
contribute to a cost-effective building technology.[s Smart windows would need to
acquire the ability to control the amount of heat and intensity of light that enters the
building.l®! Especially reducing the need of cooling would make a contribution to the
reduction in the energy usage of buildings.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/energy-saving
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/environment-protection
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/environment-protection

CHAPTER 1

One well-known class of smart windows are the chromogenic windows.l
Chromogenic materials are able to change their optical appearance reversibly. There
are different types of chromogenic materials including photochromic, thermochromic,
gasochromic and electrochromic materials.’l Electrochromic materials show
adjustable optical properties obtained by applying an electrical potential which gives
the user the direct control over the desired appearance. One of the most studied
electrochromic materials is tungsten oxide (WQs).[1 Gasochromic materials, on the
other hand, change their optical properties under exposure to a certain gas
atmosphere. Examples of such materials are SnO,, MoOs, and V.Os that show a
change of optical properties by interaction with hydrogen gas.[!" Thermochromic
materials show a change in optical and electrical transport properties- often in
conjunction with a change in crystal structure- as a result of heating and/or cooling.[
The structural change affects the transmittance of ultraviolet and/or infrared
radiation. The most commonly used and studied metal oxide materials with
thermochromic properties are vanadium oxide and titanium oxide.[m Finally,
photochromic materials exhibit a reversible transformation between two optical states,
namely bleached, transparent state and darkened state upon exposure to
electromagnetic radiation (usually UV light).["]

lllumination of a photochromic material with light of sufficient energy results in the
formation of a darkened state. This leads to a reduction in transmittance and an
increase in absorbance (Figure 1.1).81 As soon as we stop the excitation, the material
returns to its original state.[!

Steady State
Region

species

Concentration of absorbing

Contrast

\ Saturation’ / o
] |

Transmittance

t1 t2 Time

Figure 1.1. Response of a photochromic system when exposed to radiation (picture
modified from reference [8]).
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The emphasis of the research presented in this thesis is on photochromic materials for
smart windows. Photochromic smart windows consist of window glass coated with a
thin-film material that changes its property when exposed to sunlight. In this way, less
light is transmitted into the building on a sunny day under intense sunlight which
reduces the need for artificial lighting and air conditioning. Undeniably, the largest
group of photochromic materials discovered are based on organic compounds.®-11
However, they show fatigue upon extended exposure to sunlight due to limited
stability vs. oxygen, humidity, and heat, as well as ultra-violet (UV).1 On the other
hand, inorganic photochromic materials are intrinsically more stable and they offer
wider range of spectral sensitivity. An early application of these materials can be found
in silver halide doped glasses where the photochromic effect is based on the reversible
formation of plasmonic nanoparticles.[*2 13|

(a) On a sunny day (b) On a cloudy day
Photochromic , .o+ e flection Ny - :Ir;:)tochromic Anti heat reflection
, fiim . A coating - ff coating
n
co’h/'ng/.
T T .
. heat <— [: 4
R \L
(s § == §
o ©
OQutside |glass| | & ||glass| Inside Outside glass| | & | |glass| Inside

Figure 1.2. Operational principles of a double glazed smart window with use of
photochromic thin film (a) On a cloudy day (b) On a sunny day. Sunlight result in a
darkening of the photochromic film and consequently less amount of light enters the
building. The absorption of the film increases upon darkening and in order to block the
reflected heat back into building, an anti-heat reflection coating is required.

Figure 1.1 shows the working principle of a smart double glazed photochromic
window. On a sunny day, the UV light present in the sunlight spectrum will darken
the window. The UV light is blocked, the transmittance and reflectance drops, the
absorption will increase. Consequently, less light enters the building. In order to avoid
the heat radiating from the darkened window entering the building, an anti-heat
reflection coating is required. As a result the temperature inside the building will not
fluctuate and less energy is needed for air conditioning and reduce the need for
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artificial lighting. On a cloudy day, there is less UV light available. Therefore, a larger
fraction of the incident sunlight will enter the building in comparison to a sunny day.

A remarkable photochromic effect was observed in yttium-oxy-hydride (YOxHy) thin
films at ambient conditions which were synthesised by reactive sputtering.i24l This
semiconducting material show a strong photochromic response upon illumination
with photons above its band gap (Eg = 2.6 eV).!415 Window glass blocks most of UV
radiation while allowing transmission of visible light into the interior.[t6 Since YOxH,
has a band gap of around 2.6 eV, the photo-darkening can take place using not only
UV but also blue light. Such a property makes this material promising for application
in smart windows where photo-darkening may take place behind the glass window.
The main aim of this thesis is to investigate the behaviour of this new class of
photochromic materials, in order to provide the stepping stones for a better insight in
the properties of these materials and thereby improve their properties. In the course
of our investigation based on chemical composition analysis by a combination of
Rutherford backscattering, the rare-earth oxyhydrides are found in a wide composition
range along the REH3;-RE;O; line in a ternary RE—O—H composition-phase
diagram.[*7] In this ternary phase diagram the rare-earth oxyhydrides are described by
the general formula of REOxHs.2xwhere 0.5 < x < 1.5.17] Nevertheless, for the sake of
simplicity in this thesis, the rare-earth oxyhydrides are mostly describe by the general
formula of REOxH,.

1.2 Outline of this thesis

This thesis is structured as follows:

Chapter 2 provides a literature overview of rare-earth metals, hydrides, oxides,
hydroxides, oxyhydroxides and oxyhydrides. It describes their chemistry, physics and
characteristic properties.

Chapter 3 provides an overview of the properties of a well-known inorganic
photochromic material, namely silver halide crystals trapped in a glass matrix. This
material provides a basic insight in photochromism which helps us to explore this
effect in YOyH.

In Chapter 4, we clarify that the transparent and photochromic YOxHy thin film is in
fact formed by air oxidation of as-deposited, metallic YHx.9+5 thin films. These films
are made by direct current reactive magnetron sputtering of an yttrium target in an
Ar/H; reactive gas mixture. Similary, dihydride films of Er, Dy and Gd turn into
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photochromic oxyhydride films on air exposure. We find that the photon energy
required to obtain a photochromic effect is given by the optical band gap of the
material. The photochromic contrast of the rare-earth oxyhydrides extend over a very
wide spectral range (from the optical band gap to way beyond 2 micron), which
implies that they modulate both visible as well as near-infrared light. We predict the
oxyhydrides of the remaining rare-earths (incl. Sc)it71to be also photochromic.

In Chapter 5, we set to investigate the role of point defect mobility. Inspired by the
photochromic effect in silver halide doped silicate glasses, we proposed that the
mobility of point defects is an essential ingredient in photochromic YOyHy. To verify
this hypothesis we probed the effect of lattice contraction in YOyHy as induced by the
addition of zirconium. We find that upon adding Zr to YOxH,, the fcc lattice is
compressed, while the bleaching speed is decreased. We conclude that these changes
are due to a change in the properties of the YOxHy matrix as we did not detect any
photochromism in films where Zr is the only cation. The interpretation of these
findings is however not straightforward, since we cannot exclude Zr to enter the
YOyHy lattice.

In Chapter 6 we report on the photochromic properties of neodynium oxyhydride
(NdOyH,). We establish that the photochromic response strongly depends on the
deposition conditions. We demonstrate the possibility of making rare-earth
oxyhydride films with tunable photochromic properties by means of the deposition
conditions, which affects the microstructure and composition of the films.

In Chapter 7 With the use X-ray photoelectron spectroscopy (XPS) depth profiling
with Ar etching we investigate the electronic structure differences between yttrium
oxide, yttrium dihydride and yttrium oxyhydride thin films. We find that in yttrium
oxide thin films, yttrium ions are in their highest oxidation state (Y3*). Yttrium
dihydride films demonstrate two distinct contributions of Y+2 and Y+3(in minority)
Yttrium oxyhydride film demonstrates the presence of Y+3 as a major component with
a small presence of Y+2 which increases slightly upon illumination. This hints towards
the formation and growth of metallic YH, nano-clusters in the YO«Hy, matrix upon
illumination.

The thesis is concluded by a short summary.
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Introduction to rare-earth
metals

This chapter provides an introduction to rare-earth metals, and their hydrides, oxides,
hydroxides, oxyhydroxides and oxyhydrides summarizing their structural and physical
properties. Rare-earth elements are used in several high technology industrial
products. New applications are expected to continue to be discovered and developed.
Therefore the strong demand for these elements is anticipated to grow. China is likely
to remain the world’s main rare-earth supplier because of large resources, competitive
prices, low-cost wages, and minimal environmental and permitting requirements. If
the world community wishes to establish a green energy environment, there is a strong
need for a global agreement and international policies on the rare-earth materials.

This chapter is partially based on:

E. F. E. ten Have, Investigation of the photochromic properties of dysprosium oxyhydride,
Delft university of Technology, MSc thesis, 2016.[1



CHAPTER 2

2.1 Introduction

The term “rare earth metals” is usually applied to the group of 17, strongly related,
heavy elements that comprise of scandium (Sc), yttrium (Y) and the lanthanide
group.[@ Sc and Y are included in this group as they have ionic radii similar to lighter f-
block elements and their chemical behaviour and properties are very similar to
lanthanides.l2l In Figure 2.1, they are outlined in the periodic system of the elements.
Despite what their name suggests rare-earth elements are abundant in the earth’s
crust.Bl For example, Yttrium is the 27th most abundant element found on earth.4 The
name yttrium, was given because the black mineral was first discovered in the village
of Ytterby in Sweden.il The rare-earth elements were first isolated in the 18t and 19th
century as oxides from rare minerals. An oxide of an element was known as the
“terre” of that element in French or “Erde” of that element in German, which were
major scientific languages in 19t century.l The translation to English is earth. That is
why they are called rare earth elements.[

g Group
5 1 18
a Nonmetals Metalloids
1 Alkali metals Halogenes
2 Alkaline Earth metals Noble gases 13 14 15 16 17
2 Transition elements Lanthanides
Other metals Actinides
3
—3— 4 5 6 Z 8 9 10 11 12
21
4 Sc
4496
39!
5 Y’
8891
57
6 La
1389

rV.‘)B’ 59 760 ”61 762 637 64 "765 56 767 68 "6797 770 ] n
6 C¢ Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1401 1409 1442 (47) 1504 152 1573 1589 1625 1649 1673 1689 173 175

y 4

Figure 2.1. The periodic system of the elements. Scandium, yttrium and lanthanides are
outlined together forming the rare-earth metals group (picture reused from the reference

5]

Figure 2.2 shows the abundance of various metal elements in comparison to rare earth
metals. Separation of individual rare-earth elements was initially a difficult challenge
for chemists because of their chemical and physical similarities and high reactivity.[! It
was not until 20t century that efficient separation processes were developed.l®l The
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rare-earth elements are classified into two categories: the light rare-earth elements also
known as the cerium group which starts from lanthanum till europium, and the heavy
rare-earth elements consisting of the elements from gadolinium till lutetium.[3!

10° —r v &% 75 T fTrTflTxITTrTrIyr1

Rock-forming elements

o

-
(=]
C
TR T
o

10°

10°
Major industrial metals in red
F  Precious metals in purple

I Rare earth elements in blue

08—
0O 10 20 30 40 50 60 70 80 90

Atomic number, Z

Figure 2.2. The abundance of the elements given in atom fraction as a function of the
atomic number (picture reused from the reference [2]).

M AL mAL AL mAL WAl mAL il mAl )
BT T TT e T T T T T T T T AT T e

s
Rarest "metals" Ir

Abundance, atoms of element per 10° atoms of Si

The characteristic nature of rare-earth elements is due to their electronic structure.
There is no 4f electron in scandium, yttrium and Lanthanum. They have the valance
electron configuration of ns2 (n-1)d:. The 14 elements from Cerium to Lutetium have
valence electronic configuration represented by of 6s25d! 4fnl or 6s2 4fn.[1 The
explanation for two typical electronic configurations is that in neutral atoms, the 5d
and 4f electrons have similar energies.[”

The elements in the first row of the f-block exhibit a decrease in atomic radius from
lanthanum, Z=57 to lutetium, Z=71. The term lanthanide contraction is used for this
phenomenon caused by imperfect shielding of 4f electrons.l®l As the atomic number
increases, the attraction between the nucleus and outmost orbital electron increases
gradually. This causes neighboring lanthanides to have similar but not identical
properties.8 Figure 2.3a shows a clear trend of change in ionic radius with increasing
the atomic number of the rare-earth elements. The differences in ionic radius, atomic
volume and lattice parameters of the unit cell for a selection of rare-earth metals
relevant in our work are listed in Table 2.1. The table shows that most rare-earth
metals have a hexagonal close packed (hcp) crystal structure at room temperature.[©]
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Figure 2.3. (a) lonic radius of the rare earth elements versus atomic number. In terms of
ionic radius, yttrium falls under the group of heavy rare earth elements.

(b) The
calculated atomic volume of rare earth metals as a function of atomic number.[1%.12]

Table 2.1. Differences in ionic radius, atomic volume and lattice parameters of the unit
cell of the rare earth metals.

Element | Atomic Crystal Crystal Crystal parameter Va
number lonic radius | structure at at RT (1112 (A3/metal
of trivalent RT (1112] atom) (1112
ion (A) 1o
a (A) c (A
Y 39 1.040 hcp 3.6482 57318 33.03
Ce 58 1.15 fcc 5.6167 - 34.37
Pr 59 1.13 wurtzite 3.6721 11.8326 34.55
Nd 60 1.123 wurtzite 3.6582 11.7966 34.18
Pm 61 111 wurtzite 3.65 11.65 33.15
Sm 62 1.098 rhombohedral 3.6229 26.207 33.11
Eu 63 1.087 bce 45827 - 48.12
Gd 64 1.078 hcp 3.6336 5.7810 33.05
Tb 65 1.063 hcp 3.6055 5.6966 32.07
Dy 66 1.052 hcp 3.5915 5.6501 31.56
Ho 67 1.041 hcp 3.5778 5.6178 31.14
Er 68 1.030 hcp 3.5592 5.5850 30.64

Praseodymium and neodymium have a wurtzite structure. The wurtzite has a
hexagonal packing structure with stacking sequence of ABAC instead of a simple AB
sequence of the hcp structure.i® Cerium is the only rare-earth metal that forms a face-
centred cubic structure.l¥l The atomic volume of each rare-earth is calculated from the
number of metal atoms per unit cell and the unit cell volume. The change of unit cell

10
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volume on hydrogenation is not as smooth the ionic radius, probably due to different
stackings achieved in the various crystal structures (Figure 2.3b).

2.2 Rare-earth metal hydrides

Because of their similarities, the rare-earth metals are expected to have similar
hydrogenation characteristics.®! All rare-earth metals form dihydrides that have a
fluorite-type structure and can easily take up more hydrogen to form trihydrides,®
except for europium and ytterbium that only form orthorhombic dihydrides. The
phase diagram of the rare-earth-hydrogen systems shows of various phases depending
on the hydrogen concentration. A schematic phase diagram for rare-earth hydrogen
system is displayed in Figure 2.4.

T T T T
. \ (a) N (b)
300 _(l/ \ ll 800-—”/ \ #l
'/'\ A
::/ 600 _ E)/ 600 hex .
P © hydride
E é fce
g s e hydride
400 - e 1 o B ; \
5 fed B T
k) hydride 5
f—{ ~ . 4
f o+ fee hydride = o+ fee hydride ;
200 — 200 — . s
0 | 0 | £
0 1 2 3 0 1 2 3
Solid composition (H/M) Solid composition (H/M)

Figure 2.4. Schematic phase diagram of the rare-earth-hydrogen system (a) light rare-

earth elements La, Ce, Pr and Nd (b) heavy rare-earth elements Sm, Gd, Dy, Er, Th, Ho,
Tmand Lu.®

A distinction can be made between light rare-earth (Figure 2.4a) and the heavy rare-
earth elements (Figure 2.4b). Various phases are formed and the actual positions of
the phase boundaries depend on the particular metal-hydrogen system involved and
temperature.l®! At low concentrations, a metallic, solid solution a-phase is formed. At
higher H/RE ratios, a metallic B-phase with the fcc structure is formed where
hydrogen atoms situated in the tetrahedral sites. This ideal structure corresponds to
MH.. However, small deviations from stoichiometry are observed due to hydrogen
vacancies or interstitial hydrogen atoms in the octahedral site.['31 The light rare-earth
metals form a trihydride without having to change their structure, by filling the
octahedral sites with hydrogen.l®l However, heavy rare-earth metals form an insulating

11
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trihydride y-phase with an hcp structure, where hydrogen occupies the octahedral and
tetrahedral sites. This transformation occurs before the composition MHs is reached.[]
Room temperature solubility ranges of the rare-earth hydrides are summarized in
Table 2.2. More details about each phase is explained in the following sections.

Table 2.2. Estimated solubility ranges for rare-earth hydrides.[23!

Group | Group 11 Group 111
Fluorite Fluorite Hexagonal Orthorhombic
LaH1953 YHig.223 YH277.3 EUH1 852
CeHig3 SMH1.92-255 SmH259-3 YbH1s0-2
PrH1g3 GdH1s23 GdHzs5-3
NdHz19-3 TbH19-215 TbH2s1-3

DyH16s.208 DyH2g6-3

ErHigs213 ErHzg7.3

TmH199-241 TmHz76.3

LuH1.g5-223 LuH2783

0-phase

The a-phase is a solid solution where the hydrogen atoms are distributed in tetrahedral
sites of the metal lattice and behave as impurity scattering centers.[4] In Table 2.3, the
lattice parameters in the a-phase for various hydrogen concentrations, X, at various
temperatures are listed together with their atomic volume. Table 2.4 shows available
data for the expansion coefficient in the two lattice directions.14]

Table 2.3. The crystallographic parameters, existence range and atomic volume of the of
a-phase rare-earth metals.*4 Note that the missing data was not available in literature.

Phase Rare- X Tempe- Lattice parameter Va
Earth (REHy) | rature (K) (A3/metal
Element atom)
a (A) c (R)
Y 0.12-0.22 3.6542- 5.7654-
300 3.6637 5.794 33.34-33.67
o-phase Dy 0.2 675 36269 | 57255 32.61
hexagona Ho 02
| close 645 36087 | 5.6985 32.13
packed Er 0.27 775 3.6035 5.7 32.05
Ce 0-1.8 34.37
a-phase Pr 0-1.9
other 34.54
structures Nd 0-1.9 34.18

12
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Table 2.4. Expansion upon insertion of hydrogen and enthalpy of solution of hydrogen
for some rare earth hydrides.['l Note that the missing data was not available in literature.

Phase Rare-Earth Expansion coefficient upon insertion of H (static)
Element
a/(a x) (104/at%) c/(c x) (10-4/at%)
Y 1.37-1.93 4.59-4.76

a-phase Dy 4.15 321

close Gd

packed

B-phase

Upon further hydrogenation, a phase transition occurs and the [B-phase rare-earth
hydride is formed.¥ This REH, phase ideally comprises of an fcc lattice with two
hydrogen per unit cell occupying the tetrahedral sites. This transformation from hcp
to fcc is accompanied by a shift in the stacking of atomic planes along the hcp c-
axis.l141 Table 2.5 shows the lattice parameter and calculated atomic volume of B-phase
for the ranges of atomic ratio H/RE. The presence of hydrogen has significant effects
on the band structure of the metal. The introduced hydrogens induce states below the
d (or f) band.it8! Taking Y as an example, the 1s hydrogen bands hybridize with the Y
4d5s band leading to two bands below the Fermi level, each containing two electrons.
The remaining electron in the conduction band is responsible for the metallic
character of the REH, compounds. When hydrogen starts to move into the yttrium
film first the resistivity slightly increases due to impurity scattering but then it
decreases considerably until the B-phase is reached. In this phase the resistivity is
minimal which shows that YH; is a better conductor than pure yttrium. The main
reason for the increased electrical conductivity is the reduced electron phonon
coupling.[2el
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Table 2.5. Expansion upon insertion of hydrogen and enthalpy of solution of hydrogen
for some rare-earth hydrides. Note that x does not quantify the existence range of the p-
phase but only reflects the data for which lattice parameters are known.[4l Note that the
missing data was not available in literature.

Phase Rare- X (REHy) Lattice Expansion Va

Earth parameter coefficient (A3/metal

Element a(A) a/(a x) atom)

(10-4/at%)

Y 2-2.1 5.2082- 5.2056 -05 35.32-35.27
B- Ce 2-2.9 5.581- 5.5364 -1.8 43.46-42.43
phase Pr 2-2.47 5.518- 5.483 -1.35 42.0-41.21
aRT Nd 2247 | 546895430 14 40.89-40.03
Gd 2-2.25 5.3022- 5.2926 37.06-37.06
Dy 2-2.27 5.206- 5.1988 -0.5 35.27-35.13

Ho 2 5.165 -0.5 34.45

Er 2 5.129 33.73

y-phase

Increasing the hydrogen content above the limit of the f—phase, which occurs at
x=2.1 for Y, leads to a growing volume fraction of the hexagonal y—phase for most
rare-earth metals (except Sc, La, Pr, Nd). This phase is semi-conducting and
accordingly the thin RE-films show a reversible switchable mirror effect.i!] The unit
cell and atomic volume of the y—phase for a range of rare-earth metals in our studies is

presented in Table 2.6.

Table 2.6. The lattice parameter and calculated atomic volume for the given atomic
ratios H/Re (x) in the y-phase of the rare-earth hydrides. Note that x does not quantify
the existence range of the y-phase and only the data for which lattice parameters are

known.[24]
Lattice parameter Va
Rare-Earth X (A3/metal
Phase Element (REHy) atom)
a(A) c(A)
y-phase Y 3 3.675 6.657 38.93
Hexagonal Gd 2.91-3 3.73-3.76 6.71-6.705 40.42-41.05
pg;f:d Dy =29 37 6658 947
Ho >2.9 3.642 6.56 37.68
Er >2.9 3.621 6.526 37.05
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Expansion in atomic volume

Upon hydrogen insertion the atomic volume expands to accommodate this change in
lattice content. The change in atomic volume ( Va o - 2) going from rare-earth metal
to metal dihydride (when x=2) can be calculated from the equations below.

_IC (=»- (=0
0-2 ( =0)

(2-1)

Similarly, the change in atomic volume ( Va, o - 3) going from rare-earth metal to
metal trihydride (when x=3) can be calculated from:

_IC (=3- (=0
0-3 ( =0)

(2-2)

Figure 2.5 shows the expansion in atomic volume calculated from equation 2-1, 2-2.
The atomic volume expansion when going from metal to metal dihydride decreases
when the atomic number of rare-earth element increases. The expansion in atomic
volume is increased upon insertion of hydrogen to obtain the trihydride. The
calculated volume expansion difference going from dihydride to trihydride is around
10%. This is in agreement with experimental findings reported by Kerssemakers et.
al.l’81 The expansion is out of plane along the fcc [111] direction in the dihydride or
equivalently in [0001] direction in the hexagonal trihydride.8 The change in distance
between atoms going from metal to dihydride and trihydride can be observed in
Figure 2.6.

Atomic number
58 59 60 61 62 63 64 65 66 67 68

AO-ZS T T T T T T T T T T T u expansion
S
026 4 from metal to
< ° ; :
>024f ] d|hydr|de
® expansion

E 0.2z - ° ° 71 from metal to
2020} ] trihydride
>
o 0.18 oY -
Soasf ]
©
= 0.14 - B
- [ ]
§o12} - -
2o10t . "I
g
Ll>j 0.08 v B

0.06 |- ! ! ! ! ! ]

Gd Dy Ho Er

Element

Figure 2.5. Expansion in atomic volume going from metal to dihydride and from metal
to trihydtide using the equation 1, 2 and 3.
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Figure 2.6. Comparison of interatomic distance between rare-earth atoms along the c-axis
in hcp metal structure, along the body diagonal of cubic dihydride structure and along the c-
axis of the hcp trihydride structure.

Thermodynamics

The rare-earths (including Y and Sc) have a strong affinity for hydrogen. They easily
react with hydrogen to form dihydrides and when the hydrogen pressure is high
enough they form a trihydride.l!3 The thermodynamic properties of the rare-earth
hydrides are usually obtained from the measurement of the hydrogen pressure in
equilibrium with the metal hydride as a function of temperature.l'3l The formation
enthalpy of these hydrides (AHs) determines the amount of heat which is released
during hydrogen absorption and consequently is to be supplied again in case of
desorption. The more thermodynamically stable the hydride, the larger AHy, and the
higher temperature is needed in order to desorb hydrogen (reverse reaction) and vice
versa. From the definition of the equilibrium constant we know that —RT In K = AG®
, Where AG® is the change in standard Gibbs free energy upon hydrogenation.[t3]

Inserting the AG° = AH® — TAS® into the equation considering =1 2yields
equation 2-4.

INPy, = (AH¢RT) — (ASeR) (2-4)

Where AH: and AS: are the enthalpy and entropy of formation of the dihydride
respectively.[31 The enthalpy of formation for trihydride can be obtained from adding
the enthalpy of dihydride formation and the enthalpy of dihydride to trihydride
transformation.i3141 The exceptions are Ce, Pr and Nd where the enthalpy of
trihydride formation can be calculated the same way as the enthalpy of the dihydride
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formation because they have no cubic to hexagonal transformation. The enthalpy of
formation of the dihydride and trihydride phase for some rare-earth metals are plotted
in Figure 2.7.
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Figure 2.7. Enthalpy of formation rare-earth dihydride and trihydride.[1314]

2.3 Rare-earth metal oxides

The composition of the rare-earth oxides depends on the temperature, oxygen activity
and whether it is in equilibrium or in a metastable equilibrium.i91 Most rare-earth
metals form stable sesquioxides with the exception of Ce, Pr and Th. While for the
sesquioxides the trivalent ground-state configuration is found to be the most
favourable, Ce, Pr and Tb have the tetravalent configuration in their dioxide form.[2]
Ce metal oxidizes completely to CeO- in the presence of air. Pr occurs naturally as
Pr¢O1: and forms a stoichiometric fluorite structure PrO» under positive oxygen
pressure.l20l The rare-earth sesquioxide crystallize in three forms, A-type(hexagonal),
B-type(monoclinic) and C-type(cubic) structures.20l At low temperatures, the phase
formed for almost all the rare-earth sesquioxides is the C-type structure. 211 The C-
type sesquioxides has space group 1a3 and is isostructural to the mineral bixbyite
(Fe,Mn),0Os.[12211 |t can be imagined as distorted fluorite cell with two vacancies paired
along the body diagonal of the anion cube (Figure 2.8). The unit cell is eight times that
of a fluorite unit cell due to a doubling of the fluorite lattice constant.[9211 64 rare-
earth cations are found in each unit cell. The metal atoms are arranged in a distorted
fcc sub-lattice with only % of the tetrahedral sites occupied by anions.21 All metals
have an octahedral anion coordination.l91 Table 2.7 lists the rare-earth crystal
structures and lattice parameters together with their atomic volume. In Figure 2.9 the

17



CHAPTER 2

enthalpy of formation of rare-earth oxides are plotted. Yttrium shows the lowest
enthalpy of formation among all rare-earth oxides.

oxygen
vacanc
o y

Figure 2.8. Schematic representation of the cubic bixibyite oxide structure (a) the
bixbyite unit cell of Y03 (b) Two non-equivalent Y-sites surrounded by neightbouring O
atoms (the actual position of the O atoms is slightly shifted from the corners of the
cubes). The small squares are structural oxygen vacancies.[?2

Table 2.7. Lattice parameter and the atomic volume of C-type rare-earth oxides
(REZ03).[19.23]

Compound Lattice parameter a (A) 12923 Va (A3/metal atom)
Y203 10.6 18.61
Ndz0s 11.08 21.25
Dy,0s 10.6647 18.95
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Figure 2.9. The rare earth oxide enthalpies of formation.[!2
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2.4 Rare-earth hydroxides and oxyhydroxides

Two well characterized phases have been reported as a result of reaction of rare-earth
sesquioxides with water: rare-earth hydroxide RE(OH); or the rare-earth
oxyhydroxide REO(OH). All the rare-earth hydroxides show a hexagonal UCI3-type
structure with space group P6s/m.l21 Formation of the hydroxide phase is less
probable going from light to heavy rare earth elements. When establishing the phase
diagram for the binary Ln,Os-H,O system, also the oxyhydroxide phase was
identified. The oxyhydroxide phase, was an intermediate phase found in the
decomposition of hydroxides under hydrothermal conditions. (2

2.5 Rare-earth oxyhydrides

Recently, yttrium oxy-hydride was identified as the oxygen-containing yttrium hydride
in which Mongstad et al. discovered photochromism.24251 Our follow up study
showed that the transparent photochromic YOxHy is in fact formed by air oxidation
of as-deposited B-YH: films.l281 In order to understand and evaluate the properties of
the newly discovered material, Cornelius et al.l2l established a ternary RE-O-H
composition phase diagram (Figure 2.10). This was done by a combination of
Rutherford backscattering (RBS) and elastic recoil detection (ERD). The rare-earth
oxyhydrides exist in a wide composition range described by the formula

3+ 2= = _, where 05 < x < 1.5 along the MH3-M,O3s line indicated by the grey
area in Figure 2.10 (the exact composition boundaries are still unknown).21 The rare-
earth oxyhydrides can be clearly distinguished from the rare-earth hydroxides
described by the formula  3* 2~ J _; where 1.5 < x < 3 along the H,0-M;053
line and do not show any photochromic properties.21 A generalized structural model
proposed for rare-earth oxyhydride is based on the fcc (Fm_3m) structure in which the
4 lattice sites are occupied by RE cations. The various compositions are obtained by a
change in the occupation of the tetrahedral and octahedral interstices.

Remarkably, the RE-oxyhydrides were identified in powders several decades ago.28 In
2016, Kobayashi et. al. reported the hydride ion (H-) conductivity in the La,
yvShxayLitxHO3-y systemi29 suggesting that oxyhydrides may in general be promising
materials for energy storage and conversion applications.i2° Recently RE-oxyhydrides
received renewed attention as solid state H—electrolytes as hydride (H-) conductivity is
shown in LnHO oxyhydrides, in which anionic ordering is observed depending on the
lanthanide size.i? The enlarged hydride pathway as a result of the anion ordering is a
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key parameter for the hydride conduction based on the indirect interstitial mechanism.
(30]

fcc p- IVIH
OTH,,
hcp y-MH,\0.6 OXy-| hydndes
0.7/ /

1.0 /\ \/
rd / / - /‘

H 01 02 0.3f 04
H,0  hcp-M(OH), MOCH

Figure 2.10. Ternary M-O-H chemical composition and phase diagram where M = Sc,
Y, Gd. Compositions with the same charge state of both cations and anions are indicated
with the black dashed lines. The coloured circles show the chemical compositions of
MOyHy thin films obtained from ion beam analysis. The uncertainty in the composition is
given by the diameter of the data points which corresponds to + 1 atom %. The
highlighted grey area indicates the composition region in which photochromism is
observed.[27]
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2.6 Production and environmental impact

As discussed earlier, the term ‘rare-earths’ is misleading, as it does not refer to their
abundance in the earth’s crust, but to the inconspicuous appearance of the minerals
from which they were originally isolated.l31l Despite the amount and wide variety of
resources around the globe, China became the world's dominant producer of rare
earth metals starting in the 90s offering low prices, making others throughout the
world unable to compete.32 The global production of rare-earth elements over a
period of 1983 to 2003 is depicted in Figure 2.11.81 Currently China with one-third of
world's rare-earth reserves, is still the world leader in rare-earth elements exploration
and production. 33l
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Figure 2.11. Global production of rare-earth elements from 1983 to 2003. Other*
include India, Brazil, Kyrgyzstan, Sri Lanka, Russia, Malaysia, and Thailand.[¢]

Rare-earth metals are vital to some of the world’s growing industries. During the last
three decades, there has been an explosion in the applications of rare-earth elements
and their alloys in several technology devices such as: wind turbines, solar panels,
magnetic resonance imaging (MRI), LED lighting, hybrid automobiles, rechargeable
batteries.31.331 For example, Neodymium is a material extensively used in wind
turbines, as well as in hybrid cars; cerium is the material used in catalytic converters in
cars; lanthanum can be used in high developed rechargeable batteries.34 Therefore
rare-earth metals are essential in green technologies that lead to reducing carbon
emission and decarbonization of global economy envisioned in the Paris Climate
Agreement, agreed to by 192 countries in 2015.34 The expected increase in the
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demand for renewable energy, makes the rare-earth materials critical for many high
technology renewable technologies. The demand for rare-earths is likely to increase
between 7-8% annually.i32
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Figure 2.12. Rare-earth oxide prices per kg.[%!

There are large differences in market prices of rare-earth elements and the prices
depend on the type of rare-earth and the degree of purity determined by the
specifications in the applications.l3 Figure 2.12 shows the price range of different
rare-earth element from 2015 to 2017.851 Since China is the world’s leading producer
and exporter of rare-earth elements the prices of rare earth elements are largely
dependent on Chinese national policies.32 Between 2009 and 2011, there was a sharp
increase in price due to tightening supply policies of China.B2l Historically, the prices
of rare-earth elements steadily increased because of China’s rising domestic demand
and escalating export controls.[32
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Regulating the prices of rare-earth metals is very important, as they are needed for
many renewable energy devices. If the world community wishes to establish a green
energy environment, there is a strong need for a global agreement and international
policies on rare-earth materials taking into account that only a handful of countries are
really in control of these materials.*4 Recycling and waste management of rare-earth
elements is also very important and can contribute to minimize the negative
environmental impacts caused by rare-earth production.32l However, this is not simple
as in economic terms the profitability of the recycled rare-earth depends on its price in
the market.i8 For example recycling yttrium was profitable because of the high price
of yttrium between 2012-2013. However, between 2014 and 2016 recycling yttrium
was not cost effective. This shows policymakers must encourage recovery and
recycling solutions with appropriate policies.[el

The rare-earth environmental impact needs to be studied at greater depth. The
possibility of these elements finding their way into different environmental pathways
to the ground and surface waters, will probably have some contribution to the
environmental pollution and human health.331 The insufficient environmental
regulations and controls in the mining and production activities led to significant
environmental and health impacts in countries such as China, US, India, Malaysia and
Brazil.=23 Therefore, there is a great need for developing a sustainable exploitation
schemes to prevent further environmental impact. Instead of opening new mines,
recycling of these elements has to be considered and paid attention t0.(33l

2.7 Conclusion

To summarize, this chapter provides and introduction to rare-earth metals, hydrides,
oxides hydroxides, oxyhydroxides and oxyhydrides. The binary rare-earth oxyhydrides
offer an interesting combination of hydride and oxide characteristics. To understand
their physical properties we need to bridge a wide range of disciplines ranging from
physics to solid state chemistry and material science. The increasing demand of rare-
earth elements which are necessary components of many high-tech products across a
wide range of applications can change the shape of global policies.

23



CHAPTER 2

References

[1] E. F. E. ten Have, "Investigation of the photochromic properties of dysprosium
oxyhydride," MSc thesis, Delft university of Technology, 2016.

[2] J. H. L. Voncken, "The Rare Earth Elements: an Introduction," 1st ed. 2016. ed. Cham:;
Springer International Publishing, 2016.

[3] A. R. Jha, Rare Earth Materials; Properties and Applications: CRC Press, 2014.

[4] R. E. Krebs, The history and use of our earth's chemical elements : a reference guide, 2nd ed. ed.
Westport: Greenwood, 2006.

[5] Rare  Earth  Resources  Ltd, "Rare  Earth  Elements”, available  from:
http://www.rareelementresources.com/rare-earth-elements#. VIxidisi-o, retrieved on 22-07-2019.

[6] S. B. Castor and J. B. Hedrick, "Rare earth elements," Industrial minerals volume, 7th edition:
Society for mining, metallurgy, and exploration, Littleton, Colorado, pp. 769-792, 2006.

[7] I. McGill, "Rare earth elements,” Ullmann’s encyclopedia of industrial chemistry, 2000.

[8] S. A. Cotton, Lanthanide and actinide chemistry. Chichester, England ;: Wiley, 2006.

[9] W. M. Mueller, J. P. Blackledge, G. G. Libowitz, and U. S. A. E. Commission, Metal
hydrides. New York: Academic Press, 1968.

[10] R. D. Shannon, "Revised Effective lonic-Radii and Systematic Studies of Interatomic
Distances in Halides and Chalcogenides," Acta Crystallographica Section A, vol. 32, pp.
751-767, 1976.

[11] H.W. King, "Crystal structures of the elements at 25°C," Bulletin of Alloy Phase Diagrams,
vol. 2, pp. 401-402, 1981/12/01 1981.

[12] D.R. Lide, CRC handhook of chemistry and physics: CRC press, 2004.

[13] G. G. Libowitz and A. J. Maeland, "Hydrides," in Hand book on the Physics and Chemistry of
Rare Earths, K. A. Gschneider and J. L. Eyring, Eds., ed Amsterdam Elsvier 1979, pp.
299-336.

[14] P. Vajda, "Hydrogen in rare-earth metals, including RH,+x Phases," Handhook on the
Physics and Chemistry of Rare Earths, vol. 20, pp. 207-291, 1995.

[15] G. G. Libowitz, "Metallic hydrides; fundamental properties and applications,” Journal of
Physics and Chemistry of Solids, vol. 55, pp. 1461-1470, 1994.

[16] J. N. Daou, A. Lucasson, P. Vajda, and J. P. Burger, "Observation of the optical and
acoustic electron-phonon coupling in Sc, Y and Lu dihydrides and dideuterides by
electrical resistivity," Journal of Physics F: Metal Physics, vol. 14, pp. 2983-2993, 1984.

[17]1 J. N. Huiberts, R. Griessen, A. T. M. van Gogh, N. J. Koeman, J. P. Dekker, and P. H.
L. Notten, "Yttrium and lanthanum hydride films with switchable optical properties,”
Journal of Alloys and Compounds, vol. 253-254, pp. 44-50, 1997.

[18] J. W. J. Kerssemakers, S. J. van der Molen, R. Glinther, B. Dam, and R. Griessen,
"Local switching in epitaxial YHyx switchable mirrors,” Physical Review B, vol. 65, p.
075417, 02/01/ 2002.

[19] E. Schweda, "Rare earth oxides," in Key Engineering Materials, 1992, pp. 187-216.

[20] L. Petit, A. Svane, Z. Szotek, and W. M. Temmerman, "First-principles study of rare-
earth oxides," Physical Review B, vol. 72, 2005.

[21] G. Adachi, N. Imanaka, and Z. C. Kang, "Binary rare earth oxides," ed. Dordrecht ;:
Kluwer Academic Publishers, 2004.

[22] R.J. Gaboriaud, F. Paumier, and B. Lacroix, "Disorder-order phase transformation in a

fluorite-related oxide thin film: In-situ X-ray diffraction and modelling of the residual
stress effects,” Thin Solid Films, vol. 601, pp. 84-88, 2016.

24



INTRODUCTION TO RARE-EARTH METALS

23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

[34]

[39]

[36]

C. E. Curtis, "Properties of Yttrium Oxide Ceramics," Journal of the American Ceramic
Society, vol. 40, pp. 274-278, 1957.

T. Mongstad, C. Platzer-Bjorkman, S. Z. Karazhanov, A. Holt, J. P. Maehlen, and B.
C. Hauback, "Transparent yttrium hydride thin films prepared by reactive sputtering,”
Journal of Alloys and Compounds, vol. 509, pp. S812-S816, Sep 2011.

T. Mongstad, C. Platzer-Bjorkman, J. P. Maehlen, L. P. A. Mooij, Y. Pivak, B. Dam, ¢t
al., "A new thin film photochromic material: Oxygen-containing yttrium hydride,"
Solar Energy Materials and Solar Cells, vol. 95, pp. 3596-3599, Dec 2011.

F. Nafezarefi, H. Schreuders, B. Dam, and S. Cornelius, "Photochromism of rare-
earth metal-oxy-hydrides," Applied Physics Letters, vol. 111, p. 103903, 2017.

S. Cornelius, G. Colombi, F. Nafezarefi, H. Schreuders, R. Heller, F. Munnik, ¢t al.,
"Oxyhydride Nature of Rare-Earth-Based Photochromic Thin Films,” The Journal of
Physical Chemistry Letters, vol. 10, pp. 1342-1348, 2019.

B. Malaman and J. F. Brice, "Etude structurale de I'hydruro-oxyde LaHO par
diffraction des rayons X et par diffraction des neutrons," Journal of Solid State Chemistry,
vol. 53, pp. 44-54, 1984.

G. Kobayashi, Y. Hinuma, S. Matsuoka, A. Watanabe, M. Igbal, M. Hirayama, et al.,
"Pure H conduction in oxyhydrides," Science (New York, N.Y.), vol. 351, pp. 1314-7,
2016.

H. Ubukata, T. Broux, F. Takeiri, K. Shitara, H. Yamashita, A. Kuwabara, ¢t al.,
"Hydride Conductivity in an Anion-ordered Fluorite Structure LnHO with an
Enlarged Bottleneck," Chemistry of Materials, 2019.

G. Charalampides, K. Vatalis, V. Karayannis, A. Baklavaridis, E. th Innovative
Manufacturing, and 1. Energy Conference, "Environmental Defects and Economic
Impact on Global Market of Rare Earth Metals,” 10P Conference Series: Materials Science
and Enginegring, vol. 161, 2016.

N. A. Mancheri, B. Sprecher, G. Bailey, J. Ge, and A. Tukker, "Effect of Chinese
policies on rare earth supply chain resilience," Resources, Conservation & Recycling, vol.
142, pp. 101-112, 2019.

V. Balaram. (2019, Rare earth elements: A review of applications, occurrence,
exploration, analysis, recycling, and environmental impact. Geoscience Frontiers 10(4),
1285-1303.

E. Apergis and N. Apergis, "The role of rare earth prices in renewable energy
consumption: The actual driver for a renewable energy world,” Energy Economics, vol.
62, pp. 33-42, 2017.

G. Barakos, H. Mischo, and J. Gutzmer, Status Quo and Future Evaluations of Global Rare
Earth Mining (with Respect to Special Rare Earth Element-industry Criteria), 2015.

M. Favot and A. Massarutto, "Rare-earth elements in the circular economy: The case
of yttrium," Journal of Environmental Management, vol. 240, pp. 504-510, 2019.

25



26



Introduction to photochromic
glasses

Photochromic glasses are one of the most widespread types of optical glasses. When
light of a short wavelength interacts with photochromic materials, they darken. A well-
known example of inorganic photochromic materials is the silver halide dopped
copper glass. When illuminated, a chemical reaction takes place and silver ions are
converted into elemental silver. A similar reaction occurs when a photographic film is
exposed to light. However, as opposed to the photographic film, in glasses the
reaction is reversible. In this chapter, I describe the basic parameters of photochromic
glasses, how the absorption spectra can be explained and the results of the
experimental and theoretical study of the kinetics of the photochromic reaction.



CHAPTER 3

3.1 Introduction

Photochromism is defined as a photo-induced, reversible transformation of a material
between two states that possess distinguishable absorption spectra.l! The induced
absorption is typically caused by ultraviolet (UV) light and is observed by the human
eye as a change of color. Initially, the material is transparent and in a
thermodynamically stable state with low light absorption.[l Upon exposure to
electromagnetic radiation with photons above certain threshold energy, a forward
reaction, the so-called (photo-)darkening occurs where the material is in a
thermodynamically less stable state with high light absorption. The photochromic
reaction is reversible and the reverse reaction is called bleaching. As shown in Figure
3.1, when the exciting radiation is turned on at time t;, the concentration of absorbing
species increases and the transmittance of the material drops.[t! This process continues
until the system reaches a steady state. In the steady state, the darkening and thermal
bleaching processes are active simultaneously.!
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Figure 3.1. Response of a photochromic system when the exciting radiation is turned on
at time ty, during exposure to radiation and when it is cut off at time t, (picture modified
from reference [1]).

An equilibrium is established at a certain concentration of absorbing species which is
characterized by the saturation value of optical contrast.lll Upon removal of the
exciting radiation at time ty, the concentration of absorbing species decreases and the
material reverts from darkened state to the bleached state. Its rate depends on the
kinetics of the backward bleaching reaction.[L2 It is important to note that the exciting
radiation must exceed the minimum energy for the photochromic reaction to proceed
so that the absorbing species can form. The reverse reaction may occur via optical
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bleaching, thermal bleaching or both. Thermal bleaching is a thermal relaxation of the
material. Optical bleaching, on the other hand, is caused by exposing the material to
light of longer wavelengths, than those used for the darkening process, i.e. in the
energy range of the absorption band.lt2l The photochromic effect may occur in both
organic and inorganic materials. Organic photochromic materials are mostly activated
by UV light and involve light-induced isomerization or a geometrical change of
molecules.[? Inorganic photochromic materials, on the other hand, offer a wider range
of spectral sensitivity in comparison to their organic counterparts. This ranges from
infrared to X-rays, with UV being the most common.[2

3.2 Silver halide doped glasses, a classical example

A well-known example of inorganic photochromic materials is silver halide crystals
trapped in a glass matrix. The first case of these photochromic eye glasses was
developed by Corning Inc. in the 1960s.B8 Typically, these self-darkening glasses are
composed of alkali metal borosilicate glass and silver halide crystals with a small
amount of copper. The glass attains its photochromic nature after it is brought to a
molten state wherein the silver, copper, and halide ions are dispersed. After that, the
glass is cast into a homogeneous blank. In the next step, the glass is heat-treated at a
constant temperature and then rapidly cooled down. The heat treatment is essential
for the manufacturing of the photochromic glasses because it leads to the formation
and growth of silver halide crystals, which provide the glass with its photochromic
properties.4l X-ray diffraction analysis ! and Differential Scanning Calorimetry [ are
used to verify the presence of silver halide microcrystalline phase in photochromic
glasses. The composition and heat-treatment are very important parameters that
influence the formation of defects and enhance the diffusion of species which
determine the photochromic properties of the final product.i® The presence of copper
ions contributes to the optical properties of the final product. In these photochromic
glasses, the total concentration of silver ranges from 0.2% to 0.7% (in weight percent)
and halogen in the range of 0.2% to 0.4% (in weight percent) in terms of the total
concentration of the glass.7”. The quantity of added copper oxide is typically in the
range of 0.016% to 0.20% (in weight percent).l8l These photochromic glasses contain
around 4 x 10%5 crystallites/cm3 with a size of 5-10 nm and an average spacing of
about 10-100 nm.[ Irradiation of these AgCl crystals by light with photon energies
larger than the band gap generates mobile electron-hole pairs and the formation of
silver specks, which cause the reversible photo-darkening.[e! Depending on the choice
of utilized halogen, the threshold wavelength at which the glass darkens is altered. If a
heavier halogen is implemented, the glass can become more sensitive to smaller
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wavelengths, as the energy required to excite the electron-hole pairs becomes larger
with the size of the halogen.[10]

3.2.1 Photochromic effect

Photochromism in inorganic materials, in general, involves localized defects and
impurities. In silver chloride doped glasses, the copper additive is in a monovalent
state (cuprous ions). This copper is incorporated into the AgCl-crystals and occupies a
silver ion site, thus forming a substitutional point defect. Silver chloride itself is not an
ideal crystalline solid and contains several other types of defects in its unit cell. For
example, there are vacant lattice sites called Frenkel defects, where the cation or anion
is displaced to the interstitial position. The photochromic behavior in silver chloride
glasses depends on the interaction of these defects with light.[4 These defects give rise
to additional allowed levels within the forbidden band gap.[!o Figure 3.2 shows the
energy band diagram together with a schematic drawing of the lattice at the beginning
of the irradiation process. Light of sufficiently high energy (UV or blue) to overcome
the band gap of the silver chloride generates an electron in the conduction band and a
hole in the valance band.Bl The electrons can be trapped by interstitial silver ions
(Frenkel defects) and become neutralized. On the other hand, the holes can be
captured by Cu+ ions and form Cu2+ ions (Figure 3.2). In this way, the recombination
of electrons and holes is blocked, and the formation of Cl; is prevented.l The neutral
Ag interstitials are mobile, and the coagulation of these silver atoms results in the
creation of a speck of silver at the interface with the glass matrix. These silver clusters
absorb the light and make the glass dark.Bl This is because the light, which
corresponds to a plasmon oscillation frequency of the nanoparticle generates a
plasmon absorption resonance. 1112

If all Cu* ions form Cu2+ ions, further growth of silver clusters becomes less likely,
and recombination becomes more effective. The system reaches a steady state, and the
transmittance does not drop any further since the system reaches a point where there
are as many absorption centers formed as there are destroyed. When the irradiation
ceases, there are two possible recombination paths which can lead to bleaching.
Firstly, an electron can be thermally emitted from the silver speck into the conduction
band and recombine with the trapped hole in a Cu?+ ion. A second possibility is the
emission of holes from Cu?+* ions into the valance band where it can diffuse to the
glass interface and recombine with an electron from the silver speck. When silver ions
are formed, they diffuse back and incorporate into the silver halide lattice.3 8 The
presence of copper is essential to ensure that no Cl, is formed which would make the
process irreversible. The mechanism proposed for photochromic glasses is similar to
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photography emulsions, which is an irreversible process because the hole is trapped by
halide ion to form halide molecules and the silver ion is reduced to metallic silver
atoms by a developing agent. Halide molecules react with the gelatin and cannot be
regenerated again. The photochromic glass shows reversibility due to the presence of
Cu* ions which act as a deep hole trap.!3l Electron spin resonance (ESR)
measurements have been used to prove the formation of Cu2+ upon darkening.[14.15]
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Figure 3.2. Schematic drawing of the energy band diagram (left) and the crystal structure
(right). Irradiation leads to the transfer of an electron from chloride to silver and
formation of silver clusters (picture modified from reference [3, 16]).
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Figure 3.3. Schematic drawing of the energy band diagram (left) and the crystal structure
(right) when irradiation is ceased (picture modified from reference [3,16]).

3.2.2 Photo-induced absorption spectra

Solar irradiation makes the photochromic glass dark. Figure 3.4 shows the change of
transmittance of a commercially available photochromic glass when exposed to certain
amounts of sunlight.l!7 This change is mostly in the visible part of the spectrum with a
peak approximately around 500 nm wavelength. The average radius of silver halides
crystallites was estimated to be in the range of 2.5 < r < 15 nanometers according to
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Smith’s experimental work.[28] Assuming this size range for spherical metallic silver, the
photo-induced absorption spectra with a maximum at 550 nm cannot be explained. If
we assume spherical silver colloids are formed, a bell shape absorption band in the
visible range with a maximum at about 395 nm is expected for particles with a
diameter of 10 nm.[29]
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Figure 3.4. Spectral transmittance of 2mm commercial photochromic glass as a function
of wavelength before and after exposure to 15 min solar irradiation at 20 °C. The dashed
curve indicated the spectral sensitivity of the human eye (reused from reference [17]).

As shown in Figure 3.5a we need 40 nm Ag spheres to explain the absorption at 550
nm.[8] But such an assumption is incorrect because the silver clusters cannot exceed
the AgCl-crystallite size (estimated to be 40 nm). Likewise, the migration of these
clusters from one region to another is prohibited by the glass matrix.l20l Even under
the assumption that all silver ions in the silver halide crystals are converted to silver
atoms, it is still not possible to cover the entire sphere of AgCl-crystallite with silver
atoms.[20] Therefore to explain the induced absorption band, we need to consider the
shape of the metallic silver specks.l*2l Dotsenko and Zakharov suggested a shell model
to explain the photo-induced spectrum. The proposed model assumes a AgCl/Ag
core/shell structure, consisting of silver halide surrounded by metallic silver particles.
Taking an outer radius in the range of 2.5 nm < r < 15 nm, the maximum absorption
band shift depends on the ratio of the two radii. This was the first attempt of using
Mie theory to describe the optical properties in a glass containing metallic particles.[20
Moriya attempted to calculate the photo-induced absorption spectra of photochromic
glass using Gans theory which is an extended Mie theory assuming prolate and oblate
ellipsoids silver particles.2l When the particles are assumed ellipsoids, the absorption
band splits into two. One band at shorter wavelengths due to the absorption of light
polarized parallel to the short axis of the ellipsoid. The other band shifts to longer
wavelengths due to the absorption of light polarized parallel to the long axis of the
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ellipsoid.r922]  According to Moriya, the experimental data from UV induced
absorption spectra of the photochromic glass could be explained to proximity using
non-spherical silver particles.2 Interestingly, the experiments revealed that the
darkening in the copper doped silver halide glasses is related to the optical absorption
edge. Figure 3.6 shows the optical absorption of the glass before any exposure to light.
This glass is subjected to the light of different wavelengths, and the value of optical
absorption at 550 nm is taken from each measurement. Connecting the points to plot
the curve make one believe that darkening involves band gap excitation.[2]
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Figure 3.5. (a) light attenuation for spherical silver particles of radius 1) 2.5; 2) 5; 3) 10; 4) 15;
5) 20; 6) 25; 7) 30 and 8) 40 nm. (b) light attenuation using the double layer model with outer
radius of 10 nm and q = 1) o0; 2) 2; 3) 1.39 and 4) 1.2 where q is the ratio of outer to inner
sphere (reused from reference [20]).
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Figure 3.6. (a) Solid curve: optical absorption of the glass before exposure to light

(Optical density is the logarithm of transmittance) (b) Dashed curve: optical absorption of

the glass at 550 nm after the glass was exposed to light with different wavelength

presented in points. (reused from reference [23]).
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3.2.3 Optical bleaching

Destruction of the photographic latent image has been observed by the exposure of
photographic emulsion to blue light and subsequently to the light of longer
wavelength (Herschel effect).24 Upon second exposure, light of longer wavelength
causes the ejection of a photo-electron from latent image to the conduction band of
silver halide crystal.l241 Based on this phenomena, it has been suggested by Borelli et.
al.13. 251 that a similar effect occurs in photochromic silver halide glasses where the
material can bleach back to its original state either thermally, which can be accelerated
by heating the glass, or via optical bleaching, through exposing the glass to light that
interacts with silver specks and thereby reduces their size. As previously mentioned,
silver specks are formed in silver halide photochromic glasses upon exposure to UV
light. These silver specks are in contact with silver halide and form an interface (See
Figure 3.7). At thermodynamic equilibrium, the Fermi levels in the two materials line
up. Vacuum level will be continuous across the interface and band bending occurs at
the interface (not shown in Figure 3.7). Borelli et. al. (1323 suggested that a Fermi
contact is formed and the Fermi level lies midway of AgCl band gap at 1.6 eV. Single
electron excitation can inject an electron into the conduction band of silver halide
crystal. This simple picture shows that the minimum energy required to overcome the
potential barrier (the energy threshold for bleaching) is 1.6 eV. The optical absorption
and thereby the ejection of electrons is enhanced in the case of plasmonic resonance.

Ag AgCl

Figure 3.7. Optical bleaching can be explained by the electronic band structure at the
silver-silver halide interface. An electron in the silver metal particle is optically excited to
the silver chloride conduction band (reused from reference [24]).

Plasmon resonance arises from oscillations of a conduction electron in metal
nanoparticles due to interaction with the electric field of light.[26] Spectral positions of
surface plasmon peaks can be interpreted and related to the size and distribution of
the silver specks.'2 251 The broad absorption band therefore implies the
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superimposition of different silver specks with various size and geometry. According
to the authors, optical bleaching occurs with the light of wavelengths within the UV-
induced absorption band.l121325 Figure 3.8a shows the effect of optical bleaching
caused by exposing the darkened glass to a different wavelength. A change in
absorbance is observed due to optical bleaching. This figure indicates that a certain
absorption band can be selectively bleached in a certain wavelength range
corresponding to that of the bleaching light. For example, when 607 nm bleaching
light is used, a large change in absorption is observed around 600 nm in comparison
to shorter and longer wavelengths. According to the authors, this observation
supports the ellipsoid model where only ellipsoids that absorb the bleaching light are
destroyed resulting in the decreased absorption corresponding to that wavelength. A
silver ion is photo-released from the colloidal particles whose absorption overlaps
with the wavelength of the bleaching light.[t2l The efficiency of optical bleaching as a
function of the wavelength of light is depicted in Figure 3.8b. This plot demonstrates
that the optical bleaching is present at 1.9 eV (650 nm) and its efficiency decreases
quickly as the bleaching wavelength reaches the predicted minimum energy value of
1.6 eV (780 nm), which corresponds to the Ag surface plasmon oscillation.i1225]
According to the authors, bleaching with energies lower than 1.6 eV becomes less
effective. For example, the efficiency of optical bleaching for energies lower than 1.55
eV (800 nm) is decreased by three orders of magnitude.[1213.25]
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Figure 3.8. (a) Change of absorption spectrum due to the selective optical bleaching of
photochromic glass. After the glass was darkened using UV light, several areas of the
sample were optically bleached by varying light wavelength and exposure (reused from
reference [12]). (b) Optical bleaching efficiency demonstrated by a change of absorption
coefficient after bleaching as a function of energy (reused from reference [13]).
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There are certain types of photochromic glasses reported by Seward, known as
thermally darkenable photochromic glass (TDPC), which are prepared by precipitating
copper doped silver halide crystallites in lanthanum borate base glasses.27 In these
glasses, the silver to halogen ratio varied between 1:1 to 4:1 and contains a small
amount of copper in the range of 0.016 to 0.064 by weight. More detailed
composition of such glasses is reported in the patent literature.277 This type of glasses
has the highest transparency when cooled to 15 °C while exposed to bleaching light.
The glass darkens as the temperature increases up to 400 C.[271 The author refers to
this phenomena as induced thermal darkening. The exact reason for these peculiar
properties was not explained. 271 Besides the thermal darkening characteristics, this
type of glasses shows photochromic properties when exposed to UV light.21 The
difference between induced thermal darkening and the photochromic effect is
depicted in Figure 3.9. In Seward’s work, it is not clear if the energy threshold
measurement outcome only applies for this type of glasses or in general to any silver
halide photochromic glass.l2”] Based on this description, we assumed this picture also
applies to all silver halide photochromic glasses. The study in Seward’s work revealed
that the photochromic effect depends on the wavelength of the irradiation and
showing that again there is a minimum energy of the photons needed to achieve the
photochromic effect.l2”1 Figure 3.10 shows the darkening and bleaching sensitivity of
such a glass. To study the darkening efficiency, the glass, which was initially in the
bleached state was exposed to a 150-W xenon lamp as an activating light source with a
combination of filters with different wavelengths.[27]

The corresponding change in transmittance before and after the exposure to
irradiation was measured. In the optical bleaching experiments, the darkened sample
was exposed to bleaching light with the use of narrow band filters. The change in
transmittance after darkening and transmittance after exposure to bleaching light was
recorded. The energy of the light source used in the optical bleaching experiments was
six times larger in comparison to the UV light source implemented in the darkening
experiment to acquire the equivalent change in optical density.21 This demonstrates
the different levels of sensitivity of the darkening and bleaching process on light
source intensity.
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Figure 3.9. (a) Induced thermal darkening in 3 mm TDPC glass upon increase of
temperature. (b) photochromic response of 2 mm TDPC glass after 30 min UV
illumination at 1000 mW cm-2 at 370 nm (reused from reference [27]).
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Figure 3.10. Darkening and bleaching sensitivity of 2mm TDPC glass. The change of
absorbance between darkened and bleached state was measured by comparing the
transmittance at 550 nm. Samples were illuminated by a150 W xenon lamp (24 mJ cm-2)
with different filters with pass bands of 10 nm centered at 348, 370, 385, 416, 443, 466
and 510 nm. The bleaching sensitivity curve is plotted by exposure of darkened glass to
visible light with 150 mJ cm-2 energy. Narrow band filters centered at 443, 466, 510, 544,
577, 607 and 648 nm were used. The difference between the darkened state and partially
bleached state was considered for optical bleaching experiment (reused from reference

[27]).
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It appears from Figure 3.10 that there is an energy threshold for both the darkening
and optical bleaching processes. Copper doped silver chloride has a band gap of
around 387 nm (3.2 eV). The maximum darkening sensitivity was observed at a light
wavelength of 370 nm (note that the pass band was of about 10 nm). Instead of a
sharp cut off at the band gap value, the darkening is observed at higher wavelengths.
The change in absorption is at its maximum at a wavelength around the band gap
value and starts to decrease as the wavelength increases and stops at 500 nm. The
presence of defects could be a reason for that, as they can introduce localized allowed
energy levels between the valence band and conduction bands. The optical bleaching
starts at 450 nm, and the change of absorption begins to increase and reaches a
maximum at 550 nm, followed by a decrease as the wavelength of the bleaching light
is further increased.2’ The value of this maximum wavelength coincides with the
photo-induced absorption spectrum. The crossover between darkening and bleaching
sensitivity curves indicates the coexistence of two processes in the certain spectral
range. This means that the material is also optically bleached during the darkening
process when it is exposed to the light of these wavelengths.

In photochromic glasses, the silver particles that are formed after irradiation can have
certain shapes: they can be elongated, ellipsoid or spherical. As a result, photo-
bleaching by polarized light may be used to identify the shape of these particles as was
demonstrated by the Corning research group.i52829 Figure 3.11 shows their
experimental work. The glass is initially in a clear state and then subjected to UV
illumination. The transmission drops until the system reaches a steady state.[25! The
excitation source was then switched off, and a polarized bleaching light was turned on.
They have found that the transmission of the glass in a direction parallel and
perpendicular to polarization direction was different, suggesting a dichroic effect is
produced (Figure 3.11a).281 The dichroic effect is further increased if the glass is
exposed to polarizing light during the darkening (Figure 3.11b). The polarization
effect was found to be reversible and dichroic orientation could easily be changed by
altering the polarization of the bleaching light.[25]
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Figure 3.11. (a) Photo-induced optical anisotropy in the photochromic glass.
Transmission of photochromic glass at 546 nm perpendicular and parallel to the
polarization direction of the light source. At first, UV light was used for irradiation and
then the glass was exposed to polarized light at 510 nm from an Ar ion laser. The dashed
line is the dichroic ratic /  where s the absorption coefficient. (b) When UV and
polarized light is used simultaneously (reused from reference [25]).

To explain the optical response of such photochromic glass, the Corning research
group suggested the following model. When the photochromic glass is exposed to a
photodarkening UV light source, there is a random distribution in shape and size of
silver particles, each absorbing a different wavelength. The polarizing light can reshape
the fraction of the silver specks with certain geometrical orientation, by bleaching
those particles whose orientation coincides with polarization direction of the
bleaching light and experiences the highest level of light absorption. These are then
destroyed more rapidly.25281 The photo-induced optical anisotropy was found to be
reversible and the dichroic effect can easily be changed by the change of the
polarization of the bleaching light.[528 Such a glass shows a memory effect, meaning
that after it is bleached completely, the dichroic effect reappears again when the glass
is darkened using UV light. The authors believe that a few silver clusters might remain
in the glass which cannot be destroyed. They can serve as deep electron traps, and
once such a glass is re-exposed to UV light, those speck starts to grow larger.[25.28]
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3.3 Photochromic glasses without silver

Glasses containing copper halide or a mix of cadmium and copper halide free of silver
have also been reported to show a photochromic effect.2031 This occurs in a specific
type of glasses that allow the presence of Cu+2. Because of the Cu+2 substitution,
cation vacancies are created. A distribution of empty vacancy states below the
conduction band is thereby created which makes the excitation by photons with
energies less than the band gap possible.[31 The kinetics of the darkening and thermal
bleaching are reported to be similar to those in photochromic glasses containing silver
and can be explained by the diffusion model.B2 A core/shell model considering a
metallic shell of copper with a CuCl core has been proposed to describe the
photochromic effect for this type of glasses.[3 However, optical bleaching was not
observed for any copper-cadmium photochromic glass.34 This characteristic limited
their application to information storage devices for selective erasure.34 The exact
reason for the lack of optical bleaching was not explained in the literature. The
absence of optical bleaching brought questions to the proposed model of the
photochromic effect in this type of glasses which was supposed to be similar to that in
doped silver halide glasses. EPR and optical absorption measurements supported the
colloidal copper model. Formation of colloidal Cu® claimed to be responsible for the
observed darkening effect in the visible range.[3!

3.4 Kinetics of the bleaching process

Different approaches have been developed to describe the kinetics of bleaching
processes in glasses containing silver halides.[ Araujof637 et al proposed a diffusion
model to predict the kinetics of darkening and bleaching processes in photochromic
glasses. According to this model, during the exposure of the glass to light with the
appropriate photons, an electron is excited to the conduction band leaving a positively
charged hole in the valence band. Once the electron is in the conduction band, it can
diffuse and then be trapped by Ag* ions at intestinal positions to form Age. Cu+* ions,
on the other hand, trap a positive hole and become Cu+2 ion. At this instant, the
electron-hole pair cannot recombine, and silver speck continues to grow to form an
Ago, colloid. But what is the mechanism for the backward reaction/thermal bleaching?
Some authors have suggested thermal relaxation of the holes into the valence band
occurring during the bleaching process. However thermal energy is not sufficient for
the charge transfer to occur due to the barriers present between the location where
electrons are excited to and the location where the trap is formed. This is especially
evident since the photochromic effect can take place at very low temperatures and the
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glass can bleach back to its original transparent state (e.g. -40 °C).138 Therefore, there
should be another mechanism involved that transfers the electrons from the silver
specks to the Cu+2ions. When metal is brought into contact with a semiconductor,
which in this case is silver colloids and silver halide matrix, a potential barrier arises
within the semiconductor. Only electrons in the silver colloid with energies equal to
Cuz2+ ion state can tunnel.36. 37 |f we accept the recombination of charges between the
electron and the hole traps are via a tunneling process, both silver colloid and Cuz+
ions should be close enough to allow the tunneling process to take place. Along with
the electron tunneling, the positive charge on the colloid is dissipated by a silver ion
reentering the crystal structure. According to the authors, the tunneling probability
through a rectangular potential barrier in WKB approximation is expressed by:

() [—1+{8 (p — )}% 1= [ 1 where E is the electron

energy and m is electron mass in the barrier. ¢ is the height of the energy barrier. It
has to be noted here that some of the references listed in Araujo’s work are based on
oral presentations, submitted abstracts to a conference or private communication with
the co-workers and therefore is not listed in this chapter.[3637]
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Figure 3.12 | Energy diagram for the Ag-AgCl interface (modified from reference [13]).
In this picture, ¢ is the height of the energy barrier, W is the barrier width. This is a
simple drawing where the semiconductor band bending at the interface is ignored.

The role of copper in AgCl based glasses has been criticised by Ferley et al. 39 They
questioned the electron spin resonance (ESR) data reported by Marquardt et. al.l1549 to
prove the role of Cu2* ions in the photochromic process.®l They questioned the long
term stability of previously reported systems. Ferley et al. demonstrated that their own
experiments did not show a detectable increase in the concentration of Cu2+ ions due
to illumination even if they use similar glass used in as Marquardt and colleagues’
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work. Nevertheless, Ferley et al. 29 did not question the role of silver in photochromic
glasses. Therefore, they proposed an alternative model based on radiation-induced
defects in the microcrystal.3 Initially, Ferley and colleagues did not find any
paramagnetic defects at room temperature or 77 K even when the sample was cooled
to 20 K immediately after irradiation. However, when the illuminated photochromic
glass was cooled to 20 K, they observed Clg,Ti3+, O™ defects by ESR while no
change in EPR signal of Cu2*+ due to illumination was detected.¥ Formation of Cl5
molecule ions due to X-ray radiation in borate glasses as a result of hole trapping has
been confirmed by EPR studies.*!l Therefore, Ferley et. al. suggested the possibility of
formation of a halogen radical which is able to capture an electron and act as hole trap
centre.®l On the other hand, silver atoms act as electron trap centres. In order for
such a process to be reversible, it requires for such radicals to have low thermal
stability or be in close proximity to silver atoms for recombination to occur.[39

Ferley et al. questioning the previous model is noteworthy. Mrquardt et. al.[1540]
reported ESR data on silver halide photochromic glasses can be questioned if their
system has not been well calibrated and the long term stability of the system has not
been checked. Having said that, Caurant et. al !4 devoted an EPR investigation of
photogenerated Cu2+ in photochromic glasses pointing towards the formation of
divalent copper due to illumination by the presence of a noticeable signal. It is
possible that the amount of Cu2+ that is formed due to illumination in Ferley’s work
was too small to be detected by ESR which requires concentrations larger than ~1018-
1019 cm-3.[241

The radiation-induced defect hypothesis was further investigated by Kraevskii et al.[42
44 He criticized the core-shell model (formation of Ag colloids around AgCl
nanocrystals). He suggested the spontaneous dissociation of such a shell after
cessation of irradiation at room temperature to be unlikely.[42l Instead, he proposed a
different model in which the photochromic effect is explained as an interaction
between defects in nanocrystals (e.g AgCl or CuCl depending on the type of glass) and
the lattice defect of glass matrix at the interface upon illumination.2 They came to
this conclusion based on the analysis of the UV induced absorption spectra, where
they decomposed the spectra into several bands associated with: (43441 (1) lattice defects
of the glass matrix. (2) defects of nanocrystals, the bands attributed to Cl5 and CI9
defects, known as chlorine centres analogous to Vk and H-defects in KCI crystals.i5]
(3) exciton hole spectrum that arises and disappears together with the bands of
radiation-induced defects which according to authors is indicative of the interaction
between them.
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In my opinion, the three models proposed so far fail to provide a compelling
explanation for all the phenomena observed in photochromic glasses. Experimental
and analytical work in the Kraevskii et al.l42-44 study is very interesting and mostly
focuses on CuCl photochromic glasses. The AgCl photochromic glass experimental
data were taken from someone else’s work and fitted by the authors. Even if we
believe that similar phenomena happens in both types of photochromic glasses, their
explanation about the exciton hole role is not very clear and convincing to me.
Although the number of studies supporting the first model is much larger, coming
across studies that question the well-accepted models and pointing out their flaws,
would make a reader to carefully evaluate the gathered information from the
experimental body of work and reflect on their line of reasoning. In my opinion,
although there is no direct observation of the species responsible for the
photochromic effect has been reported to confirm the validity of suggested models,
the core-shell ellipsoid model is more convincing, based on indirect experimental
observations.

3.5 Summary

AgCl doped glasses exhibit photochromic properties when prepared using the proper
annealing conditions. Exposure of the photochromic glass to light with sufficient
energy (above the fundamental ionic crystal absorption edge) causes a reversible
change in optical properties. This is due to the formation of electron-hole pairs. The
electrons are trapped by interstitial silver ions to form mobile silver atoms which
coalesce to form a silver speck at the interface of the silver halide/glass matrix. The
plasmonic resonances in these metallic particles are responsible for the induced optical
absorption. The holes, on the other hand, are ultimately trapped by Cu+ ions to form
Cu*2 jons and slow down the recombination of electrons and holes. It has been
suggested that metallic silver particles are formed around silver halide particles. The
wide induced absorption spectra was explained using ellipsoids silver particles.

The bleaching occurs when an electron from the silver speck reverts back into the
conduction band and then recombines with the trapped hole. Simultaneously, a silver
ion has to leave the silver speck in order to maintain electric neutrality. The broad
photo-induced absorption spectra were explained using a model involving a wide
variety of silver ellipsoids with different shapes and sizes. The possibility to use
polarized light to reshape the silver specks in a certain orientation further confirmed
the presence of this wide range of silver speck geometries.
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Optical bleaching is a photo-emission process where irradiation excites an electron
from the top of the Fermi level of the silver into the conduction band of silver halide.
The optical bleaching has been investigated using the light of different wavelengths.
Experimental results in thermally darkenable photochromic glasses revealed a range of
excitations around the band gap of silver halide doped copper. The efficiency of
darkening has been found to decrease as the energy of light decreased. The
experimental findings indicate that in a certain spectral range below the band gap
(lower energies) of this material there is a crossover between darkening and bleaching.
This means a certain wavelength can darken and bleach the glass simultaneously. We
assumed this picture is true for all silver halide doped copper glasses.

Additional interesting properties related to the photochromic effect in silver halide
doped copper glasses is inducing optical anisotropy with the use of polarized visible
light of longer wavelengths. It was observed that after the glass is darkened if exposed
to polarized light, the measured transmittance in the direction parallel and
perpendicular to the polarization direction of the bleaching light will be different.
According to the authors, this experiment strongly indicates that silver specks have
ellipsoids shape. This means the light interacts with silver specks depending on their
orientation (geometry and arrangement). Moreover, if the glass is exposed to UV light
together with polarized light, favorably oriented specks grow further at the expense of
unfavorable orientations. According to the authors, this experiment strongly indicates
that silver specks have are ellipsoids.

The kinetics of the photochromic effect have been explained using the diffusion
model. Based on this model, thermal bleaching and optical bleaching are separable
processes. Electron tunneling was used by Araujo to describe the bleaching process
which only takes place if the trapped electron and hole are closer than some critical
distance. The well-accepted core-shell model (in AgCl or CuCl glasses) induced by
illumination in the photochromic glasses and the role of copper have been questioned
by Ferley and Kraevskii. They both proposed an alternative model where the
photochromic effect is explained as the formation and recombination of intrinsic
defects in nanocrystals and glass matrix at the interface.

Hopefully, the body of knowledge incorporated into this chapter and the references
provided will stimulate future studies in this area. In particular, | hope that the reader
will recognize from Section 3.2.4 that kinetics of photochromic glasses is much more
complicated than just a summary of mathematical equations that claimed to perfectly
matches the experimental data.
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Photochromism in rare-earth
metal oxyhydrides, general
behavior (Y, Er, Dy,Gd)

Recently, thin films of yttrium oxyhydride (YOxHy) have been reported to show an
unusual color-neutral photochromic effect which is promising for application in smart
windows. Our present work demonstrates that also oxyhydrides based on Gd, Dy, and
Er have photochromic properties and crystal structures similar to YOxH,. Compared
to YOxHy, the optical bandgaps of the lanthanide-based oxyhydrides are smaller, while
photochromic contrast and kinetics show large variation among different cations.
Based on these findings, we propose that cation alloying is a viable pathway to tailor
the photochromic properties of oxyhydride materials. Furthermore, we predict that
the oxyhydrides of the other lanthanides are also potentially photochromic.

This chapter is partially based on:
F. Nafezarefi, H. Schreuders, B. Dam, and S. Cornelius, "Photochromism of rare-earth metal
oxy-hydrides" Applied Physics Letters, vol. 111, 2017.



CHAPTER 4

4.1. Introduction

Owing to their application in hydrogen storage, metal hydrogen systems have been the
subject of extensive research over the past decades. These materials have a large
mobility and solubility of hydrogen.[t Since bulk characterizations are limited, thin film
techniques have been developed that lead to intriguing findings such as switchable
mirrors.lll The yttrium hydrogen system is a prototype for these materials. Pd capping
of Y thin films allows for a reversible (de)hydrogenation.l231 The optical changes
involved in the (de)hydrogenation process was demonstrated by the switchable mirror
effect in YH,.4 Depending on the hydrogen concentration, the yttrium hydrogen
system exhibits three structural phases. Upon hydrogenation, metallic yttrium with
hexagonal structure changes to the cubic dihydride phase (B-YH19_21) and finally the
hexagonal trihydride phase (y-YHz7-3).1 While the YHio+c phase is a black and
opaque metal, the trihydride is a transparent semiconductor with a direct optical
bandgap of 2.6 eV.5!

Photochromism is defined as a reversible transformation induced by light irradiation
between two states of a material that have different optical absorption spectra.[s. 71. A
unique photochromic effect was discovered by Mongstad et al. in an oxygen-
containing yttrium hydride thin films prepared by reactive sputtering after excitation
by an AML15 solar spectrum at room temperature and ambient pressure.® This
polycrystalline semiconductor has an optical bandgap of about 2.6 eV and an fcc
crystal structure with a lattice constant of 5.35-5.40 A.0101 The initially transparent
material photo-darkens in a wide spectral range covering the visible (VIS) and near-
infrared (NIR) with a time constant in the order of minutes.ll Hence, yttrium
oxyhydride (YOxH,) was proposed as a promising material for application in energy
saving smart windows and other chromogenic devices.['ll Photochromism is observed
in both inorganic and organic compounds. Organic photochromic materials exhibit
narrow spectral absorption bands together with fast switching behavior.[2-141 However,
due to limited stability vs. oxygen, humidity, and heat, as well as ultra-violet (UV)
irradiation induced fatigue,!2 complex processing is often required to tailor the
photochromic response and to enhance the product lifetime. In contrast, inorganic
photochromic materials have the potential for higher physicochemical stability and
show a wider range of spectral sensitivity and broader absorption bands, resulting in
color-neutral photochromism, albeit at lower switching speed. A well-known example
of inorganic photochromic materials is silver halide doped glasses where the
photochromic effect is based on the reversible formation of plasmonic
nanoparticles.[ts.16]
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While the photochromic mechanism in YOxH, remains to be uncovered, Mongstad et
al. suggested that the fcc crystal structure and the presence of oxygen are essential for
the photochromic effect.[817 Here, the question arises whether other rare-earth metal
based oxyhydrides show similar properties. The lanthanides show physical and
chemical behavior very similar to Y in terms of mostly trivalent oxidation state, ionic
radius, as well as crystal structure and properties of compounds formed with oxygen
and hydrogen. Indeed, we find that the oxyhydrides of Gd, Dy and Er are
photochromic. This allows us to explore possible structural and chemical effects in the
photochromic properties of the MOxHy material family. Interestingly, we observe (i)
lower optical bandgaps of the rare-earth oxyhydrides compared to YOxHy (ii) variation
in photochromic kinetics for different M, and (iii) exceptionally strong
photochromism in GdOxHy, particularly in the NIR spectral region. Furthermore, we
find that there is a critical deposition pressure which allows for the ex-situ formation
of the oxyhydride. The ex-situ oxidation transition in the air to the photochromic
MOxH, state can be prevented, by keeping the reactive sputter pressure low. This
allows us in fact to identify the conditions for a MH; film produced by in-situ reactive
sputtering. The formation of transparent photochromic MOH, thin films only takes
places after exposure to air when the sample is deposited above a certain critical value
of the reactive sputter deposition pressure.

4.2. Experimental

Thin films of yttrium and other rare-earth (Gd, Dy, Er) hydrides and oxyhydrides are
prepared by reactive, direct current magnetron sputtering from 2-inch metal targets
(99.9% purity) at 100W in an Ar/H; gas mixture (5N purity) with 12.5 vol. % of H,
followed by post-oxidation in air. The films are sputtered on unheated UV-grade
fused silica (f-SiO,) substrates. The deposition system was kept at a base pressure
below 3x106 Pa and the total pressure, "P", during deposition was varied by using a
butterfly reducing valve mounted at the turbo molecular pump inlet. Structural,
optical, and photochromic properties were investigated by a combination of X-ray
diffraction (XRD), optical spectroscopy, and UV excitation.

A Bruker D8 Advance X-ray diffractometer equipped with a Co source (A= 1.7890
°A) and a LynxEye linear detector was used to record X-ray diffraction (XRD) data in
Bragg-Brentano geometry. Lattice constants were determined from the (111) and
(200) diffraction peak positions obtained by fitting a double Pseudo-Voigt peak
function (to account for the Co-Kou,, doublet) to the experimental data. The resulting
peak positions were also corrected for instrumental deviations in scattering angle, 20,
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by measuring a NIST certified SRM-1976b corundum Al,O3; powder standard in the
same geometry. The reference patterns from the International Centre for Diffraction
Data (ICDD) Powder Diffraction File (PDF) that are used for the discussion of
crystal structure of directly sputtered rare-earth dihydrides and rare-earth oxy-
hydridres. The complete XRD diffraction patterns of MH, and MOyH, thin films
(thickness range 270 to 330nm) which were used to obtain the lattice constants.

To measure the optical band gap, the transmittance and reflectance of the films are
recorded using a Perkin Elmer Lambda 900 Spectrophotometer. This device is
equipped with an integrating sphere and uses two radiation sources; a deuterium lamp
and a tungsten halogen lamp to cover the working wavelength range of 200 to 2500
nm. A photomultiplier is used in the UV/Vis (200-860 nm) range while a lead sulfide
detector is used in the NIR (860-2500 nm) range. In this set up the sample receives
one wavelength at a time and the measurements take several minutes. Due to the slow
acquisition speed of the Lambda 900, it was only used for 'static’ measurements, i.e.
before photo-darkening or after several hours of UV illumination when the saturation
contrast is reached. In order to follow the time dependence of the photochromic
effect, additional ‘dynamic’ transmittance measurements were performed using a
custom-built optical fiber-based spectrometer setup. It consists of a Quartz-Tungsten-
Halogen / Deuterium white light source (DH-2000BAL, Ocean Optics) and a Si-
based array spectrometer (HR4000, Ocean Optics) covering a wavelength range of
230 to 1050. In this set up only transmittance data are collected all at once, which
allows fast measurements. The fast acquisition time is necessary to minimize the
influence of the optical measurement on the observed photochromic properties.

For photo-darkening experiments, a low-pressure mercury lamp (Herolab GmbH) was
used. The absolute UV irradiance was determined using a calibrated USB-2000+
spectrometer (Ocean Optics) with a relative uncertainty of about 10%. The measured
irradiance for each experiment is given in the respective figure captions. The
integrated irradiance of the standard AM1.5 solar spectrum1 is 4610 pWcm-2 [8] in the
same wavelength range as the Herolab UV lamp. For energy threshold measurements,
an Osram quartz tungsten halogen lamp type HLX 64640 was used at operating
condition of 22 V and 6.4 A. The spectral irradiance of the lamp was measured by a
USB2000+RAD spectrometer from Ocean Optics. In addition, an IR filter was used
to cut off light with wavelengths longer than 900 nm. The IR filter was placed
between the sample and the lamp and was used to avoid thermally bleaching the film.
A blowing fan was placed next to the sample to dissipate any heat caused by the lamp
and minimize any temperature effect.
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The micro-structure of selected films was studied by scanning electron microscopy
(SEM) using a FEI NovaNano SEM in immersion mode, which uses an through-lens
detector for secondary electrons (TLD-SE). The working distance was around 5 mm
and the acceleration voltage was set to 5 kv. For this purpose films were deposited
onto Si(100) substrates and sputter coated with 10 nm Au to avoid charging effects.
Cross-section imaging was observed in normal incident direction.

4.3. Critical pressure: dihydride to oxyhydride transition

In contrast to what was previously reported by Mongstad et al.8°1 we do not always
obtain transparent and photochromic films after reactive sputtering of Y in Ar/H;
mixtures followed by exposure to air. Films prepared below a certain critical
deposition pressure remain dark metallic upon exposure to air. These films are not
photochromic and show a low transmission over the entire spectrum, except for a
narrow region in the red part of the visible spectrum (Figure 4.1). Such a
transmittance window has previously been reported for yttrium dihydride films by van
Gogh et al., in particular in the hydrogen-poor part of the dihydride solubility range
(i.e. YHy9).51 We do not find any systematic correlation of the transmittance window
peak wavelength with the cation size or lattice constant (Figure 4.2). The position
(wavelength) of the dihydride window has been reported to shift with hydrogen/metal
ratio [1920] (see Figure 4.3a) as well as Y/La ratio in alloyed hydrides.[
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Figure 4.1. (a) Characteristic transmittance window of Y and other rare-earth dihydride
thin films directly prepared by reactive magnetron sputtering below the critical deposition
pressure. The difference in maximum transmittance is a result of film thickness variation
between 188 nm (M=Dy) and 320 nm (M=Gd). These samples appear black metallic
upon deposition and remain so when exposed to air. (b) Transmission spectra of YOxHy,
GdOyHy, DyOyHy and ErOxHy films (thickness between 270 and 350 nm).
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Figure 4.2. lonic radius of the selected rare-earth metals against the peak position of
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[21)).

The window is supposed to arise from a combination of small free electron and low
inter-band absorption near the plasma frequency. According to the Drude model,
electrons are treated as classical particles within a free-electron approximation. Where
the equation of motion for the ideal free gas electron gives the dielectric function
as:22

2
Wp
w(w+iln)

g(w)y=1- (4-1)

With w, plasma frequency and I is the scattering rate. The plasma frequency is

Nge?2

obtained from wp, = , Where m* is the effective mass of the electron, e is the

gm

charge of the electron, N is the electron density per unit volume and & is the relative
permittivity of vacuum.l22 Over a wide frequency range, the optical properties of
metals can be explained by the Drude model. In low frequency region below plasma
frequency, metals reflect light. Above the plasma frequency, metals transmit incident
radiation.

If a perfect dihydride is formed, we expect the ionic radius to change the peak
position to some extent. This is because the size of the atoms determines the band
structure (property of the material) and it changes the electron density indirectly. In
order to show the effect of ionic radius, we have calculated the plasma frequency for
ideal dihydride structures. Figure 4.3b shows the calculated plasma frequency for
different rare-earth dihydride. Here we can see the trend of increase in plasma
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frequency (in nanometer) as the ionic radius increases. Therefore, if we have a perfect
dihydride, the peak position will shift as the electron concentration is changing. As we
don’t have a perfect dihydride film and we don’t know the hydrogen concentration in
our films, the variation that we see in peak position is most likely an effect of minor

changes in the hydrogen/metal ratio, or rather a free electron density, in different
samples.

In any case, the observation of the characteristic transmittance window is a strong
indicator for the presence of the metallic fcc-dihydride phase (MH2). Note, that in the
work by van Gogh et. al. the metallic thin films were prepared by molecular beam
epitaxy and capped with Pd followed by ex-situ hydrogenation step. Our optical and
structural analysis demonstrates that stable rare-earth dihydride thin films can be
produced directly by reactive sputter deposition i.e., without the need for Pd capping
and a separate hydrogenation step.
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Figure 4.3. (a) Transmittance window peak position for various 6, which is the hydrogen
deficient quantity in YH2+5 (-0.3< & <0.05). A dashed line is a least-square fit (reused from
reference [19]). (b) Change of plasma wavelength (1/wp) with different rare-earth
dihydride.

All reactively sputtered rare-earth films initially appear black opaque inside the
vacuum chamber and in the glove box (Po2 <1 ppm), However, depending on the
reactive sputter pressure, as soon as they are exposed to air, they may instantly react
and become transparent. Figure 4.1b shows the optical transmittance of the rare-earth
oxyhydrides prepared above their critical pressures. They appear yellowish transparent
due to the absorption of blue and violet light caused by band-to-band excitations.
These transparent films have a substantial oxygen content of around 20-30 at. %
based on ion-beam analysis results which are comparable to earlier reports.i231 These
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transparent materials are referred to as metal oxyhydrides (MOxHy). The oxygen
uptake of these films from the air is driven by the large difference in formation
enthalpy between oxides and hydrides e.g., -1895 kl/mol [241 for bixbyite-Y,Oj; vs. -228
kd/mol [2526] for YH,.

The air-oxidation of the MH films that are grown at a higher pressure is most likely
related to their higher porosity. The microstructure of sputtered thin films strongly
depends on the ad-atom mobility of deposited species, which is controlled by the flux
of energetic particles arriving at the film surface (mainly sputtered atoms and back-
reflected Ar neutrals) as well as the substrate temperature. These effects result in the
well-known structure zone model introduced by Thornton 27 and later refined by
Anders [281, This model was developed to describe the different film morphologies that
develop in different pressure and substrate temperature regions as depicted in Figure
4.4, According to this model, the primary process affecting adatom mobility is the
surface temperature of the growing film, Ts, and the melting point of the deposition
material, Trm.[27.28] In addition, the sputtering gas pressure is taken into account. As
shown in Figure 4.4, various characteristic micro-structures were predicted to form
based on sputtering pressure and Ts/Tm.27281 At low To/Tn and high sputtering
pressure, Zone 1 forms. The sputtered film has small and elongated grains that form a
columnar structure with porous morphology This morphology is a result of low
diffusion and low mobility of the atoms adsorbed by substrate surface at low substrate
temperatures. Such structure appears in amorphous as well as polycrystalline films.
Zone T, a transition state between Zone | and 11 take place at higher Tso/Tm.[2728] In
this region as a result of higher substrate temperature, the surface diffusion governs
the films morphology as in zone 11.127.281 The films are smooth and dense, but still as in
zone 1 preserving a fibrous texture. Zone 11 takes place at Ts/Tm > 0.3 where the
surface diffusion dominates. The sputtered film in this zone consist of a coarser
columnar structure. Increasing the substrate temperature, the crystalline perfection
increase, the bulk diffusion dominates and coarse columnar or equiaxed crystallites
form.[27.28]

According to this zone model, if we grow films at higher pressures, the average energy
of sputtered atoms is reduced due to an increased number of collisions of the
energetic particles with the process gas on their way from sputter target to substrate.
This effectively reduces the average energy of the impinging particles as the reactive
gas pressure during sputtering is increased. As a result, the adatom mobility is low and
atoms are generally not displaced from the location at which they attach to the film
surface. Thus, they cannot rearrange optimally to the most energetically favorable
position when they arrive at the substrate. This decrease in surface mobility leads to
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the formation of a film with a high density of lattice imperfections.27281 On the other
hand, a dense microstructure should be observed for films grown at low reactive
sputter pressure due to the higher kinetic energy of arriving sputtered atoms because
of the reduced scattering by Ar ions.[27.28] These concepts can qualitatively explain our
observation that a critical pressure, p*, exists such that films deposited at p < p*
remain stable metallic dihydrides, whereas films deposited above p* transform into
semiconducting oxyhydrides upon air exposure. Figure 4.5 shows the SEM cross-
section images from yttrium dihydride and oxyhydride films. Both films show
columnar structure where dihydride films appears more compact.

Figure 4.4. Schematic of influence of substrate temperature and argon pressure on the
microstructure of sputtered films (Figure reused from reference [27]).

The structure of the films can be classified as Zone 1 or T, where surface diffusion is
more pronounced but grain boundary diffusion is limited, leading to competitive grain
growth of columnar domains. Oxyhydride film probably exhibits voided boundaries
which facilitate oxygen diffusion into the film. Yttrium is a relatively light element in
comparison to the other selected rare-earth metals. This means that at the same
conditions (power, pressure, Ar/H; ratio), the heavier rare-earth based samples are
less affected by collisions with argon ions. Hence, higher pressure is needed to obtain
a similar porosity. Experimentally, we find p*(YOxH,) 0.4 Pa whereas p* 0.6 Pa
for Gd, Dy, and Er oxyhydrides. This material dependence of p*, and hence MH, film
density, is likely also attributed to a significant contribution of back-reflected Ar
neutrals to the overall energy flux towards the growing films. Both the reflection
probability and the average energy of the reflected Ar neutrals increase with the
atomic mass of the target.l2930 Taking into account the large mass difference between
the rare-earth metals and Y, a higher gas pressure is required in the case of Gd, Dy,
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and Er to achieve similar (porous) thin film micro-structure as in YHy allowing for air-
oxidation and formation of MOxHy.

500 nm

Figure 4.5. SEM cross-section images showing columnar growth morphology in 270 nm
(a) yttrium oxyhydride film prepared above critical pressure (0.5 Pa) and (b) yttrium
dihydride film prepare below critical pressure (0.3 Pa).

Figure 4.6a shows the XRD patterns of the rare-earth metal hydride films grown at
relatively low pressures. All films deposited at pressures below their critical pressure
p* (Y at 0.3 Pa and Gd, Dy, and Er at 0.5 Pa) are black metallic upon deposition and
remain so when exposed to air. Their diffraction patterns are consistent with the face-
centered cubic (fcc) structure of the CaF, prototype (space group Fm-3m)
characteristic of the metallic B-MH; phases. Figure 4.6b shows the summarized lattice
constant values. We find a 0.8-1.2% lattice expansion of these in-situ sputtered
dihydride films (full red circles) relative to the reference values taken from ICDD-
PDF (open red circles). The DyH, and ErH, films show a more strong (111)
preferred orientation as compared to YH, and GdH, which suggests that these two
latter films are more randomly oriented. The optical and structural analysis of films
prepared below the p* confirms that these films have a dihydride nature. The lattice
constant value of 5.27 +0.01 A of sputtered yttrium hydride is in agreement with an
earlier report by Mongstad et al.®l We observe significantly smaller lattice constants in
Pd capped YH2, DyH., and ErH, thin films prepared by sputtering of metal layers in
pure Ar followed by a separate hydrogenation step at ps2 =1 bar at RT (full green
diamonds). These results are closer to the reference values which represent highly
ordered structures obtained by hydrogenation of (bulk) metals at elevated
temperatures. Since the Pd capped films were grown using the same sputter targets,
substrates, pressure, and discharge power, we can rule out target impurities and
energetic particle bombardment effects as the origin of the lattice expansion of
the directly sputtered MH; films. Instead, it seems plausible that this effect is related
to the interaction of H with the lattice. In contrast to hydrogenation, reactive
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sputtering can be regarded as a non-equilibrium process. Therefore, a certain amount
of disorder of the H sub-lattice may be present in directly sputtered MH; films, i.e. a
fraction of H atoms occupy the octahedral lattice sites, instead of tetrahedral sites as in
the ideal fcc-MH; structure.
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Figure 4.6. (a) shows the XRD patterns of directly sputtered rare-earth metal hydride
thin films with different cations M grown below their critical pressures. The vertical lines
are peak positions corresponding to fcc-ErH, ICDD-PDF pattern #00-06-0141 with a
1.2% expanded lattice constant of 5.19 °A to match the experimental data. The lanthanide
contraction effect due to decreasing cation radius with an increasing number of 4f
electrons is visible in the systematic shift of the (111) peaks towards higher scattering
angles. We find that the dihydride thin films generally show strong (111) preferred
orientation (b) Lattice constants of directly sputtered dihydride MH, thin films (full red
circles), Pd caped MHj; thin films (full green diamonds). Experimental XRD results (full
symbols) from present work are compared to reference data taken from the ICDD-PDF
database (open symbols).
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Figure 4.7a shows the XRD pattern of air oxidized transparent photochromic
oxyhydride MOxHy films grown at pressures above p* (Y at 0.5 Pa and Gd, Dy, and
Er at 0.7 Pa). It appears that again a face-centered cubic (fcc) phase is formed., The
Dy and Er oxyhydride films show an additional (200) peak suggesting a less textured
nature compared to dihydride films. The lattice constant values in terms of the
different cations, post-deposition oxidation and the effect of critical pressure on the
thin film crystal structure are summarized in Figure 4.7b. The MOxHy films show a
substantial lattice expansion of 1.9-2.8% relative to the corresponding MH: films
sputtered below p*. This lattice expansion is attributed to the incorporation of oxygen
after air exposure. We find a value of 5.37 + 0.01 A for YOxH, which is within the
range of values reported in earlier publications.®1 The well-known lanthanide
contraction with an increasing number of 4f-electrons is reflected in the systematic
decrease of lattice constants of the fcc-MH; dihydrides (open red circles) as well as the
cubic bixbyite M>Os oxides 24(open blue triangles) with increasing atomic number.

Although Y is not a lanthanide, the lattice constant of Y,O3 can be sorted in between
Dy and Er. This effect persists in reactively sputtered films as well. Remarkably, the
MOyH, lattice constants follow the trend of the lanthanide contraction of the
bixbyite-M,O3; compounds (open blue triangles).24 Hence, cation substitution allows
for the tuning of the unit cell dimensions of rare-earth based MOxH, and could
thereby enable the tailoring of optical and electrical properties. In addition, for each
cation M, the absolute lattice constant of the MOyHy is even larger than that of the
corresponding structural unit of the bixbyite-M,Os unit cell. While this effect is
puzzling at first, it can be explained by a large concentration of H- ions present in the
fcc-MOyHy structure.

Considering charge neutrality and attributing formal valencies of M3+ and O2, the
valence of H in MOxH, can be estimated from the chemical composition data
obtained by ion beam analysis (not shown). In fact, we find that charge neutrality is
obeyed (within measurement accuracy) only if we assign a valence of —1 to H, whereas
assuming H in the form of H+ or OH- would result in a violation of the charge
neutrality. Interestingly, Miniotas et al. arrived at the same conclusion about the role
of H in GdOyHy thin films.31 Hence, in a simplified picture, we can regard the
expanded fcc-MOxHy structure as a bixbyite-M2O; structure where O2- is substituted
by 2H- where the additional H- may occupy both the structural O vacancies of the
bixbyite lattice and the octahedral positions in the fcc lattice. This may result in a
smaller Madelung interaction and hence a large lattice volume. Further experiments
are required to directly confirm the presence of H-ions in MOyHy materials.
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Figure 4.7. (a) XRD patterns of rare-earth oxyhydride thin films with different cations
M. The vertical lines are peak positions corresponding to fcc-YH, ICDD-PDF pattern
#04-06-6935 with a 3.3% expanded lattice constant of 5.38 °A to match the experimental
data. The lanthanide contraction effect due to decreasing cation radius with an increasing
number of 4f electrons is visible in the systematic shift of the (200) and (311) peaks
towards higher scattering angles. (b) Lattice constants of Yttrium and lanthanide-based
dihydride MH; (full red circles), oxide M,O3 (open blue triangle), and photochromic
MOyH, oxyhydride (full black squares) thin films. Experimental XRD results of the
present work (full symbols) are compared to reference data taken from the ICDD-PDF
database (open triangles). Note that due to the structural similarity to the fcc unit cell only

% of the bixbyite M,Os lattice constant is shown here.
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4.4. Photochromic effect and change of absorption coefficient

We estimated the optical band gap of the films using a Tauc plot. The absorption
coefficient, a(A), is calculated from the transmittance and reflectance spectra shown in
Figure 4.8 using the following expression T(A) = [1 - R(A)] exp [-a(A)d], where d is the
thickness of film and R(A) and T(A) are the measured reflectance and transmittance. 32!
The optical band gap can be estimated by linear extrapolation of a plot of (ahv)/m as a
function of the photon energy to zero absorption. The band gap is found at the x-
intercept.®31m is a coefficient that denotes the nature of the band gap. For direct band
gap material m = 1/2 and for an indirect band gap m = 2.3 The best Tauc fits are
obtained with an exponent of m = 2 indicating that the bandgaps of all oxyhydrides
are indirect. This also confirmed by our experimental findings where the minimum
energy required to create photo-darkening matches the band gap defined in this way.
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Figure 4.8. Tauc plot for determination of the indirect optical band gap, Eg, of MOxHy
thin films for various cations M. The dashed lines are linear fits of the absorption edge
extrapolated to zero absorption. The film thicknesses are in the range of 270 to 350 nm.
Taking into account the uncertainties of the measured absorption coefficient and linear
fitting, we estimate an experimental uncertainty of about AE;=0.05 eV.

Using m = 1/2 as the exponent in the Tauc plot (assuming a direct bandgap) would
result in band-gap values approximately 1 eV larger than given above. Perhaps the
only comparison available is a report by Miniotas et al. stating Eq =(3.260.2) eV for a
GdOgsH1s53 (19 at. % O) thin film.B321 Since the oxygen content is very close to our
GdO«H, material and not all analysis details were disclosed, they wvery likely
overestimated the bandgap value by assuming a direct transition. Employing the Tauc
plot method, we find that YOxHy has a bandgap of E; =(2.60 £ 0.05) eV consistent
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with earlier reports.89 The lanthanide oxyhydrides have lower bandgaps of 2.40 eV
(ErOxHy) and 2.25eV (GdOxH, and DyOxHy). This confirms the general notion that
the bandgap of the MOxH, oxyhydrides is substantially lower than that of the
corresponding bixbyite-M,O; oxides (4.9-5.4 eV).[2434 Just below the band edge in the
absorption spectra of each material we observe the so-called Urbach tail. The data
shows a long absorption tail for higher wavelengths, which extends to the visible part
of the spectrum.

All the oxyhydrides we have investigated show photochromic behavior as displayed in
Figure 4.9a. UV illumination causes a decrease of transmittance for all MOxHy films,
in a wide spectral range from E; to 2500nm and beyond. We did not observe any
change of Eg; due to photo-darkening. The corresponding wavelength-dependent
optical absorption coefficient changes are shown in Figure 4.9b. The change of
absorption coefficient between the two states is not homogenous across all
wavelengths and a broad maximum of the photochromic response is observed in each
material. While for M=(Y, Dy, and Er) the photochromic behavior is similar in
magnitude (Aomax 20 000 cm-1) with a strong decrease towards the NIR, GdOyHy
shows an unusually strong photochromic response extending far into the NIR. In
general, for each material, the optical contrast is a function of film thickness and
illumination conditions. Thus, in order to compare the photochromic performance of
the different oxyhydride materials, another set of samples of the same thickness (300
nm) was illuminated under the same conditions followed by bleaching in dark
conditions at room temperature. To study the kinetics of the photochromic effect, we
plot the average transmittance over the wavelength of 450-1000 nm as a function of
time.

We define the (absolute) photochromic contrast AT(At) as the change of
transmittance with respect to the initial value, To, in the bleached state before UV-
illumination, i.e., AT(At) = To((A,0) =T(A,t). A comparison of the time-dependent and
spectral averaged contrast, AT, is shown in Figure 4.10. YOxHy is the most
transparent material in the bleached state ( ATo = 79.8%) while the lanthanide
oxyhydrides are initially less transparent ( AT = 67.9-71.3%). These differences are
mainly due to the lower bandgap and higher sub-bandgap absorption (Urbach’s tail)®]
present in the lanthanide oxyhydrides (see Figure 4.8).
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Figure 4.9. Photochromic response of Y and lanthanide oxyhydride thin films (thickness
between 270 and 350 nm) after 5 h of UV illumination at 5070 yWcm-2, (a) Transmittance
before (solid lines) and after photo-darkening (dotted lines). (b) Corresponding change of
the absorption coefficient. Note that the absorption coefficients are calculated taking into
account the reflectance R(A) (not shown) using the expression T(A)=[1 - R(A)] exp[-
a(\)d].32a The normalized human eye luminosity function according to Sharpe et al.31 is
shown as a dashed curve in (b).

During photo-darkening, all materials initially show a fast (nearly exponential) increase
of contrast followed by a slow change with nearly linear behavior until the light source
is switched off after about 8 hours. In particular, GdOyHy and YOxH, show a fast
photochromic response and reach large optical contrast values of AT = (25-33)%
already after 15 min of illumination. While the maximum optical contrast values of Y,
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contrast of AT = 45.5% is observed for Gd. According to Figure 4.9b, this
enhanced photochromic contrast is a result of the large absorption coefficient change
of GdOxHy, especially in the NIR range. The kinetics of AT(t) during bleaching are
well described by an exponential decay function AT(t) exp (-t/ts) using the
(thermal) bleaching time constant, g, as a fitting parameter. We find that DyOxH,
bleaches the fastest (e = 215 * 15 min), followed by Y and Gd, while ErOxHy shows
the slowest bleaching rate of all materials (ts = 1260 = 80min). Our ongoing studies
indicate that the bleaching kinetics not only depend on the cation but also on sputter
deposition parameters and illumination conditions. Therefore, additional
experimentation is required for a more quantitative comparison.
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Figure 4.10. Wavelength average optical contrast of Y and lanthanide oxyhydride films
(d=300 nm) during UV illumination at 5860 uW cm-2 followed by (thermal) bleaching in
the dark. The spectral averaging between 450 and 1000 nm effectively reduces the
influence of optical interference patterns on AT(t).
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4.5. Absence of photochromic effect in YHj3 thin films

The photochromic effect at ambient conditions is observed in reactive magnetron
sputtered REOyH, thin films. When YO.H, was first reported, initially it was
speculated that its properties could be explained in analogy to the transparent y-YHs
phase which may stabilize in the fcc instead of hcp structure because of the
incorporation of oxygen into the lattice.[! They reported atomic ratios of up to H/Y
= 3 in their elastic recoil detection (ERD) and nuclear reaction analysis (NRA)
measurements.377 However, the low H, partial pressures during reactive sputtering
make the formation of YH; film improbable. Earlier in this chapter, we showed that
REOyHy, (where RE =Y, Gd, Dy, Er) is in fact formed by air oxidation of as-
deposited metallic B-REH; (where RE =Y, Gd, Dy, Er) films.
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which is prepared in our laboratory

Figure 4.11. Schematic representation of a thin film of Y with a Pd capping layer of
different thicknesses.38 (a) As grown film (b) after hydrogenation (c) after unloading.
Here the authors exposed the as-grown Y layer to air before growing the Pd capping
layer. The results are similar if the Pd capping layer is grown directly on Y film. The
nature of the underlying yttrium surface determines the Pd critical thickness at which
YHs. is observed during unloading. Larger Pd thickness is required if Pd is grown on
yttrium surface immediately. (d) Photograph of 150 nm Y cap film with Pd gradient
capping layer after unloading. A pressure cell at 1 bar of H, was used in our laboratory.
Here Pd capping layer is grown directly after Y deposition.

In order to show whether or not YHj3 exhibit photochromic properties, a thin film of
metallic Y is grown by DC sputtering technique, followed by growing Pd capping
layer with gradient thickness ranging from zero to few nanometers. The Pd layer acts
as a catalyst for hydrogen dissociation and absorption. Depending on the Pd capping
layer thickness, the film has divided into three regions (Figure 4.11a).3¢] Upon
exposure to hydrogen, Pd allows hydrogen to diffuse into the metallic yttrium layer to
form a face-centered-cubic metallic YH19+5 phase and upon a further increase of the
hydrogen concentration the hexagonal YHs. phase is formed [38. The metal-insulator

66



PHOTOCHROMISM IN RARE-EARTH METAL OXYHYDRIDES

transition can be verified in the transmission image in Figure 4.11b. The optical
transmission of a YHj film provides a direct indication of the amount of hydrogen in
the yttrium film. The dihydride-trihydride phase transitions are reversible at room
temperature by changing the surrounding hydrogen gas pressure. During unloading,
In region | with thicker Pd capping layer, YHs. reverse back to dihydride phase. This
is due to full coverage of this region with Pd.i38 In region Il, the film is covered by
nonconnected Pd clusters instead of continuous film.i38 In this region, the Pd will be
covered by YOy and as a result the film stays in the trihydride phase after unloading.i3!
Figure 4.11d shows the hydrogenated Y film with Pd capping layer in our laboratory.
The same three regions are observed.

Transmittance spectra of these regions are presented in Figure 4.12a together with
their XRD diffraction patterns. Region 11 shows that it is metallic yttrium with a hcp
crystal structure. Region I shows a transmittance window in the range of 1.5-2.0 eV
characteristic of metallic B-YHig+s dihydride and its XRD pattern confirms a fcc
structure is formed. In region |1, the opening of an indirect optical band gap of 2.4 +
0.2 eV is observed with hcp crystal structure corresponding to YHs phase. Notably,
exposure of such a film to 4 hours of UV light results in no photochromic effect
(Figure 4.12c&d) This illustrates the importance of composition and how crucial the
presence of both oxide and hydride ions are in observing the photochromic effect in
REOyHy thin films.[2]
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Figure 4.12. (a) Transmittance spectra and (b) XRD patterns (b) of Y thin film with Pd
gradient capping layer corresponding to region 111 (metallic phase), | (YH19+5 phase ) and
Il (YHs. phase). (c) Tauc plot of the sample corresponding to region Il (YHs phase)
indicating a band gap of 24 + 0.05 eV (using only transmittance data). (d)
Photochromism was not observed in the sample corresponding to region Il (YHas
phase), illuminated for four hours using UV light with emission lines centered around A =
310 nm and 5151 yW/cm? total irradiance.
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4.6. Energy threshold: minimum photon energy required to
obtain photochromic effect in rare-earth oxyhydride

At present, the nature of the photochromic mechanism in rare-earth oxyhydride is
under debate. In general, the type of inorganic solids that shows the photochromic
effect has a large band gap where negligible optical absorption is observed in the
material’s un-activated state in the visible region of the spectrum.39 A characteristic
color of a photochromic material arises from the formation of metastable color
centers by trapping of free carriers that absorb light in the visible region.3% These
metastable centers form as a result of electron-hole pair formation due to absorption
of photons with energies corresponding to the band gap of the material.3%40 This
causes the optical excitation of electrons from the valence band or an impurity level
close to valance band to the conduction band.?°401 At present, there is still little
known about the photochromic mechanism in YOyH, thin films. In the following
experiments, we demonstrate that photon energies larger than the band gap of rare-
earth oxyhydride are required to create a photochromic effect. Electronic transitions
induced by absorption of photons and the minimum energy for this transition is
determined from the spectral responsivity of the films to different photon energies.
We found that the photochromic effect strongly depends on the wavelength of the
light and there is a minimum energy required to trigger photochromism. Figure 4.13
shows the spectral irradiance produced by a quartz tungsten halogen lamp in
combination with an IR filter (to minimize heating during illumination) and different
long pass filters. The filters are named after their cut on wavelength, which is defined
as the wavelength after which the transmittance increases to 50% throughput (Figure
4.14). However, this means these filters transmit light at a shorter wavelength than
their cut on wavelength. In order to accurately find the minimum energy required to
observe the photochromic effect, we determined the stop-band limit value for each
filter. Stop-band limit corresponds to a wavelength after which the transmittance goes
to zero. The determined values are within the error of the noise produced by the
detector (Figure 4.14).

Figure 4.15a&b shows the optical response of 300 nm films of YOxH, and GdOxHy as
a function of exposure to radiation of different wavelengths over time. Before every
exposure, the sample was fully bleached to its original state (To) before illumination.
Each subsequent light exposure was done with a filter with a lower cut on wavelength.
Each illumination step was carried on until saturation contrast was observed, indicated
by reaching a plateau in average transmittance curve. From Figures 4.15a&b, it is clear
that as the energy of the photons increases, the curves follow an exponential decay
trend.
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Figure 4.15. Photodarkening effect of 300nm (a)YOxHy and (b) GdOxHy thin films with
QTH lamp in combination with IR and long pass filters (the wavelength values shown
here are the stop band limit, corresponding to wavelength after which light is
transmitted). The samples are subjected to multiple illuminations starting from exposure
to longer wavelengths. After each illumination, the sample is allowed to relax (bleach)
back to its initial state characterized by the maximum transmittance. In GdOxHy the time
between each illumination experiment varied depending on how long it took for a sample
to bleach and was not always the same. Therefore the initial values are taken out from the
graph and each subsequent illumination is shown in continuation of the previous
darkening experiment.
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Next, the (absolute) photochromic contrasts were calculated and plotted vs the stop
band limit of each filter (see Figure 4.16). Here the darkening of the MOxHy (M=Y,
Gd) can be directly related to their optical absorption edge of the material. It appears
that the darkening follows the absorption curve suggesting its relation to the excitation
of electrons to the conduction band. The analysis of data indicates that the
photochromic effect requires a band gap excitation. The activation energies for
YOxHy (E; = 2.60 = 0.05 eV) and GdOxHy (Ey = 2.25 £ 0.05 eV) were found to start
below the corresponding band gap of these materials - starting with the optical

contrast values of ( AT = 0.5%) at a stop band limit of 507 nm for YOxHy, slightly
below its band gap.
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Figure 4.16. Saturation contrast vs stop band limit (long pass filter) for (a)YOxHy thin
film with a band gap of E;=(2.60 = 0.05) eV and (b) GdOxHy thin film with a band gap
of Eq =(2.25 = 0.05) eV films. The saturation contrast values were obtained from

darkening curves in Figure 4.15a&b. The optical band gap values are determined using the
Tauc plot method.

An optical contrast value of ( AT = 0.5%) was observed at stop band limit of 638 nm
for GdOxH, which is way below the band gap of this material. One possible
explanation is the longer absorption tail GdO,H, sample. Long absorption tail
suggests structural disorder, indicating the presence of defects and vacancies.l!l This
implies that the amount of such structural defects is substantially higher in Gd as
compared to the Y-based film, suggesting a different level of defects present.
Distribution of defect states within the forbidden gap and excitation from defect
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levels within the gap in GdOxHy could be a possible explanation for the start of
activation energy at values much lower than the band gap of GdOxHy, film in
comparison to YOxHy film. The difference in defect density between the samples will,
therefore, be useful in the further analysis of the nature of the photochromic effect.

4.7. Reproducibility of the photochromic effect and the so-called
memory effect

In order to investigate the reproducibility of the photochromic effect, the samples are
subjected to multiple illumination cycles. The reproducibility of the photochromic
effect indicates that the history of a sample is not important. In our experiment after
each illumination cycle, the sample is allowed to relax (bleach) back to its initial state
characterized by the maximum initial transmittance. The cyclic illumination
experiments so far indicate the presence of a memory effect. This means the
previously irradiated area shows faster darkening when illuminated the second time.
This can be observed as a change of contrast, i.e. the difference in transmittance
between initial and illuminated state. Figure 4.17 shows the contrast AT increases
after every cycle. The photochromic behavior clearly is different from the first cycle to
the following cycles in terms of contrast and bleaching speed. The photochromic
contrast increases by 5% from the first cycle to the second. This indicated that the
sample somehow remembers its darkened state and occupies it easier in the following
cycle. The contrast only changed slightly from the second to the fourth cycle. We also
observed that the bleaching constant, s, is increased from 1z = 57 £ 5 min for the
first cycle to 1 = 179 &+ 10 min for the 2nd cycle, 295 + 30 for the 3rd cycle and to 578
+ 37 min and 552 + 45 min for the 4t and 5t cycles. The results indicate that a
reproducible behavior is observed after multiple cycles. Therefore, what is important
is the cumulative illumination time and it is expected that after a sufficient number of
illumination cycles the sample stabilizes. Longer illumination time would be an
alternative in establishing stabilized samples. It is important to note that the presence
of the memory effect does not disappear even if the sample is kept in the bleached
state for a longer period of time. This indicates some structural changes are occurring
that affects the photochromic dynamics. The XRD data did not reveal any difference
between the cycles.

73



CHAPTER 4

40 T T T T T 7/7 T T T T T T T
g : e cycle 1 |
3351 e cycle 2
(I\I—q . e cycle 3
o 301 e cycle 4+
- cycle 5 |
@ 25F -
s |
S 20+ .
o I
o
= 15} 7
£
o
< 10 .
(8]
2 | ,
2 °r e y
o - :
O A N N N N 1 N ///ﬁ. 1 N 1 N 1 N 1 N
0 2 4 6 8 22 24 26 28 30 32

Time (h)

Figure 4.17. Multiple illumination cycles of 350 nm YOyxHy thin film. Using a UV lamp
at 5860 pW cm-2 total irradiances for 90 min followed by thermal bleaching in the dark.

4.8. Optical bleaching

As discussed earlier the photochromic process is a reversible reaction as shown upon
removal of the exciting light source. The bleaching process may occur by exposing the
material to longer wavelengths (optical bleaching) or thermally (thermal bleaching) or
both.®l In the photochromic section, we showed thermal bleaching at room
temperature for all our samples, where the fastest time constant was around 200 min.
Bleaching in the dark and at room temperature is typically very slow because of the
presence of the energy barrier for the backward reaction which can be overcome by
increasing the temperature or optical bleaching. Optical bleaching corresponds to
photons with smaller energies than excitation energy which can considerably reduce
the bleaching time constant. This optical phenomenon has been observed in silver
halide doped glasses which has been discussed in chapter 3. We suspect some
similarities in our photochromic materials to a well-known example of inorganic
photochromic materials, silver halide doped glasses. In these glasses, the
photochromic behavior involves the interaction of light with delocalized defects.l42
Here we investigate if optical bleaching accelerates the reverse reaction in YOyHy and
GdOyHy by illumination with photons with energies below their band gap. Previously
we demonstrated that photons with energies above the band gap lead to photo-
darkening.
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Figure 4.18. Analysis of optical bleaching kinetics on YOyHy and GdOyHy thin films
(350 and 309 nm respectively grown above their critical pressure).

The photo-darkening leads to optical changes occurring in a wide spectral range
starting from Eq of the material to 2500 nm and beyond. The difference in absorption
coefficient in darkened state and bleached state suggest a wide spectral region available
for optical bleaching. Maximum energy for optical bleaching corresponds to photons
with lower energies below the band gap of the material. In order to show the effect of
optical bleaching, two sets of YOxH, and GdOxHy were selected and illuminated with
UV light under the same conditions (Figure 4.18a & b). After films reached a similar
absolute contrast ( AT = 35%), the illumination was stopped. In each material, one
sample was let to bleach in dark conditions at room temperature while the other
samples are exposed to longer wavelengths of light above their band gap. Quartz
tungsten halogen lamp was used as a light source coupled with the IR filter to prevent
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samples from heating up. A 610 nm filter was used for YOxH, film and a 530 nm filter
for GdOxHy film. A blowing fan was used to minimize any temperature effect.

The kinetics of AT(t) during bleaching are described by an exponential decay
function where, T, is bleaching time constant. We find that films bleach the slowest
(te = 204 = 19 min for GdOxHy and 18 = 220 + 19 min for YOxHy) in the dark.
Bleaching process becomes faster when the films are exposed to the light of longer
wavelengths. The bleaching time constant reduces to 44 + 5 for GdOxHy and 50 + 10
for YO«Hy. These experiments indicate the possible existence of optical bleaching in
our materials. The thermal bleaching rate is very slow and the bleaching process can
be accelerated by illumination with long wavelength light. However, the effect of heat
cannot completely be ruled out. Although the IR filter cut off wavelength is longer
than 900 nm and a blowing fan was used, the surroundings of the sample warmed up
due to the lamp heating up. The photon energies associated with optical bleaching still
need clarification. Radiation at a different wavelength with the use of laser or LED as
a light source can help us confirm the presence or absence of optical bleaching.
Furthermore, we yet have to find out if optical bleaching threshold exists.

4.9. Applicability of these materials

Smart window technology is developed in order to improve the energy efficiency of
residential and office buildings. These windows are developed to regulate solar heating
and day light illumination in buildings. A possible way to realize such windows is the
use of photochromic materials. Photochromism of rare-earth metal oxyhydrides is
promising for application in energy saving smart windows due to their long term
stability and the fact that the photo-induced darkening does not depend on UV light
only. This is a promising feature, enabling us to design a material that also darkens at
the inner glass surface of a double glazed window pane. This allows us to have a
photochromic coating between two window glass panes which can protect the coating
material from environmental conditions and provide long term durability. Figure 4.19
shows 1 sun irradiance, the sensitivity of the human eye, the optical transmittance of 1
mm borosilicate glass (typical window glass material) and the band gap of different
rare-earth oxyhydrides. We demonstrated in the previous section that the
photodarkening is triggered by photon energies around the band gap of the material.
we also showed that the optical band gap, photochromic contrast and wavelength
range of photochromic response depend on the type of cation used. As some part of
UV light is blocked by the window pane, there is a limited energy range from sunlight
for photo-darkening to take place. Window glass blocks most of UV radiation while
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allowing transmission of visible light into the interior.143 Figure 4.19 shows that light
with wavelengths above 300 nm is transmitted through 1 mm borosilicate window
glass, while below 300 nm is blocked. Depending on rare-earth material used, the
wavelength region between 300 nm until the band gap can contribute to the darkening
of the film behind the glass that can photo-darken a film. Tailoring of the bandgap of
the material (band gap larger than 2.6 eV is favorable) allows us to have a colorless
photochromic window which remains active behind a glass pane. The optical band
gap of these materials can be tuned and adjusted by growing these films at higher
deposition pressures, which leads to the higher porosity of films and films that are
more oxygen-rich. Alternatively, oxygen can be added during deposition to increase
the band gap. This enables one to tailor the photochromic response for energy saving
smart windows. In case a coloration of the window is allowed, the use of different
cations or combination of them allows us to obtain such a tuning.
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Figure 4.19. The pink line on top shows the transmittance of 1 mm borosilicate window
glass. The blue dashed curve indicates the normalized human eye luminosity function
according to Sharpe et al.l3% The red line is 1 sun irradiance. The region available from
sunlight behind the window at which can darken the film depends on the material that is
used. The vertical lines indicate the band gap of different rare-earth oxyhydrides.

What makes these materials interesting is that the darkening is color neutral; and

covers the sensitivity of the human eye. The photochromic contrast starts from E,
and extends up to the Mid-IR region, especially in case of GdOxHy. GdOxHy thin
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films show the strongest photochromic contrast (up to 45% at only 300nm film
thickness) in a very wide spectral range. These materials are suitable for the light-
modulation in the visible as well as a barrier for heat irradiated by the sun at longer
wavelengths. Such properties make the rare-earth oxyhydrides ideal for application
such as smart windows for energy efficient buildings.

4.10. Conclusion

In conclusion, our work demonstrates that stable lanthanide dihydride thin films can
be grown directly by reactive magnetron sputtering. Rare-earth metal oxyhydride
MOxH, (M=Gd, Dy, Er) thin films exhibit a photochromic effect similar to YOxHy
suggesting a common physical mechanism, (iii) initial transmittance, photochromic
contrast values, and photo-darkening speed are promising for applications such as
smart windows. Cation alloying is a viable approach to tailor the photochromic
properties of MOyHy because they share the same fcc-structure while the optical
bandgap, photochromic contrast, and bleaching rate vary substantially between
different cations. The photon energy required to obtain a photochromic effect is given
by the optical band gap of the material, as shown in the energy threshold
measurements. Photon energies larger than the band gap are require to photo-darken
the rare-earth oxyhydrides. The photochromic process is reversible and bleaching
occurs through thermal bleaching or interaction with the light of longer wavelengths
(optical bleaching). The latter needs to be confirmed with further experiments. We
have shown that YH; does not exhibit photochromic properties, revealing the
importance of the presence of both oxide and hydride ions for the photochromic
effect in rare-earth oxyhydrides. We noticed a memory effect in contrast and bleaching
time constant upon illumination cycling. A stabilized photochromic behavior is
observed after multiple illumination cycles or longer illumination time. We suggested a
permanent change from the initial cycle and the following cycles that cannot be
reversed. Photochromism in rare-earth oxyhydride has the benefit that photo-
darkening is induced by UV as well as visible light. This is a promissing feature for the
use of these materials in double glazed windows.
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Effect of the addition of
zirconium on the
photochromic properties of
yttrium oxyhydride

Thin films of yttrium oxyhydride have interesting, reversible photochromic properties,
the origin of which is poorly understood. To investigate the role of point defect
mobility, we probed the effect of lattice contraction as induced by the addition of
zirconium. Interestingly, we find no loss of photochromic contrast for Y1..Zr,O«H,
films with a small Zr cationic fractions (z < 0.15). At larger fractions the
photochromic contrast is reduced. Zirconium is found to slow down the bleaching
process, which suggests that the mobility of point defects may play a role in the
thermal bleaching process. However, we cannot rule out substitution of zirconium in
the YOyHy lattice which may also affect the photochromic properties.

This chapter is partially based on:

F. Nafezarefi, S. Cornelius, J. Nijskens, H. Schreuders and B. Dam. "Effect of the addition of
zirconium on the photochromic properties of ytrrium oxy-hydride". Solar Energy Materials and
Solar Cells, Volume 200, 2019.



CHAPTER 5

5.1. Introduction

Photochromism is defined as a light-induced reversible transformation between two
states of a material that has different optical absorption spectra.[t2 Oxyhydride films
based on yttrium or rare-earth cations exhibit photochromic properties when exciting
them with photon energies larger than the band gap (typically between 2.25 and 2.6
eV).B The films are prepared by reactive magnetron sputtering of metallic Y in an
Ar/H; gas mixture. On deposition, a black metallic YH, phase is formed which is
stable in air. When the deposition pressure is raised above a certain critical value, the
film takes up oxygen upon exposure to air and transforms into a photochromic,
semiconducting oxyhydride.

By a combination of Rutherford backscattering and elastic recoil detection, we
recently found that the photochromic nature is maintained over a wide composition
range described by the formula REOxHs2x where 0.5 x  1.5.14 This implies that the
RE cation maintains the 3+ valence for all photochromic compositions, with a variable
occupation of oxygen and hydrogen in the tetrahedral and octahedral sites of the fcc
lattice. Thus, the photochromic phase can be clearly distinguished from the non-
photochromic hydroxides.i!

At present, little is known about the nature of the photochromic effect in yttrium
oxyhydrides (YOxHy). We suspect some similarities with silver halide doped silicate
glass.8! The photochromic behavior in the latter system involves the optical excitation
of electron-hole pairs in silver halide nano-particles. The free electrons get trapped at
interstitial silver ions, which thereby become neutralized and mobile.671 This
eventually leads to the formation of small specks of metallic silver, which are light
absorbing.[58 A similar mechanism may be involved in YOxHy films, where metallic Y
or YH; nano-clusters might form in the YOyH, matrix.tl The formation and
dissolution of those clusters would then involve the mobility of certain point defect
species.

To investigate whether the mobility of point defects is involved in the photochromism
of YOxHy, we investigated the effect of a change of lattice spacing on the kinetics of
the photochromic effect. Ngene et al. reported on the lattice contraction of yttrium
and its hydrides upon addition of zirconium (Zr).l% In that work, metallic Y-Zr alloy
films were prepared by magnetron co-sputtering and capped with Pd to allow for ex-
situ hydrogenation. This resulted in a compression of the yttrium lattice proportional
to Zr concentration. Remarkably, the compression effect persisted during
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hydrogenation to the YH and YH; phase.[®! X-ray absorption spectroscopy indicates
the formation of ZrHy nano-clusters that are coherently coupled to the yttrium
hydride matrix. Although photochromic YOyH, films are prepared differently
(reactively sputtered in the dihydride state and subsequently oxygenated by air-
exposure) a similar compression effect may occur. Both Y and Zr are expected to
form an fcc dihydride 121, while the lattice constant of ZrH, (4.823 A)tlis much less
than that of YH, (5.27 A).1!

Indeed, we find that a lattice contraction takes place in YOxH, when adding Zr to the
reactive sputter process. We observe an increase in the bleaching time constant for all
Zr concentrations, which indicates that mobile species may be involved in the
photochromic process. Interestingly, we find no loss of photochromic contrast for
films with small (< 0.15) Zr cationic fractions.

5.2. Experimental

Thin films of Y1,Zr,OxHy were prepared on unheated UV-grade fused silica (f-SiO>)
substrates by DC reactive magnetron sputtering of 2-inch metallic yttrium and
zirconium targets (both 99.9% purity) in an Ar/H; gas mixture (5N purity) with 12.5
vol. % of H, at a total pressure of 0.5 Pa in a UHV chamber operating at a base
pressure of ~10-6 Pa. The target discharge powers were varied in the range of 112-56
W for yttrium and 0-81 W for zirconium, to maintain a constant total flux of metal
atoms while changing the Zr content in the films from z=0 to 0.5. The Zr/(Y+Zr)
fraction, z, was calculated based on the calibrated Zr and Y metal fluxes as a function
of discharge power, which was determined by separate measurements of the
deposition rate of dense singe-element metallic films. After deposition, the films were
oxidized in air at ambient conditions. As the optical contrast is a function of film
thickness, the deposition time was adjusted to obtain a film thickness of 230 nm (~
10% uncertainty) for all Yi1.,Zr,OxHy compositions as determined by surface
profilometry.

The effects of the Zr fraction (up to z = 0.5) on the structural and optical properties
of Y1.Zr,OxHy were investigated by means of X-ray diffraction (XRD) and optical
spectroscopy. XRD patterns were collected in Bragg-Brentano geometry using a
Bruker D8 Advance diffractometer equipped with a Co X-ray tube and a LynxEye 1D
Si-strip detector. The UV/VIS/NIR transmittance and reflectance of the films were
measured with a Perkin EImer Lambda 900 spectrophotometer covering the spectral
range of 200-2500 nm. Since the collection time of this device is several minutes per
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spectrum due to the moving monochromator, it was mainly used for static
measurements. For a fast measurement of the dynamic transmittance changes during
photo-darkening and bleaching, a customized optical fibre based spectrometer is used.
The main components are a deuterium and quartz tungsten halogen white light source
(DH2000-BAL, Ocean Optics B.V.) and a Si array wavelength-dispersive spectrometer
(HR4000, Ocean Optics B.V.). This set up allows acquiring transmittance spectra in
the range of 230-1100 nm within a few seconds.

Photo-darkening of Y1.Zr,OxHy films was performed by illumination with a low
pressure mercury lamp (HeroLab GmbH) with emission lines centered around A =
310 nm and 6873 pW/cm? total irradiance. All measurements were performed at
room temperature.

5.3. Results
5.3.1. The nature of zirconium in yttrium oxyhydride

Structural properties

The main goal of this chapter is to analyze the effect of the addition of Zr to the
YOxHy lattice and its effect on photochromic properties. But first, we need to know
which phase of Zr is formed in YOyH, matrix. At present, it is not clear whether a
ZrOxH, phase exists and whether it is photochromic. We have previously shown the
synthesis of YH> thin films using magnetron sputtering at room temperature. The
formation enthalpy for YHs is about -225 kl/mole which is of the same order as ZrH,
(-165 kJ/mole).l22l Therefore, it is likely that under similar conditions we will form
ZrH,. Both Y and Zr are expected to form an fcc dihydride [, while the lattice
constant of ZrH, (4.823 A)i1is much less than that of YH, (5.27 A).BI To investigate
this further, Zr-based films are grown in a reactive Ar/H; atmosphere at various
pressures. In addition, a pure metal film was grown at 0.5 Pa in a pure Ar atmosphere
for the sake of comparison.

For phase identification, we rely on XRD data. Figure 5.1 demonstrates the XRD
patterns of a pressure series of Zr-based films. We compare the diffraction pattern of
the films to the reference patterns of Zr metal, Zr hydride and ZrO, in order to
determine the phases present. The orange pattern on the top shows the Zr film grown
at 0.5 Pa in an Ar atmosphere which matches well with the peaks originating from the
Zr o-phase (hexagonal close-packed structure). Upon introducing hydrogen into the
sputtering process at the same pressure, the film diffraction pattern changes. These
diffractions do not correspond to crystalline Zr but may correspond to the formation
of Zr hydride. The Zr-H system is complex.[14151 Phases reported in the Zr-H system
include &-ZrHy phase with a trigonal crystal structure with hydrogen concentration
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interval 0.25< x <0.5;14] the stoichiometric face-centered tetragonal y-phase with 1:1
Zr to H ratio (ZrH-type structure); understoichiometric face-centered cubic (fcc) o-
ZrHy phase with CaF-type structure where x = ~1.6—2 and a face centered tetragonal
(fct) e-ZrHx phase where x = ~1.7—2 (ThH.-type structure).[14]

The understoichiometric d-ZrHxx phase has been found in bulk and thin films.[4]
However, the tetragonal e-ZrHy phase has not been reported in thin films so far.[4
Upon introduction of hydrogen in our sputtering system, it is most likely to form
tetragonal e-ZrHy and/or 6-ZrHy phase.
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Figure 5.1. Background subtracted XRD patterns of Zr-based films prepared at various
deposition pressures. The pure Zr film (orange patern) is prepared in Ar atmosphere, all
other films deposited in Ar/H, atmosphere. The triangle marks represent the HKL peak
positions of labeled phases. Fcc-ZrO, (ICDD-PDF #00-04901642), fcc 8-ZrHz« (ICDD-
PDF #01-071-4972) and hcp-Zr (ICDD PDF #04-003-4129). The XRD pattern of Zr
metal film is shown for comparison.

The diffraction pattern of Zr-based films deposited at 0.5 Pa in Ar/H; atmosphere is
shown in Figure 5.1 in green. This diffraction pattern can be largely fit with the fcc o-
ZrHy phase. The (111) diffraction peak shows the highest intensity, suggesting (111)
preferred orientation. Perhaps the deviation of other diffraction peaks from the ideal
cubic structure can be caused by compression or distortion of some crystallites with
that orientation due to strain in the film. As the deposition pressure is increased to 0.7
Pa, the structure of a face-centered cubic ZrO, (space group Fm-3m) appears.i6l A
broad (111) diffraction peak appears with a small shoulder on its right side indicating
the presence of fcc 6-ZrHy phase as it coincides with the (111) diffraction peak of the
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film prepared at 0.5 Pa. Optical analysis of this film shows a lower over-all
transmittance in comparison to films prepared at higher pressures (see Figure 5.4).
This suggests an incomplete transformation to ZrO, on exposure to air and hence the
presence of some remaining d-ZrHy in the matrix. Films prepared at even higher
pressures show only a face-centered cubic ZrO, (space group Fm-3m) with a unit cell
of 5.128 A.l18l Optical analysis of these films reveals the formation of large band gap
material (see Figure 5.4).
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Figure 5.2. (a) narrow range XRD pattern of Zr-based films deposited at 1.2 Pa. The
vertical dashed lines are peak positions corresponding to fcc- ZrO, ICDD PDF pattern
#00-049-1642. (b&c) Narrow range diffraction pattern of the film prepared at 0.5 Pa. The
vertical dashed lines are peak positions corresponding to fcc 8-ZrH,x (ICDD-PDF
pattern #01-071-4972) with a 1.7% expanded lattice constant of 4.87 A to match (111)
diffraction peak position.
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Figure 5.3. (a) Lattice constants versus deposition pressure for Zr-based films. The
reference values of fcc-ZrO, ICDD-PDF pattern #00-04901642 and fcc-ZrH, 1ICDD-
PDF pattern #01-071-4972 are added for comparison. Lattice constants were determined
from the fcc (111) diffraction peak positions obtained by fitting a constrained double
Pseudo-Voigt peak function 71 to the experimental data. (b) Lattice constants versus
deposition pressure for Y-based films. The reference values of fcc-YH; ICDD-PDF
pattern #04-06-6935 and bixbyite Y,O3; ICDD-PDF pattern #00-041-1105 are added for

comparison. Note that because of the structural similarity to the fcc unit cell only % of the

bixbyite Y,Os lattice constant is shown here.

Figure 5.3a shows the lattice constant of Zr-based films calculated for the various
deposition pressures. For comparison, the lattice parameter of Y-based films is
depicted in Figure 5.3b from our previous work.®l The lattice parameter of yttrium
films prepared at 0.3 Pa in Ar/H; atmosphere, is close to that of the B-YH, phase [,
with a 1.18% lattice expansion in comparison to the reference. We attributed this
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expansion of directly sputtered film to a certain amount of disorder of the H sub-
lattice due to the non-equilibrium nature of reactive sputtering. This film appeared
black with characteristic YH, transmittance window. This film did not show any
photochromic properties. As the pressure is increased, above certain critical
deposition pressure (p*), the film air-oxidize at room temperature to form a stable
semiconducting transparent photochromic film. The lattice constant of this film is
larger than that of bixbyite-Y,Os3.31 We refer to these films as YOyH,.l!

In the case of Zr-based films, the lattice constant of the film prepared at 0.5 Pa in
Ar/H; atmosphere shows a 1.7% lattice expansion in comparison to fcc Zr-hydride.
For the film fabricated at 0.7 Pa, a cubic oxide pattern becomes visible with some
remaining 0-ZrHjy clusters (supported by optical analysis). At higher pressures, upon
exposure to air the films transform from metallic 6-ZrHy to a pure ZrO; phase with a
lattice constant very close to fcc-ZrO,. Although there is a critical deposition pressure
where upon exposure to air oxygen atoms are incorporated into the matrix, we
observe no indication for the formation of a ZrOxHy phase.

Optical properties

The optical transmittance spectra of the films grown at various pressures in an Ar/H;
atmosphere are shown in figure 3a. It appears that the average transmittance increases
with the deposition pressure. We obtain a film with zero transmittance at 0.5 Pa, while
a semi-transparent film is obtained when increasing the deposition pressure to 0.7 Pa.
Upon further increase of deposition pressure highly transparent films are obtained.

The absorption coefficient of the films, a(A), is calculated using the expression T(A) =
[1 - R(N)] exp[-a(M)d], where a is the absorption coefficient of the material and d is the
film thickness.l'”] By applying the Tauc model, the optical band gap of a material can
be determined from the linear extrapolation of the curve (ahv)/m vs. photon energy to
h =0. The exponent m characterizes the nature of the band transition where m =
1/2 corresponds to direct transition and m = 2 to indirect transition.ltsl A plot of
(ahv)2 versus hv was established to estimate the value of the optical band gap of the
Zr-based films. The (ahv)“2versus hv plot did not show a meaningful linear region
and therefore we concluded that the transition is direct. A linear fit was made and the
band gap values were obtained from the intercept and displayed in figure 3b. Zr
hydride films deposited at pressures > 0.7 Pa oxidize in air. The film grown at 1.2 Pa
shows the highest transmittance and some optical absorption below the band gap. In
comparison to the mixed Y-based oxyhydrides, the optical band gap of these oxidized
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Zr-based films is large (=5 eV). This value strongly suggests the formation of ZrO;
(Eg in the range 5 — 6 eV).[13]

The lower transmittance of the film prepared at 0.7 Pa could be an indication of some
remaining 0-ZrHy in ZrO, matrix. For a Zr oxyhydride to be present, we would
expect a smaller bandgap similar to what we observe in yttrium-oxyhydride.
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Figure 5.4. (a) UV-vis transmission spectra for Zr-based films prepared at different
deposition conditions in Ar/H; atmosphere with thicknesses between 271 and 351 nm
(b) calculated band gaps using Tauc plot for all samples
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Photo-darkening

Here we set to investigate if the Zr-based films show any sign of photochromism.
Figure 5.5 shows the spectral transmittance of the Zr-based films deposited at 0.7, 0.9
and 1.2 Pa in Ar/H; atmosphere, before and after UV illumination. The as-deposited
film sputtered at 0.5 Pa in Ar/H; is metallic 8-ZrHy and not photochromic. It is clear
from Figure 5.5 that the transmittance of all films increases due to illumination. This
increase occurs together with a blue shift in the absorption edge. This behavior
suggests UV induced oxidation. Note, that the photochromic effect observed in
YOxHy films involves excitations with photon energies higher than the band gap. The
energy maximum of the light source used is in the range of 4.96-4.84 eV which is a
little below the band gap values of Zr-based films (~ around 5 eV). Nevertheless, the
film prepared at 0.7 Pa did not show any sign of photochromism even though the
excitation energy exceeded the optical band gap suggested by the Tauc analysis.

100 1000
90 - i
S
80| 800 =
] PN
2 60} [ 600 =
g 3
S 40p 400 5
o | —— <
= 30 ‘\" R cozass =
20 f; —— 1.2 Pa 4200 *8'
——09Pa o
107 [ ——0.7Pa N
A Al 1 1 Losd
400 600 800 1000

Wavelength (nm)

Figure 5.5. lllumination response of Zr-based films (with thickness between 271 and
351 nm). The transmittance of films are shown before (solid line) and after (dotted line)
photo-darkening. low-pressure mercury lamp (HeroLab GmbH) was used with emission
lines centered around A = 250 nm and 2578 pW/cm? total irradiance.

Based on the optical and structural analysis we conclude that within the range of the
sputtering conditions used, the formation of ZrOxHy is not possible. At 0.5 Pa, a d-
ZrHy phase is formed, which is stable in air. At 0.7 Pa, upon air exposure a mixture of
fcc ZrO, and metallic -ZrHy is formed. This suggest presence of some remaining 6-
ZrHy in the ZrO, matrix. A further increase of deposition pressure, air exposure leads
to the formation of films resembling ZrO; which is supported by transmittance data,
band gap calculation and cubic oxide pattern. The illumination of all the above films
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shows no indication of photochromism. From this, we conclude that if Zr addition
affects the photochromic properties of YOyHy it will only do so indirectly through
modification of YOxH.

5.3.2. Influence of the addition of zirconium to yttrium oxy
hydride thin films on the optical, structural and
photochromic properties

Structural properties

Figure 5.6a shows the X-ray diffraction patterns of Yi.Zr,OsH, films. All
compositions can be indexed to a fcc structure with predominant diffraction peaks
corresponding to the (111) and (200) lattice planes. We find that the cubic structure of
YOxHy is retained upon Zr addition up to z = 0.5 and no additional diffraction peaks
are observed. This suggests that if any secondary phases such as Zr, ZrH or ZrO, are
formed, they are either X-ray amorphous or their diffraction peaks overlap. Since hcp-
Zr has a distinct diffraction pattern we can rule out the presence of this phase. On the
other hand, d-ZrHx and ZrO; exhibit an fcc structure. In particular, the lattice
constant of ZrO; is close to that of YOxHy, which may hamper its detection. Taking
into account the optical behavior (see Figure 5.8a), is seems likely that low
concentrations of light absorbing 6-ZrHy clusters are formed at high Zr contents,
which cannot be detected by XRD. This hypothesis is supported, by an earlier report
of ZrHy nano-particle formation in (Y,Zr)H; thin films probed by EXAFS.[9!

The increasing relative intensity of the (111) reflection as compared to the (200)
reflection may be related to a change in orientation of crystallites or to a change in
oxygen/hydrogen ratio. On Zr addition, we observe a shift to higher diffraction angles
for all reflections. To evaluate the effect of Zr addition in more detail we use the (200)
diffraction peak to determine the change in the lattice parameter. The peaks are fitted
as a linear combination of two Pseudo-Voigt functions describing the Co K2 doublet
[171 as shown in Figure 5.6b. The peak position of the Ka; component is used to
calculate the lattice spacing dxo and the fcc lattice parameter via Bragg's law (Figure
5.7a).
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Figure 5.6. (a) Background subtracted XRD patterns of Y1.,Zr,O«Hy films with a Zr
content of up to z = 0.5. The vertical lines are peak positions corresponding to fcc-YH:
ICDD-PDF pattern #04-06-6935 with a 3.1% expanded lattice constant of 5.37 A to
match the experimental data where z = 0. (b) Detail showing the shift of the (200)
diffraction peak to higher diffraction angles as the Zr fraction is increased. Lines are
double Pseudo-Voigt fits to the data. The inset illustrates the two components of the Co-
Koy, doublet used for peak fitting in case of z=0.

We observe a continuous decrease of the fcc lattice constant with increasing Zr
content which suggests a compression of the YO,H, lattice. This result is similar to
the contraction observed by Ngene et al.®¥ in fcc-Y1..Zr,H, up to a Zr fraction z =
0.12 (Figure 5.7b). Our results demonstrate a similar effect in Y1,Zr,OxHy which
remains present up to z = 0.5. The lattice contraction in the Zr-doped YH, system is
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somewhat stronger (~ 1% contraction at z = 0.1) than in YOxHy (~ 0.3 % contraction
atz=0.1).
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Figure 5.7 (a) The lattice constant of the fcc Y1..Zr,OxHy films as a function of the Zr -
fraction, as calculated from the fit of the (200) reflection shown in figure 5b. (b) Change
of d-spacing as function of the Zr in Y, YH, (dehydrogenated) and YH; (hydrogenated)
films. (reused from reference [9])

Optical properties

As shown in Figure 5.8a the Y1..Zr,O«Hy films are semiconductors. Pure YOyHy
shows the highest transmittance and only weak optical absorption below the band-
gap. With increasing Zr content, we observe a continuous decrease of transmittance in
a wide spectral range from UV to NIR. This reduced transmittance can be explained
by light absorption due to the presence of metallic clusters, probably incompletely
oxidized d-ZrHyx. Moreover, Zr addition appears to affect the fundamental absorption
edge of the Y1.Zr,O4Hj films. The absorption coefficient, a(A), is calculated from the
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transmittance and reflectance spectra shown in Figure 5.8 using the expression T = (1-
R) exp (—ad), where d is the film thickness.['”] This allows us to determine the optical
band gap of the films by a linear extrapolation of a plot of (ahv)/m vs. photon energy
to zero absorption (Tauc plot) as shown in Figure 5.9a. For all samples the best Tauc
fits are obtained with an exponent of m = 2 indicating an indirect transition.[2]
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Figure 5.8. (a) Spectral transmittance and (b) reflectance of Y1..Zr,OxHy films (d = 230
nm) before illumination.

The optical band gap values deduced using the Tauc plot method shown in Figure
5.9b as a function of the Zr content, reveal a minimum value at z = 0.15. The shape
of the Tauc plots for Zr contents z > 0.15 suggests the formation of a broad
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distribution of defect states within the forbidden gap probably due to an increasing
amount of disorder and defects in the films induced by Zr addition.
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Figure 5.9. (a) Tauc plots of Y1,Zr,OxHy films for different Zr fractions. An absorption
tail at lower photon energies is observed and increases to higher absorption values as Zr is

added to the system. (b) Optical band gap of Y1..Zr,OxHy versus the Zr fraction.

Our recent work indicates that the electronic structure of YO,Hy is related to that of
YHs.4 Therefore, we expect a comparable impact of compression on the bandgap.
Unfortunately, in the hydride experiments the effect of Zr on the bandgap of Yi
2Zr;Hz was not investigated.®) Hence, we refer to the high pressure experiments on
YHs by Wijngaarden et al.ll9 They observed that a lattice compression of ~ 2% at 7
GPa results in a 6% reduction of the bandgap. Limiting our analysis to z = 0.15, the
reduction of the band gap by 15% is quite strong in comparison, given the small
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(0.6%) lattice contraction. This suggests that the reduction in bandgap is not solely
due to lattice compression. Chemical substitution might also contribute.

Photochromic properties

All Y1.,Zr,OxHy films in this study are found be photochromic. While the as-deposited
films are transparent, their transmittance drops as soon as they are exposed to UV
illumination (Figure 5.10). Upon removal of UV light, the films bleach at room
temperature and return to their initial transparent (bleached) state.

We define the relative (spectral) photochromic contrast AT(At) as the change of the
transmittance normalized to its initial value before UV illumination To = T(A0),
i.e. AT(At) = [To- T(AY) 1/To. In order to reduce the effect of the thin film optical
interference patterns, it is reasonable to discuss only the spectral averaged values of
transmittance T and contrast AT in the 450 - 1000 nm range. The initial
transmittance of the Y1..Zr,OxHy films decreases from T, = 86.2 % for YOxH, to
To = 61.7% for z = 0.5. Under continuous illumination for several hours the
transmittance decreases until a dynamic equilibrium between photo-darkening and
thermal bleaching is established which results in the maximum (saturation)
photochromic contrast (Figure 5.11a). With increasing Zr content the maximum
contrast increases slightly from 36.6% for pure YOxHy to 39.5% for Yo9Zro1OxHy.
However, a further increase of the Zr fraction leads to a strong reduction in the
relative contrast to 11.1% at z = 0.5 (Figure 5.11b).
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Figure 5.11. Spectral averaged relative photochromic contrast of Zr-doped YOyxHy films:
(@) during UV illumination at 6873 pWcm-2 followed by (thermal) bleaching in the dark
and (b) maximum value (after 7 hours) as a function of Zr content.

To investigate the effect of Zr on the mobility of point defect species involved in the
bleaching process, we analyze the kinetics of thermal bleaching after the UV
illumination is switched off. Absorption in many dilute material systems satisfies the
Lambert-Beer law:

(5-1)

equals the absorption coefficient. Normalizing the
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Tlo = exp(—(a —ap) - d) = exp(—Aa - d) (5-2)

In (Tlo) =—Aa-d (5-3)

Where the change in absorption coefficient is given by the product of the time
dependent concentration of the absorbing species, c(t), and its absorption cross-
section:

Aa(\,t) = c(t) - a(N) (5-4)

Assuming thermal bleaching obeys first order Kinetics, we introduce the bleaching
time constant, Tg (S), to describe the change of the concentration as follows:

do_ _ 1 i
e ™ C (5 5)
This yields as solution an exponential decrease of the concentration starting from its
initial value co = c(tor) at the time when the UV illumination is stopped (See Figure
5.10a):

c(t) =coexp (— %t) (5-6)
Combining equations 5-3, 5-4 and 5-6 yields the expression:
T 1
In(=In(=)) = —=t+In(cyod) (5-7)
To B

which shows that the bleaching time constant can be determined from the linear slope
of the left hand side of the equation (which depends only on experimental quantities)
as a function of time. The corresponding plot of the spectral averaged transmittance
data (Figure 5.10a) in the bleaching region is shown in Figure 5.11a. We find that the
time dependence is indeed nearly linear for all sample compositions (variation in the
ambient temperature may be the cause of not perfectly linear behavior), which is a
strong indication that thermal bleaching in Y1.Zr,OxHy follows first order Kkinetics.
From a linear fit we obtain the bleaching time constants as displayed in Figure 5.11b.
A substantial increase of bleaching time constant, i.e. slower thermal bleaching, with
increasing Zr content is observed.
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films. The bleaching speed is decreasing with increasing Zr fraction.

5.4. Discussion

Photochromic properties are determined by the kinetics of the involved darkening and
bleaching processes. During UV illumination both photo-darkening and thermal
bleaching are active simultaneously and an equilibrium of both processes is established
at a certain concentration of absorbing species resulting in a saturation of the optical
contrast. When the UV light source is turned off, only the bleaching process remains
active causing a return to the initial transparent state.[?!

102



EFFECT OF THE ADDITION OF ZIRCONIUM

It is reasonable to assume that the mobility of point defect species is involved in the
darkening and bleaching processes. This concept is based on the analogy to silver
halide doped glasses where photochromism is due to the diffusion of point defects
and reversible nucleation/dissolution of light absorbing Ag metal nano-particles.lél It
is expected that the mobility of such point defects could be affected by a compression
of the lattice, which would lead to a change in Kinetics.

From the lattice compression and the optical behaviour we conclude that Zr partly
substitutes in the YOxHy lattice and partly forms metallic 6-ZrHj clusters, which may
both contribute to the observed lattice compression. The correlation between the
lattice compression and thermal bleaching time constant suggests that the mobility of
the species involved in the bleaching process is reduced by the decrease of the lattice
volume.

However, we cannot rule out other effects due to the substitution of zirconium in the
YOH, lattice. Considering photochromic glasses as a model system, Zr in Yi.
2Z1;OxHy might play a similar role as Cu in silver halide doped glasses, where Cu is
added to enhance the photochromic contrast of the glass. The Cu* ions act as hole
traps, slowing down the recombination process of the photo-excited carriers, while
simultaneously preventing the formation of Cl, which would make the process
irreversible.lBl The substitution of Y by Zr may have a similar effect. In YOxH, films Y
is in 3+ state while Zr is likely to be in the 2+ state which means that Zr4+ could be
formed by trapping holes generated during UV illumination and thus effectively
reducing the rate of recombination. This would increase the rate constant of the
photo-darkening process and slow down the bleaching process. However, the data
obtained so far do not allow us to verify the presence of this mechanism.

Since the photochromic saturation contrast is the result of the equilibrium between
photo-darkening and bleaching, slower bleaching would imply a larger saturation
contrast with increasing Zr content. For low Zr concentrations up to z = 0.1 there is
indeed a weak increase of saturation contrast. However, above z = 0.1 the saturation
contrast decreases rapidly, while bleaching speed continuously decreases. Hence, large
Zr concentrations probably lead to a dilution of active photochromic species, which
counteracts the slower bleaching. To analyse such countervailing trends we would
need a detailed analysis of the photo-darkening kinetics. Unfortunately, so far we
could not extract reliable kinetic parameters for photo-darkening from the time
dependent transmittance during UV-illumination to separate photo-bleaching and
darkening contributions.
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5.5. Conclusion

To explore the effect of lattice compression on the photochromic properties of
YOyHy thin films, we investigated Zr doping of this material. Firstly, we find that
sputtering Zr in Ar/H, atmosphere under similar conditions as in fabricating YOxHy
does not lead to the formation of ZrOyH,. Instead, depending on the sputtering
conditions, we form 8-ZrHy, d-ZrHy in ZrO, matrix or ZrO,, as determined on the
basis of optical and structural analysis. None of the Zr-based films show
photochromic properties. Therefore we conclude that if Zr addition affects the
photochromic properties of YO,H, it will only do so indirectly through modification
of YO,H,. We find that adding Zr to YOxHy causes: 1) a compression of the fcc
lattice, 2) slower thermal bleaching, 3) changes in photochromic contrast, 4) a
reduction of the optical transmission in the bleached state, and 5) a narrowing of the
bandgap. The compression of the fcc YO,H, lattice is probably due to both the
presence of d-ZrHy nano-clusters and/or the substitution of Zr in the YOxHy lattice.
The latter is consistent with the large effect of Zr on the bandgap, while the reduction
of the optical transmission in the bleached state points to the presence of d-ZrHy
nanoclusters.

We find that the thermal bleaching time constant of the Y1..Zr,OxHy films increases
substantially as the Zr content is increased. At the same time, the relative
photochromic contrast improves up to z = 0.1. Upon a further increase of the Zr
fraction, the photochromic contrast drops significantly but remains present, indicating
a decreasing amount of photochromic active material. Since we did not observe any
photochromism in films where Zr is the only cation, we conclude that the change in
the photochromic kinetics is due to a change in the properties of the YOxHy matrix.

The strong correlation between lattice compression and slower bleaching kinetics
suggests that the mobility of point defect species involved in the photochromic
process may be impeded by the lattice compression. However, we cannot exclude that
(substitutional) Zrz+ may act as a hole trap preventing recombination of the excited
electron-hole pairs and thus slowing down the bleaching process. An investigation of
the local structure using X-ray absorption spectroscopy (XAS) is needed to establish
the nature of Zr in Y1.,Zr,OxHy, which is required to fully understand its effect on the
photochromic properties.
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Photochromic neodymium
oxyhydride thin fiims

Here, we report on the photochromic properties of NdOxHy thin films. This material
belongs to the recently discovered family of rare-earth (Y, Dy, Er, Gd) oxyhydrides
which all show photochromic behaviour. Neodymium stands out for its very large
ionic radius in comparison to Y and the other rare-earth tested so far. While the
overall switching kinetics appears to be similar to the other rare earths, we find that
the band gap of NdOxHy is much smaller compared to the other rare-earth
oxyhydrides. To protect NdOxHy, from decomposition in air, we found that atomic
layer deposition of a Al,Os capping layer, shows promising protective properties.



CHAPTER 6

6.1 Introduction

Photochromic yttrium oxyhydrides (YOxHy) have gained attention over the past
decade because of the fact that the critical wavelength for photo-darkening in these
materials extends to the visible wavelength. Moreover, these materials darken over a
wide range of wavelengths well into the near infrared.[l While such switchable optical
properties are attractive for smart window applications, the switching speed is
prohibitive.[2

The YOyHj structure is closely related to semiconducting YHs, however, the presence
of oxygen is essential to obtain a photochromic effect.®l Thus far, all REOxHy films
are prepared in the metallic dihydride state by reactive magnetron sputtering and
transform into a semiconducting photochromic oxyhydride when exposed to air.
Only if the films are prepared at low enough reactive deposition pressure, the films
remain in the dihydride state. Apparently the higher thin film density obtained in this
way prevents a thorough oxidation of the film.[4

You et all2 found that the composition of sputtered films influence the optical
properties of the film as reflected in the photochromic behavior. The deposition of a
YHO thin film with a lateral composition gradient allowed them to prepare a black to
yellow transparent film, depending on the oxygen content. They find the smallest
band gap and the largest photo-darkening performance at the boundary between the
black and transparent region.

We found that thin films of Dy, Er and Gd oxyhydride exhibit a photochromic effect
similar to YOxHy. These rare earth oxyhydrides can be described by the general
formula REOxHs.2«x and form over a large part of the compositional range 0.5 < x <
1.5.51 We proposed that all rare-earths oxyhydrides (incl. Sc) share a common physical
mechanism inducing the photochromic effect 451 The recent discovery of hydride ion
(H-) conductivity in the LaOH, shows that this class of materials might have a wider
range of application in the field of energy storage and conversion. (]

Given certain similarities with silver chloride based photochromic glasses where
interstitial silver forms clusters 78], we propose that the mobility of point defects is
responsible of the photochromism in REOyH,. In this context, the formation of
REH: has been proposed to be responsible for the darkening and the mobility of H-
or Oz would then play a role in the kinetics of the effect. Therefore, we recently
investigated the effect of lattice compression by doping YOxHy with large amounts of
Zr. Since the structural nature of this mixture was hard to asses, the observed
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reduction of the optical bleaching time constant could not unequivocally be
contributed to the lattice compression achieved.l!

Here, we explore the effect of RE size on the photochromic properties of rare earth
oxyhydride. Figure 6.1 shows the ionic radius as a function of atomic number for a
selection of rare earth elements. The difference in ionic radius between the rare earth
cations studied so far was rather small (Gd, Dy, Y and Er). Preliminary experiments
revealed that cerium or praseodymium oxyhydrides films are unstable in air and
rapidly peel from the substrate. Hence, as one of the large RE cations we choose to
investigate neodymium oxyhydride. NdOxHy films prove to be relatively stable over
a couple days. Using an Al,O; protective coating, the stability was improved further.
Remarkably, the photochromic switching kinetics is similar to that of the other rare-
earth oxyhydrides, suggesting that point defect mobility plays a minor role in the
kinetics of the photochromic effect. However, the bandgap is much smaller than in
other RE’s allowing for a much larger fraction of solar light to be used to darken the
film.
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Figure 6.1. lonic radius of the rare earth elements versus atomic number. In terms of

ionic radius, yttrium falls under the group of heavy rare earth elements.[10

1.02

6.2 Experimental methods

Thin films of NdH, and NdOHy, were fabricated by direct current reactive magnetron
sputtering of a neodymium target (purity 99.9%, MaTeck) at 100 W in an Ar/H: gas
mixture (5N purity) with 12.5 vol.% of H,. The vacuum system operated at a base
pressure of 10-6 Pa. The films were grown at various deposition pressures using fused
silica (f-SiO,) as substrate material. After deposition, the films were oxidized in air at
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ambient conditions. The thickness of the films was measured by surface profilometry
(~ 10% uncertainty). As neodymium is one of the more reactive lanthanide rare-earth
metals, these films rapidly oxidize and degrade in air. Therefore, some films were
covered by an amorphous Al,Os protection layer prepared in a stand-alone Veeco®
Fiji G Atomic Layer Deposition (ALD) system. The Al,Os films were deposited at
87 °C using TMA (Trimethylaluminum) as a precursor and oxygen as the reactant.
The TMA pulse time was set to 0.06s, followed by a wait time of 4 sec and the
application of an oxygen plasma for 6 sec at 300 Watt. The base pressure during this
process varied from 0.1 — 0.2 mbar. To obtain a 25 nm thick film 300 cycles were
needed.

The Optical properties of the films were studied by means of optical spectroscopy.
Transmittance and reflectance of the films for static measurements were measured
with a Perkin Elmer Lambda 900 spectrophotometer covering the spectral range of
200-2500 nm. From these measurements the change of absorption coefficient due to
illumination was calculated. A customized optical fiber-based spectrometer was used
for dynamic measurements. The light source is an ocean optics DH-2000 BAL
deuterium-halogen lamp covering the spectral range of 230-1100 nm. The temporal
change in transmittance was monitored during the photo-darkening and bleaching
process. This set up is equipped with a LED light source collimated by Kohler optics
with a narrow emission spectrum centered around A = 385 nm and a 75140 pW/cm?
maximum total irradiance at 500 mA. Structural properties of the films were analyzed
by X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer equipped with
a Co X-ray tube and a LynxEye 1D Si-strip detector in Bragg-Brentano geometry.
Because of the complexity of the analysis of the XRD patterns, the structural
properties are discussed in the appendix.

6.3 Results
6.3.1 As-deposited neodymium based thin films

Optical properties

Figure 6.2a shows the optical transmittance spectra of as-deposited Nd-based films
prepared at various deposition pressures. Films prepared at 0.3 and 0.5 Pa show a low
overall transmittance and a weak transmittance window cantered around 900 nm,
which is a characteristic of rare earth dihydride films.[11 The transmittance spectrum
of the film prepared at 0.6 Pa, reveals the appearance of an absorption edge and a
transmittance increase at longer wavelengths extending into the NIR. The overall
transmittance is substantially lower than films prepared at higher pressures. We
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assume that the film fabricated at this pressure is partially transformed from dihydride
to oxyhydride upon exposure to air. Below this critical deposition pressure of p*= 0.6
Pa the films remain metallic dihydrides, whereas films deposited above p* transform
into semiconducting oxy-hydrides after air exposure. Above p* the transmittance of
the air exposed films increases drastically and the sharp fundamental absorption edge
becomes more apparent. The resulting change of the average average transmittance as
a function of the deposition pressure is presented in Figure 6.2b.
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Figure 6.2. (a) Optical transmittance spectra of neodymium (oxy)hydride thin films
sputtered at various deposition pressures (thickness between 200 and 230 nm). (b)
Average transmittance of the films as a function of deposition pressure.

From the transmission and reflection spectra we calculate the values of the absorption
coefficient a()) using the expression: T(A) =[1 - R(A)] exp[-a(A)d].[22
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By applying the Tauc model, the optical band gap of a material is determined from the
linear extrapolation of the curve (ahv)m vs. photon energy to zero absorption.[3 The
exponent m depends on whether the transition is direct (m = 1/2) or indirect (m = 2).
We find that m = 2 gives the best fit. The deviation from a straight line is possibly due
to impurities and internal stress in the films. Figure 6.3a shows the plots of (ahv)/2 vs,
photon energy of neodymium hydride films as a function of deposition pressure. The
optical band gap values are depicted in Figure 6.3b. Clearly, the size of the optical
band gap increases with increasing deposition pressure from 1.65 to 2.11 eV. This is
the smallest band gap value range we observed among the investigated rare earth
oxyhydrides so far.
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Figure 6.3. (a) Tauc plot of (ahv)/2 vs. photon energy for neodymium hydride thin
films prepared at different pressure. (b) The indirect optical band gap of the neodymium
hydride thin films as a function of deposition pressure. (films prepared in a pressure range
of 0.6-0.9 Pa showed a meaningful linear region in their Tauc plot for band gap
determination).
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Rutherford backscattering and elastic recoil detection data reveal an increase of (O
/H") anion ratio along with an increase in deposition pressure.lsl Hence, the relation
between the pressure and the bandgap can be explained assuming a mixed
hydrogen/oxygen valence band which shifts to lower energy levels with increasing
oxygen content. The NdOxHy band gap is the smallest observed among the rare earth
oxyhydrides investigated so far. It shows that the optical band gap of rare earth
oxyhydrides may be tailored not only by changing the deposition pressure, but also by
replacing the cation with another rare earth.

According to the relation between the bandgap and the hydrogen concentration of a
MOxH, (M =Y, Gd, Dy, Er) film described by Cornelius et al. ©], the band gap
decreases with increasing concentration of hydrogen. Given the chemical similarity of
the RE, we expect a similar trend in NdOyH,. Nevertheless, the absolute bandgap
value may change due to nature of the RE. In Nd.Os, the filled 4f-orbitals are situated
above the 2p O levels which make up the valence band. These 4f levels may interact
with the occupied H 1s levels in NdO4H, and hence lead to a valence band shift
resulting in the observed small band gap values.

Photochromic properties

Photochromism is the reversible transformation of a material between two states that
have different optical absorption spectra. Such a change is induced by the absorption
of electromagnetic radiation of sufficient energy.l’4 When a photochromic material is
illuminated, its absorption generally increases due to the formation of light-absorbing
species — a process referred to as photo-darkening. 14 Upon removal of activating
light, the concentration of absorbing species decreases and the material reverts back to
the original state, which is referred to as thermal bleaching.l!4 There are several
parameters that are used to quantify the photochromic effect. To eliminate the effect
of the differences in initial transmittance between films, we define the relative
transmittance as the transmittance at a given time normalized to its initial value T relative
= T(A\1)/T(A0). The relative contrast is described by  T(At)=[T(A,0) — T(A,1)]/ T(A,0).
In these equations, the average transmittance in the range of 450-1000 nm, , is
used to reduce optical interference effects.

All Nd oxyhydride films prepared above 0.6 Pa, showed photochromic properties.
The transmittance of all films in VIS-NIR region decreases as soon as the films are
illuminated (by a collimated LED light source). Figure 6.4a shows the photochromic
performance of sputtered films as a function of deposition pressure. The relative
contrast after 30 min of illumination is depicted in Figure 6.4b. The strongest contrast
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is observed in the film prepared just above p* at 0.65 Pa and decreases with
increasing deposition pressure.

Figure 6.4. The photochromic response of the NdOxHy films prepared above the critical
pressure. Films were illuminated using a collimated LED light source with a narrow
emission spectrum centered around A = 385 nm and 75140 pW/cm?2 maximum total
irradiance at 500 mA. Followed by (thermal) bleaching in the dark at ambient conditions.

As soon as irradiation ceases, thermal bleaching starts. This process can be described
with the help of the Lambert-Beer law. The absorption coefficient of the material is a
function of concentration of absorbing species, c(t), and its absorption cross-section
0.

Aa(A t) = c(t) - a(N) (6-1)

According to the Lambert—Beer law, the transmittance of light in dilute systems
decreases exponentially with the film thickness, d, and absorption coefficient, a.
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T\ t) = exp(—a(At) - d) (6-2)

The change in transmittance contributing to darkening effect can be expressed as
follows:

Tlo = exp(—(a—ap) - d) = exp(—Aa - d) (6-3)

Where Ty is the initial transmittance and oo is the initial absorption coefficient before
darkening starts and o corresponds to the difference in absorption coefficient
between darkened and bleached state. Rewriting an exponential equation in
logarithmic form, yields:

In (Tlo) =—Aa-d (6-4)

Assuming the kinetics is first order for thermal bleaching process, the transformation
process is directly related to following equation which describes the change of
concentration of darkened state:

—=—-=C (6-5)
Where T (s) is the characteristic bleaching time constant. Solving this equation taking

Co as the initial concentration when the illumination is switched off gives (see Figure
6.4a):

c(t) =coexp (— %t) (6-6)
Combining equations 1-1, 6-4 and 6-6 yields the expression:
T 1
In(—=In(=)) = —=t+In(cyod) (6-7)
To B
Hence, when taking the double natural logarithm of the normalised transmittance a
linear relation with time is obtained. Provided that the assumption of first order
kinetics is valid bleaching time constant 1z can be determined from the linear slope in
Figure 6.5a, The curves indeed indicate first order kinetics for the first stages of the

thermal bleaching in NdOyHy films. From the linear fit, we obtain the bleaching time
constants as a function of deposition pressure displayed in Figure 6.5b. We observe a
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strong decrease in the bleaching time constant, i. e., faster thermal bleaching when
increasing deposition pressure above p = 0.7 Pa.

Figure 6.5. (a) Analysis of bleaching kinetics of NdOyHy films fabricated at different
pressures. b) bleaching time constants versus deposition pressure.

Apparently, a high contrast correlates with a slow bleaching speed. Indeed, the
photochromic saturation contrast is the result of an equilibrium between photo-
darkening and bleaching. During illumination photo-darkening and thermal bleaching
processes are simultaneously active. The absorbing species formed due to irradiation
are at the same time affected by thermally induced relaxation. Slower bleaching implies
therefore that a larger contrast can be obtained. It is unclear, however, how the
thermal bleaching process relates to the higher Oz to H- ratio which is obtained at
higher deposition pressures.
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Effect of oxidation of NdOxH, on its optical

The optical and structural analysis shown so far is obtained directly after deposition of
the films. Due its reactive nature, Nd containing hydride and oxyhydride films oxidize
in air. In order to gain insight into the oxidation process after air exposure, the
oxidation of the films was tracked in terms of optical and structural properties. The
effect of air oxidation on transmittance is demonstrated in Figure 6.6 for two samples
prepared at 0.5 Pa and 0.8 Pa, respectively.

Figure 6.6. Effect of air exposure time on the thin film prepared at (a) 0.5 Pa and (b) 0.8
Pa.

For the film prepared at 0.5 Pa (Figure 6.6a), the initial transmittance window centered
around 900 nm expands to longer wavelengths and an absorption edge starts to
appear at around 400nm together with an overall increased transmittance. This
indicates the transformation of metallic dihydride to semiconducting neodymium
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oxyhydride. The oxidation rate of the films prepared above critical pressure is much
faster, as exemplified for the case of 0.8Pa (Figure 6.6b). This film immediately
transforms into an semiconductor on exposure to air. Further exposure of these films
initially leads to a blue shift of the optical absorption edge, indicating an increase of
the band gap. After one week, these films have oxidized completely showing band
gaps around 5eV similar to that of Nd oxide ™ and peeled off from the substrate
after around one week.

Figure 6.7. Effect of oxidation on (a) average transmittance of the of neodymium based
films as a function of deposition pressure. (b) the band gap of the films as a function of
deposition pressure which is obtained from Tauc plot.

Figure 6.7 shows a summary of oxidation effects on average transmittance and optical
band gap of the films as a function of deposition pressure. This shows that the Nd-
based films are much more prone to oxidation than the YOyHy films, which are
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generally stable in air. For a fair comparison of the photochromic properties we
therefore developed a method to protect the Nd-based films against oxidation.

6.3.2 Effect of the protection layer (ALD)

Optical properties

Atomic layer deposition (ALD) of metal oxide layers enables precise and reproducible
metal oxide layer growth with complete surface coverage which is pinhole free.l6! In
this work, we used Al,Os as a protection layer for NdOxH, thin film. This cap layer
appears to provide a good protection preventing the degradation of NdOxHy films in
air under ambient conditions.

Figure 6.8 shows the change of average transmittance and band gap of the films
before and after addition of a protection layer for various deposition pressures.
Comparison of the average transmittance and band gap before and after ALD coating
suggests that a certain amount of oxidation occurs during ALD fabrication of Al,Os -
probably due to the introduction of oxygen plasma. According to Figure 6.8a this
oxidation is similar to the effect of 1 or 2 days of air exposure. However, the
photochromic NdOxHy becomes more stable against air-oxidation after ALD capping
with Al,Os. While uncapped films prepared at pressures above 0.6 Pa oxidize and
delaminate after only one-week exposure to air, the ALD coated samples are stable for
more than 2 weeks. This demonstrates that ALD coating is an effective method to
prepare stable photochromic NdOxHy films for further studies and applications.

The transmittance of as-deposited and ALD coated NdOH, films is displayed in
Figure 6.9 as for overview. Using transmittance and reflectance (not shown) data, the
optical band gap values deduced using the Tauc plot method are shown in Figure 6.10.
After ALD coating the average transmittance of the samples has increased (Figure
6.8a) and the absorption edge (Figure 6.8 and 6.10) is shifted towards shorter
wavelengths. This shift is samller for films fabricated at 0.65 Pa and 0.7 Pa.
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Figure 6.8. (a) Average transmittance; (b) indirect band gap of as-deposited and ALD
coated NdOyHy film.
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Figure 6.9. Optical transmittance spectra of (a) as-deposited and (b) ALD coated
NdOxHy films grown at different deposition pressures.
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Figure 6.10. (a) Tauc plot for determination of band gap of (a) as-deposited and (b)
ALD coated NdOxHy films prepared at various deposition pressure. The dashed lines are
the linear fits of the absorption edges.

Photochromic properties, the effect of capping layer
Now that we tackled the problem of oxidation and degradation of NdOxHj thin films

with a protection layer, it is important to assess the photochromic properties of these
films. Here, we investigate the kinetics of photo-darkening and bleaching process after
exposing the films to 30 min of LED illumination followed by bleaching in the dark at
ambient conditions. Figure 6.11 shows the change of the average relative
transmittance acquired during and after the illumination is ceased for as-deposited and
ALD coated Nd-based films prepared at various deposition pressures. Remarkably, at
all deposition pressures the maximum photo-darkening is reduced by the ALD coating
process (see also Figure 6.12).

122



PHOTOCHROMIC NEODYMIUM OXYHYDRIDE THIN FILMS

The relative contrast is strongest in the film sputtered at the lowest pressure close to
critical pressure (0.65 Pa) while it decreases as the deposition pressure is increased.
Although the dependency of contrast on deposition pressure follows a similar trend
for both types of films, the photo-darkening is weaker in all ALD coated films (Figure
6.11a). This can be related to the fact that the ALD process induces a certain amount
of oxidation. Note, that all films were illuminated within 1 hour after deposition. In
the case of ALD coated films, they were illuminated after addition of protection layer
which was done immediately after films deposition. All ALD coated films showed
higher average transmittance and band gap value in comparison to as-deposited films
at the start of the illumination process. Therefore, based on transmittance spectra of
the films in the bleached state, we assumed that the ALD coated films contained more
oxygen.

As mentioned earlier, the linear regime in the plot of the quantity In(-In(T/Ty)) versus
the time yields the bleaching rate, Ts. The bleaching time constants corresponding to
the transmittance data in Fig 6.11 are determined using equation 7 and summarized in
Fig 6.12b.

A substantial decrease of the bleaching time constant, i.e. faster thermal bleaching, is
observed with increasing deposition pressure for both as-deposited and ALD coated
films. For all deposition pressures, the bleaching time constant tz was found to be
larger in case of ALD coated films, especially for films prepared close to the critical
pressure. This is surprising as we expect these films to bleach faster given their poor
photochromic contrast. This suggests that the exposure of the film to air is in part
responsible for the photochromic contrast, as is the case for WO3.171 This would
indicate that the surrounding ambient atmosphere plays a role during thermal
bleaching of the photochromic films.

123



CHAPTER 6

Figure 6.11. Comparison between the photochromic response of (a) as-deposited and (b)
ALD coated films for various deposition pressures. Films were illuminated using a collimated
LED light source with a narrow emission spectrum centered around A = 385 nm and 75140
HW/cm2 maximum total irradiance at 500 mA followed by (thermal) bleaching in the dark at
ambient conditions.
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Figure 6.12. (a) The relative contrast and (b) bleaching time for as-deposited and ALD
coated films as a function of deposition pressure obtained from the analysis of data
shown in Figure 6.11.
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6.3.3 Comparison of photochromic properties of NdOxHy and
YOxHy thin films

So far we have shown the photochromic properties of neodymium oxyhydride and its
dependence on deposition pressure. A question raised earlier in introduction, if the
photochromic effect in rare earth oxyhydride is affected by the cation size. Since the
Nd3+ cations are larger than other rare earth metals, it is expected that the bigger
lattice provides more space for the mobility of the species involved in the
photochromic process. Here, we want to compare the optical properties of NdOyH,
to its well-known yttrium based counterpart. Since the photochromic properties
depend on the deposition pressure we compare the darkening and bleaching behavior
of as-deposited films of these two materials as a function of deposition pressure.

A similar trend is observed in the plot of the relative contrast versus deposition
pressure for NdOxH, and YOxHy (Figure 6.13a). Both materials are not photochromic
when deposited below their critical pressure (p*), since (stable) metallic dihydride films
are formed in this regime. When the deposition pressure is increased above p*=0.35
Pa (Y) and p*=0.6 Pa (Nd) photochromic oxyhydrides are formed after air-exposure.
We found a similar material dependent difference in case of the heavier lanthanides
(Gd, Er).[4 At deposition pressures far above p* we find a decrease of photochromic
contrast in both materials. Films prepared under these conditions generally tend to
oxidize more rapidly and take up a larger amount of oxygen, which is believed to
reduce photochromic contrast. As a result, a maximum in contrast is observed at
pressures slightly above p* for both Nd and Y based oxyhydrides. Note that the
maximum relative contrast of NdOxH, (~46%) is somewhat larger than that of Y
(35%). However, direct comparison of contrast is complicated because it also depends
on film thickness and absorption coefficients, which is discussed below.

The general trend of bleaching time constant in both rare earth oxyhydrides also
shows a similar trend with a shift to higher pressures in case of Nd (Figure 6.13Db).
Both materials show a (nearly) monotic decrease of bleaching time constant (i.e. faster
thermal bleaching) with increasing deposition pressure. The largest bleaching time
constants are observed in the vicinity of p*. Apparently, the maximum time constant
of YO«Hy (—300 min) is larger than that of NdOyHy. This indicates that the cation size
may have an effect on bleaching kinetics. Assuming that bleaching is related to point
defect mobility, the latter may be facilitated by the larger Nd3* cations and the
resulting expanded crystal lattice. However, given the substantial effect of the
deposition conditions and the resulting film microstructure and chemical composition
on contrast and kinetics, a quantification of the cation size effect remains challenging.
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Figure 6.13. Comparison of the photochromic properties of NdOxHy (230 nm) and
YOxHy (150 nm) as a function of deposition pressures. (a) Relative contrast (b) bleaching
time. The films were illuminated for 30 min at 75140 pW/cm2 followed by (thermal)
bleaching in the dark at ambient conditions.
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6.3.4 Stability of ALD coated NdOxHy films

In order to further investigate the influence of the Al,Os capping layer on the stability
of the NdOyHy films, the surface characteristics of the films were evaluated after a
period of three months by optical microscopy (Figure 6.14 a&b). We observed
pinholes throughout the surface of the films. Probably, this is due to dust particles.
Since the films were exposed to air when they were transferred to the ALD chamber,
we suspect that the films were not fully clean at the start of the ALD process. These
dust particles allow oxygen to pass through pinholes and diffuse into the film where
bubbles form. Through the bubbles, oxygen is transported leading to expansion and
burst which give rise to additional entry ports for oxygen and water vapor. Since the
surrounding of the pinhole looks very stable, the stability of ALD-coated NdOyHy
films is probably significantly improved by the transportation of the films to the ALD
chamber in Ar bag.

A .
° .
110 pm 20 pm
o ——

Figure 6.14. Images of ALD coated NdOxH, thin film after a period of three months
with a use of differential interference contrast microscopy for optimizing image contrast.
An overview of the film (left). A detail image of the pinhole on the surface of the film

(right).

6.4 Application

Figure 6.15 shows a comparison of the absorption coefficient change due to photo-
darkening of all RE oxyhydrides studied in this work. Since the absorption coefficient
is purely a material property, this graph allows us to discuss the application potential
of the different materials. Apart from GdOxH, ( Omax ~ 32000 cm-), the
photochromic effect in other rare-earth oxyhydride appears to be similar in magnitude
( Omax ~ 15000-20000 cm-1) in the VIS spectral range. While the photochromic
contrast of Y, Dy and Er oxyhydrides is relatively low ( dmax ~ 5000 cm-1) in the NIR,
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this is not true in case of Gd and Nd. In these materials, the photochromic effect
extends into NIR spectral range with magnitudes of o > 20000 cm- at A = 2400 nm.
Here, NdOyH, shows a unique interesting property where the photochromic response
has a similar magnitude from the VIS to NIR. This would be a an advantage for smart
windows because it allows for regulation of room brightness as well as heat
management.

Figure 6.15. Comparison of the change in absorption coefficient of various rare-earth
oxyhydride prepared just above their critical pressures (thickness between 230 and 350
nm) after 5 h of UV illumination at 5070 yWcm-=2, The absorption coefficients are
calculated using the expression T(A)=[1 - R(A)] exp[-a(A)d].l}2 The normalized human eye
luminosity function is shown as a dashed curve according to Sharpe et al.['8] The onset
and maximum are red-shifted for materials with lower band gap like NdOyHy. The
NdOyxHy film is coated with a 40 nm Al,O3 protection layer.

6.5 Discussion

Our experimental findings show that structural, optical and photochromic properties
of the neodymium oxyhydrides can be tailored by the deposition pressure. Upon
exposure to air, the metal-to-insulator transition from NdH, to NdOxHy starts at a
critical deposition pressure of 0.6 Pa by the opening of a bandgap. The bandgap seems
to slowly evolve towards the bandgap of Nd»Osz (4 — 4.9 eV [8]), with increasing
deposition pressure and thus increasing Oz to H- ratio. The determined bandgaps of
the NdOxHy films range from 1.65 eV to 2.11 eV which is the smallest band gap
among reported rare earth oxyhydrides so far. According to the relation between the
bandgap and the hydrogen concentration of a MOxHy (M=Y, Gd, Dy, Er) film
described by Cornelius et al. I°], the band gap decreases with increasing concentration
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of hydrogen. Given the chemical similarity of the RE, we expect a similar trend in
NdOxHy. Nevertheless, the absolute bandgap value may change due to nature of Nd.
In Nd;Os3, the filled 4f-orbitals are situated above the 2p O levels which make up the
valence band. These 4f levels may interact with the occupied H 1s levels in NdOxHy
and hence lead to a valence band shift resulting in the observed small band gap values.

We find that the saturation contrast is highest close to the critical pressure and
decreases as the deposition pressure increases. We expect that this is related to the
composition and microstructure of the films. Films fabricated close to critical
pressure, with a lower O-2/H- ratio and a more dense packing show the highest
contrast and slowest bleaching. In comparison, films fabricated at higher pressure are
expected to have more porosity and higher O-2/H- ratio show a smaller contrast and
faster bleaching. This somehow affects the photochromic reaction that takes place,
probably by a higher mobility of photochromic species. The photochromic saturation
contrast is the result of the equilibrium between photo-darkening and bleaching,
which is reached after a certain amount of time as these two processes occur
simultaneously upon illumination. A lower bleaching rate, therefore, allows faster
darkening and that is what we observed for films prepare close to critical pressure.

The difference in absorption coefficients and thickness of the films prevents any
direct conclusion regarding the rare-earth dependence of the contrast. We find that
the thermal bleaching time constant is only weakly affected by the type of rare earth
metals that is used and mostly affected by microstructure and composition of the film.
There is a factor of 10 difference in bleaching speed if you change the deposition
pressure.

Our results show a fundamental step towards understanding and engineering of
photochromic rare earth oxyhydrides. The results presented here might be of interest
for certain applications, for example, if NdOxHy is used, one can block visible and
infrared light with the same strength.

6.6 Conclusion

In conclusion, our work demonstrates that 1) NdOxH, can be added to the family of
lanthanide oxyhydride thin films which exhibit photochromic properties, 2) structural,
optical and photochromic properties are very much influenced by the deposition
pressure which affects the microstructure and composition of the films. When
increasing the deposition pressure and thus increasing the O2 to H- ratio the bandgap
slowly evolves towards the bandgap of Nd>Os;. We find the bandgap of NdOyHy is
the smallest reported among rare earth oxyhydrides studied so far.) 3) NdOxHy shows
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a uniquely flat photochromic response from the VIS to NIR. This would be an
advantage for smart window design because it allows for regulation of room
brightness as well as heat management. However, the typical photochromic switching
time are of a similar magnitude as the other REOxHy, which suggests that point defect
mobility is not the determining factor for the kinetics of the photochromic effect. 4)
The addition of an ALD protection layer right after deposition improves the stability
of NdOxHy thin films as it protects against further air-oxidation. The ALD process
has an unexpected effect on the crystal symmetry of the film, which may be related to
the oxygen plasma involved in the deposition process. In addition, we observe that
the capped films have a reduced photochromic contrast, which warrants further study.
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Appendix

Structural properties of NdOxHy

XRD patterns of neodymium hydride films reactively deposited at 0.3, 0.5 and 0.6 Pa
are shown in Figure A6.16. These films appear to have an fcc structure corresponding
to NdH,, showing a preferred out of plane orientation along the fcc (111) direction. A
detailed plot of the (111) diffraction peak is presented in Figure A6.16. This
diffraction peak appears to shift to larger angles when the deposition pressure is
increased from 0.3 Pa to 0.6 Pa. Possibly this shift is associated with the presence of a
small amount of oxygen.

Figure A6.16. (a) Background subtracted XRD patterns of neodymium hydride thin
films, prepared below the critical pressure. Vertical dashed lines correspond to ICDD-
PDF pattern fcc-NH; #04-003-4756. (b) Detailed view of (111) for films fabricated below
critical pressure.
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Additional diffraction peaks appear when the deposition pressure is further increased.
The X-ray diffraction patterns of the films prepared at 0.65, 0.7, 0.8 and 0.9 Pa are
shown in Figure A6.17. In this case, additional lattice reflections turn up.

Figure A6.17. (a) Background subtracted XRD patterns of neodymium hydride thin
films, prepared below the critical pressure. Vertical dashed lines correspond to ICDD-
PDF pattern of fcc-NH; #04-003-4756 (blue) and tetragonal NdOH #04-017-9415 (red)
(b) Detailed view showing the first two diffraction peaks of as-deposited films fabricated
above the critical pressure.

In order to find out whether a cubic or tetragonal structure is formed, for each peak a
double Pseudo-Voigt peak function (to account for the Cu-Kq 1/, doublet)2 was fitted
to the experimental data. We considered instrumental error and error from fitting of
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the peaks [28cor= 26011 - 260f1set ]. From this value of 0, the lattice spacing d can be
determined from Bragg’s law:[19]

nA=2dsinf 2)

Where d is the corresponding lattice spacing and n is an integer. The lattice spacing in
cubic unit cell is related to hkl values and can be expressed as:[9]

= ie ©)

We assume that an fcc structure is formed and assign the (hkl) indices to the peaks.
Four Bragg reflection peaks corresponding to (111), (200), (311) and (222) crystal
orientations were identified (Figure A6.17b). The lattice constant values were
obtained from each indexed peak. Figure A6.18 shows the lattice constant values
calculated from each hkl-peak for films as a function of deposition pressure.
Regardless of the deposition pressure, we observe that the calculated lattice constant
shows a strong deviation from the cubic structure. Figure A6.19 shows an overview of
trend of change of lattice constant calculated from different diffraction peaks as
function deposition pressure. It appears that the lattice constant first decreases with
increasing pressure, until it reaches a minimum value at a deposition pressure of 0.6 Pa
and then it continuously increases with pressure. The reason for this minimum is not
known. All films show a lattice expansion relative to the reference value of 5.464 A
corresponding neodymium dihydride even films prepared below critical pressure. This
could be possibly understood by realizing that reactive sputtering is a non-equilibrium
process that does not yield a highly ordered hydride structure, while the reference
value refers to an annealed hydrogenated bulk specimen (ICDD-PDF fcc-NH; #04-
003-4756). We observe a mismatch of lattice constant calculated from different
reflection peaks assuming a cubic structure for films prepared above the critical
pressure. This suggests distortion of cubic structure. Possibly, oxygen incorporation
into the film plays a role in such a formation after air exposure.

Stoichiometric LnOH powders are reported to crystallize in the anion-disordered face-
centered cubic (fcc) fluorite type structure (Fm3m) (Ln = Sm, Gd, Tb, Dy, Ho, and
Er) or in an anion-ordered superstructure with tetragonal (P4/nmm) symmetry.l20 In
general, large Ln3* ions (Ln = La—Nd) favour the formation of the ordered fluorite
structure (P4/nmm).201 As shown by Widerge et al.2ll stoichiometric neodymium
oxyhydride (NdOH) crystalizes in an anion-ordered superstructure with tetragonal
(P4/nmm) symmetry, where the anion ordering takes place along the c-axis.[21l Indeed,
our oxyhydride films appear to have a tetragonal symmetry (Figure A6.20), although
the a/c ratio differs from that of Widoroe. This could be related to the fact that the
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O/H ratio may deviate from 1. However, increasing the deposition pressure, which
generally increases the O/H ratio, leads to an increase of both a and c. This suggests a
subtle difference between the powder and the thin film structure possibly related to a
higher amount of vacancies or a different O/H ratio in the thin films.

Figure A6.18. The calculated lattice constant from different diffraction peak assuming a
fce structure. The as-deposited NdOxHy films prepared at (a) 0.65 pa (b) 0.7 pa (c) 0.8 pa
(d) 0.9 pa. The 20 values were obtained by fitting Pseudo-Voigt peak function to
experimental data (the peak positions were corrected for instrumental error and error
from fitting).
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Figure A6.19. NdOxH, lattice constants as a function of deposition pressure,
determined from the (111) and (200) diffraction peaks, respectively. The peaks are fitted
as a linear combination of two Pseudo-Voigt functions (to account for the Co-Ka 2
doubletl??)) to the experimental data.

Figure A6.20. NdOxHy lattice parameters as a function of deposition pressure. The
reference values of tetragonal NdOH #04-017-9415 are added for comparison.

Effect of oxidation of NdOxHj on its structural properties

The degradation Nd based films over time is evident from the changes in the optical
properties. The effect of oxidation on the lattice constant as a function of deposition
pressure is shown in Figure A6.21. For the films prepared below critical pressure (0.3
and 0.5 Pa), one can see that upon oxidation the lattice constant first decreases
towards the minimum value that we observed for the film prepared at 0.6 Pa. On the
other hand, the lattice constant of the film prepared at 0.6 Pa increases upon
oxidation.
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Figure A6.21. Influence of oxidation on the lattice constant calculated from (111)
diffraction peak for the films as a function of deposition pressure.

For films prepared above the critical pressure, Figure A6.22 shows the effect of
oxidation on the first two diffraction peaks (assuming films above critical pressure
have a tetragonal structure) of the NdOxHy film prepared at 0.9 Pa. While the first
diffraction peaks is found to reduce in intensity and shifts to lower diffraction angles
slightly, the second peak decreases in intensity and shifts more rapidly to lower
diffraction angles over time. The reason for this observation is unknown.

Figure A6.22. (a) Background subtracted XRD pattern of the NdOyH, film prepared at
0.9 Pa over the period of three days. Vertical dashed lines correspond to ICDD-PDF
pattern of tetragonal NdOH #04-017-9415.
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Effect of protection layer (ALD) on structural properties of NdOxH,

To counter this effect a set of NdOyHy films was prepared above critical pressure
and capped with Al,O3 within 2-3 min after deposition by atomic layer deposition
(ALD). ALD of metal oxide layers enables the precise and reproducible metal
oxide layer growth with a complete surface coverage which is pinhole free.[20

Figure A6.23. (a) Background subtracted XRD pattern of the ALD coated NdOxHy
films prepared at different deposition pressures. (b) Detailed view showing the first two
diffraction peaks of ALD coated films fabricated above the critical pressure.

Figure A6.23a shows the diffraction pattern of the as-deposited and ALD coated
NdOyHy films as a function of deposition pressure. Similar to as-deposited films, we
tried to verify if a cubic or tetragonal structure is formed. A sum of two Pseudo-Voigt
function (to account for the Cu-Kg 12 doublet) was used to determine the diffraction
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peak positions. First we assumed a cubic structure might have formed and assigned
the (hkl) indices to the peaks. Four Bragg reflection peaks corresponding to (111),
(200), (311) and (222) crystal orientations were found. The lattice constant values were
determined from each diffraction peak and depicted in Figure A6.24. For films
prepared at 0.65 Pa and 0.7 Pa, a strong deviation from the cubic structure is also
observed for ALD coated films. However, for films prepared at 0.8 and 0.9 Pa, similar
values for the lattice constant are obtained from different indexed peaks. This suggests
that the tetragonality depends also on the O/H ratio.

Figure A6.24. The calculate