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ABSTARCT 

The discovery of optical and electrical switching properties in Yttrium and Lanthanum 
hydride thin films in 1996 has once again triggered large scale investigations to 
understand the fundamental physics of this switching phenomenon & its technological 
applications. The word "Switchable Mirrors" has been coined to describe these films. 
These mirrors are of interest for several reasons. Firstly, the observed electrical and 
optical transition is reversible in nature. Secondly, it occurs at normal pressure of 
hydrogen gas and at room temperature. Thirdly, the electrical metal to semiconductor 
transition is accompanied by dramatic changes in optical properties in the visible range. 
All these interesting features have been observed in both MBE grown epitaxial films and 
in polycrystalline films deposited by resistive/e-beam heating. Magnesium based REM 
alloys, where a color tinge transparent window can be transformed to colorless 
transparent one, on alloying with magnesium was recently attracted lot of attention. 
Besides gas phase loading, solid as well liquid electrolytes have also been investigated as 
means of hydrogen loading. The present work was inspired by the active interest in the 
optical and electrical switching properties of these thin films. 

In the present study, the investigations of optical and electrical switching 
phenomena have been carried out on praseodymium (a light REM) and yttrium (which is 
treated as heavy REM). Both these metals are known to show relatively more resistance 
towards corrosion in air than other metals in their respective category, A gas phase 
loading was used to hydrogenate the films. Palladium cap layer was utilized to realize the 
hydrogenation of metallic films at room temperature. The unloading of hydrogen from 
hydride films was done by creating vacuum around the films using a rotary pump. 

We deposited Pd capped Pr/Y films in high vacuum from two resistively heated 
tungsten boats placed adjacent to each other and symmetrically with respect to the 
substrates. The substrates were kept at room temperature to avoid the possibility of alloy 
formation between the Pd cap layer and the underlying Pr/Y films. The films were in-situ 
hydrogenated at room temperature by introducing hydrogen gas at a pressure 1.0 x 105  Pa 
into the vacuum. chamber. 

The structural characterization of the Pd capped Pr films revealed that the room 
temperature deposited films were polycrystalline in nature. The structure of Pr film was 
found to be d-hexagonal and exhibited a preferential orientation with [004] direction 
perpendicular to the substrate. The pattern obtained after hydrogenation of the films at 
room temperature confirmed its CaF2  cubic structure with preferential [111] direction 
perpendicular to the substrate. Hydrogen saturated PrIl. films remained fcc (i.e. did not 
show any structural transition between di- and tri- hydride state). The desorption of 
hydrogen from these films led to the expansion of lattice parameter (i.e. a change of 1.3 
%) of the fcc structure. The diffractogram of Pd capped Y films were found to be 
polycrystalline. The existence of hexagonal phase for Y was observed in this diffraction 
pattern. Analysis of the pattern revealed that the Y film had a most preferred orientation 
along (002) plane. On saturating with hydrogen, YR, film had a hexagonal closed packed 
(hcp) structure with preferential [002] direction perpendicular to the substrate. After 
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desorbing hydrogen from the hydrogen-saturated Pd capped Yfix  films, another peak 
corresponding to (111) plane of fcc- YH„,  phase appeared in XRD spectra. In- and out- of 
plane expansion was found to be about 1.2 % and 4.9 % respectively between Y and Yfixr 
(i.e. hydrogen desorbed) films, and about 0.5 % and 14.3 % respectively between Y and 
YFI„ (i.e. hydrogen saturated) films. In both types of films, the structure of Pd and Pd:H 
cap layers was found to be fcc. However, there was small change of 0.5 % in the lattice 
constant on hydrogenation. 

Atomic force microscope pictures of the PrHx/YH. films capped Pd layers 
showed the island type structure on the surface of the films. The roughness of Pd capped 
Pr}lx/YH, films demonstrated a decrease with an increase in cap layer thickness. 
However, the roughness of the former was found to be larger than that of the latter. 
Desorption of hydrogen from hydrogen saturated Pd capped Y films formed small-sized 
ripples on the surface. In selected palladium covered area geometry, the laterally diffused 
hydrogen in uncovered region close to Pd border had a lower roughness compared to that 
of the far away uncovered region. 

A metal to semiconductor transition was observed even in Pr/Y films not covered 
with Pd cap layer during in-situ hydrogen loading at temperatures 353 K. The transition 
time was found to be lower in films of less thickness. It also decreased when higher 
substrate temperatures were used during hydrogenation. M-S transition was realized at 
room temperature using Pd dots on top of Pr/Y films but the transition time was quite 
large (in min). On using selected Pd covered area geometry, we were able to achieve the 
transition or switching time in seconds. In both types of films, the switching and recovery 
time was found to decrease with increase in cap layer thickness. Biasing conditions were 
utilized during loading of hydrogen in the Pr/Y films and during unloading hydrogen 
from the PrHx/YH„ films. The formation of colorless transparent thin region close to Pd 
border in uncovered portion of YFI„ films (not seen in PrH, films) was found to be useful 
in loading (unloading) of hydrogen into (from) the YH„ films by varying both the 
magnitude and the direction of field. Under particular combination of biasing conditions 
during hydrogen loading or unloading, nearly 30 to 40 % change in resistance was 
observed in YH, films. Hall effect measurements on both the hydrogen loaded and 
unloaded films revealed conduction to be n-type. 

In visual appearance, the shiny mirror like Pd capped Pr film changed to dark 
yellowish transparent window upon hydrogenation at room temperature. Upon hydrogen 
loading in Y film, this metallic grey-colored film switched to yellowish tinge transparent 
film. The stability of the bare Pr film was relatively low in air compared to a Y film. In 
both the films, the stability was markedly enhanced by the use of a Pd cap layer. 

Increase in Pd cap layer thickness was found to significantly affect the magnitude 
of the transmittance of Prilx  and YH, films. The transmittance edges of hydrogen 
saturated Pr and Y films were observed at wavelength 440 and 330 nm respectively, 
provided the thickness of Pd layer was 12 nrn. On desorbing hydrogen from hydrogen 
saturated Pr/Y films, a red shift in transmittance edge occurred. The magnitude of shift 
increased with increase in cap layer thickness. The optical contrast ratio of Pr1-1„ films 
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determined with respect to metallic Pr films at a wavelength 675 nm was 0.98 whereas 
for YEI„ films it was 0.99 with respect to metallic Y film at wavelength 450 nm. The 
optical contrast of the films measured with respect to their hydrogen desorbed films was 
higher in YFI, films compared to PrHx  films. 

Ellipsometric measurements were performed to determine the dielectric constants 
of the Prl-lx/YH„ films. Experimental ty and d spectra were fitted on an optical model 
consisting of air/PcUPrHx  or YHaglass substrate in order to generate the dielectric 
constants of the underlying hydrided films. The dielectric function s(co) for PrE1,/YfIx  
films was modeled using a sum of five Lorentz oscillators (LOs) and one Drude oscillator 
(DO). The first LO represented higher energy band transitions; the second LO described 
the transition between valence and the conduction band of Prlix/Y1-1,, films; third LO of 
YrI, corresponded to transition involving low energy separated bands of fcc phase in 
hydrogen desorbed films; fourth LO of YH„ and third LO of PrIIx  represented the 
transition involving localized states formed near to conduction band upon hydrogen 
desorption; and the fifth LO of YE, and fourth and fifth LOs of Pr1-1, described the 
transitions which were possibly due to transition between acceptor levels to conduction 
band and/or valence band to donor levels. The variation of parameters of DO was found 
to affect the strength of the fifth LO, The plasma energy given in Drude term was found 
to be small in hydrogen-saturated films. 

The band gap of the films was determined from Tauc plots. The optical gap was 
found to be 2.83 eV and 2.94 eV for hydrogen saturated Pr and Y films respectively. In 
both films, increased thickness of the Pd cap layer led to a decreased value of cS in Y1-13.8 
and PrH3_8 films upon unloading such that 3-5 >_ as. Expected increase in free carrier 
concentration on decreasing the hydrogen content in the films was confirmed by increase 
in the plasma frequency with increase in cap layer for hydrogen-desorbed Pr/Y films. The 
average transition energy determined due to vacancy states was found to be about 1.8 eV 
for PrH, and 2.34 eV for Ylix. An interesting observation was that the energy 
corresponding to transition involving localized states decreased in hydrogen-desorbed Pr 
films, whereas it increased in case of Y films, with increase in cap layer thickness. The 
values of refractive index were lying between 1 to 2.2 for Pr1-1, and 1 to 3 for YI-Ix 
whereas the values of extinction coefficient varied from 0.15 to 1.2 for PrHx  and from 0.8 
to 1.2 for Yrix. 

Interesting observation have been made on 170 nm thick Pr films covered with Pd 
layer of thickness L5.. 9nm. In-situ hydrogenating such films led to the transformation of 
polycrystalline Pr films into nanocrystalline PrH3.8 (i.e. hydrogen saturated) films. These 
films showed a blue shift in their transmittance edge with respect to position of the edge 
of PrH3.5  films capped with 19 rim thick Pd layer. Using EMA theory, the approximate 
size of the nanocrystallites calculated from the blue shift of 1.36 eV and 0.24 eV for a cap 
layer of 5 and 9 nm was found to be 19 nm and 32 run respectively. These results are well 
supported by XRD, TEM and AFM measurements. 
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