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Optical properties of MgH, measuredin situ by ellipsometry and spectrophotometry
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The dielectric properties at-MgH, are investigated in the photon energy range between 1 and 6.5 eV. For
this purpose, a sample configuration and experimental setup are developed that allow both optical transmission
and ellipsometric measurements of a transparent thin film in equilibrium with hydrogen. We show that
a-MgH, is a transparent, color neutral insulator with a band gap of 8.6 eV. It has an intrinsic transpar-
ency of about 80% over the whole visible spectrum. The dielectric function found in this work confirms very
recent band-structure calculations using the GW approximation by Alford and @inpublished As Pd is
used as a cap layer we report also the optical properties of Bt films.
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[. INTRODUCTION metals exhibit such a switchable behavior. However, all these
materials have a characteristic color in the fully hydroge-
Among metal hydridésthe magnesium hydrogen system nated state because their band gap is in the visible part of the
has always occupied a special place. Magnesium reacts reptical spectrum E,<3 eV). They showed that alloying
versibly with hydrogen to form Mgkl It is thus considered Wwith Mg results in color neutral switchable mirrors. This is
to be one of the most important candidates for the reversiblgery important for applications in, e.g., “smart” windows. In
storage of hydrogéndue to its lightweight, low cost, and 2001 Richardsoret al® reported that MgNi (z=2) also
high hydrogen storage capacify.6 wt% of hydrogep In  features reversible switching behavior upon hydrogenation.
spite of the large number of publications on Mg-Mgehly  In all these case$RE-Mg and MgNi), the band gap is
little is known about the intrinsic physical properties of this shifted to higher energies with increasing magnesium
system. The scarcity of data for Mghs mainly due to the concentratiorf?~%® Furthermore, all these alloys dispropor-
experimental difficulties encountered when trying to hydridetionate upon hydrogenatidi?’~**This disproportionation is
Mg.2 Nowadays, a great effort is made to improve the hy-also known for bulk RE-Mg®3! The available data suggest
drogen absorption/desorption kinetics by making nanocrysthat the shift of the band gap to higher energies is due to the
talline Mg (Ref. 4 and/or adding, e.g., transition mefals  formation of MgH, which is expected to have a large band
by ball milling. gap. At the same time the reflectance in the low hydrogen
Recent theoretical calculatidcheproduce that Mgklun-  phase(when the sample is unloadeihcreases due to Mg
dergoes various phase transitibfsas a function of pres- Wwhich has a high reflectioff.** At intermediate concentra-
sure. All theoretical calculations published so®far®[us-  tions the coexistence of Mg and Mgtseems to play an
ing either the local-density approximatioi.DA) or the important role in the realization of a highly absorbing, black
generalized gradient approximatiqi@GA)] predict band state that is observed during loading and unloading of
gaps between 3.1 and 4.2 eV farMgH,. This is smaller RE-Mg alloys®***It may also play a role in the black state
than the few sporadic experimental values reported untibbserved in MgNiH, .3 Thus, to understand the role of
now. Kraskd* mentions a value of 5.16 eV for the band gap MgH, in Mg-containing switchable mirrors it is essential to
from unpublished work by Genossar. He and Pdrageter-  determine the optical properties of Mgkhin films.
mined in an indirect way using Penn’s formtfian average In this paper we study thin films of magnesium hydride
band gap of 5.8 eV. Yamamotet all’ report an optical with spectrophotometry and ellipsometry and determine the
transmission spectrum for a thin film in which the transmis-dielectric function and the optical band gap. For this purpose
sion vanishes at 6.05 ef205 nm). Apart from that Ellinger we use a special substrate geometry and a special type of
et al!® found an index of refraction of 1.95 and 1.96 for the optical gas loading cell.
ordinary and extraordinary rays at 589.3 nm. The dielectric

properties have not been studied at all. This triggered our Il EXPERIMENT
interest to study the optical properties of Mgth detail. '
Another strong reason for our interest in Mgldtems MgH, thin films are made in two steps. First Pd capped

from metal-hydride switchable mirrors. In 1996 Huibeets metallic Mg films are deposited under UHV conditions on an
al.1® discovered that Y and La thin films change reversiblyappropriate substrate. The Pd cap layer is necessary to pro-
from shiny, metallic films to transparent, insulating films tect Mg against oxidation and to promote hydrogen dissocia-
upon hydrogenation either by changing the surrounding hytion and absorption. The films are subsequently loaded with
drogen gas pressure or the electrolytic cell poteAtiat.in hydrogen under high pressure up to the composition MgH
1997 van der Sluist al?? discovered that all rare-eartRE) The hydrogenation of Mg to MgH is, however, not
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straightforward as was shown by Krozer, Kasemo, andwithout film) and Pd samples are measured in reflection
others®~4% Palladium capped Mg films exhibit unusual ki- geometry from the top sidé.e., the metallic sideat near
netics due to the formation of a blocking Mghayer at the normal incidencg8°) in anabsolute reflection unit.
interface between Pd and Mg. The Mgldyer prevents H to Ellipsometry measurementsit RT) in the energy range
diffuse*! to the metallic Mg that is still present underneath. 1.0—6.5 eV (1248 A>190 nm) are carried out in a rotating
The formation of this blocking layer can be circumvented byanalyzer variable-angle spectroscopic ellipsomeét&SE,
starting hydrogenation at relatively lo{@ mbap H, pressure  J.A. Woollam Co. Ing, using thewvAsE32 software program
at a temperature of 100°C. Magnesium films with thick-for data acquisition and analysis. This instrument measures
nesses up to 150 nm can be fully transformed to Mg  the ratio of the complex Fresnel reflection coefficieRtsf
this way3%42 parallel(p) and perpendiculafs) polarized light** This ratio
defines the ellipsometric angl&8(w) and A(w) according

A. Film deposition to

Thin, polycrystalline films of Mg and Pd are deposited at
room temperature in an UHV molecular-beam epitaxy sys- 0 _
tem with a background pressure of TOmbar, using mate- 5 =—tafV(o)]exdiA(w)]. 1)
rial of 99.9% purity. The magnesium films are evaporated S
from a Knudsen cell and covered with a Pd cap layer. These
palladium films are deposited from an e-beam evaporation Tpree angles of incidenc0, 65, and 70°) are used to
unit. Typically, we deposit films simultaneously on a optain adequate sensitivity over the whole spectral range.
10x 10 mnt glassy carbon substrate for Rutherford back-gllipsometric data¥,A) are recorded at each data point as

scattering ~ spectrometry (RBS), 10x10 mnf quartz  an average of at least 100 and up to 4000 revolutions of the
substrates for x-ray diffraction, resistivity and/or atomic gnalyzer for the most critical data.

force microscopy measurements, and on a quartz substrate
(®© 42 mm, Heraeus Suprasi) for optical measurements.

| O

D. Semicylindrical substrate

B. Film characterization As the Pd cap layer on top of the very transparent MgH

RBS is used to determine possible contamination ofayer is strongly absorbing, ellipsometry cannot be carried
the films. For this glassy carbon substrates are used iAut from the Pd side. Thus, ellipsometry measurements need
order to separate the Mg signal from the background© be performed from the “backside,” through the substrate.
signal of the substrate. An oxygen contamination betweeffrlat substrates would need to be so thick that reflections
0.03<[0]/[Mg]=<0.085 has been found. from the front and backside of the substrate can be well

The thickness of the film is measured with a Deklaca ~ separated. Wit a 2 mmdiameter of the light beam the sub-
Tencor Alpha step 200 mechanical stylus profilometer. Thétrate must be thicker than 3 mm. However, at large angles of
surface structure, both before and after hydrogen loading, icidence the intensity loss in the light beam is substantial
investigated with a NanoScope IIl atomic force microscopedue to reflections at the air/substrate interface. Furthermore,
(AFM), operating in tapping mode using silicon cantilevers.at energies close to the limit of the ellipsometér-6.5 eV,

The scanned areas are typicallk1 and 55 um? from  the intensity of the light beam is diminishing quickly. These
which the root-mean-squafems) roughness is determined. Iimita’Fions can be_ avoid_ed with a semicylint_jrical sub;trate.
The thickness and roughness values from these techniques This substrate is designed for normal incidence of light at
are used as input parameters in the modeling of the transmife ambient/substrate interface and oblique incidence at the
sion, reflection, and ellipsometric datsee Sec. ). internal substrate/Mglinterface(see Fig. 1 For the nor-

Some samples are contacted ultrasonically with fourmal .incilden_t approximation to be valid, the diameter of th_e
30-um aluminum wires to monitor the resistivity with the Semicylindrical substrate must be large compared to the size
van der Pauw methd8 during loading with hydrogen. of thg Iight pean(Z mm). For pract.ical reasons we choose a

X_ray experiments are carried out with % radiation Sem|Cyl|ndr|CaI substrate with a diameter of 42 mm. The tOp

in a Rigaku “Rotaflex” RU 200 or Bruker D8 Discover x-ray Part of the semicylindrical substrate is cut away parallel to
diffractometer to monitor the transformation of hcp Mg to the base surface to enable transmission measurements. This

rutile MgH, in a 6-26 mode. design allows the angle of the incident light onto the sample
to vary between 55° and 75° from the normal. Both the flat
and the semicylindrical substrates are made of quartz glass
(Heraeus Suprasil)1This material is transparent deep into
Optical reflection and transmission measurements at roonthe UV beyond the limit of our ellipsometer and spectropho-
temperaturdRT) are carried out in a Perkin EImer Lambda tometer.
900 spectrophotometer in the range 0/bw<6.7 eV On the top of the large flat face we deposit, under exactly
(2500>A>185 nm). The specular and total transmission isthe same condition, three films with different Mg thicknesses
recorded while the spectrophotometer is purged with argolisee Fig. 1 This allows us to analyze compositionally iden-
or nitrogen in order to reduce absorption by i@ the ultra- tical films. This method makes the determination of the di-
violet (UV) and HO in the infrared. The quartz substrates electric function from ellipsometric data more reliaBté®

C. Optical techniques
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FIG. 2. Exploded view of the optical gas loading cell forsitu
ellipsometry and transmission measurements in a hydrogen envi-
ronment. In this sketch the cell is shown with the semicylindrical
substratesee Fig. 1 as sample window at the front side. Alterna-
tively, a flat window such as the one at the backside of the cell can
be used as sample substrate.

hourg up to 100-bar H. To do this the optical gas loading

cell is mounted inside a high-pressure loading chamber. This
FIG. 1. Sem|CyI|ndr|Cal qual‘tZ glaSS substrate for e”|psometryChamber |S made Of Stalnless steel and proof pressurlzed to

and transmission measurements. The upper figure is a side view efyg par. The design is such that it is not necessary to expose

the substrate, the one on the bottom a top view. A perspective Vie“ﬁ‘ne sample to the ambient after loading at 100-bar Itis,

is given in Fig. 2. The angle of incidence of light can be varied namely, possible to release hydrogen and close the optical

between 55 and 75°. On the flat part of the substrate three samplgsa ; .

- . ) s loading cell when a pressure of 1-bar hydrogen or less is

w!th different Mg thicknesses are deposited. They are all covere eached before disconnecting it from the high-pressure
with a 12-nm-thick Pd cap layer. o . - .

chamber. This high-pressure chamber is also equipped with

_ _ _ _ an electrical feed through with several wires to permit mea-

E. Optical gas loading cell and high-pressure loading chamber  surements of the resistivity of a sample during hydrogenation

In order to measure the optical properties of Mgkhd and of the temperature inside the chamber with a RhFe100

PdH, in situ in equilibrium with hydrogen at various pres- SENSOr. During hydrogen loading of a Mg fim the total
sures, we designed an experimental setup consisting of thr&9@mber can be resistively heated up to 100°C.

parts:(i) a substrate/windowsee Fig. 1, (ii) an optical gas
loading cell, andiii ) a high-pressure loading chamber. Com-
ponents(ii) and(iii ) are described below in more detail. The
setup also includes a special substrate holder with a sliding A. Sample characterization

mask for the deposition of the films and a holder to attach the Since Mg is a metal and MgHan insulator, the time

optical gas loading cell to the ellipsometer. evolution of hydrogenation can be followed situ in real

A semicylindrical or a flat substrate with the Pd-capped;,q by monitoring the change of the resistiifyThis al-
MgH, films deposited on top functions as window in the |o\s us to optimize the hydrogen pressiistarting at low
optical gas loading cellsee Fig. 2 For ellipsometry the pressures and increasing it stepwise to 100-barisuch a
sample/window is illuminated through the substrate to meagay that no impenetrable MgHayer is formed at the inter-
sure the backside of the film. Far situ transmission mea- face between Pd and Mg For practica| reasons we have
surements a window is mounted on the opposite side of thehounted an extra sample in the high-pressure loading cham-
cell as well. The sample can be exposed to a controlled hyber for resistivity measurements.
drogen gas atmosphere during the measurements via two The resistivity of this as-deposited 150-nm Mg film cov-
tubes connected to a vacuum pump and hydrogen gas cyliered with 15 nm of Pd at RT is 6,6{cm [the literature
der. The cell is designed for vacuum, but works also reliablyalue for bulk Mg at 20°C is 4.4.Qcm (Ref. 48]. The
up to a few bar hydrogen pressure. reflection of this as-deposited film is high in the visible and

As already mentioned in the introduction of Sec. Il, hy- near-infrared regions~80%). Both the low resistivity and
drogenation of Mg to MgHhl can be successfully achieved at the high reflection indicate the good quality of the film. After
moderate temperatures (100 °C) by starting at low hydrogefoading the resistivity reaches 6@ cm under 100-bar H
pressuré®“? Therefore, to be sure that our thin films of Mg at 100°C. Since Mgkl is an insulator one would at first
are completely transformed to Mghive start loading with a  sight expect a much higher value. The moderate resistivity
H, pressure of 1 mbar and increase it in steépihin a few  found experimentally is, however, due to the metallic Pd cap

Ill. RESULTS
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FIG. 3. X-ray-diffraction spectra of a 188-nm Mg/10-nm Pd film
(a) as deposited(b) loaded up to 1-bar §} and(c) of a 150-nm
Mg/15-nm Pd film loaded up to 100-bar,HThe large background
is due to the quartz substrate.

layer that shortcuts the MgHayer. Moreover, at a tempera-
ture of 100 °C, Mg and Pd may interdiffuse to form a Mg-Pd
alloy3%4°This intermixing has been suggested for Pd capped

Y as well>® and was conclusively shown with photoelectron Mar12.mm P®) a5 deposited anfb) aftet Ioading with hydrogen
spectroscopy recently.RBS showed an intermixing of M gile-nm as deposi Ing with fy
P Py tw g 9 at 100-bar. The root-mean-square roughness increases from 5 to 14

and Pd in our films as well. This can be due to either alloy- m due to the 32% volume expansion accompanied by the transi-
ing, interface roughening, or both. The net result is that ion from hep Mg to rutile Mng P y
relatively Pd-rich Pd-Mg alloy is formed on top of MgH '
that absorbs some hydrogen but does not become insulating

and this causes the shortcut. ume when transforming from hcp Mg to rutile MgH?

In the as-deposited metallic state, hcp Mg has a prefererSince the film is clamped by the substrate it cannot expand
tial growth direction, and only thé002) reflection is present laterally and all the expansion must take place out of plane.
in the x-ray diffractogranisee Fig. 8a)]. Loading a thin Mg  With AFM we indeed noted an increase in the rms roughness
film in 1-bar H, at 100 °C does not transform Mg completely from 5 nm to 14 nm. It can be seen as well that our top layer
to MgH, [see Fig. 8)]. Loading at 100 bar and 100°C, on of Pd is not fully covering the Mg layer below. With a me-
the other hand, left no traces of metallic Mg. Only the peakshanical stylus profilometer we found a corresponding in-
corresponding to the tetragonal structure of the rutile §/pe crease of the thickness of the film from 113 to 162 nm. This
of a-MgH, are observedsee Fig. 8)]. Such a preferred 43% increase is larger than the expected 32% volume expan-
growth direction is not observed for MgHvhere weak sig- sion because the mechanical stylus has a tip radius of
nals from the(110), (101), and (200 peaks can be seen. 12.5um, and hence cannot probe the deep valleys seen on
Rocking curves around thé02 Mg peak and thg110)  the AFM image. During ellipsometry we look through the
MgH, peaks show that our samples are polycrystalline.  substrate at the backside of our films and not from the top

AFM measurements revealed a significant difference beside as with AFM. Nevertheless, we found that surface
tween the as-deposited Pd covered Mg film and the fullyroughening needed to be taken into account when modeling
hydrogenated filmgsee Fig. 4. Mg expands by 32% in vol- the ellipsometric data.

FIG. 4. AFM images of the surface ¢85 um?) of a 101-nm
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where \ is the wavelength of light® It is clear from
Fig. 5b) that the diffuse transmission decreases strongly

— above the band gap as the film starts to absorb light. The
g\°/ 20 1 optical band gafEy can be estimated from the intersection
c of a fitted (zw)* curve to the data and an extrapolation of
-8 the flank of the absorption edge. Using this so-called
2 “Rayleigh method” we findE,=5.61 eV for this sample and

§, E,=5.67 eV for a second sample.

S Another estimate foEg can be obtained from the absorp-
= 10 tion edge of the transmission spectra using the Lambert-Beer

law, T(w)=Tgoexd —«(w)d], where« is the absorption co-
efficient, d is the film thickness, and, contains the trans-
mission of the Pd cap layer and the quartz substrate. In the
region of the absorption edg&, can be considered as con-
stant in our films(see Fig. 8 According to Tauc, the fre-
quency dependence af near the band edge is related to the
optical gap through>°

ho—Eg)”
a(w)x%. (3)

For direct, allowedforbidden transitionsy=3 (v=2) and
for indirect, allowed(forbidden transitionsy=2 (v=3). In

amorphous material it has been found that2 gives the
0- 3 4 5 561 6 best results. Combining these equations gives

Energy (eV)

ho—Eg)"
FIG. 5. (a) Total (solid line), speculardashed ling and diffuse INT(w)=InTo— C%- )

(dashed dotted lindransmission as a function of photon energy for

a 150-nm-thick MgH film capped with 12-nm Pd and loaded at . .

100°C in 100 barg(?f hydrogsgb) Detail of the diffuse transmis- The Consta_nts_ Iy, C, and Eg are determlned_ from a fit _to

sion. A fit using Eq.(2) and an extrapolation of the transmission f[he ransmission sp_ectra near the absorption edge in the

edge are shown. The intersection of these two curves gives an es{pterfergnce-free regionx5.4 e'V).. .

mate of 5.61 eV for the optical band gap. ~Applied to the total transmission this “Tauc procedure”

gives a gap of 5.480.05 eV usingv=2. It was also pos-

sible to get a Tauc fit with=3 andv=3. However, using

v=3 gives values that are too low compared to the “Ray-

. . . leigh procedure” and we might be fitting an interference
The 0pt|C6}I t'ransm|SS|0n (_Jf Pd capped I\/'bglﬂlms IS fringe instead of the absorption edge. ket 3 the quality of

measuredn situ in 1-bar H, using the gas loading celtee the fit is not as good and we obtain a gap of 51505 eV

Fig. 2). Figure 5 shows the total, specular, and diffuse transzom the total transmission.

mission of a 150-nm-thick Mgpifilm capped with 12-nm Since the diffuse transmission increases rapidly at small

Pd, loaded at 100-barj-and 100 °C. The total transmission wavelengthgi.e., with increasing energyit is clearer where

is measured with the optical gas loading cell placed at theénhe absorption starts in this spectrum than in the total trans-

entrance port of the integrating sphere in the spectrophotonmission. Therefore, we conclude that the band gap of MgH
eter. In this experiment a flat 3-mm-thick quartz glass subis 5.6+0.1 eV.

strate is used. Since we look at our film from the substrate
side, the MgH layer is situated 3 mm away from the port of
the integrating sphere. The specular transmission is measured )
with the sample in the sample compartment, using the direct 1. Modeling strategy

detector to monitor the signal. The difference between these Extracting the dielectric function of a layer from ellipso-
two signals is the diffuséscatteregltransmission. It is prob- metric data on samples like ours, which consists of several
ably due to the rough surfa¢see Sec. Il Aand Fig.@)] of  thin layers on a substrate, is a complex task. The complicated
our loaded samples. This diffuse transmissidp has a inversion of the ellipsometric data to the dielectric function
strong wavelength dependence and is proportional to is, however, greatly simplified if the optical properties of

B. Transmission and band gap of Mgh

C. Ellipsometry
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whereN is the number of ¥,A) pairs,M is the number of
fitting parameters, and the indices and ® denote data
points at different wavelengths and angles. In most cases also
normal-incidence transmission dafg,are used to improve
the accuracy of the determination of the dielectric functfon.
Then, a third term is included in the summation in E5).

In the modeling we take into account experimental errors
in incident angle and angular spread due to the substrate
design, and film thickness nonuniformity. It is difficult to
model both the thickness and the dielectric properties simul-
taneously in ellipsometd?*4Thus, we allow the layer thick-
nesses to vary only slightly around our measured thickness
values during fitting. The output from the modeling consists
of the best-fit value of the Lorentz-Drude parameters
[see Eq.(6)] and their 90% confidence intervals.

2. Optical constants of the glass substrate

The optical constants of the quartz substratesth flat
and semicylindricaland the quartz window used in the op-
tical gas loading cel(see Fig. 2 are determined using opti-
cal reflection and transmission measurements and ellipsom-

FIG. 6. Experimental and fitted ellipsometric dafa,(a) andA etry. This is straightforward, _and_ our results maich the
(b) for a 12-nm-thick Pd film in 1-bar Hused to determine the tabulated values of the refractive index from the manufac-
dielectric function of Pdi (see Fig. 8 The mean-squared error [Urer as well as those of quartz glass cited in Ref. 59. The
corresponding to the fit is 7.4. extinction coefficients are, however, not tabulated in Ref. 59.
Our results on the extinction coefficient show a slight ab-

sorption near and above 6.5 eV, but still below 10The

each individual layer is measured in separate experimentgyresnonding dielectric function is used in the consecutive
For this reason we adopted the following strategy to deterf’nodeling of the metal-hydride layers.

mine the dielectric function of MgH

We start by investigating the dielectric properties of the 3. Optical properties of PdH
quartz substrate. The second step is to evaluate the optical
properties of the hydrogenated Pd cap layer. This is done b¥_
mvest_lg_atmg a 12-nm_-th|ck film 9f Pd on qua_rtz, hyOIrOge'investigated in the ellipsometésee Fig. 6 for the experi-
nate it in 1-bar H using the optical gas loading cell and .o nia1'and fitted dajaThe Pd hydride, PdH that is formed
measure it in the ellipsometer. In a third step we study thgs 4 strongly absorbing metal. Its dielectric function
properties of the hydrogenated interface region between P w)=€,+ie, can be adequately parametrized with a
and MgH, carefully since earlier experiments with Mg-Pd | grentz-Drude(LD) model:
thin films showed that interdiffusion starts already at

Energy (eV)

A 12-nm-thick Pd film, deposited on quartz is exposed to
bar hydrogen at RT in the optical gas loading cell and

100°C3°*°This is done by investigating a “Pd-Mg” alloy N2 ¢
layer consisting of 10-nm Mg on a quartz substrate covered e(w)= em—E > Pl 4 E 5 2' - , (6
with 10-nm Pd. This sample is loaded with hydrogen at Slotiolrn =1 oj-0"=ilje

100°C and 100 bar and measured in the ellipsometer. ThGpore the constant, accounts for excitations far above
final step is to measure the total staduartz, MgH, Pd- g 5 eV theN Drude terms describe the free-carrier response
Mg_) and to ext_ract the optical properties of MgHsing the  \ith ,,; the plasma frequency of tlién Drude term and
optical properties of all the other layers. the relaxation time; th&1 Lorentz terms represent the effect

An optical model is defined for each sample and in theof interband transitions withi; the intensity of the th oscil-
fitting procedure the difference between the calculdtad  |ator, w; its energy, and’; its broadening. The relation be-
and the measuretexp (¥,A) values(see Sec. Il Care tween the dielectric function and the refractive indeand
weighted with the experimental standard deviatienand  extinction coefficienk is e;=n?—k? ande,=2nk. The LD
fitted with a Levenberg-Marquardt algorithm to minimize the parameters obtained for PgHn 1-bar H, are given in
mean-squared err@? according t8%°7 Table 1.
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TABLE I. Lorentz-Drude parameters and their 90% confidence intervals of a 12-nm-thick|&g in
1-bar H, obtained from ellipsometric dataee Fig. 6. £2=7.4 ande,.=1.266+0.371. All parameters are in

evV.

i wp'i 1/T| J (L)J \/ﬁ F]
1 3.389£0.901 0.1892-0.019

2 8.656-2.02 1.775:0.147

1 3.418-0.124 8.5884.6 5.195-0.691
2 6.878-0.119 11.3Z24.63 7.71%0.519
3 9.669 11.96 0.5601

In addition to the sample for ellipsometry, an identical The difference in&? (see Tables | and llbetween the
sample on a flat substrate is prepared for measurements inbar and 40-mbar measurements is mainly due to the differ-
the spectrophotometer. The transmission and absolute refleent substrate geometry, semicylindrical vs flat substrate. We
tion are determined for this sample in 40-mbar hydro@h  assign the major part of this difference §a to the cylindri-

H, in Ar). It is not possible to use the optical gas loading cellcal incident and exit surface of the semicylindrical substrate
when we determine the absolute reflection since we musind to the fact that the ellipsometry measurements have been
look directly at the Pd sample and not via the substrate. Tperformed from the “backside” of the sample through the
obtain a hydrogenated Pd sample, the whole spectrophotorsubstrate. Note that this does not change the dielectric func-
eter is purged in Ar containing 4% H corresponding to a tion, it merely gives a larger spread in the input data for the
partial pressure of 40-mbar,HThis is the highest FHlcon-  analysis.

centration we can use in th@pen spectrophotometer. In In Fig. 8 we show the resulting dielectric function at 1-bar
Fig. 7 the experimental and fitted data are displayed, the LIand 40-mbar K partial hydrogen pressure, and compare it to
parameters obtained for Pdkh 40-mbar H are given in literature data for PdHby von Rottkayet al° and literature
Table II. data for Pd from Ref. 59.

The plasma frequency,, of PdH, in 1-bar H is slightly
larger than the one in 40-mban,HBecauseo > Jne with n,
the charge-carrier density, there are more free charge carriers
in PdH, in 1-bar than in 40-mbar 1 Values for the(optical)

g resistivity po, can be derived from the Drude parameters
c using

iel

7

= 1

E

@ Popt™— 5 » (7)

E Gopr

|_

with €, the vacuum permittivityw,, is the plasma frequency,
and 7 is the electron relaxation time. This optical resistivity
calculated for the dominant Drude teim?2 shows the same
trend as the plasma frequency itself: In 40-mbar, IPdH,

has a resistivity of 23 cm, in 1 bar 178« cm. How-
ever, bulk Pd has a resistivity of 10.23) cm and PdH has

a maximum resisitivity of about 2@€) cm whenx=0.7 at
RT.5* Our much larger resistivities are probably due to the
fact that the 12-nm-thick Pd film consists of somewhat dis-
connected islands. Hydrogen absorption causes the Pd is-
lands to expand which decreases the resistivity between
them®2%3Thus, we have a sort of percolation effect and the
resistivity is lower in 1-bar K than in 40-mbar H contrary

to bulk PdH, .

Reflection (%)

4. Optical constants of the double layer Rdg

To investigate the optical properties of the partially inter-
diffused Pd-Mg top layer, we deposit a layer of 10-nm Mg
FIG. 7. Experimental and fitted transmissit and reflection ~ capped with 10-nm Pd on quartz. This Pd-Mg film is then
(b) data for a 12-nm-thick Pd film in 40-mbar,H4% H in Ar) used ~ €xposed to hydrogen at 100°C and 100 fiagether with
to determine the dielectric function of Pdisee Fig. 8 The mean-  the thick Mg film covered by Pdsee Fig. 1]. After hydro-
squared error corresponding to the fit is 1.04. genation the optical properties are determined in the optical

Energy (eV)
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TABLE II. Lorentz-Drude parameters and their 90% confidence intervals of a 12-nm-thick|Bggt in

40-mbar H (4% H, in Ar) obtained from reflection and transmission détae Fig. 7. £2=1.04, ande,.

=1.280=0.241. All parameters are in eV.

i wp,i 1/T| ] wJ \/f_j FJ

1 5.156-0.955 0.00%*0.0241

2 8.382-2.65 2.23&0.323
1 4.131%0.111 9.81%4.17 7.104-0.581
2 7.6230.249 7.79%4.14 0.9270.235

gas loading cell at RT. This sample is treated as consisting and thicknesses are coupled. The final iteration results in a fit
two layers: a Mg-rich Pd-Mg alloy on the substrate coveredwith a ¢2 of 8.7. The optical properties of this double layer
with a Pd-rich Pd-Mg alloy on top. As starting values for theare then used as starting values for the top layer of the
fitting procedure we use the Pdidielectric function deter- thicker MgH, film.

mined above for the Pd-rich Pd-Mg top layer, and combine it
with voids in a Bruggeman effective medium approximation
to take surface roughness into accotfhd Lorentz-Drude
model is used for the second layer, the Mg-rich Pd-Mg alloy. In the evaluation of the optical properties of Mghke
Ellipsometric data for three angles of incider(&&, 60, and analyze ellipsometric and transmission data of a 124-nm-
65°) and normal incidence transmission data are then conthick MgH; film capped with 12-nm Pdf{(as measured with
bined in a multiple data type fit. All data are measured on thé mechanical stylus profilometer in the hydrogenated jstate

same sample and during fitting the layer optical functiondn addition to these data, transmission data of a composition-
ally identical film, but with a thickness of 162 nigwhen

hydrogenated are included in the modeling. These three
datasets are evaluated in three parallel, coupled models si-
multaneously. The main features can be modeled using two
Lorentz oscillators at the high-energy side of the measured
spectra at 6.4 and 6.9 eV. These oscillators mark the begin-
ning of the conduction band.

The optical parameters of the capping layer, consisting of
the Pd-rich Pd-Mg alloy on top of the Mg-rich Pd-Mg alloy,

5. Dielectric function of MgH,

-30

——1 bar
——— 40 mbar 1
====lit. PdH,
---=--=lit. Pd

are initially fixed to the parameter values obtained in
Sec. lll C 4. The only parameters of the top layers which are
allowed to vary are the thicknesses since the diffusion of Pd
into MgH, may be larger than the 10 nm in the thin Pd/Mg
double layer. In the final iteration a global fit is used in which

-40 ] I Il Il Il I

all LD parameters are allowed to change. The figalis
17.17. Table Il gives the LD parameter values from the final
iteration for MgH,, the Pd-rich Pd-Mg cap layer and the
Mg-rich Pd-Mg cap layer.

The plasma frequencies obtained for the two top layers
give us a clue about their composition. Since the plasma
frequency of the top layerd,=14.35 eV) is much larger
than the one of the lower cap layan (= 6.672 eV), the top
layer has a larger charge-carrier density and is thus more
metallic than the lower one. This indicates that the top layer
is formed by ametallic Pd-Mg alloy. The lower layer con-
tains some insulating Mgjas well. The optical resistivity
[see Eq.7)] of the top layer is 382 cm compared to an
electrical resistivity of 63Qu{) cm (at RT) for the total stack
as measured after loading. Thus, the top layer is indeed
shunting the resistivity measurements of Mgtbince PdH
has an optical resistivity of 178€) cm it is clear that the top
layer contains some metallic Mg as well which has a much
lower resistivity (6.5x cm).

The total thickness of the stack obtained from ellipso-
metry is 130.6 nm after hydrogenation. With the stylus pro-

(b) i

Energy (eV)

FIG. 8. Real(a) and imaginary(b) parts ofe(w) for the PdH
films as determined from ellipsometry in 1-bag ksee Fig. § and
reflection and transmission measurements in 40-mbaréb H, in
Ar) (see Fig. 7. For comparison, the dielectric function found by
von Rottkayet al. (Ref. 60 for PdH, in 4% H, and the dielectric
function of pure Pd according to Ref. 59 are included.
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TABLE lll. Lorentz-Drude parameters and their 90% confidence intervals of a 124-nm, KllgiHcovered with 12-nm Pd obtained from
ellipsometric and transmission dafsee Fig. 9. £2=17.17 ande.,=1.595+0.092. All parameters are in eV.

i wp’i 1/7" J w] \/ﬂ F]
MgH, film, d=115.9 nm

1 6.4 5.516 0.6454
2 6.9 7.68%0.519 0.012230.109

Top cap layer: Pd-rich Pd-Mg allofwith 53% voidg, d=15.6 nm

1 2.964+0.122 5.2080.559 1.7029.03
2 8.5 17.40&12.2 0.01366:4.96

Lower cap layer: Mg-rich Pd-Mg alloyd=4.1 nm

1 6.672:0.865 0.00362¢8.29
1 3.293£0.0824 24.61%0.420 14.0%7.06

filometer we found a thickness of 136 nm. However, as men- In Figs. 9a) and 9b) the experimental and fitted values of
tioned before the profilometer gives a value that is too largeW andA are given, in(c) and(d) the experimental and fitted
Before hydrogenation the thickness was 95 nm. This wouldransmission curves are shown. Finally, Fig(alGnd 1@b)
mean an increase of 37.5% instead of the theoretical 32%how the real and imaginary part @f{w) obtained for
volume expansion. a-MgH,.

IV. DISCUSSION

In Table IV both experimental and theoretical values for
the band gap of Mgklare given. Hartree-Fock calculations
are not included since this method overestimates the band
gap considerably. Very recent and not yet published theoret-
ical work by Herzig®® Auluck?® and Alford and Cho(? on
MgH, is included.

The band gap of 560.1 eV determined in this work for
a-MgH, is close to values mentioned in literature. A gap of
5.16 eV was obtained in an UV-absorption study mentioned
by Krasko* However, details about how this value was ob-
tained have never been published. The value found by He
and Pongp for the average band gafcy) is close to ours.
This is rather surprising sinc¢Ey) was obtained in an
indirect way from x-ray photoelectron spectroscof§PS
data using Penn’s formuf&. Yamamotoet all’ measured
the specular optical transmission of thin layers of MgH
covered by Pd and found that the transmission is zero at
6.05 eV. However, they did not apply Tauc’s method
(see Sec. Il B to the transmission edge in order to obtain
an estimate for the band gap. Furthermore, one should
keep in mind that 6.05 eV is at the detection limit of their
Shimadzu spectrophotometer.

(d) As can be seen in Table IV LDA calculations give a band

p : : 0 gap that i§ systematica'lly too' Io'w. This is a well-knovyn fea-
Energy (V) Energy (eV) ture of this approximation. Similarly, the GGA used in two

oy 9 other papef&™ to calculate the density of states of MgH

FIG. 9. Experimental and fitted data for a 124-nm-thick MgH underestimates the band gap. Our band gap is closest to the
film covered with 12-nm Pd used to determine the dielectric func-theoretically calculated gaps of Her¥gusing screened-
tion of MgH, (see Fig. 1B (a) ellipsometric data for, (b) ellip- ~ exchange—-LDA(sX-LDA) and Alford and Cholf using
sometric data fon\, (c) optical transmission(d) transmission of a  the GW approximatiotGWA). Furthermore, it is interesting
sample consisting of 150-nm MgH2-nm Pd. All experimental to point out that our experimentally found gap
data are modeled simultaneously in the fitting procedure as deE;=5.6+0.1 eV is very close to the difference in ionization
scribed in Sec. Il C. The mean-squared error of the fitis 17.17. energy between Mg and H: 5.952 eV.

Transmission (%)

o
T
ny
o

=
Transmission (%)
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123 I(al)l LI B L B B I_ TABLE IV. Literature data for the band gap, of MgH, both
3 N experimental (expt) and calculated(calc). In parentheses the
10 3 Y E smallest direct gap for Mghis given. (EELS is electron-energy-
8 I loss spectroscopy.
- 1 v
w 6'; ‘; Material Method Eq (V) Reference
: — This work a-MgH,  expt. UV absorption 5.16 14
E —-—-—- Alford and Chou XPS 5.8 15
oF+——T—"—r——T—T T EELS >3.72 65
123 (b) = a
E & XPS >3.4 66
10‘5 i Transmission 6.08 17
87 1] E Ellipsometry/ 5.6-0.1 this work
5 6 E Transmission
43 E calc. LDA 3.06 11
3 3 LDA 3.4 12
2 3 E LDA 3.45 (4.34 68
0 N LDA 3.3 69
] . LDA 3.10 70
2 80 E GGA 3.78 13
.S 60—2 _ GGA 4.2 8
o ] ] sX-LDA 5.71(6.4)) 68
'€ 40 3 GWA 5.25(6.11) 70
% 20_} ] y-MgH,  calc. GGA 4.3 8
= ; B-MgH, calc. APW 0.23 67
0 : S N, S GGA 2.35 73

—_
[\

3 4 5 6 7
Energy (eV)

4f there are no charging effects, the band gap would be twice the
FIG. 10. Real(a) and imaginary(b) parts of e(w) for MgH, indicated value.
determined from ellipsometry and transmission datee Fig. 9. PThis is the photon energy where the transmission vanishes.
The real and imaginary parts calculated by Alford and CtiRef.

70) using the GW approximation are shown for comparison. The . . .
transmission of a 100-nm Mgkilm in vacuum calculated with the mental dielectric function and the one calculated by Alford

dielectric functions shown @) and (b) is displayed in the lower and Chou. As can be seen MQH""’_‘S an ',nmns'c transpar-
panel(c). The theoretical gap is0.5 eV too large. ency of about 80% over the entire visible spectrum. The
difference in energy between the absorption edges of the two
Back in 1955 Ellingeret al® determined the refractive transmission spectra and the dielectric functions is about
index of a-MgH, at 589.3 nm(2.107 eV and found 0.5 eV. Thus, GWA overestimates the optical gap by 0.5 eV.
n=1.95 and 1.96 for the ordinary and extraordinary rays,The direct gap determined from the band structure using
respectively. We finch=1.94 andk=7.6x 103 at the same GWA is 6.11 eV. Subtracting 0.5 eV from 6.11 eV gives a
energy which is very close. value of 5.61 eV which is within the error margin of our
Both Auluck® using LDA and Alford and Chol§ using  experimentally found gap. More information about the di-
LDA and GWA have calculated the band structure and di-electric function and band structure of Mgy Alford and
electric function fora-MgH,. To obtain the dielectric func- Chou will be published elsewhere.
tion only direct transitions are taken into account. The only Yet unpublished calculations indicate that the optical
difference between the LDA and GWA curves is the energyproperties of botha- and y-MgH, are close to each
position. The dielectric function obtained fa-MgH, with  other®®"®Vajeestoret al® find a gap of 4.2 and 4.3 eV far-
GWA agrees quite well with our measured valuesand y-MgH,, respectively, with GGA; Bastidet al® and
[see Figs. 1@&,b], while the LDA curve, as expected, is Bortz et all® have found that the structures of the two dif-
shifted to too low energies. This indicates that a scissorferent phases are closely related and that the density is al-
operation that shifts the conduction band rigidly with respectmost the same as well as the H-H distances. Therefore, our
to the valence band works well to correct LDA dielectric function fora-MgH, is probably a very good ap-
calculations’>"?>The energy at which both; ande, exhibit  proximation fory-MgH, as well. This is important to model
a marked increase is, however, slightly different for the exthe optical properties of switchable mirrors since in fully
periment and the GWA calculation. sX-LDA seems to over-hydrogenated Y-Mg alloys Nagengast al. found that fcc
estimate the band gap since it gives even larger values for théH; coexists with y-MgH,.?” 8-MgH, seems to be very
(in)direct gap than GWA. different both structuralfyand optically. Its density is much
Figure 1Qc) shows the optical transmission for a 100-nm- larger and the calculated band gap for this material turns out
thick MgH, film in vacuum as calculated with our experi- to be considerably smaller than that of bethand y-MgH,
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TABLE V. Literature data for the band gap, of materials closely related to MgHboth experimental
(expt) and calculatedcalc). (PES stands for photoemission spectrosgopy.

Material Method Eq (eV) Reference
MgF, expt. Reflectance 12.4 74
calc. tight binding,
pseudopotentials 12.8 75
MgO expt. Reflectance 7.77 76
calc. LDA ~5 77
GWA 7.8 77,82
MgS calc. LDA 2.6 84
LDA (correctedl 4.59 78
MgSe expt. 5.6 79
MgTe expt. 4.7, 3.6 79
CaH, expt. XPS ~5a 87
PES ~52 80
calc. LDA 3.32 83
SrH, expt. XPS ~5a 87
BaH, expt. XPS ~5a 87
XPS >2.2 66
LiH expt. 4.99 81
calc. GWA 5.24 81
LiD expt. 5.04 82
calc. LDA 2.84 82
GWA 5.37 82

&Charging effects are taking into account in the experiments.
bif there are no charging effects, the band gap would be twice as large.

(see Table IV. Augmented plane-waveéAPW) calculations  conduction band states with metal-isrand d states. From
underestimate the band gap considerably, the GGA valu¥PS experiments by Franzest al®’ it seems that the onset
of 2.35 eV (again by Vajeestdr) is much more reliable. of transitions in the valence-band regions start for §aH
The difference between the calculated band gap using GG&rH,, and BaH all at about 2.5 eV. Since charging effects
(Ref. 8 and the one measured farMgH, is 1.4 eV. Assum-  are taking into account, this gives a gap of about 5 eV quite
ing that the same scissors operation can be applied tdose to what we have found fer-MgH,. It is striking that
v-MgH, (Ref. 8 and 8-MgH, (Ref. 73 we expect an ex- LiH and LiD also have a gap of 5.0 eV.
perimental gap of 5.7 eV fow-MgH, and 3.75 eV for
B-MgH,. _ V. CONCLUSIONS

We now compare Mgkl to related materials such as
MgF,, MgO, MgS, MgSe, and other alkaline-earth and alkali  In this study we use a special experimental setup for op-
metal hydrides. In Table V the band gaps of these materialcal transmission and ellipsometry measurements. This setup
are listed. For all of them it turns out that LDA underesti- facilitates greatly measurements of the optical properties and
mates the measured gap. Again, as for Mgkhe GW ap- dielectric function of metal hydrides in a hydrogen environ-
proximation seems to give a very good agreement betweement. It is possible to control the gas pressure from 1 mbar to
experiment and calculation for MgO, LiH, and LiD. The 100 bar, and thus the composition of metal hydrides over a
same is true for the alkali metal halid®MgH, and CaH ~ wide range. The temperature, pressure, and resistivity are
seem to be very similar. Both materials are wide band-gapnonitoredin situ during hydrogenation of a sample. We de-
insulators and have a valence band that is predominantligrmine the dielectric properties af-MgH, and PdH and
determined by hydrogen orbitals'>8 For MgO and MgS  find that MgH; is a transparent, color neutral insulator with a
both valence and conduction bands are determined by theand gap of 5.60.1 eV. The transparency over the whole
anions(O or 9% as well and again the same holds for thevisible spectrum is~80% (for a 100-nm-thick film. The
alkali metal halide§® experimentally determined dielectric function in the photon

Since both the valence and conduction band of Mgke  energy range between 1 and 6.5 eV@MgH, is in very
formed by H states, the band gap of the alkaline-earth hygood agreement with very recent calculations using the GW
drides is expected to be almost independent of the metal as &proximation. If we assume that calculations of the band
the case for the alkali metal halid&s2® The remaining de- gap for y- and 8-MgH, underestimate the experimental gap
pendence results from the influence of the metal ion on théy the same amount as inMgH, we expect an experimen-
lattice parameter and the influence of hybridization of thetal gap of 5.7 eV fory-MgH,, and 3.75 eV forB-MgH,.
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