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A Photoelectrochemical Study of the GdMg Hydride
Switchable Mirror
M. Di Vece,a,z P. van der Sluis,b A.-M. Janner,b and J. J. Kellya,*
aDebye Institute, Physics and Chemistry of Condensed Matter, Utrecht University,
3508 TA Utrecht, The Netherlands
bPhilips Research, 5656 AA Eindhoven, The Netherlands

A significant chemical stability has allowed us to perform photoelectrochemical measurements on the semiconducting state of the
GdMg hydride system. With electrical impedance spectroscopy we confirm that GdMg hydride in the transparent state is an n-type
semiconductor. The donor density was estimated to be 53 1021 cm23. Impedance measurements give information about the
potential distribution at the semiconductor/solution interface. Photocurrent was observed in the transparent state. It is proposed that
photoanodic etching of the GdMg hydride at high light intensities occurs along grain boundaries, leading to inhomogeneous
destruction of the film.
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Rare earth metal hydride films have unusual electrical and o
cal properties. On going from the dihydride to the trihydride st
these systems show a reversible metal-to-insulator~semiconductor!
transition. As expected, the metal is optically opaque while the
sulator is transparent.1 These properties open the way to novel a
plications such as switchable mirrors.

Stoichiometric trihydride cannot be formed when the hydrog
loading pressure is about 1 bar. The hydrogen vacancies at th
trahedral sites may act as donors, as proposed by Libowitz,2 contrib-
uting electrons to the conduction band by thermal excitation. A
result, these materials should be n-type. For YH32d at 1 bar of
hydrogen pressured is about 0.1; from this the donor densityND ,
which should be equal to the concentration of defects, can be
mated to be 23 1021 cm23. Hall effect3 and transmission spectr
measurements4 show the charge carrier density to be in the order
1019 cm23. For GdH32d a charge carrier density of 3.
3 1020 cm23 has been estimated by Lee and Lin.5 The difference
between the donor density and charge carrier density can be
plained by the deep level of the donors, which results in onl
fraction of the donors being ionized.

The lanthanide trihydrides are yellow in transmission and h
low reflection in the metallic state. For technological applicatio
however, color neutrality and a high reflection ratio are desira
Van der Sluiset al.6 showed that this can be achieved by alloyi
with magnesium. A composition of 40% gadolinium and 60% ma
nesium is suitable and was used in our experiments.

Most thin film switchable mirror experiments are performed w
a caplayer of palladium to prevent oxidation and enhance hydro
nation kinetics. Hydrogenation can be accomplish
electrochemically7 in a 1 M KOH solution, according to the reac
tions

H2O 1 e2 → Had 1 OH2

MHx 1 Had → MHx11

The adsorbed hydrogen diffuses into the material; the concentra
is proportional to the transferred charge. Since the trihydride
semiconductor it should be possible, in principle, to apply~photo!-
electrochemical techniques to study the system. Di Quartoet al.8

have used photocurrent measurements to investigate the hy
produced on bulk yttrium during corrosion in acidic solution. Th
concluded that a semiconductor phase YH32d is formed with a
bandgap similar to that of the trihydride formed in the gas-ph
loading of the metal. They used these measurements to specula
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the energetics of the Y/YH32d/aqueous system. Use of the bu
electrode under corrosion conditions, however, limits the stability
the system. In this work we describe an electrochemical study
thin GdMg alloy layers. The stability of this system enabled us
perform photocurrent and impedance measurements in conjun
with in situ optical measurements. The results give informati
about the semiconducting properties of the alloy. In addition, a ch
acteristic photocorrosion process is described.

Experimental

The geometry of the working electrode is shown in Fig. 1. A
indium tin oxide ~ITO! layer on glass was used as substrate.
ensure good adhesion of the GdMg alloy a 0.5 nm thick magnes
layer was evaporated onto the ITO. The active polycrystalline la
had a Gd/Mg ratio of 38/62 and a thickness of 218 nm, topcoa
with a thin palladium layer~nominal thickness 10 nm!. For conve-
nience we omit the composition index,i.e., we denote Gd38Mg62
simply by GdMg. The active film covered only part of the IT
surface to allow a back contact to the film via the ITO. The lay
were deposited by evaporation at 1027 mbar base pressure and an
lyzed with Rutherford backscattering~RBS! to determine thickness
and composition. In the experiments described in this work the
tial state of the electrode was GdH2Mg, because the formation en
thalpy of the irreversibly formed GdH2 is much lower than that of
MgH2. GdH2Mg was formed by galvanostatically loading the GdM
sample in the electrochemical setup. From this state the sam
could be reversibly loaded to GdH3MgH2.

The sample geometry allows impedance measurements for w
the electrical contact should always be on the bulk material. T
conductivity of the ITO is at least three times that of the film in t
semiconducting state. A platinum lead was fixed with silver g

Figure 1. Geometry of the electrode. The connection to the potentiosta
made with a platinum lead on the ITO.
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~2400 circuit works conductive epoxy, Agar Scientific! on the free
ITO surface, and both the lead and the ITO were protected from
solution by Apiezon. The active surface area was 1.3 cm2. The elec-
trical contact between the ITO substrate and the semiconductor
was ohmic.

A two-compartment electrochemical glass cell was used for
measurements. The working electrode was positioned together
a saturated calomel reference electrode~SCE! in one compartment,
and a platinum counter electrode was placed in the other com
ment. All potentials are given with respect to SCE. To eliminate
possible influence of chloride ions during photocorrosion, we c
firmed the results with a Hg/HgO reference electrode. Argon
was bubbled through both chambers. The glass cell had window
both sides through which we could illuminate the sample and a
measure transmission. For illumination, a 500 W HgXe lamp~Oriel!
was used. Transmission was measured with a diode laser~Vector,
670 nm! and a standard photodiode. All electrochemical expe
ments were performed in a 1 M KOH electrolyte solution at room
temperature.

A potentiostat/galvanostat~EG&G Princeton Applied Researc
~PAR! 273A! was used in combination with a frequency respon
analyzer~Schlumberger-Solartron SI 1255!. Photocurrent was mea
sured with a Stanford Research Systems SR830 DSP lock-in am
fier and a SR540 chopper operated at 379 Hz. This setup
computer-controlled by in-house developed programs~LabView!.
Impedance data were fitted with the ‘‘Equivalent Circu
Program’’9,10 provided by B. A. Boukamp, University of Twente
The Netherlands.

The surface of the samples was examined with an XL30E
scanning electron microscope~SEM, Philips!. Energy-dispersive
analysis by X-ray~EDAX! was used for element analysis durin
SEM operation. Besides SEM and EDAX, X-ray photoelectr
spectroscopy~XPS! was also used to inspect the surface of etch
samples. The XPS data were obtained with a Vacuum Gener
XPS system, using a CLAM-2 hemispherical analyzer for elect
detection.

Results

Voltammetry.—Curve A of Fig. 2 shows a cyclic voltammogra
of the GdH2Mg sample in a 1 M KOH solution. The scan towa
negative potentials was started at 0 V. At20.9 V, loading of the
sample begins as the current becomes strongly cathodic. Aft
slight decrease at around21.3 V, the cathodic current increase
again due to hydrogen evolution. The scan is reversed at21.55 V.
The transmission of the electrode~curve B, Fig. 2!is low in the
potential range between 0 and21.4 V. After 21.4 V the transmis-
sion starts to increase and continues to increase when the sc
reversed at21.55 V. It is clear that in the return scan there is
potential range of 0.6 V in which the transparent state persists, s

Figure 2. The potential dependence of the current density~A! and transmis-
sion ~B! of a GdMg electrode in a 1 M KOH solution. Scan rate 8 mV s21.
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the transmission decreases only at20.8 V, gradually returning to its
original value. At20.9 V a small anodic current peak is observe
The anodic current increases significantly only at20.3 V. At the
potential limit of the scan~0 V!, the film has not yet released all th
hydrogen that can be reversibly transported to and from the fi
since a considerable current is still flowing. At lower scan rates
effect vanishes. However, photocurrent measurements force u
use this scan rate to avoid premature dissolution of the film, as
discuss later. Because the film remains in the transparent state
a considerable potential range, it is possible to perform various
periments on the semiconductor as a function of potential.

Impedance.—In Fig. 3, electrical impedance measurements
shown for the electrode in the fully loaded state at21.1 V ~vs.
SCE!. The imaginary component of the impedance is plotted a
function of the real component. For the frequency range of th
measurements, the semicircle can be represented by an equiv
electrical circuit of a resistor in series with a parallel circuit of
constant phase element~CPE!and a resistor. The expression for th
CPE is

ZCPE 5 ~ j v!2n/Y0

wherev is the frequency andY0 is a parameter containing elemen
which depend on the electrochemical system. The value ofn ~0.95!
is very close to 1, indicating that the CPE is almost equivalent t
capacitor. A fit with the Boukamp program gives an accuracy be
than 2%. The slight deviation ofn from 1 is responsible for fre-
quency dispersion. This kind of dispersion is not uncommon and
be caused by a variety of phenomena, like surface roughness,
face states,11 and/or deep-lying impurity levels.12 From the absence
of a Warburg component at low frequencies we conclude that th
is no limitation due to mass transport within the film. Therefore,
hydrogen concentration in the film during the measurement rem
constant. The high-frequency limit of the impedance is determi
by the ohmic resistance~order of 10V! of the film, liquid electro-
lyte, and the external circuit. The parallel resistance allows fo
small ‘‘leakage current’’ through the interface.14

In Fig. 4, C22 is plotted as a function of potential. The capac
tance was calculated from the measured impedance, with an eq
lent circuit consisting of a capacitor parallel to a resistor. This p
cedure was performed for three frequencies. There are three reg
in this plot. At the most negative potentials~A! the capacitance at a
given frequency is essentially independent of the potential. This
gime is followed by two ‘‘linear’’ ranges with different slope~B and
C!.

Photocurrent.—To measure photocurrent the sample was illu
nated with a HgXe lamp~with water filter and 25% neutral densit

Figure 3. Electrical impedance plot at21.1 V in the transparent state:~n!
experimental values,~j! values from a fit with an equivalent circuit consis
ing of a resistor R1 in series with a resistor R2 and CPEQ, parallel to each
other. R15 12 V, R2 5 4.8 kV ~1.6%!, Q5 3.7 3 1025 F ~1.6%!, n
5 0.95 ~0.3%!.
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filter!. Figure 5 shows the photocurrent~B! measured simulta-
neously with the total current~A! as a function of the potential
Again, the scan starts at 0 V, with the electrode in the metallic s
(GdH2Mg!. Up to 20.9 V a small offset in the measured photocu
rent is observed. From20.9 V, in the opaque state, the photocurre
increases up to the potential at which the scan is reversed. Whil
film becomes transparent~compare with Fig. 2!a strong photocur-
rent is measured until the film again becomes opaque. Note
small decrease of photocurrent just before the potential limit of
scan is reached and after the scan is reversed. We find a photoc
onset~in the wavelength domain! at 440 nm. This is in accordanc
with transmission spectra reported by van der Sluis.6

Photocorrosion.—Under illumination with the full intensity o
the lamp a characteristic degradation of the electrode is obse
Figure 6A shows a SEM photograph of a surface which was illu
nated for 20 min at21.1 V ~SCE!. Holes, many of them circular i
shape, have been opened in the layer. These holes seem to be c
by peeling or detachment of portions of the layer. In certain ca
the detached region can still be seen close to its parent hole. T
sients of the photocurrent and total current measured during de
dation under full illumination are shown in Fig. 7. Before illumin
tion, the film was completely loaded and transparent. T
photocurrent ~top! appears immediately on illumination, goe
through a maximum at about 200 s, and decreases after 1000 s
lower value. Integration of the photocurrent gives a charge of ab
0.13 mC/cm2. The total current is clearly anodic~bottom!and starts
at about 30 s after the start of the photocurrent. The charge unde
peak is 4.2 mC/cm2.

Figure 4. The potential dependence of C22 at three measuring frequencie

Figure 5. The potential dependence of~A! current density and~B! photo-
current density of a GdMg electrode in a 1 M KOH solution. Scan rate 8 mV
s21.
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In Fig. 6B a close-up of some circular holes can be seen.
inspected one such hole with EDAX. In the center we found no G
Mg, or Pd. Indium from the ITO substrate was detected. In
second layer we found Mg but no Gd or Pd; this is very likely fro
the adhesion layer and from magnesium due to separation out o
GdMg alloy. The outer surface contained all the elements~Gd, Mg,
Pd! used.

An equivalent sample was etched in the same way as descr
previously for a longer time. During the rinsing process the film w
completely detached from the substrate. XPS measurements on
‘‘bare’’ surface showed neither palladium nor gadolinium we
present. Magnesium was found, but evidently in an amount
undetectable by EDAX. We believe the presence of magnesium a
etching results from the reaction of parts of the magnesium adhe
layer with the ITO. This magnesium therefore cannot be remo
only by etching.

Discussion

From the results presented in the previous section it is clear
the reversible transition of the GdMg hydride system from the m
tallic to the semiconductor state is accompanied by interes
changes in the electrical impedance. In addition, photocurren
observed, as well as a photocorrosion effect with remarkable
tures. In this section we consider these results.

In Fig. 2 it is shown that the transmission begins to increase
21.4 V. The charge passed at this point~0.24 C! is close to that
necessary to convert the layer to the GdH3MgH2 state. Clearly, al-
most the complete layer must be converted for the film to beco
transparent.

In the voltammogram a current peak is observed in the reve
scan at20.8 V. Although anodic current begins to flow at21.0 V,

Figure 6. SEM of the GdMg film etched in a 1 M KOH solution under
illumination at a potential of21.1 V for 20 min.
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the transmission remains constant. Very likely the current in
range corresponds to oxidation of hydrogen adsorbed at the p
dium surface or removal of absorbed hydrogen from the pallad
islands. The decrease in transmission shows that the film star
unload at20.75 V. That this process is rather slow is clear from t
low anodic current up to20.3 V. At this potential the rate of un
loading increases significantly.

The results shown in Fig. 3 for a more negative potential~21.1
V! indicate a simple equivalent circuit consisting of a resistor
series with a capacitance parallel to a resistor. The capacitanc
pends strongly on the applied potential above21.2 V ~Fig. 4!, as
would be expected for a semiconductor electrode under deple
conditions. In this case the impedance is described by Mott-Scho
theory, which predicts a linear relationship between C22 and the
potential

Csc
22 5 ~2/eND« r«0!S U 2 UFB 2

kT

q D
ND is the donor density,Csc is the space charge capacitance,q the
electronic charge, and« r denotes the dielectric constant for whic
we take the value of fully hydrided Gd42Mg58.

13

A plot of our results in Fig. 4 indeed gives linear ranges
potentials above21.2 V. The positive slopes~B and C!show that
the electrode must be an n-type semiconductor. The results give
Fig. 4 are, however, more complicated than what is normally fou
with semiconductor electrodes. Under depletion conditions
. 21.4 V) three linear ranges are observed. At lower poten
C22 becomes almost independent of potential~A!. According to the
Mott-Schottky relationship the donor density can be calculated fr

Figure 7. Current transient corresponding to the experiment of Fig. 6:~top!
photocurrent and~bottom! total current. Photocurrent onset occurs instan
neously~see arrow!while the total current shows a delayed response~30 s!.
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the slope of the C22 vs. Uplot. The value obtained from the resul
in Fig. 4 at positive potentials and 1000 Hz is 53 1021 cm23.
Compared to reported free carrier densities for conventional se
conductors, this donor density seems unexpectedly high. It prob
indicates ionization of all donors in the system during the exp
ment in depletion. One has to take into account the fact that
energy difference between the conduction band and the donor
may be large,e.g., in the case of YH32d , the donor level is 0.13 eV4

below the conduction bandedge. This results in the ionization of
a fraction of the donors at room temperature and stable conditi
Assuming a similar donor level in this case, we find a charge car
density of about 1019 to 1020 cm23. This resembles the value re
ported for yttrium trihydride1 and is similar to the charge carrie
density reported for GdH32d .5

In the potential range~A! between21.55 and21.2 V the ca-
pacitance is dependent on the frequency but is essentially inde
dent of the potential. This indicates a pinning of the Fermi level d
to surface states.14 In that case the applied potential changes only
Helmholtz capacitance. The band bending within the space-ch
layer of the semiconductor remains unchanged in this range. A
result, extrapolation of the linear Mott-Schottky plots to the pote
tial at which C22 5 0 (21.4 V! does not yield the true flatban
potential value. The true flatband condition is obtained at a poten
more negative than21.55 V; this is beyond the reach of the prese
measurements because of strong hydrogen evolution.

The interpretation of our impedance results is based on the
of a semiconductor/electrolyte interface. The present system is
viously more complicated. There is palladium on the surface, pr
ably as islands. The surface is partially covered by an oxi
hydroxide layer which may also extend under the islands.15,16 The
results, however, clearly show the importance of the presence
depletion layer within the semiconductor. As would be expected
photocurrent is observed for the semiconductor under strong de
tion conditions~Fig. 5!. Electrons and holes, generated by light, a
separated by the electric field of the depletion layer. The holes
used for an oxidation reaction at the semiconductor/electrolyte
terface. The electrons are detected as photocurrent in the ext
circuit. In contrast to the transmission, for which an increase
observed only when the layer has been almost completely loa
~Fig. 2!, photocurrent is observed at considerably more positive
tential ~20.9 V!. We assume that because of slow diffusion of h
drogen, a concentration gradient is established at the semicondu
solution interface within the film. As a result, a thin semiconducti
layer is formed which gradually grows in thickness. A photocurre
is expected as soon as the semiconducting layer has a thick
comparable to that of the depletion layer. The decrease of the
tocurrent just before the scan is reversed and the delayed ons
scan reversal indicates the disappearance of the depletion layeV
, VFB). From the photocurrent and impedance measurements
deduce that the true flatband potential is more negative than21.6 V.
This would place the conduction bandedge before Fermi level
ning, at an energy of less than 3.3 eV with respect to the vacu
level.14 The photocurrent disappears as the film returns to the
tallic state.

The corrosion observed under illumination~Fig. 6! suggests that
the photocurrent is due to the photoanodic oxidation of the la
similar to the results reported for yttrium in Ref. 17. A possib
mechanism for this reaction is

GdH3 1 6h1 1 6 OH2 5 Gd~OH!3 1 3H2O

MgH2 1 4h1 1 4 OH2 5 Mg~OH!2 1 2H2O

The gadolinium and magnesium hydroxide formed in this way
dissolved in the electrolyte.18 In order to explain the highly unusua
form of corrosion, we suggest that at high light intensity photoa
odic attack occurs preferentially at defects and/or grain bounda
When GdMg is removed along the boundary, the magnesium a
sion layer is exposed to the solution. The metal is oxidized ano
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cally, giving rise to the anodic dark current transient shown in F
7. With the removal of the magnesium, the GdMg hydride fi
becomes detached. Because of the stress in the film due to hyd
loading, the layer may ‘‘break away’’ completely, as is clear in F
6B. When the solution reaches the magnesium layer at a single p
a concentric hole is expected. This mechanism explains the time
between onset of the total current and the photocurrent. In addi
the charge involved in the total current transient is of the same o
of magnitude as that necessary to oxidize the magnesium adh
layer.

Conclusions

The cyclic voltammogram shows that the transparent state
Gd38Mg62, once created at low potentials, remains relatively sta
up to much higher potentials. This enables the investigation of
properties of the semiconducting state as a function of poten
Impedance measurements confirm the stability of the semicondu
since no mass transport can be detected in the transparent
Application of the Mott-Schottky relation provides us with a don
density comparable to values estimated for gadolinium and kn
charge carrier densities for comparable materials. The n-type na
of this semiconductor is also confirmed by the positive slope of
Mott-Schottky plot. The flatband potential indicated by the Mo
Schottky relation is consistent with the photocurrent experime
Photoanodic etching is possible. However, etching is not homo
neous at high light intensities and anodic oxidation of the mag
sium adhesion layer initiates delamination of the film.
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