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ABSTRACT
This article reports the hydrogen storage characteristics of Mg-Based Mn thin film. The Mg-Mn thin films
prepared using thermal evaporation method at pressure 10-5torr. The deposited films were annealed in vacuum at
constant temperature 500K for one hour to get a homogeneous structure. Annealed thin films have been separately
hydrogenated at different hydrogen pressure (20-60 psi) for 30 min. these films have been characterized and
Optical band gap has been found to be increase with hydrogenation; it may be due to hydrogen accumulation at
interface. Pristine film shows ohmic behavior and after annealing it shows semiconductor nature and also the
conductivity of thin films has been found to be decreased due to hydrogenation because hydrogen takes electron
from conduction band of metal as anionic model. Concluded the enhanced hydrogen affinity at the film substrate
interface and suggested the study of complex hydride formation in thin films might give valuable information for
the use of these Mg-Mn structures for hydrogen storage as well as solar collector materials.
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INTRODUCTION
A group of Mg-based hydrides stand as promising candidate for competitive hydrogen storage with reversible
hydrogen capacity up to 7.6 wt% for on-board applications [1]. The three different families of metals and alloys
have been identified to exhibit switchable properties from metallic to transparent during hydrogenation: (i) rare
earth hydrides RE–H,[2] (ii) RE–Mg–H, [3] and (iii) Mg–TM–H (TM =transition metal such as Fe, Co, and Ni)
[4,5]. Most of them have a band gap whose energy corresponds to the range of visible radiation. Richardson et
al.[6,7], discover that Mg based films absorb hydrogen very easily, while in bulk samples hydrogenation requires
high temperatures (500 to 600K) and pressures of 105 to 106 Pa , for thin films it occurs readily at room
temperature at low pressures, and it opened the way to the third-generation switchable mirrors. Mixed metal thin
films containing magnesium and a first-row transition element exhibit very large changes in optical and electrical
properties on exposure to hydrogen gas [8, 2]. Similar behavior was subsequently found in Mg-rare-earth films and
magnesium transition-metal alloys, such as Mg2CoH5 [9], Mg6Co2H11 [10] and Mg2FeH6 [11], the band
structure calculations which support experimental evidence for semiconductor behavior in these materials [9, 11].
The various scientists observed variation in optical band gap of complex hydrides and found 1.6 eV in case of
Mg2NiH4 [12], 1.9 eV in case of Mg2CoH5 [13] and 2.56 eV for Mg3MnH7 [14]. The optical properties of MgTM (Ni,Co,Fe,Mn) also carried out by Lohstroh et.al.[15] and they suggested that the nucleation of hydrides start
at the film substrate interface and remarkable optical black state of intermediate hydrogen concentration. Hydrogen
is omnipresent and easily incorporated in materials. Interstitial hydrogen is a fast diffuser. It can bind to native
defects or to other impurities, often eliminating their electrical activity-a phenomenon known as passivation [18].
Electrical measurements such as current/voltage, capacitance/voltage and hall measurements, provides detailed
information about the electric effects of hydrogen [16-17]. The conductivity of semiconducting thin film has been
found to be decreased with hydrogenation [16, 17]. The interaction of hydrogen in a metal hydride can be
understood by using the anionic model [18]. The effect of hydrogen pressure on FeTi and FeTi–Mn observed by
Singh et al. [19] and suggested that hydrogen takes electron from inter-metallic structure. The increase in
resistivity ratio with increasing hydrogen absorption time means that hydrogen takes more electrons from the
conduction band of the intermetallic compound and accelerates the hydrogen absorption capacity of samples [20,
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21]. The second generation switchable mirrors exhibit an absorbing, black state at intermediate hydrogen
concentrations, due to the coexistence of nano-crystalline reflecting and transparent phases [5, 22]. The magnesium
based hydrides can be used in several applications such as switchable mirrors as indicator layers [20], smart
windows [23], switchable absorbers [26] and fiber optic hydrogen sensors [24].
In the present work, we are reporting the preparation of Mg-Mn thin films by thermal evaporation technique and its
characterization through UV–vis spectrophotometer and current–voltage measurements of pristine as well as
annealed hydrogenated thin films. The purpose of this work is to evaluate the role of annealing temperature and
hydrogen and suggested that Mg-Mn thin films structures can be used for hydrogen storage as well as solar
collector.
EXPERIMENTAL TECNNIQUE
Sample Preparation
Thin films of Mg-Mn have been deposited layer-by-layer onto a simple glass as well as indium-tin-oxide (ITO)
substrate by thermal evaporation technique (Hind High Vacuum) under vacuum of 10-5torr.
Mg granules
(99.99%) & Mn powder (99.99%) pure were used for the present study and these kept into two different boats of
tungsten material in the vacuum chamber. The source to substrate distance was kept 15cm in each case. To get
good adhesion we have used substrate heater having constant temperature of 80-90oC. Deposition of Mg-Mn thin
films has been performed by stacked layer method. The thickness of Mg-Mn thin films was 400nm measured by
quartz crystal thickness monitor (Hind Hi Vac Thickness Monitor Model DTM-101).
Annealing
To get homogeneous structure and interdiffusion of Mg and Mn layers, vacuum thermal annealing of thin films
have been performed in a vacuum of 10–5 torr by using vacuum coating unit, where samples were kept on a heater
at constant temperature 500K for one hour. The temperature of heater was measured by using CIE-305
thermometer.
Hydrogenation
The vacuum annealed Mg-Mn thin films have been hydrogenated by keeping these in hydrogenation cell, where
hydrogen gas was introduced at different pressures (20-60 psi) for 30 minutes and obtain annealed hydrogenated
samples.
Optical Characteristics
The optical transmission spectra of vacuum annealed and annealed hydrogenated thin films are carried out in the
wavelength range 300–800nm with the help of Hitachi Spectrophotometer Model-U3300.
Electrical Characteristics
Transverse I-V characteristics of thin films have been observed by Keithley-238 high current source measuring
unit. The applied voltage was in the range of -2.0 to +2.0 volts with increasing step of 0.1 volt. For I-V
characteristics, electrode contacts have been made using silver (Ag) paste on the thin films. I-V characteristics of
thin films have been monitored with the help of SMU Sweep computer software.
RESULTS AND DISCUSSION
Optical Characteristics
Optical transmission spectra of Mg-Mn thin films deposited onto a glass substrate were studied at room
temperature in the range of wavelengths 300 - 800nm. Optical transmission spectra of as-grown, vacuum annealed
and annealed hydrogenated thin films are shown in Fig. 1 It may be attributed that transmission of annealed thin
films is higher than the as-grown thin films, indicating the mixing of thin films due to the annealing. After
annealing there is an increase in crystallinity or grain growth, as confirmed by structural characteristics. Annealed
hydrogenated thin films show higher transmission comparative to as-grown and annealed thin films and increases
with increasing hydrogenation pressure. Therefore, it may be attributed that hydrogen has passivated defects at the
surface or interface of thin films resulting in an increase in transmission through hydrogenated thin films.
The nature of the transition can be investigated on the basis of the dependence of the absorption coefficient with
the incident photon energy hν. For direct and indirect allowed transitions, the theory of fundamental absorption
leads to the following photon energy dependence near the absorption edge: αhν = A(Eg-hν)m where hν and Eg are
the photon and the band gap energy, respectively. In this relation, the values of m are 0.5 and 2 for direct allowed
and indirect allowed transitions, respectively. The above relation is known as the Tauc relation [25]. So in the
present work, we have used m = 0.5 and the intercept of straight line to energy axis (αhν)2 = 0 used to find out the
optical band gap. The plot of (αhν)2 vs hν as-grown, vacuum annealed and annealed hydrogenated Mg-Mn thin
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films is shown in Fig. 2. This graph shows the value of optical band gap for films. The optical band gap of vacuum
annealed thin film was found to increase from 3.21 to 3.20 eV due to variation of concentration and increasing the
grain size of films with temperature [26] and increased from 3.35 to 3.50 eV in hydrogenated thin films with
increasing pressure (20 to 60 psi) of hydrogen as shown in Fig. 3. The optical band gaps nearly agree with the
reported band gap (2.56 eV) by E. Orgaz et al [14].

Fig. 1 Optical transmission spectra of vacuum annealed Mg-Mn at different hydrogen pressure

Fig. 2 Optical band gap spectra of vacuum annealed Mg-Mn at different hydrogen pressure

Fig. 3 Variation in optical band gap with hydrogen pressure of vacuum annealed Mg-Mn thin films
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I-V Characteristics
Fig. 4 shows I-V characteristics curves for (a) as-grown and (b) vacuum annealed Mg-Mn thin film, in which (a)
shows the partially straight line for both positive and negative ranges of voltage, indicating the ohmic behavior of
the junction due to the free flow of Mn electrons across the junction, whereas (b) shows the partially semiconducting
nature of the junction due to the annealing effect which causes the mixing or inter diffusion of thin film.

Fig. 4 I-V characteristics of (a) as-grown and (b) vacuum annealed Mg-Mn thin films

Fig. 5 shows that I-V characteristics of vacuum annealed hydrogenated Mg-Mn thin films and it have been found to
be partially semiconducting nature and conductivity decreases with increasing pressure of hydrogenation due to the
hydrogen interaction with semiconductor. It means hydrogen takes electrons from the conduction bands of Mn due
to hydrogenation and blocks the flow of charge carriers across the interface and current decreases in forward as well
as reverse direction. Hydrogen interacts with semiconductor and takes electrons from conduction band as anionic
model [18].

Fig. 5 I-V characteristics of vacuum annealed Mg-Mn at different hydrogen pressure
Table 1- Optical Band Gap and Conductivity of Mg-Mn Thin Film
H2 pressure (psi)

Band Gap (eV)

Conductivity (10-5 Ώ-1-m-1)

Without H2

2.0108

7.6631

20 psi

2.0408

6.1253

40 psi
60 psi

2.0932
2.1420

4.8320
3.4212

CONCLUSION
From the above detailed study, we conclude that vacuum annealing may be used for mixing the thin film structure,
because our optical band gap data as well as I–V characteristics show formation of Mg-Mn compound
semiconductor. The hydrogenation and vacuum thermal annealing tailored optical and electrical properties of MgMn thin films. Optical band gap has been found to be increase with hydrogenation; it may be due to hydrogen
accumulation at interface. The conductivity has been found to be decreased due to hydrogenation because hydrogen
takes electron from conduction band of metal as anionic model. Concluded the enhanced hydrogen affinity at the
film substrate interface and suggested the study of complex hydride formation in thin films might give valuable
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information for the use of these Mg-based Mn thin film structures for hydrogen storage as well as solar collector
materials.
Acknowledgements
The authors are highly thankful to Department of physics, University of Rajasthan, Jaipur for providing
experimental facilities for this work.
REFERENCES
[1] K H J Buschow, P C P Bouten and A R Miedema, Hydrides Formed From Inter metallic Compounds of Two
Transition Metals: A Special Class of Ternary Alloys, Rep Prog Phys, 1982, 45, 937-1039.
[2] J N Huiberts, R Griessen, J H Rector, R J Wijngaarden, J P Dekker, D G de Groot, and N J Koeman, Yttrium and
Lanthanum Hydride Films with Switchable Optical Properties, Nature, 1996, 380, 231-234.
[3] P Van der Sluis, M Ouwerkerk and P A Duine, Optical Switches Based on Magnesium Lanthanide Alloy
Hydrides, Appl Phys Lett, 1997, 70, 3356-3358.
[4] T J Richardson, J L Slack, R D Armitage, R Kostecki, B Farangis and M D Rubin, Switchable Mirrors Based on
Nickel–Magnesium Films, Appl Phys Lett, 2001, 78, 20, 3047-3049.
[5] W Lohstroh, R J Westerwaal, B Noheda, S Enache, I A M E Giebels, B Dam and R Griessen, Self-Organized
Layered Hydrogenation in Black Mg2NiHx Switchable Mirrors, Phys Rev Lett, 2004, 93,19, 7404.
[6] H Blomqvist, Magnesium Ions Stabilizing Solid-State Transition Metal Hydrides, PhD Thesis, Stockholm
University, 2003.
[7] J J Reilly and R H Wiswall, Reaction of Hydrogen with Alloys of Magnesium and Nickel and the Formation of
Mg2NiH4, Inorg Chem, 1968, 7, 11, 2254-2256.
[8] T J Richardson, J L Slack, B Farangis and M D Rubin, Mixed Metal Films with Switchable Optical Properties,
Appl Phys Lett, 2002, 80, 1349-1351.
[9] P Zolliker, K Yvon, P Fischer and J Schefer, Diamagnesium Cobalt (I) Pentahydride, Mg2CoH5, Containing
Square-Pyramidal CoH54-, Inorg Chem, 1985, 24, 4177–4180.
[10] R Cemy, F Bonhomme, K Yvon, P Fischer, P Zolliker and DE Cox, A Hewat, Hexamagnesium Dicobalt
Undecadeuteride MgCo2D11 - Containing [CoD4 ]5- And [CoD5]4- Complex Anions Conforming to the 18-Electron
Rule, Journal of Alloys and Compounds, 1992, 187,1, 233-241.
[11] J J Didisheim, P Zolliker, K Yvon, P Fischer, J Schefer, M Gubelmann and A F Williams, Dimagnesium
Iron(II) Hydride, Mg2FeH6, Containing Octahedral FeH64- anions, Inorg Chem, 1984, 23, 1953-1957.
[12] J Isidorsson, I A M E Giebels, R Griessen, and M Di Vece, Tunable Reflectance Mg–Ni–H Films, Appl Phys
Lett, 2002,80, 2305-2307.
[13] E Belin, M Gupta, P Zolliker, K Yvon and J Less, An Experimental and Theoretical Investigation of the
Densities of States of Dimagnesium Cobalt Pentahydride , Common Metals, 1987, 130,267-274.
[14] E Orgaz and M Gupta, Electronic Structure of the New Manganese Ternary Hydride Mg3MnH7, Journal of
Alloys and Compounds, 2002, 330-332, 323-327.
[15] W Lohstroh, RJ Westerwaal, AC Lokhorst, JLM van Mechelen, B Dam and R Griessen, Double layer
formation in Mg-TM switchable mirrors (TM: Ni, Co, Fe), Journal of Alloys and Compounds, 2005, 490-493.
[16] J I Pankove, D E Carlson, J E Berkeyheiser, and R O Wance, Neutralization of Shallow Acceptor Levels in
Silicon by Atomic Hydrogen, Phys Rev Lett, 1983, 51,24, 2224-2225.
[17] S P Nehra, MK Jangid and M Singh, Role of Hydrogen in Electrical and Structural Characteristics of Bilayer
CdTe/Mn Diluted Magnetic Semiconductor Thin Films, Int J Hydrogen Energy, 2009, 34, 17, 7306–7310.
[18] C.G Van de Walle and Jörg Neugebauer, Hydrogen in Semiconductors, Annual Review of Materials Research,
2006, 36,179-198.
[19] M Singh, The Effect Of Hydrogen Pressure on Resistivity and Charge Carrier Concentration in FeTi and FeTi
Mn Thin Films, Int Journal of Hydrogen Energy,1996, 21,3, 223-228.
[20] M Singh, Y KVijay and I PJain, The Effect of a Sulphur Layer on FeTi Thin Films Obliquely Deposited for
Hydrogen Storage, Int Journal of Hydrogen Energy, 1991, 16, 2, 101-104.
[21] M Singh, YK Vijay and I P Jain, Effect of Hydrogen Absorption on Electrical Resistance and Hall Effect
Charge Carrier Concentration In Feti, Fetisz, Tini and Tinisez Thin Films, Int J Hydrogen Energy, 1992,17,1, 29-35.
[22] IAME Giebels, J Isidorsson and R Griessen, Highly absorbing black Mg and rare-earth-Mg switchable mirrors,
Phys Rev B, 2004, 69, 205111.
[23] M S Dresselhaus and IL Thomas, Alternative Energy Technologies, Nature, 2001, 414, 332-337.
[24] J L M van Mechelen, B Noheda, Mg-Ni-H Films as Selective Coatings: Tunable Reflectance by Layered
Hydrogenation, Appl Phys Lett, 2004, 84, 18, 3651-3653.
[25] J Tauc, Amorphous and Liquid Semiconductors, London, New York, Plenum, 1974.
[26] M Singh and YK Vijay, Preparation And Characterization Of Zn–Se Bilayer Thin Film Structure, Appl Surf Sci,
2004, 239,1, 79-86.

55

