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This article deals with a study of electronic structure of Ti-doped MgH, by the first-
principles calculations. We show that Ti impurity substituting Mg (TIM ) forms an interme-
diate band in the band gap of MgH,, which is partially filled with electrons However, the
intermediate bands are well localized around Ti impurity. So, the effective masses of
electrons in this intermediate band can be said to be infinite, it means that the electrons
in these bands are immobile, and MgH,:Ti remains to be an insulator. The energy estimated
from the topmost valence band (conduction band) to Fermi level is >2.8 eV. Since the band
gap of MgH,, is ~5.6 eV, the energy between the conduction band minimum and Fermi level
is also 2.8 eV. So despite presence of the intermediate band MgH, remains to be transpar-
ent to the visible part of the solar spectra and slightly reflective to the infrared light with
very low light absorption.

Hccaenosana anexTpoHHas cTpykTypa MgH,, teruposamnoro Ti ¢ momompoo pacueros us
nepseix npuHnuinos. [lokasano, uro npumecu Ti, samemaomue Mg (TINI ), oOpasyioT 4acTu4-
HO 3aIl0JIHEeHHEIe 5JIeKTPOHAMM IIPOMEeKYTOUHEIe 30HE B s3alpemienHoi some MgH,. 9tu somn
JOKAJIN30BaHLl BOKpyr mpumecu li. CoorBercTBeHHO, 3()(PEeKTHUBHLIE MacChl 3JEKTPOHOB B
9THUX IMPOMEMKYTOUHLIX 30HAX MOTYT CTAThL GECKOHEUHBLIMH. 9TO 03HAUYaeT, UYTO 3JeKTPOHLI B
aTUX 30HaX HemoaBIAKHEI 1 MgH,:.Ti ocraerca wsonmaTopom. DHEPruA, OTCYUTAHHAS OT IOTOJ-
Ka BaJeHTHOU 30HBI (MJM JHA 30HBI HPOBOAUMOCTH) 00 ypoBHA Pepmu 22,8 sB. Tar Kak
mupuHa samnpemeHHol 3o0EBl MgH, cocrasaser ~5,6 »B, moxHO cKasaTh, 4TO dHEPrma
MEMJYy [MHOM 80HBI IIpoBoguMocTH u ypoBHeM Pepmu rarxe ~2,8 sB. Takum obGpasom,
HeCMOTPA Ha HaIW4YMe IPoMexyTouHol 30HBEI MgH, ocraerca mpospauHBIM B BUAMMON JaCTH
COJIHEYHOI'O CIEKTPa, CJIErKa OTPAMKAIOIIMM M IIOTJIOIIAIOIINM MH(PPAKPACHBIN CBET. JTO CBOMCTBO
MOKeT GBITH BAXKHO [JI CMAPTOBBIX COJTHEUHBIX KOJIJIEKTOPOB.
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1. Introduction

The idea of usage of intermediate bands
in a wide band gap semiconductor is found
to be useful to enhance efficiency of photo-
voltaic devices. They are suggested to facili-
tate absorption of photons with energy
lower than the band gap and thus increase
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photocurrent without reducing the photo-
voltage [1, 2]. This expectation has been
confirmed experimentally in dilute com-
pound-semiconductor alloys [38] and quan-
tum dots [4]. Deep-level impurities have
been also considered as candidates for form-
ing the intermediate bands [5] for absorbing
low energy photons, which are commonly
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active in non-radiative processes reducing
carrier lifetime and device efficiency. The
parasitic effect was suggested [5] to be
avoided if the electrons associated with the
deep-level impurities were delocalized, for
example, via Mott metal-insulator transi-
tion. Here we study a role of the intermedi-
ate bands in metal hydride films, which are
commonly used in the fields such as hydro-
gen storage/economy [6, 7], rechargeable
batteries [7], smart windows [8-11], and are
suggested to be used in solar cells [12, 13].
Ti-doped MgH, has been used as an example.
MgH, is a transparent and color neutral in-
sulator with wide band gap of 5.6 eV [14]
with the possibility of H upload and release
processes taking place at high temperatures
(>300°C). Upon doping by Ti, the processes
of H upload and release into/from MgH, are
found to take place at much lower tempera-
tures. Furthermore, as a result of wvari-
ations of the H content, Mg-Ti alloy was
shown [15] to exhibit an optical transition
between a highly reflective, a black and a
transparent states. The ability of the films
to switch between the reflective and absorb-
ing black states was suggested [16] to be
useful for smart solar collectors, which ab-
sorbed light in normal operation condition
and switched to a reflective state to avoid
overheating. The other feature of switching
between transparent and reflective states
was shown to be useful for switchable mir-
ror applications [16]. Here the interesting
point is that despite doping by Ti, MgH,
remains to be transparent to visible part of
the solar spectra. In the present article we
investigate this point by the study of elec-
tronic structure and optical properties of
Ti-doped MgH, by using the ab initio soft-
wares. We found that Ti impurity substitut-
ing Mg (Tng) formed an intermediate band
in the band gap of MgH,, which was par-
tially filled with electrons, slightly in-
creased reflectivity in the infrared part of
the sunlight, and kept transparency to the
visible part of the solar spectra.

2. Computational details

The computational work has been per-
formed wusing MINDLAB package [17],
which uses the full potential linear muffin-
tin orbital (FP LMTO) method. For the core
charge density, the frozen-core approxima-
tion is used. The calculations are based on
GGA with the exchange-correlation poten-
tial parametrized according to Gunnarsson-
Lundquist [18]. The base geometry in this
computational method consists of a muffin-
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Fig. 1. Schematic presentation of Mgr-doped
MgH,,.

tin part and an interstitial part. The basis
set is comprised of linear muffin-tin orbi-
tals. Inside the muffin-tin spheres, the basis
functions, charge density, and potential are
expanded in symmetry-adapted spherical
harmonic functions together with a radial
function and Fourier series in the interstitial.
For unit cells the self-consistent calculations
were performed using a 4x4x4 mesh of special
k-points and plane-wave cut-off energy of
300 eV. Convergence was achieved when the
total energy difference between two consecu-
tive iterations were <1076 V.

The imaginary part of the dielectric
function was calculated from interband
transitions. The real part of the dielectric
function is then calculated using Kramers-
Kronig transformation. These two spectra
were then used to calculate all other optical
spectra. Then, the calculated reflectivity
R(w), absorption coefficient o(w), the refrac-
tive index n(w), the extinction coefficient (w)
and electron energy loss spectra (EELS) are
defined. Optical spectra are calculated for
the energy range 0-12 eV.

Ti impurity substituting Mg in the ma-
trix of MgH, is schematically presented in
Fig. 1. The supercell we considered corre-
SpOIldS to M909375T|00625H2 SUCh a h|gh con-
centration of Mg is reasonable. Mg and Ti can
alloyed ngTi1_y by using physical vapor
deposition, mechanical alloying, or e-beam
deposition. In hydrogenated films the for-
mation of MgH,-like rutile phase is observed
[16] for low Ti contents y = 0.90, whereas in
Mg, Ti;_, with y = 0.80 and y = 0.70, a fluo-
rite-like Mg—Ti-H phase is formed.
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Fig. 2. Total energy vs volume (V) for Tng-
doped MgH,.
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Fig. 3. Band structure and density of states
of MgH,. Fermi level is set to zero.

3. Results

Parameters of the optimized supercells of
MgH, with Ti impurity substituting Mg has
been used as input and dependence of the
total energy has been studied as a function
of the volume of the supercell (Fig. 2). The
lattice parameters corresponding to the
minimum of the dependence has been ac-
cepted as the equilibrium lattice parameters
of the lattice and has been used for elec-
tronic structure studies.

Fig. 3 shows band structure of Tng-doped
MgH,. Analysis shows that Tiy, forms an in-
termediate band in the band gap of MgH,.
Fermi level is located at ~2.8 eV from the top
of the valence band. The calculated energy
difference between the conduction band mini-
mum and Fermi level is ~1.2 eV. However,
commonly, the ab initio software systemati-
cally underestimates the band gap. The ex-
perimentally established band gap of MgH, is
~5.6 eV, so in reality the energy between the
conduction band minimum and Fermi level is
expected to be ~2.8 eV, which means that
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Fig. 4. PDOS for Tng-doped MgH,. Fermi
level is set to zero.

despite the intermediate band, MgH, should
remain to be transparent to the visible part
and absorbing the ultraviolet part of the
solar spectra. This feature is very impor-
tant in the smart solar collector applica-
tions of the material [16], which is trans-
parent when hydrogenated and is black
color when hydrogen is uptaken from the
material. Also, it becomes clear why Ti-doped
MgH, used in switchable mirrors is color neu-
tral [15].

The intermediate band is almost disper-
sionless, which means that the second de-
rivative from the energy over k-vector is
zero. Consequently, effective masses of free
electrons in the band are infinite. If so,
then the carrier mobility through this band
is expected to be almost zero. Therefore,
electrical current cannot be transported
through the intermediate band. Such a band
can be useful for down-conversion of inci-
dent photons.

Analysis shows that the intermediate
band consists of three lines. Since spin-orbit
coupling is excluded from the computations,
two electrons can be hosted by each of these
three bands. Fermi level is crossing only
two of the bands. Once Fermi-level crosses
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Fig. 5. Optical spectra of TMg-doped MgH,.

the intermediate band, it indicates that
some of the bands are not occupied by elec-
trons. This creates the possibility for two-
step photoexcitation. One is photoinduced
electron transfer from the valence band into
the conduction band, and the other one is
electron transfer from the intermediate
band into the conduction band. Also, in the
theoretical studies, electronic structure
Tng-doped MgH, can look like a metal be-
cause Fermi level is crossing the intermedi-
ate band. However, in reality the material
can be insulator, because, as noted above,
the intermediate band is flat and carrier
mobility through it can be too small.
Analysis shows that location of Fermi
level is sensitive on concentration of Ti in
MgH,. At smaller concentrations of Ti, the
Fermi level can be located below the Ti-de-
rived intermediate band. In such case two
step photoexcitation can still exist, just the
light-induced transition from the intermedi-
ate band into the conduction band cannot be
well-enhanced. The reason is that because
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illumination by sunlight cannot create too
many electrons in the intermediate band.

Once the bands are almost flat in k-space
electrons in the intermediate bands are delo-
calized in k-space and are localized in real
space, so the electrons are localized at an
atom in the lattice. To know whether this
localization is around Tiy, or to know the
origin of this intermediate band orbital and
site projected, density of states has been
studied, which is presented in Fig. 4.
Analysis shows that the density of states
corresponding to the intermediate band be-
longs to Ti-dopants. Consequently, the inter-
mediate bands are well localized around and
belong to Ti impurity.

The calculated reflectivity R(w), absorp-
tion coefficient o(w), refractive index n(w),
and extinction coefficient k(w) are displayed
in Fig. 5. The analysis shows that absorp-
tion of the photons with energies in the
range of 0—4 eV is negligible. However, this
feature corresponds to well hydrogenated
state of Mg-Ti alloy. As it is shown in [16],
upon withdrawal of H from the material, it
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might become a black colour metal with
high absorption coefficient of the sunlight
in the visible part of solar spectra. Reflec-
tivity of the material is <0.3 in the infrared
part and is <0.2 in the rest part of the solar
spectra. However, the values of refractive
index and the extinction coefficient in the
infrared region are quite big. It shows that
these two optical parameters can be modu-
lated by Ti-doping.

4. Conclusion

In summary, by the first-principles cal-
culations we show that upon doping of
MgH, by Tiyg an intermediate band is
formed, which is almost flat and is partially
filled with electrons. Fermi level is crossing
the band. However, despite metal-like band
structure with Tiy,-derived partially filled
intermediate band, ?\/IgHZ:Ti remains to be an
insulator, because the intermediate band is
almost flat, which means that the charge car-
riers possess very small mobility and are al-
most immobile. The electrons are shown to be
localized around Ti impurities. Studies of op-
tical properties of the material showed that
because of the doping the material becomes
slightly reflective. However, it remains to be
transparent to visible part of the solar spectra.
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Hocainxenna edeKkTpoHHOI cTpykTypu MgH,:Ti

Y.lepinos, /K./Kanabepzenos,
A.Ymeniaszoe, K.Icmaiinoe, C.Kapaixcanos

Hocmigxeno erexTpoHHy cTpyKTypy MQH,, nmeroeamoro Ti sa gomomorowo pospaxyHKIB 3
nepmux npuHNUMNiB. Ilokasano, mo gomimku Ti, mo samimarors Mg(Tiy,), yTBOPATE YacTEO-

BO 3AIIOBHEHI eleKTpPOHaMK IPoMixHI 30HM B 3ab6oporewniii somi MgH,.

1 sonHu Jgokaxisosani

HaBrogo momimku Ti. Bigmosimuo, edeKTHBHI Macu eJeKTPOHIB y IMX NPOMIMHUX B30HAX
MOMKYTb craTu HecKimuenHmmu. Ile osHauae, IO €JIeKTPOHM B IIUX B0HAX Hepyxomi, i
MgHZ:Ti sanumIaeTbed isogsaropom. Enepris, Biamiuena Bim creni BamentHol sonm (abo mma

soHN mposigHOCTi) mo piBHa Pepmm 22,8 eB. Tomy mo mupuHa 3aboponenoi somm MgH,
craHoOBUTL ~5,6 eB, MoMKHa crasaTu, 10 eHepris Mix JHOM 30HM IpoBizHocTi i piBHeM
Depmu Takoxk ~2,8 eB. Takum unmHOM, He3BAKAIOUW HA HAABHICTHL NPOMIiKHOI 30HU, MgH2
3aJINMIAETHCA TPO3OPUM Yy BUAMMIN UYaCTWHI COHAYHOTO CIIEKTpa, IO 3JierKa Bigbusae i
noravHae indpauepsome ceiTio. lla BracTuBicTs MOKe OYTHM BaKJAMBA AJSA CMAPTOBUX CO-

HAYHUX KOJIeKTOpiB.
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