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MEMS Applications: First-principles FP-LMTO + LSDA Study
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Abstract. Strontium titanate perovskite oxide materials offer a number of advantages in micro-
electromechanical systems (MEMS) due to the micro-structural, electronic, magnetic and mechanical
properties. In this paper, we report theoretical study on structural, electronic, magnetic and mechanical
properties of strontium titanate perovskite oxide SrTiOs. This material selected as energetic substrate
primarily for its dimensional stability that is relatively insensitive to environment conditions. The
calculations performed using the first-principles full-potential linear muffin-tin orbital (FP-LMTO)
method, under the local spin density approximation (LSDA) and plus the on-site Coulomb interaction
(LSDA+U) scheme. The analysis of densities of states, exchange interactions and magnetic moments
reveals that SrTiO; exhibits a semiconductor character with an energy gap of Eg = 2.68 eV, in excellent
agreement with the previous experimental results.

Keywords: MEMS material; Perovskite; Electronic properties; FP-LMTO method.



A M. Musa Saad

1. Introduction

Transition-metal perovskite oxides (TMPO) are a huge family of inorganic materials
that have been investigated extensively in the last decades due to their significance
to fundamental research and their high potential for technological applications.
These include used as dielectric materials in capacitors [1], oxygen ion
semiconductors in sensors [2,3], substrates for high temperature superconductors
[4], piezoelectric materials in actuators [5,6] electrodes in solid oxide fuel cell
(SOFC) [7,8], etc. On the other hand, piezoceramic perovskite oxides are materials
couple electrical and mechanical in stimulus-response manner. For example, when a
mechanical force is applied, an electrical response arises which, in terms of voltage
or charge, signal, is proportional to the magnitude of the applied stress. Conversely,
when an electric field is applied, a mechanical stress or deformation or shape change
develops. Ceramics are widely used for electromechanical sensors and actuators.
Some examples of piezomaterials are crystalline quartz, barium titanate [9],
vanadium niobate and lead zirconate titanate (PZT) [10].

In addition to, perovskites among the most important materials for a variety
of applications, as well as, some of the most versatile for chemical tuning of
composition and structure. Perovskite materials display a plethora of physical and
chemical properties of technological interest that depend on processing conditions,
oxygen content, and order. A thorough understanding of most of these properties
requires the knowledge of the electronic structure of the bulk material. Materials that
crystallize in TMPO structure have the general formula of AMOs3. Strontium titanate
SrTiOs is one of the most important oxide materials because of its potential to be
used in dielectric and optical devices, as well as, used as substrate material for
superconducting thin films. SrTiOs is typical perovskite-type compounds with band
energy of about 3.2 eV [1,9]. The electronic structure of doped, such Nb-doped
SrTiOz, and un-doped SrTiOs has been reported in several experimental and
theoretical studies. In fact, a lot of theoretical calculations of electronic band
structures have been performed on SrTiOs. In the present study we deal with the
structural, electronic, magnetic and mechanical properties of SrTiOs.

2. Computational details

In this study, first-principles self-consistent band structure calculations were
performed by using full potential linear muffin-tin orbital (FP-LMTQO) method within
atomic plane wave (PLW) representation [11], as implemented in the available
computer code LmtArt [12]. In FP-LMTO method, there is no shape approximation to
the crystal potential; the crystal is divided up into two regions; inside muffin-tin
spheres (MTSs), where Schrodinger's equation is solved numerically, and an
interstitial region (IR), where the wave-functions are Hankel functions [13-15]. The
key-point in this method, the potential (Viur) inside MTSs (r <s,,. ) is assumed to be

spherically symmetric close to the ion-core, while in IR (r > s, ), it is assumed to be
flat in between, thus, Viur can be represent as:



Strontium Titanate Perovskite SrTiO3... Al

V), (r<Sy)

Vir (1) = {vm; (F > Sur)

@)

Where, SMT is the radius of the MTS, and r is a position.

Inside MTSs, the basis sets are described by the solution of the radial
Schrédinger's equation of fixed energy and multiplied by spherical harmonics
[11,13], as:
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In IR, the basis set consists of plane-waves, described by the Hankel function
hKL (r)= hkI (ni'Y, (r) of energy &% [12,13].

The exchange correlation energy of electrons is described in the local spin
density approximation (LSDA) technique, in the framework of density functional
theory (DFT), employed by using the parameterization of Barth-Hedin version [16].
The electron-electron interaction energy for the localized (strong correlated) d states

in LSDA depends only on the total number of localized electrons N, = >N, , with
i

ni being the orbital occupancies of the localized states [17]. The exchange
correlation energy is:

ELSPnt,ni]= fe (nnn yn(ryd3r 3)

Where, &y is the exchange-correlation energy as a function of spin-up n (r)7 and
spin-down n (r)|, with a total spin-density of states of n(r) =n(r) + +n(r) ..

To treat strong electron interactions effect in Ti (3d), the LSDA+U
calculations have been carried out in the Hubbard model framework [17].

ErP*UIntne] = EL?neny] + Eb[ntnd] (4)
The Hubbard repulsion energy is:
U-Jooi i
Ev.[nnni] = TZanU(l—nmU) ®)
Where, nring is the spin ¢ and orbital m occupation numbers for I site.

In this work, by means of the option of U = 3.0 eV and the exchange
parameter J = 0.89 eV for strongly correlated Ti (3d) electrons [18]. For correct
description of the wave functions in the interstitial region, the spherical harmonics is
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expanded up to the value of | max = 6 for Sr, Ti, and O MTSs. The Brillouin zone
(BZ) integration in the course of the self-consistency iterations was performed over
a (6 x 6 x 6) mesh with 50 k-points in the irreducible part of the BZ. Single kappa (x
= 1) spdf LMTOs basis is used, each radial function inside the spheres is matched to
a Hankel function in the interstitial region, for describing the valence bands [19].

In order to obtain better results of DOSs, the correlation parameters, the
Coulomb repulsion (U) and Hund's rule exchange (J), were utilized for correlated d-
electrons. For 3d, 4d and 5d electrons, only three effective Slater integrals F°, F2 and
F* (in Ry units; eV = 0.0735 Ry) require being determined for FP-LMTO [12-13].
The relationships between the Slater integrals and the parameters U and J can be
expressed in the formulas, as [14]:

14

F' = U,F?=
1.625

J,F*= 0.625F? (6)

3. Results and Discussion

The crystal structure parameters are calculated by using the SpuDS (Structure
Prediction Diagnostic Software) [20]. SrTiO3 has an ideal cubic crystal structure with
space group of Pm-3m (No. 221), with lattice parameter of about ao = 3.93 A and unit
cell volume of V = 60.701 A3, at room-temperature (RT), agreement with the previous
values [21-24], see Table 1. The atomic positions in the elementary cell are Sr (1b) at
the corners of the cube (1/2, 1/2, 1/2), Ti (1a) at the center (0, 0, 0), and O (3d) at the
face-centered positions (1/2, 0, 0), (0, 1/2, 0) and (0, 0, 1/2), see Fig. (1).

Fig (1). 3D Representation of crystal structure of cubic SrTiO; with space group of (Pm-3m), Sr
(green spheres), Ti (in the center of 4erromagne TiOg) and O (small red spheres).
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Additional physical properties of SrTiOs, such thermal expansion,
deformation, mass-density and hardness have been investigated. The effect of
temperature on the lattice shape; the lattice parameter, volume and interatomic
distances are calculated systemically. As seen in Fig. (2), it found that there are
small expansion occurs dramatically in [Ti — O] and [Sr — O] bond distances due to
change in temperature. The coefficient of thermal expansion has been calculated and
found to be 1.6804x10° (A/°C, thus, the stress occurs is three dimensions.
Therefore, the dimensional stability of SrTiOs is high, which is relatively insensitive
to environmental conditions, such temperature or stress.
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Fig. (2). Volume, lattice parameter, bond-distances of SrTiOs as functions of temperature
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The electronic structure of SrTiOs is calculated within the LSDA and
LSDA+U methods. Figs. (3 and 4) show the calculated total and partial densities of
states (DOS) of SrTiOs. The calculation for the perfect structure presents the ground
state to be semiconducting character with energy gap of about Eq = 2.68 eV. The
total DOS obviously evidences that the two spin channels show an energy gap in the
conduction region (0.0 eV — 1.65 eV) and (0.0 eV — 1.07 eV) in LSDA and
LSDA+U results, respectively. The energy gap locates between the tyq spin-up and
spin-down of Ti (3d) mediated with O (2p) sub-bands. This attributes to the
superexchange interaction Ti (3d) — O (2p) — Ti (3d) mechanism.
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Fig. (3). Total and partial densities of states of SrTiO; from LSDA (U = 0 eV), Fermi level is sited at
(EF = 0)



Strontium Titanate Perovskite SrTiO3... A\

The LSDA and LSDA+U calculations of partial and total magnetic moments
of SrTiOs are: —0.1226E-6 pg for Ti (3d), which has the ionic configuration of Ti**
(3d°% to¢°, S = 0) and is polarized antiferromagnetically. For Sr (5s) and O (2p), are
0.1051E-8 ug and 0.451E-7 us, respectively, yield a total magnetic moment of —
0.7645E-7 ug, approximately zero (m = 0.0 pg). As a result, in the simple ionic
model, the titanium ion in SrTiOj is tetravalent and has no 3d electrons Ti** (3d°).
Since there are no 3d electrons nominally that being appreciable correlation
interactions, the electronic structure of SrTiOs is possibly describe by the energy-
band picture. In SrTiOs, Figs. (3 and 4), the top of valence band (VB) is mainly
composed of O (2p) states and the bottom of the conduction band (CB) is formed by
the Ti (3d) states. However, it is known that the Ti (3d) orbital electrons are strongly
hybridized with those in O (2p). This leads to the situation in which non-vanishing
3d electrons exist in the ground state.
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Fig. (4). Total and partial densities of states of SrTiO; from LSDA (U = 6.0 eV), Fermi level is sited
at (Er =0).
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Table (1). Calculated values for the lattice constants (ag), unit cell volumes (V), bulk modulus (B),
valence bandwidths (AW\) and band gaps (Eg) for the cubic perovskite SrTiO3 in
comparison with available experimental and theoretical data.

Parameters This work Exp. Theo.

Ao (A) 3.93 3.927,3.90° 3.94°,3.952

V (A% 60.701 59.5474 57.067¢, 58.141°
Bo (Gpa) 169.43 169.02 169.72¢, 170.0°
AWy (eV) 5.56 3.79 5.0"

Eq (eV) 2.68 3.2 2.71%, 3572

a Ref. [21], b Ref. [22], c Ref. [23], d Ref. [24], e Ref. [25], fRef. [26], g Ref. [27], h Ref. [28], k Ref. [29].

Strontium titanate perovskite oxide SrTiO3z can be used as substrate material
for MEMS applications. The popularity of SrTiO3 for such application is primarily
for the following reasons:

1. SrTiO3 is mechanically stable and it can be integrated into electronics on
the same substrate. Electronics for signal transduction, such as a p- or n-type
piezoresistor, can be readily integrated with the perovskites substrate.

2. SrTiOsz has a high Young’s modulus; materials with a high Y can better
maintain a linear relationship between applied load and the induced deformations.

3. SrTiO3 has high melting points, at 2080 °C; this high melting point makes
perovskites dimensionally stable even at elevated temperature.

4. Its thermal expansion coefficient is smaller than that of some metals, such
steel and aluminum.

5. SrTiOz is an ideal semiconductor with small energy-gap at room
temperature.

Above all, the perovskite oxide SrTiOs; shows virtually no mechanical
hysteresis. It is thus an ideal candidate material for sensors and actuators
applications. Moreover, perovskite oxide wafers are extremely flat and accept
coatings and additional thin-film layers for building micro-structural geometry or
conducting electricity. Moreover, there is a greater flexibility in design and
manufacture with perovskite oxides, similar to silicon, than with other substrate
materials. Treatments and fabrication processes for perovskite oxide substrates are
well established and documented.

4. Conclusion

In summary, the structural, electronic, magnetic and mechanical properties of
strontium titanate perovskite oxide SrTiOs were studied by using the first-principles
full-potential linear muffin-tin orbital (FP-LMTO) method, under the local spin
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density approximation (LSDA) and plus the on-site Coulomb interaction (LSDA+U)
scheme. It is found that the SrTiOs; perovskite oxide materials offer a number of
advantages in micro-electromechanical systems (MEMS) due to the structural,
electronic, magnetic and mechanical properties. SrTiO; material is selected as
energetic substrate primarily for its dimensional stability that is relatively insensitive
to environment conditions. The analysis of DOS, exchange interactions and
magnetic moments revealed that SrTiO; exhibits a semiconductor character with an
energy gap of Eg = 2.68 eV. The results and characters demonstrated the promising
applications of an ideal SrTiOs; in sensors and actuators and other MEMS
technology.
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