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An amorphous Ba,Sr,., TiOs/pc - Si (polycrystalline silicon) anisotropic heterojunction was systematically
investigated in terms of built-in potentials, interface potentials and space - charge depletion layer widths. The
presence of oxygen vacancies as well as the non-linear dependence of the dielectric permittivity of ferroelectric
films on the electric field is considered for different values of oxygen vacancies and doping levels in silicon.

1. Introduction

In last decade, increasing attention was attributed to heterojunctions based on ferroelectric and
multiferroic films grown on semiconductors. Such heterojunctions belong to a novel class of solid-
state devices and are expected to be promising candidates with large potential for new
multifunctional device applications [1-5]. Most of our studies which concern amorphous
ferro/crystalline and crystalline - ferro/crystalline - semiconductor heterojunctions have mainly
experimental character and the aim to detect and verify atomic structure, band offsets, current - flow
mechanisms as well as photovoltaic and polarization properties. There are few reports where the
electro-physical and optical properties of ferro/semiconductor heterojunctions are systematically and
accurately studied in a theoretical manner.

In these studies the influence of structural defects like oxygen vacancies, the non-linear
dependence of the dielectric permittivity of ferroelectric thin films on the electric field as well as
Pool-Frenkel ionization (at high electric fields) processes on various properties and characteristics of
ferro-/semiconductor heterojunctions are not taken into account. Currently, it is well established that
oxygen vacancies play a major role [6-12]. The oxygen concentration is not constant throughout the
film. Near the metal electrodes and phase transition layer the oxygen concentration decreases sharply
[6-8] approximately to 50% of its original value in the center (~20 nm from the metallic electrode
surface). In oxide - perovskite ferroelectrics there are three oxygen ions per unit cell. The density of
the oxygen ions in the bulk of the film amounts to 1.5:10°® m™, while in a 20 nm thick 50% depleted
(by oxygen) interface layer it is about 3-10°° m™. The lack of oxygen results in the image charge on
the metal electrode or the phase-transition interface layer. As a consequence, the increased density of
oxygen vacancies at the interface leads to a dipole-layer lowering the electric field in the film. The
non-uniform distribution of oxygen vacancies near the interfaces causes bending of the energy bands

and changes the shape of the barrier. At high temperatures, the oxygen vacancies are double ionized,
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each supplying two electrons to the conduction band. Oxygen vacancies act as donors [7, 8] causing
n-type conductivity. In the neutral state, the donor level is double occupied and there is reduced
repulsive interaction between the vacancy and neighboring cations. The interfacial vacancies cause
distortion of the crystal lattice and polarization fields around the vacancy. This makes the levels
deeper and causes them to act as charge traps. The concentration of charge trapped can change from
10" cm™ to 4-10" cm™and higher (up to ~10?? cm™) [6-10]. However, not all oxygen vacancies trap
electrons. The interfacial built-in electric field associated with the trapping centers and oxygen
vacancies results in changes in the interfacial permittivity of the films [11, 12]. The oxygen vacancies
are not the main and only defect of ferroelectric films. The Ba, Sr vacancies in BST result in shallow
acceptor levels [6, 11]. Dopants also result in levels in the forbidden band. Nb gives a shallow level,
while Mn, Mg, Cr, Pt and Fe exhibit levels near the midgap [7, 8]. Thus, for a low density of oxygen
vacancies the non-doped ferroelectric titanate films are considered to have slightly p-type
conductivity due to background impurities (i.e. Na* for Pb*?, Fe*® for Ti**) and the regions rich in
oxygen vacancies (interfaces) have n-type conductivity.

In this paper we present systematic calculations of built-in potentials, its distribution across the
junction and depletion widths of BaxSr1.xTiO3/pc-Si heterojunction where the following is taken into
account:

a) the dielectric permittivity of ferroelectric films is non-linear dependent on the electric field F;
e(F,r)=e(0)(1+AF? (x))7L,

where A = 3P [eo€], €o IS the vacuum dielectric constant, € (0) is the permittivity at zero bias. For

example, for SrTiO; B = 8:10° Vm®/C, € (0) = 300 and A = 0.45-10™ (m/V) [11];

b) some point defects in ferroelectric materials such as inevitable presented oxygen vacancies create

energy levels for charge carriers in the band gap of ferroelectrics. In particular, deep-level trapping

states with energies in the range of E, = 2.4 eV to E, = 3.15 eV lie near the valence band and a series

of shallow traps linear the conduction band edge in the range of Ec - E=0.06 - 0.4 eV. These

electron traps are attributed to oxygen vacancy or iron transition metal/ oxygen vacancy defects [6-

12];

c) the high concentration of oxygen vacancy “endows” ferroelectric n-type semiconductor properties

and due to the low concentration/non-vacancy ferroelectric core exhibit p-type properties [6-12];

d) the traps release electrons under an applied DC field via the Pool-Frenkel mechanism and become

charged. As a consequence, the trapped electron occupation (distribution f(®)) function is changed

due to the charge of oxygen vacancies “conditioned” electron levels and new high electric field

polarized includes are formed in films. The electric field of a point charge polarizes the crystal

locally reducing its permittivity [6, 7, 12].
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2. Theoretical modeling

For theoretical modeling, the metal contacts of the M-BST/c-pSi-M structure are considered
as nearly Ohmic (or Schottky) contacts. The “core” far away from the ferroelectric heterojunction
interface exhibits p-type conductivity and the heterojunction surface in contact to crystalline pc-Si
exhibits n-type conductivity due to a high oxygen vacancies concentration. Furthermore, it is
assumed that, in the band gap of ferroelectric near the conduction band, there are donor-like electron-
trap levels conditioned mainly by oxygen vacancies (other possible defects, such as strain, interstitial
atomic (structural) defects are not considered in this paper) and near the top of valence band there
exist hole-trap levels, conditioned by other acceptor like defects. Both of the trap levels are
exponentially distributed in the band gap of ferroelectric films. Below the activation temperature
(T<T,) and without an external electric field, the oxygen vacancies are neutral (occupied by
electrons) and cause elastic deformation of the lattice. In the energy diagram shown in Figure 1, it is
assumed that trap levels have concentrations N, (for electrons) and Ny (for holes) with the
characteristic energies Ey, and Ey below the conductive and up to valence band edges of BST,
respectively. Based on the results obtained in [6, 8, 9], we have adopted the values of Ec;—Et, = 0.06-
0.4 eV, N =10"°+10" cm™ and Ep= Ey +1.2 8V, Np,po(10%+ 10%%) cm™, for this consideration
(Fig. 1). It is well known [13-15] that the transition between the two materials at the heterojunction
interface causes energy discontinuities in the conduction and valence bands, 4E; and 4E,, in the
vicinity of the metallurgical junction. In addition, a dipole layer may appear at the junction and

various kinds of imperfections at the interface may result in an interface change.
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Fig.1. Relative band alignments with respect to the vacuum level for BST and pc-Si before heterojunction formation (if
Naz=2:10"cm™® | Fyep=0.31 eV below Ejp, ng= 107 cm™®, Fi1=0.14 eV below Ecy,Ey = Egy /2 = 1.6 €V).
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Our theoretical calculations have been done for Bag 25Sro 75 TiO3s/cp-Si heterojunction where Si
<100> with p~5 - 10 Qcm is doped with boron B, the band gap of BST and Si are 3.2 eV and
1.1 eV, respectively, the electron affinities are about 3.9 eV and 4.05 eV, respectively. p - Si with a
resistivity of p~7 Qcm corresponds to an acceptor concentration of Nay~2:10" cm™ and Fermi-
quasilevel located at 0.31 eV below from the midgap (intrinsic Fermi level E;;) and the work function
of p-Si becomes 4.91 eV. Neglecting the free hole concentration of BST in comparison with the
electrons concentration (oxygen vacancies) and assuming that Ny, = 10 cm™, the Fermi-quasi level
for electrons is evaluated as 0.14 eV below the conduction band E.; and thus the work function for
BST becomes 4.04 eV (np ~ 10Ycm™). As it is stated in [14-17], the mismatch of SrTiOsand BaTiOs
with Si is =1.7% [17], therefore we had adopted low surface state concentration of about
6-10'%tates/cm® eV. Taking into account the above mentioned data concerning BST/cp-Si, the band
structure was constructed based on the Anderson model (Fig. 1). The conductance band offset is
equal to

AEc = E ., — E;y — q®goorAEc = [xgsr — Xs5i] =-0.15eV
and the valence band offset is AEv = [xpsr — x;] + [Egpsr — Egsi]= 1.95 €V. As it follows from
Fig.2 (based on the fact that the Fermi level must be constant throughout this system at thermal
equilibrium), the built-in potential equals
q®Bo(= E;1/2-Egp-AEc) = 0.61 eV.

Beside inspection of the energy band diagram, the built-in potential q®g, across interfacial
layer can be obtained by application of the Gauss law to the surface charge on the BST and Si.

In this work, where we used the depletion approximation and for establishing the thermal
equilibrium condition, the following mechanisms have been offered. As it has been assumed before,
high oxygen vacancies in the BST interface and xgzgr < xg;, the free electron concentration in BST is
larger than that of minority charge carriers (electrons) in p-Si (npo ~ 10° cm™®, ppo = 2.10"° cm™®). After
formation of heterojunction, electrons will be diffused to the p-Si conduction band and recombined
with holes. BST will be charged positively due to the increase of non-compensated oxygen vacancies
associated with the donor-like charged trap levels and p - Si would be charged negatively. As AE, is
higher and as pc-Si holes act as potential barrier, holes cannot diffuse in the BST valence band. Holes
from the BST valence band may pass heterojunction and drift to the pc-Si valence band. As BST is
charged positively and p-Si-negatively, the barrier for electrons will be formed as well. We assume
that the transition from the ordered pc-Si crystalline phase to the BST phase takes place on not more
than several atomic distances [1, 8, 9], which is rapid enough to be considered as abrupt transition but
not so sudden as to give a surface dipole.
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Depletion layer. For calculation of the depletion layer widths, the distribution of built-in

potentials, using the rule of continuality of electrostatic potential across the interface

d¢ d¢
31d_xl xB=32d_xZ xs =0 (1)
as well as the expression of [10-12]
g _ &&0)

& = =
17 14472 7 1+4F?2

and assuming that the occupation function of the distribution of trapped electron can be approximated

by step of 0 K Fermi function [18], for the depletion-layer charge density of the BST side, we obtain
[12]

p1(x) = {Ntn[l = 2f:(F)] + pf1(x) —Nfq (x) — NA_l}’ 3)
where g and &, are the BST and cp-Si sides depletion-layer dielectric permittivity, respectively, xg
and x, correspond to the edges of depletion layers in both sides, ®;(x) and ®,(x) are the electrostatic
potentials in BST and pc-Si depletion layers, respectively, & (x) is the electric field in the BST
depletion layer, fi(¢) is the field-dependent occupation function of trapped electrons, & is the vacuum

dielectric constant (8.85-10™? F/m), £(0) is the BST dielectric permittivity at zero electric field, x is
the current coordinate.
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Fig. 2. Energy band diagram of the BST/cp-Si heterojunction.

The space charge density, pi(x), in the ferroelectric-depletion layer is determined by the

density of non-compensated positively charged oxygen vacancy concentration, Ny, trapped electron
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concentration, ni(X), in the oxygen vacancies created trap levels, as well as by the density of acceptor
like charges, Nai, and free charge carriers nq(X) and pr(x) (see Fig. 2). For simplicity, let us assume

that donor-like energy levels (conditioned by oxygen vacancies) can be approximated by the
exponential term with the characteristic energy of E;, and density of N, [19]:

Nip = Agpexp (_ %), 4)
where constant A;,, defines the shape of the distribution of traps in energy.
In the bulk of ferroelectric, far from the heterojunction surface, the charge neutrality must
exist. Therefore p;(x) = 0 and potential, ®,0=0, and we have
Ni; = Np[1 = 2£(0)] + 1y — D1 )
where f;(0), the occupation function before the heterojunction, is created and built-in potential
(surface potential @1 and electric field ®; appear), nip and pio are the bulk free concentration of
electrons and holes in BST before the heterojunction is formed. For f;(0) we have [12]
NioS

0) = ;
10 = sy B
and under the built-in electric field (after creation of heterojunction) or under an applied external

field , @, some electrons are released from the traps, and field-dependent distribution function fi(®)

becomes [12]

fi(F) = (6)

nCS+vexp(—i%+BpF\/?) .

Here S = o,v,, , 05 is the capture cross section, v, = (31’(T/m)1’2 is the thermal velocity of the
electrons, v is the “attempt to escape” frequency which is connected to relaxation time with the

relationship t =%exp (BEw), and B = q/KT, q is the electron charge, k is the Boltzmann’s

. 1 3
constant and T is the absolute temperature, Spr = — a
KT Ttey gopt

is the Pool-Frenkel coefficient

(barrier lowering factor ), & is the optical limited permittivity of ferroelectric and characterizes only
the charge de-trapping process, not the dielectric permittivity at low or microwave frequencies.

Taking into account (4) and (5) we obtain for the expression (3):

p1(x) = Q{Ntn- 2[£:(0) — fe(P)] + Pf1(x) — P1o(x) — nfl(x) + nlo(x)}- (7)
The electron and hole concentrations as a function of surface potential of the BST side, @, is given

by the following relations:
nyr(x)=ng0exp (BD1(x)), D15(X)=p1oexp (—pP;1(x)),

— FnFl—Ec1 _ Fvl—EPFl
nyo = Nciexp [—kT ]; Py = Nyiexp [—kT ,

182



Ba,Sry. TiOa/pc-Si Heterojunction || Armenian Journal of Physics, 2013, vol. 6, issue 4

where ®1(x) is the electrostatic potential in the BST side depletion layer, N¢; and Ny are the effective
densities of states in the conduction and valence band of BST, respectively, Fnr1 and Fpgy are the
Fermi quasi levels for the electrons and holes, respectively.

Thus, for p;(X) we obtain:
p1(x) = Q{ZNtn[ft(O) - (P + P1o(e_B(D1(x) - 1) —ny0(ePP1 ™ — 1)}- 8)

Taking into account a non-linear dependence of the ferroelectric dielectric permittivity on the electric
field, we have for the Poission equation

dle; (Fy, x)F, (x)] _
dx = p; (%),

whereF,; (x) is the built-in-field in the BST depletion layer, & (F;,x) is the BST dielectric
permittivity.

The solution of Eq. 9 with the boundary conditions x=0, @, = @, gives
1
~ Nrd19Sn1g exp(ﬁEtn)}E 10
1= { qNen(1+Cpp)v (10)

where Cpr = exp (ﬂPFTfo/ 2).
As follows from expression (10), with the increase in Ny, (i.e. concentration of oxygen vacancies), the
depletion-layer width, w;, will be decreased. As large Ei,, i.e. as the trap levels become deep, the
concentration of free electrons will be decreased and, hence, w; increased.
In the p - Si side depletion layer for the space charge, p,(x), we have
p2(x) = q{-Ni + sz(x)—nzf(x)},
where Ny, is the acceptor concentration, P,(x)and n,s(x) are the free hole and electron

concentrations, respectively, and
Fnra—Ec
Ngo (x) = npoexp(ﬁ@z (x))’ Npo = Nep€XP (%) ’ sz(x) = PPo exp(_ﬁ@2 (x)):

E,p — FPFZ)
kT '

Here N.,, N,, are the effective densities of states at the conduction and valence bands, F,,z, , Fpp,
are the electron and hole quasi-Fermi levels and @, (x) is the electrostatic potential on the pc-Si side,
respectively.
Solving the Poission’s equation for the pc-Si depletion layer with the boundary conditions:
x =W, D,(x) =0, x =0, D, (x) =/ D3/,

we obtain
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W, = (221/2[In/1 + By, /|7 = 22220y (11)
2 QEPpo 20 - qPpo '

If i, is chemical potential on BST side and u, the chemical potential on the p - Si before the contact
of both materials, we have (Fig.1)
q@po = H2 — M1 —AE. + Eg1/2 — Ega,
where u, refers to the energy in the middle of BST gap (that is E¢; = E4q/, and E,y = —E44/2) and
o refers to the top of p - Si valence band, E,, E4q E,, are the BST and Si gaps, respectively,
AE. = x; — x, and @p, is the heterojunction built-in-potential in thermodynamic equilibrium. The
chemical potential is determined from the charge neutrality condition in the bulk of the BST
(p1(x) = 0), by an iterative procedure. The chemical potential u, can be evaluated with the well
known crystalline semiconductor equations. Under non-equilibrium condition @ = @5z, — V, where
Vis the applied bias and u, = Fppp, Uy = Fup1, Fppr =t + qV, Fapp = iy — qV.
Using the condition for charge neutrality and equations (10) and (11) as well as
Do + Dyg = Dpy, Wil + W, =W

for W we obtain

W = \/(%—Vz)erezdlcjz(p1+pz)2’ 12)
p5d e tpid &y
where
d, = ny0Sexp(BEy) ' - 2
qNen (1 + Cpp)v APpo
If we have homo abrupt p-n junction,
& =& =& p1 = qNg, p2 = qN,, dlzi’ dzzi'
' qNg qN,

from expression (12) one can obtain well-known formula [20]

W. . = 215 @po(Ng + Ny)
o qNgN, '

3. Discussion

As it follows from (12), the heterojunction depletion width depends on both BST and pc-Si
sides dielectric permittivities, as well as oxygen vacancies concentration (through to pi(x), N¢,) and
doping density of pc-Si. The dependence of W on the above mentioned parameters are shown in
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Fig. 3 and Fig. 4. The calculations have been carried out for the following parameters listed in
Tablel, and: E,=0.026...026eV, Cp=0.1; ®g=06V; n(0)=100...300; Pu=2-10"cm?;
Ni= (10%.....10"%em™; 65= 10 cm? v,, = 107 cm/s; V = (-0.6...+0.6) V. With increase in N,
which is connected with increasing concentration of oxygen vacancies and hence the concentration of
free electrons in BST side, the depletion width decreases (Fig. 3). The depletion layer decreases with
the increase of energy depth of trap levels, E:,, (Fig. 4).

Table 1. Material parameters

Eq1, BST Eg2, pc-Si AE, eV AE, eV
Band gap, eV 3.2 11 -0.15 1.95
dielect. permit. 200-300 11.8 - -
electron affinity, 3.9 4.05 - -
Xpst» Xsi,.€V
work function, eV 4,04 491
Fermi quasi-level
Eci—Enr1, €V 0.14 0.31
Epro—Ev2, €V
Chemical potential
U1 (Eq/2—Fe1), €V 1.46 1.2
Uz (Ec2—0.85), eV

W, um
0.00003

0.00004

0.00003

0.00002

0.00001

1.x10!7

2. %1018 4. x 1018 6. x 1018 §.x 1018

=
e T I L L O B I B ) B N B NN B B B N N L S B N B

Fig.3. Dependence of the depletion layer width, W, on the oxygen vacancies concentration, Ny, for different values of
Eqn (the other parameters are: v=0 V, C,¢=0.1, ®g=0.6 V, £(0)=100, Pp=2-10"° cm-3).
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Fig. 4. Dependence of the depletion layer width, W (cm), on E, for different values of Ppy (cm™®) (the other parameters
are: v=0V, Ny, = 10cm™, and as in Fig. 3)
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