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Abstract — An-amorphous Ba,Sr;.« TiOs/ polycrystalline (pc) silicon anis-type heterojunction capacitance was
evaluated theoretically and studied experimentally, taking into account the presence of oxygen vacancies in
ferroelectric film as well as non-linear dependence of the ferroelectric films dielectric permittivity on the

electric field for different values of oxygen vacancies concentration and doping levels in silicon.

1. Introduction

The BaySrixTiOs/pc-Si anis-type heterojunction built-in potentials, their distribution across the
junction and depletion layers have been examined by us earlier [1]. In this paper, we present systematic
calculations of capacitance of BaySri«TiOgz/pc-Si heterojunction, where the following is taken into
account:
a) The dielectric permittivity of ferroelectric films has non-linear dependence on the electric field
n(F, 1) =n(0)(1 +AF2(x))"", where A =3 B, [non(0)]°, 7, is the dielectric constant in vacuum
(8.86:10™2 F/m), n(0) is the permittivity at zero bias. For example, for SrTiOs 8,=8-10°Vm?®/C, n(0)=300
and A=0.45-10"°(m/V)?[2];
b) some point defects in ferroelectric materials (for example, inevitably presented oxygen vacancies)
create energy levels for charge carriers in the band gap of ferroelectrics, particularly: deep-level trapping
states with energies in the range of E,+2.4 eV to E,+3.15 eV which lie near the valence band and a series
of shallow traps lie near the conduction band edge in the range of Ec- Ei,= 0.06-0.4 eV. These electron
traps are attributed to oxygen vacancies or transition metal/ oxygen vacancy defects [3-9];
c) the high concentration of oxygen vacancy is “endowed” ferroelectric to n-type semiconductor
properties and due to the low concentration/non-vacancy, ferroelectric core exhibit p-type properties
[3-9];
d) Under applied DC field F, the traps release electron via Pool-Frenkel mechanism and become charged.
As a consequence, due to the charge of oxygen vacancies “conditioned” electron levels, the trapped
electron occupation (distribution function is changed 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
[3,4,9]
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2. Calculations of BST/pc-Si heterojunction capacitance

It was assumed during consideration of the M-BST/pc-Si-M structure that metal contacts are nearly Holmic (or
Schottky) contacts, interface of ferroelectric has p-type conductivity in “core” far away from heterojunction, and at
heterojunction surface in contact to crystalline pSi it has n-type conductivity due to high concentration of oxygen
vacancies. It is also assumed that donor-like electron trap levels in the band gap of ferroelectric near conduction
band are conditioned mainly by oxygen vacancies (other possible defects, such as strain, interstitial atomic
(structural) defects do not considered in this paper) and holes trap levels near the top of valence band are
conditioned by other acceptor-like defects. Both trap levels are exponentially distributed in band gap of
ferroelectric film. Below the activation temperature, T< T,, oxygen vacancies without external electric field are
neutral (occupied by electrons) and cause elastic deformation of the lattice. In the energy diagram trap levels
characterized by the concentrations Ny, (for electrons) and Ny, (for holes) with the characteristic energies E;, and
Ei,, below the conductive and up to valence bands edges of BST, respectively (Fig.1). Based on results obtained in

[3, 5-9] we have adopted the values of E—E=0.09-0.6 eV, Ni,-10"°+10"cm™ and Ey, =<E,, + 1.2 €V,
Nip~(107°+ 10*) cm?, for this consideration (Fig.1). It is well known [10-15] that transition between the two

materials at the heterojunction interface causes energy discontinuities in the conduction and valence bands, AE,

and AE,, 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 interface changes.
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Fig.1. Energy band diagram of the BST/c-pSi heterojunction.

Our calculations have been done for Bag»5Srg.75 TiOz/c-pSi heterojunction, where Si <100> is doped with B

with p = 5...100 £Lcm, the band gap of BST and Si are 3.2 eV and 1.1 eV, respectively, the electron affinities of
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about 3.9 eV and 4.05 eV, respectively. In pc-Si, p = 7.0cm corresponds to the acceptor concentration of Na,’
~2+10%cm™ and Fermi quasi level located at 0.31 eV below the mid of forbidden gap (intrinsic Fermi level Ej).
Then the work function of p-Si becomes 4.91 eV. Neglecting the free hole concentration in BST in comparison
with electrons concentration (oxygen vacancies), we assumed that Ny=10'%cm™, the Fermi quasi level for
electrons is evaluated 0.14 eV below the conductive band E;. Thus the work function for BST becomes 4.04 eV
(n=10"cm®). As it is stated in [16-19], the mismatch of SrTiO; with Si is ~1.7% and BaTiOs is not lattice-
matched to Si [15, 17, 19], we have adopted low surface state concentration of about 6¢10'states/cm®V. Taking
into account above mentioned data, concerning BST / pc-Si, the band structure is constructed based on the

Anderson model (Fig.1). The conductance band offset is AE. = E, — Ec; — q®@po or AE. = [x5¢, —
xsi] and AE. = —0.15eV.The valence band offset is equal to AE, = [Xgst — Xsi] + [EgpsT — Egsil, therefore
AE, = 1.95eV. As it follows from Fig.2, taking into account that the Fermi level must be constant throughout

all system at thermal equilibrium, the built-in potential is equal to q@pgo(= Eg41/2-E4,-AE.) = 0.61 eV
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Fig.2. Calculated (-) and measured ( ## *# ) (sample #8892, f=3 kHz, ac V=20 mV) dependences of the heterojunction
capacitance Cpe; 0N voltage, V, for different values of oxygen vacancies concentration, Ni(cm™®), (the other parameters are:
En=0.26 eV, Cpr=0.1; ®ge=0.6 V; 1(0)=100; Pp=2+10"cm’®; o, =10""* cm?; vy, = 107 cm/s).

We used in this work the depletion approximation and the following mechanism is offered for the
establishment of thermal equilibrium condition. As it is assumed high oxygen vacancies in BST interface and
Xgst < Xsi, the free electron concentration in BST is larger than that of minority charge carriers (electrons) in p-
Si (Np=10°cm™, pe=2.10"cm™). After formation of the heterojunction, electrons will be diffused to the pSi
conduction band and recombined with holes. BST will be charged positively due to increase in non-compensated

oxygen vacancies associated donor-like charges and pc-Si would charge negatively. As AE, is higher and for the
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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 pSi-negatively, the barrier for electrons will be formed too. We assume that transition from the Si
crystalline phase to the BST phase takes place not more than several atomic distances which is rapid
enough to be considered an abrupt transition but not so sudden as to give a surface dipole.

As in common cases, the BST/pc-Si heterojunction depletion layer capacitance (for reverse biased) per unit
d
area is defined as C= d—(QD, [15, 20] where dQ is the incremental increase in charge per unit area upon an

incremental change of the potential or applied voltage d@® (dV). Taking into account the nonlinear dependence of
ferroelectric dielectric permittivity on the electric field, we obtain Poisson’s equation for the BST depletion layer in

the following form [9]:

1-AFf(x) dFi(x) _ p1(®)
(1+Af7-"12(x))2 dx Nr

) 1)

where p; is the depletion layer charge density of the BST side, n,- = [no1(0)] .

Using the Gauss’s law:
Qs = 11 (F)Fqo,
where 17, (F,7) = n(0)(1 + AF?(x))" ! is the BST dielectric permittivity, we can calculate the dynamic

capacitance of the BST side depletion layer. Integration of Eq. (1)

“10

(1—AT'12(x))d (% pu(x)dx
f 1+ AFZ R ‘f_wl n

for the surface maximum electric field (F)F;, [i.e. at x=0 (heterojunction plane) (F)F1o F(0) =

FFyF,, and ®;(0) = @y, gives:

P1(@10,X) D10 ]1/2
Nyr+AD10p1(P10)

For the BST depletion layer, W’;, dynamic capacitance, C,4 we obtain:

FEyF, = [

o 9p1(®10.X)
1/2 (14—20
, a F
P1(P10X) Q19 ) [ 2]’ 2)

(Nr+AD10p1(P10,%))3/2  Hem

Crq = (2522)

where p;(®10,%) = q{a;(Cpre™#®10 — 1) + Po(e7FP10 — 1) — nyo(eFPr0 — 1)}, B = q/KT,

1/2 vexp (—BE, . .
a, = 2Ny, B, Cpp = ePrrén0 | B = %, S = o, , 0 iS the capture cross section,
10

ven = (3KT /)2 is the thermal velocity of electrons, v is the “attempt to escape” frequency, which is
connected to relaxation time with the relationship 7 = %exp (BE:), and B = q/kT, q is the electron

charge, k is the Boltzmann’s constant and T is the absolute temperature.
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For the AF?2, « 1 (low field condition that is (F)F,, < 4.71 = 10° V /cm) case, expression (2)

becomes
Coo= M (Bl cppePP10-1)+E10(e=F210)- p;pe+1)
a1 V2Lpy F15(M10,®10,--) !
where Fy; = {lemﬁ [Cor(e AP0 (F)F1p — 1) + Bdyo] + ?(e—ﬁd’lo —1) + P10 — B, —
10 10

1/2 KT7, nr o . .
1} Ly, = J = \/ is the extrinsic Debye length for electrons in the BST side.

ny0q? aBnio
By the same manner we obtain for the pc-Si side depletion layer per unit area capacitance:

1—eBP20 PO, BD20
— Ppo

—_ M2 _ F
CdZ _\/ZLDZ ' FZS(npo'Ppo'CDZO) [[Cm2]1 (3)

1/2
where F, (®,,) = {e‘ﬁq’zo + Dy — 1+ ? (eP®P20 — 1)} and Lp, = q;“ Z is the Debye length for
po po

holes in pc-Si and n, is the pc-Si dielectric permittivity.
Presented the net depletion layer as W=W;+W> and C,4; C4, as the series connected capacitance
and using the relationship n,F,, = 1,F,0,

e obtain

Cq1C F
d1ld2 __ NrN2VY1Y2 ]’ (4)

Chet = =
t
€l Cq1+Caz  MyYilpaFas+nm22LpiFis’ “em?

where y; = [:_110 (CPFe—BCDlo — 1) + z_i‘;(e—l?d)w) — PP 4 1], Yy = [1 — e~ BP20 4 PO ,BPy |

po

Substituting the expressions for y4,y, into expression (4) for Cpet We obtain

1/2
(aBnioPponzny) ™ “v1v2 (5)

Chet =
het 1/2 '
(Wrnlo)l/ZY1F25+(772Ppo) Fis

Using the relationship

cI)20 _ p%dlnr
Dy P%dznz'

Aas well as expressions for F; ¢ and F;,

Fis _ M2Lpa ® wi w3
Fas UrLDz’

expression of W [1], for C;,,.; we obtain:

1
1 L
c o~ (pro>§ [n1oPpoNtn772771051(1+t)(qN )2] [ F
het = Npo \/2(¢’Bo+V)772771[0-'%772N?n+71r1);§0] cm2 ]’
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- L _ 2 _ 2 43 ’ﬂ
where d1 — qﬁNtn(1+CPF)’ dz = quO, a, = 23(,01(1 + CPF)t y t = hz,

h = qZB(Ppo+npo) h, = q?BI(P1o+n10)+2NipB] __ (P1o*tnq9+2N¢yB)
1= y 2 — ’ P11 = |
21, Nr Ny

— C 2
B — vexpn(loﬁEtn) , N* — 7]1Pp0+277213-:\’:;1)(1+ PF)t ’ (See [1]).

If we represent Cy., (per unit area capacitance) as

Ne
Chet = #v (6)

where 7, denotes heterojunction depletion layer effective dielectric permittivity, then from Eq.(5) 7sf

can be evaluated as

1/2
2Ppo / [nloppoNtnnznra1(1+t)] [L]
cml’

[a%nthn3+anpo3]

Nefr = (

Using the condition for charge neutrality and equations for depletion layers [1], the ratio of the voltage
supported on both sides of the junction is given by (V=V1+V)

Npo

Di9-V; — 71p1(X)
Dyo-V> 2p,(x)

(")

where V; and V are the voltage drops in BST and pc-Si sides, respectively.
As it is assumed that Ny, (therefore the electron concentration in BST conduction band is much larger
than in pc-Si side), we obtain for the Cy:

Nerr(@N*)Y/?

2(@po—V2)n2nr

(8)

Chet = J

3. Experimental results and conclusions

As it follows from (5), the heterojunction capacitance depends on both BST and pc-Si sides
dielectric permittivities, 175,11, as well as oxygen vacancies concentration (through to p1(x), Nw) and
doping density of pc-Si, By,

Calculations of the BST/pc-Si heterojunction capacitance have been carried out for the following
parameters listed in Table 1: E;;=0.026...0.6 eV, Cpr=0.1; ®gop=0.6 V; 1(0)=100...200; Py=2+10" cm’®;
ni=4.5¢10" cm®, Ny= (10%.....10%cm™®; o5 =10 cm? ; v,, = 107 cm/s; V=(- 0.6...+0.6) V. The
calculated dependence of the heterojunction capacitance Cye oOn the above mentioned parameters are
shown in Figs.2-4. The calculated value of the heterojunction capacitance has been compared with the
experimental results (Fig.2), carried out for the Al-p-Si-BST(70:30)-Ag structure using an impedance
analyzer (Zahner Elektrik). The area of Ag-paste is equals approximately 0.071 cm2. As it follows from
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the Figures, with the increase in the oxygen vacancies concentration, N, the heterojunction capacitance
increases (Figs. 2, 3) and with the increase in the energy depth of trap levels, E, the heterojunction

capacitance decreases (Fig.4).

Table 1. The materials parameters.

Eqi, BST Eg2, pc-Si AE;, eV AE, eV
Band gap, eV 32 1.1 -0.15 1.95
dielect. permit. 200-300 11.8 - -
electron affinity, 3.9 4.05 - -
Xpsr» Xsir €V
work function, eV 4.04 491
Fermi quasi-level
Ea—Enrr, €V 0.14
Epra—Eva, €V 0.31
Chemical potential
111 (Eqr/2—Fer), €V 1.46
15 (Ec,—0.85), eV 1.2
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Fig.3. Dependences of heterojunction capacitance Cpe; 0N 0Xygen vacancies concentration, Ni,(x10"), for different
values of voltage, V (the other parameters are as in Fig.2.)
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Fig.4. Dependences of the heterojunction capacitance Cy 0n E, for different values of voltage, V, (other parameters are as in
Fig. 2).

From experimental dependence of C~2(V), the built in potential ®go has been estimated (Fig.5)

which is in the range of theoretical estimation (®go is changed from 0.7 t0.0.8 V).

3 kHz

Fig.5.Incremental capacitance characteristic of Al-p-Si-BST(70:30)-Ag heterojunction (area 0.071 cm?, Na,~2¢10"cm’).
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Concentration of oxygen vacancies, N, has been estimated too, for different energy depths, E,, of
oxygen vacancies conditioned trap levels based on experimental data. For example, from the experiments

at V=0 bias voltage Cper~1.397 nF (Fig.2). Assume that npo~10°cm™3,ppo~2 ¢ 10cm™3, n; =

4.5 10%m™3, nyy = Npexp (— %) NesT(0) ~100, nsi~11.8¢ 8.85 » 10‘14ﬁ, which corresponds

to examined structure substrate and measured parameters,  from expression (6) one can obtain:
Np,~3.3¢10%cm™3 (if E;=0.26 eV), and N,,,~1.83 « 1038cm3(if E{=0.156 eV). These values of

N,,, have the same order which is used for theoretical calculations.

From scientific and practical points of view, the research results will contribute to a better
understanding of electrochemical, surface and interface properties of perovskite-oxide/silicon films
heterojunction exposed to liquid (gas) environments as well as optimizing the sensing characteristics of
heterojunction. We anticipate that the new knowledge that emerges from this study will provide the basis
for the development of new, combined amperometric/field-effect microsensors for the detection of
different biomarkers. The research is directed to develop chemical sensors and biosensors using new
materials, new fabrication methods and new sensing principles.

This work was supported by State Committee of Science MES RA, in the frame of the research
project M SCS 13-2G032.
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