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         Abstract – An-amorphous BaxSr1-x TiO3/ 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 BaxSr1-xTiO3/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 BaxSr1-xTiO3/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 

,ሺ࣠ߟ ሻݎ ൌ ሺ0ሻሺ1ߟ ൅ ሻሻିଵݔଶሺ࣠ܣ , where ܣ ൌ ଴ߚ 3 ଴ߟ   ,3[ሺ0ሻߟ଴ߟ]    is the dielectric constant in vacuum  

(8.86·10-12 F/m), ߟሺ0ሻ is the permittivity at zero bias. For example, for SrTiO3, ߚ଴=8·109Vm5/C, ߟሺ0ሻ=300 

and A=0.45·10-15(m/V)2 [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 Ev+2.4 eV to Ev+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 - Etn = 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 ࣠, 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< Ta, 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 Ntn (for electrons) and Ntp (for holes) with the characteristic energies Etn and 

Etp, 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 Ec1–Etn≈0.09–0.6 eV, ௧ܰ௣ ≈1016 1019cm-3 and ܧ௧௣ ௩ଵܧ≈  ൅ 1.2 ܸ݁ , 

௧ܰ௣ൎ(1013ൊ 10ଵସ) cm-3, 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, ∆ܧ௖  

and ∆ܧఔ, 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. 

          

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Energy band diagram of the BST/c-pSi heterojunction. 
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about 3.9 eV and 4.05 eV, respectively. In pc-Si, ߩ ؆ 7Ωܿ݉ corresponds to the acceptor concentration of NA2
-

≈2•1015cm-3 and Fermi quasi level located at 0.31 eV below the mid of forbidden gap (intrinsic Fermi level Ei2). 

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  Ntn≈1018cm-3, the Fermi quasi level for 

electrons is evaluated 0.14 eV below the conductive band Ec1. Thus the work function for BST becomes 4.04 eV 

(nf1≈1017cm-3). As it is stated in [16-19], the mismatch of SrTiO3 with Si is ≈1.7% and BaTiO3 is not lattice-

matched to Si [15, 17, 19], we have adopted low surface state concentration of about 6•1010states/cm2eV. 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  ∆ܧ௖ ൌ ௖ଶܧ െ ௖ଵܧ െ Ф஻଴ݍ  or ܿܧ∆  ൌ ሾܶܵܤݔ െ

ܿܧ∆ ሿ and݅ܵݔ ؆ െ0.15eV.The valence band offset is equal to ∆E஝ ൌ ሾxBST െ xS୧ሿ ൅ ሾE୥BST െ E୥ୱ୧ሿ, therefore 

ఔܧ∆ ൌ 1.95 eV.   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  ݍФ஻଴ሺൌ ௖ሻܧ∆-௚ଶܧ-௚ଵ/2ܧ ؆ 0.61 ܸ݁. 

 
Fig.2. Calculated (-) and measured (  ), (sample #8892, f=3 kHz, ac V=20 mV) dependences of the heterojunction 
capacitance Chet on voltage, V, for different values of  oxygen vacancies concentration, Ntn(cm-3),  (the other parameters are: 
Etn=0.26 eV, CpF=0.1; ФB0=0.6 V; η(0)=100; Pp0=2•1015cm-3; σs =10-14 cm2 ; v୲୬ ൌ 10଻ 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 

஻ௌ்ݔ  ൏ -ௌ௜, the free electron concentration in BST is larger than that of minority charge carriers (electrons) in pݔ

Si (npo≈105cm-3, ppo≈2.1015cm-3). 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 ∆Ev 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 

area is defined as Cؠ ௗொ
ௗФ

, [15, 20] where dQ is the incremental increase in charge per unit area upon an 

incremental change of the potential or applied voltage  ݀Ф (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]: 

ଵି஺࣠భ
మሺ௫ሻ

ቀଵା஺࣠భ
మሺ௫ሻቁ

మ
ௗ࣠భሺ௫ሻ

ௗ௫
ൌ ఘభሺ௫ሻ

ఎೝ 
,                                                         (1) 

where ρ1   is the depletion layer charge density of the BST side, ߟ௥ ൌ [ߟ଴ߟሺ0ሻሿ . 
Using the Gauss’s law:   

ܳ௦ ൌ െߟଵሺ࣠ሻ ଵ࣠଴, 

where ߟଵሺ࣠, ሻݎ ൌ ሺ0ሻሺ1ߟ ൅  ሻሻെ1 is the BST dielectric permittivity, we can calculate the dynamicݔ2ሺ࣠ܣ

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

න
ሺ1 െ ܣ ଵ࣠

ଶሺݔሻሻ
ሾ1 ൅ ܣ ଵ࣠

ଶሺݔሻሿଶ ݀ ଵ࣠ ൌ න
ݔሻ݀ݔଵሺߩ

௥ߟ

଴

ି௪భ

భబ

଴

 

for the surface maximum electric field ሺ࣠ሻ ଵ࣠଴  [i.e. at x=0 (heterojunction plane) ሺ࣠ሻ ଵ࣠଴ ࣠ሺ0ሻ ൌ

࣠ሺ࣠ሻ࣠భబ and  Фଵሺ0ሻ ൌ Фଵ଴  gives: 

࣠ሺ࣠ሻ࣠భబ ൌ ቂ ఘభሺФభబ,௫ሻФభబ
ఎೝା஺ФభబఘభሺФభబሻ

ቃ
ଵ/ଶ

. 

For the BST depletion layer, W’1, dynamic capacitance, C1d, we obtain: 

ଵௗܥ ؆ ௥ߟ
ଶ ቀఘభሺФభబ,௫ሻ

Фభబ
ቁ

ଵ/ଶ ቀଵା Фభబ
ഐభሺФభబ,ೣሻ.ങഐభሺФభబ,ೣሻ

ങФభబ
ቁ

ሺఎೝା஺ФభబఘభሺФభబ,௫ሻሻయ/మ    ሾ
ܨ

ሾܿ݉2ሿ,                         (2) 

where  ߩଵሺФଵ଴, ሻݔ ൌ ௉ி݁ିఉФభబܥ൛ܽଵ൫ݍ െ 1൯ ൅ ଵܲ଴൫݁ିఉФభబ െ 1൯ െ ݊ଵ଴൫݁ఉФభబ െ 1൯ൟ,  ߚ ൌ  ,ܶܭ/ݍ

ܽଵ ൌ 2 ௧ܰ௡ܥ   ,ܤ௉ி ൌ ݁ఉುಷఌభబ
భ/మ

, ܤ ൌ ఔୣ୶୮ ሺିఉா೟೙ሻ
௡భబௌ

, ܵ ൌ ௧௡ݒ௦ߪ ௦ߪ ,  is the capture cross section, 

௧௡ݒ ൌ ൫3ܶܭ ݉ൗ ൯1/2 is the thermal velocity of electrons, ߥ is the “attempt to escape” frequency, which is 

connected to relaxation time with the relationship  ߬ ൌ ଵ
ఔ

exp ሺܧߚ௧௡ሻ, and ߚ ൌ  q is the electron ,ܶ݇/ݍ

charge, k is the Boltzmann’s constant and T is the absolute temperature. 
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For the ܣ ଵ࣠଴
ଶ ا 1 (low field condition that is ሺ࣠ሻ ଵ࣠଴ ا 4.71 כ 10ହ ܸ/ܿ݉) case, expression (2) 

becomes 

ௗଵܥ ؆ ݎߟ
√ଶ௅ವభ

.
ቄమಿ೟೙ഁ

೙భబ
൫஼ುಷ௘షഁФభబିଵ൯ା೛భబ

೙భబ
൫௘షഁФభబ൯ିఉФభబ௘ାଵቅ

ிభೞሺ௡భబ,Фభబ,… ሻ
 , 

where ܨଵ௦ ൌ ቄଶே೟೙ఉ
௡భబ

௉ி൫݁ିఉФభబሺ࣠ሻ࣠10ܥൣ െ 1൯ ൅ Фଵ଴൧ߚ ൅ ௣భబ
௡భబ

൫݁ିఉФభబ െ 1൯ ൅ ݁ఉФభబ െ Фଵ଴ߚ െ

1ቅ
ଵ/ଶ

஽ଵܮ ൌ ට ௄்ఎೝ
௡భబ௤మ ൌ ට

ఎೝ
௤ఉ௡భబ

  is the extrinsic Debye length for electrons in the BST side. 

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

ௗଶܥ ൌ ఎమ

ඥଶ௅ವమ
=.

൤ଵି௘ഁФమబା
೙೛೚
ು೛೚

௘ഁФమబ൨

ிమೞ൫௡೛೚,௉೛೚,Фమబ൯
      [ ி

ሾ௖௠మሿ,                                                 (3) 

where ܨଶ௦ሺФଶ଴ሻ ൌ ൜݁ିఉФమబ ൅ Фଶ଴ߚ െ 1 ൅ ௡೛೚

௉೛೚
൫݁ఉФమబ െ 1൯ൠ

ଵ/ଶ
and ܮ஽ଶ ൌ ට

ఎమ
௤௉೛೚ఉ

  is the Debye length for 

holes in pc-Si and ߟଶ is the pc-Si dielectric permittivity.  

Presented the net depletion layer as W=W1+W2 and  ܥௗଵ , ܥௗଶ  as the series connected capacitance 

and using the relationship ߟ௥ ଵ࣠଴ ൌ  ,ଶ࣠ଶ଴ߟ
e obtain 

௛௘௧ܥ ൌ ஼೏భ஼೏మ
஼೏భା஼೏మ

ൌ ఎೝఎమఊభఊమ
ఎೝఊభ௅ವమிమೞାఎమଶ௅ವభிభೞ

, ሾ ி
௖௠మ ሿ,                                      (4) 

where   ߛଵ ൌ ቂ ௔భ
௡భబ

൫ܥ௉ி݁ିఉФభబ െ 1൯ ൅ ௉భబ
௡భబ

൫݁ିఉФభబ൯ െ ݁ఉФభబ ൅ 1ቃ, ߛଶ ൌ ൤1 െ ݁ିఉФమబ ൅ ௡೛೚

௉೛೚
݁ఉФమబ൨. 

Substituting the expressions for ߛଵ,  ଶ, into expression (4) for Chet we obtainߛ

௛௘௧ܥ                      ؆ ൫௤ఉ௡భబ௉೛೚ఎమఎೝ൯భ/మఊభఊమ

ሺఎೝ௡భబሻభ/మఊభிమೞା൫ఎమ௉೛೚൯భ/మிభೞ
.                                     (5)   

Using the relationship 

Фଶ଴

Фଵ଴
ൌ

ଵߩ
ଶ݀ଵݎߟ

ଶߩ
ଶ݀ଶߟଶ

, 

Aas well as expressions for ܨଵ௦ and ܨ௦ଶ 

ிభೞ
ிమೞ
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,       Фଵ଴ ൌ ௐభ
మ
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మ
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expression of W [1], for ܥ௛௘௧ we obtain: 

௛௘௧ܥ ؆ ൬ଶ௉೛೚

௡೛೚
൰

భ
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భ
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య ሿ

ቂ ி
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where ݀ଵ ൌ ଵ
௤ఉே೟೙ሺଵା஼ುಷሻ

, ݀ଶ ൌ ଶ
௤௉೛೚

ଵߙ   , ൌ ଵሺ1߮ܤ2 ൅ ݐ ,ଶݐ௉ிሻܥ ൌ ට௛భ
௛మ

య , 

     ݄ଵ ؆ ௤మఉ൫௉೛೚ା௡೛೚൯
ଶఎమ

 , ݄ଶ ൌ ௤మఉሾሺ௉భబା௡భబሻାଶே೟೙஻ሿ
ఎೝ

,     ߮ଵ ൌ ሺ௉భబା௡భబାଶே೟೙஻ሻ
௡భబ

,  

ܤ                                   ൌ ఔୣ୶୮ ሺିఉா೟೙ሻ
௡భబௌ

כܰ ,  ൌ ఎభ௉೛బାଶఎమ஻ே೟೙ሺଵା஼ುಷሻ௧మ

ሺଵା௧మሻ
 , (see [1]). 

If we represent ܥ௛௘௧ (per unit area capacitance) as 

௛௘௧ܥ                                                                            ൌ ఎ೐೑೑

ௐ
,                                                                       (6) 

where ߟ௘௙௙ denotes heterojunction depletion layer effective dielectric permittivity, then from Eq.(5)  ߟ௘௙௙ 

can be evaluated as 

௘௙௙ߟ ൌ ൬ଶ௉೛೚

௡೛೚
൰

ଵ/ଶ ൣ௡భ೚௉೛೚ே೟೙ఎమݎߟఈభሺଵା௧ሻ൧
ሾఈభ

మఎమே೟೙
యାఎೝ௉೛೚

యሿ
 , ቂ ி

௖௠
ቃ. 

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+V2) 
 

Фభబି௏భ
  Фమబି௏మ

ൌ ఎభఘభሺ௫ሻ
ଶఘమሺ௫ሻ  ,                                                                     (7) 

 
where V1 and V2 are the voltage drops in BST and pc-Si sides, respectively. 
As it is assumed that Ntn (therefore the electron concentration in BST conduction band is much larger 
than in pc-Si side), we obtain for the Chet: 

௛௘௧ܥ                                                   ൌ ఎ೐೑೑ሺ௤ேכሻభ/మ

ටଶ൫ФഁబିVమ൯ఎమఎೝ

 .                                                      (8) 

 

3. Experimental results and conclusions 

As it follows from (5), the heterojunction capacitance depends on both BST and pc-Si sides 

dielectric permittivities, ߟଶ,  ଵ, as well as oxygen vacancies concentration (through to ρ1(x), Ntn) andߟ

doping density of pc-Si, ௣ܲ௢.  

Calculations of the BST/pc-Si heterojunction capacitance have been carried out for the following 

parameters listed in Table 1: Etn=0.026…0.6 eV, CpF=0.1; ФB0=0.6 V; η(0)=100…200; Pp0=2•1015 cm-3; 

ni=4.5•1010 cm-3, Ntn= (1015…..1019)cm-3;  σs =10-14 cm2 ; ݒ௧௡ ൌ 10଻ cm/s;  V=(- 0.6…+0.6) V.  The 

calculated dependence of the heterojunction capacitance Chet on 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, Ntn, the heterojunction capacitance 

increases (Figs. 2, 3) and with the increase in the energy depth of trap levels, Etn, the heterojunction 

capacitance decreases (Fig.4). 

 
Table 1. The materials parameters. 

 Eg1, BST Eg2, pc-Si ΔΕc, eV ΔΕv,eV 

Band gap, eV 3.2 1.1 -0.15 1.95 

dielect. permit. 200-300 11.8 - - 

electron affinity, 

,஻ௌ்ݔ  ௌ௜, eVݔ

3.9 4.05 - - 

work function, eV 4.04 4.91   

Fermi quasi-level 

Ec1െEnF1,  eV 

EpF2െEv2, eV 

 

0.14 

 

 

 

0.31 

  

Chemical potential 

 ଵ(Eg1/2െFnF1), eVߤ

 ଶ(EC2െ0.85), eVߤ

 

1.46 

 

 

1.2 

  

 

 

Fig.3. Dependences of heterojunction capacitance Chet on oxygen vacancies concentration,  Ntn(x1017), for different 
values of voltage, V  (the other parameters are as in Fig.2.) 
 



BaxSr1-x TiO3/pc-Si Heterojunction Capacitance  || Armenian Journal of Physics, 2013, vol. 6, issue 4 

195 

 
Fig.4. Dependences of the heterojunction capacitance Chet on Etn for different values of voltage, V, (other parameters are as in 
Fig. 2). 
 
         From experimental dependence of ିܥଶሺܸሻ,  the built in potential ФB0  has been estimated (Fig.5) 

which is in the range of theoretical estimation (ФB0 is changed from 0.7 to.0.8 V).  

 

Fig.5.Incremental capacitance characteristic of Al-p-Si-BST(70:30)-Ag heterojunction (area 0.071 cm², NA2
-≈2•1015cm-3). 
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Concentration of oxygen vacancies, Ntn, has been estimated too, for different energy depths, Etn, of 

oxygen vacancies conditioned trap levels based on experimental data. For example, from the experiments  

at V=0 bias voltage ܥ௛௘௧~1.397 ݊ܨ  (Fig.2).  Assume  that n୮଴~10ହܿ݉ିଷ, p୮଴~2 • 10ଵହܿ݉ିଷ,   n୧ ൌ

4.5 • 10ଵ଴ܿ݉ିଷ, ݊ଵ଴ ൌ ௧ܰ௡݁݌ݔ ቀെ ா೟೙
଴.଴ଶ଺

ቁ, ηBST(0) ~100, ηSi~11.8• 8.85 • 10ିଵସ ி
௖௠

 , which corresponds 

to examined structure substrate and measured parameters,   from expression (6) one can obtain:  

௧ܰ௡~3.3 • 10ଵ଺ܿ݉ିଷ  (if Etn=0.26 eV), and  ௧ܰ௡~1.83 • 10ଵ଼ܿ݉ିଷ(if  Etn=0.156 eV). These values of 

௧ܰ௡  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 № SCS 13-2G032. 
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