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Abstract. Trapping/detrapping characteristics of thin film metal-ferroelectric-metal (m-f-m,           

Pt-BaxSr1-xTiO3-Pt) structure is considered assuming that the ferroelectric is in paraelectric phase and 

high concentration of oxygen vacancies (OV) in the interfacial regions of metal-ferroelectric 

contacts. It is assumed that these vacancies create electron trap levels in the band gap of the 

ferroelectric. At high electric fields (or at high temperatures) the oxygen vacancies are ionized due to 

detrapping of electrons via Pool-Frenkel emission which leads to change essentially the trap levels 

occupation function,        , and hence created a new non-compensated oxygen vacancies. These 

newly created charged vacancies, in turn, can change internal state, as well as m-f interfacial 

potentials, and thus may alter all processes of its based memristors. The nonlinear dependence of 

permittivity on applied electric field is taken into account too. Based on these assumptions analytical 

expression for the DC bias dependent traps level occupation function,        , its time dependence 

and ferroelectric material fundamental parameters dependencies are derived for the first time. 
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1. Introduction 

Nonvolatile resistance switching (RS) is a seemingly universal phenomenon exhibited by 

metal-oxide-metal thin-film capacitor structures, particularly metal-ferroelectric-metal structures [1-

8]. Ferroelectric based ReRAM is one of the most promising candidates for next negation of non-

volatile memory due to characteristics such as its simple structure, as high-density, high scalability, 

high switching speed, low cost, fast write and read access, low energy operation, and high 

performance with respect to endurance (write cyclability) and retention (non volatility) [9-17]. Its 

compatibility with the current CMOS technology ensures a promising scaling down prospective. In 

the non-volatile memory application areas, the problems of retention, endurance, switching speed, 

leakage mechanisms, yield, and noise immunity are at the infant research stage. In spite of all these 

constraints, the novelty of memristor to combine computing, logic and memory on a single platform 

is a driving force behind the research and industry interest. 

Many suggested mechanisms have been put forward to explain the causes of resistance 

switching [3, 5, 8-17] which can be split into two groups: ionic (involve the migration of oxygen 

vacancies) and thermal (where the application of an electric field and flowing current heats the 

material and changes its structure) [18-20]. Based on their “scale” those RS mechanisms can be 

classify also as: carrier trapping/detrapping (electronic scale), migration of point defect (atomic 

scale), metal-insulator ransition (apparent change of the atomic structure), thermochemical reaction 

(apparent change of the microstructure), and complex mechanism. The three main classes are based 

on an electrochemical metallization mechanism, a valence change mechanism, and a 

thermochemical mechanism, respectively. The changes of the resistance due to various mechanisms 
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are actually caused by the evolution of these defected structures triggered by the electric/thermal 

effects, a typical structure-property relation in materials science. 

Among these mechanisms there are many analyses indicating the importance of both trap-

controlled space-charge-limited current and Poole–Frenkel effect in resistance switching [20, 21]. 

Vacancy motion was responsible for switching in SrTiO3, La0,7Ca0,3MnO3, as well as in Ca 

doped BiFeO3 grown on SrTiO3 [21-25]. The results reiterated the importance of point defects, 

mainly oxygen vacancies and their movements in controlling electrical switching behavior of 

memristors. This concept then has been developed in [12] as the first complete quantitative model 

for bipolar switching in oxides based vacancy drift/diffusion and showed that this model is 

equivalent to the memristor element predicted theoretically by Chua [9]. 

Oxygen vacancies acting as charge carriers in memristive devices, they have found growing 

appreciation in the emerging field of transition-metal oxides responsible for magnetic, orbital, 

electronic and transport properties. 

On the one hand, it is well known that native disorder of perovskite type (ABO3, particularly 

in BaxSr1-xTiO3 (BST)) alkaline earth titanates is found to be of Schottky defect type [26-35]. The 

oxygen vacancies are through to be most mobile and abundant in these perovskite ferroelectrics 

which may be created or removed by thermal treatment in a reducing or oxidizing atmosphere 

respectively. They may move and redistribute under the applied external fields [27-30] and form 

dipoles especially near the electrode/ferroelectric interfaces. In addition, the shift of the charged 

oxygen vacancies causes local changes in dielectric properties [31-33]. The Auger microprobe dates 

show [32,33] that oxygen concentration is not constant across the thickness of the film. Near the 

electrodes it drops to approximately 50% of its value in the center of the film. This creates n-type 

layers near the electrodes in contrast to the p-type BST regions in the middle of the film [31-33]. It 

is assumed that the donor state is strongly localized around the nearest titanium ions. In the neutral 

state the donor level is double occupied, and there is a reduced repulsive interaction between the 

vacancy and neighboring cations. 

At sufficiently high temperatures and/or high fields, the oxygen vacancies are double ionized, 

acts as donors, each supplying two electrons to the conduction band [26-30]: 

.2)(
2

1 ''

020

 eVgasOO  An interstitial oxygen atom may form different types of defects 

 20 ,, OOOx , which corresponds to three different energies in the energy band. The electrical 

and optical properties investigations of the deep levels in SrTiO3 thin film show [26-30], that there 

is a series of deep-level traps with energies in the range of Ev+2.4eV to Ev+3.15eV and a series of 

shallower traps near the conduction band: Ec – Etn=0.06  0.4eV. In the as-grown film the defect 

concentration is in the range of 10
14

 to 10
18 

cm
3
. Higher concentrations (10

20
-10

22
 cm

3
) are also 

reported [26-28, 34]. 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 [27-

33]. The interfacial built-in electric fields associated with the trapping centers and oxygen vacancies 

results in changes in the interfacial permittivity of the films [31]. The charge carrier can be trapped 

by the defects inside the insulator layer or by the electrode/insulator interface, which will build an 

internal electric field and impact the injection or transport of the carrier that eventually leads to the 

RS behavior. It can be assumed that the relaxation time is defined by the electron emission process 

from the trap energy level Et localized in the energy gap. 

As it is indicated above, the inevitable presence of OV in perovskite type ferroelectrics, its 

migration, as well as the electrons PF ionization mechanisms from OV conditioned trap levels are 

responsible for a many of switching mechanisms in memristor structures. On the other hand, PF 

ionization effects in turn contribute to change not only the migration processes of OV, but also to 

change of electric activities of point defects, its concentrations, energy distribution and particularly 

its electronic spectra. 
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The main goal of the present article is the theoretical investigation of OV conditioned trap 

levels occupation function, f(t), its time dependencies on external electric field, trap levels energy 

distribution, its characteristic capture and escape times, as well as dependencies on perovskite 

material other fundamental parameters, which are tied to do for the first time. 

In these connections it is interesting (reasonable) to investigate (understand) and discussed the 

“structure” of switching times of memristors and its connection with the active material and 

switching mechanism parameters. 

We think that under the externally applied electric fields when PF emission becomes 

dominant the occupation function decreases significantly which leads to creation of new non-

compensated charged oxygen vacancies [31]. These charged vacancies under external and internal 

fields can migrate to the negatively charged electrode and hence "alignment" statistically distributed 

oxygen vacancies chains. 

As for the fully physics-based descriptive and predictive modeling of nonlinear dynamic 

behavior of memristor, it needs to involve some new internal state variables, for example as it has 

been done in the case of ferroelectric tunnel junctions (FTJs) [6, 35], with 10 ns operation speeds, 

where proposed volume fraction of down domains as the state variable. We think, that traps energy 

distribution, its occupation function time and material parameters dependence can act as an internal 

state variable function for certain switching structures and mechanisms which are out of frame of 

the present discussion and is the subject of another investigation. 

 

 

2. Motivations  

 

One of the most important parameters of the memristive circuits and system is the switching 

time (the resistance switching time is typically ts ≤ 10
-7

 s) from high-to low impedance [2-17]. The 

main requirements on memristors are the possible very low programming voltages and switching 

times [7].  In high-density 1-selector-1 ReRAM arrays real time transient switching (TS) speed 

responses and delay times also play an important role in operating the memory which are in the 

range of a few ns [6,35,36]. As it is stated in [36] actual choice of window function is of significant 

importance for the predictive modelling of memristors when such memristors are driven by periodic 

alternating polarity pulses. It is observed that the pinched hysteresis loop is a function of excitation 

frequency and is shrunk by increasing the excitation frequency [9-17]. In fact, as the frequency 

increases towards infinity, the memristor acts as a linear resistor. In neuromorphic engineering field 

analog resistive switching of the artificial synapses for adjusting of learning time constant of the 

spike-timing dependent plasticity (STDP) the trapped electron occupation function shape and 

dependence on external fields and signal parameters also is important [10-14, 37-38]. Double-

barrier devices are interesting candidates for use as artificial synapses in neuromorphic circuits and 

may pave the way to a real-time implementation of a pattern recognition system. For realistic 

mathematical description of the device behavior from the obtained experimental data for network-

level applications, the memristive biological plasticity model is used [37, 38] and for synaptic 

plasticity measurements on single devices, rectangular voltage pulses with different amplitudes, 

polarities, and pulse durations were applied to the devices. For design of autonomous memristor-

based oscillator generating periodic signals an external sinusoidal excitation is needs to be in the 

autonomous system. This memristor-based oscillator can generate periodic, chaotic, and 

hyperchaotic signals under the periodic excitation and an appropriate set of circuit parameters [39]. 

From the above mentioned it is followed that in the m-f-m structured memristors where 

oxygen vacancies creation, migration, the PF emission and trapping/detrapping processes are 

dominated, as the “lifetime” of trapped electrons usually a few order high than the escape and 

transit time through to device, during  of  operation under the different periodic alternating polarity 
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pulses, the relationship between these times, as well as the trap levels occupation function time 

dependencies, f(E,t), may play an important role for memristor performance. 

 

 

 

3. Model description  

 

Let’s consider (Pt-BST-Pt) metal-ferroelectric-metal capacitive structure. For evaluation the 

dependence of the trapped charge carriers concentration, nt, their occupation function, f(t), (assume 

that f(t) corresponds to Fermi-Dirac distribution) on applied (resulting) field and 

trapping/detrapping processes due to PF mechanism let’s assume that the concentration of oxygen 

vacancy is Nt and that a little amount of free electrons concentration is nco (before applied field). 

It is assumed that without an externally applied electric field the vacancy is neutral due to 

trapped electrons. Under applied external electric field, Eext, when qEext, exceeds the activation 

energy, the electrons are detrapped via Poole-Frenkel emission, the vacancy gets charged, and the 

electric field of the charged vacancy polarizes the crystal predominantly along the applied field 

locally reducing its permittivity (Fig. 1) [31]. As it is well known [40-42] trapping/detrapping 

effects in turn are characterizied with the excape, capture times, as well as trap levels occupation 

function, f(E,t). 

For the calculation of trapped electrons concentration,   , according to Schottky- Read [40-

42] one can get:  

                                 










kT

E
vNnnNnv

t

n
t

thctttcth
t exp0  ,       excE

t rr
t

n





, 

where   and thv  are the capture cross section and the thermal velocity of electrons, respectively, 

cEr  and  
Eer are the rate of electron capture and release from traps, respectively, cN  is the density of 

the states in conduction band, tE  is the energy depth of trapped electron, k is the Boltzmann’s 

constant, T is the absolute temperature. 

At the thermal equilibrium ,
t
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where n1 is the Schottky- Read state factor (                  [40-42]).  
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Fig. 1. Schematics of energy band diagram of m-f contact under bias (with negative bias of metal-m). 

 

 

If we assume that at the thermal equilibrium (absence of external field) all trap levels are 

occupied, we obtain tto Nn   (as it is known from physics of semiconductors when 

01,3 ct nnkTE 
, tto Nn 

 
). We assume that when field is applied PF release of electrons 

from the traps (Fig. 1) dominated in comparison with injection from Schottky barrier. 

For this condition we obtain  
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where  tEf t ,
 
is the field and time dependent electron distribution function (occupancy factor), cn is 

the free electron concentration at the presence of the field,  is the  “attempt to escape” frequency 

which is connected to relaxation time with the relationship:  

 
,exp

1





 










kT
E tt

r


  

where t
 
is the barrier lower due to PF ionization of traps and [40-42], ,)( 2

1

xkTElocpFt   

2
1

)(
,2
























x

q

kT

q

op

sspF


 , s - is the Scottky barrier lowering, q– is the electron charge, Eext is 

the local field distribution in the vicinity of the charged defect [31]. 

The Poole-Frenkel model, considered below, is based on the hydrogen model where the defect 

with the bounded (trapped) electron is immersed into a dielectric. In this model the point charge 

with the bounded electron (i.e., before detrapping) represents an “oscillator” that contributes to the 

dielectric permittivity in the optical limit, i.e., well above the soft mode. In other words, it is 

associated with electronic polarization. Thus, in contrast to the microwave permittivity used in the 

dielectric model above, in the PF model considered below, the permittivity is taken in the optical 

limit ( op ) and it characterizes only the charge detrapping process, not the dielectric permittivity at 

microwave frequencies [31]. 

The capture rate cEr  at the presence of the field in the range of energy of tE
 tt EE 

  
becomes: 

 
   tthttcc dEvEfNnr

E
 1 ,                                       

and the emission rate:  
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If we assume that with the PF release of electrons from the traps there takes place injection 

from the Schottky barrier simultaneously (Fig.1), for  tEf t ,  we obtain: 
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with kT

q

ns

n

eTAJ




 2* , where A* is Richardson’s constant, n  is the Schottky barrier height, )0(E is 

the electric field in surface of Schottky barrier.  

This case is not considered here. Here we are assuming that without an externally applied 

electric field the vacancy is neutral due to trapped electrons. Under applied external electric field, 

the electrons are detrapped via the Poole-Frenkel mechanism and create new charged vacancy. The 

electric field of the charged vacancy changed the traps level occupation function,  tEf t , , as well as 

polarizes the surrounding crystal locally reducing its permittivity [31]. If assume that during of the 

whole time, when electric field is absence, all traps are occupied and tto Nn  , for   

to

t

n

txEn ,  we 

obtain:                                   

          

  
  txEf

n

txEn
loct

to

t ,
,

  .                                                   

The external field dependent density of the charged vacancies (or, the concentration of non-

compensated oxygen vacancies),  tEn extt ,
,  we can present as: 

                        texttextt NtEftEn ,1, 


                                              (3)  

As it is evident from (2), with the increase of  txE ,  the   tEf t ,  is decreased. 

The decreasing of  tEf t ,  is equivalent to the situation that a certain amount of trapped centers 

are ionized (released) and the negative charges do not able to neutralize of vacancy conditioned 

positive charges, which in turn leads to increase of non-compensated vacancies concentration, 

(charged defects). As a result, in the vicinity of the non compensated defect region will generate 

),(int txE  high field. As it shown by as earlier [31]: 

                                                   txEtxEtxE extloc ,),(),( int  , 

where “+” is taken for the external field which coinsides with the direction of ),(int txE  and “-“ on 

the oposide sidescases. 
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 - is the electron capture rate, i.e. t - is the time, during which electron is in 

conductance band, (i.e. “lifetime” of the electrons in conductive band), and   
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  is the rate of electron realize from the trap, i.e. the “lifetime” of 

electrons in traps. Under these assumptions, the Eq’s (1) becomes: 

 
  tEf

ntEfN

dt

dn

t

c

p

tt ,1
,




,    
 
dt

tEdf
N

dt

dn
t

t ,
 , 

     
0

,,,


t

c

t

c

p

t
t

ntEfntEfN

dt

tEdf
N


,  

     
0

,,,


tt

c

tt

c

p N

n

N

tEfntEf

dt

tEdf


, 

                
    0

1
,

,















t

t

t

t

p

tEf
dt

tEdf










,                                               (4)  

where ,1

t

tn







 1
3 






tp

ptt
n , 

ptt

pt









 . 

The value of the  can be act as any “specific “(common) time-constant characteristic for the 

 tEf t ,  distribution.  

The solution of Eq.(3) with the boundary conditions: 0t , 0E ,   00,0 ff  , gives 
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For the simplicity let’s assume that 0t , 0E , condition all oxygen vacancies are 

compensated via traps capture electrons, i.e. 0t , 0E ,   1, tEf and for  tEf t ,  we obtain: 
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The occupation function characteristic “time constant” or so-called “relaxation” time 

corresponds to the condition of t when  tEf ,  decreases in 2,72 time and for   1,0  tEft  

and for t  

   
t

ttEfEf


 
  ,, . 

The numerical calculations has been carried out according to Eq. (3,4) for the following 

values of the parameters: cmF /1085.8 14

0

 ,   3000 f ,          ,   31916 1010  cmNt ,

21614 1010 cm  , 31710  cmNc
, ,1010 31310  cmnc  eVEt 4.006.0  , which has been 

taken from the experimentally investigated real structures, carried out in [26-35,43]. The results of 

theoretical calculations of m-BST-m structures are presented in Fig. 2 - Fig. 6. 

 

 

Fig. 2. Dependence of distribution function  tEf , on free electron concentration
 3cmnc  

 for the different values of electric field  1 cmVEm , (
;10 318  cmN t ;10 8 st

 ;005.0 sp 
 

;300f  

st 51005.0  ,
1710  scmv

ht , eVEt 36.0 , 
11210  s ,

21410  cm ). 
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Fig. 3. a, b) Dependence of distribution function  tEf , on energy depth of traps 
)(eVEt  for different value of 

applied field 
 1

0
cmVE

 ( st 51005.0  ,
;10 318  cmNt ;10 8 st

 ;005.0 sp  300f ,  

the other parameters as in Fig. 2). 

 

 

 
 

a) 

a) 

b) 

b) 
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Fig. 4. a) Dependence of traps distribution function  tEf ,  on time ( stx 410
) for different values of free 

electron concentration nc (
3cm ). b) Dependence of density of charged vacancies 

)( 3 cmn t on time t for different 

values of 
)( 3cmNt , (

31210  cmnc
, 

6
0 107 E

Vcm-1
 , ).(56.0 eVEt  , the other parameters as in Fig. 2). 

 

 
 

Fig. 5. Dependence of traps distribution function f(E,t) (a)  and dependence of charged vacancies concentration 

)( 3 cmn t (b) on free electron concentration  3cmnc
 for the different values of parameter t   

(the other parameters as in Fig. 2 and Fig. 3). 

 

 

 
Fig. 6. Dependence of traps distribution function f(E,t) (a) and dependence of charged vacancies concentration 

)( 3 cmn t
(b) on parameter p  for different values of applied field 

 1cmVEm   

a) 

b) 

a) b) 
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(the other parameters as in Fig. 2 and Fig. 3). 

 

 

 

 

4. Conclusions 

As it is expected, the changes of occupancy probability,  tEf , , and hence, the change of 

concentration of charged oxygen vacancies,  tEnt ,
 , under the influence of applied electric field, 

one can be associated with the Poole-Frenkel emission of captured electrons from oxygen vacancies 

conditioned trap levels. As it is followed from expressions (3-6), with the increase of the electric 

field, as well as with the increase of the concentration of free electrons,  tEf ,  and therefore 

 tEnt ,


 will decrease (Fig. 2, Fig. 5). As deeper the energy depth of trap levels, tE , the 

occupation function is high and as high the electric field a long time is required for change of the 

 tEf ,  and  tEnt ,


(Fig. 3, Fig. 6). As higher Nt (concentration of oxygen vacancies) and smaller 

of free electron concentration, nc, the density of the charged vacancies,  tEnt ,


, is high.  

As it is followed from Fig. 2, Fig. 6    ptgtEf ,,  dependence passed through via 

minimum which can be explained by this model: for constant concentration of oxygen vacancies, 

Nt, i.e. trap centers with the increase of its energy dept, Et , current is decreased due to dominate of 

capture rate of injected charge carriers in respect of escape from these traps and for the higher 

energy depth when all traps are occupied (fulled) the escape is becomes dominant in respect of the 

capture. As high the electric field, the occupation function’s decrease takes place very rapidly. 

Increase of the t (i.e. lifetime of electrons in conductive band) keeping thV constant, it means 

decrease of concentration of oxygen vacancies, tN , and decrease of  tEf ,  (Fig. 6). 

These results will contribute to a better understanding of electro-physical and switching 

processes which take place in m-f-m nano-film based memristors.  

We anticipate that the new knowledge that emerges from this study will provide the basis for 

the development of new idea according which trap levels occupation function,  tEf t , , can act as an 

internal state variable for a design and modeling of a new classes memristors where PF current 

mechanism is dominated as well as to explain the experimental results in these fields more precisely. 
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