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THE METAL - Ba,Sr1xTiO3- METAL THIN FILM STRUCTURE C-V, G-V
CHARACTERISTICS

A new model of C—V (g—V) dependencies of thin film metal- Ba,Sr; «TiOs-metal
(m-f-m) structure is considered. Analytical expressions are derived for C—V, g—V and loss
tangent dependencies. Theoretical results are compared with the experimental data, and
good agreement has been obtained.
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1. INTRODUCTION

Integrating the perovskite-type transition metal oxides with the silicon—
based semiconductor technology would introduce the possibility to develop
multifunctional microelectronic devices such as field—effect transistors [1],
nonvolatile ferroelectric random access memory (FRAM)[2], surface acoustic
wave resonators and tunable varactors [3], chemical and biosensors, transducers
(including ultrasonic, infrared and imaginary applications) [4-8], micromechanical
systems (MEMS) [3-5], etc.

Derived mainly by this application, the C-V (C-T), g-V(g-T) dependencies,
loss mechanisms, as well as the experimental hysteresis effects in thin BST film -
based devices have been subjects for extensive studies [1-4, 9]. The main task of
this work is the analysis and interpretation of the experimental results including the
impact of defects on the performances of the devices. It is shown that the shape of
the C-V (C-T), g-V (g-T) curves strongly depend on the conduction mechanisms
(SCL, Schottky, Tunnel, Fowler-Nordheim, Pool-Frenkel, etc.), on the presence of
oxygen vacancies (as the inevitable defects in ferroelectric materials), nature and
density of the interface states, traps, etc [1- 4]. To the best of the author’s
knowledge, there are relatively few studies in which the electro-physical processes,
such as the nonlinearity of permittivity, the trapping/detrapping of charge carriers
by oxygen vacancies are involved for modeling the C-V, g -V dependencies and
hysteresis. In this work ,we offer new approaches to derive analytical expressions
for the above mentioned C-V, g-V dependencies, which allow, in turn, for easy
modeling of these characteristics and explicit interpretation of all experimental
results obtained by different authors.
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2. THE MODEL

The model is based on the assumptions that: a) the dielectric permittivity of
ferroelectric materials is the nonlinear dependence of the applied electric field
e(E,r) = €(0)(1 + AE?)™1, where A = 38(55€(0))3, and £(0) is the permittivity
at a zero bias, &, is the vacuum dielectric constant. For example, for SrTiO;, g

=8x10°V-m’/C?, &€ (0)=106, and A=0.45-10""> (m/V)?, b) in the interfacial regions
of metal-ferroelectric contacts, the oxygen vacancy concentration is high which
“endowed” the ferroelectric to n-type semiconductor properties[1,3,9], c) these
oxygen vacancies create electron trap levels in the band gap of the ferroelectric, d)
with increasing the applied electric field, the traps release electrons via Poole-
Frenkel mechanism and become charged [10]. The three layer model is considered
in Fig.1. It is assumed that the concentration of the oxygen vacancies is large at the
interfacial with the metal (Pt) contact region, and that some of these vacancies trap
electrons and create space — charge regions. For simplicity, both metal/ferroelectric
contacts are assumed to be identical. The density of the oxygen vacancies in the
middle part of the ferroelectric film (core) is assumed to be relatively low. The
work function (~5.6eV) of Pt is greater than that of the ferroelectric film (~3.2 eV)
which means that the currents will be emission—limited. In equilibrium and at very
low temperatures all of the trapped electrons (holes) would be in traps: at high
temperatures and in the presence of an applied field, some of these electrons
(holes) will be exited into shallow traps or conduction levels, either thermally or
due to the action of the field [1,3,9].

Au/ Pt electroge

Bao.255r0.75TiOs film

Pt/Au/Pt bottom electrode
SiO2+ Si substrate
a b

Fig.1.The structure of a thin film Pt/BSTO/Pt capacitor (a) and secuentance of layers (b)

The model based on the assumptions that: a) the dielectric permittivity of
ferroelectric materials is a nonlinear dependance of the applied electric field
e(E,1)=£(0)(1 + AE») ', where A=3(gy(0))’, and £(0) is the permittivity at a
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zero bias, &, 1is the vacuum dielectric constant. For example, for
StTiO;, f=8x10°V-m*/C?, £(0)=106,and A=0.45-10"°(m/V):b) in interfacial
regions of metal-ferroelectric contacts the oxygen vacancy concentration is high
which “endowed” the ferroelectric to the n —type semiconductorproperties, ¢) these
oxygen vacancies create electron trap levels in the band gap of the ferroelectric, d)
with increasing the applied electric field, the traps release electrons via Poole-
Frenkel mechanism and become charged, f) We assume that 7, < w™!, i.e. the
transit time of electrons, Ty, through the film is small in comparison of the measure
signal frequency w~1.

Based on the assumptions’ a) - f), solving the current density equation

ji = S {i0 % Eun +q 1 Eo M + quEum o},

where S is the cross section area of the film, @ is the applied alternating signal’s
frequency, €, = €,(0), g is the elementary charge, u is the mobility of electrons,

E, is the Dc electric field, Ey,, is the alternating component of the electric field, 7,

is the free electron concentration (including SCL, Schottky injectionand Pool-
Frenkel emission), for the capacitance, conductance and loss tangent, we have

obtained:
C = Seg _ S-gr-w(0)-12 _ _Serl C. = 2S-g by -Ug(b3+w?)(12—A-UE)-SEv-N¢
07 g1 = (12+aU2)1 ~ 12+auz’ 't l-(12+A-U§)2(b22+b§) ’
25 g0 u(12=A-U2)b, b1 (b3 +w?)-U,
g, = ZertlCAU o bl p 52y N, by = Su(y + 1),

1-(12+4-U2)° (b2 +b2)

S-qp N
go=="2,y(E) ==Fexp(

=0), by = by[(b:* + @?) + 5, Ne),

_ 107%(go+gr)
tg T 6.28:F(Co+Cr)’

&)
where q) and g, are the geometrical capacitance and DC conductance of the m-f-

m structure, recpectively, / is the length of the ferroelectric film, % is the applied

DC voltage, ,Q and g; are the so called “trapping” dynamic capacitance and

conductivity, respectively, n; is the concentration of injected electrons, n, is the
concentration of electrons realized via Pool-Frenkel emission, F is the imref, E is
the conductance band bottom energy, k is the Bolltsmann’s constant, T is the
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absolute temperature, N, is the density of the states in the conduction band, »; is
the concentration of the oxygen vacancies near the metal contact, E; is the energy
of the trap level in respect of the edge of the ferroelectric conductance band, y (E;)
is the Shockley—Read start-factor, g is the degeneracy factor and g=2[11Sze], S, =
< Vi, 0 > is the trap capture rate, V;, is the thermal velocity of electrons, o is the

capture cross section. As it follows from the expressions of Ct and &, both

depend on the applied alternating signal’s frequency @, as well as strongly
depend on the concentration of oxygen vacancies and its energy distribution via the
parameters of by,bs, bs.

Numerical calculations have been carried out according to Eq.l1 for the
follow parameters of ferroelectric BST films and output signal parameters**:

N, = (10%¢...10'%)cm™3,1 = (100 ...600)nm, f = (106 ... 10'1)Hz,n, =
1019 ..10%cm™3S = 7-107%cm?, g, == 8.85 - 107'* - £(0) gsT),N. =~ 10cm ™3
2
p= (0.01 ...30)%, Uy = (=20 ..+ 20)V,0 = (10" ...10716)cm?, Vyy, ~~ 107cm/
s, AE, = (0.06 ...0.4)eV, £(0)=106@s).

The results of theoretical calculations and experimental investigations of m-
BST-m structures are presented in Fig.2. For comparison of theoretical and experi-
mental data, the values of these parameters were taken from the experimentally
investigated real structures carried out in [3.,4,9], as well as by other authors [12].
In Fig.2 a,b the experimental research results of the thin test varactors are presented
which are fabricated by RF magnetic sputtering, using a BagsSrysTiO3 target, and
tested in Chalmers Technological University (Sweden) [3,4]. The films are
290...560 nm thick. In Fig.2 c, d, e., the theoretically calculated C-Uy (C=Cy+C(;),
1gé— f ’ (go+g)-Us, dependencies according to (1) for the above mentioned

parameters of the BST films are presented.
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Fig. 2. The results of theoretical calculations and experimental investigations of m-BST-m
structures
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In Fig. 2, the experimental dependence of C-U and fgd of the test varactor
Bag2sSro7s TiOs on the applied voltage at the frequency 1.0 MHz (a), the
experimental dependence of conductivity on frequency f for different values of the
applied voltage (b) with the parameters: the area S=7x10°cm? /=290 nm [2,4-6],
and theoretical (calculated) dependences of C-Uy (¢), tg6 — f (d), g-f (e), for
different values of the applied voltages according to (1) with the parameters: trap
concentration, N - 109 em™3 , E=0.26eV, p=30cm*Vs, f =1.0MHz, =10 cm?,
area S=7x10%cm?, [=290nm, n,=10"cm™.

3.CONCLUSIONS

The comparison of experimental and calculated results presented in Fig.2
shows that the theory and experiments are usually in good qualitatively agreement

with each other. As it follows from expression (1), the “trapped” capacitance, C, is
forward and the “trapping” conductance, &; is reversely proportional to the
oxygen vacancy-conditioned trap concentration M, and in a complex form

depends on the parameter }/(E,), that is the energy depth of trap levels Et The Ct

and &, depend on the capture cross section of traps, § =o -V, ,the signal

frequency, w, as well as depend on geometrical and material parameters of the
ferroelectric thin films, such as: coefficient A, length, /, cross section area, S ,

dielectric permittivity, e(E,r) and applied signal parameters, Uy. The geometrical

capacitance of structure Co will decrease with the increase of the applied field Uy,

and the constant component of the geometrical conductance &, is forward

proportional to the free concentration of electrons and its mobility. It follows from

expressions (1), that the smaller the value of Et, the higher of the free electron

concentration and conductance are, all other conditions being equal. Moreover,
under these conditions, the “trapped” capacitance will decrease with the increase in

E,, because of the decrease in the trapped electron concentration. Thus we can

conclude that for design, mathematical modeling, characterization and theoretical
calculations of the AixA’BOs. thin-film-based active and passive device/sensor
parameters, as well as for interpretation of the experimental results in these fields,
it is necessary to create new physical-mathematical concepts and modelling
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methods of characterization of the above mentioned parameters with the new
approaches as is pointed out in a)-e).
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Jd.d4. PNRLPUMB3UL, 4.U. PEAN3UL, £.£. <NYLhL3UL, WU HU[3UL

LNRPR [FUULEU3PL UBSUA - Ba,Sri,TiOs- UESU LUNNh384UDLLEN P
C-V, G-V ALNRfFUSIENrL

Unwownyub £ unipp pwnwupwht dinwn-BaxSriTiOs- dtiwnwn Yunnigywdputiph
C-V, G-V Ywpudwsdnigyniutbiph punypwagpdwu unp dnnbi: Unwgyby Gu C-V, G-V L Ynpniuwn-
ubph wulwu wnwugbuuph Ywiujwdniegniuubph wuwjhnpluwlwu wpnwhwjnniegniuutp:
Stuwywu wpryniupubpp hwdbdwnyb Gu hinpduwlwu ndjuutiph hbn' unwuwiny jwy
hwiwwwwnwuluwuniegniu:

Unwtgpuypti pwnbp. bpnkGlnphlulw, prywdtwih Juywuuhw, C-V Ywfu-
wényp)niu, Mny-bpbkuyt| bdhupw.

B.B. BYHUATSIH, B.K. BEI'OSIH, I'.A. OBHUKSIH, A.A. IABTAH

C-V, G-V XAPAKTEPUCTUKHU METAJLI- Ba,Sr1xTiO3- METAJLJI
TOHKOINVIEHOYHBIX CTPYKTYP

IIpemnoxxena HoBas moxaenb it C-V (g-V) xapakrepuctuk metami- Ba,Sri «TiOs-
METaJJI TOHKOIUICHOYHBIX CTPYKTYp. [lomydens! anammTrdeckue Boipaxxenus 1t C-V, g-V
1 TaHTeHca yria norepb. CpaBHEHHE TEOPETUIECKUX PE3yIbTaTOB C SKCIEPHUMEHTAIEHBIMH
[I0KA3aJI0 XOPOLIee COBIAJCHHE.

Knrouesvle cnosa: (GpeppodnekTpuk, KuciopogHas BakaHcusi, C-V 3aBHCHMOCTS,
smuccus Ilyna-Openkens.
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IILA. HINPUHSAH, I'.T'. KHPAKOCSIH, B.C. MEJIKOHSTH

YIOPABJIEHUE IU®PPOBBIM IIOTEHHUOMETPOM HA OCHOBE
IVIAT®OPMbI ARDUINO C IOMOIIBIO ITPOI'PAMMHOI'O
INAKETA MATLAB

PaccmaTpuBatoTcsi OCHOBHBIE 00JIACTH MPUMEHEHHSI U CXEMbI BKIIIOYEHHST LIU(PPOBBIX
noteruoMerpoB (LIIT). [lpuBoauTes MeToanka pa3padOTKH MPOrPAMMHOTO YIIPABIICHHS HH-
terpanbHbM LIT MCP42010 Ha ocHOBe mnatdopmbl ARDUINO ¢ momoripio mporpaMMHOTO
naketa MATLAB.PeanmnzoBan neiictByromuii Maket cuctemsl yrpasineHus L[IT MCP42010
B PEXHME MEPEMEHHOTO (YIPaBJIIEMOT0) COMPOTHBIICHNUSI.

Knroueevie cnosa: nundpoBoii MOTCHIIMOMETP, IEPEMEHHOE COTIPOTHBIICHHE, HACTPOHKA,
ARDUINO, MATLAB.

BBeaenmne. [IpakTuuecku Kaxaas 3JI€KTPOHHASA CXEMa COAEPKUT JIIEMEHTHI,
MpeJHa3HaueHHBIE JJIsl 3aBOJCKOM MOJCTPONKH XapaKTEPUCTUK UIIU ONEPATUBHOTO
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