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A self-consistent numerical model, particularly including the incomplete screening effect of metal
electrodes, is introduced to reveal the mechanism of the switchable diode characteristics in metal/
ferroelectric/metal structures. The calculated results are in good agreement with recent
experimental data, theoretically demonstrating the important role played by the polarization-
modulated barrier. Our calculations confirm that electrodes with a smaller permittivity, such as
noble metals, are better choices to obtain a more pronounced switchable diode effect, and the
barrier height variation as a function of the polarization will deviate from the linear relationship if
the carrier concentration induced by the polarization becomes sufficiently high. © 2011 American

Institute of Physics. [doi:10.1063/1.3624849]

Recently, much attention has been paid to the switchable
diode effect induced by pulse voltages in metal/ferroelectric/
metal (MFM) structures, due to its potential application in
non-volatile memories.'™ In this paper, we propose a self-
consistent model, particularly including the incomplete
screening effect of realistic metal electrodes,” to describe the
switchable diode effect in MFM structures, and the model
will be applied to our recent experimental phenomenon
measured in the STRuO5(SRO)/BiFeO5(BFO)/Pt structure.”
Some important factors affecting the switchable diode char-
acteristics in the structure are revealed theoretically.

In this one-dimensional model, we consider electron
transport in the MFM structure as shown in Fig. 1, where
NP, RP, and LP denote the states of non-polarization, right
polarization, and left polarization, respectively. The ferro-
electric is treated as a single domain structure. The funda-
mental equations are as follows:
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where x is the spatial coordinate and e denotes the elemen-
tary charge. ¢(x), &(x), p(x), j(x), R(x), o(x), and x(x)
represent the electrostatic potential, dielectric constant,
charge density, current density, recombination rate, conduc-
tivity, and electrochemical potential, respectively. Here, we
only consider the electron transport for n-type BFO and elec-
trodes, and the recombination rate is taken as zero.
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For metals, the conductivity is given by a,,(x) = e, 7, (x),
where p,, and n,,(x) denote the mobility and electron density,
respectively. We employ the well-known free electron model
and the Thomas-Fermi approximation.® Then, the electro-
chemical potential of the metal x,,(x) is given by’
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where 7 is the reduced Planck constant and m denotes the
effective electron mass.
For ferroelectric semiconductors, the conductivity oy(x)
is written as o;(x) = eung(x). The electrochemical potential
Ky (x) reads

,(x) = KTIn [%} +E, — e(x), )

where k, T, and E, are the Boltzmann constant, the tempera-
ture, and the bottom of conduction band, respectively.
The effective density of states Nc is expressed as

Ne = 2(mgkT /277?)**. Here m, represents the electron
effective mass of ferroelectric.

In our model, a simple approach is adopted, in which the
ferroelectric polarization is regarded as an infinite thin sheet
of charges located at the interfaces. Thus, the electrostatic
properties at the interface can be characterized by the interface
charge density o, induced by the ferroelectric polarization p3
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where X; and X, denote the positions of left and right inter-
face, respectively. A simple boundary condition is employed
to solve the continuity equation’
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Kk(x) = continuous. (8)  work functions of SRO, BFO, and Pt are chosen as 5.0 eV

Then, these equations can be self-consistently solved using
the iterative method.

It is necessary to clarify the effect of the metal-ferroelec-
tric interface on the band diagrams, the charge density distri-
butions, and the transport behaviors in MFM structures. Here,
we consider two model systems, two ferroelectric materials,
F1 and F2, with the same metal material M as two electrodes,
respectively, M/F1/M and M/F2/M. The difference between
F1 and F2 is that the electron affinity and work function of F1
are (0.4 eV) larger than those of F2, respectively. The length
of the whole system is set as 300 nm, and the thickness of the
metal is chosen as 30 nm. The ferroelectric polarization is
assumed to be P = +30uC/cm?. In this paper, the positive
and negative polarization values are defined to be RP and LP,
respectively. The parameters for calculations are listed in
Table 1. From Figs. 2(a) and 2(b), ¢p_;, ¢Ppi_p and W,
increase while ¢p_g, ¢p;_r, and W,_g decrease in the case of
RP compared to the case of NP. On the contrary, ¢g_;, ¢pi_s»
and W,_; decrease while ¢z_g, ¢p,_g and W,_g increase in
the case of LP compared to the case of NP. Electrons in part
of F1 are depleted whereas electrons in the whole F2 are
depleted. Therefore, M/F1/M behaves as a diode, and the con-
duction direction of the diode could be reversed by polariza-
tion reversal. The corresponding J-V curves are shown in
Figs. 2(c1) and 2(c2). For M/F2/M, similar transport behaviors
could be observed as exhibited in Figs. 2(c3) and 2(c4). In
brief, the polarization could modulate the barrier at the interfa-
ces, which plays a dominant role in the mechanism of the
switchable diode characteristics in MFM structures.

This model is applied to our recent experimental data of
SRO/BFO/Pt.>? I-V curves with a sweep voltage of =2V, as
shown in Fig. 3, were measured, indicating no evident hyste-
retic behavior. More details about the experiment can be
found in Ref. 3. In our calculations, we regard SRO and Pt as
the left and right electrodes, respectively. The length of the
BFO film is 240 nm, and the thickness of the metals is set as
30 nm. For our BFO, the saturation polarization value is
about 65 uC/cm?>> The band-gap of BFO is about 2.6 eV.’
The BFO film can be regarded as an n-type semiconductor
owing to the naturally produced oxygen vacancies. Here, the

(reported 4.8-5.2 ¢V),'"'? 4.7 eV (Ref. 13), and 5.55 eV
(reported 5.3-5.7 eV),'*'* respectively. The electron effec-
tive masses of SRO, BFO, and Pt are 5m, (reported 3.7-
7),15’16 Smo,17 and my, respectively. The relative dielectric
constant of SRO is approximately 8.'® The dielectric con-
stant of Pt is chosen as 2 (typically, ¢ = 2 — 4 for noble met-
als). The measured dielectric constant of as-grown BFO is
about 50.3 However, the dielectric constant of pure BFO
without electrodes would be larger than that of SRO/BFO/Pt
due to a finite screening length in metals.” Therefore, the
dielectric constant is assumed to be 100 here. The parameters
for calculations are listed in Table I. The good agreement
between the theoretical results and experimental data, as
shown in Fig. 3, reveals that the model can be used to ana-
lyze the transport property in MFM structures.

In order to further understand the switchable diode phe-
nomenon, we calculate the barrier height variation, defined
as A¢p = (j)g — gp , as a function of the polarization in the
SRO/BFO/Pt structure. The calculated dependence of A¢ on
the polarization is exhibited in Fig. 4, which mostly shows
the linear relationship. From Fig. 4, |A¢p, g0/ is larger than
|Adsro/sro| under the same polarization, mainly owing to
the smaller permittivity of Pt. Therefore, electrodes with a
smaller permittivity, such as noble metals, are better choices
to obtain a more pronounced switchable diode effect. More-
over, Agp,pro as a function of the polarization shows a
deviation away from the linear dependence in the case of
large RP. Under a polarization large enough the electron
concentration could be rather high (2.0 x 10°° cm > under a
polarization of 150 uC/cm?®). Thus, the screening effect of
the ferroelectric is significant compared with that of the

TABLE I. The parameters used in our calculations.

SRO Pt (M) BFO F1 (F2)
Dielectric constant (&) 8 2 100 100
Mobility (cm?/(V-s)) 10 60 5 5
Effective mass (mg) 5 1 5 5
Concentration (cm’3) 12x10%  15x10% 4x10"° 3x107
Work function (eV) 5.0 5.55 4.7 5.43 (5.03)
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FIG. 3. (Color online) The experimental (diamonds) and calculated (lines)
[-V in the case of RP (a) and LP (b) for the SRO/BFO/Pt structure.

15| E
1.0 F 0 SRO/BFO A
Pt/BFO
0.5+ E
oo
< DDDDDD ]
2 0.0 DDDL@Z]QJ—\DDDID
g DDDDDDDDD]] )
-05 | -
-1.0 + E
_15 1 " 1 n 1 L " 1 L 1 " 1
-150  -100 -50 0 50 100 150

Polarization (nC/cm?)

FIG. 4. (Color online) The calculated A¢ versus the polarization in the
SRO/BFO/Pt structure.
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