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Ferroelectric materials possess spontaneous polarization pointing from negative to positive bound
surface charges. When a ferroelectric semiconductor is polarized, the induced electric field can drive
free carriers, e.g., electrons in an n-type material, to neutralize surface charges until such field
becomes zero. Such diffusion of free carriers induces a depletion region. Polarization switch can
move the depletion region to the opposite surface, thus it can be used to manipulate any properties
that are affected by such depletion region, such as unidirectional current and photovoltaic current.
© 2009 American Institute of Physics. [do0i:10.1063/1.3268783]

Switch of ferroelectric polarization (Pgg) can be used to
manipulate many semiconductor properties in a slightly
leaky ferroelectric sample, i.e., a ferroelectric semiconductor.
Most applications of ferroelectric materials are based on their
Prg, which needs to be switched by a large enough electric
field. Although only ~10~° s is needed to switch a ferroelec-
tric domain, far longer period is commonly used to fully
polarize ferroelectric samples, especially polycrystalline
samples.l High resistivity has been crucial for the study and
applications of ferroelectric materials.”™* With the develop-
ment of advanced characteristic techniques, domains of
ferroelectric semiconductors can be switched by electric field
pulses and then their electrical properties can be studied by
scanning probe based techniques and so on.” Thus the inter-
action between Ppp and semiconductor properties should be
investigated in details.

Pgr has already been used to manipulate the unidirec-
tional current and photovoltaic current of polarized ferroelec-
tric semiconductors, though it is not clear how these proper-
ties couple with Pgg. Choi et al’ recently reported that Pgg
can switch the directions of unidirectional current and pho-
tovoltaic current and the latter varies with the electric polar-
ization of incident light beam (P®, w is the frequency) in
a single domain BiFeO; crystal. Besides, the dependence
of photovoltaic voltage on Pgg was also observed in
WO;-doped (Pbyg7Lag03)(Zrg 52 Tip 45)O3 (W-PLZT) films.®”
These observations open the door to the application of ferro-
electric semiconductors in microelectronic or photoelectric
devices. How photovoltaic voltage is induced in ferroelec-
trics has been studied extensively,é_]2 However, it is not clear
why these unidirectional current and photovoltaic current de-
pend on the Pgg direction in many ferroelectric materials.
Traditionally, such behaviors come from a depletion region
which exists in p-n/Schottky junctions or is induced by pho-
torefractive effect or high-density surface states.* " How-
ever, the photovoltaic current induced by these factors should
not reverse its direction upon Pgg switch. It is necessary to
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study whether and how a depletion region depends on Pgg in
a ferroelectric semiconductor.

In this letter, a Prg-induced depletion region is proposed
to explain the dependence of unidirectional current and pho-
tovoltaic current on Pgg direction in a polarized ferroelectric
semiconductor.

Many factors can lead to depletion regions in a ferro-
electric semiconductor, including (i) depolarization field
(Erg) due to incomplete screening of the polarization charge,
(ii) Schottky barriers at the electrode/ferroelectric interface
due to different work functions, and (iii) surface states of the
semiconductor or other special factors.” " All of them can
generate photovoltaic response, but only that generated by
depletion regions due depolarization field can be reversed
upon polarization switching. The Pgg dependent current and
photovoltaic responses can only be observed if factor (i)
dominates over (ii) and (iii), thus the dependence on elec-
trode materials. Please note that the width of such depletion
regions depends on the Pgg, band gap and doping concentra-
tion of the ferroelectric semiconductor. If the doping concen-
tration is higher, the depletion region can be limited to a
region next to the surface. It can also extend throughout the
whole sample if the doping concentration is low, the ferro-
electric layer is thin and/or the remnant Pgg is large.

We use an n-type ferroelectric semiconductor as an ex-
ample in the following discussion, where a depletion region
can be induced near the negative bound surface charges.
Oxygen vacancies of ABOs-type ferroelectrics are the main
reason for them to become n-type semiconductors,> "> as
demonstrated in the oxygen-deficient BaTiO; and Ca-doped
BiFeO3.l3’16 This means that oxygen vacancies can be donors
in Fig. 1. A neutral oxygen vacancy (V) easily releases elec-
tron(s) to conduction band (CB) and becomes positively
charged (Vg or V'(;).IH5 The Egg can activate electrons of
oxygen vacancies and then drive them to neutralize positive
bound surface charges.1 At one surface a narrow electron
region is formed to neutralize the positive bound surface
charges, resulting in the downward-bend CB and valence
band (VB), and at the opposite surface Vi, loses electrons
and becomes V{, or V. Different from free electrons in CB,
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FIG. 1. (Color online) The schematic map of sample structures, energy
bands, /-E curves and photovoltaic currents for some n-type semiconductor
with a Ppg directing to (a) right or (b) left, where the right electrode of
sample is zero-volt ground and the positive current is defined to pass
through crystal from left to right.
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Vg, or V§ can be treated as fixed charges under small field."
As a result, near negative bound surface charges, a depletion
region contains the fixed Vi, or V{, resulting in the upward-
bend CB and VB. The thickness of depletion region should
depend on both the Pgg and the concentration of oxygen
vacancies,'>'® and a build-in electric field (Epyilg-in) Should
direct from the depletion region to the negative bound sur-
face charges. In a word, a depletion region can be induced
near the negative bound surface charges in n-type ferroelec-
tric semiconductor, being similar to that induced by the high-
density surface states of n-type semiconductors.

The Prg induced depletion region can explain the ob-
served unidirectional current (7) which depends on the orien-
tation of Pgg, temperature, and light illumination. Being
similar to any other depletion region, it introduces a unidi-
rectional current and its forward bias occurs when an exter-
nal small field (E) is applied along Pgg, i.e., against the di-
rection of Eyyjqin. @s shown in Fig. 1(a). Since such a
depletion region does not come from a Schottky junction, its
properties do not depend on the type of electrodes (e.g., Au
and Ag). When the temperature increases or a light beam
illuminates the crystal, electrons from oxygen vacancies or
even some electrons in VB can be promoted to CB,17 thus
the resistivity inside the semiconductor decreases and the
depletion region becomes thinner, both of which contribute
to a larger I under the same E. The switch of Pgg moves
negative bound surface charges and the neighboring deple-
tion region from one surface to the opposite surface, thus
directions of E};4.;, and forward bias of unidirectional cur-
rent also reverse simultaneously, as shown in Figs. 1(a) and
1(b). The above conclusion is consistent with the experimen-
tal results reported in Ref. 5. Since the I at the forward bias
(i.e. E parallel to Pgg) is far larger than that at the reverse
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FIG. 2. (Color online) (a) A single-ferroelectric-domain BiFeOj crystal pro-
duces P” and P?>® when a light beam with P® illuminates the crystal. (b)
(Left) The depletion region isn’t influenced by P® and photovoltaic current
is small at #=0° (i.e., P“ L Pgg), or (Right) such region becomes thicker and
photovoltaic current becomes larger because of maximum Pg at 6=90°.

bias (i.e. E anti-parallel to Pgg) in Fig. 1, this difference can
be used to nondestructively read-out Pgp direction that is
important for ultrahigh-density information storage.l8

The Pgg induced depletion region can also explain the
photovoltaic current which depends on the Pgg orientation.
When the depletion region is illuminated by a light beam
with photon energy larger than the band gap,13 14 electron-
hole pairs can be generated and holes/electrons drift toward/
against the surface with negative bound surface charges un-
der the Eyq.n- Such diffusion results in a photovoltaic
current along the direction of Ey;q4.in, 1-€., against the orien-
tation of Pgg. This photovoltaic current induced by the light
beam from near-depletion-region side should be stronger
than that by the light beam from the opposite side, since
most light should be absorbed as it passes through the
sample, such as the =70 um thickness BiFeOj; crystal used
in Refs. 5 and 19. When the depletion region moves from
one surface to its opposite surface of samples because of Prg
switch, photovoltaic current also switches its direction to be
against the orientation of Pgg, as shown in Figs. 1(a) and
1(b). This conclusion is again consistent with the experimen-
tal results reported in Ref. 5.

The photovoltaic current may be weakly influenced by
the P of the incident light beam because the optical rectifi-
cation disturbs the depletion region in a single domain
crystal. In Fig. 2, we use a single domain BiFeO; semicon-
ductor discussed in Ref. 5 as an example. The coordinates
defined according to BiFeO; pseudocubic crystal axes are
xlI[1 =1 0], yII[1 T =2], and zII[1 1 1] (i.e., along Pgg),
¢ is defined as the angle between the Pgr and the propaga-
tion direction of light beam, and 6 is defined as the angle that
light polarizer rotates around this propagation direction.”
The induced nonlinear polarization (PY) includes the
zero-frequency P° due to optical rectification and the
2w-frequency P> due to second harmonic generation when
the light beam w1th a P“ and a density of /; illuminates the
BiFeO, crystal BIFCO3 belongs to the 3 m point group
and thus there are only four independent nonlinear optical
coefficients, i.e., dy), ds;, dys, and ds3.”° Both P? and P can
be exactly calculated according to the left hand side of Eq.
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(1) as discussed in Ref. 20. The d»(2w), d3;2w), d;5(2w),
and d3;3(2w) of BiFeO; epitaxial thin film show absolute val-
ues of about 298, 104, 60, and 3401 pm/V, respectively.”’
Besides, there are d;(0)/d;(2w)~ [nizj(O)— 1]/[ni2j(2w)— 1],
where n(0) and n(2w) are the refractive indices at zero fre-
quency and 2w, respectively. Therefore, we can conclude
that |ds3] > |dsy|, |dss| > |d5,|, and |ds3)>|d, 5| for both P° and
P?®. As a result, P’ can be roughly approximated as shown
in the right hand side of Eq. (1).

PY" = Iyf, sin 26(d,sf. sin ¢ — dy,f, cos ¢) = 0,

P_{\,[L = Iy(— doof* cos® O+ dzzfi cos’ ¢ sin” 0
+d,sf,f. sin 2¢ sin® 6) =0,

PYE=1o(daf° cos® O+ d31f§ cos® ¢ sin’ @
+dsaf> sin® ¢ sin’ 0) = Iydsaf> sin® ¢ sin® 6, (1)

where f, f,, and f, are effective linear Fresnel coefficients
for transmission that shouldn’t differ much from each other,
and ¢ is ~54.74° as in Ref. 5.

Different from P2, Pg has a dc trait when the light beam
pulse is not short enough to induce strong radiation. Accord-
ing to the right hand side of Eq. (1), the P(Z) has a period of
180°, a zero value at #=0° (i.e., P® 1L Pgg) and a maximum
value at =90° (i.e., P® is parallel to the in-plane component
of the Pgg) in Fig. 2(b).° With the proper sign of ds3, the PS
can produce a maximum photovoltaic current at #=90° and a
minimum photovoltaic current at #=0. It should be noted
that optical rectification cannot influence photovoltaic effect
in multiferroelectric-domains samples because both ¢ and 6
in Eq. (1) are random. Optical rectification is a possible
mechanism to explain the weak dependence of photovoltaic
current on the 5polarization direction of incident P* observed
by Choi et al.

Again, we emphasize that a depletion region can be in-
troduced by many factors, such as p-n junction, Schottky
junction,w’12 high-density surface states of semiconductor,
photorefractive effect,'’ and/or Ppgg of the ferroelectric semi-
conductor. However, it is argued here that only the Pgg in-
duced depletion region can be moved upon Pgg switching
and so does the corresponding photovoltaic current. In cases
where more than one factors coexist, detailed experimental
conditions are important to analyze which factor dominates.
For example, when ferroelectric films are grown on bottom
electrodes followed by the deposition of top electrode, the
bottom electrode/film interface has a longer heating history
than the top interface. Thus the Schottky barrier-induced
photovoltaic effects at the two electrode/ferroelectric inter-
faces may not cancel each other, and the Pgg-induced photo-
voltaic effect may not dominate the overall response. This
can also happen when two different electrode materials are
used. Even in this case, the Pgg switch could still slightly
adjust the photovoltaic current as observed in W-PLZT and
BiFeO, films.*>'> When the two interfaces are perfectly
symmetric, e.g., the same metal electrodes on BiFeOj; crystal
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or the in-plane sandwich structure of W-PLZT, the Schottky
barrier-induced effect cancels and the Pgg-induced effect
dominates the device response.s_7

We conclude that a depletion region can be induced by
the bound surface charges in a polarized ferroelectric semi-
conductor. Such depletion region leads to asymmetric I-E
curves, photovoltaic currents and so on. Pgg switching can
move the bound surface charges and its neighboring deple-
tion region, and adjust any semiconducting properties that
are affected by such depletion region. Furthermore, a polar-
ized light beam may influence the depletion region and pho-
tovoltaic current through optical rectification in a single do-
main ferroelectric semiconductor.
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