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At the heterointerface of a top ferroelectric Pb(Zr, ,Tip 3)O3 (PZT) ultrathin film and a bottom Lag 7Sty 3MnO3
(LSMO) electrode, we used continuous synchrotron-radiation photoelectron spectroscopy to probe in situ and
demonstrated that the interfacial charges are reversible and their affected valence-band barrier height becomes
modulated upon switching the polarization in the top layer. By monitoring the core-level shifting of the buried
LSMO layer under continuous illumination of synchrotron radiation, we directly observed a temporal screening
of polarization induced by the photon-generated carriers in the top PZT layer. This dynamic characterization of
the core-level shifting of the buried layer demonstrates an effective method to probe the electric conduction and
ferroelectric polarization of an ultrathin ferroelectric oxide thin film.
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Oxide heterojunctions have attracted attention because of
their multifunctional properties, which are highly stimulus-
sensitive upon coupling with electric, magnetic, or optical
fields, and which make them promising candidates for strongly
correlated electron devices and highly efficient photovoltaic
devices.!”> To meet such device applications, understanding
and controlling the interfacial phenomena of the oxide hetero-
junction, at which the interactions of charge, spin, and orbital
begin to dominate over the physical properties of the polar
oxide interior, has been an area of major progress. To introduce
an interfacial charge at the oxide heterojunctions, using a
heteroepitaxial technique on oxides, combining various oxides
or, especially, alternating the stacking sequence of monolayers
to manipulate polarity discontinuity at different termina-
tions has produced several prominent examples, including
LaAlO3/SrTiO3,*® LaTiOs/SrTiOs,!° LaVOs/SrTiOs,!! and
ZnO/(Mg,Zn)O'? heterostructures. These studies demon-
strated that a polarity discontinuity would induce interfacial
bounded charges and have compensation with mobile charges
(electrons or holes) at the heterointerface. However, these
interfacial charges determined by termination cannot be
further manipulated upon applying external fields. In the
ferroelectric oxides, the ferroelectricity provides an additional
degree of freedom to manipulate the polarity discontinuity,
but knowledge about how the switchable polarization affects
the interfacial charges and their corresponding band diagrams
of the oxide heterojunctions is lacking. Assisted by the
synchrotron-radiation photoelectron spectroscopic (SR-PES)
technique, we report here direct evidence of ferroelectric
control on interfacial charges (bounded and mobile) and the
affected valence-band barrier heights at the oxide heterojunc-
tion, which plays an important role in not only the interface
physics of oxides but also the design of multifunctional oxide
devices.

The photoelectron spectroscopic technique is a power-
ful tool to obtain direct information about the interfacial
electronic structures at a heterojunction with a polarity
discontinuity.”!%13-16 In particular, using this photon-excited

1098-0121/2011/83(2)/020103(4)

020103-1

PACS number(s): 77.55.hj, 77.80.Fm, 79.60.Jv, 73.20.At

spectroscopic technique to probe an epitaxial heterointerface,
the basic issues of the coupling of photon and interfacial
charges in the strong correlated oxide heterojunctions might
be resolved. We demonstrate here that numerous photon-
generated electrons and holes in the top, poorly conductive,
ferroelectric oxide layer tend to screen the polarization
inside for a long time. Importantly, the polarization screening
would diminish the ferroelectric-controlled interfacial mobile
charges and eventually vanish under continuous illumination
at a ferroelectric heterojunction. This complete polarization
screening in an ultrathin ferroelectric film clearly shows an
alternative method to separate efficiently the photon-generated
electrons and holes, and thereby it displays a distinctive
photovoltaic behavior at ferroelectric heterojunctions. The
dynamic characterization of polarization screening enables
the studies of the electronic transportation and polarization
in ferroelectric films that are too thin to be measured with
conventional top-electrode methods.

The ferroelectric Pb(Zrg,Tigg)O3/Lag7Srg3MnO3 (PZT/
LSMO) heterojunction system studied here is particularly
suitable for PES measurements, since LSMO is an oxide
bottom electrode that not only prevents photoelectron charging
but also has good lattice match to diminish the strain and
its induced piezoelectric polarization for single-phase PZT
growth. We recorded the PES data on a ferroelectric hetero-
junction sample consisting of a top ultrathin (~4 nm thick,
less than the photoelectron escape length of elements in PZT
and LSMO) ferroelectric PZT layer and a bottom-electrode
LSMO layer (30 nm thick) grown on a SrTiO3 substrate using
pulsed laser deposition with the high-pressure reflection high-
energy electron diffraction. This ferroelectric heterojunction
system has an atomic smooth surface and a downward
polarization according to the characterizations of atomic force
and piezoresponse force microscopes (AFM/PFM). The PES
spectra were recorded using a monochromatic photon source of
380 eV at the scanning photoelectron microscopy (SPEM) end
station at the National Synchrotron Radiation Research Center
(NSRRC) in Hsinchu, Taiwan, and the accuracy of the energy
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FIG. 1. (Color online) Schematic illustration of our ferroelectric-
pattern-assisted SR-PES measurement. The layered structure in the
PZT/LSMO heterojunction is shown for the P— and P+ states with
the corresponding spontaneous polarization (Ppzr) of the top ultrathin
PZT film. The sheets of induced bound charges and compensated
mobile charges in the LSMO layer, which form the induced E field
(Ein) across the heterointerface, are shown for both polarization
states in this layer structure. The photon-generated electrons and
holes would decrease the PZT spontaneous polarization, which is
characterized with the Sr core-level binding-energy shift from the
buried layer.

position determinations (core-level peaks and valence-band
edges) is satisfactory because of the excellent signal-to-noise
characteristics in the PES spectra excited by synchrotron
radiation.

To investigate the ferroelectric control of interfa-
cial charges, we developed a ferroelectric-pattern-assisted
photoelectron-spectroscopy technique, which allows a direct
and in situ probe of the reversible interfacial electrostatics,
as depicted schematically in Fig. 1. In the ferroelectric
heterojunction sample with a naturally downward PZT layer,
the polarization was reversed by metal probe scanning (probe
voltage set to —4 V) to obtain an upward polarization area that
is larger than a synchrotron-radiation beam size of about 300 x
400 pum?. Positive (downward polarization, P— state) and
negative (upward polarization, P4 state) bound charge sheets
were thus induced at the ferroelectric-electrode heterointerface
upon locally switching the polarity discontinuity, leading to
an accumulation of mobile electrons and holes in p™-LSMO
(the LSMO epilayer is known to exhibit a high background
p-type carrier density). As a result, in distinct ferroelectric
patterns with reversed electric configuration, downward and
upward interface capacitors were constructed in a separate
top sheet of bound charges and a bottom sheet of mobile
charges, like the picture shown in a recent x-ray-absorption
near-edge spectroscopy (XANES) study.!” In previous studies,
photoelectrons emitted from the buried layer of a hetero-
junction were particularly sensitive to the discontinuity of
an electric field, resulting in an acceleration or deceleration
of core-level electrons upon passing through the interface
capacitor.'*!7 It should be noted that, under continuous
illumination, the internal field of the PZT layer due to bound
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charges acts as a bias that gradually redistributes the numerous
photon-generated carriers (electrons and holes) while the PES
spectra are taken, as illustrated in Fig. 1. Therefore, these
photon-generated charges would suppress the depolarization
field of the PZT and gradually eliminate the polarity dis-
continuity and induced interface capacitors under continuous
light illumination.'®!° The measured binding energy of the
Sr core level from the buried layer thus gradually decreases or
increases depending on the downward and upward polarization
directions, respectively. This binding energy can be written as
Elsgr(t) = EIS; =+ eVin(t), where e Viy(¢) is the time-dependent
potential difference across the interface capacitor, and the
concept of that interface capacitor is confirmed by the lack
of change in the core-level emission from the top ferroelectric
layer.

Figure 2(a) shows the time-dependent Pb 4fand Sr 3d core-
level photoelectron spectra in the ferroelectric PZT/LSMO
heterojunction sample. These spectra from the buried LSMO
layer show that the Sr 3ds,, core-level energy shift increases
and decreases exponentially with the duration of SR illumi-
nation [Fig. 2(b)], which is associated with an exponential
decrease of induced interface capacitors accompanied by
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FIG. 2. (Color online) (a) Time-dependent photoelectron spectra
of P— and P+ states in a PZT/LSMO heterojunction sample obtained
at an incoming photon energy of 380 eV within 90 min. In the
detected photoelectron energy range, the peak position of the Sr 3d
core level is relative to that of the Pb 4f core level as a function of
Sr illumination time and of the P— and P+ states. (b) The evolution
of the Sr 3d binding-energy positions was reversed for the P— and
P+ states and fitted to the functionA Ee~"/7, in which AE is a fitting
constant and 7 is a time constant. The positions of Pb 4f binding
energy (shown in the inset) are nearly constant with SR illumination
time.
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the polarization screening with photon-generated carriers. It
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should be noted that the Sr core-level shifting behavior in

upwardly and downwardly oriented interface capacitors is Pbaf Pbaf, PZT Epilayer
nearly symmetric at the same saturated position of 132.49 eV, ’g - 135.91eV
representing a complete screening of both polarizations in the sl
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FIG. 3. (Color online) Photoelectron spectra of PZT and LSMO
bulk epilayers for measurements of valence-band barrier height of

> : . . the PZT/LSMO heterojunction. The energy differences between the
drop in terms of e Vin (1) is expected to display an exponentially represented core levels (Sr 3ds/, for LSMO and Pb 4 f7, for PZT) and

. . . _t
Fempolral deca){ accor(.hng to the relatlonshlp of AEe _/T’ the valence-band maxima (shifted to zero) were derived from these
in which AE is a fitting parameter and tis the relaxation  gpectra.

time constant. Thus, the Sr 3ds £2 core-level shifting can

be simulated by the formula E}'(r) = EIS; + AEe'/*. For

two polarization directions, that is, two interface capacitor level (CL) energies relative to their valence-band maxima
orientations, the time constants derived from curve fitting were (Evem). The relationship between the valence-band bar-
4.46 + 0.36 min (P— state) and 3.78 £ 0.23 min (P4 state). rier height AE, (absolute value) and the measured PES
From the leaking capacitor model, the time constant can be  results is'

simulated from the relative permittivity and conductivity using

T = ¢/0; the relative permittivity € of the epitaxial PZT film AE. — ( FLSMO _ pLSMO ) _ ( EPZT _ pPzr )

is about 300. Thus, the conductivities of photon-generated v \"'VBM Sr3ds;2JLSMO VBM Pb4 fr2 ) PZT
carriers o in the ultrathin PZT film are (9.99 4 0.81) x + (AEcL)pzr/Lsmos (D
10~'% S/cm (op_ for the P— state) and (11.75 4 0.72) x
10~ S/cm (op, for the P+ state) at room temperature, which
are similar to the results of thermal-activated and extrinsic-
and/or intrinsic-doping charge transportation.?’-2? In addition,
the conductivity increases slightly after polarization flipping

where (A EcL)pzr/Lsmo 1S the energy separation between Pb
4 f7,2 and Sr 3ds,, determined in Fig. 2. The resulting values

(opy > op_), in agreement with the results of generating (a) (b)
oxygen vacancies.**! - ‘ . LSMO PZT LSMO LSMO  PzT
In addition, the maximum potential drop of the interface (Surface)
capacitor was obtained at AE values of —0.38 £0.02 eV d;’.i.'"':""'.'g E FTEL
(P— state) and 0.35 £ 0.01 eV (P+ state). From the geometry E it i = E :
. . R . GBWevenann,, o P = d
of the interface capacitor, the spontaneous polarization is } e o
described with a relation Ppzr = e smo AV /d, in which g1 smo ~1.0 ev<;:.3_2~:3_7 eV, .Ecou
is the permittivity of epitaxial LSMO, AV is the potential drop Eysu E.+ | B=)
. . . + E -
of the interface capacitor (from the fitting parameter AE/e, E,-0988v | =\Em i E
i.e., 0.38 V for the P— state and 0.35 V for the P+ state), and d V* _____ |.|. v ) .\/..=.9:2'.5.ZW
denotes the length of electron accumulation and depletion on :
the LSMO side (shown in Fig. 1) and is theoretically obtained P-State | P+ State P-/P+ State
in LSMO to be about 0.3 nm.>>?® Thus, the spontaneous .
polarizations of PZT are 33.63 uC/cm?> (P— state) and Before Under Continuous

30.10 uC/cm? (P+ state), which are close to the result of SR lllumination SR Illumination

spontaneous polarization on the value of about 30 «C/cm? in
the 4-nm film of PZT ?’. The determinations of conductivity
and polarization in an ultrathin PZT film associated with its
induced interface capacitor are addressed here without the use

FIG. 4. (Color online) Schematic band diagrams of a PZT/LSMO
ferroelectric heterojunction derived from in situ SR-PES measure-
ments (a) before and (b) after Sr illumination. The electric field (Ej,)
inside the interface capacitor produces a potential drop in the region of

of surface electric contacts. thickness d. Downward and upward interface band-bending structures

To obtain the valence-band barrier height of the PZT/LSMO correspond to different induced charges (P— and P+ states) before SR
heterojunction, the PES spectra of PZT and LSMO epi- illumination. Under continuous SR illumination, a flat-band structure
layers (both with thicknesses of about 50 nm, as shown is obtained with complete screening of polarization in the PZT layer
in Fig. 3) are required to reveal the respective core- of the P— and P+ states.
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for the two epilayer samples are E{41, — Egﬁfm = 13591+
0.02eV and Eypyy — Eg0, = 130.61 £0.03 eV. Using
Eq. (1) and assuming band-gap energies for PZT of 3.2-3.7 eV
and for LSMO of about 1 eV,?®?° the band diagrams of the
ferroelectric PZT/LSMO heterojunction, which depends on
the polarization state and SR illumination time, are illustrated
in Fig. 4 as a type-I band alignment. The electric field
(Ein) within the interface capacitor produces a potential drop
inside the capacitor region of thickness d, and shifts the
relative positions of the valence and conduction bands of
LSMO outside the capacitor. The band diagram thus reveals
that the P— state of the PZT/LSMO heterojunction has a
larger barrier height value of 0.98 eV [(AECL)PZT/LSMO =
6.28 eV], which implies a downward band-bending structure
for electron accumulation at the heterointerface. In contrast,
the P+ state has a smaller barrier height value of 0.25 eV
[(AEcL)pzT/LsMo = 5.55 eV], which implies an upward
band-bending structure for hole accumulation (i.e., electron
depletion) at the heterointerface. These results show that the
valence-band barrier height of the PZT/LSMO heterojunction
can be modulated with more than 0.7 eV as a result of
the polarization reversal in the top PZT layer. Furthermore,
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under complete polarization screening in PZT with long-
time SR illumination, both P4+ and P— heterointerfaces
are charge-equivalent and have the same barrier height
value of 0.6 eV [(AECL)PZT/LSMO = 5.90 CV] with the
flat-band diagram having no Ej, influences, as shown in
Fig. 4(b).

In summary, a ferroelectric-pattern-assisted PES study was
conducted on a PZT/LSMO heterojunction to investigate the
reversible interfacial charges. Mobile electrons and holes
and their corresponding band bending clearly occur in the
electrode LSMO layer with respect to the polarization direction
of the top ferroelectric PZT layer. Using time-dependent
PES measurements, we observed that interfacial electrons
and holes exponentially decaying to zero were responsible
for the complete polarization screening by photon-generated
charges in the top PZT layer. This dynamic investigation of
polarization screening can also be used to measure the electric
and ferroelectric properties of top ultrathin ferroelectric layers
without the surface electrode’s help.
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