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Polar surfaces of a ferroelectric LiNg@rystal with periodically poled domains are explored using
UV-photoelectron emission microscogplPEEM). Compared with the positive domaiidomains

with positive surface polarization chargea higher photoelectric yield is found from the negative
domains(domains with negative surface polarization chaygeslicating a lower photothreshold

and a corresponding lower electron affinity. The photon-energy-dependent contrast in the PEEM
images of the surfaces indicates that the photothreshold of the negative domai$isV while

that of the positive domains is greater thas6.2 eV. We propose that the threshold difference
between the opposite domains can be attributed to a variation of the electron affinity due to opposite
surface dipoles induced by surface adsorbate20@ American Institute of Physics

[DOI: 10.1063/1.1790604

Ferroelectric materials have unique surface propertiefrom opposite domains due to the pyroelectric potential dif-
associated with the spontaneous polarization, which inducefgrence induced by electron beam heatingdue to a work
macroscopic polarization charges at the surfage.obtain  function difference induced by surface adsorpﬁort. is
an energetically stable state, the surface polarization chargegrth noting that different groups observed opposite SEM
are screened by the formation of a space-charge layer in theontrast for domains of the same polarity and that the pro-
vicinity of the surfacginternal screening and/or by the sur- posed models did not reconcile these contradictory results.
face adsorption of charged molecul@sxternal screening To better understand the mechanism of domain contrast
The relative contribution of the internal and external mechaand explore the effect of domain polarity on surface elec-
nisms to polarization screening can modify the energy bandgonic properties, we employ UV-photoelectron emission mi-
at the surface. The internal electric field induced by thecroscopy(UV-PEEM) for domain imaging of lithium niobate
space-charge layer leads to surface band berdivigle sur-  surfaces. Recently, we demonstrated that PEEM is capable of
face adsorption can give rise to a variation in the surfacémaging of Ga- and N-face regions of cleaned GaN films.
electron affinity as well as band bendiﬁ'g’hus, the surface The contrast was due to the enhanced emission from the
electronic properties of ferroelectric materials are controlledN-face regions, which was attributed to the photoemission of
by the orientation of the spontaneous polarization, which deelectrons in the conduction band at the surface induced by
termines the sign of the polarization bound charge and theand bending. Similarly, a variation in electron affinity
internal and external screening charges. and/or band bending could give rise to ferroelectric domain

Recently, precise control of ferroelectric domains has beeontrast in PEEM. The goal of this study is to establish how
come a crucial issue for many applications. In particular, anhese effects are manifested in PEEM images of ferroelectric
approach to the self-assembly of complex nanostructures isurfaces with opposite polarization. In particular, with tun-
based on manipulating atomic polarization in ferroelectricable UV-free electron lasgiFEL) excitation, we determine
substrated. Detailed information about local polarization, the photothreshold and the variation in the electron affinity
charge distribution, and surface potential of a ferroelectriof different polar regions.
surface is necessary to control local electronic structures and In this work, we used a periodically poled lithium nio-
chemical reactivity. bate(PPLN) single crystal with a periodicity of pattered do-

The surface properties of ferroelectric domains with dif-mains of ~6.8 um. Below the 1210 °C Curie temperature,
ferent polarities have been characterized by scanning proltae ferrolectric lithium niobatéLNO) exhibits a hexagonal
microscopy(SPM)-based techniques such as piezoresponserystal structure with polarization along tleeaxis, which
force microscopy(PFI\/I),4 electrostatic force microscopy arises due to displacement of positive chargé$ and NE&*)
(EFM),® and scanning kelvin probe microscop$KPM).®  with respect to oxygen atom positiofsThe periodic do-
However, as Kalinin and Bonnell pointed dithe extraction main structure was fabricated by lithography and electric
of the intrinsic material properties from the measurementsgoling on the original € face of congruent0001) LNO. The
and the interpretation of the domain contrast mechanism isample size was 010X 0.2 mn?. The domain observa-
many variants of SPM are unclear due to the complexity ofions were performed in an UV-PEEM systeg&Imitech)
the tip-surface interactions. Alternatively, scanning electrorwith a base pressurec2x107%° Torr. The photoelectrons
microscopy(SEM) has been employed for the observation ofwere excited with spontaneous emission from the tunable
ferroelectric domain structuré$. The SEM domain contrast UV - FEL at Duke University. The PEEM images were ob-
was ascribed to asymmetric secondary electron emissiofined with photon energies from 4-6.2 eV with an energy

full width at half maximum of~0.1 eV! To verify domain

IAuthor to whom correspondence should be addressed: electronic maiRolarity, complementary PFM imaging of the sample has
Robert_Nemanich@ncsu.edu been performed.
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FIG. 1. (3 PEEM, (b) AFM, and (c) PFM images of PPLN. The fields of g5 5 pEEM images of PPLN obtained with photon energiegiof.5 eV,

view are 40um. Insets in(b) and(c) are 10x 10 um? and all images were (b) 4.6 eV, (c) 5.2 eV, and(d) 6.2 eV, respectively. The field of view is 50
obtained from the same surface. The PEEM image was obtained with

photon energy of 5.1 eV. Ifb), the double lines remained at the negative
domain boundary regions after the lithography processicjnthe PFM

image obtained from the same region of the AFM image shows that th¢ NO surfaces cleaned by vacuum annealing between 300
mar_k‘ed regions are negative domains which are brighter and wider than thﬁnd 900 °C, Akhayan and Brozdnicheﬁkdeduced that the
positive domains. photothreshold was independent of polarity, and they found
an electron affinity of~1.1 eV. They did find a variation in

Figure Xa) displays a PEEM image of the surfaces of the emission intensity and the subthreshold emission for the
the as-received PPLN sample. The brightness contrast befifferent polarity surfaces. Boikova and Rosenrfamea-
tween antiparallel domains is apparent. The wider domainsured the emission from Fe-doped LNO. Their results
(~4.5 um) are relatively brighter than the narrower domainsshowed emission beginning at an excitation energy of
(~2.3 um). The bright spots in the image may be dust par-~4.0 eV, and differences in the emission from the different
ticles or other foreign materials. Through comparison of thepolar surfaces were attributed to band-bending effects.
AFM, PFM, and PEEM images shown in Fig. 1, we could In UV-PEEM the image contrast orginates from local
identify the polarity of the domains. The bright regions in thevariation in the photoelectric yield, which is usually related
PEEM image are recognized as negative doméilasnains  to the photoelectric threshold. For an intrinsic semiconductor
with negative surface polarization chargeshile the darker with flat bands at the surface, the photothreshdigl, is
regions are positive domairidomains with positive surface equal to the sum of the band gdg,, and the electron affin-
polarization charges indicating relatively intense electron ity, x.. In contrast, for an actual semiconductor surface, the
emission from the surface of the negative domains. The tothreshold is dependent on the band structure at the surface,
pographic AFM imagdFig. 1(b)] shows a similar morphol- which can vary with the doping and the band bencﬁmgls
ogy for both domains, which suggests that the PEEM domaimoted that due to it&, of 3.9 eV, LNO would be considered
contrast is independent of surface topography. PFM analysias a wide band-gap ferroelectric semicondutidfhus, to
[Fig. 1(c)] of the periodic domain pattern confirmed that the understand the origin of the PEEM polarity contrast mecha-
wider stripes correspond to the negative domains. nism of the ferroelectric domains, it is necessary to consider

To explore the surface electronic properties of each dothe effects of band bending and electron affinity.
main, PEEM images were obtained with photon energies If the polarization charges are internally screened by a
from 4—6.2 eV in steps of 0.1 eWFig. 2). For photon ener- space-charge layer, band bending is generated in the space-
gies below 4.5 eV, domain contrast was not dete¢ted. = charge region near the surfaces. Unfortunately, we have no
2(a)]. However, for photon energies greater than 4.6 eVdirect measurement of the band bending in the near surface
emission from the negative domains was observed, whichegion of these LNO samples. Generally, the width of a
thus allowed us to differentiate between the opposite dospace-charge layer in a semiconductor with a low concentra-
mains[Fig. 2(b)]. As the photon energy was increased fromtion of charge carriers i$>~ 100 nm while for a photon
4.6 eV, the emission from the negative domains increasednergy lower than 10 eV the electron mean free path of LNO
leading to enhanced contrggtig. 2(c)]. However, at 6.2 eV is <5 nm* Since our LNO sample is undoped, it may be
the emission from the positive domain became more signifireasonable to assume that any band bending that exists will
cant, and the emission contrast was relatively redyé@égl  occur over a length scale that will be large compared to the
2(d)]. From the results, we deduce that the electron photolength scale for UV absorption and/or electron emission.
threshold of the negative domains+s4.6 eV while that of Thus, the band-bending effects on the emission from the un-
the positive domains is greater than 6.2 eV. doped LNO is negligible in the PEEM measurements.

There have been several other studies that explored the We next consider the variation in electron affinity at each
photothreshold of polar LNO surfaces. In studies of undopediomain surface induced by the external screening. The elec-
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(a) (b) mains of the air exposed surface is greater thah6 eV,
_ which would correspond td y~+Ax*. If we assume that the
Eaoy ) _I Ayt polarization charges are completely screened by the surface
~ R —— I S adsorption, we can estimal~ P/q from the spontaneous
Ax, I ; polarization, P, For LNO, N~4.4x 10"/ cnm? [Ps=70
o Xs X 10°°C/cn? (Ref. 12]. If we assume a surface dipole layer
E, E. with a charge separation distanégof 0.3 nm and a dielec-
E,* tric constantge of 31 (LNO), the Ay at each domain surface
E, E will be ~0.8 eV. This value is an estimate because the di-
electric constant of the dipole layer is an ill-defined property
since the dipole layer is not a bulk entity. However, this
, estimated value is consistent with our PEEM measurements.

E, E, In addition, assuming\y of ~0.8 eV for each domain, we

. =t
FIG. 3. Energy-band diagrams of adsorbate-covered LiNh@faces foKa) can Feduce tha’F the Value, Q/E Is ~1.5eV (XS_ ETh Eg .
negative andb) positive domains. The quantitiag, g, Ey,, andAy are the  —Ax"). Photoemission studies of cleaned LNO surfaces with
surface electron affinity, band gap, photothreshold, and electron affinifno adsorbates have yielded a value of electron affinity of
variation due to surface adsorption, respectively. Superscripts represent the 1 1 evll which is close to our results.
quantities of negativé-) and positive(+) domain. The arrows represent the ’ ] . Sy
orientations of the spontaneous polarizatiByg, In summary, \,Ne _ha\,/e ,used ,UV PEEM to_ Image pe”Odl
cally poled domains in lithium niobate. Polarity contrast was
observed between the positive and negative domains with

; . . more intense emission from the negative domains. We pro-
surface dipole induced by various surface effects such

f terminati f fructi f ot ose that the threshold difference is caused by variations in
surface termination, surtace reconstruction, surtace orienta, t4cq electron affinity associated with surface dipole layers
tion, local stoichiometry changes, atomic steps, an

adsorbateé’® We are suggesting that for a ferroelectric ormed by surface adsorbates.
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