Journal of Yacuum Science & Technology B

Surface, bulk, and interface electronic states of epitaxial BiFeO 3 films
Jun Zhang, M. Rutkowski, L. W. Martin, T. Conry, R. Ramesh, J. F. lhlefeld, A. Melville, D. G. Schlom, and L. J.
Brillson

Citation: Journal of Vacuum Science & Technology B 27, 2012 (2009); doi: 10.1116/1.3130152
View online: http://dx.doi.org/10.1116/1.3130152

View Table of Contents: http://scitation.aip.org/content/avs/journal/jvstb/27/4?ver=pdfcov
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing

Articles you may be interested in

Characterization of electronic structure and defect states of thin epitaxial Bi Fe O 3 films by UV-visible absorption
and cathodoluminescence spectroscopies

Appl. Phys. Lett. 92, 222901 (2008); 10.1063/1.2939101

Process-dependent electronic states at Mo/hafnium oxide/Si interfaces
J. Vac. Sci. Technol. A 25, 1261 (2007); 10.1116/1.2721573

Electronic states in modulation doped p-AlGaN/GaN superlattices
J. Appl. Phys. 90, 4032 (2001); 10.1063/1.1405819

Investigation of interface and bulk fatigue scenarios in sol-gel derived Pb(Zr 0.5 Ti 0.5 )O 3 films by asymmetric
field driving
Appl. Phys. Lett. 77, 898 (2000); 10.1063/1.1306609

Cathodoluminescence measurements of suboxide band-tail and Si dangling bond states at ultrathin Si-SiO 2
interfaces
J. Vac. Sci. Technol. B 16, 2177 (1998); 10.1116/1.590145

Advance your technology or engineering
career using the AVS Career Center, with
hundreds of exciting jobs listed each month!

http://careers.avs.org



http://scitation.aip.org/content/avs/journal/jvstb?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/854015625/x01/AIP/AVSCareerCtrad_JVACovAd_1640banner_04_2013/AVS_Print_1640x440.jpg/4f6b43656e314e392f6534414369774f?x
http://scitation.aip.org/search?value1=Jun+Zhang&option1=author
http://scitation.aip.org/search?value1=M.+Rutkowski&option1=author
http://scitation.aip.org/search?value1=L.+W.+Martin&option1=author
http://scitation.aip.org/search?value1=T.+Conry&option1=author
http://scitation.aip.org/search?value1=R.+Ramesh&option1=author
http://scitation.aip.org/search?value1=J.+F.+Ihlefeld&option1=author
http://scitation.aip.org/search?value1=A.+Melville&option1=author
http://scitation.aip.org/search?value1=D.+G.+Schlom&option1=author
http://scitation.aip.org/search?value1=L.+J.+Brillson&option1=author
http://scitation.aip.org/search?value1=L.+J.+Brillson&option1=author
http://scitation.aip.org/content/avs/journal/jvstb?ver=pdfcov
http://dx.doi.org/10.1116/1.3130152
http://scitation.aip.org/content/avs/journal/jvstb/27/4?ver=pdfcov
http://scitation.aip.org/content/avs?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/92/22/10.1063/1.2939101?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/92/22/10.1063/1.2939101?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/25/4/10.1116/1.2721573?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/90/8/10.1063/1.1405819?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/77/6/10.1063/1.1306609?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/77/6/10.1063/1.1306609?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/16/4/10.1116/1.590145?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/16/4/10.1116/1.590145?ver=pdfcov

Surface, bulk, and interface electronic states of epitaxial BiFeO; films

Jun Zhang® and M. Rutkowski
Department of Physics, Ohio State University, Columbus, Ohio 43210

L. W. Martin, T. Conry, and R. Ramesh

Department of Materials Science and Engineering and Department of Physics, University

of California-Berkeley, Berkeley, California 94720 and Materials Science Division, Lawrence Berkeley
National Laboratory, Berkeley, California 94720

J. F. Ihlefeld, A. Melville, and D. G. Schlom
Department of Materials Science and Engineering, Cornell University, Ithaca, New York 14853

L. J. Brillson
Department of Electrical and Computer Engineering and Department of Physics, Ohio State University,
Columbus, Ohio 43210

(Received 17 February 2009; accepted 14 April 2009; published 30 July 2009)

The authors report on the depth-resolved cathodoluminescence spectroscopy studies of the surface,
bulk, and interface-localized electronic states in the band gap of epitaxial BiFeO; thin films. The
BiFeO; films show a near band edge emission at 2.7 eV and defect emissions at energies varying
from 2.0 to 2.5 eV. The overall results clearly suggest that the electronic structure, especially the
defect states and their spatial distributions, of BiFeO; films are strongly dependent on the growth
conditions and method, stoichiometry, and strain, so that understanding and controlling them are

crucial to optimize BiFeO; film properties. © 2009 American Vacuum Society.

[DOT: 10.1116/1.3130152]

BiFeOj; thin films have recently received considerable in-
terest due to the simultaneous ferroelectric and magnetic
properties and potential applications in magnetoelectric
devices." Investigations of the electronic structure, in par-
ticular, the band gap and defect states of BiFeO; films, are of
particular importance due to their effects on internal electric
fields, free carrier density and recombination, and high fre-
quency dielectric loss. Therefore, a complete understanding
of the state and distributions of defects in BiFeO; films is
crucial to improving and optimizing their electric and ferro-
electric properties. For example, the electrical leakage prob-
lem sometimes found in BiFeOj; films could be due to de-
fects.

In this article, using depth-resolved cathodoluminescence
spectroscopy (DRCLS),3 we have compared the surface,
bulk, and interface-localized electronic states in the band gap
of epitaxial BiFeO; thin films grown by pulsed-laser deposi-
tion (PLD), metal organic chemical vapor deposition (CVD),
and molecular-beam epitaxy (MBE). We found that different
growth techniques, as well as processing conditions, have a
strong effect on the electronic states of the BiFeOj thin films.
Moreover, the states and distributions of defects also depend
on the stoichiometry and strain in the film.

The BiFeO; samples studied are single-phase high-quality
epitaxial films grown on SrTiO5; or DyScOj5 substrates with
SrRuO; or Laj;Sry3MnO; buffer 1ayers.477 The DRCLS
measurements were performed in an ultrahigh vacuum cham-
ber with samples indirectly cooled with a helium cryotip to
~42 K. Incident electron beam current was held constant at
2 mA and the beam voltage (Ej) was varied from 0.5 to 5 kV
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so that beam power increased with increasing Ep. For Ejp
=1, 2, 3, 4, and 5 keV, Monte Carlo simulations of the elec-
tron cascade yield penetration depths of ~18, 45, 75, 110,
and 150 nm, respectively, below the bare BiFeO; surface.

The cathodoluminescence (CL) spectra measured at a
beam voltage of 1 kV are shown in Fig. 1 for BiFeO; films
grown by different methods. The BiFeO; films grown by
PLD show strong emissions at 2.5 and 2.7 eV, and weak
features around 2.2 eV, similar to the CL features observed in
the BiFeO; films grown by magnetron sputtering.4 The 2.7
eV feature is the near band edge emission, and the 2.5 eV
feature is oxygen vacancy related defect emission.*” How-
ever, for the films grown by MBE and CVD, the strong CL
features shift to lower energies, 2.2 and 2.4 eV for the MBE-
grown film, and 2.0 and 2.2 eV for the CVD-grown film,
respectively. The shift in the CL features indicates the depen-
dence of the electronic states of BiFeO; films on the growth
process. For example, it is well known that proper oxygen
stoichiometry control during MBE growth is a serious issue,
and as a result, the MBE-grown film might have higher con-
centration of oxygen vacancies. In addition, it is notable that
the BiFeO; films were grown on different buffer layers, 20
nm (La, Sr) MnO; for the MBE-grown film and 50 nm
SrRuO; for the PLD- and CVD-grown films. Such differ-
ences might also affect the growth and the quality of the
BiFeO; films. Further investigation is underway to explore
the detailed effect of growth conditions, such as growth tem-
perature and oxygen pressure, on the electronic states of
BiFeO; films.

The defect states of BiFeO; films are sensitive to the post-
growth cooling condition as well. Shown in Figs. 2(a) and
2(b) are the CL spectra of the PLD-grown BiFeO; films

©2009 American Vacuum Society 2012
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FiG. 1. (Color online) CL spectra measured at a beam voltage of 1 kV
(corresponding to a penetration depth of 18 nm) for BiFeOj; films grown by
PLD, MBE, and CVD.

cooled in 100 mTorr O, and 760 Torr O,, respectively. The
film cooled at lower O, pressure shows a prominent 2.0 eV
peak for all penetration depths, but the film cooled at higher
O, pressure only shows weak 2.0 eV feature at the penetra-
tion depths deeper than 50 nm. The result suggests that the
2.0 eV defect is possibly oxygen vacancy related, and post-
growth cooling in O, with higher pressure could reduce the
density of oxygen vacancies in BiFeO; films, especially at
the top surface. It is interesting that a strong emission at 2.5
eV is observed for both films and does not seem to be as
sensitive to the cooling O, pressure as the 2.0 eV emission.
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FIG. 2. (Color online) Depth resolved CL spectra of the PLD-grown BiFeOs
films cooled at different O, pressures: (a) 100 mTorr and (b) 760 Torr.
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FI1G. 3. (Color online) CL spectra measured at a beam voltage of 1 kV
(corresponding to a penetration depth of 18 nm) for Bi-deficient BiFeO;
films grown by MBE.

The effect of stoichiometry on the defect states of BiFeO5
films has also been studied. A series of Bi-deficient BiFeO5
films was grown by MBE by controlling the growth
temperature.’ It has been shown that BiFeO; films become
more Bi deficient as the growth temperature increases.’ Fig-
ure 3 shows the CL spectra of these films measured at beam
voltages of 1 kV, corresponding to a penetration depth of 18
nm. Although the films show very similar CL spectra, the
relative intensities of the defect emissions vary with the Bi
deficiency. As the Bi deficiency increases, although the over-
all intensity of CL spectra decreases, the intensities of the 2.0
and 2.2 eV features increase relatively to the 2.5 eV defect
emission and the 2.7 eV near band edge emission. It is no-
table that the Bi deficiency has different effects on the dif-
ferent defect states. More work needs to be done to under-
stand the relationship between Bi deficiency and the defect
states and to examine the possibility that the 2.0 and/or 2.2
eV emissions may relate to Bi vacancies.

Finally we investigated the effect of strain on the elec-
tronic states of BiFeOj; films. Figures 4(a) and 4(b) show the
CL spectra of two BiFeO; thin film samples grown on
SrTiO; and DyScO; substrates, respectively, with 50 nm
thick SrRuOj; buffer layers. The two samples were grown at
exactly the same conditions and have the same layer struc-
ture and thickness except for the different substrates. Due to
the different lattice mismatches, the BiFeO; film grown on
SrTiO; substrate should be under a compressive strain of
~1.4%, while the film grown on DyScOj; substrate should be
under a compressive strain of only ~0.2%. Both films show
defect emissions at 2.5 and 2.0 eV, but the film under very
little strain shows an additional strong emission at 2.2 eV,
which is absent for the highly strained film. Moreover, lattice
distortion in substrate could also have effects on the structure
and electronic states of the buffer layers and BiFeO; films.
Compared to SrTiO;, DyScO; has a highly distorted lattice
and may induce more defects.

The overall DRCLS results clearly indicate that the elec-
tronic structure, especially the defect states and their spatial
distributions, of BiFeOs; films are strongly dependent on the
film growth technique, process condition, stoichiometry, and
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FiG. 4. (Color online) Depth resolved CL spectra of the PLD-grown BiFeO5
films grown on different substrates: (a) SrTiO; and (b) DyScOs;.

strain. BiFeOj; films show the 2.7 eV band edge emission and
defect emissions at 2.0, 2.2, and 2.5 eV. The 2.7 eV band
edge emission is in good agreement with the predicted band
gap of 2.8 eV for BiFeO; using a screened exchange
method® and the measured band gap.4’10 Moreover, initial
theoretical calculation suggests that defect states due to oxy-
gen vacancies lead to transitions at ~0.3 eV below the band
gap,9 which is consistent with the our oxygen vacancy re-
lated defect emission observed at 2.5 eV. The effect of cool-
ing O, pressure on defect states suggests that the 2.0 eV
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defect state is more sensitive to cooling conditions than the
2.5 eV state. In addition, the defect states at 2.0, 2.2, and 2.5
eV show different responses to film stoichiometry and strain.
The 2.0 and 2.2 eV emissions become relatively stronger
than the 2.5 eV emission as Bi deficiency increases, and the
2.2 eV emission is stronger in the weakly strained films.

In summary, the DRCLS of the BiFeO; films show near
band edge emission at 2.7 eV and defect emissions around
2.0, 2.2, and 2.5 eV. The defect states and their distributions
are strongly dependent on the film growth technique, process
condition, stoichiometry, and strain. In general, the films pro-
cessed under high oxygen pressure and with high Bi content
tend to have less oxygen vacancies. The results suggest that
controlling growth conditions, stoichiometry, and strain are
crucial to optimize BiFeO; film properties and related mag-
netoelectric devices.
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