Physics
and
Materials

Science

C uriosity is what drives the advance of knowl-
edge; one sign of such an advance is to ques-
tion whether exploring the unknown is a necessary
quest or an unnecessary luxury. In this year's section
on physics and materials science, we show that the
demarcation between basic science and applied
research is not clear cut. Take the resonant inelastic
X-ray scattering (RIXS) confirmation of collective spin
excitations in Pb-Bi2212 as an example; these mea-
surements not only resolve a long-standing scientific
debate but also move us one step nearer a practical
use of high-temperature superconductors. Similarly,
the band structure of a single layer of graphene with
Ti adatoms disclosed by the angle-resolved photo-
emission spectra (ARPES) provides invaluable insight
into the design of next-generation electronic devices.
Further examples given in the section include spec-
troscopic and microscopic investigations on possible
ways to decrease poisoning from carbon monoxide
and to improve the durability of nanocatalysts in fuel
cells, feasible approaches to improve the efficiency
of power conversion of solar cells, and possible roles
the exchange coupling can play in antiferromagnetic
spintronics. (by Der-Hsin Wei)
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Solar Cells Using a Multiferroic Oxide and a Trans-
parent Conducting Oxide

In an atypical marriage of oxides, researchers have succeeded to improve the efficiency of a
solar cell using p-type doped lanthanum-bismuth iron oxide (a multiferroic ceramic oxide)
and n-type doped indium tin oxide (a transparent conducting oxide).
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troscopy (XAS), to characterize Bi;LaFeO;(x = 0.0,
0.05,0.10 and 0.15) films. Figure 1 shows important
results obtained using XANES, EXAFS and XAS. The

multiferroic material exhibits at least two ferroic
orders, for example, ferroelectric order and ferro-
magnetic order. Multiferroic materials are important

for making sensors and actuator devices. Since the
discovery of enhanced polarization and enhanced

oxide (indium-tin oxide, ITO) to make a heterostruc-
ture solar cell. In an extensive collaboration between

0 1 2 2 . ;
Interatomic distances (107" m)

magnetization in thin films of hetero-epitaxially @) = -
constrained perovskite oxide BiFeO;(BFO)," there = 15k Fe K-vdge
has been much interest in making piezoelectric or g I
spintronic devices using multiferroic oxides. These :E [
studies led to new discoveries; it was soon found that z 1or I
multiferroic materials could also provide a new route E [ r,’ — %H?ﬁ?ﬁ
to produce electron and hole carriers under illumina- 2 oosL f — BFOSL
tion,? thus showing a potential for making photovol- TEi r - ?EI{I}
taic (PV) solar cells using multiferroic-oxide materials. % i e Fel)
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Combining the properties of multiferroics and multi- 7100 Tllrjll’ljt?h'll'l. eneren {ﬁ?? 7250
layer heterostructures, researchers have been work- b) 3
ing on various possibilities to improve the efficiency )
of a solar cell. In this article, we highlight a valuable =l i ]
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BFO films to make solar cells. As a solar cell requires g 4 E — BFOS5L
a p-type (hole-doped) material and a n-type (elec- = C — BFO
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figures) and undertook careful characterization to es- E
tablish the p-type behavior of Bi;LaFeOs; they then S0l f
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Photon energy (eV)
The authors used various technigues — micro-Raman .
Fig. 1: (a) Fe K-edge XANES spectra vs. photon energy. (b)

spectroscopy, X-ray diffraction, electron microscopy,
optical spectroscopy, K-edge X-ray absorption near
edge structure (XANES), K-edge X-ray absorption fine
structure (EXAFS) and L-edge X-ray absorption spec-

Fourier transform amplitude of k?y(k) vs. interatomic
distance without phase correction. (c) Fe Ls-edge XAS
of BFO, BFO5L, BFO10L and reference materials. [Repro-
duced from Ref. 3]
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XANES (Fig. 1(a)) and EXAFS (Fig. 1(b)) results clearly
show that the Fe** valence, the Fe-O bond-lengths
and bond-angles do not change as a function of La
content in Bi;LaFeOs. The XAS (Fig. 1(c)) results
confirm the Fe3* valence for different La-contents

in Bi;.La,FeOs. These results establish that p-type
doping in Bi;«LaFeOs is not due to an altered Fe
oxidation state but is due to oxygen vacancies. These
results correlate also with the smaller band gaps, 2.2
eV-2.4 eV, obtained from optical spectroscopy mea-
surements of Bi;,La,FeOs. The authors subsequently
made heterostructures of an ITO film/Bi;La,FeOs
ceramic/Au film and tested their PV properties. Fig-
ure 2 shows the results of the PV maximal efficiencies
of power conversion, nm., as a function of load volt-
age and at different illuminations for a series of ITO/
Bi;«La,FeOs/Au heterostructures. Efficiency npyax of
power conversion reaches a value as high as 0.19%
atillumination / ~2 W/m? for the case of a hetero-

BFOI5L

Power-conversion efficiency 1 (%)

BFC

00 01 02 03 04 05 06 07 08
Load voltage (V)

Fig. 2: Power conversion efficiency (n) vs. load voltage. The
labeled numbers are illumination intensities in W/m?.
[Reproduced from Ref. 3]

structure made using BiggsLag1sFeQs. This value is
larger than nm. achieved in other BFO based hetero-
structures such as: (a) graphene/polycrystalline BFO/
Pt (Nmax ~0.0025% under white light, ~1000 W/m?),*
(b) Au/polycrystalline BFO/Pt (Nyax ~0.005%),° and

(c) ITO/BigeCag1Fe0s05/ AU (Nmax ~0.007% under illu-
mination at A = 405 nm).® Although these efficiencies
are still less than those of commercially available solar
cells, the present study is considered to be an import-
ant and valuable step in the right direction for the
use of multiferroic heterostructures as solar cells. It is
hoped that future work will lead to further improve-
ment in efficiencies of multiferroic-oxide-based het-
erostructure solar cells. (Reported by Ashish Chainani)

This report features the work of Chi-Shun Tu and his
co-workers published in J. Am. Ceram. Soc. 99, 674
(2016).
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Catching the Elusive Paramagnons: Collective Spin Exci-
tations in High-Temperature Cuprate Superconductors

Resonant inelastic X-ray scattering studies conclusively identify the spin excitations of high

temperature cuprate superconductors.

I\/l ore than 30 years after its discovery, the mech-
anism of high-temperature superconductivity
in copper-oxide (or cuprate) superconductors still re-
mains one of the most challenging problems in con-
densed-matter physics. One important question faced
by researchers regarding the superconductivity of
cuprates is whether the pairing is mediated by spins
oris it due to some other unknown exotic mecha-
nism. This situation is all the more intriguing because
a simple isotropic phonon-mediated pairing based on
the Bardeen-Cooper-Schrieffer (BCS) theory is exclud-
ed by both the high transition temperatures (highest
known Tcis ~134 K for a cuprate superconductor

at ambient pressure) and the anisotropic momen-
tum-dependent superconducting gaps of cuprate
superconductors. In general, since a strong magnetic
field or magnetic impurities typically destroy or weak-
en the superconductivity, the situation is even more
complicated because the parent compounds of the
high-temperature cuprate superconductors are anti-
ferromagnetic insulators.

However, research in the last few years has revealed
fascinating aspects of cuprate superconductors,
particularly arising from the use of resonant inelas-
tic X-ray scattering (RIXS)."* These results have not
only answered some very important long-standing
questions, but have also raised new questions and
opportunities for future research. For example, use
of RIXS showed that the parent insulators of cuprate
superconductors exhibit dispersive magnons — collec-
tive spin excitations associated with their antiferro-
magnetic order." It was also shown that hole-doped
and electron-doped superconducting cuprates show
similar dispersive features in RIXS experiments,* but
a puzzle then arose regarding their interpretation
because the superconducting cuprates do not show
antiferromagnetic order. Two competing theoretical
pictures were proposed to explain the observations:
from exact diagonalization cluster calculations of a
t-t"-) Hubbard model, one group concluded that the
RIXS results are collective spin excitations,* whereas
another group explained the same results based on
non-interacting quasi-particle excitations of a band
structure, effectively denying collective spin exci-
tations.®

RIXS intensity (arb. units)
=
&

In this article, we highlight an important study®which
resolved this issue conclusively. The authors carried
out polarization-, momentum- and energy-depen-
dent RIXS experiments of a high-temperature cuprate
superconductor Bij sPbgsSry s4CaCu,0g,s (Pb-Bi2212).
Figure 1 shows the incident photon-polarization
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Fig. 1: RIXS spectra of Pb-Bi2212 (a) RIXS scattering geometry.

The angle between the incident X-ray and the ab plane
of the sample is 8,. The wave vectors of incident and scat-
tered X-rays are k; and ky, respectively. The momentum
transfer is q = k; - k, and its projection onto the ab plane
is g. (b) Cu Ls-edge X-ray absorption (XAS) measured in
the fluorescent yield mode. The energy bandwidth of in-
cident X-ray is 0.6 eV. (c) RIXS spectra with incident X-ray
energy set to the L; absorption threshold, and 0.6 eV
and 1.2 eV above the threshold using mt-polarized (color)
and o-polarized (black) X-rays with 6;= 110° and 20°, i.e.
grazing-exit gll = —0.734(m, 0) and grazing-incidence qll
=0.734(m, 0), respectively. Spectra are normalized to the
dd excitations and also offset for clarity. [Reproduced
from Ref. 6]
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dependence of RIXS spectra @) b
measured at 20 K, well below {(a) o pol, grazing incidence {b) = pol, grazing exit
the superconducting transition

temperature, Tc= 95 K. The polar- ‘Wﬂ

ization of the incident X-rays was — k.

within or perpendicular to the e [100] "\:“\\ '

scattering plane, i.e. or ¢ polar- q ook,

ization, respectively, as shown in .

Fig. 1(a). Figure 1(b) plots the L a-pol 1L

Ls X-ray absorption spectrum of @y =+ 0.734 (n,0)

Pb-Bi2212. Figure 1(c) shows RIXS i

spectra excited with - and o-po-

larized X-rays of energy set to the

L; absorption threshold, and at 0.6

and 1.2 eV above the threshold.

The RIXS intensities for energy loss

between 1 and 3 eV arise from dd

excitations of the Cu 3d states. For

energy loss between 0 and 1 eV,

the RIXS spectra are sensitive to ook, L N e T N

the incident photon energy and 1.0 0.0 1.0 1.0 0.0 1.0

polarization, showing significantly Energy Loss (gV) Energy Loss (eV)

different incident photon energy

dependence for tand o polariza- Fig. 2: Plots of RIXS excited with X-rays at selected energies. RIXS spectra measured

tions. with (a) o-polarized incident X-rays under a grazing-incidence geometry, and (b)
m-polarized incident X-rays under a grazing-exit geometry. The RIXS spectra of

As exact diagonalization cluster each scattering geometry are normalized to the elastic scattering of energy set

to the Ls absorption threshold. The RIXS spectra are vertically offset for clarity.

Top panels illustrate the scattering geometries in which the scattering plane is

defined by the [001] & [100] of the Pb-Bi2212 crystal. All notations are defined

in Fig. 1. The dashed lines serve as guides to the eyes. [Reproduced from Ref. 6]
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calculations of a t-t™-J Hubbard
model showed that the cross sec-
tion of a single spin-flip excitation
is enhanced for incident X-rays

of o-polarization in grazing-inci-
dence geometry (g|| > 0), and for
incident X-rays of m-polarization 00 02 04 06 08 10
in grazing exit geometry (q|| < 0), N
the authors recorded RIXS spectra
under these conditions (see Fig.
2). With grazing-incidence X-rays
of o-polarization, the authors
found that the centroid of the
broad low-energy RIXS feature
shifts to higher loss energies

with increasing incident energy,
as plotted in Fig. 2(a), and is
indicative of its fluorescence-like
character. In contrast, as shown in
Fig. 2(b), the RIXS intensity at an
energy loss about 300-350 meV
using Tt-polarized X-rays exhibits

(b)

Energy Loss (eV)

no shift with the incident photon (w/2,0) (0.,0) (mi2,7/2)
energy, indicating its Raman-like Fig. 3: Intensity maps of magnetic RIXS and dispersion of magnetic excitations in Pb-
nature. The authors also per- Bi2212. The momentum transfer q is varied along antinodal direction (0, 0)-(t, 0)

in panel (a), and along nodal direction (0, 0)-(1t, ) in panel (b). The RIXS inten-
sities shown in the color maps are obtained after background subtraction. The
excitation energies shown in red open circles are deduced from RIXS data with
m-polarized incident X-rays. [Reproduced from Ref. 6]

formed momentum-dependent
measurements using m-polarized
incident X-rays to highlight the
magnetic excitations (Fig. 3), with



momentum transfer g along the antinodal and nodal
directions in the Brillouin zone j.e. along (0, 0)-(rt, 0) in
momentum space, Fig. 3(a), and along (0, 0)-(1t, 1T) in
momentum space, Fig. 3(b), respectively. The intensi-
ty maps of Fig. 3 show clear dispersions of high-ener-
gy magnetic excitations corresponding to changes in
the energy of paramagnon excitations. It was found
that the paramagnon excitations along the nodal di-
rection (Fig. 3(b)) are less dispersive than that along
the antinodal direction (Fig. 3(a)), and are softened
near the antiferromagnetic zone boundary.

The authors thus observed two distinct types of RIXS
excitation spectra, dominated by Raman-like and
fluorescence-like excitations when the incident X-rays
were T1- and o-polarized, respectively. Unlike parti-
cle-hole excitations, the collective spin excitations
probed with m-polarized RIXS were sharp and well
defined, not decaying into a continuum; their energy
loss hence remains unchanged. These measurements
confirm the collapse of the paramagnons, i.e. the no-
tably decreased bandwidth along the nodal direction.
The results thus establish the presence of paramag-
nons in high-temperature cuprate superconductors.
(Reported by Ashish Chainani)

This report features the work of Di-Jing Huang and his
co-workers published in Sci. Rep. 6, 19657 (2016).
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Golden Protection for a Ru-Pt Nanocatalyst

Gold clusters intercalated in nanocatalysts reduces carbon monoxide poisoning and improves
durability of nanocatalysts for fuel cell applications.

arbon monoxide (CO) is a poison for not only hu-
man beings but also for fuel cells. One of the big-
gest challenges for vehicles with hydrogen fuel cells is
that CO in very small quantities present as an impurity
in hydrogen can damage the platinum catalysts used
in those fuel cells. Researchers have been trying hard
to find ways to protect the platinum catalysts so as
to improve the durability and lifetime of the fuel
cells. A few years ago, RUce-Ptsen N@nocatalysts were
found to be better than pure platinum catalysts,' but
researchers are still working on how to improve their
performance.

In this article, we discuss important work by Tsan-
Yao Chen (National Tsing Hua University) et al. that
shows that intercalating Rucee-Ptshen N@anocatalysts
with gold clusters (Fig.1) results in significantly im-
proved durability of Rucee-Ptiher Nanocatalysts.? In a
collaboration between National Tsing Hua University,
National Chung Hsing University, National Taiwan
Normal University and National Central University, the
authors synthesized Rucre-Ptshen Nanocatalysts in a se-
quence-controlled multistep polyol method. This was
followed by intercalation of gold clusters of different
sizes at the corner sites of Rucore-Ptsher N@nocatalysts,
because these corner sites are known to serve as nu-
cleation sites to grow gold clusters. The synthesis was
followed by several experiments to characterize the
atomic structure, nanostructure and chemical prop-
erties of the gold intercalated Ruge-Ptsher Nanocata-
lysts, including small-angle X-ray scattering (SAXS),
high-resolution transmission electron microscopy
(HRTEM), photoemission spectroscopy, CO voltam-
metric stripping and extended X-ray absorption fine
structure (EXAFS) measurements. The experiments
were followed by calculations using density-function-
al theory (DFT) to understand the observed behavior
of gold intercalated Ru e-Ptshen N@anocatalysts.

The nanostructure of the Rucre-Ptshen Nanocatalysts
was determined by small-angle X-ray scattering
(SAXS) experiments; the results are shown in Figs.
2(a) and 2(b) for the pure Rucee-Ptsher Nanocatalysts
and Au-intercalated Rucee-Ptsher Nanocatalysts (la-
beled Au-0, Au-5 and Au-15 for atomic ratios Au/Pt =
0, 0.05 and 0.15, respectively). The structural parame-
ters (average diameter D,,,, so-called Schulz distribu-
tion of particle size Prand shell thickness Ts) of pure

oxygen

1, E field

& injection

Fig. 1: Schematic rendering of Au-intercalated Rucore-Ptshel
nanocatalysts. [Reproduced from Ref. 2]

and Au-intercalated Rucee-Ptsher Nanocatalysts were
obtained from analyses using the scattering scheme
shown in Fig. 2(c). The effects of the Au cluster size
on the CO poisoning of the Rucee-Ptsher Nanocatalysts
were revealed by CO voltammetric stripping measure-
ments. The results indicated that Au clusters drain
electrons from Rucyre-Ptsher, and the anti-CO poisoning
factor of the nanocatalysts was doubled on increas-
ing the Au/Pt ratio from 0 to 15 at %.

EXAFS measurements, Fig. 3, show features A, B and
C due to contributions of chemisorbed oxygen (A
and C) and metallic Pt atoms (B); the authors thereby
found strong evidence for the shielding and local
distortion of the Pt shell from the significantly re-
duced co-ordination number of Pt-O and Pt-Pt bond
pairs. The valence-band photoemission spectra con-
firmed that the shielding effects are mainly due to
charge donation from Pt to Au, driven by a localized
interface strain and a strong negative charge dipole
between Au clusters and the embedded Pt crystal.
The distribution of charge density obtained from DFT
calculations for a supercell of the Ru(0001)@Pt model
intercalated with the Au cluster also provided evi-
dence for the induced charge relocation.
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Fig. 2: (a) SAXS spectra of Rucore-Ptsen Nanocatalysts intercalated
with Au clusters in Au/Pt ratios from 0 to 15 at %. (b)
Corresponding distributions of particle size. (c) Scheme
for scattering waveforms at core—shell nanoparticles
(left) with and (right) without Au clusters atop. [Repro-
duced from Ref. 2]

The effects of atomic Au clusters intercalated in
RUcore-Ptshen Nanocatalysts were thus elucidated from
intensive investigation of their structure, electro-
chemical CO stripping, photoemission spectroscopy
and DFT calculations. The significant improvement of
the nanocatalysts is due to steric shielding and elec-

013

Au-0

FT &k |x{R)| (A4)

R(A)
Fig. 3: Fourier-transformed EXAFS spectra (radial structure func-
tion, RSF) of Rucre-Ptshernanocatalysts intercalated with
Au clusters in Au/Pt ratios 0, 5 and 15 at %. Features A,
B, and C are contributions of chemisorbed oxygen (A
and C) and metallic Pt atoms (B) around the Pt center,
respectively. [Reproduced from Ref. 2]

tron injection from Pt to Au sites. The authors thus
established valuable mechanistic insight for synthesis
of new heterojunction nanocatalysts based on their
study of Au-intercalated Rucee-Ptsher N@anocatalysts as
chemically durable anodes for fuel-cell applications.
(Reported by Ashish Chainani)

This report features the work of Tsan-Yao Chen, Yu-
Ting Liu and their co-workers published in J. Phys.
Chem. C. 120, 7621 (2016).
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Working with an Invisible Order

Macroscopically cancelled magnetic orders reveal themselves to the adjacent neighbours,
and show how they can help to furnish a new generation of spintronics.

hat is a likely comment about antiferromag-

nets (AFM) that have no net magnetization
and that produce almost no response in an external
magnetic field? Interesting but useless! Whereas it
is true that not every magnetic material possesses a
net magnetization, only those that can be controlled,
with a magnetic field for instance, qualify as materi-
als for magnetic applications. As a material without
intrinsic and field-driven magnetization would be
invisible to any probe relying on detection through
(field-dependent) magnetization, AFM seem to have
little practical application. To explain why AFM are
unaffected by an external magnetic field, Louis Néel
pointed out that an AFM has a well defined magnetic
order similar to that in a ferromagnet (FM), but AFM
has its magnetic moments point alternately in oppo-
site directions. As a result, unless an external field is
exceedingly strong, a magnetization induced by one
subset of moments in AFM is invariably cancelled by
that induced in the other subset.

Recognizing that magnetic order exists in AFM, spin-
tronics have used AFM for years as magnetization
stabilizers. By positing an antiferromagnetic film in
direct contact with a ferromagnetic layer, the mag-
netic moments in both layers are exchange-coupled
at the interface. Because the AFM generates no
additional magnetization, the bilayer has the same
net magnetization as that of a single ferromagnetic
layer, but, as the magnetic orders in both layers are
coupled, the magnetization orientation in the FM
layer becomes more difficult to alter. The magnetic
order of an AFM might hence be invisible, but can
be accessed indirectly through nearby layers that are
exchange-coupled to it.
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Fig. 1: Layer structure, MOKE measurement and images of
element-specific magnetic domains taken from a wedge
sample. Magnetic images provide a visual identification
of how the magnetization would be influenced by com-
peting RKKY interactions (dominant when Mn thickness
< 3.5 ML) and exchange coupling (dominant when 3.5
ML < Mn thickness < 4.0 ML). [Reproduced from Ref. 1]

Knowing how to access the invisible order, two teams
came to NSRRC with new ideas to explore what AFM
can further do for magnetic applications. To meet
ever-increasing demands for dense magnetic storage,
perpendicular recording has a clear advantage over
longitudinal recording. The problem is that there

are few suitable materials that can provide a neces-
sary perpendicular magnetization with a reasonable
susceptibility to free them from the influence of a
spurious field without precluding easy data writing.
Bo Yao Wang and his co-workers had an idea to
respond to this challenge. Placing a Ni/Co bilayer on
top of an antiferromagnetic Mn film, Wang used the
magneto-optical Kerr effect (MOKE) to confirm that



the direction of magnetization of a Ni/Co layer can
be turned from in plane to out of plane with an addi-
tional Mn film. Next, a wedged Mn film was inserted
between Ni/Co and Co to act as a source of a vertical
exchange interaction. The Ni/Co/Mn/Co structure
thus acquired two competing interactions —a Mn
mediated RKKY interaction between Ni/Co and Co
(favouring in-plane magnetization), and exchange
interaction at the Ni/Co/Mn and Mn/Co interfaces
(favouring out-of-plane magnetization). Figure 1 dis-
plays the element-specific magnetic images acquired
at TLS 05B2. According to these images, the strength
of the vertical exchange interaction appears to be
proportional to the thickness of the Mn layer. The
vertical exchange interaction eventually overpowers
the RKKY interaction to orient the magnetization
orientation of Ni from in plane (Fig. 1(a)) to out of
plane (Fig. 1(b)). At the same time, the magnetiza-
tion in the Co layer remains in plane (Figs. 1(c) and
1(d)). At an even greater Mn thickness (4 ML and
above), the comparable strengths between these two
interactions lead to frustrated magnetic behavior. In
short, Wang's work demonstrated that construction
of an artificial ferromagnetic structure with a tunable
magnetization direction and anisotropy strength is
practicable.

The second work highlighted here concerns the
manipulation of ordering strength and the magnetic
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axis in AFM. In exchange-coupled multilayers, the
magnetization of each layer is subject to an ordering
strength or orientation modification by its neighbour-
ing layers. In work conducted by Yizheng Wu's team
at TLS 11A1, two antiferromagnetic layers, CoO/NiO,
were grown on a MgO substrate to demonstrate that
exchange coupling would have an impact on all lay-
ered magnetic structure, including antiferromagnetic
ones. Figure 2(b) shows the influence of compres-
sive and tensile strain on CoO and NiO films grown
on a MgO(001) surface, so that their magnetization
becomes oriented into in-plane and out-of-plane, re-
spectively. XMLD spectra in Figs. 2(e) and 2(f) make
evident that CoO exchange coupled with a NiO film
(thickness 2 nm) can force the latter to orient its mag-
netic axis from out-of-plane to in-plane. The NiO film
eventually regains its favoured ordering axis at thick-
ness 12 nm, leaving those coupled to CoO oriented
with a canting angle (Figs. 2(c) and 2(d)). Wu's team
further reported that the spin-reorientation transition
in NiO layer took its toll on CoO: its Néel temperature
was forced to drop roughly 80 K.

In summary, the work of Wang and Wu has elegantly
demonstrated that, whereas invisible to most mag-
netic probes, the magnetic order in AFM can still be
accessed. The results reported here serve as founda-
tions of future developments in antiferromagnetic
spintronics. (Reported by Der-Hsin Wei)
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Fig. 2: (a) Experimental geometry. (b)-(d) Cartoons showing the magnetic configuration of a single layer, exchange-coupled bilayers
as evident from X-ray magnetic linear dichroism (XMLD) spectra displayed in (e)-(f) [Reproduced from Ref. 2]
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This report features the work of Bo-Yao Wang and his
collaborators published in Phys. Rev. B 94, 064402

(2016), and the work of Yizheng Wu and his collabora-

tors published in Sci. Rep. 6, 22355 (2016).

TLS 05B2 EPU - PEEM

TLS 11A1 BM - (Dragon) MCD, XAS

e Chemical and Magnetic Image, NEXAFS, XMCD,
XMLD

e Materials Science; Chemistry; Surface, Interface and
Thin Film, Chemistry, Condensed-matter Physics
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Contacts under the Sun

Organic photovoltaics with improved carrier extraction efficiency can be an answer to the

low-cost solar energy.

cathode
retype layer
p-type |
hole transport IEIWr -
anode ’ .
transparent substrate

| n the course of pursuing renewable energy to pow-
er the world, solar energy is the type that is auto-
matically delivered to us on a daily basis. The ques-
tions arise how efficiently we can convert the sunlight
into electricity, and at what cost. Perovskite-based
solar cells and organic solar cells were recently iden-
tified as promising candidates to harvest solar energy
in terms of their efficiency of power conversion (PCE)
and cost of manufacture. A solar cell is a layered
device that comprises a pair of metal electrodes and
p-n junction(s) as shown on the left. When sunlight is
absorbed, semiconductors in the p-n junction release
many bound electrons into excited states to become
carriers extractable with an external circuit. Because
the carrier population is now changed, an additional
voltage becomes concurrently added on top of the
intrinsic voltage of the p-n junction. The problem is
that every electron that jumps into conduction band
would leave a hole behind. Before being extracted,
an excited electron might consequently recombine



with the hole left behind by another electronic ex-
citation, resulting in a decreased PCE. As the output
power of a cell is the product of short-circuit current
(Jse) and open-circuit voltage (V,), it is highly desir-
able to decrease the rate of recombination of excited
electrons with holes so that solar cells with increased
PCE are attained.

Yao-Jane Hsu at NSRRC and Peter Chen at National
Cheng Kung University (NCKU) recently launched a
joint effort to understand why the PCE of a CH3NH;P-
bl; (MAPbIs) perovskite solar cell (PSC) increases from
7.8% to 17.3% after introduction of a nanostructured
NiO hole-transport layer. Employing X-ray spectra
and a microscope at NSRRC beamline TLS 09A2 and
UVSOR beamline BL4U," the team found that, be-
fore application of the MAI treatment (reaction with
CH3NH;l), the Pbl, in contact with NiO nanocrystals
undergoes a reaction to form PbO (Fig. 1). What
eventually surrounds NiO nanocrystals after the MAI
treatment is MAPDbI3.,;05 rather than MAPDI;. A the-
oretical calculation indicated further that there is a
smaller barrier to hole transport at NiO/MAPblI; ;505
than that at NiO/MAPbls. As holes generated by sun-
light can be transported more efficiently through the
NiO surface, it becomes clear how a nanostructured
NiO film can raise the PCE more than a smooth NiO
film.

The advantages of having a layer to transport holes
or electrons to facilitate the PCE was also reported by

(a)

SiN/NiO,/Pbl,

O K-edge, 532.1 eV

Junfa Zhu and his co-workers working on an organic
solar cell at beamline TLS 24A1.22 Employing X-ray
photoemission spectra, Zhu's team learned that the
addition of a calcium interlayer with a small work
function between the aluminum electrode and the
bulk heterojunction (BHJ) as in PCDTBT and APFO3
can help to improve their PCE. According to the ener-
gy shift found in core-level spectra and the secondary
electron cut-off displayed in valence-band spectra
(Fig. 2), Zhu's team found that the Ca interlayer
introduces an additional dipole moment at the elec-
trode-BHJ contacts. The resulting alignment of energy
levels between the active layer and the electrode
makes it easier (more difficult) to extract an electron
(hole) from BHJ, and eventually leads to increased J
and V,, but the insertion of a calcium interlayer does
not come free of problems. Metal diffusion and a
reactive interface were found to make the contacts ill
defined, hence to give a deviant performance of the
device.

In summary, improving the efficiency of extraction

of holes or electrons is a reasonable approach to
decrease the rate of recombination of electrons with
holes, but, although inserting a hole or electron trans-
port layer between cathode (anode) and an active
layer can achieve such a goal, more work must be
done, in particular on the roles of reactive interfaces.
The ability to probe electronic structures of materials
buried under electrodes makes synchrotron-based
soft X-ray microscopy and spectroscopy the tech-

(d) Pb N-edge, 654 eV
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Fig. 1: (a)-(b) Soft X-ray transmission microscope images and (c)-(d) p-area X-ray absorption spectra of a NiO nanocrystal embedded
in a Pbl; film. A normalized oxygen spectrum recorded from a Pb-rich area (red) has features distinct from those acquired from

area (blue) with less Pb. [Reproduced from Ref. 1]
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Fig. 2: Evolution of C 1s core-level spectra and secondary elec-
tron cut-off measured from a PCDTBT surface with varied
thickness of Ca or Al. The Ca and Al layer introduces
interfacial dipoles to result 0.9 and 0.5 eV energy shifts,
respectively. [Reproduced from Ref. 2]

TLS 09A2 U50 - Spectroscopy

niques of choice to provide valuable insight for issues
related to heterojunctions. (Reported by Der-Hsin
Wei)

This report features the work of Yao-Jane Hsu and her
collaborators published in Adv. Mater. Interfaces 3,
16000135 (2016), and the work of Junfa Zhu and his
collaborators published in ACS Appl. Mater. Interface
8 2125 (2016) and Phys. Chem. Chem. Phys. 18, 9446
(2016).

TLS 09A2 U50 - Spectroscopy

TLS 24A1 BM - (WR-SGM) XPS, UPS

o XPS, NEXAFS, UPS
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Highly Efficient n-Type Doping and Band Renor-
malization in Ti-Adsorbed Graphene

Using the concept of orbital hybridization engineering, scientists have now succeeded to
achieve highly efficient n-type doping in graphene.

G raphene consists of a single layer of carbon at-
oms arranged in a hexagonal two-dimensional
structure. Graphene is, thus, a one-atom thick layer of
the quasi-two- dimensional layered mineral graphite.
High-quality graphene is strong, light, nearly trans-
parent and an excellent conductor of heat and elec-
tricity.! These properties make graphene a favored
material for making electronic devices, and hence,
there is a lot of interest in making n-type and p-type
doped graphene.

However, this is easier said than done. This is mainly
because, to achieve doping, one needs to add specific
atoms to graphene and this can lead to unintentional
changes that degrade its physical and chemical prop-
erties. The goal is thus to find the best way to dope
graphene, and to simultaneously ensure that the
properties do not degrade, but rather improve, after
doping.
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In this article, we highlight the study done by Chia-
Hao Chen (NSRRC), Chung-Lin Wu (National Cheng
Kung University) et al., in which the attempt was
successful in achieving highly efficient n-type dop-
ing in epitaxial graphene.? The authors relied on

the concept of orbital hybridization to achieve their
goal of doping graphene. Orbital hybridization effec-
tively means that an adsorbed atom is chosen and
deposited in such a way that its electronic orbitals
have the best chance to strongly hybridize with C 2p,
orbitals which determine the electronic structure of
graphene. The authors chose to adsorb Ti atoms on
graphene as Ti is known to have a large cohesive en-
ergy, and while this can lead to clustering and aggre-
gation for high Ti coverages, the authors explored the
novel idea of extremely low Ti coverages to obtain
well isolated adatoms.

Fig. 1: Room temperature ARPES mea-
surements on graphene with
Ti adatoms, using synchrotron
radiation of photon energy hv =52
eV. (a) Band structure of Ti-doped
graphene for 0, 1/700, 1/350 and
1/235 ML coverages, measured
along the K-T direction and in the
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They carried out very accurate low coverage studies
of 1/700 monolayer (ML), 1/350 ML and 1/235 ML of
Ti adsorbed on graphene, after a careful calibration
of the rate of deposition as shown in Fig 1(c). The au-
thors then carried out angle-resolved photoemission
spectroscopy (ARPES) of the pristine and Ti-adsorbed
graphene samples. ARPES is a versatile technique
which provides the electronic band dispersions of a
material and is well suited for studying the electronic
structure of two-dimensional materials. Figure 1(a)
shows the results of ARPES measurements carried out
on pristine and Ti-adsorbed graphene for different
coverages. The main results that can be understood
from the data are:

(i) The so-called Dirac point (labeled Ep in Fig. 1(a),
and which is well known for the band dispersions
of graphene) could be observed and confirms the
high quality of the samples. The Dirac point does
not shift upon Ti deposition: its energy is 360
meV for pristine graphene (0 s); it stays constant
at 360 meV for 30 s and 60 s of Ti deposition,
corresponding to 1/700 ML and 1/350 ML cov-
erage, respectively. It shows a very small shift to
350 meV after 90 s of Ti deposition, which cor-
responds to 1/235 ML of Ti coverage. This result
indicates that the Fermi level does not shift with
Ti coverage.

(ii) The authors could estimate that the density of
charge carriers increases from 3.5 x 10'2 cm~ to
6.0 x 102 cm2 for Ti coverages from 0 to 1/235
ML.

(iii) Most interestingly, the band dispersions get
renormalized and the Dirac velocity V), of the
valence-band electrons changes systematically, as
shown in Fig 1(b).

From further analysis of the data, the authors ob-
tained an experimental estimate of the effective
charge transfer, Apri e = (0.45 £0.05) electrons per Ti
adatom. The charge transfer Apri e is the amount of
charge transferred from Ti to graphene, and its value
is significantly larger than previously reported values
for transition-metal adatoms (Ti: 0.08-0.17 electrons
per adatom, Fe: 0.017-0.040 electrons per adatom, Pt:
0.014-0.021 electrons per adatom).? In order to un-

derstand the changes observed in the ARPES results,
the authors performed first-principles calculations
based on density functional theory for a Ti adatom on
graphene and a 4 x 4 supercell. From the results, the
authors confirmed that the Ti 3d,? orbital was strong-
ly hybridized with the C 2p, orbital of graphene, lead-
ing to a large transfer of electrons from Ti adatoms to
graphene. While the calculated charge transfer was
found to be Apri=1.1-1.2 electrons per Ti adatom
at low coverages, and is larger than the experimen-
tal value (Apriexp = 0.45 electrons per Ti adatom), it
was attributed to the large cohesive energy of Ti on
graphene that can lead to formation of three-dimen-
sional Tiislands.? The authors also found that Ti 3d,,
and 3d,%-,? orbitals contributed with a minor trans-
fer of electronic charge. These results indicate the
importance of orbital-hybridization engineering for
tuning the carrier concentration and band renormal-
ization using very low adsorption coverages of transi-
tion-metal atoms on graphene. (Reported by Ashish
Chainani).

This report features the work of Chia-Hao Chen,
Chung-Lin Wu and their co-workers published in Car-
bon 109, 300 (2016).
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