GaN microrods on graphene
substrates enable bendable
optoelectronics devices

4 CB endy” light-emitting diode (LED)

displays and solar cells crafted
with inorganic compound semiconductor
microrods are moving one step closer to
reality, thanks to graphene and the work
of a team of researchers at Seoul National
University (SNU).

While most flexible electronics and
optoelectronics devices are fabricated
using organic materials, inorganic com-
pound semiconductors such as GaN can
provide further advantages, including su-
perior optical, electrical, and mechanical
properties. One major obstacle to their
use, however, is the difficulty of growing
them on flexible substrates.

In the September issue of APL
Materials (DOI: 10.1063/1.4894780),
Gyu-Chul Yi and colleagues describe
their work growing GaN microrods on
graphene to create transferable LEDs and
enable the fabrication of bendable and
stretchable devices.

“GaN microstructures and nanostruc-
tures are garnering attention within the
research community as light-emitting de-
vices because of their variable-color light
emission and high-density integration
properties,” says Yi. “When combined
with graphene substrates, these micro-
structures also show excellent tolerance

for mechanical
deformation.”
Ultrathin graph-
ene films con-
sist of weakly
bonded layers of
hexagonally ar-
ranged carbon at-
oms held together
by strong cova-
lent bonds. This
makes graphene
an ideal substrate
“because it pro-
vides the desired
flexibility with
excellent mechani-
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Rendering of the microrod growth process. Credit: Seoul National University.

cal strength—and

it’s also chemi-

cally and physi-

cally stable at temperatures in excess
of 1000°C,” says Yi.

For the GaN microrod growth,
the very stable and inactive surface
of graphene offers a small number of
nucleation sites for GaN growth, which
would enhance three-dimensional island
growth of GaN microrods on graphene.
The team uses a catalyst-free metal—
organic chemical vapor deposition
(MOCVD) process.

“Among the technique’s key criteria,
it’s necessary to maintain high crystal-
linity, control over doping, formation
of heterostructures and quantum struc-
tures, and vertically aligned growth

onto underlying substrates,” Yi says.

When the team put the microrod
LEDs to the test, they found that “the
resulting flexible LEDs showed intense
electroluminescence (EL) and were reli-
able—there was no significant degrada-
tion in optical performance after 1000
bending cycles,” says Kunook Chung,
the article’s lead author and graduate
student at SNU.

“By taking advantage of larger-sized
graphene films, hybrid heterostructures
can be used to fabricate various elec-
tronics and optoelectronics devices such
as flexible and wearable LED displays
for commercial use,” says Yi.

Hybrid device functions as
self-recovering electrochromic
window and self-charging battery

mart windows are finding many uses

in architectural and vehicle applica-
tions. Their ability to reversibly switch
from transparent to opaque provides im-
portant functionality, like reducing solar
heat gain and glare, without sacrificing
the benefits of broad views and natural
lighting. However, one practical chal-
lenge for using them in buildings is the
need for an external bias voltage, which
means that electricians must run extra

electrical wiring, increasing installation
and maintenance costs. Now, X.W. Sun
and colleagues at Nanyang Technological
University and Shanghai Second
Polytechnic University have developed
a hybrid device that functions as a spon-
taneously reversible electrochromic win-
dow that does not need an external bias,
and also as a self-recharging battery. They
reported their results in the September 23
issue of Nature Communications (DOI:
10.1038/ncomms5921).

The widespread use of smart win-
dows in buildings could save large
amounts of energy, particularly in heat-
dominated climates through reduced air
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conditioning. While their market pen-
etration today is small, a recent analy-
sis by IDTechEx predicts that the smart
glass market will grow to $700 million
over the next 10 years. The most ma-
ture smart window technology uses the
electrochromic properties of thin-film
tungsten oxide (WOj;), which is normal-
ly transparent. Under an external bias,
charge-balancing ions (typically Li*
from a nickel oxide counter electrode)
are intercalated into the film, increas-
ing the optical density and making the
film opaque. In pursuit of lower costs,
researchers have looked to other mate-
rials that display electrochromism. One
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notable candidate is Prussian Blue (iron
hexacyanoferrate, or PB), whose distinc-
tive color is due to intervalence charge
transfer between Fe(II) and Fe(I1I), which
makes thin PB films opaque. By selec-
tively reducing the Fe(III) this mecha-
nism is eliminated, and the thin film is
bleached to a transparent state. The opac-
ity can be recovered through oxidation.
The Nanyang team noted that the
oxidation process to recover PB from
a bleached state can occur spontane-
ously in an aqueous solution that con-
tains dissolved oxygen. This led them
to investigate the possibility of a self-
recovering electrochromic device. Sun
notes that “Prussian Blue is quite unique:
it is one of the artificial pigments, and it
can form a battery in its reducing and
oxidation processes, so we realized
it has a lot of potential.” The key step
was to identify a counter electrode that
could easily lose electrons to PB. After
some experimentation, the researchers
selected aluminum, constructing a de-
vice based on electrodeposition of a PB
film on indium-tin-oxide-coated glass,
an aluminum counter electrode (only
covering a small fraction of the device

to avoid obstructing the light), and 3
mol/l KCI aqueous electrolyte. The de-
vice can be bleached to transparency by
connecting the electrodes and reducing
the Fe(III), which occurs over several
tens of seconds and shows a maximum
optical transparency change of 52.2% for
red light (670 nm wavelength). When the
electrodes are disconnected, the device
spontaneously returns to opaque as the
iron is oxidized by oxygen dissolved in
the electrolyte. This occurs much more
slowly; transparency is reduced by
38.5% after two hours. By applyinga2 V
external bias, the researchers were able
to significantly accelerate this transi-
tion, demonstrating 10-s cycling through
+/—10% changes in transparency.

In addition to the electrochromic
behavior, the researchers note that the
device also functions as a “self-recover-
able” battery, with an open-circuit volt-
age of 1.26 V. During the electrochromic
bleaching process the battery is discharg-
ing, with a measured discharge capacity
of 63.6 mAh/g at —2 V for 30 s. The bat-
tery then spontaneously recovers dur-
ing the electrochromic recovery process;
after 24 hours the battery discharges at

61.9% of the original capacity. The spon-
taneous cycling behavior of the device—
considered as either an electrochromic

window or a battery—is accompanied by
the formation of AI(OH), precipitate in
the electrolyte, gradually consuming the
Al electrode. However, the researchers
note that the rate at which this occurs is
negligible, and is unlikely to limit the
device performance.

Sebastien Lounis of Lawrence
Berkeley National Laboratory agrees
that the need for an external bias is a sig-
nificant problem for the market deploy-
ment of smart windows: “With current
electrochromic technology, you’re look-
ing at involving both carpenters and elec-
tricians for installation, which creates a
major headache for the builder and drives
up costs.” A bias-free electrochromic win-
dow could therefore help accelerate the
technology into much wider use.

Prussian Blue has captivated artists
and scientists since it was discovered
over 300 years ago, and it is now used
in everything from art to medicine to ma-
chining. But given these results, it may
still have surprises in store.

Colin McCormick

Giant spin-splitting revealed on
SrTiO; surface

Conventional electronics is based
on semiconductor materials such
as silicon, germanium, or gallium ar-
senide, which are increasingly reach-
ing their performance limits. One key
approach to make these electronic
devices faster and more efficient is
spintronics, which requires new ma-
terials. Scientists have had their sights
on oxides such as strontium titanate
(SrTiO;) as an alternative to the well-
established semiconductors. A thin
conductive layer forms on the pure
surface of SrTiO;—a two-dimension-
al electron gas (2DEG), where elec-
trons can virtually move freely, like
gas particles. Milan Radovi¢ and his
colleague Nicholas Plumb at Paul
Scherrer Institute have now measured

the properties of the electrons in this
2DEG, providing the clearest descrip-
tion of the electronic structure of the
metallic surface state on SrTiO; to
date. It is characterized by a band
structure, which can be imagined as
a multilane motorway for electrons.
On each lane, the electrons possess
certain properties, such as a specific
spin direction or certain energy levels.

To study the spin of the 2D electrons
in more detail, spin and angular-reso-
lution photoemission measurements
(SARPES) were performed with col-
leagues from EPFL Switzerland and
CSNSM, Université Paris-Sud, France.
The results showed that these 2D elec-
trons are located in two subbands and
that the majority of the electron spins
are aligned parallel to the surface in
both bands. In one band, however,
their orientation rotates clockwise, in
the other counterclockwise.
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While the researchers had expected
this helical spin structure, they were sur-
prised to find two separate subbands with
spins oriented in opposing directions.
They were also surprised to find that a
relatively large amount of energy (100
meV) is required to allow the electron
transition from one band to the other.
The researchers refer to a sizeable band-
gap, which is around 10 times larger than
in other known systems up to now.

So far, however, this effect has only
been observed under ultrahigh vacuum
conditions. Whether it can be achieved
on the same scale under practical condi-
tions remains to be seen.

The scientists published their re-
sults in the August 18 issue of Physical
Review Letters (DOI: 10.1103/
PhysRevLett.113.086801) and the
October 12 issue of Nature Materials
(DOLI: 10.1038/NMAT4107).

Uta Deffke
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