


Bifunctional heterostructure assembly of NiFe LDH
nanosheets on NiCoP nanowires for highly efficient and

stable overall water splitting

Haojie Zhang', Xiaopeng Li?, Angelika Hahnel®, Volker Naumann®, Chao Lin?, Sara Azimi®, Stefan L.
Schweizer’', A. Wouter Maijenburg®, Ralf B. Wehrspohn' 3

" Institute of Physics, Martin Luther University Halle-Wittenberg, Heinrich Damerow Str. 4, 06120 Halle

(Salle), Germany.

2 CAS Key Laboratory of Low-Carbon Conversion Science and Engineering, Shanghai Advanced Research
Institute, Chinses Academic of Science (SARI-CAS), No. 100 Haike Road, 201210 Shanghai, China.
3 Fraunhofer Institute for Microstructure of Materials and Systems (IMWS), Walter-Htilse-Str. 1, 06120 Halle

(Salle), Germany.

4 Fraunhofer-Center for Silicon Photovoltaics (CSP), Otto-EiRfeldt-StraBe 12, 06120 Halle (Saale), Ger-

many.

5 Max Planck Institute of Microstructure Physics, Weinbergweg 2, 06120 Halle (Saale), Germany.
6 ZIK SiLi-nano, Martin Luther University Halle-Wittenberg, Karl-Freiherr-von-Fritsch-Str. 3, 06120 Halle

(Salle), Germany.

3D hierarchical heterostructure NiFe
LDH@NIiCoP/NF electrodes are prepared suc-
cessfully on nickel foam with special interface
engineering and synergistic effects. The as pre-
pared electrodes require an overpotential as low
as 120 and 220 mV to deliver 10 mA cm? for hy-
drogen evolution reaction (HER) and oxygen
evolution reaction (OER) in 1 M KOH, respec-
tively. Specifically, the NiFe LDH@NiCoP/NF
electrodes are simultaneously used as cathode
and anode for overall water splitting, which re-
quires a cell voltage of 1.57 V at 10 mA cm™. Fur-
thermore, the synergistic effect of the hetero-
structure improves the structural stability for
HER, OER and overall water splitting.

The NiFe LDH@NiICoP/NF electrodes were pre-
pared by a simple three-step hydrothermal-phos-
phorization-hydrothermal (HPH) method according
to previous reports.[1,2] The schematic diagram in
Fig. 1 illustrated the processes used for the prepa-
ration of the hierarchical heterostructure NiFe
LDH@NIiCoP supported on Nickel foam (NF). NF
was used as a 3D porous binder-free substrate
which provided sufficient mechanical strength and
conductivity.

The X-ray diffraction spectrum (XRD) of the as-pre-
pared NiFe LDH@NiICoP/NF is shown in Fig. 2(a),
together with the bare NF, NiCoP, and NiFe LDH/NF
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Fig. 1: Schematic representation of the synthesis of
3D hierarchical NiFe LDH@NiICoP/NF electrodes.

as references, for interpreting the structure infor-
mation. From the pattern of NiFe LDH@NiCoP/NF,
the peaks located a 26 = 44.5°, 51.9° and 76.37°
can be assigned to the (111), (200) and (220) planes
of Ni, respectively (PDF #04-0850), and the peaks
at 206 =40.9°, 45.6°, and 54.4° well matched with the
(111), (210) and (300) planes of NiCoP, respectively
(PDF #71-2336), while the peaks at 26 = 11.7°,
23.2°, 33.2°, 38.7° and 61.3° coincided very well
with the (003), (006, (101), (015) and (113) planes
of the NiFe LDH, respectively, as observed by NiFe
LDH/NF and NiCoP/NF as well.[2, 3] As displayed
in Fig. 2(b), the scanning electron microcopy (SEM)
shows the NiCoP nanowire was enfolded with the
ultrathin NiFe LDH nanosheets. Transmission elec-
tron microscopy (TEM) was used to further investi-
gate the morphology as well as the interfaces be-
tween the NiCoP nanowires and NiFe LDH
nanosheets. As shown in Fig. 2(c), the NiFe LDH



nanosheets is growing around the NiCoP nanowire,
achieving the heterstructure with special interface
engineering and synergistic effects.
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Fig. 2: (a) XRD spectra of the bare NF, NiCoP/NF,
NiFe LDH@NIiCoP/NF and NiFe LDH/NF; (b) SEM
image of the as-synthesized NiFe LDH@NiCoP/NF
nanowires, where the inset shows a high resolution
image of the NiFe LDH@NiCoP nanowires; (c) TEM
image of a NiFe LDH@NIiCoP nanowire;

The electrocatalytic hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) perfor-
mance of the NiFe LDH@NiCoP/NF heterostructure
were examined in 1 M KOH using a typical three-
electrode configuration with Ag/AgCl (3 M KCI) and
Pt wire as reference and counter electrode, respec-
tively. For comparison, bare NF, NiCoP/NF, NiFe
LDH/NF and 20 wt% Pt/C supported on bare NF
with the same catalyst loading (denoted as Pt/C/NF)
were also tested under the same conditions. As
shown in Fig. 3(a), the as-prepared NiFe
LDH@NIiCoP/NF heterostructure possessed an ex-
cellent HER activity. The overpotential required for j
=-10 mA/cm? is as low as 120 mV without iR com-
pensation. The significant improvement of the HER
activity originated from the strong interaction and ef-
ficient synergy between the NiCoP nanowires and
NiFe LDH ultrathin nanosheets. Fig. 3(b) shows the
polarization curve of the NiFe LDH@NiCoP/NF
without iR compensation. The NiFe
LDH@NICoP/NF electrode exhibited a low overpo-
tential of 220 mV at a current density of 10 mA/cm?.
According to the results discussed above, the NiFe
LDH@NICoP/NF electrode can serve as an efficient
and robust electrocatalyst for HER and OER. There-
fore, we also used the NiFe LDH@NiCoP/NF elec-
trodes simultaneously as anode and cathode for
overall water splitting as shown in Fig. 3(d). Remark-
ably, a current density of 10 mA/cm? can be
achieved with an overpotential as low as 340 mV
(calculated from the cell voltage of 1.57 V). The as
prepared NiFe LDH@NiICoP/NF performances an
excellent stability for a least 100 h (Fig. 3(d)).

In summary, a binder-free bifunctional 3D hierar-
chical heterostructure electrode consisting of NiFe

(a) 0 fb) 350
—— NiFe LDH@NICOP/NF \ —— NiFe LDH@NICOPINF
E ——— NiFe LDHINF "E“““ ——NiFe LDHINF
E 0] —nicopine H —— NiCoPINF
< ——BareNF I 250 —BareNF
T —— PuCINF £
> >0
] ]
% 0 g 150
o ]
- -
£ £ 100
o e
£ 0 £
H H]
(3] o
-100 T T T T T T °
07 06 05 04 03 02 -01 00 12 13 14 15 16 17 18 19 20 21 22 23
(d) v (vs. Ag/AgCl) (e ) V (vs. RHE)
10
€ ——Bare NF
5 120{ ——NiCoPINF 18
< ——NiFe LDHNF s NiFe LDH@NICOPINF
£1901 —NiFe LDH@NICOPINF
£ He St
B 3
2 =
g e § 14
£ 8
S 4
£ 12
S 2
o
0 = 1.0
12 14 16 18 20 10 20 30 40 50 6 70 80 90 100
Potential (V) Time (h)

Fig. 3: (a-c) Polarization curve of as-prepared elec-
trocatalysts for HER, OER and overall water splitting,
respectively; (d) Long-term stability test of the NiFe
LDH@NICoP/NF for overall water splitting recorded
at a current density of 10 mA/cm? for 100 h.

LDH@NIiCoP nanowires on a NF has been success-
fully prepared through a simple three-step HPH
method for efficient overall water splitting. This het-
erostructure can fully utilize the advantage of both
components and therefore generate a bifunctional
and outstanding electrocatalyst for overall water
splitting.
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The luminescence enhancement of Ge(Si) quan-
tum dots which are embedded in silicon Mie-res-
onators is experimentally and theoretically in-
vestigated. While single resonators show a 2-
fold enhancement, trimers exhibiting collective
Mie resonances demonstrate an up to 10 fold in-
crease in detected emission. This is due to ares-
onantly increased spontaneous emission rate
(Purcell effect) and an improved out-coupling of
radiation due to the Mie resonator.

Active optical nanoantennas have been recently
suggested to enhance and control the spontaneous
emission by the resonant coupling of radiation from
the emitter to the localized modes of the nanoan-
tenna. Metallic nanostructures are usually consid-
ered as preferred systems as their surface plasmon
resonant modes offer a strong field enhancement
(and with this a strong coupling to emitters) at their
surface as well as highly effective scattering proper-
ties. However despite the huge progress in this area,
plasmonic systems have their intrinsic drawbacks
such as high ohmic losses, which can quench spon-
taneous emission limiting their potential applications.
Recently therefore resonant all-dielectric photonic
nanostructures based on high refractive index ma-
terials gained considerable interest. For particle
sizes on the order of the wavelength (Lo/n) they ex-
hibit Mie-resonances which concentrate a large part
of the mode field inside the ideally non-absorbing,
dielectric resonator structure. For emitters embed-
ded in these Mie-resonators, they form therefore an
interesting alternative to enhance the luminescence
avoiding the intrinsic ohmic losses of plasmonic
structures.

We have studied the luminescence enhancement of
Ge(Si) quantum dots which are grown via molecular

beam epitaxy (MBE) on SOl-substrates. Subse-
quently cylindrical Mie-resonators with a fixed height
of 500nm and varying diameter (in the range 280-
660nm) were created by reactive ion etching or fo-
cused ion beam milling. In this way silicon Mie-res-
onators were formed on silicon oxide pedestals con-
taining 5 layers of Ge(Si) quantum dots in their up-
per part (Fig. 1).
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Fig.. 1: Silicon Mie resonator on oxide pedestal fabricated
by FIB containing 5 layers of MBE-grown Ge(Si) quantum
dots

Photoluminescence measurements showed, that
the detected quantum dot emission is enhanced by
up to a factor of 2 in the spectral regions of the Mie-
resonances (Fig. 2). For small sized Mie-resonators
the magnetic and electric dipole resonances of the
resonators influence the luminescence in the near
IR telecom range. For larger diameters also higher
order quadrupole or octupole resonances have an
impact. The luminescence enhancement was also
modelled using finite-element COMSOL simulations



by placing a small dipole source inside the Mie-res-
onator. From this a strong dependence of the emis-
sion on the location of the emitter within the Mie-res-
onator could be concluded resulting in maximum lu-
minescence when place and orientation of the emit-
ter match with the local field maxima and local po-
larisation of the Mie-mode.
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Fig. 2 Mapping of the photoluminescence spectra for Mie-
resonators of different diameter. The spectral ranges of
high luminescence intensity (red areas) follow the simu-
lated Mie-resonances (black symbols).

However the interpretation of the observed lumines-
cence enhancement due to the Mie-resonances has
to be done with caution. On one hand the increased
local density of photonic states in the resonator will
lead to the Purcell-effect enhancing the spontane-
ous emission rate. In competition with non-radiative
processes this yields a higher radiative efficiency
since more charge carriers recombine radiatively.
On the other hand increased upward scattering due
to the far field radiation pattern of the Mie-reso-
nances leads to an upward redirection of lumines-
cence resulting in increased luminescence detec-
tion. From the theoretical modelling a 1.5 times lu-
minescence enhancement due to the Purcell-effect
can be expected leaving a 1.3 fold increase in radi-
ation out-coupling.

To further enhance the luminescence especially due
to the Purcell effect, the Q-factor of the Mie-reso-
nances has to be increased, allowing a more inten-
sive interaction of the radiation field with its emitter.

This can be achieved by creating collective Mie-res-
onances in resonator arrays. Specifically a trimer of
three closely spaced cylindrical Mie-resonators was
studied (Fig. 3). The observed luminescence was
enhanced by up to a factor of 10 in the spectral
range of longitudinal and transverse collective elec-
tric dipole resonances. The increased Q-factor is
due to reduced radiative scattering losses caused
by a partial cancellation of the far field radiation from
the cylinder array. The reason for this is the oscilla-
tion of the individual electric dipoles with partly op-
posite phase.
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Fig. 3 Luminescence enhancement in a Mie-resonant tri-
mer. Left: Experimentally observed enhanced emission in
comparison to the former single disc and unstructured
emission. Right: Modelling of the electric energy inside the
resonator demonstrating the resonant enhancement due
to the collective electric and magnetic dipole resonances.

In the future a wider variety of resonator arrays will
be tested to improve the Q-factor and luminescence
enhancement paving the way to nanostructured
Mie-resonant light sources for photonic circuits.
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A periodic arrangement of chains of gold discs
shows pronounced plasmonic grating reso-
nances. These have a clear impact on the en-
hancement of the SERS-signal from molecules
which form self assembled monolayers on the
gold surface: The SERS-spectra show a maxi-
mum when the excitation laser wavelength
matches the plasmonic grating resonance. This
allows to optimize the nanostructure of effective
SERS-substrates for future applications.

Raman spectroscopy is used nowadays as a wide

spread technique for material and chemical analysis.

Although the efficiency of the inelastic Raman-Scat-
tering process is very low, it can be enhanced for
molecules adsorbed at noble metal surfaces. This
Surface Enhanced Raman Scattering (SERS)
gained a lot of interest in the last decades since the
sensitivity of the detection is vastly increased. The
majour reason for this is the enhanced local electric
field of the light wave at tips or grooves of the metal
surface. These local light fields can rise even further
when a plasmonic resonance is excited. Here we re-
port on the increase of SERS-signals from mole-
cules attached to gold disc arrays where near field
enhancement and resonanct far field enhancement
work hand in hand.

The investigated structures consist of chains of
60nm high gold discs with a diameter of 65nm. The
centre-to-centre distance of the nearest neighbour
discs within the same chain is 125nm resulting in a
gap of ca. 60nm between neighbouring discs. The
period of the chains was varied in 20nm steps rang-
ing from 420nm to 520nm (Fig.1). These disc arrays
were fabricated on glass substrates applying elec-
tron beam lithography, gold evaporation (including a
previously deposited 5nm Cr layer for better adhe-
sion) and a final lift-off process.

When an incident light wave polarised along the
chains is simulated with the finite element software
COMSOL a clear enhancement of the local electric

field between the neighbouring discs of the same
chain is observed — the so called “Hot spots” form.

Fig.. 1: SEM-image of an investigated structure showing
the periodic arrangement of chains of gold discs on glass.

These are especially pronounced when a plasmon
grating resonance occurs: When the incident wave-
length roughly matches the period between the
chains (1=n*a, where n is the refractive index sur-
rounding the discs), the scattering fields from the
discs of the neighbouring chain arrive in-phase with
the primary incident light wave. In this way the elec-
tric field driving the electron oscillation in the discs
is enhanced leading to an increased near field as
well as enhanced scattering and absorption (see in-
set of Fig. 1). In a transmission measurement the
plasmon grating resonance therefore appears as a
dip on the long wavelength side of the local single
particle resonance of the discs. Varying the period a
between the chains from 420nm to 520nm allows to
tune the wavelength of the plasmonic grating reso-
nance from about 740nm to 830nm (Fig. 2).

The increased field enhancement due to the plas-
monic grating resonance is of special interest for
SERS measurements and the impact of this field en-
hancement on the Raman-Spectra of 4-methylben-
zenethiol (4-MBT) was therefore investigated. Due



to the thiol group the 4-MBT-molecules bind directly
to the gold discs and form a self assembled mono-
layer.
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Fig. 2: Shift of plasmonic grating resonance with period
between the chains. For a period of around 460 to 480nm
the plasmonic grating resonance appears at the Raman
excitation laser wavelength of 785nm.

Prior experiments already showed that the SERS-
intensity strongly depends on the polarisation of the
incident laser. The near field enhancement between
the neighbouring discs of the same chain as well as
the far field enhancement between the chains only
works for light polarisaton along the chains. This al-
ready proved that the SERS signal mainly stems
from the described hot spots between the discs. Fur-
thermore the SERS intensity of the characteristic 4-
MBT peak at 1070cm™" also varies with the period
between the chains (Fig. 3). It becomes maximum
when the period is about 480nm and decreases for
smaller and larger periods.
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Fig.3: Impact of chain period on SERS measurements.

The intensity of the 4-MBT SERS-peak at 1070cm™" var-

ies with chain periodicity

An interesting comparison of the chain period with
the spectral position of the plasmonic grating reso-
nance (black scale) and the SERS-intensity of the

1070cm™ (blue scale) is shown in Fig.4. When the
plasmonic grating resonance (black curve) appears
at the Raman excitation laser wavelength of 785nm
the SERS-signal (blue curve) becomes maximum.
This is the case for a period of 480nm. This obser-
vation is in agreement with the expected maximum
field enhancement between neighbouring discs due
to the plasmonic grating resonance.
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Fig. 4: Comparison of the dependence of the plasmonic
grating resonance and the SERS intensity on the chain
period. The maximum SERS signal is obtained when the
grating resonance occurs at the Raman laser wavelength
of 785nm for a 480nm period.

However the maximum SERS intensity enhance-
ment might not have been reached yet. Finite ele-
ment simulations have shown that the local field en-
hancement is very sensitive to the exact period and
a 10nm deviation will already have a decisive impact
on it. Performing a finer tuning of the chain period
with step sizes of 10nm or 5nm might therefore re-
sults in a further increase of the observable SERS
signal.

These results demonstrate that the field enhance-
ment in nanostructured substrates can be engi-
neered effectively by combining near field superpo-
sition and far field interference effects paving the
way to the development of efficient SERS sub-
strates in the future.
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Elektrisch induzierte magnetische Anisotropie an
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Aus ultradiinnen epitaktischen Au/MgO/Fe-Tun-
nelbarrienen werden Kondensatorstukturen
prozessiert. An diesen wird durch Messung des
magnetooptischen Kerreffekts (MOKE) die
elektrisch induzierte magnetischen Oberfla-
chenanisotropie (VCMA) als Funktion von mag-
netischer Schichtdicke und Frequenz gemes-
sen.

Eisen-Keilproben mit kontinuierlich variierender
Filmdicke von 0 nm bis 1 nm wurden mittels thermi-
schen- und e-beam Verdampfen in einer Molekular-
strahlepitaxie (MBE) Kammer hergestellt. Der typi-
sche Schichtaufbau ist wie folgt: MgO(001) / 10
MgO / 10 Cr / 20 Au /0-1 Fe / 10 MgO / 32 Alz203
(Zahlen in nm). Dicke und Qualitat der Fe Keil-
schicht wurde mittels Reflection High Energy Elect-
ron Diffraction (RHEED) tuberwacht. RHEED-Oszil-
lationen und Beugungsbild lassen auf gutes epitak-
tisches Wachstum schlief3en.

Die Probe wurde durch Lithographieschritte struktu-
riert. Top-Elektroden aus 5 nm Au erlauben es
gleichzeitig MOKE-Signale zu messen und ein
elektrisches Feld an die Tunnelbarriere und damit
die Oberflacher der Fe-Schicht anzulegen (vgl.
Abb.1). Die Strukturierung der Proben erfolgt hierbei
mit Hilfe der Ar-lonen Trockenatzanlage im IZM. Die
Uberpriifung der Proben mittels Licht- und Raster-
elektronen-Mikroskopie (REM) zeigt sauber geéatzte
Strukturen frei von Redeposition. Legt man nun ein
elektrisches Feld an die Fe/MgO Grenzschicht an,
werden in den ersten 1-2 Atomlagen Fe Ladungs-
trager induziert [1,2]. Folglich erwartet man eine Mo-
difikation von K (bzw. Mefr). Um die E-Feld indu-
zierten Effekte quantifizieren zu kénnen, wurde im
Experiment die Abhangigkeit der Anderung der sta-
tischen polaren Kerr Elliptizitat An von einem elektri-

schen Feld, fir verschiedene Filmdicken, gemes-
sen. Der Schichtaufbau der Proben ist in Abb. 1 ge-
zeigt.
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Abb. 1: (a) Experimenteller Aufbau. Die Kondensa-
torstrukturen werden aus dem Schichtstapel per
Trockenétzen prépariert. (b) Messprinzip.

Im Experiment wird entweder statisch (Abb. 2a)
oder mittels Lock-in-Verstarkung (siehe Abb.3) ge-
messen, wobei die Anderung der Kerr-Ellipzitat An
bei Modulation des elektrischen Feldes zwischen
0 V und 10 V variiert wird. Das externe Magnetfeld
wird entlang der Probennormalen durchgefahren,
siehe Abb. 1.

Die Arbeit, die man beim Magnetisieren entlang der
Probennormalen verrichtet, ist gegeben durch:

M
Ker = — 1o 1= ;" Hamdn

Unter der Bedingung, dass sich ns nicht mit der
Spannung andert, kann man fiir die Differenz in der
Magnetisierungsarbeit und ohne angelegtes elektri-
sches Feld schreiben:

AKegs = — _u(::s J,S(H* —H™)dn



Somit Iasst sich die spannungsabhangige Anderung
der Magnetisierungsarbeit AK.¢ quantitativ bestim-
men.

gate voltage:

—-30V
—+30V

MOKE (mdeg)
o
T

1 I 1 1 1

1 1 ' 1 1 I
-60 —-40 -20 0 20 40 60

Field (mT)
_I L I_ w 1 T T
_ 1o Py S 5.0 .
£ [ Gegy =5
> B LN ] c o | o CJ o ©
g:_ 14 I 0..0.. ] g'g 4.81e o0s® #
5 | %% | T©= %" o
X (b)) N *Ledel 2 46l(c) ° A
_18 ©
[ IR PR | 75} PR BT |
-40 0 40 -40 0 40

Gate voltage (V) Gate voltage (V)

Abb. 2: (a) E-Feld induzierte Anderung der Magne-
tisierungskurve fiir eine 0.4 nm dicke Fe-Schicht. (b)
Anderung der Magnetisierungsarbeit als Funktion
der Gate-Spannung. (c) MOKE —Effekt als Funktion
der Gate-Spannung.

Es besteht ein Zusammenhang zwischen der Ande-
rung der Magnetisierungsarbeit und der Anderung
der Oberflachenanisotropie. Will man das Ummag-
netisierungsverhalten eines ultradiinnen Fe Filmes,
mit magnetisch leichter Achse in der Ebene, be-
schreiben, reicht es aus einen uniaxialen Oberfla-
chenbeitrag K{ und die Formanisotropie zu beriick-
sichtigen. Somit kann man schreiben:

Kegr = %qug - Ky
Eine Anderung der Magnetisierungsarbeit ent-
spricht also direkt einer Anderung der uniaxialen
Anisotropiekonstante: AK ¢ = AKg.
Der VCMA Koeffizient ¢ beschreibt die Effizienz mit
der sich die magnetische Ansisotropie beim Anle-
gen der Gate-Spannung andert. In Abb.3c wurde
dies als Funktion der Fe-Dicke untersucht. Ubera-
schenderweise gibt es eine deutliche Abweichung
von der Erwartung aus dem Neél-Modell, die ver-
mutlich durch partielle Abschirmung des E-Felds
durch Au-Atome an der Oberflache des Fe-Films er-
klart werden kann.
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Abb. 3: Dickenabhéngige spannungsinduzierte An-
derung (a) der Magnetisierungskurven (b) Magneti-
sierungsarbeit und (c) des VCMA-Koeffizienten.

Daruber hinaus wurde der VCMA-Effekt als Funk-
tion der Frequenz der angelegten elektrischen
Spannung gemessen. So konnten die Zeitskalen
der verschiedenen VCMA-Beitrage identifiziert wer-
den: f> 500 Hz (elektronischer VCMA), 2. f < 30 Hz
( Beitrag von lonen-Transport/Elektrochemie) und 3.
f <1 Hz (Charge Trapping im Dielektrikum).

[1] Tsujikawa: Phys. Rev. Lett. 102, 247203 (2009)
[2]: Nakmura: Phys. Rev. Lett. 102, 187201 (2009)

Die Untersuchungen wurden als Teil des Pro-
jektes ,,Electric Control of Magnetization Dyna-
mics“ durchgefiihrt. Diese wird durch den Euro-
paischen Forschungsrat (ERC) im Rahmen von
ERC starting grant no. 280048 geférdert.

Relevante Veréffentlichungen 2018 im Rahmen des
Projekts/der Zusammenarbeit:

M. Ribow, L. Brandt, and G. Woltersdorf, eingereicht bei
Phys. Rev. Lett. (2017)
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Characterization of porous materials is one re-
search topic of the positron annihilation life-
time technique. By using positron annihilation
lifetime spectroscopy (PALS), determination of
the pore size and pore size distribution are per-
formed. We cooperate with many researchers
in the field of porous materials, who prepare
materials with very interesting characteristics.
As a result of our collaboration with the group
of Prof. Holdt, Potsdam University, we are
characterizing very interesting materials: Metal-
Organic-Frameworks (MOFs) which are used in
different applications. We studied different
members of this material class but only one
example is discussed in this report.

MOFs have been studied extensively during the
past two decades due to structure-orientated appli-
cations, such as gas storage and separation, lumi-
nescence, catalysis, sensing, and drug release [1-
3]. However, the predicted surface area estimated
by crystallographic measurements is mismatched
with the experimentally measured surface area
from porosity for many MOFs [4]. The underestima-
tion of the expected textural properties was as-
cribed to many processes like interpenetration,
pore collapse, and incomplete guest removal.

The explanation of such a failure requires a meth-
od of porosimetry valid for open and collapsed
(closed) pores and defects. PXRD can be used to
study the purity of MOFs but it is not suitable for
disorder or defect detection. On the other hand,
gas sorption is well suited for accessible internal
surface area analysis but it has mass transfer limi-
tations and it cannot probe closed pores [2]. By
correlating the o-Ps (parallel spins of positron and
electron) lifetime to the pore size (diameter) using
the extended Tao-Eldrup model [5], PALS can be
used as a tool of porosimetry of open and buried
pores and can be used for in-situ measurements at
different temperatures and pressures. Additionally,
it is suitable for tracing the material changes due to

pore blocking, pore-surface densification, pore col-
lapse, and defects in the porous building blocks.
Therefore, PALS is used to figure out the reasons
for the discrepancies between PXRD and sorption
methods. IFP-6 (IFP=imidazolate framework Pots-
dam) is used as an example to reconcile these dis-
crepancies.

It was expected that gas uptake of IFP-6 should be
comparable or higher than gas uptake of IFP-1 be-
cause of its larger pore aperture and void volume.
Surprisingly, N., H., and CH. cannot be adsorbed
by IFP-6 at various temperatures and 1 bar (table
1), although the kinetic diameter of the gases is
smaller than the effective pore window size (0.52
nm). Compared with IFP-1, a low amount of CO2
adsorbed by IFP-6 and a broad desorption hyste-
resis were observed (table 1). IFP-6 maintained
crystallinity after high-pressure gas uptake (fig. 1),
whereas at least part of the IFP-6 framework broke
down during the activation process to create an in-
stability of the surface. Fractions, which turn amor-
phous, are not detectable by PXRD. It was as-
sumed that a partial deterioration of the material
and closing of the 1D-channel pores was pro-
duced. Thus, the diffusion of gas molecules at at-
mospheric pressure is restricted whereas at ele-
vated pressure, gas molecules are compelled to
diffuse into the pores.

X

Table 1: Gas sorption data (in cm3g™") of IFP-6 in com-
parison with IFP-1

IFP-6 IFP-1
Pore diameter (nm) 0.52 0.42
N2 (77K) 0 224.6
CO2(298K) 22.4 48
CO2(273K) 39.4 156.9
CO2 (195K) 51.7 -
CH4 (273K) 4.2 21.4
Hz (77K) 1.1 168.1




The PALS method can provide evidence for the
presence of inner pores in solvent-free IFP-6, alt-
hough the pores probably are blocked by amor-
phous phases. The effect of activation on the

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 50
20 (degree)
Fig. 1: PXRD patterns of IFP-6: a) simulated, b) as-

synthesized, c) activated, d) after gas uptake of CO; and
CHa.

pore sizes is shown in fig. 2.a. The determined

pore size of IFP-6 from 13 has a constant value af-
ter solvent removal. From the CO. adsorption iso-
therm at 273 K for IF P-6, the pore size was dis-
tributed from 0.4 to 1.0 nm by using nonlocal (NL)
DFT with a relative maximum at about 0.98 nm.
This maximum value is comparable to a small pore
diameter (~0.95 nm) from PALS and the value is
also close to that of a small pore (1.25 nm) ob-
tained from the X-ray structure. Additionally, PALS
shows a large pore of 1.95 nm in diameter. This
value fits with pores (2.04 nm) obtained from the X-
ray structure of IFP-6. Moreover, the pore size be-
haviour of IFP-6 is similar to that of IFP-1. Regard-
ing the intensities (which reflect the pore concen-
tration); Is (in the small pores, fig. 2.b) of sample
IFP-6 increases with the activation time reaching a
stable stage at 12 h of activation while it reduces
IFP-1 from ~11 % till 8 % at 12 h of activation and
afterwards, it shows nearly equal values. l4 (inside
the large pores, fig. 2.c) of IFP-6 has its highest
value for the as-received sample and it decreases
with the activation time until 12 h of activation, with
a minimum at 3 h of activation, then it becomes
constant. While the intensity of IFP-1, 14, is increas-
ing due to the activation and it is nearly constant
starting from 3 h of activation (fig. 2.c); this may be
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Fig. 2: a) Spherical pore sizes of IFP-6 and -1, b) o-Ps
intensity in small pores, and c) o-Ps intensity in large
pores annealed at 473 K as functions of annealing time.
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understood as a nearly complete cleaning of sam-
ple IFP-1 after only 3 h of activation. From the in-
tensity behaviour of IFP-6 of the large pores (de-
fect), the intensity decrease means the disappear-
ance of some pores (defects) after activation due
to their filling by some linkers or collapse due to
their densification. Such a densification would re-
sult in the blocking of the remaining small pores
due to the activation. This means that at atmos-
pheric pressure, gas molecules could probably not
diffuse due to blockage by the amorphous phase,
created after solvent removal, explaining the un-
derperformance of IFP-6.

[1] Jinhee Park et al., J. Am. Chem. Soc., 134 (2012)
20110.

[2] H.-C. Zhou and S. Kitagawa, Chem. Soc. Rev., (2014)
5415.

[3] K. S. Walton and R. Q. Snurr, J. Am. Chem. Soc., 129
(2007) 8552.

[4] J. Hafizovic et al.,, J. Am. Chem. Soc., 129 (2007)
3612.

[5] T. Goworek et al., Chem. Phys. Lett., 272 (1997) 91.
Relevant publication in 2016:

Suvendu Sekhar Mondal et al., Chem. -A Eur. J., 22 (2016)
6905.
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Die plasmagestitzte chemische Gasphasenab-
scheidung (engl. plasma enhanced chemical va-
pour deposition, kurz PECVD) von wasserstoffge-
hartetem amorphen Siliziumnitrid (a-SiNx:H) ist der
Industriestandard fir die Oberflachenpassivierung
von c-Si-Solarzellen bei einer niedrigeren Depositi-
onstemperatur von ca. 400 °C. Als Prozessgase
werden diesbezliglich Ublicherweise SiH4, NH3, H2
und N2 als Verdinnungsgas verwendet [1,2].

Um die Oberflachenpassivierungsqualitat dieser a-
SiNx:H-Schichten zu optimieren wurden im Rah-
men einer statistischen Versuchsplanung und
Auswertung die Effektstarken von ausgewahlten
Depositionsparametern im Hinblick auf die opti-
schen und elektrischen Eigenschaften dieser
Schichten bestimmt. Die untersuchten Prozessva-
riablen sind die Plasmaleistung, der Prozessdruck,
die Substrattemperatur, der Gesamtfluss und das
Verhaltnis der Prozessgase, bestehend aus NHs
und SiH4. Als Referenzprobe dient eine 250 um
ausgedehnte, p-Typ, <100>-orientierte, planare
Floatzone-Probe mit einem spezifischen Wider-
stand von 1,7-2,0 Qcm. Ferner wurden die a-
SiNx:H-Schichten zur Evaluierung deren thermi-
schen Stabilitdt einem Feuerungsprozess bei 800
°C fur 10 Sekunden ausgesetzt. Der Feuerungs-
prozess wurde bei Partnern aus der Industrie in ei-
nem industriellen RTP-Ofen durchgefiihrt. Nach
dieser thermischen Aktivierung wurden gemaf der
zuvor diskutierten statistischen Versuchsplanung
die Effektstarken der PECVD-Parameter bezuglich
der effektiven Ladungstrager-Lebensdauer be-
stimmt. Abbildung 1 zeigt ausgewahlte Ergebnisse
dieser Untersuchungen in Form eines sogenannten
Pareto-Diagramms.

Die Abbildung zeigt, dass die Prozesstemperatur
(Term A) eine signifikante Effektstarke bezlglich

der effektiven Ladungstragerlebensdauer aufweist.
Ferner zeigt das Diagramm ebenfalls, dass eine
signifikante Interaktion der PECVD-Parameter
Temperatur und des [NH3)/[NH3+SiH4]-
Verhaltnisses (TERM A+D) vorliegt. Im Gegensatz
dazu zeigt die Versuchsauswertung das die Para-
meter Prozessdruck (Term B) und die eingekoppel-
te Leistung (Term C) als nicht signifikant betrachtet
werden koénnen. Folgerichtig beschrankt sich die
fortflhrende Optimierung der SiNx:H-Schichten auf
die signifikanten Parameter der Prozesstemperatur
und des [NHs]/[NHs+SiH4]-Verhaltnisses.
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Abb. 1: Effekistéarke ausgewahlter PECVD-Parameter
auf die effektive Minoritatsladungstragerlebensdauer von
kristallinem Silizium. Signifikante Parameter sind die
Prozesstemperatur sowie eine Interaktion aus Prozess-
temperatur und des [NH3]/[NH3+SiH4]-Verhaltnisses.

Diesbezlglich zeigt die Abbildung 2 exemplarisch
durch FTIR-Messungen festgestellte Wasserstoff-
konzentration in Form von N-H und Si-H Bindun-
gen in PECVD deponierten SiNx:H-Schichten als




Funktion des [NHs)/[NHs+SiH4]-Verhaltnisses. Da-
bei kann eine Proportionalitat der N-H-Bindungen
bzw. eine umgekehrte Proportionalitat der Si-H-
Bindungen bezlglich des  [NHs]/[NH3+SiH4]-
Verhéltnisses festgestellt werden. Diese Erkennt-
nisse konnen in nachfolgenden Untersuchungen
fir eine gezielte Wasserstoffpassivierung von so-
genannten ungesattigten Bindungen an einer Sili-
zium-Grenzflache genutzt werden.
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Abb. 2: Wasserstoffkonzentration in PECVD deponier-
ten SiN,:H-Schichten als Funktion des [NH3]/[NH3+SiH4]-
Verhaltnisses.

Zusatzlich erfolgte zur weiteren Optimierung von
SiNx:H-Schichten eine sogenannte Kelvin-Sonden-
Messung zur Bestimmung von fixierten Ladungen
in der deponierten Schicht. Diese fixierten Ladun-
gen sind die Voraussetzung fiir eine qualitativ
hochwertige Feldeffekt-Passivierung einer Solar-
zelle, da diese in der Lage sind, Minoritaten gemaf
des Coulombschen-Gesetzes von der Rekombina-
tionsaktiven Oberflache abzuhalten. Die Abbildung
3 zeigt solch eine Kelvin-Sonden-Messung in Form
einer ortsaufgelésten Potentialdifferenz, hervorge-
rufen durch eine deponierte und thermisch aktivier-
te SiNx:H-Schicht. Die Abbildung zeigt, dass Uber-
wiegend negative fixierte Ladungen in der SiNx:H-
Schicht fixiert sind, wodurch bei einer Solarzelle
Elektronen, welche als Minoritdten vorliegen, von
einer Rekombination an der Si-SiN-Grenzflache
abgehalten werden. Durch diesen Umstand kann
bei einer industriellen Solarzelle die Oberflachen-

rekombinationsgeschwindigkeit der Minoritaten
verringert werden, was letztendlich zu einem ver-
besserten Wirkungsgrad fuhrt. Daher sind diesbe-
ziglich weitere Projekte, zwecks Optimierung der
Qualitat von Oberflachenpassivierungen geplant.
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Abb. 3: Ortsaufgeloste Potentialdifferenz einer deponier-
ten SiNy:H-Schicht durch fixierte Ladungen gemessen
durch eine Kelvin-Sonde.

[11 A. Aberle, Solar Energy Materials and Solar
Cells, 65 (2001) 239.

[2] K.A. Munzer, Proceedings 24th European Pho-
tovoltaic Solar Energy Conference, (2009), 1558.

Die Untersuchungen wurden im Rahmen des BMBF-
Projektes StrukturSolar (Forderkennzeichen
03SF0417B) durchgefiihrt. Partner sind die Hoch-
schule Anhalt, das Fraunhofer CSP und die Martin-
Luther-Universitat Halle-Wittenberg.
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Die ex post Manipulation von ~1.1 pm emittie-
renden InGaAs/GaAs-basierten Quanten-
punkten (QDs) und Quantentopf (QW) Tunnelin-
jektion-Licht-emittierender Bauelemen-te wird
experimentell demonstriert. Die Bauelemente
wurden bei erhohten Stromen betrieben bis ir-
reversible Veranderungen beobachtet wurden.
Infolge dessen wurden Anderungen in den sta-
tiondaren optischen Spektren (Elektrolumines-
zenz (EL), Photo-lumineszenz (PL), Photostrom
(PC)), bei den Ladungstragerkinetik, Trans-
porteigenschaften und der Realstruktur gefun-
den. Abgesehen von Degradationseffekten, z.B.
groBerer QDs, wurden auch Wiederherstel-
lungs-Temperungs-effekte, wie verstarkte
Tunnelbarrieren beobachtet. Diese Mechanis-
men treten in beiden, der nano- und der makro-
skopischen Skala auf.

The specific architecture of tunnel injection struc-
tures allows for decoupling their absorption and
emission properties. In diode lasers based on In-
GaAs tunnel injection structures an QW
Ino,15Gao,ssAs  (injector) collects non-equilibrium
carriers, and subsequently transmits them selec-
tively to the ground-state of Ino,sGao+As QDs (emit-
ter) [1]. In this way, excited state emission from the
QDs is suppressed resulting in carrier cooling that
leads to an improvement of the QD diode laser
properties.

Most results regarding to the excitation transfer be-
tween neighboring nanostructures are well de-
scribed by the quaziclassical Wentzel-Kramers-
Brillouin (WKB) approximation for tunneling in one
dimension. Deviations, however, have been re-
ported [1] for narrow barriers (<6 nm), namely
dramatically increased transfer rates. Microscopic

analysis of these structures revealed that the
GaAs-barrier between the InAs QDs and the In-
GaAs QW was In-enriched. This local effect has
been named nanobridge, because the In-enriched
region effectively bridges QW and QD by lowering
the (tunnel) barrier in between them.

In this Report, the evidence for presence of nano-
bridges is provided by demonstrating their manipu-
lability by the application of high forward currents.
We show results of experiments with ~1.1 ym emit-
ting InGaAs/GaAs-QW-QD-tunnel injection devic-
es, and find fundamental changes after the applica-
tion of forward current. This involves changes of
the (steady-state) optical spectra as well as of the
recombination kinetics.
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Fig. 1: (a) Schematic of the tunnel injection structure.
The green arrow indicates the tunnel transition.
(b) Epitaxial and mesa structures of the light emitter.
(c) Device emission (EL) spectra at ambient temperature




and two current values. The inset shows a photographic
image of a light emitting device on a TO-39 socket.

The tunneling process, representing a key func-
tionality of tunnel injection light emitting devices, is
substantially affected by thermal breakdown of
nanobridges in this type of structures. A restoration
(increase) of the tunnel barriers is observed. In
these QD-QW structures this is due to a In-
depletion of nanobridges.

In addition, the contribution of larger sized QDs of
the QD ensemble to emission is reduced. This pin-
points a chance of ex post manipulations of QD-
size distributions. New results account for a gener-
ic restoration/annealing of the tunnel barriers by
thermal decomposition of the nanobridges (likely
due to out-diffusion of In) and provide consistent
qualitative interpretations.
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Fig. 2: Comparison of emission and transport properties
before (black) and after (red) the thermal breakdown.
(a) EL spectra for forward current of 80 mA at 10 K.
(b) Steady state PL spectra at 10 K. (c) PC spectra at
ambient temperature. (d) Low-temperature transient PL

spectra are extracted from the QD PL in the photon en-
ergy range 1.15-1.17 eV. The fits have been used in or-
der to determine the QW-QD carrier transfer time.
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Fig. 3: STEM micrographs show the QD/QW structure
before (a) and after (b) current-initiated structure modifi-
cation seen in cross-section. The InAs-rich QD as well
as the QW region appears with brighter intensity, the
cladding AlGaAs layers as dark horizontal lines. The
sample lamellas have been extracted from the active re-
gions of two nominally identical devices. (d) Schematic
of a one single QW-nanobridge-QD assembly (from the
top to the bottom) before and after breakdown. The b/w-
contrast stands for the In-content.

[1]1 V. G. Talalaev, J. W. Tomm, N. D. Zakharov, P.
Werner, U. Gosele, B. V. Novikov, A. S. Sokolov,
Yu. B. Samsonenko, V. A. Egorov, G. E. Cirlin:
Appl. Phys. Lett. 93 (2008) 031105.

Die Untersuchungen wurden im Rahmen des BMBF-
Verbundprojekts SINOVA (03SF0352F) durchgefiihrt.
Partner ist St. Petersburg Akademische Universitat —
Forschungs- und Bildungszentrum fiir Nanotechno-
logie der Russischen Akademie der Wissenschaften.
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Versetzungen und Versetzungscluster in
Blockguss-Silicium wurden ph@nomenologisch
mit automatisierten Methoden zur Waferinspek-
tion und Solarzellenfertigung untersucht. Die
texturierte Oberflache und das Infrarottrans-
missionsbild liefern Informationen zur Entwick-
lung der Versetzungsverteilung wahrend der
Kristallisation. Versetzungen lagern sich zu
Clustern zusammen, die sich mit zunehmender
Ingothohe ausbreiten. Es wird zwischen leich-
ten und dichten Clustern unterschieden, die ei-
ne klare Abhangigkeit von der Kornorientierung
in Wachstumsrichtung zeigen.

Versetzungen zeigen sich besonders schadlich fur
den Wirkungsgrad von Solarzellen. Eine genaue
Kenntnis des Bildungsmechanismus, der Dynamik
und der Wechselwirkung mit Verunreinigungen ist
daher flir eine weitere Verbesserung des Materials
unerlasslich. In vorangegangen Untersuchungen
wurde die Entwicklung verschiedener Typen von
Versetzungsclustern mittels Roéntgentopographie
untersucht [1]. Es lasst sich die wachsende Ver-
kippung der Kérner mit der Bildung und Ausbrei-
tung von Versetzungsclustern in Verbindung brin-
gen. Diese lassen sich in leichte und dichte Ver-
setzungscluster nach der lokalen Versetzungsdich-
te und ihren Einfluss auf den Wirkungsgrad eintei-
len.

Die Kornorientierungen und deren Entwicklung mit
der Hohe des Wafers im Ingot wurden mittels
Rontgenbeugung in einer  Bragg—Bretano-
Geometrie ermittelt. Dartber hinaus kann mit ei-
nem sogenannten Laue-Scanner (am Fraunhofer
Center fur Halbleitermaterialien Freiberg) die ge-
samten Orientierungsinformationen jedes Korns im
multikristallinen Wafer aufgenommen werden. Ein

typisches Bild der Orientierungsverteilung zeigt
Abb. 1. Die so gewonnenen Kornorientierungen
wurden als Funktion der Hohe im Ingot mit der in-
homogenen Verteilung der Versetzungscluster, die
Uber Atzbilder gewonnen wurden, in Beziehung
gesetzt.

Zusatzliche Untersuchungen wurden mittels
Transmissionselektronenmikroskopie (TEM) zur
strukturellen ~ Charakterisierung  der  Verset-
zungscluster angestellt. Diese bestatigen die friher
mittels Weildstrahl-Rontgentopographie am Syn-
chrotron ANKA gewonnenen Informationen [1]. Die
Versetzungscluster stellen ein Netzwerk von
Kleinwinkelkorngrenzen dar, die als Ergebnis der
Umordnung der wahrend des Wachstums direkt an
der Phasengrenze generierten Versetzungen ge-
bildet werden.

Abb. 1: Kornorien rngen in multikristallinem Silicium.
Die Farbkodierung zeigt die stereographische Projektion.
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Die TEM-Untersuchungen wurden mit einem JEOL
JEM 4000 FX bei einer Beschleunigungsspannung
von 200 keV durchgefiihrt. Das Bild einer Kleinwin-
kelkorngrenze zeigt Abb. 2.

Abb. 2: TEM-Beugungskontrastbild einer Versetzungs-
aufreihung, die eine Kleinwinkelkorngrenze bildet (a).
Die Beugungsbilder oberhalb und unterhalb dieser
Grenze (b, c) zeigen die leichte Verkippung in der Kris-
tallorientierung.

Aus den Untersuchungen kann Folgendes abgelei-
tet werden: Die Versetzungen bilden sich wahrend
des Kristallwachstums hauptsachlich an Grof3win-
kelkorngrenzen in der Nahe der Phasengrenze.
Das kann z. B. an Spannungszentren wie Aus-
scheidungen oder Facetten der Korngrenze pas-
sieren. Die Versetzungen konnen sich aufstauen
und zur Verringerung der elastischen Energie zu
Subkorngrenzen (Kleinwinkelkorngrenzen) anord-
nen. In der Folge kdnnen Versetzungsmultiplikati-
onsprozesse stattfinden und die lokale Verset-
zungsdichte wachst.

Der Unterschied zwischen leichten und dichten
Versetzungsclustern lasst sich mit der Kornorien-
tierung erklaren: Alle Kornorientierungen in der
Nahe der (110)-Richtung tendieren zur Bildung von

dichten Versetzungsclustern, wahrend alle Orien-
tierungen nahe der (111)-Richtung eher leichte
Cluster bilden. Orientierungen um (100) sind zu-
meist resistent gegen eine Versetzungsclusterung.
Die Korrelation kann mit der Orientierung der Kor-
ner zu den {111}-Gleitebenen erklart werden [2].

[1] D. Oriwol et al. Acta Mater. 61 (2013) 6903.
[2] D. Oriwol et al. J. Cryst. Growth 463 (2017) 1.
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