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LAsErs, oPtiCs, And 
oPtoELECtroniCs

A phonon scattering assisted injection and extraction 
based terahertz quantum cascade laser
E. Dupont, S. Fathololoumi, Z. R. Wasilewski, G. Aers, S. R. 
Laframboise, M. Lindskog, S. G. Razavipour, A. Wacker, D. 
Ban, and H. C. Liu
ABstrACt: A lasing 
scheme for terahertz 
quantum cascade lasers, 
based on consecutive 
phonon-photon-
phonon emissions per 
module, is proposed 
and experimentally 
demonstrated. The 
charge transport of 
the proposed structure is modeled using a rate equation 
formalism. An optimization code based on a genetic 
algorithm was developed to find a four-well design in the 
GaAs/Al0.25Ga0.75As material system that maximizes the 
product of population inversion and oscillator strength 
at 150 K. The fabricated devices using Au double-metal 
waveguides show lasing at 3.2 THz up to 138 K. The 
electrical characteristics display no sign of differential 
resistance drop at lasing threshold, which, in conjunction 
with the low optical power of the device, suggest—thanks 
to the rate equation model—a slow depopulation rate of 
the lower lasing state, a hypothesis confirmed by non-
equilibrium Green’s function calculations.
J. Appl. Phys. 111, 073111 (2012)

organic light-emitting diodes for lighting: high color 
quality by controlling energy transfer processes in host-
guest-systems
Caroline Weichsel, Sebastian Reineke, Mauro Furno, Björn 
Lüssem, and Karl Leo
ABstrACt: 
Exciton 
generation 
and transfer 
processes in 
a multilayer 
organic 
light-emitting 
diode (OLED) 
are studied in 
order to realize OLEDs with warm white color coordinates 

and high color-rendering index (CRI). We investigate 
a host-guest-system containing four phosphorescent 
emitters and two matrix materials with different transport 
properties. We show, by time-resolved spectroscopy, that 
an energy back-transfer from the blue emitter to the 
matrix materials occurs, which can be used to transport 
excitons to the other emitter molecules. Furthermore, we 
investigate the excitonic and electronic transfer processes 
by designing suitable emission layer stacks. As a result, 
we obtain an OLED with Commission Internationale de 
lÉclairage (CIE) coordinates of (0.444;0.409), a CRI of 82, 
and a spectrum independent of the applied current. The 
OLED shows an external quantum efficiency of 10% and a 
luminous efficacy of 17.4 lm/W at 1000 cd/m2.
Appl. Phys. 111, 033102 (2012) 

the electronic band structure of GaBiAs/GaAs layers: 
influence of strain and band anti-crossing
Z. Batool, K. Hild, T. J. C. Hosea, X. Lu, T. Tiedje, and  
S. J. Sweeney
ABstrACt: The GaBixAs1−x 
bismide III-V semiconductor 
system remains a relatively 
underexplored alloy particularly 
with regards to its detailed 
electronic band structure. 
Of particular importance to 
understanding the physics of 
this system is how the bandgap 
energy Eg and spin-orbit splitting 
energy Δo vary relative to one another as a function of 
Bi content, since in this alloy it becomes possible for Δo 
to exceed Eg for higher Bi fractions, which occurrence 
would have important implications for minimising non-
radiative Auger recombination losses in such structures. 
However, this situation had not so far been realised in 
this system. Here, we study a set of epitaxial layers of 
GaBixAs1−x (2.3% ≤ x ≤ 10.4%), of thickness 30–40 nm, grown 
compressively strained onto GaAs (100) substrates. 
Using room temperature photomodulated reflectance, we 
observe a reduction in Eg, together with an increase in Δo, 
with increasing Bi content. In these strained samples, it is 
found that the transition energy between the conduction 
and heavy-hole valence band edges is equal with that 
between the heavy-hole and spin-orbit split-off valence 
band edges at ~9.0 ± 0.2% Bi. Furthermore, we observe that 
the strained valence band heavy-hole/light-hole splitting 
increases with Bi fraction at a rate of ~15 (±1) meV/Bi%, 
from which we are able to deduce the shear deformation 
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potential. By application of an iterative strain theory, 
we decouple the strain effects from our experimental 
measurements and deduce Eg and Δo of free standing 
GaBiAs; we find that Δo indeed does come into resonance 
with Eg at ~10.5 ± 0.2% Bi. We also conclude that the 
conduction/valence band alignment of dilute-Bi GaBiAs 
on GaAs is most likely to be type-I.
J. Appl. Phys. 111, 113108 (2012)

 
PLAsMAs And ELECtriCAL 
disChArGEs

numerical simulations of runaway electron generation in 
pressurized gases
D. Levko, S. Yatom, V. Vekselman, J. Z. Gleizer, V. Tz. Gurovich, 
and Ya. E. Krasik

ABstrACt: The results of a numerical simulation of 
the generation of runaway electrons in pressurized 
nitrogen and helium gases are presented. It was shown 
that runaway electrons generation occurs in two stages. 
In the first stage, runaway electrons are composed of 
the electrons emitted by the cathode and produced in 
gas ionization in the vicinity of the cathode. This stage is 
terminated with the formation of the virtual cathode, which 
becomes the primary source of runaway electrons in the 
second stage. Also, it was shown that runaway electrons 
current is limited by both the shielding of the field 
emission by the space charge of the emitted electrons 
and the formation of a virtual cathode. In addition, the 
influence of the initial conditions, such as voltage rise time 
and amplitude, gas pressure, and the type of gas, on the 
processes that accompany runaway electrons generation 
is presented.
J. Appl. Phys. 111, 013303 (2012)

 

Plasma potential mapping of high power impulse 
magnetron sputtering discharges
Albert Rauch, Rueben J. Mendelsberg, Jason M. Sanders, 
and André Anders

ABstrACt: Pulsed emissive probe techniques have been 
used to determine the plasma potential distribution of high 
power impulse magnetron sputtering (HiPIMS) discharges. 
An unbalanced magnetron with a niobium target in argon 
was investigated for a pulse length of 100 μs at a pulse 
repetition rate of 100 Hz, giving a peak current of 170 A. 
The probe data were recorded with a time resolution of 
20 ns and a spatial resolution of 1 mm. It is shown that the 
local plasma potential varies greatly in space and time. 
The lowest potential was found over the target’s racetrack, 
gradually reaching anode potential (ground) several 
centimeters away from the target. The magnetic presheath 
exhibits a funnel-shaped plasma potential resulting in an 
electric field which accelerates ions toward the racetrack. 
In certain regions and times, the potential exhibits weak 
local maxima which allow for ion acceleration to the 
substrate. Knowledge of the local E and static B fields lets 
us derive the electrons’ E×B drift velocity, which is about 
105 m/s and shows structures in space and time.
J. Appl. Phys. 111, 083302 (2012)
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drifting localization of ionization runaway: Unraveling 
the nature of anomalous transport in high power impulse 
magnetron sputtering
André Anders, Pavel Ni, and Albert Rauch
ABstrACt: The plasma 
over a magnetron’s erosion 
“racetrack” is not azimuthally 
uniform but concentrated 
in distinct dense ionization 
zones which move in the 
E×B direction with about 10% 
of the electron E×B/B2 drift 
velocity. The ionization zones 
are investigated with a gated 
camera working in concert with a streak camera for Al, Nb, 
Cu, and W targets in Ar or Kr background gas. It is found 
that each ionization zone has a high plasma density edge, 
which is the origin of a plasma-generating electron jet 
leaving the target zone. Each region of strong azimuthal 
plasma density gradient generates an azimuthal electric 
field, which promotes the escape of magnetized electrons 
and the formation of electron jets and plasma flares. The 
phenomena are proposed to be caused by an ionization 
instability where each dense plasma zone exhibits a high 
stopping power for drifting high energy electrons, thereby 
enhancing itself.
Appl. Phys. 111, 053304 (2012)

 

 

strUCtUrAL, MEChAniCAL, 
thErModynAMiC, And oPtiCAL 
ProPErtiEs of CondEnsEd MAttEr

Ab initio study of vacancy and self-interstitial properties 
near single crystal silicon surfaces
Eiji Kamiyama, Koji Sueoka, and Jan Vanhellemont
ABstrACt: The 
microscopic model of the 
Si(001) crystal surface 
was investigated by first 
principles calculations 
to clarify the behavior 
of intrinsic point defects 
during crystal growth 
and thermal annealing. 
A c(4 × 2) structure model 
was used to describe the crystal surface in contact with 
vacuum. The calculations show that a vacancy in the first 
or second atomic layer has about a 2.0 eV lower formation 
energy than deeper inside the bulk and that there is a 
diffusion barrier to penetrate into the deeper crystal region. 
Furthermore, a vacancy in the first or second atomic layer 
is stabilized by the fact that Si atoms with dangling bonds 
attract each other due to ionic and/or covalent bonding. 
There is, however, no barrier for the diffusion of a vacancy 
from the first layer to the second one. The tetrahedral 
(T)-site and dumbbell (DB)-site, in which a Si atom is 
captured from the surface and forms a self-interstitial, 
are found as stable sites near the third atomic layer. The 
T-site has a barrier of 0.48 eV, whereas the DB-site has 
no barrier for the interstitial to penetrate into the crystal 
from the vacuum. Self-interstitials in both the T- and 
DB-sites in the third atomic layer have a 1.7 to 2.8 eV 
lower formation energy than deeper in the bulk and there 
is a diffusion barrier to penetrate into the deeper crystal 
region; 32 sites were found as stable sub-surface vacancy 
positions, whereas only 8 sites were found as stable self-
interstitial positions. Using these results, a mechanism 
for the elimination of crystal-originated pits by thermal 
annealing is proposed. It is shown that the microscopic 
model is consistent with and allows to fine-tune existing 
macroscopic models that are used to calculate the intrinsic 
point defects behavior during crystal growth from a melt.
J. Appl. Phys. 111, 083507 (2012)
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Kapitza conductance of symmetric tilt grain  
boundaries in graphene
Ajing Cao and Jianmin Qu
ABstrACt: 
Non-equilibrium 
molecular dynamics 
simulations were 
employed to 
study the Kapitza 
conductance of 
symmetric tilt grain 
boundaries in the 
monolayer graphene 
sheet. Both armchair and zig-zag oriented bicrystal 
graphene were investigated. The Kapitza conductance of 
the interface shows length dependence up to 300 nm, 
which arises from the fact that long-wavelength phonons 
allowed in large-size graphene are able to transmit through 
the interface contributing to the Kapitza conductance. The 
Kapitza conductance exhibits monotonic increase with 
temperature, opposite to the trend of thermal conductivity 
of bulk graphene above room temperature. We found that 
the Kapitza conductance is inversely proportional to the 
number of dislocations per length of grain boundaries. 
The facts that the phonon density of states (DOS) shows 
no difference between the two crystals separated by the 
grain boundary and the vibrational DOS of grain boundary 
region atoms deviates from that of bulk atoms reveal that 
the interfacial thermal resistance arises from the structure 
defects, causing additional phonon scattering for the 
mismatched phonon spectrum of defects. The predicted 
length-independent Kapitza conductance ranges from 19 to 
47 GW/Km2, which is larger than that of any other interfaces 
reported in the literature. Finally, theoretical analysis was 
carried out to explain why the thermal resistance scales 
with the number of defects per unit length.
J. Appl. Phys. 111, 053529 (2012)
 

 

oxygen vacancy–induced ferromagnetism in un-doped 
Zno thin films
Peng Zhan, Weipeng Wang, Can Liu, Yang Hu, Zhengcao  
Li, Zhengjun Zhang, Peng Zhang, Baoyi Wang, and  
Xingzhong Cao
ABstrACt: ZnO films 
became ferromagnetic when 
defects were introduced 
by thermal-annealing 
in flowing argon. This 
ferromagnetism, as shown 
by the photoluminescence 
measurement and positron 
annihilation analysis, was 
induced by the singly 
occupied oxygen vacancy with a saturated magnetization 
dependent positively on the amount of this vacancy. This 
study clarified the origin of the ferromagnetism of un-
doped ZnO thin films and provides possibly an alternative 
way to prepare ferromagnetic ZnO films.
J. Appl. Phys. 111, 033501 (2012)
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ELECtroniC strUCtUrE  
And trAnsPort

influence of annealing and Al2o3 properties on the 
hydrogen-induced passivation of the si/sio2 interface
G. Dingemans, F. Einsele, W. Beyer, M. C. M. van de Sanden, 
and W. M. M. Kessels
ABstrACt: Annealing at 
moderate temperatures 
is required to activate the 
silicon surface passivation 
by Al2O3 thin films while 
also the thermal stability 
at higher temperatures 
is important when Al2O3 
is implemented in solar 
cells with screenprinted 
metallization. In this paper, the relationship between the 
microstructure of the Al2O3 film, hydrogen diffusion, and 
defect passivation is explored in detail for a wide range 
of annealing temperatures. The chemical passivation 
was studied using stacks of thermally-grown SiO2 and 
Al2O3 synthesized by atomic layer deposition. Thermal 
effusion measurements of hydrogen and implanted He 
and Ne atoms were used to elucidate the role of hydrogen 
during annealing. We show that the passivation properties 
were strongly dependent on the annealing temperature 
and time and were significantly influenced by the Al2O3 

microstructure. The latter was tailored by variation of the 
deposition temperature (Tdep = 50 °C–400 °C) with hydrogen 
concentration [H] between 1 and 13 at.% and mass density 
ρmass between 2.7 and 3.2 g/cm3. In contrast to films with 
intermediate material properties, the passivation by low- 
and high density films showed a reduced thermal stability 
at relatively high annealing temperatures (~600 °C). These 
observations proved to be in good agreement with thermal 
effusion results of hydrogen and inert gas atoms that 
were also strongly dependent on film microstructure. We 
demonstrate that the temperature of maximum effusion 
decreased for films with progressively lower density (i.e., 
with increasing [H]). Therefore, the reduced thermal stability 
of the passivation for low-density hydrogen-rich ([H] >~5 
at. %) films can be attributed to a loss of hydrogen at 
relatively low annealing temperatures. In contrast, the lower 
initial [H] for dense Al2O3 films can likely explain the lower 
thermal stability associated with these films. The effusion 
measurements also allowed us to discuss the role of 
molecular- and atomic hydrogen during annealing.
J. Appl. Phys. 111, 093713 (2012)

Controlled p-type to n-type conductivity transformation in 
nio thin films by ultraviolet-laser irradiation
Pranav Gupta, Titas Dutta, Siddhartha Mal, and  
Jagdish Narayan
ABstrACt: We report 
the systematic changes in 
structural, electrical, and 
optical properties of NiO 
thin films on c-sapphire 
introduced by nanosecond 
ultraviolet excimer laser 
pulses. Epitaxial nature 
of as deposited NiO was 
determined by x-ray 
diffraction phi scans and transmission electron microscopy 
(TEM) and it was established that NiO film growth takes 
place with twin domains on sapphire where two types of 
domains have 60° in-plane rotation with respect to each 
other about the [111] growth direction. We determined 
that at pulsed laser energy density of 0.275 J/cm2, NiO 
films exhibited conversion from p-type semiconducting to 
n-type conductive behavior with three orders of magnitude 
decrease in resistivity, while maintaining its cubic crystal 
structure and good epitaxial relationship. Our TEM and 
electron-energy-loss spectroscopy studies conclusively 
ruled out the presence of any Ni clustering or precipitation 
due to the laser treatment. The laser-induced n-type carrier 
transport and conductivity enhancement were shown to be 
reversible through subsequent thermal annealing in oxygen. 
This change in conductivity behavior was correlated with 
the nonequilibrium concentration of laser induced Ni0-like 
defect states.
J. Appl. Phys. 111, 013706 (2012)
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Bipolar resistive switching with self-rectifying effects in 
Al/Zno/si structure
C. Chen, F. Pan, Z. S. Wang, J. Yang, and F. Zeng

ABstrACt: We report the electrical characteristics 
of room-temperature-fabricated Al/ZnO/Si memory 
devices. Stable and reproducible clockwise bipolar resistive 
switching phenomena with self-rectifying effects in the 
low resistance state were observed in this complementary 
metal oxide semiconductor compatible memory structure. 
The current-voltage curve in different temperatures and the 
corresponding Arrhenius plot confirm the semiconducting 
conduction behavior of both the high resistance state and 
the low resistance state. The conduction mechanisms 
are explained by the Poole-Frenkel emission and space-
charge-limited conduction mechanisms for the high 
resistance state and the low resistance state, respectively. It 
is proposed that the resistive switching originates from the 
formation and dissolution of the AlOx barrier layer which 
are induced by the migration of the oxygen ions.
J. Appl. Phys. 111, 013702 (2012)

 

MAGnEtisM And 
sUPErCondUCtiVity

study of second generation, high-temperature 
superconducting coils: determination of critical current
Min Zhang, Jae-Ho Kim, Sastry Pamidi, Michal Chudy,  
Weijia Yuan, and T. A. Coombs

ABstrACt: This paper presents the modeling of second 
generation (2 G) high-temperature superconducting (HTS) 
pancake coils using finite element method. The axial 
symmetric model can be used to calculate current and 
magnetic field distribution inside the coil. The anisotropic 
characteristics of 2 G tapes are included in the model by 
direct interpolation. The model is validated by comparing 
to experimental results. We use the model to study critical 
currents of 2 G coils and find that 100 μV/m is too high a 
criterion to determine long-term operating current of the 
coils, because the innermost turns of a coil will, due to the 
effect of local magnetic field, reach their critical current 
much earlier than outer turns. Our modeling shows that 
an average voltage criterion of 20μV/m over the coil 
corresponds to the point at which the innermost turns’ 
electric field exceeds 100 μV/m. So 20 μV/m is suggested 
to be the critical current criterion of the HTS coil. The 
influence of background field on the coil critical current is 
also studied in the paper.
J. Appl. Phys. 111, 083902 (2012)
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tunable magnetocaloric effect near room temperature in 
La0.7-xPrxsr0.3Mno3 (0.02 ≤ x ≤ 0.30) manganites
YingDe Zhang, Paula J. Lampen, The-Long Phan, Seong-Cho 
Yu, Hariharan Srikanth, and Manh-Huong Phan

ABstrACt: We have systematically investigated 
the compositional dependence of the magnetic and 
magnetocaloric properties of La0.7-xPrxSr0.3MnO3 (LPSMO). 
Polycrystalline samples of LPSMO with 0.02 ≤ x ≤ 0.30 were 
prepared by a standard solid-state reaction method with 
phase purity and structure confirmed using x-ray diffraction. 
Temperature dependent magnetization measurements 
and Arrott analysis reveal second order ferromagnetic 
transitions in each sample with Curie temperature 
decreasing progressively with increasing Pr content from 
~350 K for x  =  0.02 to ~295 K for x  =  0.30. Magnetic 
entropy change (ΔSM) was calculated by applying the 
thermodynamic Maxwell equation to a series of isothermal 
field dependent magnetization curves. In the sample with 
x  =  0.30, the maximum value of −ΔSM reaches ~2.08 J/kg 
K at 295 K for a field change of 1.5 T. Reduced Pr content 
corresponds to larger values of entropy change, reaching 
−ΔSM~2.79 J/kg K for the x  =  0.02 doping. The refrigeration 
capacity for each composition reached sizable values of 
33–48 J/kg for a small applied field of 1.5 T.
J. Appl. Phys. 111, 063918 (2012)

 

thermal spin pumping and magnon-phonon-mediated 
spin-seebeck effect
K. Uchida, T. Ota, H. Adachi, J. Xiao, T. Nonaka, Y. Kajiwara,  
G. E. W. Bauer, S. Maekawa, and E. Saitoh

ABstrACt: The spin-Seebeck effect (SSE) in 
ferromagnetic metals and insulators has been investigated 
systematically by means of the inverse spin-Hall effect 
(ISHE) in paramagnetic metals. The SSE generates a 
spin voltage as a result of a temperature gradient in a 
ferromagnet, which injects a spin current into an attached 
paramagnetic metal. In the paramagnet, this spin current is 
converted into an electric field due to the ISHE, enabling the 
electric detection of the SSE. The observation of the SSE 
is performed in longitudinal and transverse configurations 
consisting of a ferromagnet/paramagnet hybrid structure, 
where thermally generated spin currents flowing parallel 
and perpendicular to the temperature gradient are detected, 
respectively. Our results explain the SSE in terms of a 
two-step process: (1) the temperature gradient creates 
a non-equilibrium state in the ferromagnet governed by 
both magnon and phonon propagations and (2) the non-
equilibrium between magnons in the ferromagnet and 
electrons in the paramagnet at the contact interface leads 
to “thermal spin pumping” and the ISHE signal. The non-
equilibrium state of metallic magnets (e.g., Ni81Fe19) under a 
temperature gradient is governed mainly by the phonons in 
the sample and the substrate, while in insulating magnets 
(e.g., Y3Fe5O12), both magnon and phonon propagations 
appear to be important. The phonon-mediated non-
equilibrium that drives the thermal spin pumping is 
confirmed also by temperature-dependent measurements, 
giving rise to a giant enhancement of the SSE signals at 
low temperatures.
J. Appl. Phys. 111, 103903 (2012)
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diELECtriCs And 
fErroELECtriCity

Controllable chemical vapor deposition of large  
area uniform nanocrystalline graphene directly on  
silicon dioxide
Jie Sun (孙捷), Niclas Lindvall, Matthew T. Cole, Teng Wang 
(王腾), Tim J. Booth, Peter Bøggild, Kenneth B. K. Teo (张谋

瑾), Johan Liu, and August Yurgens
ABstrACt: Metal-catalyst-
free chemical vapor deposition 
(CVD) of large area uniform 
nanocrystalline graphene on 
oxidized silicon substrates is 
demonstrated. The material grows 
slowly, allowing for thickness 
control down to monolayer 
graphene. The as-grown thin films 
are continuous with no observable 
pinholes, and are smooth and uniform across whole wafers, 
as inspected by optical-, scanning electron-, and atomic 
force microscopy. The sp2 hybridized carbon structure is 
confirmed by Raman spectroscopy. Room temperature 
electrical measurements show ohmic behavior (sheet 
resistance similar to exfoliated graphene) and up to 13% 
of electric-field effect. The Hall mobility is ~40 cm2/Vs, 
which is an order of magnitude higher than previously 
reported values for nanocrystalline graphene. Transmission 
electron microscopy, Raman spectroscopy, and transport 
measurements indicate a graphene crystalline domain 
size ~10 nm. The absence of transfer to another substrate 
allows avoidance of wrinkles, holes, and etching residues 
which are usually detrimental to device performance. This 
work provides a broader perspective of graphene CVD 
and shows a viable route toward applications involving 
transparent electrodes.
J. Appl. Phys. 111, 044103 (2012)

 

Model of dissipative dielectric elastomers
Choon Chiang Foo, Shengqiang Cai, Soo Jin Adrian Koh, 
Siegfried Bauer, and Zhigang Suo
ABstrACt: 
The dynamic 
performance 
of dielectric 
elastomer 
transducers 
and their 
capability of 
electromechanical energy conversion are affected 
by dissipative processes, such as viscoelasticity, 
dielectric relaxation, and current leakage. This paper 
describes a method to construct a model of dissipative 
dielectric elastomers on the basis of nonequilibrium 
thermodynamics. We characterize the state of the dielectric 
elastomer with kinematic variables through which external 
loads do work, and internal variables that measure the 
progress of the dissipative processes. The method is 
illustrated with examples motivated by existing experiments 
of polyacrylate very-high-bond dielectric elastomers. This 
model predicts the dynamic response of the dielectric 
elastomer and the leakage current behavior. We show that 
current leakage can be significant under large deformation 
and for long durations. Furthermore, current leakage can 
result in significant hysteresis for dielectric elastomers 
under cyclic voltage.
J. Appl. Phys. 111, 034102 (2012)
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influence of electric fields on the depolarization 
temperature of Mn-doped (1-x)Bi1/2na1/2tio3-xBatio3

Eva Sapper, Silke Schaab, Wook Jo, Torsten Granzow,  
and Jürgen Rödel
ABstrACt: The 
transition between 
induced long-range 
order and relaxor-
like behavior upon 
heating is investigated 
in lead-free (1-x)
Bi1/2Na1/2(Ti0.995Mn0.005)
O3-xBa(Ti0.995Mn0.005)
O3piezoceramics with 
x  =  0.03, 0.06, and 0.09 (BNT-100xBT:Mn). Temperature-
dependent permittivity e′(T) and thermally stimulated 
depolarization currents (TSDC) of poled samples were 
measured under identical heating conditions to clarify the 
depolarization mechanism. In both methods, the influence 
of electric bias fields on the transition temperature was 
investigated. Fields applied in the poling direction shift 
the transition to higher temperatures, with corresponding 
results in e′(T) and TSDC measurements. While the 
response of transition temperature to external fields 
displays a similar trend in all investigated compositions, the 
shape of TSDC is clearly connected with the composition 
and, hence, the crystal symmetry of the sample. 
Furthermore, the comparison of e′(T) and TSDC data 
reveals a systematic shift between transition temperatures 
obtained with the two different methods.
J. Appl. Phys. 111, 014105 (2012)

 

nAnosCALE sCiEnCE And dEsiGn

Mechanisms of stranski-Krastanov growth
Arvind Baskaran and Peter Smereka
ABstrACt: Stranski-
Krastanov (SK) growth is 
reported experimentally 
as the growth mode that is 
responsible for the transition 
to three dimensional islands 
in heteroepitaxial growth. A 
kinetic Monte Carlo (KMC) 
model is proposed that can 
replicate many of the experimentally observed features 
of this growth mode. Simulations reveal that this model 
effectively captures the SK transition and subsequent 
growth. Annealing simulations demonstrate that the wetting 
layer formed during SK growth is stable, with entropy 
playing a key role in its stability. It is shown that this model 
also captures the apparent critical thickness that tends to 
occur at higher deposition rates and for alloy films (where 
intermixing is significant). This work shows that the wetting 
layer thickness increases with increasing temperature, 
whereas the apparent critical thickness decreases with 
increasing temperature. Both of which are in agreement 
with experiments.
J. Appl. Phys. 111, 044321 (2012)
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Bunching characteristics of silicon nanowire arrays
Mohammadreza Khorasaninejad, Navid Abedzadeh, 
Ajayinder Singh Jawanda, Nixon O, M. P. Anantram,  
and Simarjeet Singh Saini
ABstrACt: Ordered 
arrays of silicon 
nanowires were 
fabricated by etching, 
and their bunching 
characteristics 
were parametrically 
studied by varying 
the diameter, the 
length, and the pitch. The diameter to length ratio was 
found to be critical for the nanowires to stand vertically 
without bunching. For a length of 650 nm, 40 nm and larger 
diameter nanowires were vertical, whereas for a length 
of 400 nm, 34 nm and larger diameter nanowires were 
vertical. Further, the phase change between the bunching 
and vertical nature of nanowires happens abruptly and 
was verified by finite element modeling of the deflections 
of the nanowire tips for different diameters. The detailed 
experimental study provides guidelines for silicon nanowire 
arrays being considered for different applications including 
solar cells, optical waveguides, and sensors.
J. Appl. Phys. 111, 044328 (2012)

 
faster radial strain relaxation in inAs–GaAs 
core–shell heterowires
Karen L. Kavanagh, Igor Saveliev, Marina Blumin, Greg 
Swadener, and Harry E. Ruda
ABstrACt: The structure 
of wurtzite and zinc blende 
InAs–GaAs (001) core–
shell nanowires grown by 
molecular beam epitaxy 
on GaAs (001) substrates 
has been investigated 
by transmission electron 
microscopy. Heterowires 
with InAs core radii exceeding 11 nm, strain relax through 
the generation of misfit dislocations, given a GaAs shell 
thickness greater than 2.5 nm. Strain relaxation is larger in 
radial directions than axial, particularly for shell thicknesses 
greater than 5.0 nm, consistent with molecular statics 
calculations that predict a large shear stress concentration 
at each interface corner.
J. Appl. Phys. 111, 044301 (2012)

dEViCE PhysiCs

Annealed inGan green light-emitting diodes with graphene 
transparent conductive electrodes
Yiyun Zhang, Liancheng Wang, Xiao Li, Xiaoyan Yi, Ning 
Zhang, Jing Li, Hongwei Zhu, and Guohong Wang
ABstrACt: Multi-
layer graphene 
(MLG) films were 
transferred onto 
p-GaN layer 
as transparent 
conductive 
electrodes in 
InGaN green light-
emitting diodes 
(MLG-GLEDs), and their optoelectronic properties were 
investigated. The interdiffusion between metal atoms 
from metal pads and Ga atoms from p-GaN had a strong 
effect on the contact barrier at graphene/p-GaN interface, 
resulting in substantial changes in transport characteristics 
of MLG-GLEDs and deterioration of the electrical contact 
between graphene and p-GaN. A high temperature 
annealing treatment was employed to improve the light-
emitting performance of MLG-GLEDs.
J. Appl. Phys. 111, 114501 (2012)
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resistive switching in silicon suboxide films
Adnan Mehonic, Sébastien Cueff, Maciej Wojdak, Stephen 
Hudziak, Olivier Jambois, Christophe Labbé, Blas Garrido, 
Richard Rizk, and Anthony J. Kenyon
ABstrACt: We 
report a study of 
resistive switching 
in a silicon-based 
memristor/resistive 
RAM (RRAM) device 
in which the active 
layer is silicon-
rich silica. The 
resistive switching 
phenomenon is an intrinsic property of the silicon-rich 
oxide layer and does not depend on the diffusion of metallic 
ions to form conductive paths. In contrast to other work 
in the literature, switching occurs in ambient conditions, 
and is not limited to the surface of the active material. 
We propose a switching mechanism driven by competing 
field-driven formation and current-driven destruction of 
filamentary conductive pathways. We demonstrate that 
conduction is dominated by trap assisted tunneling through 
noncontinuous conduction paths consisting of silicon 
nanoinclusions in a highly nonstoichiometric suboxide 
phase. We hypothesize that such nanoinclusions nucleate 
preferentially at internal grain boundaries in nanostructured 
films. Switching exhibits the pinched hysteresis I/V loop 
characteristic of memristive systems, and on/off resistance 
ratios of 104:1 or higher can be easily achieved. Scanning 
tunneling microscopy suggests that switchable conductive 
pathways are 10 nm in diameter or smaller. Programming 
currents can be as low as 2 μA, and transition times are on 
the nanosecond scale.
J. Appl. Phys. 111, 074507 (2012)

 

identification of different origins for s-shaped current 
voltage characteristics in planar heterojunction organic 
solar cells
Julia Wagner, Mark Gruber, Andreas Wilke, Yuya Tanaka, 
Katharina Topczak, Andreas Steindamm, Ulrich Hörmann, 
Andreas Opitz, Yasuo Nakayama, Hisao Ishii, Jens Pflaum, 
Norbert Koch, and Wolfgang Brütting
ABstrACt: We investigate 
different parameters 
influencing the occurrence 
of s-shaped current voltage 
(j-V) characteristics in planar 
heterojunction organic 
solar cells. It is shown how 
substrate modification, 
purity of the active organic 
material as well as variation 
of the top contact can affect the shape of the j-V curves. 
The studies are performed on vacuum-evaporated planar 
heterojunction solar cells with diindenoperylene (DIP) as 
electron donor and fullerene C60 as acceptor. The focus 
is on the fill factor and forward current being the most 
direct indicators for s-shapes in j-V curves. We find that 
the main effect of substrate heating during film growth can 
be assigned to changes in energy barriers rather than to 
the modification of morphology and crystallinity, which is 
also influenced by elevated substrate temperatures. The 
decisive role of the barrier height between the anode work 
function and the HOMO (i.e., highest occupied molecular 
orbital) level of the donor is approved by comparing 
hole-injection layers with different work functions. By using 
donor materials of different purity we find a correlation 
between charge carrier mobilities and fill factors. Finally, 
it is demonstrated that an exciton blocking interlayer is 
essential to get high fill factors when aluminum is used as 
top contact, but is dispensable for samarium as cathode 
material. This finding can be ascribed to the protective 
effect of the interlayer from aluminum diffusion into the 
active semiconductor rather than to its role as exciton 
diffusion barrier.
J. Appl. Phys. 111, 054509 (2012)
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APPLiEd BioPhysiCs

size and shape effects on receptor-mediated endocytosis 
of nanoparticles
Xinlei Li
ABstrACt: 
We present a 
thermodynamic 
approach to 
elucidate the 
effects of the 
size and shape of 
nanoparticles (NPs) 
on endocytosis. 
It is found that endocytosis needs to surmount a 
thermodynamic energy barrier and has a minimum radius 
of NPs for endocytosis. Through referring to the concept 
of “diffusion length of receptors,” we obtain a simple 
and analytical expression for the optimal size of NPs. 
Furthermore, a phase diagram has been constructed, which 
can clarify the interrelated effects of the radius and the 
aspect ratio of NPs. We can identify from the phase the 
relation between the geometry of NP and its endocytosis 
rate. The theoretical results are in good agreement 
with the experimental observations and reveal physical 
mechanisms involved in the effects of the size and shape of 
NPs on endocytosis, which implies that these studies may 
provide useful guidance to the conscious design of NPs for 
diagnostic agents and drug delivery applications.
J. Appl. Phys. 111, 024702 (2012)

 

open photoacoustic cell for thermal diffusivity 
measurements of a fast hardening cement used in 
dental restoring
F. B. G. Astrath, N. G. C. Astrath, M. L. Baesso, A. C. Bento,  
J. C. S. Moraes, and A. D. Santos
ABstrACt: Thermal diffusivity 
and conductivity of dental 
cements have been studied 
using open photoacoustic cell 
(OPC). The samples consisted 
of fast hardening cement 
named CER, developed to 
be a root-end filling material. 
Thermal characterization was 
performed in samples with 
different gel/powder ratio and 
particle sizes and the results were compared to the ones 
from commercial cements. Complementary measurements 
of specific heat and mass density were also performed. The 
results showed that the thermal diffusivity of CER tends 
to increase smoothly with gel volume and rapidly against 
particle size. This behavior was linked to the pores size and 
their distribution in the samples. The OPC method was 
shown to be a valuable way in deriving thermal properties 
of porous material.
J. Appl. Phys. 111, 014701 (2012)
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self-assembled synthesis and characterization of 
microchannels in polymeric membranes
Wintana T. Kahsai, Uyen H. T. Pham, Jeyantt S. Sankaran,  
and Samir M. Iqbal
ABstrACt: This 
article describes a 
novel self-assembly 
approach to create 
microchannels in 
polydimethylsiloxane 
(PDMS) membranes 
using poly(ethylene 
oxide) (PEO) and 
polyurethane 
(PU). The interactions between hydrophilic PEO/PU and 
hydrophobic PDMS, as it cross-links, result into PEO/
PU pushed out of the bulk PDMS. As this occurs, PEO/
PU particles leave behind their tracks. PEO depicts ease 
of handling, better inherent alignment, and excellent 
repeatability. Fourier transform infrared spectroscopy, 
optical/confocal laser scanning microscopy, and fluid flow 
measurements are done to characterize the microfluidic 
channels. These channels have a circular cross-section 
and are parallel to each other. PEO generates smaller 
channels compared to PU. The diameter, arrangement, 
and height of these channels are seen to depend on 
temperature; for example, channel length increases 
linearly with temperature. An interdependent relationship 
between temperature, pore size, and number of pores is 
also exhibited. During phase separation of hydrophilic 
and hydrophobic materials, interface shows concentric 
circular arrangements of hydrophilic molten polymer. The 
circular pattern shows almost similar radial change in size. 
The flow behavior of colored ink solutions shows higher 
velocity at the entrance of microchannels which decreases 
to sustained lower velocity as fluid travels farther in the 
microchannels. The fabrication of membrane does not need 
lithography or etching, and channels are self-assembled 
from bottom-up interactions. These microchannel 
membranes can have applications in drug delivery, cell 
culture studies, mixing of solutions, separation of mixtures, 
lab-on-a-chip, etc.
J. Appl. Phys. 112, 024701 (2012)

 

intErdisCiPLinAry And 
GEnErAL PhysiCs

Analytical modeling of conformal mantle cloaks for 
cylindrical objects using sub-wavelength printed and 
slotted arrays
Yashwanth R. Padooru, Alexander B. Yakovlev, Pai-Yen Chen, 
and Andrea Alù

ABstrACt: Following the idea of “cloaking by a surface” 
[A. Alù, Phys. Rev. B 80, 245115 (2009); P. Y. Chen and A. 
Alù, Phys. Rev. B 84, 205110 (2011)], we present a rigorous 
analytical model applicable to mantle cloaking of cylindrical 
objects using 1D and 2D sub-wavelength conformal 
frequency selective surface (FSS) elements. The model 
is based on Lorenz-Mie scattering theory which utilizes 
the two-sided impedance boundary conditions at the 
interface of the sub-wavelength elements. The FSS arrays 
considered in this work are composed of 1D horizontal and 
vertical metallic strips and 2D printed (patches, Jerusalem 
crosses, and cross dipoles) and slotted structures (meshes, 
slot-Jerusalem crosses, and slot-cross dipoles). It is shown 
that the analytical grid-impedance expressions derived 
for the planar arrays of sub-wavelength elements may be 
successfully used to model and tailor the surface reactance 
of cylindrical conformal mantle cloaks. By properly tailoring 
the surface reactance of the cloak, the total scattering from 
the cylinder can be significantly reduced, thus rendering the 
object invisible over the range of frequencies of interest (i.e., 
at microwaves and far-infrared). The results obtained using 
our analytical model for mantle cloaks are validated against 
full-wave numerical simulations.
J. Appl. Phys. 112, 034907 (2012)
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Effects of electron-phonon coupling and electron diffusion 
on ripples growth on ultrafast-laser-irradiated metals
J. P. Colombier, F. Garrelie, N. Faure, S. Reynaud, M. Bounhalli, 
E. Audouard, R. Stoian, and F. Pigeon
ABstrACt: Metals exposed to 
ultrafast laser irradiation close 
to ablative regimes show often 
a submicron-scale (near 0.5 μm) 
periodic organization of the surface 
as ripples. Using two classes of 
metallic materials (transition and 
noble), we have determined that 
the ripples amplitude is strongly 
correlated to the material transport 
properties, namely electron-phonon relaxation strength, 
electronic diffusion, and to the energy band characteristics 
of the electronic laser excitation. This particularly depends 
on the topology of the electronic structure, including 
d-band effects on electronic excitation. Comparing the 
effects of electron-phonon nonequilibrium lifetimes for 
the different metals under similar irradiation conditions, 
we indicate how the electron-phonon coupling strength 
affects the electronic thermal diffusion, the speed of phase 
transformation and impacts on the ripples contrast. The 
highest contrast is observed for ruthenium, where the 
electron-phonon coupling is the strongest, followed by 
tungsten, nickel, and copper, the latter with the least visible 
contrast. The dependence of surface patterns contrast 
with fluence is linked to the dependence of the relaxation 
characteristics with the electronic temperature.
J. Appl. Phys. 111, 024902 (2012)

 

studies of pure and nitrogen-incorporated hydrogenated 
amorphous carbon thin films and their possible application 
for amorphous silicon solar cells
Neeraj Dwivedi, Sushil Kumar, and Hitendra K. Malik
ABstrACt: Hydrogenated 
amorphous carbon (a-C:H) and 
nitrogen-incorporated a-C:H 
(a-C:N:H) thin films were deposited 
using radio frequency–plasma-
enhanced chemical vapor 
deposition technique and studied 
for their electrical, optical, and nano-
mechanical properties. Introduction 
of nitrogen and increase of self 
bias enhanced the conductivity of a-C:H and a-C:N:H 
films, whereas current-voltage measurement reveals 
heterojunction formation due to their rectifying behavior. 
The bandgap of these films was changed over wide range 
from 1.9 eV to 3.45 eV by varying self bias and the nitrogen 
incorporation. Further, activation energy was correlated 
with the electronic structure of a-C:H and a-C:N:H films, 
and conductivity was discussed as a function of bandgap. 
Moreover, a-C:N:H films exhibited high hardness and elastic 
modulus, with maximum values as 42 GPa and 430 GPa, 
respectively, at −100 V. Observed fascinating electrical, 
optical, and nano-mechanical properties made it a material 
of great utility in the development of optoelectronic 
devices, such as solar cells. In addition, we also performed 
simulation study for an a-Si:H solar cell, considering 
a-C:H and C:N:H as window layers, and compared their 
performance with the a-Si:H solar cell having a-SiC:H as 
window layer. We also proposed several structures for the 
development of a near full-spectrum solar cell. Moreover, 
due to high hardness, a-C:N:H films can be used as a 
protective and encapsulate layer on solar cells, especially 
in n-i-p configuration on metal substrate. Nevertheless, 
a-C:H and a-C:N:H as a window layer can avoid the use of 
additional hard and protective coating and, hence, minimize 
the cost of the product.
J. Appl. Phys. 111, 014908 (2012)
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Journal of Applied Physics Publishes special topics 

The Journal publishes special collections focusing on current or emerging area of 
applied science. Special topics that have published recently are:

special topic: selected Papers from the Piezoresponse force 
Microscopy Workshop series: Part of the Joint isAf-ECAPd-PfM 
2012 Conference

This special topic from the Piezoresponse Force Microscopy Workshop 
Series is a timely collection of recent advances in PFM techniques, theories, 
and applications. 

J. Appl. Phys., Volume 113, Issue 18 (2013)

special topic: selected papers from the 31st international 
Conference on the Physics of semiconductors

This special topic covers a range of topic areas such as graphene, quantum 
dots, and of course various types of semiconductors. 

 J. Appl. Phys., Volume 113, Issue 13 (2013) 

Proceedings of the 12th Joint MMM-intErMAG Conference

These peer-reviewed papers pertain to a variety of topic areas such 
as biomedical and molecular magnets, soft magnetic materials, and 
magnetoelectronic effects.

J. Appl. Phys., Volume 113, Issue 17 (2013)
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