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endent photoconductivities in
indium aluminium nitride nanorods grown by
magnetron sputter epitaxy†
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Photoconduction (PC) properties were investigated for ternary indium aluminium nitride (InxAl1−xN)

nanorods (NRs) with different indium compositions (x) from 0.35 to 0.68, as grown by direct-current

reactive magnetron sputter epitaxy. Cross-sectional scanning transmission electron microscopy (STEM)

reveals single-crystal quality of the vertically aligned InxAl1−xN NRs. Single-rod photodetector devices

with good ohmic contacts were fabricated using the focused-ion-beam technique (FIB), where the In-

rich In0.68Al0.32N NR exhibits an optimal photocurrent responsivity of 1400 A W−1 and photoconductive

gain of 3300. A transition from a positive photoresponse to a negative photoresponse was observed,

while increasing the In composition x from 0.35 to 0.57. The negative PC was further enhanced by

increasing x to 0.68. A model based on the coexistence and competition of deep electron trap states

and recombination centers was proposed to explain the interesting composition-dependent PC in these

ternary III-nitride 1D nanostructures.
1. Introduction

Ternary group III-nitride semiconductors such as InGaN,
AlGaN, and InAlN have been widely utilized in multiple opto-
electronic device applications such as ultraviolet detectors, light
emitting diodes (LEDs), laser diodes (LDs), transistors, and
solar cells.1–7 Among these, indium aluminium nitride (InAlN or
InxAl1−xN) has been less explored than the other two
compounds. Recently, the InxAl1−xN system has attracted
attention due to its tunable and broad direct band gap ranging
from 0.7 eV (InN) in the infrared (IR) region to 6.2 eV (AlN) in the
ultraviolet (UV) region8,9 by changing the atomic ratio of In/Al.
Hence, InxAl1−xN compounds are particularly suitable for
wavelength-selective optoelectronic devices such as photode-
tectors, LEDs, and LDs.10

Even though InxAl1−xN compounds can offer a wide variety
of applications, it remains less explored due to the difficulty in
obtaining high-quality crystals. Researchers have employed
metal organic chemical vapour deposition (MOCVD),11,12
echnology, National Taiwan University of
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Sweden
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6–4894
molecular beam epitaxy (MBE),8,13 plasma assisted reactive
evaporation,10,14 and magnetron sputter epitaxy (MSE)15–17 to
obtain high quality InxAl1−xN thin lms. Among these methods,
MSE is more popular for the preparation of InxAl1−xN due to its
advantages such as low cost, low substrate temperature, and
large-area production.15 Apart from these, sputtering allows
a wide range of substrates such as sapphire, glass, quartz,
silicon, SiC, and ZnO to deposit InxAl1−xN compounds.18–21 By
utilizing MSE, the composition of InxAl1−xN compounds can
easily be tuned by varying the applied magnetron power of In
and Al targets. The low-temperature deposition of MSE permits
deposition of single-phase In-rich composition of InxAl1−xN,
which is difficult to grow in other high process-temperature
techniques.15 Alizadeh et al. reported InxAl1−xN lms with
high In content of x ¼ 0.90 deposited by dual source reactive
evaporation.14 The InxAl1−xN lms with full composition range
(x ¼ 0–1) were also realized by room-temperature heteroepitaxy
using MSE.22

Photodetectors based on one-dimensional (1D) nano-
structures such as nanorods (NRs) and nanowires exhibit
superior responsivity and detectivity due to their unique prop-
erties such as large surface-to-volume ratio, light scattering
(between NRs), and reduced cross-section to the quantum
connement size regime. 1D nanomaterials effectively increase
overall electron mobility and minimize charge transit time due
to reduced carrier scattering from the 3D to quasi-1D mode.23

The substantial surface effects also reduce recombination and
enhance excess carrier collection efficiency, which leads to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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higher performance of the photodetectors using 1D materials.24

Wang et al. fabricated a self-powered solar-blind photodetector
based on AlGaN nanowires, which shows a high photocurrent
density of 55 mA cm−2 and responsivity of 48.8 mA W−1 at an
illumination wavelength of 254 nm.25 Kang et al. reported an
ultraviolet-C photodetector based on n-AlGaN nanoowers that
consist of a large number of self-assembled 1D nanowires.26 A
photoresponsivity of �0.72 A W−1 and sensitivity of �40% were
obtained for the nanoower detector. Wang et al. reported
bidirectional photoconductivity behaviour in the p–n hetero-
junction of p-AlGaN/n-GaN nanowires.27 The group III-nitride
photodetectors with various device architectures such as
multiple quantum shell nanowires (MQS NWs),28 multi
quantum well nanorod arrays (MQW NR),29 photo electro-
chemical (PEC),27 and avalanche photodiodes30 also have been
proposed.

In this work, we address the photoconductivity of InxAl1−xN
NRs with different In compositions grown by MSE. The crys-
talline andmorphological properties of the NRs were studied by
X-ray diffraction (XRD), eld-emission scanning electron
microscopy (FESEM), scanning transmission electron micros-
copy (STEM), and energy-dispersive X-ray spectroscopy (EDX) in
STEM. Two-terminal InxAl1−xN single-NR devices were fabri-
cated using Pt electrodes prepared by focused-ion beam (FIB)
deposition on an insulating SiO2 (500 nm)/n+-Si substrate. The
photocurrent response measurements were performed under
green light illumination with different powers in order to
investigate photoconductivity in InxAl1−xN single-NR devices.
To explain the particular composition-dependent PC in Inx-
Al1−xN single-NR devices, a PC mechanism based on the coex-
istence of electron traps and recombination centers is
proposed. To date photoconductivity (PC) studies in ternary
InxAl1−xN and especially its nanorods are rare. This work is the
rst report dealing with the systematic study of PC performance
in InxAl1−xN nanorods with different high-indium
compositions.
Fig. 1 XRD patterns of InxAl1−xN NRs with different In contents (x)
grown by MSE using different magnetron powers of the Al target (PAl).
2. Experimental details

The InxAl1−xN NRs were grown on c-plane sapphire substrates
by direct-current (dc) reactive MSE. A constant heating
temperature of 400 �C was maintained for all samples. A base
pressure of <3 � 10−9 Torr was maintained in the chamber
usingmechanical and turbomolecular pumps. More details can
be found elsewhere.22 High-purity Al target (99.999%, 75 mm
diameter) and In target (99.999%, 50 mm-diameter) were used
in reactive co-sputtering of ternary InxAl1−xN NRs in a gas
mixture of argon (Ar) and nitrogen (N2). The partial pressures of
Ar and N2 were kept at 3 and 2 mTorr, respectively. For
obtaining different compositions, the dc magnetron power of
the Al target was varied between 200 and 80 W (PAl ¼ 200, 120,
and 80 W). The power of the In (PIn) target was kept constant at
10 W. A sputtering time of 5 h was used for all the samples.
Finally, the two terminal single NR devices were fabricated
using platinum (Pt) metal electrodes deposited on the insu-
lating SiO2 (500 nm)/n+-Si substrates. The fabricated devices
© 2022 The Author(s). Published by the Royal Society of Chemistry
were named In0.35Al0.65N NR, In0.57Al0.43N NR and In0.68Al0.32N
NR depending on the composition.

The crystalline structure and morphological properties of
the as-grown NRs were characterized by q − 2q scan XRD
(Philips PW1710 Bragg–Brentano powder diffractometer) and
FESEM (Zeiss Leo 1550) respectively. Atomic structure STEM
imaging and EDX compositional analyses of the NRs were
performed using a Linköping double Cs corrected FEI Titan3

60–300, operated at 300 kV. Pt electrodes were deposited using
the FIB (FEI Quanta 3D FEG) technique. Source dc bias vs.
current measurements were done by using a semiconductor
characterization system (Keithley 4200-SCS). A laser source of
wavelength 532 nm was used as the illumination source for
the photoconductive measurements. A calibrated power
meter (Ophir Nova II) with a silicon photodiode head (Ophir
PD300-UV) was used to measure the incident power of the
laser. To minimize the error of the power density calculation,
a holographic diffuser was used to broaden the laser beam
size (�20 mm2).
3. Results and discussion

Fig. 1 shows the XRD patterns of the InxAl1−xN NR samples
prepared with different Al magnetron powers (PAl). All samples
exhibit two diffraction peaks, from the nanorods, InxAl1−x-
N(0002), and substrate, Al2O3(0006), respectively. In the gure,
the dashed line at 31.4� denotes the position of the InN(0002)
peak and the dotted line at 36.0� denotes the position of the
AlN(0002) peak.22,31 The obtained peak position for all the
samples is in between the InN and AlN peaks, and there is no
peak related to any binary or In and Al metal phases. The above
result indicates the exclusive formation of the compound Inx-
Al1−xN. The InxAl1−xN(0002) peaks conrm that the NRs are of
hexagonal structure and were grown preferentially along their c-
axis direction.3,22 From the XRD patterns, it can be seen that
decreasing PAl leads to a decrease of the diffraction angle for the
Nanoscale Adv., 2022, 4, 4886–4894 | 4887
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Fig. 2 Plan-view SEM images of InxAl1−xN NRs with different In
contents (a) x ¼ 0.35, (b) x ¼ 0.57, and (c) x ¼ 0.68.
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InxAl1−xN NRs, which indicates changing InxAl1−xN
composition.

Assuming that all as-grown samples are stress-free, the
composition of InxAl1−xN NRs was estimated using Vegard's law
given by18,32

cInxAl1−xN
¼ xcInN + (1 − x)cAlN, (1)

where cInN and cAIN are the lattice constants of bulk InN and AlN
and given by 5.703 �A and 4.982 �A respectively.31 The cInxAl1−xN is
the lattice parameter of InxAl1−xN samples and it was calculated
from the following equation using the InxAl1−xN(0002) peak32

1

d2
¼ 4

3

�
h2 þ hk þ k2

a2

�
þ l2

c2
; (2)

where d is the d-spacing, h, k, and l are the miller indices and
a and c denote the lattice constants of the hexagonal system.
The calculated c values of the samples grown at 200, 120, and
80 W are 5.228, 5.386, and 5.463 Å, respectively. From Vegard's
law, the obtained In content x, without considering strain, is
0.35, 0.57, and 0.68, respectively. These values are in good
agreement with previous reports for InxAl1−xN.22,31,33 Depending
on the composition, the samples were named In0.35Al0.65N,
In0.57Al0.43N, and In0.68Al0.32N for the as-grown samples at PAl of
200, 120, and 80 W, respectively.

The plan-view SEM images of InxAl1−xN NR samples with
different compositions are depicted in Fig. 2. The different
InxAl1−xN NRs show similar morphology with highly dense and
vertically-aligned NRs on sapphire substrates. STEM-EDX
mapping was used to determine the elemental distribution
and crystalline structure of the In0.68Al0.32N NR sample as
shown in Fig. 3. The cross-sectional STEM image, Fig. 3(a),
shows the vertical alignment of NRs and the high-resolution
STEM image, Fig. 3(b), shows a clear lattice image conrming
the single-crystal quality of the NRs. The EDX elemental
mapping, Fig. 3(c), reveals a uniform distribution of elements
In, Al, and N across the NRs. No segregation of In-rich or Al-rich
clusters is formed in the InxAl1−xN NRs, and no obvious core–
shell structure is observed in contrast to the InxAl1−xN NRs re-
ported by Serban et al.34 An EDX line scan was employed to
conrm the compositional homogeneity for the cross-sectional
In0.68Al0.32N NRs as shown in Fig. 3(d). The line scan section was
performed along the yellow dashed line denoted in Fig. 3(c) in
which the intensities of both In and Al signals uniformly
increase and then decrease in the distance from 0 to 60 nm. The
higher intensity denotes higher content of Al and In at the NR
core, which is consistent with the cylindrical geometry of the
rods. EDX line analysis reveals the uniform distribution of
elements Al and In throughout the NR, indicating that the NRs
were grown in a single-phase compound rather than a core–
shell structure.35

It is known that the energy band gap (Eg) of InxAl1−xN
samples depends on the In content in the samples. Hence, it is
signicant for their applications in optoelectronic devices to
calculate the energy band gap of InxAl1−xN samples with
different In contents. In accordance with the In content (x), the
4888 | Nanoscale Adv., 2022, 4, 4886–4894
energy band gap (Eg) of MSE-grown InxAl1−xN can be approxi-
mated by following the bowing equation36

Eg(InxAl1−xN) ¼ 2.28x2 − 4.91x + 4.17. (3)

The calculated Eg values are 2.73, 2.11, and 1.88 eV for the
samples In0.35Al0.65N, In0.57Al0.43N, and In0.68Al0.32N, respec-
tively. It is observed that the Eg value decreases from 2.73 to
1.88 eV with increase of the In content in the samples from 0.35
to 0.68. The obtained Eg values of InxAl1−xN are in close agree-
ment with the reported values for such alloys.14,31,37,38

Fig. 4 shows the dark current vs. applied voltage (Id–V)
measurements of the two terminal single-NR devices with
different compositions of In0.35Al0.65N, In0.57Al0.43N, and In0.68
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Cross-sectional STEM image, (b) high-resolution STEM image, inset shows a clear lattice image, (c) EDS elemental mapping of Al, In,
and N, and (d) EDX line scan of In0.68Al0.32N NRs.

Fig. 4 Id–V measurements of InxAl1−xN single-NR devices, where the
inset shows a typical SEM image of a FIB-fabricated NR device to
measure the length (l) and width (w) of the conduction channel.
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Al0.32N. A typical plan-view SEM image of the NR device is
shown in the inset of Fig. 4. The length and width values of the
NR were obtained from the SEM image as denoted in the inset
gure. For all devices, the Id–V curves reveal linear nature,
which suggests good ohmic contact between InxAl1−xN NRs and
Pt metal.39,40 The Id–V curves also show that the conductance (G)
(i.e. slope) value increases with an increase of indium
© 2022 The Author(s). Published by the Royal Society of Chemistry
composition. The electrical conductance (G) dened as G ¼ I/V
(ref. 41) can be obtained from the linear t of the Id–V graph.
The slope of the Id–V graph gives the conductance values 2.32 �
10−3, 8.00 � 10−3, and 1.64 � 10−2 U−1 for the In0.35Al0.65N,
In0.57Al0.43N, and In0.68Al0.32N devices, respectively.

The conductivity (s) of the InxAl1−xN NR devices was calcu-
lated from the following relation41

s ¼ G
l

A
; (4)

where G is the conductance, l is the length of the conductor and
A is the cross-sectional area for current ow of the conductor.
The calculated conductivities of the In0.35Al0.65N, In0.57Al0.43N,
and In0.68Al0.32N NRs are 3.77 � 102, 3.25 � 103, and 6.26 � 103

U−1 cm−1, respectively. The result shows that the conductivity
increases with an increase of In content. In-rich ternary nitride
alloys are very sensitive to formation of point and structural
defects. We observed a reduction in structural quality of Inx-
Al1−xN lms with the increase of In content in our previous
study.22 The increase of conductivity with the increase of In
content was reported for Al1−xInxN lms obtained by RF sput-
tering.36 Accordingly, in this work, the increase in conductivity
is attributed to higher electron concentration due to generation
of more donor-type defects with increase of In content.36,42

In Fig. 5 the typical photocurrent response of InxAl1−xN NRs
under green light (l ¼ 532 nm, E ¼ 2.33 eV) illumination at
a bias of 0.01 V in air is shown. For all samples, the photocur-
rent was recorded with different illumination powers (40 to 110
Nanoscale Adv., 2022, 4, 4886–4894 | 4889
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Fig. 5 Photocurrent response measurements of InxAl1−xN NR devices
under green light illumination with a wavelength of 532 nm and
increasing laser power. ON and OFF denote the operation of the laser
light source.

Fig. 6 Photocurrent vs. light intensity curves of InxAl1−xN NRs with
different In contents (a) x ¼ 0.35, (b) x ¼ 0.57, (c) x ¼ 0.68.
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mW). To report photocurrent values, the background dark
currents were subtracted from the response curves. The original
current response curves under light illumination can be found
in ESI Fig. 1.† The results reveal a clear photoresponse of the
InxAl1−xN NR devices to the different optical powers. All the
photoresponses increase with the increase of power. It is noted
that the In0.35Al0.65N NR shows a positive photoresponse and
the other two devices (In0.57Al0.43N and In0.68Al0.32N) with
4890 | Nanoscale Adv., 2022, 4, 4886–4894
higher In composition show a negative photoresponse. A clear
transition from conventional positive photoconductivity (PPC)
to anomalous negative photoconductivity (NPC) was observed
as the In content x increases from 0.35 to 0.68.

The photocurrent vs.light intensity (I) curves for InxAl1−xN
NR devices are illustrated in Fig. 6. Optical intensity was ob-
tained from the laser power divided by the laser spot area
(diameter � 5 mm). The photocurrent values are linearly
© 2022 The Author(s). Published by the Royal Society of Chemistry
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dependent on the light intensity for the In0.35Al0.65N NR and
inversely dependent on the intensity for In0.57Al0.43N and
In0.68Al0.32N NRs. Responsivity (R), a critical parameter deter-
mining photodetector performance, is dened as the photo-
current generated by the power of light incident on
a photoconductor with an effective area (APC). R can be calcu-
lated from the formula43

R ¼ ip

P
¼ ip

IAPC

; (5)

where, ip is the photocurrent value and P is the power incident
on the effective area (APC) of a photoconductor. Here, APC ¼ wl
(w is the width and l is the length of the photoconductor). The
calculated responsivity vs. light intensity curves are shown in
Fig. 7(a). The results show that the R values are almost inde-
pendent of the intensity (1600 to 4400 W m−2). The average
value of R of In0.35Al0.65N, In0.57Al0.43N, and In0.68Al0.32N NR
devices is 100, −690, and −1400 AW−1, respectively. The nega-
tive sign denotes a negative photoresponse.

To investigate the physical origin of the high responsivity,
photoconductive gain (G) was estimated. G is a dimensionless
parameter and conceptually denotes the number of excess
carriers circulating through a photoconductor per unit time
before recombination. Therefore, gain is dened as the ratio of
carrier lifetime (s) to transit time (st) between two electrodes
and is written as44,45
Fig. 7 (a) Responsivity and (b) photoconductive gain vs. light intensity
of InxAl1−xN NRs with different compositions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
G ¼ s
st
; (6)

where st ¼ l/v, here, l is the length between two electrodes and v
is the dri velocity which is given by the product of mobility (m)
and applied electric eld (F) i.e. v ¼ mF. F can be dened as the
ratio of V/l.46 Hence, eqn (6) is modied as follows47

G ¼ ðV � smÞ
l2

(7)

G is also dened as the number of electrons detected per
absorbed photon and it is linearly proportional to responsivity
and photocurrent, hence the G value can be estimated accord-
ing to the equation48

G ¼ E

e

R

h
¼ E

e

ip

hP
; (8)

where E is the photon energy, e is the elementary charge, and h

is the quantum efficiency. To simplify the calculation, h was
assumed to be unity (100%).46,48 It is noteworthy to mention that
the G values obtained from eqn (7) are underestimated due to
the assumption of h to be unity i.e., the reected light and
transmitted light through the NR are neglected.

The calculated gain vs. intensity curves of the InxAl1−xN NRs
are shown in Fig. 7(b). The results show that photoconductive
gain (G) values are almost constant at different intensities (1600
to 4400 W m−2). The average values of G of In0.35Al0.65N,
In0.57Al0.43N, and In0.68Al0.32N NRs are 240, −1560, and −3300,
respectively. The obtained best responsivity value of the NPC
device is compared with those of other NPC devices as listed in
Table 1. From the table, it is clear that obtained responsivity of
the In0.68Al0.32N NR device is higher than many of the reported
values for other NPC photodetectors.

To explain the transition of PPC to NPC in InxAl1−xNNRs, the
PC mechanism is demonstrated and proposed for the rst time
as follows. Generally, band-to-band (or super-bandgap) excita-
tion generates electron–hole pairs (EHPs) as the excess carriers
that results in a positive photocurrent. Since the presently used
excitation energy (2.33 eV) is lower than the bandgap of the
In0.35Al0.65N NR (2.73 eV), the sub-band gap excitation is
insufficient for the electrons to be excited from the valence band
(VB) to the conduction band (CB) directly. They may, however,
follow a two-step process as shown in Fig. 8(a). Electrons are
excited from the valence band to the defect bands (such as the
electron trap (ET) states) and subsequently to the conduction
Table 1 Comparison of photodetector performance of the present
and reference materials with a negative photoresponse

S. No. Material
Responsivity
(A W−1)

Wavelength
(nm) References

1 WS2/Au NPs 0.039 532 49
2 Cr2Ge2Te6 340 635 50
3 rGO/AuNPs 10.05 532 51
4 rGO/WS2 6 808 52
5 In0.68Al0.32N NR 1400 532 Present work
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Fig. 8 Schematic band diagrams showing transitions involving the (a)
PPC mechanism for In0.35Al0.65N NRs and (b) NPC mechanism for
In0.57Al0.43N and In0.68Al0.32N NRs. CB denotes the conduction band.
VB denotes the valence band. ET denotes electron trap states. RC
denotes recombination centers.
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band (Step 1 and 2 in Fig. 8(a)). The sub-bandgap illumination
generates excess EHPs and a positive photocurrent.

Deep electron trap states have been frequently observed in the
InAlN lms grown by metal–organic chemical vapour deposi-
tion.53–55 On increasing the In content from 0.35 to 0.68, it is
inferred that more In incorporation could increase the relevant
defect density and at the same time could create other imper-
fection states such as recombination centers (RC) that some-
times originate from the deep acceptor states. The RC or deep
acceptors created by high In composition have been previously
reported for InAlN lms.56,57 Coexistence of the ET and RC could
be responsible for the negative photoresponse. The proposed
band diagram for the NPC mechanism is shown in Fig. 8(b). In
this case, the In-rich In0.57Al0.43N and In0.68Al0.32N NRs have the
bandgap (#2.11 eV) lower than the excitation energy (2.33 eV).
The excited electrons could be captured by the ET via the super-
bandgap excitation (Steps 1 and 2 in Fig. 8(b)). Subsequently if
the unpaired excess holes are also captured by the RC, the
positively charged RC will attract thermal electrons (Step 3 and 4
in Fig. 8(b)). Trapping of the thermal electrons lowers the carrier
concentration and thus results in a negative photocurrent. This
statement explains the transition from PPC to NPC in InxAl1−xN
NRs with increasing In composition.
4. Conclusions

Photoconductivity in InxAl1−xN NRs grown by the MSE tech-
nique was investigated. The formation of InxAl1−xN NRs was
conrmed using XRD, plan-view FESEM, and cross-sectional
4892 | Nanoscale Adv., 2022, 4, 4886–4894
STEM-EDX techniques. A clear transition from PPC to NPC
has been observed in the single-crystalline InxAl1−xN NRs with
increasing In content. A model based on the presence of elec-
tron trap states and recombination centers is proposed to
explain the noted composition-dependent photoconductivity
spanning from positive to negative values. The controllable PC
characteristics by the MSE process together with the high
responsivity and PC gain in the InxAl1−xN NRs demonstrate the
potential of ternary nitride 1D nanomaterials for high-
performance broad-band photodetectors.
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34 E. A. Serban, P. O. Å. Persson, I. Poenaru, M. Junaid,
L. Hultman, J. Birch and C. L. Hsiao, Nanotechnology, 2015,
26, 215602.

35 C. L. Hsiao, J. Palisaitis, M. Junaid, R. S. Chen,
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