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Abstract— Suppression of the hysteretic electron emission in
one-dimensional nanomaterial-based electron sources remains a
critical barrier preventing their wide scale adoption in various
vacuum electronics applications. Here we report on the suppressed
hysteretic performance, and its photo-dependence from conformal
poly-vinylpyrrolidone (PVP) encapsulated percolative Ag
nanowire (NW)-based electron sources.
Index Terms—silver nanowires, field electron emission, adlayer,
hysteresis, poly-vinylpyrrolidone

I. INTRODUCTION

T

oxide charging, and trap de-population[11]. Others have
attributed such hysteresis effects to both reversible[12] and
irreversible structural changes[13] in the emitters. The detailed
underpinning mechanism remains largely unclear, though it
likely stems collectively from many of these sources. Though
certainly not all, most mechanisms proposed relate to the fine
physiochemistry of the emitters surface. Emitter encapsulation
has been shown elsewhere to enhance the temporal stability of
various one-dimensional nanoscale electron sources [14, 15], with
various polymer adlayers[16-20] evidencing potential as emission
enhancing and hysteresis suppressing over-coatings. Here, via
broadband optical excitation, we investigate the hysteretic field
emission performance of percolative networks of polyvinylpyrrolidone (PVP) encapsulated Ag NWs.

HE field of vacuum electronics is undergoing a renaissance.

With significant interest in the application of field electron
emission in flat panel displays, parallel electron beam
lithography systems, space propulsion, chemical analysis,
microwave amplifiers, lighting, and X-ray sources[1-5], the
integration and rational synthesis of nanoscale systems is
allowing otherwise challenging emission geometries to be
realized via near atomic-scale self-assembly. Nanomaterials are
continuing to find ever more varied and diverse applications in
the field of vacuum electronics. Though many proposed ideas
are technologically unfeasible, the use of the myriad nanowire
(NW) types in electron emission devices has significant
potential, principally due to their intrinsically high aspect
ratios[6, 7]. Nevertheless, such systems remain plagued by
hysteresis within their electron emission, which significantly
degrades the cycle-to-cycle reproducibility of the transport.
Various suggestions have been put forth as to the source of such
hysteresis within nanoscale electron emission systems,
including; back-bombardment from desorbed ionized species[8]
and subsequent micro-plasma mediated morphological
deformation, emission from transient intermediate energy
states[9], dynamic bias ramp-rate effects, transient emitter fielddependent electrostatic alignment[10], deep level carrier capture,
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II. RESULTS & DISCUSSION
Figure 1 illustrates the electron source fabrication procedure.
All chemicals were purchased from Sigma-Aldrich and were
used without further purification. Ag NWs were synthesized
according to our previously reported method[21]; 10 mL, 0.45M
EG solution of PVP (MW = 55000, [C6H9NO]n) was prepared
with 7 mg NaCl (99.5%). The solution was heated to 170°C in

Fig. 1. Fabrication of the PVP stabilized electron sources via (a) PVP adlayer
forming, (b) encapsulated Ag NW synthesis, (c) spray coating (Inset depicts a
typical PVP/Ag NW dispersion), and the resulting (d) stabilised electron
source.
S. Coskun and H. E. Unalan are with the Department of Metallurgical &
Materials Engineering, Middle East Technical University, 06800, Ankara,
Turkey. (e-mail: unalan@metu.edu.tr)
C. Cepek is with the Istituto Officina dei Materiali - CNR, Laboratorio
TASC, Area Science Park, Basovizza, I-34149 Trieste, Italy.
C. Li and Q. Dai are with the National Centre for Nanoscience &
Technology, Beijing, 100190, China. (e-mail: daiq@nanoctr.cn)
A. W. Robertson and J. H. Warner are with the Department of Materials,
University of Oxford, OX1 3PH, United Kingdom.

1536-125X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNANO.2016.2623355, IEEE
Transactions on Nanotechnology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

Fig. 2. (a) Typical Ag NW length and (inset) diameter distribution, the latter
of which is here depicted with and without the PVP coating. (b) A scanning
electron micrograph of a PVP coated Ag NW network (Scale bar: 5 µm) and
(Inset) an optical micrograph of a 10x10 mm sample (Scale bar: 5 mm). (c) A
high resolution TEM micrograph of a single Ag NW apex showing the
conformation of the PVP adlayer and an interfacial AgxOy layer. (d) XRD
spectra of the as-synthesized uncoated Ag NWs and corresponding (Inset)
SAED pattern.

a 100 mL bulb and a 0.12M AgNO3 (99.5%) solution in 5 mL
of EG (C2H6O2) was prepared and added, dropwise, into the
PVP solution by injection pumping (Top-5300 syringe pump)
at a rate of 5 mL/h. The solution was magnetically stirred at
1000 rpm throughout. All solutions were kept for a further 30
min at 170°C and were subsequently air-cooled to room
temperature. The as-synthesized Ag NW solution was purified
using diluted acetone (1:5) with double centrifugation at 8000
rpm for 20 min. NWs were then dispersed in ethanol and again
centrifuged at 8000 rpm for an additional 20 min. The final
product was dispersed in ethanol for further characterization
and processing. To fabricate the electron sources, ethanolicsuspended Ag NWs were deposited onto 200 nm thermally
oxidised p-doped silicon substrates by nitrogen driven spray
coating, with the substrates heated to 120°C on a hot plate.
Samples were 10x10 mm with a controlled Ag NW coated area
of 9x9 mm. For consistency, a single batch of Ag NWs was
used to fabricate all samples investigated in this study. To
assess the hysteresis effects of the PVP adlayer it was removed
by further annealing at 200oC, for 20 mins in air, with the
emission characteristics assessed thereafter.
Ag NWs had a mean diameter of 77.5±9.2 nm and a mean
length of 7.32±0.41 μm (Figure 2(a)). Encapsulated samples
had a mean PVP thickness of 2.9±0.5 nm. A typical scanning
electron micrograph of a fabricated emitter is show in Figure
2(b) which has a typical areal NW density of 0.143 (±0.009)
µm-2 (Carl Zeiss Gemini 50 scanning electron microscope, 20
kV). Spray coating resulted in no preferential alignment of the
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NWs. Ag NW densities exceeded the percolation threshold in
all cases. The inset in Figure 2(b) depicts a typical fabricated
emitter. Electron micrographs were analysed using the particle
analysis tool kit in the freeware, ImageJ. As shown in Figure
2(c), HR-TEM micrographs (FEI Tecnai F20 TEM) suggest the
formation of a surface oxide of thickness of around 1 nm, with
XRD spectral peaks at 38o and 44o corresponding to the (111)
and (200) Ag planes (JCPDS card 04-0783) (Figure 2(d)).
Though challenging to assess, the PVP has likely adopted its
atactic configuration, with the resulting layer functioning
principally as a thin diffusions barrier. HR-TEM reveals that the
conformal PVP coating hermetically seals the Ag NWs, largely
inhibiting further deleterious trap-forming surface oxidation at
STP, though not prior to the unavoidable growth of a native
surface oxide during synthesis. Acquired on CsI substrates, FTIR spectroscopy (Thermo Fischer) revealed that annealing at >
300oC removed all NWs which defined our viable PVPremoving annealing temperature window, with quenching of
the C-C (830 cm-1), C-N (1230 cm-1), CH2 (1448 cm-1), and the
broad O-H stretching (3184-3568 cm-1) modes suggesting
removal of the PVP for temperatures > 200oC. XPS and crosssectional EDX mapping (LEO 1530 VP GEMINI SEM, 15 kV,
Oxford Instruments 7426 detector) showed some (<5%) Au, Cr,
Co, and Fe contamination, whilst also highlighting the clearly
conformal PVP coating. Scanning electron microscopy and
Raman spectroscopy (Renishaw InVia, scanned in triplicate,
515 nm, x50 aperture, incident < 5 mW) of the coated and
uncoated samples indicate that though much of the PVP is
removed during thermal annealing some agglomerates remain.
The enhanced Raman peak at 1573 cm-1 has been assigned
elsewhere to the C=O stretching mode, indicating that much of
the PVP interaction with the underlying Ag NW is mediated
through the oxygen limb[22]. Similarly, the enhancement of the
2937 cm-1 asymmetric stretch suggests this CH2 chain is in
proximal contact with the Ag NW surface[22], highlighting the
PVPs central role in acutely adjusting the surface barrier and
hence its critical role in augmenting the electron emission
performance given the processes high surface sensitivity.
The PVP adlayer did not dramatically affect the macroscale
sheet resistance. Any increase in the inter-NW contact
resistance due to the PVP adlayer was largely negligible in that
the barrier was sufficiently thin so as to not preclude significant
tunnelling between adjacent NWs.
In the present paper, the photo-dependent hysteretic field
electron emission performance was extracted from cyclic I-E
measurements. As depicted in Figure 3(a), field electron
emission studies were conducted in a custom built ultra-high
vacuum, turbo molecular pumped to 10-8 mbar. The Ag NW
samples were grounded and a phosphor coated ITO/glass anode
was mounted adjacent to the samples which was positively
biased using a computer controlled variable high voltage supply
(0-5 kV). Contacts were formed using silver dag. The interelectrode vacuum gap was fixed and a constant circular
emission area of 0.39 cm2 was used, defined by a 500 μm thick
mica restrainer. Measurements were conducted in diode mode
with voltage increments of 20-100 V. Each current point was
averaged from three separate measurements, following a 3s
settling time. Currents were measured using a GPIB interfaced
HP 34401A digital ammeter with 6.5-digit precision,
independently verified using an array of conventional
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Fig. 3. (a) Scheme depicting the diode layout with the incident optical sources
shown. (b) Typical hysteresis maps (λ = 445 nm) for Ag NWs (left) and PVPcoated Ag NWs (right). A turn-on field is noted at around 3 V/μm. Note the
onset on transient instabilities after 31 cycles due the population of local trap
states and likely PVP breakdown. (c) Typical light (broadband) and dark mean
I-E curves (n= 40) for PVP coated Ag NWs, and the corresponding (inset)
Fowler-Nordheim plot for the mean curves.

galvanometric ammeters. More than 6.4x105 data points were
collected. Each hysteresis map was acquired over 12 hours.
Chamber conditions remained unchanged during hysteresis
measurements. Sample temperature was monitored using a Ktype bimetallic thermocouple. Optical spectra were acquired
using an ASEQ Instruments LR1 spectrophotometer with a 1
nm resolution. Sample imagery was acquired using a digital
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USB interfaced long working distance microscope equipped
with a x200 objective.
For X-ray diffraction a Rigaku D/Max-2000 pc
diffractometer, fitted with a Cu Kα source and operated at 40
kV, was used. For X-ray photoelectron spectroscopy a 120
electron energy analyser at room temperature and a MgKα1,2
(1253.6 eV) X-ray source was used, obtaining an overall energy
resolution of 0.8 eV. Following annealing, XPS showed a shift
of 0.13-0.30 eV in the Ag 3d5/2 peak, attributed to augmented
charge transfer between the Ag NW body and associated
adlayers, confirming our thesis that extended annealing
effectively removes the PVP adlayer[23], as further verified by
in-situ RGA atmospheric analysis during annealing. UPS
measurements were acquired using a He II radiation source (hѵ
= 40.8 eV) with an energy resolution of 0.2 eV. UPS suggested
that the work function of the nascent Ag NWs deleteriously
increased from 3.37 eV to 3.70 eV for the PVP coated Ag NWs.
Though suppressing emission hysteresis, assuming FowlerNordheim-like emission, the validity of which remains
questionable at the nanoscale, such an increase in WF would
deleteriously reduce the beam current. Indeed, our field
emission measurements showed a ten-fold decrease in the
maximum measured emission current (at 10 V/µm) upon PVP
coating. Similarly, PVP coating deleteriously increased the
turn-on field by approximately 1 V/µm. In Figure 3(b) banding
is indicative of hysteretic emission. Though degrading the turnon, we nonetheless find that the PVP adlayer supressed
hysteretic emission substantially relative to the uncoated Ag
NWs, particularly in the high field regime. Our preliminary
monochromatic optical excitation studies show an evident
hysteresis dependence on excitation wavelength. We attribute
this to the formation of a stable interface between the PVP
adlayer and the Ag NW. These sealed interfaces likely give rise
to less variation, as a function of time, temperature and vacuum
conditions, as compared to uncoated Ag NW emission sites.
During emission, this passivated interface presents a more
robust platform to thermally stimulated changes in the local
vacuum environment, as well as local trap population. Further
monochromatic wavelength dependent studies will be reported
elsewhere.
Figure 3(c) shows the mean and standard deviation (1σ) I-E
curves for a PVP coated sample, over 40 cycles, for dark and
broadband illuminated conditions. There was a noticeable
enhancement in the emission current with illumination, with an
increase in emission current of approximately 140% at 10
V/μm. This is likely an effect of carrier excitation either in the
PVP layer or PVP-Ag NW interface. This effect is nonbolometric; no noticeable increase in sample temperature was
recorded. In Figure 3(b), odd cycle identifiers represent the field
inclination, and even cycle identifiers represent the field
declination. The observed electron emission is wholly
associated with the Ag NW and Ag NW/PVP dispersions;
control studies from uncoated Si and Si/SiO2 substrates showed
emission currents of < 10-9 A for electric fields up to 9 V/µm.
PVP/Ag NW samples showed robust and repeatable emission
across a wide range of base pressures (10-8–10-3 mbar). The DC
temporal stability (24 hrs, 9 V/µm) of the PVP/Ag NWs was
22.6%, which deleteriously increased to 29.0% under
broadband optical excitation. Conversely, a corresponding
Gaussian distributed mean emission current during hysteresis
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assessment of 0.27 (±0.24) µA (dark) and 0.44 (±0.14) µA
(broadband optical excitation) was noted. During hysteretic
measurements for the PVP coated samples it appears that
optical excitation increased the absolute magnitude of the
emission current but reduced the variability in the emission
current. Interestingly, following a conditioning phase (which
tended to increase the turn-on field with cycle number) the
hysteretic performance of the PVP/Ag NWs in dark conditions
was largely stable with cycle number, however; when
broadband illuminated, the turn-on field tends to nearmonotonically decrease with cycle number at a low rate of -0.04
Vµm-1cycle-1. Hysteresis was increased by around 50% in the
cycle studies upon optical excitation of the PVP coated samples
though PVP coating showed, for both dark and illuminated
conditions, a clear hysteresis suppression relative to the
uncoated Ag NW samples.
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III. CONCLUSIONS
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In this communication we present our findings on the photodependent hysteresis and its suppression in field electron
emission from Ag NW electron sources following coating with
PVP. Compared to the uncoated Ag NW samples we find a near
stable variation in turn-on field with cycle number for our PVP
coated samples making the need for emission current feedback
control and emitter conditioning redundant in such surface
passivated nanoscale systems.

[14]

[15]

[16]

[17]

ACKNOWLEDGMENT
M.T.C thanks the Oppenheimer Trust, the Royal Society and
the Chinese Academy of Sciences for generous financial
support. This work was supported by an Impact Acceleration
grant from the Engineering and Physical Sciences Research
Council.

[18]

[19]

[20]

REFERENCES
[1]
[2]

[3]

[4]

[5]

[6]

R. Parmee, W. I. Milne, and M. T. Cole, "Xray Generation using
Carbon Nanotubes " NanoConvergence, 2014.
R. Rosen, W. Simendinger, C. Debbault, H. Shimoda, L. Fleming,
B. Stoner, et al., "Application of carbon nanotubes as electrodes in
gas discharge tubes," Applied Physics Letters, vol. 76, pp. 16681670, 2000.
Y. Saito, K. Hata, A. Takakura, J. Yotani, and S. Uemura, "Field
emission of carbon nanotubes and its application as electron sources
of ultra-high luminance light-source devices," Physica B:
Condensed Matter, vol. 323, pp. 30-37, 2002.
S. Yahachi, U. Sashiro, and H. Koji, "Cathode Ray Tube Lighting
Elements with Carbon Nanotube Field Emitters," Japanese Journal
of Applied Physics, vol. 37, p. L346, 1998.
K. B. K. Teo, M. Chhowalla, G. A. J. Amaratunga, W. I. Milne, P.
Legagneux, G. Pirio, et al., "Fabrication and electrical
characteristics of carbon nanotube-based microcathodes for use in a
parallel electron-beam lithography system," Journal of Vacuum
Science and Technology B, vol. 21, pp. 693-697, Mar-Apr 2003.
M. T. Cole, C. Li, Y. Zhang, S. G. Shivareddy, J. S. Barnard, W.
Lei, et al., "Hot Electron Field Emission via Individually Transistor-

[21]

[22]

[23]

4

Ballasted Carbon Nanotube Arrays," ACS Nano, vol. 6, pp. 32363242, Apr 2012.
M. T. Cole, K. B. K. Teo, O. Groening, L. Gangloff, P. Legagneux,
and W. I. Milne, "Deterministic Cold Cathode Electron Emission
from Carbon Nanofibre Arrays," Scientific Reports, vol. 4, 2014.
M. Cahay, P. T. Murray, T. C. Back, S. Fairchild, J. Boeckl, J.
Bulmer, et al., "Hysteresis during field emission from chemical
vapor deposition synthesized carbon nanotube fibers," Applied
Physics Letters, vol. 105, p. 173107, 2014.
A. V. Arkhipov, M. V. Mishin, and I. V. Parygin, "Hysteresis of
pulsed characteristics of field emission from nanocarbon materials,"
Surface and Interface Analysis, vol. 39, pp. 149-154, 2007.
V. P. Mammana, T. E. A. Santos, A. P. Mammana, V. Baranauskas,
H. J. Ceragioli, and A. C. Peterlevitz, "Field emission properties of
porous diamond-like films produced by chemical vapor deposition,"
Applied Physics Letters, vol. 81, pp. 3470-3472, 2002.
S. L. Yue, C. Z. Gu, C. Y. Shi, and C. Y. Zhi, "Field emission
characteristics of oriented-AlN thin film on tungsten tip," Applied
Surface Science, vol. 251, pp. 215-219, 9/15/ 2005.
A. A. Kuznetzov, S. B. Lee, M. Zhang, R. H. Baughman, and A. A.
Zakhidov, "Electron field emission from transparent multiwalled
carbon nanotube sheets for inverted field emission displays,"
Carbon, vol. 48, pp. 41-46, 2010.
J. D. Carey and S. R. P. Silva, "Conditioning of hydrogenated
amorphous carbon thin films for field emission via current
stressing," Applied Physics Letters, vol. 78, pp. 347-349, 2001.
C. Li, Y. Zhang, M. Mann, P. Hiralal, H. E. Unalan, W. Lei, et al.,
"Stable, self-ballasting field emission from zinc oxide nanowires
grown on an array of vertically aligned carbon nanofibers," Applied
Physics Letters vol. 96, p. 143114, 5 April 2010.
I. Musa, D. A. I. Munindrasdasa, G. A. J. Amaratunga, and W.
Eccleston, "Ultra-low-threshold field emission from conjugated
polymers," Nature, vol. 395, pp. 362-365, Sep 1998.
M. T. Cole, R. J. Parmee, A. Kumar, C. M. Collins, M. H. Kang, J.
Xiao, et al., "Conjugated polyelectrolyte nano field emission
adlayers," Nanoscale Horizons, 2016.
R. C. Smith, J. D. Carey, R. J. Murphy, W. J. Blau, J. N. Coleman,
and S. R. P. Silva, "Charge transport effects in field emission from
carbon nanotube-polymer composites," Applied Physics Letters,
vol. 87, p. 263105, 2005.
T. Connolly, R. C. Smith, Y. Hernandez, Y. Gun'ko, J. N. Coleman,
and J. D. Carey, "Carbon-Nanotube–Polymer Nanocomposites for
Field-Emission Cathodes," Small, vol. 5, pp. 826-831, 2009.
I. Alexandrou, E. Kymakis, and G. A. J. Amaratunga, "Polymer–
nanotube composites: Burying nanotubes improves their field
emission properties," Applied Physics Letters, vol. 80, pp. 14351437, 2002.
C. H. Poa, S. R. P. Silva, P. C. P. Watts, W. K. Hsu, H. W. Kroto,
and D. R. M. Walton, "Field emission from nonaligned carbon
nanotubes embedded in a polystyrene matrix," Applied Physics
Letters, vol. 80, pp. 3189-3191, 2002.
S. Coskun, B. Aksoy, and H. E. Unalan, "Polyol Synthesis of Silver
Nanowires: An Extensive Parametric Study," Crystal Growth &
Design, vol. 11, pp. 4963-4969, 2011/11/02 2011.
H. Mao, J. Feng, X. Ma, C. Wu, and X. Zhao, "One-dimensional
silver nanowires synthesized by self-seeding polyol process,"
Journal of Nanoparticle Research, vol. 14, pp. 1-15, 2012.
L. Chen, J. M. Chabu, R. Jin, and J. Xiao, "Single goldnanoparticles-decorated silver/carbon nanowires as substrates for
surface-enhanced Raman scattering detection," RSC Advances, vol.
3, pp. 26102-26109, 2013.

1536-125X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNANO.2016.2623355, IEEE
Transactions on Nanotechnology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <
Matthew T. Cole CEng, CPhys, CSci,
obtained an MEng in Engineering Sciences
from Oxford University, UK, in 2008 and a
PhD in Electrical Engineering from Cambridge
University, UK, in 2011. He is the
Oppenheimer Research Fellow in the Electrical
Engineering
Division,
Department
of
Engineering, Cambridge University. Dr Cole’s research focuses
on the heterogeneous integration of chemical vapor deposited
aligned nanomaterials for nanoscale vacuum power electronics
devices. He is a Fellow of St Edmunds College, Cambridge
University.
Dr Cole he was awarded the 2015 Institute of Materials,
Minerals and Mining’s Silver Medal, the Institute of
Engineering and Technology’s Sir Royce Medal, and the Royal
Academy of Engineering’s Sir MacFarlane Medal. In 2016 he
was named in the inaugural European Forbes 30 under 30 list.
Sahin Coskun received the BS in Metallurgy
from Gazi University, Ankara, Turkey in 2007
and MSc degree in Metallurgical and Materials
Engineering from Middle East Technical
University (METU), Ankara, Turkey in 2012.
He is currently a PhD candidate in the same
department. He has been working as a teaching assistant in
METU since 2008. His research interests include synthesis of
metal nanostructures with different morphologies and their
utilization in various opto-electronic devices.
Richard J. Parmee received the BA and
MA in Electrical Sciences from Cambridge
University in 1973. He is currently a PhD
candidate in the Electrical Engineering
Division, Department of Engineering,
Cambridge University. His research interests include the
application of chemical vapor deposited aligned nanomaterials
for nanoscale vacuum electron sources for Xray devices. He
holds the William Pitt Fellowship at Pembroke College,
Cambridge University.
Pritesh Hiralal received the MPhys in Physics
from the University of Manchester, UK, in
2003, and PhD in Electrical Engineering from
the Department of Engineering, Cambridge
University. He has spent time in industry at the
Nokia Research Centre where he holds several
patents. He has been a Research Associate and adjunct lecturer
at the University of Cambridge. His research interests include
the growth of nanomaterials and the combination of these into
different architectures for photovoltaics and energy storage
devices.

5

Cinzia Cepek obtained the PhD in Solid State
Physics
at
the
Mathematisch
naturwissenschaftlichen
Fakultät
der
Universität Zürich in 2000. Since 2001 she
has worked at the CNR-IOM (Trieste, Italy).
In 2006 she became lead scientist responsible
for the Analytical Division. Her research
interests have focused on studying the growth mechanisms of
carbon-based nano-materials and their hybrids, obtained via
catalytic CVD at UHV conditions.
Alexander W. Robertson received an MPhys
in Physics from the University of Durham, UK,
in 2009 and a DPhil in Materials Science from
the University of Oxford, UK, in 2013. He is
currently a post-doctoral researcher in the
Department of Materials at the University of
Oxford. His research interests include
nanomaterials, synthesis, material defects, and transmission
electron microscopy.
Chi Li received the PhD in Engineering from
Southeast University, China in 2011. From
2008 to 2010, he was a visiting researcher at the
University of Cambridge where he developed
novel field emission devices using patternedaligned carbon nanotubes. In 2014 he was
appointed an associate professor at National Center for
Nanoscience and Technology, Beijing.
Qing Dai received the BEng and MEng from
Imperial College, London, before coming to the
University of Cambridge to pursue a PhD in
Nanophotonics at the Department of
Engineering. After completing his PhD in
2011, he continued as a Research Associate at
Centre of molecular materials for photonics and
electronics. Since 2012, he was recruited by the thousand
talents program of China and then joined National Center for
Nanoscience and Technology where he is a professor in
Nanophotonics.

Heads the
University.

Jamie H. Warner obtained a PhD in Physics
from the University of Queensland in 2004.
He is currently Professor of Materials in the
Department
of
Materials,
Oxford
University. Prof Warner is a Royal Society
University Research Fellow and Visiting
Professor at Sungkyunkwan University, and
Nanostructured Materials Group at Oxford

1536-125X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNANO.2016.2623355, IEEE
Transactions on Nanotechnology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

6

William I. Milne FREng. FIET, FIMMM
obtained a BSc from St Andrews University
in Scotland in 1970 and then went on to read
for a PhD in Electronic Materials at Imperial
College London. He was awarded his PhD
and DIC in 1973 and, in 2003, a D.Eng
(Honoris Causa) from University of
Waterloo, Canada.
He was Head of Electrical Engineering, Cambridge
University from 1999-2014 and Director of the Centre for
Advanced Photonics and Electronics from 2004-2015. He has
published/presented ~ 800 papers in the areas of large area Si
and carbon based electronics, of which 200 were invited.
Prof. Milne was elected a Fellow of The Royal Academy of
Engineering in 2006, was awarded the 2008 J.J. Thomson
medal from the IET, and the 2010 NANOSMAT prize for
excellence in nanotechnology.
H. Emrah Unalan received the BS in
Metallurgical and Materials Engineering
from Middle East Technical University,
Turkey in 2002 and the MSs and PhD in
Materials Science and Engineering at Rutgers
University, USA in 2004 and 2006,
respectively. From 2006 to 2008, he was a
Research Associate in the Electrical Engineering Division in
the Department of Engineering, University of Cambridge, UK.
In 2008, he joined the Department of Metallurgical and
Materials Engineering, Middle East Technical University,
where he is currently an Associate Professor.
Prof. Unalan’s research interests include synthesis of
nanotubes and nanowires and their utilisation in flexible,
transparent, stretchable e-textiles and integrated electronics for
energy harvesting devices. He is a member of Materials
Research Society, American Chemical Society and a recipient
of the Turkish Academy of Sciences Young Scientist Award
and The Scientific and Technological Research Council of
Turkey Incentive Award 2014.

1536-125X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

