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Field-emission and beam collimation characteristics of single metal nanotip devices with double-
gate electrodes are studied. Applying a previously developed method to fabricate all-metal double-
gate nanotip arrays with a stacked on-chip extraction G, and collimation G, gate electrodes with
the large G, apertures, the authors produced single double-gate nanotip devices and measured
their beam characteristics. Excellent beam collimation capability with minimal reduction of the
emission current and the enhancements of the current density up to a factor of ~7 was observed.
The results indicate that these single nanotip devices are highly promising for electron beam appli-
cations that require extremely high brilliance and coherence. © 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4913397]

I. INTRODUCTION

Ultrabright cathodes are critical elements in a broad range
of applications such as cathodes for x-ray free electron lasers
as well as time resolved electron microscopy and diffraction
experiments that aim at resolving the dynamics of materials
and molecules on the atomic length and time scales. One of
the core requirements for such cathodes is the generation of a
low emittance electron beam with high current to ensure the
delivery of sufficient current to the target. For such applica-
tions, metal nanotip field emitters'™® are attracting consider-
able interest recently as high brilliance cathodes that may
outperform state-of-the-art photocathodes. This is because
metal nanotips allow high emission current with narrow
energy spread via quantum tunnelling of electrons through
the surface barrier at the nanometer scale emitter tip apexes.
One can also generate ultrafast electron pulses by exciting
the metal nanotips with ultrafast laser pulses.'”” So far,
etched-wire needle-shaped field emitters prepared by electro-
chemical etching and in-situ thermal treatment have been the
most widely studied.'~ However, for high charge, high beam
brilliance applications, the cathode must be used under a high
acceleration electric field, on the order of 10-100 MV/m, i.e.,
the maximum extraction field conditions for minimum space-
charge broadening to conserve the beam brilliance with the
highest bunch density possible. This makes the nanofabri-
cated metal nanotip emitters with on-chip gate electrodes

DElectronic mail: chiwon.lee@mpsd.mpg.de
PElectronic mail: soichiro.tsujino@psi.ch

03C111-1 J. Vac. Sci. Technol. B 33(3), May/Jun 2015

2166-2746/2015/33(3)/03C111/6/$30.00

attractive for many applications since the electron emission
can be switched with the application of a low gate potential
on the order of 100V independently from the acceleration
field.”'* In fact, integration of the single-gate field emission
array (FEA) into a combined diode-RF cavity electron gun
and stable subnanosecond pulsed field emission operation
under the acceleration field up to 30 MV/m has been reported
recently.9

Further, highly collimated electron beams can be gener-
ated from double-gate FEAs by adding a collimation gate
electrode on top of the electron extraction gate electrode and
individually collimating the field emission beamlet."' We
note that this is crucial to generate the high intrinsic bril-
liance FEA beam.'*'® The intrinsic transverse beam emit-
tance of a single beamlet, given by the root-mean-square
(rms) radius Ry, of the emitter tip apex and the angular
divergence equal to ~30°, is on the order of 10> mm mrad.
This extremely small value is a consequence of the small
Ryip in the nanometer range. In the case of single-gate FEAs
with the large target current of several amperes, the trans-
verse beam emittance is on the order of 1mm mrad.
However, the transverse emittance can be much reduced
with double-gate FEAs. By decreasing the angular beam
divergence of the individual beamlet by an order of magni-
tude, the double-gate FEA beam can potentially achieve an
intrinsic emittance lower than that of state-of-the-art high
brilliance photocathode (equal to ~0.2 mm mrad with the
cathode radius of 0.5 mm).

The excellent beam collimation capability of double-gate
FEAs with a large collimation gate aperture was

© 2015 American Vacuum Society 03C111-1
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FiG. 1. (Color online) (a) Top-view and (b) cross-sectional-view schematic diagram of the double-gate single nanotip emitter device. In (a), the dotted line
indicates the Gy, electrode buried underneath the insulator 2. The electrical contact to Gy, is provided through via hole through the insulator 2. The G, elec-
trode is a 1.5 mm-diameter circular shape with a rectangular contact pad. In (b), the schematic trajectory (envelope) of the maximally collimated beam with
Veol €qual to ~(—V,,) is shown. (c) and (d) show the SEM image of FEI and FE2, respectively. Inset of (c) shows the high magnification SEM image of emit-

ter tip apex of FE1 observed with the viewing angle of 47°.

experimentally demonstrated recently.'> An order of magni-
tude enhanced beam intensity was observed from a 4 x 10*
tip double-gate FEA at the maximally collimated condition.
Together with the compatibility with high acceleration elec-
tric field extraction and the possibility to generate ultrafast
electron pulses using near infrared ultrafast laser excitation,
these FEAs are highly promising as ultrabright electron sour-
ces that may open up new applications in femtosecond time
resolved applications.

In this work, we study the field emission and beam colli-
mation properties of single nanotip double-gate emitters to
investigate the characteristics of the individual nanotips that
were only inferred in the previous experiments on arrays.
Such investigation is important on one hand to further
improve the beam collimation properties and beam uniform-
ity for scaling to arrays, and on the other hand, to explore the
applicability of such metal nanotips for high brilliance beam
applications.

Il. SAMPLE AND EXPERIMENT

Two double-gate single nanotip devices (FE1 and FE2),
see Fig. 1 and Table I, studied in this work were fabricated
by adapting the fabrication method for arrays of double-gate
emitters.'*'> It starts with the preparation of molybdenum
nanotips by the molding method using the oxidized Si wafer
where pyramidal pits are patterned on its surface. The emit-
ters are pyramidal shape with ~1.5 um base size and with
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the emitter tip apex radius of curvature in the range of
5-10nm, see Fig. 1(c) inset. On top of the emitter substrate,
the extraction gate electrode Gy and the collimation gate
electrode G, were fabricated. The gate electrodes were
patterned from 0.5 um-thick molybdenum layers. The emit-
ter substrate and Gey are separated by a ~1.2 um-thick
SiO, layer, and Gy and G, are separated by a ~1.2 um-
thick SiON layer. The G, apertures were patterned by the
self-aligned process. A collar structure surrounds the Gy
aperture edge, which is height-controllable by adjusting
mask-etching and wet-etching duration of the self-aligned
Gex; aperture patterning step. The G, apertures with 3—5
times larger aperture diameter than that of G, were pat-
terned by electron beam lithography. On a 7 mm-square
chip, six such double-gate single nanotips were fabricated.
For the experiment, each chip was mounted on a sample
holder, wire-bonded for the gate contacts with Al-wires with

TaBLE I. Structural parameters of FE1 and FE2. The lateral offset of the
emitter is measured from the center of G, aperture.

FE1 FE2
Gex aperture diameter (um) 1.69 1.43
G ex collar thickness (um) 0.25 0.56
G.o aperture diameter (um) 5.97 6.85
Aperture diameter ratio 35 4.8
Emitter lateral offset (um) 0 0.8
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the diameter of 20 um, and loaded into a measurement
chamber equipped with a phosphor screen and a retractable
Faraday cup (FC) with a background pressure of
(0.5-1.5) x 10~® mbar.

The field emission beam was measured as a function of
the electron extraction potential V. and the beam collima-
tion potential V., under DC or pulsed conditions. When a
negative collimation potential V¢, is applied between G
and G, while generating the field emission beam by apply-
ing a positive electron extraction potential V. between Gey
and emitter, see Fig. 1(b), the angular divergence of the
beam is substantially reduced. In the case of the DC meas-
urements, we connected Gy, to ground potential and applied
—V to the emitter substrate and Vo (<0) to G¢o. The DC
gate potentials were applied using source-measure units
(Keithley 2400) and scanning the voltages with 20 ms steps.
For the pulse measurement, we connected G, to ground and
applied —V o1 t0 Geye and (Ve + [Veor|) to the emitter sub-
strate. The pulsed potential, with a typical duration of
200 us, was generated using a custom-built double-pulser.
The field emission current was measured either directly by
inserting the FC in front of the device with a separation of
10mm or from the integrated beam intensity of the beam
images observed on the phosphor screen (calibrated by the
current measured with the FC). The beam image was meas-
ured with the phosphor screen at the screen potential of
2.5kV when the device was placed 50 mm from the screen.
For the beam measurements, we captured the phosphor
screen image generated by pulsed field emission using a syn-
chronously triggered CCD camera with an effective resolu-
tion of 16-bit. Care was taken to avoid saturation of all pixel
values to be able to evaluate the relative field emission cur-
rent of the beam as well as the rms radius denoted by dashed
white circle in the images in Figs. 3 and 4. The emission
current and beam image data presented below were recorded
after several hours of conditioning that was done by scan-
ning Vg between 0 and 100V until the field emission
current—voltage characteristics became stable.

lll. RESULTS AND DISCUSSION

Figure 2(a) shows the relation between the field emission
current / and V. at zero V, for FE1 and FE2. The observed
I-V4. characteristics of the devices above the noise level
(~0.5 nA for the FE1 measurement and ~0.2 nA for the FE2
measurement) were described well by the equation

I ZAFN(Vge/BFN)2 exp(—Ben/Vee), (D

as shown by the curves in Fig. 2(a). The fitting parameters
Agn and By were equal to 1.6 x 107*A and 1000V for
FEIL, and 2.95 A and 997V for FE2, respectively. The same
Bgrn values of the two emitters (within ~10% of the esti-
mated uncertainty) indicate the stability of the tip fabrication
process since By is largely determined by the tip apex
radius of curvature Ry;p; from the comparison of the observed
Bpn value and the calculated emission characteristic as a
function of Rﬁp,m we found that the estimated Ry, are equal
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Fic. 2. (Color online) Field emission characteristics of double-gate single
nanotip emitters. (a) The relations between the field emission current and
Ve at zero collimation potential for FEI1 (triangles) and FE2 (circles).
Curves are the fitted result of the data above the noise level with the
Fowler—Nordheim function. (b) The relations between the field emission
current and the collimation potential ratio k.

to ~10nm for both devices that is consistent with the high-
resolution SEM image of the emitter tip apex [Fig. 1(c),
inset].

In Fig. 2(b), we show the field emission current at finite
Veol- Vee was fixed at 130V for FE1 (open triangles). For
FE2, two sets of measurements with V,. of 90V (open
squares) and 110V (open circles) are displayed. In Fig. 2(b),
we denote V., by the ratio k., defined as

kcol = _Vcol/vge- (2)

In the case of FE1, the emission beam current was dimin-
ished to 18% of the uncollimated beam current (k.o =0)
already when k., was equal to 0.3, implying that much of
the electric field at the emitter tip apex applied via Vg is
relaxed by V. Increasing k., to 0.94 resulted in the emis-
sion current equal to 4.7% of the uncollimated beam current.
Further increase of k.o to 0.96 results in the decrease of the
emission current by several orders of magnitude. In contrast,
in the case of FE2, more than 70% of the uncollimated beam
current was maintained at k., of 0.94. At the same value,
the peak current density was maximum as shown in Fig. 5.
We ascribe the improved current conservation characteristic
of FE2 to the structural features of gate apertures of the
device; compared to those of FE1, the ~400 nm-taller-collar
in height, surrounding G, aperture, together with the
~1 um-larger-G ., aperture diameter provide additional elec-
trostatic shielding of the emitter tip apex by preventing
direct line-of-sight from the tip apex from G aperture, and
reducing the influence of V., on the emission current.

Figure 3 presents the selected field emission beam images
of FEI for k., between 0 and 0.98 when V,. was equal to
143 V. The uncollimated beam with zero k., showed two
separated spots with different beam intensities. Interestingly,
as we increased k.., the two spots converged as indicated by
the shrinking beam envelopes denoted by the broken circles
toward point C, given by the crossing of the horizontal and
vertical broken lines. This suggests that only a part of the
emitter apex within the radius of Ry, is active, but G, can
collimate the beam emitted from the whole apex. When k.,

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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Fic. 3. (Color online) Variation of the field emission beam of FE1 with the increase of k.o from 0 to 0.98 for V. of 143 V. The scale bar of the images is
5Smm. The inset images are enlarged to highlight the small beam spot (the scale bar is 1 mm.).

was equal to 0.96, the two spots became indistinguishable at
point C and the peak beam intensity was enhanced by a fac-
tor of ~7 from the uncollimated beam with k., of 0. Further
increase of k.o to 0.98 substantially reduced the emission
current and beam intensity. The comparison of the two
beams with k. equal to 0.96 and 0.98 suggests the over-
focusing of the beam at k. of 0.98.

Figure 4 shows the field emission beam of FE2 at various
keol for Vge equal to 90 V. Differently from FE1, the zero ko
field emission beam of FE2 spreads more uniformly over the
area with the diameter of ~5mm, thereby indicating that
much larger fraction of the emitter tip apex within R, con-
tributes to the field emission. When we increased k., from O
to 0.8, the beam size reduced only gradually by ~25%. Then
further increase of k., to 0.94 resulted in the steep reduction
of the beam by a factor of 10 with the simultaneous increase
of the peak beam intensity by a factor of ~6, see Fig. 5. A
similar beam collimation was also observed with the high

current beam at V,. of 110 V. These observations demon-
strate the excellent beam collimation characteristic of these
double-gate single nanotip emitters.'”

In Fig. 6, we summarized the relation between the beam
radius and k... From the rms beam radius R, we evaluated
the rms transverse velocity u, with the assumption of free
propagation of the electrons in the transverse direction while
they are accelerated along the beam axis, see Ref. 8. In short,
u, is equal to ~R/T, where T is the propagation time of the
electron from the emitter to the screen. T is approximately
equal to 2L/u.., where L is the emitter-screen distance equal
to 50 mm and u,., is the velocity equal to \/2eV/m, (Ve
is the screen potential equal to 2.5 kV, e is the electron
charge, and m, is the electron rest mass). Figure 6 shows an
order of magnitude reduction of u, with the increase of k.
from zero to 0.94 (FE1 case) or 0.95 (FE2 case) with the
smallest value compatible with the array beam
experiment.®'8

10

FiG. 4. (Color online) Variation of the field emission beam of FE2 with the increase of k¢, from 0 to 0.95 for V. of 90 V. The scale bar of the images is 5 mm.
The inset images are enlarged to highlight the small beam spot (the scale bar is 1 mm.).
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FiG. 5. (Color online) Peak current density of the field emission beams as a
function of k... The current density values were normalized by the zero k.
value of each scan.

As the beam images in Fig. 6 show, we found that R
and u, of FE2 beam at k., of 0.94 increased by a factor 3
when V,. was increased from 90 to 110V with the con-
comitant increase of the emission current from ~50nA to
~0.5 pA. This effect is likely caused by the Coulomb
repulsion of the electrons. In the case of the uncollimated
beam, the large beam divergence at the source (on the
order of 30°) quickly dilutes the density of electrons as
they propagate to the anode (screen), and the beam radius
on the screen is unchanged within 20% as the current
increases from ~100nA to ~4 uA. However, such a dilu-
tion does not occur in the case of the highly collimated
beam with k., of ~1 because of the order of magnitude
smaller initial angular spread. Therefore, the initial diame-
ter of the beam (equal to at most the diameter of the G

FE1 (143 V)
T T T T
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FiG. 6. (Color online) Variation of the rms radius of the beam envelope and
transverse velocity u, normalized by the light velocity in vacuum ¢, with the
increase of ko from O to ~1. For each scan, V.o was varied while V. was
fixed at certain value; for FE1 V. was equal to 143 V (red triangle), and for
FE2, V,. was equal to 90 V (blue squares) and 110V (black circles). The
broken line shows the transverse velocity equal to 8 x 107* co, correspond-
ing to the performance of the state-of-the-art photocathode with intrinsic
beam emittance of 0.2mm mrad for a 1 mm-diameter cathode currently in
use. The maximally collimated beams of each scans are also shown. The
scale bar of the images corresponds to 2 mm.
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aperture) at a few micron above the G, plane can be
maintained on the screen only when the beam current den-
sity is small or when the acceleration field is sufficiently
large so that the longitudinal velocity is increased quickly
before the space-charge expansion of the beam increases
u, and degrades the beam brilliance. In fact, previous sim-
ulation showed that the acceleration field of 10—-100 MV/
m (typically used for electron guns) is sufficient to main-
tain the low emittance of field emission beamlet with the
tip current of 1-10 ,uA.19 In contrast, the acceleration field
of the present experiment was ~50kV/m and not sufficient
to maintain the small initial emittance of the space-charge
dominated beam, resulting in a larger beam size as
observed in Fig. 6. We do not consider that the expanded
beam radius at the higher V. is due to the nonlinearity of
the focusing characteristic of G, at higher V.. In fact,
observation that the FEl1 beam at V, of 143V (with
~0.1 nA emission current) shown in Fig. 6 is even smaller
than the FE2 beam with V,. of 90V indicates that such
nonlinearity of the G, can be small. Nevertheless, u, of
the FE2 beam at Vg of 110V and at k., of 0.94 was
small; the value equal to ~0.7 x 107> ¢ (c is the light ve-
locity in vacuum) is smaller than the state-of-the-art pho-
tocathodes (with intrinsic beam emittance of 0.2 mm mrad
for a 1 mm-diameter cathode) currently in use.’’ We also
note that the emitter position of FE2 is shifted from the
G.o center by ~0.8 um caused by misalignment during the
electron beam lithography process. Therefore, improved
single nanotip emitter performance is expected with a
smaller offset of the emitter position to realize a further
reduction of the minimum beam size and further enhance-
ment of beam current density.

Finally, we discuss the difference of the field emission
current of the two emitters at zero k.o (i.e., 1.24 nA for FE1
at Vg of 130V and 4.04 uA for FE2 at V. of 110V).
Considering the fact that Bgy of the two devices are
approximately the same, the lower current and lower Agy
value of FE1 than those of FE2 is most likely ascribed to the
difference of the effective emitting area S. From the
Fowler—Nordheim equation, we can relate the value of Apy
with S using the following approximate relationship (see
Ref. 21):

Apx ~ Sab?®? exp(bc? /D7), 3)

where the constants a, b, and c¢ are given by a
=1.541434 x 10 °*AeVV > bh=6.830890eV **Vnm ',
and ¢ = 1.199985 eV V2 nm ', and ® is the work function
of Mo equal to 4.5 eV.?"** Substituting nRt,p for S, Apn
takes the value equal to 0.2-20 A for Ry, in the range of
1-10nm. This is in good agreement with Agy (=2.95 A) of
FE2, obtained from the fitting of the [-V, Fig. 2.
Accordingly, the small Agy of FEI indicates that the emis-
sion area of the FE1 beam is much smaller than the emitter
tip apex. This interpretation is compatible with the highly
nonuniform beam image of FE1 (Fig. 3) with the indication
that the active emission part of FEI is limited to two separate
small spots, perhaps occupying a small fraction of ~10~>

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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lower at the tip apex. The numerical disagreement of the
actual emission area and the value estimated form the
Fowler—Nordheim fitting has been discussed previously.*?
However, further quantitative comparison will require
atomically resolved beam image measurement, resolving the
work function nonuniformity as well as more involved
theory that takes into account the precise expression of the
field emission current density;21 therefore, it is out of the
scope of the present manuscript.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied the field emission beam
characteristics of double-gate single metal nanotips with
G.x and G, electrodes. A possibility to produce highly
collimated electron beamlet with the proposed double-gate
structure, which was shown previously by array emitters,
was demonstrated with single tip emitter in this work. The
importance of the electrostatic shielding of the tip apex
from the collimation potential, previously discussed with
the array experiment, was confirmed using well defined sin-
gle tip operation. We conclude that an excellent collimation
capability with minimal current loss can be attained with
double-gate single nanotip emitters, optimized in terms of
the G.,, aperture shape and the alignment of G, aperture.
In addition, the single tip experiment here showed that one
can produce the highly collimated beamlet with the emis-
sion current on the order of 1 uA, which suggests that one
can produce highly collimated field emission beam from
double-gate FEA with the emission current in the order of
tens of milliamperes with the intrinsic emittance below
~0.1 mm mrad and that nanotips are highly promising for
high brilliance applications such as time resolved electron
diffraction studies to provide atomic views of structural
dynamics.

ACKNOWLEDGMENTS

The authors acknowledge J. Lehmann and K. Vogelsang
for their help on our device fabrication. This work was
partially supported by the Swiss National Science

J. Vac. Sci. Technol. B, Vol. 33, No. 3, May/Jun 2015

03C111-6

Foundation Nos. 200020_143428 and 2000021_147101.
C.L. thanks the Max Planck Society for financial support.

'W. P. Dyke and J. K. Trolan, Phys. Rev. 89, 799 (1953).

2C.A. Brau, Nucl. Instrum. Methods Phys. Res. A 407, 1 (1998).

3p. Hommelhoff, Y. Sortais, A. Aghjani-Talesh, and M. A. Kasevich, Phys.
Rev. Lett. 96, 077401 (2006).

“C. Ropers, D. R. Solli, C. P. Schulz, C. Lienau, and T. Elsaesser, Phys.
Rev. Lett. 98, 043907 (2007).

SH. Yanagisawa, C. Hafner, P. Dona, M. Klockner, D. Leuenberger, T.
Greber, M. Hengsberger, and J. Osterwalder, Phys. Rev. Lett. 103, 257603
(2009).

°s. Tsujino, P. Beaud, E. Kirk, T. Vogel, H. Sehr, J. Gobrecht, and A.
Wrulich, Appl. Phys. Lett. 92, 193501 (2008).

’P. Helfenstein, A. Mustonen, T. Feurer, and S. Tsujino, Appl. Phys.
Express 6, 114301 (2013).

8p, Helfenstein, K. Jefimovs, E. Kirk, C. Escher, H.-W. Fink, and S.
Tsujino, J. Appl. Phys. 113, 043306 (2013).

°S. Tsujino, M. Paraliev, E. Kirk, T. Vogel, F. Le Pimpec, C. Gough, S.
Ivkovic, and H.-H. Braun, J. Vac. Sci. Technol. B 29, 02B117 (2011).

10g, Tsujino and M. Paraliev, J. Vac. Sci. Technol. B 32, 02B103 (2014).

Y. Neo et al., J. Vac. Sci. Technol. B 27, 701 (2009).

2c. M. Tang, M. Goldstein, T. A. Swyden, and J. E. Walsh, Nucl. Instrum.
Methods Phys. Res. A 358, 7 (1995).

13p, Helfenstein, K. Jefimovs, E. Kirk, C. Escher, H. W. Fink, and S.
Tsujino, J. Appl. Phys. 112, 093307 (2012).

%Y. Guzenko, A. Mustonen, P. Helfenstein, E. Kirk, and S. Tsujino,
Microelectron. Eng. 111, 114 (2013).

SE. Kirk, S. Tsujino, T. Vogel, K. Jefimovs, J. Gobrecht, and A. Wrulich,
J. Vac. Sci. Technol. B 27, 1813 (2009).

104, Mustonen, V. Guzenko, C. Spreu, T. Feurer, and S. Tsujino,
Nanotechnology 25, 085203 (2014).

""From the analysis of the beam radius of the un-collimated beam (Fig. 6),
the estimated beam brilliance of the un-collimated beam with the emission
current of 4 yA is equal to ~4 x 10" Afem?str and high, see Handbook of
Charged Beam Optics, 2nd ed., edited by J. Orloff (Taylor & Francis, UK,
2009), p. 440.

18p Das Kanungo, P. Helfenstein, V. A. Guzenko, C. Lee, M. Paraliev, and
S. Tsujino, “Electron beam collimation from an all-metal double-gate
40,000 nano-tip array: Improved emission current and beam uniformity
upon neon gas conditioning,” JVST (submitted).

19M. Dehler, A. Candel, and E. Gjonaj, J. Vac. Sci. Technol. B 24, 892
(2006).

20Y. Ding et al., Phys. Rev. Lett. 102, 254801 (2009).

2IR. G. Forbes and J. H. B. Deane, Proc. R. Soc. A 463, 2907 (2007).

22C. A. Spindt, 1. Brodie, L. Humphrey, and E. R. Westerberg, J. Appl.
Phys. 47, 5248 (1976).


http://dx.doi.org/10.1103/PhysRev.89.799
http://dx.doi.org/10.1016/S0168-9002(97)01356-9
http://dx.doi.org/10.1103/PhysRevLett.96.077401
http://dx.doi.org/10.1103/PhysRevLett.96.077401
http://dx.doi.org/10.1103/PhysRevLett.98.043907
http://dx.doi.org/10.1103/PhysRevLett.98.043907
http://dx.doi.org/10.1103/PhysRevLett.103.257603
http://dx.doi.org/10.1063/1.2924290
http://dx.doi.org/10.7567/APEX.6.114301
http://dx.doi.org/10.7567/APEX.6.114301
http://dx.doi.org/10.1063/1.4788998
http://dx.doi.org/10.1116/1.3569820
http://dx.doi.org/10.1116/1.4838295
http://dx.doi.org/10.1116/1.3093891
http://dx.doi.org/10.1016/0168-9002(94)01549-X
http://dx.doi.org/10.1016/0168-9002(94)01549-X
http://dx.doi.org/10.1063/1.4764925
http://dx.doi.org/10.1016/j.mee.2013.02.039
http://dx.doi.org/10.1116/1.3151852
http://dx.doi.org/10.1088/0957-4484/25/8/085203
http://dx.doi.org/10.1116/1.2181988
http://dx.doi.org/10.1103/PhysRevLett.102.254801
http://dx.doi.org/10.1098/rspa.2007.0030
http://dx.doi.org/10.1063/1.322600
http://dx.doi.org/10.1063/1.322600

