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Creating, manipulating, and detecting coherent electrons is at the heart of future quantum mi-
croscopy and spectroscopy technologies. Leveraging and specifically altering the quantum features of
an electron beam source at low temperatures can enhance its emission properties. Here, we describe
electron field emission from a monocrystalline, superconducting niobium nanotip at a temperature of
5.9 K. The emitted electron energy spectrum reveals an ultra-narrow distribution down to 16 meV
due to tunable resonant tunneling field emission via localized band states at a nano-protrusion’s
apex and a cut-off at the sharp low-temperature Fermi-edge. This is an order of magnitude lower
than for conventional field emission electron sources. The self-focusing geometry of the tip leads
to emission in an angle of 3.7°, a reduced brightness of 3.8 x 10° A/(m? sr V), and a stability
of hours at 4.1 nA beam current and 69 meV energy width. This source will decrease the impact
of lens aberration and enable new modes in low-energy electron microscopy, electron energy loss
spectroscopy, and high-resolution vibrational spectroscopy.

With the rise of novel instruments in electron mi-
croscopy [1, 2], spectroscopy [3, 4], quantum electronics
and electron wave function engineering [5], the demand
for coherent beam sources becomes increasingly relevant
in various fields of physics. Significant progress has been
made in the generation of novel electron field emitters,
that are e.g. laser-triggered [6], have a single atom apex
[7, 8] or consist of a LaBg nanowire [9]. The key per-
formance goals are high brightness combined with a nar-
row field emission electron energy distribution, result-
ing in large longitudinal and transversal coherence. Such
sources allow new techniques for electron phase modula-
tion [10, 11], beam guiding [12], interferometry [13, 14],
quantum decoherence measurement [15, 16], novel mi-
croscopy diffraction modes [17], quantum sensing [18],
or even secure information transfer [19]. They lead to
key applications in superconducting scanning tunneling
microscopy [20], quantum electron microscopy [1, 2] or
scanning Josephson spectroscopy [3]. According to the
Fowler-Nordheim (FN) description [21], the energy dis-
tribution of a beam gets more narrow with lower field
emitter temperature. But the effect is negligible below
room temperature and usually reported energy widths of
cold field emitter are ~200meV [22].

In this Letter, we analyze the field emission properties
of a monocrystalline niobium (Nb) nanotip at a temper-
ature of 5.9 K, well below the superconducting transition
at T, = 9.3 K. A scanning electron microscope image of
the tip can be seen in Fig. 1 a-c). It is demonstrated that
a surface nano-protrusion (NP) can be generated on the
tip, leading to a localized quantum band state at the apex
[23, 24]. The nano-protrusion emission (NPE) is self-
focusing with an emission angle of 3.2° due to the high
field enhancement at the NP apex with a small radius
of curvature. The center of the NPE total energy distri-

bution spectral peak can be tuned relative to the Fermi-
energy (Er) and cut-off by the sharp low-temperature
Fermi-edge by changing the electric field at the emitter.
It leads to an extremely narrow energy distribution full-
width-half-maximum (FWHM) down to AE = 16 meV.
This is the first monocrystalline Nb tip characterized at
superconducting temperatures and the smallest reported
electron field emitter energy width. It is 10-20 times
narrower than the best emitters available in microscopy,
leading to high coherence, while showing long-time sta-
bility and high brightness. This will lead to a paradigm
shift in electron microscopy and spectroscopy, enabling
electron energy loss spectroscopy (EELS) with <2.5meV
resolution and decreasing the impact of chromatic aber-
rations.

The Nb tip and the NP on its apex were fabricated
in five steps. First, a rectangular monocrystalline wire
being the base of the tip was cut out from a larger [100]
oriented Nb crystal in pieces of 250x250 nm cross-section
with electric discharge machining [25]. Then this wire
was spot-welded in the center of a V-shaped polycrys-
talline Nb wire bar. As a next step, the monocrystalline
tip base was electrochemically etched down to a length of
only ~2mm in a KOH solution according to a procedure
described in [26]. This led to the ~100 pm-base shown in
the SEM images of Fig. 1 a-b). It is then further shaped
by gallium ion beam milling in a FIB [27] to fabricate
the conical tip in Fig. 1 ¢) with a radius Ry =25+2nm.
The most delicate step is the formation of a NP (<5nm
[23]) on the tip after being installed and cooled on the
cryostat. This is performed through several annealing
cycles by ramping up a current of 4.85 A through the
polycrystalline Nb wire bar until the tip is glowing at
~950 °C [28] and simultaneously setting a —3kV electri-
cal bias on the extractor. By automating this annealing
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FIG. 1. a-c) SEM image of the FIB milled monocrystalline tip in three different magnifications. d) On top of the Ro = 25nm
radius Nb tip, an ro = 1.5 nm-nano-protrusion is formed that is not resolved by SEM. The nano-protrusion’s field emission is
magnified by an einzel lens. e) Delay line detector image of the beam’s angular distribution with Vi = —364V (Veze = 0V),
yielding a mean angular spread of Af & 3.2°. f) Sketch of our electron field emitter characterization setup. The tip and the bar
are sandwiched between two sapphire plates (visible in b) and mounted onto a rotatable cryostat perpendicular to the rotation
axis, allowing it to be pointed at multiple measurement devices. g) Four-point resistance vs. temperature measurement of the

tip’s bar, indicating superconducting emitter conditions.

process with a programmable current source, NP forma-
tion on our tip is reproducible and the NPE is stable on
the order of hours. However, there is still variability in
the emission properties of the NPs after each annealing
process, making several annealings necessary to get the
optimal conditions. Our NP survives at a minimum 82 K
[29]. We assume it to be RT-stable and made of niobium
due to corresponding literature data for tungsten and
gold tip NPs fabricated by a similar field surface melt-
ing technique [30]. This is in contrast to diffusion-growth
NPs such as in [31] which are believed to be composed of
contaminant molecules.

The setup to cool the tip and characterize its field
emission properties is illustrated in Fig. 1 f). It allows a
high-resolution measurement of the beam energy spectra,
the emission current, and the angular distribution. The
nanotip and the extractor are cooled by a closed-cycle
liquid helium cryostat [32] and thermally isolated by a
copper cooling shield with a small opening for the beam
path. The step in the four-point resistance measurement
of the V-shaped Nb-bar in Fig. 1 g) is used to calibrate
the measured temperatures to 7. and reveals that the
emitter is operating under superconducting conditions at
5.9 K. The cryostat is mounted inside an ultra-high vac-
uum chamber with a pressure of ~8 x 10~ Torr on a
rotational flange and a 3D-manipulator. It allows posi-
tioning and aligning of the emitter towards three mea-
surement units. The first one is a hemispherical electron

beam energy analyzer [33] with a resolution of 3meV.
Between the analyzer and the tip, a double deflector is
installed for beam alignment. A rotation of the cryostat
points the tip towards a Faraday-cup [34] with a pico-
ammeter [35] for the beam current measurements. An-
other rotation points the emitter towards a microchan-
nel plate delay line detector (DLD [36]) with a single-
electron resolution to measure the beam’s angular dis-
tribution. A custom einzel lens with a deflector is also
installed at this position for magnification and alignment.
The analyzer, Faraday cup, and DLD operate in differ-
ent regimes of current and tip voltage, allowing a wide
range of beam analysis. This realizes a unique system
that combines spectroscopy, beam current, spatial distri-
bution, and temperature control.

The energy spectrum of FN cold field emission of elec-
trons from a metal’s Fermi sea to vacuum with respect
to Ef is given by the product of the Fermi-Dirac distri-
bution function and an exponential decay term G(F) x
f(E)exp(E/D). Here, f(E) = (1 +exp(E/kgT))~! and
D = ehF/2v/2m¢ are the energy scale parameter for field
emission with the work function ¢ and the field strength
at the emission site F' = |E| [37]. The field strength can
be determined by F = Vi, where 8 = (kRo)™! with
Ry being the base radius and a geometry factor typi-
cally taken as k = 5.7 for a metallic tips [38]. The FN
emission current density goes as .J o< F? exp(—B¢*/?/F),
where B ~ 7V /eV3/?2nm. At cryogenic temperatures, f
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FIG. 2. a) Qualitative illustration showing NP’s resonant states in the Coulomb barrier, allowing electrons an enhanced
field emission to the vacuum. Lower panel: Decreasing the field strength in resonant tunneling emission can shift resonances
originally above Er into the occupied region, resulting in a tuneable sharp cut-off at low temperatures and an ultra-narrow
beam energy distribution. b) Experimental spectra showing the nano-protrusion (NP) emission peaks decreasing in energy
by increasing the extractor voltage Ver: from 0 to 180V at a fixed tip voltage of Viip = —475V. c¢) The narrowest energy
distribution observed of 16 meV after noise correction (19 meV before). The small energy width is due to the use of the sharp
low-temperature Fermi edge to increasingly truncate the higher energy portion of the NP’s discrete state emission by applying
an extraction voltage of 180, 120, and 20V, pushing the resonance peak over Er. d) Energy spectra corresponding to the
color-matching encircled data points in e) with the tip voltage labeled on the right side (Vegt = 0). The spectra with increasing
V4ip correspond to the circles in e) from right to left. e) Fowler-Nordheim (FN) plots of a NP’s emission current with decreasing
Viip from —600V to —420V. The orange line is a theory expectation for a pure FN behavior, confirming that the resonant
emission process is different compared to a FN emitter. f) Stability measurement of the Nb field emitter over 6 hours. The
sudden increase after 1hour is a familiar effect observed in other cold field emitters and can be explained by the temporary
presence of an adatom on the emission site. The inset shows energy spectra taken at the beginning of the recording of f), after
3h and at the end. A reasonable peak broadening is visible, presumably due to adatoms accumulating near the tip’s apex
or small structural changes that alter the boundary conditions for the NP resonant emission. The data in b)-f) are recorded
after different annealing cycles, with slight variations in the nano-protrusion geometry and resonance conditions. The peak
amplitudes in the spectra are normalized.

is nearly a step function, causing the energy spectrum
width to scale as AE = In(2)D (with FWHM, the solu-
tion to exp(AFE/D) = 1/2) due to the decreasing tunnel
width through the Coulomb barrier with increasing F'.

The addition of a NP with radius ro < Ry on the tip
apex creates localized, discrete electronic states that can
act as intermediate levels for resonant tunneling through
the Coulomb barrier, and FN theory alone is no longer
sufficient to model the emission. The energy spectrum of
NPE via these resonant states can be approximated as,
Giot(E) =G(E) (1 + 3, Ry(E — E, + oF')), where the
resonant enhancement factors R,, are single peaked func-
tions (Lorentzian distributions in analytic approximation
[39]) corresponding to each discrete state at energy E,
that shifts linearly with the applied field strength at the
tip. The maxima of the resonant enhancement factors
can be |Ry|maz > exp(—(E, —aF')/D) for emission well
below Er, this means that NPE with isolated bright res-
onant tunneling spectral peaks can occur even before any

FN field emission is measurable. Additionally, at cryo-
genic temperatures, the width of the Fermi edge is much
narrower than the width of any R,, peak, allowing NPE
peaks to be 'turned off’ or partially truncated by tuning
over Er. The resonant tunneling field emission process
is illustrated in Fig. 2 a). The electric field around a
biased NP on a nanotip autofocuses the NPE into an
emission angle ~2—6° [40], as illustrated in Fig. 1 d).
This is much smaller than emission from a tip geometry
without the NP which would be within ~20—30° [40].
Using an einzel lens with a calibrated magnification and
the DLD, we determined the angular beam distribution
in Fig. 1 e) as Af =~ 3.2° (azimuthally averaged emission
angle). With a reasonable assumption that the NP is
hyperboloidal, we estimate the size of the emission ra-
dius on the NP from the measured values of Ry and A#,
using the relation rg = RopA#?/2D [40]. Inserting in
the appropriate values for our tip Ry = 254+2nm, Af =
3.2£0.25°, D = 118 meV, ¢ = 4.5eV at V), = -364£2V,



we find an emission site radius of rg = 1.54+0.3 nm.

Furthermore, we recorded the energy spectrum of the
NPE with an energy analyzer. By keeping the tip voltage
constant and varying the extractor voltage to tune the
NPE with respect to EFr, we recorded the NPE energy
spectra in Fig. 2 b) from two distinct NP states. The
broad lower energy peak is shifted away from Er at a
linear rate of ~2 meV V=1, The higher energy peak is
initially above F'r and begins to cross Er at Ve,; = 90V.
It has a AEF = 34meV FWHM at V_,; = 150V and
completely passes Er at Vi = 180V showing a AF =
100 meV FWHM main peak. Nominally similar values of
peak widths and energy shifts are regularly reproduced
after each tip anneal and NP formation.

The direct tunability of these discrete NP states by
the tip or extractor voltage allows us to reduce the en-
ergy width by truncating a portion of the NPE spec-
trum, with the sharp (less than 1 meV), low-temperature
Fermi-Dirac function at Fp. It is significantly narrower
than the FWHM of the NPE from the discrete states,
producing a total FWHM AFE = 19meV at a tip volt-
age of Vi, = —475V with Ve = 20V. This is the
smallest AE value ever recorded for field-emitted elec-
trons. The result is presented in Fig. 2 c¢) showing the
spectrum width decreasing at lower V.,; as the peak
shifts toward Ep from below. We use Gin(F) con-
volved with a kernel, being a normalized Gaussian dis-
tribution g(E,dE) = exp(—2%/2dE?)/V2ndE? to ac-
count for systematic instrument noise (analyzer, voltage
source, vibrations), as a fit for the total energy distri-
bution: Gyfit(E) = Giot(E) * g(E). We took R, (E) =
mn/((E — E,)? +T2) as the form for the resonant en-
hancement factors, where r, are the resonance ampli-
tudes, and I',, are the resonance linewidths. With r,,
E,, T',, and dFE as fitting parameters, we performed a
least-squares-fit to the experimental spectra. Using the
fit parameters r,, E,, I',, in the function Gy, we de-
termined an 8.2meV system energy resolution. If it is
deconvolved from the measured energy distribution, our
narrowest emission peak has a FWHM of 16 meV.

In the next step, a Faraday cup was used to measure
the total NPE current. After further annealing, a NP was
formed and the tip voltage was decreased from Vi, =
—600V to Vi = —420V in steps of 10V at zero ex-
traction voltage, and the emission current was recorded.
The I/V-data is shown in Fig. 2 e) in a FN represen-
tation, where the orange linear relation between 1/Vy;,
and log (1/V;3,) would be expected to apply the FN the-
ory. Clearly, our measured resonance emission data in-
dicates a strong deviation from FN. After this measure-
ment, the tip was pointed towards the energy analyzer
for the recording of the spectra at the same tip volt-
ages. It allows correlating the current data with the
energy widths of the emissions, as shown in Fig. 2 d).
The inset in Fig. 2 e) plots the energy FWHM AFE as
a function of the tip voltage, again with an orange line

reflecting the FN expectation. It demonstrates that res-
onant field emission can provide a significantly narrower
energy width than the FN process. After further anneal-
ing, we performed a field emission stability measurement
over 6h, as shown in Fig. 2 ). It was started by the
recording of a spectrum at Vi, = —480V with an en-
ergy FWHM of 69meV at an emission current of about
4.1nA. Subsequently, the current was recorded for 3h
before the tip was pointed again towards the energy an-
alyzer, where a spectrum with a FWHM of 95 meV was
recorded. After further current measurement for 3h, a
final spectrum was taken with a width of 155 meV. The
spectra are shown in the inset of Fig. 2 f). Finally, the
angular beam distribution (at a lower tip voltage to avoid
DLD damage) presented in Fig. 1 e) was recorded.

One important figure of merit for electron sources is the
reduced brightness B, = J/AQV,,,, where J = I/mr
is the current density, and AQ = wA§?/4 is the solid
angle of emission. This is an invariant quantity along
the beam path and a more apt way to compare different
emission sources than current alone. In the NP model,
the angle of emission goes as A6 o< /Viyp [40]. Since
we are unable to measure the angular distribution of the
NPE at high currents with the microchannel plate of the
DLD, we can use the relation Afy = Ab1+/Viip2/Viip1 to
determine the high current, 4.1nA, angular distribution
Afy = 3.7£0.29° at Vispo = —480£3V from the mea-
surement in Fig. 1 e). Then, using the determined NPE
radius 79 = 1.5+0.3nm, we find a reduced brightness of
our source to be B, = (3.842.1)x10% A/(m?srV) at an
energy FWHM of 69meV. This extremely high bright-
ness combined with the low energy width outperforms
commercial cold field emission sources [41, 42] and other
NPE tips [31]. For comparison, the commercial source
with a monochromator in [43] has a comparable energy
distribution of 61 meV but only a reduced brightness of
6.3 x 10° A/(m?srV). Our calculations reveal that ap-
plying a monochromator to a beam with 4nA current at
69meV, such as in Fig. 2 f), will lead to 400 pA with
8meV or 100 pA with 2.5meV. This is more than an
order of magnitude improvement to recent vibrational
spectroscopy measurements [4]. We are working on im-
proving the long-term stability and repeatability of the
emission to make this field emitter a commercially viable
electron source.

Having field emitted electrons with such a narrow en-
ergy distribution coming from a nanoscale spatial loca-
tion raises the question about the ultimate limit in the
width of the energy spectrum. For instance, in FN field
emission at cryogenic temperatures the transverse and
longitudinal uncertainties in momentum are o1 ~ oy
[22]. As an estimate, we set the size of the emission re-
gion to be the uncertainty in the position o, ~ rg =
1.5nm and we approximate the uncertainty in the mo-
mentum from the energy distribution o, 2 V2mAE =
4.3 x 107 eVs/nm of our measured AE = 16meV.



Then we have 0,0, =~ 1.9 x %, with the caveat that we

used a calculated estimate value of o, and a partial es-
timate in momentum, excluding o, . It reveals that the
uncertainty product of our source is close to a factor of
two from the Heisenberg limit.

In summary, we realized a superconducting monocrys-
talline niobium nanotip field emitter at a tempera-
ture of 5.9 K with an unprecedented ultra-narrow tune-
able energy distribution down to 16meV FWHM, a
small emission angle of 3.2° and a brightness of up to
3.8 x 108 A/(m?srV). This was achieved by the fabri-
cation of a nano-protrusion at the tip apex, leading to
a localized quantum state that mediates resonant tun-
neling through the Coulomb barrier beyond the Fowler-
Nordheim model. Although the tip emission varies
slightly after each preparation cycle, this low energy
distribution was measured several times following tip
preparation and could be reproduced with a completely
new ion milled tip (see appendix). The energy width
is in the same range as the recently developed flat sur-
face source based on near-threshold photoemission from
single-crystal Cu(100) at 35 K with AE = 11.5meV [44].
However, the emission area of our source is orders of mag-
nitude smaller, providing potential advantages in spatial
coherence and brightness. It opens up new fields such as
high-resolution vibrational spectroscopy in the electron
microscope [4] with sub-meV resolution when combined
with a monochromator. It will improve EELS enabling
isotopic analysis and mapping in transmission electron
microscopy [45], decrease the impact of chromatic aber-
rations in low-voltage scanning electron microscopes and
enhance the accuracy in the study of band gaps or de-
fects to the sub-nanometer level. The small spatial di-
mension of the beam emission area in the nanometer
regime combined with the narrow energy distribution
yields a high longitudinal and transversal coherence of
this source. This will benefit emerging techniques such
as multipass-transmission electron microscopy [46] and
quantum electron microscopy [1] as well as quantum in-
formation science applications with coherent electrons
[19] or metrology with electron interferometers [18].
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Appendix

Reproducibility is an important issue in the fabri-
cation of new field emitters. Occasionally, it took several
annealing cycles at the same temperature to get a
narrow NPE. However, the 19 meV FWHM distribution
was usually stable for hours and could be regained
repeatedly after annealing on different days and after
the tip cooled from room temperature back to 5.9K
when the cryostat was turned off and on again. We
additionally reproduced the 19meV NPE (16 meV with
instrument resolution correction) with a different tip,
shown in Fig. 3 a). It was fabricated from the same
monocrystalline Nb wire, but with separate etching, ion
beam milling, and annealing procedures. For this tip,
the annealing temperature was increased stepwise. This
leads to a transition from a tip with a NP (NPT) to
a bare tip without the NP. Typical energy spectra for
these cases and a mixed intermediate emission are shown
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FIG. 3. a) SEM image of a separately fabricated supercon-
ducting Nb tip to demonstrate reproducibility. Inset: Higher
magnification, revealing a radius of 23nm. b) Upper curve:
the energy spectra of the separate NPT. The orange line is a
fit according to a NPT model, the green line fits the FN the-
ory. The emission is mainly due to the localized band states in
the NP and cut off by the sharp low-temperature Fermi-edge,
decreasing the FWHM of the peak to 19 meV. Middle curve:
Mixed emission with a contribution of the band state NPE
and an underlying FN distribution. Lower curve: Increasing
the annealing temperature destroys the NP on the tip apex
and leads to a pure FN field emission energy spectra with a
FWHM of 109 meV.



in Fig. 3 b). In the upper curve, we measured the single
ultra-narrow resonant NPE peak from a localized band
state created by a NP that is cut off at Er as discussed
in the main text. The field emission tip voltage was
Viip = —650V. The spectra in the middle curve shows
a mixed emission with a Lorentzian peak from the NPE
(indicated by the orange NPT fit curve) on top of a
FN-shaped emission (indicated by the green FN fit
curve), at Vi, = —600V. Here, the NPE peak is shifted
away from Ep to a lower energy by the application
of an extractor voltage. It is no longer cut off by the
Fermi-edge, leading to a significantly broader energy
distribution. After increasing the annealing tempera-
ture, the NP disappears and the field emission starts at
a higher tip voltage of —880V. The resulting energy
spectrum on the bottom of Fig. 3 b) is significantly
broader and solely according to the FN theory. The
ability to form a NP was diminished after annealing the
tip to a certain threshold temperature, causing the base
tip radius to blunt. The bottom distribution in Fig. 3 b)
is a typical emission spectrum after this irreversible
transformation process.

The narrow emission of 19meV from the NPT in the
main text was only observed at rather low beam currents
in the pA-regime, in contrast to the high currents shown
in the stability measurement in Fig. 2 f) (nA-regime). We
assume the energy deposition on the beam exit area in
the NP is not negligible at higher beam currents, causing
a change of the quantum state boundary conditions in the
NP that leads to a higher energy width. This is supported
by observations in [47] where the local beam exit area
temperature changed by 210 K between emission currents
from 30pA to 4nA on a tungsten tip NP starting at
room temperature. Due to the low beam heating on the
electron extraction area, we assume that the stability for
the 19meV emission is significantly longer than for the
~4nA in Fig. 2 f). However, such a measurement would
require a higher resolution than available in our setup.

The emission properties of the protrusion on our tip
were modeled in two steps. First, we introduced the con-
cept of field enhancement due to tip geometry in the con-
text of a bare tip and regular FN emission. Then, the
protrusion on the tip was added by applying the analyt-
ical theories derived in [39, 40], where the electric field
parameter is calculated considering the ratio of the base
radius and the protrusion radius to estimate the addi-
tional field enhancement.
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