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A single-electron emitter, based on a single quantized energy level, can
potentially achieve ultimate temporal and spatial coherence with a large
emission current, which is desirable for atomic-resolution electron probes.
This is first developed by constructing a nano-object on a metal tip to form a
quantized double barrier structure. However, the single-electron-emission
current can only achieve a picoampere level due to the low electron tunneling
rate of the heterojunction with large barrier width, which limits the practical
applications. In this study, carbon nanotubes (CNTs) serve as a single-electron
emitter and a current up to 1.5 nA is demonstrated. The double barrier
structure formed on the CNT tip enables a high tunneling rate (~10'2 s~7)
due to the smaller barrier width. The emitter also shows high temporal
coherence (energy dispersion of ~10 meV) and spatial coherence (effective
source radius of ~0.85 nm). This work represents a highly coherent electron
source to simplify the electron optics system of atomic-resolution electron

this setup dramatically reduces the probe
current to a picoampere level, which sig-
nificantly reduces the signal-to-noise ratio
and spatial resolution.**® Therefore, a
new field emitter with a narrower en-
ergy spread and higher emission current
must be developed to break through this
bottleneck.

Single-electron emission through a sin-
gle quantized energy level is the ulti-
mate model to overcome the abovemen-
tioned challenge, which can be realized
through resonant tunneling field emission
in a Coulomb blockade regime.”"?l In
this model, the initial emission is primar-
ily confined within an ultranarrow energy
level.7312] Moreover, the Coulomb inter-

microscopy and sub-10 nm electron beam lithography.

1. Introduction

Cold field-emission electron sources that rely on metal nan-
otips have generated significant interest due to their small
virtual source sizes (10 nm) and relatively narrow energy
spreads (<500 meV).l'l However, a much narrower energy spread
(<50 meV) is required for achieving atomic-level resolution
electron probe and high energy-resolution electron energy loss
spectroscopy.>! Unfortunately, further reducing the energy
spread of conventional metal nanotips is a significant challenge,
due to the broadening of the initial emitting energy level and the
Coulomb interaction of emitted electrons. Presently, one solu-
tion involves equipping a monochromator in the state-of-the-art
high-resolution transmission electron microscope.>*] However,
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action between electrons can be avoided

as emitted electrons are well-separated in

time.[#12-14] This model relies on a double
barrier sandwiched quantum dot or potential well structure (i.e.,
quantized double barrier structure), which can be achieved by
constructing a nano-object on metal nanotip.”*] However,
achieving a high emission current (>1 nA) in a single-electron
emission regime is challenging, because the tunneling rate of
the heterojunction barrier between the nano-object and the metal
nanotip is relatively low due to its large width. A tip of a 1D carbon
nanotube (CNT) is a potential structure for this purpose.[&1216.17]
First, homojunction double barrier structures have been proven
to be naturally formed at the tip of CNTs, which might enable a
larger electron tunneling rate.'%”) Second, a high brightness of
up to 10! A str™! m~2 V7! is achievable due to the robust me-
chanical structure and electrical conductivity.'®! Last, the weak
interaction of low-energy electrons with both optical and acous-
tic phonons enables ballistic transport, which significantly limits
electron scattering.!!%!

In this study, we demonstrate the formation of a double bar-
rier structure on a CNT tip at cryogenic temperatures ranging
from 10 to 160 K. Our results show a distinctive staircase-like
field-emission curve with equidistant conductance peaks, indi-
cating an energy level renormalization as a result of Coulomb
blockade effect. This observation suggests that emission from a
single quantized energy level is in a single-electron regime. The
conductance peaks exhibit a good fit to a Lorentzian line, imply-
ing quasi-perfect resonant tunneling field emission. Thanks to
the large tunneling rate (~10'2 s™') double barrier structure pos-
sibly induced by the small barrier width, we were able to obtain
a high emission current of 1.5 nA from a single quantized en-
ergy level with an estimated width of ~10 meV. Additionally, we
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Figure 1. The schematic diagram of the experimental setup and the dou-
ble barrier model of the CNT emitter. a) Schematic diagram of the ex-
perimental setup. The CNT is grown on the apex of a tungsten tip. The
emission distance (d) between the emitter and the anode is controlled
by the STM feedback system, which is from ~70 nm to a few hundred
nanometers. b) The model of the double barrier structure. A double bar-
rier structure is formed at the apex of a CNT with w the contact barrier
width between the potential well and the CNT reservoir. The blue arrow
indicates the electron transport path.

measured the effective source radius to be ~0.85 nm. Overall, our
work provides crucial material fundamentals and design prin-
ciples for the development of high-brightness coherent single-
electron sources for atomic-resolution electron microscopy and
electron beam lithography.

2. Results and Discussion

To assess the field-emission properties, we employed a scanning
tunneling microscope (STM) with a pressure of 3 x 1071 Torr
and a temperature range of 10-300 K. Figure 1a illustrates the
experimental setup, in which several multi-walled CNTs, rang-
ing in length from several micrometers and with a diameter of
~10 nm, were grown directly on the apex of a sharp tungsten
tip (see Figure S1, Supporting Information for details). An an-
ode made of a single-crystal Au (111) was positively biased by a
voltage ranging from 0 to 100 V. The STM feedback system con-
trolled the emission distance between the emitter and anode (see
Figure S2, Supporting Information for details). A cyclic ag-
ing procedure was performed until a stable field emission was
achieved, characterized by a highly repeatable staircase-like fea-
ture (See Figure S3, Supporting Information for details). This
ensured that the emission occurs from a single CNT tip, as dis-
cussed below. The presence of a typical double barrier structure
is shown in Figure 1b.

Figure 2a exhibits a typical staircase-like field-emission curve,
with the inset showing the corresponding Fowler—Nordheim
(EN) plot. Given the work function of CNT as &5 eV, the field en-
hancement factor is calculated as g ~ 7 (see Figure S4, Support-
ing Information for details).?%! This value is smaller than nor-
mal CNT enhancement factors, which is mainly due to the ultra-
short emission distance.[?'-23] Figure 2b shows the correspond-
ing differential conductance curve in Figure 2a. More than nine
equidistant differential conductance peaks are observed in inter-
vals (AV) of ~1 V with peak height varying from peak to peak,
which indicates the behavior of Coulomb blockade-mediated
field emission through quantized energy levels in a quantum
structure (QS).[121*24] The equidistant peaks have resulted from
the renormalized equidistant energy levels, which are mediated
by the charging effect. The energy spacing is determined by

AE = Ae + (C/¢€?) where Ae is intrinsic level spacing in the QS,
e is the elementary charge, and C is the capacitance of the
QS.[121424] The peak heights are determined by the width of the
levels.['"] While the presence of two or more nanotubes with
varied lengths contributing to emissions may also create distinct
features in the emission curve, it is not likely to produce a step-
like feature due to the monotonically increasing nature of the FN
field-emission curve. As a result, we would observe a monotoni-
cally increasing conductance curve rather than a series of peaks in
the differential conductance curve. Therefore, our observations
confirm the occurrence of field emission through quantized en-
ergy levels of a single CNT within the Coulomb blockade regime.

Next, we investigated the tunneling behavior. As shown in
Figure 2c¢, the normalized conductance peaks have Lorentzian
line shapes, indicating that the sharp conductance peak origi-
nates from resonant tunneling through a single quantized en-
ergy level in a double barrier structure.[”311:2] The R? values of
the Lorentzian fitting are close to 1, suggesting a quasi-perfect
resonance. The full width at half maximum (FWHM) of the peak
is 70 mV according to the Lorentzian fitting. In addition, as de-
picted in Figure 2d, the peaks generally broaden as the emission
current increases due to thermal broadening caused by the Joule
heating effect from the emission current.[#?’] However, notewor-
thy is that both the FWHM and peak height generally decrease
from the third to the fourth peak. Such non-monotonic behavior
indicates that the peak width is mainly shaped by the intrinsic
energy level width, rather than the thermal broadening energy of
~1 meV at 10 K. The considerably wide energy level width largely
minimized the thermal deterioration of electron resonance in the
cavity and thus guaranteed a quasi-perfect resonant tunneling
current.®]

The emitting energy level width can be estimated according to
the principle illustrated in Figure S4 (Supporting Information).
First, the energy spacing of two adjacent energy levels is deter-
mined by AE = ewAF = eAV/n, where n ~ d/pw, with g the field
enhancement factor and w the internal barrier width.[?®2% The va-
lidity of this formula is confirmed by the emitter-anode distance-
dependent I-V curve (Figure S4a, Supporting Information), in
which the staircases occur at a fixed emission current value in-
dependent of the bias voltage. The § value obtained in Figure 2a
is further confirmed by finite element method calculations and
n can be approximately estimated to be 10 (see Figure S4, Sup-
porting Information). Thus, the 1V peak interval corresponds to
an energy spacing of ~#100 meV and the 70 mV FWHM corre-
sponds to the intrinsic level width of ~7 meV. The level width
is much larger than those in the previously reported Coulomb
blockade-resonant tunneling cases, which also corresponds to a
large tunneling rate of ~10'2 s71.17811]

The possible origin of the internal barrier can be analyzed from
the discussion above. As illustrated in the inset of Figure 2b, the
spacing between the peaks progressively decreases as the bias
voltage increases from the first to the third peak. This indicates
that the QS capacitance, determined by its size, is increasing.
Therefore, the size-tunable QS is very likely the electric field-
induced inversion region of the semiconducting CNT, while the
internal barrier is the depletion barrier. Due to the p-type semi-
conducting nature of as-grown multiwall CNTs, a nanoscale in-
version region (n-type) as the QS will be induced at the tip.3% At
low bias voltage, the thickness of the inversion region increases
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Figure 2. The resonant tunneling field emission in the Coulomb blockade regime. a) The field-emission curve (I-V curve) was obtained at a voltage
setpoint, Viee; = 32 V and a current setpoint, I, o, = 1 nA, under 10 K temperature. The inset is the FN plot of the emission curve, which is linearly
fitted, indicated by the red line. The staircase-like features appear in both I-V and FN curves. b) The differential conductance curve from the field-emission
curve. Conductance peaks correspond to the staircases in the field-emission curve. The peak orders are marked in the figure. The inset is the peak interval
(AV) between the different peaks. c) Blue Lorentzian fitting line of the normalized conductance peak corresponding to peak 3. d) Dependence of the
FWHMs and the peak heights with respect to the increase in the peak order.

with the voltage increases. When the inversion region’s thick-
ness is sufficiently large, with a significant electron density, the
external electric field is screened, and the inversion region size
becomes saturated. Thus, the peak spacing no longer increases
after the third peak. Although other factors, such as defects be-
tween CNT fragments!'®) and nano protrusions at the apex of the
CNT,! could also contribute to the internal barrier’s formation,
the depletion barrier appears to be the most likely cause. Consid-
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ering the homojunction essence of the double barrier structure at
the CNT tip, the internal barrier width is possibly small, enabling
a high tunneling rate.

Let us now discuss the practical applications in electron
sources of the CNT field emission. Figure 3a shows the
typical field emission and differential conductance curves of
various samples obtained at temperatures of 25, 160, and
300 K. As the temperature increases, the curves become less
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Figure 3. The high-temperature properties of the resonant tunneling field emission. a) Field-emission curve and the differential conductance curves

were obtained at 25, 160, and 300 K with V.

cetset = 30V and Igyq = 1 nA. b) Comparison of the beam current and the energy spread from this study, the

state-of-the-art electron-source-like cold field-emission gun,32] and the STEM monochromated electron source (Mono. 1,14 2,133 3[3]),
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Figure 4. The offline holography of the CNT electron source under room
temperature. a) Experimental holography setup. Another CNT is put onto
a gold grid as a biprism. The electron energy is 200 eV. b) Electron inter-
ference fringes on the screen. Scale bar: 5 mm. c) The line profile of the
interference fringes in(b) enclosed in the rectangle.

distinguishable, and the conductance peaks tend to merge due to
increasing thermal broadenings. The R? values of the Lorentzian
fitting of the discrete conductance peaks are close to 1 in a wide
temperature range from 10 to 160 K (see Section 5 in the Sup-
porting Information). Figure 3b shows the distribution of the
level widths and the current rise of the corresponding resonance
peaks of different samples under five different temperatures. The
present CNT emitters provide ~1.5 nA through a narrow energy
width of %10 meV, as shown in the top panel in Figure 3b. In
comparison, the monochromatic electron sources obtained in the
state-of-the-art monochromator in a scanning transmission elec-
tron microscope (STEM) are shown as Mono.1-3 in Figure 3b.
A probe current of 600, 35, or 10 pA can be reached when the
energy spread is 40, 20, or 10 meV, respectively.>*! Meanwhile,
for a cold field-emission gun with a monochromator, a probe cur-
rent can reach 1 nA, while the energy spread can be as large as
200 meV. Therefore, our CNT emitters may enhance the bright-
ness of atomic-scale electron probes by more than two orders
with lower energy spread.

Lastly, the spatial coherence of electrons emitted from the CNT
is measured using a point projection microscope at room tem-
perature, as illustrated in Figure 4a.3*3°] A second CNT with
a diameter of #10 nm was used as a biprism, positioned close
to the emitting tip with a distance of ~1 ym. A microchannel
plate and a phosphor screen are positioned 400 mm away from
the emitter. As depicted in Figure 4b, a clear image of the CNT
was obtained, displaying sharp interference fringes. The virtual
source size was calculated using the formula r = AD/z¢&, where
thelis electron beam wavelength, D is the distance between the
tip and the screen, and £ is transverse coherence length of the
electron beam.?*%! & was 13.1 mm according to the measured
interference fringes (Figure 4c). The resulting calculated virtual
source size was ~0.85 nm, indicating a single CNT-based elec-
tron source with high spatial coherence.

3. Conclusion

We have demonstrated the formation of a double barrier struc-
ture on a CNT tip, evidenced by a distinctive staircase-like field-
emission curve with equidistant conductance peaks. A high-
tunneling-rate (~10'? s7!) resonant-type field emission in the
Coulomb blockade regime is achieved possibly due to the small
barrier width, enabling the single-electron-emission current to
reach as high as 1.5 nA. Furthermore, the high temporal and spa-
tial coherence of the electrons are respectively demonstrated by
the low energy spread of 10 meV and the small effective source
radius of ~0.85 nm. Our findings pave the way toward atomic-
resolution electron probes for high-resolution microscopy and
electron beam lithography. Further optimization of structural pa-
rameters, such as reducing the internal barrier width by chang-
ing the charity of the CNT, can lead to a larger tunneling rate and
thus a larger emission current.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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