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Graphene coated nickel electron sources have been recently reported to have signiﬁcant advantages over stateof-the-art conventional tungsten cold ﬁeld emission sources for electron microscopy/lithography applications. In
this article, noise characteristics and lifetime measurements of a graphene-coated point-cathode emitter are
presented in a vacuum chamber with a base pressure of 2×10−9 Torr. The results show that the emitter is able to
operate at a high current density (1 μA/sr) for 600 h without decay. The energy spread broadening at high
emission current density due to mutual coulomb repulsion between the electron-electron interactions (the
Boersch eﬀect) was experimentally estimated, and found to increase with greater extraction voltages and decreasing tip sizes. These results provide data from which low energy beam applications can be developed for the
cold ﬁeld graphene coated nickel electron source.

1. Introduction
Over the past decades, the extensive research work carried out on
carbon-based cathodes for cold ﬁeld emission, such as Carbon
Nanotubes (CNTs) has not as yet, led to new viable electron sources for
electron microscopy/lithography [1]. Their most successful layout has
typically been in form of dots arrays for large area ﬁeld emission applications [2]. Nano size emitter single point cathodes have proven to
have even more severe challenges than conventional single crystal
tungsten cathodes: unmanageably stringent ultra-high-vacuum (UHV)
requirements, relatively large current stabilities, and rapid emission
decay in periods as short as one to two hours, requiring regular thermal
ﬂashing [3–5].
Recently, a large-diameter (submicron to micron size) cold ﬁeld
graphene-coated nickel electron source has been reported, which requires less stringent vacuum conditions (˜10−8 Torr) like Schottky
emitters, but delivers a highly bright and coherent electron beam,
comparable to that of conventional single crystal tungsten cold ﬁeld
emitters, and has therefore signiﬁcant advantages for electron microscopy and lithography applications [6]. It overcomes these practical
limitations by signiﬁcantly decreasing the work function to about
1.1 eV (from around 4.6 eV), which in turn, requires the use of a smaller
electric ﬁeld strength at the cathode tip. On the other hand, lower
electric ﬁeld strengths on the cathode tip will increase the well-known
Boersch eﬀect, an enlargement of the energy spread due to longitudinal

electron-electron interactions at high emission current densities. Minimizing the Boersch eﬀect is of particular importance for low-voltage
scanning electron microscopy (LVSEM) applications since chromatic
aberration of the objective lens is the main factor limiting spatial resolution. Moreover, lifetime and noise characteristics measurements
under UHV or the upper HV range (< 10-9 Torr) have yet been reported
previously.
Here, noise characteristics and lifetime measurements of a graphene-coated point-cathode emitter were presented in a vacuum
chamber with a base pressure of 2 × 10−9 Torr, a typical vacuum level
required for Schottky emitters. The emitter is shown to be able to operate at a high current density for 600 h without decay. Experimental
energy distribution data measured with cathode-tip radii ranging from
0.26 to 0.65 μm is presented using a commercial cylindrical sector energy analyser. The amount of energy broadening caused by the Boersch
eﬀect is found by ﬁtting the convolution of the intrinsic energy distribution and a bell-shaped function to the experimentally measured
spectra. The dependences of the Boersch eﬀect with the total emission
current and the cathode tip radius are demonstrated.
2. Experimental approach
2.1. Current ﬂuctuations
Graphene-coated point-cathode emitters were prepared by a
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chemical vapor deposition method using a sharpened Ni wire tip as a
template and growth promoter and solid PMMA (poly(methyl methacrylate)) as a source of carbon, which was previously reported [6].
Current ﬂuctuations due to electron generation-recombination at the tip
surface or the ion bombardment of the tip are measured in the upper
HV range (2 × 10−9 Torr). An experimental electron gun setup was
constructed in order to analyze the performance of the cathode. The
emitter tip was positioned 2 mm away from a grounded hole anode
plate having a radius of 0.5 mm, and aligned to a hole aperture (probe
hole radius =0.5 mm) that was placed in front of a Faraday Cup for
beam current measurements. The output of the Faraday collector was
fed into a Keithley electrometer which can take measurements at speeds
up to 1000 readings per second. Noise currents as low as 20 fA could be
measured. The Fast Fourier Transform (FFT) of the probe current-time
trace was used to analyze the frequency characteristics of the electron
emission process.

δI f21 … . f2 =

∫f

f2

W (f ) df

1

(1)

The frequency dependence of the W(f), as deﬁned in Eq. (1), is
plotted in Fig. 2c. The data shows a 1/f roll oﬀ for W(f), which was
carried out for Ip = 138 nA and V = 450 V from a graphene-coated
point-cathode emitter. Fig. 2d shows that the variation of W(f) with Ip is
proportional to Ip2.32 independent of f, which agrees with the results
obtained from the other well-developed ﬁeld emitters [8,9].
3.2. Lifetime test
The long-term performance of the graphene-coated point-cathode
emitter has been studied for a sampling rate of 2 Hz. Before the longterm operation, the tip was carefully investigated under a SEM and a
voltage-current measurement was carried out. As can be seen from
Fig. 3a, a drift of the emission current was observed after 1 day of
operation and the current stabilized after that. Fig. 3b shows the dependence of the collected current with time at various extraction voltage conditions at the end of 7 days of operation, from a graphenecoated nickel electron source. The short-term (a duration of 25 s at each
voltage) emission current rms noise ratios were found to be in the range
of 1.0% to 10.9%, which exhibits very good emission stability in the
higher part of the HV range in which they were taken. After 7 days of
operation, the emitter was examined with a SEM, and no observable
change in tip shape was observed (as shown in Fig. 3c). The emitter was
found to operate again with the same magnitude of ﬁeld emission
current after the SEM characterization. The results in Fig. 3c show that
the emission current is stable with little degradation (each point in the
plot is obtained by taking the average of readings in every 8 s). Another
SEM characterization after 25 days of operation revealed no degradation or destruction of the emitter, conﬁrming the structural robustness
in the higher part of the HV range.

2.2. Field emission energy distribution measurements
Field emission energy distribution measurements were carried out
using a cylindrical sector analyser (Focus Electronics CSA 200, as
shown in Fig. 1), which has a higher angular acceptance compared to a
spherical analyser due to its 2nd order focusing action [7]. The energy
analyser was operated at a constant pass energy of 10 eV and the energy
scan was conducted by sweeping the retarding potential between the
analyser and the entrance focusing lens. The experiments were conducted in a high vacuum (HV) chamber consisting of a linear motion
stage to adjust the distance between the entrance lens to the sample
(typically around 50 mm). The cathode tip was positioned 0.5 mm (the
distance was measured accurately in a SEM) away from an electroformed Cu mesh anode having a transparency of 88% (with nominal
aperture of 0.2 mm and wire diameter 0.0125 mm), and aligned to the
center of the CSA analyser in order to have a suﬃciently high count rate
on the channeltron detector. The total energy distribution from several
emitters as a function of the extraction voltage and cathode radius were
measured.

3.3. Electron energy distribution
In Fig. 4 we show an experimental energy spectrum obtained from a
large-diameter graphene-coated point-cathode emitter (r=650 nm) at
an extraction voltage of 1200 V, and is plotted on a linear scale, where
the beam intensity in the y-axis is normalized to the signal peak height,
while the energy spread on the x-axis is deﬁned with respect to the
Fermi energy. The relatively low FWHM of the total energy spread
(0.277 eV) would ordinarily not be possible for conventional large-size
ﬁeld emitters, such as the Schottky emitter, since the Schottky ﬁeld
emitter only functions by heating the tip up to 1800 K, enlarging the
energy spread by thermal eﬀects to around 0.5 eV [10]. The ﬁnal total
energy distribution consists of contribution from i) the intrinsic energy
distribution, ii) the Boersch eﬀect and iii) the ﬁnite energy resolution of
the analyser. The intrinsic electron emission energy distribution was
calculated by using the following analytical expression for the total
energy distribution (TED) in the thermal ﬁeld regime derived by Young
[11]:

3. Results and discussion
3.1. Low frequency noise
Fig. 2a presents a typical probe current-time trace with a sampling
rate of 1 kHz for a time span of 1 s, and Fig. 2b summarizes ratios of the
rms noise level (δIrms ) to the total probe current (Ip ) as a function of Ip
for a graphene coated point-cathode emitter. No ﬂashing or other tip
conditioning procedures were performed. A rms noise ratio percentage, < δ I2 > 1/2/I = 0.576%, or a signal to noise ratio of 173.6 is
obtained with a high probe current of 138 nA. In electron beam noise
measurements, the mean square noise power < δ I2 > is usually obtained which is related to the well-known spectral density function W(f)
as follows:

Fig. 1. Schematic layout of the commercial cylindrical sector analyser energy analyser (CSA 200).
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Fig. 2. (a) Plot of probe current ﬂuctuations
from a graphene coated Ni point-cathode ﬁled
emitter at diﬀerent extraction voltages with a
sampling rate of 1000 Hz. (b) The variation of
the normalized noise rms current at a band
width of 100 Hz. (c) Power spectrum analysis
of the probe current (138 nA) with a sampling
rate of 1 kHz for a time span of 1 s. (d) Plot of
the variation of the spectral density function W
(f) with current Ip.

Fig. 3. (a) The F–N plots of ﬁeld emission
curves for 1–6 days at 1 day intervals of operation in a vacuum chamber at a base pressure
of 2 × 10−9 Torr. (b) Short-term current stability curve under diﬀerent extraction voltages.
(c) A long-term emission stability test in which
the angular current density of the emitter was
maintained to be 1 μA/sr. scale bar, 1 μm.
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Fowler-Nordheim emission current density and d is the tunneling
parameter (in eV) given by:
(2)

d = 9.76 × 10−11

where kT =0.155 eV at room temperature, JFN is the well-known
3
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Fig. 4. Field emission energy distribution of a large-diameter (r=650 nm)
graphene-coated nickel electron emitter that is operating with an extraction
voltage of 1200 V.

Fig. 6. FWHM of the Boersch eﬀect vs total emission current for diﬀerent
emitter sizes (radius in nm). For large emitters, the energy spectra were measured with only high emission current in order to have a suﬃciently high count
rate on the detector.

where F and ϕ are the electric ﬁeld strength (in V m−1) and work
function (in eV) respectively. The variable t(y) is a slowly-varying
function of y = 3.79 × 10-5 F1/2/ ϕ and can be approximated by the
formula t(y) = 1 + 0.1107 y1.33. The analytical formula is valid provided kT/d < 0.7 and y < 1 [12]. The Lorentz-2EM boundary element
software was used to numerically solve for the potential ﬁeld distribution (F) around the tip [13]. Additional broadening due to the ﬁnite energy resolution of the analyser is negligibly small, which is estimated to be better than 77 meV at a pass energy of 10 eV.

ΔEBoersch = 15.9

The Boersch contribution in the experimentally measured energy
spectra can be found by ﬁtting the convolution of the intrinsic energy
distribution and a bell-shaped function to the experimentally measured
spectra. The bell-shaped function used to represent the Boersch eﬀect is
given by Barth and Nykerk [14],

1
[1 + 4

(

1
2p

)(

−1

2
E
]p
Δ EFWHM

)

(5)

the energy broadening due to electron-electron interactions is determined by the extraction voltage Vext , the beam angular current
density I ′ and the tip radius rtip . For LVSEM application, it is important
to minimize the total energy spread while at the same time, obtaining
suﬃcient probe current (tens of pA) for a given ﬁnal aperture. In Fig. 6,
the FWHM energy spread of the Boersch eﬀect is plotted as a function of
the total emission current for diﬀerent emitter sizes. It shows that large
emitters have lower ΔEBoersch for the same total emission current, most
likely coming from the fact that large emitters have a higher extraction
voltage Vext , and a lower angular current density I ′ (Eq. (5)).
The present relatively low energy spread measurements for the
larger tip graphene-coated nickel emitter (0.277 eV) is around a factor
of two smaller than the energy spread reported for the widely used
Schottky emitter [10]. Since previous measurements demonstrate that
the brightness of the larger tip graphene-coated nickel emitters provide
approximately the same brightness as the Schottky emitter [6], the
present energy spread results for the graphene-coated nickel emitter
suggest that it will have signiﬁcant advantages over conventional
electron sources for LVSEM applications.

3.4. The Boersch eﬀect

ƞ(E ) =

(I ')2/3
1/3 1/3
rtip
Vext

(4)

where the ΔEFWHM (determines the magnitude of the FWHM) and 1/ p
(determines the curve shape) are parameters used for ﬁtting. Typical ﬁt
results for a graphene-coated point-cathode emitter that is operating at
diﬀerent extraction voltages (diﬀerent angular current density) are
shown in Fig. 5. The contribution from the Boersch eﬀect is observed to
increase for increasing extraction voltage, which agrees with theoretical
predictions [15].
According to the Knauer’s model [16] of a spherical electric ﬁeld
around an emitter,

4. Conclusion
In this article, noise characteristics of graphene-coated nickel electron sources have been investigated in the upper HV range (2 × 10−9
Torr). Compared to other cold ﬁeld emitters developed for electron
microscopy, which typically need to operate in UHV conditions (10−10

Fig. 5. Typical ﬁt results obtained by ﬁtting the convolution of the intrinsic energy distribution and a bell shaped function (the broadening of the energy spread due
to the Boersch eﬀect) with two ﬁt parameters (ΔEFWHM and 1/ p) to the experimental energy distribution.
4

Journal of Electron Spectroscopy and Related Phenomena 241 (2020) 146870

X. Shao, et al.

Torr), have current stabilities of around 7.2% (under UHV conditions),
and whose emission current rapidly decays in 1 h [17], the present
results for the graphene-coated nickel electron source shows good stability (less than 10% under HV conditions) with almost no decay over
600 h at a low extraction voltage of 450 V. No variation of the tip
morphology was observed under continuous operation, indicating that
the graphene-coated nickel electron source can comfortably operate in
the upper HV range. The low energy spread of the emission (˜0.277 eV)
is signiﬁcantly smaller compared to the widely used Schottky emitter
(˜0.5 eV), which has similar cathode-tip dimensions.
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