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A dedicated transmission electron microscope sample holder has been used to study in situ the

cold-field emission process of carbon cone nanotips (CCnTs). We show that when using a CCnT

instead of a Au plate-anode, the standard deviation of the emission current noise can be decreased

from the 10 nA range to the 1 nA range under vacuum conditions of 10�5 Pa. This shows the strong

influence of the anode on the cold-field emission current noise. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4923245]

In an electron gun, the electron emission process can be

either thermionic or field emission or a mix of both. Room

temperature field emission, commonly named cold-field

emission (CFE), is the brightest source available and also

exhibits the smallest energy spread.1 The reduced brightness

of commercially available CFE guns (CFEGs) is in the range

of 108 A m�2 Sr�1 V�1. This value needs to be compared

with the 105 A m�2 Sr�1 V�1 measured in a standard thermi-

onic gun. Furthermore, the energy spread can be up to 10

times smaller with a CFEG compared with a thermionic

gun.1

However, the CFEG suffers from two well-known draw-

backs. First, the emission and the corresponding probe cur-

rent noise remain high compared to a thermally-assisted

source. This is mainly due to not only ion bombardment of

the tip but also from atom migration across the cathode sur-

face (known as flicker noise).2 Second, probe and emission

current decrease over time with a continuous slope of

between 10% and 20% per hour. This phenomenon is mainly

due to the build-up of contamination on the emitter surface

that disturbs the emission process. The corresponding slope

in other electron sources is less than 1% per hour.3

To improve the properties of a CFE electron source,

experimentations have been made to exchange the standard

W emitter tip with, e.g., multi-wall carbon nanotubes

(CNTs)4–8 (or carbon onions welded onto a W tip9). Due to

the high aspect ratio and small tip radius of the structure, the

electric field is strongly enhanced. Therefore, the extraction

voltage for which the cold-field emission starts is smaller. The

small tip radius increases the associated brightness of the

source.7 Carbon is also chemically less reactive than W,

which reduces the contamination layer build-up on the sur-

face, ideally resulting in lower noise and better current stabil-

ity over time.10 Finally, the CNT high mechanical strength

decreases the chance of structural failure that can arise from

the extreme current density at the apex of the tip during field

emission.6 Despite these superior properties, the continuation

towards a commercial product has proven to be difficult. The

reasons for this could be that the inherent high aspect ratio of

CNTs causes them to vibrate upon electron emission, which

degrades the emission properties like the brightness11 (unless

they are shortened11,12). Additionally, due to their nm size,

CNTs are difficult to handle, which makes the process of

mounting time-consuming and unreliable.

We have earlier reported an alternative graphene-based

carbon structure, the carbon cone nanotip (CCnT), which

potentially could be implemented as a functional and easily

installable cathode emitter in a CFE gun.13 The CCnT com-

prises a few lm-wide and several lm-long carbon fiber seg-

ment base, followed by an atomically smooth carbon cone

whose apex has a tip radius of around 10 nm (see Figs. 1(b)

and 1(c)). Because, alike CNTs, the cone part is also made

from concentric graphene layers14 (the conical morphology

being created by a progressive shortening of the widening

tubes), this structure keeps all the desired properties of the

CNT13 while at the same time minimizing any vibration and

handling issues, because of its conical shape and large base.

Recent results, where CCnTs have been used as emitting tips

in various modern Hitachi CFE electron microscopes work-

ing at low (30 kV) and high (200 kV) acceleration voltage,

FIG. 1. (a) Front part of the TEM in situ biasing holder, with the nanomani-

pulator, driven by a piezo-tube. (b) A zoom-in of the two tips in the holder.

(c) Further zoom-in and hologram of the two CCnTs, with the top one being

biased and the lower one being ground. (the holographic measurements will

be reported in a subsequent paper.)
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have revealed an unprecedented stability with almost no cur-

rent decay during one hour.15

In situ transmission electron microscope (TEM) biasing

experiments have also been performed to determine the

CCnT exit work function.16 This was carried-out in a speci-

alized TEM sample-biasing holder (see Fig. 1(a)) which

enabled to field-emit electrons inside the sample holder

while simultaneously observe and determine the electric field

around the apex, using a combination of electron hologra-

phy, the Fowler-Nordheim equations, and finite element

method modeling.16

Around the sample holder inside the TEM column, where

both experiments took place, the vacuum is in the order of

10�5 Pa, whereas inside a CFE source it is around 10�9 Pa in

order to maximize the current stability and minimize the noise.

Indeed, a higher vacuum pressure, as well as a higher current,

increases the noise and the current decay (as was reported by

Todokoro et al.2). Therefore, the noise level on the ieV-curves

measured during in situ field emission was high.

In this paper, we have performed the same experimental

setup as in the paper mentioned above,16 but using another

CCnT as anode instead of a Au plate. We will show how this

new configuration dramatically decreases the noise level of

the emission current.

The sample preparation was carried out using a Cross

Beam XB 1540 (Zeiss) focused ion-beam scanning electron

microscope equipped with a gas-injection system and a

microtweezer (Kleindiek) to manipulate the CCnTs.15

Electro-chemically etched W-tips were cut using the ion

beam and a Pt-precursor of the gas-injection system was

used to weld the CCnTs to the flattened W-tip apices (see

Fig. 1(b)). The two CCnTs of this experiment had similar tip

radii (5–10 nm) to the one used in the previous experiment.16

Furthermore, in both experiments, the vacuum was in the

order of 10�5 Pa. The CCnTs were inserted into a double-tilt

in situ biasing TEM holder (Nanofactory Instruments) that

allowed a potential of 6140 V to be applied between the

tips. A piezo-driven nanomanipulator allowed a long-range

and precise positioning of the CCnTs inside the TEM (Fig.

1(a)).17 The separation distance between the two CCnTs was

220 nm, whereas for the previous experiment, the distance

between the CCnT and the plate-Au anode was 3.5 lm.

Electron holograms were obtained using the SACTEM-

Toulouse, an image-corrected (CEOS) Tecnai F20 (FEI)

with a rotatable biprism and Schottky FEG. Phase analysis

of the holograms will be reported in a different paper.

Due to the high vacuum pressure, ieV-curves obtained

under the same conditions can differ significantly. So in

order to be able to quantitatively compare the noise level,

numerous current as a function of voltage (ieV)-curves were

obtained. The noise was calculated based on these using the

standard deviation, defined as below

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ie � �ieð Þ2

n

s
; (1)

where ie is the field-emission current that is measured in the

sample holder (see Fig. 1(c)), �ie ¼ ð
P

ieÞ=n is the average

current, and n is the number of data points. Here, we

calculated r for 6 data points, which corresponded to an

increase of the potential of around 0.1 V. This was done from

60 to 400 nA on the ieV-curves. The ieV-curves differed

somewhat in resolution for data points per volt and a larger

voltage-span means a larger current-span and thus a higher

value of r. So in order to be able to compare r for different

ieV-curves, the slope, which can be assumed to be linear dur-

ing the 0.1 V increase, was removed using linear regression

analysis.

For each bundle of 6 data points, the linear regression

analysis resulted in an equation of the form f ðxÞ ¼ axþ b,

which describes the slope over this area. To obtain the stand-

ard deviation, b is not needed. For a, the following formula

was exploited:

a ¼ n
P

Vieð Þ �
P

V
P

ie

n
P

V2 �
P

Vð Þ2
;

where V is the applied potential and as before, n ¼ 6. Having

a, the linear slopes could be subtracted in order to obtain hor-

izontal data slopes and then the standard deviation values

were determined using Eq. (1). The linear regression analysis

also provided quantitative data of the noise level since r was

calculated on a non-inclined slope. For each ieV-curve, an

average value �r ¼ ð
P

rÞ=m was obtained (where m � 70 is

the number of r obtained per curve). In total, 21 ieV-curves

where analyzed (12 for the plate-anode and 9 for the tip-

anode case). In Table I, the average value of �r for all ieV-

curves can be seen. The table also shows an averaged value

of �k, which displays the fraction of the current that is noise,

i.e.,

k ¼ r
�ie

;

where �ie ¼
P

ie=n, n ¼ 6, and similarly as for the standard

deviation, �k ¼ ð
P

kÞ=m, with m � 70. As can be seen in

Table I, there is a remarkable around 6.4 times decrease in

the noise when using a tip-anode instead of a plate-anode.

To illustrate this variance, two ieV-curves can be seen in

Fig. 2, where (a) is for a plate-anode and (b) is for a tip-

anode case.

The zoom-in over 1 V provides a more detailed view of

the curves. The inset in Fig. 2(a) shows an area of the curve

where the noise is significantly smaller than its average. For

Fig. 2(a), �r¼ 4.3 nA and �k¼ 2.6% and for Fig. 2(b),

�r¼ 0.4 nA and �k¼ 0.2%. These values can be compared

with the average values in Table I of 14.3 nA and 6.9% for

the plate-anode and 2.2 nA and 1.1% for the tip-anode.

As concluded by Todokoro et al.,2 the main reason for

the flicker noise comes from ion bombardment. Electrons

that are emitted impinge the anode, causing desorption of

TABLE I. Average values of �r (standard deviation of the current) and �k
(fraction of the current that is noise) of in total 21 ieV-curves.

Average of �r Average of �k

Plate-anode 14.3 nA 6.9%

Tip-anode 2.2 nA 1.1%

Difference 6.5 times 6.3 times

263101-2 de Knoop et al. Appl. Phys. Lett. 106, 263101 (2015)



molecules that are attached by van der Waals forces (some-

times called anode degassing). Subsequently, emitted elec-

trons ionize these gas molecules, which results in the ions

bombarding the negatively charged emitter, thus increasing

the emission current noise.

In this experiment, when exchanging the plate-anode

with a tip-anode, we observed a strong decrease in the field

emission current noise even at low vacuum pressure. The

reason for this effect comes from the electric field lines that

are strongly focused not only at the cathode tip but also at

the anode tip. Thus, the emitted electrons are impinging on

an extremely reduced area when compared with the plate-

anode, which leads to less surface gas molecules being de-

sorbed and thus less ions being created and bombarding the

emitter. Furthermore, with such a small electron impact-area

on the anode tip, the surface could be cleansed by the elec-

tron bombardment (which is a technique used to, e.g., clean

the anode in some commercial CFE sources18) thus resulting

in lower noise.

Simulations using the finite element method showed that

the electric field around the cathode emitter obtained for a

certain extraction voltage V is 45% smaller when using a tip-

anode instead of a plate-anode. According to the simulations,

the electric field for the tip-anode case on a mesoscopic

level—i.e., without taking into account atomistic variations

on the emitter surface—was around 6 V/nm at the cathode

tip (see Ref. 16). If the plate-anode had been at the same

distance from the cathode as the tip-anode, the field and

therefore the current would have been higher. But, as men-

tioned above, an increase in current increases the noise.2

Therefore, we have compared the noise for the same current

(60–400 nA) for all ieV-curves but thus with different separa-

tion distances. The distance between the two CCnTs was

220 nm, whereas in the plate-anode case the separation dis-

tance was 3.5 lm. The smaller distance for the tip-anode

case should increase the noise, as anode degassing occurs

closer to the emitter tip thus increasing the background pres-

sure. In other words, the effect of a decrease in noise from

using a tip-anode instead of a plate-anode might be even

higher than what we have reported here.

In the experiment from Fig. 2(a), the plate-anode was

made from Au and in the experiment from Fig. 2(b) not only

was the shape different but also the material, as the CCnT is

made out of carbon. How could this affect the noise level?

The low reactivity of carbon is as stated above, one of the

reasons this material is a good candidate to substitute the

standard W tips as cold-field emitter tips. However, Au is a

noble metal and possibly less reactive than graphenic C.

Therefore, if this is the case, the decrease in noise level could

be even larger than what we have seen here. If such an effect

exists and if it is measureable will be verified in future

experiments.

In our previous study, we have demonstrated how the

use of a CCnT as a FE cathode inside a state-of-the-art elec-

tron source, can decrease the current decay usually observed

in W based technology by a factor of 10.15 Here, we have

studied the origin of the emission current noise. We have

shown how the standard deviation noise can be decreased

from the 10 nA range to the 1 nA range by using a CCnT as

extracting anode. Combining these two results, it seems pos-

sible to obtain a CFE electron source that would be a serious

competitor to the Schottky field emission source regarding

the beam stability,19 while keeping the highest brightness.

This “ideal” source could also be operated under worse vac-

uum condition when compared to standard CFEGs, where

the required 10�9 Pa range usually makes them difficult to

use. A decrease to the 10�7 Pa range, for example, could con-

siderably simplify their practical use. In order to tackle this

challenge, and with the help of previous results, we are now

studying new anode concepts in order to minimize the beam

noise while keeping the geometrical aberrations of the source

constant.

In this work, continuous ieV-curves were acquired,

which required the noise-level calculations to be performed

over a very short time-span. Naturally, it would be interest-

ing to do the same comparison for data obtained during a

longer period of time (that is, hours instead of seconds). The

ieV-curves were also analyzed using Fowler-Nordheim equa-

tions.20 This, together with results showing the field-

emission behavior when the potential over the two CCnTs

was reversed, will be reported in a different paper.
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FIG. 2. Cold-field emission ieV-curves. In (a), a Au plate-anode was used,

whereas in (b) the anode was a carbon cone nanotip. The purpose of the

zoom-ins is to emphasize the higher noise for the former case. The standard

deviation for the curve in (a) was �r ¼ 4:3 nA, and for (b), �r ¼ 0:4 nA.
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