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1.  Deduction of F-N equation with Spindt approximation 

A standard form of the F-N equation is[1]

2 2 3 2expJ a t y F b y F           (1) 

where J(A/m2) is current density, a and b are universal constants given by[1] a =1.541434 10-6 A eV V-2,

b=6.830888 109 eV-3/2 V m-1, is the work function of the electron emitter, F (V/m) is the local electric field, 

y=cF1/2/ with c =3.794687 10-5 eV V-1/2 m1/2, and t(y) and (y) are two functions of y, which can be approximated 

by t(y)2 =1.1 and (y)=0.95- y2 (proposed by Spindt et al[2]). Assuming I=JA, with A (m2) being the emission area. 

Substitution of these expressions into Eq. (1) gives 

6 2 1/ 2 9 3/ 21.4 10 exp 9.84 exp 6.49 10I AF F    (2) 

we can write it as 
2 1/ 2 9exp 9.84 exp 6.49 10 3/ 2I AF F      (3) 

2. Comparation of onset evaporation field with and without e-beam irradiation 

As shown in Fig. S1, most of the values obtained without the electron beam irradiation are between 12

1.5V/nm, and the average value is 12.4V/nm. Under the 200kV electron beam irradiation, the onset evaporation field 

is remarkably reduced, and most values are between 8 1V/nm, with an average value of 8.2 V/nm.
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Figure S1 The onset evaporation field of individual CNTs. The measurements were made for 16 samples, with (open 

squares) and without (filled squares) the electron-beam irradiation. 

3. Applicability of our method to other nanomaterials 

Although many morphology-controlling methods have been developed previously, these methods are usually 

only applicable for certain material, e.g. CNTs. An advantage of our method is, as demonstrated below, its good 

applicability to many materials of various types including conductors and semiconductors. Especially for some wide 

gap semiconductors, the very low electrical conductivity may make it difficult to establish a high field at the tip 

needed for field evaporation. However, like CNTs, we found that the e-beam irradiation can also be used to promote 

field evaporation of semiconductors (such as WS2 nanotubes[3], and we found W5O14 nanowires show conducting 

behavior), thereby relaxing the constraint on the electrical conductivity of the nanomaterial. In addition to knock-on 

collision, for semiconductors, heating effect will be more obvious due to their relatively low electrical and thermal 

conductivity. Meanwhile, ionizations and electronic excitations also are of great importance in semiconductors, 

where the lifetime of the excited electrons is long enough to cause irreversible bond breaking[4] and therefore promote 

the field evaporation process. 

3.1 Grinding W5O14 nanowire and WS2 nanotubes to form spherical end 

Field evaporation is a self-regulating process with which the emitter surface can be processed to become 

atomic smooth. In field emission applications, this smoother tip is expected to be more stable, although the 

corresponding onset voltage will be higher than that of sharper tips. For a nanowire, this self-regulating process will 

usually produce a spherical end. For example, Figs. S2a-2d show the evolution of the end structure of a single W5O14

nanowire during field evaporation. The original sharp edge (Fig. 2a) is clearly seen to have been continuously ground 

into a very regular spherical shape (Fig. 2d) and the same spherical shape can be maintained throughout the 

subsequent shortening process (see Fig. S3). Such a spherical end can also be found in hollow tube structures. Fig. 

S2e shows a typical end structure of a WS2 nanotube obtained by low-rate evaporation, where the original sharp edge 

has been ground into a round shape. Fig. S2f shows another so-obtained end structure of a WS2, from which we can 

see more clearly that the end of every shell maintained the regular circular termination with each of them protruding a 

little from its outer neighbour. These small steps between neighbour shells together form the spherical profile, and 

this configuration should have been ground as smooth and blunt as possible under high electric field. 
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Similar spherical end profile has also been found to exist on the open end of a thick-walled MWCNT. CNTs 

are considered be an excellent candidate for future interconnects for their high current carrying capacity[5]. However 

in many cases, the outmost shell carries most of the current because the inner shell cannot be made to contact easily 

and directly to the electrode. The above convex profile of the CNT end actually makes it possible for all shells to 

contact the electrode, when the metal electrode is deposited on the end of the CNT. For field emission of pristine 

opened CNTs, emission current often concentrates in sharp edge or protrusion regions. After the grinding or field 

evaporation process, the local field strength at the whole end should become uniform. All shells thus have more equal 

opportunity to participate in field emission, and can give larger emission area and current. 

Figure S2 TEM images showing the evolution of the end structure of a single W5O14 nanowire during field 

evaporation (a-d). Two typical high resolution TEM images of a WS2 nanotube end after grinding process (e-f). 

3.2 Shortening of W5O14 nanowire and WS2 nanotubes

As shown in Fig. S3, a single W5O14 nanowire was shortened by about 80nm with an average rate of 0.21nm/s. 

The end of the nanowire maintained the same spherical shape throughout the whole shortening process. A high 

uniformity of the end shape for all samples may therefore be achieved by field evaporation process. 

It should be noted that we can not only control the evaporation to proceed in an extremely slow rate, but also 

shorten the nanotube to a required length quickly by applying a field much larger than the threshold. As shown in Fig. 

S4, a WS2 nanotube was taken as an example (quick shortening also applies for CNTs), which was shortened very 

quickly at a voltage of 140V. However this process was not continuous. Instead, it proceeded with segment-by-

segment removal of the nanotube with a length of several tens to a few hundreds nanometers. To maintain the high 

local field and therefore high shortening rate, the W tip was moved to approach the counter electrode continuously 

(Figs. S4c-4d). The nanotube was shortened from initial 740nm to final 150nm in less than 40 seconds, and the 

average rate was estimated to be about 15nm/s. In fact, the shortening rate can be increased even further if a larger 

voltage is applied or the tube is made to approach the counter electrode more rapidly. 
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Figure S3 TEM images showing the shortening process of a single W5O14 nanowire at bias of 120-140V. A mark 

(amorphous carbon) was deposited on lower part of the nanowire for the convenience of determining the length of the 

nanowire.  

Figure S4 TEM images showing the rapid shortening process of a single WS2 nanotube. 
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