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In scanning field emission microscopy (SFEM), a tip (the source) is approached to few (or a few tens of) nanometres distance 

from a surface (the collector) and biased to field-emit electrons. In a previous study (Zanin et al. 2016 Proc. R. Soc. A 472, 

20160475. (doi:10.1098/rspa.2016.0475)), the field-emitted current was found to change by approximately 1% at a 

monatomic surface step (approx. 200 pm thick). Here we prepare surface domains of adjacent different materials that, in 

some instances, have a topographic contrast smaller than 15 pm. Nevertheless, we observe a contrast in the field-emitted 

current as high as 10%. This non-topographic collector material dependence is a yet unexplored degree of freedom calling 

for a new understanding of the quantum mechanical tunnelling barrier at the source site that takes into account the 

properties of the material at the collector site. 

 

1. Introduction 

By the physical process of field emission, electrons, 

confined within a metal, tunnel quantum 

mechanically through a classically forbidden 

potential barrier, surrounding the emission site, to 

escape into vacuum [1–3]. The barrier width is 

decreased by the application of a suitably strong 

electric field, so that the phenomenon is also 

referred to as electric field-assisted quantum 

tunnelling. The electron beam produced in this way 

is used e.g. in the column of the most advanced 

electron microscopes [4]. If a ‘collector’ is placed a 

few nm to a few tens of nm distance from the 

emission site, a nanoscale junction is established 

that functions as the building block of a nanoscale 

vacuum channel transistor [5,6]. The proximity 

between tip and collector restricts the lateral size of 

the field-emitted beam: a lensless, ‘nanoscale’ 

electron microscope originates [7–9]. By recording 

the field emission current and the current of 

electrons escaping the tip–vacuum–collector 

junction, one atomic layer thick asperities at the 

collector site were imaged with 1 nm lateral spatial 

resolution [9]. Scanning tunnelling microscopy 

(STM) [10] (where the tip is held at subnanometre 

distances from the surface) achieves a better lateral 

spatial resolution but lacks the electronic system of 

the escaping electrons that appear in scanning field 

emission microscopy (SFEM) [7–9]. 

The quantitative understanding of field emission 

goes back to the dawn of quantum mechanics [1]. It 

foresees that the field-emitted current density is 

proportional to e−G, the Gamov factor G behaving 

approximately as F−1, with F being the electric field 

at the apex of the tip [1,2]. F is proportional to the 

magnitude of the electrostatic potential difference 

between the source and the collector. The 

proportionality constant [1,2,11] β depends 

primarily on the geometry of the source: for 

instance, it can be enhanced by sharpening the tip 

to nanometre scale radius of curvature [11]. Vertical 

asperities at the collector site change the effective 

distance Z between tip and collector, thus affecting 

β ([12,13] and references therein). The Z-

dependence of β has been verified experimentally 

[9]: a monatomic surface step (approx. 200 pm), 

imaged in SFEM at an average distance of 6–10 nm, 

changes the field emitted current by approximately 

1%. 

In this work, we have prepared surfaces with 

different materials residing next to each other on 

nanometre lateral scale, with the aim of 

determining the limits of vertical resolution in 

SFEM. The dual system primarily studied here 

consists of p(1 × 1) tungsten domains (referred to 

for simplicity as ‘W’) versus R(15 × 12) tungsten 

carbide-domains (‘WC’), appearing on a W(110) 

surface upon a suitable sample handling protocol. 

The vertical corrugation introduced by C-

reconstructed domains is less than 15 pm. 

Surprisingly, when we move the tip from a W 

domain to a WC domain, we observe changes of the 

field-emitted current of approximately 10%, i.e. two 

orders of magnitude larger than expected on the 

base of Z-changes. Preliminary results have been 

published in a conference proceedings [14]. 

 

2. Experimental results 

During the STM and SFEM experiments, the base 

pressure was less than 2.0 × 10−11 mbar and the 

sample was at room temperature. The surface 

topography is detected, in this work, by STM 



imaging. STM is performed in the constant current 

mode, i.e. the tip is displaced vertically by a 

feedback loop in order to keep the tunnelling 

current constant (‘red’ in the schematic illustration 

figure 1a of the ‘constant current’ STM mode). The 

applied voltage U is typically less than 1 V and the 

tunnelling currents are approximately 300 pA. The 

subsequent field emission imaging is primarily 

performed in a ‘constant height’ mode (figure 1b): 

the software interpolates the tip displacements, 

encoded during previous STM imaging, as a function 

of the lateral coordinate, by means of a 

mathematical plane. This defines a planar 

coordinate system parallel to the previously imaged 

area along which the tip is translated during field 

emission imaging. The quantity recorded in this 

mode is no longer the vertical tip translation but the 

current absorbed by the collector (Ic, red in figure 

1b) or the current field-emitted by the source (Is, 

blue in figure 1b). 

The dual system on which we have focused the 

experimental work consists of domains of a two 

dimensional tungsten-carbide reconstruction 

(technically: W(110)/C − R(15 × 12) [15,16], referred 

to here as ‘WC’ for simplicity) embedded within 

large regions of the ‘clean’, p(1 × 1) phase (‘W’) of a 

W(110) single crystal surface. The preparation of 

the dual W-WC sample starts with the cleaning of 

the W(110) single crystal [15]. The bulk of a W 

crystal always contains a few per cent of C left 

behind during crystal growth. When the sample is 

flashed to approximately 2300 K, C segregates to 

the surface and builds locally two surface carbides 

known as W/C − R(15 × 3) and W/C − R(15 × 12) 

[15,16] reconstructions. After repeated flashing we 

find predominantly the W/C − R(15 × 12) 

reconstruction. If the cooling down is fast enough, 

the W/C − R(15 × 12) reconstruction, which is 

referred to as metastable in [15], is preserved and is 

found locally next to regions of ‘clean’, p(1 × 1) − 

W(110); see, for example, the STM image figure 2a. 

The formation of the W/C − R(15 × 12) nanomesh is 

revealed in the STM image figure 2b (not atomically 

resolved) by the typical pattern of periodically 

ordered larger and smaller bright spots, arranged 

along ‘rows’ repeating approximately every 3 nm. 

We observe that the average vertical corrugation in 

the carbidic phase is approximately 10 pm. The 

relative displacement of the two phases is 

approximately 5 pm (figure 2c). The SFEM 

experiment starts with the harvesting of the WC 

domains by conventional STM. Figure 3a shows a 

set of W terraces separated by monatomic steps, 

running along the diagonal of the image. As STM 

imaging is performed in constant current mode, the 

colour code describes the relative height of the 

terraces with respect to the lowest one on the right-

hand side. There are some point defects spread 

across the image, but also domains with a faint, 

streak-like corrugation, hosting the carbidic 

reconstruction (see e.g. the middle terrace). The 

reconstruction appears ‘faint’, i.e. in the vertical 

scale used to render the monatomic steps (which 

are approx. 200 pm thick, i.e. approx. 10 times 

thicker than the WC corrugation). Figure 3b was 

taken over the same surface region depicted in 

figure 3a but in the field emission regime (Z = 20 nm, 

U = 41 V). The image displays Ic, coded as specified 

by the vertical bar. The regions corresponding to the 

WC domains appear brighter, indicating an 

enhancement of Ic. For this image, the average Ic 

contrast, defined as (Ic
WC - Ic

W)/(Ic
WC + Ic

W) between 

WC and W (the extraction of the contrast from 

images is explained in appendix A) is approximately 

17%. The image is taken by scanning along 

horizontal lines, from the top to the bottom. During 

imaging (the time for scanning one horizontal line, 

consisting of 256 pixels, is typically 2 s) instabilities 

of the field-emitted current introduce noise into the 

image. To partially eliminate this noise, Ic of figure 

3b is divided by the average value along the 

horizontal line and plotted (colour code in the 

vertical bar) in figure 3c (superposed onto the STM 

image). As the images show, the change of Ic is as 

local as the boundary between WC and W (approx. 

5 nm, see appendix A). 

For technical reasons, in figure 3 we did not 

measure Is but Ic. Therefore, a situation is possible 

where Is is the same over WC and W, and the 

contrast in Ic is compensated by a contrast carried 

by those electrons that escape the junction [9]. Two 

experimental facts prove that this situation does 

not occur. First, we have imaged the same domains 

simultaneously to Ic using those electrons that 

escape the junction (‘green’ in figure 1b, see also 

appendix B). We observe an enhanced count rate on 

top of WC in this channel of detection as well, 

producing a contrast with the same sign as Ic. 

Second, we have implemented the simultaneous 

recording of Ic and Is in a different experiment and 

taken images of the same surface region at different 

values of U in both channels of detection: Ic and Is. 

The two currents are necessarily measured with two 

different current amplifiers which are only 

nominally identical but, in practice, can have some 

instrumental multiplicative offset. We estimate this 

offset to be approximately 1%. The resulting Ic(U) 

and Is(U) are displayed in figure 4a. The values of the 



current were obtained by averaging over the 

respective domains. Within the margin of 

instrumental uncertainty, the currents in the two 

channels coincide and both are enhanced on WC. 

We can therefore state with certainty that the 

region of the collector residing just in front of the tip 

apex participates in the formation of the tunnelling 

barrier at the source site. The dependence on the 

collector of the field-emitted current with a similar 

order of magnitude is recorded systematically for 

further dual systems, see appendix D. As an 

example, we plot in figure 4b Is(U) and Ic(U) curves 

recorded on a dual system consisting of W (red 

circle in the inset) versus Fe-covered WC (blue 

square). The sample preparation is explained in 

appendix D. In figure 4b, the current–voltage 

characteristics are taken by keeping the tip at a 

fixed position on top of the two different surface 

domains. The elimination of current fluctuations 

and noise is particularly important when comparing 

simultaneously measured Is(U) and Ic(U) curves. 

Since the current is measured on the same wire that 

brings the bias to the tip or the sample, when one 

of the two electrodes is subject to a change of the 

bias in time the current measured on it is also 

affected by such change, showing possibly a 

capacitative response. Accordingly, the system 

needs a certain amount of time to relax after setting 

a certain voltage. In our system, this relaxation time 

is required on the Is channel when the tip voltage is 

varied. We estimated that a relaxation time of 100 

ms between consecutive current measurements is 

needed after U is changed. Using shorter times 

resulted in current– voltage characteristics 

measured forwards (i.e. by increasing U) and 

backwards (i.e. by decreasing U) not to coincide. 

The acquisition time was set, accordingly, to 100–

200 ms. We learn from figure 4a,b that (i) Is and Ic 

almost coincide, leaving the number of electrons 

escaping the junction in the 1% range, and (ii) the 

field-emitted current contrast is significantly larger 

than expected from the vertical corrugation. 

 

3. Discussion 

A 10% current contrast can be achieved if one 

assumes that some characteristics of the tip, such as 

its work function ϕtip (we recall that G ∝ (ϕtip)3/2 [1]) 

or its effective emission area (entering the current 

as a prefactor to the exponential) change when the 

tip is moved from one domain to the other. In fact, 

one can obtain a good fit of the experimental I(U) 

curves of figure 4 by adapting the tip work function. 

However, during imaging, such a change must occur 

reversibly and exactly in correspondence with the 

domain boundary. For example, a picking up of 

some atom by the tip when on top of WC should be 

followed by a release of it when the tip is on W and 

a picking up of the same atom in the same position 

again when re-entering the WC domain. A 

reversible change of the tip parameters therefore 

seems very improbable, also because one should 

find it for any of the dual systems reported in 

appendix D. 

The only parameters remaining for explaining the 

contrast are β and U, entering the electric field F at 

the emission site, F = β · U. It is known that β = β(Z) 

[9,12,13], i.e. a vertical corrugation on the collector 

site is bound to change Z and with it the electric field 

at the apex [2,12,13]. In the present work, we have 

taken care of harvesting specifically those WC 

domains that are embedded within the same 

terrace as the neighbouring W domains (figure 2a), 

so that the only vertical corrugation left when going 

from WC to W is that entailed by the WC 

corrugation or by a displacement on the entire WC 

domains with respect to the W domains. This 

corrugation is, however, only a few pm (figure 2c) 

and can only produce a contrast of the field-emitted 

current that is approximately two orders of 

magnitude smaller [9] than that observed here. 

As originally predicted by Simmons [17], the work 

function difference ϕtip −ϕcollector between tip and 

collector changes the magnitude of the electrostatic 

potential difference between the tip and collector 

from the applied voltage U (the difference between 

the Fermi levels of tip and collector) to (U + ((ϕtip 

−ϕcollector)/e)) (e: magnitude of the electron charge). 

It is therefore necessary to ascertain any work 

function changes between W and WC domains. In 

appendix C, we have determined work function 

changes using the Gundlach regime of STM [18–21]. 

We find that (ϕWC −ϕW)/e ≈ −0.1 V. To explore in a 

quantitative way the role of ϕcollector on the current, 

we simulate current–voltage characteristics for a 

model system consisting of a metallic tip (modelled 

as a hyperboloid of revolution) with work function 

4.5 eV at a variable distance Z from a planar 

collector. For the simulation of the current–voltage 

characteristics in the field emission regime, we 

employed a software package [22,23] that first 

solves the Poisson equation as well as the drift and 

diffusion equations for a tip–vacuum–sample 

system in three dimensions by a finite-difference 

scheme. The sample surface is assumed to be 

planar, while the metal tip is modelled as a 

hyperboloid of revolution. Image potential terms 

are included. The resulting electrostatic potential 



along the central axis through the tip apex is used, 

in a second step, to derive a current through the 

vacuum barrier by employing the model of Bono 

and Good [24,25]. In their model, the transmission 

probability is approximated by ordinary Wentzel–

Kramer–Brillouin (WKB) formulae. For electrons 

with a kinetic energy (in normal direction) above the 

vacuum barrier, the transmission probability is one. 

Accordingly, this model can be seen as a first 

approximation of the field emission current in the 

Fowler–Nordheim regime. A tip radius of 4 nm and 

opening angle of 7° were chosen, to better suit the 

experimental situation [13]. The work function of 

the tip was set to 4.5 eV. The work function of the 

sample was set to either 4.0 or 3.5 eV. The software 

package was developed primarily for 

semiconducting samples. In order to approximate a 

metal sample, we assumed a negligibly small band 

gap of 0.1 eV (negligible with respect to the work 

function change assumed in the simulations), a 

density of states effective mass of 1 and a carrier 

concentration of the order of 1020 cm−3. 

Furthermore, in order to rule out a penetration of 

the electric field into the sample completely, the 

relative permittivity was set to a value close to zero. 

The inset of figure 5 shows simulated I(U) for Z = 13 

nm and for ϕcollector = 4.0 eV (squares) and ϕcollector = 

3.5 eV (circles). The ‘square’ data points can be 

fitted by a Fowler–Nordheim functional 

dependence I = a · U2 · e−(b/U) (a, b being some 

suitable parameters). The circular data points can 

be fitted with the same functional law, with the 

same fitting parameters a, b but with U replaced by 

U − 0.4987 V. The potential shift of −0.4987 V 

reproduces the collector work function difference 

of −0.5 eV assumed for the simulations. The 

simulated data have a general comprehensive 

symmetry: all simulated data points, computed for 

Z = 4, 9, 11, 13, 20 nm and for ϕcollector = 3.5 eV and 

ϕcollector = 4 eV collapse, almost perfectly, onto one 

single graph when the current is plotted as a 

function of the shifted and rescaled voltage 

𝑈 =̇ 𝑅(𝑍) ∙ (𝑈 + 𝑐) (figure 5). The multiplicative 

factor R(Z) corrects for the different values that the 

parameter b acquires at different distances [13]. 

The shift parameter c is 0 for ϕcollector = 4.0 eV and c 

≈−0.5 V for ϕcollector = 3.5 eV, independent of (Z, U). 

The systematic rigid shift used to explain the 

simulated data points is in line with Simmons’ 

analytic results [17]. Notice that for the simulations 

we have assumed a work function difference of 0.5 

eV for the convenience of display: in fact, in the 

simulations, the experimental work function 

difference of 0.1 eV would produce barely 

distinguishable I(U) curves! We conclude that the 

experimentally observed current contrast is too 

large to be explained by a difference of the work 

function on the collector site, although, taking into 

account all data, also those shown in appendix D, it 

seems that the sign of the current contrast is 

determined by the sign of the difference between 

the work function, namely, the source current 

increases with a decrease in the work function of 

the collector. We are therefore left with a result 

which we do not completely understand, at least 

from the quantitative point of view. 

There is, however, a degree of freedom that we 

have not considered yet. We know that the electric 

field at the source site is approximately 6 V nm−1 

during field emission [13]. By virtue of the boundary 

conditions, an electric field at the tip translates to 

the region of the collector residing in front of the 

tip. The electric field at the collector site, which is 

only a few nanometres away from the tip, is still 

sizeable (approx. 2 V nm−1 [26]). An electric field at 

the surface of a metal, pointing from the metal to 

the vacuum, is known to increase the work function 

approximately linearly with its strength. The change 

is material dependent [27–32] and can be of the 

order of 0.4–0.8 eV @ 2 V nm−1 (see e.g. fig. 3 in 

[27]). This new degree of freedom introduces the 

possibility that the applied potential U is not rigidly 

shifted as in the model of Simmons [17] but is 

shifted by a term that is linear in U, i.e. that the 

parameter c, assumed to be a constant in this work, 

is actually proportional to U. This mechanism 

introduces an effective dependence of β (i.e. the 

fitting parameter b) from the material residing at 

the collector site. If one uses this new degree of 

freedom to fit the measured I(U) characteristics, 

one finds that a relative change (βWC −βW)/βW of the 

order of approximately 3–8% explains the observed 

current–voltage characteristics better than a rigid 

shift. However, we do not have any sign of a 

material-dependent work function change in the 

low and intermediate voltages modes of STM. A 

more quantitative discussion that treats on an equal 

footing the various regimes of STM (the tunnelling, 

the Gundlach and the field emission regime) is 

therefore, at this point, mandatory. 
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Figures  

 

Figure 1. (a) Schematic view of the constant current STM imaging mode. The tip (grey) is displaced vertically 

(dashed arrow) when moved across a monatomic step on the surface (profiled by a dashed line) of the sample 

(yellow), so that the STM tunnelling current (‘red’ beam) is kept constant. (b) Schematic view of the constant 

height SFEM imaging. The tip is moved along a surface (dashed) which has a constant average distance d from 

the underlying surface (consisting of monatomic steps and including a ‘purple’ domain). The ‘blue’ beam 

represents the electrons field-emitted from the tip (Is). The ‘red’ beam represents the electrons entering the 

sample (Ic). The ‘green’ beam shows those electrons that escape the tip–surface junction. 

 

Figure 2. (a) STM topography of a W(110) surface. The tip vertical displacement is rendered with the colour code 

specified in the vertical bar. In the middle of the terrace, a domain of embedded carbide is visible. (b) 20 × 20 nm 

zoom of the black dotted frame in a showing the R(15 × 12) carbide reconstruction. (c) Height profile across the 

carbide domains (along the green path in a) revealing a maximum corrugation of less than 15 pm when moving 

from one region to the other. Scanning parameters: U = 0.9 V, current: 500 pA. 
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Figure 3. Field emission imaging. (a) STM image of the W(110) surface showing terraces separated by monatomic 

steps. The colour code in the vertical bar gives the position of the terraces with respect to the lowest one 

(darkest) on the right. The carbidic phase appears as a faint corrugation on some terraces. (b) The same region 

of the surface is imaged in the field emission regime (U = 41 V, Z = 13 nm). The colour code used to encode the 

absorbed current is given in the vertical bar. (c) The field emission image 3b (the current being divided by the 

line average) is superimposed onto the STM image 3a for clarity. The colour code used to encode the normalized 

current is given in the vertical bar. 



 

Figure 4. Current–voltage characteristics. (a) Obtained by spatial average of images of WC and W domains 

taken at Z = 26 nm. Black triangles: Is on WC. Black circles: Ic on WC. Pink triangles: Is on W. Pink circles: Ic on W. 

(b) Is and Ic as a function U for Fe on WC (blue triangles, respectively, blue circles) and W (red triangles, 

respectively, red circles), Z = 30 nm. Inset: STM image of the domains. The blue square (Fe on WC) and red 

circle (W) are the spots on top of which the current–voltage characteristics of figure 4b were measured. (c and 

d) The experimental data shown in a and b are plotted in a semilogarithmic scale (as Fowler–Nordheim plots) 

for more clarity in the low-voltage regime. 

 

Figure 5. Simulated current–voltage characteristics. Inset: Z = 13 nm, circles: ϕcollector = 3.5 eV, squares: ϕcollector = 

4.0 eV. Continuous lines are fits with a Fowler–Nordheim functional dependence I = a · U2 · exp(−b/U) (squares) 

and I = a · U2 · exp (−(b/(U + c))) (circles). Bulk: All simulated data points (Z = 4, 9, 11, 13, 20 nm and ϕcollector = 3.5, 

4.0 eV) plotted as a function of the rescaled variable 𝑈 =̇ 𝑅(𝑍) ∙ (𝑈 + 𝑐). c = 0 for ϕcollector = 4.0 eV, c = −0.5 V for 

ϕcollector = 3.5 eV. 

 

 

 



Appendix 

 

The appendix of this preprint can be found at https://doi.org/10.1098/rsos.210511 

 

 

 

 

 

 

 

 

 

 


