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Abstract: Photoemission electron microscopy (PEEM) is a powerful and well established tool in surface science. In recent 
years, PEEM has been increasingly applied to new terrain, such as imaging of complex nano-objects and functional molecular 
materials, as well as time-resolved experiments. When applying PEEM to such new terrain, information on the mechanisms 
causing contrast in the PEEM image is particularly valuable. Here, we present a PEEM study on a complex nano-object – an 
individual multi-walled carbon nanotube (CNT) – to shed light on the origin of PEEM contrast. The presented PEEM images of 
the nanotube are of unsurpassed resolution and feature intensity variations along the nanotube. Complementary scanning electron 
microscopy (SEM) and atomic force microscopy (AFM) measurements on the same nanotube reveal topography as the dominant 
cause for the contrast observed along the nanotube. Energy-filtered PEEM measurements demonstrate that the contrast between 
nanotube and substrate mainly originates from their different electronic structures. The measurements further demonstrate that 
energy-filtered PEEM has the potential to image electronic structure variations of complex nano-objects and materials on 
nanometer length scales. 
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1. Introduction 

Photoemission electron microscopy (PEEM) is a widely 
used type of emission microscopy. It images electrons 
emitted from a sample upon irradiation with light, typically 
UV-light, X-rays or lasers. PEEM has proven a powerful tool 
for the characterization of nanometer-sized materials and the 
high spatial resolution has led to considerable advances in 
this field [1-6]. With aberration correction, a spatial 
resolution of few nanometers may be achieved [7]. Using 
femtosecond laser pulses as excitation source, it is possible to 
investigate ultrafast phenomena on a nanometer scale, such 
as surface plasmon polaritons [8-10] and carrier-dynamics in 
solids [11]. Even the combination of PEEM with attosecond 
pulse trains has been realized [12]. 

Contrast in the PEEM image is the result of an interplay of 
work function differences, variation in the density of states, 
photoionization yields, and topography [13]. An additional 

source of contrast are local distortions of the electric field on 
the sample, as the sample itself is part of the electron optical 
system [14-17]. When PEEM is applied to image complex 
nano-objects on surfaces, the interplay of these various 
contrast mechanisms complicates interpretation of resulting 
images. Here, we present a comprehensive study on an 
individual multi-walled carbon nanotube (CNT) to reveal 
major contrast mechanisms. 

To date, only few PEEM-studies have been performed on 
complex nano-objects on surfaces – such as carbon 
nanotubes (CNTs) [18–21] – despite increasing scientific 
interest in respective materials and their potential for 
industrial applications [22–24]. Suzuki et al. have 
investigated the work function difference of individual 
single-walled carbon nanotubes on a Si line pattern using 
X-rays as the excitation source [18,19]. Sangwan has 
employed a UV-PEEM as a tool for probing field effects in 
CNT-based transistors [20]. Recently, Bao’s group has used a  
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UV-PEEM to study pod-like CNTs encapsulating iron 
nanoparticles [21]. UPS and XPS studies of carbon 
nanotubes have been performed by several groups [25–29] 
providing insights into their valence-band structure. Besides, 
CNT networks on an insulating SiO2 substrate were imaged 
with scanning electron microscopy (SEM) to reveal contrast 
mechanisms for different electron energies [30,31]. 

In this work, we present a UV-PEEM image of an isolated 
multi-walled CNT which features an unsurpassed resolution. 
In particular, intensity variations along the nanotube are 
clearly resolved. In order to interpret this observation, we 
performed complementary scanning electron microscopy 
(SEM) and atomic force microscopy (AFM) experiments on 
the exact same nanotube. Additionally, we measured a 
photoelectron spectrum of a single CNT using an imaging 
energy filter (IEF) installed in the PEEM. Hereby, we show 
the possibility of obtaining quantitative information about the 
electronic structure of nanometer scale objects using 
photoemission electron microscopy. 

2. Experimental 

Multi-walled CNTs were grown on carbon paper (Toray 
TGP-H-120) by chemical vapor deposition as described 
elsewhere [32], with hydrogen, acetylene, ammonia, and 
argon as the precursor gases. Nickel nanoparticles served as 
the growth catalyst. As-grown CNTs were removed from the 
carbon paper substrate by ultrasonication for one hour in 
ethanol, forming a suspension. The suspension was drop-cast 
on a polished SiC substrate (6H, 0001-Orientation, MaTecK 
GmbH, Germany), previously rinsed with distilled water, 
acetone, and ethanol. The solvent was allowed to evaporate at 
ambient conditions. The sample was stored in the PEEM 
vacuum chamber (p ~ 5×10-9 mbar) for five days prior to the 
PEEM measurements.  

PEEM images were obtained with a UV-PEEM (FOCUS 
GmbH), using an Hg-lamp with a photon spectrum of 4.9-5.2 
eV as excitation source. An imaging energy filter (IEF) 
integrated in the PEEM allowed for acquisition of 
energy-resolved images. The IEF is a retarding field analyzer 
that essentially works as a high pass filter for photoelectrons. 
Energy-filtered measurements were performed in single event 
counting mode. For all measurements, the extractor voltage 
was set to 15 kV at a working distance of 1.8 mm from the 
sample surface. 

The sample was further characterized with a scanning 
electron microscope (Ultra 55, Carl Zeiss SMT) at 
accelerating voltages of 1–3 kV. The atomic force microscope 
(Dimension Icon AFM, Bruker) used in this study was 
operated in tapping mode using a commercial silicon 
cantilever (k = 26 N/m). 

3. Results and Discussion 

Fig. 1a) and b) show PEEM images of the sample at two 
different magnifications. Both images are background and flat 
field corrected. Fig. 1a) shows an image with a field of view 

(FoV) of 50 µm (acquisition time = 10 s). The red arrow points 
towards an isolated CNT. The CNT appears substantially 
brighter than the underlying SiC substrate. On the left side of 
Fig. 1a), a large bright structure is visible, which is attributed 
to debris from the carbon paper used as the CNT growth 
substrate.  

Fig. 1b) shows a PEEM image of the same CNT, as 
highlighted with a red arrow in Fig. 1a), but obtained with the 
highest magnification (FoV = 1.3 µm). This image is averaged 
over 50 exposures of 10 seconds each. Several kinks along the 
CNT are visible and well resolved in the PEEM image. The 
thickness of the CNT is not significantly changing over the 
length of the tube. A Gaussian fit of a line profile 
perpendicular to the nanotube (yellow line in Fig. 1b) exhibits 
a FWHM of 38.3 ± 0.4 nm (Fig. 1c).  

As the width of the CNT is on the same order as the 
resolution of the PEEM, it is difficult to determine the exact 
spatial resolution of this image. However, it is apparent that it 
is well below 40 nm. For CNTs, this PEEM image is the one 
with the highest resolution and the most details published to 
date. The resolution in our measurement is comparable to 
previously reported resolutions of 25 nm achieved with other 
samples with the FOCUS IS-PEEM [33,34]. 

 

Figure 1. PEEM measurement showing a) a large field of view (50 µm) 

image of the sample with an isolated CNT indicated by the red arrow and b) 

the same CNT at highest magnification. c) Line profile of the intensity along 

the yellow line in b) together with a Gaussian fit. 

 

Figure 2. Comparison of a) PEEM b) SEM and c) AFM measurements of the 

same CNT. Images a) and b) have been rotated to allow for comparison. The 

width of the CNT at the indicated positions is 38 nm (PEEM) and 29 nm 

(SEM), respectively. The arrow in c) indicates the scan direction of the AFM. 

The height of the CNT in this measurement is 15 nm. 

We attribute the unprecedented resolution and the strong 
contrast achieved here to two major points: (1) the resolution 
benefits from the overall flat topography of our sample, as 
both, the isolated nanotubes and detected debris are without 
excessive protrusions. We find that the presence of larger CNT 
agglomerates on the sample is detrimental for the resolution. 
(2) As we show later, the work function difference between 
CNTs and the SiC substrate, obtained from the 
energy-resolved PEEM measurement, exhibits a value as 
small as 0.35 eV. This is probably small enough to avoid 
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formation of strong contact potentials, which would lead to 
increased field distortions, and in general to a lower resolution 
[14-17]. 

 

Figure 3. a) Energy-filtered PEEM image at EB = 1.15 eV. b) Photoelectron 

spectra of the areas enclosed by the blue lines (SiC substrate) and the white 

line (CNT) in a). 

The high resolution presented here has not been achieved in 
respective work by other groups [18–21]. Reasons might be 
differences in sample preparation, as well as the usage of 
different combinations of substrate materials and excitation 
energies. 

In order to interpret the variation in intensity along the CNT, 
we have recorded scanning electron microscopy (SEM) 
images and atomic force microscopy (AFM) images of the 
very same CNT previously imaged with PEEM and shown in 
Fig. 1b). All three images are shown in Fig. 2. The SEM image 
was obtained at an acceleration voltage of 1 kV and a working 
distance of 3.8 mm combining the signal of the SE2 
(secondary electron detector sideways) and the InLense 
(secondary electron detector above objective lens) detector at 
a ratio of 1:1. 

The PEEM (Fig. 2a) and SEM (Fig. 2b) images are 
strikingly similar. This underlines the high resolution achieved 
in the PEEM image and it indicates that field distortions – 
which are detrimental for a high resolution PEEM image – are 
small. The effect of a small field distortion is visible in the 
loop located in the upper part of the CNT (marked by the 
arrow). The size of this loop is slightly smaller in the PEEM 
image compared to the SEM image. The diameter of the CNT 
determined from the SEM image is 29 nm and thus slightly 
smaller than the one obtained in the PEEM measurement 
(FWHM = 38 nm), indicating the better resolution of the SEM. 
The variation in brightness along the CNT is remarkably 
similar in the PEEM and SEM image. Bright and dark sections 
are visible and found to be located at the exact same positions 
in both images. The origin of this intensity variation is found 
in the topography of the sample, as evidenced by the AFM 
image shown in Fig. 2c) and an SEM image obtained at a 
sample tilt of 30° shown in Fig. S2. Bright spots in the PEEM 
and SEM image thus correspond to positions at which the 
CNT is bent up and protruding away from the substrate, 
leading to local field distortions which in turn result in 
contrast formation due to change of electron trajectories 
[14-17,35,36]. We note that the bright spot above the left end 
of the CNT in Fig. 2b) and c) originates from the SEM 

measurement, as the electron beam was standing still at that 
position for a few seconds. As the PEEM measurement was 
performed before, the spot is not visible in Fig. 2a). 

In summary, the PEEM image has an unsurpassed 
resolution comparable to the respective SEM image. Intensity 
variations along the CNT are identical in PEEM and SEM 
image and directly correlate with the topography of the CNT 
imaged with AFM. 

Fig. 3a) shows an energy-filtered PEEM image at a binding 
energy EB = 1.15 eV. The image was obtained as part of a 
sequence of images for which the retarding field analyzer was 
scanned from Ekin,S + ϕS = Ekin,A + ϕA = hν - EB = 2.45 eV to 
4.95 eV in steps of 50 meV. Ekin,S is the kinetic energy of the 
electrons at the sample surface, Ekin,A the kinetic energy at the 
analyzer, ϕS the work function of the sample, ϕA = 4.05 eV the 
work function of the analyzer and hν ≈ 5 eV the photon energy. 
The retarding field analyzer works as a high pass filter. For 
each cutoff setting only electrons with a kinetic energy higher 
than the cutoff can pass the filter. Every image was recorded 
for 10 seconds and a total of 80 scans are shown (FoV = 1.3 
µm). Event counting was used to improve signal to noise ratio. 
The images were differentiated to obtain energy-filtered 
images. The energy scale has been corrected for sample 
charging resulting from photoemission of electrons. The 
charging effect has been estimated to be 0.1 eV by evaluation 
of the shift of the spectrum for different photon intensities. To 
correct this effect, the spectra have been shifted by 0.1 eV to 
lower binding energies.  

The intensity located within the area enclosed by the white 
line (CNT) and the blue lines (SiC substrate) was determined 
for each resulting differential image and plotted as a function 
of EB in Fig. 3b). We note that the resulting spectra are 
dominated by secondary electrons that superimpose the 
electronic structure of the CNT and substrate, respectively. 
Spectra were also determined for three different sections 
within the nanotube, with the aim to compare the markedly 
bright spot in the lower half of the tube with the rest. Sections 
and respective spectra are shown in Fig. S3. All spectra were 
found to be identical within the experimental uncertainties. 
This finding supports our conclusion that the bright spot on 
the CNT observed in the PEEM image is solely caused by 
topography. The spectra presented in Fig. 3b) and S3 clearly 
demonstrate the power of energy-filtered PEEM to image 
electronic structure on a nanometer scale.  

The sample work function is given by the high binding 
energy cutoff of the spectra, which is obtained by numerically 
calculating the inflection point of the respective edge. This 
yields values of ϕCNT = 3.43 ± 0.05 eV for the CNT and ϕSiC = 
3.08 ± 0.05 eV for the SiC substrate. The error corresponds to 
the energy interval of the measurement.  

Furthermore, CNT and substrate show a distinct difference 
in the signal onset on the low binding energy side of the 
spectra resulting from their different electronic structure.  

A comparison of our work function measurement with 
values reported in literature (ϕSiC = 4.3–4.89 eV [37–43], ϕCNT 
= 4.3–4.9 eV [44–48]) reveals significant deviations. However, 
when comparing our work function values to respective 
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literature values, several points have to be considered: (1) 
influence by the Schottky effect [49], (2) a contact potential 
between CNT and substrate, (3) doping of the CNT and (4) 
impact of contaminations. (1) The Schottky effect describes 
the influence of an electric field on the work function of 
materials. In the immersion lens of a PEEM, the sample itself 
is part of the objective lens, and thus exposed to an electric 
field perpendicular to the sample. In our experiment, this field 
is on the order of E = 8×106 V/m. As an estimation, we treat 
the sample as a metal surface and obtain a lowering of the 
work function by ∆W = [e3E / (4πε0)]

1/2 = 0.11 eV. Deviations 
due to the semiconducting nature of SiC and carbon nanotubes 
should be small [50]. The actual work functions are thus about 
0.1 eV higher than the values obtained from Fig. 3b). (2) The 
work function difference of CNT and SiC substrate leads to a 
contact potential as the Fermi levels equilibrate. In our 
measurements, the CNT exhibits a higher work function than 
the SiC substrate. Accordingly, electrons flow from the SiC 
substrate onto the CNT. As a consequence of this charging and 
the resulting additional potential, the photoelectron spectrum 
of the CNT shifts to higher kinetic energies (lower binding 
energies), while the spectrum of the SiC substrate shifts to 
lower kinetic energies (higher binding energies). The actual 
work function difference of the CNT and SiC substrate should 
thus be smaller than measured. However, this effect cannot 
explain the deviation from literature values. (3) The 
investigated CNTs were grown with ammonia gas present, 
with the aim of nitrogen-doping. Nitrogen-doping is known to 
reduce the work function of CNTs. For capped (5,5) CNTs, 
Wen et al. computed that a substitutional nitrogen atom 
reduces the work function by about 0.5 eV [51]. (4) 
Furthermore, CNT and substrate are most likely contaminated 
with adsorbed water molecules and substances used during 
sample preparation (e.g. ethanol, salts). These adsorbates are 
likely to be the most dominant contribution to the difference 
between the literature values and our measurement of the 
work functions. In particular, adsorbed water is known to 
reduce the work function and ionization energy of carbon 
nanotubes [52]. We note that substrate spectra recorded on 
different locations on the sample are found to differ by not 
more than 0.1 eV (cf. Fig. S4b).  

In summary, our results demonstrate the potential of 
energy-filtered PEEM to image differences in electronic 
structure on a nanometer scale. The deviation of obtained 
work function values from the literature values is mainly 
attributed to contaminations on the sample investigated here. 

4. Conclusions 

We have conducted UV-PEEM studies on multi-walled 
carbon nanotubes with unsurpassed spatial resolution. 
Complementary SEM and AFM measurements reveal that the 
intensity variations along the CNT originate from local field 
distortions due to topography of the nanotube. An imaging 
energy filter installed in the PEEM allowed us to obtain 
photoelectron spectra from a single CNT and even from 
several regions along the CNT. These spectra recorded along 

the CNT are identical within the experimental uncertainties, 
underlining that the PEEM contrast in this case is 
predominantly of topographic origin. With this, we shed light 
onto the importance of the different contrast mechanisms 
when imaging complex nano-objects with PEEM. 

 

Figure S1. a) Intensity profile of SEM measurement (FWHM = 29 nm) and b) 

height profile of AFM measurement (FWHM = 65 nm, height = 15 nm) along 

yellow lines in Fig. 3b) and c). In b) background has been subtracted. 

The work function determined from photoelectron spectra 
for the SiC substrate and the CNT is 0.9-1.8 eV lower than 
expected from literature. This is most likely due to adsorbates 
and residuals from sample preparation.  

We conclude that photoemission electron microscopy 
(PEEM) has the potential to image complex nano-objects on 
surfaces with resolutions approaching those of a scanning 
electron microscope (SEM). In addition, energy-filtered 
PEEM bears great potential for fast imaging of electronic 
structure variation on nanometer length scales.  
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Appendix 

SEM and AFM measurement 

Fig. S1 shows line scans along the yellow lines shown in 
Fig. 2b) and c) of the SEM and AFM measurement. The size 
of the CNT in the AFM image differs considerably from 
PEEM (cf. line scan in Fig. 1c) and SEM images. While the 
CNT exhibits a height of about 15 nm, the FWHM has a value 
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of 65 nm. The height of the nanotube in the AFM 
measurement is roughly half as large as the width in the SEM 
measurement. This is most likely due to a deformation of the 
CNT by the AFM tip as the measurement was performed in 
tapping mode. Similar deformations of multi-walled CNTs 
during AFM measurements have been detected by Yu et. al. 
[53]. When increasing the force applied by the AFM tip, they 
observed a decrease of CNT height by almost one half, which 
is consistent with the ratio of the SEM width and AFM height 
of our measurement. We note, however, that the sample itself 
as well as the AFM settings used in [53] differ from our 
measurement. Furthermore, it is known that van der Waals 
interactions of CNTs with a substrate can lead to a 
deformation of the spherical structure even in absence of an 
AFM tip [54,55]. 

Another reason for the large ratio between the width and the 
height of the AFM measurement is the width of the tip itself, 
which is much larger than the CNT. Thus, one would expect to 
measure a larger width than height of a perfectly round 
nanotube. 

 

Figure S2. SEM image of CNT at tilt of 30°. Combination of SE2 and InLens 

detector with ratio 1:1 (acceleration voltage: 3 kV). 

Fig. S2 shows an SEM image of the investigated CNT 
obtained at an acceleration voltage of 3 kV with a combination 
of SE2 and InLens detector signals at a ratio of 1:1. The 
sample was tilted by 30° to observe topography of the CNT. 

Photoelectron Spectra 

 

Figure S3. a) Energy-filtered PEEM image at EB = 1.15 eV. b) Photoelectron 

spectra of marked areas in a) (black circles: complete CNT, blue squares: 

bright spot in PEEM image, red diamonds: lower end of CNT, green triangles: 

upper end of CNT 

Fig. S3b) shows photoelectron spectra of several areas on 

the CNT together with the respective areas in a). As the 
selected areas are much smaller than the whole CNT, the noise 
in the spectra increases. Within the accuracy of the 
measurement, no change of the electronic valence structure 
can be observed for the bright spot in the PEEM image or the 
end of the CNT. This is in line with the AFM measurement 
indicating that the PEEM contrast is, in this case, topographic. 

Fig. S4b) shows a comparison of photoelectron spectra of 
two different substrate areas of the same sample. The magenta 
area in Fig. S3a) exhibits a work function of 3.10 ± 0.05 eV 
while the white area in Fig. S4a) shows a work function of 
3.18 ± 0.05 eV. We attribute the discrepancy to different 
concentrations of adsorbates and residual matter on the 
substrate. 

 

 

 

Figure S4. a) Energy-filtered PEEM image at EB = 1.8 eV. b) Comparison of 

two substrate areas. Magenta circles represent the spectrum for the respective 

area in Fig. S3a) and black squares for white area in Fig. S4a). c) 

Photoelectron spectra of respective areas indicated in a). Black squares 

represent spectrum for white area in a) 
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Fig. S4c) shows photoelectron spectra of several areas 
marked in Fig. S4a). It reveals different electronic structure 
for different dirt particles on the substrate. 
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