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Abstract 

With the development in the early 2000s of new cluster ion sputtering sources, a reliable 

analysis of organic multilayers and interfaces has become possible. Nowadays, ToF-SIMS and 

XPS depth profiling are routinely used to investigate organic stacks. However, analysis beams 

can cause bond scission or beam-induced degradations that accumulate in buried layers. We 

developed a correlative protocol that minimises damages related to analysis beams. It uses a 

shallow angle bevel crater fabricated inside the ToF-SIMS analysis chamber. With this 

preparation method, the in-depth information is displayed over the surface of the bevel crater. 

XPS profiles and high-resolution spectra paired with ToF-SIMS images enable an easy 

identification of the organic layers and complete understanding of their chemistry. The 

reduction of beam-induced degradation is achieved by minimising the acquisition times, 

therefore beam exposure on materials. Finally, an important advantage of this preparation 

method is that the analysis can be performed on exactly the same spot by multiple techniques. 

Several ToF-SIMS and XPS acquisitions can be carried out with various parameters 

(investigation of backscattered Arn
+ cluster ion fragments, tandem MS imaging, …) as well as 

analysis with other techniques that possess limitations in spatial resolution and/or inaptitude to 

probe buried layers such as Raman or AFM. 
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1. Introduction 

When compared to inorganic semiconductors, organic semiconductors offer various 

specific advantages such as flexibility and transparency of the devices, low material and 

production costs 1-3. For the past three decades, these materials have been introduced in different 

applications: from organic light-emitting diodes (OLEDs) to organic photovoltaics (OPVs) and 

organic field-effect transistors (OFET). Huge advances in the performances and availability of 

lab-based characterisation techniques enabled the development and commercialisation of these 

devices over the last decades. In particular, surface characterisation techniques, such as X-ray- 

and ultraviolet photoelectron spectroscopy (XPS, UPS) and time-of-flight secondary ion mass 

spectrometry (ToF-SIMS), provide chemical information that is essential to understand 

degradation mechanisms and improve the device performances 4-8. However, because of their 

surface sensitivity, important information concerning the bulk, buried layers and interfaces are 

unreachable. To analyse thin film multilayers, a sputter ion gun is therefore necessary. 
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Monoatomic ion sputtering is inadequate for the analysis of organic layers as the high energy 

per atom tends to induce a large amount of fragmentation in the bombarded molecules 9. With 

the development of new cluster ion sources in the early 2000s 10,11, a reliable analysis of these 

organic buried layers and interfaces became possible. 

Nowadays, it is possible to carry out combined XPS and ToF-SIMS analysis to obtain a 

full understanding of the chemistry of organic multilayers by depth profiling. However, there 

are some limitations to conventional depth profiling when analysing organic semiconductors. 

Indeed, the analysis beams used in XPS and ToF-SIMS may damage organic molecules.  High-

energy ion bombardment or X-ray exposure can cause bond scission or beam-induced 

degradation 9,12,13 that accumulate in buried layers when depth profiling. Here, we introduce a 

correlative protocol to analyse organic semiconductors multilayers in a reproducible and 

reliable way. This protocol serves to minimise the degradation induced by both analysis beams 

when investigating buried layers. Furthermore, this approach enables an easy correlation of 

ToF-SIMS and XPS information as the analysis is performed at the same location of the sample, 

achieved using a bevel crater where the depth information is displayed over the bevel surface.  

2. Bevel crater 

In the last decades, different methods to prepare a bevel crater have been investigated. 

From ultra-low angle microtomy to FIB cross-section or in-situ bevel crater, these methods 

have demonstrated their ability to provide chemical information when combined with XPS 

and/or ToF-SIMS 14-18. However, mechanical methods, ion milling and FIB cross-section 

damage organic semiconductors and destroy valuable molecular information. The development 

of argon gas cluster ion beam (Ar-GCIB) in the early 2000s enabled the sputtering of organic 

semiconductors while preserving molecular information. With an energy shared by every atom 

forming the cluster, the actual energy per atom is very low (few eV/atom) in comparison with 

conventional monoatomic sputtering (few keV/atom) 19,20. Moreover, due to this low energy 

per atom, the sputtering direction will be mostly oriented horizontally instead of vertically in 

the case of monoatomic sputtering 9, inducing a lower implantation of the argon atoms inside 

the organic layers.  

Different papers reported the use of an Ar-GCIB to fabricate bevel structures. Mihara et al. 

demonstrated the combination of monoatomic gun with cluster sputtering to form a bevel crater 
21. First, a mask of damaged organic semiconductors is created with a high-energy monoatomic 

beam, creating a region where the sputter yield has two orders of magnitude less than pristine 

organic molecules. The surface is then sputtered with the argon gas cluster ion beam enabling 

the fabrication of a well-controlled bevel crater as the mask protect underlying material from 

sputtering. A fine control of the dimension of the crater is achieved but the angle of the bevel 

crater cannot be modified as the angle of the sputter gun in the analysis chamber is fixed (45°). 

Another method relies on Zalar rotation while sputtering to form a circularly symmetrical crater, 

exposing the different layers from the center to the edges of the crater 22. This approach is easy 

to implement and available on many instruments. However, it does not provide fine control 

over the dimensions and angle of the bevel crater, which needs to be extremely small for 

amplifying ultra-thin buried layers. 

A bevel crater with total control over its dimensions and angle can be fabricated varying 

the fluence of an ion beam over the surface of a sample as demonstrated by Mao et al. with a 
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sputtering of C60
+ 23. To fabricate this crater, a FIB-like cross section is operated inside the ToF-

SIMS analysis chamber by varying the fluence of the sputtering beam over the surface. 

Therefore, the in-depth information is converted into a lateral information over the bevel surface 

(figure 1); hence converting a hundred nanometres thick organic stack into a distance of a few 

hundred micrometres over its surface. Depending on the dimension of the bevel crater, the 

grazing angle of the  bevel crater (up to 0.005°) can lead to an amplification factor of the organic 

layers up to 10 000. For instance, a thin layer of 5 nm depth would appear with a dimension of 

about 50 µm on the bevel surface for a 1000 µm-wide crater. This amplification of the apparent 

thickness of organic layers enables an easy correlative analysis between ToF-SIMS and XPS, 

enabling analysis over the same area for both techniques. 

 

 

 

Figure 1. 3D scheme of the bevel crater fabrication process. By applying an increasing ion fluence along the y-direction 

of the raster area, a bevel-shape crater is formed. Here, an argon-cluster ion beam is used as the sputter gun with an energy of 

5 keV and a cluster size of 7500 atoms of argon. In this case, the dimension of the crater is 800 x 800 µm² and the maximum 

depth is about 100 nm, leading to an angle of 0.007° and an amplification coefficient of the organic layers of about 8700. 

3. ToF-SIMS and XPS measurements on organic light-emitting diode multilayer 

stacks 

An example of correlative ToF-SIMS and XPS measurements on a bevel crater is presented 

on organic light-emitting diode (OLED) multilayers.  

The studied green top-emission OLED consists of a five-layer electrically-doped structure 

sandwiched between an anode of Al : Cu / TiN and a 15 nm-thick silver cathode (figure 2). 

1,4,5,8,9,11-Hexaazatriphenylenehexacarbonitrile (HATCN) was used as the 1 nm-thick hole 

injection layer (HIL). The hole transport layer (HTL) of 30 nm consists of a matrix of 2,2',7,7'-

Tetra(N,N-di-p-tolyl)amino-9,9-spirobifluorene (STTB) doped with 4% of 2,3,5,6-Tetrafluoro-

7,7,8,8-tetracyanoquinodimethane (F4TCNQ). The electron blocking layer (EBL) consists of 6 

nm of N,N′-Bis(naphthalen-1-yl)-N,N′-bis(phenyl)benzidine (NPB). In the emissive layer 

(EML) of the OLED device, we used 9,9′-(4,4′-(Phenylphosphoryl)bis-(4,1 phenylene))bis(9H-

carbazole) (BCPO) as host and tris[2-(p-tolyl)pyridine]iridium(III) (Ir(mppy)3) as triplet 

dopant, with a doping of 15%. 2,2′,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 

(TPBi) is used as the 5 nm-thick hole blocking layer (HBL). Finally, 4,7-Diphenyl-1,10-

phenanthroline (BPhen) and Ca were used as host and dopant of the 20 nm-thick electron 

transport layer (ETL) respectively, with a doping of 4% 24. The devices are then encapsulated 

with 80 nm-thick SiO and 25-nm thick Al2O3. All organic semiconductors, cathode and SiO 
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layers were deposited by physical vapor deposition while Al2O3 was deposited by low 

temperature atomic layer deposition 25. 

 

Figure 2. a) Schematic diagram of the device structure and b) utilized organic molecules in this study. 

 

Before introducing the sample mounted on the metallic sample holder with double-sided 

conductive tape in the ToF-SIMS analysis chamber (TOF-V from IONTOF GmbH), the 

encapsulation layers and the cathode are peeled off using an adhesive tape under protective 

atmosphere (N2)
26. The bevel crater is then formed in the organic layers using the method 

described previously. The sputtering is realized with Ar7500
+ ions at an energy of 5 keV with a 

current around 60 pA. The size of the studied bevel crater is 800 x 800 µm² for a maximum 

depth of about 100 nm (thickness of the organic stack). As mentioned previously, the layers are 

extended by the lateral spreading enabled by the bevel crater. Here, the amplification factor is 

about 8700: for instance, the 5 nm-thick TPBi layer will be converted into a distance of about 

43.5 nm on the bevel surface. Finally, the size of the crater has been optimised in order to obtain 

high intensity with minimum analysis beam exposure (in particular for XPS measurements) as 

well as fabricating a bevel crater with a controlled raster. 

Once the bevel crater is fabricated, ToF-SIMS measurements are first performed as the 

sample is already present inside the analysis chamber. An image of the surface is acquired with 

Bi3
+ primary ions with an energy of 15 keV over an area of 1.1 x 1.1 mm². A wide area is 

analysed to identify the beginning of the bevel surface. The images were acquired in both 

polarities with a dose limit of 4.1011 ion/cm², ensuring static ToF-SIMS conditions. To each 

pixel corresponds a mass spectrum, therefore, the identification of the different layers is based 

on the spatial position of the characteristic molecular ions over the bevel surface as presented 

in figure 3. a). It is also possible to access to an intensity profile of each characteristic peak 

(figure 3. b)). To differentiate the bevel surface from the sample surface, common 
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contamination ions of the surface such as Na+, K+ or Cs+ as well as ions from the diffusion of 

cathode or encapsulation layer into the organic layers can be used. Here, the surface is identified 

by the contamination ion Cs+ remaining in the analysis chamber from previous depth profiling. 

Its profile confirms that the crater is about 800 µm-long. The exposed distance of the BPhen : 

Ca layer on the bevel crater is shorter than expected as a non-negligible thickness is removed 

when the encapsulation layers and the cathode are peeled off 27 .  

 

Figure 3. a) Secondary ion image of the surface of the bevel crater and identified layers based on the position of 

characteristic molecular ions, Ti+ and Ca+ ions. The surface is identified by the surface contamination ion Cs+; b) mean 

intensity profile of the characteristic molecular ions over the selected area (yellow rectangle). 

 

The sample is then transferred to the XPS analysis chamber (PHI5000 VersaProbe II from 

Physical Electronics Inc.) under an inert atmosphere (N2, P>Patm) using a transfer vessel. The 

sample was mounted with double-sided conductive tape onto the metallic sample holder. First, 

the bevel crater is identified by the difference of image contrast between the organic layers and 

the substrate on the secondary electron image (figure 4. a)). No chemical contrast amongst the 

different organic layers is observed as each molecule is mainly composed of carbon and 

nitrogen. To identify the positions of the layers over the 800 µm-long bevel crater, a profile 

along a line (linescan) is acquired with a pass energy of 93.3 eV. All XPS measurements are 

performed using a monochromatized Al Kα source (1486.6 eV) with a beam size of 50 µm and 

no charge compensation. As the atomic concentration of carbon and nitrogen is very similar in 

each layer, the organic layers are identified thanks to the profiles of both the characteristic 

inorganic dopants and substrate. Calcium, iridium and titanium are present in the electron 

transport layer, emissive layer and the substrate respectively. The positions of the other layers 

are extrapolated from the dopants and substrate profiles (figure 4. b)). For instance, the TPBi 

layer, sandwiched between the electron transport layer and the emissive layer, is located at the 

crossing of the calcium and iridium profiles in the linescan. Afterwards, survey spectra are 

acquired in each layer. It confirms the correct location of the layers and the elements presents 

at each position. Finally, high-resolution core-level spectra of and band region spectra are 

acquired to access the chemical environment of each element. High-resolution spectra and 

valence band region spectra are acquired with a pass energy of 23.5 eV and 46.95 eV resulting 

in an overall energy resolution (X-ray bandwidth included) of 0.67 and 0.83 eV respectively. 
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Valence band region spectra are smoothened using linear Savitzky-Golay smoothing with 5 

datapoints. The high-resolution spectra and valence band region spectrum of the emissive layer 

are presented in figure 4. c). A comparison with reference spectra has been performed on each 

spectra. However, only the comparison of the valence band region is presented. Indeed, the 

valence band region of organic compounds acts as a fingerprint 28,29. Slight chemical 

modifications may not be observed on core-level spectra but they may be visible in the valence 

band region. Here, except a shift to lower binding energies (≈ 0.7 eV), the valence band regions 

are similar regarding the energy separation and relative intensities of its characteristic spectral 

components. This shift is also observed for all core-level and can be explained by band bending 

in multilayer structures. Therefore, it is concluded that the fabrication of the bevel crater and 

the subsequent ToF-SIMS measurements have not induced any detectable damage to the 

organic molecules.  

 

Figure 4. a) secondary electron image of the bevel crater superposed with its complementary image in ToF-SIMS, the XPS 

linescan (white) and the analysis spot of each layer (coloured dots), b) Ca 2p, Ir 4f and Ti 2p profiles over the surface of the 

bevel crater along a line and identification of the position of each layer and c) high resolution core-level spectra and valence 

band region of BCPO : Ir(mppy)3 layer. 

4. What are the benefits for the analysis of organic multilayers with this method?  

This protocol serves multiple goals. First, the use of a bevel crater provides an easy 

correlation of ToF-SIMS and XPS results on the same area by locating and individually 

analysing each layer over the bevel surface, as demonstrated previously. 
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The second objective concerns the degradations induced by analysis beams. Indeed, 

modifications of the molecule chemistry and bond scission can occur under illumination and 

charge neutralization. Here, the described method is not employing any neutralizer whatsoever. 

In ToF-SIMS, once the Bin
q+ primary ions reach the surface, the cluster will dissociate and 

penetrate the layers over a distance of about 10-20 nm 30. The resulting collision cascade into 

the organic semiconductors can cause bond scission and fragment organic molecules 9. In XPS, 

X-ray-induced damages on organic semiconductors have been well documented. Changes in 

the chemical environment of elements and the ratio of atomic concentration can be observed 

after an hour of X-ray exposure 12,13. Moreover, X-rays probe about 9 nm depth into organic 

semiconductors. As these characterisation techniques are surface sensitive, depth profiling is 

mandatory to access in-depth information. However, analysis beams induce damages over a 

depth of about 10 nm, thus buried layers may already be modified before their analysis. With 

the described preparation method, the in-depth information is displayed over the surface of the 

bevel without previous analysis beam exposure, preserving the chemical information of buried 

layers. Furthermore, acquisition times, and therefore analysis beam flux, are reduced in 

comparison with depth profiling. In ToF-SIMS, images in both polarities are acquired with a 

primary ion dose of 4.1011 ions/cm², ensuring static conditions. In XPS, even though several 

measurements are performed, the total X-ray exposure time varies from 60 min to 120 min. 

First, a profile along an 850 µm-length line to identify each layer lasts about 70 min for 85 

pixels, resulting in an effective time per pixel of 50 s. Then, survey spectra are acquired in each 

identified layers for about 3 min. Finally, high-resolution core-level spectra and valence band 

region are performed for about 50 min to 110 min depending on the number of elements to 

acquire. 

Finally, several measurements can be performed on a bevel crater with different ToF-SIMS 

and XPS parameters or with other characterisation techniques. Firstly, changing incident energy 

or primary ion type induces major changes in the ToF-SIMS mass spectrum. With a higher 

primary ion incident energy, more fragmentation peaks will be present in the mass spectrum. 

This phenomenon is also observed for smaller cluster or monoatomic primary ions such as Ga+ 

and Bi1
+. Argon cluster Arn

+ can also be used as primary ions to probe physical information by 

studying the backscattering ratio of small argon cluster 31-33. Tandem MS imaging of the bevel 

crater can be used to resolve ambiguities 34 or help identify products of degradation 35. 

Secondly, the large dimensions and the grazing angle of the crater enables performing other 

measurements as well, for instance using characterisation techniques with lower spatial 

resolution such as Raman 36 or techniques with limitations to probe buried layers such as AFM 
37. 

5. Conclusions 

In summary, this paper presents a correlative approach to analyse organic multilayers with 

minimal beam damage using a bevel crater. Fabricated by varying the fluence of the Ar cluster 

ions along the y-direction of the raster area over the surface of the sample, the bevel structure 

exposes the organic layers over its surface. The grazing angle (~0.007°) and the dimensions 

(800 µm long for a depth of 100 nm) of the bevel crater enable an amplification coefficient of 

the organic stack of about 8700. An easy correlation is achieved by coupling ToF-SIMS images 

with XPS profiles and high-resolution spectra. Profiles along the crater provide depth 

information by locating the organic layers over the bevel surface. The correlation of individual 
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analysis of organic layers by ToF-SIMS and XPS offers a more complete understanding of the 

chemistry of organic molecules. A reduction of beam-induced degradation is achieved by 

minimising the acquisition times, therefore analysis flux. Moreover, compared to depth 

profiling, the buried layers displayed over the bevel surface have not been previously exposed 

to analysis beams, ensuring the preservation of their chemical information. Several 

measurements can be performed on such structure: variation of ToF-SIMS and XPS parameters 

as well as analysis with other characterisation techniques with limitation in spatial resolution 

and /or inaptitude to probe buried layers are possible. Finally, this method can be applied to 

various organic multilayers samples and may be of particular interest for non-homogenous 

samples such as dye-sensitized solar cells or polymer light-emitting electrochemical cells, 

where it is critical to analyse the same area of the sample to avoid variations due to sample 

heterogeneity. 
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