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Abstract 

X-ray photoelectron spectroscopy (XPS) is a popular analytical technique in material sciences 

thanks to its versatile coverage of broad energy ranges and the reliability of its quantitative 

compositional analysis. Hence, tailoring the XPS capabilities into research frontiers of biological 

systems and nature-inspired materials can potentially become of great value. However, XPS 

applications to bio/organic systems encounter critical inherent challenges, specifically amplified 

by the rich nuances that are at the heart of biological functions. The present mini review describes 

some of these difficulties, showing that by combining electrical-sensing capabilities in-situ to the 

standard XPS chemical analysis, diverse and effective solutions are proposed. A related method, 

termed chemically resolved electrical measurements (CREM), is described and case study 

examples are provided, ranging from self-assembled monolayers of small molecules to relatively 

large supramolecular sugars and proteins. Detailed discussion is dedicated to specimen stability 

issues, charge capturing and hot-charge transport functionalities, for which the CREM approach 

proposes particularly attractive capabilities and a template for advanced characterization strategies.

Key words:  XPS, charging, I-V characteristics, CREM, Beam-induced damage, surface analysis, 

structure-function relationships, protein, sugar, self assembly, composite biomaterials 

1. Introduction

 Nature-inspired materials can exhibit impressive multifunctional properties which are evolved 

through a precise hierarchical structural organization.(1–3) Such natural architectures possess the 

desirable ability to integrate properties and characteristics of their individual components in an 

intelligent hierarchical design, which usually surpasses the individual sum of their parts in terms 
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of efficiency and energy optimization. Thus, the successful construction of artificial nature-

mimicry materials can be enabled only and when the valuable information on structural 

characteristics of individual building blocks, the type of dominant interfacial interactions between 

the components and the mesoscale behavior of homo- and heterogeneous composites, are 

acquired.(4) Then, structural, mechanical and electrical properties may be flexibly tuned by e.g. 

changing the synergistic characteristics of interfacial interactions. The latter approach has been 

recently established as a revolutionary concept for fabricating sustainable, mechanically stable and 

electrically sensitive functional materials made of natural building blocks.(5,6)

Can the standard techniques of materials research be effective with bio-related derivatives? 

Apparently, some of the properties commonly used for the characterization of condensed matter 

architectures are by far less relevant in the case of biological samples. For example, the crystalline 

order probed by e.g. X-ray diffraction (XRD) can hardly account for the hierarchical, functionally-

guided types of order in biological systems. Extended electronic states governed into energy bands, 

as commonly realized in condensed matter physics, would normally be replaced in the organic 

molecules by nanometer-scale localized orbitals. These properties and others would project major 

differences on the effectivity of characterization tools, frequently encountering conceptually 

different approaches in the theoretical models of their analysis. Attempts to bridge the related 

methodological gaps in system analysis were continuously carried on, exploiting e.g. the growth 

of organic crystals for XRD,(7,8) the attachment of markers for optical measurements,(9) rapid 

freezing for cryo-electron microscopy of soft tissues,(10,11) to mention but a few. However, the 

development of new tools that are sensitive enough and sufficiently flexible to capture the rich 

structural and functional nuances in biological systems is still of great demand.         

Among the effective characterization means, X-ray photoelectron spectroscopy (XPS) is a well-

established technique for chemical analyses of surfaces.(12–15) It proposes reliable quantification 

of atomic concentrations and surface stoichiometry,(16,17) a considerable resolving power of the 

elemental oxidation states and, added to those, a remarkable, sub-nanometer scale, depth resolution 

in the compositional analysis. Together with a continuous progress in establishing improved 

energy resolution and mapping capabilities,(18–20) XPS has become very popular in materials 

research and surface science studies.(21–23) 
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Besides its well-acknowledged chemical analytical capabilities, access to electrical information is 

inherent to the XPS technique, simply because it is based on the spectroscopy of charged particles: 

electrons. Unfortunately, the photoemission process itself involves loss of charge neutrality and, 

consequently, sample charging can gain large magnitudes in insulating samples (normally, positive 

charge). The accumulated charge affects the energy of outgoing electrons and, thus, a two-fold 

problem is encountered: On one hand, the input beam modifies the sample electrically and, on the 

other hand, at the detection side, the spectroscopy is extremely sensitive to those changes. As a 

result, charging related spectral distortions have become a routine issue of concern in XPS 

studies.(24–26) In particular, the non-uniform distortions, termed ‘differential charging’, can 

severely smear the information on oxidation states and, in extreme cases, even confuse the basic 

elemental analysis. Notably, however, these very effects were also shown to provide a source of 

rich and useful information.(27–32)  

In order to minimize the charging-related artifacts, a neutralizer is commonly used, i.e. an electron 

flood gun (eFG) that sprays low-energy electrons on the surface such as to compensate for the 

accumulation of positive charge. This eFG is also capable of forming (on purpose) extra negative 

charging and, thus, be used to controllably stabilize the surface charge and establish a template for 

electrically driven experiments, making use of the artifact instead of fighting it.(30,33,34) These 

attempts have led to the development of a technique that focuses on XPS-based derivation of 

electric information, termed chemically resolved electrical measurements (CREM). Conceptually, 

the problem of charging has been generalized to treat the experimental setup as an electrical system 

in its broadest sense.(35–38) CREM is not necessarily orthogonal to other XPS approaches. Its 

contribution via systematic inspection of the electric information can in principle be combined 

with other XPS-based modes like near ambient pressure (NAP)-XPS or Cryo-XPS. A number of 

unique capabilities as compared to any of the standard electrical tools have thus been demonstrated 

and the combined chemical & electrical information has become very powerful in studies of a 

variety of systems. Among its noticeable features, CREM proposes: (1) no need in top contacts for 

the electric measurement; (2) by exploiting elemental addresses, it is capable of resolving electrical 

characteristics at selected subsurface domains; (3) unique sensitivity to hot-electron characteristics 

is achieved.(39)   
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Specifically in surface organic chemistry, the application of CREM promises a remarkable feature: 

Atomic resolution of the electric data can be approached (probed by a macroscopic tool), based on 

local potentials extracted from selected atomic addresses.(40–42) This feature is particularly 

attractive, recalling that standard electrical measurements at the sub-molecular level are nearly 

impossible. Except for difficulties in forming reliable contacts, a fundamental difficulty is 

encountered by the standard techniques: electrical measurements are generally limited to detect 

signals from the integral volume between attached electrodes. Hence, detecting electrically and 

directly a specific atomic site in a molecule is extremely difficult. In this context, remarkable 

reports on SPM-based studies at selected molecular sites should be noted.(43–46) In turn, with a 

relatively simple experimental setup and a top-contact-free configuration, CREM can easily 

resolve such information from uniform molecular layers.

As such, the motivation for exploiting XPS in studies of organic systems is clear. However, major 

XPS limitations, specifically enhanced with organic and bio molecules, turn the experiment highly 

challenging.(47,48) In the present review, these difficulties are discussed together with a brief 

review on XPS-based experiments performed in our laboratory. No attempt is made here to cover 

the entire field, but instead use specific experiments as examples in which difficulties were 

successfully addressed and, in most cases, new and valuable information could be harvested. 

2. Obstacles in XPS application to biomaterials

It turns out that some of the broadly acknowledged advantages of XPS become ineffective, or at 

least less effective, when applied to organic and biological compounds. This section discusses 

some of the major obstacles encountered in XPS applications to organic molecules and bio-

materials in particular. 

1. While XPS can effectively quantify atomic concentrations of key elements like C, O, N, S, 

K and others, it is essentially blind to hydrogen (H). Hydrogen, as a major constituent of 

the organic matrix, is of great importance in molecular structure, interactions, properties 

and activity. Therefore, the fact that XPS is incapable of direct H-sensing is by any means 

a severe drawback of the technique. 
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2. The H-detection problem is further amplified by the poor XPS resolving power of carbon 

states at finely different C-H and C-C bonding. Such states would usually reflect 

conformational variations that constitute biological richness and, frequently, are of great 

importance. Again, the limited XPS spectral capabilities in this matter present a severe 

drawback.   

3. Independent of the above probe limitations, an issue concerning the sample itself is 

common to XPS studies of soft matter: the sample stability.(49,50) First, as XPS is 

conducted under ultra high vacuum (UHV), evaporation of small molecular species is 

commonly encountered, dehydration in particular, initiated as soon as the vacuum pumps 

are switched on. This problem is further enhanced upon exposure to the X-ray source, 

namely to ionizing irradiation. As exemplified below, loss of material during XPS 

measurements is likely to induce conformational and property changes, to which our probe 

may be badly insensitive, with poor ability to even identify the ‘problem’. 

4. Damage processes that do not involve evaporation are also expected to be induced by the 

X-ray irradiation. The photon energy in XPS is selected such as to be sufficiently high for 

ejecting core electrons. Therefore, as an unavoidable byproduct, the strong perturbation 

encountered upon core-electron excitation tends to result in complex relaxation processes, 

including bond breaking and rearrangement of atoms. 

Attempts to address these difficulties include the development of e.g. cryo-XPS,(51,52) by 

which degradation processes can be slowed down drastically. Near ambient pressure 

(NAP)-XPS,(53–55) in which nearly atmospheric pressure is retained just above the 

sample, is also relevant in this context. Each of these approaches introduces specific 

difficulties that will not be discussed here. Instead, focus is put on the improvement of 

probe sensitivity to the emergence of irreversible sample modifications, such that 

derivation of ‘damage-free’ data can be approached and corresponding experimental 

protocols be developed. Also, as a further step, works exploiting the beam-induced 

modifications as fine ‘writing’ tools are described.   

5. As already mentioned, charging effects introduce notable difficulties to the XPS analysis. 

Unfortunately, many of the organic and bio-related specimens present features that 

magnify these difficulties. First, organics are frequently very poor conductors, hence 

subjected to enhanced charging. Second, in many cases the sample morphology is far from 
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being evenly planar. Fibers,(6,56–58) micelles(59,60) and others would normally form 

highly irregular surfaces such that differential charging is likely to evolve and introduce 

pronounced spectral distortions to the XPS analysis. Whether the neutralizer is activated 

or not, the already limited resolving power of molecular conformational states may become 

then totally irrelevant to the actual research needs.

6. To make a problem even harder, the application of a neutralizer, namely sending a flux of 

charged particles directly to the surface, would likely accelerate part of the damage 

processes while, as previously explained, the XPS probe may be rather insensitive to their 

occurrence. The reduction of metal ions(61) in metal-organic systems is an example of 

processes that, indeed, are likely to be inspected by XPS and, yet, confusion may arise if 

the amount of charge deposited by the XPS probe is not taken into account (see for example 

recent reports on cryptoelectrons, claimed to be created under tribo-experiments with 

insulating polymers such as Teflon and PMMA).(62–65)  

7. Finally, a note may be added on the spatial resolution presently available by XPS 

spectrometers. It is well known that XPS presents an interesting case of fantastic surface 

sensitivity together with very poor lateral resolution. The superior surface sensitivity turns 

into a problem when regimes of interest are located at sub-surface domains, e.g. a few tens 

of nanometers below surface, which is usually the situation for biological specimens. In 

condensed matter analyses, Ar-ion sputtering is a popular means for digging-in and 

exposing new (sub-surface) domains to the surface sensitive probe.(66,67) With soft 

tissues, the sputtering process is likely to be too aggressive, even if gentle sputtering by 

Ar-clusters is used.(68,69) It introduces critical unknowns upon limited conformational 

stability, which is so common to soft matter specimens and, in addition, differential 

sputtering artifacts are also likely to appear. 

As of lateral dimensions, in best cases the XPS spatial resolution approaches the 

micrometer scale, requiring then higher exposures, hence accelerated damage. Besides the 

trivial disadvantage of large area analyses, bio-systems frequently consist of spatial 

variations in composition and properties across hierarchical length scales. Therefore, one 

may encounter the intermediate situation of having nor site-selectivity neither reliable 

averaging by the acquired data.    
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The above partial list of difficulties in XPS application to biomaterials is fully supported by the 

experience gained in our laboratory. It may be suspected that related literature has remained 

insufficient as a result of probe insensitivity to these very processes and products. Therefore, it 

should be stressed that in-situ integration of CREM along with the standard XPS gains invaluable 

improvements. As shown below, CREM is very efficient in the identification of emerging damage 

processes. Second, it proposes significantly better elimination of the charging artifacts and, thus, 

enables improved quality of the bare XPS data. Relatedly, CREM-based differentiation between 

spatial domains,(31,33) especially regarding their vertical arrangement and compositional 

contrast,(34) are of great help for the standard XPS interpretation and quantification, because 

signal intensities depend on depth-determined attenuation factors. On top of those, beyond the 

‘XPS-related’ improvements, added values are gained by opening a whole new dimension of 

information that can be harvested: the electrical properties of samples. Finally, some of the latter 

CREM capabilities were found to be unique as compared to any of the standard electrical probes. 

Remarkably, CREM can even extract partial information from macro-deep domains, far deeper 

than the escape-depth of photoelectrons. Then, part of the unique CREM capabilities are indeed 

lost, but not all. As such, the combined CREM-XPS technique can potentially open exciting doors 

towards learning about functionalities of systems. 

 

3. The CREM technique
a. General description 

In this section, a brief introduction to the CREM technique is provided. A schematic illustration 

of the experimental setup is shown in Fig. 1a, explaining the variety of signal-in and signal-out 

means. CREM exploits the fact that electron spectroscopy, in contrast to optical spectroscopy, is 

inherently sensitive to variations in the electrostatic potential, for example at the site of 

photoelectron emission.(30,35) In fact, this is the very origin of chemical shifts that are at the heart 

of the XPS analysis. Commonly, the term ‘chemical shift’ in its XPS context refers to changes in 

the charge density around atomic cores as a result of chemical bond formation. However, changes 

in the electrostatic potential at a given site can also be induced by distant charges, even by 

macroscopically distant ones. Therefore, it would be convenient to treat the peak-energy 
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information as a combination of two components, a chemical and an electrostatic one, referring 

respectively to the local (atomic scale) charge density and, to be distinguished from the former, a 

potential component common to many atoms in a given region, similar to the externally dictated 

potentials in classical electrostatics. Then, the kinetic energy of the photoelectron, Ek, can be 

written as:

Ek = hυ –EB - WD + eV (1)

where hυ is the photon energy, EB is the ‘chemical’ binding energy, WD is the detector work 

function (a constant to be ignored in the present discussion) and eV is the electrostatic energy 

associated with the local potential V. Additional terms due to higher order processes may become 

relevant in specific cases. A scheme representing the energy conservation condition, eqn. 1, is 

shown in Fig. 1b, indicating specifically the measured (Ecore) and ‘correct’ (EB) core levels.   

The XPS-based CREM technique enables exploration of this intermixed information and, thus, 

actively resolve electrostatic from chemical information in the sense mentioned above. 

Accordingly, the terminology convention on ‘surface charging’ is generalized to include electricity 

in its broad context, including dynamic processes and ohmic characteristics.(70) Applied to 

standard solid state heterostructures, the differentiation between chemical and electrostatic 

information has been proven doable and useful, turning the CREM approach to be very attractive 

for electrical analyses of devices. As an extreme example, pyroelectric specimens such as LTO, 

STO, or even glycine crystals, exhibit reproducible changes in the surface potential under 

controlled temperature variations, as large as hundreds of volts, for which the CREM approach 

enables a non-contact means of detection.(71–73) Notably, in biological systems, charge capturing 

on the atomic scale is a common machinery underlying a variety of bio processes, e.g. in redox 

centers. Hence, side by side to severe difficulties that are discussed below, great promise is 

proposed by CREM application to bio-systems, which presents as a whole an exciting field for 

future developments. 

A basic CREM feature, reading electrostatic potentials from XPS line-shifts, is exemplified by 

Fig. 1c, where an XPS elemental line is schematically drawn on a scale of kinetic energy 

differences, referenced with respect to the neutral conditions of this element. The simulated line 

assumes no spin-orbit splitting. Yet, on the left, a split into two overlapping signals is seen, 

representing positive-charging that gains different amplitudes at two different sample locations. 
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This situation is quite common to XPS: if two surface domains differ in e.g. their discharge 

efficiency to ground, they will develop different charging amplitudes, termed differential charging. 

Interpretation-wise, the spectrum could mistakenly be thought of as two oxidation states of this 

element and, based on this spectrum only, it is not easy to distinguish between the two 

interpretations. However, by charging the sample negatively, as shown on the right hand side of 

Fig. 1c, the entire line-shape is modified. First, the energy difference between the two components 

is reversed in sign and, second, quite common to such experiments, the magnitude of this 

difference is increased. Such experimental tests of XPS line-shapes are simple and frequently very 

helpful interpretation-wise, because line-shape modifications can easily distinguish (except for 

very exotic cases) between electrostatic and chemical non-uniformities. Added to that, Fig. 1d 

illustrates a typical change in line-shape upon increased negative charging conditions, II > I, 

demonstrating how the CREM resolving power can exceed by far the bare line-widths; a feature 

of particular importance in noisy spectra that is based, essentially, on the statistics of the many 

datapoints in each single spectrum.

Frequently, fine electrostatic information can be extracted by using several elemental XPS lines, 

exploited as markers that enable the readout of potentials at chemically defined addresses. An 

example demonstrating this capability is given in Fig. 2. The measured system consisted of a self-

assembled monolayer (SAM) grown on a Si-wafer.(74) Post assembly treatments were used to 

chemically bind gold to the top groups of the molecules, as illustrated in Fig. 2b. Electrical 

measurements were performed by operating XPS with the eFG at fixed conditions, while the 

sample bias, VB, was varied step-wise. Representative XPS lines were recorded for each of those 

bias values. The sample current (I), as measured at the back contact of the sample, was recorded 

as well. The resultant I-V curves, shown in Fig. 2a, present energy shifts (Ek, already corrected 

for the bias changes). Note that different potentials evolved at different heights of the real-space 

structure. This is because the top surface is (electrically) an open end, while the back side of the 

substrate is grounded. It should be a simple exercise in electrostatics to show that each layer 

potential would float on the potential of the layer underneath, thus forming correlation between 

the spatial (vertical) and the electrical profiles.(30) Importantly, the substrate in the present 

example exhibits finite potential changes by itself. However, by directly detecting its signal and 

evaluating its non-ideality as an ohmic ground, the related potentials can be subtracted, such as to 

get ‘contact free’ (recall that no top contact is used) I-V curves, assigned each to a selected domain 
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along the vertical axis. Thus, the electric probe also proposes a fast and simple deconvolution of 

the information across thin (~10 nm) layered structures, enabling improved account of the 

attenuation corrections and hence improved compositional analysis.(39)

Specifically in the system of Fig. 2, the oxide layer at the interface (see the O 1s curve) develops 

potential due to its finite impedance. On top of the latter, the SAM (represented by the C 1s line) 

develops considerable potentials and, finally, the gold atoms provide a probe of the potential at the 

very top of the structure. Thus, besides the compositional information that can be deduced with 

respect to the vertical axis, depth profile of the electrostatic potential is also extracted. Note for 

example the difference observed between C and Au, reflecting the fact that the C-signal integrates 

over a ~2.3 nm thickness. Due to potential gradients across this layer, its peak position presents an 

averaged potential readout. A detailed analysis of such averaging features was conducted for and 

tested with a somewhat thicker Si-oxide layer under varied experimental parameters.(37)

Fig. 2 points to an additional interesting issue. When a top electrode is used in a standard electrical 

configuration, one can accurately control the applied voltage, but not the actual potential that 

develops underneath. Frequently, a potential drop emerges at the very interface with the electrode, 

to which no direct access is enabled. In contrast, CREM enables direct readout of those potentials, 

as demonstrated by the gold curve in Figs. 2a,c. 

The latter point proposes valuable insight on the character of the CREM electrical contact. 

Qualitatively speaking, it may be considered as a kind of soft electrical contact, with no ‘real’ 

solid-state interactions and, in turn, with a unique access to its effective interface. Fig. 2c 

exemplifies this capability by presenting the raw line-shift data, ’Ek, similar to Fig. 2a, but prior 

to applying corrections for sample bias changes. For sufficiently negative bias voltages, the eFG 

electrons are fully repelled and therefore the sample builds up positive surface charge, induced by 

the X-ray source. However, as soon as the negative bias is sufficiently lowered for allowing some 

eFG electrons (those of highest energy) to land on the surface, negative charge starts to accumulate. 

The bias value at this inflection point is termed hereafter as IP.    

Interestingly, the four elemental curves in Fig. 2c present two qualitatively different shapes. As 

manifested by all the curves, when the sample’s negative bias is decreased and, thus, allows an 

increase in the flux of incoming electrons (hence, increased sample current), the XPS lines undergo 

only partial shifts, smaller than those dictated by the bias. This difference is due to the evolution 
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of surface fields. For O and Si in Fig. 2c, the curves exhibit a monotonic behavior. However, the 

curves of C and mainly Au manifest an unusual response in which, for a given step in sample bias, 

the raw line-shift takes a sign opposite to the one dictated by the bias. This ‘turning-back’ feature, 

reflects the actual accumulation of electrons at surface states, offering a unique view of the semi-

contact behavior. For each step, the amount of negative charge is stabilized upon reaching a 

dynamic balance between the flux-in and flux-through sample. This steady-state is self-tuned: the 

surface potential acts as a barrier against incoming electrons and, when varied due to charge 

accumulation, the barrier height varies too, such as to finely adjust the flux-in. Namely, an 

increased flux of electrons would gradually build up its own barrier. Frequently, it is possible to 

follow in real-time (on scales of seconds to minutes) the gradual formation of this balance (not 

shown here due to the evolution of SAM damage, see below).    

Similar to the example in Fig. 2, where local potentials could be extracted for different layers, 

organic molecules frequently propose atomic addresses that can, in principle, provide atomic-

resolution of the electrical data. An example of such CREM capabilities may be found in Fig. 3 

and related publications.(40–42) The figure shows results from SAMs of small molecules, for 

which the potential profile is non-linear, or even non-monotonic, revealing a couple of interesting 

features. First, clear differences between atomic-scale sites are manifested in Fig. 3a on a sub-nm 

scale, evaluated at conditions of excellent reversibility, namely prior to damage evolution (see 

discussion below). Notably, signal is collected over laterally macroscopic scales and, yet, the 

atomic scale variations are resolvable, indicating that lateral homogeneity over the inspected SAM 

is sufficiently high to avoid smearing of the intra-molecular details. Second, the molecule-substrate 

interface potential is resolved (compare the data points of Si and In, the latter standing for the ITO 

substrate), such that molecule-specific information can be extracted (note in particular the 

difference in the interfacial potential drop of the two samples in Fig. 3a). Thirdly, though at limited 

accuracy, molecular polarizability is revealed and quantitatively evaluated by the CREM probe. 

Calculated curves are shown in the figure, using density functional theory (DFT) for gas molecules 

under an artificially applied external field. Covalent radii taken from literature are given in Fig. 

3b. Supported by the calculations, the experiments show that, in response to charge density 

increase at the halogen top site, the phenyl ring polarizability acts to locally deplete the electron 

density while the Si atom gains enhanced electron density. Consequently, sensitivity to details in 
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the molecular polarizability is demonstrated. A difference in the magnitude of this effect is noted 

for molecules with a different halogen termination, I vs Cl, and also (not shown here) for varied 

molecular backbones.(41)    

The above couple of examples demonstrate the added value of having chemical addresses for the 

readout probe. Needless to say, the capability to directly measure fine electric information across 

sub-molecule scales is extremely challenging for any of the existing electrical probes. Another 

unique aspect of the CREM technique is associated with its power supply. As already mentioned, 

in contrast to standard electrical tools, charge is supplied from a filament that serves as a distant 

source of electrons, the eFG. These are hot electrons, landing on the sample at energies (slightly) 

above the vacuum level, which is fundamentally different from standard techniques where 

electrons are injected around the Fermi level, supplied from an electrode that is physically 

connected.(39) Similarly in this respect, hot positive charge is created by the X-ray irradiation via 

emission of electrons to the vacuum. The latter is not fully analogous to the eFG operation as it 

bears a limited dynamic range, with nearly no control on energies and a poorly defined location of 

the charge generation.(75) Yet, in this case too, the resultant holes are hot. Thus, CREM is operated 

under conditions that are fundamentally different from those in standard techniques, bearing hot 

charge characteristics at the basics of the technique. 

In some cases, the latter point presents an important advantage over standard tools.(39) However, 

when contact-like characteristics are of research interest, it is important to account for the hot-

charge issue in the interpretation of results. Typically, the hot electrons attenuate and thermalize 

along several tens of nm. Therefore, for very thick samples, the I-V characteristics become 

identical to those of standard techniques. On the other hand, for thin layers, which is usually the 

limit of interest in XPS studies, the I-V characteristics are necessarily different, because some of 

the injected electrons can cross the layer without even interacting. This issue is expressed by the 

following simple model for I-V characteristics at the limit of infinitesimally thin layers.

b. CREM I-V modelling  
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Consider a thin dielectric layer with a single type of electron traps at surface density N. The layer 

is exposed to an incoming flux, I0, of eFG electrons, for which the trapping efficiency, A, is 

constant. The substrate is assumed to be a perfect metal, and the discharging efficiency from traps 

to ground, B, is assumed to be constant too. The total amount of captured charge per unit area, Q, 

is given by:

Q = Nef

where e is the electron charge and f ≤1 is the partial occupation function.

The rate equation for trap occupation can be written as follows:

BffAf  )1(� (2)

In the limit where f(t=0) = 0, the solution takes the form:

)1()( / teAtf  (3a)

where

1)(  BA (3b)

    

Experimentally, the time evolution f(t) can be limitedly followed, subjected to the detection rate 

in XPS. Time dependent CREM studies(76,77) show indeed, in agreement with eqn. 3, an 

exponential build-up of the potential, frequently with time constants in the ms to sub-second 

regime. Much larger time constants have been reported as well.(70,78) The charging and 

discharging processes in the present case bear aspects similar to those of regular RC circuits. 

However, it should be stressed that associating the CREM time constants with the classical 

resistance (R) and capacitance (C), e.g. as proposed in related experiments,(79,80) would be 

misleading, because hot charges, far above the Fermi energy, EF, are involved here.(39) 

Upon signal detection rates that are much slower than 𝜏, one effectively records the steady-state 

limit, at which the trap filling function, f, approaches:

BA
Af


)( (4)
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As intuitively expected, the latter formula expresses the competition between capturing and 

discharging rates. I-V characteristics may now be derived under the following approximations: 

(1) the capturing constant, A, is assumed to be proportional to the incoming flux of electrons (Iin), 

and to possibly include an energy dependent term, a(E):   )(EaIA in ;   

(2) The discharging constant, B, is assumed to be independent of the incoming current, i.e. fully 

dictated by the sample itself. Its energy dependence may be expressed by a function b(ET), where 

ET is the trap energy level:  )( TEbB    

As already mentioned, both A and B are assumed to be time independent and, in particular, bear 

no dependence on the filling factor f. 

As the surface potential correlates directly with the filling factor, it may be expressed as:

V = Vm(N,Z)f

where Vm is the maximal potential magnitude, achieved under full occupation of the traps. It 

depends on the 2D trap density, N. Possibly, Vm may also depend on a geometrical function, Z, 

relevant to thicker structures (i.e., beyond the present model) where the location of traps with 

respect to the substrate does matter. 

At the steady-state, the current measured on the sample back contact is equal to the incoming 

current, Iin=Isample=I. It is possible then to use the above equations and express the I-V 

characteristics as follows:

)/1(
/

m

m

VV
VV

a
bI


 (5)

where, for convenience, the dependence of a, b and Vm on energy and/or system parameters is 

omitted. 

At its low-V limit (small f values), the I-V function is linear. For high-V values, one encounters 

saturation characteristics, corresponding to full occupation of the traps. This limit of saturation 

presents an important difference from the classical case of RC circuitry. Even if the physical 

mechanism of trap filling is similar, the current can increase continuously in CREM (see 

reservations below) and eventually diverge for f=1, because injected electrons are free to cross the 
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layer and be collected at the bottom contact.  In contrast, the current magnitude in a classical RC 

circuit would approach a minimum when the voltage approaches saturation.  

The model is phenomenological and, usually, its parameters cannot be determined rigorously. In 

turn, it presents a convenient template for quantitative evaluation of processes in systems that are 

not fully defined. Not accounted for by this simple model, complications of various types may be 

needed to be addressed in practical analyses, including the finite thickness of inspected layers, 

diversity of traps and charge carriers, etc.; features that are partially treated by models discussed 

below. Yet, a particularly important parameter that is not dealt below should be noted. It regards 

the dependence of charge injection efficiency on the surface potential, which turns the problem 

into a non-linear one. As soon as a(E) is energy dependent, any build-up of surface potential will 

affect the kinetic (the landing) energy of eFG electrons and, hence, affect the trapping efficiency, 

a(E). In particular, close to zero kinetic energies, this non-linearity can lead to pronounced effects 

of a near-resonance character (to be discussed elsewhere). 

c.  Comparison to other techniques

With a risk of over simplification, it may be useful to present a concise comparison between CREM 

and other techniques. Given the interdisciplinary nature of CREM as a bridge between XPS and 

electrical probes, two technique families may be distinguished for such a comparison: (1) XPS-

based methods and (2) the various electrical measurement techniques. Both technique families 

involve a plurality of variations and approaches. Therefore, a limited selection is used hereafter, 

such as to emphasize features of significance in the context of CREM.

With respect to XPS-variants, CREM can, in principle, be combined with most of them, including 

cryo-XPS and near-ambient pressure (NAP) XPS. Practically indeed, some CREM features may 

become more challenging under specific experimental restrictions, however the electric 

information can still be harvested. Table 1 summarizes key issues of concern in such modes.
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Table 1: Motivations and concerns in operating CREM under various non-standard yet well-

established XPS modes: (1) low-temperature (cryo); (2) near ambient pressure (NAP); (3) angle-

dependent (ARXPS); (4) ion-beam sputtering; (5) high energy (hard) x-ray sources (HAXPES).

Mode Motivation Concerns

Cryo Improved sample stability

Suppressed dehydration

Electric properties may vary significantly.

Condensation of gas molecules can occur.

The double-side carbon tape resistivity tends to 

increase at low temperature.

Systematic noise (in the Kratos design) 

introduced upon simultaneous use of the back-

contact current detection and the thermocouple.

NAP Suitable for wet (and other 

high vapor-pressure) samples

Decreased CREM dynamic-range.

Reduced signal intensities.

Appearance of foreign (gas molecules) signals

ARXPS Independent depth profiling Sample’s tilt affects the effective eFG flux.

It also affects the X-ray induced charging.

Sputtering Depth profiling down to deep 

regions

Drastic changes in the electric properties (even 

upon very gentle steps and even with Ar-clusters).

HAXPES Probing deeper regimes.

Getting access to additional 

core levels.

(Synchrotron facilities enable 

various additional options).

If operated under elevated beam power (due to 

decreased signal intensities), difficulties emerge 

with sample stability;

also in light-induced CREM. 

Compared to the XPS-based techniques, CREM provides the following valuable features:

a. Access to a broad range of electric characteristics 

b. Enhanced sensitivity to defects
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c. Enhanced sensitivity to X-ray-induced damage

d. Improved chemical analysis via:

i. Improved line-shapes

ii. Improved determination of oxidation states

iii. Improved attenuation correction factors for each specific signal

e. Indirect access to hydrogen contents

Main disadvantages of the CREM application are:

a. It is a slow technique (due to the multiple scans over selected spectral windows)

b. Enhanced beam-induced damage frequently appears under elevated fields

Comparison to standard electrical measurement techniques is given in Table 2. It presents 

selected standard commercial instruments, whereas much expanded capabilities and resolution can 

be found with state of the art types. To some extent, these techniques too may be combined with 

CREM, because CREM can be employed using direct contacts to the sample.(81–83) However, 

contact-CREM configurations were not tried yet in our laboratory and, therefore, are not referred 

to in Table 2.

Table 2: CREM comparison with common electrical measurement techniques: the impedance 

spectroscopies, standard (contact, IS) and electrochemical (EIS); and the probe techniques, Kelvin 

probe force microscopy (KPFM) and conductive AFM (c-AFM).

CREM IS (84,85) EIS (85,86) KPFM (87,88) c-AFM (89)

Measured 
Quantity

Element-
specific 
electrical 
response 

Frequency-
dependent 
complex 
impedance 

Complex 
impedance 
(magnitude and 
phase) over 
frequency 

contact 
potential 
difference 
(CPD)

Local current 
response 
under bias 
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System 
Configuratio
n

XPS-based 
setup under 
controlled 
electrical 
stimulation

Electrode-
based system, 
often 2-
terminal; 
applied to 
passive 
materials or 
non-Faradaic 
systems

Two- or three-
electrode setup; 
macro or 
microelectrodes 

Non-contact 
AFM mode 
with dual-pass 
scanning (lift 
mode) 

Contact mode 
AFM with 
conductive tip 

Top Contact 
Type

Non-contact 
(eFG and 
spectrometer 
replace 
physical 
electrodes)

Physical 
contact via 
electrodes on 
sample 
surfaces 

No direct 
contact; 
electrical contact 
via electrolyte

Non-contact 
(lift height ~ 
10–100 nm) 

Physical tip-
sample 
contact 

Environment
Ultra-high 
vacuum;

Dry 

Dry, humid, or 
physiological 
environments

Ambient, 
hydrated, or fully 
immersed 
systems 

Ambient, 
vacuum, or 
humidified 
chamber 

Ambient or 
dry; limited 
liquid 
compatibility 

Availability 
of Chemical 
Information

High – 
directly 
linked to 
chemical 
identity via 
photoelectro
n spectra

Low;           
not chemically 
specific

Low;               
not chemically 
specific

Low to 
moderate – 
indirect 
correlation 
with chemical 
states

Low         

Lateral 
Resolution

Poor;         
10–100 µm,           
but can reach 
atomic site 
specificity

None ;               
or ~m-scale     
if patterned 
electrodes 
used

None                 
or ~μm scale 
with 
microelectrodes

High  
(atomic(90–92) 
to50 nm) – tip 
and height 
dependent

High       (~10 
nm) – tip 
contact area 
dependent

Depth 
Resolution

Very high, 
down to ~0.2 
nm, 
depending on 
the inspected 
dielectric 
properties

No direct 
depth 
discrimination
; inferred via 
circuit 
modeling if 
layers exhibit 

None directly; 
inferred via 
circuit modeling 
if layers exhibit 
distinct time 
constants

None directly.

<5 nm 
effective – 
surface-
sensitive 
(subsurface 
polarization 
contributes)

Indirectly   
~1–10 nm – 
based on tip-
sample 
contact 
volume and 
mechanics
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distinct time 
constants

Frequency 
Range

Quasi-static 
up to slow 
(kHz) 
modulations 

Broad: 
typically mHz 
to MHz 

Broad: mHz to 
MHz 

Static or AC 
modulation 
(~kHz) 

DC to low-
frequency I–V 
sweeps 

Key 
Advantages

Resolving 
inner 
domains. 
Hot-e 
sensitivity.  
Direct link to 
chemistry. 
No top 
contact.

Simple, 
robust, non-
destructive.

Probes both bulk 
and interfaces. 
Suitable for in 
situ analysis. 

High surface 
sensitivity. 
Work function 
mapping. 

High-
resolution 
electrical 
mapping. 
Defect 
localization. 

Limitations

Requires 
UHV and 
XPS access. 
Complex 
interpretation 

Contact-
formation 
issues; bulk 
averaging;     
no chemical 
specificity; 
requires 
models for 
interpretation.

No lateral 
resolution. 
Dependent on 
model fitting.

Sensitive to 
contamination; 
requires clean, 
flat surfaces. 

Tip wear. 
Sample 
damage in 
soft materials. 

Reliability as well as the deep understanding of CREM technique fundamentals, were mostly 

developed with well-behaved inorganic samples, not described here.(39) Inner consistency 

between the electrical data and the in-situ standard XPS results was tested, yielding for example 

strict correlation between the line-shift due to vertical fields and the depth-dependent signal 

intensities. The latter was demonstrated by specially prepared sets of layered samples,(30) as well 

as by varying the sample tilt angle.(34) More challenging in this respect are those surfaces 

presenting lateral heterogeneities.(31) Similarly, systematic studies were conducted on sample 
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temperature dependencies in polar materials,(30,73) photovoltaics at semiconducting 

systems,(36,38) and more. 

Consistency with independent characterization techniques was already tested in various CREM-

containing multi-technique studies.(93–95) The latter included infra-red (IR) spectroscopy, 

photoluminescence (PL), electron paramagnetic resonance (EPR), nuclear magnetic resonance 

(NMR), x-ray diffraction (XRD), electron microscopy (EM) techniques including electron energy 

loss spectroscopy in transmission electron microscopy (TEM-EELS), atomic force microscopy 

(AFM), contact angle (CA) measurements and more; tested on a variety of specimen types. 

Of particular importance, attempts for direct comparison to standard electrical measurements were 

conducted, using well-behaved systems. Part of those tests was published.(39,96) While showing 

perfect consistency in potential readouts, fundamental differences could also be identified, due to 

the fact that hot charges are activated and take part in those conduction processes probed by 

CREM. Thus, fundamental differences emerge: (1) unique features frequently show up in the 

CREM data; and (2) quantitative comparisons with standard electrical data may be more involved 

and, possibly, not as direct and simple.  

As already stated, organic systems frequently present severe issues of sample stability and, 

consequently, non-trivial issues of measurement reliability under x-ray irradiation and elevated 

electric fields. To address this difficulty, our experimental protocols include routinely: (1) fast 

early scans; (2) a learning stage of the damage evolution, usually on one fixed point; (3) using 

different fresh points to confirm validity of results; and (4) repeating measurements on fresh 

samples.(70) Importantly, response reversibility is always checked. Any input signal (for example, 

switching the eFG on) is followed by a back step (switching off) in order to verify reversibility in 

line-shifts and sample current. Hysteresis is frequently encountered, which may make these checks 

more involved. Cases of insufficient reversibility (as compared to the measured reversible 

component)  are classified accordingly and are subject to exclusion from the log of ‘pure electrical’ 

data.
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4. Beam-Induced Damage studies
a. Probing damage by CREM 

Back to the early 90’s, XPS was considered a non-damaging technique, mainly in reference to 

another surface analytical technique, Auger electron spectroscopy (AES), where an electron beam 

was used. However, organic molecules are known to be sensitive to ionizing irradiation, hence the 

appearance of damage processes under the XPS probe is not surprising. In an early work on this 

issue,(97) XPS of various alkane chain based self-assembled molecular layers (SAMs) was used 

in combination with ex-situ IR spectroscopy, such as to cross-check the XPS-evaluated damage. 

It was shown indeed that XPS is insensitive to a major part of the damage processes and, in 

particular, to protonation processes and H evaporation. With thick polymers it was quite difficult 

to even notice any damage progression, but with nanometrically thin layers, effects could be 

partially followed by the XPS too.   

This comparative study, XPS and IR spectroscopy, further demonstrated the critical role of kinetics 

in damage evolution. By introducing to the SAM highly X-ray sensitive groups, COOH or COO-, 

to which XPS is an excellent quantification probe, it was possible to dictate a specific initiation of 

the damage processes and, thus, affect the degradation evolution, rate and final products. Two 

extreme cases were thus examined. The first, with COO- as binding groups to the substrate, was 

found to involve increased evaporation of the entire molecular backbone, to be distinguished from 

the ‘usual’ evaporation of small molecular fragments. In the second case, SAMs consisting of 

alkanes with top COOH groups were used, such that initiation of the radiation damage was 

restricted to the top surface. Cross-links were then rapidly formed between neighboring top sites, 

which turned them into an effective blocking barrier against hydrogen evaporation. Thus, in 

contrast to the first case, monolayer degradation was suppressed considerably and a much higher 

SAM robustness was achieved.

Interestingly, while inherently XPS is insensitive to H-related damage, CREM proposes in-situ 

enhanced sensitivity to such processes, allowing their improved characterization and evaluation. 

It is well known that electrical properties are likely to be very sensitive to defect states. Therefore, 

breaking C-H bonds would likely affect the SAM electrical properties and, thus, be sensed by 

CREM. Fig. 4a presents a test experiment, dedicated to the CREM evaluation of beam induced 

damage in a high quality SAM of alkane chains on a Si substrate.(74) Several rapid CREM-derived 

Page 21 of 71 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

7:
38

:3
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4CP03762F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03762f


I-V loops are shown, performed on the C 1s line first, then on the Si 2p line and back on the C 1s 

line. In accordance with the model description in section 3b, the I-V curve governs (1) current 

readouts at the back contact of the sample, and (2) line-shifts extracted from XP spectra of selected 

elements, as measured under controlled changes in eFG parameters. Remarkably, as demonstrated 

by the first and last carbon I-V curves, C(I) and C(II) respectively, during a ~3 minutes period of 

very gentle exposures, the sample current increased by a factor of ~2.5. As a reference, for the 

same irradiation time, no XPS or IR signs of damage could be found. The electrical result is 

explained by the formation of defects within the layer, as illustrated in the lower inset of panel a. 

Electrons supplied from the eFG and captured at the top surface could thus traverse the layer, down 

to the substrate, via short ‘jumps’ instead of the pure (long path) tunneling.

In order to check this issue quantitatively, a simple model was employed, based on rate-equations 

in a 1D description of the transport process, solved for the steady-state case. A scheme of the 

model system is given in Fig. 4c, where gap-states represent the defects, with an energy that lays 

between the valence and conduction bands. Subject to minor simplifying assumptions, an analytic 

expression was derived for the I-V curve and, specifically, to its dependence on the number of 

defect states, N, along the (1D) transport path across the insulating medium. Details of the 

derivation are given in the Supporting Information of the original paper, yielding a rather simple 

final expression:

]
1

)(exp[~



 N
DbBVVCI

N

(9)

where C is the capacitance of the layer, D is its thickness, and the energy parameters, B and b, are 

barrier heights of, respectively, the inherent surface states and the newly formed (inner) defect 

states. B and b were varied (not shown) such as to cover a reasonable range of the SAM properties. 

The symbol at the denominator is defined as:

 



n

n

j

j

0
    

where the  j parameters express the ratio between forward and backward tunneling probabilities 

from a given defect, j, to its (down-stream / upstream) neighboring defects.  
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Fig. 4b presents I-V curves calculated for specific N values with a selected set of parameters. As 

intuitively expected, the ideal exponential I-V shape of tunneling across a perfect insulator, namely 

the N=0 case, gradually transforms into an ohmic (linear) I-V shape for large N values; a limit 

already approached with these model parameters for N≈5.

Experimentally, the net potential drop across the SAM itself, namely with the substrate’s potential 

being subtracted, was obtained by referring the shifts of the C 1s line to those shifts extracted from 

the O 1s line (corresponding to the potential changes of the thin oxide at the Si-monolayer 

interface). The experiment was performed under sample cooling to 150 K, such that damage 

progression was slowed down. Cooling is a common means for effective suppression of beam-

induced damage, already demonstrated by various cryo-XPS works (52,98), cryo electron 

microscopy(10,11) and more. Cryo-CREM tends to introduce technical difficulties, such as 

changes in conductivity of the adhesive carbon tape and/or the substrate. Specifically at the 

Weizmann laboratory, the temperature control setup employs electric pulses that can distort the 

recorded spectra. These difficulties are all addressable, however their detailed discussion is not 

attempted here.      

As shown in the top inset to Fig. 4a, a nearly exponential I-V shape was indeed obtained during 

early stages of the experiment (see the straight line in log-scale, Fig. 4a, yet with a slight deviation 

from linearity already noticed at the limit of high currents). Fig. 4d presents the model-predicted 

dependence on number of defects, N, calculated for four different combinations of parameters. 

Experimentally, as shown in Fig. 4e, a smooth, gradual rise is observed for the sample current over 

long time scales, eventually approaching saturation. This behavior is due to the 3D distribution of 

defects, which is not accounted for by the 1D model. 

It should be noted that among various SAMs that were inspected in our laboratory, it was quite 

rare to obtain such an exponential I-V curve, even for very early stages of exposure to the X-ray, 

which indicates on the quality of the as-received SAMs in this case, being practically ‘free’ of 

defects. Altogether, these experiments demonstrate remarkable electrical sensitivity to both the 

intrinsic defects and the emerging damage, far better than the sensitivity of IR or standard XPS 

spectroscopy. CREM is conducted in-situ to the XPS, with no need for a top contact and, by 

exploiting elemental addresses, the role of substrate’s impedance can be easily eliminated; a 

critical feature for properly testing the exponential I-V functionality. Thus, a probe that is 
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essentially blind to hydrogen turns into a tool of superior sensitivity to hydrogen-related processes 

and evaporation in particular.    

b. Desorption of halogen atoms

Similar in a way to hydrogen bond breaking and evaporation, the tendency of halogen atoms to 

escape from the surface is a well acknowledged sample degradation process, frequently referred 

to as a maintenance problem in UHV instruments. Besides thermal energy that enables 

spontaneous desorption, the X-ray photons can likely stimulate the evaporation via core-electron 

excitations and ionization processes that shake the electronic configuration abruptly. Moreover, 

the application of eFG was found in some cases to accelerate the halogen desorption by 2-3 orders 

of magnitudes, in particular with SAMs of halogen terminated alkane chains (unpublished data). 

In contrast, eFG application can be totally insignificant with respect to damage formation in other 

molecular layers. Hence, predicting the magnitude of these effects is not necessarily trivial. 

Fortunately, in contrast to hydrogen evaporation, quantitative evaluation of the halogen amount 

can be obtained by directly monitoring its XPS signals.  

An interesting result in this context is shown in Fig. 5. The studied system consisted of iodine or 

chlorine terminated molecules, self assembled on ITO, see Fig. 5c.(40) As a function of irradiation 

time, the total amount of iodine gradually decreased, accompanied by a gradual change in the 

shape of the I 3d line. Apparently, the time dependence of iodine amount, expressed in Fig. 5a as 

the I/Si atomic ratio for both measurements without and with the eFG, did not obey a simple 

statistical dependence, but a log(t) functionality. To be distinguished, a similar sample with Cl-

terminated molecules did not follow this unusual time-dependence, except for its very early stages 

of exposure to irradiation. 

The time dependence of iodine intensity (I(t)) can be expressed phenomenologically as: 

I(t) = I0 - B·ln(1+t/t0) ; t > 0 (10)

which resembles aging processes.(99) It yields for the rate of material loss:

-dI/dt = B/{t0(1+t/t0)} = B/t0·e-Io/B·eI/B  

Namely, an exponential dependence:
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dI/dt ~ - exp(I/B) (11)

Such a behavior is very different from the trivial relationship, dI/dt ~ - I, typical to non-interacting 

neighboring sites. The exponential dependence found here, eqn. 11, reflects inter-iodine 

interactions, believed to effectively express in-layer stress upon dense assembly. Such a formation 

of stress is typical to systems in which the energy gained upon binding to the substrate is 

comparable and opposite in sign to the energetics imposed by interactions between the adsorbed 

species. In the present case, binding via silane groups competes with the steric constraints 

introduced by the large size of the iodine atom. The latter density conflict was, apparently, much 

more pronounced for iodine than for the case of chlorine termination (see the time dependence of 

Cl-terminated SAMs, Fig. 5a). The two competing density optima would therefore give rise to 

incommensurate assembly(100,101) that relaxes stress by e.g. developing structural defects, or a 

super structure. For example, self-arranging in two or more alternating states, or alternatively, 

breaking the assembly continuity over a characteristic domain size, are well documented 

phenomena. Then, back to the present system, any beam-induced evaporation of an iodine atom 

would assist the release of stress in a corresponding domain. As directly quantified by the XPS 

atomic ratios, the latter can be distinguished experimentally from the process of desorption of an 

entire molecule, or the intrinsic existence of assembly vacancies. 

The ‘fresh’ I 3d line-shape, Fig. 5b, exhibits indeed a split attributed to two or more different states 

that coexisted in the dense phase of the layer. Degradation in this experiment involved a gradual 

change in line-shape, indicating that the ‘less reduced’ iodine states suffered much faster intensity 

decrease. Further research is needed here in order to distinguish between desorption events that 

might be restricted from the first place to weaker bonds in an alternating superstructure (those of 

lower electron density) and, alternatively, stress relaxation within domains of a gradually 

diminishing size. This way or another, the drive for iodine evaporation involved here pronounced 

collective effects.         

A potential lesson is proposed by this study. Beam damage suppression is usually motivated by 

the attempt to collect data from the bare, unperturbed surface. Even if closely approached, this 

goal is in principle non-realistic, because during the very early stages of an experiment the sample 

already accumulates some history of exposure to radiation and, if the impact is highly non-linear, 

it will be difficult to estimate its magnitude. Moreover, storage history in a vacuum chamber and, 

Page 25 of 71 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

7:
38

:3
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4CP03762F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03762f


possibly, issues like the proximity of the analysis spot to an adhesive tape, etc., should all be 

considered. On the other hand, by inspecting the damage processes and their evolution, one can 

greatly assist the analysis. First, following the evolution of damage with time, as done here, the 

extrapolation to zero exposure can be improved and, accordingly, the XPS quantification may be 

corrected. Second, damage processes can potentially teach on sample’s characteristics that the 

standard XPS analysis cannot access; sometimes even solve XPS interpretation pitfalls. With 

iodine terminated molecules it was the in-layer stress that could be learnt on. A plurality of 

additional features, starting from spatial organization information and ending in bond strength and 

stability issues, may potentially be discovered once this approach is adopted. Thirdly, an additional 

important category of the potential hidden in damage studies regards the use of damage as a 

‘writing’ means; namely, controlling and utilizing the irreversible modifications in samples in 

order to obtain a desired feature. In the following, a few examples of promising works in this 

direction are described.    

       

c. Beam-induced transformations as a writing means

Damage processes such as the one demonstrated in Fig. 4 present a useful feature that may be 

straightforwardly exploited as a writing process, because an insulating layer was undergoing 

improved conductivity in this example. In a following work, beam induced hydrogen evaporation 

from SAMs of alkane chains was shown to result in a leading process of C=C double bonds 

formation within the SAM.(102,103) Improved electrical conductivity was thus established and, 

therefore, irradiation could be used as an effective ‘doping-like’ process, in analogy to doped 

semiconductors. In practice, relatively high concentrations of defects, on the order of 3%, were 

needed in this case for obtaining sufficient contrast in conductivity. However, the potential 

opportunity of using focused, high-energy beams, e.g. collimated X-rays or even electron beams, 

to write circuits on planar SAMs could be considered. 

An exciting demonstration of advanced X-ray-induced chemistry was accomplished by Sagiv and 

Maoz et al.,(94) as part of a project initiated as ‘constructive lithography’.(104) Oxidation reagents 

from a sacrificial PVA layer, 4-6 nm thick, were directed to its interface with a high-quality OTS 

monolayer, see Fig. 6a, where they selectively transformed the CH3 end-groups of OTS into 
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COOH. Here referred to, the process was activated by the x-ray beam of the XPS spectrometer, 

but as a proof of concept, additional activation means and chemical processes were demonstrated 

(see the original paper). After irradiation, the irradiated PVA layer could be ex-situ removed by a 

scotch-tape, exposing neatly the underneath OTSox monolayer for additional characterization and 

reactions. As shown in Fig. 6b, FTIR quantitatively evaluated the transformation of CH3 into 

COOH groups, indicating (within the FTIR sensitivity) full completion of the chemical 

transformation. Complementarily, see Fig. 6c, XPS revealed that the resultant OTSox layer 

presented accurately the theoretical atomic ratios and chemical shifts. Additional chemical 

processes were developed in related works by Sagiv, such as to extend the ‘writing’ action by 

multiple steps on nanoscale areas. Writing means much finer than the poorly focused X-ray beam 

were shown to retain high quality and thus enable improved line widths, on the order of 20 

nm.(105)

As a partial summary, the damage-related studies point to a two-fold challenge in the XPS of soft 

matter: first, damage is likely to be a considerable side-effect and, second, the probe itself is not 

quite sensitive to have all these degradation effects being noted. Therefore, great caution should 

be taken in the interpretation of results and, highly recommended, in the experimental protocols 

adopted for biomaterials. In particular, the limited resolving power of XPS encounters the very 

heart of conformational and fine C-C and C-H bond variations that underlay diversity in biological 

structures and functions. Electrical information obtained in-situ by CREM can become remarkably 

helpful in these cases. In the following, a dedicated CREM mode that focuses on samples’ response 

to light illumination is demonstrated, presenting a novel characterization mode, as dealt in the next 

two sections. 

 

5. Light-induced charge transport across dithiol monolayers
a. Competing transport mechanisms

Aspects of the mutual dependencies between structure and electrical properties in assemblies of 

organic molecules may be demonstrated by the following study of charge transport characteristics 

across self-assembled molecular layers (SAMs).(106) The system consisted of top CdSe 
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nanoparticles (NPs) that functioned as light absorbers, a gold substrate that served as the charge 

collector and a spacer between the two, for which dithiols with different backbones were used, see 

Fig. 7a. Under LED illumination at 630 nm, electron-hole (e-h) pairs could be generated 

selectively at the CdSe NPs, thus achieving a well-defined source for the charge transport 

processes. XPS line shifts were measured to extract the photovoltage (PV) developing locally at 

the NPs due to charge transfer to the gold. Complementarily, photoluminescence (PL) due to e-h 

recombination within the NPs was ex-situ measured, indicative of those charges that were not 

transported to the gold.

Recalling that self-assembly on gold is relatively well controlled, the system seemed to be rather 

simple for a detailed research. Schematics of the molecules is given in Fig. 7b. Two batches (sets 

I and II) of alkane chains were used, four samples in each, with varied length, n= 6, 8, 10, 16, plus 

a third set (III) of three di-phenyl molecules, denoted S, D and T, referring respectively to the type 

of linkage between the two rings: a single, double and a triple bond. For all systems, the band 

diagram consisted of a vertical surface field that acted to push holes from the CdSe to the gold, as 

illustrated in Fig. 7c, bearing only slight variations between samples. Therefore, the PV sign was 

expected for all samples to reflect electron accumulation at the NPs as soon as light was switched 

on. Also, subject to trivial arguments, the PV magnitude was supposed to increase upon decreased 

charge transport efficiency and, in turn, the PL magnitude was expected to exhibit a tendency 

opposite to PV, because PL scales with the amount of (excited) electrons and holes that remain 

within the NPs.   

The measured results, however, were far from any naïve expectation. First, the PV and PL 

magnitudes were not always of opposite trends. Second, in some samples, extra positive charge 

was found to accumulate under illumination, see for example set I in Fig. 7g. Third, the dependence 

of PV magnitude on spacer thickness was not necessarily monotonic and, once employing a 

correction term (common to the entire set, see below), it obeyed indeed the expected exponential 

dependence, however for hole accumulation other than electrons, see Fig. 7h.

A simple model based on rate-equations for the population of electrons, fe, and holes, fh, at the NPs 

was therefore employed. The coupled eqn.s, 12 a,b, consist of three terms each, where the 

constants of both generation rate (normalized to be =1) and recombination rate (krec) are identical 
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for electrons and holes. Differences between electron and hole dynamics are expressed solely by 

the term of transport to the gold, with respective rate constants ke and kh. 

∂𝑓𝑒

∂𝑡
= (1 ― 𝑓𝑒)(1 ― 𝑓ℎ) ― 𝑘𝑒𝑓𝑒 ― 𝑘𝑟𝑒𝑐𝑓𝑒𝑓ℎ (12a)

∂𝑓ℎ

∂𝑡
= (1 ― 𝑓𝑒)(1 ― 𝑓ℎ) ― 𝑘ℎ𝑓ℎ ― 𝑘𝑟𝑒𝑐𝑓𝑒𝑓ℎ (12b)

A reasonable form of ke and kh such as to account for the tunneling across a spacer may be: ki = 

Aiexp(-iL), where L is the spacer width and i are the tunneling-related attenuation parameters. 

The steady-state, namely the solution for t∞, yields quantities that can be compared with 

experiments: (1) the total charge on the NPs, Q, and (2) the PL intensity, IPL. 

𝑄~𝑓ℎ ― 𝑓𝑒 (13a)

𝐼𝑃𝐿~𝑓ℎ ∙ 𝑓𝑒 (13b)

Based on this model, it is possible to reproduce the accumulation of holes, including its exponential 

dependence on chain length, L, as observed with the sets of alkane chain based molecules, sets I 

and II (see in particular Q in Fig. 7f, which reproduces the behavior of set II in panel 7g). 

Interestingly, however, the parameters used to get this result reveal pronounced differences 

between holes and electrons in their attenuation parameters, i, as well as the corresponding pre-

factors, Ai, of the transport rate constants, ki = Aiexp(-iLi). As expected, the difference in i is 

consistent with the in-situ derived band diagrams, schematically illustrated in Fig. 7c. However, 

the huge difference in Ai values indicates a feature not accounted for by the model: a competing 

process of charge trapping, found eventually to occur at sites exterior to the photoactive NPs. Such 

charge capturing mechanisms would necessarily affect the Ai pre-factors via grabbing charge into 

traps and, obviously, they should also affect the measured PV and PL magnitudes. Upon fitting to 

the PV and PL experimental results, the pre-factor turned out to be extremely large for electrons, 

as compared to holes. Moreover, the Ai pre-factors successfully reproduced differences between 

different batches of alike samples, see set I and set II in Fig. 7g, pointing to trap densities. Hence, 

a following question could be raised, whether the origin of these traps could be further revealed. 

Useful input in this regard was obtained from the standard XPS evaluation of SAMs quality, before 

and after depositing the CdSe nanoparticles. In general, high quality SAMs were consistently 

formed, except for the top S-atoms of the dithiols, Stop, which were found to occasionally suffer 
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oxidative attack and, as a result, partial evaporation. Detailed analysis can be found in the 

supplementary information of the original paper.(106) A second type of defects was observed at 

the CdSe nanoparticles. Their surface coverage was found nearly complete and reproducible, but 

some oxidative passivation at the nanoparticle shell appeared at varied amounts for different 

samples. Figs. 7e,f present a quantitative summary of these defects for selected sets of samples. 

Independently, based on dedicated tests at the very early stages of sample exposure to the X-ray 

beam, it was shown that, effectively, the passivated shell of NPs introduced hole traps, while the 

attacked Stop sites served as electron traps, see illustration in Fig. 7d. As shown in Fig. 7j, all set 

II samples were dominated by electron traps, whereas set I and set III were dominated by hole 

traps. Fig. 7i presents simulated PV and PL results for the four samples in set II, with an account 

of the effect of trapping on Ai pre-factors. These combined results explain the ‘strange’ PV-

dependence on chain length in the set II samples, Fig. 7g, for which transport of electrons to the 

gold was indeed disfavored by the surface field, but at the same time competing trapping 

mechanisms were of significant role. 

The role of charge traps turned the interpretation of PV and PL data considerably more complex. 

Needless to say, this is a well-known difficulty in molecular electronics. Yet, the combined 

chemical and electrical data present a consistent collection of results, explaining successfully the 

behavior of all three batches of samples by expressing explicitly the charge trapping role, in 

addition to the pre-designed spacer parameters. This case demonstrates how detailed 

understanding of the SAM-nanoparticle interface, as well as the interface of each of those with the 

vacuum, can become essential for getting a comprehensive description of measurement results. 

While this conclusion is indeed trivial in any context of electrical measurements, its relevance to 

systems consisting of organic molecules seems to be of particular importance.   

Notably, as shown in Fig. 7e,f, a systematic spacer-dependent trend to form defects was observed: 

the NP passivation depended on the alkane chain length and, in contrast, an opposite systematic 

trend was noted for the Stop degradation. This observation indicates that a remote role was played 

by the gold substrate as a protecting or accelerating support, against/for chemical attacks, for which 

the spacer served as an attenuator. Literature reports on such effects are consistent with this 

observation.(107) In contrast to the light-induced measurements discussed above, the latter trends 

regard charge transport at dark, chemically driven.   
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b. Dense packing of conjugated molecules

The conjugated molecules, S, T and D, were intentionally chosen because they presented varied 

conjugation between the two phenyl rings within each molecule, with yet only small differences 

in molecular length. Two intriguing assembly issues were revealed. While D exhibited ‘normal’ 

assembly characteristics, both S and T presented unusual effective thickness values. Standard 

thickness calculation of the bare SAMs, prior to CdSe NPs deposition, was based on the XPS-

measured ratios of C/S, C/Au and Stop/Sbottom signals and, in reference, on calculated ratios for 

perfect layers, employing attenuation factors atom by atom. For the SAM of S-molecules, this 

analysis suggested a very compact arrangement. Namely, the layer thickness could perfectly fit the 

theoretical molecular length, provided that the amount of material was increased via dense 

packaging. Supposedly, - interactions between the phenyl rings of neighboring molecules could 

overcome the natural conformation of a free molecule, in which the two rings are oriented at 

perpendicular planes. By aligning both rings along the same plane, increased layer density is 

enabled sterically, hence energy is gained via (1) the formation of additional S-Au bonds; and (2) 

the formation of stronger interactions between phenyl rings of neighboring molecules. A schematic 

drawing of the suggested arrangement is shown in Fig. 8a.

Remarkably, such a compact in-layer arrangement should be expressed by the photoelectron 

attenuation length parameter, denoted there as   a phenomenological constant that usually 

requires extensive experimental work to be extracted.(17,109) Indeed, the calculated value of  in 

this case was pronouncedly small, about 70% of the value extracted for the D molecules (recall 

that the effect of  is via an exponential term). The importance of this result stems from the fact 

that compositional XPS analyses are affected by and rely on literature-provided attenuation 

parameters. System-specific -variations, fitted to the huge diversity of specific samples in routine 

XPS works are mostly unavailable in the literature. The present work proves that such variations 

should be considered thoroughly for interpretation correctness and quantification accuracy, in 

particular when organic molecules are investigated. Detailed analysis of the present system can be 

found in the SI file of the original paper,(106) showing inner consistency and high reliability of 

the results and their interpretation. 
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A second non-trivial assembly feature was noticed for the T-molecules. Repeatedly, they were 

found to form a double layer instead of a monolayer. Evidence was twofold: the total layer 

thickness was too high and, independently, too many of the S-atoms were not bonded to gold.  

Aided by the theoretical calculation of attenuation mentioned above, two organization solutions 

for the second T-layer were thus found to retain consistency with all XPS pieces of data. Both 

solutions assumed the formation of a complete first layer, and either (1) a second layer formed on 

top, however with slight deficiency in compactness, <20%, or (2) a second layer that was 

incorporated at half height in between the molecules of the first layer, as illustrated in Fig. 8b. 

Energy gain in the latter option is expected to be higher, as it includes both the formation of - 

interactions between neighboring rings and an attractive interaction between free SH groups and 

the triple bond. Therefore, it is proposed that the T-molecules form another type of a ‘perfect’ 

assembly, in which strong intermolecular interactions are enabled. Interestingly, the only 

molecules that did not materialize such an energy gain were the D-molecules; a result attributed to 

steric disturbances introduced by the tilted C=C bonds.      

Based on the structural insight gained from the XPS analysis for the conjugated molecules, 

electrically expressed differences between D-, T- and S-SAMs were expected to show up as well, 

because induced potentials at the CdSe NPs should depend on the spacer’s dielectric constant, . 

As already mentioned, inherent differences in the polarizability of the single molecule in this set 

of samples are expected from the variations in linkage between the two highly polarizable phenyl 

rings, Fig. 7b. However, except for those, as an assembly feature,  variations expressing the 

collective dielectric response of many molecules should be considered. To start with, Stop oxidation 

was practically absent from the conjugated SAMs, suggesting that the chemical drive (at dark) for 

charge transport from the gold to the top site was suppressed by increased polarizability of the 

spacer, in agreement with the measured compositional data. Second, in spite of the minor 

differences in molecular length between D, T and S, their PV (not shown) and ∆Ek magnitudes in 

Fig. 7j, exhibited significant differences. It would be very difficult to explain these results without 

the structural input gained by the compositional analysis. In turn, by transforming the PV data into 

charge magnitudes, with the extra thickness of T taken into account, a reasonable monotonic 

tendency was obtained, reflecting variations in . The estimated changes in  (compared to  of the 

D-layer) yielded a factor of ~1.4 for the T-layer and ~2.6 for the S-layer.(110)    
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Consequently, this set of experiments on seven different SAM-spacers demonstrates some of the 

added values gained by assisting the interpretation of electrical data with in-situ structural input, 

and vice versa. CREM-wise, the PV measurements yielded local responses to light; local in the 

sense that by detecting e.g. the Cd line-shifts, V values are averaged over many particles but, yet, 

not with contributions from ex-particle domains. In addition, use was made of dedicated in-situ 

work-function measurements,(38,70,111) as inputs for the band diagrams and, importantly, as an 

indicator of dominant charge traps in each sample, Fig. 7j. Additional CREM modes are discussed 

below to further demonstrate how the combined chemical and electrical information of CREM-

XPS enables detailed understanding that is hardly even approached by any single technique.

     

6. Molecular gates in bacteriochlorophyll

In a study of yet small molecules, however of a clear biological relevance,(112) another interesting 

aspect of the CREM capabilities was demonstrated: the charge injection issue. As already 

mentioned, standard electrical measurements are based on the attachment of electrodes via two or 

more physical contacts to a sample. CREM works without the need in top contacts, which affects 

the readout capabilities, but also the signal-in mechanism: the charge-injection. By using an eFG, 

the electrons supplied to the sample, even if set to nearly zero kinetic energy, are very ‘hot’ in 

reference to the Fermi level, with energies above the vacuum level. Therefore, they are expected 

to behave differently than electrons injected around the Fermi level by a standard electrode. The 

resultant CREM sensitivity to hot-electron characteristics presents a very important and unique 

feature, as indeed exemplified by the study described hereafter of bacteriochlorophyll (BChl) 

derivatives.  

Self-assembly on Si-wafers was conducted for two such molecules: a non-metalated (denoted 2H) 

and a Pd-metalated (Pd) bacteriochlorophyll analogues, see Fig. 9a,b. Sample characterization by 

a variety of techniques can be found in the original papers,(112) showing the formation of high 

quality SAMs, with one notable observation: the 2H SAMs were formed with the molecules being 

vertically oriented, whereas the Pd-SAMs consisted of molecules tilted with respect to the surface 
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normal, as shown in Fig. 9c,d. The CREM experiments explored four qualitatively different signal-

in cases, described in Table 3: two non-neutral sample states, positively or negatively charged, to 

which two types of irradiation were applied, photons at 630 nm, or low-energy electrons. Based 

on the comparison between different charge injection means, it was possible to extend and cross-

validate our understanding of the molecule-hot-charge interaction and mechanisms, with a specific 

focus on the differences emerging between different molecular sites. 

The available potential changes (denoted here by ) at sub-molecular addresses were mainly those 

derived from the N 1s, Pd 3d and C 1s line shifts. The first two provided information on the center 

of the molecular macrocycle. In turn, the C signal, which is dominated by atoms distributed over 

the periphery of the molecule, informed on the ‘out of center’ changes in electrostatic potential. 

Due to finite impedance at the back contact, the Si-wafer and its native oxide were also examined 

electrically, such that back impedance contributions could be removed by direct evaluation of the 

actual potentials developing underneath the SAM.

Figs. 10a,b present the response of these monolayers to red light. It was found to be quite similar 

for both SAM types, 2H and Pd, reflecting electron transfer from the molecular periphery to its 

center. Practically, this periphery-to-center electron transfer is expressed by the element-specific 

magnitudes of , yielding for N (and Pd) larger values than for C. Differences between the 2H- 

and Pd-BChl in absolute  magnitudes are of minor importance in the present context, attributed 

to the photoactivity of the Si substrate itself. Note that in order to get the SAM-relevant 

information, substrate-related -values should be subtracted, as indicated by the dashed lines in 

the figure. Then, the net molecular results agree with the calculations of HOMO and LUMO 

orbitals, Fig. 9e-h, in which the LUMO spatial distribution is more confined to the molecular 

center, as compared to the HOMO distribution. 

Panels c,d in Fig. 10 present the response to fine electron injection under initially positive charging 

conditions. The experiment is tuned to examine hole-annihilation processes via hot-electron 

injection. Results were essentially consistent with expectations, bearing nuances that are not of 

much interest in the present context, except for the fact that the introduction of Pd gave rise to 

slight differences between the center of the molecule (N, Pd) and its periphery (C); differences not 

seen in the 2H samples. 
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In contrast to the above, panels e,f in Fig. 10 present a very unusual result, with regard to hot-

electron capturing: while the 2H sample underwent an increase in electron density, as expected 

under flux of external electrons, the Pd-SAM showed repeatedly and consistently an absolute 

depletion in electron density at the molecule center. This result, similar to negative differential 

resistance (NDR), is remarkable because the supply of large amounts of extra electrons could be 

verified by measuring directly the current on sample’s back contact, as well as by the additionally 

measured elemental -values. To make a point clear, even if none of those injected electrons was 

captured around the Pd center, it wouldn’t be sufficient to get a definitely opposite response. The 

research question was therefore focused on the mechanism leading to (local) depletion in electron 

density under exposure to a flux of external electrons.

Physical insight on this puzzling question was gained from DFT-based computations of the 

polarizability perpendicular to the molecule plane, conducted for the single isolated molecules. 

Computationally, variations in the local electron density under applied external field were derived 

as a function of distance from the molecular plane above selected atomic sites, Figs. 11a-c. A 

pronounced maximum was thus found at ~5A above the metallic center, Figs. 11a,b, in a clear 

difference from the 2H case, Fig. 11c. This feature expresses the capability of Pd-BChl to donate 

electrons under external fields. As such, it accounts for the experimental result since, effectively, 

under the CREM experimental conditions, a high surface field is stabilized. It also turned out, 

based on X-ray reflection (XRR) plus XPS data, that the actual distance between the Pd site and 

the substrate was about 6 A, very close to the calculated maximum in molecular polarizability.        

Further computations for molecules in the gas phase were conducted to examine the question of 

dimer formation. For 2H-2H dimers, as well as Pd-Pd dimers, optimal dimerization was obtained 

in the parallel orientation of the two molecules, see Fig. 11e. However, for the 2H-Pd pair, Fig. 

11f, the optimized structure obtained by these computations was very different and, remarkably, 

very close to a known Natural structure: that of cofactors that appear in a variety of biological 

systems, all over the evolutionary branches and, in particular, in a chlorophyll site located between 

the photon absorption center and the photosynthesis reaction center. Similarity between the 

computed and natural structures applies for both the relative orientation and the ~5A distance 

between the metal site (Mg in the Natural system) and the peripheral site of the 2H molecule. 
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Recalling that Nature exploits self-assembly at all levels, this latter computation sheds light on the 

question ‘why these cofactors are so evolutionary robust and common’. 

Moreover, insight on the function played by these cofactors was gained in this study. The combined 

CREM data and polarizability calculations demonstrate as a whole that the cofactor presents 

‘gates’ for efficient electron-in and electron-out transfer. Arranged in the relative positioning 

described above, this function is optimized, such that it can assist unidirectional electron transfer. 

Calculations further showed that Mg is the best divalent cation to provide the gate-out feature. 

Therefore, proven by this study, the structure-function relationships of these cofactors appear to 

be optimized in a meticulous detail during the 3.5 billion years of evolution: molecules self-arrange 

via electrostatic forces, hence structure is determined at an electrostatic equilibrium, whereas the 

biological function emerges out of this equilibrium, being based on the molecular polarizability. 

This observation of co-optimized structure and function, respectively via the equilibrium and 

dynamic characteristics, is believed to be of considerable generality. In the present case of 

chlorophyll cofactors, the structure is designed to collectively focus the polarizability function 

onto an optimal distance above a specific molecular site, which exemplifies one of the 

‘sophisticated’ ways Nature constructs bio-devices on the molecular scale.

A question may yet be raised as of the apparent differences between CREM experimental 

conditions and the Natural environment, regarding for example: (1) the UHV (ultrahigh vacuum) 

XPS conditions; (2) the CREM charge injection means; and (3) the metal probe utilized. However, 

it turns out that, in all these aspects, the natural process is closely imitated by the experiment. First, 

the relevant environment within the chlorophyll is locally dry, consisting of sub-nm empty spaces 

around the molecules. Second, a global controllable field is stabilized in CREM, similar to the 

field produced by proteins within the chlorophyll. Third, the CREM charge injection means 

correspond very well to the hot, photoexcited electrons in chlorophyll, perhaps even better than 

those of alternative, commonly used, ex-vivo techniques. Finally, the functional properties of Pd 

derivatives present close similarities to those of Mg derivatives, even though differences should 

not be overlooked.(113) 
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7. BSA protein-based miniaturized devices

a. Transistor devices with and without C60-doping

A research project aimed at the incorporation of biological molecules in electronic devices is 

described in this section.(96,114) This ambitious attempt was motivated by features typical to bio-

macromolecules, such as recognition, self-assembly,(115,116) robustness at the nanoscale and the 

sophisticated charge manipulation mechanisms exploited in Natural systems. Bovine Serum 

Albumin (BSA, Fig. 12 top), a protein macromolecule of considerable biological importance, is 

known to effectively bind small molecules (mainly hydrophobic ones) and, also, to form robust 

SAMs on gold. Unlike certain types of metalloproteins that are involved in biological electron-

transfer processes (such as Azurin and Cytochrome-C), BSA has no central redox center, but a 

variety of active sites. Therefore, doping the BSA with redox molecules was investigated and 

SAMs were formed in a procedure described elsewhere.(117) In particular, doping with C60 

molecules was found to selectively target a specific BSA site with a strong acceptor-like character 

(tryptophan, Trp214 in subdomain IIA, see Fig. 14b).(118,119)  Additional dopants, such as 

tetraphenyl-21H,23H-porphine (TPP ) and its Cu and Fe metallo- derivatives (TPPCu; TPPFe 

respectively), were also tested.(117,120) 

The successful construction of BSA-based junctions in miniature transistor devices, see the scheme 

in Fig. 12, is a remarkable achievement by itself, demonstrated for both un-doped and C60-doped 

BSA.(114,121) Yet, the interpretation of device characteristics encountered a variety of critical 

unknowns. The source-drain I-V curves of un-doped and C60-doped BSA, Fig. 13, present clear 

rectification characteristics, favoring electron conduction as verified from the dependencies on 

gate voltage (VG).(122) Besides questions on structural details and stability issues, the function of 

BSA as an electrical component was intriguing, raising questions on: (1) the reason for 

rectification; (2) the mechanism giving rise to a strong C60 effect on the e-conduction, while having 

no effect on h-conduction; (3) the I-V curve which obeyed I~V for C60-BSA, with =2, was 

markedly different in the un-doped BSA, with  gate-voltage dependent , yielding  values between 

2 and 5; (4) the interpretation of transport data in terms of specific molecular groups and their 

spatial arrangement; to mention just a partial list.

Helpful inputs were provided by the XPS-CREM data, extracted from large area SAMs without 

the Pd top electrode. Fig. 14a presents CREM V-V curves of O and C. The potential developing 
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in the layer, as expressed by Ek of these elements (also N, not shown), is plotted as a function of 

the sample bias, VB. The experiment was conducted under fixed eFG conditions and low X-ray 

flux, while the sample bias was set initially to high negative values, then step-wise decreased until 

reaching a certain value, set such as to prevent exposure to elevated e-fluxes and thus avoid 

irreversible sample modifications. Finally, the bias increments were reversed, back towards 

increased negative values. Similar to the I-V demonstration in Fig. 2c, an inflection point (IP) is 

noted in these curves, at the bias for which incoming electrons overcome the potential barrier and 

start landing on the surface. At sufficiently high negative bias, prior to reaching IP, samples tend 

to charge up positively due to the X-ray irradiation. For lower negative bias values, enabling a 

flux-in of electrons, they would normally accumulate negative charge, as indeed seen for the curves 

in Fig. 14a. 

Importantly, the sample WF can be derived from the measured IP,(111) yielding 4.35 eV for the 

un-doped BSA and 4.7 eV for C60- BSA.(123)  In the device, the WF of both electrodes, Au and 

Pd, is higher, around 5.0 eV, which suggests the spontaneous formation of interfacial barriers  of 

similar heights at both sides of the BSA layer. Therefore, recalling the pronounced rectification 

features observed in Fig. 13, an inner BSA field was considered as a feature that broke the 

symmetry between top and bottom electrodes. It was associated with the spontaneous formation of 

space charge, hence inner fields, upon contacting to metal electrodes, vertically within the BSA 

layer. The detailed distribution of space charge appeared to be affected by the C60 doping, due to 

the changes in spatial distribution of those sub-BSA groups that could take active part in charge 

reorganization. As indicated by WF values, the total field in the C60-BSA layer was about half of 

the one in un-doped BSA and, accordingly, upon C60 doping, the asymmetry between electron- 

and hole-conduction was indeed reduced.(124) 

Noted in Fig. 14a, the hysteresis manifested by the CREM V-V curves is quite similar for different 

elements in a given sample. On the other hand, pronounced qualitative differences are observed 

between the two samples: For C60-BSA, very large hysteresis is observed, while the un-doped BSA 

exhibits a rather regular behavior. Forward and backward directions in the VB-scan are indicated 

in the figure, showing that un-doped BSA can store negative charge, whereas C60-BSA does not 

‘allow’ negative charge storage (no hysteresis at the section of negative charge accumulation). In 
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turn, it presents remarkable affinity to positive charge storage (huge irreversibility at the positive 

charging section). 

As C60 is a well-known electron acceptor, it would be interesting to understand why and how the 

C60 doping leads to such a strong hole trapping behavior. An answer is believed to be given by the 

complexation process. The incorporation of a Fullerene molecule within BSA, prior to the 

formation of metal contacts, involves electron transfer to the dopant, donated mainly by tyrosine 

groups and the nearby tryptophan at the Trp214 site. This enrichment in electron density switches 

the affinity of this site, turning it into an efficient hole absorber. Quite likely, this very charge 

redistribution also affects the charge mobilization upon thermodynamically equilibrating with the 

metal electrodes, such that the effective inner dipole within the SAM is reduced.

Moreover, related to the issue of charge capturing, upon hosting a C60 molecule at Trp214, this 

site loses its dominant role in electron conduction, namely as a hoping site for electron transport 

mechanisms. Based on studies of the BSA structure, one can identify the favorable routes (real-

space) for electron hopping across the molecule, being dominated by phenyl groups and the Trp214 

site at subdomain IIA. The latter site, however, is unique in the sense that it is ‘strategically’ located 

at a central position through which most efficient paths go.(125) By blocking this site upon C60 

incorporation, most of the leading conduction routes for electrons are affected and the only ones 

remaining available are those taking longer paths along peripheral sites of the molecule. 

Therefore, it is the combination of a chemical change and its specific location that explains why 

electron transport is so highly influenced, in contrast to the negligible effect on hole transport and 

in spite of the small size of C60 as compared to the protein macromolecule. Expressed in terms of 

trap states in a semiconductor, the original paper further correlates between the energy diagram 

and the structural information. Fig. 14b explains the pronounced variations in -values of the un-

doped-BSA curves by means of an energy spread, about 350 meV in magnitude, between trap 

states that take active part in the electron transport, T1 and T2. As soon as the C60 doping blocks a 

central T1 trap site, the related -variation reduces to a strict value, =2, typical to ‘charge limited’ 

transport mechanisms. 

An intriguing question is raised by this study regarding the possible relevance of such results to 

any of the biological functions of BSA. Obviously, the solid-state BSA realized upon assembly on 
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gold, out of the aqueous solution, presents a system very different from any of the biological ones. 

And indeed, as further discussed below, critical questions on dehydration and related 

conformational changes are encountered in the solid-state phase of BSA. Yet, the observed switch 

in affinity at subdomain IIA proposes functional similarity to the corresponding bio systems. The 

key point here is in stabilizing non-neutral conditions, as realized in CREM by the combined X-

ray plus eFG input signals. In vivo, an analogous situation can be dictated via pH changes, such 

that capturing a small molecule may be favored within a given pH range, whereas at a different 

pH range, release of this molecule is favored. The fact that the specific Trp214 molecular site can 

dictate the effective affinity of the entire macromolecule may therefore be exploited in both bio 

and purely solid-state device configurations.

b. Mutual dependencies between structure and electrical characteristics

Evidence for additional complexity in the analysis of BSA-SAM properties was revealed by 

inspecting the fine XPS-CREM details in an extended set of samples, using additional dopant 

molecules.(117,120,126) It should be noted first that doping of nano-objects is different from the  

classical doping of semiconductors. For nanoparticles, or medium-size proteins like BSA, the 

attachment of dopants via targeting each particle, sometimes even a specific molecular site, 

involves dopant densities that are extremely high at a distribution that is far from being random. 

With C60-BSA, this ideal feature was practically achieved. Similarly, additional small molecules 

appeared to successfully bind to BSA, however not necessarily to a single specific site. While 

electrical characteristics could be derived for all those systems, it turned out that their self-

assembly on gold, conformation-wise and even composition-wise, varied considerably with the 

dopant type.

The evaluation of these effects relied on observables relatively easy to be followed and XPS-

quantified. Most interesting results were obtained from the oxygen content and the degree of 

substrate coverage, namely the density of SAM packaging. These two were found to be correlated, 

indicating that BSA dehydration was dopant-dependent and, relatedly, the surface coverage was 

affected too. In particular, the amount of water molecules remaining in the BSA-based layer was 

estimated to vary, depending on the doping type, from 0.7 to 2.0 water molecules per N atom. The 

lowest content was found in un-doped BSA. While exhibiting very significant dehydration upon 
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assembly on gold, the bare BSA was suggested to also undergo conformational changes that 

effectively formed steric intermixing between ‘molecular branches’ of neighboring molecules, 

presumably via interactions with active SH groups. Thus, compact assembly with minute 

intermolecular spaces was realized, involving changes in shape of the individual molecules. On 

the other hand, in the doped samples intramolecular interactions appeared to be stronger, such that 

dehydration was suppressed. Possibly, dopant molecules would preferably bind to peripheral sites 

of the BSA and thus prevent the SH groups from forming inter-molecular linkages. Thus, 

conformational changes were more limited and the spaces left between neighboring molecules in 

the SAM phase were more pronounced, similar in a way to the assembly of rigid particles. The 

detailed analysis can be found in the original paper and will not be described here.(120) Instead, 

some of the related electrical results are discussed.

Fig. 15 presents representative V-V and I-V curves of doped and un-doped BSA-SAMs. Here it is 

the grid bias of the eFG that was varied while the sample bias was kept fixed; an experiment 

essentially similar to those described above with fixed eFG parameters and varied sample bias. To 

start with, the reader is referred to the common shape of the V-V (also I-V) curves. According to 

the model described above, eqn. 5, the maximal potential that these samples could gain, denoted 

here as VM, should express full occupancy of the charge traps, which is a valuable piece of 

information. Unfortunately however, it was found that layer degradation under elevated fields 

prevented the experiment from reaching this limit and, in practice, the critical field at which these 

layers lost their electrical integrity was the actual feature probed. Fig. 15c demonstrates differences 

between the different dopants and Fig. 15d presents two curves with their theoretical fit, based on 

eqn. 5, which clarify the loss of electrical integrity under high fields.  

A more reliable feature of interest could be derived from the low-V limit of the I-V curves. The 

slope of the curve at that limit is given by b/a; a ratio that expresses competition between trapping 

and de-trapping efficiencies at the electron traps, see eqn. 5. Table 4 presents the corresponding 

slope values. In spite of the limited accuracy achieved in the derivation of I/V slopes (Figs. 

15c,d), the general trend and major result of a factor of about two between the extreme cases were 

significant. Differences between samples were assigned mainly to discharging efficiencies, b. 

Expectedly, discharge via peripheral routes, along the outer surface of each BSA molecule, 

would be enhanced upon increased separation between neighboring molecules. It may also gain 
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efficiency via hopping sites offered by the OH or water molecules. This way or another, the un-

doped BSA presents an overlayer of lower conductivity that is strongly correlated with the 

morphology of the layer.  

Complementary input in this matter is provided by differences observed between the elemental V-

V curves. Figs. 15a,b present such curves for two BSA SAMs: un-doped and a doped variant. In 

spite of their common shape, differences are seen in each panel between the O and N curves (also 

C). The maximal voltage, VM, of the O-curves appears to reach larger amplitudes in all samples. 

However, the difference between O and N is sample dependent. Interestingly, this difference was 

rather small for un-doped BSA, the sample in which dehydration was maximal and, in contrast, it 

was maximal for the TPP doping, where dehydration was minimal. Values of VM are listed in 

Table 4. Negative correlation is seen, such that the same sorting-like order applies, just opposite 

in sign, matching also the ordering in dehydration magnitudes (note that NAP-CREM could be 

useful in this matter, provided that NAP-XPS is instrumentally available). The latter observation 

points to the role of water molecules and/or OH groups as electron traps in the BSA-based 

monolayers, expressed by locally increased electron densities.

Supported by additional characterization methods that were exploited in the original papers, rich 

information was produced consistently within the XPS analysis chamber. The advantage of 

conducting a multi-facet experiment and thus reduce the number of unknowns in each of its 

measurements was proven invaluable. Altogether, these results prove that the protein-based 

transistor device and its operation involve complex inter-relationships between structure, 

composition and electrical characteristics, being all mutually dependent. The CREM-XPS 

combination proposed, here again, a general notable advantage, allowing for the direct and joint 

detection of various characteristics that were inseparable in the protein-based device.

Finally, noting that the BSA study included contact-based electrical measurements in the MolVeT 

device, a valuable reference was proposed for the CREM-derived data. By way of comparison, 

both consistency between the probes and reliability of each could be verified. But, also, 

fundamental and practical differences became clear, giving rise to data complementarity, such as 

the identification of selective charge trapping and its correlation with transport efficiencies. In a 

transistor device, one can use the gate electrode to dictate selective hole or electron injection and, 

also, control the effective energy of the injected charge, similar in a way to CREM. But the CREM 

‘top-contact free’ configuration opens accessibility to valuable inner details. In particular, the in-
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situ construction of sample’s band diagram and the direct readout of potentials at chemically 

defined addresses, to be distinguished from the electrode potential, propose advantages of 

particular importance, specifically when organic molecules are to be incorporated in the electrical 

device.

8.   Ion diffusion in pectin 

In the context of analytical chemistry, natural materials propose strategies for meticulous control 

over macro-scale physical performance.(127,128) This is frequently attained while valorizing 

properties of the building blocks such as to get a desired functionality of the emerging composite. 

One of the abundant examples is the interaction between polysaccharides and proteins. The former 

is known as a ‘stabilizer’ of proteins. Often, via such interactions, multifunctional performance is 

achieved, including improved protein thermal stability,(129,130) increased hydration in 

polysaccharides,(131) variable electrical conductivity and further diverse biological functions. 

Specifically, the electrical conduction in these composites was found to consist of mixed ionic and 

protonic conduction mechanisms, therefore presenting intriguing aspects for XPS-based analyses.

In a recent work by Rosenberg et.al.,(6) mixtures of the thermally sensitive and conductive pectin 

polysaccharide with the mechanically strong silk fibroin have been studied, as part of a more 

general research on multifunctional composite materials.(132) Fig. 16 top presents schematically 

the means used at the Weizmann Institute for extracting pectin from citrus fruits (Fig. 16a), fibroin 

from silkworm cocoons (Fig. 16b) and preparation of their mixture (Fig. 16c). As part of this 

project, the mechanism of electrical conductivity, which is known to be dominated by Ca+ 

diffusion, was investigated in pure pectin and in its composite with fibroin, tested under varied 

thermal and humidity conditions, and, complementarily, by controlled surface charging in XPS.

Pectins are plant polysaccharide molecules playing a unique multifunctional role in nature. Pectin 

carbohydrates can differ one from each other and with structural variations comes the diversity in 

supramolecular organization and in physical properties. Pectin is a polymer with linear structure 

in which a few hundreds to thousands galacturonic acid monomer units are linked via α-(1→4)-

glycosidic bond, forming a backbone. The average molecular weight of pectin ranges between ~50 
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and ~150 kDa. The backbone of pectin molecules is substituted at certain regions with α-(1→2) 

rhamnopyranose units, from which side chains of galactose, mannose and xylose, may occur. The 

linearity of the pectin and especially its capability to form nanoscale fibers both in the form of gel 

and in the form of solid, make this material nearly perfect for supporting the structure of plant 

cells.  

A couple of notable pectin properties that originate from its structural characteristics are the ability 

to hold water molecules and to conduct electrical current, which is in turn highly sensitive to 

temperature changes. Upon self-assembly, pectin biopolymers can form an “eggbox”-like structure 

(left inset to Fig. 16a), aligning negatively charged carboxylate groups in the center of this 

supramolecular organization. Fig. 16a, right, shows a 2D arrangement of such units, forming 

planes of cavities that are occupied by Ca ions. Indicated in Fig. 16f, the “eggbox”-related oxygen 

component in the XPS O 1s line is resolved.  Such an arrangement of pectin enables a relatively 

easy migration of the Ca2+ ions along eggbox chains, which results in electrical current. A variety 

of experiments have yielded supporting evidence for the realization of ionic conduction in this 

system.(133,134) The electric current was shown to increase significantly under increased 

humidity, being assisted by trapped water molecules in the host structure. The level of hydration 

was further affected by the temperature changes and, thus, the ion conduction efficiency varied. 

Effectively, strong thermo-responsive conductivity is realized, to which one can add the 

dependence on structural degrees of freedom, such as to achieve fine tuning capabilities. 

To be distinguished from pectin, fibroins demonstrate other valuable properties, such as shear and 

thermal sensitivity, proposing a remarkable capability to re-organize into highly ordered 

complexes, assembled into the crystalline β-sheet units via H-bond interactions mainly (see next 

section too). The production of fibroin in arachnids and insects is by itself a very interesting 

phenomenon, going through transitions between liquid and solid phases via spinning (and 

elongational flow) of liquid crystal pulp into the crystalline fibers that, as a final result, present 

unique mechanical properties.(132) In general, at the micrometer-scale, fibroins tend to self-

assemble into functional amyloids, while environmental conditions such as pH, temperature, 

concentrations, etc., affect the conformation of the secondary structures (β-sheets, random coil and 

α-helices) and, consequently, modify the physical macroscopic properties. 
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Practically, upon mixing pectin and fibroin, only a narrow range of relative concentrations 

(fibroin/pectin ratios of 3-5) yielded robust and homogeneously distributed mixtures. Lower 

fibroin/pectin ratios resulted in a global phase separation. In turn, all the successful mixtures 

exhibited short-range phase separations, on the scale of ~50 nm. As a result, the role of domain 

interfaces became increasingly important, while yet, some of the individual properties of each 

constituent were expected to be preserved. In particular, protein is known to be a very good 

insulator and, as such, it was expected to enable partial control over conductivity in its solid-state 

solution with pectin.

Standard electrical measurements along films that were kept under controlled humidity, using 

solid-state electrodes at two sides of the film were performed, showing remarkable sensitivity of 

pectin, as well as its mixture with fibroin, to humidity. Time dependencies and the role of 

additional parameters affecting the conductivity are presently under continued study. So far, in 

spite of the considerable amount of research supporting evidences by various techniques, direct 

proof that there is indeed ionic current, other than ion-assisted conduction of electrons, has 

remained unanswered.    

On the other hand, an answer to the latter question was proposed by the XPS-based data. Figs. 

16d,e show XPS Ca 2p lines, recorded at different times of a long experiment, on a scale of a few 

hours, in which the sample was continuously exposed to the X-ray flux plus eFG electron flux, 

both kept at constant conditions. Besides slight evaporation of O-containing moieties (relative 

changes of 2-3%, see the original paper), a pronounced increase is noted in the Ca signal, about 

20% in relative intensity, far above what one would expect from the evaporation/removal of 

surface species. Fig. 16g summarizes the related intensity changes.  They are attributed to vertical 

Ca diffusion up to the top surface. A similar beam-induced process was already reported on, 

observing de-intercalation, in-situ and during the XPS measurements, of alkaline metals out of 

transition metal dichalcogenides (TMDs).(135) Similar to the case shown here, diffusion of metal 

cations was induced by stabilizing a large amount of extra negative charge on the surface, which 

set a field that could drive the ion diffusion. In the present case, the diffusion process could be 

followed directly via the increase in Ca signal as a function of irradiation time and, importantly, 

also by the development of a component of reduced Ca, as indicated by the arrows in Fig. 16d. 
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To what extent such diffusion could proceed? Channels for a relatively easy diffusion of cations 

are indeed available in the pectin matrix and, in this respect, one may expect large amounts of bulk 

Ca to accumulate on the top surface. However, the Ca diffusion is known to be assisted by 

humidity, while the UHV environment dictates extremely low amounts, if at all, of residual water 

molecules within the host matrix and its surface. Therefore, the experimental result proves, first, 

that an electrical drive can indeed activate the diffusion of this cation. Second, it indicates that in 

the absence of water molecules the process is self-limiting, presumably because of an opposing 

field created by ‘emptied’ cages that are left behind. Water molecules, when available, can replace 

the Ca ions and fill those cages, such as to allow continuation of the diffusion process. It was 

therefore suggested that, on the sub nanometer scale, the presence of a water molecule in proximity 

to a Ca ion can reduce the energy barrier for the hopping process between neighboring cages. 

Further study is needed for detailed understanding of this mechanism. Yet, as an additional 

support, our ex-situ electrical measurements have also encountered limited extents of the Ca-ion 

diffusion; a humidity-dependent feature whose quantitative evaluation under controlled conditions 

is still in progress.

When intermixed with fibroin, the process of ion diffusion is expected to be influenced by the fact 

that pectin is confined to mesoscale islands. For XPS, an island thickness of 50 nm is already 

enough for vertical diffusions to be of significant impact on signal intensities. Our experimental 

results show indeed a relative increase in Ca intensity, see Fig. 16g, similar to the one of pure 

pectin (for which the absolute Ca intensities were much larger indeed). This fact suggests that, 

locally, the diffusion efficiency is similar to the one in pure pectin and the quasi-2D structure of 

pectin is retained in the mixed phase. On the other hand, in view of final oxidation states, the 

diffused Ca in the mixed structure does not become more reduced. On the contrary, a shoulder of 

more oxidized Ca appears to show-up, see arrows in Fig. 16e, slightly above the experimental 

error level. The oxidized-Ca component is believed to result from reactions taking place at domain-

interfaces with the fibroin. Namely, the field created by the eFG is well established, but the 

released Ca ions can interact with oxygen, possibly water molecules incubated at interfacial 

domains, and thus become ‘protected’ from free electrons that arrive from the eFG.

Essentially, the latter experiment exemplifies a trivial capability of XPS: its standard elemental 

composition analysis, with which vertical diffusion can be identified. It is the electrical drive that 
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was added in these experiments by means of the eFG, a low-energy electron flux supplied from an 

external source. In this respect, the eFG operates similarly to a decent electrical contact, while yet 

allowing direct inspection of the composition at the active surface.   

9.   XPS of hydrogen-bonds in peptide-based assemblies

Protein self-assembly(136) is a highly non-linear process governed by structural transformation 

from native protein folds into supramolecular amyloid structures rich in β-sheets. Traditionally, a 

variety of external stimuli affect the transition between a dispersed protein solution and a solid 

protein state, leading to diverse micro-scale structural conformations and macro-scale physical 

properties. Interestingly, this self-assembly process gained popularity upon the emerging design 

of biomaterials with programmable propertries.(4,137–141) 

A vital role in biological molecules is played by hydrogen bonds (H-bonds). For example, the 

formation of intra-chain hydrogen bonds in proteins can stabilize chiral structures, whereas inter-

chain H-bonds frequently lead to the formation of fibers and β-sheets. These structural variations 

lead to markedly different properties, with significant impact on biological processes and, 

potentially, on future material sciences. A question is therefore raised about the capability of 

electron spectroscopies to characterize these H-bonds. As already mentioned, electron microscopy 

(EM) and electron spectroscopy are commonly considered blind to hydrogen, with one exception: 

the low beam-energy configuration of high-resolution electron energy loss spectroscopy 

(HREELS) that, unfortunately, proposes very poor imaging capabilities.(142) Recently, an 

instrumental development in scanning transmission electron microscopy (STEM), TEM- and 

STEM-EELS, has enabled significant improvements in energy resolution,(143) which open 

accessibility to the IR spectral regime, including that of hydrogen vibrations. Thus, hydrogen 

signals can be recorded nowadays from small (laterally sub-nanometer) spots, establishing a 

remarkably powerful electron spectro-microscopy of hydrogen.

Beam damage in such experiments is of mandatory concern, requiring sample freezing techniques. 

However, as an alternative approach, it was recently shown that beam damage in STEM-EELS 

can be practically eliminated by using the non-touching (aloof) scattering configuration,(144–146) 
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where the e-beam is directed along xy positions that are close, however having no geometric 

intersection with the studied object. This EELS configuration essentially probes the near-field 

plasmonics, with a ‘tip’ (the e-beam) that is only a couple of angstroms wide.(147,148) 

Demonstrated on natural guanine crystals,(149) see Fig. 17, it was shown that hydrogen vibrations 

could be detected with no need in freezing or fixation and, practically, with no sample damage. 

The parameter of beam-sample distance sets in these experiments a cutoff on the energy range 

available for excitation of the sample. By choosing relatively large distances, ≥ 30 nm in that case, 

the vibrational spectrum could indeed be collected at practically zero damage formation, in spite 

of the high e-flux used and the fact that the sample was held at room temperature. Fig. 17b shows 

two leading signals in such a spectrum. Their stability on a scale of many minutes is shown in Fig. 

17c. In contrast, once the beam-sample distance was decreased such as to allow higher excitation 

energies (i.e. virtual photons of higher energy being exchanged between the beam and the sample), 

above e.g. the sample’s ionization threshold, the damage evolution was accelerated pronouncedly, 

as shown in Fig. 17d. Still, sample degradation at small beam-sample distances was much slower 

than in the standard EELS configuration, in which the beam was traversing the studied object and 

high-impact scattering events were stimulated.

It should be noted that, somewhat similar to the EM experiments, scanning probe microscopy 

(SPM) techniques combined with spectroscopic capabilities, such as nano-IR,(150) have become 

very useful in probing vibrational spectra from small selected objects. Their lateral resolution is 

not as good as in EM, but experiments can be performed in ambient and with easier sample 

preparation protocols. Studying the assembly of proteins by nano-IR is presently a work in 

progress by the Weizmann group(132) and collaborators, allowing for example an easy 

differentiation between micelles, fibers of different shapes, etc. .

Independently, an interesting opportunity for resolving related features at the molecular scale can, 

in principle, be obtained by XPS, because information on vibrational excitations is expected to 

appear as satellites to elemental lines. Thus, a novel probe based on chemical addresses, similar in 

a way to the CREM data, may be established. However, as of today’s instrumentation, XPS is 

incapable of resolving such vibrational signals. Therefore, combined with its inability(151) to 

directly quantify hydrogen contents, XPS derivation of H-bond characteristics is far from being 

trivial. Yet, in a recent work by Aggarwal et al,(152) it was shown that such information can be 
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inferred from signals emitted from neighboring atoms. This paper further demonstrates how the 

amyloidogenic nature of proteins can be guided and controlled upon intervening the H-bond 

network formation and other competing protein assembly factors. Pre-designed modifications of 

the molecular interactions thus offered useful triggering means of amyloidogenic fibrillation and 

a rational for 3D organization into high macro-scale hierarchies, demonstrating different 

morphologies and structural configurations. 

A set of seven peptide chains with synthetically modified backbones was used, such as to introduce 

steric and chemical constraints and, thus, influence the self-assembly process, its kinetics and the 

final shapes formed. Fig. 18a depicts the central idea of amino-acid substitution, from aliphatic to 

aromatic, in the peptide sequence. The full set of peptides with their attached side-groups is shown 

in Fig. 18b, next to the resultant morphologies, as obtained by atomic force microscopy (AFM). 

Note the pronounced differences in macro morphologies: P3 and P6, which are rich in hydrophobic 

groups and hence suppress H-bonds formation, are dominated by spherical structures, in contrast 

to the fibrillary structures of the other peptide backbones. Differences in length and elasticity of 

the fibers were also identified and quantified in the original paper.

Technically, the XPS quantification of H-bonds via neighboring atoms, as mentioned above, 

encountered a serious difficulty due to differential charging effects. Peptides are known to be 

highly insulating, formed in non-uniform thicknesses, sometimes with morphology that dictates 

non-uniform effective flux of the X-ray beam, via shadowing for example, as well as of the eFG 

electrons. This difficulty was further amplified because spectral shoulders next to intensive signals 

were at the core of the analysis, while in general such shoulders, even under slight distortions, tend 

to suffer relatively large changes. Therefore, top-quality elimination of the differential charging 

effects became essential for any detailed line-shape analysis in this project. Answers came upon 

the application of dedicated experimental protocols that included scans with extremely low X-ray 

flux, prior to the main part of these experiments, as well as scans under varied charging conditions, 

such that the evolution of spectral distortions could be inspected in detail.(70) 

Expectedly, upon H-bond formation, the neighboring N and C atoms, on both sides of the O-H 

bond, should become more oxidized; namely, lose some of their electron density. Fig. 19a 

illustrates the formation of H-bonds between two amide groups, and Fig. 19b presents the 

measured C 1s and N 1s lines of P1, for which H-bond related shoulders are indicated by arrows. 

Page 49 of 71 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

7:
38

:3
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4CP03762F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03762f


The corresponding atomic concentrations are given in Table 5 and the H-bond related amounts 

are summarized in Fig. 19c, normalized to the total amount of amide groups. For the latter, a 

common value of 4.8% should be subtracted due to overlapping signals originated from the end-

groups of these chains, as indicated by a dotted line in Fig. 19c.  Clear differences are seen between 

the various peptide backbones, indicating that the side groups tailored to these chains did indeed 

affect the ability to form H-bonds upon self-assembly, in agreement with the AFM images in Fig. 

18. Consequently, both macro-scale shapes and material properties exhibit prominent differences 

that emerge all from the molecular level energetics, the steric restrictions introduced by the side 

groups and the competing bond formation with solvent molecules. Having those taken into 

account, the various independent pieces of experimental results on assembly kinetics and the final 

structure obtained for each of the studied backbones could all be explained consistently.

It should be stressed that the evaluation of H-bonds in this study remains, essentially, in the domain 

of chemical analysis. However, its reliability strongly depends on the CREM-based elimination of 

charging artifacts. Finally, an attempt to inspect in a similar way the H-bonds in chiral molecules, 

namely intra-chain H-bonds, was conducted recently.(153) Results were limited in the sense that 

identification of spectral shoulders at the C 1s and N 1s core lines was indeed successful, however 

the related spectra did not enable sufficient sensitivity to differences that might allow 

differentiation between the chiral type (alpha) and the fiber-type (betha) of H-bonds. The only 

clear difference observed in this respect regarded the stability of these bonds under X-ray 

irradiation, which appeared to be much poorer for the chiral molecules.              

10.  Summary

A partial review of XPS applications to studies of macro and small organic molecules was 

attempted, describing the ‘promise and challenges’ typical to this field. In its main message, the 

review describes the advantages proposed by harvesting electrical information which is inherent 

to electron spectroscopy tools, in combination with the chemical information of ‘standard’ XPS. 

Three categories of added values opened by the combined CREM-XPS experiment have been 

noted. First, the standard chemical analysis can frequently gain critical assistance from the 

electrical data via, for example, the elimination of charging artifacts, the improved identification 
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of beam induced damage and the availability of independent depth profiling for the attenuation 

factors, all and each of those proposing marked improvements in the basic compositional analysis. 

Second, the access to electrical information opens a whole dimension of properties that can be 

studied within the XPS chamber and, importantly, when extracted together with the chemical data, 

in-situ and under the very same experimental configuration, one also avoids un-necessary 

unknowns that typically arise in separated experiments, toward a comprehensive and easier 

interpretation of data. Thirdly, it turns out that some of the CREM features provide information 

that is unique as compared to any standard electrical tool, thanks to e.g. the absence of top 

electrodes, the availability of atomic addresses and the enhanced sensitivity to hot-charge 

characteristics. 

All these features gain particular importance due to a variety of spectro-microscopy challenges 

typically encountered in studies of soft matter and bio-molecules. Rich inter-relationships were 

revealed, even for relatively simple systems, between the electrical characteristics, the structural 

defects, the compositional variations and more. The cases described here, starting from small 

molecules and ending in large proteins, exhibit such mutual relationships and emphasize the 

considerable complexity to be encountered in any related research. Evolutionary solutions that are 

found in molecular scale bio-mechanisms, as well as the promising utilization of similar designs 

in artificial devices, both present demands that exemplify added values of the CREM-XPS 

technique. It is therefore believed that this field of research can potentially be expanded and 

elaborately developed to provide a template for advanced characterization strategies in future 

studies of bio and nature-inspired systems. 
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Tables

Table 1: Motivations and concerns in operating CREM under various non-standard yet well-

established XPS modes: (1) low-temperature (cryo); (2) near ambient pressure (NAP); (3) angle-

dependent (ARXPS); (4) ion-beam sputtering; (5) high energy (hard) x-ray sources (HAXPES). 

Table 2: CREM comparison with common electrical measurement techniques: impedance 

spectroscopies, standard (contact, IS) and electrochemical (EIS); and probe techniques, Kelvin 

probe force microscopy (KPFM) and conductive AFM (c-AFM).

Table 3: Four operation modes in CREM, sorted with respect to the charge injection means and 

the background surface field that is pre-stabilized via the accumulated extra charge, Q. Taken after 

Ref.(112) 

Table 4: Trends in doped BSA samples, as reflected by elemental (N and O) CREM data, VM 

and the b/a ratio. A decrease in VM correlates with an increasing b/a ratio. The experimental error 

in VM values is ±20 mV. The relative error in b/a ratios is estimated to be about 20%. Slightly 

modified after Ref.(120). 

Table 5: Compositional evaluation of peptide characteristic signals, given as atomic ratios in the 

set of modified backbones. Theoretical (ideal) values are provided for comparison.  Taken after 

Ref.(152).

Figure Captions

Figure 1: (a) The CREM experimental setup, consisting of four input signals (X-ray irradiation, 

electron injection from an electron flood gun (eFG), sample biasing (VB) and light illumination) 

and two output signals (the photoelectron spectrum at the e-analyzer, exploited as a unique 

multichannel voltmeter, and the sample current). Different CREM modes make use of these input 

and output means at different combinations. (b) A scheme presenting the condition for energy 

conservation, in which the eV term stands for the electrostatic potential at the site of emission, 
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accounting for potentials developed within the sample surface and those supplied externally (note 

the shift in measured core levels,  Ecore = EB – eV). WS and WD stand, respectively, for the work-

function of the sample and the detector. (c) Simulated spectral splits, exemplifying differential 

charging (here, the same chemical species in two domains that differ in charging magnitudes). 

Positive (blue) and negative (orange) charging conditions are shown. The two domain-specific 

energy shifts upon switching from positive to negative charging conditions are indicated by 

arrows, demonstrating a way to distinguish chemical shifts from charging artifacts. (d) Simulated 

energy shifts under slightly varied negative charging conditions. The shift magnitudes are chosen 

to be much smaller than the line widths and, yet, their derivation can be rather accurate if done, as 

indicated by the arrows, at regions of maximal slopes other than peak positions. The use of kinetic 

energy (Ek) for the energy scale, other than binding energy (EB) is preferred because increased 

electrostatic energy corresponds to increased photoelectron kinetic energy (decreased EB).

Figure 2: The non-contact contact: A ‘detached’ electrode (the eFG) enables direct inspection of 

potentials underneath. (a) Measured I-V characteristics, already corrected for the sample bias (VB) 

changes, where Ek stands for kinetic energy shifts at: the Si-wafer (black), the Si-oxide (grey), 

the SAM (blue) and the top gold (red). (b) A schematic illustration of the inspected system and its 

molecular structure. (c) Same as panel a, but with the raw shifts (’Ek), not corrected for the 

applied VB. Gradual accumulation of surface charge is best demonstrated by the ‘reversed’ section 

in the Au curve, panel c. Dashed lines stand for the ‘way back’ in the loop-like scan. Hysteresis is 

realized in both current and potential, therefore appearing very differently in panels a and c. Note 

the correlation in panel a between vertical ordering (spatially, along the z-axis) and the actual 

potentials that develop, which provides a rough potential profile for this system. Panel (c) is 

slightly modified after Ref.(74).   

Figure 3: Atomic scale CREM. (a) Intra-molecular potential profiles obtained under low flux of 

eFG electrons, showing experimental data for I- and Cl-terminated (violet and blue, respectively) 

SAMs on ITO, together with corresponding DFT-based calculations, marked by * (light blue and 

red, respectively). The inset depicts schematically the molecular structure. (b) Values of covalent 

radii used for the calculated potentials. Note the non-monotonic potential profile obtained for the 

I-terminated molecular layer, revealing a strong polarizability response at the phenyl ring upon 
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electron density increase around the iodine site. Experimental data in panel (a) were taken after 

Ref.(40).

Figure 4: Electrical evaluation of damage. (a) Rapid I-V curves of a molecular monolayer, 

performed at T=150 K: two C 1s loops recorded first, C(I), then two Si 2p loops, Si, and then with 

C again, a single loop, C(II). Note the consistent increase in sample current. The insets show the 

log-scale ‘C minus O’ I-V curve (top) and an illustration of damage formation in the SAM 

(bottom). (b) Model calculated I-V curves for selected values of the number of defects (N) with an 

arbitrary choice of barrier parameters (b and B) and capacitance (C). The current is normalized to 

a common scale,  showing the transformation from a roughly exponential to a roughly linear shape.  

(c) A schematic presentation of the model structure, indicating the two barrier height values, B and 

b, and barrier widths, d and D. (d) Simulated dependencies of the current magnitude on N, 

calculated for two values of , 1.1 and 1.01, and two values of the effective barrier parameter, 

(B+b)D= 10 and 20. (e) The experimentally documented current magnitudes along extended time 

scales. Slightly modified after Ref.(74).  

Figure 5: Halogen desorption from molecular layers. (a) The halogen amount, normalized to the 

amount of Si, as a function of irradiation time, given on a log(t) scale for both I- and Cl-terminated 

SAMs. (b) The I 3d line recorded at different times of the experiment, I and II, demonstrating 

pronounced line-shape changes. (c) The molecules used for self-assembly on ITO. Taken after 

Ref.(40).

Figure 6: Interfacial beam-induced chemical transformation. (a) Schematics of the molecular 

structures in interfacial solid-phase oxidation of an OTS/Si monolayer to OTSox/Si, using a thin 

PVA film as an oxidation reagent. Irradiation means (X-ray, electrons, UV) used to activate the 

process are indicated. The bare OTSox surface is revealed upon ex-situ removal of the PVA film. 

(b) Quantitative Brewster angle FTIR spectra of the pristine OTS/Si monolayer (black) and the 

irradiated monolayer after removal of the PVA film (red). (c) The XPS C 1s line, as recorded from 

a pristine OTS/Si monolayer, before depositing the PVA film (black), and from the x-ray irradiated 

PVA-coated OTS/Si, after complete removal of the irradiated PVA film (red). Peak heights in 

panel c are normalized for visual convenience. Note the combined XPS and FTIR indications for 

COOH formation upon XPS irradiation, while the CH3 signal in FTIR vanishes.  Taken after 

Ref.(94)
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Figure 7: Dithiol SAMs on gold. Top: (a) A schematic illustration of the monolayer assembly on 

gold, with post-assembly deposited CdSe nanoparticles on top. (b) The 7 types of molecules used 

for the formation of SAMs, including 4 alkane chains of varied length and 3 di-phenyls of varied 

conjugation strength. (c) A schematic drawing of the band diagram, consisting  of a vertical surface 

field (common to all systems) that promotes (rejects) hole (electron) transport from CdSe to the 

gold. (d) A schematic illustration of the dominant charge traps found in these systems. (e) The 

experimentally evaluated nanoparticles’ oxidation, expressed both by Se deficiency (Cd:Se) and 

by the total oxygen content (O:Cd). (f) Evaluation of the chemical attack at the top-S site prior to 

the deposition of nanoparticles, expressed by the Stop/Sbottom ratios; values already corrected for 

photoelectron attenuation such that all ratios should ideally be =1. Bottom: (g) Measured PV values 

of the alkane-chain based samples, showing considerable differences between alike sets, I and II. 

Note the ‘strange’ behavior of set II, obtained consistently in repeated experiments. (h) The PV 

values of panel g, translated into charge magnitudes, however with a fixed term of trapped charge 

added to all samples in set II (note that, common to both sets, an approximate exponential 

dependence on n is thus revealed). (i) Simulated charge (Q) and photoluminescence (PL) 

magnitudes that successfully reproduce the results obtained from set II. (j) CREM tests of 

dominant charge traps, showing that set II consisted indeed of dominant electron traps while hole 

traps dominated the other sets. Positive (h+) and negative (e-) charge domains are indicated at all 

panels. Taken and reorganized after Ref.(106).  

Figure 8: Self-assembly of conjugated dithiols. (a) A schematic presentation of the assembly 

arrangement in SAMs of the conjugated S-molecules (a) and T molecules (b).

Figure 9: Molecular structures (top) and selected orbitals (bottom) of the BChl derivatives. Top: 

The molecular structure of nonmetalized (2H) BChl (a) and metalized (Pd) BChl (b). Assembly 

on Si substrates of the siloxane-based monolayers: 2H-BChl (c) and Pd-BChl (d). For visual 

clarity, alkyl groups are omitted and the macrocycle of 2H-BChl is drawn parallel to the plane of 

the page, whereas that of Pd-BChl is drawn on a perpendicular plane, thus highlighting the average 

tilt of Pd-BChl with respect to the surface normal. Bottom: (e-h) Calculated molecular orbitals 

employing the hybrid B3P86 functional for density functional theory in combination with the SDD 

basis set, using Gaussian 03, presenting HOMO and LUMO of 2H-BChl (e and f, respectively) 
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and of Pd-BChl (g and h, respectively). Negative and positive densities are denoted by green and 

brown colors respectively. Figures were produced using GaussView 3.09. Taken after Ref.(112).

Figure 10: Selective charge injection experiments. The raw XPS line-shifts in 2H-BChl and Pd-

BChl, respectively, as obtained under light illumination (a) and (b), Q>0 eFG application (c) and 

(d), and Q<0 eFG application (e) and (f). All BChl site-specific potentials float on that of the 

substrate, as indicated by dashed lines, which should eventually be subtracted to get the relevant 

molecular response. Error bars were determined based on the variations encountered upon repeated 

measurements, combined with the experimental error in derivation of a single shift. Slightly 

modified after Ref.(112).

Figure 11: Computations for the BChl analogues. (a-c) Changes in electron density (relative to 

the unperturbed density), plotted for selected molecular sites (Cmac = carbon in the macrocycle, 

Cper = carbon in the periphery, M4N = center of 4 N atoms in 2H−BChl), as calculated along a 

perpendicular axis from 5 Å above (+5) to 5 Å below (−5) the macrocycle plane. Molecules Pd−

BChl (a), Mg−BChl (b), and 2H−BChl (c) display the electric field effect on electron density 

perpendicular to the plane under the same constant and uniform external field, 0.0025 au, or ∼1.3 

× 109 V/m. The pronounced extrema in panels a and b, relative to panel c, are highlighted by 

arrows. (d) Arrangement of the reaction center (RC) bacteriopheophytin (BPhe, 2H−BChl) and 

accessory BChl (Mg−BChl) with respect to their surrounding α-helices in the bacterial RC. The 

helix dipoles are denoted in blue (positive) N-termini and red (negative) C-termini and their 

cumulative field is ∼109 V/m. (e-f) Calculated optimal geometry, relative to the crystal structure 

(gray), of dimerization of two M−BChl molecules (e), where M is either Mg (magneta) or Pd 

(blue), and of the mixed dimer (f). The geometry for the (2H-BChl)2 dimer (not shown) is similar 

to the one in panel (e), however a different geometry is obtained for the mixed dimers (f), Mg-

BChl-BPhenyl (magneta) or Pd-BChl-BPhenyl (blue). Taken after Ref.(112).                       

Figure 12: The molecular vertical transistor (MolVeT) device. Top: A schematic illustration of 

the un-doped (1) and C60-doped (2) bovine serum albumin (BSA). Bottom: The C-Gate MolVet 

structure. The vertical transistor is formed inside a micro-cavity comprising highly-doped silicon 

(1) covered with silicon dioxide (2) and surrounded by a silicon nitride layer (3). Au (4, Source), 

Pd (5, drain) and oxidized Ti (6,7, gate) electrodes are used to activate the protein layer (8) in the 

miniature junction. 
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Figure 13: Transistor device transport measurements. (a-b) Source-Drain ISD/VSD of the un-doped 

(a) and doped C60-BSA (b) devices, as a function of gate voltage, VG. Main panels (insets) show 

I−V curves recorded under negative (positive) VSD. Note how the current magnitude increases 

(decreases) under negative (positive) polarity as VG is increased (VG step size = 0.05 V), pointing 

at electron (hole) dominated transport mechanisms. (c) The negative-polarity exponent factor (α) 

as a function of VG (left) in BSA (■) and C60-BSA (●), as derived from the log−log I−V plots on 

the right panel. Taken after Ref.(96). 

Figure 14: CREM of BSA - the effect of C60 doping. (a) CREM V-V loops, plotting Ek of O 1s 

and C 1s lines in un-doped (yellow-O, red-C) and C60-doped (grey-O, black-C) BSA under varied 

sample bias. All curves start at their Ek=0 datapoint. Blue arrows indicate the chronological order 

of measurements. Regimes of electron (top) and hole (bottom) accumulation are indicated. (b) 

Patchdock simulation of the molecular structure of C60-BSA with its leading acceptor 

(phenylalanine, light blue) and donor (tyrosine, red) sites. The C60 (violet), the tryptophan sites 

(green), and the cysteine binding group (yellow) are also indicated. For this orientation of the 

molecule, the gold electrode would be located underneath and the Pd electrode above the molecule. 

A 3D movie presentation of the molecule is provided in the Supporting Information of the original 

paper. The inset (right side of the panel) illustrates the effect of positive grid bias on the active trap 

states, T1 and T2 (separated by ∼350 meV), to which C60 introduces a mandatory discontinuity in 

real space. Note in panel a the pronouncedly different hysteresis at the two samples. Slightly 

modified after Ref.(96).     

Figure 15: TPP-based doping in BSA: Early stages in the CREM element-specific V-V and I-V 

scans. The Ek-VG curves in un-doped (a) and PPT-doped (b) BSA exhibit degradation in 

samples’ dielectric integrity under high current values (note the pronounced differences between 

samples for the C and N curves). (c) N-derived I-Ek curves of various doping types, 

demonstrating considerable differences in the potentials emerging under identical eFG parameters. 

(d) Two representative I-V curves with their theoretical (damage free) fit. V in panel d refers 

to the eFG-related component in Ek. All measurements were obtained under a step-wise increase 

in the eFG grid bias, VG. Measurements sequence is indicated in panels a and b by arrows. Panels 

(a) and (b) were slightly modified after Ref.(120)
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Figure 16: Ca-Diffusion in pectin. (a-c) The process of material extraction schematically shown 

for (a) pectin polysaccharide, extracted from citrus fruits, (b) fibroin, extracted from silkworm 

cocoons, and (c) their mixture. Images of typical resultant structures are shown on the right. (d-g) 

XPS of the Ca 2p line in (d) pure pectin, (e) the pectin-fibroin mixture, and (f) of the O 1s line in 

pure pectin. Arrows in panels d and e indicate the emerging changes in Ca line-shape. The 

carboxylate O-component of eggboxes that bind Ca ions is indicated in panel f. The exposure times 

in panels d,e were: t1≈12 min., t2≈60 min., t3≈120 min., corresponding to x-ray source power of 

75 W and eFG filament current of 1.9 A and grid voltage of VG=5 V. (g) A summary of Ca atomic 

concentrations at the times presented in panels (d) and (e).  

 

Figure 17: Non-Damaging STEM-EELS of Guanine. (a) A STEM image of the edge of a guanine 

crystal. Positions are marked through which the e-beam was directed for the near-field-EELS 

measurements. (b) The IR spectral regime of guanine as obtained in solution by optical IR (red) 

and in vacuum by the EELS probe (black). (c) The time dependence of EELS intensities for a 

beam-sample distance of 30 nm, showing practically no damage in the C=O (black) and N-H (blue) 

vibrations. (d) Same as c, measured at a beam-sample distance of 10 nm, showing slow 

degradation. Slightly modified after Ref.(149)  

 

Figure 18: Synthesized peptide backbones. (a) Illustration of the methodology for amino-acid 

substitution, from aliphatic to aromatic, in the peptide sequence. (b) The full set of peptides with 

their attached side-groups and the resultant morphologies, as obtained by atomic force microscopy 

(AFM). Note the pronounced differences in macro morphologies. Mechanical differences were 

also identified, not shown. Taken after Ref.(152).

Figure 19:  H-bond evaluation in synthetically modified peptides. (a) Illustration of H-bonds 

formed between amide groups of neighboring chains. Selected atomic sites are indicated, 

corresponding to peaks indicated in panel b. Note that H-bond neighbors are labeled as CH and NH. 

(b) The XPS C 1s (top) and N 1s (bottom) lines, as recorded from P1, with indications of selected 

elemental components. (c) A summary of the XPS-derived H-bonds amounts, normalized each to 

the amount of total amide groups, as derived from the C (red) and N (blue) signals. The dashed 
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line in panel c stands for the theoretical amount of chain end-groups, to which all histogram values 

should refer. Slightly modified after Ref.(152) 
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