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a b s t r a c t

Various thin polystyrene, PS, and poly(methyl methacrylate), PMMA and PS + PMMA blend films have been
examined using the technique of recording X-ray photoelectron spectrum while the sample is subjected
to ±10 V d.c. bias, and three different forms of (square-wave (SQW), sinusoidal (SIN) and triangular (TRG)),
a.c. pulses. All films exhibit charging shifts as observed in the position of the corresponding C1s peak under
d.c. bias. The a.c. pulses convert the single C1s peak to twinned peaks in the case of the square-wave form,
and distort severely in the cases of the SIN, and TRG forms, and all three of them exhibit strong frequency
dependence. In order to mimic and better understand the behavior of these polymeric materials, an
artificial dielectric system consisting of a clean Si-wafer coupled to an external 1 M� resistor and 56 nF
capacitor is created, and its response to different forms of voltage stimuli, is examined in detail. A simple
electrical circuit model is also developed treating the system as consisting of a parallel resistor and a series
capacitor. With the help of the model, the response of the artificial system is successfully calculated
as judged by comparison with the experimental data. Using one high frequency SQW measurements,
the off-set in the charging shift due to the extra low-energy neutralizing electrons is estimated. After

correcting the corresponding off-set shifts, the XPS spectra of the three different PS films, one PMMA,
and one PS + PMMA blend film are re-examined. As a result of these detailed analysis, there emerges
a clear relationship between the thicknesses of the PS films with their charging abilities. In the blend
film, PS and PMMA domains are electrically separated, and exhibit different charging shifts, however, the
presence of one is felt by the other. Hence, the PS component shifts are larger in the blend, due to the
presence of PMMA domains, which has intrinsically a larger Reff, and conversely the PMMA component

he pr
shifts are smaller due to t

. Introduction

Although it has been more than 5 decades since its first intro-
uction, X-ray photoelectron spectroscopy (XPS) still keeps its
ivotal position among the various surface analytical techniques,
ue to its ability in resolving chemical identity of atoms, from
easured binding energies via the photoemission process [1]. Dur-

ng data acquisition in XPS, a finite, measurable, and more or
ess steady current (0.1–20 nA) flows through the sample, due
o the generated photo and secondary electrons, which usually
auses unwanted positive charging in poorly conducting sam-
les or parts of surface heterostructures [2–5]. A great deal of
ffort has been devoted to compensate and overcome this charg-
ng, and very successful techniques have been developed, mostly

sing directed flow of low energy electrons (or ions) from an
xternal unit (flood-gun) to the sample [1]. Excessive flooding
an also cause negative charging [6–8]. This negative charg-
ng, dubbed as controlled surface charging (CSC), has also been
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utilized in extracting additional chemical/physical properties of
surface structures, even down to monolayers [3–10]. For example,
it was shown that monolayer films are not affected, but multi-
layer films are affected by the voltage applied [9,10]. Islam and
Mukherjee have used the positive charging to derive informa-
tion about the structure of Langmuir–Blodgett films of cadmium
arachidate on silicon substrate [11]. A recent elegant application
reported by Cohen and co-workers has extended the technique
to profile the submolecular potentials developed across organic
monolayers [12].

However, in majority of applications, the emphasis in XPS, until
now, has mostly concentrated on recording of the line positions
(and intensities) and/or fine structures like spin-orbit splitting,
shake-up satellite structure, etc. Except in few cases, and in Cohen’s
recent efforts [13–20], incorporation of electrical measurements for
extracting additional information has not been extensive.

During an XPS measurement, the total current flowing through

a sample is the sum of electrons, going out of the sample; due
to photoemission, and almost as importantly, secondary electrons
[21,22], and into the sample; due to electrons or ions from the
flood-gun(s) or stray electrons. Some components of the total cur-
rent can easily be controlled by application of a small (0–10 V)

http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
mailto:suzer@fen.bilkent.edu.tr
dx.doi.org/10.1016/j.elspec.2009.04.003
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to assign an effective capacitance (Ceff) to the sample. Implicit in
this approach is that one can represent the dielectric property of
polymeric materials by assigning an effective resistance (Reff) and
capacitance (Ceff), respectively, and relate them to some measurable
74 H. Sezen et al. / Journal of Electron Spectroscop

xternal voltage bias, both in the form of d.c. and/or a.c. pulses,
s it has been reported recently [17–30]. The effect of this applied
oltage-bias can then be assessed in the measured line positions.
f the sample under investigation is a good conductor, the effect

ill manifest itself as trivial voltage shifts in the positions, equiv-
lent to the applied bias. For poorly conducting samples, however,
his will emerge as non-linear shifts due to operation of various
harging/discharging processes, which can be utilized for extract-
ng both static and dynamic information about these processes,

hen, respectively, d.c. and a.c. bias are applied. Accumulation
f charge in a dielectric layer occurs via various trapping mech-
nism(s) and is normally probed by electrical current–voltage
nd/or current–capacitance measurements [31–34]. Photoemis-
ion, utilizing UV, X-rays and lasers, has also been employed for
robing very fast (<10−9 s) charging dynamics [35–37]. Core-level
-ray photoemission, XPS, is especially attractive since additional
hemical information can be derived from the line positions of
he corresponding peaks, since the measured line-positions are
ltered by local potentials developed, due to the uncompensated
harges.

In this work, we will review our recent work on applica-
ions to some polymeric materials, of voltage bias in d.c. and
ulsed forms using square-wave (SQW), sinusoidal (SIN), and tri-
ngular (TRG) excitation with varying frequencies, and present
he corresponding XPS spectra as response. Organic dielectric

aterials (mostly in polymeric nature) are important class of
aterials utilized for various applications, and charge accumu-

ation/dissipation is pivotal for their advanced functionalities
38–40].

Previously reported dynamical photoemission measurements
ave been either in the ultra-fast, sub-pico seconds regime
sing laser excitations [35–37], or in a much longer time
egimes (101 to 104 min) with conventional XPS measurements
5,41–45]. Our measurements fill this gap and provide informa-
ion about charging/discharging dynamics of dielectric materials
n the range of 10−3 to 103 s, matching those of many important
hemical–biochemical processes [46].

. Experimental

A Kratos ES300 electron spectrometer with MgK� X-rays (non-
onochromatic) is used for XPS measurements, and a near-by

lament provides low energy electrons for charge neutralization.
he polymers used in this work are polystyrene, PS, and poly(methyl
ethacrylate), PMMA, purchased from Aldrich. Polymer solutions,

repared by dissolving in chlorobenzene, are used for making films
y spin-casting onto Si(1 0 0) substrates. Chlorobenzene is chosen
ince it is known not to have a strong influence on the surface
omposition [47]. Average thicknesses of the films are measured
sing a stylus profilometer. For probing charging or electrical prop-
rties, the samples are subjected either to ± 5 V (in some cases
10 V) d.c. stress or to various a.c. pulses like SQW,TRG, and SIN,
f different amplitudes and with varying frequencies in the 10−3

o 103 Hz range, while recording XPS data. An artificial dielectric
ystem, created by connecting an external series resistor and a
arallel capacitor to a clean p-Si wafer was also investigated for
omparison purposes. We have also developed a simple model,
reating a homogeneous surface layer as consisting of a series
esistor (R) and a parallel capacitor (C), for calculating/simulating

he dynamic behavior of surface structures. For comparison, we
ave also reproduced some of the previously published data on
lms of PS, PMMA and a blend of them (PS + PMMA), where the
PS data were recorded at eight different frequencies for all three
amples [26]. We refer to this procedure as the full frequency
nalysis.
Related Phenomena 178–179 (2010) 373–379

3. Results and discussions

3.1. Charging of thin PS films under d.c. bias

Charging shifts are encountered more frequently in XPS analysis
of polymeric materials, and one of the experimental tricks for mini-
mizing such effects is to spin-coat a very thin film of these polymers
on conducting and flat substrates, for which reasonably conducting
silicon wafers are commonly employed [48]. In Fig. 1, we display
the C1s spectrum of very thin three polystyrene films, with differ-
ent thicknesses, spin-coated on a silicon substrate, recorded while
the samples are grounded and also when +10 and −10 V d.c. bias
applied. As can be gathered from the figure, the positions of the
C1s peak in the grounded case for all three samples are different
from the reference value of 284.8 eV [49]. Similarly, the positions
of all the biased peaks are also different from their expected values
with respect to the applied bias. Normally, for a conducting sample,
application of −10 V bias would result in a +10.0 eV shift to higher
kinetic energy (blue-shift) since electrons gain extra energy due
to the applied potential, which simply manifest itself as −10.0 eV
shift in the binding energy scale, and correspondingly the +10 V
bias would cause a red shift. However, the observed shifts under
−10 V bias are around −8.5 to −9.0 eV, for all the three samples,
which means that a +1.5–+1.0 V differential charging shifts develop
with respect to their grounded samples. Note also that the three
grounded samples are also charged. The shifts under +10 V are even
more dramatic and exhibit strong thickness dependence. All these
charging shifts arise, in addition to some dielectric property of the
material under consideration, from a combination of the variations
in the currents due either to the electrons generated from the sam-
ple or the electrons falling on to the sample, which are affected
nonlinearly by the applied bias.

Using a simple minded approach we can try and relate the
observed charging shifts to the (IR)drop arising from the various
currents, falling on to the sample and passing through it, and
by assigning an effective resistance (Reff) to the sample under
investigation [50]. Similarly, the response of the system to the
time-varying (a.c.) biases may also be accounted for if we were
Fig. 1. C1s region of the XP spectra of three different PS films spin-coated on a silicon
wafer are shown, recorded when the sample is grounded (olive) and under +10 (red)
and −10 V (blue) external bias. The inset on the top left depicts the experimental set-
up, where FG stands for the function generator. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 2. (a) The variation of the current passing through the sample under various
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for the case of the artificial dielectric system of Si(m) + RextCext, and
in Fig. 4 for one of the PS films. It is clear from both figures that all
three excitation exhibit strong frequency dependence which can be
related to an effective capacitance. The simple grounded spectrum
ias conditions; (b) calculated (IR)drop using the current values at +5 and −5 V,
espectively; (c) XP spectrum of the Si2p region of a clean Si wafer, recorded when
rounded; (d) the Si2p region of the artificial dielectric system of Si(m) + RC, under
5 V and −5 V external d.c. bias.

uantities like the thickness of the film and more importantly to the
hemical nature and composition. But the challenge is to entangle
he charging shifts arising from the extra low energy electrons pro-
ided by the flood-gun or the neutralizing source(s), which is the
ain theme of the present contribution, as will be presented below.

Before we attempt to analyze the response of the polymeric
ielectric systems, we will first introduce an artificial dielectric sys-
em, created by incorporating an external circuit comprising of a
eries resistor, Rext, and a parallel capacitor, Cext, to a highly con-
ucting sample to test the methodology.

.2. The artificial dielectric: Si(m) + RextCext

As mentioned above, the simplest system for relating the exper-
mentally measured charging shifts in the binding energies (BE)
o the charging/discharging state, capacity, and/or electrical prop-
rty of the dielectric material under consideration, can be created
y connecting a conducting silicon sample to a series 1 M� resis-
or (Rext) and a 56 nF parallel capacitor (Cext), since the Si2p XPS
eak recorded when grounded is relatively narrow, as shown in
ig. 2(c), to allow us follow the shifts as well as broadenings of the
epresentative peak(s). In Fig. 2(a), we show the measured electron
urrent passing through the sample, which consists of three major
omponents; (i) photoelectrons and secondary electrons generated,
ii) stray electrons within the vacuum system, stemming from ion-

auges, etc., (iii) low energy electrons from the filament. Except
or the photoelectron current, the others are strongly affected by
he applied bias. Fig. 2(d) depicts the Si2p spectra recorded when
he system is d.c. biased to +5 V (red) and −5 V (blue), respectively.

hereas, the Si2p peak faithfully shifts −5.0 eV under −5 V bias, it
Fig. 3. (a) Schematic representation of triangular, square-wave and sine-wave exci-
tations; (b) XP spectrum of the Si2p region of a clean Si wafer, recorded when
grounded; (c) the Si2p region of the artificial dielectric system of Si(m) + RC, when
subjected to three different excitations (SQW, SIN, TRG) at 1.0 and 40 Hz, respectively.

only shifts +2.1 eV under + 5 V bias, which is simply related to the
expected (IR)drop arising from the 2.9 �A current passing through
the sample (and the 1 M� external resistor), schematically shown
as the red bar in Fig. 2(b). Note also that under −5 V bias, only
the small current of ca. 10 nA, stemming form the photoelectrons,
going out of the sample, is operative to yield only an insignificant
(10 nA × 1 M� =) 0.010 eV shift, schematically shown as the blue bar
in Fig. 2(b). It is also determined through measurements that under
progressively more positive potentials the shifts follow faithfully
the (IR)drop predicted by the measured current at each potential.
This finding naively gives us the hope to relate the measured shifts
to an effective resistance of the sample or surface structures under
investigation, once we know the (effective) electron current.

The presence of a capacitor, whether within the sample or pur-
posely incorporated externally, can only be detected when the
sample is subjected to a time-varying stimuli in the form of tri-
angular, square-wave, or sinusoidal excitations as shown in Fig. 3,
Fig. 4. The C1s region of the 20 nm PS film when subjected to three different exci-
tations (SQW, SIN, TRG) at 0.001 and 40 Hz, respectively.
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Fig. 5. (a) XP spectrum of the Si2p region of the artificial dielectric system of
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i(m) + RC, under +5 and −5 V external d.c. bias; (b) XP spectrum of the Si2p region
f a clean Si wafer, recorded when subjected to 0.4 and 40 Hz SQW excitation; (c)
lean Si + R only at 40 Hz; (d) Si(m) + RC at 0.4 Hz; (e) Si(m) + RC at 40 Hz.

f a single Si2p (and C1s) peak gets complicated, yielding at best
winned peaks for the SQW-wave-excitation, but distorted shapes
or the SIN and TRG excitations. The similarity among the three
xcitations is that in each case, and in the low frequency spectra,
he features (the twinned peaks in the SQW case, etc.) are closer to
ach other, indicative of larger charging shifts.

Since, the case of the SQW-excitation is the simplest, at least in
isual resemblance to the original spectrum, in the present contri-
ution, we will only present its application and analysis. In Fig. 5,
e display the spectra obtained by application of the square-wave

xcitation under various conditions to our artificial dielectric sys-
em, the Si(m) + RC. In Fig. 5(a), the spectra recorded +5 and −5 V
.c. are given which were also displayed in Fig. 2(d), and reproduced
nly for comparison purposes. Fig. 5(b) shows the SQW applica-
ion at 0.4 and 40 Hz to the sample without R nor C, twinning the
i2p peak, respectively, at −5.0 and +5.0 eV positions, i.e. no charg-
ng shift is operative at all. Fig. 5(c) shows the 40 Hz application to
i(m) + R only, which is equal to the case of two different d.c. appli-
ations separately, shifted by the (IR)drop at each point, which is
lso equal to the low frequency application at 0.4 Hz, displayed in
ig. 5(d), since ample time is allowed, the capacitor is caught in its
ully charged or discharged state. At the higher frequency of 40 Hz,
hown in Fig. 5(e), the full 10.0 eV difference is resumed but the

ositions of the peaks are off-set by 1.8 eV, due to the average cur-
ent (IavgR)drop passing through the circuit, which will be elaborated

ore in the next section. As we will discuss below, the presence (or
bsence) of this off-set can be very useful in relating with charging
apacity and/or state of the dielectric under investigation.
Fig. 6. The circuit used for simulations.

3.3. The model

A simple circuit model of a dielectric film having a resistance
R, and a capacitance C can be constructed as shown in Fig. 6,
where the electron gun and the photoelectron currents are mod-
eled by a voltage controlled current source (VCCS). The nonlinear
voltage–current curve for the VCCS is extracted through analysis
of a series of XPS measurements by applying d.c. voltages to the
silicon sample in series with a known external resistor, which was
already depicted in Fig. 2(a). The VCCS current–voltage dependence
is assumed to be the same for all the samples, and throughout the
entire dynamic measurements. The excitation voltage source VEX(t),
which is supplied externally by the function generator, can be a time
varying voltage with any shape (TRG, SQW, SIN, etc.). In order to cal-
culate the XPS spectra, we need to solve the differential equation
describing the change of the surface potential Vs(t) given by

C
d(VS − VEX)

dt
+ VS − VEX

R
+ Is(VS) = 0 (1)

where R and C are, respectively, the effective resistance and the
capacitance between the surface and the source as shown in Fig. 6,
and IS(VS) is the surface potential dependent current, mentioned
above and given in Fig. 2(a). Therefore, solutions can be obtained
numerically for any arbitrary excitations VEX(t), like SIN, SQW, TRG,
etc.

By solving numerically the Eq. (1) for the values of R = 1.0 M�
and C = 56 nF for the SQW excitation, we calculated the time vari-
ation of the shifts of the peaks at certain time increments, which
are shown in Fig. 7(a) for three different frequencies. It can be seen
that, depending only on the frequency of the excitation and charge-
discharge time constants (product of resistance and capacitance
values) of the system, the left and right peaks shift differently. The
simulated XPS spectrum SXPS(�) can now be calculated by shift-
ing the original spectrum S0 obtained by grounding the sample as
much as calculated shift of the surface potential of the sample at
each time increment as was shown in Fig. 7(a) for three different
frequencies. The resultant calculated spectrum at each frequency is
obtained by summing the spectra at each increment and dividing
the resultant spectrum by the number of time increments used. The
calculated spectra, as well as the measured ones are displayed in
Fig. 7(c), where the agreement between the two sets is remarkable.

At the low frequency applied (0.4 Hz), the capacitance is by-
passed since the system charges or discharges very quickly and the
data resembles that of the d.c. cases where the difference between
the peaks is 7.1 eV. At the moderate frequency of 4 Hz, the peaks
are broadened somewhat, and the difference between the peaks
gets larger, 8.5 eV (approaching 10 eV). At the higher frequency of

40 Hz, the 10.0 eV difference between the peaks is resumed, except
again the centre is 1.8 eV off-set from the ground position, which
can be used to measure the (IavgR)drop for enabling us to assess
the charging state and/or the capacity of the sample under inves-
tigation. Note also that both the positions of the twinned peaks,
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As was reported in one of our previous studies, charging behav-
ior of thin PS and PMMA films are widely different from each other
and a blend film of the two has a behavior in between the two, with
also a clear indication of phase separated PS and PMMA domains
[26]. Similarly, and after correcting for the off-set shifts determined
ig. 7. (a) Simulated SQW excitation at three different frequencies; (b) XP spectrum
easured Si2p region of the artificial dielectric system of Si(m) + RC at three differe

s well as their broadenings are faithfully reproduced through our
alculation. Hence, with the help of the model, there seems to be
real hope that important information can be derived about the

ample under investigation using the frequency data. For example,
et us take the data at the high frequency of 40 Hz. Knowing that
he charge is accumulated in the external RC circuit, we would not
xpect any permanent charge accumulation on the Si(m) sample.
s a result, the positions of the positive and the negative peaks are
qually shifted by the average current passing through the system.
his average current can be estimated to be approximately half of
he current measured under +5 V bias, since the current under −5 V
s practically zero, and the system alternates and spends 50% of
ts time at these two polarities several times during data gather-
ng. Accordingly, we would expect Iavg = 2.90/2 = 1.45 �A to cause
n average shift of 1.45 eV for the center of the peaks from that
f the grounded Si2p peak. The measured shift of 1.8 eV indicates
hat the actual a.c. current at 40 Hz is somewhat larger. Whatever
heir values are, the measured off-sets at the high frequency limit
an be safely used to estimate the variations in the effective resis-
ance (Reff) of the sample under investigation, assuming the average
urrents do not change significantly from one measurement to the
ther, as we will demonstrate by application to the three different
S films mentioned in Section 3.1.

.4. The charging shifts and thickness of the PS films

Fig. 8 displays the C1s XP spectra of the 20, 35 and 55 nm PS
lms, recorded when they are subjected to 40 Hz SQW excitation
ith ±10 V amplitude. In all three cases, the C1s peak is twinned
ith exactly 20.0 eV separation, however the spectra are off-set in

nergy. Moreover, this off-set increases with the thickness of the
lm, which is a celebrated result. Assuming the Iavg to be the same

or all of the three samples, we can now attribute this increase to
he increase in the effective resistance, Reff, with an increase in the
hickness of the film, although the 0.6 eV difference between the 35

nd 20 nm samples (�d = 15 nm), and the 2.2 eV difference between
he 55 and 35 nm samples (�d = 35 nm) corresponds to a somewhat
tronger than a linear dependence.

Another way of utilizing these measured off-set differences at
he high frequency end of the three samples is to go back and rean-
e Si2p region of a clean Si wafer, recorded when grounded; (c) the simulated and
uencies.

alyze the d.c. shifts displayed in Fig. 1, as shown in Fig. 9, where the
peaks of the 35 and 55 nm films are shifted back by 0.6 and 2.2 eV,
respectively, corresponding to the difference of the off-set shifts
from that of 20 nm film. Looking first to the C1s peaks recorded
when the films are grounded, shown in the center, we can now
realize that the thicker films are caught in progressively more and
more positively charged states (positive slope). Under −10 V bias,
the charging is even more severe (a larger positive slope). But under
+10 V bias all films are negatively charged (negative slope). The
erratic shifts shown in Fig. 1 are normalized and assigning an effec-
tive resistance, Reff, increasing with the thickness of the PS film is
justified.

3.5. The charging shifts in PS + PMMA blends
Fig. 8. The C1s region of the three different PS films when subjected to the SQW
excitation at 40 Hz, respectively.
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ig. 9. The C1s spectra of the three different PS films shown in Fig. 1, after correcting
or the off-set due to the IavgRdrop (see the text).

rom the high frequency SQW spectra, the C1s regions for the 20 nm
S and ca. 15 nm PS + PMMA films are displayed in Fig. 10 under var-

ous d.c. bias conditions. The C1s spectra of the blend film are fitted
o 1 C–H component belonging to PS, and three components of the
MMA (C–H, C–O, and C O) using the tabulated energy differences,
nd also the intensity ratios between them [49]. From the figure
ne notices immediately that the charging shifts of the PS compo-
ents in the blend film are larger than those of the pure PS film,
nd conversely, the charging shifts of the PMMA components are
maller than those of the pure PMMA film (not shown), which are
.0 eV between the ground and −10 V, and 5.6 between the ground
nd +10 V. Hence, although each component shifts separately, and
ore or less independently within the blend film, the presence of

ne is felt by the other through the charging shifts measured. Hence,
he PS component charging shifts are larger due to the presence of
MMA domains which has a larger Reff, and conversely the PMMA
omponent shifts are smaller due to the presence of PS domains.

The full frequency analysis of the PS, PMMA and PS + PMMA
lend films, which was reported in our earlier study, which is also
eproduced in Fig. 11 for comparison, is quite a lengthy procedure.

his procedure involves recording the binding energy difference
etween the twinned peaks at several frequencies (8 in the case
f the data presented in Fig. 11), covering the full range of 10−3 to
03 Hz [26]. As we have tried to show in the present study, that

ig. 10. The C1s spectra of the 20 nm PS, and the 15 nm blend film of the two
olymers (PS + PMMA), after correcting for the off-set due to the IavgRdrop (see the
ext).
Fig. 11. Complete frequency dependence of the measured binding energy differ-
ence between the twinned peaks under SQW excitation of the 20 nm PS, PMMA and
together with a 15 nm blend film of the two polymers (PS + PMMA). This was also
given in Ref. [26].

almost the same qualitative information can be extracted using the
d.c. shifts, and, more importantly, using only one high frequency
SQW excited spectrum, together with the help of the model. The
latter procedure corresponds to approximately 1/10 factor of reduc-
tion in data gathering time, when compared to the full frequency
analysis one.

4. Conclusions

When applied to nonconducting dielectric samples, our method
can extract an effective resistance (Reff) and an effective capacitance
(Ceff) of the films under X-rays and low energy electrons exposure,
and the application of SQW excitation at the high frequency limit
enables us to entangle the true charging shifts from those due to
the extra low-energy electrons. The charging and discharging of the
films are non-linearly dependent on the surface electrical field cre-
ated since they are described by tunneling or hopping processes,
but a clear dependence on the thickness emerges, which can be
related to various material specific dielectric properties, like effec-
tive resistance and capacitance, dielectric breakdown behavior, etc.

The simple RC model can be replaced by a more accurate model
that takes into account of the distribution of charge-traps. However,
the ultimate model has to include E-field and position depen-
dent charge-discharge rates as well as local density of trap states.
Although we have presented, in detail, applications of only the SQW
excitation, it is obvious that the SIN and TRG excitations would also
yield similar information, especially when analogy between elec-
trochemical properties like double-layer charging are sought for
[46,51].
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