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Method for measuring the dielectrics charging potential under ion
irradiation using shifting the bremsstrahlung edge
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A method is proposed for measuring high-voltage charging potentials of dielectrics under ion irradiation by
shifting the boundary of the bremsstrahlung X-ray spectrum. Since there is no bremsstrahlung output during Xe™
ion irradiation, it was proposed to use a probing electron beam to generate bremsstrahlung X-rays. To eliminate
the effect of charge compensation on the surface, the value of the current of the probing probe of electrons was
selected. The values of the equilibrium charging potentials of Al,Os ceramics, Al,O3 sapphire, SiO,, and Teflon
are obtained at different ion irradiation energies. The data obtained are compared with the results of spectrometric

studies.
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Introduction

An active search for new radiation- and temperature-
resistant materials [1,2] for the development of modern nu-
clear systems has led to an increase in the number of works
both in the field of research of the materials themselves and
in the field of radiation physics of dielectrics [3,4]. Thus,
when dielectric samples are studied by standard methods in
two-beam scanning electron microscopes with a focused ion
beam (FIB-SEM), the dielectrics are strongly charged under
both electron and ion irradiation [5,6]. If at this moment a
significant number of papers are devoted to the problem
of dielectrics charging under electron irradiation, then the
problem of dielectrics charging under ion irradiation is not
fully understood. At the same time, the vast majority
of few publications relate to the study of the charging
process for targets consisting of thin dielectric films [7-
11] on a conductive grounded substrate. Despite the fact
that the depth of path of the irradiating ions is smaller
than the thickness of the films under study, for such
samples, the significant effect belongs to leakage currents
through the materials of the film samples, which reduce
the surface potential. Another important factor that reduces
the equilibrium value of the surface potential is the capture
of secondary electrons by the positively charged surface,
the electrons are generated on diaphragms or parts of
the chamber and equipment surrounding the sample. The
importance of accounting and the effect of this problem
are demonstrated in the papers [12,13]. For example, in the
publication [14], the process of charging a massive (not film)
quartz sample under irradiation with He™ ions with energies
of 1 to 4keV was studied. In this case, the indicated
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equilibrium surface potential Vs, determined experimentally,
did not exceed several tens of volts.

One of the methods for measuring high-voltage charging
potentials in the course of the experiment is the ion-
mirror method described in [15]. Here, the equilibrium
surface potential +Vs was calculated from the value of the
accumulated charge Q; determined from the experiment.
But this method gives only estimated results (error 50%).
Another method for measuring the dielectric kinetics +Vs
during irradiation with ion beams is the spectrometric
method [12,13]. However, this method is difficult to
implement in modern commercial FIB-SEM installations
and requires additional equipment.

In this paper, a method for estimating the surface charging
potential under ion irradiation, which is easily implemented
in FIB-SEM units equipped with an attachment for X-ray
spectral microanalysis is suggested. It also allows us to
confirm the correctness of the conclusions made in the
papers [12,13]: the value of the surface potential for bulk
dielectrics is close to the accelerating potential of the ion
source, and a significant decreasing of the surface potential
is the result of the capture of secondary electrons by a
positively charged sample.

1. Experimental procedure

In the case of a negative charge of a dielectric, when
it is irradiated with an electron beam the bremsstrahlung
X-ray spectrum edge shifts towards lower energies by the
amount of charging —qVs due to the energy decreasing
of the incident electron beam Ey — qVs. This method is
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also used to measure high-voltage charging potentials of
dielectrics under electron beam irradiation [16)].

When dielectric materials are irradiated with ion beams
(PIXE method), the intensity of both characteristic and
bremsstrahlung X-ray is much lower than during electron
irradiation [17]. In this paper we propose a method for
studying the high-voltage positive charge of dielectrics under
ion irradiation, based on the shift of the bremsstrahlung
X-ray spectrum. In this case, to generate bremsstrahlung
X-ray an electron probe is used with a current that is
several orders of magnitude lower than the ion charging
current. The ion beam of greater density than the probing
electron current charges the region of the sample under
study and subsequently provides a dynamic equilibrium
state of charging. After the sample is charged, the electron
probing beam is switched on with the minimum possible
current to obtain the bremsstrahlung spectrum. Since during
ion irradiation the sample is charged to a potential +QgVs,
the energy of the incident electron probe will increase in a
positive charging field to Ey + qVs, and the corresponding
bremsstrahlung X-ray spectrum will shift to higher energies.
And it is also possible to determine the positive charging
potential based on this shift. The disadvantage of this
method is the partial discharge of the sample under test
by the probing current. To assess the influence of this
effect, the value of the probing current was varied, which
made it possible to choose the ratio of the incident and
probing current, which gives the maximum value of the
measured potential. But in this case, the value of the
probing current can not be too small, since the chosen
spectrum accumulation time may not be enough to obtain
statistics sufficient to determine the high-energy edge of the
bremsstrahlung X-ray spectrum.

The experimental study of the process of charging by
Xe™ ions was carried out on a Helios G4 PFIB electron-
ion scanning microscope equipped with an EDAX Elite
X-ray detector installed in the Advanced Imaging Core
Facility laboratory at the Skolkovo Institute of Sciences
and Technology. At the same time, the method was
tested and charging was studied on the following dielectric
samples: single-crystal SiO, and Al,O3, as well as degussite
(Al,O3 ceramics) and Teflon. First of all, the selected
sample was charged by a defocused Xe® ion beam with
energy of Ejp =8 or 16keV and current of ljp = 5nA
for Smin. In this case, the charging area was 100 x 100 um.
After that, the probing electron beam with the energy
of Eqp = 1keV and current of lgg = 0.4nA was switched
on, and the accumulation of the X-ray spectrum was
started simultaneously. The spectrum accumulation time
was 200s. In this case, the Xe® charging ion beam
continued to irradiate the specified region during the entire
process of recording the X-ray spectrum. To estimate the
value of discharge by the probing electron beam, the study
was carried out on a single-crystal SiO, with currents of
leo =0.2,0.4,0.8 and 1.6 nA.

2. Experimental results and discussion

Fig. 1 shows the bremsstrahlung X-ray spectra recorded
on SiO, charged with defocused beam of Xe™ ions with
Eip = 8keV and current of |;j = 5nA for different values of
the probing electron beam current |g. As our experiments
have shown, the bremsstrahlung spectrum edge at the
current l¢9 < 0.4nA practically does not shift, and already
at high currents the edge shift is significant.

Let us consider an error arising due to the discharge of
the charged dielectric surface by the probing electron beam.
When the SiO, sample under study is charged by Xe%t
ion beam with energy Ejp = 8keV, the maximum possible
charging potential is limited by 8kV. In this case, if such
charged surface is irradiated with electrons with energy
Eeo = 1keV, then the maximum allowable value of the
X-ray photon energy will be Ejg + Eep = 9keV. From the
assumption that the maximum possible charging potential
will be 8kV, it can be found that the reduced error will not
exceed the value

yzl—( Vo (1)

Eio + Eeo)’

where Vg is the equilibrium value of the surface potential,
measured from the shift of the bremsstrahlung X-ray
spectrum. The reduced value of the surface potential vs. the
ratio of the ion beam current to the probing beam current
is shown in Fig. 2.

As can be seen from Fig. 2, the measurement error
of the surface potential at the ratio ljg/leg ~ 12.5 can
be 2.5% maximum, which is acceptable for the presented
method. In this case, if the value of the probing electron
current is reduced to the value ljp < 200pA, then the
counting rate of the spectrometer greatly decreases, and
it is not possible to accumulate a sampling sufficient for
determining the high-energy edge of the spectrum for
the chosen spectrum accumulation time. This leads to
increasing the error in determining this spectrum edge,
and thus in the determination of the surface potential
of the sample. Thus, to estimate the equilibrium value
of the surface charging potential of dielectrics under ion
irradiation, one can choose the ratio of the charging and
probing current densities. And it is also seen from this
dependence that at the ratio ljp/lep > 12 (provided that
the probing current ljp > 200 pA) the probe current does
not significantly discharge the sample under study. The
disadvantage of this method is the relatively low accuracy of
determining the edge of the bremsstrahlung X-ray spectrum
due to low statistics at the high-energy edge of the spectrum.

Fig. 3 shows the surface potential Vs(Ep) vs. the energy
of primary ions, measured from the shift of the spectrum
of secondary ions during charging (from paper [12]) and
according to the presented methodology.

Ion-spectroscopic studies were carried out for samples
of SiO,, sapphire and Teflon by irradiating them with Ar*
ion beam formed by an Ardenne duoplasmatron. When
determining the values of the surface potential according to
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Figure 1. Shift of bremsstrahlung spectrum edge for SiO, charged by defocused Xe* ion beam with Ejg = 8keV at different values of
the probing electron beam current le: a — 200 pA, b — 400 pA, ¢ — 800pA, it d — 1600 pA. Energy of the probing electron beam is

Eeo = 1keV.
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Figure 2. Reduced value of the surface potential

(eVs)/(Eio + Eeo) vs. ratio of the ion beam current to the probing
electron beam current lio/le. The dashed lines show the relative
error range 2.5%.

the presented method, the energy of the probing current of
electrons — 1keV is subtracted from the measured value of
the bremsstrahlung spectrum edge. Despite the fact that, in
the presented comparison, charging was carried out under
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irradiation with ions of different inert gases, the resulting
values of the surface potential Vs fit well into one straight
line, close in value to the ion gun potential Ey/€e. As can be
seen from Fig. 3, upon the correct selection of the probing
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Figure 3. Equilibrium value of surface potential for different
samples vs. Kkinetic energy of the primary beam of inert gas
ions Vs(Ep) measured in two different ways: by secondary ion
spectrometry [12] during the samples irradiation with Ar" ions (1)
and by the shift of the edge of the bremsstrahlung X-ray spectrum
when the samples are charged with Xe® (2).
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current both methods give similar results. But unlike the
spectrometric method, this approach gives only the value
of the equilibrium state of charge, but not kinetic results.
It can also be concluded that the value of the equilibrium
charging potential for inert gases depends on the energy of
the incident ion beam, but not on the chemical composition
of the inert gas.

Conclusion

A new method is proposed for determining the equilib-
rium charging potential under ion irradiation, which makes
it possible to conduct studies in standard FIB-SEM systems
equipped with an energy-dispersive X-ray spectrometer.
This method, if the correct selection of the value of
the probing current is made, makes it possible to obtain
the values of the equilibrium charging potential with an
acceptable error of maximum 2.5%. The presented method
does not allow one to obtain the kinetic characteristics of
charging, but allows value measurement of the equilibrium
potential of the dielectric surface.

The accuracy of determining the high-energy edge of
the bremsstrahlung X-ray spectrum has a great influence
on the accuracy of measurement by this method. During
the new method testing, it was shown that the value
of the equilibrium charging potential of dielectrics under
ion irradiation is close to the accelerating potential of the
ion source. In other words, for ion irradiation in the
kiloelectronvolt range of energy there is no mechanism
that regulates the equilibrium value of the surface potential.
It can be seen from the comparison of the method of
secondary ion spectrometry with the proposed method
that the equilibrium value of the surface potential during
charging with argon and xenon ions is practically the same.
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