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Abstract. The article presents results of simulation of thermal and charging processes arising
in polar dielectric materials analysed with scanning electron microscope techniques. Monte-
Carlo simulation of electron transport in irradiated target was evaluated to realize field effect
models. Simulation of thermal load and charging characteristics was performed using net-point
methods. The analysis of injection, thermal and charging processes induced by electron
irradiation in ferroelectrics subjected to experimental parameters are also discussed.

1. Introduction

Recently, one of the priority areas of condensed matter physics has focused on the problem of
studying the basic laws and mechanisms of electron irradiation effects on dielectrics. This fact is due
to wide applications of the analytical capabilities of scanning electron microscopy (SEM) for
investigation and modification of various functional materials. Specific features of polar dielectrics
and ferroelectrics, in particular, consist in sensitivity with respect to electrical and thermal exposure of
the electron beam. This allows creating not only a potential contrast research methods, but also using
an electron beam to study electrical properties of the samples as well as modify their polar structure.
The electron beam injection activates the accumulation of absorbed electrons on the surface and in the
bulk of sample, which, acting as an internal source, give rise to heating [1] and charging effects [2].
The previous studies based on experimental data has led to the point of view that effect of ferroelectric
charging in the SEM has been considered as negative. To reduce the role of charging-up effects the
low accelerating voltages (2-5 kV) have been employed [3]. However, the charging effect of
ferroelectric material underlies a number of experimental techniques of direct polarization switching
under electron beam exposure [4-6]. In addition the possibility of registration of the pyroelectric
response due to thermal exposure of electron beam has been used to visualize ferroelectric domain
structures with SEM pyroelectric mode [7].

Despite significant progress in the development of SEM experimental techniques the study of many
effects is a difficult experimental problem. So in some cases, information on the behavior of the object
can be obtained with the use of theoretical methods. The following main classes of models are usually
considered to analyze the processes of electron beam interaction with solids. Firstly discrete stochastic
models [8] based on Monte-Carlo method describe the electron transport in a sample. Secondly
continuous-deterministic models enable field effects of injected charges [9-10] to be calculated.
However, information related to the specific study of polar dielectrics using different SEM modes as
well as the study of corporate electron irradiation effects remains incomplete and requires further
consideration. The present study was undertaken to simulate and analyze the dynamics of injection,
thermal and charging processes occurring in the ferroelectrics irradiated by electron beam.
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2. Simulation of field effects resulting from electron injection in irradiated polar dielectrics

2.1. Specification of electron injection process in irradiated sample

The first step both of thermal and charging processes simulation involves the estimation of initial
electron distribution. The parameters of the electron irradiation doze and source function were
estimated by a 3D-Monte-Carlo simulation of electron trajectories in the sample. We assumed that
electrons with start beam energy Ey fall perpendicularly to sample surface at point Py. The electron
position is defined by values of scattering angles: @, — azimuth angle and deviation angle —¢;. The
values of scattering angles and interaction mode are specified using random-number generator. An
electron walks the distance s; with energy E; between stochastic scattering events:
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where & € (O,l) is uniform distributed random quantity, A is mean free path in m, A is atomic weight

in g/mole, @ is weight fraction of element k, M is number of elements composing substance, o is
cross-section for each element k, in cm?, Np is Avogadro’s number in mole™, p is density in g/cm’.
Mott cross-section was used to evaluate the total cross-section o [11]. The computation of energy
changes for inelastic electron scattering was based on modified form of Bethe law specified for
multicomponent materials [8]:
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where Z; is atomic number of element £, Ji is mean ionization potential of element £ in keV.

The equation (2) for each electron position was solved numerically taking into account the initial
condition specified as energy value at previous electron position. The changes in electron trajectories
as well as energy loss were calculated for each electron till corresponding energy value decreases to
threshold energy £,;~0.5 keV. According to Monte-Carlo method one needs performing simulation for
rather significant electron histories N~1000-10000 to achieve a statistical confidence.

2.2. Thermal process simulation of the electron beam interaction with ferroelectrics

In order to estimate the thermal effect of electron beam the some issuers should be considered:
conditions of scanning modes, the geometry of model sample and internal source, thermalphysic
characteristics of the object, conditions of experimental observation. The problem definition lies in the
following. Focused electron beam has thermal effect on the sample. The geometry of model sample is
shown in figure 1, where axis Z related to the symmetry axis of electron probe, the axes Y and X locate
in sample surface plane. In addition «switching-on» of internal source occurs instantly in the sample
and continuous heat source effects on the plane z=0 during the observation time.

7 e B 1%
y [/
bz 7 5
B B .
Figure 1. The geometry of model
sample and approximation of internal
G heat source (for modes of high-

voltage SEM).

The simulation can be performed for the sample covered by thin metal electrodes with thickness /. The
half-spherical approximation of source was specified for the high-voltage SEM modes and the
cylindrical approximation of the source was used for the low-voltage SEM modes. Contact resistance
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is absent on the border surface. To approximate the internal source we employed Monte-Carlo
simulation of electron trajectories in irradiated target.

The problem of nonstationary heat conductivity process simulation allows us to calculate the thermal
distribution in polar material irradiated by focused electron beam particularly for the modes which use
the thin metal electrodes covering the sample surface. The problem statement also includes initial,
boundary conditions and conditions specified for metal-dielectric interface:
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where T; is temperature in K, Kix, K ;y, Kiz are components of heat conductivity coefficient in

W/(m-K), p; is density in kg/m’, ¢; is specific heat capacity in J/(kg-K) in the layer i, / is thickness of
metal electrode in m, /=W/V is volume power density of heat source in W/m’.

The general computational scheme for the problem (3) is based on combined net-point method, which
permits expressing the temperature distribution on each temporal layer. Model (3) can be used for
thermal load computation in the following practical cases: 1) for application of low-voltage as well as
high-voltage SEM modes, 2) for experimental modes analyzing samples covered by thin metal
electrodes, 3) for nonlinear temperature regime, 4) for object scanned by electron beam moving along
one of the coordinate on the surface crystal, 5) for object scanned by pulsing electron probe.

2.3. Simulation of charging processes in polar dielectrics exposed to electron beam
In practice electric field potential is one of the constitutive quantity which characterizes charging
effect in dielectrics. The classical general model describing dielectric charging process is based on
combined solution of continuity equation and local-instantaneous Poisson equation:
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where p — charge density in C/m’, j = oF is current density in A/m’, o — specific electric conduction

in 1/(Q2-m), E is field intensity in V/m, ¢ is dielectric permittivity of sample, & is dielectric constant in
C*(N -m?), G is generation component in C/(m’-s).
Furthermore we used of relation between quantities which are associated with dimensions of distance
and time: At,=(8)*/D, where &, is characterized by distance scale in m and D is defined as diffusion
coefficient of electrons in m/s”. This allows us to conclude that provided the irradiation occurs rather
long time #,>>At,. then the stationary mode of charging process in some consideration is realized. The
solving Poisson equation permits the potential distribution through crystal to be calculated depending
on positions of injected charges. The problem statement of stationary charging process simulation is
given by following form taking into account cylindrical symmetry of the problem:
2 2

6—f+la—¢+a—f=—w, E=-gradp, 0<r<R, 02z2Z. (5)
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The boundary conditions are also specified to close the problem (5) as follows o¢/on=0 at =0
and at z=0; ¢ =0 at =R and at z=Z7 . Finite element method was used to calculate the potential as
well as field intensity distribution created by volume charge distribution p(r,z). In consideration of

local character of charging process we also used modified computational scheme with minor size of
elements covered injection area. Moreover the vector and absolute value of electron beam-induced
polarization component can be estimated using the formula P = (8 - l)goE .
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3. Numerical experiment and result discussion

3.1. Estimation of electron beam injection characteristics

Figure 2 demonstrates the results of Monte-Carlo simulation of electron trajectories obtained for
LiNDbO; crystal. The analysis of computational results for typical ferroelectrics irradiated by electron
beam with averages energies Eq=1-40 keV indicates that geometry of the area of electron beam
interaction with samples can be characterized by semispherical or semi-ellipsoidal form (mostly for
inorganic crystals such as LiNbO3, BaTiOs, LiTaOs) and “pear-shaped” form (for organic type crystals
such as TGS, DTGS, CH4N,S) depending on elemental composition.

The simulation results allow us to conclude that when start beam energy increases the form of the
curve enveloping area of electron interaction with samples extends lengthwise coordinate axis OZ.
Absolute value of electron injection depth does not depend on size of irradiated area on the sample
surface. In addition the presence of metal electrode does not prevent electron injection into the sample
and type of metal electrode (Ag, Au, Cu) results in approximately similar electron injection depth.

To initialize the internal source function let us consider function of electron density distribution, which
can be specified using Gauss distribution for local irradiated area as follows:

I(r,2)=1, -exp[— (\/ rr+z° —51J2 /(2-(52 )3 )} r=qxt+y° (6)

where Iy is normalization constant; & and & are parameters numerically estimated by means of least
square procedure.

The figure 3 illustrates computational result of the profile of normalized energy loss distribution
obtained with use of equation (6).
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Figure 2. The result of Monte-Carlo Figure 3. The approximation depth profile of
simulation of the area of electron beam electron energy loss distribution obtained by
interaction with LiNbO; sample at start beam Monte-Carlo simulation of electron transport in
energy Ei=10 keV, beam diameter d=1 um, LiNbO; at start beam energy E¢=25 keV, beam
N=10000 electron histories. diameter d=2 um, N=10000 electron histories.

3.2. Computation of electron beam-induced thermal loading effects in ferroelectrics

In order to perform simulation of temperature distributions the characteristic parameters need to be
estimated. In general one should determine geometrical size of sample and electrode thickness,
thermal characteristics of sample and electrode, the time of source action, initial temperature of the
sample as well as accelerating voltages and probe current. The equation (6) is used to express volume
power density of heat source taking into account the approximation of area of electron beam
interaction with material and also the value of source power.
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The simulation was performed taking into account various parameters of the samples and experimental
conditions. Specifically uncoated sample surface as well as ferroelectric coated by with thin metal
electrodes were considered. The curves in figures 4 and 5 demonstrate the calculated dynamic
temperature profiles attributed to typical ferroelectric crystals.
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Figure 4. Dynamic dependence of overheat Figure 5. Temperature dynamics AT at electron beam
level AT=T — To AT for LiNbOs at electron position for BaTiO;: 1 — observation on the uncoated
beam position with energies: 1 — Ep=15 sample, 2 — on the sample coated by silver electrode
keV, 2 — Ey=25 keV, 3 — E=40 keV. with thickness /=1 pum and 3 — /=10 pum.
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The overheat level of typical ferroelectric crystals (TGS, DTGS, LiNbO3, LiTaOs;, BaTiO3;, NaNO») in
high-voltage SEM mode are estimated to be magnitudes of order of several Kelvins. These values can
not cause heat damage of the samples although changing in temperature gradient can activate
pyroelectric effect which impacts on videosignal. This aspect is essential point of ferroelectric domain
structure observation with pyroelectric mode of SEM [7].

The figure 4 demonstrates plotted dynamic temperature profiles for LiNbO; at different values of
accelerating voltages. The increasing in source power leads to decreasing in temperature. These results
suggest that temperature gradient can affect videosignal and controlled heating level in SEM modes
requires increasing source power due to increasing current of the probe. The figure 5 displays the
plotted dynamic temperature profiles for BaTiOs depending on presence and thickness of metal
electrode. According to the results the use of coated samples considerably reduces the thermal load.
The use of modes with samples coated by metal electrode is essential for thermal estimations. The
increasing of electrode thickness leads to decreasing of overheating level. Experimental methods
(using thermocouple) result in rough results due to influence of thermocouple on temperature
distribution in the sample volume. The latter has previously also been noted in [1].

3.3. Computing characteristics of charging process

The geometrical size of the sample, dielectric permittivity as well as initial charge distribution were
determined to calculate following charging characteristics: potential, field intensity distribution and
polarization component electron beam induced. The computation of po requires initialization of
accelerating voltages U, electron beam diameter d, surface density of injected charge oy.,r at given
probe current /. The function po(r,z) was defined using equation (6) based on Monte-Carlo simulation
of electron trajectories in a sample. The figure 6 shows model potential distribution and depth profile
of field intensity absolute value calculated for LiNbO3. The magnitude of the field on the border of
injection area is rather more than coercive field for LiINbO; (2-107 V/m). The evidence from this study
confirm that electron injection into the ferroelectric sample can result in charge accumulation. The
field of accumulated charges is able to stimulate intensive repolarization processes in domains “tail-to-
beam” orientated. This effect has been observed experimentally in [5]. The simulation results indicate
that increase in start beam energy Fy at fixed value of surface density of injected charges ouw.r leads to
reducing levels of maximum values of ¢, £ and P due to increase in volume of internal source.
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Figure 6. The simulation results of potential distribution — a, the depth profile of field intensity
absolute value at point /=0 for LiNbOs. The irradiation dose correspond to surface density of injected
charges 05,400 C/m? (irradiated area S=10"" m?, probe current /=200 pA), E~=10 keV, d=14 um.

Control of charging characteristic process needs to adjust the following parameters. The electron beam
current / determines injected charge value AQ and therefore surface density of injected charges Gy
Moreover accelerating voltages U specify electron beam energy £y and volume of internal source AV.

4. Conclusion

Thus this study presents the simulation results of injection, thermal and charging processes of electron
beam interaction with polar dielectrics. The description of geometrical form of electron beam
interaction area was demonstrated using the Monte-Carlo simulation of electron transport. The criteria
limiting the thickness of metal electrode were determined to analyze ferroelectrics with injective SEM
modes. Also the thermal field simulation enables heat load of electron beam to be evaluated at various
given SEM experimental parameters. The estimations of electrical characteristic due to charging
effects at increased accelerating voltages indicate that controlled initial data of probe current as well as
start beam energy can lead to arising significant field intensity values and as a consequence this can
create conditions for domain structure reorientation under electron beam exposure.
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