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Abstract. Calculations of the electric field distribution in the electrode system in the form of
a spherical concentric capacitor simulating a micro-tip on the cathode were performed under
the action of a high-voltage pulse with a front steepness of about 1 GV/s and electron injection
from the micro-tip. The penetration depth of the negative space charge (NSC) into the polymer
was shown to be 0.2—0.3 um during a 150—250 ns pulse front edge. Electrical overvoltages
caused by the geometry of the electrode system and the accumulating NSC occurred in the
NSC accumulation region at the pulse front edge. The field strength at the cathode decreased
multiple times during the transition from the pulse front to its plateau in 100—200 ns.
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AHHOTanMs. BbIMosHEHbI pacyeThl pacnpeeieHus 3JeKTPUIECKOro ToJisi B 3JIeKTPOIHON
cucteMe B Bujae chepuyeckoro KOHIEHTPUUYECKOTO KOHAEHCATopa, MOJeJUPYIOIIero
MUMKPOOCTPHE Ha KaToje, PHU BO3IEHCTBUN BHICOKOBOJBTHOTO MMITYJIbCA C KPYTU3HOM (hpoHTa
okosio 1 I'B/c n nnkekumum 371eKTPOHOB ¢ MUKpoocTpus. [TokazaHo, 4TO MpU JIUTETHLHOCTU
nepeaHero ¢ppoHTa ummysibca 150 — 250 He TryOuHa mpopacTaHus OTPUIIATEILHOTO 00BEMHOTO
3apsana (NSC) B momumep coctaBiasgeT 0,2 — 0,3 MKM. DIeKTpuUyecKHMe IepeHanpsLKeHMUS,
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B obnactu HakorieHuss NSC Ha nepeaHeM poHTe umnyibca. HanpsskeHHOCTH MoJig y KaToaa
najaeT KpaTHO MpU Iepexone ¢ ¢ppoHTa Ha miaTo umnyiabca 3a 100 — 200 Hc.
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Introduction

In recent years, considerable attention has been paid to the electrical strength of polymer dielec-
trics exposed to pulse voltages [1—6]. A growing number of studies address various aspects of the
impact of pulsed voltages on polymer materials, specifically, accumulation of space charge [6—8],
influence of temperature [9] and rise rate [10, 11]. Various physical mechanisms are also proposed
to explain the characteristics of pulse breakdown in polymers [12—15]. However, in our opinion,
a physically meaningful interpretation of the experimental results and proposed models is impos-
sible without estimating the magnitude of the realistically achievable electric field strength, its
distribution in the polymer, and variation over time under the pulse voltage conditions.

Such estimations should be carried out bearing in mind that polymer dielectrics are charac-
terized by a high concentration of trap states that form a space charge. Charges injected from the
electrodes are captured in these traps. Accumulation of the space charge, in turn, significantly
affects the distribution of the electric field, limiting the injection current and producing local areas
of electrical overvoltage.

We should note that electrons and holes in a strong electric field are injected into the polymer
from micro-protrusions on the electrodes; the electric field strength F at the tips of these protru-
sions exceeds the average value F, = U/d (U is the voltage across a sample with a thickness d).

Unfortunately, modern acoustic methods for probing space charge and electric fields in poly-
mers cannot be used to measure the localization of the charge over the sample surface and do not
provide the required depth resolution, which should be at least 0.1 um for micron-thick polymer
films [16]. Consequently, numerical methods are widely used to solve this problem, but calcula-
tions are generally limited to steady-state distributions of fields and charges [17, 18].

The goal of this study is to calculate the distributions of the electric field near a micro-tip in
a polymer dielectric accumulating negative space charge (NSC), exposed to steep-front electric
pulses. An additional goal was to estimate the magnitude of local overvoltages occurring at the
injecting electrodes and at the boundary where NSC penetrates into the polymer.

Problem statement

The micro-tip on the surface of the cathode was modeled by an electrode system consist-
ing of a spherical concentric capacitor, where an electrode of small radius r, was regarded as
a micro-tip, and a sphere of larger radius R as an anode. The diagram of the electrode system
is shown in Fig. 1. Such systems are widely used to model micro-tips with constant surface
curvature [19].

The advantage of this model is the simplicity of the mathematical equations used to describe
the distribution of the electric field.

© Cemenos C. E., Cynaps H. T., ITaxotun B. A., 2026. WU3narens: CaHkT-IleTepOyprcKuil MoJMTEXHUYECKUA YHUBEPCUTET
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A large drawback, however, is that the model
is not fully consistent with the real conditions,
satisfactorily reproducing them only at distances
at which the electric field strength F exceeds its
average value F, (F, isunderstood here as the field
in a planar sample with a thickness d = R —r,).

The distribution of the electric field strength
K(r,?) in the electrode gap of the system at any
given time ¢ is described by the Poisson equation,
taking the following form in spherical coordinates:

iF(F,l‘)-FEF(V,Z):M, (1)
r r

gg,

where ¢ is the relative permittivity of the poly-
mer dielectric; g, is the electric constant,
g, = 10-8.857"? F/m; e is the electron charge,
e = —-1.6022-107" C; p(r,f) is the instantaneous
Fig. 1. Diagram of eclectrode system NSC density, determined by the concentrations
configured as spherical concentric capacitor:  of free and trapped electrons.

R, r, are the radii of the outer and inner spheres, Since electrical breakdown mainly occurs
respectively; r,(7) is the NSC penetration depth ~ at the leading edge of the pulse and much
into the polymer at time 7 less frequently at the plateau or at the trailing

edge [12, 14], we primarily focused on calcula-
tions of the field distribution over the time interval covering the leading edge and the initial pla-
teau of the high-voltage pulse. In view of this, we assumed in the calculations that the voltage U
across the sample varies as follows over time:

d—Ut, fort<A
U()=1 dt . )
U _ fort>A

amp

Here ¢ is the time; U, - and A are the amplitude and rise time of the pulse, respectively.

The voltage rise rate across the sample (i.e., the steepness of the leading edge) is dU/dt= U, p/A.

In accordance with the recommendations given in [20], we assume that injection of electrons
from the cathode into the polymer dielectric in a strong electric field is induced by field electron
emission, while the dependence of the current density of this emission on the field strength at the
cathode is determined by the Fowler—Nordheim equation.

If the potential barrier at the cathode/dielectric interface is assumed to be triangular, then the
equation for calculating the injection current density j (#) can be written as

L _EEW 42mA>? ;
T Tewna, P\ 3nF(0)e | &
where m, kg, is the electron mass; 7, J's, is the Planck constant; F(#), V/m, is the time-variable
field strength at the cathode; A , €V, is the potential barrier height at the cathode/polymer interface.

Note here that Eq. (3) is simplified and does not take into account the decrease in potential
barrier height in a strong electric field.

The value of A, for injection of electrons into the polymer from a metal cathode can be defined
as the difference between the cathode work function and the electron affinity A of the polymer
dielectric. The work function for metals is 2.0—5.5 eV, while 4_ for polymer dielectrics typically
lies in the range of 1—2 €V, so the potential barrier height A can be estimated as 1—4 V. This
result is consistent with the known experimental data. For example, the potential barrier heights
at the interfaces of polyethylene terephthalate (PET) with aluminum and copper were experimen-
tally determined in [21] to be 2.8 and 2.9 eV, respectively.
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The solution of Eq. (1) takes the form
2 L
F(r,t)= (—‘] {F )+ 5 J-xzp(x,t)dx:l. (4)
r 880}’0 7,
Bearing in mind that
R
IF(r,t)dr =U(¢), (3)

T

and substituting expression (4) into relation (5), we obtain that the dependence of the field
strength at the cathode on time follows the expression

__RU@®W R e dr
FC(t)_”c(R—FC) saorc(R—l’c);[L.:x p(x,t)dx}rz, ©

Let us denote the total charge enclosed between two spherical surfaces with radii r, and r at
time ¢ as

I

q(r,t)= 47tJ‘ x’p(x,t)dx, (7)

Te

In view of notation (7) and substituting expression (6) into solution (4), we obtain:

r.RU(2) Jq(r ,1) q(r 1)

F(r,t)=—
r*(R-r,) 4n88r(R r) r 4Tcaer

®)

Dependence (8) allows to calculate the distribution of the electric field in the electrode gap
at any given time. We should note here that the ratio U(7)/(R — r) can be taken as a formula for
field strength in a planar sample of flat geometry with a thickness d = R — r.

It follows from Eq. (8) that the electric field strength at any distance r from the cathode is a
superposition of three fields:

the field determined by the geometry of the electrode system (the first term);

the field generated by the space charge distributed throughout the sample (the second term);

the field generated by the NSC distributed in the space between the cathode and the surface
of radius 7 (the third term).

The following equality holds true for the polymer exposed to a short electrical pulse during
which the electrons do not have sufficient time to reach the opposite electrode (anode) and inter-
act with it:

4lr, (0] = 00,

where Q(7) is the total charge accumulated in the electrode gap by time ¢ due to injection of
electrons from the cathode; recall that » (t) is the electron penetration depth into the polymer.
The total charge Q(?) follows the expressmn

t
O(t) = 4mr? [ j. (¢t )
0
The charge penetration depth into the polymer at time 7 is defined as

rp () =1, [ F,(6)dt, (10)
0
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where F, (t) is the field strength at the boundary where the charge penetrates into the polymer
(dependlng on time); p, is the electron drift mobility in the polymer dielectric.

The quantity p, takes on a small value, estimated to be about 10~ m?/(Vs) even in a strong
constant electric ﬁeld (at £, ~ 10 V/m) [22].

The exact analytical expression for the function g(r,7) is unknown and is unlikely to be deter-
mined, since it requires taking into account the electron trapping and detrapping rates at any r
and .

Evidently, the form of function ¢(r,7) depends on many factors:

injection current density,

charge carrier mobility,

voltage across electrodes,

energy density of trapped states,

duration of electrical pulse.

However, according to the definition, the function ¢(r,7) increases monotonically for r, < r<r,
as r increases, while ¢(r,r) = 0. For r > Ty q(r,f) does not depend on the coordinate and
q(r,n) = O(1).

When a short pulse is applied to the polymer dielectric, the electrons injected from the cathode
are trapped and retained in traps, generating the NSC.

The average electron trapping time is expressed as

e = T o, EXplE, /(k 1),
where E,_is the trap depth, 7'is the temperature, &, is the Boltzmann constant; 1, is the charac-

teristic tirrane 7, = 0.1 ps.

For a pulse lasting 10 ns, electrons remain in traps with a depth of more than 0.3 eV for the
entire duration of the pulse at room temperature. It was found in [11] that the density of the NSC
penetrating into the polymer can be considered constant for an electric pulse duration from 10
to 1000 ns and an exponential trap depth distribution. In this case, the expression for calculating

the function ¢(r,?) takes the form

3

g(r.1) =~ ﬁ()_ -0(0). (1

Relation (11) should be regarded as an approximation that can be used to calculate the field
distribution near the micro-tip. However, in practice, the boundary of the injected charge is not
so sharply pronounced, and the charge distribution density should still depend on the coordinate.
Therefore, the function ¢(r,?) for r < ", is approximated in [23] by a power series with the base
r—r.

To use a similar approximation method for g(r,7), we assume that the function ¢(r,7) takes
the form

q(r.t)=a()(r—r) +b(t)(r-r1.)’. (12)

The coefficients of the polynomial a(#) and b(?) for time ¢ can be found from the conditions

q[rﬁ(t)] = Q(¢) and dq(r,t)/dr =0 for r = Py

This approximation corresponds to the condition that the NSC density is zero at the NSC
penetration front, where a(?) and b(¢) are defined as

o) —a[r,0-r]|
[r,@0-rT . (13)
a(t) =-2b(t)| r, ()7, |

b(t) =
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Notably, in the simplest case, g(r,f) can be approximated by a straightforward linear function

q(r, t)—f(fr_Q(t) (14)

The dependence determined by relation (13) corresponds to the case p(r,7) ~ r?2, where
p(r,,0) # 0.

Subst1tut1ng relations (11), (12) and (14) into expression (8) yields analytical expressions for
calculating the electric field strength in the electrode gap at a fixed 7. The time argument of
the function F(r,?) is determined by the time dependence of the quantities U(#), O(f) and r fr(t),
which can be regarded as integral parameters in relation (8), independent of the coordinate. An
additional factor complicating the calculation of the dependence F(r,?) is that the charge pen-
etration depth r (t) is related to the field strength F (t) at the NSC boundary by the integral in
expression (10)

Thus, the process of NSC accumulation is a self-consistent problem. For this reason, the
dependences F(7) and F, (t) were calculated using a time-stepping method. The method was
applied assuming that the ‘field and charge distributions remained constant during the discretiza-
tion time step A7 (the value A7 = 1 ns was adopted in the calculations). F and F, were calculated
at the ith step at time ¢ based on the values of these quantities calculated at the previous time
step. The integrals in relations (9) and (10) determining the time variation of the quantities Q(?)
and rfr(t) were replaced by sums.

The calculations accounted for the fact that intense field electron emission from the micro-
tip occurs at the cathode when a certain critical value of the electric field strength is reached (in
accordance with Eq. (3)). As a result, electrons in a weak electric field are practically not injected
into the polymer, NSC does not accumulate, and the distribution of the electric field in the elec-
trode gap is determined by the geometry of the electrode system (see the first term in Eq. (8)).
Therefore, the first step (i = 1) in the calculation of F{(r,f) was not the time 7 = 0, corresponding to
the beginning of the voltage increase, but the time #,, when the voltage across the sample reached
the value U(7)), at which a noticeable injection current occurred.

The following initial conditions were adopted for calculations at the first time step:

Ot) =0, 7,(t) = r and F(1,) = F(1,).

The value of 7, was 30—40 ns (depending on the amplitude and rise time of the pulse).
Numerical calculations were performed for the following parameter values:

r,=025pum, R=2.50 um, p,_ = 1-10° m*(V-s),A =29 eV, e=3.

Computational results and discussion

Let us consider to what extent the shape of the charge distribution in the sample affects the
dependences F(7) and F, (t) Fig. 2 shows the dependences calculated for U = 1500 V and
A = 150 ns using dlfferent approximations for the function g(r,f).

The time variation in the field strength F () at the cathode is shown in Fig. 2,a. Evidently, dif-
ferent approximations of the dependence ¢(r,f) do not significantly affect the shape of the depen-
dence F (7). Three characteristic time intervals can be distinguished on all F(#) curves, occurring
due to two competing factors: an increase in voltage across the sample as described by Eq. (2),
and the screening of the external field by the NSC near the cathode.

The first segment on the dependence F(7) corresponds to a relatively low electric field strength,
at which the influence of NSC on F(7) is negligible. The increase in the electric field strength
at the cathode during this time interval is associated only with a linear increase in the voltage
across the sample and coincides with the dependence F () in the absence of NSC (dashed line 4
in Fig. 2,a).

The second time interval on the dependence F(7) begins when F, reaches a critical value, at
which the field emission current increases sharply (see dependence j(7) in Fig. 2,c) and NSC
accumulates rapidly near the cathode. Apparently, the screening of the external field by the
NSC near the cathode occurs at a faster rate than the increase rate of F, induced by the rising
voltage. A maximum is formed on the F(7) dependence. As NSC accumulates, its screening
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Fig. 2. Dependences F(7) (a), F(1) (b),
J.(D (c), calculated using different functions
approximating ¢(r,7): quadratic (see Eq. (12),
curve [), linear (14) (curve 2); cubic (11)
(curve 3); dashed line 4 shows the variation in
F (1) in the absence of space charge screening
Inset: detailed image of the initial section
of F(#) curve

efficiency increases, and the value of F stabi-
lizes. As a result, the current density j(7) also
stabilizes (see Fig. 2,c). A plateau is formed on
the F(7) and j(7) dependences. The magnified
inset in Fig. 2,a provides a clearer illustration of
how the approximating function ¢(r,7) influences
the dependence F(7) during NSC screening near
the cathode. Apparently, the differences between
curves /—23 are insignificant, but the NSC limits
F, more efficiently if a second-degree polynomial
is chosen as an approximating function (curve 1,
corresponding to a quadratic function).

The third time interval on the dependence
F () starts when the voltage across the sample
stops increasing, i.e., at t = A. A rapid decrease
in field strength at the cathode is observed in
the pulse plateau. Notably, by this point in time,
the NSC layer penetrates into the polymer to
a depth of 0.15—0.25 pum, so that the greatest
penetration depth corresponds to the quadratic
polynomial approximating the function g¢(r,f).
The reason for the decrease in F, over time is
that the voltage across the sample stops growing
at > A (pulse plateau), but NSC continues to
accumulate despite a decrease in the injection
current density (see Fig. 2,c). Consequently, the
screening efficiency of the NSC increases and
the values of F, and j decrease, tending to their
steady-state values.

The dependences F, (t) constructed using
various trial functions appr0x1mat1ng q(r,f), are
shown in Fig. 2,b. Similar to the F(7) depen-
dences discussed above, they exhibit only minor
discrepancies. We can therefore conclude that
the calculated electric field distribution in the
given electrode geometry is largely insensitive to
the particular choice of the approximating func-
tion meeting the above criteria.

Analyzing the dependence F (t) we should
bear in mind that the accumulatmg NSC enhances
rather than limits the field strength at the bound-
ary of the layer where it accumulates. However,
the NSC zone keeps shifting deeper into the poly-
mer. Consequently, the electric field component
determined by the geometry of the electrode sys-
tem is decreased, so the distinct stages observed
on the F.(7) curves are far less pronounced than
on the corresponding F () curves.

The values of F and F, are approximately the same for the same times t, i.e., the electric field
distribution is close to uniform near the cathode where NSC accumulates. For F = 666 MV/m
(which corresponds to U, = 1500 V) and a polymer film thickness of 2.25 pm, the electric field
strength in the NSC layer Teaches values of about 2.5 GV/m. Such a high-strength field exists on
a nanosecond time scale within this region of the sample, approximately corresponding to the rise

time of the electric pulse.

It is known that the steepness of the pulse’s leading edge significantly affects many phenom-
ena observed in polymer dielectrics in strong electric fields. For example, a sharp increase in the
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breakdown strength of the sample is observed for a PET film with an increase in the pulse front
steepness [11], accompanied by an increase in electroluminescent brightness of this polymer [24].
According to the observations in [24, 25], electroluminescence only occurs in the polymer in the
leading edge of the pulse and is absent during its plateau.

Let us consider the effect of the pulse’s rise time (with U = 1500 V) on the dependences
F(#) and I;(t) Note that all calculated dependences here and below are obtained by approximat-
ing the function ¢(r,7) by a quadratic polynomial (see Eq. (12)). The simulation results are shown
in Fig. 3. Evidently, increasing the pulse front steepness (by decreasing its rise time at a constant
amplitude) leads to an increase in the electric field strength both at the cathode (see Fig. 3,a) and
at the boundary of the NSC accumulation zone (see Fig. 3, b). However, the plateau has a shorter
duration on the dependences F(7) and F, (t) where the ﬁeld strength reaches the highest values.
For example, as the front steepness 1ncreases from 5 to 10 GV/s, the maximum field strength
increases from 2.30 to 2.45 GV/m near the cathode (such an increase in F leads to an increase
in the injection current density from 1.2 to 3.2 MA/m?) and from 1.70 to 2. 55 GV/m in the NSC
accumulation zone. However, the duration of the plateau decreases from 190 to 100 ns on the
F(7) dependence and from 160 to 75 ns on the I;r(t) dependence.

a) b)

2.5+ ]

>

2.54

2.04
2.04

F(1), GVIm

¢

Fg(£), GVIm

T T T T 1 T T T T 1
0 100 200 300 400 t ns 0 100 200 300 400 4t ns

Fig. 3. Dependences F(7) (a) and F (?) (b) calculated at U = 1500 V
and different pulse front steepnesses GV/s: 10 (1), 7 (2) "and 5 3

Conclusion

Analyzing the accumulation dynamics of the negative space charge (NSC) in a polymer exposed
to high-voltage pulses (front steepness of about 1 GV/s) and the redistribution of the electric field
F resulting from the application of these pulses, we can formulate the following conclusions. An
NSC forming in the near-cathode region (within approximately 100 ns) simultaneously limits the
electric field strength near the cathode and increases it at the boundary where the NSC penetrates
into the polymer, producing a more uniform field distribution overall. The field strength Fin this
zone of the polymer dielectric, which is several times higher than its average over the sample,
occurs only in the leading edge of the high-voltage pulse. A shorter rise time of the high-voltage
pulse leads to an increase in the electric field strength of the polymer within the NSC accumula-
tion zone while reducing the exposure time to this strong field. On the one hand, this combined
effect may accelerate the field-initiated processes in the polymer material, but on the other hand,
it shortens their duration.
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