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SPACE CHARGE ties are well known (5). Space-charge electrets are useful de-
vices that can store real charges quasipermanently in the

Space charges literally mean charges in space, that is, in a bulk and also at the surface, and these devices have diverse
applications such as electret microphones, radiation dosime-region where there is a concentration of charges and/or ions

of one polarity. These charges may be mobile electrons, holes, ters, and gas filters. Recently, a review was presented on
space-charge electrets (6), which also surveyed their possibleor localized ionized impurities. The space charge density � is

given by new applications.
Measurements of space charges in insulating materials

can be made by the conventional technique of conduction cur-ρ = Ne (1)
rent measurement and thermally stimulated discharge cur-
rent (TSDC) studies. The latter method provides no informa-where N is the total number of charges and e the electronic
tion on the spatial distribution of space charges. However,charge. In insulating and semiconducting materials,
since 1980, there have been several useful experimental
methods, both nondestructive and destructive, that measure

N = p − n + N+
d − N−

a (2) the spatial distribution of polarization and charges with a res-
olution of approximately 1 �m in the thickness direction (7,8).

. . . where p and n are the free hole and electron densities, These quantitative measurement techniques of space charges
respectively, and N�

d and N�
a denote the densities of localized and their spatial distribution will be reviewed in this article.

and ionized donor and acceptor centers. Equations (1) and (2)
are valid for all insulating and semiconducting materials,

SPACE-CHARGE-LIMITED CURRENTeven in the presence of nonequilibrium charge densities. In a
region where there is a concentration of charges and/or ions

Langmuir derived the theoretical relation between the volt-of one polarity the electrostatic field will be distorted.
age applied to a pair of electrodes and the resulting electronA passage of these charges in the presence of an electric
current in a high vacuum. However, the same equation wasfield will constitute a current. Space-charge currents have
previously derived by Child for the case of a current due tobeen observed in many materials including vacuum, insulat-
positive ions in arcs at low pressure. Macroscopically, Pois-ing organic solids and liquids, and inorganic semiconductors.
son’s equation, which holds for any point in space where aMany electronic devices, namely, vacuum tubes, p–n junc-
space-charge density � exists, expresses excess charge in onetions, Gunn diodes, electrets, and so on exploit the phenome-
dimension asnon of space-charge formation. It is equally true that serious

structural degradation and aging may occur in electrical insu-
lating materials due to charge injection, leading to the forma-
tion of space charges and subsequent electrical breakdown. In

d2V
dx2 = − ρ

ε0εr
(3)

insulating organic solids the concept of a critical electric field
where �0 is the vacuum permittivity and �r the relative per-level above which fast charge carrier transport occurs has
mittivity of the dielectric material. � is given bybeen developed by Zeller and Schneider (1). It has also been

suggested that charges trapped in the bulk of an insulating
organic polymer play an important part in the initiation and
propagation of ionization waves and a transition to a local

ρ = J
(2eV/m)1/2 (4)

breakdown may originate from the space-charge neutraliza-
where J is the current density and e and m are the electroniction process and its dynamics (2). The nature of a metal–
charge and mass, respectively. Substituting Eq. (4) in Eq. (3)polymer interface plays a crucial role for the injection of ex-
and solving V, it may be shown that (9)cess charges in the presence of an external field, and the

space-charge distribution in the polymer will depend on its
morphology and the mobility of the charge carriers. For exam-
ple, a high concentration of localized charges may be expected

J = 4
9x2

ε0

�2e
m

�1/2

V 3/2 (5)

at the crystalline–amorphous interface, around morphological
defects, around inclusions, and around impurities in semi- for the vacuum case. Equation (5) is the well-known Child–
crystalline and chemically cross-linked polyethylene. A con- Langmuir 3/2-power law for the space-charge-limited current
centration of localized states will modify the local field, obey- (SCLC) in vacuum. It is not applicable when the current den-
ing Poisson’s equation [see Eq. (3)]. At very high fields (
109 sity reaches the temperature-limited emission case at which
V � m�1) the space charges will acquire high mobility (1), thus the space charge is no longer dense enough to screen the elec-
reducing the concentration. Hence an upper limit to the tric field from the cathode.
space-charge concentration is provided by the field-dependent It may be shown that the space-charge-limited current in
charge mobility (3). solids with single carrier injection and no traps is given by

In general, the performance of high-voltage (HV) cables is Refs. 10 to 13.
significantly and adversely affected by the development of the
space-charge distribution, which affects electrical conduction
and breakdown phenomena. Space-charge evolution near the J = 9

8 ε0εrµ
V 2

L3 (6)

electrodes has also been observed in dilute binary electrolytes
exposed to HV transients (4). Charge-injection processes with where � is the charge mobility and L the sample thickness.

Equation (6) is known as the Mott and Gurney law for solidselectrodes immersed in dielectric liquids with low permittivi-

J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics Engineering. Copyright # 1999 John Wiley & Sons, Inc.



30 SPACE CHARGE

if the current is space charge limited or as Child’s law for involves heating a dielectric slowly at a constant rate (i.e.,
1�C to 4�C/minute) with its electrodes shorted through ansolids.

For space-charge-limited current with shallow traps and electrometer and monitoring the charge release as a current
as a function of temperature in the external circuit.single carrier injection we have (10–13)

These current–temperature spectra may exhibit peaks
that can provide information on the trapped space-charge con-
centration, the charge capture cross section and trap energies,

J = 9
8 θε0εrµ

V 2

L3 (7)

the dipole density, and the dipolar relaxation times.
where � is the ratio of free to trapped charge [i.e., � � n(x)/ For a dipolar molecular relaxation process in a TSDC ex-
nt(x)] and is a constant. Obviously, the smaller the value of �, periment, with the external field E � 0, the discharge current
the more efficient the traps to localize the injected charge I(t) is
carrier.

Figure 1 shows the complete current–voltage characteris- I(t) = −dP(t)/dt = αP(t) (8)
tics for a single set of shallow traps that consist of four dis-

where P(t) is the dielectric polarization as a function of time,crete regions (11). The injected charge carrier density at low
� � 1/�(T), � is the relaxation time and T is the temperature.voltages is less than the free-carrier density and the current–
From Eq. (8) we get,voltage behavior is ohmic (region 1). When the injected carrier

density exceeds that of the free carrier, the current becomes
space-charge-limited modified by the traps (region 2). When
the traps are full that is, at the voltage trap-filled limit

P(t) = P0 exp
�

−
Z t

0
α dt

�
(9)

(VTFL), the current rises sharply (region 3) until it reaches
where P0 is the polarization at t � 0. Combining Eqs. (8) andthe trap-free SCLC value (region 4).
(9) and changing the integration from time to temperatureThe space-charge-limited current may thus be identified
using the chain rule, we getfrom a study of steady-state conduction current measurement

or a function of an externally impressed electric field in which
the lnJ/lnV behavior is represented by Fig. 1 (11). I(T ) = −αP0 exp

�
−b

Z T

0
α dT

�
(10)

THE THERMALLY STIMULATED DISCHARGE
where the inverse heating rate b is

CURRENT TECHNIQUE

b = dt/dT (11)
The technique of thermally stimulated discharge current
(TSDC) measurements can provide quantitative information Hence I(T) depends on both the inverse of the heating rate
of impurity concentrations, of trapped space charges, and of b�1 and the relaxation frequency. It may be shown that for
the nature of molecular motion and their local environments polymers, with WLF type relaxation processes,
including anisotropy in microstructure (14,15). The technique

I(T ) = C1 exp
�
− A

kT
− C2(kT )2

A2 exp
�

− A
kT

��
(12)

where C1 and C2 are two adjustable parameters. Equation (12)
faithfully reproduces experimentally observed both the TSDC
and the thermoluminescence data. A is the activation energy
and k Boltzmann’s constant.

Persistent electrical polarization can also be developed in
solid polymers by direct injection of charges, exposure to elec-
trical coronas, and implantation of ionic species. Excess
charges become mobile in the field direction and tend to accu-
mulate in the vicinity of the electrodes to form space-charge
polarization. A characteristic peak attributable to a release of
space charge, observed in the TSDC spectrum, occurs, in gen-
eral, at a higher temperature than that for a dipolar orienta-
tion, as the latter process only requires a rotation of molecu-
lar groups, while the former requires a motion of molecules
over a macroscopic distance.

The mathematical analysis of a TSDC spectrum arising
from a space-charge contribution can be quite complex. Space
charges are dependent on both time and space and involve

log J

log VVtr VTFL

4

3

2

1

solutions of nonlinear differential equations that can only be
solved analytically for simple charge distributions. It remainsFigure 1. One-carrier space-charge-limited current–voltage charac-
a major challenge to establish unequivocally the nature andteristic for an insulator with a single trap level. (1) Ohm’s law. (2)
origin of space-charge peaks and the information derivableModified Mott and Gurney law due to the traps. (3) Trap-filled-limit

region. (4) Trap-free Mott and Gurney law (Ref. 11). from such peaks in TSDC spectra.
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DETERMINATION OF SPATIAL DISTRIBUTION
OF SPACE CHARGES IN DIELECTRIC MATERIALS

General Information

A knowledge of the spatial distribution of charges in a dielec-
tric is useful in the production and stability of electrets, which
are materials with quasipermanent polarization, arising from
dipoles and space charges. There are several nondestructive
and destructive high-resolution techniques for the determina-
tion of spatial charge, polarization, and field profiles. These
methods employ, in general, either a nonuniformly distrib-
uted thermal force or a mechanical force that interacts with
the spatially distributed polarization or space charge to pro-
duce pyroelectric or piezoelectric responses, respectively. In
addition, there are also photoconductive and spectroscopic
methods to determine space-charge distribution in insulators.
All these techniques will be discussed in the following sec-
tions.

Thermal or Heat Pulse Method (17–24)

In the time domain , the thermal pulse technique may be em-
ployed for the determination of spatial distribution of either
charges or dipolar polarization in electrets. Dipolar electrets,
which exhibit piezo- and pyroelectric properties, are met-
allized on both sides, whereas the space-charge electrets may
be metallized on one side only. Thus for the thermal pulsing
experiment different experimental configurations are em-
ployed for the dipolar and space-charge electrets (see Fig. 2,
Ref. 22). In both configurations nonuniform changes in charge
density and polarization are produced by introducing a non-
uniform temperature distribution through the respective elec-
trets. These changes, however, are proportional to geometri-
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cal changes. For both configurations, the metal electrodes on
the front faces are heated by a short light pulse from a gas Figure 2. Schematic diagram of the apparatus for the thermal puls-
discharge tube. The method is nondestructive as the tempera- ing experiment in the double metallizing and single metallizing con-
ture change produced by the heat pulse is very small and no figurations. The electrical equivalent circuit of the electret is also

shown (Ref. 22).permanent changes in the electret occurs. For the case with
two metallized electrodes, electrical contacts are made di-
rectly to both electrodes and the signal generated by the ther-
mal pulse is fed directly to an amplifier. Both electrodes may
be at the same or different potentials initially, the latter con- �V (t) = 1

εε0

Z d

0

��
Aρ(x) − B

dP
dx

�
x
Z x

0
�T(x′, t) dx′

�
dx (13)

dition being introduced by an application of an external volt-
age. For the single metallized electrode case, the nonmet- where �(x) and P(x) are the internal charge and polarization
allized rear surface of the electret is located parallel and close distributions, respectively, and
to a guarded electrode, separated by an air gap of about 75
�m. The zero-field condition needs to be maintained for this
case, and this is achieved by applying an adjustable external

A = αx − αε

B = ap + αx − αε

(14)
voltage using the well-known Kelvin technique in which the
voltage is adjusted to a zero value while the sample is vi-

where �x, ��, and �p are the coefficient of thermal expansionbrated. Both configurations of the electret can be represented
and the temperature coefficients of the dielectric constant �,by an equivalent circuit (Fig. 2), containing a capacitive
and the permanent polarization P. For a nonpolar electret,source that provides a signal when the temperature of the
P � 0 and we haveelectret changes.

In the thermal pulsing technique the heat is absorbed by
the thin metallized front electrode surface (x � 0) from a very �V (t) = αx − αε

εε0

Z d

0

�
ρ(x)

Z x

0
�T(x′, t) dx′

�
(15)

short duration pulse and a voltage change �V(t) is produced
across the sample thickness as the heat diffuses to the back

In the absence of space charge, we get(x � d) of the electret as a function of time. This voltage
change �V(t) is a measure of the charge and polarization dis-
tributions and is related to the temperature change �T(x, t).
It may be shown that (18)

�V (t) = αp

εε0

Z d

0
P(x)�T(x, t) dx (16)
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In every case, the space-charge and polarization distributions providing a nonuniformly distributed thermal force that in-
teracts with the spatially distributed polarization or spacecan only be determined by a deconvolution process.

There is not enough physical information in the experi- charge to produce a sinusoidal pyroelectric current. The real
and imaginary parts of this current are measured with a lock-mentally obtained data from this technique to separate space-

charge and polarization components unless some basic as- in amplifier whose reference phase is provided by the same
frequency generator that drives the electromechanical orsumptions are made. A deconvolution process imposes some

limitations on the usefulness of the method (22) and care acousto-optic modulator. Figure 3 provides a schematic repre-
sentation of the experimental arrangement of LIMM (28). Theshould be exercised in the interpretation of the results. It may

be noted that the numerical analysis of the thermal tran- frequency of modulation can be varied from 20 Hz to 100 kHz
and the temperature fluctuation penetrates successively tosients obtained from the samples, thermally pulsed on both

sides, can be used to an advantage for the determination of shallower depths as the laser modulation frequency is in-
creased (28). It should be noted that the total amount of en-the spatial distribution profile (23).

Recently, it was shown that a simple technique of analysis ergy deposited by the laser beam is independent of frequency.
The method is modeled (28,30–34) by two Fredholm equa-of the thermal pulse data can provide good representation of

the true field distribution in an electret that does not require tions of the first kind:
an elaborate numerical method (24). It has been shown that
the thermal pulse data, corresponding to Eq. (13), can be ana-
lyzed to provide a very good approximation of the internal
field distribution profile within a corona-charged Teflon poly-
fluoroethylene propylene by an application of first-order dif-

IL

I0
= 1 + C1

Z 1

0
P∗(y)

�V cosh vy
sinhv

�
dy

+ C2

Z 1

0
ρ(y)

�sinh vy
sinhv

− y
�

dy

(17)

ferential operators (24). The field-distribution calculation can
be made on line from the thermal pulse data with this and
method.

Thermal Wave Method: Laser Intensity Modulation

In the frequency domain, the thermal wave technique, known
as the laser intensity modulation method (LIMM) may be em-

Iz

I0
= 1 + C1

Z 1

0
P∗(y)

�v cosh[v(1 − y)]
sinhv

�
dy

− C2

Z 1

0
ρ(y)

�sinh[v(1 − y)]
sinh v

− (1 − y)

�
dy

(18)

ployed to determine the spatial distributions of polarization
or dipoles in dielectric materials near the surfaces (25–33). A where
brief outline of the method is as follows (27,28). Both surfaces
of a dielectric containing unknown space-charge or polariza-
tion distributions are coated with vacuum-evaporated opaque v =

� ω

2k

�1/2
L(1 + i) (19)

metallic electrodes. The sample is mounted in an evacuated
sample chamber containing optical windows through which C1 = αp + αx − αE

p
(20)

radiant energy can be admitted. Each surface of the sample
is exposed, in turn, to a He–Ne laser beam (� � 0.633 nm, 5
mW) that is intensity modulated in a sinusoidal manner by

C2 = αx − αε

p
L (21)

means of an electromechanical chopper or an acousto-optic
modulator. This causes a sinusoidal fluctuation in tempera- Here I0 is the current I at zero frequency, L the sample thick-

ness, and k the thermal diffusivity. IL is the pyroelectric cur-ture of the metallic electrode on the sample surface, resulting
in a propagation of temperature waves into the bulk of the rent when the modulated laser beam impinges on the surface

at x � L, Iz the current when the beam is incident on x � 0,dielectric. The temperature waves are attenuated and re-
tarded in phase as they progress through the sample, thus p the pyroelectric coefficient, � the angular frequency, and the

Figure 3. Schematic diagram of experi-
mental apparatus (Ref. 28).
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other symbols have been defined before. Using a coordinate x and charge in the thickness direction of dielectric materials.
to represent the distance inside the thickness from x � 0 to In these methods a propagation of ultrasonic pulse through
x � L and with y � x/L, the unknown distribution of polariza- the bulk of dielectric is employed as the physical process of
tion P*(y), measured as a deviation from the mean P0, or the investigation, and a pressure discontinuity acts as a virtual
space charge are to be found. Once again, there is not enough probe to detect the time-dependent changes in measurable pa-
physical information in the LIMM experiment, as in the case rameters, such as charges and potentials on the electrodes
of thermal pulse method, to separate out �(y) and P*(y) from (44). Each of these methods, however, will be reviewed sepa-
Eqs. (17) and (18). Furthermore, Fredholm equations of the rately in this section. The general principle of the pressure
first kind are well known (35) for their characteristic numeri- wave propagation method is as follows (45).
cal instability. There is a wide range of functions �(y) and A pressure wave is applied uniformly on one face of a sam-
P*(y) which will satisfy Eqs. (17) and (18) within the limits of ple through a target electrode, as shown in Fig. 4 (45,46). As
experimental errors. To resolve these difficulties, it is neces- the wave front of the pressure wave propagates through the
sary to assume further information to some preconceived sample containing space charges, the relative permittivity �r
physical factors (30,32,34). However, it has been shown that of the compressed region is modified, and in addition the
in numerical evaluation with a wide range of integration to- charges are also displaced. These two effects generate a
gether with a least-square minimization (i.e., minimization of change of the induced charges on the sample electrodes,
the sum of the squared differences between the measured and which in turn provides either an open-circuit voltage V(t) or
the computed values), the errors in the determination of spa- a short-circuit current I(t). The space-charge distribution
tial charge or potential distribution can be reduced signifi- �(z), or the field distribution E(z), in the bulk of the sample,
cantly (30,32–34). The LIMM has been used successfully to and the pressure profile P(z, t) are directly related to the time
determine spatial distributions of polarization and space evolution of V(t) and I(t), which are given by (45,47)
charges in ceramics (35) and polymers (33,34,36). Further-
more, the differential operator (24), mentioned earlier, can
also be used to improve the resolution of deconvolution of the V (t) = XG(εr)

Z z

0
E(z,0)P(z, t) dz (22)

LIMM data near the surface region (36). The LIMM has also
been used to determine the spatial distribution of polarization

andin a multilayer polymer system (37). It has been shown (38)
that if the LIMM measurements are extended to a frequency
of 0.1 MHz, a near-surface resolution of 0.3 �m can be ob- I(t) = XC0G(εr)

Z zt

0
E(z,0)

∂P(z, t)
∂t

dz (23)
tained by an appropriate deconvolution procedure. The LIMM
measurements up to 1.6 kHz offer only a corresponding near-

where X is the compressibility of the dielectric material,surface resolution of 3 �m to 5 �m (38).
G(�r) a function of the relative permittivity, zf the abscissa of
the wave front (�vt), v the velocity of sound, C0 the capaci-Thermal Step Method
tance of the noncompressed sample (� �0�rA/d), �0 the per-In this method a thermal step is applied across an insulator
mittivity of free space, A the electrode area, and d the sampleto obtain a current response due to a thermal expansion of the

sample. This current, which appears in the external circuit
connecting the two electrodes of the insulators, is related to
the space charge stored in the sample and is used to deter-
mine the spatial distribution of electric field and space charge
(39–41). Like the thermal pulse and the thermal wave tech-
niques, this method is also nondestructive; however, it can be
applied to thick insulators (i.e., power distribution cables) in
the thickness range of 2 m � 10�3 m to 2 � 10�2 m (42). The
thermal step is produced by keeping one electrode of the insu-
lator at �10�C while raising the temperature of the other
electrode to 20�C.

The validity of the method has been successfully demon-
strated by determining the spatial distribution of real charges
deposited in a well-localized zone of an insulator by corona
discharges, the electrical and thermal parameters (�, x0, L,
W, �, and D) being known (41).

Recently an alternative method known as the inverse ma-
trix technique has been successfully employed (43) to decon-
volute the data obtained by the thermal step method. It is
claimed that this technique requires less computational time
(43) than the Fourier analysis (41) and provides significantly
higher resolution and more details of space charge than those
obtained by Fourier deconvolution (41).
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There are several established techniques that utilize pressure metallized on both sides; (b) for samples metallized on one side (Ref.
49).pulses to determine the spatial distributions of polarization
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thickness. Thus the spatial distribution of the electric field transparent solid dielectric containing an optically absorbing
layer when it is suddenly illuminated by a subnanosecondE(z) can be determined from a measurement of V(t) or I(t) if

the pressure profile P(z, t) is known. Furthermore, the space- (300 ps) laser pulse (64–67). As a result there is an abrupt
increase in the spatially dependent temperature, which ischarge profile P(z) can be determined as it is related to E(z)

by Poisson’s equation. proportional to the distribution of absorbed energy. At the
moment of energy absorption the dielectric is constrained in-
ertially against thermal expansion, and a compressive stressLaser-Induced Pressure-Pulse Method. In this method (48–
wave, which is proportional to the local temperature incre-63) the surface of a sample containing space charges is irradi-
ment, appears. This stress is subsequently relaxed by a prop-ated by a short laser pulse, causing an ablation of a graphite
agation of planar, longitudinal acoustic pulses that replicatelayer which is deposited on the surface prior to the experi-
the initial pulses. Each of these pressure pulses takes awayment. This mechanical excitation following the emission of
half of the mechanical displacement required to relax thethe material provides a recoil that launches a desired pres-
heater region (64). A numerical deconvolution process is re-sure pulse of duration � that propagates through the sample
quired to determine the spatial distribution. It has beenwith the velocity of sound c (see Fig. 4). A Q-switched neo-
claimed that the sensitivity and the resolution of the methoddymium-doped yttrium aluminium garnet (Nd:YAG) laser of
is approximately 10 �C/m2 and �1 �m, respectively (64). Awavelength 1.064 �m of peak power 1 GW, corresponding to
numerical deconvolution is required to determine the spatialan energy of up to 100 mJ of a single pulse with duration of
distribution of space charges and polarization from the mea-70 ps, is used. The cross-sectional area of the laser beam is
sured data. This technique has been employed to determineapproximately 0.2 cm2. Assuming that the c�, that is, the
space-charge mapping and the internal fields in metal-PET-length of the laser-induced pressure pulse (LIPP), is less than
metal samples (65) and in PET and polystyrene capacitorthe linear dimension of the changes in the space-charge dis-
structures (66).tribution of the sample, the open-circuit voltage V(t) created

by the pressure pulse is given by (49)
Pressure-Wave Propagation Method. In the pressure-wave

propagation (PWP) method (45,47,67–72), the pressure waveV (t) = −(2 − ε−1)χPcτE(ct) (24)
is generated by an impact of a 35 ps Nd:YAG laser on a 500

where E(ct) � E(x) is the local electric field in the sample and �m thick aluminum target bonded to a dielectric plate under
� the permittivity. Differentiating Eq. (24) with respect to investigation. The spatial distribution of field and charge den-
time and using Poisson’s equation [��0dE/dx � �(x)] with sity may be obtained.
dx � cdt gives the following expression: The PWP technique has been used to determine the space-

charge and polarization distributions of 50 �m to 200 �m
thick polymer electrets (45,69,71) and high-voltage polyethyl-
ene cables (70,72,73). It has also been used to determine sur-

dV (t)
dt

= − 1
εε0

�
2 − 1

ε

�
χPc2τρ(x) (25)

face charge distribution (74).
Equation (25) shows the relationship between the time deriv-

Laser-Generated Acoustic Pulse Method. An acoustic pulseative of the open-circuit voltage to the charge density.
may be generated by a HV spark between a conductor and aFor short-circuit conditions with two-side-metallized sam-
diaphragm to compress locally a dielectric material (75). How-ples, dV/dt is replaced by I(t)/C, where C is the sample capaci-
ever, this method has poor sensitivity and resolution, as suchtance and I(t) is given by (49)
a pulse source is not very reproducible and has insufficient
bandwidth and a high ratio of low-frequency energy to high-I(t) = −(2 − ε−1)χPc2τ (A/s)ρ(x) (26)
frequency energy. These difficulties can be overcome by using

where A is the sample area and s its thickness. Thus if the a laser as a source of power to generate acoustic pulses
pressure amplitude P is known �(x) can be directly deter- (75,76) when the incident laser beam is absorbed in a thin
mined from a measurement of the short-circuited current paper target coupled to the sample under investigation.
I(t). The LIPP method has been successfully used (54–58) for
the determination of spatial distribution of space charges and Acoustic Probe Method. In this method (77–83) longitudi-
polarization in thin films of polyethylene terephthalate (PET), nal pressure waves of 100 ns duration are generated by abla-
polyfluoroethylene propylene (FEP), polyamide (PI), and poly- tion, and thermal stress effects follow irradiation of a graph-
vinylidene fluoride (PVDF) (52). The LIPP method has also ite disk with a Q-switched ruby laser whose 30 ns pulses
been used to determine the space-charge profiles in thick provide an energy density of 0.5 J/cm2. The longitudinal
slabs of (�1 mm) for low-density polyethylene (59) and thick waves thus produced deform a narrow layer of the sample,
films of cross-linked polyethylene (61). The resolution of this and electrical signals are produced by the mechanical excita-
method is at best approximately 1 �m. tion of the charged specimen. It has been claimed that the

It is of interest to note that the spatial distribution of resolution of the method is �0.2 mm (83,84). This technique
charges injected by monoenergetic electrons in Teflon FEP has been used to determine space-charge and field distribu-
has been determined by both LIPP and LIMM (33). A compar- tions in insulators charged by electron, proton, and �-particle
ison of the results provided by these two different techniques radiation (77,79,80,83,85).
shows good agreement (33).

Piezoelectrically Generated Pressure Step. The piezoelectri-
cally generated pressure-step (PPS) technique (86–90) isThermoelastically Generated LIPP. A variation of LIPP is a

technique that can generate thermoelastic stress waves in a based on the propagation of an acoustic step wave through a
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Pulsed Electro-Acoustic Method

The principle of the pulsed electro-acoustic method (PEA) is
based on the Lorentz force law whereby an externally applied
pulse field induces a perturbing force density on a dielectric
containing resident charges (91–111). This perturbation pro-
duces an acoustic wave that originates from the charges in
the bulk. The acoustic signal is then detected by a broadband
piezoelectric sensor, located on one of the electrodes (96). The
charge distribution in the dielectric may be obtained in real
time from the output voltage of the piezoelectric sensor follow-
ing a digital signal processing effort. This method has been
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successfully applied to determine spatial distribution of
Figure 5. Experimental setup for the piezoelectrically generated charges in cross-linked polyethylene (XLPE) coaxial cables
pressure-step (PPS) method. The same arrangement is used for the (109).
piezoelectrically generated pressure-pulse (PPP) technique (Ref. 90).

Other Methods

A detection of photocurrents can provide information on thesample under investigation. Figure 5 shows schematically the
space-charge distribution (112–114). Electro-optical methods,experimental arrangement (90) of the method in which a 100
namely, Kerr (112–125) and Pockel effects (126), have beenns long square pulse of amplitude 400 V to 600 V is generated
used to detect space charges in dielectric liquids (116–120)by a relay-triggered discharge of a coaxial cable. This step
and polymers (121–125). Furthermore, spectroscopic meth-voltage drives a piezoelectric quartz plate of 25 mm in diame-
ods, such as Stark (127) and Raman spectroscopy (128) haveter and 3 mm in thickness. A silicone oil layer of thickness
also been attempted to measure space charges in dielectric100 nm to 200 nm is employed to couple the resulting pres-
materials. However, these methods have yet to receive an ac-sure step to the sample, the other surface of the unmetallized
ceptable measure of understanding and reliability in the de-sample being contacted by a conducting rubber disk of �5 mm
termination of spatial space-charge density.in diameter. The electrical response of the sample is detected

Monoenergetic electron-beam probing techniques (129–between the rubber electrode and the metallized quartz, the
133) have been employed to scan sample thicknesses to evalu-latter being grounded. It may be shown that the short-circuit
ate space-charge concentrations in the irradiated regions ofcurrent I(t) at time t and electric field E(x) at a location x �
insulators. However, these methods, which require a defini-ct of the pressure step of the sample is given by (88)
tive knowledge of charge carrier mobility that may vary spa-
tially, are also destructive, which limits their applications.

It is established that suitable solvents may diffuse into aI(t) = ε0εrA
s

�4
3

+ εr

3
− 2

3ε

� P
ρ0c

E(ct) (27)

dielectric, thus creating a higher charge carrier mobility in
the diffusion region (134,135). As a result there will be awhere �r, �, S, and A are the relative permittivity, the density,
charge migration in this region, and this can be detected elec-the thickness, and the electrode area of the sample, respec-
trically in an external circuit. However, as many assumptionstively, �0 the vacuum dielectric constant, c the velocity of the
need to be made, the diffusing chemical solvent method maylongitudinal sound waves, and P the amplitude of the pres-
be limited in some cases only for the determination of thesure step. An alternative expression for I(t) using the electro-
space-charge distribution.striction coefficient � is (86)

Several attempts (136–138) have been made to utilize the
well-established capacity field probe techniques (139–142) to
detect space charges. Materials have been mechanically slicedI(t) = A

s
(1 + γ )v

Z x=ct

0
ρ(z) dz (28)

and charges on each slice have been measured (136,137).
Apart from being a destructive method for such an approach,where
it is difficult to determine true charge distribution as the ef-
fect of the cutting tool on the charge distribution is not
known.

γ = −1
ε

∂ε

∂s
(29)

A multipoint measurement technique (138) that measures
s is the mechanical strain, �(z) the charge distribution, and � charges on the whole surface for different probes to surface
the particle velocity in the step wave (v � P/�0c). clearances can be employed. The distribution of the charge

Combining all the unchanged parameters into a single con- density may be determined from the probe responses using
stant C, Eqs. (28) and (29) may thus be rewritten (90) an appropriate numerical field calculation.

CONCLUSION
I(t) = CE(ct) = C

ε0ε

Z x=ct

0
ρ(z) dz (30)

The techniques such as the thermal pulse, thermal waveThe present resolution of this technique is �1 �m for the de-
termination of the location of charge layers. The spatial field (LIMM), thermal step, and the pressure-pulse methods in-

cluding laser-induced pressure pulse (LIPP), pressure-waveand polarization distributions can be directly scanned with
the PPS method. propagation (PWP), piezoelectrically generated pressure-step
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(PPS), and the pulsed electro-acoustic (PEA) methods are the cept for the LIPP method, that either a numerical deconvolu-
tion of the experimental data is required (i.e., thermostati-major developments in recent years for the determination of

the spatial distribution of space charges and polarization in cally generated LIPP, laser-generated acoustic pulse method,
piezoelectrically generated pressure-step method, thermalnonpolar and polar dielectric materials and particularly in in-

sulating polymeric solids. Table 1 provides an overview of the step method, and electro-acoustic stress pulse method) or the
resolution can be improved with deconvolution (pressuremethods and their capabilities (46).

The thermal pulse method relies on the diffusion of heat wave propagation method) for the determination of spatial
distribution of charges and polarization. The pressure-waveand the thermal wave (LIMM) uses the concept of a fre-

quency-dependent steady-state heat profile. Both these meth- propagation method can also be used for surface charge mea-
surements. The LIPP, PEA, and PPS and thermal step meth-ods are quick and easy to use, but a numerical deconvolution

is required in each case. The LIMM has particularly high res- ods are suitable for space-charge profile determination in
thick samples and appear to be quite promising in scanningolution near the film surface. For both these cases the film

thickness is limited (�200 �m). It appears in most cases, ex- space charges in thick polymeric power distribution cables.

Table 1. Overview of Methods and Capabilities: l is the method’s resolution, and s is the sample thicknessa

Method Disturbance Scan Mechanism l (�m) s (�m) Comments

Thermal pulse method Absorption of short light Diffusion according to 
2 �200 High resolution requires
pulse in front elec- heat-conduction 2,000–20,000 deconvolution
trode equation

Laser intensity modula- Absorption of modulated Frequency-dependent 
2 �25 Numerical deconvolu-
tion method light in front electrode steady-state heat tion is required

profile
Laser induced pressure Absorption of short laser Propagation with longitu- 1 100–1,000 No deconvolution is re-

pulse method light pulse in front dinal sound velocity quired
electrode

Thermoelastically gen- Absorption of short laser Propagation with longitu- 1 50–70 Deconvolution is re-
erated LIPP light pulse in thin bur- dinal sound velocity quired

ied layer
Pressure wave propaga- Absorption of short laser Propagation with longitu- 10 5–200 Resolution improved

tion method light pulse in metal dinal sound velocity with deconvolution.
target Also used for surface

charge measurements
Nonstructured acoustic HV spark between con- Propagation with longitu- 1,000 �10,000 Used for solid and liquid

pulse method ductor and metal dia- dinal sound velocity dielectric. Higher reso-
phragm lution with deconvo-

lution
Laser-generated acous- Absorption of short laser Propagation with longitu- 50 �3,000 Deconvolution is re-

tic pulse method light pulse in thin pa- dinal sound velocity quired. Target and
per target sample immersed in

dielectric liquid
Acoustic probe method Absorption of laser light Propagation with longitu- 200 2,000–6,000

pulse in front elec- dinal sound velocity
trode

Piezoelectrically gener- Electrical excitation of Propagation with longitu- 1 25 Deconvolution is re-
ated pressure step piezoelectric quartz dinal sound velocity quired
method plate

Thermal step method Applying two isothermal Thermal expansion of the 150 2,000–20,000 Deconvolution is re-
sources across sample sample quired

Electro-acoustic stress Force of modulated elec- Propagation with longitu- 100 �10,000 Deconvolution is re-
pulse method tric field on charges in dinal sound velocity quired. Also used for

sample surface charge mea-
surements

Photoconductivity Absorption of narrow External movement of 
1.5 — Nondestructive for short
method light beam in sample light beam illumination time

Space-charge mapping Interaction of polarized Parallel illumination of 200 — Mostly used on transpar-
light with field sample or movement of ent dielectric liquids

light beam
Spectroscopy Absorption of exciting External movement of ra- 
50 — Few applications

radiation in sample diation source or
sample

Field probe None Capacitive coupling to 1,000 �20,000 Destructive
the field

a Source: References 28, 46.
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1483–1487, 1981. 69. C. Alquié, F. Chapeau, and J. Lewiner, Evolution of charge dis-

tributions in FEP films analyzed by the laser induced acoustic48. G. M. Sessler and R. Gerhard-Multhaupt, A review of methods
for charge or field distribution studies on radiation charged di- pulse method, 1984 Annu. Rep. Con. on Electr. Insul. Dielectr.

Phenom., IEE Report No. 84CH1994-3, 1984, pp. 488–496.electric films, Radiat. Phys. Chem., 23: 363–370, 1984.

49. G. M. Sessler, J. E. West, and G. Gerhard, High resolution laser 70. F. Chapeau, C. Alquié, and J. Lewiner, The pressure wave prop-
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