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The electrically stimulated acoustic-wave (ESAW) method for observing resident space charge in
dielectric insulators has been used to characterize the poling behavior of millimeter-thick samples of
polymeric insulation. The principle involves applying a voltage pulse across a material containing
space charge and recording the exiting stress-wave signal by means of a piezoelectric transducer.
This is a noninvasive technique and may be performed, in situ, during any space-charge-generating
experiment. This method is able to detect space charge with a figure of merit equal to the sensi-
tivity times the resolution of 130 pC/cm?, and, to our knowledge, is the lowest reported for any

nondestructive space-charge-profiling technique.

I. INTRODUCTION

The accumulation of bulk space charge due to an exter-
nally applied field is of concern for the characterization
of nearly any semi-insulating material. Space-charge-
limited currents give many details concerning the density
of states and the contact dynamics.'™® However, one can-
not observe the space-charge distribution across a sample
using purely electrical means. Consequently, there have
been many efforts to obtain space-charge information in
dielectric films.%7

The electrically stimulated acoustic-wave (ESAW)
method for profiling the space charge distribution in an
acoustically homogeneous material has been developed
and shown to work with millimeter-thick samples of poly-
meric insulation.87!3 The technique is noninvasive, allow-
ing it to be performed simultaneously with any space-
charge-generating experiment. Two methods of gener-
ating space charge, in order to observe the effects with
ESAW, have been used. One method was a dc voltage
application over several days® and a second was a shal-
low electron-beam implantation near one boundary.!® In
both experiments, the ESAW method gave time resolved
space charge distribution profiles.

This method was presented by Takada, Maeno, and
Kushibe!? in 1985 as the electroacoustic-pulse method.
The process of determining the charge profile from a
recorded acoustic signal received by the transducer uses
a simple signal processing algorithm as described in a
publication by Maeno et al.!3

A representation of the basic apparatus is illustrated
in Fig. 1. This schematic shows the setup used for pro-
filing thick poly(methylmethacrylate) samples in previ-
ous studies. The delay line acts as a common ground. dc
voltage is applied to the top electrode and the transducer
output is detected from within the brass housing. The
transducer is electrically enclosed to reduce the noise re-
sulting from external sources. The signal output from
the transducer is fed out through a BNC connector. The
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signal is then detected by a digital recording scope that
is triggered by the voltage pulse generator.

The principles described in this paper are completely
general and may be applied to thin films and materi-
als with high acoustic velocities as long as the detection
equipment is fast enough to resolve the incoming signals.
The next section describes the method and how it is able
to measure charge layer distributions in a material of
arbitrary thickness. Then, a review of one-dimensional
acoustic propagation will be presented as it applies to
designing an ESAW apparatus. A basic treatment of the
electrical response of an acoustic transducer to an im-
pinging stress signal follows in a subsequent section and
the stress-wave generation in the insulating film due to
a voltage pulse is treated in the section after that. Fi-
nally, some calibration results which demonstrate the ef-
fectiveness of the technique will be presented as well as
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FIG. 1. Schematic of the low-frequency experimental
ESAW setup.
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some comments regarding the application to deposited
thin films.

II. ESAW METHOD

The ESAW detection scheme is based on the Lorentz
force law in one dimension. An externally applied pulse
field induces a perturbation force density on the ma-
terial in the presence of resident charge. The pertur-
bation launches an acoustic wave which originates from
the charged bulk. Propagation will be assumed to occur
along the 2 axis, while the z-y plane will be considered
infinite in extent. All spatial variations, therefore, are in
the z dimension.

A time-dependent mechanical force density (Fp) results
from the charge density py(z) at every point within the
sample times the perturbing Laplacian field E,(t),

Fo(z,8) = pg() B (1), (1)
which 1s the driving force that propagates a stress wave
T,(z,t) from every point across the sample (0 < z < d).
The acoustic path is indicated in Fig. 2, showing the
relative positions of the sample, acoustic delay line, and
the piezoelectric transducer.

If a perturbation field is much shorter than the relax-
ation time of the material, then trapped charges can be
considered fixed in the time frame of the pulse. If the
voltage pulse is also sufficiently short by comparison to
the propagation of the resulting stress wave, the excita-
tion can be said to occur in a §(t), using the Dirac é
function at time, ¢ = 0, so

E.(t) ~ %Ata(t), 2)

where At is the effective pulse width and Até(t) is the
dimensionless short-duration-time representation of the
pulse envelope. The relation (1) describes the time-
dependent fraction of the nonequilibrium force, launching
an acoustic wave that can be detected by a piezoelectric
transducer on the other side of the lower electrode.

The stress signal produced by a charge density excited
by the suddenly applied perturbation field, E,(t), prop-
agates away from the source at the velocity of sound v,.
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ABSORBER
FIG. 2. Simplified acoustic model of a charge layer of den-

sity pq(z) under the influence of an E field E.(t), causing a
stress T;(z,t) to propagate outward through the electrodes.
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Immediately after the field is removed, the charge density
returns to its equilibrium position. The resulting acous-
tic time signal is related to position by the velocity of
sound within the sample,

zrel(t) = vst, (3)

where zrei(t) is the relative position in the sample with
respect to the lower electrode boundary, since the sig-
nals are detected from the lower to the upper electrode.
The delay time for a signal to propagate from the lower
electrode boundary to the detector is Tgelay. This is the
relative position due to the adjusted time, t = t’ — Tgelay,
where t' represents the time after the pulse is applied.
Thus, 2z.e across the sample corresponds to the time be-
tween the electrodes 0 < zpq < d.

The detector response to a surface sheet charge is taken
as the impulse response e(t) at time, ¢ = 0, after the
acoustic coupling delay, Tgelay, as seen in Fig. 2. The
detector then responds to each arriving differential el-
ement of signal resulting from the charge distribution,
generating a voltage signal V;(¢) which is detected by the
recording scope

" t Vo z
‘/z(t) =K / “—d Pq \ = — Tdelay p(t)vsdta (4)
0 Us

where the time-dependent pulse envelope p(t) is defined
by the shape of the electrical excitation

e(t) = “2p(1) (5)

and the trace output corresponds in time to the charge
distribution in space.

If the detector response is not perfectly flat within the
frequency domain of the signal, some signal processing
will be required to correlate the received electrical signal
with the acoustic wave to find the charge profile. A dou-
ble Fourier transform is performed on the output signal,
maintaining both real and imaginary components. Using
the principle

fit—to) <= F(w)ej“’t" (6)

to transform the output signal, one can recover the charge
distribution after division by the transform of the un-
shifted impulse response. The transform of (4) is

KV,v,

Vi(w) = jwd

(1 _ e—ijt)ejw‘rdehqu (i) , (7)

Vs

where R,(k;) is the spatial transform of the charge dis-
tribution. The linear acoustic dispersion relation,

w = vskz’ (8)

allows a one-to-one mapping of the time domain signal
into a spatial distribution.

The same analysis can be performed in the frequency
domain by applying a steady-state voltage V,(w) as the
test signal and sweep in frequencies. The resulting output
can then be substituted for the Fourier transform of the
detected signal, R, in (7).
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III. PROPAGATION

This section reviews some principles of one-
dimensional acoustic propagation as related to signal de-
tection. In order to maintain a consistent set of electrical
and elastic terms, the conventions used in the text by
Kino!® have been adopted. The stress, strain, and veloc-
ity of sound are represented by T, S, and v;, respectively,
while u, u, and % are particle displacement, velocity, and
acceleration. The force density in the material bulk is

. 0T,
Pmoth = a—z + Fo(z,t), 9)
z
where pp,0 is the specific mass density. The linear stress
in a material is defined in one dimension as

du

where £ is the Young’s modulus of the material, which
can be substituted back into (9) to yield the wave equa-
tion with a temporal and spatial excitation
2 2 F t
3u:v‘28u o(z,1) (11)
ot? 022 Pmo

and the velocity of sound

vs = &/ Pmo, (12)

which is the velocity at which stress and strain waves
travel through the material.

Solutions of (11) are found for all time and space after
the stress at every point z has been determined at time
t = 0. In this one-dimensional system, a signal may only
propagate in two directions; T} for the +z-directed, and
T, for the —z-directed stress signals. Since the trans-
ducer is located in the —z direction, only the signal prop-
agating in that direction is considered,

I_
T,(z,t) = T, (z',t—— z z) ,

Vs

(13)

where z’ indicates the position of the charge density, in
reference to an observer at z.
The initially generated stress will be defined here as

Vo A (14)

{
Ti()im0 = v 2205y (2)
for the propagation of a signal from its initial position
within the sample, as illustrated in Fig. 2. The signal
which propagates towards the lower electrode is

Ti(z 4 vst)
At (15)

impinging at the sample-electrode interface and trans-
mitted toward the detector.

The reflection coefficient for a signal propagating from
material 1 toward material 2, I'15, is determined by the
ratio of reflected stress 7, to incident stress T;; at the
interface

T,(z,t) =

X!

r12 — 1 — Za2 - Zal
1—1{1 Za2 + Zal ’

(16)
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where the specific acoustic impedance Z, is defined!® as

Za = pmovs = V Pm(]g (17)

which is a material property.
The transmission coefficient of the interface, T1,, is
found from conservation of stress in elastic media

2Za2
_f4a2 18
Za1 + Za2 (18)

which is positive for all values of Z,; and Z,,. What
is interesting from this relation is that zero transmission
results from a negative unity reflection coefficient and
the transmitted stress is double the incident stress with
positive unity reflection.

A detector that is perfectly matched to the delay line
will generate no reflections at that interface; thus, all of
the signal in the delay line contributes to the voltage out-
put. Using a method described by Haus and Melcher! to
visualize signal propagation, a two-dimensional 2-t plot
of the stress wave is illustrated in Fig. 3. In this figure,
one can see how a time domain signal contains spatial
information originating between the electrodes.

By following the line of constant z at the detector, one
can visualize the arrival of an excitation originating from
the lower surface, z = 0, after 7ye1ay and from the upper
surface, z = d, after an additional time d/v,. The inci-
dent stress is reflected at the interface with a coefficient T’
and transmitted with (1 + I'). The transmitted signal, in
this example, propagates with a higher velocity of sound
in the delay line than in the sample, so the slope in the
lower portion of Fig. 3 is broader. The characteristics of
the signal originating within the sample are preserved as
they propagate through the delay line, as long as diffrac-
tion and acoustic attenuation remain negligible.

TS =1+T12

IV. TRANSDUCER

The piezoelectric acoustic transducer used in the
ESAW system converts stress waves into electrical sig-
nals by producing a voltage across the stress-sensitive
media. Signals produced by the transducer are amplified

z
d T o
zy T SAMPLE
T (TeNT, DELAY
LINE
Vsé'%_
T Y “—t
Tdelay Vs129  Vgid
FIG. 3. Plot of position vs time for an impulsive stress T;

originating at z1, propagating at vs; in the sample, and v,z
in the brass delay line.
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and sent to a recording oscilloscope that stores the signal
wave form with respect to time. Acoustic information
enters the crystal from the front and either exits the back
into an absorbing material or is reflected back into the
transducer. For the remainder of this discussion, front
and back will refer to the crystal surfaces while top and
bottom refer to the sample. Also, the term crystal will
be used interchangeably with transducer.

For the purpose of understanding how to design an
optimal transducer for ESAW measurements, a simpli-
fied analysis of longitudinal mode, linear, time-invariant
acoustic detection will be presented. A systems approach
will provide a method for visualizing the detection of first
arrival pulses by knowing the frequency response of the
crystal through Fourier decomposition of the response to
an impulsive stress.

A. Constitutive relations

In order to represent the electrical response of the
transducer to an acoustic wave, the behavior may be
considered in one dimension using the first-order, linear,
constitutive relations for a piezoelectric. Consider the re-
lation for dielectric displacement D with a permittivity
¢, and local piezoelectric polarization Py,

D =¢E+P,. (19)

In a piezoelectric material, the internal polarization is
proportional to the stress

Py(z) = €g33T:(2),

where ¢33 is the z-directed field constant for z-directed
stress.1® If the crystal is assumed homogeneous and
charge neutral, Gauss’s law states

(20)

V-D=0 (21)

resulting in

E,(2) = —%Pp(z) = —g33T,(z) + const, (22)
where the constant must satisfy the surface boundary
conditions.

The local z-directed electric field E,(z) is proportional
to the stress at position z in the bulk of the piezoelectric
material. The open-circuit voltage across the transducer
at a given time is

L,
Vi(t) = —/E(z,t)dz = gs3 T,(z,t)dz (23)
z2=0
for the transducer thickness
Ly = v547q (24)

with vs; and 7, as the velocity of sound and transit time
across the transducer.

Under short-circuit conditions, V;(t) = 0. The trans-
ducer current i; is found by

dv; L g
Cogss E;Tz(zat)dz)

14(t) = Co— =
t() Odt 2=0

(25)
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where Cy is the effective capacitance of the transducer.
One can therefore model the crystal as a voltage source
with an inherent capacitance due to its geometry and
permittivity € where

(26)

for a transducer area A;.

The transducer capacitance is connected to the detec-
tor, having electrical impedance Z,o, assumed here to be
dominated by the resistive input impedance of the am-
plifier

Ze() ~ RQ. (27)
A first-order Thevenin equivalent model of the electri-
cal output network for the piezoelectric voltage source
in series with a single capacitor and resistor is shown in
Fig. 4. This first-order high pass filter with electrical
time constant, 7. = RoCp, and output voltage V, across
the resistor represents the transducer response to a stress
signal input.
The voltage signal detected by the amplifier and
recorded by the scope is found by solving for Vy(t),
Vo(t) = e V(1) — Vo(®)], (28)
an expression that is easily transformed into frequency
domain. Once the solution is found for all conditions
of 7, and V;(w), the time domain impulse response is
recovered by taking the inverse Fourier transform.

DELAY LINE TRANSDUCER ABSORBER
T \
Vgt

e—O
z Vi(t)

= 0 L

2

S| |
+ +

Ro § Vo (1)

FIG. 4. Schematic of the piezoelectric transducer and the
resulting voltage signal V;(t) which drives the RC circuit to
produce the detected signal V5 (t).
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B. Signal response

Acoustic signal reception is affected by two time con-
stants and by possible reflections from the boundaries of
the crystal. The acoustic time constant 7, is the single
trip time for an acoustic signal to move across the trans-
ducer. The electrical time constant 7, is the RC product
of the crystal in series with the amplifier. As for the
transducer mounting, three configurations are possible:
a system where the transducer is acoustically matched
on both faces, a system where the front is matched and
the back is open, and one where neither side is matched.
The third case results when the delay line and trans-
ducer materials are selected without regard to matching
the acoustic impedances.

Plane-wave propagation, without diffraction, disper-
sion, or loss, will be assumed for simplicity of under-
standing propagation in this system. Furthermore, the
bonds between the metal and piezoelectric crystal will be
considered negligibly thin, so a material interface would
be characterized by a single reflection coefficient I'. Two
interfaces are present at the detector, one at the trans-
ducer front and one at the back, two reflection coeffi-
cients therefore characterize the boundary effects. The
front reflection coefficient will be referred to as I', and
is the amount returning into the delay line as the stress
wave enters the crystal while I'y is the amount reflected
back into the crystal at the back interface.

A quasistatic approach to understanding transducer
operation is appropriate for broad-band crystals (low
Q), operated far from resonance, receiving purely planar
waves. At or near the resonant frequency of a bulk wave
transducer, the response may be influenced by second-
order effects which will not be discussed here.

The Fourier transform of the high-pass filter described
by (28) results in the transfer function

Vo(w)  jwre
Vilw) — 1+ jwr,’

(29)

where 7. = RC. This relation is independent of the
acoustic transit time 7,. The thickness of the transducer
is inversely proportional to the capacitance. The two
time constants depend on the material, area, and ampli-
fier input impedance, but will be treated independently
for now.

The transducer produces a frequency-dependent open-
circuit voltage by integrating stress across its thick-
ness (23) which is then detected through the RC fil-
ter (28). The time-domain output is the convolution of
these two functions, which is the inverse Fourier trans-
form of the product in frequency space. The received
voltage signal V; depends on the frequency characteris-
tics of the acoustic signal and the mechanical termination
at both ends. The following are the three general cases
of transducer output functions based on their acoustic
termination.

1. Matched transducer

A perfectly matched system is one with equal acoustic
impedances on either side of the transducer so it does not
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reflect any signal at either boundary:

T,=T;=0. (30)

The frequency domain representation of the output volt-
age for an arriving stress signal is found through the
Fourier transform of (23),

Vi(w) g33Vs . [WTa\ _;

A = 9P iy (L2 gmierel2, 31
T(w) Jw o 2 /¢ (31)
where the exponential term results from the time delay
across the transducer. This transfer function is only in-
tuitively helpful under certain limiting cases. In the low-
frequency limit, w7, < 1, the sine function may be
approximated by its argument. Hence, the magnitude of
(31) reduces to
Vi
I——' = ¢33V, Ts. (32)

wTe—0

T

When the acoustic transfer function is combined with
the electrical response, the output for a steady-state sig-
nal whose frequency is much lower than 7,,

Vo(w) — gssvar, WTe
T(W) — §33VUs ama

and is independent of 7,. This states that the volt-
age output is independent of frequency as long as
!l w g

The system response at frequencies greater than the
inverse acoustic time constant is found from the time
domain response function (23) once again. An acoustic
wave form propagating through the transducer at an in-
stant of time may be decomposed into a superposition of
normal acoustic modes,

o0
T(t) = 3 Cpsin (2—%) ,
n=0 a

for the components C, that solve T'(t) at a fixed point
in space. We are only interested in the region between
0 and 7, since that is the portion of the signal integrated
in (23) giving a voltage output. Consequently, the fre-
quency domain representation is a series of impulses

at integer multiples of the fundamental frequency.

The frequency domain response of the open circuit
crystal voltage V; may be found at each frequency, k, =
nw/7,, for a stress signal T'(w), from (31) which results
in the expression

Aw) = (33)

(34)

(35)

Vi(w) = i 933Y5Cn g (ﬂ) e=intl2
L Jkn 2

n=1

(36)

having values of (0, +1) for the sine function. Therefore,
the magnitude of the open circuit voltage is inversely pro-
portional to the frequency. The output function for a spe-

cific input stress wave in frequency space for w > 7,7}
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is approximately

Vo(w)| _ __9g330sTe
T(w) \/1 + (wTe)z)

where a flat response is seen for 771 > w > 77l

The relations (33) and (37) together give the complete
asymptotic frequency domain picture for both limiting
cases, shown in Figs. 5(a) and 5(b) for all frequencies.
This representation illustrates the scaled response to dif-
ferent frequency components making up a time-resolved
signal.

Aw) =

(37)

2. Open-back transducer

The second configuration is a transducer that is
matched on the front side but open on the back (Z2 = 0),
so any signal which impinges on the back surface is re-
flected with equal magnitude but opposite sign, I',=0
and I'y=-1. The signal reflected to the front returns,
unimpeded, to the lower electrode. In the time domain,
this configuration subtracts the integral of the delayed
returning signal from the integral of the arriving signal.

Vit) = gasvs ( / 0 T, (2, t)dt — /t o T,,(z,t)dt) .

=Ta

(38)

MATCHED WITH 7, > 7,

n\ =™
933Vs

Ta >
/'\
oY N
(a)
Ta'1 're'1

OPEN BACK WITH T, >> T,

FIG. 5.
and (c) and (d) are open on the back (I's = —1).

T,
\\ /a
\\
~

In (w)
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When transformed into frequency space, the result is sim-
ilar to (31) with the sine term squared:

Yi(w) = 933% 4 sin? (ﬂ'—) e IwTe, (39)
T(w) Jw 2

By direct analogy to the matched transducer relation

(31), the output response for low frequencies wr, < 1
will be

w2,

V14 (wre)?

A(w) = gaavsTy (40)

and is proportional to w? for wr, < 1. The inverse trans-
form of (40) is proportional to the second derivative. An
open-backed setup has a fast gain fall-off for low frequen-
cies. Consequently, it will yield poor resolution of low-
frequency components.

The response to high frequencies is found following the
same method described previously. Since the sine term
is squared, the components C,, are multiplied by either
1 or 0 when substituted back in (39). Figures 5(c) and
5(d) illustrate the response of an open-backed transducer
for the two limiting cases. The high-frequency responses
are the same as for the matched transducer. A narrow
pulse whose width is much shorter than crystal acoustic
thickness 7, is not influenced by the back side termina-

MATCHED WITH T,<< T,

( >
In
933VS

Te =+ L

Y A

(b)

Te! 75!

In (w)

OPEN BACK WITH T, << T,

Te (d)

Modified Bode plots for four possible transducer configurations, (a) and (b) are matched at both ends (T, = 0),
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tion. Consequently, the high-frequency response will be
the same for all transducers when w > 7%, 7

The slope of the high-frequency curves on the log-
log plots of Fig. 5 is —1 which transforms to time in-
tegration. Similarly, the positive slopes seen on the low-
frequency sides correspond to differentiation for a slope
of +1 and double differentiation for a slope of +2. The
open-backed configurations give the latter characteristics
for w <« 771, 7! which also represents a signal fall-off
that is twice that of a matched transducer. In order to
achieve a flat frequency response, one must be sure that
the bandwidth of meaningful signals is within that re-
gion. The output will then be proportional to the signal
itself, and the time domain output will trace the charge
distribution.

The only open-backed arrangement with a flat signal
response region in Fig. 5 is (¢) where 7, > 7.. Thisis a
transducer that is acoustically thicker than the arriving
signal connected to a low impedance amplifier keeping
1. very short. Outside the flat region, an output sig-
nal will be proportional to the integral, derivative, or
second derivative of the arriving acoustic signal. If the
frequency components containing charge distribution in-
formation overlaps a transition region, recovering the ac-
tual acoustic response may be difficult because of noise
overwhelming the signal in the attenuated portion of the
output spectrum.

Vi(t) = gasvs(1+T4) /OTG i(—-l‘al‘b)n {T(t + 2n7,) + Ty Tt + (2n + 1)74)]} dt
n=0

and its associated Fourier transform

Vi(w) = Lt Te) <
n=0

which can be simplified by solving the sum exactly to
yield

V(w) _ 933'03(1 + Fa) (
T(w) jw

—jwTe
1+ e ) (44)

1+ I‘al“,,e—zjwa

and has a pole when I';I'y; = —1. This would be the
response of a perfectly mismatched transducer which is a
resonator at the fundamental frequency fo = 7/7,. This
could never occur in practice since it implies that the
transducer is free-standing. In a more realistic matching
situation, the transducer is loaded, at least on one side,
making the relation stable and not resonant.

The amount of ringing depends on the size of both
reflection coefficients as expected from (44). When the
limiting cases of ', = 0,and I, = Oor I = — 1,
there are no oscillations, and the results are the same
as in Fig. 5. However, the loci of solutions for finite ',
and T'y, are between the two extrema, with peaks near
the resonant frequency and whose widths depend on the
reflection coefficients.

The open-circuit frequency domain response is con-
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8. Multiple reflections

A transducer with nonzero reflection coefficients at
both interfaces has reflections originating from each
boundary. This is the general case for any combination
of materials with different acoustic impedances Z,, such
that

0< |, Ty <1 (41)

whereby a fraction of the stress arriving at any time re-
mains in the crystal and mixes with future signals. Loss-
less reflections would produce a signal at the fundamen-
tal resonant frequency of the crystal, resulting in a sharp
frequency domain peak at w = 7;!. Finite reflection
coefficients I', and I’y broaden out the peak and mix in-
coming signals with only a fraction of previous signals.

Reflections from both surfaces can be treated by di-
rect analogy to the previous two situations. The Fourier
transform of the time domain, open circuit, voltage re-
lation is multiplied by the transform of the RC' detector
circuit to give the total electrical response. The responses
are summed over all time, weighted by the appropriate re-
flection coefficients, to produce the transducer response.
Since only a portion of the arriving signal is seen across
the transducer, the whole relation is multiplied by the
transmission coefficient 1 + I', at the front interface.

The resulting time domain expression for the open cir-
cuit voltage across the crystal is

(42)

[T(w) + TpT(w)e™ ™| Z(—rarb)"e—2"1w7«> (43)

f
volved with the detector response. The magnitude then
gives the result
Vo(w)
Ti(w)

1+ Dye=dwre
14+ Talpe—2iwTa

(45)

- 933vsTe(1 + Fa)
V1+ (wre)?

Alw) =

for the generalized frequency domain impulse response of
an acoustic transducer sandwiched between a delay line
and an absorber at the back. The resonant configuration
gives a large response to signal components near 7,1,
but attenuates lower-frequency components and super-

imposes a damped oscillation over the signal.

V. ACOUSTIC RESPONSE

Electrostatic force exerted on the material due to an
applied field depends on the charge associated with that
field, and the electrostriction coefficient 7, defined as!?:!8

y=c(l+ca), (46)
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where ¢, is a dimensionless material constant, defined by

_ Pmo_Oe
€ Opm

Ca (47)
with p,, representing the mass density. One can deter-
mine 7 by measuring the electrostriction force with an
applied field'? and € from the capacitance!® to get a value
for ¢,. This number is typically much smaller than unity,
making this a second-order correction.

The force per unit area on a thin sample with no em-
bedded charge is found directly by

F, = yE? (48)

for a uniform electric field E, terminating on the sample
boundary. Therefore, if E,(t) contains a dc and a time-
varying component

E,(t) = Eqc + €,(t) (49)
then
E? = 1E3 + Eace,(t) + 2eX(t) (50)

whereby the first term has no time dependence and shifts
the equilibrium stress in the presence of localized charges.
The perturbation field e, (t) generates a stress wave pro-
portional to the electrostatic force exerted at the surface

f(t) = 7Edcez(t) + %763(0’ (51)

where Eg4. is the surface field due to the applied dc volt-
age. The dc field term may be replaced by the surface
charge

€

Qs = '&Vdc: (52)
where V. is the applied dc voltage used to calibrate the
detection system.

A bulk sheet charge @, responds in the same way as
one on the surface without the e?(t) self-field term. The
stress density for an embedded sheet charge under exci-
tation by a small field is found from (51) and (52),

Ty(t). = Laces(t) + Le2(), (53)
for constant charge in the z-y plane. The calibration
stress signal Tj is the signal induced by a known applied
voltage Vyc,

To(t) = % [(Vdc + Upulse) vpulse(t)] s (54)

allowing one to calibrate the detector to a known charge

Qo = €(Vac + Up;lzse) Vpulse(t) (55)

being the surface charge due to capacitance and applied
voltage. The resulting acoustic signal will be considered
the calibration impulse response. The sign of the charge
is also preserved since a negative charge launches an op-
posite directed stress wave from a positive charge that is
distinguishable by the transducer.

If embedded space charge is distributed over an
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area within the bulk, the resulting pressure wave will
be a time-varying signal across the sample. A one-
dimensional charge distribution pg(2)z,y will produce an
acoustic stress perturbation in time and space Fp(z,1)
which launches an acoustic wave Tj(z,t), as described in
Sec. III,

Fo(z,8) = LB (0)py(2)ss,

and propagates away at the velocity of sound to be re-
ceived by the transducer. The constant term % is a ma-
terial parameter that is nearly unity, and does not vary
from one sample to the next. Once the stress produced
from a known sheet charge layer is found, the detector
can be calibrated to charge layers from different sam-
ples of the same material. A sample containing bulk
space charge that is exposed to the impulsive perturba-
tion field, produces a stress wave form that mimics the
charge distribution. The distribution is then calibrated
by the surface impulse response.

(56)

A. Surface sheet charge

The magnitude of the stress waves resulting from a
sheet charge at the lower electrode interface is found by
solving the wave equation with the boundary condition:

T, +T, =T;, (57)

where the subscripts £, r, and ¢ indicate the transmit-
ted, reflected, and incident stress waves. If the interface
is abrupt, the transmitted stress will propagate, unper-
turbed, through the delay line.

The appropriate continuity condition is that the ve-
locity 4 is constant across the boundary. This gives the
result for a transmitted stress wave,2°

14T

Zad
=T; )
Zad + Za.s 2

L=T (58)
where Z, is the acoustic impedances in the sample s and
delay line d. This states that the acoustic response of a
sheet charge at the bottom surface has the same response
of a sheet charge originating from within the bulk, allow-
ing the calibration of an impulsive sheet charge within
the sample to a surface sheet charge at the electrode.
The acoustic mismatch between the sample under test
and the acoustic delay line has no effect on the relative
signal received. Consequently, as long as the impulse
response is chosen with the same sample material, the
electrical response of a single sheet charge can be used to
deconvolve all subsequent charge distribution profiles.

The response to a sheet charge residing at the upper
electrode will experience the same conditions for the mag-
nitude of the generated signal. The portion of the initial
stress which propagates in the direction of the sample, to-
wards the detector, is the conjugate of that which prop-
agates into the electrode. The upper electrode has an
acoustic impedance Z,, so the transmitted signal from
z = d has

Tia =T, Zas

i (14 1).
dZau+Zas( + )

(59)
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Therefore, the second impulse due to the opposite elec-
trode can be either enhanced or reduced by an impedance
mismatch. If, however, the top electrode is matched with
material having the same Z,, then that second arrival im-
pulse will be directly proportional to the charge, as is the
impulse due to a charge on the lower electrode.

B. Bulk charge

The bulk charge is assumed to be a superposition of
distributed sheet charges across the sample. Some digital
signal processing is needed to recover the actual profile
from the time domain signal if the transducer response
is not flat with frequency. The surface sheet charge (per
unit area) resulting from the perturbation electrical pulse
across the insulator is the sum of the dc charge and the
component due to the excitation:

Qs = Quo+ 5B (b), (60)
where @Q;o is the static surface charge and is either the
result of internal charges or an externally applied voltage.

If the excitation field is small by comparison to the
static internal field, then a buried charge, and its subse-
quent images on the outer surfaces, will generate signals
proportional to their charges. This has been performed
with an embedded electrode in a sample of PMMA with

[ (a)
_L_— L
} ....................
z=0
1o,
Ti2) | —
]
Voh | (©)
[
J—
piz) L (d)
! AN 1
v e
FIG. 6. Demonstration of the ESAW principle: (a) Qs

is an imbedded sheet charge at z = z;, with image charges
Qs0 and Q,q on the electrodes, (b) the resulting pressure wave
signal after the excitation pulse, (c) an actual voltage detected
by the transducer system, and (d) the resulting deconvolved
charge profile.
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the results shown in Fig. 6. A thin aluminum sheet,
10 pm thick, was glued between two sheets of PMMA,
one 6.4 mm and the other 2.9 mm thick. A 15-kV dc volt-
age was applied at the center electrode while the outer
two surfaces were grounded. The resulting wave forms
are shown. The time data show the result of the sample
with applied voltage superimposed on the same sample
with zero volts applied in order to visualize the actual
response.

In this example, the voltage was applied through a 100-
M resistor to the aluminum sheet. The capacitance had
been approximated by assuming the electrode area is 7
cm? and the permittivity is 3.7¢q, giving approximately
0.8 pf. This makes the RC time constant of the system
very long with respect to the pulsewidth At = 10~7 sec,

(61)

The embedded positive charge @Q,; is located at z;.
Image charges @0 and Q4 appear at the front and back
electrodes under short circuit conditions as seen in (c)
and (d) of Fig. 6. The stimulated pulses propagate out
the insulator, through the electrodes, into the piezoelec-
tric transducer, producing a voltage wave form V(t).
The signal is delayed by the lower electrode in order to
separate the acoustic signal from electronic noise from
the voltage pulse. This voltage wave form was amplified,
detected, and recorded by the digitizing oscilloscope.

The first and second peaks of Fig. 6(c) are true indi-
cations of the characteristic charges, however, the signal
due to the top electrode, z = d, is obscured by an im-
mediate reflection at that surface. Consequently, to find
the surface charge at both electrodes, two tests were per-
formed, one with one side up, then another with that
same side down. The two wave forms were compared to
provide a measure of the actual charges at the surface on
each side under short-circuit conditions and a redundant
test for the bulk charge in between.

The area under the processed wave form [Fig. 6(d)]
is proportional to the relative total charge in that por-
tion of the bulk, whether it lies in a single sheet or is
distributed. The total signal scales directly with pulse
field as well as embedded charge, so it is proportional to
the impulsive voltage and inversely proportional to the
sample thickness.

The signal in Fig. 6 is the response of a 5.28-mm
PMMA sample with 10-kV dc excitation. The filter cut-
off frequency was selected at 10 MHz to eliminate most
of the noise introduced by the system. The measured
charges at each electrode, found by integrating under the
peaks, were determined to be —8.0 and 24.2 nC/cm? at
z = 0 and z = zg, respectively. The actual charge den-
sity was found by assuming ¢ = 3.7¢p, resulting in ex-
pected values of —7.65 and 24.4 nC/cm?, both values are
within 5%. The following section describes how a cali-
brated charge distribution is obtained by deconvolution
with reference to a known sheet charge.

RC =8 x 1075 sec > 10~ sec.

VI. EXPERIMENTAL CALIBRATION

The wave form resulting from a sheet charge layer
was taken as the impulsive system response. The out-
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put waveform of Fig. 7 is from a 0.528-cm-thick PMMA
sample with a dc potential of 10 kV applied and no inter-
nal space charge. The top curve is the excitation input
voltage pulse. The lower curve is the delayed output
from the matched transducer made of lead zirconium
titanate (PZT) sandwiched between a brass delay line
and absorber. The initial pulse arrived at the transducer
after 4.38 psec and the second pulse arrives 1.94 psec
later. Thus, the velocity of sound in the sample is
2.72 mm/ usec, a value in agreement with the literature.

The first 1.5 usec of this wave form was used as the im-
pulse time function to deconvolve the whole wave form.
The result is seen in Fig. 8 after averaging with a 10-
MHz:z filter. The small amount of structure in the re-
gion between the two electrode peaks is due to the as-
sociated error. In this calibration example, the sur-
face charge peaks were due to a 10-kV applied dc and
-;-Vp = 0.75 kV from the pulse. Therefore, the applied £
field, F = 20.4 kV/cm, producing a surface sheet charge
density, o, = 6.67 nC/cm?.

The known surface sheet charge calibrates the decon-
volved charge distribution allowing one to plot the charge
profile in real units of charge density, nC/cm3. The fast
Fourier transform routine used in this experiment returns
a constant value of w/2 as the integral of the impulse sig-
nal deconvolved with itself. A charge distribution is pro-
portional to the charge layer of thickness, v;84t, where 4t
is the digitizing interval, equal to 5 nsec for the recording
scope used. The scaled output from the deconvolution is
multiplied by the constant

20,
g bat

(62)

at every point in the output data string. This scale factor
is determined for each sample and accounts for all the
parameters for a particular sample, including the velocity

TIME-RESOLVED WAVE FORM
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FIG. 7. Voltage pulse input Vpuse (top) and amplified

transducer output, Vou: (bottom); applied pulse precedes the
acoustic response by the coupling delay of 4.38 usec. The sur-
face charges result from an applied dc voltage of 10 kV across
a 5.28-mm PMMA slab with no internal charge distribution.
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DECONVOLVED WAVE FORM
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FIG. 8. Deconvolved and filtered wave form,
to the selected impulse response.
s = 6.67 nC/cm?.

of sound, thickness, and electrostriction coefficient.

Throughout this discussion, the linearity of the mate-
rial has been assumed. Signals may not exceed the limits
of linear stress-strain relations for the analysis to be valid.
Starting with the yield stress for low density polyethylene
as an example, we find that Tyielq = 700 N/cm?.1* This
may be compared to the stress induced by electrostatic
forces. Consider a dc field much larger than any which
will be performed in this study, 100 kV/mm:

T, = %Vd?c =0.02 N/cm?
assuming v = € = 2.3¢g, which is approximately 5 orders
of magnitude lower than the yield stress, justifying the
assumption of acoustic linearity.

A sheet charge results in a signal that is 120 nsec wide,
corresponding to 324 pm in the sample. One can say
that the resolution is good to approximately half the
full width at half maximum, giving a real spatial resolu-
tion in PMMA of 162 pm. The sensitivity is found from
the signal-to-noise ratio of the output signal. As seen in
Fig. 8, the central region zero charge is limited to within
approximately 8 nC/cm3. The resulting figure of merit
for the detection system is the product of these two val-
ues, giving a sensitivity-resolution value of 130 pC/cm?.
This value represents the smallest detectable sheet charge
using this system.

(63)

VII. CONCLUSIONS

The ESAW method for measuring one-dimensional
space charge distributions has been shown to work in
millimeter-thick organic dielectrics. One advantage of
this method over other pressure wave propagation tech-
niques is the voltage gain facilitated by the transducer. In
a system where the acoustic wave is propagated through
the sample, as with the laser-induced pressure pulse,’
for example, the simple displacement current is detected
externally. With the ESAW method, the acoustic signal
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produces a voltage that is amplified by the factor gs3 as it
propagates through the piezoelectric medium.!® The gain
is usually much larger than the coupling loss between the
boundaries, making the ESAW method a potentially su-
perior space-charge profiling system.

The resolution is limited, in principle, by the ability to
make a detector system that is sufficiently broad-banded.
Within the bandwidth, the smallest detectable signal is
limited by noises in the detection system. The strength of
an originating signal is proportional to the charge density
times the spatial resolution. We may use a figure of merit,
equal to this product, as a means for comparison. For the
present system, the figure of merit is 130 pC/cm?, which
is lower than for any other acoustic technique.!

One may extrapolate the possibility of scaling down
the system to profile micrometer-thick films. The limit-
ing factors are the velocity of sound in the material with
respect to the speed of the perturbation and the detec-
tion equipment, as well as the maximum field that may
be applied without causing dielectric breakdown.

The velocity of sound in most inorganic materials is
higher than in organic insulators by approximately a fac-
tor of 2-3, further reducing the resolution capability. On
the other hand, interfaces may be grown in situ with the
film, making planar contacts for an ESAW experiment.
A flat acoustic frequency response is the most ideal re-
ceiver, and may be achieved by having the electrical and
acoustic time constants of the detector separated by sev-
eral orders of magnitude around the inverse frequency
range of interest. This would be most easily achieved
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by using a piezoelectric substrate that is much thicker
than the film, loaded into a low-impedance amplifier, be-
ing sure that the electrical time constant is much shorter
than the minimum desired resolution width divided by
the velocity of sound in the material.

A second way to accomplish the needed broadband de-
tector would be to deposit a piezoelectric film that is
much thinner than the film of interest. This would be
experimentally more difficult since a conducting inter-
level layer must be deposited and a thick matching layer
should be deposited on top of that. Otherwise, the de-
tector will operate in a differential mode, requiring more
careful signal processing to obtain the charge distribution
profile.

In conclusion, one can design an ESAW system using
any piezoelectric material as long as the dimensions and
interfaces are controlled. This technique could be use-
ful for characterizing materials that exhibit space-charge
accumulation. It may be used in conjunction with space-
charge-limited current or time-of-flight experiments to
gain a further understanding of the electron dynamics
in semi-insulating materials.
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