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Abstract

In scanning electron acoustic microscopy (SEAM)
until now the signal generation is explained
mainly by an intermediate production of thermal
waves. Though this so-called thermal wave ap-
proach has proven to give realistic results for
metals, from experimental evidence it seems to
fail for other material groups such as ceramics,
dielectrics, piezoelectrics and semiconductors.
As these material groups are of major technologi-
cal importance, it is necessary to develop theo-
ries which help interpreting those SEAM micro-
graphs obtained for these types of material.

In a comparative manner three different mod-
els are discussed in this paper, the well known
thermal coupling, the piezoelectric coupling and
the excess carrier coupling. The relevant parame-
ters for the signal formation are determined and
the contrasts achieved in electron acoustic mi-
crographs explained by means of these models. The
experimental evidence discussed for all impor-
tant material groups supports the three models
significantly, and the results obtained can be
interpreted quantitatively in terms of material
properties and primary electron beam parameters.

KEY WORDS: Scanning electron acoustic micro-
scopy, nonlinear signals, thermal wave, thermal
coupling, piezoelectric coupling, excess carrier
coupling, ceramics, dielectrics, piezoelectrics,
semiconductors.

Address for correspondence:

L.J. Balk, Universitat Duisburg, Fachgebiet
Werkstoffe der Elektrotechnik

KommandantenstraRe 60

4100 Duisburg 1,F.R.G. Phone No. (0203) 379 3407

1985, and in revised form March 28, 1986)

Introduction

In scanning electron acoustic microscopy (SEAM)
/3,4,10-13/ a primary electron beam of a scanning
electron microscope (SEM), periodically modulated
in its intensity is used to generate acoustic
waves within the specimen region close to the
beam entry point. As the modulation frequencies
used until now in experiments are fairly low, at
the most up to several MHz, the resulting acous-
tic wavelengths are in the order of mm or even
longer /17/. Therefore, besides very crude speci-
men conditions, the propagation properties of the
electron acoustic signal can be neglected, and
only the generation of the acoustic signal itself
plays a role in the formation of SEAM image con-
trast.

Thus the sound generation mechanism is the
key to the understanding of SEAM micrographs. Up
to now one possible mechanism has been discussed
in detail, which is referred to as the thermal
wave approach /18/. This is an intermediate pro-
duction of thermal waves due to the energy dissi-
pation of the primary electrons and a subsequent
transposition of these thermal waves into elastic
waves via the thermal expansion coefficient.
Though this approach undoubtedly gives a correct
description for many materials, for instance for
many metals, it seems to fail - at least from ex-
perimental evidence /4/ - for many other solids
of important interest such as ceramics, dielec-
trics, piezoelectrics and semiconductors. Fur-
thermore, one has to consider that the deposition
of the primary electron energy within the probed
specimen region occurs in a very inhomogeneous
manner /2/ and that, especially close to the cen-
ter of the energy dissipation volume, there are
regions of extremely high energy dissipation den-
sity. Due to these strong excitations, generation
of nonlinear effects may occur /5,8/, as observed
experimentally for most materials, which means a
generation of harmonic, especially second harmon-
ic signals. By means of these nonlinear signals,
an even more sensitive evaluation of many materi-
al parameters can be observed with an even higher
spatial resolution.

In the following an attempt is undertaken to
interpret the experimental data obtained for dif-
ferent types of materials. Three different mod-
els, one being the known thermal wave approach,
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are introduced and discussed in a similar and
comparative manner in order to understand the
SEAM micrographs gained for the corresponding
materials.

The three stated mechanisms - thermal, piezo-
electric and excess carrier coupling - are then
corroborated experimentally for specific types of
materials, where these sound generation processes
turn out to be dominant.

List of symbols

st temperature induced strain

z coordinate normal to specimen surface
u particle displacement

a thermal expansion coefficient

T  temperature rise above a starting

temperature T
or temperature induced stress
Ee1 elastic modulus
gy mechanically created stress
pcr material density
v longitudinal sound velocity
sy mechanically induced strain
o total stress
K thermal conductivity

Ctp specific heat
dr thermal diffusion length
w modulation frequency

thickness of the specimen

total excess concentration
concentration of absorbed electrons
concentration of generated electrons
concentration of generated holes
generation rate of excess carriers
lifetime of electrons

1ifetime of holes

electric space charge density
quantum of electronic charge
electric field

permittivity of vacuum

elastic stiffness constant

total strain

piezoelectric stress constant

free energy per volume unit

entropy per volume unit

chemical potential per volume unit
charge displacement

total permittivity

free energy per unit volume without
applied electric field

constant

D

o

o M
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General experimental conditions

The experimental arrangements described until
now are very similar to each other /3,10,12/. The
authors of this paper optimized the amplification
of the acoustic signal by means of very versatile
signal processing /3/. Both lock-in amplifiers
and boxcar averagers are used to analyse the gen-
erated SEAM signal, thus allowing phase monitor-
ing and determination of the actual temporal re-
sponse of the acoustic wave. Fig. 1 gives a com-
prehensive block diagram of the set-up, which can
be used for periodic, i.e. square wave operation
and for detection at different harmonics.

There was no need for a special specimen
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preparation. Only the InP sample had been coated
with a 30nm thick gold layer in order to prevent
charging. The typical beam cgrrents at the speci-
men ranged between about 107/ A and 1078 A for
all measurements.

Models for generating sound by means of electron
beams

The sound generation mechanism has previously
been explained by means of a conversion of a pe-
riodic heat distribution into elastic waves due
to the thermal expansion coefficient /17,18/.
Though this so-called thermal wave approach is
certainly one important mechanism, there is sig-
nificant evidence from the author”s experimental
results, gained for a large variety of different
material groups, that this thermal coupling proc-
ess is not the only possible mechanism. Further-
more, it sometimes becomes negligible compared to
other mechanisms involved. Two other important
sound generation mechanisms are piezoelectric
coupling in any piezoelectric material and excess
carrier coupling in any semiconductor. These two
material groups are very important in today s
technology.

This section will give a presentation of the
three coupling mechanisms mentioned in a compara-
tive manner, pointing out the similarities and
the differences of the three models. Therefore it
is divided into three sections of identical
structure, in which the model is introduced and
experimental evidence in support of the model is
presented.

Although the models are only treated one-di-
mensionally in order to allow a comparative dis-
cussion of all three mechanisms, they show those |
principal differences of the various coupling
processes which actually are measured by the ex-
periment.

For the following calculations some simplify-
ing assumptions are made:

(i) isotropic medium,

(1i) semiinfinite so]1d state (in positive z-
direction),

(ii1) homogeneously distributed beam energy at
specimen surface,

( iv) homogeneous energy dissipation at specimen
surface, and

(v ) uniform energy dissipation at specimen |
surface.

Thermal coupling

This mechanism takes into account a sound
generation by electron beams due to heat produc-
tion and thus an intermediate generation of ther-
mal waves. Though this model was already treated
more sophisticatedly (see for instance /13/), it is
presented here in a comparative manner to the two
other coupling mechanisms.

Model: In order to calculate the amplitude
of the sound waves the temperature distribution
in an elastic medium caused by the electron im-
pact has to be evaluated.

The periodic temperature variation due to the
modulated primary electron beam current I(t) is
converted into stress waves via the thermal ex-
pansion of the material. The amplitude of these
waves is dependent on the elastic status of the
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specimen surface /22,23/.

Due to assumptions (i) and (iii)-(v) only
longitudinal modes are considered. For the in-
duced strain St one gets:

du(z,t))

ST = 2 = &l (Z,1) (1)
with u(z,t) : z-component of particle
displacement,
a : linear thermal expansion

coefficient,
T(z,t) : temperature variation starting from
an initial temperature Ty,
t o time.
Due to uniformity in the x- and y-directions,
other components vanish. The resulting stress o7
isi

o1 = -Eg1aT(z,t) (2)
with Ee] : elastic modulus.

This stress is completed by the mechanically
created stress oy:

oM = PcrV sy (3)
with p.. @ material density,
v : longitudinal sound velocity.
The total stress o is given by:

0 = pepvisy - Egral(z,t) (4)

From this the equation of motion for a parti-
cle in this region is given by:

(=%

2 2
u = 2 L u _ QLal Q 1(,2777) 5
g 4 v 5z Per (5)

e

9z

with u(z,t) not only being the local particle
displacement, but also the measured acoustic
quantity, too, when z is set to the thickness d
of the specimen. The meaning of this final equa-
tion, which describes the sound generation proc-
ess in general, is schematically sketched in fig.
2

To a first approximation the temperature dis-
tribution T(z,t) directly corresponds with the
primary electron energy dissipation, not taking

primary electron beam Fig. 1:
chopper Principal
function experi-
generator mental
modulated arrange-
beam current ment
It)
Y SEM video
specimen amplifier
piezo-
electric .
ref signal
VG”SdUCH'G( transduced 2
sigral lock-in amplifier
suitable or
preamplifier boxcar averager

Generation

into account the energy dependence of different
energy loss cross sections such as X-ray emission
or Auger electron production. Therefore a numeri-
cal solution of eq. 5 can only be gained by pre-
cise knowledge of those energy dissipation proc-
esses leading to heat production. If the density
of energy dissipation being transferred into heat
is not too high, a separate solution of the heat
conduction equation from the solution of eq. 5 is
possible.

For high energy dissipation density, as is
the case close to the center of the energy dissi-
pation volume, both differential equations have
to be solved together. In addition the temperature
dependence of the expansion coefficient has to be
considered. Both corrections may lead to the gen-
eration of higher harmonic signals.

As the temperature distribution T(z,t) de-
pends on the thermal conductivity K and the spe-
cific heat Cyy of the specimen,too, the resulting
thermal diffusion length (i.e., within a 1/e-de-
cay of the temperature occurs) can be expressed
by: 4o (2K )2

= prchthJ (6)
with w being the frequency of electron beam modu-
lation. In three dimensions this quantity ex-
presses approximately a sphere with radius dy, in
which generation of acoustic signals takes place
due to the conversion of thermal into elastic
waves. Thus the spatial resolution attained b{
SEAM due to thermal coupling should show a w~ /2.
dependence for the linear images.

For the thermal coupling it is worthwhile to
mention that (compare eq. 5) the energy dissipa-
tion density is important for the quantity of the
term 3T7/3z and not the totally absorbed energy.
Therefore changing primary electron beam parame-
ters without varying the density of dissipation
should not affect the acoustic signal amplitude,
as,for instance,lowering the primary energy
should not lead to a decreasing signal, as the
penetration depth of primary electrons becomes
smaller for lower energies.

Finally, in semiconducting material a treat-
ment of thermal coupling, as usually done, is not
allowed, because the heat production is not only

thermal coupling_

primary electron beam
current
specimen I(t)

generated property: heat Tzt
driving force - thermal gradient a—g@
coupling material
parameter : thermal expansion coefficient o
elastic modulus =8
particle displacement l u(zt)

acoustic signal u(d}

Fig. 2: Parameters important for thermal coupling



due to primary electron energy dissipation but
also to excess carrier recombination. Therefore
the heat production itself cannot be treated as
being instantaneous any longer /20/. This assump-
tion is not exact for the direct heating through
the electron beam irradiation either, yet the
time scale in which the heating occurs in this
case is much smaller compared to the lifetimes of
the generated excess carriers

Primary electrons gf,for example,30keV typi-
cally produce about 10" electron-hole-pairs with-
in the dissipation volume per one single primary
electron. This enormous number of excess carriers
undergoes a diffusion process first before recom-
bining. As this diffusion is relatively slow, as
there is a delay for the recombination ,and as
the recombination process itself produces heat by
means of nonradiative recombinations, a strong
contribution of this mechanism to heat production
is present, but with a different temporal behav-
iour than the direct heat production by primary
electrons. Therefore, even if thermal coupling in
a semiconductor would contribute to the SEAM sig-
nal, this signal generation would be strongly af-
fected by the properties of the excess carriers
such as diffusion length and carrier lifetime.

Furthermore, the spatial resolution should
increase with the order of harmonic signals used,
as it should be possible to generate these sig-
nals only in regions of extremely high energy
density and thus close to the center of_ the ener-
gy dissipation volume. Moreover, the w™ -de-
pendence should not show up in the same manner as
for linear signals, at least not in the frequency
range used up to now.

Experimental evidence: Thermal coupling is
certainly dominant for most metals. In these
cases there is experimental evidence which di-
rectly backs the thermal wave approach.

The dependence of the spatial resolution on
the modulation frequency in the Tinear mode is
perfectly met for a large frequency range from
about 50Hz up to more than 20MHz /6/, about six
orders of magnitude in frequency.

There is no significant change of signal lev-
el for properly adjusted operating conditions
when changing the primary electron energy. Though
the actual power deposition is Towered by the re-
duced high voltage of the cathode, the penetra-
tion of the primary electron beam into the mate-
rial diminishes simultaneously. Therefore the
power dissipation density - to a first crude ap-
proximation - remains constant, at least it does
not decrease. Fig. 3 shows two SEAM micrographs
of a Cu-Zn-Al-alloy taken with_primary energies
of 25keV (beam current 1.3x1077A) and 10keV (beam
current 1.5x1077A) with about identical signal
level. This corroborates the dependence of u(d,t)
on the power density rather than the total power
16/

In the same manner operation at higher har-
monics in the nonlinear modes should be weighted
more closely to regions of high energy dissipa-
tion density. As this dissipation function is in-
homogeneous, this effect would consequently lead
to a higher spatial resolution in harmonics. As
the generation rate of such nonlinear signals for
usual measuring conditions is low and as the sig-

N. Kultscher and L.J. Balk

nal itself is weak, one could explain why not all
specimen features can be recovered in the nonlin-
ear images. However the strong contrast and the
resolution 1imit in the nonlinear mode of the or-
der of better than lum for metals even for low
modulation frequencies and thus far beyond the
lTinear SEAM image resolution under identical op-
eration conditions /8/ stand opposite to such a
mechanism.

Therefore it is more likely that specific
nonlinear mechanisms (such as e.g. the proposed
hysteretic, periodic shrinkage and growth of mar-
tensites in Cu-Zn-Al: D.G. Davies, from his Ph.D.
Thesis, Cambridge Univ., U.K., Personal communi-
cation) cause a generation of nonlinear signals
in metals.

Piezoelectric coupling

This mechanism involves the sound production
due to piezoelectricity within the material and
an inhomogeneous electric field at the beam entry
point.

Model: A primary electron beam generally
produces an inhomogeneous excess charge within
the dissipation volume in nonmetallic materials.
This excess concentration n can be caused by two
different mechanisms:

- local distribution of absorbed electrons (n,),
and
- generation of electron-hole-pairs (ng,ny).
As for most piezoelectric materials the e?ectron—
ic band gap is not much larger than in semicon-
ductors (barium titanate and zinc oxide have band
gaps of about equal value) and as many semicon-
ductors have an additional piezoelectric behav-
iour, the second mechanism is treated in the cal-
culation only because of its major technical im-
portance. Nevertheless the results obtained just
with absorbed electrons give the same principal
results.

The generated excess carrier concentrations

Ne>Np are given by:

ne,p = g(E)Te’p (7)
with g(r) : generation rate of excess carriers
n (depending on material properties,
beam parameters and distance to the
beam entry point /24/),
Te lifetime of electrons
T : lifetime of holes.
The excess carriers diffuse away from their loca-
tion of generation due to the concentration gra-
dient. Caused by different lifetimes /4/ a space
charge region is created /2/. This space charge
p(r) can be expressed by:

p(r) = -q{ng(r) - np(ﬁ)} = -qq(r)(te - 1) (8)

with q as the quantum of electronic charge.
The charge distribution creates an electric field
E(r) /9/:

E(r) = = If1 otr) FaET

[
w

a

w
|-

\
—u
[te)

€o

when €q is the permittivity of vacuum.

The electric field stresses the lattice in a
piezoelectric medium. One-dimensionally /16/ the
resulting strain is:
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o=¢cs - ek (10)
with ¢ : elastic stiffness constant,
s : strain and
e : piezoelectric stress constant.
The equation of motion is again given by:
3%u _ 9
pcrﬁzz'ég (11)

By expressing the particle displacement
u(z,t) by strain and electric field, one gets:

9%u 1 35 9F)
=7 = — |C 7= - € o=
atZ ~ ooy \“ 3z~ © z) (12)
and with the strain s expressed by:
au
= oU 3
§ == (13)
the final equation results:
%u » d%u e 9E(z,t)
= ——= £ ) 4
ot? V' 322 Pcr dz (14)

This equation has the same form as eq. 5 for
the thermal coupling. The parameters important
for acoustic signal generation for piezoelectric
coupling are sketched in fig. 4.

Fig. 3t
Linear
SEAM
amplitude
images of
Cu-Zn-Al
alloy
taken at
different
primary
energies.
Operation

189kHz;
a) 25keV,
b) 10keV

—
100pm

frequency:

Generation
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From this easy model one can realize already
that for this coupling mechanism the energy dis-
sipation density is the important quantity, as
the variation of the electric field strength is
directly dependent upon the concentration of ex-
cess charge density. Whereas this dependence on
the dissipation density is similar in thermal
coupling, in piezoelectric coupling no pronounced
frequency dependence of the spatial resolution
should occur in the frequency range under present
investigation. The maximum volume being responsi-
ble for the sound generation should be the prima-
ry energy dissipation volume slightly enlarged by
the carrier diffusion length, which in most cases
is in the order of 1...5um and thus somewhat
smaller than the typical diameter of the dissipa-
tion volume for most piezoelectric materials (as-
suming 30keV primary energy).

As the piezoelectric coupling is a linear ef-
fect, it has to be expected that a change of
electric polarities changes the sign of the gen-
erated acoustic amplitude, too, which necessarily
causes a phase shift of 180° of the acoustic
wave.

The above calculations are only valid for low
energy densities. Again close to the center of
the dissipation there may be dissipation densi-
ties, which can cause nonlinear effects. The spa-
tial resolution for nonlinear signals should in-
crease again, but not in the same order of magni-
tude as for metals, as here the carrier diffusion
becomes the 1imiting factor. However, it seems
more likely that for this generation mechanism,
only specific nonlinear mechanisms besides piezo-
electric coupling would contribute strong nonlin-
earities to the electron acoustic signal, too.
Experimental evidence

If piezoelectric coupling is dominant (or at
least plays an important role in the acoustic
signal generation), there should be no frequency
dependence of the spatial resolution in the same
order of magnitude as for thermal coupling.
Therefore the spatial resolution should be in the
order of the resolution for secondary electron
images. This could be realized for any piezoelec-
tric material examined by the authors. Further-
more, a change of magnitude or direction of the

piezoelectric coupling_

primary electron beam
current
specimen I(t)

generated property: charge density olz,t)
driving force . field gradient E)Ea(;t)
coupling material
parameter : piezoelectric stress constant e
elastic stiffness constant (0
particle displacement l ulzt)

acoustic signal u(dy

Fig. 4: Parameters important for piezoelectric
coupling




piezoelectric stress moduli should be revealed by
a corresponding contrast in the SEAM image. Fig.
5 is such a linear SEAM micrograph of a polished,
nearly perfect barium titanate single crystal of
homogeneous properties (barium_titanate is
strongly piezoelectric: 0.2C/m¢) with a tetrago-
nal symmetry. The only structures to be seen -
besides some specimen damage in the bottom left
corner - are ferroelectric domains arranged in a
regular manner, which could be imaged also by the
voltage contrast method.

Both the possibility of detecting those do-
mains, as can be shown for barium titanate ceram-
ics, too (compare fig. 6), and the apparent high
spatial resolution of better than lum do not al-
lTow the application of the thermal coupling model
for this material, but can be interpreted well by
piezoelectric coupling.

In the case of a strong piezoelectric cou-
pling mainly a linear dependence of the signal on
the electric field induced by the primary elec-
tron beam and therefore only Tinear SEAM images
should be detectable with reasonable signal Tev-
els, which is the case for the experiments car-
ried out until now.

Changing electric polarities changes the sign
of the acoustic signal, as already stated in the
theoretical part of this section. In indium phos-
phide (InP: O.O4C/m2 /1/) this statement could be
proven precisely, as the phase of the acoustic
wave switches at any pn-junction by 180° due to
the sign inversion in the p-region with respect
to the n-region. This sign inversion occurs at
the precise position of the pn-junction /3/ (com-
pare the following discussion of the InP results
in the section on excess carrier coupling).

In indium phosphide as a piezoelectric semi-
conductor the sound generation is due to both
piezoelectric and excess carrier coupling. Once a
sound wave is produced within this material, it
simultaneously generates an alternating electric
field due to its piezoelectric properties. This
field then overlaps the other electric fields in
a semiconductor such as the field of the pene-
trating electron beam and of locally existing
fields of pn-junctions. Especially the coupling
between these junction fields and the high fre-
quency crystal fields leads to polarity effects,
and, if tuned to high enough frequencies, to lo-
cal amplification of the acoustic signal (fig.
7). This amplification should be polarity depend-
ent, as piezoelectric coupling is linear and
hence, if the electron beam scans from p- to n-
regions should give a reversed sign of signal

as compared to the beam scanning from n- to p- /3/.

This is demonstrated in fig. 8a. Additionally, in
this material anytime electrostriction is present,
and as the piezoelectricity in InP is not too pro-
nounced, a detection of second harmonic signals
is possible /3/. The nonlinear mode therefore
should lead to the same resonances at the pn-
junctjons, but without a sign inversion due to
the Ez—dependence of electrostriction. This -
within the 1imits of experimental quality - can
be recognized in fig. 8b taken with identical
parameters as the linear image of fig. 8a.

In any case such a polarity dependence of
SEAM images - both for amplitude and phase behav-

N. Kultscher and L.J.
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iour - is unexplainable by means of thermal cou-
pling. Again here a spatial resolution is gained
which is better than should be expected by ther-
mal coupling. Changing from linear to nonlinear
images does not give such significant changes in
resolution as possible in metals, which is in co-
incidence with the lack of an intermediate ther-
mal wave region.

Excess carrier coupling

This coupling considers sound generation
through excess carrier generation via the defor-
mation dependent tensor of permittivity.

Model: As the primary electrons produce an
electric field within the dissipation volume, as
already treated in the previous section, there
occurs a change of the free energy per volume
unit within a dielectric medium. This free energy
change is given, as is well known by thermodynam-
iess by /15/:

1
dF = -SdT + zdpep + P EdD (15)
with F : free energy per volume unit,
S . entropy per volume unit,
t : chemical potential per volume unit,
and
pcr : material density.

Using the variable:

F = i £b (16)

one gets:

dF = -SdT + tdpc, - 4= DAE (17)

Integration of this equation for a nonpyro-
and nonpiezoelectric material yields:

1

T 2
F=Fy = & ek (18)
with D=€eE.
For small values of strain:
g - u
=9z (19)

the deformation dependent permittivity of the ma-
terial becomes:

€ = gy + aS (20)
with a=const..

For an isothermal variation of the thermody-
namical state (dT=0) one gets for a small varia-
tion of F /15/:
oF

= 1
DSE + a? 8s

GF:-H (21)
According to /15/ the stress tensor can be
written as:

1

= 3
o=F + {sg]T,E * I ED (22)
and with the expression already given for F:
o=0°+ %— (eg - @) E2 (23)
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and thus the final equation: Material properties and beam parameters being
important for excess carrier coupling are sche-
%u _ 2 3% L € - a 3E?(z,t) (24) matically shown in fig. 9.
3t? = ' 9z 7 8mpy, a2z Though of the same structure as the preceding

eq. 5 and eq. 14 an important difference has to
be noticed to thermal and piezoelectric coupling,
which is that this excess carrier coupling in

e & 8 Fig. 5: Ferro-electric 8a
Steas g  domains visible by
Tinear SEAM amplitude
micrograph; modulation
frequency: 100kHz;
primary electron
energy: 30keV.

Fig. 6: Grain and
domain structure in
linear SEAM amplitude
image; modulation
A AR BT ssss, frequency: 100kHz;
5‘2‘ _,x’;‘.; 5 :t,?\. .';‘k hAAAAA LA b a8 A primary electron

S‘ -

XS Sweey — B energy: 30keV.

Fig. 8: Electron
acoustic response of
pn junctions in InP.
Information: Axsin

(@) with A amplitude
and @ relative phase
position of acoustic
wave with respect to
modulating waveform
(compare /3/); modula-
tion frequency: 10MHz;
primary electron
energy: 5keV; a)
linear image; b)
nonlinear second har-
monic image; B,
undoped, C, doped
regions; arrow,
pn-junction.

@ n-region p-region ~ n-region
1o(f) | Fig. 7:
Interpre-
tation of excess carrier coupling_
SEAM primary electron beam
images of current
el specimen Ilt)
tively - -
doped InP generated property: excess carrier density n (zt)
for high ;o : g .
| ﬂ?gqu;g_ driving force - electric square field gradient Q%Zt)
cies. coupling material
parameter : permittivity €
elastic stiffness constant c
f particle displacement l ulz,t)
|
( acoustic signal u(dy
|
{ Fig. 9: Parameters important for excess carrier
| coupling
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principle occurs nonlingarly due to a dependence
of the generation on 9E¢/3dz. Therefore interpre-
tation of second harmonic SEAM images in non-
piezoelectric semiconductors should be optimum in
terms of semiconductor properties.

In spite of the square dependence on the
electric field a similar behaviour of excess car-
rier coupling as for piezoelectric coupling has
to be expected, that means a comparable spatial
resolution, as a similar sound generation volume
has to be considered (primary electron energy
dissipation enlarged by excess carrier diffu-
sion). There should be no significant change of
spatial resolution with modulation frequency like
in metals for the frequency range used up to now.
And again the density of dissipation is important
and not the totally deposited energy.

Experimental evidence: If excess carrier
coupling occurs, any process which is involved in
the production of excess carriers should show the
same spatial resolution and should be a competi-
tive signal generation mechanism to SEAM. This is
in excellent agreement with the experiments, as
the resolutions gained by SEAM, electron beam in-
duced current (EBIC) and cathodoluminescence (CL)
obtained for the same specimens are identical to
each other. This statement holds both for silicon
/19/ and compound semiconductors (Lohnert K.:
private communication). Especially dislocation
lines have shown the same resolution in CL and
SEAM /3/. As this correlation of spatial resolu-

tion occurred in every reported experiment (for InP

/3/, GaAs /19/, silicon devices /4/ and polycrys-
talline silicon /19/), it is very unlikely that
thermal properties can explain this coincidence
between the three signals of SEAM, EBIC and CL.

[f excess carrier coupling is important, any
locally existing electric field must diminish the
SEAM amplitude, as within this material region
the generated excess carriers are separated by
the electric field and thus contribute to an in-
ternal, quite often non-detectable EBIC genera-
tion (especially for polycrystalline material).

Thus the SEAM micrograph should reveal re-
gions of such existing fields Tike at any pn-
junction or similar electric barrier, for in-
stance at boundaries of grains of different
doping Tevels. Already potential barriers of a-
bout 0.1eV are strong enough to give a satisfac-
tory separation of excess carriers and a pro-
nounced internal EBIC generation /2/. This phe-
nomenon is proven by the examination of InP de-
vice structures, where there is a mismatch of the
actual doping structure with the SEAM results by
just the order of a minority carrier diffusion
Tength, which is in agreement with the model of
excess carrier coupling. That means that the SEAM
amplitude rolls off in the same manner as a no-
ticeable internal EBIC signal comes up (as is
well known for p-n junctions). This statement
holds true only for lower frequencies for InP, at
higher frequencies a coupling with the alternat-
ing field of the acoustic wave occurs (compare
previous section on piezoelectric coupling). The
low frequency signal situation for this type of
piezoelectric and semiconducting material is
sketched in the diagram of fig. 10 /3/.

It should be noted that the phase variation
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of SEAM gives directly the doping profile, where-
as the amplitude signals are affected by the ex-
isting electric fields of different frequencies
in this material.

Fig. 11 is a comparison between a SEAM image
of InP device structure already taken with a mod-
ulation frequency of several MHz and the second-
ary electron image, which directly correlates to
the actua] dop%ng structure &goncsntrations -
doped: 1018cm- , undoped: 10*°cm™2). One easily
can see the mismatch of about 8um, which is twice
the approximate value for the minority diffusion
length in this material (Schmitt R.: private
communications) and which clearly reveals the ex-
istence of the electric field around the junc-
tion, as this mismatch can be traced at any loca-
tion within this micrograph.

In non-piezoelectric materials like silicon
the nonlinear signals at the second harmonic
should be present even for low excitation condi-
tions, which could be shown for poiycrystalline
silicon /5/. Furthermore, it should give a con-
trast with explainable structures, whereas the
linear image should be a mixture of other sig-
nals, too, like some contribution from thermal
coupling. Fig. 12 shows a section of this mate-
rial, in which the actual grain boundary shows up
black, that means that there is no SEAM signal.
This is in coincidence with the discussion in the
previous paragraph, as there is typically an
electric barrier present at the boundary due to
different doping levels /21/, causing a creation
of internal EBIC signals which are in competition
with SEAM.

The neighbouring white regions on both sides
of the grain boundary are very typical for this
material and are due to regions of strongly de-
creased carbon and oxygen content, so-called
“denuded zones™ /21/.

Carbon and oxygen do not change the electron-
ic properties of silicon to a first approach, but
similar to carbon in steel they change the stiff-
ness of the material. As excess carrier coupling
occurs, the driving force due to the electron
beam impact remains constant, whereas due to the
lower stiffness of the material in the denuded
zones compared to the grain volume the resulting
particle displacement and thus the SEAM signal
are increased. These results are backed by etch-
ing techniques revealing regions of changed car-
bon and oxygen content.

Again variation of the operation frequency up
to several MHz does not show a pronounced change
in the obtained spatial resolution. Furthermore,
the SEAM resolution in silicon, both obtained by
the authors and others /19/, are much better than
those values predicted from thermal wave theory.
Whereas already for 100kHz operation values of
better than lum are typical, the theoretical val-
ue for even 1MHz operation is only 5um /19/. To
support this, in InP even resolution values of a-
bout 0.2um are recorded for 100kHz operation /3/.

Conclusions
In this paper three different models for the

generation of acoustic signals are discussed in
comparison to show that depending on the material
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properties different processes become dominant. of the physical processes involved. For the mate-
A11 three models, though treated very simply and rials discussed a dominance of one coupling mech-
one-dimensionally give a first and, as shown by anism was given (with the exception of InP, where
the discussed experiments, reasonable description two processes have to be considered). For arbi-

trary materials, however, an experimental proce-
dure is not yet developed, which would allow a

n-region p-region n-region Fig. 10: definite determination of the relative strengths

1@(f) ‘ Interpre- of the mechanisms involved.

L e tation of Furthermore, due to the complexity involved

[ SEAM im- in solving the theoretical treatment, only one-

‘ ages of dimensional calculations are carried out, which

selec- necessarily have to be extended into a three-di-

VA() tively mensional treatment. This certainly gives a more
doped InP realistic result and it will reveal other depend-
for Tow ences of SEAM on material properties, such as

\
} ( \ frequen- shown already for the thermal coupling /13,14/.
| | cies. There a three-dimensional treatment enables the
I T - X introduction of elastic properties in the SEAM
image formation in addition to the thermal para-
meters.
The origin of the nonlinearities due to other

effects than mentioned, as e.g. hysteretic ef-

1N |EBIC| <o . fects of the material itself, is not treated at
all. Finally, it should be emphasized that the
///\\\\ coupling mechanisms mentioned are not the only
A B ones possible. Evidence.for this is the fact that
it is easily possible by SEAM to detect ferromag-
total “mishit® =« 2l netic domains, an effect which might be due to

Fig. 11: Comparison of
actual doping profile
with SEAM micrograph
a) secondary and
backscattered electron
image; b) Tinear SEAM
micrograph taken at a
modulation frequency
of 5.6MHz; dark
regions undoped;
information Axsin (9).

Fig. 12: Polycrysta-
11ine solar silicon;

a) secondary and back-
scattered electron
micrograph; b) second
harmonic SEAM amplitude
micrograph; primary
electron energy: 30keV;
modulation frequency:
100kHz.




some kind of magnetic coupling /7/.

Therefore this paper can only be understood
as a start into a more detailed and careful ana-
lysis of all physical processes contributing to
the generation of SEAM signals. A task, which ne-
cessarily has to be done in order to optimize the
operation parameters of this technique, its ap-
plicability and last but not least the possibili-
ty to interpret the micrographs obtained for the
different types of materials and devices.
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Discussion with Reviewers

W.L. Holstein: Do you observe vibrational pat-
terns for those specimens where the generation of
the acoustic force has been attributed to "piezo-
electric coupling" and "excess carrier coupling"
similar to those that you /4/ and others /12, 13,
14/ have reported when acoustic force generation
occurs through "thermal coupling"?

Authors: Up to now it has not been possible to
detect any structures that could be identified
with vibrational patterns in those materials,
where the generation of acoustic signals is at-
tributed to piezoelectric or excess carrier cou-

pling.

W.L. Holstein: In the derivation of equation (3)
for "excess carrier coupling", you assume that
temperature is constant. However, the periodic
electron beam results in large periodic tempera-
ture variations. What effect do these temperature
variations have on the derivation and application
of eq. (3)?
Authors: Both the incident primary electrons and
the generated excess carriers lead to a heat pro-
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duction in the generation volume of the acoustic
signal and thus to a spatial as well as a tempo-
ral temperature variation. If this dependence
would be considered, too, the variation of the
free energy would result in an additional term in
the calculated stress depending on T. A quantita-
tive evaluation for a special type of material at
this time cannot be given, however, the intention
of this paper is only to show the principal
applicability of physical mechanisms other than
thermal coupling to the generation of electron a-
coustic signals in materials important in today”s
technology. Furthermore, the experiments have
shown that a qualitative interpretation of the
measurements can well be done without considering
this effect.

W.L. Holstein: Isn"t the charge build-up from
secondary electron emission much greater than
that from carrier diffusion within the specimen?
Authors: Disregarding a special material one
can say in general that for normal incidence
(which is the usual case for the measurements)
the number of secondary electrons is in the same
order of magnitude as the number of primary elect-
rons whereas a single primary electron will gen-
erate up to 104 excess carriers (at 30keV). Even
if the lifetimes of electrons and holes are only
slightly different the resulting field should be
stronger than that due to secondary electrons.
Nevertheless, the generation mechanism via piezo-
electric coupling, as stated in the corresponding
section of the paper, is not dependent upon what
causes the driving electric field.

R. Huebener: I believe the statement of the au-
thors that the 9§rmonic signals are not expected
to show the w! -dependence must be qualified
somewhat. There is always a frequency range in
which the skin effect for the excitation has to be
taken into account. However, the characteristic
fr?agency above which the skin effect with the

w” */¢-dependence is expected for the harmonic
signals, is only shifted to much higher frequen-
cies.

Authors: The frequency dependences of the EA
signal due to the influence of the skin effect,
piezoelectric coupling or heat production due to
the electron beam irradiation are significant on-
1y beyond a much higher frequency compared to those
usually used up to now. Therefore it seemed to be
admissible to neglect the influences for a quali-
tative comparison of the three coupling mecha-
nisms in SEAM addressed in the paper.

A.Rosencwaig: TEe claim that spatial resolution
varies as (w)‘l/ is incorrect. The thermal-wave
imaging mechanism involves not simply the temper-
ature but rather an average of the temperature
and therefore the frequency dependence can be ex-
pected to be more like (w)~

Other complicating issues have to do with
the size of the beam relative to the thermal dif-
fusion length and how far the feature being im-
aged is from the sample surface. When the dis-
tance of a feature from the surface and the size
of the beam are both smaller than the thermal

diffusion length the spatial resolution is inde-

pendent of the modulation frequency.

Authors: Opposite to the opinion of the reviewer
the authors cannot argue against experiment?%
evidences which clearly show the stated w”
dependence of the image resolution between fre-
quencies of 50Hz up to 50MHz for the thermal-wave
mechanism.

Assuming the reviewer's suggestion, the reso-
Tution values for all images taken under normal
experimental conditions, with features up to a-
bout 2um beneath the surface should be independ-
ent of the modulation frequency, a feature being
against the authors experience.

A. Rosencwaig: As far as recombination effects

on the heating are concerned, whether this is a
faster or slower process depends on the modula-
tion frequency.

Authors: This is a correct statement but it does
not call in question the given arguments. The
maximum of the relevant frequency is mainly de-
termined by the carrier lifetimes. The frequen-
cies used at present correspond quite often to
typical charge carrier lifetimes.

A. Rosencwaig: No results seem to have been
presented on metals which are new or refute the
thermal wave imaging mechanism.

Authors: This paper represents a more theoreti-
cal treatment in which the experimental results
of the authors (together with D.G. Davies) are
combined in order to present the three discussed
mechanisms. Taking into account the magnetic cou-
pling, too, would contradict the thermal coupling
even for metals as the only possible mechanism,
as this does not provide a model for the observed
magnetic contrasts.

A. Rosencwaig: The model for a space charge
effect is certainly incomplete and oversimpli-
fied. When excess carriers undergo recombination
the only charge remaining is that from the elec-
tron beam.

Authors: Both the space charge and the heating
are transients. Therefore it depends on the time
scale which effect becomes dominant.

A.Rosencwaig: Second harmonic signals can be
produced very easily by over driving the elec-
tronics. This may be the origin of the author’s
observations. At the very least they should con-
vince the reader that their observed nonlineari-
ties are coming from the sample and are not some
artifact of their detection and electronics
system.

Authors: The question about the origin of the
observed nonlinearities has already been answered
extensively in the paper. Detailed measurements
which definitely prove the given statements are
presented in the PhD thesis of D.G. Davies.
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