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1.0. INTRODUCTION

The photoacoustic effect using ion beam excitation has been demonstrated in
this work. Results of its use on zirconia are shown.

The photoacoustic effect was first reported by Alexander Graham Bell in 1880.
There was considerable initial work, but, after a short time, the effect lay
dormant for 50 years until the advent of improved microphones, when it was
revived for work with gases. However, it was not reapplied to solids until 10
years ago [11, again upon the advent of a technological advance, the widespread
availability of intense directed energy beams such as the laser. The first
photoacoustic microscopy image was produced less than 6 years ago [2].

An early experiment of Bell's illustrates the photoacoustic effect well. He had
a closed glass vessel to which a hearing tube was attached. There was solid
material inside the glass vessel. When the glass vessel was illuminated with
rapidly interrupted sunlight, a sound was heard at the interruption or
modulation frequency. When the sunshine was stronger, the sound was stronger.
Also, the sound was stronger when the solid material inside had a darker color.
As we understand it today, the modulated light was absorbed at the surface of
the material, producing a modulated temperature variation at the surface of the
material. This, in turn, periodically heated the air above the surface
producing periodic changes in the pressure of the air above the surface, i. e.,
sound, which could be detected by the ear.

The photoacoustic concept has now been considerably extended. It is realized
that the periodic heating mentioned above generates a highly damped thermal
wave which probes the thermal properties of the surface and near surface down
to about 1 mm. This thermal wave probing gives photoacoustic microscopy its
other name, thermal wave imaging. A variety of effects occur at the heated spot
in addition to heating of the air above the spot. There are periodic variations
of the infrared radiation from the spot and periodic expansions and
contractions of the heated spot. This last produces a slight periodic bulging
of the surface and generates acoustic waves into the solid. Detailed
descriptions of thermal wave imaging and its potential for nondestructive
evaluation are given in the literature [3-15].

The heating of the spot does not have to be by light. In our case, it is via an
ion beam. There is a high vacuum inside an ion implanter, so obviously, we can
not use detection of sound in the gas above the spot. We detect the acoustic
waves in the solid sample itself.
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2.0. EQUIPMENT

Modifications were made to the existing Accelerators Inc. 200 KeV ion
implanter at Georgia Tech to allow it to be changed easily from normal ion
implantation to scanning ion acoustic microscopy (IAM). This implanter is a
standard semiconductor machine intended for research and has a hot cathode ion
source, permitting it to generate beams of almost any ionic species. A
schematic diagram of this equipment is shown in Fig. 2-1, which also indicates
where modifications were made. When it is operating in its normal implantation
mode, ions are generated from a plasma in the source, from which they are
extracted, focused and accelerated to the desired energy. They are then
refocused through a magnet and aperture slit to accomplish separation by
charge/mass ratio. The mass-separated beam is refocused, and directed through a
neutral beam dump (to remove neutrals, which contribute to the dose but not to
the measured beam current) onto the sample. The beam may be scanned over the
sample if necessary to ensure a uniform implant.

In order to permit IAM operation, modifications were made as shown
schematically in Fig 2-1. Vertical scanning plates were added immediately
before the analyzing magnet, together with a 0.5 mm or 2 mm diameter aperture
in a movable plate placed directly behind the normal slit aperture. A
sinusoidal voltage of up to 50 V peak-peak on the plates scanned the beam
across the aperture to produce a 10-20% variation in beam current passing
through the aperture. To aid in focusing and positioning the beam, the existing
beam monitor flap in front of the sample was modified to incorporate a Faraday
cup with a 1.6 mm diameter aperture. By scanning the beam and sending a
portion of the scanning voltages to the X and Y inputs of an oscilloscope, with
a signal proportional to the Faraday cup current going to the Z (intensity)
axis, it was possible to obtain an image of the beam spot. The shape and
position of the beam could then be adjusted with the quadrupole lenses to
provide a well-focused, properly positioned beam.

The scan drive was modified to permit the scanning plates to be driven by a
PDP-8 computer interfaced to a set of programmable high voltage power supplies.
Programming was designed to scan the beam alternately up and down across the
sample in a series of 48 vertical lines. Each line was divided into 48 points,
at each of which the beam was stopped to permit the acoustic signal to be
recorded.

The acoustic signal detector is also shown in Fig. 2-1. It consists of a
conical block with the sample glued onto the large end with cyanoacrylate glue
and a capacitance microphone affixed to the other. The block was machined out
of aluminum. Its shape was designed to transmit the sound while amplifying its
intensity [161.

All work was carried out on single crystal cubic zirconia both because it is a
well-defined material and because we already have a fairly extensive knowledge
of its behavior under ion implantation. Furthermore, cubic zirconia has been
prominently employed in the Cummins adiabatic diesel program.
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3.0. EXPERIMENTAL RESULTS

3.1. Implanter Operation

It had been hoped that it would be possible to focus the beam to a size of
approximately I mm diameter at the sample to provide fine spatial resolution
and a large beam power density. In fact, the characteristics of the implanter
permitted focusing to this size beam only in one direction. Thus a beam with
dimensions of I mm in one direction measured I cm or more In the other. Tn
practice, circular beams of the order of half a centimeter diameter were
usually obtained. However, the spatial resolution was in reality somewhat
better than this since the beam shape was generally close to Gaussian, as
determined by moving the beam across the aperture in the beam plate Faraday cup
and recording the measured current at each position.

With a 50 V peak-peak sine wave applied to the chopper plates, the sinusoidal
variation in the chopped beam current was generally 10-20% on a total beam
current of 1 to 10 microamps. For a 100 KeV beam with a 6 mm diameter spot,
this translates to a harmonic power density of 0.04 - 0.7 Watts/sq. cm. at the
center of the spot.

A finely focused spot at the specimen would require a high brightness ion
source which could be imaged onto the sample surface. In an attempt to achieve
this, a Capillaritron source [17] was installed and tested on the machine. It
was found, however, to be unsuitable for this type of implanter since its
efficiency (in terms of ions generated per atom supplied) was 1% or less. This
led to a_)arge gas flow, which raised the pressure in the source area beam line
above 10 Torr. At this pressure, the beam was almost completely neutralized
before reaching the magnet, leaving almost no ion current at the sample.

3.2. Signal Detection

In our initial work [18] we had used a piezoelectric transducer. To check
alternatives, we used a capacitance microphone. While this was adequate for
signal pick-up, its sensitivity rolled off badly above 8 kHz, restricting our
work to 6 kHz or less. Signal levels at the lock-in detector input were
generally in the range 1-25 mV, similar to those which were obtained in our
initial study using a piezoelectric transducer bonded directly to the sample.

3.3. Changes In Acoustic Signals On Implantation

The response of the system to changes in surface properties brought about by
implantation is illustrated in Fig. 3-1. The sample was implanted with 100 KeV
N 2+ ions through a 6 mm diameter aperture, using a beam swept across the
aperture by the chopper plates. At the same time, the acoustic signal at thechopping frequency was measured to monitor changes as the implantation

8
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proceeded. Both the in-phase and quadrature signals were recorded
simultaneously. These signals represent the average changes over the whole
implant area. The initial rise in the signals is duelgo heating of the sample
and is always seen in IAM. The changes below 21g 10 are probably duT6 to
variations in beam current density. At 3 x 10 N2 ions/sq cm (6 x 10 N/sq
cm) the surface begins to blister due to lattice strain [19]. At this point
the acoustic signal begins to drop, and as the dose risi further the
quadrature signal even changes sign. When a dose of 10 ion/sq cm had been
reached, implantation was stopped and an IAM image was generated of the entire
crystal including the implanted spot. This IAM image is shown in Fig. 3-2,
where the image is plotted in perspective with the signal intensity as the
z-axis. Fig. 3-3 shows the same images in both video and inverse video as well
as in another graphical form. However, in Fig. 3-3, the artifact signals
arising from impact of the ion beam outside the crystal on the aluminum support
have been removed through image processing.

In order to relate the acoustic signals to changes in the surface, optical
micrographs were taken across the interface between the unimplanted and
implanted regions of the crystal. These are shown in Fig. 3-4. The unimplanted
region shows a smooth surface with only scratches remaining from polishing
evident (Fig. 3-4a). Blisters become evident in the "penumbra" region around
the periphery of the implanted area (Fig. 3-4b), which received a lower dose
than the central region. These become more numerous as the dose increases
further within the implanted spot (Fig. 3-4c). In the regions further from the
outside of the spot, which had received a still higher dose, the blisters have
disappeared, probably because they have coalesced (Fig. 3-4d). In some areas,
cracking of the surface had occurred, as evidenced by an arc of light colored
spots (Fig. 3-4d). Finally, completely inside the implanted area, there is no
evidence at all of blistering (Fig. 3-4e).

4.0. THEORETICAL MODELING

It is possible to describe the periodic heating and cooling of the surface
region by a sinusoidal heat source in terms of purely classical heat transport.
Since the beam only penetrates (and so deposits energy) to a depth of about
0.1 microns, while significant changes in temperature take place over several
microns, the heat source can be considered to be in the surface plane. The
situation then reduces to the classical problem which has been analyzed in the
literature [20,21]. Based on this classical analysis, computer programs have
been set up to calculate the response of a solid to sinusoidal and square wave
heat sources. The general nature of this response is most easily seen in
thinking of the surface temperature produced at a zirconia surface by a square

10



/ \A
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Figure 3-2. b) IAM Image of N2+Implanted Zirconia'- Quadrature Signal
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Figure 3-3. a) Video and Graphical IAM Images of N2 Implanted Zirconia
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Figure 3-3. b) Inverse Video and Graphical IAN Images of N2 Implanted Zirconia
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Figure 3-4. Optical Micrographs of Surface of Sample

a) Outside of Implanted Region

b) Periphery of Implanted Spot
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Figure 3-4. Optical Micrographs of Surface of Sample
c) Further Inside Implanted Region
d) Further Inside Implanted Region
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Figure 3-4. Optical Micrograph of Surface of Sample
e) Center of Implanted Spot
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wave heat source. The surface temperature rises while the heat source is
active and falls thereafter, but not to its original value, leading to a
general heating of the material. Also, since the surface temperature is rising

(luring all of the heating phase, Its peak value generally lags the time when
the heat input begins and hence it will be retarded in phase from the heat
source. For IAM, in which an approximately sinusoidal heat source is used, a
highly damped sinusoidal thermal wave is produced which has a characteristic
skin depth, d, called the thermal diffusion length. Over this distance the
thermal wave amplitude drops to 37% of its initial value. It is defined as
follows:

d = (2K/wpC)1
1 2

where

K = thermal conductivity

p = density

C = specific heat

w = 2ltf, with f = modulation frequency.

In practice this skin depth is usually of the order of microns - far greater
than the implantation depth. This justifies the assumption of a surface heat
source for all but the highest frequencies.

For a harmonic heat source of the form

P = P exp(iwt)0where

P = power density,

the harmonic temperature amplitude at depth x is given by:

Tharm = Po (l/wpKC)1/2 exp (-x[wpC/2K]1/2 ).

Fig. 4-1 shows calculated values of the skin depth and surface harmonic
temperature for thermal wave generation in zirconia. As can be seen in
Fig. 4-1, the implantation depth does not equal the skin depth until about 10
MHz. Until this frequency, the thermal response includes interaction of the
thermal wave with material lying considerably below the implantation zone.
However, if the modulation frequency is raised, the temperature excursions
decrease as can also be seen in Fig. 4-1. For example, even for a 20 Watt/cm2

beam, the surface temperature excursion is only about 0.1 degrees C at a
frequency of 3 kHz. Since we had a smaller beam power and since this
temperature amplitude is proportional to beam power, it would have been about
.0035 degrees C for this work.

18
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5.0. DISCUSSION

5.1. Equipment

Signal generation

5.1.1. Signal Generation. Since the implanter was not designed for this type of
work its use in this application is somewhat difficult, but not impossible, as
can be seen from the results. In order to generate an IAM image, the machine
had to operate stably. This usually required several hours of continuous
operation. Because of the type of source and the focusing lenses used,
focusing was very difficult. The problems of getting a beam which was focused
were eased by the addition of a small-aperture Faraday cup to the beam monitor
plate, but it was found to be impossible to get a circular spot less than about
6 mm in diameter. This would at first appear to limit the spatial resolution
of the technique to this value. However, since the beam intensity across its
diameter is usually roughly Gaussian, the strongest acoustic signals come from
the center of the beam spot on the sample. Thus in practice the spatial
resolution is better than 6 mm, as can be seen from Figs. 3-2 and 3-3.

5.1.2. Signal Detection. Detection of the acoustic signals involves generating
the signals at the sample surface, propagating them though the material,
coupling them into the aluminum cone, transferring them down the cone, coupling
them into the microphone element and finally measuring the electrical signal.
Clearly, generation and propagation of the signals depends on surface condition
and thus embodies what we wish to measure. Cyanoacrylate glue was used to
couple the sample to the cone and the cone to the microphone. This appeared to
be a reasonable vacuum-compatible material, but may not have been the best
choice. The cone design could be improved to make it more closely resemble a
typical acoustic horn, but this would be far more difficult to make. The cone
was used to try to eliminate any dependence of the signal on its point of
generation across the sample surface, though better acoustic impedance matching
may be obtained by gluing the sample directly to the transducer, depending on
the sample and microphone. Finally the microphone itself could be better
replaced by a piezoelectric transducer. This would permit operation at
frequencies in the megahertz range.

5.2. IAM Images

In Figs. 3-2 and 3-3 the edges of the sample can be clearly seen. The
implanted area is visible as a region of more intense acoustic emission which
appears only in the in-phase component. The region within the spot shows
somewhat variable acoustic intensity. According to theoretical estimates based
solely on thermal wavelength, it should not be possible to record changes in
surface thermal properties on a depth scale less than about 10 microns for this
frequency, while the implant depth is only about 0.1 microns. However,
consideration of the volume into which the energy is deposited and from which
the thermal and acoustic waves propagate into the solid is the other part of
resolution in thermal microscopies so that our observations are in good
agreement with current theory [22].
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It can be seen in Fig. 3-2 and Fig. 3-3 that the highest contrast between the
signal from the implanted region and the rest of the crystal is at the
periphery of the implanted region which is also the region where blisters are
observed. The skin of the blisters is separated from the underlying material
and previous work [19] has shown that the skin of these blisters has a
thickness equal to the penetration depth of the ions which is about twice the
projected range. We assume that the blisters, being due to built up strain in
the lattice, are empty. Then heat and acoustic waves from beam power deposited
in the skin of the blister could not propagate directly into the bulk. In this
case, we would expect the thermal response to drop significantly in the
blistered area, which is opposite to the observed result. Of course, heat
generated in the skin of a blister can flow sideways into the surrounding area,
leading to a larger than normal increase in temperature there but this should
merely create an extra heat source in the surface between the blisters with no
net effect on the acoustic emission.

There is the possibility that the blisters were bubbles of gas under high
pressure, such as those often seen in heavily irradiated materials. This could
act as a barrier to heat diffusion while permitting acoustic wave propagation.
This would lead to far higher temperature variations over the blisters but it
would seem that this would merely cause thermal expansion of the skin of the
blisters, which would make them bulge outward more, lowering the pressure
inside of themselves and creating an acoustic wave in antiphase with the waves
generated elsewhere on the surface. Again this is opposite to what is observed.
However, flexing of the skin of the blister would create mechanical strains in
the surrounding surface, with or without the presence of gas. This would
produce shear waves which would couple into the bulk of the crystal and thence
into the acoustic transmission system as a combination of shear and compressive
waves.

The condition of the surface in the fully implanted center of the spot is not
known. The most likely possibilities are that either the surface region has
split off entirely (as we have seen to happen in other cases), or the blisters
have coalesced and their skin collapsed onto the substrate. In either case
fairly normal acoustic and thermal wave generation and propagation would again
be possible.

From the foregoing discussion it is evident that much remains to be understood;
however, we are able to detect the onset of blistering, and probably other
forms of severe surface distortion, even at low frequencies. We have also been
able to generate images of reasonable resolution even with rather broad ion
beams.

5.3. Comparison With Photoacoustic Microscopy

The thermal and acoustic waves arising in both approaches will behave the same
once they are generated. Basic differences arise because the energy deposition
mechanisms are different. With laser generation, the phenomena is optical
absorption, which has a decreasing exponential profile with the most energy
being deposited at the surface. On the other hand, because of the statistical
nature of ion stopping, their energy is lost in a Gaussian profile with most of

21



the energy being deposited a few tens of nanometers beneath the surface
typically with an ion implanter or a few nanometers in the case of SIMS. The
difference between optical absorption and ion stopping is illustrated
dramatically for optically transparent materials. The implanted areas in the
zirconia single crystal slabs are clearly imaged by IAM but were invisible
using the current TACOM photoacoustic system. The optical absorption of
materials varies widely whereas, for comparison, there are no ion transparent
materials. With laser generation, there can be photochemical effects. With ion
beam generation, some modification of the surface chemistry and stresses is
unavoidable as ions are stuffed into the surface.

Ultimate resolutions of thermal microscopies are a function of both the
smallest spot size attainable and the highest reasonably attainable modulation
frequencies 1221. For ion beam generation using a secondary ion mass
spectrometry (SIMS) approach 1231, the smallest spot size is about 10 microns.
For Ar ion laser generation, the smallest spot size is about 1 micron, which is
approximately 2 light wavelengths. [Making a play on words, but emphasizing a
possible nomenclature confusion for some, we can compare a beam of Ar ions such
as can be used in an implanter or SIMS, and the light from excited Ar ions, as
from an Ar ion laser, by whimsically saying "an Ar ion beam will give you 1
while a beam of Ar ions will only give you 10".] For a typical ion implanter,as
used in this study, the spot size is several millimeters. For our uses here,
the spot size can be thought of as determining the lateral resolution while the
modulation frequency can be thought of as determining the depth of sampling.
The highest attainable modulation frequency now is determined by signal
detection method frequency limitations rather than beam modulation
capabilities. Since any vacuum compatible signal detection method used with
laser beam generation can be used with ion beam generation, the depth of
sampling can be the same with either technique.

A big practical difference is that ion beam generation requires a vacuum
environment whereas laser generation does not. Thus laser beam generation has a
much wider general area of application. However, for utilizing the
photoacoustic technique for real time monitoring of ion beam processing, it is
much more straight forward to modulate the ion beam directly rather than to
bring in the complexities associated with implementing an auxiliary modulated
laser to excite a photoacoustic effect.

6.0. USEFULNESS AND APPLICATIONS OF IAM

In order to attain the spatial resolution which is possible with photoacoustic
microscopy, extensive modifications would have to be made to any standard
commercial ion implanter. This would clearly render the technique of little
use as a monitor of the implantation process as it is usually carried out.
However, to monitor the progress of an implant it would seldom be necessary to
have a spatial resolution better than, say, a quarter of an inch, since one
would be seeking to observe changes in the acoustic signals in various sample
areas rather than to image the sample itself. In order for the technique to be
technologically useful it must be possible to generate and detect the acoustic
signals in a straightforward manner while scanning the beam abross the part
being implanted. As we have demonstrated, the beam can be modulated quite
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easily by scanning it across a small aperture. The problem with this technique
is that it makes the transmitted beam current strongly dependent on the beam
position. It also reduces the overall beam current if the aperture is smaller
than the beam. Both these problems can be overcome by using an aperture
slightly larger than the beam diameter. Alternatively, modulation could be
effected at the source, by modulating the extractor, for example. Another
alternative is coordinate modulation [24] which has the considerable advantage
that full beam power could be used continually and thus the production rate
could remain the same.

In order to detect the acoustic signals, it is simplest to attach a transducer
to the sample. Although this limits the freedom of sample movement, it need
not necessarily be a serious problem. For example, the rotation needed to
implant cylindrical samples could be 180 degrees in each direction, rather than
being continuous. The presence of a transducer, together with its bonding
glue, also limits the temperatures which the sample can be permitted to attain
during implantation. This would in turn limit the allowable beam current
density. For many of the implants which are likely to be used commercially in
ceramics (Al, Zr etc.) this would not be a serious restriction. It would,
however, reduce the efficiency with which one could implant high-current ions
such as nitrogen. If the transducer and its glue could withstand temperatures
in the region of 150 C even these implants would not generally be impaired.
Again, as an alternative, another detection approach, such as interferometry
[12], could be used to detect the acoustic wave.

From the data of Fig. 3-2 it is evident that the metal substrate also generates
intense acoustic signals. Thus it is expected that the technique would find
application in the area of metal implantation also. As we have discussed, in
the ceramics the detection of the onset of blistering serves to indicate when
the implant has reached too high a density locally. In metals, however,
blistering seldom occurs except at very high dose [251. In order to see
changes occurring at lower doses it would be necessary to use modulation
frequencies in the MHz range (see Fig. 4-1). It would in any case be

advantageous to use such frequencies to attain a reasonable degree of surface
sensitivity to monitor the changes in surface mechanical properties being
imparted by the implant.

With a reasonably intense ion beam of 1 cm diameter or less, modulated at MHz
frequencies, which can be scanned over the sample, IAM appears to be a viable
method for monitoring the progress of implantation in metals and ceramics. It
would appear to be applicable to implants made in most standard
semiconductor-type implanters, which are most often used for this type of
work.
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