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High-Frequency Differential Piezoelectric
Photoacoustic Investigation of Ion-

Implanted (100) Silicon Wafers via
Laser Beam Position Modulation

JOHNNY F. ZUCCON anp ANDREAS MANDELIS, MEMBER, IEEE

Abstract—An exploratory application of a new technique, position
modulation photoacoustic imaging of ion-implanted (100)-oriented Si
wafers was undertaken to assess its potential as a diagnostic probe in
semiconductor processing. Wafer scans were performed using acousto-
optic modulation of a 1.06 pm Nd>* : YAG laser beam up to 0.2 MHz
with piezoelectric photoacoustic detection. Sensitivity ranges to ion-
implanted parameters (ionic species and fluences) were studied and the
capability of the technique to monitor processing-induced damage was
established. Results indicate that position-modulated photoacoustic de-
tection offers higher sensitivity than single-beam photothermal imag-
ing and has distinct advantages over other analytical techniques such
as RBS.

1. INTRODUCTION

HERMAL WAVE physics [1], [2] has recently

emerged as an important analytical and diagnostic tool
in the semiconductor technology [3]-[5]. The ability of
thermal waves to perform nondestructive studies in sem-
iconducting materials and processed device chips has been
recognized and exploited for some time [5]-[10]. In early
communications, Coufal and Pacansky [11], [12] dis-
cussed several methods for increasing the resolution and
sensitivity of photoacoustic (PAS) techniques. These au-
thors suggested an enhancement in depth resolution ob-
tained from a differential technique utilizing two separate
gas microphone PAS cells, a common light source and a
beamsplitter. This scheme was expected to result in sub-
micron depth resolution from well-defined subsurface
thicknesses inside the material under investigation. In an
attempt to monitor semiconductor processing parameters,
conventional microphone-gas coupled PAS has been used
in the study of Si* implants in GaAs [13], [14] and has
demonstrated its capability to detect damage layers re-
sulting from ion implantation. Results from work in laser
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annealing applications [6], [15] have further demon-
strated that microphone-gas coupled PAS can be used to
detect variations in semiconductor crystallinity. These
previous studies used microphone-gas coupled photoa-
coustic detection because of the high sensitivity of micro-
phones and/or the commercial availability of PAS cells,
however, constraints on the frequency response (transfer
function) of microphone transducers have imposed severe
limitations on the depth resolution capabilities of these
techniques [16]. Specifically, the low-frequency ( <10
kHz) roll-off of the transfer function of commercially
available microphones tends to limit the depth resolution
of thermal waves in crystalline semiconductors to thick-
nesses on the order of 20-30 um, while most microelec-
tronic device active regions lie in submicron ranges. With
the advent of piezoelectric detection photoacoustic tech-
niques [17], [18], the study of shallow layers has become
feasible. ‘

In this paper a new differential photoacoustic laser beam
method is presented, which is a high-speed modification
of the methods used by Coufal and Pacansky [11], [12].
The technique relies on an acousto-optically diffracted
(i.e., position-modulated) Nd*>*-YAG optical beam being
used both as a probe and reference for piezoelectric PAS
detection. The sensitivity of the technique to ion-implant
parameters is demonstrated for a wide range of implant
fluences and energies on silicon wafers. Differential mode
photoacoustic experiments have been reported previ-
ously: To name a few, Lahmann et al. [19] used a dual-
wavelength technique to increase the spectroscopic sen-
sitivity of PAS to the identification of small amounts of
nonfluorescent absorbers in liquids; Hoshimiya [20] also
took advantage of differential absorption at different op-
tical wavelengths to enhance the PAS signal-to-noise ratio
(SNR) in condensed phases; and very recently Quimby
[21] introduced a position-swept real-time PAS technique
to map defects in solids with a somewhat poorer SNR than
conventional photoacoustic microscopy (PAM). The
present work has resulted in the first reported high-fre-
quency, semiconductor parameter sensitivity study of dif-
ferential piezoelectric photoacoustic detection applied to
ion-implanted silicon, and a direct comparison with sin-
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Fig. 1. Experimental apparatus for differential and single-beam piezoelectric photoacoustic detection.

gle-beam detection. Previously, Ringermacher et al. [22],
[23] have described a similar coordinate modulation tech-
nique for the case of electron-acoustic imaging of solid
materials.

II. INSTRUMENTATION AND MATERIALS

Fig. 1 shows the PAS experimental apparatus used to
perform both differential and single-beam studies on sili-
con wafers. A General Photonics Two-15 CW
Nd*>*-YAG laser emitting approximately 2W of optical
power at 1.06 um was used in series with an Isomet 1201
acousto-optic modulator. A knife-edge was inserted in the
optical circuit only when single-beam studies were desir-
able. Samples were pressed in intimate contact with a
homemade piezoelectric detector unit upon using silicone
as the interface, for nondestructive photoacoustic studies.
The detector unit consisted of a lead-zirconate-titanate
(PZT) piezoelectric ceramic (Vernitron PZT-5H) with a
resonant frequency of 0.2 MHz. The transducer was con-
fined in a stainless steel housing with a removable back
plate. The front end of the transducer was in acoustic con-
tact (via a thin layer of vacuum grease) with the cap of
the housing (diaphragm), which consisted of an approxi-
mately 500-pm-thick stainless steel shim cold soldered
onto the stainless steel chassis. To increase the reflectiv-
ity, and thus minimize any synchronous signals originat-
ing at the transducer cage, a thin (50 A) gold layer was
vacuum sputtered on the diaphragm surface. The trans-
ducer assembly is shown schematically in Fig. 2. The
overall design is similar to one used previously for solid
[18] and liquid phase [24] PAS studies. An additional
merit of the detector housing design was the effective
shielding of the PZT transducer it provided against elec-
tromagnetic interference from the environment, acting as
a Faraday cage. A translational stage, on which rested the
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Fig. 2. Cross-sectional view of spring-loaded PZT detector cage: 1) BNC
connector; 2) acoustic coupling medium (vacuum grease); 3) diaphragm
(Au-coated stainless-steel shim); 4) PZT-5H piezoelectric transducer (top
face: ground; bottom face: high lead to BNC); 5) spring-loaded elec-
trode; 6) stainless-steel housing chassis; 7) PZT retainer support (Plex-
iglas); 8) housing back plate; 9) pressure-adjusting screw.

sample holder and the preamplifier (Ithaco model 1201
low-noise pre-amplifier with adjustable gain control) was
fabricated allowing laser beam scanning in two dimen-
sions on a fixed plane perpendicular to the direction of the
beam propagation. The amplified signals were fed into
either a low-frequency lock-in analyzer (EG&G Model
5204) or a high-frequency one (EG&G Model 5202), de-
pending on the frequency of the photoacoustic scan. The
appropriate lock-in analyzer was coupled to a fast 12-bit
Data Translation A/D converter Model DT 3392, used to
transfer data for storage on hard disk through a Digital
Equipment RLO2 disk drive. The entire apparatus was
mounted on a Newport Corp. optical table to achieve
maximum vibrational isolation.

Materials used in these studies included: a) unpro-
cessed (100)-oriented 4-in-diameter Si wafers for testing
the apparatus; b) processed 4-in-diameter Si wafers with
a step-like interface between a 0.355-pm-thick layer of
polycrystalline silicon and a 1.0-um-thick SiO, field ox-
ide thermally grown layer; and c) a matrix of 4-in-diam-
eter (100)-oriented Si wafers, ion-implanted in half sur-
face area at Northern Telecom Electronics, Ottawa,
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Fig. 3. Process flow chart for ion-implanted 4-in-diameter, (100)-oriented
Si wafers.

Canada, with a range of doses of B*, P* and As™ ions
typical of industrial applications. The implant energies
used were 50, 100 and 150 keV with fluence levels rang-
ing from 10" to 10'S ions /cm?, representing character-
istic parameters for microelectronic device processing. A
process flow chart of the implanted wafer matrix is shown
in Fig. 3.

III. TECHNIQUE CHARACTERIZATION AND
EXPERIMENTAL

Single laser beam photoacoustic scans across sample
surfaces of variable features have been previously re-
ported [25]-[27]. Those applications were able to dem-
onstrate the technique’s capability for depth profiling, for
instance in metal samples with artificially introduced de-
fects in the form of holes drilled into the sample [25],
[28]. With thin subsurface damage layers such as those
resulting from ijon implantation, photoacoustic detection
is more complicated. The thin damage layers are usually
at shallow depths in the material and therefore require
thermal diffusion lengths in the submicron range for com-
plete depth resolution [4]. In silicon this requirement en-
tails high modulation frequencies in the neighborhood of
100 MHz to resolve typical ion-implant profiles of 2000-
3000 A thickness [29], [30]. At very-high-modulation
frequencies the piezoelectric PAS SNR, however, is ex-

pected to decrease substantially due to the decreased
amounts of optical energy imparted to the sample per
modulation period [31]. An additional difficulty appears
at modulation frequencies beyond 20 MHz due to ultra-
sonic limitations, since the wavelength of the acoustic
carrier wave becomes small enough to introduce acoustic
imaging [32], which may complicate the thermal wave
information received by the piezoelectric transducer. For
most realistic piezoelectric PAS experiments with shallow
defect materials, the single-beam technique can provide
at best integrated signals comprising information from
both the damaged layer and part of, or all of, the sub-
strate. Analytical vectorial methods have been suggested
{33] to help isolate amorphous layer signal contributions
from the integrated PAS signal. Utilizing optical excita-
tion sources of appropriate wavelengths so as to eliminate
substrate bulk absorption (e.g., the Nd**-YAG 1.32 ym
line for scanning Si substrates) has also been suggested
[14].

In our experiments we exploited the spatial separation
of the first-order diffracted beam emerging from the
acousto-optic modulator from the zeroth-order unde-
flected beam [34]. The zeroth-order beam provided the
signal reference and was incident on the crystalline side
of the interface dividing the implanted and unimplanted
half surfaces of the processed wafers (Fig. 3). The first-
order diffracted beam acted as both the exciting and the
probe beam, so that the total amount of optical energy was
always present on the sample. Higher diffracted orders
were present also, however, the amounts of power im-
parted into those orders were found to be negligible com-
pared to the zeroth and first orders, in qualitative agree-
ment with the theory of acousto-optic light modulation
[34]. Focussing of the beam resulted in an increase in the
lateral resolution of the scans and allowed for smaller
beam separation distances to be used. This feature tended
to decrease background signals arising from spatial re-
sponse nonuniformities of the PZT transducer. Care was
taken to divide the input optical power at the 50 percent
level between the zeroth and first-order beams, with the
lock-in analyzer registering effectively a zero-level A.C.
(i.e. a D.C.-level) photoacoustic differential signal from
a homogeneous, crystalline Si wafer. Fig. 4 explains the
differential technique. The reference signal from the wave-
form generator to the lock-in is shown in Fig. 4(a). The
zeroth-order undiffracted beam is in phase with the square
wave reference. The video input to the modulator was a
sinewave that resulted in an intensity output proportional
to the square of the modulated optical field, i.e., cos” wt,
as shown in Fig. 4(b). The first-order beam intensity mod-
ulation is thus phase-shifted by 180° with respect to the
reference waveform, Fig. 4(c). The superposition of the
zeroth and first-order intensities over time is, therefore,
expected to produce approximately (neglecting higher or-
ders) a constant intensity as shown in Fig. 4(d). Thus, our
differential technique when employed to scan over a spa-
tially uniform sample is expected to produce a constant
amplitude (dc-level) signal with a phase given by the sum
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Fig. 4. Mechanism of differential photoacoustic technique. (a) Typical
square wave input reference; (b) Zeroth beam intensity modulation wave-
form. (c) First-order beam intensity modulation wave-forms. (d) Tem-
poral superposition of two orders. (e) vector (phasor) representation of
I, and I, signals in complex plane.

of 180° plus material contributions. This feature is indi-
cated in Fig. 4(e).

Experimental results on the differential PAS amplitude
and phase from a 20 kHz scan across the interface be-
tween a SiO, and polysilicon layer on Si substrate con-
firmed the above considerations: the amplitude was es-
sentially spatially constant and low when either side of
the interface was scanned and rose to a higher level when
the two beams straddled the interface. The phase exhib-
ited a small variation about 180° in the position of the
interface, otherwise was essentially flat throughout the
entire scan. Fig. 5 shows a schematic representation of
the position-modulated experiments. When the two beams
of approximately equal optical power scanned the same
or similar materials, positions 1 and 3 in Fig. 5, the dif-
ferential photoacoustic signal was low and spatially con-
stant (with the notable exception of the polysilicon sur-
face). When the two beams straddled the interface
between materials of different thermal and optical prop-
erties a strong and spatially variable differential photoa-
coustic signal was recorded. A differential beam scan
across the same polysilicon and SiO, region performed at
2 kHz is shown in Fig. 6 to demonstrate the nature and
levels of signals involved in a typical process of the type
illustrated in Fig. 5.
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Fig. 5. Schematic illustration of position-modulated differential photo-
acoustic scan.
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Fig. 6. Position-modulated differential PAS scan at 2 kHz for Si

substrate with polysilicon/SiO, interface.

The frequency response characteristics of the trans-
ducer cage assembly when irradiated directly with posi-
tion-modulated light in a differential mode are shown in
Fig. 7(a). The results from a single-beam frequency scan
are shown in Fig. 7(b) for comparison. The broad fre-
quency response of thc PZT-5H offers good SNR in both
the low (<3 kHz) and high (>50 kHz) ranges, espe-
cially at or near the transducer’s resonant frequency
(=200 kHz). It is interesting to note that, while both
techniques bear out the expected signal frequency depen-
dence [28], [31], [35], at low frequencies, the differential
technique exhibits stronger signal levels throughout the
midrange frequencies. A direct numerical comparison of
absolute signal values between the single-beam and dif-
ferential technique was not feasible, since they have dif-
ferent reference levels. The nonzero ac signal shown in
Fig. 7(a) is unexpected in view of the mechanism put forth
in Fig. 4, however, it can be explained in terms of spatial
inhomogeneities of the transducer response. These in-
homogeneities constituted the single most important
drawback of our technique in a global sense, as they re-
quired the mapping and normalizing out of the photo-
acoustic response of the transducer in all subsequent
scans. With our Vemitron transducer, we were not able
to confirm previous findings of PAS signal enhancement
upon application of a square wave input to the acousto-
optic modulator, compared to a sinusoidal wave [17]; the
signal levels we obtained from both types of input wave-
forms were essentially identical.
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A matrix of ion-implanted silicon wafers was also used
to evaluate the sensitivity limits of our technique with re-
spect to the detection of low- and high-level damage re-
sulting from the implantation process. Both position-mod-
ulated differential and single-beam scans were performed.
To maximize the reproducibility of our technique, only
single line scans were recorded; in this mode any signal
contribution from the direct response of the transducer it-
self was found to be minimal. Wafer scans covering ap-
proximately a 3-mm range and centered at the implanted/
crystalline interface were performed. The modulation fre-
quency was 0.2 MHz (at the PZT resonance peak) with a
zeroth-to-first-order beam separation of approximately 0.5
mm and a scan increment step of 0.17 mm. The beam
separation at the sample surface could be controlled
through adjustment of the focussing lenses of the beam
scan mirror assembly (Fig. 1). The beam spotsizes were
approx. 50 um at the sample. Strong differential PAS sig-
nals were obtained from scanning through the interfacial
features of the ion-implanted wafers of Fig. 3. For pur-
poses of comparison the samples were scanned using both
single beam and differential methods. Fig. 8 is represen-
tative of a typical scan result. The differential PAS re-
sponse is characteristic of local variations in the optical
and thermal environment on either side of the interface.
The corresponding single beam PAS response produced a
step-like discontinuity, as expected. These results show
that the position-modulation method smoothens out back-
ground signals induced by inhomogeneities in thermal
and/or optical properties of neighboring implanted sites,
in addition to transducer-related background signals.

The smooth low level differential signal from the un-
implanted side of (C) right of the peak, Fig. 8(a), is ex-
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Fig. 8. PAS amplitude from scans of P*-implanted Si (150 keV, 10'¢
ions/ cm?) across interface. (a) Position-modulated differential scan. (b)
Single-beam method.

pected and should be compared to the widely varying sin-
gle-beam signals from the same location, Fig. 8(b). The
implanted region of (B) left of the peak in Fig. 8(a) pro-
duced scan signals with pronounced irregularity as ex-
pected, due to local variations in the degree of damage
incurred in the crystal lattice by the ion implanter. This
effect, although also present in Fig. 8(b), is difficult to
assess with the single-beam scan because of the inherent
superposition of the background nonuniformity. From the
ratio of the differential peak signal (A) in Fig. 8(a) to the
average crystalline Si signal (C), a fourfold signal in-
crease at the interface could be observed. The contrast is
much poorer in the single-beam results ((A)/(C) = 1.1
in Fig. 8(b)). Similarly on the implanted side the ratio
(A)/(B) is 3 and 1.5, respectively.

IV. RESULTS AND DISCUSSION

The peak differential signals obtained from 200 kHz
scans of 150 keV P* implanted Si wafers are shown in
Fig. 9. This figure is indicative of the sensitivity of po-
sition modulation PAS to fluence levels as low ‘as 10"
ions /cm®. Unfortunately, no samples implanted with
lower fluences were available in these experiments to es-
tablish a lower sensitivity limit. The damage density by
implantation of a given ion species is expected to increase
with increasing ion fluence. Damage saturation at high
implant doses was previously observed by McFarlane et
al. [13], [14], in microphone-gas coupled PAS experi-
ments with Si* implanted GaAs. Those authors attributed
saturated PAS signals approximately above 10'* ions /cm?



10 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 35, NO. 1, JANUARY 1988

Differential Peak Signal (mV)
=3
[=]
@
T

0.00 1ot sl Ll Ll 1

10‘2 1013 10‘4 1015 10'5
lon Fluence (P*/cm?)

Fig. 9. Differential peak PAS signal amplitudes from P*-implanted Si
wafers at 150 keV. Standard deviations are smaller than the size of ex-
perimental points.

to complete amorphization of the implanted region. A
similar trend is evident in Fig. 9 for doses on the order of
10" ions /cm?. The increasing PAS signal with higher ion
fluence can be attributed to changes in the optical and
thermal properties of the implanted region due to an in-
creased damage density. At 1.06-um irradiation, the in-
cident photon energy (E, = 1.17 eV) is slightly above
the bandgap energy of silicon (E, = 1.12 ¢V at 300°K)
[36]. Crystalline silicon is, therefore, semitransparent at
1.06 um (optical absorption coefficient 8g; = 10 cm™'
[37]1). Amorphous thin films of silicon have been found
to have absorption coefficients on the order of 5 X 10°
cm™!in the 1.1-1.2 eV spectral region [38], Fig. 10. As-
suming that amorphous or quasi-amorphous layers pro-
duced by ion implantation may not be too different opti-
cally from thin films glow-discharge deposited, sputtered
or evaporated on substrates [38], the major cause of the
increased PAS signal with increased ion fluence may be
taken to be the increase of Sg; upon the onset and increase
in the degree of amorphization. Similar increases of PAS
signals due to subbandgap defects in a-Si: H ion-beam de-
posited films have been previously observed [39] and at-
tributed to changes in the optical absorption coefficient
below the bandgap. Other sources of the differential peak
signals observed in Fig. 9 may include the poorer thermal
properties of the implanted layer and changes in the re-
flectivity of this layer [6]. These interpretations are also
supported by piezoelectric photoacoustic experiments
performed by Jackson and Amer [31]. These authors con-
cluded that strongly absorbing samples retain more heat
and thus produce larger material strains.

Recently, Smith et al. [40], [41], utilized the technique
of sample reflectivity modulation with temperature as
monitored via the intensity changes of the reflected beam
of a tightly focussed probe He-Ne laser from Si wafer
surfaces. The temperature modulation resulted from an
intensity modulated heating Ar* laser [42]. These authors
performed ion implantation studies using 50 keV B* ions
with fluences between 10'' cm™2 and 10" cm™2. Al-
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Fig. 10. Optical absorption edges in evaporated and crystalline silicon
(after [36]).

though no direct comparison can be made with Fig. 9 of
this work due to the different ion species and detection
principle, the trends in the data from both sets of inves-
tigations are similar: The ability of their technique to
monitor ion implants at fluences below 10'> cm~? is con-
sistent with our findings. In Fig. 9 we demonstrated that
fluence monitoring up to 10'® cm 2 of P* implants is pos-
sible without signal saturation, in agreement with the non-
saturated character of the data by Smith er al. (Fig. 1,
[40]) up to 10'° B* /cm®. The PAS signal variation of
approximately 5 units (i.e. mV) from the baseline in Fig.
9 between 10'? and 10'® P* /cm?® fluences is certainly
comparable to the difference of 9 thermal wave units for
the same span of B* fluences in Fig. 1, [40]. It thus ap-
pears that our technique gives comparable results to the
experimentally more complicated (and expensive) reflec-
tivity modulation method of Smith et al. An increased de-
gree in sensitivity of the method by Smith er al. may be
attributed to the partly transparent nature of the Si wafers
at 1.06 pm, compared to the opacity of Si at the 488 nm
line of the Ar™ laser used by those authors. Large syn-
chronous signals generated due to the spatial inhomoge-
neity of the transducer response during scanning across
its surface had to be normalized out in obtaining the re-
sults of Fig. 9. For this reason, the sensitivity of our tech-
nique, measured by the difference between signal maxi-
mum and minimum response in Fig. 9 is

[(Smax -

lower than that obtained by Smith et al. [40] (= approx
200 percent for the same fluence range of B* implant). It
appears that a disadvantage of using a PZT transducer in
the scanning mode is the degree of response inhomoge-
neity across its surface, which requires painstaking nor-
malization of the photoacoustic signal. The method by
Smith et al., however, has the added advantage of truly
noncontact Si lattice damage monitoring, thus eliminating
all probability of wafer contamination due to the trans-
ducer bonding medium present in this work.
McFarlane et al. [14] used a single-beam photoacoustic
scan to map the damage induced in Si ion-implanted with
220 keV As* with fluences between 2 X 10'° and 1 X
10'¢ ions / cm’. They operated a CW Nd*>* : YAG laser at
1.32 um in order to avoid substrate absorption effects at
1.06-um excitation. Similar effects were, in principle,

Smin)/Smax] X 100 = approx 70 percent,
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present in our experiments, however, the differential
scanning method employed in this work automatically
subtracts out substrate absorption related background sig-
nals, thus giving PAS signals primarily from the thin im-
planted layers. This useful feature minimizes the need to
use extremely high frequencies ( > 100 MHz) in order to
isolate photoacoustic effects from the thin implanted films
[4] and minimizes substrate contributions to the signal.

The results from Si* implanted GaAs reported by
McFarlane et al. [13], [14], show that sensitivity to im-
plantation damage of the microphone-gas coupled PAS
system at low modulation frequencies was limited to doses
greater than 10'? ions/cm®. When compared with the min-
imum signal level of Fig. 9, it becomes apparent that our
differential technique is capable of detecting even lower
fluences than 10" ions /cm?, a task that is quite difficult
for Rutherford back scattering (RBS) analysis. At the
high-fluence level end of ion implantation,. the experi-
ments by McFarlane et al. indicate complete saturation
and, perhaps, the onset of a self-annealing effect in the
10'¢ jons /cm?® range. The plot of Fig. 9 shows that the
high-frequency differential signal is not yet fully saturated
in the same fluence range. This effect could be due to the
high frequencies employed in our experiments keeping the
PAS signal out of photoacoustic saturation [43], as ex-
pected from a thermally thick, optically opaque geome-
try. Unfortunately, no numerical verification of this claim
is possible at this time, as the thermal diffusivity of the
implanted layers is unknown.

Fig. 11 shows differential PAS amplitude data of the
signal at the interface as a function of ion-implant spe-
cies. The curves labeled (A), (B) and (C) correspond re-
spectively to 1) the peak differential signal at the inter-
face, the average signal level on the implanted side; and
the average signal level form the unimplanted side. These
results were plotted against atomic mass number of the
ion species. The trends illustrated in Fig. 11 can be qual-
itatively understood as follows: The increase in atomic
mass of the implant species decreases the effective pene-
tration depth in the material, as indicated by the projected
range statistics of the Lindhard, Scharff and Schlott (LSS)
theory [44]. According to the Rosencwaig-Gersho (RG)
theoty [43], the PAS signal in optically transparent solids
is expected to decrease with B3I, where [ is the effective
thickness of the implanted layer in this case, and 8 is the
absorption coefficient of this layer. Therefore, a decrease
in PAS signal level with increasing atomic mass is ex-
pected, since the heavier ions will penetrate less into the
lattice, thus decreasing /. This will be so, provided B
changes of the damaged layer with ion species do not
dominate the 8/ product. Curves (A) and (B) in Fig. 11
bear out these expectations, with the exception of curve
(B) in Fig. 11(c). It is further expected that the unim-
planted silicon side should possess the largest degree of
material uniformity, and thus the PAS signal must be es-
sentially independent of ion size. This is indeed the case,
as presented by curves (C) in Fig. 11, in which the av-
erage crystalline Si signal is shown to be the least sensi-
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Fig. 11. Differential PAS signal amplitudes as function of ion implant spe-
cies. (a) 150 keV, 1 X 10'® jons /cm?. (b) 100 keV, 1 x 10'* ions /cm’.
(c) 50 keV, 1 x 10'? ions /cm?. The letters A, B, C correspond to peak,
implanted, and unimplemented regime of Fig. 8(a), respectively. Stan-
dard deviations are of same magnitude as point size.

tive to ion species variation. The lack of absolutely con-
stant levels has been attributed to deviations due to the
number of samples taken to calculate the averages of Fig.
11. A similar tentative explanation has been advanced re-
garding the anomaly of curve (B) in Fig. 11(c), in view
of the relatively weak signal averaging involved in the 50-
keV case.

An attempt to assess the effects of ion-implant damage
on the optical properties of the Si wafers was made by
acoustically isolating the wafers from the PZT transducer
diaphragm surface with 2-mm spacers. The acoustic sig-
nal produced from direct light transmission through the
wafer was monitored for both the processed and unim-
planted sides of the interface. The amount of light trans-
mitted through the implanted side was found to be less
than that transmitted through the crystalline side that was
almost entirely transparent to the 1.06-um radiation. An
average decrease in signal levels of approximately 38 per-
cent was found for a 150-keV As™ implanted wafer. Light
scattering through the damaged layer and the concommi-
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TABLE 1
IMPLANT-ION ENERGY EFFECTS ON PAS DIFFERENTIAL SIGNALS

A B C

Ion Fluence Energy D
Species (ions /cm?) (keV) Ratio*

Pt 10" 150 0.85

P* 10" 100 0.47

P* 10'? 150 0.78

P* 10" 50 0.34

*Ratio = [Average implanted signal (B)]/[Average unimplanted signal
(O)]; B, C as in Fig. 8(a).

tant reflectivity changes would tend to alter the transmit-
ted fraction, however, no attempt was made to assess their
effect separately in this work. The anticorrelation ob-
served between transmission acoustic and PAS piezoelec-
tric signals of the implanted layers with respect to the un-
implanted Si, further corroborates that the piezoelectric
signals measured with the wafers in place were due to the
photoacoustic effect in the materials, rather than due to
synchronous acoustic waves resulting from direct light
transmission to the transducer diaphragm.

Even though the degree of amorphization of the im-
planted layers of our wafer matrix was not known, these
layers did behave photoacoustically like amorphous or
quasi-amorphous thin films, producing an increased PAS
signal with increasing implantation energies, consistently
with previous observations [6] on PAS signal dependence
on the degree of silicon crystallinity. Table I shows typ-
ical results of P*-implanted wafers. The ratio in column
D is used so as to remove any discrepancies due to the
effect of variable contact pressure with the transducer from
sample to sample. ‘

The usefulness of photoacoustic phase imaging has been
reported by various authors [16], [25], [26], [35], claim-
ing an increase in depth sensitivity over PAS amplitude
information. Busse and Rosencwaig [25] showed that
phase detection results in a depth sensitivity of 1.5 X the
thermal diffusion length [43] in gas-coupled microphone
cells and an even greater one ( >2 X ) with piezoelectric
detection. The published work with photoacoustic phase
results has been essentially restricted to metal and metal
void investigations [26], [45]. In the present work phase
information from the ion-implanted wafers was less gen-
erous and much more irregular than those previous stud-
ies. Our differential technique may be too sensitive for
differential phase imaging. The phase results from scans
of the ion-implanted wafers were thus not included in the
discussion.

V. CONCLUSION

A frequency-domain differential piezoelectric photoa-
coustic investigation of ion-implanted (100) Si wafers has
been carried out in order to assess the usefulness of this
technique as an implant damage probe. The results showed
that the sensitivity (at least in terms of signal-to-noise ra-
tio) of the position-modulated photoacoustic signal across

the implantation interface is superior to that obtained with
a single modulated beam scanned across the interface. The
new technique was found to be sensitive to a broad range
of implant species (B, P*, and As™) and ion fluences
(<10 cm~% and >10'® cm™?).
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