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The scanning acoustic microscopy system has a poor lateral resolution in the scan of micro-
defects within micro-devices. To solve the problem, this paper identifies the main influencing
factors of the lateral size measuring accuracy of scanning acoustic microscopy, namely, C-
scan image resolution and the lateral size measuring resolution. Then, the two kinds of
resolutions were subjected to detailed analysis. After that, several micro-scale silicon wafers
were prepared, and subjected to defect detection and size measurement by a high-frequency
scanning acoustic microscopy system with a 300MHz high-frequency focused transducer. The
measuring results show that the C-scan of the scanning acoustic microscopy system
successfully recognized linear defects of 10um and circular defect with a diameter of 16um,
and achieved a size measuring error no greater than 5.05 %; in addition, the measuring error is
negatively correlated with the size of the wafer. Thus, the scanning acoustic microscopy

system can measure small dimensions in an accurate manner.

1. INTRODUCTION

As the micro-device technology is evolving towards large-
scale, integrated, and miniaturized type, the structural integrity
and reliability of micro devices becomes more significant.
During the production process of micro devices, due to the
uncontrollable factors such as materials and processes, there
are spalling, microcracks, voids and other minor defects
inevitably appeared on or in the micro devices. although they
may not cause great damage to the performance of these
devices in the initial phase, and some also sweep through
electrical or logic performance test, in the use, subject to
ambient temperature and humidity, these defects keep
evolving and expanding under thermal and electromagnetic
effects formed by thermal cycle, electromagnetic and stress
fields. In this case, the thermal diffusion that further gets weak
in the micro devices makes the internal structure fracture in
different degrees, ultimately leading the micro devices to
failure [1-6]. In order to improve the reliability of micro
devices, we should identify and eliminate various defects that
possibly appear on these devices in a timely manner, if
necessary, they should be replaced. It is imperative to develop
non-destructive detection technology for micro devices.
Optical and electron microscopic analysis, photoacoustic
thermal wave imaging, scanning probes, X-ray detection,
acoustic microscopy and other technologies can be used for
detecting the micro devices for surface and subsurface
morphology and defects [7]. Among the above methods, the
X-ray and scanning acoustic microscopy are critical for non-
destructively testing minor defects possibly appeared on
opaque materials. Both can respond to minor defects in micro
device structure since X-ray will do a harm to the human body
and have to be subject to the service environment and security
protection requirements.

Acanning acoustic microscopy, as a new detection
technology, can penetrate the opaque materials of certain
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thickness such as metal, plastic, ceramics and biological
tissues. It is likely for it to reckon the size and depth of defects
based on the echo energy and time difference in order to
accurately locate defects and provide strong support for
subsequent analysis of product defects and quality
improvement [8-13]. Elena Maeva made a detection on bio-
tissue histology of breast cancer using 200MHz ultrasonic
wave and found that the lateral resolution was less than 50um
[14]. Daniel Rohrbach performed a scanning acoustic
microscopy detection on ocular tissue biopsy using the
500MHz high-frequency ultrasound wave at a lateral
resolution of Spum [15]. Professors Jipson V. and Quate C.F.
worked out the scanning acoustic microscopy close to optical
resolution by increasing the ultrasonic frequency [16].
Heiserman et al. applied ultra-low temperature liquid helium
and liquid nitrogen as couplant to reduce the acoustic velocity,
thereby reaching the resolutions of 0.43 um and 0.36 um [17].
Hadimioglu B and Quate C. F improved the sonic frequency
to 4.4 GHz and placed the test piece in boiling water to
minimize the couplant attenuation, thus a resolution of 0.2 um
could be available [18]. Foster J. S and Rugar D developed one
type with a 20 nm resolution by using 0.2 K liquid nitrogen as
the couplant at an ultrasonic frequency of 4.2 GHz [19].
Although these applications have yielded better effect in the
surface resolution of test pieces, they are not made for internal
detection in the objects since the ultrasonic wave attenuation
is proportional to the frequency square. The ultrasonic wave
with high frequency may not transmit into test piece when it is
used for detection; for the ultra-low temperature acoustic
microscope, there is a large difference in the acoustic
impedance between the couplant and the test piece. Most of
the ultrasonic energy are reflected back at the interface
between the two, so that it is not easy to obtain an image of
certain depth. It may be unlikely to measure internal properties
of microstructures by ultrasonic microscope with ultra-low
temperature and ultra-high frequency. In practical applications,



the ultrasonic frequencies below 300-500 MHz prevail, and in
general, no frequency exceeds 2 GHz.

Here, the study traces the lateral resolution of tiny defects
in micro devices. Based on the scanning acoustic microscopy
C-scan imaging principle, it is known that the accuracy of
scanning acoustic microscopy, if used for measuring lateral
dimension, depends on C-scan image and lateral size
measurement resolutions. Now the two kinds of resolutions are
analyzed. Ultrasonic C-scan image measurement is performed
on micron-sized defects and dimensions of silicon wafer
samples using a scanning acoustic microscopy system and a
300 MHz transducer. The results show that the ultrasound
microscopy system C-scan function has a resolution basically
consistent with that from analysis, and enables to detect and
measure tiny structures inside the microstructure.

Here there are four main parts: Part 2 describes the basic
principles of lateral measurement of scanning acoustic
microscopy. Part 3 describes the composition of the high-
frequency ultrasound microscopy system and the choice of
transducer. Part 4 gives the detection and analysis of the
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defective samples and the dimension samples by the scanning
acoustic microscopy system. Part 5 is the conclusion.

2. BASIC PRINCIPLES
MEASUREMENT BY
MICROSCOPY

OF LATERAL DIMENSION
SCANNING ACOUSTIC

As shown in Figure 1 (a) and Figure 1 (b), the scanning
imaging principle of scanning acoustic microscopy is
illustrated. There are some amplitude and time information
about reflection echo from the measured surface in the gate.
The left side of Figure 1 (c¢) is the whole range of scanning,
where each mesh represents the pixels of an image on the right
side, and the black portion in the figure represents the gray
scale value of pixels in the case of zero echo inside the gate
when transducer is out of scanning range; the gray portion in
the middle represents the gray scale available by the amplitude
of reflected echo in th gate when the transducer faces the
Device Under Test (DUT), and time information.

Amplitude

=

<

Time

-

(b) Reflected echo and gate

(c) Scanning image

Figure 1. Schematic diagram of ultrasonic microscopic C-scan imaging

Lateral resolution of scanning acoustic microscopy is an
important technical indicator for checking whether the
microscopy system is accurate and reliable. Therefore, it is
particularly important to develop the lateral resolution of high-
frequency scanning acoustic microscopy system. Lateral
resolution includes C-scan image and lateral dimension
measurement resolutions.

2.1 C-scan image resolution

C-scan image resolution is defined as the resolvable
distance of two reflection points (reflected sound beams) on a
plane perpendicular to the axis of the sound beam. Therefore,
the scan image resolution depends on the theoretical resolution
of the high frequency focused transducer and the step pitch of
the ultrasonic microscope scanning process.

64

The ultrasonic microscope detection resolution w, is
defined based on the Rayleigh criterion [20]:

w, =054, F/a, M

The ultrasonic microscope detection resolution w; is
defined based on the Sparrow criterion [21]:

W, ~ —=1.024, F/a,

V2 )

Lateral resolution of spherical focused transducer can be
calculated based on the Rayleigh and the Sparrow criteria. In
addition, the sound beam focus diameter can also be used to
express it for general applications because the lateral



resolution has a great relation with the diameter of the focused
beam at the focus.

The beam focus diameter of spherical focus transducer can
be expressed as [22]:

BD =1.024, F/a, .

Take the high-frequency ultrasonic transducer 14502 used
herein as an example, the center frequency f~300MHz, the
aperture a, = 1.5mm, the focal length F=4mm; A, is the
wavelength of the acoustic wave in the couplant. It is assumed
that the sound velocity in the water ¢=1480m/s, according to
Formulas (1), (2), (3), theoretical resolution of the transducer
for detection can be calculated:

wy = 6.71um; w, = 9.49um; BD = 13.42um
2.2 Lateral dimension measurement resolution

The measurement of the lateral dimension is meant to
measure the least change in the minimum lateral dimension, as

shown in Figure 2, it is the relationship of the scan image with
the DUT.
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Figure 2. Relationship between DUT and scan image

As shown in Figure 2 (a), in an ideal state, the boundary of
the DUT is exactly at the boundary of scan image pixels, and
now the measured size L is:

L=(X,-X,)-I @

where, / is the calibration value per unit pixel.

In Figure 2(b), the boundary of the DUT is not at the
boundary of the pixels of the scan image, but may be any value
between X; and X3. At this time, it is required to determine
whether the pixel passed by the boundary is zero (as shown in
the left side of Figure 5) or has a value (as shown in the right
side of Figure 5). The pixel value of microscopic image is
available by the peak conversion of reflected echo in the gate.
When the maximum peak of the echo in the gate is less than
the gate threshold, the pixel value is zero. When the maximum
peak of the echo in the gate is greater than the gate threshold,
it is likely to obtain a pixel value rather than zero. And because
the size of echo peak is subjected to the area of the pixels of
boundary the DUT occupies, that is, the larger the area, the
greater the peak of the reflected echo can be obtained. Assume
the area of boundary pixels when the reflected echo peak is
equal to the gate threshold is Sk. As shown in Figure 5, it is
supposed the area occupied by the DUT at the boundary pixel
is S1. When S < Sk, the boundary of the DUT locates in the
right boundary of the pixel; when S; > Sk, it is at the left
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boundary of the pixel. That is, as shown in Figure 6, in order
to distinguish the boundaries A from B, it should be true that
the image boundary formed by boundary A is located on the
left side of the boundary pixels or on the right side of the
boundary B, that is,

Sal < SK (5)
or
Sy > Sy ©)

Then Sa + Sp1 > S, approximated as Xp, - X > x (X, Xp are the
actual coordinates of the boundaries A and B, respectively; x
is the unit pixel value). It is bound to differentiate the
boundaries A from B.
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Figure 3. Analysis map whem boundary fall within pixels
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Figure 4. Pixel map of boundaries A, B

3. SCANNING ACOUSTIC MICROSCOPY
MEASUREMENT SYSTEM AND TRANSDUCER
SELECTION

Ultrasound microscopy system with high frequency
includes the precision motion controller and the high
frequency ultrasound exciter and receiver system. The former
consists of the motion control card and X, Y, Z scan racks. As
the principle is concerned, the motion control card controls the
X, Y and Z scan axes that drive the transducer to fulfill the
scan process, whilst timely recording and feeding back the



coordinate information about each axle. During scaning
process, a synchronous position trigger signal is provided to
excite the signal generator and the data acquisition card. The
high-frequency ultrasonic exciter and receiver system
transmits, receives and acquires high-frequency ultrasonic
signals. It consists of high-frequency focused ultrasonic
transducers, signal generators, high-frequency data acquisition
card, amplifier and so on. Here we use a high frequency
focused transducer with center frequency of 300 MHz,
prodvied by the Germany PVA. The system diagram and
transducer are shown in Figure 5.

Figure 5. High-frequency scanning acoustic microscopy
measurement system and high-frequency ultrasonic
transducer

4. TEST ANALYSIS OF
DIMENSION MEASUREMENT

MICROSTRUCTURE

4.1 Defect sample measurement test

In this test, a defective silicon wafer, 10mmx10mmx0.5mm
(H), self-designed by the laboratory, is sampled. From the
surface of the silicon wafer, it is machined into a variety of
shapes with a depth of 200pum and a width of 10um ~ 400pm
by laser etching process. Then, machined silicon wafer is
bonded with a silicon wafer with a same size and thickness to
form an internally sealed structure, see Figure 6 for its internal
design.
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Figure 6. Internal structure design of defective silicon wafer

Table 1. Scan range, accuracy, and speed settings for scan and index axes

Parameter Length (mm) Speed (mm/s) Accuracy (mm) Accrucy (mm) Accrucy (mm) Accrucy (mm)
Scan axis 12 50 0.1 0.05 0.01 0.005
Index axis 12 5 0.1 0.05 0.01 0.005

(a) Scan accuracy 0.lmm (b) Scan accuracy 0.05mm

(c) Scan accuracy 0.01mm

(e) Patially enlarge map

(d) Scan accuracy 0.005mm

Figure 7. Scan image of silican wafer

The resulting C-scan image is shown in Figure 7. It is
obvious that the internal defects available when the scan pitch

is 0.lmm are relatively fuzzy, but as the scan accuracy
increases, the defects seem clearer and clearer. When the scan
accuracy falls within 0.01~0.005, the image resolution is
identical. This result shows that the C-scan image resolution is
subject to the scan pitch, that is, the lower the scan pitch, the
higher the resolution. However, the image resolution does not
change when the scan pitch reaches a certain value. When the
scan pitch is 0.005mm, the lines of different lengths from
25um to 500um can be clearly seen, including square, circular
and diamond line rings with a minimum width of 10um, and
round holes with different diameters. For the round hole in the
lower right corner, it is known from the design drawing that
there are 25 round holes with diameter increasing from 10pm
to 60um. From the scan image, there are total 22 round holes
whose diameters are in descending order. The high-frequency
focus transducer 14502 provided by PVA company can
recognize a circular hole with a minimum diameter of 16um.
Compared to the three resolution criteria, the actual resolution
is closer to that of the beam diameter method.

4.2 Sample width measurement test

In this test, a square micron-sized silicon wafer,
10mmx10mmx0.5mm (H), of micron order, self-designed, is
used, see Figure 8 for finish size designed internally. After
laser etching process, the test block is bonded together with
the same size of silicon wafer to form a sample that can be
used to test the lateral dimension measurement from the
system on the internal microsize. The resulting C-scan image
is shown in Figure 9.
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Figure 8. Silicon wafer sample for width test

Figure 9. Internal size scan image of SW sample for width
test

With similar scanning conditions, 10 scans are performed,
and the lines with four widths in the image are measured for
10 times, see Table 2 for the measurement results. As show in
Table 2, the error of lines at the width of 50 um is 5.05 %, and
the measurement error decreases with the increase in size; the
measurement error of lines at 400 pm is 0.64 %.

Table 2. Dimension measurements of silicon wafers

Design value Mean of 10 Offset Error
(um) measurements (1m) (um) (um)
50 52.525 2.525 5.05%
100 103.046 3.046 3.05%
200 204.143 4.143 2.072 %
400 402.553 2.553 0.64 %

5. CONCLUSION

Based on the principle of ultrasonic microscopic C-scan
image measurement, the lateral resolution of the high-
frequency scanning acoustic microscopy system is analyzed.
There are three theoretical models for C-scan imaging
resolution, i.e. the Rayleigh criterion, the Sparrow criterion
and the beam diameter, based on which, the resolution of
300MHz high-frequency focused transducer can be calculated
with the lateral measurement resolution analyzed. Lastly, the
C-scan imaging tests were conducted on the self-designed
silicon wafer samples for width and defects by the high-
frequency scanning acoustic microscopy system. Test results
show that the more precise the scan pitch is, the higher the
resolution, however, when the scan pitch is traceable to a
specified value, the resolution is less subject to it. At this time,
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the lateral resolution is closer to that by the beam diameter.
However, thanks to the factors such as practical design process
of the transducer, the lateral resolution available actually is
lower than the theoretical value.
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