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Dry-Contact Technique for High-Resolution

Ultrasonic Imaging
Hironori Tohmyoh and Masumi Saka

Abstract—To accomplish a high-resclution ultrasonic
imaging without wetting a sample, the efficiency of the dry-
contact ultrasonic transmission is discussed. In this study,
a dry-contact interface is formed on a sample by inserting
a thin film between water and a sample, and the pressure
is working on the interface by evacuating the air between
the film and the sample. A model of dry-contact ultrasonic
transmission is presented to assess the signal loss accompa-
nied with the transmission. From the determination of the
signal loss caused by the transmission using various filns,
it was found that the higher frequency ultrasound is trans-
mitted effectively into the sample by selecting an optimum
film, which can keep the displacement continuity between
the film and the sample during ultrasonic transmission, At
last, ultrasonic imaging with the sufficient signal-to-noise
ratio (SNR) and high lateral resclution was performed on
the delamination in a package and the jointing interface of
the ball-grid-array package without wetting the packages.

1. INTRODUCTION

INIATURIZATION with high-density mounting of the
Mintegrated circuit (IC) packages [1], [2] demands
a sensitive, nondestructive testing technique, which can
achieve higher resolution. In point of accomplishing higher
resolution, the immersion ultrasonic technique excels over
the other techniques such as X-ray [3], [4], laser ultrasonic
[5], and microwave techniques [6]. However, because the
ultrasonic technique requires the immersion of a sample;
the technique is not desirable for IC package inspection.

Some attempts have been made to transmit the ul-
trasound into a sample without wetting it. One of these
techniques makes use of the dry-coupling transducers [7],
[8]. These transducers have an elastomer face layer and
can be coupled with the sample by applying a pressure.
Liaw et al. [7] used the transducers to mcasure the elastic
constants of the ceramic-matrix composites. Techniques
using air-coupled transducers are available for the trans-
duction of ultrasound in air so far as the frequencies of
some megahertz are used [9]-[14]. The popular types in-
clude the piezoelectric ceramic element designed to op-
timize its transduction In air and the capacitance trans-
ducer utilizing the electrostatic force. The transducers are
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widely used for applications such as the distance mea-
surement [10], thickness measurement [11], nondestruc-
tive evaluation (NDE) of acrospace composites [12], to-
mographic reconstruction [14], and so on. However, the
higher frequency ultrasound, which is enough for perform-
ing the high-resolution ultrasonic imaging, is not available
by these transducers under the existing conditions.

In contrast with the above techniques, a dry-contact
ultrasonic tcchnique {DCUT) has been reported [15], [16].
The DCUT enables us to transmit the higher frequency
ultrasound into a sample without wetting it by utilizing a
dry-contact interface formed on the sample by inserting a
thin film between water and the sample. Moreaver, DCUT
may enhance the ultrasonic reflection from an inspection
object, thereby making it advantageous for applications
such as inspection of ball-grid-arry (BGA) solder joints.

To accomplish a high-resolution imaging by DCUT, the
transmission efficiency is discussed in this paper. A model
of DCUT is presented, and the signal loss accompanied
with the transmission into a plate of acrylic resin is de-
termined by using the model. From the determination of
the signal loss in the cases of inserting various films, it was
found that the interception of the higher frequency ultra-
sound is caused at the dry-conmtact interface. By utilizing
the optimum film, which can keep the displacement con-
tinuity between the film and the sample during the trans-
mission of higher frequency ultrasound, the dry-contact ul-
trasonic imaging, which had the sufficient signal-to-noise
ratio (SNR) and high lateral resolution as the immersion
technique, was performed on the delamination in a pack-
age and the jointing interface of the BGA package without
wetting the packages.

II. THEGRY OF DRY-CONTACT ULTRASONIC
TRANSMISSION

The device of DCUT is shown in Fig. 1. The device has
a path control layer between the filln and the sample, and
the layer has the exhaust paths connected to the center
hole. The air surrounded with the fili, layer, and sample is
evacnated by a vacuum pump through the exhaust paths.
The film is attached to the sample by working the pressure
between the film and the sample. A dry-contact interface
is formed between the film and the sample.

To derive the signal loss accompanicd with the DCUT, a
transmission model is developed. In the dry-contact trans-
mission system shown in Fig. 2, frequency spectrum of the
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Fig 1. Details of the dry-contact ultrasonic device.
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Fig. 2. Schematic of the DCUT.

reflection echo, pieiection( £} from the back-wall of a sam-
ple may be expressed as:

TﬁEHGCtiO"(f) — emlssmn(f) total(f) Tmfs(f)
‘Rsa'Tsfw(f)'D'CPE(f: P ﬁ1 7)1 (1)

where { is the frequency; n°™°n( £} is the frequency spec-
trum of the emission wave from the spherical lens; o"*!( f)
is the total ultrasonic attenuation; T, r.{f) is the transmis-
sion coefficient of three media systern composed of water,
film, and sample; R, is the reflection coeflicient at the
back-wall of the sample; I} is a term representing the ef-
fect of diffraction; and CTE(f, p, A, v} is the contact coel-
ficlent expressing the signal loss spent at the filim/sample
interface. The pressure between the film and the sample
is denoted by p. The surface roughness of the sample is
expressed by two parameters: 3 describing the height of
the roughness and ~ describing its distribution. The sub-
scripts w, f, s, and a are for meaning water, film, sample,
and air, respectively. The coefficient R,, is given by:
Zy — Zg

Ryy= 57—, 2
Zs+ Za @
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where Z (= p-C) is the acoustic impedance with the den-
sity p of a referred medium and the ultrasonic velocity C
in the medium. Besides, a{°"!(f) is:

alprs() =
exp {— [as(f} - 25 + O‘f(f) "2+ aw(f}-214]},  (3)

o and Tops(f) is given by [17):

was(f) =
2

L L .
(Zﬁ ) COSkftf + 7 (g—f + Z,—]:) Sn‘lkftf

where «f) is the attenuation coeflicient of a referred
medium; ¢ is the thickness of the medium; L, is the wa-
ter path between spherical lens and Blm; ky (= 27 f/Cy)
is the wavenumber in the film; and j = /—1. However,
frequency spectrum of the reflection echo in the case of
immersion transmission, 75fection( ), is given by:

n;eﬂectinn(f) — nemission{f) i

. (4)

total( ) Tws st Tsw D
(5)

where T, is the transmission coeflicient of the system with
water and sample. The coefficient T, and the total ultra-
sonic attenuation in this caso, af®*@(f), are expressed as:

27
Ty = 5——
Zwt+ &5 (©)

and

atzotal(f) = exp {— [a:{f) - 2ts +aw(f) 205},
(7)

where Ly is the water path between spherical lens and sam-
ple. By dividing {1} by {5), we obtain CPE(f, p, 8, ) as:

CPE(f: pa ﬁa ’Y)Z exp[af(.f)Qtf]

oxplow(f) -2 (La — L1)]
Rsm Tws ) Tsw
e E N(f), (8
Rsa was(f)'Tsfw(f) ( ) ( )
where N |nreﬂect10n( )/néeﬂect.ion(f”. If a perfect in-

terface keepmg the displacement continuity between the
film and the sample is formed, CTE(f, p, 8, v) is unity.

111. CHARACTERIZATION OF PrLASTIC FILMS

Two kinds of plastic films, polyvinyl chloride {(PVC)
and polyethylene (PE) films, and a silicone rubber (SIR)}
sheet were used for dry-contact ultrasonic imaging. The
SIR. sheet is used as an clastomer face layer of the dry-
coupling transducers 7], [8]. The acoustical properties of
these films and the sheet are summarized in Table I. The
PV(C and PE films have ¢y of 0.010 and 0.013 mm, and ¢y
of SIR sheet is 0.200 mm. The impedance Z; was measured
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TABLE I
ACOUSTICAL PROPERTIES OF THE FiLMS UsSEDp For DCUT. FREQUENCY f IS IN MEGAHERTZ,

Film or Thickness Acoustic impedance Ultrasonic vclocity — Attenuation coefficient

sheet {rmum} (MNm—3) (m/s) {1/mm)

PVC 0.010 1.833 16.32 0.0090 £2 — 0.0063 f

PE 0.013 1.751 1933 0.0002 f2 +0.1649 f

SIR 0.200 2.192 1828 0.0011 f2 — 0.0470 f
— 20 T | T T T — T 0.018 T T T T T T 7 T T
g I = - —— DCUT (PVC)
g , PVvC . '1 . E 0.015 -——— DCUT(S[R)
S 15k @=0.0090/-0.0063/, 1 = ~— — Immersion
£ R*=0.980 £ 0.012
2 0 I
g 10 SR - & 0009
5] e o
5 30MHz g0 PIMHz .- 1 2000
g 5r N AP 1 % oo
= *®a=0.0011/ +00470/| BT
> Xaeee®® " K= 0.000 Se
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Fig. 3. Ultrasonic attenuation behavior for PVC film and SIR sheet.

by the method described by Kumar et al. [18]. Dividing Z
by the measured density, we determined Cy.

The coefficient o (f) was measured by the technique
shown in the Appendix. Two transducers with nominal
frequencies of 30 and 50 MHz were used. The transduccr
with 30 MHz nominal frequency has a focal length, =g,
of 19.05 mm and a diameter of the piezoelectric element,
2a, of 6.35 mm. The length zp of 50 MHz transducer is
12.7 mm and of 2a is 6.35 mm. A plate of AIST 304 stain-
less steel was used as a reflector, and the reflection echoes
from the plate’s surface were recorded in both cases of
with and without film. The impedance Z,, used in (AB)
was 1.506 MNm~3s. The coefficient af(f) of PVC film
and SIR sheet obtained by the proposed technique in the
relation with f is shown in Fig. 3. The relationship can be
approximated by a quadratic form. The coeflicient o s (f)
also is summarized in Table I.

IV. EXPERIMENTAL RESULTS

To select the optimum film, which can realize the most
effective transmission, the BCUT using PVC and PE films
and SIR sheet was performed on the acrylic resin. The
SNR, the lateral resolution, d”F, and CTE(f, p, 3, v) are
determined. ‘

A. Dry-Contact Ultrasonic Transmission

The back-wall echoes of a plate of acrylic resin having
ts of 2 mm, 8 of 0.07 pm, and + of 4 um were recorded by

Fig. 4. Amplitude spectra of the back-wall echoes received by the
DCUTs using PVC film and SIR sheet and the immersion technique.

DCUTs using PVC and PE films and SIR shect in the air.
The arithmetical mean deviation of the profile and the pro-
file clement width are used as the typical values of 5 and 7
herein, respectively. The effects of surface roughness on the
ultrasonic transmission across solid/rubber interfaces have
been reported by Drinkwater et al. {19]. They suggested
that the signal loss spent on solid/rubber interfaces is de-
creased with decreasing  if v is constant, and the signal
loss decreased with increasing -y if 5 is constant. The dry-
contact ultrasonic device shown in Fig. 1 was used for the
transmission. The pressure p is approximately 0.1 MPa be-
cause atmospheric pressure and the ultimate pressure of a
vacuum pump are 0.101 and 0.007 MPa, respectively. The
100 MHz transducer, of which zp is 12.7 mm and 2aq is
6.35 mm, was used in addition to the former two trans-
ducers.

The amplitude spectra of the back-wall echoes,
greflection( £y received by DCUTs using PVC film and SIR
sheet and the immersion technique are shown in Fig. 4.
These spectra were acquired at the same receiver gain for
every transducer, and the values of peak frequency, f,, of
the 30, 50, and 100 MHz transducers in the case of immer-
sion technique are 24.4, 31.7, and 36.6 MHz, respectively.
Fig. 4 shows that sreflestion( £} of DCUT using PVC film is
much larger than that of the immersion technigue for all
transducers. This is due to the difference in the reflection
interface. Tt is resin/air interface in the case of DCUT,
and resin/water interface is formed in the case of immer-
sion technique. However, 77°1¢49P( £} of DCUT using SIR
sheet is far smaller than any others except the 30 MHgz
transducer.
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The SNR, which is defined by the following equation
[20], was deterinined from the back-wall echoes:

SNR = 10-log % (9)

Both of S and N are given by:

1 ¥Y-1
5=5 ) [Esml, (10)
y=0
and
N=2 Y i), ()

where Eg and Ey are the echo signal and the noise signal
of the length Y, respectively. The signal Ey was acquired
from a nonsignal interval recorded with Eg. The SNR of
the back-wall echoes for the tried techniques is summa-
rized in Table II. For all used transducers, DCUTs using
the films accomplish the higher SNR than that of the im-
mersion technigue, but the SNR of DCUT using SIR sheet
is the lowest in the tried techniques.

B. Lateral Resolution

The resolution dFF achieved at the focal plane by
DCUTs and immersion technique is estimated. The res-
olution d”E is defined as the separation distance between
two sound sources, which can be distinguished clearly with
each other, and is estimated from the beam intensity at the
focal plane. Generally, the beam intensity is given by the
point-spread function (PSF), and it is calculated on the
single frequency. However, because the changes in the fre-
quency components oceur in the cascs of the used broad-
band transducers, the beam intensity was calculated by
adding PSF for each frequency component complexly [21],
[22]. Namely, the effective PSF, £.(r), is expressed as fol-
lows:

Ju ” 2
Eelr) =3 [M} qprefiestion( £y 5
n wra/ 2 (12)
where r is the radial distance from the center axis of the
lens; fr. is the lower frequency limit (= 2.44 MHz); fu
is the upper frequency limit {= 100.10 MHz); and J; is
the Bessel function of the first kind and first order. The
function £.(r) takes its maximum value at r = 0.

The ratio £.(r)/£(0) of the 50 MHz transducer in the
cases of DCUTs using PVC film and SIR sheet and the
immersion technique is shown in Fig. 5. The velocity C,,
used in (12) was 1500 m/s. Fig. 5 shows that £.(r)/£.(0)
of DCUT using PVC film is in good agreement with one
of the immersion technique, but one of DCUT using SIR,
sheet is larger than the others at the outside of the center.
The increment of £.{r)/&.(0) at the outside leads degrada-
tion of dFF. Based on the former definition, the values of
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Fig. 5. Effective point-spread function of the 50 MHz transducer in
the cases of DCUT's using PVC film and SIR sheet and the immersion
technique.

dF® of tried technigues are estimated as shown in Table L.

Table II shows that d”f of DCUTs using the films is near
to onc of the immersion technique for all transducers, and
one of DCUT using SIR sheet is the worst in the tried
techniques.

C. Contact Coefficient

The coefficient CPZ(f, p, 3, v) at the dry-contact in-
terface formed with the combinations of the inserted films
and the acrylic resin is determined by {8). Here, p, &, and ~
take constant values as the same resin was tested by differ-
ent techniques in the air. The properties of the films used
in this calculation are given in Table I, and the other data
are Z, = 3.186 MNm~3s and Z, = 0.0004 MNm~3s. The
coefficient e, (f) is given by 25.2 x 10792 1/mm where
f 1s in megahertz. In addition, the values of (Lo — L1) in
the cases of the 30, 50, and 100 MHz transducers are 1.2,
1.1, and 0.7 mm, respectively.

The values of CPF (f,) of the PVC, PE films/resin,
and SIR sheet/resin interfaces are summarized in Ta-
ble II. In the case of SIR sheet/resin interface, the value of
C¥E (f,) decreases with increasing the nominal transducer
frequency. However, in the case of PE film/resin interface,
the values of CFPZ(f,) ¢f the 30 and 50 MHz transducers
are almost unity, but one of the 100 MHz transducers is
fairly small. The decrease of CPF (f,) is caused by the
displacement discontinuity between film or sheet and resin
accompanied with ultrasonic transmission. This indicates
that the film or sheet comes off from the resin’s surface
during ultrasonic transmission [16]. The pressure p was
approximately 0.1 MPa in this cxperiment. Because the
values of CTE (f,) change with p, the values of CPZ (f,)
in the cases of PE film/resin and SIR sheet/resin interfaces
may approach unity if additional p is applied on the inter-
faces. In contrast with the previous two interfaces, the val-
ues of CFE (f,) of the PVC film/resin interface are almost
unity for all transducers. It is suggested that the perfect
interface, where the displaceinent continuity of the film
and the resin is maintained, is formed. Also, the cfficiency
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TABLE II
THE SNR, LATERAL RESOLUTION, AND THE CONTACTY COEFFICIENT OF THE DCUT.

Nominal transducer frequency (MHz)

30 50 100
SNR 4PE CFF(f)) SNR dJ4PE  (CTE(f) SNR 47F  CPE(f
Technique {(dB)  {pm) (dB)  {(pm) (dB)  (pm)
DCUT (PVC) 337 159 0.91 33.6 65 0.97 302 51 0.95
DCUT (PE) 33.7 160 0.93 349 66 0.92 250 53 0.63
DCUT (SIR) 273 177 0.71 17.9 85 0.37 70 67 0.21
Immersion 27.6 163 — 252 67 — 214 49 —

of the dry-contact transmission is not decided by only the
acoustical properties of the films such as Zy and a(f).
Especially, the SNR and d*'Z are governed by CP# (f,) in
the case of the 100 MHz transducer.

V. APPLICATION TO ULTRASONIC IMAGING

Two kinds of the IC packages were imaged by the
50 MHz transducer. A PVC film was used for DCUT be-
canse 1t was confirmed to realize the sufficient SNR and
high d7F as immersion technique in the previous scction.
Furthermore, PVC film far excels in durability conipared
with PE film. For example, the tensile strength of PVC
film ranges between 41.3 and 61.9 MPa, and that of the
PE film is between 6.9 and 16.5 MPa [23]. The durability
is necessary for automated inspection requiring cyclic test-
ing. One of the imaged packages is the dual in-line package
(DIP) containing a delamination, and another is a BGA
package.

A. Delamination in DIP

The imaged DIP having a size of 18 x 6 x 3 mm con-
tained a-delamination between the silicon chip and the
chip pad in the epoxy resin. The parameters # and - of the
resin are 0.85 and 141 pm, respectively, and they are much
larger than those of the former acrylic resin. The imaging
was performed from the silicon chip side, and the scan
pitch was 0.024 mm. Furthermore, DIP was also imaged
by DCUT using SIR sheet and the immersion technique
for reference.

The acoustic itmages of the delamination in DIP ob-
tained by DCUTs using PVC film and SIR sheet and
the immersion technique arc shown in Fig. 6. Fig. 6(a)
shows that the delamination part is clearly discriminated
from the part without one. Furthermore, the image closely
resembles one obtained by the immmersion technique in
point of the clearness of the image. It is suggested that
CFE(f, p, B, 7) at the PVC film/cpoxy resin interface is
altnost in unity, although the cpoxy resin has a rough sur-
face compared with that of the former resin. Although the
delamination is-also found out in the image obtained by
DCUT using SIR sheet, the image is inferior in clearness
of the image and the difference of light and shade in the

n

Fig. 6. Acoustic images of the delamination between the silicon
chip and the chip pad in DIP. (a} DCUT using PVC film (5% dB).
{b) DCUT using SIR. sheet (66 dB). {c) inmersion technique {54 dB).

delamination part is larger than the others. This is due to
a low SNR in the case of DCUT using the SIR. sheet.

B. Solder Joints of BGA

The imaged BGA package having a size of 10.5 x 8.0 x
1.1 mm was already mounted on the printed circuit board
(PCB) for a mobile phone by solder joints. The parameters
B and -y are 0.06 and 4 pm, respectively, and they are
almost the same as those of the former acrylic resin, The
PCB contained some other packages on both sides. The
ultrasonic imaging was carried out by pulse-echo mode,
and the scan pitch was 0.012 mm. The BGA package also
was imaged by the immersion technique for reference.

The acoustic image of the jointing interface between the
package substrate and the solder balls obtained by DCUT
using PVC film is shown in Fig. 7(a), and the acoustic
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Fig. 7. Acoustic irnages of the jointing interface between the package
substrate and the solder balls {55 dB). (a) DCUT using PVC film.
(b} Immersion technique.

image obtained by the immersion technique is shown in
Fig. 7(b). Fig. 7(a) shows that the jointing points between
the substrate and the solder balls are imaged clearly as
one of the immersion technique {Fig. 7(h)]. Especially, it
is notable that both images were procured at the same
receiver gain.

VI. CONCLUSIONS

The efficiency of the ulirasonic transmission into the
dry-contact interface was investigated. The interfacc was
formed by inserting a thin film between water and a sam-
ple, and the pressure between the film and the sample was
decreased by a vacuum pump. The signal loss accompanied
with the dry-contact transmission using various films was
determined by the proposed transmission model. When the
displacement continuity between the film and the sample
is disordered by the transmission of higher frequency ultra-
sound, the transmission is intercepted at the film/sample
interface. The higher frequency ultrasound can be trans-
mitted effectively into the sample by utilizing the optimum
film, which can prevent the displacement discontinuity be-
tween the film and the sample during ultrasonic transmis-
sion. The dry-contact ultrasonic imaging, which had the
sufficient SNR and high lateral resolution as immersion
technique, was performed on the delamination in a pack-
age and the jointing interface of the BGA package without
wetting the packages.
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Transducer

Fig. 8. Experimental sctup for determining the attenuation coefficient
of a thin film.

APPENDIX A
ATTENUATION COEFFICIENT OF THIN FILM

To determine the attenuation coefficient of a thin film,
an ultrasonic transmission system shown in Fig. 8 is con-
sidered. An emission wave reaches to the reflector placed
in water at normal incidence, and the reflection wave from
the reflector’s surface is recorded. Here, when a film is in-
serted between the transducer and the reflector so the film

is parallel to the reflector’s surface, the reflection wave,
niurfece( £), can be described as:

T',.[surface(f) _ ,’]emission{f) . a,:tj’otal(f)
Twpuw(f) Rur  Twpu(f)- D, (A1)
where the subscript » represents the reflector, and
o (f) = exp {— [os(f) - 2 + 0w (f) - 2La]} . "
2

Furthermore, the reflection wave in the case without the
film in the transmission path, ns‘”&‘ce(f), is given by:

T]gurface(f} - ”emission(f) A aiotal(f) . Rwr . D}
(A3)
where
2 F) = exp {— [aw(f) - 2La]} . (Ad)

By dividing (A1) by (A3), a;(f) can be expressed as:

o (f) =

)] f)| (A5)

WhereQ f) }nsurfacc f)/nsurface f)|
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