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ABSTRACT

Te mcrease the efficiency of electromic devices thewr structures are getiing smaller and the layered
constructions are getbng mode complex. The mspechon of fhess small and hin sirucluses gnies new
demands on the NDOT, espedcally in lateral and depth resolution. High-end X-ray tomography s one
inspection method, which allowe delecting crackes or delaminations. However, it is Eme conswming.
Uitrasonéc techniques are able to detect cracks, delaminations, and other non homogeneities, oo, Acoustic
micrascopy is the high-end application of ultrasonic techrigues. Using frequencies bebween 3 MHz and 2000
MHz {2 GHZ) il is possible to detect defects even in the sub micron-range. In cembmabion with scanning units
with a resolution of 0.1 pm, modified transducers and special software microstructures of layered electonic
dewices can be inspected wery fast, Thes methed will be presented atl several examples of semiconductor
devices. [Lwill be shown, that in-line-inspection with acoustic microscopy s poscibie.

1. INTRODUCTION

Since several decades ulrasonic techniques are well known. According fo the increasing demands the
application Felds are wide spread from defect detection in large components o defect detection and
characterizabon in the pm range resulting in a vanety of different types of ultrasonic instruments modiied For
the different demands. Especially for inspection of small structures like in electronic devices the demands in
accuracy of the scanning system, as well as in imaging characlerization techniques and operation comfort
are wery high. The acoustic microscopes presented in this paper belongs to the type of microscope with the
muost efficient scanning systems as well as ultrasonic fransducers covering mest of the application dernands.

2. TECHMICAL BACKGROUND

One can distinguish between acoustic microscopes at lower frequencies starting at 1 MHz to 100 MHz, a
middle Feguency range Fom 100 to 4050 MHz, and acoustic micrescopes in the high fre guensy range starting
at 100 MHz to 2 GHz. Generally, the low frequency acoustic microscope allows to inspect the volume of a
component whereas the high Teguency acoustic microscope can be used for surface and surface near
nspeclion of compoenents. Beside this the bype ol the Bansducer bo be used depends on the inlended
application. Here the freguency, bandwidih, opening angle and the radies of curvature for the focal distance
are some of the poinds, which have bo be taken inlo account Today, the handling of most of the instrurments
s computer controlied, as well as data acguisiion, analysts and documentation. Some of the acoustic
micrascopes are controlled by graghical user interfaces (Fig. 1) [1). Thes is very comfortable for the user and
even allews persons, which are mot Famaliar with the uitrasonic technique guickly o earn controlling the
imstrument. Leosushc microscopy gives the advantage to inspect samiples nondestructively in different “cuts”,
like the B-scan, which is a cross section fhrough the sample, or fhe C-scan, which gives an acoustic image of
a laywer of the intericr of the sample. Beside these special scan types, ke G- and X-scans allews o “cut”
nondestructively the samplas interor in layers and therefore to get an overview of the depth and location of



defects inside the sample (Fig. Z). Electronic devices §ke flip chip, chip-on-board or chip-on-flex are samples
with layered structures ideally to be inspected by acouslic microscoepy (Fig. 3).

Z.1 Scanning systems

Most of the instruments have x-y-scanners with scanning sizes between 80 pm and 200 mm. The z-direction
is moved by hand or ks motor controlled with a newly developed ulfrasonic aute focws mechanism. The
highesl positioning accuracy with a molorized mechanic is given with 0.1 pm. Typically step motor scanners
were used for standard applications.

Fig 1: Acouste microscope EVOLUTION Il, workang in the frequency range fram 1 to 400 MHz. It consests out of a high-
speed high-resciution linear scanner system, PC-confrolled workststion, and varous wansducers. The cusiomer can
choose the sat of ransducers and the scanning sysiem indrvidually.

420 000 data points are counted for a distance of &mm for this high precision stepper standard. Beside the
high nose lewel during operation these scanners are guite rough and due fo the typical spindie driver
mechanism the mechanical accuracy is limiled for high Fequency apphecations and high magnifications.

B-Scan C-Scan X-or G-Scan

Fig. 2. [wfferent scan types of the A= B- and C-5can are wall known. The gate sattings were done by software. Just o
mouse chcks are necessary to determine the gste postion and width, For X- and G-Scan the number and thickness of

thie single scan i given by the gate width of the 8- and C-Scan gatas.



M4ldamoonnd

1,IL e r_;me:'h Lt
£

:I | 4 i r= |
Lasd Frame

Fig. 3 Uitrasanic inspection of afip chip is possible from both sides of the aample

Wi bondz

For specal applications a new linear diver scanner generation is used. Especially for inspection of amall
defects the scanner resolution has to be smaller than the smallest defec! structure to allow the imaging of the
dafest. A newer high spsed, high-resolution scannar generation ie a cy2-scannes with a linear mator syetem
giving the SAM unmaltched accuracy and robustness. Here, the scanner resolulion is belter than 0.1 pm for
%, v and r direction. The electronic posifioning confral unit is for all scan areas 4 imes better in its intemal
accuracy for such precise and mechanically stable inert ally balanced scanner. This unigue scanner has a
top epead of 1mizec and 10-mfsec” acceleration. Mence high resolution acoustic micrographs can actually
chosen from a spectrum running from 128 x 128 pixel up to 32000 x 32000 pixel per image o see acoustic
details that were not viewable before. Special developed transducers with a center frequency of 200, 300,
400 MMz or higher can be used for best image resolution in combination with this scanner system only.
Suppote you are analyzing a Mg chip failure .The solder bump bonds oflen hold important adhesive data for
the analysis. The very high resclution image with @ high pixel number itsell will look extremely sharp even if
the blow up henction is used to enlarge for example just one bump bond with true magnilication, not just
bigger pixels. Tiny voids and micro cracks (cee fig. 11 and 12) can be detocted.

22 Instrument setlings

Beside the well known A=, B- and C-Scan the EVOLUTION Il offers as well other scan types thus as the X-
Scan and G-Scan. Here, the sample interior is “cut” in layers during the scan. The signals are determined
depending on the lime gate setings. For the G-Scan the gate seltings can be chosen individually incl.
autemated gain adjustment due Lo higher sound wave damping inside a specimen. Due lo the software the
number of scans for the X-Scan is defined by the width of the B-Scan pate divided by the width of the C-
Scan gate. The gate setlings for the different scan lypes can be chosen just by software control with one
chick.

-
al b)

Fig. 4: Companson between a step motor scanner eystam (4) and 2 linear motor ecanner system. Due to the emaller
stap width of the linear metor sesnner eystem and s hi gh pracsion mechanical inear puide ledge, the resalution in the
Scouste image ia higher than for the cormmercial etep motor Scanning systems. For both images the same Tansducer
(50 MHz canter frequensy) and the same Jate settings wars usad Tha scanning area i@ 18 2 x 8.5 mm®
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Fig. & Comgeanson of acoustic images of an IC (Integrated Circuit) taking with & transducer of 50 MHz center frequency
ia) and 80 MHz center frequency (o). The resalution of the structures of the IC s higher for the transducer with the higher
center frequancy.

1.3 Transducers

Depending on the cribcal defect size and defect deplth the werking frequency and transducer design have to
be chozen. Here, some influence paramelers are. the bandvadth corresponding lo the depth resclution, the
center frequency responsible for the lateral resclution (Fig. 5) as well as the focal length corresponding with
the penetration depth possible [2]. To detect small surface defects special transducer with a large opening
angle te generate surface acaustic wavee (SAUW) are necessary. Howeaver, beside the frequency tha material
depending attenuation of the ulrasonic wave is anclher influence. The altenuation increases with the square
of the frequency resulting in a reduction of the penetration depth into the sample at higher kequencies.
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Fig. 6 Acousts imags of @ fig chip. The left image (a) is the oniginal acoustic image. Erght areas represent delaminatad
areas of the fip chip. The right image (&) & the modfied scoustic image using a specid develaped image algorthm ta



highlight defectz wsing 54N anokysic image amalysic software for szoustc microscopy. The delzmingted aresc ars
sirangar in confrast &l delaminations are sHll visible.

24 Imaging and filter software

The data acquesition and documentation is computer confrolled. Beside the fypical inslrumeant format *SAM"
where all scanning and gate setling parameters are stored with the acoustic image as well other formats like
bitrmap or tff are possible. The ime to make an acoustic mage depends on the mechanical scanning speed,
the scanming size and the pical numbar of the acoustic image. Typically the scanning ime = approdimately a
minute far a scan sice of 20 x 20 mm?. Imapes with a size up to 32 000 pixels a line are possible depending
o PG Fah.

To increase the contrast of weak structures or defects in the acoustic image a number filters are available,
ke the median filter for nose reduchen and smoothing the image, edge enhance filker for conlrast merease
of edges, emphases Glter, the DCE filter, the Emboss filker. the centour filer for sharpening the conlours of
the structures. A& combnaton of the GHerent filter types one after the othier s possibie. Some of the filters
can be set thus they were used automatically after fnishing the scan (Fig. 8).

Advartageous is the pessbility to myvéeshgate all layered structures like in electronic devices during one
scan. This allows a fast inspeciion of the whole interior of the sample (Fig. 7. The defect depth and location
can be determined immediately. A&s well as a characlerization of defect bfpe is possible due to 15 shape and
imfluerce on Be wtrssesie signal, like s phase chift dus to delaminations or voaids.

4. AFPLICATION EXAMPLES

Thera are sewaral differant tpes of defects, which are of interest in tha semiconductor industry_ Here, same
examples and comparnson of ransducers and instrument seltings are presented. Flip chips were just timed
over and its aclive side connected by solder bumps. This increases performance and saves space because
vou don't need bond wires. These advantages are making flip chips an increasmngly popular package on
moderm boards. Yet the fip chip design has a undamental drawback: by placing the chip face down, its
imtercomnnects become hard to imspect Solder bump bonds, the solder bumps themsehesz, and the wnder fill,
which s uswally present, are all siftes for pofential problems. A solder bump can be parily or entirely
disbonded and under fill can be delaminated from a surface or contain voids. These defecis. howewver,
possess a common characteristic in that they consist of an air-filed discentinuity (or gap) in the material.

Fortunately for shapechen purposées, such air-gap defecls are the domain of acousiic micrescopy. Manmal
imterfaces (a good solder bumnpe bond, for exampie) reflect a part of the ultrasound to permit imaging. Bug an
air gap, a dsbond. a delamenation, a void or a crack reflects all of the ulrascund. In the corresponding
acoustic image display this makes defects highly visible.

Because echoes rom wanous levels within the flip chip package ammve back al the fransdwecar al slightly
differernt times, elecironic gatng can be wsed to restrict the acoustic mage fo spechc levels within the
package_ For example, only the interface at which the solder bumps are bonded to the die face. |n fact, this
fine gating and high resobution iz why acoustic microseopy is so useful for evaluating Bip chips. As acoustic
frequencies incre ase, lateral resolution increases, while penelration ability drops off. Bul flip chip patckages
have tiny internal features, and =0 require a high frequency with goed penetration albilsty.

There are about a dozen types of package defects, which can affect fiip chip package reliability. These
defect iypes are in addibon o more of lees universal package defecls ke molding compound cracks, and
ocour @s a resutt of various processing ermors. Al of them have been imaged swccesshully by scanming
acoustic microscopy.



To image exfremely small defects, like defects inside individual solder bumps, including voide and cracks,
acoustically, a transducer with a frequency of 200 MHz or more must be used, and gated within the bulk of
the solder bumps . excludng the bondng interfaces at the chip level and at the subsirate level (Fig. B)L
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Fig 7. Layerad structura of an IC. The gates are ==t thus sll layers are inspected separataly during

Fig. & In the overview image delaminabons between the two SiHayers are waible, &3 well &3 the solder bumgs. In the
magnified images of the solder Bumps, small delaminations at the edges of the burmgs were detecied. The fransducer
used has a center frequency of 100 MHz . Even the connecling wires between the bumps could be imaged, thus brdging
defects can be detected if present. The scanning size for the overview image is: 8.7 x §.3 mm®,

Due te the extremely thin solder bumps, the ultrasonic signal has te be very small, this means very
bisadband high frequency transducers have lo be used. The failures might happen during initial bump
deposiion, are significanl because they can grow spatially after repeated thermal cycling and cause the
bump to become intermittent or 1o fail completely.

Specisl demands lo the resolulion in the pmrange of the acouslic microscope are given by deleclion of
bridging of adjacent solder bumps, dendrite growth of solder between adiacent solder bumps, failled solder
bump bonds, especally after thermal testing since this testing somelimes initiates disbonds, and lateral
cracks in the passivation layer above a solder bump.

Be well as incomplete under fill, voids in the under fill, iregular distibulion of filer particles, and halo
dﬁmﬁmmﬂnﬂuhﬂmﬁhﬂlhhdﬁﬂhﬂmﬂﬂmﬁdbﬁmﬁnﬁnnﬂum Chig-on-

Board (C.0.B) Chip-on-Flex, and Flip Ghip are among the fastes! growing and most challenging
technologies in the electronic assembly industry. In addition to die placement, wire bonding, and testing,
manufacturers must also be skilled at the delicate procedure of encapsulating the die.

Proper encapsiulation requires thal encapsulales, which are viscous liguid epoxies, be apphed to
subsirales, circuit boards, of Rexible circuils in precise amounis using heat to ensure complete flow and
adhesion. Properly applied, encapsulates ofler low thermal expansion and resistance o moisture and
chemicals. Typical defects here, are delaminations between encapsulates and substrate reducing the
thermal heat exchange, eracks and veids in the epoxy allewing the penetration of aggressive fluids into the
sample and causing corrosion of the electronic device (Fig 9).

4. SURFACE AND NEAR SURFACE DEFECTS
Due o the eo-called death zone of the ulirasanic signal, il is very difficult with ulirasonic lechniques to defect

small defecls al the suface or in the surface neal region. For example during the waler gnnding process
small scralches may result in fine cracks, which ecours lo catastrophic failure in the britlle matedial silicon.



The detection of these fine cracke especially at the sdges of the wafer i very difficull with conventional
ullrasonic ransducers.

Delammation crack

Fig. 9 Defects in the encapsulation: &) Is showing a delamination between the de top and the encapsulates, where the
thermal heat suchangs i disturbed. B) Presants & surface crack in the sncapsulstes where aggreaave fuids rmight

penatrata.

Using a special transducer design with a large opening angle of the curvature. surface acouslic waves
{(SAaW) were generated, which are wery sensitive to surface and surface near defects (Fig. 10) [3]. These
transducers are available up to 2 GHz. As coupling medium usually distilled water £ used. Depending on the
material under investigation also other fluids are possible.

The resolution of the microscope is determined by the refraction index n of the sapphire delay rod and the
veed coupling medium. It is given by the ratio of the longitudinal sound velocities of both materiale. For
distilled water n = 11.2 /1.5 = 7.5, much larger than that of objectives in oplical microscopes. Therefore, the
ultrasound is focused to nearly one point, resulting in a resolution of approximately (1, the wavelength in the
coupling medium. A1 1 GHz the wavelength [ is 1.5 pm. The opening angle of the acousiic lens is 1007,
enclasing the eriical angle [, for meost of the materials. An ullrasonic wave ineident under the eritieal angle
generales a surface wave, usually a Rayleigh wave (Fig. 10).
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Fig. 10 Principle of surface acoustic wave generation and defect detection. Due to the large opening angle of the
curvature surface acoushe waves wers generated undsr the material charactenstic crtical angle. Surface acouste waves
are yery sensitive 1o surface non homaogenaites like orecks or surface near delaminations. However, roughness disturb
of the surface scoustc wewe resultng in multiple reflection of the SAW Therefore, the sample surface should be
palished and be fiat and aven, ideally

lts penetration depth is approximately one wavelength corresponding lo a few micrens at 1 GHz. Thus even
defects in the sub micron fange can be delecled. However, due lo the high frequencies used this bansducer
application is limited to the surface or surface near region of the sample_ As well special demands on the
surface topography are given. To get best resulls the surface has to be well polished and flat and even.
These demands are fulfilled for walers ideally. Whh this lechnique il is possible fo Bind cracks with crack
opeming smaller than the 1 pm. Suface near in homogeneities like cracks, delaminalions, voids, o
inclusions are, due to their different elastic properties from the surrounding material, disturbances for the
ultrasonic wawve. For example, the ulrasonic wave is reflected at open cracks, where the crack walls are nol
in contacl (Fig. 10). The reflected ullrasonic wave interferes with the incident ullrasonic wave resulting in
interference frnges arcund the crack. Even cracks with crack openings smaller than the resclution of the
acoustic microscope can be detectad if the crack length and depth is larger than the resolution. Some of the
cracks detected with acoustic microscopy were oplically not visible (Fig. 11). &s well as delaminations or
inclusions at the die attach or bumps could be detected (Fig. 12).

5. IN-LINE INSPECTION

All acoustic microscopes presented in this paper can be modified for an inline inspection easily. The samplas
are mounted in trays, which can be moved to the acoustic microscope by robots optionally. All gate settings
for the individual inspection of a device type are saved and just by loading the corresponding file all
paramelars are avallable for automatic inspection including aute focus of the ransducer.
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Fig. 11! Inspection of & wafer wih a) & conventensl tranaducer (center frequancy B0 MHz) and B) a SAW transducar
(eentar fraquency 100 MHZ) The crack cannot be detectad with the conventional transducer, but a SAW trenaducer (100
M Hz center frequency) is able to iImage cracks clearly, even if ™e crack opaning e amaller than 1 pm. In the defocwsad
image (botom) the crack can aven ba gaan o eanar than in the focused image (middie).
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Fig. 12 Inapection of wafer with defects in the de aftach a) In the surlace near image delaminations st the bumps are
detected. b) A large delamnation with an inclusien s under the de attach, which can be s2en in the defecused image of

the inteface of ha dis attach The inspaction fresuency was 400 MHz. The image size i a) 500 ¥ 500 pa® and b) 312 «
32 prrd
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