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Gigahertz scanning acoustic microscopy (GHz-SAM) is applied to the characterization of bulk

voids in the Cu-Sn material system, often used in micro-connects. An increased demand for the

development of miniaturized interconnect technologies, such as micro-connects, means that fast

characterization methods are required for the assessment and detection of reliability impacting

defects. This study attempts to formulate an analytical technique aimed at detecting micro-

structural defects in Cu-Sn micro-connects, such as micro-bumps for 1st level interconnects and

solid-liquid interdiffusion bonds for nano- and microelectromechanical systems. To study the

potential of the analytical method, a specific electroplating chemistry was used that increases the

probability of defect formation in the electroplated Cu film. The chemistry is known under certain

electroplating overpotentials to promote hydrogen bubble induced voids within the Cu. The sam-

ples containing voids were inspected by GHz-SAM with a highly focused acoustic lens operating

at 1.12 GHz. To validate the results, GHz-SAM micrographs were compared with focused ion

beam prepared cross-sections of the selected samples. Advances in acoustic transducer technology

operating in the GHz frequency band allow for micron sized defect examination of materials with

enhanced lateral resolution and sub-surface sensitivity. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4975305]

Material defects in micro-connects, such as micro-

bumps and solid-liquid interdiffusion (SLID) bonds for

nano- and microelectromechanical systems (NEMS and

MEMS), are a challenge to the implementation of high-end

electronic integration and packaging technologies.1–3 There

are two major factors influencing the effective implementa-

tion of these technologies. First, voids are known to reduce

both the electrical and mechanical performance of micro-

connects,4,5 as voids can occupy a significant volume frac-

tion of an interconnect. Second, a lack of understanding as

to how voids evolve over the lifetime of an interconnect

necessitates the development of reliable void detection and

characterization methods for micro-connects.

Traditional detection and characterization of voids is

commonly performed by employing cross-section imaging

techniques, such as mechanical cross-sectioning or Focused

Ion Beam (FIB) milling followed by high resolution imag-

ing. These methods are often long and cumbersome, and

they represent only one cross-sectional plane of an entire

micro-connect, which renders them incompatible with back-

end screening processes during manufacturing. A fast

and accurate method is required for detecting micron to

sub-micron sized defects. Scanning Acoustic Gigahertz-

Microscopy (GHz-SAM) appears to be a promising tech-

nique for the detection of such microstructural defects.6–10

This work presents the application of GHz-SAM for the

detection of void defects in electroplated Cu layers that

required only minor sample preparation. Results show that

while performing a defocusing sweep of the acoustic lens,

voids can be detected within a Cu-Sn system.

Samples were prepared on a 100 mm diameter Si wafer. A

120 nm layer of SiO2 was deposited using PECVD followed

by a layer stack of 100 nm Pt/100 nm Cr/100 nm Cu deposited

by magnetron sputtering. The Cu electroplating solution used

in this work was a polyethylene glycol (PEG) based solution

that consisted of 0.25 M CuSO4�5H2O (Aldrich 209198),

1.8 M H2SO4 (Aldrich 40306), 1.92 mM HCl (Aldrich 40304),

and 0.059 mM of PEG or H(OCH2CH2)nOH (Aldrich 202444).

A Cu target thickness of 3 lm was desired using a DC current

density of 10 mA/cm2. It has been reported11,12 that the PEG

additive, under certain electroplating overpotentials, has been

associated with the adhesion of hydrogen bubbles on the cath-

ode surface. Hydrogen bubbles inhibit the growth of Cu during

the electroplating process13 and are the cause of the voids in

this study. Following the Cu deposition, a 3 lm layer of elec-

troplated Sn was deposited. Once the sample structure was

complete, the wafer was diced into 10 mm� 10 mm squares.

The samples were then annealed for 24 h at a temperature of

150 �C below the melting point of Sn to allow for solid state

interdiffusion to occur and to form the Cu-Sn intermetallic

compounds (IMCs) of Cu3Sn and Cu6Sn5 with thicknesses in

the order of 1 lm.14 To reduce the acoustic energy losses

caused by a high sample thickness and to avoid diffuse scatter-

ing of the acoustic waves at the rough Sn layer, the samples

were imaged through the Pt surface of the Cu-Sn sample.15

Therefore, the sample films were detached from the Si sub-

strates at the Pt surface by exfoliation. Exfoliation was per-

formed by attaching (Loctite
VR

power epoxy) the Sn surface to

a brass plate, and the Si/SiO2 substrate was exfoliated witha)Electronic mail: glenn.ross@aalto.fi
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sticky tape. An overview of the sample preparation steps is

provided in Fig. 1.

For acoustic inspection, a GHz-SAM developed in close

collaboration between Fraunhofer IMWS, Halle, Germany,

and PVA TePla Analytical Systems was employed. The

GHz-SAM was equipped with a 1 GHz transducer with an

opening angle of 100� and a working distance between the

acoustic lens and the sample surface of 80 lm. The acoustic

wavelength in polycrystalline Cu using a sound velocity15 of

4760 m/s at a frequency of 1 GHz is approximately 4.76 lm.

This setup provided a numerical acoustic aperture of 0.77

that allows for a lateral imaging resolution in 1 lm range at

the surface of the sample, spreading to 1–4 lm underneath

the surface, depending on the defocusing of the acoustic lens

relative to the sample surface. However, this large numerical

aperture also results in a restricted depth of field that leads to

a limited imaging depth. A short focal length of the acoustic

objectives operating in the GHz-band is required to limit the

acoustic attenuation in the coupling fluid,16 which was

deionized and degassed water at 21 �C. The application of a

coupling fluid is required for coupling the acoustic energy

from the probe to the sample, while allowing for mechanical

scanning. It should be noted that the presence of a gas in the

propagation path would lead to the total reflection of the

acoustic wave at the solid/gas interface.

Data acquisition in the current study was performed in

the V(z) mode, meaning that data frames (in x-y) were

recorded repeatedly at decreasing distances (in z) between

the acoustic lens and the sample, which allows for placing

the acoustic focus sequentially on and below the sample sur-

face and therefore allowing for the highest possible imaging

resolution at the surface and sub-surface regions. The

restricted depth of field and the corresponding limited pene-

tration depth of the acoustic objective used here may be con-

sidered disadvantageous for the inspection of larger depths

(>10 lm), but they provide a high sensitivity at the surface

and sub-surface regions down to approximately 6 lm,

depending on the acoustically relevant material properties

like elasticity, viscosity, mass-density, and structural compo-

sition.17 When defocusing, the probe is moved stepwise

towards the surface of the sample. This process has two con-

sequences: first, the focus of the acoustic field is placed

underneath the sample surface, and second, the sample sur-

face moves in the near field of the acoustic lens, which is

where the wave fronts are increasingly curved leading to an

angular incidence of the waves at the sample surface. As a

consequence, several acoustic modes can be excited such as

Rayleigh waves, transverse wave modes, or skimming sur-

face compressional waves, which contribute to an increas-

ingly complex acoustic field inside the sample which

influences the image formation. Due to the strong curvature

of the wave fronts at the sample surface (when placing the

acoustic focus inside the sample), individual wave compo-

nents arrive at a range of angles of up to 35�. As a conse-

quence of this, in combination with the high refractive index

(n¼ 3.2 for a water—Cu interface), the focus does not move

equally into the solid as the lens approaches the sample sur-

face. It should also be noted that the shape of the acoustic

FIG. 1. Illustration of the sample prep-

aration and the acoustic lens. (i) Si

substrate; (ii) 100 nm of PECVD SiO2,

magnetron sputtering of 100 nm of Pt/

Cr/Cu, 3 lm of electroplated Cu, 3 lm

of electroplated Sn, and removal of the

Si substrate; (iii) final structure with

the Cartesian coordinate system inset;

(iv) final structure thermally annealed

at 423 K (150 �C) for 24 h to form the

Cu-Sn IMCs with the schematic of the

acoustic lens for the sample inspection;

and (v) overview of the aperture of the

acoustic lens.
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beam varies during the defocusing sequence non-linearly. By

definition, defocusing is performed in the negative z-

direction when the transducer is moved towards the sample.

The reference z¼ 0 is defined as the surface of the sample

being in focus of the acoustic lens. Z-values mentioned in

the results correspond to the transducer displacement relative

to the sample surface and should not be mistaken with the

position of the acoustic focus inside the sample.

For analyzing and comparing the results obtained by

acoustic GHz-microscopy, a simplified texture analysis soft-

ware tool was developed and implemented in a custom soft-

ware toolbox based on MATLAB (The Mathworks, Nattick,

MA, USA). Upon manually selecting an upper and lower

intensity-threshold, the texture in a defined region of interest

(ROI) is binarized. Using MATLAB’s image processing

toolbox, connected objects are detected and their sizes are

estimated. By performing a simple statistical analysis, the

total number of objects of size greater than 8 pixels and their

average size and size variation are calculated in lm2. For

verification of the results obtained by acoustic GHz-

microscopy, a complementary study by FIB milling and

scanning electron microscopy (SEM) imaging was per-

formed using a NVISION FIB-SEM (Carl-Zeiss-

Microscopy, Oberkochen, Germany). First, an “L”-shaped

marker was FIB-milled at a nonspecific location on the sam-

ple, and then a 200 lm � 200 lm region around this marker

was inspected by acoustic GHz-microscopy to assess the

void distribution in the marker proximity. Locations for two

cross-sections to be prepared by FIB were defined and

trenches were prepared and polished for SEM imaging. To

identify the exact trench-position, acoustic GHz-micrographs

of the sample containing the FIB-trenches were recorded and

superimposed on the GHz-SAM micrographs recorded

before the trenching. This allowed precise alignment of the

features imaged by GHz-SAM with the objects revealed by

SEM imaging.

Imaging with maximum lateral resolution at the surface

and sub-surface was performed in a V(z) sequence, resulting

in a stack of 52 data frames. Fig. 2 contains a selection of the

acoustic GHz-micrographs at increasing defocus (separation

between the acoustic lens and the sample surface). Starting

at z¼�1 lm in the upper left frame of Fig. 2, features

slightly beneath the surface are shown. At z¼�8 lm and

z¼�15 lm, a large number of bright spots are observed. At

z¼�28 lm and z¼�39 lm, a large number of dark spots

are seen. Also at z¼�39 lm, the background shows an

inhomogeneous cloud-pattern-distribution of bright and

dark. Again, the defocus-values provided here correspond to

the relative displacement of the acoustic lens with respect to

the transducer’s focus being at the sample surface. These

values should not be mistaken with the position of the acous-

tic focus inside the sample. Fig. 3 contains the results of the

feature detection and analysis. Using the acoustic GHz-

frame recorded at z¼�15 lm, the bright spots are detected

and their sizes of appearance are estimated based on the

scanning parameters of the acoustic GHz-microscope.

Objects detected by the custom analysis software are marked

red. The total number of objects detected, their mean size of

appearance, and the size variation (standard deviation) are

provided in the label in Fig. 3. For comparison of features

between different samples and processing parameters, the

results need normalization to the analyzed area within the

ROI. In Fig. 3, an average of 43 objects per 100 lm2 were

detected. The number of detected objects with respect to

their sizes of appearance, estimated by the analysis software,

is presented in the histogram in Fig. 3(iii). A total of 558

objects have been identified; the majority (�230) of the

objects have a size of appearance in the bin of the smallest

size in the histogram. For confirmation and validation of the

results, SEM micrographs were recorded from FIB-prepared

cross sections and are shown in Fig. 4 together with the two

corresponding acoustic GHz-micrographs. The four orange

arrows in the GHz-micrographs point to the location where

the FIB cross-sections were prepared. The white and black

arrows indicate the location of the voids, both in the GHz-

and SEM micrographs. It can be seen that the voids appear

both bright and dark in the acoustic images, depending on

the amount of defocus of the acoustic lens. The SEM images

in the bottom row of Fig. 4 were recorded from the direction

indicated by the bold yellow arrows in the acoustic GHz-

micrographs, with the FIB-prepared trenches normal to the

arrows (horizontal in the images within the orange marked

FIG. 2. Acoustic GHz-micrographs at increasing defocus (z values indicated

correspond to the spacing between the acoustic lens and the sample, with

z¼ 0 the sample surface being in focus). Contrast inversion between bright

and dark features can be observed, likely indicating a shadowing effect.
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rectangle). Both SEM images clearly show a void located in

the electroplated Cu that corresponds to the bright/dark spots

in the GHz-micrographs.

By using GHz-SAM, the voiding behavior of Cu-Sn

micro-connects can be better evaluated and investigated. Fig.

3 shows a clear uniform distribution of voids within the

imaging region, indicating that voiding occurs uniformly

throughout the sample and does not form areas of void clus-

tering. In addition to the distribution of the voids, their sizes

can be estimated (within the resolution limits). Post process-

ing of the acoustic data in Fig. 3 indicates an average size of

appearance of the detected objects to be 1.4 6 1.3 lm2.

When acoustically imaging highly reflecting objects like gas

or fluid filled inclusions in a solid matrix objects will appear

with the size of the acoustic beam at that specific depth

inside the solid when the objects are smaller than the resolu-

tion limits of the transducer. This is explained by the

scanning imaging technique, which can be considered as a

two-dimensional convolution of the acoustic beam with the

highly reflective structure which allows for the detection of

objects below the resolution limit. As seen from the histo-

gram in Fig. 3(iii), the largest number of objects occur in the

bin with the smallest object-size and thus seems to have

dimensions below the resolution limit of the transducer.

When the voids are larger and their dimensions exceed the

resolution limit, their approximate size can be estimated.

Assuming a stochastic distribution of the void sizes, a rather

smoothly shaped distribution function is expected, as can be

seen in the histogram in Fig. 3(iii) for size values larger than

0.5 lm2. The conclusion to be drawn from these observations

is that all voids with dimensions below the resolution limit

but with properties above the detection limit are located in

the bin with the smallest size values. When void dimensions

increase and exceed the resolution limitations, their actual x-

y cross-sectional area can be estimated. Assuming a specific

distribution function of void sizes, the sizes of the smaller

voids may be extrapolated from the resolved void sizes at the

right in the histogram (bins >0.5 lm2).

In conclusion, GHz-SAM has been presented in this

work as a method for identifying and characterizing voids

within electroplated Cu-Sn films. Voids were seen in the

GHz-SAM micrographs, both as a function in the x-y plane

and of the defocusing axis z. Although the estimated sizes

are affected by the physical dimensions of the acoustic

beam, especially for voids with sizes below the resolution

limit of the acoustic GHz-transducer, the size distribution

for objects larger than the imaging resolution can be esti-

mated and may allow extrapolation of the lower size values

by using a specific distribution function. Voids in electro-

plated interconnects represent a number of significant chal-

lenges for the electronic integration industry. The first is

the sporadic nature of the phenomena. Second, the true

impact of these voids is not entirely understood with con-

flicting reports on their impact on the electrical and

mechanical integrity of small volume interconnects. Third,

the problem is to find suitable characterization methods

capable of non-destructively assessing voids in a volume

of an electrical interconnect, which can then be further

inspected using destructive analysis techniques for analyz-

ing the root causes of their formation.

FIG. 4. Result validation by SEM images of FIB-prepared cross sections in

direct comparison to the location in the GHz-micrographs. Top: GHz-micro-

graphs with indication of the FIB prepared trenches (orange horizontal

arrows). The yellow arrows indicate the direction of SEM imaging. Bottom:

SEM micrographs of the cross sections. Voids in the Cu-Sn system can

clearly be seen. The voids of interest seen in the GHz-SAM and in the corre-

sponding SEM micrographs are indicated with the white and black arrows.

FIG. 3. Acoustic GHz-micrograph of a Cu-Sn system, (i) at z¼�15 lm

defocus, bright features can be observed which correspond to voids and (ii)

z¼�28 lm defocus where dark features can be observed, which correspond

to voids. Feature detection and analysis was performed on defocusing value

z¼�15 lm. Feature detection results overlaid (in red) in (i) report an aver-

age size of appearance of 1.4 6 1.3 lm2. The feature detection was overlaid

on the z¼�28 lm measurement illustrating not all objects appearing in

z¼�15 lm occur dark in the z¼�28 lm. The histogram seen in subfigure

(iii) is from the object sizes (acoustic appearance) detected and analyzed by

the feature detection algorithm.
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