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Laser ablation ionization mass spectrometry studies on polished surface structures of hard, high melting point
multicomponent interconnect structures using our femtosecond-laser time-of-flight mass spectrometer have
previously been proven capable of providing spatially resolved chemical depth profile data at the micro- and
nanometer level. Transfer of experimental protocols tailored to suit such type of samples to low melting point
materials with high surface roughness, however, is highly challenging, as thermal effects caused by interactions
of the laser light with the targeted surface play a severe role in the latter case and may significantly deteriorate
the analysis outcome. In this contribution we present a dedicated and detailed comparison of the distinct effects
of near infrared and ultraviolet irradiation on the ablation process in femtosecond laser ablation ionization mass
spectrometry studies on low melting point materials. As model substrate we use high surface roughness, as-
deposited SnAg solder alloy, a material of major industrial relevance in microchip fabrication. We will
demonstrate herein that polydimethylsiloxane replica casting is possible also from granularly structured, high
surface roughness samples. Characterization of the laser ablation craters as well as of their polydimethylsiloxane
replicas is carried out by mass spectrometric analysis, Scanning Electron Microscopy imaging, and furthermore,
as a novel approach for this purpose, by white light interferometry. Integration of all obtained results signifi-
cantly adds to the detailed understanding of laser ablation processes on low melting point, high surface
roughness materials and allows identifying optimal depth profiling conditions for these demanding samples.

1. Introduction analysis of the solder structures is highly desirable for quality control

and further process development.

Since the ban of leaded solder materials in response to the ‘Directive
on Waste from Electrical and Electronic Equipment’ that was enforced
by 1st January 2004 in Europe, which also affected Asian (especially the
Japanese) and US markets, there has been a constant strive to identify
suitable substitute materials for the broadly and well established
eutectic 63Sn-37Pb and near-eutectic 60Sn-40Pb solders [1].

Among the top candidates, it is the eutectic Sn-3.5Ag alloy with a
melting temperature of 221 °C, which has nowadays become the in-
dustry standard Pb-free solder for advanced packaging applications
(solder bumping) on the 300 mm wafer level [2-7].

The efficient and void-free electrodeposition of SnAg alloy requires
the use of several organic plating additives, which may leave a residue
embedded in the alloy matrix. Therefore, spatially resolved chemical
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Various analytical techniques exist nowadays that can be applied for
the quality control of solid materials relevant in the semiconductor in-
dustry. There are techniques for surface analysis, which are excellent for
probing nanostructured materials (i.e., multilayers and nano-
composites), e.g. X-ray Photoelectron Spectroscopy (XPS) [8], Auger
Electron Spectroscopy (AES) [9], (Nano)-Secondary Ion Mass Spec-
trometry (Nano-SIMS) [8,10], and Glow Discharge Optical Emission
Spectroscopy (GDOES) [8,11]. In addition, there are methods probing
the bulk composition like Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS) [11,12] and Laser-Induced Breakdown
Spectroscopy (LIBS) [11,13] exhibiting very good quantitative depth
profiling analysis of larger structures.

Laser Ablation Ionization Mass Spectrometry (LIMS) is an analytical
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technique that has recently been proven a suitable approach to deliver
spatially resolved chemical data with lateral and vertical resolution at
the micro- and nanometer level, respectively [14-17]. However, the
inherent physical properties of the SnAg alloy, particularly its softness
and low melting temperature, render the analysis by means of laser
ablation very demanding and significant side effects that interfere with
the desired information may appear depending on the experimental
conditions [14].

In the context of laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS), significant differences between laser abla-
tion processes induced by ultraviolet (UV) and infrared (IR) ns-laser
irradiation have been reported [18-20]. Largely, this is because IR
laser irradiation is less efficiently absorbed by Sn and Ag than UV laser
irradiation [21], which results in more pronounced melting and
recrystallization phenomena in the former case [19,20]. Concerning the
pulse duration, it has been found that fs-UV laser ablation causes much
less melting effects than ns-UV laser ablation [22]. Most reports on these
aspects, however, have been restricted to nearly ideally flat and hard,
high-melting materials at elevated laser pulse energies.

In this contribution, we aim to investigate whether comparable ob-
servations hold true in near IR (NIR) and UV fs laser ablation ionization
mass spectrometry analysis of rough, soft and low-melting point SnAg
solder materials using our LIMS system [23-25]. To the best of our
knowledge, only few detailed studies on the fs laser ablation charac-
teristics on a given material for different laser wavelengths under similar
experimental conditions on the same basis setup exist [26]. Little has so
far been reported on fs-LIMS-based investigations on low melting point,
high surface roughness samples representing the real situation of as-
deposited solder contact arrays. Our goal in this study is to determine
and explain in detail the optimal laser ablation conditions for fs-LIMS
that allowed for spatially resolved chemical depth profiling of SnAg
solder materials to allow for accurate and quantitative three-
dimensional mapping of their chemical composition [27]. For this pur-
pose, we utilize fs-NIR and fs-UV LIMS to generate laser ablation craters
and we obtain mass spectrometric data for each laser shot in the process.
Furthermore, we characterize the ablation craters directly by means of
Scanning Electron Microscopy (SEM) and by white light interferometry
(which is a new approach for this purpose) to obtain complementary
information on the ablation process. In addition, to overcome aspect
ratio-related limitations of interferometric analysis directly on the crater
itself, we cast polydimethylsiloxane (PDMS) replicas of the LIMS craters
and investigate them by SEM, which has already been proven an
excellent methodology for the depth determination of high-aspect ratio
craters [28], and by white light interferometry. A schematic summary of
the workflow is given in Fig. 1. Note that the crater shape is simplified in
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this depiction.
2. Experimental section
2.1. Electrochemical deposition (ECD) of Sn/Ag film

Electrodeposited Sn/Ag alloy films were prepared galvanostatically
on blanket Si wafer coupons comprising a 100 nm Cu seed layer (Hionix,
USA) using a potentiostat/galvanostat PGSTAT128N (Metrohm Autolab,
Switzerland). The electrodeposition was carried out under forced
convective conditions. For that, the wafer coupons were mounted onto a
Cu rotating disk electrode (RDE) and used as the cathode while a Pt wire
served as the anode. An Ag/AgCl (3 M KCl) double junction reference
electrode (Metrohm, Switzerland) was used. The composition of the
plating bath (BASF SE, Ludwigshafen, Germany) and the applied plating
parameters are given in Tables 1 and 2, respectively. Note that two
different film samples are referred to in the following. Film 1 was plated
in presence of a grain refining agent and has a nominal thickness of 2.5
=+ 0.7 pm while film 2 was plated without grain refining agent and has a
nominal layer thickness of 10 & 2 pm. This explains the differences in
surface morphology seen in Fig. 2 panels a) and c) (film 1) versus b) and
d) (film 2).

2.2. LIMS measurements

The basic operation mode and the performance of the LIMS instru-
ment used in this study have been described in detail in previous pub-
lications and only a brief description is given in the following
[23,24,29]. The experimental setup consists of a miniature time-of-flight
mass analyzer (160 mm X ¢ 60 mm) coupled to a Ti-Sapphire laser
system (CPA system, Clark-MXR Inc., USA) to induce ablation and
ionization of the sample material. The laser system produces a funda-
mental beam of 775 nm wavelength with Gaussian beam profile pulses
with a temporal width of ~190 fs. Combined with harmonic generators

Table 1

Composition of SnAg plating bath for SnAg bumps.
chemical name mL
methane sulfonic acid (70%) 25
tin methane sulfonate, stabilized (38%) 6.45
complexed silver methane sulfonate solution 1.25

(Ag*: complexing agent = 1:2n)

surfactant 0.23

grain refiner 0.23/0
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|
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Fig. 1. Schematic summary of the workflow underlying this study on the fs laser ablation characteristics of SnAg alloy films for different laser wavelengths. ECD and

PDMS stand for electrochemical deposition and polydimethylsiloxane, respectively.
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Table 2
Plating parameters.

Nominal layer thickness (um) 2.5+0.7 / 10+2

Geometric surface area wafer coupon (cm?) 0.032
Current density (mA/ cm?) —-150
Rotational speed (rpm) 800

(Storc, Clark-MXR Inc., USA) it provides output radiation at the second
(387 nm) and third (258 nm) harmonic of the fundamental beam. Single
laser pulses applied to the sample result in ablation and ionization of
material and trigger the data acquisition cards to record a TOF spectrum.
Two 12 bit high-speed digitizer PCle cards (U5303A, Keysight, USA),
each with two channels recording at 1.6 GS/s, are used for the mea-
surements of single laser shots mass spectra at 1 kHz laser pulse repe-
tition rate. The detection of ions generated during the ablation/
ionization process is achieved with a microchannel plate detector (MCP)
system in chevron configuration [30]. Only positively charged ions are
able to pass the ion optical system of the mass analyzer and arrive at the
detector system at time sequences proportional to the square root of
their mass-to-charge ratio (TOF principle). The intensity of each element
isotope is derived from the measured mass peak profile by a direct
integration method using an adaptive Simpson quadrature integration of
the mass peaks interpolated by a spline function [31]. An optical mi-
croscope system equipped with a modified Nikon 10x objective with a
numeric aperture of NA = 0.3 and a spatial resolution of approximately
1 pm was used for precise sample positioning [32]. The fs laser ablation
characteristics of SnAg were studied for different numbers of laser shots
(1-10'000) at different pulse energies (NIR: 0.20-1.48 pJ; UV:
0.01-0.51 pJ).

2.3. Interferometry

Interferometry micrographs were recorded with a Contour GT
interferometer (Bruker, USA) in vertical scanning interferometry (VSI)
mode at a magnification of 40x. Analysis of the micrographs was
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performed with the Bruker Vision64 MapTM software and the Gwyddion
software tool.

2.4. PDMS casting

To obtain a negative imprint of the ablated craters in the SnAg layer,
a thin (~50 nm) coating (octafluorocyclobutane-based) was deposited
on the sample to prevent string adhesion between the PDMS and the
substrate. The sample was immobilized inside a Teflon-coated
aluminum compartment with a circular opening of 2 mm diameter
above the sample area of interest. A custom-made mixture of a poly-
dimethylsiloxane (PDMS) derivative (Sylgard 184, Sigma-Aldrich) was
added dropwise inside this opening. Visible gas bubbles were removed
by carefully stirring the liquid PDMS. To cure the resin, the setup was
annealed in a vacuum furnace at 60 °C for 12 h. This procedure allowed
remaining gas to diffuse out of the PDMS and resulted in a void-free
negative mold of the sample surface, which could be released from the
SnAg sample without inelastic deformation thanks to the high elasticity
of the PDMS mold [33]. For the SEM inspection of the PDMS imprints a
thin Au layer was sputtered onto the mold to obtain a conductive
surface.

2.5. SEM measurements

SEM micrographs were recorded with a Hitachi S-3000 N SEM
(Hitachi, Japan) applying an accelerating voltage of 25 kV at a working
distance of 10 mm and a Zeiss Leo SEM (Zeiss, Germany) applying an
accelerating voltage of 20 kV at a working distance of 8.5 mm.

3. Results and discussion
3.1. Laser ablation crater

Fig. 2 shows top-down SEM micrographs obtained from two different
SnAg film samples (film 1: panel a) and c), film 2: panel b) and d))

Fig. 2. Top-down SEM micrographs of laser ablation
craters resulting from 500 single laser shots with the
NIR fs laser (775 nm) and the UV fs laser (258 nm) on
two different SnAg film samples (film 1: panels a) and
c), film 2: panels b) and d)) at equivalent laser irra-
diation. Panel a) NIR fs and panel b) UV fs laser crater
obtained at 0.7 TW/cm?. Panel c) NIR fs and panel d)
UV fs laser crater obtained at 1.3 TW/cm?. Note the
difference in the size of the affected zones between
NIR and UV cases. See Fig. S1 (Appendix) for SEM
images of NIR and UV fs craters on film samples with
similar surface roughness.
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comparing laser ablation craters resulting from 500 single laser shots
with a NIR fs laser (775 nm) and a UV fs laser (258 nm) at equivalent
irradiance values. Panel a) and b) show the NIR fs and UV fs laser craters,
respectively, obtained at a moderate irradiance of 0.7 TW/cm?. Panel c)
and d) present the NIR fs and UV fs laser craters, respectively, obtained
at a higher irradiance of 1.3 TW/cm?. For the NIR fs laser, an actual
inner ablation crater can only be distinguished from the affected zone at
higher irradiances like the case depicted in panel c). However for both,
moderate and elevated irradiances, a large outer affected zone is visible
for the NIR fs laser craters as shown in panel a) and c). For most mate-
rials, the affected zone is only subject to desorption or slight surface
modification phenomena. However, on the low-melting SnAg, as visible
in Fig. 2 panel a) and c), severe surface modifications indicative of
thermal effects concomitant with evaporation take place in the affected
zone [14]. This renders the description of the ablation process based on
the mass spectrometric data challenging, as information is sampled not
only from the bottom of the actual ablation crater, but with contribu-
tions from the affected zone as well. Note that this effect is material
specific and not solely a result of the difference in grain size observed in
Fig. 2 panels a) and b) compared to panels c¢) and d). Fig. S1 in the
Appendix demonstrates this fact for NIR and UV fs craters on two
different SnAg film substrates with a comparable grain size.

3.2. Ablation rate

A common procedure to determine the mean ablation rate is based
on the number of single laser shots before observing the onset signal of
the underlying substrate material (e.g., Si) in the mass spectra. The
principle is depicted in Fig. 3 for the example of the samples studied
herein. Panel a) shows an early stage of the ablation process with a
shallow crater. Here, the Si signal from the underlying substrate is not
detected in the mass spectra. Panel b) shows a crater that just reaches
down to the Si substrate. From this point on, isotopically resolved Si is
detected in the mass spectra. The onset of Si signal in the mass spectra is
considered as the reference for the determination of the mean ablation
rate. An example of a depth profile for Si derived from a LIMS mea-
surement at 0.51 pJ is shown in the inset of Fig. 3. The Si signal onset is
clearly visible in the depth profile.

In experimental cases like the one depicted in Fig. 2 panel a) and c) in
‘3.1 Laser ablation crater’, the described approach to determine the
mean ablation rate based on the onset of the Si signal in the mass spectra

b

SnAg SnAg

Cu Si cu Si
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must be applied very cautiously. This is because on low melting point
samples such as SnAg, melting and evaporation occur preferentially
along the grain boundaries, which may result in the formation of pores
and channels reaching down to the underlying support material. As a
result, the support material may be detected in the mass spectra even
though the SnAg layer is not yet completely removed (see Fig. S2 (Ap-
pendix)). Besides that, the strongly increased degree of side-walls con-
tributions due to the poor definition of the ablation crater significantly
reduces the spatial resolution of the obtained mass spectrometric data
[14,17].

It has been reported for LA-ICP-MS that a clear improvement of the
ablation process can be achieved by changing the laser wavelength from
the NIR to the UV regime [19,20]. However, most of these studies uti-
lized ns lasers, where significantly higher laser pulse energies were
applied, and the investigated materials were much harder than the SnAg
alloy studied herein [34].

Fig. 2 panel b) shows a crater obtained with our LIMS instrument
using an UV fs laser with a wavelength of 258 nm at an irradiance of 0.7
TW/cm?. In contrast to the NIR fs laser case depicted in Fig. 2 panel a),
the crater resulting from the same number of laser shots applied to the
SnAg surface with the UV fs laser exhibits a much more defined,
significantly smaller ablation crater with hardly any noticeable affected
zone and strongly reduced melting and recrystallisation phenomena.
Even at these moderate irradiance conditions, we observe that ablation
occurs basically unaffected by the SnAg grain boundaries when working
with the UV fs laser, which is in strong contrast to the observations made
when working with the NIR fs laser as shown in Fig. 2 panel a). Also at
elevated irradiances as shown in Fig. 2 panel d) for the UV fs laser and in
Fig. 2 panel c) for the NIR fs laser, the pronounced differences in abla-
tion behavior of the two laser setups are evident.

In Fig. 4, the mean ablation rate in [nm/shot] as determined from
mass spectrometric data analysis is plotted as a function of the laser
irradiance in [TW/cmZ] for both the NIR (black squares) and UV (red
circles) fs laser measurements. The data points shown are mean values of
three independent repeat experiments with the respective standard de-
viations. Constant ablation crater diameters of 20 pm for the NIR fs laser
and 10 pm for the UV fs laser are assumed, which is based on findings
from previous NIR fs laser studies [14,27]. The different ranges shown
for the two data sets are due to different available sample layer thick-
nesses in the separate studies (NIR: 2.5 pm, UV: 10 pm). Clear differ-
ences can be seen between the laser ablation characteristics. While the
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Fig. 3. Approach to determination of the mean ablation rate. Panel a) shows an early state of the ablation with a shallow crater in the SnAg layer. Panel b) shows a
crater that has just drilled into the Si wafer. From this point on, isotopically resolved Si signal is detectable in the mass spectra. The inset gives a representative depth
profile for 2Si obtained from a LIMS measurement at 0.51 pJ. The 28Si signal onset is clearly visible.
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Fig. 4. The mean ablation rate as function of irradiance for the experimentally
assessed parameter range. The black squares depict data points obtained for the
NIR, the red circles for the UV fs laser system The data points shown are mean
values of three independent repeat experiments with the respective standard
deviations. The different ranges of the data set are the result of different
available layer thicknesses used in the two separate studies (NIR: 2.5 pm, UV:
10 pm). The regimes of dominant melting and evaporation and that of ablation
are indicated with independent gray dashed lines. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

NIR fs laser curve displays a rather variable behavior of the ablation rate
increase with laser irradiance, the UV fs laser ablation increases more
smoothly with laser irradiance and shows increased standard deviations
only near the ablation threshold, where the signal-to-noise ratio of the
mass spectra impairs data analysis. At slightly elevated laser pulse en-
ergies, it reflects an almost perfect linear dependence of the ablation rate
on the irradiance. This is most likely because the absorption efficiency of
laser light in the UV case is much higher than in the NIR case. As a
consequence, the electronic excitation and eventual release of material,
which is mainly responsible for the formation of an ablation crater [35],
are more pronounced in the UV case. For NIR laser irradiation, less
energy per unit volume is absorbed by the electrons in the sample. A
fraction of the energy propagates thermally in the material, which is
accompanied by melting, evaporation and recrystallization phenomena
[19,20,36,37]. These processes compete with instantenous material
removal in an irradiance-dependent manner, causing the unsteady shape
of the NIR curve and making it hard to define stable working conditions.
This also manifests in the larger standard deviations for the NIR than for
UV data points. Based on the experimental data for the NIR laser, it can
be assumed that, below the ablation threshold, heating of the sample
surface at the laser spots results in melting and evaporation of SnAg
material. These processes may be considered the dominant sources of
signal in this irradiance regime. This concept is indicated by the light
gray dashed line with a shallow slope in Fig. 4. After exceeding the
ablation threshold, the observed behavior clearly changes as ablation is
now the dominant process. This phenomenon is indicated by the dark
gray dashed line with a steeper slope in Fig. 4. Depth profiling should
only be considered for irradiances above this transition value. None-
theless, melting and evaporation occur in this parameter regime as well,
yet only with reduced relative contribution to the detected signal.

For low-melting point materials like SnAg, the transition between the
regime of predominant melting and evaporation and the regime of
predominant ablation is observed much more clearly for the NIR fs laser
irradiation than for the UV fs laser irradiation. For a more accurate
interpretation of the processes occurring on the samples upon laser
irradiation it is necessary to perform two- and three-dimensional
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analysis of the resulting surface morphology and craters. Fig. S3 in the
Supplementary Data (Appendix) compares interferometric topographic
analyses of laser craters obtained on SnAg film samples with both NIR
and UV fs lasers.

All discussed findings clearly point to the superiority of using an UV
fs laser rather than a NIR fs laser in depth profiling applications of SnAg
solder alloy as one typical example for high surface roughness, low
melting point materials, which has not been studied in this detail before.
Note that the ablation rate per single UV fs laser shot (vertical spatial
resolution in depth profile studies) could be improved when further
approaching the ablation threshold. However, for the scope of this
application-oriented study, we restricted our following UV fs LIMS in-
vestigations to the target parameter range for depth profile analysis of
industrially relevant solder bump structures with a surface roughness in
the pm range. For the current UV fs laser setup, this parameter range is
characterized by a minimum irradiance of around 1 TW/cm? and a mean
ablation rate of 100-200 nm/shot.

3.3. Crater depth

In a next step, to obtain information on the crater depths of very
shallow craters as well and to determine the mean ablation rate by a
further and independent approach, white light interferometry was per-
formed on the ablation craters. Fig. 5 panel a) shows a representative
interferometry image of the SnAg surface with seven visible UV fs laser
craters indicated by the white arrows. Panel b) shows a line scan derived
from the crater indicated by the red line in panel a). This crater is just a
representative example. Note that for data analysis, only craters <10 pm
(i.e. derived from the SnAg film) were considered. For typical examples
of shallower craters see Fig. S4 in the Supplementary Data (Appendix).
Each crater was analysed concerning its depth by a vertical and hori-
zontal line scan to account for non-symmetric features. As can be seen in
panel b), the interferometry measurements yielded a detailed repre-
sentation of the crater shape and depth. For comparison with interfer-
ometry of NIR fs laser craters, see Fig. S5 in the Appendix.

3.4. 3D crater analysis

After extracting the required depth information on the unchanged
sample, PDMS imprints of the ablation craters were cast to obtain novel
insights regarding the ablation characteristics of low melting point, high
surface roughness materials like SnAg. After removal from the sample
surface, the PDMS imprints were sputter coated with several nm of Au
and imaged by SEM. It was found that, despite the high sample surface
roughness, the granular structure and the low melting temperature of
that alloy, PDMS casting works out very well also on SnAg. Craters of a
sufficient depth were both distinguishable from the root mean squared
(RMS) surface roughness and reproduced in high detail. Fig. 6 displays
representative SEM micrographs of PDMS imprints of craters obtained
with the UV fs laser. For a general comparison with the morphology of
PDMS imprints obtained from NIR fs laser craters see Fig. S6 in the
Supplementary Data (Appendix). Panel a) of Fig. 6 depicts an overview
image showing the decrease in the height of the crater negatives with
decreasing number of applied laser shots along the diagonal from the
upper left to the lower right corner. Panel b) is a zoom-in on one crater
negative, that clearly drilled deep into the Si substrate, which becomes
obvious due to its height > 20 pm.

After the white light interferometry measurements had provided
good results with respect to the 3D structure of the ablation craters, we
tested white light interferometry also on the PDMS imprints, i.e. the
negatives of the craters. Fig. 7 panel a) shows a representative inter-
ferometry measurement of a selected area on the PDMS imprint of the
SnAg sample, i.e. the range of 10’000 to 500 (left to right) laser shots
conducted at 0.32 pJ. The red and black lines indicate the selected crater
and the orientation of the line scans over its surface shown in panel b).
This particular crater is deeper than 10 pm, which means it reached
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Fig. 5. a) Representative white light interferometry image of the SnAg alloy surface. UV fs laser crater locations are indicated by white arrows, location of line scan
by the red bar. b) Example of a line scan used to determine the crater depth, derived from the red line shown in panel a). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. PDMS imprints of representative UV fs laser craters. Although the sample surface has an intrinsic roughness, craters of a certain depth can clearly be

distinguished.

down to the Si substrate. It is shown here due to the ease of distinction
from the surrounding surface roughness as a proof of concept for the
PDMS molding methodology on high surface roughness samples like the
SnAg films shown. It can be seen that interferometric analysis of the
PDMS imprints is possible when they are sputtered with a few nm of a
non-transparent material, e.g. Au in this particular case.

In Fig. 8, we compare the results for the determination of the mean
ablation rate with the UV fs laser by means of mass spectrometric data
analysis shown as orange diamonds with those obtained from the white
light interferometry measurements shown as green circles. Every inter-
ferometry data point is the average of 3 individual repeat craters

obtained with 500 single laser shots at different pulse energies analysed
by two perpendicular line scans each. The error bar represents the
associated standard deviation. Note that only SnAg derived craters (<
10 pm) were considered for interferometric data analysis, not such
craters that reached into the underlying Si substrate. Every mass spec-
trometric data point is the average of 5 individual repeat craters ob-
tained with 10’000 single laser shots at different pulse energies with the
related standard deviation as error bar. As can be seen in Fig. 8, there is a
very good agreement between the mass spectrometric and interfero-
metric determination of the mean ablation rates, which supports suit-
ability of both approaches. The high surface roughness of the

T T T 1

0 20 40 60 80

X (Um)

Fig. 7. White light interferometric analysis of the PDMS imprint of a selected area on the SnAg wafer coupon. Panel a) Overview image of UV fs laser pulse counts
10’000 to 500 (left to right) at 0.32 pJ. The red and black line indicate the selected crater and the orientation of the line scans over its surface shown in panel b). Panel
b) Line scans in y and x direction over a crater formed by 5’000 laser shots at 0.32 pJ. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 8. Mean ablation rate determined by means of mass spectrometric data
analysis (orange diamonds) and white light interferometry (green circles) of
laser ablation craters obtained with the 258 nm UV fs laser. The mass spec-
trometric data points were obtained by averaging 5 individual craters generated
by 10000 single laser shots each at different laser pulse energies. The mean
ablation rate was calculated based on the onset of the Si signal in the mass
spectra. The interferometric data points are derived from craters obtained after
application of 500 single laser shots at different laser pulse energies. 3 indi-
vidual craters were analysed by 2 perpendicular line scans and averaged for
each point. Data points are only shown for SnAg-derived (< 10 pm) deep craters
which could be distinguished from the RMS surface roughness. The lowest
shown data point does not represent the ablation threshold. The error bars
represent the associated standard deviation of the conducted measurements.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

investigated sample causes noticeable large standard deviations, most
pronounced in case of low laser pulse energies, where the crater depth
approaches the RMS surface roughness. No interferometrically deter-
mined data point is shown for the lowest and highest investigated pulse
energies, as the corresponding craters could not be distinguished from
the inherent sample surface roughness or might have entered the Si
substrate, respectively. The lowest shown data point does not corre-
spond to the ablation threshold.

From PDMS imprints of ideally flat surface samples, the mean abla-
tion rate has previously been determined by measuring the heights of the
crater replicas from SEM images of the tilted sample [26]. Yet, because
of the substantial surface roughness of the as-deposited SnAg sample, it
is very difficult to define a valid reference plane in the SEM images of the
PDMS imprints. Nevertheless, the reference plane is a necessary pre-
requisite for proper height determination via this approach. Therefore,
for shallow craters on high surface roughness materials, the mean
ablation rate should rather be determined by means of mass spectrom-
etry or white light interferometry on the craters themselves. The latter
approaches are significantly less time consuming and more accurate for
this purpose. However, PDMS imprints can still contribute valuable in-
formation for improved understanding of the ablation process on SnAg
alloy. As an example, SEM micrographs of the PDMS imprints (like in
Fig. 6), provide the detailed geometry of the conical shape development
of the crater with increasing ablation depth, complementing the inter-
ferometry line scans. Therefore, a necessary prerequisite for quantitative
chemical depth profiling is to account for the change of ablation rate
with crater depth, which is a function of the applied pulse energy and the
number of applied laser shots. To investigate the dependence of ablation
rate on the crater depth, we conducted a parametric study for different
pulse energies, comprising craters ranging from 10’000 to only 1 single
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laser shots each. The analysis of the related craters by means of inter-
ferometry is shown in Fig. 9. Note that due to the inherent surface
roughness of the sample, data are only available for craters with a depth
exceeding the RMS surface roughness which was only the case after a
minimum of 50 applied laser shots within the range of tested pulse en-
ergies. The upper available data limit is given by the nominal SnAg layer
thickness of 10 & 2 pm until reaching the Si substrate. The observation of
a plateau for large numbers of applied single laser shots at a laser pulse
energy of 0.20 pJ is because in this case the laser irradiance is below the
ablation threshold of Si. The slope of the trend lines for the individual
campaigns drops down with decreasing laser pulse energy, i.e. the effect
of increased crater depth on the ablation rate is more pronounced the
lower the applied laser pulse energy. This observation needs to be
accounted for accurately when interpreting depth profiling results ob-
tained at a given set of experimental settings, which will be addressed in
detail in a forthcoming study.

In summary, we find that for fs LIMS analysis of SnAg solder alloy
using our LIMS instrument an UV laser with 258 nm wavelength oper-
ated at 1 kHz laser pulse repetition rate in an irradiance range above 1
TW/cm? allows for locally confined ablation (crater diameter is
approximately 10 pm, depending on pulse energy and number of applied
single laser shots) independent of the SnAg grain boundaries and
without significant thermal effects disturbing the mass spectrometric
analysis. Due to the inherent surface roughness and the small crater size,
a minimum number of around 50 single laser shots is required to obtain
an unambiguously determinable crater at the tested pulse energies. As
the sample structures of interest have a limited nominal height of only
several tens of pm, it is advisable to operate at pulse energies of about
0.2 pJ to achieve a compromise between an acceptable depth resolution
on the one hand and a suitable ablation rate on the other hand to probe
the entire sample array down to the Si substrate. The obtained ablation
results can be characterized by means of SEM and interferometry to
obtain both detailed structural and depth/height information.

4. Conclusions
In this work, we demonstrate how the change from our NIR fs LIMS

setup to a UV fs LIMS setup largely expands analysis possibilities for
technologically relevant samples, i.e. low melting point, soft, high

12 - Si
B -
S 104= o= = =onsetSi = = = = = = = =
- o' ey
E [ e e 'S
> 1 = S
T 1/ /"
5 oI
© " Z
A ' 2
o | 4 i Sn
N,
A\
6 |
|
1 Ve
T ' T T T T T T T
0 500 1000 1500 2000

# of single laser shots

Fig. 9. Crater depth determined by white light interferometry as a function of
the number of single UV fs laser shots applied at different laser pulse energies.
The slope of the trend lines drops down with decreasing energy and increasing
number of applied laser pulses. Only SnAg-derived data are shown in this
analysis to assure comparability.
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surface roughness, solder alloy samples. We particularly investigate and
compare the effects of NIR and UV fs laser ablation for LIMS analysis
using our LIMS instrument [23-25] on SnAg solder alloy, which is
widely used in the semiconductor industry. SnAg alloy embodies all
above mentioned challenging material properties. For the first time we
demonstrated herein that for the purpose of spatially resolved chemical
analysis of this type of materials, an UV fs laser offers, by far, superior
ablation conditions than a NIR fs laser. The advantages of using an UV
irradiation source are the significantly reduced thermal effects on the
sample, yielding higher ablation rates at similar irradiances, narrower
ablation craters, and much better shot-to-shot stability of the ablation
process. This is most noticeable at lower laser pulse energies. We are the
first to demonstrate that, despite the high surface roughness and the
granular structure of the material, it is possible to obtain PDMS imprints
of the craters produced in the low melting point SnAg alloy without
damaging the sample. Our study proves that interferometric analysis of
these imprints provides important complementary information to direct
interferometric analysis of the craters as it helps to overcome aspect
ratio related difficulties. Despite the sample’s roughness, we demon-
strate that white light interferometry offers a fast and robust way of
obtaining depth/height data on the craters formed in the SnAg sample as
well as on their PDMS replicas.

The presented data show that also for rough, low-melting, granularly
structured materials as the studied SnAg solder alloy the ablation rate is
a function of pulse energy and ablation depth. The first direct compar-
ison of the dependence of this function on the used laser wavelength in fs
LIMS studies on a low melting point, high surface roughness material is
given herein.

Concerning experimental approaches, we showed that determination
of the mean ablation rate for high-surface roughness materials is much
faster and more accurate when performed by means of mass spectro-
metric data analysis or white light interferometry of the laser ablation
craters than compared to the SEM-based analysis of the laser ablation
craters’ PDMS imprints.

Overall, this study contributes to a deepened understanding of
ablation processes and the development of ablation rate with crater
depth on low melting point, high surface roughness materials which will
be used to approach three-dimensional depth profiling of SnAg solder
bumps in a forthcoming study.
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