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A B S T R A C T   

Failure analysis of microelectronics is essential to identify the root cause of a device’s failure and prevent future 
failures. This process often requires removing material from the device sample to reach the region of interest, 
which can be done through various destructive methods, such as mechanical polishing, chemical etching, focused 
ion beam milling, and laser machining. Among these, laser machining offers a unique combination of speed, 
precision, and controllability to achieve a high-throughput, highly targeted material removal. In using lasers for 
processing of microelectronic samples, a much-desired capability is automated endpointing which is crucial for 
minimizing manual checks and improving the overall process throughput. In this paper, we propose to integrate 
laser-induced breakdown spectroscopy (LIBS), as a fast and high-precision material detection and process control 
means, into an ultrashort pulsed laser machining system, to enable vertical endpointing for sample preparation 
and failure analysis of microelectronics. The capabilities of the proposed system have been demonstrated through 
several sample processing examples.   

1. Introduction 

In microelectronics, failure analysis is a critical task for correlating 
the failure to its root causes, which helps with preventing similar failures 
from happening in the future. This helps save lives that would be 
otherwise impacted due to catastrophes and can enhance product yield 
and reliability, potentially promoting economic viability and profit-
ability. Performing investigations for identification of the defects that 
have caused a device failure, often requires reaching the region of in-
terest within the device, through removal of material from the device 
sample. Different destructive methods that can be used for this purpose 
include mechanical material removal, chemical etching, focused ion 
beam (FIB) milling [1–3] and laser machining. If used in a controlled 
fashion, laser can significantly outperform the other alternatives. It of-
fers orders of magnitude higher throughput than FIB, while offering 
comparable precisions. A comparison of laser with FIB for creating cross- 
sectional cuts has been provided in [15]. Further, the laser processing is 
far more controllable and precise than mechanical polishing and 
chemical etching, while offering comparable throughputs to these 
methods. In particular, laser scanning enables highly-targeted material 

removal, which is often not achievable using mechanical and chemical 
methods. The ability to remove material in a targeted fashion is 
particularly important for cases that the various components of the de-
vice must be preserved as much as possible, for follow-up investigations 
of other regions or testing the region of interest while the device is 
powered up [16–20]. 

Effective use of laser for exposing the region of interest in a targeted 
fashion requires process control through monitoring. Although process 
monitoring can be done manually, doing so entails several caveats. First, 
due to the need for several checks throughout the process, the overall 
workflow is often extremely slow when high precisions are desired, 
acting as a prohibitive factor for many throughput-demanding applica-
tions. Second, the manual process is prone to human error. Thus, the 
ability to automate process monitoring and control promises enhance-
ments both in throughput and precision [13,14]. 

A key aspect of automation, which is particularly imperative for 
failure analysis of microelectronic samples is automated endpointing in 
the sample preparation process. Automated endpointing will enable 
machining to continue until a material region is ended or a certain 
material region is reached. Such automation capability will minimize 
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the number of stops that are necessary for conducting manual checks. 
To enable endpointing during a laser machining effort, one must 

either have a 3D map of the composing materials within the sample or 
must identify the material compositions as the sample undergoes the 
machining process. The former case requires prior non-destructive, 
volumetric imaging of the sample and/or having access to the digital 
design of the sample. It further requires a way to precisely monitor the 
geometry changes of the sample as it undergoes the lasering process to 
infer the material composition of the exposed surface at each point in 
time. The complexities associated with acquiring the 3D compositional 
map of the sample and constant monitoring of the sample geometry 
during the laser machining process make the second approach more 
appealing for most applications. To implement the second approach, 
namely identification of material composition during the machining 
process, several different imaging and spectroscopy methods, including 
energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron 
spectroscopy (XPS) [4–6] can be used for investigation of the exposed 
surface of the sample undergoing the laser processing. However, these 
methods require the sample to be transferred back and forth between the 
lasering unit and imaging and spectroscopy devices, which will make the 
overall process very time consuming and costly. Attempting to perform 
the measurements less frequently to save on time and cost, will result in 
compromised precisions. 

A technique that promises to address this problem is laser induced 
breakdown spectroscopy (LIBS), which works based on collecting the 
signal emitted from the laser-matter interaction plume and analyzing 
that signal for material detection. Because LIBS can leverage the same 
laser beam that is used for machining, also for material detection, it 
negates the need for transferring the sample between the lasering 
environment and the imaging/spectroscopy instruments. Use of LIBS for 
material detection and process control has been used in multiple studies 
for various applications [9–12]. In this paper, we propose to integrate 
LIBS into an intelligent laser machining system to enable vertical end-
pointing for sample preparation and failure analysis of microelectronics. 
Through several examples, the capability of the proposed solution for 
high-precision endpointing has been showcased. 

2. Materials and methods 

2.1. Integrated system overview 

Fig. 1 provides an overview schematic for the proposed integrated 
system. 

Upon interaction of laser with matter, a laser plume is generated, 
resulting in a LIBS signal. The signal is collected by the LIBS optics and 
read by the spectroscope. The read signal is sent in real time to a com-
puter system that rapidly processes the signal for follow-up decision- 
making about the remainder of the lasering process. The feedback is 
constantly fed to the lasering system for continuous process control. 

2.2. Laser machining system 

The laser machining system used in this study features a Coherent 

Monaco 1035 nm 40 W laser sources (1035-40-40) with a pulse width of 
257 fs, capable of producing various pulse repetition rates ranging from 
single shots to 50 MHz. The laser emits a beam with a diameter of 2.7 ±
0.3 mm, which is expanded using a beam expander made up of a fused 
silica 75 mm aspherical lens and a fused silica 300 mm convex lens, 
resulting in a beam diameter of approximately 11 mm. The expanded 
beam is then directed to a telecentric fused silica F-Theta lens (TSL- 
1064-10-56Q-D20) with an effective focal length of 70 mm, resulting in 
a theoretical spot size of around 8.5 μm. Fig. 2 provides a computer- 
aided design (CAD) illustration of the laser setup used in the study. 

The femtosecond machining system workflow begins by targeting 
the region of interest (ROI) with a Dinolite digital microscope 
(AM73915MZT) and moving the sample accurately on an XY plane using 
Zaber LDA series stages (LDA150A-AE53T10A). Next, the Keyence 
confocal height sensor (CL-P070) measures the sample’s height with low 
micrometer resolution, after which the Zaber VSR series stage (VSR40A- 
T3A) brings the sample into laser focus. Finally, the sample is transferred 
under the F-theta lens for laser ablation. 

The depth of removal using the presented system is dependent on the 
used lasering parameters as well as the material that the laser is inter-
acting with. The smallest achievable depth of removal with the pre-
sented system is below one micron for silicon. 

2.3. LIBS signal collection system 

The LIBS signal is collected using an Ocean Insight UV-grade optical 
fiber, along with a collimating lens having a focal length of approxi-
mately 5 mm. An optical setup is utilized during LIBS analysis to 
enhance the quality of the obtained signals. This setup comprises a 
dichroic beam splitter and two parabolic mirrors. The collected LIBS 
signal arrives at a parabolic mirror, which is utilized to collimate the 
divergent light. The collimated light then goes into a dichroic beam 
splitter, which reflects the light in the 240–840 nm wavelength range 
and passes through other wavelength values. This procedure filters out 
any unwanted background light and/or laser interference. The reflected 
light then arrives at a second parabolic mirror, which focuses the light 
onto the optical fiber, ensuring optimal signal detection. The Spectral 
Industries IRIS Echelle spectrometer disperses light into two perpen-
dicular directions using two dispersive elements. Initially, the light 
passes through a prism that splits it into multiple orders, followed by a 
diffraction grating that separates the overlapping orders orthogonally. 
As a result, a sequence of various reflection orders is generated in a 
ladder-like arrangement on a complementary metal oxide semi-
conductor (CMOS) camera that has 1936 × 1216 pixels. The spec-
trometer has the capacity to measure wavelengths between 180 nm and 
800 nm as well as between 880 nm and 1200 nm. Prior to measure-
ments, a mercury Argon lamp is utilized to calibrate the spectrum. Fig. 3 
schematically shows the described LIBS setup. 

2.4. Signal processing and automated decision-making 

Each material has its own characteristic peaks in the LIBS signal, 
which can be used to differentiate it from other materials. We used this 

Fig. 1. Overview of the proposed system.  Fig. 2. CAD of femtosecond laser machining system.  

P. Hoveida et al.                                                                                                                                                                                                                                



Microelectronics Reliability 150 (2023) 115224

3

to detect and discriminate different materials based on their character-
istic peaks in the LIBS signal. The LIBS signals were collected during the 
laser ablation process of different materials. The collected signals were 
then analyzed to identify the characteristic peaks of each material. For 
each material of interest, frequency intervals containing the unique 
peaks were selected. As shown in Fig. 4, the peaks at 515.3 nm and 
521.8 nm represent the characteristic peaks of copper, which were used 
to detect copper in the LIBS signals. 

At the detection phase, each collected LIBS signal was analyzed to 
find out whether these intervals contain the characteristic peaks of the 
material. Our peak detection algorithm uses prominence as a criterion 
for identifying and selecting peaks of interest. By setting a prominence 
threshold, the algorithm could filter out smaller or less significant peaks, 
focusing only on those that meet the desired prominence criteria. If 
multiple peaks having prominences larger than the set threshold have 
been found, the peak with the largest prominence was selected as the 
detected characteristic peak. If a characteristic peak was found, the 
location being lasered was assigned to be that material. 

In endpointing, some top layers need to be removed to expose the 
underlying layers for further processing. To achieve this, we need to 
avoid lasering certain materials. Therefore, as soon as the signal was 
detected to have the characteristic peak of the material of interest, the 
lasering process was stopped to preserve the layer containing that ma-
terial. In this way, we can remove the top layers and stop at exactly the 
layer where the material of interest begins. 

Depending on the application and the materials involved, one may 
choose to change the lasering parameters for different materials or stick 
to one set of parameters. The latter has been the case for the results 
shown in this paper. Having said that, the developed software algorithm 
allows for the automated changing of these parameters, based on the 
detected material. It is important to note that in many cases, adjusting 
the parameters based on the material that needs to be removed results in 
better performance in terms of quality and rate of removal. 

2.5. Removal of dust and fume 

The laser system is equipped with a vacuum exhaust system, which 
removes the created dust and fumes and filters them downstream. This 
addresses any health concerns in working with the described laser 
machining system. 

3. Results and discussion 

The capability of the proposed approach for vertical endpointing was 
demonstrated through multiple examples. The method used to generate 
the fs-LIBS signal in the majority of examples involves utilizing a burst of 
two pulses with a separation of 20 ns and a repetition rate of 10 kHz, 
while scanning the laser in a line pattern to create a trench at a speed of 
1000 mm/s. 

Each pulse has a fluence of 50 J/cm2. The LIBS system camera is set 
to capture measurements at a frequency of 5 Hz with an exposure time of 
50 ms. Fig. 5 schematically shows the Laser beam line pattern. 

The study focuses on investigating four elements - Aluminium (Al), 
Silicon (Si), Copper (Cu), and an sn74ls08n integrated circuit. 

The sample for the first example is a copper sheet, covered with 
aluminium foil, with a thickness of about 235 μm. Lasering from the top, 
where aluminium is present, the objective of the automated endpointing 
algorithm is to continue performing multiple cycles of lasering for ma-
terial removal until copper is reached. Each lasering cycle removes 
about 2.5 μm of the aluminium material. Fig. 6 shows the color-coded 
confocal height map of the laser machining result, after the process is 
stopped by the automated endpointing algorithm. As can be inferred 
from the depth values, the process has stopped as soon as the complete 
thickness of the aluminium foil has been removed and copper has been 
reached. 

The sample for the second example consists of a piece of thinned- 
down Si wafer on top of a copper sheet, where the thickness of the 
thinned-down Si wafer is ~135 μm. Similar to the first example, the 
objective is, starting from the top material, to continue performing laser 
machining cycles until the bottom material is reached. Each lasering 
cycle ablated ~1.5 μm of the Si material. Fig. 7 shows the color-coded 
confocal height map of the laser machining result, after the process is 
stopped by the automated endpointing algorithm. As can be inferred 
from the depth values, the process has stopped as soon as the complete 
thickness of the Si wafer has been removed and copper has been 
reached. The nonplanar regions, indicated by green color observed in 
the height map, correspond to copper regions that have been swelled 
due to suboptimal cutting parameters. In fact, the used cutting param-
eters are optimized for Silicon. This issue can be alleviated by working 
out lasering parameters that are optimized for both Si and Cu. 

The sample for the third example is an sn74ls08n IC, with copper 
lead frame. The objective is, starting from an intact IC, to continue 
performing laser machining cycles to remove packaging material, until 
the copper lead frame is reached. Each lasering cycle ablated ~5 μm of 
packaging. Fig. 8 shows the color-coded confocal height map of the laser 
machining result, after the process is stopped by the automated end-
pointing algorithm. Fig. 9 shows an optical image of the lasered area. As 
can be seen in the images, the lasering process has stopped when the 
copper lead frame has been reached. 

The sample for the fourth example is again a sn74ls08n IC. The 

Fig. 3. LIBS setup.  

Fig. 4. Collected LIBS signal for copper.  
Fig. 5. Laser scanning pattern. The direction of the laser scan is indicated by 
the arrow, while the jump line is represented by the dotted line. 
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objective here is, starting from the back side of an intact IC, to continue 
performing laser machining cycles to remove packaging material as well 
as the lead frame until the silicon on the back side of the die is reached. 
The repetition rate has been adjusted to 100 kHz, and Each pulse has a 
fluence of 20 J/cm2. Fig. 10 shows the progression of the machining 
process as well as the height map of the final surface profile when silicon 
is reached. Note that in the resulting surface, the entire backside of the 

Fig. 6. Color-coded confocal height map of the laser machining result, for Al on 
Cu sample, after the process is stopped by the automated endpoint-
ing algorithm. 

Fig. 7. Color-coded confocal height map of the laser machining result, for Si on 
Cu sample, after the process is stopped by the automated endpoint-
ing algorithm. 

Fig. 8. Color-coded confocal height map of the laser machining result, for the 
IC sample with copper lead frame, after the process is stopped by the automated 
endpointing algorithm. 

Fig. 9. Lead frame exposed after automated endpointing using the pro-
posed algorithm. 

Fig. 10. (a) through (d): progression of the machining process with the 
objective of stopping at silicon on the backside of the die. Note that lasering 
area has been deliberately shrunk throughout the process to save on lasering 
time for the demonstration. Starting wide has been the case to enhance the gain 
of LIBS signal for highly accurate material detection; (e) height map of the final 
surface i.e. when silicon on the die backside is reached. 
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die has not been exposed upon detection of silicon which is due to the 
fact that the sample has been placed on the stage at a slightly unlevelled 
pose. This could be resolved in the future, in two ways: (1) the use of a 
tilt stage to compensate for any source of unlevelness, resulting in the 
backside being leveled with the horizon; and (2) the use of a variable- 
focusing laser scanning system to align the plane of focus with the 
unlevelled surface of the sample. 

3.1. Use of proposed solution for industrial applications 

This paper provides the proof-of-concept for the use of LIBS in tan-
dem with ultrashort pulsed laser machining, for real-time material 
detection and endpointing. The current configuration of the proposed 
system offers great capabilities for lab-level sample preparation and 
failure analysis applications. Further, the modular aspect of the pro-
posed machining system enables reconfiguration and customization of 
the tool to be used in any other industrial environment for various 
applications. 

4. Scope and future direction 

The proposed vertical endpointing solution provides the ability to 
stop at a certain layer if a certain material is present across the entire or 
only a portion of a layer of interest. An additional capability of the 
proposed LIBS solution is the ability to perform endpointing laterally, 
which is going to be among the future directions of the paper. For 
example, for the situation shown in Fig. 10, by implementing a param-
eter set that includes stopping the laser when it reaches the silicon, it 
would be possible to remove the packaging material without causing 
additional ablation to the exposed silicon. 

The laser machining system, equipped with the LIBS data collection 
module, presented in this paper, is multi-purpose. It has the capability to 
perform device decapsulation, delayering, or targeted material removal 
for reaching the region of interest for follow-up failure analysis. As for 
the decapsulation purpose, the objective of the proposed solution is to 
improve the existing practice by negating the need for frequent visual 
checks on the device. Note that with a visual check approach, one should 
either pause the material removal process and investigate the top surface 
under an inspection microscope or camera for every layer that is being 
removed, which takes extensive time and manual effort, or should 
decrease the frequency of such inspections significantly to cut the 
required time and effort which significantly impacts the accuracy of the 
decapsulation procedure. With the proposed approach, the laser- 
delayering process stops automatically upon detection of the layer of 
interest, resulting in a procedure that does not or minimally requires 
manual effort while offering high degrees of precision. 

5. Conclusion 

This paper presents an automated vertical endpointing algorithm 
using LIBS, to be used in laser-enabled material processing. The pre-
sented method finds application in sample preparation and failure 
analysis of microelectronics. Several examples have been provided to 
showcase the capabilities of the proposed method. Further, the scope of 
applicability of the proposed solution goes beyond the test cases show-
cased herein. Particularly, the proposed solution facilitates rapid, high- 
precision, automated material processing for verification and validation 
as well as fabrication in 3D heterogeneous integration (3DHI) applica-
tions, towards assurance and improved yields. 
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