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 This paper is an extension of work originally presented in IPFA 2019. In the original work, 
a new memory bit-counting method in physical failure analysis (PFA) using laser 
deprocessing technique (LDT) is introduced. In the present paper, LDT will be further 
exploited and the methodology applied to PFA will be fully discussed. Compared to the 
conventional methods that involve high-cost equipment such as focused ion beam (FIB) and 
reactive ion etcher (RIE), the novel LDT method using a laser system instead lowers the 
cost by more than 5 times and shortens the failure analysis (FA) cycle time by up to 45%. 
The new improved methodology can significantly increase PFA throughput especially in 
semiconductor foundries, and facilitate more applications in other types of FA labs. 
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1. Introduction 

In modern electronic industry, the development of the 
integrated circuit (IC) design and technology node of 
semiconductor devices poses increasing challenges to PFA 
techniques due to the higher density of transistors and metal layers 
in a chip [1]. As one of the failure analysis (FA) branches for defect 
identification and yield improvement, PFA acts an important role 
in analyzing memory failure devices, where bit-counting and 
marking on the failed bits are necessary for the final physical 
imaging of the defect in transmission electron microscopy (TEM). 

 
Figure 1: Illustration of typical PFA workflow for memory failure devices. 

A typical PFA workflow for memory failure devices is 
illustrated in Figure 1. The workflow starts from RIE removing the 
inter-metal dielectric to expose the metal of each layer. Then it is 
followed by mechanical polishing using polisher with polishing 
slurry on the rotating cloth platen. During the polishing, optical 
microscope (OM) and scanning electron microscope (SEM) 
inspection are engaged to monitor and inspect the sample surface. 
When the sample reaches certain layers, bit-counting in the 
memory blocks of the device will be attempted to locate and mark 
the failed bits for TEM analysis.  

In static random access memory (SRAM) devices, bit-counting 
in the memory blocks can be done as the sample reaches Metal2 
(M2) or lower metal layer in which both bit lines (BLs) and word 
lines (WLs) are identifiable and countable. However, in the cases 
that request for critical dimension (CD) measurements on Via2 
(V2) layer or cases where V2 deformation/void defect is highly 
suspected, traditional method of mechanically delayering away 
M3 that will damage part of V2 is no longer suitable. In non-
volatile memory (NVM) devices, the memory bit-counting is even 
more challenging, since the metal layer (here it is M5) blocking the 
WLs directly lands on the memory cells (Figure 2a, b). There have 
been numerous FA studies on SRAM/NVM devices, from hard 
short/open failure [2-4] to subtle defect induced marginal failure 
[5-7]. After the electrical fault isolation (EFI) or bit-map analysis, 
memory bit-counting is the key step for TEM analysis or 
transistor-level probing to locate the defect. Prior to the laser 
deprocessing technique (LDT) assisted method was developed, 
there were two conventional methods of bit-counting used in 
SRAM/NVM device. 
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Figure 2: Typical circuit diagram (a) and bit-counting (b) of memory arrays in 

NVM devices. 

One method is using focused ion beam (FIB) to remove M5 
near the target BL to count the exposed cells as counting WLs.  The 
other method is over-RIE the sample surface to expose and count 
the Memory Via (Mvia) as WLs (Figure 3). The first method has 
the advantages of real-time monitoring and localized milling, 
however it requires a FIB-SEM dual-beam system of which the 
cost is much higher than that of a SEM single-beam system, and 
much longer FA cycle time when the target memory bit is long 

distance from the memory block edge. The second method needs 
only a SEM single-beam system, but it comes with possible sample 
damage from the Pt protective pad missing the target memory bit. 
Besides this, for advanced technology node such as 28nm or 
below, the Mvia size deceases smaller than that of M5, which 
makes the method by over-RIE not workable. Therefore, new 
methods with fast cycle time and low cost for the bit-counting in 
memory devices are highly desired. 

In this paper, we will introduce an innovative LDT assisted 
memory bit-counting method that is applicable to both SRAM and 
NVM devices. LDT is fast, simple, and has been used to secure an 
uneven sample surface and remove unwanted layers [1, 8]. LDT 
employs pulse laser with high peak power to irradiate the sample 
and physically remove material from the surface, which is 
economical, efficient, and user-friendly. Moreover, through a 
systematical parametric study, LDT is able to create uniform 
deprocessed surface in a large area on various types of materials. 

2. Experiments 

The experiments were conducted on a 40 nm SRAM device 
and a 28 nm NVM device. A mechanical polisher (ALLIED 
HighTech TwinPrep 5) with polishing cloth (Spec-Cloth), and 
polishing slurry (0.05 μm or 3 μm diamond suspension) was used 
for mechanical polishing. A SEM single-beam system (FEI 
MagellanTM 400L) equipped with a gas injection system was used 
for sample inspection and Pt marking. An optical microscope 
(ZEISS Axiotron) was used for optical inspection on the sample 
surface. For LDT, a laser system (New Wave Research Ezlaze3) 
was used for the sample deprocessing. The laser source emits a 
pulse laser (wavelength: 532 nm, energy range: 0 to 0.6 mJ, pulse 
width: ~5 ns) which was integrated into a probe station (Cascade 
Microtech PM5).  
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Parameters including laser output power, number of laser 
shots, and magnification of optical lens were studied on the 
dummy area of the NVM sample at M5 level. For different devices 
and materials, the same workflow can be followed to obtain the 
optimal parametric condition for laser deprocessing in each case. 
The window size of the laser is adjustable without power shift. 
Maximum size for 20× lens magnification was 150 μm × 150 μm. 
TEM sample preparation was performed using a FIB-SEM dual-
beam system (FEI Helios NanoLab 450S). TEM analysis and 
energy dispersive X-ray (EDX) mapping were performed using a 
200 kV Field Emission TEM (JEOL JEM-2100F) equipped with a 
SDD-EDX detector (Oxford X-MaxN 100TLE). 

 
Figure 5: LDT assisted PFA workflow for memory failure devices. 

A schematic illustration of LDT in NVM devices is shown in 
Figure 4. Before the laser deprocessing on the target location, a 
series of parametric experiments were carried out on the dummy 
area. Figure 5 shows the LDT assisted PFA workflow for memory 
failure devices. Here the parametric variables include the work 
mode of laser energy, attenuation level, lens magnification, and the 
number of laser shots. For the selection of each parameter, we used 
parametric arrays to determine the optimal condition in terms of 
the surface uniformity of the deprocessed sample. A uniform 
sample surface is critical to the bit-counting accuracy. Any false 
counting could result in missing the defect.  

 
Figure 6: SEM images of the laser deprocessed surfaces of the NVM devices 
under different energy mode, attenuation level (%), and lens magnification. 
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2.2. Selection of laser power and lens magnification 

Figure 6 shows the SEM images of the laser deprocessed 
surfaces of the NVM devices under different laser power and lens 
magnification. From the results, we can see that 100× and 50× lens 
created a very uneven and deformed surface with multiple layers 
exposed, regardless of energy mode and attenuation level. So we 
narrowed down the selection to 20× lens arrays. In low energy 
mode, 80% attenuation level delivered the most uniform 
deprocessed surface at the NVM cell level. In high energy mode, 
the best results were delivered by 40% attenuation level. 

The surface uniformity of low energy mode at 80% attenuation 
level and high energy mode at 40% attenuation mode are 
comparable for the bit-counting, as shown in Figure 7. However, 
in low energy mode, the 100% attenuation level makes use of 0.2 
mJ of energy while in high energy mode, at 100% attenuation 
level, the machine makes use of 0.6 mJ of energy. Therefore, 
output energy of 80% attenuation level in low energy mode is 0.8 
× 0.2 mJ = 0.16 mJ, which is lower than 0.4 × 0.6 mJ = 0.24 mJ 
for 40% attenuation level in high energy mode. Considering the 
fact that lower laser energy is safer for the sample, low energy 
mode and 80% attenuation level were selected for the laser 
deprocessing for memory bit-counting. 

 
Figure 7: High magnification SEM images of the laser deprocessed surfaces of 
the NVM devices under 40% attenuation level in high energy mode and 80% 

attenuation level in low energy mode. 

 
Figure 8: SEM images of the laser deprocessed surfaces of the NVM devices 

under different number of laser shots. 

The experiments above were all from a single laser shot. In this 
section, using the lens and the attenuation level selected for each 
energy mode, a boundary test was performed on the maximum 
number of laser shots on the same surface before the surface 
becomes uneven again. In some cases, the layer on top of the bit-
counting layer might be too thick and need more than one shot of 
laser to remove. Figure 8 shows the SEM images of the laser 
deprocessed surfaces of the NVM sample under different numbers 
of shots. It can be seen that the surfaces for each shot started to 
become uneven after the second shot was made on the same 
surface. This could be due to that the third shot was shone on the 
critical interface between the non low-k dielectric layer (memory 
cells and Mvia) and the ultra low-k dielectric layer (M4 and 
below). The unevenness was greatly increased during the third shot 
because of the big difference in the mechanical removal rate (up to 
10 times) between the non low-k and the ultra low-k materials [9]. 
The experimental results would differ from case to case. For this 
NVM device, one shot of laser which created uniform bit-counting 
area (Figure 7) was selected.  

2.4. Boundary limitations of laser shots 

To understand the damage induced by laser shots to the 
memory bits, TEM analysis was done on the boundary of the laser 
deprocessed area. The results (Figure 9) show that four bits (Bit 1, 
2, 3, 4) adjacent to the deprocessing area were damaged by the 
laser shot due to the thermal effect. Similar to other parameters, 
boundary limitations are dependent on the sample materials and 
surface conditions, and should be studied on the dummy area first 
to avoid damaging to the target bits. 

 
Figure 9: SEM images of the laser deprocessed surfaces of the NVM devices 
under different energy mode, attenuation level (%), and lens magnification. 
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2.5. Operation procedure of LDT assisted memory bit-counting 

The procedure steps below describe how to utilize LDT to 
perform the memory bit-counting in SRAM/NVM devices. 

1) Delayer the sample and stop at one layer before the bit-
counting layer (M5 for NVM, M3 for SRAM) by mechanical 
polishing and inspection. 

2) Make a SEM Pt mark at the target BL as a "sight" for the laser 
deprocessing process in OM (this step can be skipped for 
SRAM devices with small memory blocks). 

3) Remove M5 (NVM) or M3 (SRAM) layer at certain distance 
(referring to the boundary limitations of laser shots) from the 
target BL to expose the memory cells by laser deprocessing 
(Figure 4). For SRAM devices, an extra deprocessed area for 
counting WLs is needed. 

4) Water-polish the sample to clean the laser burst debris off the 
deprocessed area. 

5) In the deprocessed area, count the exposed memory cells as 
WLs and M5 lines as BLs to locate the target bit from the NVM 
memory block (Figure 4). For SRAM devices, both WLs and 
BLs will also be identifiable and countable from M2 or below. 

6) Make SEM Pt marks on the located target bit accordingly for 
TEM analysis (Figure 4). 

Table 1: Operation time usage (in hours) of the conventional methods and the new 
LDT method for NVM devices. 

 Pt mark 
target BL 

Deposit Pt 
protection layer 

Over 
RIE 

FIB 
milling 

Laser 
deprocessing 

Counts 
WLs Total 

Conventional 
method 1 N/A ~0.6 ~0.2 N/A N/A ~0.7 ~1.5 

Conventional 
method 2 ~0.3 N/A N/A ~0.8 N/A ~0.5 ~1.5 

New method ~0.3 N/A N/A N/A ~0.1 ~0.5 ~0.9 

In Table 1, the operation time usage of the conventional 
methods and the new LDT method for NVM devices are 
compared, which is evaluated under the same experimental 
conditions. The time usage of each operation step may vary with 
different devices, requirements of the cases and experiences of the 
operators. It can been seen that the LDT method can shorten the 
time usage by up to 45%. 

Table 2: Summary of the advantages and disadvantages of the conventional 
methods and the new LDT method. 

 Advantages Disadvantages 

Conventional 
method 1 

Localized milling, real-time 
monitoring High cost, Long FA cycle time 

Conventional 
method 2 Low cost 

Long FA cycle time, High risk of 
sample damaging, Not suitable for 

advanced technology node 

New method Low cost, Short FA cycle time Sample dependent setting of laser 
parameters 

Table 2 shows the advantages and disadvantages of the 
conventional methods and the new LDT method. Although the 
new method needs parametric study on the sample, the one-time 
effort eventually significantly saves FA time and FA cost.     

3. Results and Discussion 
3.1. Case study on NVM device 

In this case, a 28 nm NVM device was performed with PFA 
using LDT. Figure 10 is the M5 graphic data system (GDS) layout 
of the device. After wafer sort, the bitmap information was 
provided in the data log. According to the e-test results, the NVM 
chip suffered from single-bit short failure (Figure 10). 

The sample was polished to M5 layer, and then continued with 
LDT for bit-counting (Figure 11). First, a 45° angled e-beam Pt 
line mark was deposited in SEM as the reference for the laser 
deprocessing below the target BL (located by M5 GDS layout), 
and was deposited long and thick (SEM: 10 kV at 0.8 nA; Rate of 
deposition: 10 μm [length] × 2 μm [thickness] in 5 mins) to be 
clearly visible in OM. Second, at around 20 BLs to the right of the 
target bit, LDT was used to create a laser exposed area at the level 
of memory cells, in which the WLs were counted and marked 
according to the WL address. Finally, Pt marks were deposited on 
the located target bit for the following TEM analysis. 

 

Figure 10: M5 GDS layout of 28 nm NVM device. 

 

Figure 12: TEM images (Y direction along M5 as shown in Figure 11) of the 
failed bit and the reference bit. 

TEM results of the sample are shown in Figure 12. From the 
TEM images, metal void and collapsed insulator layer were found 
at the failed bit. The metal void in the lower cell electrode should 
form in the first place, and then induce the uneven deposition of 
the insulation layer and the breakdown of the memory cell.  

Figure 13 shows the scanning transmission electron 
microscope (STEM) images of another case where the TEM 
sample was cut across M5 to compare between different BLs from 

http://www.astesj.com/


Y. Pan et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 5, 1273-1281 (2020) 

www.astesj.com     1278 

 
Figure 11: Schematic illustration of LDT assisted bit-counting at M5 in NVM devices.
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Figure 13: STEM images (X direction across M5) of the failed bit and the 

reference bit. 

the same WL. From the results, abnormal profile at the bottom of 
the Mvia was found at the failed bit, which caused high landing 
resistance of the bit. It is worth to mention that, cutting along Y 
direction, even when the conventional methods aim at wrong WL 
by a few bits, the real target bit is usually still covered in the TEM 
sample so it can be corrected in the TEM analysis. However, in the 
X direction cut, wrong counting due to the insufficient exposing of 
the memory bits using conventional methods will result in missing 
the defect. Therefore, the LDT method offers the advantage of 
efficiently creating a bit-counting area and locating the target WLs 
in a high success rate. 

3.2. Case study on SRAM device 

In the SRAM case, a 40nm device with SRAM blocks was 
found to suffer from a 3-bits cluster failure. Through a series of 
analysis, Cu void defect in V1/V2 is suspected to result in the 
random wafer pattern, so the delayering must stop at M3 level to 
measure the V2 CD. However, without a reference, bit-counting at 
M3 is not practical, as seen from the GDS layout of SRAM devices 
(Figure 14). At M3, BLs and WLs are all not able to be properly 
identified. If we all the way polish to V2, the top portion of V2 will 
be damaged and the CD measurements will become impossible.  

 
Figure 14: Typical GDS layout of SRAM devices. 

 
Figure 15: TEM/STEM images of a failed SRAM sample preparation. Top 

portion of V2 has been damaged. 

 
Figure 16: High/low magnification TEM imaging on the failed bits.  

 
Figure 17: EDX mapping analysis on the failed bit. Defect of Cu void is 

observed, as arrowed in the Cu quant map. 

Figure 15 shows a failed SRAM sample preparation. To solve 
the problem, we used LDT to create two reference areas (one for 
counting BLs and the other one for counting WLs) near the failed 
bit (Figure 18). In the reference areas, bits at V1/M1 level are 
clearly visible for the counting of WLs and BLs, while the target 
area is still at M3. 

By counting and marking the WLs/BLs in the reference area, 
the failed bit was located and marked. TEM sample preparation 
was then performed on the marked bit. The TEM results are shown 
in Figure 16. From the high/low magnification TEM images, metal 
void was found at the bottom of V1. CD measurement on V2 was 
also taken. EDX analysis was then performed on the void area 
(Figure 17), in order to study the mechanism of the void formation. 
The EDX quant maps showed that Cu diffusion/migration 
occurred at the arrowed void area. Therefore, oxidation/corrosion 
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Figure 18: Schematic illustration of LDT assisted bit-counting at M3 in SRAM devices.

of the seed Cu layers could be the root cause of the failure. The 
high aspect ratio of the metal trench in the dual damascene process 
could introduce thinner seed Cu layer at the trench bottom. In the 
subsequent bulk Cu plating, the H+ ions in the electrolyte may 
attack the Cu seed layer as an acid etchant, since the electrons in 
the current flowing through the thinning portion were not enough 
to neutralize the excess H+ ions. This would finally induce the 
formation of the void at the bottom of either V1 or V2. 

4. Conclusion 

In this paper, an innovative LDT assisted PFA technique is 
fully exploited and discussed. Compared to the conventional 
methods that involve high-cost equipment, this new method 
employing a pulse laser system instead significantly lowers the FA 
cost (by more than 5 times) and shortens the FA cycle time (by up 
to 45%), and facilitates potential applications in other FA areas 
such as pre-EFI sample preparation, large size cross-sectional 
analysis, etc. Moreover, only basic FA skills such as using OM and 
SEM are required to manipulate this new method which is suitable 
for FA engineers from all different levels. 
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Abbreviations 

BL             Bit-Line 
CD            Critical Dimension 
EDX          Energy Dispersive X-ray 
EFI            Electrical Fault Isolation   
FA             Failure Analysis 
FIB            Focused Ion Beam 
GDS          Graphic Data System 
IC              Integrated Circuit 
LDT          Laser Deprocessing Technique 
Mvia          Memory Via 

NVM         Non-Volatile Memory  
OM            Optical Microscope 
PFA           Physical Failure Analysis 
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RIE            Reactive Ion Etching 
SEM          Scanning Electron Microscope 
SRAM       Static Random Access Memory 
STEM        Scanning Transmission Electron Microscope 
TEM          Transmission Electron Microscope 
Vx              Viax, x is layer number 
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