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Abstract

The time-dependent dielectric breakdown (TDDB) in on-chip interconnect stacks is one of the most critical failure mechanisms for microelectronic
devices. The aggressive scaling of feature sizes, both on devices and interconnects, leads to serious challenges to ensure the required product
reliability. Standard reliability tests and post-mortem failure analysis provide only limited information about the physics of failure mechanisms and
degradation kinetics. Therefore it is necessary to develop new experimental approaches and procedures to study the TDDB failure mechanisms
and degradation kinetics in particular. In this paper, an in situ experimental methodology in the transmission electron microscope (TEM) is
demonstrated to investigate the TDDB degradation and failure mechanisms in Cu/ULK interconnect stacks. High quality imaging and chemical
analysis are used to study the kinetic process. The in situ electrical test is integrated into the TEM to provide an elevated electrical field to the
dielectrics. Electron tomography is utilized to characterize the directed Cu diffusion in the insulating dielectrics. This experimental procedure
opens a possibility to study the failure mechanism in interconnect stacks of microelectronic products, and it could also be extended to other
structures in active devices.

Video Link

The video component of this article can be found at http://www.jove.com/video/52447/

Introduction

Since Cu interconnects were firstly introduced into the ultra-large-scale integration (ULSI) technology in 1997 1, low-k and ultra-low-k (ULK)
dielectrics have been adopted into the back-end-of-line (BEoL) as the insulating materials between on-chip interconnects. The combination of
new materials, e.g., Cu for reduced resistance and low-k/ULK dielectrics for lower capacitance, overcomes the effects of increased resistance-
capacitance (RC) delay caused by interconnect dimensional shrinkage 2, 3. However, this benefit was encroached by the continuing aggressive
scaling of microelectronic devices in recent years. The use of low-k/ULK materials results in various challenges in the manufacturing process and
for the product reliability, particularly if the interconnect pitch reaches about 100 nm or less 4-6.

TDDB refers to the physical failure mechanism of a dielectric material as a function of time under an electric field. The TDDB reliability test is
usually carried out under accelerated conditions (elevated electrical field and/or elevated temperature).

The TDDB in on-chip interconnect stacks is one of the most critical failure mechanisms for the microelectronic devices, which has already raised
intense concerns in the reliability community. It will continue to be in the spotlight of reliability engineers since ULK dielectrics with even weaker
electrical and mechanical properties are being integrated into the devices in advanced technology nodes.

Dedicated experiments have been performed to investigate the TDDB failure mechanism 7-9, and a significant amount of effort has been
invested to develop models which describe the relationship between electric field and lifetime of the devices 10-13. The existing studies benefit
the community of reliability engineers in microelectronics; however, many challenges still exist and many questions still need to be answered in
detail. For example, proven models to describe the physical failure mechanism and degradation kinetics in the TDDB process and the respective
experimental verification are still lacking. As a particular need, a more appropriate model is needed to substitute the conservative √E-model 14.
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As a very important part of the TDDB investigation, typical failure analysis is facing an unprecedented challenge, i.e., providing comprehensive
and hard evidence to explain the physics of failure mechanisms and degradation kinetics. Apparently, inspecting millions of vias and meters of
nanoscale Cu lines one by one and ex situ imaging the failure site is not the appropriate choice to hurdle this challenge, because it is very time
consuming, and only limited information about the kinetics of the damage mechanism can be provided. Therefore, an urgent task has emerged to
develop and to optimize experiments and to get a better procedure to study the TDDB failure mechanisms and degradation kinetics.

In this paper, we will demonstrate an in situ experimental methodology to investigate the TDDB failure mechanism in Cu/ULK interconnect
stacks. A TEM with the ability of high quality imaging and chemical analysis is used to study the kinetic process at dedicated test structures.
The in situ electrical test is integrated into the TEM experiment to provide an elevated electrical field to the dielectrics. A customized “tip-to-tip”
structure, consisting of fully encapsulated Cu interconnects and insulated by a ULK material, is designed in the 32 nm CMOS technology node.
The experimental procedure described here can also be extended to other structures in active devices.

Protocol

1. Preparing the Sample for the Focused Ion Beam (FIB) Thinning (Figure 1)

1. Cleave the full wafer into small chips (~ 10 mm by 10 mm) with a diamond scribe.
2. Mark the positions of the “tip-to-tip” structure on the chips.
3. Saw the chip with a dicing machine to obtain bars of 60 µm by 2 mm size. The bar includes the “tip-to-tip” structure in the center.
4. Glue the target bar on a Cu half ring using the super glue. Next, glue the bar on a Cu sample stage also using the super glue. Then, use

silver paste to set the conduction between the half ring and the copper sample stage.
 

Note: When handling the sample, make sure to always wear an antistatic wrist strap to prevent electrostatic discharges, which may damage
the sensitive structure in the sample.

2. FIB Thinning in the Scanning Electron Microscope (Figure 2)

1. Put the sample obtained in step 1 on an SEM sample stage and place the stage carefully into the SEM.
2. Chose the deposition mode, and set up the dimensions (area and thickness) of the needed Pt protection layer. Always use a 30 kV ion beam

to maintain the highest precision. Tune the current to get the satisfied efficiency, dependent on the dimensions of the needed Pt layer.
1. Deposit a Pt line to contact one pad to the Cu stage (ground potential). Subsequently, deposit a thick Pt layer on top of the “tip-to-tip”

structure, which is very important to minimize the ion damage during the FIB thinning process and to reinforce the thin lamella. This is a
standard procedure used in FIB preparation.

2. Take caution not to introduce any conductive paths between the two pads on top of the “tip-to-tip” structure through the Pt layer when
performing the Pt deposition. Any conductive path will short the electrical circuit (Figure 2A and B).

3. FIB milling
1. Use a voltage of 30 kV and current of 10 pA for the final cut. Thin the target bar into an H-bar TEM lamella with a thickness between

150 and 180 nm.
2. Cut a notch close to the pad (V+ pad) which will be touched by a transducer tip in the TEM. Use the notch as a marker to identify the

correct pad in the TEM.

3. Sample Transfer from the SEM to the TEM

1. Put on the antistatic wrist strap before touching the sample.
2. Dismount the prepared H-bar sample from the SEM stage. Keep the sample on the Cu stage when removing it from the SEM.
3. Fix the Cu stage onto the TEM holder. Move the transducer tip of the TEM holder close to the test structure (a few hundreds of micrometers

away from the test structure) under the optical microscope.
1. Insert the TEM holder into the TEM carefully. Do not utilize any cleaning treatment (e.g., plasma cleaning) during the transfer process,

otherwise the lamella may be influenced.

4. Keep the time for the sample transfer within 15 min or shorter to avoid too much exposure to ambient moisture and oxygen.

4. Establishing the Electrical Connection (Figure 3)

1. Connect the TEM holder to its control system and the SourceMeter. Then switch on the control system and the SourceMeter.
2. Monitor the transducer tip in the TEM when doing the coarse approach of the transducer tip to the test structure by tuning the knobs on the

TEM holder.
1. Move the transducer tip of the TEM holder close to the V+ pad (≤ 500 nm). Bring the transducer tip to the same level (Z: height) as the

pad. Tune the position of the tip and make the tip face the center of the V+ pad.

3. Contact the transducer tip to the V+ pad. Set a very low voltage on the tip (0.5 V to about 1 V) while approaching the pad. Monitor the current
simultaneously to make sure the contact is established.
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5. In Situ TDDB Experiment

1. Use an accelerated voltage of 200 kV in the TEM. Move the electron beam to the area of interest; choose a proper magnification and focus
the image.

2. Use low illumination steps (≤ 8) to reduce the beam damage on the test structure. Use a condenser aperture to localize the illumination area
only within the thin part of the H-bar sample.

3. Apply a constant voltage (≤ 40 V) on the “tip-to-tip” structure using the SourceMeter while recording the TEM images in situ (2-3 frames/sec).
Record the images automatically by using a self-scripted code, e.g., using the DigitalMicrograph software.

4. Pause the experiment when seeing an apparent diffusion of metal into the ULK dielectrics and do the Electron Spectroscopic Imaging (ESI)
chemical analysis.

1. Insert the filter slit aperture into the Omega energy filter in the TEM.
2. Tune the width of the filter silt aperture to get a proper energy width (10–20 eV) in the electron energy loss spectrum (EELS).
3. Shift the energy to the copper M-edge adsorption peak in the EELS.
4. Go back to the imaging mode to acquire an energy filtered TEM image at the Cu M-edge absorption peak.
5. Shift the energy to the pre-edge of the copper M-edge and get another energy filtered TEM image.
6. Correct the drift of the sample between the two images.
7. Divide the first image by the second one to get the jump ratio image of Cu.

5. Continue the TDDB experiment: reapply a constant voltage (≤ 40 V) on the “tip-to-tip” structure using the SourceMeter and record the TEM
images.

6. Computed Tomography

1. Perform TEM computed tomography when the TDDB experiment is finished, to get 3D distribution information about the diffused particles.
2. Tilt the sample and record a tilt series of 138°. Use a tilt step of 1°, and record the image during every step in the bright field (BF) STEM

mode.
3. Reconstruct the series (includes aligning images, determining tilt axis, reconstructing volume and segmentation to form the 3D tomographic

volume).

Representative Results

Figure 4 shows bright field (BF) TEM images from an in situ test. There are partially breached TaN/Ta barriers and pre-existing Cu atoms in the
ULK dielectrics before the electrical test (Figure 4A) due to extended storage in ambient. After only 376 sec at 40 V, the dielectric breakdown
started and was accompanied with two major migration pathways of copper from the M1 metal, having a positive potential with reference to the
ground side 15-16. The diffused Cu particles in the ULK dielectrics are shown in the BF TEM image after the final breakdown (Figure 4B).

In a flawless sample, i.e., fast transfer between FIB preparation and TEM imaging (Figure 5A), the “tip-to-tip” structure is intact without any
damage in the TaN/Ta barrier. The same voltage (40 V) was applied to this sample. This sample survived for more than 50 min until the
breakdown occurred because of the intact TaN/Ta barrier. The TEM image after breakdown is shown in Figure 5B. Apparently, metal atoms
migrated into the SiO2 from the bottom corner of the M1 metal, having a positive potential indicated by a red arrow 17. The ESI chemical analysis
(Figure 5C) proves that there is a migration path of Cu at the fracture interface between the SiCN layer and the ULK dielectrics, which could not
be detected from the contrast of the BF TEM image in Figure 5B. The combination of the ESI chemical analysis and in situ TDDB experiment in
the TEM enables an investigation of the TDDB failure mechanism and degradation kinetics 15-16 in a more direct and comprehensive way.

Tomography is a choice to characterize the 3D distribution of Cu particles which diffused out from the positive side of the “tip-to-tip” structure.
Figure 6B depicts a slice of a 3D-rendering of the sample acquired by computed tomography in the TEM. The yellow particles represent the
migrated Cu particles in the SiO2.
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Figure 1. Schematic images of the experiment before the sample is put into the scanning electron microscope (SEM). (A) A full wafer.
(B) A chip from the full wafer. (C) A target bar with a “tip-to-tip” structure on a Cu half ring which is glued on a sample stage. Please click here to
view a larger version of this figure.

 

Figure 2. An H-bar sample fabricated by the focused ion beam (FIB) technique in the SEM and a schematic image of the “tip-to-tip”
structure. (A) and (B) in the SEM. (C) The schematics of a “tip-to-tip” structure. Please click here to view a larger version of this figure.
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Figure 3. Experimental setup in the transmission electron microscope (TEM). (A) Schematic image of the contact approaching process. (B)
STEM image of the setup before the in situ TDDB experiment. Please click here to view a larger version of this figure.

 

Figure 4. Representative TEM images for a “tip-to-tip” structure with diffused Cu into the ULK dielectrics before the in situ experiment.
(A) Before the electrical test. (B) After the electrical test. Please click here to view a larger version of this figure.

http://www.jove.com
http://www.jove.com
http://www.jove.com
https://www.jove.com/files/ftp_upload/52447/52447fig3large.jpg
https://www.jove.com/files/ftp_upload/52447/52447fig4large.jpg


Journal of Visualized Experiments www.jove.com

Copyright © 2015  Journal of Visualized Experiments June 2015 |  100  | e52447 | Page 6 of 8

 

Figure 5. Representative TEM images for a flawless “tip-to-tip” structure. (A) Bright field (BF) TEM image before the electrical test. (B)
BF TEM image after the electrical test. (C) Electron spectroscopic image of the Cu distribution. Please click here to view a larger version of this
figure.

 

Figure 6. STEM image and 3D-rendering of a “tip-to-tip” structure after the electrical test. (A) STEM image. (B) 3D-rendering of the
sample acquired by computed tomography in the TEM (Blue: “Tip-to-tip” structure, Yellow: Cu particles, Green: Transistor structure beneath).

Discussion

The prerequisite of success in the TDDB experiment is good sample preparation, especially in the FIB milling process in the SEM. Firstly, a thick
Pt layer on top of the “tip-to-tip” structure has to be deposited. The thickness and the size of the Pt layer can be adjusted by the SEM operator,
but have to follow three principles: (1) The thickness and the size are enough to protect the target area from possible ion beam damage during
the whole milling process; (2) There is still a relatively thick Pt layer (≥ 400 nm) on top of the sample left after the milling, it protects the delicate
sample from internal and external stresses and minimizes the contribution of stress to the dielectric breakdown in the next TDDB experiment;
(3) The size should not be too big, otherwise a conductive path may form between the two pads which are used to apply the voltage to the
test structure. Furthermore, the key step is when to stop the ion beam of the final cut. The ion milling must be interrupted immediately once a
specifically designed Cu “dummy” interconnect structure in front of the test structure disappears, because the central Cu interconnects consist
of the “tip-to-tip” structure and there is only ~ 60 nm space between them. It will be too late if the “tip-to-tip” structure appears in the live SEM
image. The thickness of the H-bar TEM lamella is targeted to be about 150 to 180 nm. This thickness allows electron transparency in the TEM
at 200 kV acceleration voltage and also keeps a relatively thick dielectric on the sides which encapsulate the “tip-to-tip” structure. On the other
hand, the sample thicknesses of 150–180 nm will cause significant multiple inelastic scattering during the ESI chemical analysis, therefore these
effects need to be considered into the result analysis as well.

When handling or transferring the sample, wear an antistatic wrist strap. This is very important, since electrostatic discharge damage on several
samples was observed in our experiment if the antistatic wrist strap was not worn. The most crucial transfer step is the transfer from the SEM
to the TEM. The transfer time has to be strictly restricted within 15 min or less. A long time exposure of the sample in ambient air may absorb
moisture and damage the “tip-to-tip” structure, an example is shown in Figure 4A. This sample was stored in ambient air for two weeks before
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the test. The breached TaN/Ta barrier influences the intrinsic failure mechanism and shortens the lifetime of the test structure. Massive Cu
diffusion is then enabled.

One concern for the in situ TDDB study in the TEM is the beam damage on the ULK dielectrics. Therefore, it is very crucial to minimize the
influence of the beam on the experiment 18. Several strategies can be chosen to reduce this influence, but it cannot be eliminated completely.
The options could be categorized into three approaches. One possibility is using a small condenser aperture to reduce the total amount of
energy deposited in the H-bar type sample 18. The other option is operating the TEM at low voltage (≤ 80 kV) 19-21 and/or low electron dose 22-25.
This option is expected to directly reduce the beam damage on the sample. Furthermore, the scanning TEM (STEM) mode can be a low-dose
microscopy technique as well, if the experimental parameters are chosen correctly. Thus, the STEM mode should be prioritized if it is a possible
option in the TEM used. Choosing low illumination brightness and recording the TEM images with a chosen, reasonable interval time (low dose)
are also recommended 18 to result in further reduced beam damage.

Apart from the intrinsic TDDB, the TEM sample preparation and the TEM observation could theoretically affect the final breakdown.
Nevertheless, the TDDB damage mechanism observed is believed to be valid because: (1) with much less TEM beam irradiation (low-dose
STEM imaging, low illumination step and recording images every 30 min/1 h), the test sample showed similar failure mechanisms as in our
previous TEM observation (recording images continuously, relatively high-dose TEM mode) 16-18; (2) the electrical field was confirmed as the
driving force and the origin of the migration of metal particles 17 (Figure 5B and 6A) by reversing the electrical connection; (3) migration of metal
particles and dielectric breakdown were both observed at specific locations where the tip-to-tip spacing is relatively small and the Ta/TaN barrier
is relatively thin, not everywhere inside the illumination area of the TEM beam; (4) a thick layer of Pt deposition on top of the sample prevents
most of the contamination from the vertical implantation of Ga ions — the test structure is believed to be mainly contamination free even if there
is a slight amount of contamination on the surface of the side walls (about 60 nm) from the lateral damage of the Ga ions. Therefore, the sample
preparation and the TEM observation should not affect the interpretation of the intrinsic failure mechanism to a significant amount.

The need of sophisticated procedures for sample preparation and the experimental setup is probably the main disadvantage. This methodology
is only applicable for the specifically designed test structure. Therefore, the design and the complicated fabrication process for the dedicated test
structure lead to quite more efforts when compared to conventional testing methodologies. Finally, it is worth pointing out that the modification of
the sample by beam irradiation in the TEM is inevitable if the electron beam illuminates the delicate sample for a very long time. Nevertheless,
we believe that this methodology can enable the study of TDDB failure mechanisms and degradation kinetics.

Further development on the experiment may be able to provide quantitative data for the Cu migration in the dielectrics as a function of applied
voltage and/or time and help to develop a more appropriate model for the Cu/ULK on-chip interconnect stacks. In our study, the ESI signal of a
Cu bridge at the bottom of the SiCN layer as shown in Figure 5C clearly points to the fact that Cu most likely diffused along the main dielectric/
SiCN interface. This top surface of the main dielectric is affected by the planarization process and is expected to have the highest amount of
imperfections/defects, then leading to a relatively weak interface with the SiCN layer. Diffusional processes, enabling significant Cu movement,
should occur there. The electronic conduction mechanism, preceding the Cu diffusion and leading to dielectric damage, should follow Poole-
Frenkel behavior, therefore favoring the √E-model. A deviation from this model cannot be deduced with the here proposed experimental method
yet due to the large biases needed to enable reasonable testing times. It should be noted though that lowering the applied voltages and resulting
electrical fields should be one of the future tasks in refining the here described experimental methodology. Actual chip operating biases are
on the order of 1 to 3 V. The here applied voltages are quite higher, therefore other effects may play a more dominant role at the elevated
voltages. To this end, new test structures were designed which have a significantly reduced spacing on the order of 20 to 50 nm. Then, smaller
voltages can be applied and experimental data can still be acquired in a reasonable amount of time. The movement of Cu, possibly eliminated
at low biases due to the existence of a threshold for dielectric damage to occur, could then be characterized as a function of applied bias and
time. These efforts will be part of a forthcoming study and could prove or disprove the impact damage model, which from a physical damage
mechanism perspective is currently the most likely model to describe TDDB effects at low biases 10.

Transmission X-Ray Microscopy (TXM) could be adopted for this experiment as well if the spatial resolution could be improved to much less
than 10 nm. More importantly, better transmission ability and lower radiation dose than in the TEM may boost its application on other active
microelectronic devices.
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