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Abstract

An innovative method of characterizing p/n junctions and finding
defects in SiC MOSFETs is discussed. First, a baseline technique
is considered, which involves OBIRCH analysis of shorting paths
after etching off the surface metal. The resolution, however,

is not satisfactory. Top surface EBIC and EBIRCH results are then
presented. Single-probe imaging with EBIC on gates with a

25 kV scanning electron microscope (SEM) is shown to be able
to image sub-surface depletion zones in the sample. Further
measurements by EBIRCH isolated the precise spot of the defect.

Introduction and Prior Work

Power semiconductors are valued for their properties of

high efficiency, high currents, thermal performance, and

fast device switching. "4 A leading material in automotive
applications is silicon carbide (SiC). The cross section of the
junction structure in a typical SiC device is shown in Figure 1.
Given the rich junction structure and the fact that the SiC

metal oxide semiconductor field effect transistor (MOSFET) is a
vertical transistor, there are many challenges for failure analysis.
A thorough understanding of subtle junction effects and
structure in power semiconductors will be key to line monitoring,
defect localization, and reliability analysis. Furthermore, the
high-volume production of these devices drives the need for
innovation in thorough and simple inspection techniques.

Prior work has shown that optical beam induced current (OBIRCH)
56l with a green laser” has been especially useful in isolation of
shorting defects in SiC devices. The technique involves etching

some of the surface metal from the device before probing.

Another technique that is available is electron beam induced
current (EBIC) %89 some of it involving looking through
dielectrics.'® Other work with power devices '"""3 has made
use of the Ga-FIB milling to create a wedge-shaped section,
from which depletion zones may be imaged, in situ.
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Figure 1 View of a typical SiC MOSFET device. In the junction profile, N* implants
are dark blue, regions are light blue, and the P-well is yellow.

This prior work has not only made static measurements of

the devices with floating gates, but also biased the gates,

and observed the evolution of depletion zones during device
turon. In some types of power devices, such as IGBTs, the
top-surface metal has been shown to be thin enough to provide
an EBIC measurement through the surface metal.! Figure 2
shows a comparison of this work. Both images in the figure

are 30 kV, one-probe, EBIC measurements, taken on as-received
samples, but provide very different results. A striped pattern

is very noticeable in the IGBT device, which was shown to
coincide with the pattern of depletion zones between the

P-well and well regions in the device structure. For there to be
meaningful EBIC, the beam had to penetrate the top surface
metal. (These signals will be explained in greater detail later in
this paper.) However, the SiC MOSFET pictured in the right side
of Figure 2 shows no such pattern, even at subsequent scans
taken at higher magnifications in that prior analysis."™ The surface
metal layer was too thick for electron beam penetration, even at
30 kV. The SiC sample meanwhile does not show useful signal,

in an as-received, top-surface sample.

The development of additional techniques which could either
expand the diagnostic power or reduce experimental difficulties
of these analyses would be of great interest.
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Figure 2 Prior work on EBIC measurements on power devices, taken at 30 kV, in
their as-received state. Left: IGBT sample from "% shows a pattern (orange arrow)
associated with its underlying devices. Right: a commercially available SiC MOSFET
does not yield useful data in EBIC,?% because the thickness of the surface metal
prevents beam penetration without an etching experiment.
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Figure 3 Ipss measurement on a bad chip, “Die C". The device is suffering from
early turon.

Materials and Methods

Commercially available SiC MOSFETs were examined for this
analysis. A series of experiments with EBIC was carried out on
good chips, after surface etching. Then, a series of EBIC and
EBIRCH B8 analyses were carried out on dies which had failed.
The I-V curve for an Ipss measurement on one such failing die is
shown in Figure 3.

A typical chip is pictured in Figure 4. An Ipss measurement is
performed by placing probes on source and gate in the surface
pads and drain on the backside of the sample. The devices
consist of multiple gates that run vertically in this orientation.

Figure 4 SEM view of a typical SiC MOSFET chip. The drain is on the backside.

Experimental Technique

A section of a commercially available SiC MOSET wafer was
obtained. For this preliminary study, this section of wafer
contained both good and bad chipsites. A chemical etch

was applied to the sample to remove metal from the entire
surface of the wafer. The etch stopped at the barrier level (Ti)
to ensure electrical contact for the source. This ensured
electrical connectivity for any potential OBIRCH analysis

that would follow.

Then the samples were examined by OBIRCH, EBIC, and EBIRCH.
The OBIRCH analysis was performed with a PHEMOS 1000 by
Hamamatsu equipped with Nd:YLF laser, green laser, and high
voltage module. For the EBIC measurements, the sample was
examined with a Kleindiek Nanotechnik PS8e Prober Shuttle setup
which included an EBIC amplifier, and inserted into a GeminiSEM field
emission SEM for imaging and stimulation with an electron beam.

Results

SEM examination

A SEM micrograph of the exposed gates is shown in Figure 5.
The wide gates run vertically in this field of view. A degree of
etching was chosen such that it did not fully remove all the oxide
and spacer above the gate. This feature of the analysis proved
useful in later probing work.



Figure 5 20 kV SEM view of the gates after etching and TiN deposition. The gates
take up the greater fraction of the area of the device, and the emitter regions would
essentially lie sunken between them.

EBIC on good areas

EBIC work was then undertaken on the sample. Given that
earlier cross-sectional work had provided excellent results by
means of contacting the emitter pad, which makes up most of
the top surface of the chip, it was initially assumed that this
top-down experiment could start at the same location. However,
it was determined that not only was it difficult for the probe to
reach this area down between the gates, but also the EBIC signal
was blocked by the remaining metal.

In the aftermath of the above, probes were placed on the
gates. Figure 6 provides some of these results, first comparing
an Inlens image on the left with an EBIC image on the right.
Beam landing energies as high as 25-30 keV were required

to generate signal. There are different patterns of EBIC signal
seen in the results, depending on how much of the origina
gate dielectric was removed by the acid etch.

Figure 6 Views at 10 kV (Inlens) and 25 kV (EBIC) of the sample. Some texturing of
EBIC signal may be seen in close inspection.

Figure 7 Discussion of different areas in the sample in an EBIC image. Red: gap
between gates. Orange: Region of gates with surface metal still on surface. The true
EBIC signal is largely blocked, and the currents seen here are secondary electron
emission onto the probe tip. Blue: Region with surface metal removed. The contrasts
are true EBIC analysis of the depletion zones in SiC under the gate.

Here, the spotty pattern of the removed and noremoved dielectric
above the gates proved useful in obtaining hints on

how to optimize the technique. It turned out that landing the
probe on regions where the dielectric was removed did not
produce useful EBIC results.

Further consideration of these results is shown in Figure 7.

The red arrow highlights the emitter region of the sample which
provides no EBIC signal due to factors previously discussed.

The orange arrow points to the dielectric-covered areas of the
gate. The signal is only partially blocked here. The blue arrow,
meanwhile, points to a region of richly textured EBIC data.

In the experimentation to develop this technique, it was noted
that better results were obtained with a probe tip on the
dielectric-covered surfaces than on the exposed areas.

This result may seem counterintuitive.

To fully explain the meaning of these patterns, Figure 8
provides a high-magnification comparison of these top-down
results to cross-sectional results on different. All of the images
are presented at the same x-scale and lined up to the same
features in the device. The top image is a plan view of a gate,
and the second one is a cross section imaged in the SEM.

The third and fourth images are of previously-reported ['®
cross-sectional EBIC data, measured during an experiment
where the gates were biased at different biases.



As such, different depletion zones are visible at different

gate voltages. These outline the N* emitter, P-well, and N-drift
regions of the sample. These EBIC shapes exist as a sort of
“black smile” that spans two gates. Meanwhile, the last image
in Figure 8 contains the new EBIC measurements collected in
this work. The most noticeable feature in the result comes from
the emitter area, which as stated previously, blocked the SEM
beam and/or conduction path back to the probe. Now it is
easier to understand that the "white” features we are seeing
are disconnected parts of the “smile” associated with a single
P-well / drift diffusion zone between the gates. There is
evidence of seeing the N*/P-well diffusion zone as well.

The data in this bottom row of Figure 8 also show some texturing
to the data. Given that this is a verified-good chip, these results
give testament to the ability of the EBIC measurement to see fine
details related to the operation, health, and completeness of p/n
junctions in a large field of view with a single probe drop. The
experiment was destructive, but with the investment of a quick
etch, the junction structure in the entire chip is now available for
investigation by simple, one-probe nanoprobing measurement.

Top-down SEM
post-etch

X-section SEM
PVC

X-section EBIC
Vg=0
(prior work)

X-section EBIC
Vg=3
(prior work)

Top-down EBIC
(this report)

Figure 8 Comparison of EBIC results on the similar devices from two different
studies displayed at identical scale and alignment in x. Top row: SEM image
taken top-down. Second row: cross-sectional image, which highlights the implant
zones. Next two rows. EBIC taken in cross section at two different gate voltages
from 5. From these results, the depletion zones between both the N*/P-well,

and P-well/well are seen. Bottom row: EBIC taken top down, from this study.

Is this experimental technique still lacking in demonstrated

utility without the demonstration of capturing of a real defect?
One might ask, where are the controls? The answer is that the
experiment has highlighted p/n junctions of different orientations,
seen in the precise locations, and with the shapes as expected
from the known device structure.

Cross sections of OBIRCH spots

With the OBIRCH technique we have tested several shorted
devices, and their isolated spots were cross sectioned with Ga-FIB.
One such analysis is shown in Figure 9. A zone of missing P-well
implant is seen. It was observed that some laser damage occurred
on one of the chips. The improved resolution and possibility for
sample damage by extensive scanning with the laser beam, are
motivations for consideration of electrobeam-based techniques.

EBIRCH and OBIRCH on shorts

Next, a careful comparison of OBIRCH and EBIRCH analyses

was undertaken. First, a shorting chip was analyzed by OBIRCH.
The OBIRCH results are shown in Figure 10. Three samples were
analyzed in this way. The typical size of an OBIRCH spot was 7 um
in diameter, which spans the width of one and a half devices.

Figure 9 OBIRCH and cross-sectional results on a shorted sample. An implant
problem is seen (orange arrow) in the cross section.

Next, EBIRCH isolation was undertaken at 10 kV SEM beam
while 1V of bias was applied across the device on the same
defect as used in Figure 10. These results are shown in Figure 11.
The EBIRCH signal higlights a particle in the gate which is visible
in SEM. This foreign material could have easily caused the
underlying implantation problem.

There is also a component to the EBIRCH signal that is associated
with an emitter line, indicating a path from emitter to gate at
precisely this point. The EBIRCH signal provides electrical proof
that is directly associated with the shorting path of the defect.
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Figure 10 Greelaser OBIRCH results from a localization of the short on the chip. A
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single spot is found. Right image: a FIB mark (dark square) was used to mark the
general location of the spot.

EBIRCH @ 10 kV

Figure 11 EBIRCH results on a bad chip. Left: corresponding SEM image.
Right: EBIRCH isolation with 10 kV incident SEM beam. The textured region at the
bottom of the images is due to the FIB marking.

In Figure 12 one can see that three different techniques, OBIRCH,
EBIC, and EBIRCH, were all capable of localizing the defect, albeit
with different results. OBIRCH provided a quick analysis with low
resolution. EBIC/EBAC identified a failing spot and nearby areas
affected by the same signal. EBIRCH, meanwhile, was able to
identify the exact defect during the analysis, which cannot be
done with the OBIRCH analysis.

Figure 12 Comparison from all the techniques at equivalent magnification.

Conclusions

This work has demonstrated several advances in the
characterization of SiC MOSFETs. First, a novel method for
characterization of p/n junction by EBIC was demonstrated.
With only an acid etch, otherwise leaving the sample surface
intact, EBIC images of sub-surface depletion zones were obtained
with great resolution across vast areas of the surface with one
probe. The resulting EBIC analysis provides a richly detailed view
of the depletion zones in the sample and provides value even
beyond the detection of gross defects in a chip. This technique
could be used for further evaluation of device turon, from
top-down, like the cross-sectional work shown previously.!!

Secondly, the utility of EBIRCH to find precise localization spots
has complemented the established utility of OBIRCH with greater
resolution and simultaneous SEM examination.
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