INTRODUCTION

Scanning probe microscopy (SPM) refers to a suite of tech-
niques that measure the interaction between a fine probe or
tip (diameters from < nm to pm) and sample at a small
probe-sample separation (from contact to um distances).
These measurements of interactions allow the study of
properties such as topology, magnetic field, electrical field,
capacitance, temperature, work function, and friction. This
information obtained from SPM can be useful in supporting
IC failure analysis, as we will describe in this article.

Scanning tunneling microscopy (STM) [1] was the first SPM
technique and was invented in the early 1980s. STM meas-
ures the tunneling current between the tip and the sample
surface at a tip-sample separation of several angstroms. The
usefulness of STM is limited particularly for analyzing
microelectronics since both tips and samples need to be
conductive and a high vacuum environment is normally
required. In 1985, scanning force microscopy (SFM) [2],
commonly known as atomic force microscopy (AFM), was
developed. An important advantage of SFM over STM is
that tips and samples need not to be conductive. SFM can
also operate in ambient environments with no vacuum re-
quirement. SFM measures the local forces or force gradients
between the tip and the sample. These local forces include
contact force, frictional force, van der Waals force, magnetic
and electrostatic forces. SFM uses a tip that is attached to a
flexible cantilever. The local force or force gradient is
detected by measuring the deflection of the cantilever. To
date, SFM is the most widely used SPM technique.

Recently, other SPM techniques such as scanning thermal
microscopy (SThM) [3], scanning capacitance microscopy
(SCM) [4] and tunneling AFM [5] have been developed.
This class of SPM techniques combines contact-mode AFM
with a second measurement technique (e.g. a thermocouple
attached to the tip) to obtain information such as semicon-
ductor doping, temperature, or Fowler-Nordheim tunneling
current distributions.

SPM AS A FAILURE ANALYSIS TOOL: STRENGTHS AND
LIMITATIONS

The use of SPM has not become widespread in the failure
analysis community mainly due to its limited scan range,
nominally 100 x 100 um maximum. With this limited range,
it would take weeks and perhaps months to completely
examine a whole die. In essence, SPM is not useful for
defect localization. SPM is also not useful as a backside
analysis tool. From the backside, the SPM probe is at least
30-50 um from the active area. Since all SPM interactions
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drop off significantly as the tip-sample separation increases,
signals from the active areas are extremely weak and not
observable. Another disadvantage of SPM is that its probe
assembly must be custom-designed to fit into packaged ICs.
Data interpretation may be difficult in SPM, particularly if
the signals come from different levels of metals in an IC.

SPM, however, offers excellent spatial resolution, nominally
in nanometer range. This unparalleled spatial resolution may
offer a distinct advantage over other techniques for resolving
sub-micron features. In addition, some SPM techniques have
high detection sensitivity. For example, scanning kelvin
probe microscopy can detect mV potential variations [6] and
magnetic force microscopy (MFM) can detect AC current in
the pA range [7].

This article focuses only on SFM techniques. We will high-
light several areas where SFM may be used for failure analy-
sis of ICs. We will also show examples with unique and
interesting SPM information.

TOPOLOGY

Typically, SFM is used to obtain topology images on ICs.
There are three modes for topology imaging: contact, inter-
mittent-contact (tapping) or non-contact. Tapping-mode
imaging yields an image with the best spatial resolution and
minimal damage to both tips and samples. All the topology
images in this article were obtained using the tapping mode.
Fig. 1 shows the top and surface views of the memory areas
of a CMOS SRAM. The image was acquired in about ten
minutes. SFM topology images provide 3-D information
(length, width and height), in contrast to optical and SEM
images where only 2-D information (length and width) is
obtained. The height information can be used to calculate
surface roughness.

Recently, we have used SFM to analyze the effect of focused
ion beam (FIB) exposures on ICs. Fig. 2a shows a top view
of a planarized n-channel transistor that was given an initial
low-dose FIB exposure (0.1 nC/um? without charge neu-
tralization. The image shows areas that resemble small
“bumps” in the passivation layer with the height of 5 -10 nm.
These “bumps” were not seen with either optical inspection
or SEM imaging. The same n-channel transistor received an
additional 0.5 nC/um’® dose. The additional FIB exposure
converted some of the “bumps” into the “pits” (Fig. 2b).
These “pits” may be the result of an ESD discharge during
the FIB exposure. Subsequent electrical measurements
confirmed that the transistor had indeed been damaged and
there were gate oxide shorts in this transistor. The SFM
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results suggest that the “bumps” may be the precursors of
the “pits”.
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Fig. 1 : Top view (left) and surface view (right) of mem-
ory areas in a CMOS SRAM
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Fig. 2 : Topology images of a planarized n-channel tran-
sistor after exposed to (a) an initial light-dose and (b) a
subsequent higher-dose of FIB irradiation .

SURFACE POTENTIAL MEASUREMENT USING SCANNING
KELVIN PROBE MICROSCOPY (SKPM)

Scanning kelvin probe microscopy (SKPM) is an offshoot
of electrostatic force microscopy (EFM). EFM is a subset
of SFM that measures the electrostatic force between tips
and samples. Both EFM and SKPM require tips to be
conductive. SKPM is performed in non-contact mode with
the tip positioned tens to hundreds of nanometers above
the sample surface. An AC voltage at the resonant fre-
quency (®) of the cantilever is first applied to either the tip
or the sample. A DC nulling voltage is then applied to the
tip so that the ® component of the electric force between
the tip and the sample vanishes. When this happens, the
vibration amplitude of the cantilever at @ frequency is
zero and the nulling voltage equals the surface potential.

Variations of surface potential have several sources such
as changes in work function or accumulation of charge on
the surface. Changes in work function result from several
factors such as changes in dopant concentration or materi-
als on the surface. Surface adsorbates and contaminants
can also alter the work function. We have recently used
this technique to look for residual surface charging after
FIB exposure (without charge neutralization) on an n-
channel transistor (the same transistor described in previ-
ous section). Fig. 3a shows slight or no variation in sur-
face potential over the FIB-irradiated area after the initial
low-dose exposure. Some residual charge was observed
after the subsequent higher-dose exposure (Fig. 3b). The
most dominant area is indicated by an arrow in Fig. 3b that

happened to be where one of the “bumps” was located (Fig
2). Three more arcas with smaller residual charge were
observed and these areas coincided with the “pit” locations
in Fig. 2b. The existence of large residual charge on one
of the “bumps” suggests that there is a charge build up on
the “bump” prior to an ESD event.
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Fig. 3: Corresponding potential images of the planarized n-
channel transistor shown in Fig. 2.

CURRENT MAPPING USING MAGNETIC FORCE MI-
CROSCOPY (MFM)

Magnetic force microscopy (MFM) is an SFM technique that
measures the magnetic force or force gradient between tips
and samples. A current through a conductor in an IC pro-
duces magnetic fields that are concentric with the conductor.
A magnetized tip can detect these magnetic fields. Most
commercial magnetic tips are made by coating silicon tips
with thin magnetic films such as cobalt, cobalt-chromium
alloy or nickel-iron alloy. The magnetic force acting on the
tip is the product of the magnetic field gradient generated by
the conductor and the magnetic dipole moment of the tip.

MFM is performed in non-contact mode where the tip is
positioned tens to hundreds of nanometers above the sample
and the cantilever is vibrated at its resonant frequency.
Magnetic forces/force gradients acting on the tip change the
resonant characteristics (such as amplitude, frequency or
phase) of the cantilever. Measuring changes in these char-
acteristics permits detection of the magnetic fields generated
by current in the conductors.

Imaging current paths is useful for analysis of failures whose
only signature is anomalous high current. High-current
defects are routinely detected indirectly using techniques
such as liquid crystal and fluorescent microthermal imaging
(FMI). MFM, however, combines excellent spatial resolu-
tion (50-100 nm) and detection sensitivity (HA for AC
current) for direct detection of high-current paths.

Figs. 4a and 4b show the topology and MFM images of an
electromigration test structure that was biased with a current
of 50 mA at 1.3 V. The arrows indicate the direction of the
current. The bright/dark contrast in the MFM image is due to
the changing magnetic fields felt by the magnetic tip as it
scans across the conductor. Fig. 4b shows that the MFM
contrast changes from bright-to-dark to dark-to-bright as the
current reverses direction.

Figs. 5a and 5b show the optical and MFM images of an IC
with a metal-1 to metal-2 short. This short was created by
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Fig. 4: (a) Topology and (b) MFM images of a electromi-
gration test structure. The arrows show current paths
through the test structure.

using a laser to fuse a metal-2 signal conductor to a metal-
1Vpp power bus. The IC had an Ippg of 10 mA at 33 V
(Ippg was < 50 pA before the short was created). Fig. 5b
shows that the current path has the shape of a backward “L”.
The current path turned 90 degrees at point A even though
SEM voltage contrast showed that conductors BC and AD
were at the same potential. This example demonstrates that
the actual current path can be determined from possible
multiple paths using MFM current contrast imaging.

Fig. 5: (a) Optical and (b) MFM images showing the current
paths resulting from a metal-1 to metal-2 short on an IC.

TwO-DIMENSIONAL DOPANT PROFILING USING
SCANNING CAPACITANCE MICROSCOPY (SCM)

Scanning capacitance microscopy (SCM) measures the
capacitance variation between conductive tips and samples
using a resonant capacitance circuit. SCM is done in con-
tact-mode SFM where both topology and capacitance are
measured simultaneously (see the Introduction section).
The capacitance variation is generated by applying by an
AC voltage (nominally several volts peak to peak in kilo-
hertz range) between the tip and the sample. This AC
electric field alternately attracts and repels the free carriers
in the semiconductor beneath the tip assuming there is a
thin insulating layer (e.g. native oxide) between the tip and
the sample. The movement of the carriers can be modeled
by an equivalent capacitor plate movement. The dopant
concentration is inversely proportional to the measured
dC/dV, where dC /dV is the change in capacitance per unit
change in the applied voltage. The sign of dC/dV indicates
the dopant type such that n-type dopants have a positive
dC/dV and p-type dopants have a negative dC/dV.

The main application of SCM is to provide a two-
dimensional dopant profiling, particularly 2-D cross-
sectional profiling. Cross-sectional profiling (Fig. 6) pro-

vides information such as the depth profiles of the dopants.
This technique can qualitatively identify anomalous distri-
butions of dopants. It can also be used semi-quantitatively
by calibrating the capacitance signals with those from
other techniques such as secondary ion mass spectroscopy
(SIMS) and spreading resistance profiling (SRP).

Fig. 6: Capacitance image of a cross section of a 0.5 um,
n-channel transistor. The contrast in the image is such that
bright areas are areas of lower dopant concentration.

CONCLUSION

SPM techniques are not suitable as global defect-
localization tools. They can, however, pinpoint the exact
location of the defects once the approximate locations of
the defects have been identified by other failure analysis
techniques. SPM techniques also provide information
such as 3-D topology, current, surface potential, and 2-D
dopant profile that may not readily obtainable with other
techniques. This information, coupled with the unparal-
leled spatial resolution and high detection sensitivity can
be used by failure analysts for root cause analysis.
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