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Two-dimensional scanning capacitance microscopy measurements
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Scanning probe technology, with its inherent two-dimensionality, offers unique capabilities for the
measurement of electrical properties on a nanoscale. We have developed a setup which uses
scanning capacitance microscopy (SCM) to obtain electrical information of cross-sectioned samples
while simultaneously acquiring conventional topographical atomic force microscopy (AFM) data. In
an extension of our work on very large scale integration cross sections, we have now obtained
one-dimensional and two-dimensional SCM data of cross sections of blanket-implanted, annealed Si
wafers as well as special test structures on Si. We find excellent agreement of total implant depth
obtained from SCM signals of these cross-sectioned samples with conventional secondary ion mass
spectrometry (SIMS) profiles of the same samples. Although no modeling for a direct correlation
between signal output and absolute concentration has yet been attempted, we have inferred
quantitative dopant concentrations from correlation to SIMS depth profiles obtained on the same
sample. By these means of indirect modeling, we have found that our SCM technique is sensitive
to carrier density concentrations varying over several orders of magnitude, i.e., <1X1015to 1X1020
atoms/cm3, with a lateral resolution of 20-150 nm, depending on tip and dopant level. © 1996
American Vacuum Society.

. INTRODUCTION inherent two-dimensionality. Derivatives of both the princi-
pal scanning probe techniques, i.e., scanning tunneling mi-
croscopy (STM) and atomic force microscopy (AFM), have
been applied. STM measurements of chemically etched Si
surfaces have been reported,6 but most STM-based applica-
tions concentrate on work-function measurements. Signifi-

cant progress has been made for Si-based structures7-12 as

Over the last few years, an increasing need has been iden-
tified for direct two-dimensional measurement of carrier den-
sities in semiconductor devices to provide a means for the
calibration of process modeling. Up until now, quantitative
two-dimensional information could only be inferred from
one-dimensional dopant/carrier level measurements via sec-

ondary ion mass spectroscopy (SIMS), spreading resistance
profilometry (SRP), and capacitance-voltage (C- V) mea-
surements. A variety of different approaches have been taken
to close this gap experimentally.1These include development
of different staining or etching procedures which are sensi-
tive to concentration and type of electrically active
dopants.1-3 Also, certain SIMS applications, such as angle
lapping and employment of tomography techniques, allow us
to calculate and display two-dimensional chemical dopant
distributions from a multitude of one-dimensional
measurements.45 Often, these techniques provide only an in-
direct measurement of carrier densities and/or require
lengthy sample preparations. The development of methods to
measure electrical properties, which are suitable to directly
yield the desired carrier distributions on a submicron scale,
has greatly benefited from the development of scanning
probe technology over the last decade. This technique offers

a)Present address: Digital Instruments, Santa Barbara, CA 93103.
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well as for composite 111-VV semiconductors where single
atom dopant imaging has been reported.12-18 Purely STM
and displacement current based concepts require conductive
(or semiconductive) surface properties; hence, an application
to complex very large scale integration (VLSI) structures of
a largely nonconductive nature proves very difficult. In ad-
dition, spatial correlation of electrical measurements to spe-
cific points within the device geometry is difficult as well,
since no independent input of topographical data is available.
These problems can be overcome when the setup is imple-
mented into an AFM which is equipped with a conductive
tip/cantilever assembly to allow electrical measurements. To-
pographical AFM imaging generally occurs in repulsive
mode, i.e., with contact between tip and sample. Conse-
quently, detection mechanisms for electrical properties other
than tunneling have to be pursued to avoid the necessity for
an air or vacuum gap. Research in this area has mostly con-
centrated on developing setups feasible to measure
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capacitance,19-25 spreading resistance,26-29 and contact po-
tential using a Kelvin probe setup.30 Recently, one-
dimensional and two-dimensional dopant profiles have been
successfully measured by registering the spreading resistance
between a conductive AFM tip and the sample while
scanning.26 This technique combines the classical, well
known SRP technique with scanning probe technology. Al-
though measurement stability was found to be sensitive to
the applied load on the probe tip, a sensitivity of 1X1014 to
1X1019 atoms/cm3 has been found under stable operation.
We have seen a similar advantage in evaluating scanning
capacitance microscopy (SCM) for its capability to deliver
two-dimensional carrier density information. We have cho-
sen this technique, because C- vV measurements in one di-
mension already are a standard procedure in semiconductor
characterization. The knowledge gained in that field will aid
in the understanding of two-dimensional measurements and
ultimately lead to directly measured local carrier densities in
two dimensions. Our article presents our SCM application in
an AFM setup to measure relative capacitance changes when
scanning cross-sectioned implanted Si wafers and test struc-
tures on silicon. Earlier experiments had shown the AFM to
be capable of imaging VLSI cross sections.3lL A contrast in
AFM images of polished VLSI cross sections is due to the
topography which develops from the material-dependent re-
moval rates during polishing. In our new setup this topo-
graphical information is acquired simultaneously with the
electrical data and is used to spatially correlate the data.

Il. EXPERIMENTAL SETUP

Our experiments are conducted on a Digital Instruments
Nanoscope Ill Large-Stage AFM, operated in air. Topogra-
phy information is obtained with the probe tip scanning un-
der constant repulsive force via a feedback network which
maintains a load of approximately 5X10-7 N. The tip and
part of the cantilever substrate are coated with chromium of
a thickness of 300-500 A. In initial setups, we had relied on
the thin native oxide layer on the sample to serve as a thin
insulator between coated tip and sample. However, this thin
oxide layer was not sufficient to prevent the onset of tunnel-
ing current at bias voltages larger than a few volts. We have
therefore now obtained better insulating properties when us-
ing a double coating on the tip consisting of ~400 A chro-
mium, followed by a SiO2 layer of —100-150 A.

Capacitance measurements are accomplished by an RCA
capacitance sensor circuitry which was originally designed
for the RCA Video disk player.3 Its operation is based on a
915 MHz oscillator driving a resonance circuit which is
tuned in part by the external capacitance to be measured. As
the resonant frequency is moved off the oscillator frequency
by the external capacitance, the amplitude of the oscillation
is decreased. The peak oscillation of the resonant circuit is
detected and, after being rectified, forms the sensor output.
An ac bias (typically 5-10 V, 10 kHz) is superimposed on a
dc sample bias (2-3 V), while the tip is at virtual ground.
The ac bias is chosen large enough to alternately deplete and
accumulate the surface region, thus modulating the surface
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capacitance under the probe tip at the bias frequency. The
RCA sensor output is then fed through a lock-in amplifier
into the auxiliary input of the AFM, and topography and
capacitance data are recorded simultaneously while the probe
tip is raster-scanned across the surface. This setup scans the
entire C- v curve for each point on the x,y raster and ac-
quires overall relative capacitance changes, AcCrel. Quite
clearly, this setup does not allow us to extract any informa-
tion which we could obtain when recording full C- Vv curves.
However, it is less dependent on shifts in the flat band volt-
age due to oxide or surface charges.

Sample preparation was optimized during our earlier
experiments3l similarly to the standard metallographic sec-
ondary electron microscopy cross-section preparation: a
glass cover slide is attached to the specimen to protect the
top layers; a sequence of grinding and polishing steps fol-
lows in which gradually higher grades of polishing papers
are employed, ending with a final polishing step with a silica
slurry. During these preparation steps, a native oxide is
formed on the exposed cross-section surface. No attempts
have been made at this point to further passivate the sample.

Although our setup is capable of detecting junctions,33 we
have decided here to concentrate on implant samples with no
junctions. This is for the benefit of a more systematic ap-
proach to derive characteristic parameters of the technique,
such as resolution, sensitivity, and general limitations. Two
types of samples were used in this study. Initially, we used
cross sections of blanket implanted and annealed Si wafers to
evaluate the technique. Results included here were obtained
from a p -type test wafer, implanted with boron at a dose of
1X1014 atoms/cm?2 at 100 keV. True two-dimensional data
were obtained from a cross section of a special test structure
which has been developed at NIST. In brief, the processing
steps were as follows: A bulk doped p -type silicon substrate
(about 1X1016atoms/cm3) obtained an oxide pattern (—8 nm
thick) which served as a mask for a high dose implant of
1X1015 atoms/cm2 of boron at 50 keV. A subsequent oxidiz-
ing step provided another 8 nm of oxide while simulta-
neously annealing the sample, resulting in a small step in the
oxide at the implant edge. This process delivered stripes of
lightly bulk-doped p -type Si, covered with —16 nm of oxide,
alternating with highly doped p -type Si, covered with —8 nm
of oxide. As we will discuss below, our results indicate that
the masking might have been insufficient, causing the
masked area to get implanted to some extent in the near-
surface region. Cross sections were prepared by cutting
through the line pattern to be able to take measurements at
the exposed implanted area. The following section presents
cross-sectional data obtained on both types of samples.

. RESULTS

Figure 1 shows images acquired simultaneously on a
cross section of a blanket Si-wafer implant of 1X1014
atoms/cm?2 of boron at 100 keV into a p -type substrate
(3X1014atoms/cm3), scanned over an area of 3 /xmX 1.5 ixm.
The topography image is at the top. In both images, the Si
substrate is on the right-hand side. Brightness corresponds to
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Fig. 1. Simultaneously acquired SCM (bottom) and topographical data (top)
of a cross-sectioned blanket Si wafer implant (1X10M4 atoms/cm2 11B, 100
keV), scanned over an area of 3 j,mX1.5 jm; signal ranges are 20 V and
200 nm, respectively. The arrows indicate the location of the sample/glue
interface.

high signals, i.e., height in the topography and measure for
relative change in capacitance (AcCrel) in the SCM image.
The bright line in the topography image indicates the border
of the glue line which is slightly elevated due to a slower
removal rate during polishing. The figure shows how topo-
graphical features and capacitance signals correlate. As to be
expected, the SCM signal decreases in highly doped regions
of the silicon and levels off at lower values for the lower
dopant level of the bulk Si substrate. This allows us to pin-
point the location of the sample/glue interface in the SCM
micrograph as indicated by the arrows; all valuable electrical
SCM information is contained to the right of that point. Al-
though no direct correlation is possible between signal out-
put and absolute concentration, the micrographs clearly offer
quantitative depth information.

This concept is more clearly shown in Fig. 2 which com-
pares a line profile section, obtained from the software by
cutting through the SCM micrograph, to a SiMS depth pro-
file obtained on the same sample. In this figure, the sample
surface is on the left-hand side. The origin of the SCM pro-
file is at the sample/glue interface. The data show an excel-
lent agreement for the total implant depth between the two
techniques: The background of the SIMS measurement is at
about 3X1014 atoms/cm3, which also corresponds to the bulk
dopant concentration of the p -type substrate. We can see
from the SCM plot that it reaches its plateau at the same
depth (top cursor at 1 jm) as the SIMS signal levels off. A
further qualitative comparison shows that the rise in the
SCM graph correlates to the maximum of the implant profile
at 0.35 jm . Other features in this graph, such as the rise at
the very beginning of the SCM graph and the SCM signals at
depths shallower than the implant maximum, are discussed
in Sec. 1V, since these effects are related to resolution and
sample/tip conditioning issues.

Figure 3 demonstrates the true capability of this technique
for two-dimensional measurements. It shows results on a
cross section of the NIST test structure, scanned over an area
of 8 jm X 8jm, which fully covered the implanted region
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Fig. 2. Comparison of a single SCM line scan (a) from Fig. 1 and a SIMS
depth profile (b) obtained on the same sample. The origin of the SCM profile
is at the sample/glue interface. The cursors indicate the rise in the SCM data
which coincides with the implant maximum at 0.35 jm (1) and the total
implant depth at 1 jm (2).

between the 5 jm oxide lines. The sample surface is at the
left-hand side. The thin oxide layers of 8 nm (in the opening)
and 16 nm (oxide mask), respectively, are not resolved due to
the limited point-to-point resolution in these images. How-
ever, the sample/glue interface can clearly be identified, and
we can again correlate topographical and SCM features. The
dark region in the SCM micrograph represents the relative
AC changes in the implanted region.

Figure 4 compares SCM results from single line sections
obtained in the center of the implanted area to a SIMS depth
profile obtained from a large implanted region on the same
sample. In agreement with Fig. 2, Fig. 4 shows an excellent
agreement for total implant depth (0.75 jm ) between the two
techniques, as well as correlation of the SCM signal rise to
implant maximum (0.23 jm).

Section IV discusses these results in light of the general
capabilities and limitations of the SCM technique. An at-
tempt is made for a two-dimensional correlation to SIMS
data, and issues which affect the SCM sensitivity and reso-
lution, signal quality, and the ability to measure heterojunc-
tions are considered.

IV. DISCUSSION

A. Correlation to secondary ion mass spectrometry

We are aware of the differences between the two tech-
niques with SIMS really measuring the total chemical dopant
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Fig. 3. Simultaneously acquired SCM data (bottom) and topographical data
(top) of the cross-sectioned NIST test structure, scanned over an area of 8
Am X8 /jm; signal ranges are 10 V and 40 nm, respectively. The arrows
indicate the location of the sample/glue interface.

concentration, whereas the SCM technique captures only the
electrically active carriers. However, we assume that in first
approximation active carrier densities and chemical carrier
concentrations are directly related. We further assume that a
spatial correlation of SCM and SIMS signals is valid as long
as it is done along a direction they have in common, which in
these experiments is the direction vertical to the wafer sur-
face. With this procedure, a particular SCM signal value at a
certain depth can then be associated with a dopant concen-
tration inferred from the SIMS profile at that same depth. In
the next step, a two-dimensional dopant map is then obtained
by assigning these dopant levels to the total two-dimensional
SCM micrograph of the cross-sectioned test structure. This
concept is illustrated in Fig. 5. It shows a SCM micrograph,
displayed with an alternating black and white scale, which
was obtained from an area of 1.15 xmX1.15 /xm at the im-
plant edge. It is oriented such that the interface is parallel to
the y axis and coincides with the start of the SIMS profile.
The contour lines have been labeled with the respective
chemical dopant concentrations from the SIMS plot. The ar-
row indicates the location of the interface in the SCM data.
Looking closely at the location of the interface, it becomes
apparent that one or two contour lines seem to extend be-
yond the oxide/Si interface into the oxide. This might be
attributable to possible fringe fields through the Si/oxide/glue
interface or to artifacts caused by the size of electrically ac-
tive portions of the tip. The latter could cause an electrical
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Fig. 4. Comparison of a single SCM line scan (a) in the center of the
implant area of Fig. 3 and a SIMS depth profile (b) obtained from a large
implanted region on the same sample. The SCM line scan starts at the
sample/glue interface, the cursors indicate the rise coinciding with the im-
plant maximum (1) and the total implant depth (2).

signal to be measured because a portion of the pyramidal tip
sidewall is still located above the doped region, whereas the
tip has already passed across the interface to the oxide layer.
We expect that experiments with sharper tips will give more
insight into these effects. Figure 5 also displays another note-
worthy result. We can clearly see some contour lines at the
top portion of the SCM image in an area between the actual
implant stripes where we expected to only see a fairly con-
stant low dopant level. Part of this is due to the limited
lateral resolution, which at this low dopant region is only
about 150 nm. In addition, we believe that, after checking
back on the processing conditions, the masking during im-
plant was not sufficient, and that the masked area got im-
planted to some extent in the near-surface region. This rep-
resents an interesting finding which could not have been
obtained with any other technique for the given geometry.
Figure 5 represents the key result of our work. It demon-
strates that the SCM technique can resolve carrier concentra-
tions on cross sections in two dimensions with a single raster
scan, using a standard sample preparation technique. The
measurements are relatively easy to perform. From stability
tests we found that as long as the feedback ensured stable
imaging operation under constant load, no changes in the
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Fig. 5. Correlation of the SIMS data from Fig. 4 (bottom) to the two-
dimensional SCM micrograph of the NIST test structure from a 1.15 jm
X1.15 jm area around the implant edge, displayed with an alternating
black/white scale. The dark areas represent equi-A Crel lines and are labeled
with the respective chemical dopant concentrations from the SIMS profile.

SCM signals were observed. An excessively large contact
load on the tip (>10-5 N) was found to lead to a loss of
signal of first capacitance and eventually also topography.
With a normal operating load of about 5X10-7 N we have
successfully scanned one such cross section for over 1 h
obtaining several images without a change in signal. We also
found in our experiments that changes leading to a loss in
electrical signal were always rapid and occurred within a few
scanning lines. We therefore believe that the most important
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Fig. 6. SCM line scans, measured across the center of the oxide opening (a)
and across the oxide line (b); the lateral extensions of the initial SCM signal
increases at the sample surface measure 40 nm (a) and 150 nm (b), respec-
tively, as indicated by cursor pairs.

limiting factor was the coating on the tip and that it failed
due to delamination. This tip preparation procedure will need
more perfection, but we expect that it could easily be im-
proved.

B. Sensitivity and resolution

Overall noise levels can be estimated from SCM single
line sections, such as in Fig. 4, to be mostly less than 10%.
Refinement of the electrical setup should further improve
this value. Sensitivities at particularly high or low dopant
concentrations are best demonstrated using Figs. 4 and 2, as
they show high peak dopant concentrations (Fig. 4) or low
background doping (Fig. 2), respectively. Figure 4 shows the
SCM signal starting to rise at the maximum of the SIMS
depth profile, i.e., at a level of about 5X1019 atoms/cm3. We
see that the SCM signal output is almost twice as large at a
level of 1X1019 atoms/cm3. In a similar procedure, sensitivi-
ties at low dopant levels can be estimated from Fig. 2: We
see that the SCM plot reaches its plateau at a depth of 1jm,
corresponding to about 3X1014 atoms/cm3, as inferred from
the SIMS profile. Levels of 1X1015 1X1016 and 1X1017
atoms/cm3are found at SCM signals at about 93%, 85%, and
70%, respectively, of the maximum SCM signal in Fig. 2.
Although these considerations demonstrate an acceptable dy-
namic range, the lateral resolution is largely sacrificed in the
low dopant concentration range.

Estimates for this lateral resolution can be obtained from
comparison of SCM line sections obtained from areas with
greatly different carrier densities, but with the same probe
tip. Figure 6 was obtained from Fig. 3 by plotting SCM line
sections from a cut across the center of the oxide opening,
much like the one in Fig. 2, and across the oxide line where
the implant had been masked. We can see that the lower
carrier density below the oxide mask results in a higher SCM
signal at that depth, but the rise at the beginning of the SCM
profile is significantly larger (150 nm) than for that at the
oxide opening (40 nm). Measurements on other samples
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have shown values as small as 20 nm. We interpret this as the
“electrical tip diameter,”” because it is the combined effect of
actual geometric tip diameter and carrier concentration. Due
to the difference in carrier concentration, the applied ac bias
results in a much larger depletion depth and interaction vol-
ume for the lower concentration. This results in a lateral
“spread”” of the signal and, consequently, a loss in lateral
resolution. The same effect also becomes clear in Fig. 5,
where the contour lines increase in width for measurements
at higher depth, i.e., lower carrier densities. In our future
work, we will, therefore, improve our setup to the feedback
system recently developed by Huang, Williams, and Slink-
man which allows a constant depletion depth to be main-
tained by varying the ac bias amplitude.20

C. Factors affecting signal quality

Several observations indicate that more work needs to be
done to correctly interpret SCM signals close to an interface,
i.e., within a tip radius off the interface. For example, Figs. 2
and 4 show that the SCM signal does not correlate well to
the dopant concentration increase in the SIMS plot. As men-
tioned above, Fig. 5 seems to indicate some artifacts due to
fringe field effects through the interface or tip artifacts intro-
duced from the physical size of electrically active tip por-
tions, i.e., the electrical tip diameter. We are planning to ad-
dress these issues in several different ways. The use of
sharper probe tips will improve on tip-related artifacts. Ques-
tions about fringe field effects and measurements of dopant
levels close to an interface will be addressed through studies
of blanket implants at varying levels with the same tip. Fi-
nally, we need to address sample passivation. Our current
sample preparation uses a double-coated tip (Cr/Si oxide) to
ensure proper insulating properties. Although this proves suf-
ficient to avoid tunneling between tip and surface, a more
repeatable tip and sample conditioning is desirable. A thin
oxide on the sample of 100 A or less would be best. It should
be free of defects and contaminants, in other words, have
uniform dielectric properties, which is not guaranteed in a
native oxide. This requirement will be even more important
for inverse modeling attempts as described in Ref. 20. We
will examine sample passivation schemes with more scrutiny
in future experiments. We are currently considering passiva-
tion through HF treatment, or in a low-temperature hydrogen
furnace. Another possibility is the growth of low-temperature
oxides, under UV light.43%

D. Heterojunction considerations

As already mentioned in Sec. Il, we have conducted a
very limited number of experiments on samples with junc-
tions to test the general applicability of the technique. It was
found that our SCM setup clearly detects signal changes,
indicating the location of the junction. However, Rodgers,
Adderton, and Erickson have shown in a similar setup that
C - V curves acquired at the junction are not one dimensional
in nature and demonstrate both n- and p -type behavior.3
This is due to the three-dimensionality of the probe tip/
sample geometry which causes the tip to interact with carri-
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ers on either side of the junction. Very recent measurements
have shown a successful delineation when the device is elec-
trically shorted across the junction. This effect will be further
evaluated in future experiments.

V. CONCLUSIONS

As a key result of our work, we have successfully em-
ployed the SCM technique to measure two-dimensional
maps of relative capacitance changes as a qualitative mea-
sure for carrier densities, when scanning cross sections of
test structures with a two-dimensional dopant distribution.
Two-dimensional quantitative data are easily obtained by
correlation to SIMS profile data, acquired on the same
sample. Correlation to structure geometry is obtained
through simultaneously acquired AFM topography data. The
fact that cross sections could be successfully measured is an
additional advantage, since this is an important application
for the semiconductor industry. Several crucial points of the
technique have been identified which need to be addressed in
the future. These include the development of a better sample
passivation scheme, the study of SCM technique character-
istics for measurements within a tip radius off the interface,
the application of a bias feedback system, and a development
of a three-dimensional model for the tip-surface interaction.
We believe that this work represents an important milestone
on the way to direct two-dimensional measurements of local
carrier densities. Further experimentation, and especially
modeling, are now necessary to achieve this goal.
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