HTML AESTRACT * LINKEE

REVIEW OF SCIENTIFIC INSTRUMENTS

VOLUME 75, NUMBER 2

FEBRUARY 2004

Sub-10 nm lateral spatial resolution in scanning capacitance microscopy
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Sub-10 nm resolution can be obtained in scanning capacitance microscopy (SCM) if the probe tip
is approximately of the same size. Such resolution is observed, although infrequently, with present
commercially available probes. To acquire routine sub-10 nm resolution, a solid Pt metal probe has
been developed with a sub-10 nm tip radius. The probe is demonstrated by SCM imaging on a
cross-sectioned 70 nm gatelength field-effect transistor (FET), a shallow implant (n*/p, 24 nm
junction depth), and an epitaxial staircase (p, ~75 nm steps). Sub-10 nm resolution is demonstrated
on the FET device over the abrupt meeting between a silicon-on-insulator oxide layer and a
neighboring Si region. Comparable resolution is observed on the implant structure, and quantitative
SCM dopant profiling is performed on it with sub-10 nm accuracy. Finally, the epitaxial staircase
structure is quantitatively profiled demonstrating the accuracy obtained in quantitative profiling with
the tips. © 2004 American Institute of Physics. [DOL: 10.1063/1.1641161]

I. INTRODUCTION

Scanning capacitance microscopy (SCM) is a technique
which may be used for two-dimensional dopant profiling in
semiconductors.! A conductive atomic force microscope
(AFM) probe is scanned in contact mode over a surface
while a resonant capacitance sensitive circuit is used to sense
capacitance variations. When applied to a semiconductor sur-
face (Si) with a dielectric film (SiO,) on the surface, the
probe—dielectric—semiconductor forms a metal—insulator—
semiconductor (MIS) capacitor. In the case of the
metal-Si0,—Si structure, the one dimensional C—V curves
are known from theory.2 In the constant AV mode, the SCM
sensor can be tuned with applied voltages to have an output
proportional to the slope of the local C—V curve near its
inflection point (approximately the MIS flatband voltage,
Vi).! The slope of the C—V curve around Vy, is related to
the activated doping of the semiconductor. With adequate
surface preparation and biasing, the SCM signal decreases
monotonically with increasing dopant and carrier concentra-
tion over a range of dopant concentrations from about
105-10%%cm?.

The SCM has lateral spatial resolution and depth spatial
resolution. In the context of this article, SCM lateral spatial
resolution is the length for the SCM signal to change from
10% to 90% of full signal near the abrupt meeting of two
materials which yield different SCM signal sizes. SCM spa-
tial resolution is limited by the carrier depleted volume of the
semiconductor in the measurement.* The probed volume de-
pends on the probe tip radius and shape and the applied
voltages.” Depth resolution is generally not problematic
since device structures are generally much deeper than the
depth of the depletion in the semiconductor. The lateral reso-
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lution of the SCM is improved by reducing the size of the
probe.

Typical probes with a metal coating have tip radii of
15-35 nm.°® The lateral distance to resolve an oxide structure
from an adjacent doped region is somewhere between a tip
radius and a tip diameter as predicted by our SCM model
(DPACK 3.0).” Theoretical models predict SCM can achieve
spatial resolution below 10 nm with accuracy on a similar
scale.®? Such results can occasionally be obtained with pres-
ently available AFM tip technology. However, a probe with a
regular sub-10 nm end radius is required for obtaining
sub-10 nm resolution and accuracy on a routine basis.

Various probe technologies have properties which limit
their reliability, or make them less desirable candidates for
regular sub-10 nm tip size. A discussion and analysis of vari-
ous probe technologies is found in the article by Trenkler
et al.'® Sub-10 nm probes of doped Si have been used, but
they may have (low quality) native oxides on their surface.
In addition, being made of doped Si, they contribute their
own C—V characteristics to the measured signal.'' Metal
coated Si probes have been used successfully, but problems
including wear and eventual deadherence of the metal coat-
ings have been observed in our laboratory, and reported by
others.!> Diamond coated cantilevers show good wear
properties.'® Metal coated Si cantilevers are prepared from a
substrate material (Si, SisNy4) to a sharp point, then coated in
conductive material (Pt—Ir, Pt—Cr). Then the probe has a tip
radius no less than the thickness of the conductive coat. In
these regards, a solid metal tip is advantageous, since it will
not suffer from semiconductor depletion effects and sudden
loss of conductivity due to the deadherence of a metal coat-
ing. A solid metal probe tip technology with a sub-50 nm
probe tip is described in the article by Yamamoto et al.'?

A probe with a tip of solid platinum metal with a sub-10
nm end radius has been constructed. It is currently being
prepared for commercial availability. The resolution of the
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FIG. 1. (a) SEM image of the usual tip geometry. (b) The small scale (~10
nm) geometry of the tip imaged by SEM. A circle of 19.92 nm diameter is
shown as a scale to aid the eye.

tip has been evaluated by SCM imaging of small structures
in cross section. Sub-10 nm resolution is demonstrated on
two structures: a 70 nm gatelength silicon-on-insulator field-
effect transistor (SOI FET) device and a shallow implant
(n*/p, 24 nm junction depth). In each case, the measured
SCM signal is compared with modeled SCM responses from
secondary ion mass spectroscopy (SIMS) dopant data using
DPACK 3.0. A quantitative dopant profile from the measured
SCM data is demonstrated for the latter structure. The quan-
titative dopant profile is accurate on a sub-10 nm scale, and
agrees with SIMS data on this scale. However, the incom-
plete junction model used prevents accurate dopant profiling
within about one tip radius of junction regions. Finally, an
epitaxial staircase structure (p, ~75 nm steps) has been pre-
pared and imaged with high resolution (although not sub-10
nm) to evaluate the quantitative accuracy of SCM profiles
obtained with the Pt tips.

Il. PROBE PREPARATION AND PROPERTIES

The probes are fashioned from platinum metal wire. The
cantilever arm is 0.5—1 mm long. The probe tip is prepared
by electrochemical etching, and subsequent fine
polishing.”’15 Probe tips have 10 nm or smaller radii in
roughly 50% of cases by this method. The tips are character-
ized by a scanning electron microscope. Figure 1 shows a
typical probe shape and tip profile.

The probes must have low force constants (~0.2 N/m) to
maintain low wear in contact mode. The natural frequency of
the cantilever arms is generally 20-50 kHz, so the probes
may also be used for electrostatic force microscopy or tap-
ping mode AFM in this frequency range. The probes are
found to wear to larger radii after about 25 complete 1 xm?
images (128 scans per image) on a polished Si surface with
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FIG. 2. Images of a 70 nm gatelength SOI FET device. (a) The sample has
been held at a dc bias of —2 V with respect to the flatband voltage and the
apparent electrical junctions around the source/drain extensions shift inward.
(b) The sample has been held at +1 V with respect to the flatband potential
and the source/drain extensions recede.

0.2 to 0.3 nm rms roughness. Transition lengths across the
abrupt meeting of oxide and doped Si increase gradually
from sub-10 nm to ~15 nm over this number of scans. The
lifetime of the tip may be increased by reducing the force
constant of the cantilever and reducing the force set-point of
the AFM feedback loop.

lll. SCM METHOD

The SCM imaging is performed with a Digital Instru-
ments 3000 AFM. The capacitance sensor is a modified RCA
sensor.'® This sensor has a demonstrated sensitivity of 1.5
X107 2'F/Hz!?. The sensor consists of a resonant circuit
(f,~700 MHz, Q~40), driven by a rf voltage of 1 V am-
plitude, tuned near resonance. An ac voltage (1 V amplitude,
50 kHz) is applied to the sample. In addition, a variable dc
voltage (—2 V<V4<2YV) for biasing the sample to the
flatband condition is applied. The amplitude and sign of all
three voltages plays some part in the resolution and accuracy
of the SCM. The tuning of the resonant circuit also effects
the spatial resolution.’

The sample cross sections are prepared for SCM by pol-
ishing on diamond embedded pads of decreasing grit size
between 3 and 0.05 wm. The surface is then chemically oxi-
dized on a cloth pad saturated with KOH:colloidal silica
(pH~11) in H,O:NH,OH:H,0, (10:1:1, by volume) solu-
tion. The rms roughness of the surface is generally 0.1-0.3
nm after the polishing. The surface is further prepared by
annealing at 300 °C for 30 min under UV illumination, as
this has been determined to improve the SCM signal.'' Op-
timization of the surface response is critical because the
SCM signal drops with the area of the tip. With tips of small
size, background noise becomes more significant. The
signal-to-noise ratio is at best ~20 (7=3 ms, imaging with
the modified RCA sensor) in images acquired with the Pt
probes on Si doped at 10'¥/cm?-10"/cm® with oxides
grown and prepared by the method described previously.

IV. FET DEVICE IMAGING

A 70 nm gatelength silicon-on-insulator (SOI) field-
effect transistor (FET) has been prepared and imaged by
SCM in cross section. High resolution images of the device
are presented in Fig. 2 (500 nm square images, 128 samples
per line). In Fig. 2(a), a —2 V dc bias (with respect to chan-
nel flatband voltage) has been applied, and the source/drain
extensions shift inward and appear to meet in the channel.
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FIG. 3. The discrete SCM sampling over the transition region from the SOI
layer (left) to channel region (right). The measured SCM is the mean of ten
individual measurements to suppress noise. The transition length is in agree-
ment with that simulated for a 5 nm tip. The dotted vertical line indicates the
junction between the SOI layer (left) and the doped channel region (right).

The effect is due to bending of the majority carrier edge by
the applied bias.'” In Fig. 2(b), a bias of +1 V (with respect
to channel flatband voltage) has been applied to the sample,
and the source/drain extensions recede due to the same effect
with the opposite sign of voltage. Note that the channel re-
gion in Fig. 2(b) has been resolved at ~24 nm (separation
between apparent electrical junctions) with about 60%—70%
full signal as compared with the region just below the chan-
nel. In addition, the resolution permits clear imaging of the
source/drain extensions.

The transition length from the oxide layer below the de-
vice to the doped channel region is taken as a measure of the
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FIG. 4. (a) Measured SCM and simulated SCM for 8.5 nm radius tip on
sample 1 (n*/p, 24 nm junction depth). The simulation calculates capaci-
tance based on the dopant profile, so it becomes inaccurate in the junction
region where the carrier and dopant profiles diverge. The simulation predicts
an apparent electrical junction (SCM zero signal crossing) very near the
metallurgical junction depth (~24 nm). (b) The overlain SIMS and SCM
dopant profiles. The spike in the SCM profile near the left edge is a conse-
quence of the slightly lower SCM signal measured near the edge due to the
influence of the a-Si layer there. The spike in the center of the SCM profile
(~29 nm depth) is a consequence of the SCM conversion model which is
not adequate to handle the junction.
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FIG. 5. (a) Measured SCM and simulated SCM (10 nm tip radius) for the
four step boron epitaxial staircase structure with ~75 nm steps. The resolu-
tion in this case is not as high as expected for a sub-10 nm tip radius,
probably due to both larger tip radius and rf voltage. (b) The SCM dopant
profile and SIMS profile for the epitaxial staircase sample.

resolution. The SCM model gives the transition length
(10%—-90% of full signal) to be somewhat larger (1 to 2X)
than the tip radius under the imaging conditions. The mean
(to suppress noise) of ten measured SCM signals over this
transition, taken in the fast scan direction, is shown with the
simulated SCM signal in Fig. 3. The transition length from
10% to 90% full signal is ~8 nm. Assuming channel doping
in the near vicinity of the SOI layer in the 10'8—10"/cm?
range, the agreement between the model SCM and the mea-
sured SCM suggests a tip with a 5—7.5 nm radius.

V. SHALLOW IMPLANT IMAGING

A shallow implant (n"/p, 24 nm junction depth) has
been prepared and imaged by SCM. The implant was char-
acterized by secondary ion mass spectroscopy (SIMS) to de-
termine the dopant depth profile. The implant is at the wafer
top surface, so the sample was sputter coated with a layer of
a-Si(n,10%cm?) to about 1 um depth to protect it during
polishing. The sample was then polished and prepared for
imaging.

Square SCM images of 100 or 200 nm size sampled at
128 samples/line (100 nm images) or 256 samples/line (200
nm images) have been acquired with the platinum probes on
the sample. The SCM signal size varies by about 10% on a
10 nm lateral scale from line to line, probably due to chang-
ing surface properties, such as oxide thickness or defect den-
sity. Further, surface noise and electrical noise are present,
and are more dominant with smaller tips.18 For these reasons,
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a number of SCM lines spaced evenly across each image
have been averaged to give a characteristic quantitative SCM
line.

Figure 4(a) shows the fit between simulated and mea-
sured SCM lines. Good agreement is seen from 8 to 20 nm in
the center of the profiles. The measured SCM is different
from the model SCM from O to 8 nm at the left of the image
(approximately one tip radius, 8.5 nm, from the sputtered
a-Si layer). This difference may be due to the influence of
the a-Si on the C-V response there. The signals are also
different from 20 to 40 nm since the model used for SCM
simulation does not accurately model the junction. The
model SCM uses the SIMS doping profile to calculate the
SCM profile, while the SCM responds to the carrier profile.

In Fig. 4(b), the SCM line of Fig. 4(a) has been con-
verted to a dopant profile. The SIMS data is illustrated with
modified SIMS data where the doping level is cutoff at 3
X 10%%cm? (the limit set by the solid solubility of As in
Si).! The small difference between the measured and mod-
eled SCM signals over the range from 0 to 8 nm in Fig. 4(a)
converts to a large difference between the SIMS and the
SCM dopant profiles. The spike in the center of the SCM
dopant profile is a result of the simplified junction model
which cannot distinguish the convolution of n- and p-type
responses in the junction region from an extremely high dop-
ing level. The SCM measures an apparent electrical junction
(SCM zero signal) much nearer to the true electrical junc-
tion, established by diffusion and drift current equilibrium,
than to the SIMS metallurgical junction. The metallurgical
junction lies at 24 nm in SIMS data, while the carrier equi-
librium distribution places the electrical junction at 30 nm.
The apparent electrical junction (SCM zero signal) is at
29+3 nm.

VI. EPITAXIAL STAIRCASE IMAGING

An epitaxial staircase structure has been imaged to dem-
onstrate that quantitative accuracy can be achieved with the
Pt probes on a nonjunction structure with a transition be-
tween two doping levels. The epitaxial layers do not
have atomically abrupt transitions according to the SIMS
data. The sample was prepared by evaporation of 80 nm
Cr onto the top surface, then sputtering of ~1 um of
Si (n,10"%/cm?). The sample surface was polished and pre-
pared by the methods described earlier.

The measured SCM signal is shown in Fig. 5(a) with the
simulated SCM signal for a 10 nm tip radius. Sub-10 nm
resolution was not obtained on this structure. This may be
due to a large rf voltage to improve the signal-to-noise ratio,
or a large tip end radius. The measured SCM doping profile
is shown in Fig. 5(b) with the SIMS data and carrier profile.
The SCM profile is in close agreement with the carrier pro-
file over the first three steps. There is sub-10 nm disparity
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between the measured SIMS data, carrier profile, and the
SCM dopant profile in the transition regions between steps.

VIl. DISCUSSION

Reliable characterization and dopant profiling of sub-50
nm devices and ultrashallow implants by scanned probe
techniques will require extremely sharp metallic probes with
good wear properties. Solid Pt metal probes are sufficiently
robust for repeated imaging on a sub-um scale. Combined
with edge registration techniques, and modeling of the SCM
signal, sub-5 nm accuracy is achievable with agreement to
SIMS profiles on the same scale. Progress toward sub-5 nm
SCM resolution will include optimization of the imaging pa-
rameters and further improvement of the probe fabrication
process. In addition, capacitance sensors must be improved
for use with sub-10 nm tips.
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