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A force-based scanning Kelvin probe microscope has been applied to the problem of dopant profiling
insilicon. Initial data anaysis assumed the detected e ectrostatic force couples the sample and only
the tip at the end of a force sensing cantilever. Attempts to compare measurements quantitatively
against devicestructureswiththissimplemodel failed. We have determined a significant contribution
arises from the electrostatic force between the sample and the entire cantilever, which depends
strongly upon the relative size of the tip, cantilever, and latera inhomogeneities in the surface
topography and material composition of the sample. We present actual and simulated measurements
which demonstrate the characteristic signature of this effect.

INTRODUCTION

Qualitative measurements taken with a combination of atomic force microscope (AFM) and scanning Kelvin probe
microscope (SKPM) on simple implanted structures in silicon have been reported by severd researchers (1-6). We
report in (6) that initial attempts to quantify the measurements against theoretica models have not been completely
successful. Further work on the samples described in (6) is reported here.

One of the most significant reasons for the reported discrepancy between measured surface potential profil es obtained
viathe SKPM and profiles predicted by theoretical modelsistheinteraction between the cantilever of theforce sensing
probe, in addition to thetip, and the sample surface. We present and extend the usual € ectrostatic force model to show
thisdiscrepancy and present both simulation and experimenta resultswhich illustrate thisinteraction.

MODELS

We distringuish between a cantilever, atip, and a probe. For thiswork the cantilever is the section of the force sensor
which undergoes mechanical deflection. Thetipisassumed to be physically attached to the cantilever. It isthelocation
of primary force interaction with a sample under investigation. The probe consists of both the cantilever and the tip.

The mechanica deflection of acantilever dueto an el ectrostati ¢ force between the probe and sampl e has been examined
by several researchers and treated as a capacitive system (1, 7-9). The force on the probe due to a potentid difference
between the probe and sample may be represented as (2):

F, = —%vz()' (1)
Cat\ 2 90,

o air 2

¢ (Cm) C; @

where V' is the total potential difference, = isthe spatia distance, Cj is the effective capacitance and %(’% isthe
spatial derivative of the effective capacitance between the probe and sample, and C isthetotal capacitance in series
with the system (including C).



The above equations are most applicable to a system where the sample and probe are metals. In this case the only
spaci ng-dependent capacitance between the probe and the sampleisacrosstheair gap. If either the probe or the sample
isa non-degenerately doped semiconductor, however, thetota charge contained within a volume near the surface may
also vary asthe probe/sample spacing changes. Thisresultsin adifferent form of Equation 2. In addition, filled surface
states may lead to adifferent el ectrostatic force than predicted by Equation 1.

Theoretica anaysisindicatesthe cantilever deflectionisdirectly proportional to themagnitude of thisforce (10). Thus,
variationsin the electrical nature of the probe/sample system can be examined by detecting and properly adjusting for
changes in the mechanica deflection of the cantilever.

With the scanning el ectrostatic force microscope (SEFM) the potential difference V' between the probe and sample
can be comprised of adc signal and/or one or more ac signas. With the SKPM the potential difference V' consists of
one dc¢ component and one ac component, which may be represented as follows:

V =V(t) = Vpe — 5 + Vao Sin(wt) (3)

where Vp ¢ is the magnitude of the de component applied by any externa electronics, A® is the work function
difference (WFD) (in eV) of the materias, V. isthe peak magnitude of the ac component of the externally applied
potentia between the probe and the sample, and w isthe frequency at which the ac voltageis oscillating.

If V in Equation 1 isreplaced by the form given in Equation 3 and expanded, one obtains:
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The negative sign from Equation 1 has been removed since the mechanical deflection of the cantilever is proportional
to the magnitude of the force. An interferometer isused to monitor cantilever deflections at the frequencies of w and
2w. The deflection at 2w, which is proportiona to Equation 6, yields sample capacitance information. The signal
detected at w, whichisproportiona to Equation 5, isused to minimize the e ectrostatic force. Since the capacitive and
ac terms of Equation 5 are non-zero, the primary method to minimize cantilever deflection at w isto adjust Vp ¢ until
it equals the WFD between sample and probe.

Ideally, the spatia variations in this feedback signa are used to estimate changes in the sample's surface work
function (WF). In practice the feedback signal isequal to the WFD only for samples with surface festures significantly
larger than the entire probe. Our experience shows it is necessary to consider the interaction of all the electrically
conductive components of the force sensing probe and sample surface, as suggested by other researchers (8,11, 12).

Since the sample surface varies under the probe, the value of Vi which minimizesthe cantilever deflection becomes a
weighted average of the WFD and capacitive components between the probe and the sampl e surface. Thisisanaogous
to the stray capacitance problems associated with the vibrating reed Kelvin probes (13-17). The impact of the errors
isvery different in the two techniques, so a direct application of prior analysisis not appropriate.

An example of this stray capacitance for the force-based SKPM is shown in Figure 1. It shows the profile of a
micro-fabricated silicon force sensing probe (18) used in our system as it scans at a height of Zg over a rectangular
surface feature with vertical dimension AS. In general the tota capacitance between the probe and sample would be
an integral computed over the entire el ectrically active surface (12). For thiswork the capacitive components will be
treated discretely to simplify the discussion and numerical anaysis.

The total load shown in Figure 1 between the electrical connections to the sample and probe is modelled as three
paralel capacitances. One component is between the end of the cantilever and the sample, the second component is
between thetip and thefeature of interest, and the thirdis between the bulk of the cantilever and thesample. Sincethese



O

—_—_Caa —_—Cr Z_Z Ce Cotal

)

AS

Figure 1: Schematic representation of the probe/sample subsystem and the equivalent capacitance circuit.
The desirable capacitance is between the tip and the sample surface (Ct). The remaining cantilever and
sample overlap yields stray capacitance (Cc1 and Ccp). Thetip is kept within tens of nanometers from the
sample surface (Zo) while the cantilever is several microns above thetip (Ty).

components are in parallel, the tota effective capacitance is a sum of the individual capacitors. These capacitances
are dso in series to any additional capacitance between the electrical connections and the air gap, which for now are
assumed to be constant for each branch.

The entire system can be broken down further and modelled as severa very small capacitors in parallel, with the
effective capacitance given as:
Ctotal = Z Cz (7)

where C; is the contribution from each capacitive term. The derivative of C',:4 taken with respect to the vertical
displacement between the sample and probe becomes:
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This changes the nature of Equation 5. The electricd signal S, obtained from alock-in amplifier becomes:
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The applied voltage Vp needed to minimize the deflection of the cantilever at w isderived as follows:
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In addition, Equation 6 will also be modified. The capacitive term will be replaced with the summation from the
denominator of Equation 13. Therefore, the capacitance signal will play an important rolein extracting quantitative
WEFD resultsfrom the Vp  required to minimize the electrostatic force.

Thisisasimplified description of the contribution from the various capacitive components to the detected cantilever
deflection. To model the cantilever deflection correctly, one would need to perform a self-consistent cal culation of
the equations of motion with the contributions from the entire probe. As described earlier, the summation is an
approximation to the integral that would be required to obtain the exact relationship between the tip voltage and
material parameters.
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Figure 2: A surface plot showing the relative contribution of the tip/sample capacitance compared to the
total probe/sample capacitance as functions of the area and sample spacing over atopographically flat surface
(AS = 0). Ac/A; istheratio of the cantilever area to the tip area and Z;/Z; is the ratio of the tip/sample
spacing to the cantilever/sample spacing. Z; correspondsto Zp, and Z to Zp + Ty, from Figure 1.

The simple anaysis indicates the feedback voltage depends upon the lateral extents of the surface topography,
dielectric properties, and WFD over the electrically active area between the probe and the sample. In order to obtain
high resolution, it is necessary for most of the contribution to come from the interaction of the tip/sample and not the
cantilever/sample. Figure 2 shows aplot of the following relationship:
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where 63;”‘ isthe effective tip/sampl e capacitance and "’057;’ istheeffective cantilever/sampl e capacitance. This

relationship is plotted as a function of the normalized areas and separation, assuming a topographically flat perfect
conductor. The capacitance was treated as a parald plate, so the curve shown is applicable only to systems that may
be described as being proportional to an effective surface area and inversely proportional to the e ectrode spacing. The
shape of the curve for other systems will vary, but the trends should remain similar.

The silicon probes we have been using are fabricated to be =~ 100 pmlong x 20 pum wide. The tip has a radius of
curvature of a 20 nm when sharp, and ~ 0.3 to 0.5 zm when dulled after many scans or due to tip crashes. The
normalized area of cantilever totip liesin therange of 10° to 10°. Thevan der Waals (vdW) control loop of our system
istypicaly set to keep the tip & 5 nm from the surface (Zo in Figure 1), and the tip length is specified to be in the
range of 6.5t0 7.0 um (Ty in Figure 1). The normalized tip/sample to cantilever/sample spacing is less than 1073,
This puts our operating area within the marked section of the plot (®).

More than 99% of the capacitance comes from the tip/sample for dull tips. For sharp tips thisdropsto only 63%. If



we attempt to increase our resol ution by fabricating finer tips, or if thereis significant relief in the surface topography
changing the spacing ratio, the tip capacitance ratio drops below 50%. Even if the feature under investigation is only
as large as the effective area of the tip, the feedback voltage will not be the same as the material WFD unless the
cantilever isaso above material with asimilar WF.

Thisis qualitatively consistent with the behavior of our system. We obtain much better contrast with dull tips, but at a
lossin lateral resolution. Measurements taken with tungsten probes yield more constrast due to the larger effectivetip
areaand avaueof Ty in excess of 150 ym.

SIMULATION RESULTS

In order to determine the impact of this modified formulation upon the expected measurements, we computed Equa-
tion 13 for various types of probes and samples. The probe was divided into several el ements, as shown in Figure 3.
For each of these elements, the corresponding C;, 25+, and £2: were computed between the i-th element of the probe
and the nearest point on the model of the sample's surface. Ti‘le capacitance between the i-th element and the surface
was treated as aparalld plate in order to speed computation.
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Figure 3: Plots showing the elements used to mode the cantilever, a sharp (+) tip, and adull (x) tip of a
force sensing probe. The cantilever is 20 pm wide x 100 um long. The sharp tip has aradius of curvature of
~ 20 nm, and the dull tip has aradius of curvature of ~ 0.25 um.

A finiteelement model (FEM) was used to represent the surface characterisitics of thesample. The valuesof the surface
height, material WF, and effective substrate capacitance are stored for each point in the FEM mesh. The resulting tip
voltage of Equation 13 is computed for each point in the mesh. For every probe element that does not lie on a mesh
node, or when a computed value is desired for the surface at a point that does not lie on a mesh node, the values are
computed vialinear interpolation.

Figure 4 shows a perspective plot of the topography associated with the doped structures described in (6). Thereisan
anomalous structure in the figure from the plotting package — it is not present in the actual mesh data. Figure 5 shows
profiles of the effective substrate capacitance and WF for a dlice taken through the middl e of the structures. The values
were representative of SIMS profiles and theoretical models for this particular sample.

A simulation of the scan was then performed with four types of probes. Two of the probes had sharp tips, and two had
dull tips. For each pair, one probewas all silicon and the other had asilicon tip and gold cantilever. We did not simulate
an al gold probe because our experience indicatesthat the gold tendsto flake off, or thetip dulls, after extended use.

Figure 6 showsthesimulated surface potentia profilesfor each of thesefour probes. The profilesaretaken perpendicul ar
to the direction of the simulated scan. The bulk of the cantilever was directed to the left. During the simulated scan
the tip of the probe reaches the structures before the body of the cantilever, which mirrorsthe experimenta procedure.



Figure 4: Plot of theidealized surface topography for the model of the dopant contacts described in (6). The
contact holes are arranged in 5 x 5 arrays, with awidth of 2 xm for each contact hole. The depth of each
contact is9 nm.

As predicted by our model, and consistent with behavior of our SKPM, more contrast isindeed predicted with a dull
tip compared to a sharp tip. There is dlope in the predicted signal, which is related to how much of the cantilever
resides over the structures. The contrast is larger for the right structure because the cantilever is interacting with all
five implant regions. There are also effects seen in the profile due to the physical edges of the surface.

One interesting item is the change in contrast for a sharp Si/Au probe, where the predicted surface potentia for the
implanted structures is actualy less than that predicted by theory (compare to Figure 5). In severa experimental
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Figure 5: Profiles of the idealized effective surface capacitance and work function used in the model. The
substrateis assumed to have 5 nm of oxide present. The capacitance withinthe contact holesis a much lower
value due to the junction capacitance of the implanted p/n depletion region being in series with the surface
oxide. The substrate was n-type silicon, doped with phosphorus to a density of 10 cm~3, with a work
function of 4.33eV. The contact holeswere doped with boron to adensity of 10*° cm~2, with awork function
of 5.09 eV.
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Figure 6: Profiles of the simulated tip voltage. The profiles are taken through the five contact holes in the
middle of the array, and perpendicular to the direction of the simulated scan. Thefirst scan lineliestotheleft
of the array, and the final scan lineliesto the right of the array. The results depend strongly upon how much
of thetip and cantilever lie above the array, in addition to the material propertiesof thetip and cantilever.

Situations a contrast change was found in the SKPM measurements. This change depends upon the settings of the
van der Waals control loop when using coated probes. We attribute thisto changes in the rel ative contributions of the
Si/sample and Au/sample WFDs to the deflection of the cantilever.

Future software revisions will include sdf-consistent solutions to the van der Waals and €l ectrostatic forces. This
change will allow circumvention of the approximations present in Equation 13.

EXPERIMENTAL RESULTS

We present here measurements made with the SKPM on the samples described in (6). The measurements were
performed upon structures in a different area of the test die, and so are not identical to previoudly published results.
The test die contains several test structures grouped together in different sizes.

The measurements reported in (6) were taken near a center group. These measurements are taken near an edge group.
As shown in the previous section, when the cantilever covers a larger number of the implanted structures the signal
better approximates the true WFD. The previoudly published measurements show a wider signa swing than the ones
in this manuscript, consistent with the model presented earlier.

Figure 7 shows the actual measurement profiles obtained with the SKPM. To remain consistent with the simulation
results, thelines are taken perpendicular to the direction of the scan. The leftmost signal peaks correspond to implants
that areintheinterior of an array, and the rightmost peaks are on the edge of the implanted array.

The absolute value of the tip voltage does not match the simulated value. This differenceislikely dueto the condition
of either the sample or probe surface. The signal swing of thesimulation was=: 75 mV, whereas for the measured data
itwasa 110 mV. Possible reasons for this discrepancy are uncertainty in the dopant concentrations near the surface
of either the sample or probe, incorrect p/n junction capacitance or oxide thickness, incorrect probe/sample spacing,
incorrect tip size, coarse discretization of the sample mesh used in the simulations, an invalid assumption that only the
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Figure 7: Profiles of the actua tip voltage from measurements performed on afabricated structure of contact
holes. The profilesare taken perpendicular to the scan directionin order to match the conditionsof the profile
shown in Figure 6. The peaks exhibit aslope similar to that shown in Figure 6, and the edges show asimilar
discontinuity. The discontinuity in the ssimulation is stronger due to the approximations used in the model.

capacitance across the air gap depends upon the tip/sample spacing, ignoring the presence of surface states or athin
water layer, ignoring the interaction of the laser with the silicon probe, off-axis orientation of the probe and sample
surface, and/or interaction with structures on the sample surface that were not included in the FEM mesh.

Though the results are not quantitatively exact, they are qualitatively similar. The measured data show asimilar slope
in the signal as more of the cantilever covers theimplant areas. There are discontinuities seen along the edges of the
implant areas (they are not as strong as in the simulation results due to the method of numerical anaysis), and the
crowns of the features are rounded.

CONCLUSION

A simple extension of the electrostatic force model leads to theoretical results closer to the actua surface potentia
profiles measured with a force-based SKPM than is obtained with a traditional model. We have concentrated our
discussion here upon the analysis of previoudly published measurements (6). The analysis has also been applied to
other simple doped structures, including step- and stripe-like features. These resultswill be presented el sewhere.

The role of the cantilever cannot be ignored in the quantitative analysis of data obtained with an SEFM, especialy
where claims about the lateral resolution are made. The greatest impact will occur in de measurements (the Kelvin
mode), since the WF is essentially a de signa with an infinite lateral extent. There will be less impact on the ac
measurements (19-21) if the separation of signa lines carrying the ac signalsis much larger than the cantilever size.
When the cantilever lies over two different lines carrying signals a the same ac frequency, or when it lies over a
significant portion of asingleline, the probe signal will not reflect the actud tip/surface signal (amplitude and phase).
The presence of the extra capacitance will aso have an impact upon the amount of current drawn through the system,
which may influence the sample under study.

To make more quantitative statements about the measurements will require deconvolution of the data. Our future
research includesthe formulation of arobust technique to extract the actua WFD and capacitance variations from the



electrostatic and capacitance measurements obtained with the SKPM.
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