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A force-based scanning Kelvin probe microscope has been applied to the problem of dopant
profiling in silicon. Initial data analysis assumed the detected electrostatic force couples the sample
and only the tip at the end of a force sensing cantilever. Attempts to compare measurements
quantitatively against device structures with this simple model failed. 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 lateral inhomogeneities in the surface
topography and material composition of the sample. Actual and simulated measurements which
demonstrate the characteristic signature of this effect are presentd®9® American Vacuum
Society.

[. INTRODUCTION whereV is the total potential difference, is the spatial dis-

Qualitative measurements taken with a combination of arff@nCe.Cay IS the capacitance, antl,;/9z is the spatial de-
atomic force microscop@AFM) and scanning Kelvin probe 'vative of the capacitance between the probe and sample;
force microscopéSKPM) on simple implanted structures in Ceff IS the total capacitive load in series with the system,
silicon have been reported by several researchért is including contributions from the probe/sample gap, dielectric
reported in Ref. 6 that initial attempts to quantify the mea_materlals on probe or sample surfaces, and i junc-
surements against theoretical models have not been corfions-

pletely successful. Further work on the samples described in 1€ @bove equations are most applicable to a system
Ref. 6 is reported here. where the sample and probe are metals. In this case the only

One of the most significant reasons for the reported disSPacing-dependent capacitance between the probe and the

crepancy between measured surface potential profiles off@MPIe is across the air gap. If either the probe or the sample
tained via the SKPM and profiles predicted by theoreticafS & hondegenerately doped semiconductor, however, the to-

models is the interaction between the cantilever of the forcd?! charge contained within a volume near the surface may

sensing probe, in addition to the tip, and the sample surfac&/SC vary as the probe/sample spacing changes, resulting in a

The standard electrostatic force model is presented and e ifferent form of Eq.(2). In addition, filled surface states

tended to show this discrepancy. Simulation and experimermay lead to a different electrostatic force than predicted by

tal results which illustrate this interaction are also presente =4 (2). i L i .
Theoretical analysis indicates the cantilever deflection is

directly proportional to the magnitude of this forteThus,

Il. MODELS variations in the electrical nature of the probe/sample system
A distinction is made between a cantilever, a tip, and acan be examined by detecting and properly adjusting for

probe. For this work the cantilever is the section of the forcechanges in the mechanical deflection of the cantilever.

sensor which undergoes mechanical deflection. The tip is as- With the scanning electrostatic force microsc¢p&FM)

sumed to be physically attached to the cantilever. It is thehe potential differenc® between the probe and sample can

location of primary force interaction with a sample underbe comprised of a dc signal and/or one or more ac signals.

investigation. The probe consists of both the cantilever andvith the SKPM model presented in this article, the potential

the tip. differenceV consists of one dc component and one ac com-
The mechanical deflection of a cantilever due to an elecponent, which may be represented as follows:

trostatic force between the probe and sample has been exam-

ined by several researchers and treated as a capacitive AD

system:®~*' The force on the probe due to a potential dif- v =v/(t)=V— — +V,, sinwt), ?)

ference between the probe and sample may be represented

as

F.=—1v2C/, (1)  WhereVy is the magnitude of the dc component applied by
) any external electronicd\® is the work function difference
cre Ceft| “ ICair (9 (inev of the materialdand A®/q is the contact potential
Car) 9z difference(CPD)], V4. is the peak magnitude of the ac com-
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ponent of the externally applied potential between the probe o}
and the sample, and is the frequency at which the ac volt- J_
age is oscillating. ——“Ca ZCt = Ca Crotal
If Vin Eq. (1) is replaced by the form given in E3) and
expanded, one obtains °
1 AD\Z 1 | | ]
Fe= 5 Vige— T + E Vac C 4 . U
AdD )
+C’ VdC_ T VaC Sln( wt) (5) Zo
1 AS
+7 C'V2_ coq2wt). (6)

The negative sign from Ed1) has been removed since the Fe. 1. Schematic representation of the probe/sample subsystem and the
force is always attractive under the circumstances investiequivalent capacitance circuit. The desirable capacitance is between the tip

gated during this study. An interferometer is used to monito@nd the sample surfac€¢). The remaining cantilever and sample overlap
cantilever deflections at the frequencies@fand 2. The yields stray capacitanc€; and C¢,). The tip is kept within tens of na-

: N q . " nometers from the sample surfa#,) while the cantilever is several mi-
deflection at @, which is proportional to Eq(6), yields  crons above the tipT,).
sample capacitance information. The signal detected,at
which is proportional to Eq(5), is used to minimize the

electrostatic force. Since the capacitive and ac terms of Eq.

(5) are nonzero, the primary method to minimize cantileverseries tp any addition_al capacit.ance betwgen the electrical
deflection atw is to adjustVy. until it equals the CPD be- connections and the air gap, which for now is assumed to be

tween sample and probe. constant.

Ideally, this feedback signal is used to estimate spatial 'N€ entire system can be broken down further and mod-
variations in the sample’s surface work functioWr). In eled as severql very s_mall capacitors in parallel, with the
practice the feedback signal is equal to the CPD only foffective capacitance given as
samples with surface features significantly larger than the
entire probe. Our experience shows it is necessary to con- Crow= > Ci. ()
sider the interaction of all the electrically conductive compo- '
nents of the force sensing probe and sample surface, as sughereC; is the contribution from each capacitive term. The
gested by other researchérs:** derivative ofC, taken with respect to the vertical displace-

Since the sample surface varies under the probe, the valueent between the sample and probe becomes
of V4. which minimizes the cantilever deflection becomes a JC.
weighted average of the CPD and capacitive components 2 .
between the probe and the sample surface. This situation is 92 Tz
si_milar to the stray capacitance pr_oblems i";\sgsociat_ed with the The nature of Eq(5) is thus changed. The electrical sig-
displacement current-based Kelvin probes: The impact  a's “obtained from a lock-in amplifier becomes
of the errors is very different in the two techniques, so a

A(Di)

aC
total _ ( 8)

direct application of prior analysis is not appropriate. aC;

An example of this stray capacitance for the force-based SwocVaCE 9z Vo™ q /)
SKPM is shown in Fig. 1. It shows the profile of a micro- . . .
fabricated silicon force sensing prdBesed in our system as 1he applied voltag¥ . needed to minimize the deflection of
it scans at a height o, over a rectangular surface feature the cantilever at is derived as follows:

(€)

with vertical dimensiom\S. In general, the total capacitance JC; AD,

between the probe and sample would be an integral com- 2 —( de— —) =0, (10
puted over the entire electrically active surfaédzor this gz q

work the capacitive components will be treated discretely to =.(dC)19z(AD;)lq

simplify the discussion and numerical analysis. = 3. (9C) 10z (11)

The total load shown in Fig. 1 between the electrical con-
nections to the sample and probe is modeled as three parallel In addition, Eq.(6) will also be modified. The capacitive
capacitances. One component is between the end of the caterm will be replaced with the summation from the denomi-
tilever and the sample, the second component is between tmator of Eq.(11). Therefore, the capacitance signal will play
tip and the feature of interest, and the third is between than important role in extracting quantitative CPD results from
bulk of the cantilever and the sample. Since these compahe V. required to minimize the electrostatic force.
nents are in parallel, the total effective capacitance is a sum This description is a simplified version of the contribution
of the individual capacitors. These capacitances are also iflom the various capacitive components to the detected can-
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Fic. 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 a topographically flat su(feSe-0).
A/ A, is the ratio of the cantilever area to the tip area dp&. is the ratio
of the tip/sample spacing to the cantilever/sample spadipgorresponds to
Zy, andZ, to Zy+ Ty, from Fig. 1.

Y (um)

Fic. 3. Plots showing the elements used to model the cantilever, a 6harp
tip, and a dull(X) tip of a force sensing probe. The cantilever is2@ wide
X100 um long. The sharp tip has a radius of curvature=<®0 nm, and the
dull tip has a radius of curvature £0.25 pum.

tilever deflection. To model the cantilever deflection more
correctly, one would need to perform a self-consistent calcu-
lation of the equations of motion with the contributions from loop of our system is typically set to keep the tgh nm
the entire probe. As described earlier, the summation is afrom the surfacéZ, in Fig. 1), and the tip length is specified
approximation to the integral required to obtain the exacto be in the range of 6.5-7.Am (T in Fig. 1). The tip/
relationship between the probe voltage and material paransample to cantilever/sample spacing ratio is less thar,10
eters. which puts our operating area within the marked section of
The simple analysis indicates the feedback voltage dethe plot(®).
pends upon the lateral extents of the surface topography, di- More than 99% of the capacitance spatial derivative
electric properties, and CPD over the electrically active aregomes from the tip/sample for dull tips. For sharp tips this
between the probe and the sample. In order to obtain highrops to only 63%. If one attempts to increase resolution by
resolution, it is necessary for most of the contribution tofabricating finer tips, or if there is significant relief in the
come from the interaction of the tip/sample and not thesurface topography changing the spacing ratio, the tip ca-
cantilever/sample. Figure 2 shows a plot of the followingpacitance derivative ratio drops below 50%. Even if the fea-
relationship: ture under investigation is only as large as the effective area
of the tip, the feedback voltage will not be the same as the
(?Ctip/(?Z . L . .
(12 material CPD unless the cantilever is also above material
9Ciip/ 92+ ICcanileved 92 with a similar WF.
as a function of physical cantilever/tip dimensions and Our system is qualitatively consistent with this behavior.
probe/sample spacing assuming a topographically flat perfe®ull tips yield much more contrast at a loss in lateral reso-
conductor, wher@Cy;,/z is the effective tip/sample capaci- lution. Measurements taken with tungsten probes yield more
tance andIC,ieveldZ is the effective cantilever/sample ca- contrast due to the larger effective tip area and a valug,of
pacitance. The capacitance was treated as a parallel plate, soexcess of 15Qum.
the curve shown is applicable only to systems that may be
described as being proportional to an effective surface are
and inversely proportional to the electrode spacing. Thlﬁ]' SIMULATION RESULTS
shape of the curve for other systems will vary, but the trends To determine the impact of this modified formulation
should remain similar. upon the expected measurements, we computed1E&yfor
The silicon probes used are fabricated to4#&00 um  various types of probes and samples. The probe was divided
long X20 um wide. The tip has a radius of curvature=e0  into several elements, as shown in Fig. 3. For each of these
nm when sharp, ane-0.3—0.5um when dulled after many elements, the correspondir@, dC;/dz, and A®;/q were
scans or due to tip crashes. The normalized area of cantilevebomputed between thi¢h element of the probe and the near-
to tip lies in the range of 18-1C°. The force-gradient control est point on the model of the sample’s surface. The capaci-
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Fic. 4. Plot of the idealized surface topography for the model of the dopant o 5 10 15 20
contacts described in Ref. 6. The contact holes are arranged Srefrays, Distance (zm)
with a width of 2 um for each contact hole. The depth of each contact is 9 . i .
nm. 51 ___‘ . ]
s
o
T 49t
tance between thigh element and the surface was treated as %
a parallel plate in order to speed computation. f:g, a7l
A finite element mode(FEM) was used to represent the a
surface characteristics of the sample. The values of the sur- 3
. . . . N
face height, material WF, and effective substrate capacitance E 45
are stored for each point in the FEM mesh. The resulting 2 P | B+ U B+ | B+ | B+ L B+| P
probe voltage of Eq(11) is computed for each point in the Py B

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 via linear interpolation.

Figure 4 shows a perspective plot of the topography assasc. 5. Profiles of the idealized effective surface capacitance and work func-
ciated with the doped structures described in Ref. 6. There ipon used in the model. The substrate is assumed to have 3 nm of oxide
an anomalous structure in the figure introduced by the plotPresent. The capacitance within the contact holes is a much lower value due
. . . ._to the junction capacitance of the implantgth depletion region being in
ting package. It may be seen in the surface plot in the I€J108eries with the surface oxide. The substrate wagpe silicon, doped with
10 um<X<15 wm and 0um<Y<5 um, but not in the phosphorus to a density of #ocm™3, with a work function of 4.33 eV. The
contour plot. The structure isot present in the mesh data contact holes were doped with boron to a density df ttn~3, with a work
used for the simulations. Figure 5 shows profiles of the effunction of 5.09 ev.
fective substrate capacitance and WF for a slice taken
through the middle of the structures. The values were represtructure because the cantilever is interacting with all five
sentative of SIMS profiles and theoretical models for thisimplant regions. There are also effects seen in the profile due
particular sample. to the physical edges of the surface.

A simulation of the scan was then performed with four One interesting item is the change in contrast for a sharp
types of probes. Two of the probes had sharp tips, and tw&i/Au probe, where the predicted surface potential for the
had dull tips. For each pair, one probe was all silicon and thémplanted structures is actually less than that predicted by
other had a silicon tip and gold cantilever. No simulation oftheory(compare to Fig. b In several experimental situations
an all gold probe was performed because our experience i contrast change was found in the SKPM measurements.
dicates that the gold tends to flake off, or the tip dulls, afterThis change depends upon the settings of the force-gradient
extended use. control loop when using coated probes. The contrast inver-

Figure 6 shows the simulated surface potential profiles fosion may be attributed to changes in the relative contribu-
each of these four probes. The profiles are taken perpendictions of the Si/sample and Au/sample CPDs to the deflection
lar to the direction of the simulated scan. The bulk of theof the cantilever.
cantilever was directed to the left. During the simulated scan Future software revisions will include self-consistent so-
the tip of the probe reaches the structures before the body dftions to the equations of motion and electrostatic forces.
the cantilever, which mirrors the experimental procedure. This change will allow circumvention of the approximations

As predicted by our model, and consistent with the behavpresent in Eq(11).
ior of our SKPM, more contrast is indeed predicted with a
dull tip compared to a sharp tip. There is slope in the pre-'V- EXPERIMENTAL RESULTS
dicted signal, which is related to how much of the cantilever Presented here are measurements made with the SKPM
resides over the structures. The contrast is larger for the righin the samples described in Ref. 6. The measurements were

0 5 10 15 20
Distance (um)
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on a fabricated structure of contact holes. The profiles are taken perpendicu-
Fic. 6. Profiles of the simulated probe voltage. The profiles are taker@r to the scan direction in order to match the conditions of the profile shown

through the five contact holes in the middle of the array, and perpendiculall F19- 6: The peaks exhibit a slope similar to that shown in Fig. 6, and the
to the direction of the simulated scan. The leftmost points correspond to gdges show a similar d|scpnt|QU|ty. The (_j|scont|nU|ty in the simulation is
scan point lying on the first scan line, and the rightmost points correspond t§/0Nger due to the approximations used in the model.

a scan point lying on the final scan line. The results depend strongly upon

how much of the tip and cantilever lie above the array, in addition to the

material properties of the tip and cantilever. . . .
prop P surface, and/or interaction with structures on the sample sur-

face that were not included in the FEM mesh.

performed upon structures in a different area of the test die, '10Ugh the results are not quantitatively exact, they are
and so are not identical to previously published results. Th‘_guahtatl\_/ely similar. The measured_data show a S|m|le_1r slope
test die contains several test structures grouped together {f} the signal as more of the cantilever covers the implant
different sizes. areas. Discontinuities are seen along the edges of the implant
The measurements reported in Ref. 6 were taken near greas(they are not as strong as in _the simulation results due
center group, using a probe with a tip radius of curvature lesi the method of numerical analysisind the crowns of the
than 50 nm. The measurements reported here are taken ndgftures are rounded.
an edge group, using a probe with a tip radius of curvature
2:)?/2?3:&? nm. As shown |n'Sec. Ill, when the cantlle.ver\{. CONCLUSION
ger number of the implanted structures the signal
better approximates the true CPD. The previously published A simple extension of the electrostatic force model leads
measurements show a wider signal swing than the ones ito theoretical results closer to the actual surface potential
this article, consistent with the model presented earlier. profiles measured with a force-based SKPM than is obtained
Figure 7 shows the actual measurement profiles obtainedith a traditional model. The discussion here has concen-
with the SKPM. To remain consistent with the simulationtrated upon the analysis of previously published
results, the lines are taken perpendicular to the direction afeasuremenfsThe analysis has also been applied to other
the scan. The leftmost signal peaks correspond to implantsimple doped structures, including step- and stripelike fea-
that are in the interior of an array, and the rightmost peaksures.
are on the edge of the implanted array. The role of the cantilever cannot be ignored in the quan-
The absolute value of the probe voltage does not matclitative analysis of data obtained with an SEFM, especially
the simulated value. This difference is likely due to the con-where claims about the lateral resolution are made. The
dition of either the sample or probe surface. The signal swingreatest impact will occur in dc measuremefitse Kelvin
of the simulation was=75 mV, whereas for the measured mode, since the WF is essentially a dc signal with an infinite
data it was~110 mV. Possible reasons for this discrepancylateral extent. There will be less impact on the ac
are uncertainty in the dopant concentrations near the surfageeasurements 23 if the separation of signal lines carrying
of either the sample or probe, incorrgin junction capaci- the ac signals is much larger than the cantilever size. When
tance or oxide thickness, incorrect probe/sample spacing, irthe cantilever lies over two different lines carrying signals at
correct tip size, coarse discretization of the sample mesthe same ac frequency, or when it lies over a significant
used in the simulations, an invalid assumption that only thgortion of a single line, the probe signal will not reflect the
capacitance across the air gap depends upon the tip/sampletual probe/surface sign@mplitude and phageThe pres-
spacing, ignoring the presence of surface states or a thience of the extra capacitance will also have an impact upon
water layer, ignoring the interaction of the laser with thethe amount of current drawn through the system, which may
silicon probe, off-axis orientation of the probe and sampleinfluence the sample under study.
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