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Abstract

Theoretical high-frequency capacitance-versus-
voltage curves have been calculated for silicon in order to
correlate scanning capacitance microscope (SCM)
measurementswith semiconductor dopant profiles. For two-
dimensional cases, thelinear finite-element method isused to
solve Poisson’s equation in the semiconductor region and
L aplace' sequation in the oxide and the ambient regions. For
three-dimensional cases, the collocation method is used in
the semiconductor region, and thelinear finite-element method
isused outsidethisregion. For agiven oxidethickness, probe
shape, and probe-tip size, the capacitance is calculated for a
seriesof casesof uniform doping, and afew examplesolutions
arefound for amodel graded doping profile. For the case of
uniform doping, the theory can be used to form adatabasefor
rapid interpretation of SCM measurement data.

Key Words: Scanning capacitance microscopy, differential
capacitance, dopant profiling, semiconductor.

*Address for correspondence:
JF. Marchiando
Semiconductor ElectronicsDivision
Electronicsand Electrical Engineering Laboratory
Nationa Ingtitute of Standards and Technology
Building 225, RoomA305
Route 270 and Quince Orchard Road
Gaithersburg, MD 20899
Telephonenumber: (301) 975-2038
FAX number: (301) 948-4081
E.mall: jay.marchiando@nist.gov

205

Introduction

Profiling the dopant concentration along the surface
of a processed semiconductor wafer with 20 nm spatial
resolution and 10% accuracy isidentified inthe 1994 National
Technology Roadmap for Semiconductors as a critical
measurement need for the development of next generation
integrated circuits[38]. Thisneediswell documented andis
the subject of a recent review [11]. One scanning probe
method that holds great promise for two-dimensiond (2D)
and three-dimensional (3D) dopant profiling is scanning
cgpacitancemicroscopy [7, 11, 14, 18, 19, 20, 21, 23, 24, 25, 29,
30,40, 41, 42]. A scanning capacitance microscope (SCM) is
based on an atomic force microscope (AFM) with amodified
conducting tip and appropriate circuitry to measure the probe-
to-sample capacitance variation as a function of both bias
and probe position. A thin insulating oxide layer atop the
sample separates the semiconductor from the conducting
probe-tip, thusforming ametal -oxide-semiconductor (MOS)
capacitor. The measured dataare proportional to the change
in the high-frequency capacitance caused by a modulation
voltage and provide a measure of the field-induced changes
in the semiconductor volume depleted of majority carriers.
From these measurements, the dopant concentration is
determined. Extracting dopant profilesfrom SCM datarequires
amodel, and this ultimately establishes the accuracy of the
method. Whileaccuracy isimportant, thereisalso aneed for
aquick interpretation of thedata. Thefirst models[18, 21, 23]
to quickly interpret SCM data used a number of simplifying
assumptions, such as using the one-dimensional (1D) MOS
capacitor model [16], but this tends to compromise the
accuracy. Thesemodelsarediscussed further intheAppendix.
To help correlate SCM data with dopant concentration, we
have cal cul ated theoretical high-frequency capacitance curves
asafunction of applied biasfor arange of dopant densitiesin
sliconfor agiven oxidethicknessand probe-tip size. A set of
calibration or conversion curves relating dopant density and
derivative of thehigh-frequency capacitanceispresented here
that will provide the basisfor aquick and accurate meansto
extract dopant densitiesfrom SCM data.

For 2D cases, themodel samplesareuniformly doped,
and the prabeis conically shaped and oriented normal to the
surface of the sample, so that the system exhibits cylindrical
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symmetry. Thelinear finite-element method isused to solve
Poisson’ sequationin the semi-conductor regionand Laplace's
equation in the oxide and the ambient regions.

Because there is need to understand SCM data near
junctions, example solutionsare also found for amodel high/
low like-dopant (p*/p) graded profilejunction. Thenet charge
dengity distributionisfound near themode! junction for cases
when aprobeis absent, aV shaped probeis centered above
the junction, and a conical-shaped probe is centered above
thejunction. Theconical probeistilted away from normal by
asmall angleasin acommercial SCM, and for thisfully 3D
case, the collocation method is used in the semiconductor
region, whilethelinear finite-element method isused outside
thisregion. These cases are intended to high-light some of
the characteristics that need to be considered in the next
generation of modelsthat will beapplied to morereaistic but
complicated 3D configurations.

Formulism

Inmodeling SCM dataof adoped semiconductor wafe,
itisuseful to review some aspectsof the measurement process,
the MOS structure, and the approximations that are used to
mode them[6, 15, 16, 17, 18, 22, 28, 31, 36, 37, 39]. Whilethere
areafew different modes of operating an SCM, in each case,
the measurement process involves placing a small highly
conducting probe-tip near or on the surface of thethin (= 10
nm) insulating layer that covers the surface of the doped
semiconductor substrate. A biasthat contains both a steady-
state and a small high-frequency alternating cur-rent
component is applied between the probe and the
semiconductor. The component, AV, displaces the electron
and hole distributions in the semiconductor dightly away
from their biased steady-state values. The resulting
capacitance variation AQ/AV isinversely proportional to the
probe-to-sample circuit impedance. One mode of operating
an SCM isbased onthe derivative of the high-frequency (HF)
capecitance, where the measurement is proportiona todC, ./
dv_,andV,_istheamplitude of alow-frequency modulation
voltage. (The low-frequency component has a frequency
between 1 kHz and 10 kHz with an amplitude between 0.1V
and 5V, depending on the oxide thickness and the doping
concentration. The high-frequency component has a
fre-quency of 915 MHz withanamplitudeof 0.1V). Here, the
bias includes both alow- and a high-frequency component,
and the SCM measures the derivative of the HF depletion
capacitance. Thegoa hereisto model the derivative of the
HF depl etion capacitance [16].

In order to correlate SCM data with dopant profiles,
AQ/AV must be known as afunction of both bias and dopant
density [16, 31, 36]. Thisisacomplicated problem, becausea
number of things may exist or occur in the sample or the
measurement procedure that can affect the measurement, and
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thus, themodeling. Thisincludesthedoping profile, theoxide
thickness, interface states in the silicon band gap, light,
vibration, etc., [31, 37]. Some of the interface states may be
reduced by careful processing. To reduce the effects of any
externdly appliedlight and vibration, the SCM measurements
are made in the dark in a closed and isolated chamber, and
specia careis given to the laser monitoring of the probe to
prevent any illumination on the semiconductor. In order to
mekethe problemmoretractable, somesmplificationisneeded.
The model here uses idealized materials and conditions, no
externaly applied illumination on the semiconductor sample,
a continuum model of band bending, no interface states, a
uniform oxide thickness, and a uniform doping profile. The
model isafirst step toward interpreting SCM measurements.
The electron and hole distributions in the semiconductor are
determined by solving Poisson’s equation,

O0e® )= (@e)(N,-N,+p-n), @
where q refers to the elementary charge (1.602 x 10% C), g,
refersto therelative permittivity of freespace (8.854 x 10 F/
um), € referstotherel ative dielectric constant of the material
(11.9for S, 3.9for SO,, and 1.0for air), N, refersto thenumber
density of the ionized donor impurity distribution (um3), N,
refersto the number density of theionized acceptor impurity
distribution (pnm®), p refersto the number density of themobile
holedistribution (um®), n refersto the number density of the
mobile el ectron distribution (un®), and Y refersto theelectric
potential distribution (V). For the cal culations, the zero of the
potential is set by the conduction band minimum in the
semiconductor substrate far away from the probed surface,
qy=E. E.whereE,_ referstotheFermi level that isconstant
for asystem at equilibrium, and E_ refersto the bottom edge
of the conduction band. The carrier number densitiesnand p
arerelated to the potential Y through the use of Fermi Statistics
and the band-bending approximation [6, 17, 31, 36]. (The
energetic relationsare comparableto that of Groveet al.[16],
except that: (1) theelectrostatic potentia ismeasured fromthe
conduction band minimum in the bulk, whereas Grove et al.
[16] measured it from theintrinsic Fermi level inthebulk; (2)
the surface state charge density is set to zero; and (3) Fermi
statisticsare used, whereas Grove used Boltzmann statistics.)
At room temperature (300K) and concentrations used here,
thedopantsarefully ionized. Sincethedoping used hereisp
typeand the capacitance measures displaced mgority carriers,
theminority carrierscan beand areignored, i.e., N, =0=n<<<
p. The high frequencies used in the measurements preclude
the formation of an inversion layer. Since inversion is not
allowed, nisnegligible.

The electric potentia in the insulator and the air is
determined by solving Laplace's equation. The problem is
then specified by the boundary conditions. Here, itisimportant
to note that the equations must be solved on adomain region



Models for interpreting scanning capacitance microscope measurements

that issufficiently large so that further changesin thedomain
sizewill havelittle or no effect on the cal cul ated derivative of
theHF capacitance. Here, thedomain region must containthe
probe-tip and the neighborhood around the probe-tip, such
as the probe shaft near the probe-tip, the air surrounding the
probe, the oxide, and the doped semiconductor.

At theinsulator-semiconductor boundary, the potential
iscontinuous, and the discontinuity of the normal component
of the electric-displacement vector depends on the trapped
interfacial charge. For thiswork, theinterfacia chargedensity
is set to zero. Two Dirichlet boundary conditions are used;
one grounds the backplane of the semiconductor, and the
other one sets the bias along the probe boundary. The
remaining outer boundaries of the domain satisfy Neumann
boundary conditions where the normal derivative of the
potential isset to zero. (Thisisthesimplest approximationto
impose on a supposedly sufficiently distant boundary. It is
in-dependent of bias and domain size, and its effect on the
solution near the probe-tip ought to be within the “error” of
the calculation). To remove the thermal equilibrium work-
function difference between the probe and the sub-strate in
thefigure presentations, the Fermi level sof the probeand the
sample are shifted with respect to each other at steady-state
by theflat-band voltage, sothat zero biasin thefiguresrefers
to theflat-band conditionin the doped semiconductor sample
beneath the probe-tip. Thisconvention followsthat of Grove
etal.[16].

The net charge, Q, in the semiconductor isfound by
volumeintegration, i.e.,

Q=qJ B (N,-N_+p-n). )

The HF capacitance is determined by subtracting the
resultsfrom two steady-state solutions with biasesthat differ
by AV, and calculating AQ/AV. The HF capacitance is
calculated for a range of biases and spline fitted. The
derivative of the HF capacitance is found by differentiating
the spline curve. These considerations guided the model
calculationsthat are reported here.

Uniform Doping
Geometry

When the configuration of the SCM measurement is
such that the conical-shaped probe exhibits cylindrical
symmetry, thecentral axisof theprobeisorientedinadirection
normal tothesurface of thesample, and the sampleisuniformly
doped, the geometry of the combined system exhibits
cylindrical symmetry, and the system can bemodeled asa2D
problem. Here, the probe shgpeismodeled after acommercidly
availableprobe. Theprobeisconically shaped with arounded
tip; the probe-tip radius of curvatureis0.01 pm, and the cone
apex half-angle is 10°. {For sake of easy modeling of the
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Figurel. Geometry of themodd structure. Thethreere-gions
arethesemiconductor region (O<y), theoxideregion(-h <y
<0), andtheambient region (y<-h ), whereh_ referstothe
oxidethickness. Theoxidethicknessis0.01 pum, and the probe-
tipradiusof curvatureis0.01um. Theradial cutoff distanceis
0.1 pm; the semiconductor substrate thicknessis 0.05 pm.

contact region between the probe-tip and the oxide boundaries,
the probe-tip is blunted slightly by truncation (plane
intersection), so that the angle between the two intersecting
surfacesis 10°}. The probe length is set by theradia cutoff
distance, asexplained | ater.

The model domain contains three subregions: the
semicon-ductor substrate region, the insulating oxide layer
re-gion, and theair or ambient region surrounding the probe.
A cross section of the model geometry for the probe-sample
structure is shown in Figure 1. The coor-dinate system is
chosen such that the central axisof the cylindrical coordinate
systemistheyaxis. They=0planeformstheSO,-S interface
boundary, the positive y axis is directed into the substrate
region, and the negativey axis passesthrough the probe axis.
Theradial directionisaong the x axis. Thisisupside down
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Figure2. Contour plot of the net charge density distribution,
wherethe dopant density is1 x 10* um3, and thebiasis0.2 V.
The radia cutoff distance is 0.2 um; the semiconductor
substratethicknessis0.2 um. Contour levelsareexpressedin
units of pum.

fromtheusua SCM configuration. The semiconductor region
iswherey =0, theoxideregioniswhere-h <y <0, and the
ambient regioniswherey<-h_, whereh_ isthe oxide layer
thickness. Theunit of lengthisexpressedinum, andhere,h
=0.01pm.

The size of the substrate region is set in part by the
radial cutoff distanceor length of thex axis. Sincetheinterest
hereisto maintain the spatia resolution of the measurement
near that of the probe-tip radiusof curvature, theradial cutoff
distance was set to usualy 10 times the probe-tip radius of
curvature. Here, theradial cutoff distance was set to 0.2 um
when 1x 10 pn*< N.< 9x 10* um®, 0.1 umwhen 1 x 10° um®
<N, <3x 10"pm?; and0.05pumwhen4x 10" pm3<N, < 1x 10°
s,
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Figure3. Contour plot of the net charge density distri-bution
wherethe dopant density is1x 10° um?, and thebiasis0.2V.
The radia cutoff distance is 0.1 pm; the semiconductor
substrate thicknessis0.1 pum. Contour levelsareexpressedin
unitsof pum,

The substrate depth (y) cutoff was determined so that
the substrate region could contain the depletion region, and
the charge neutrality condition could be maintained deep
insdethesubstratefor thegiven max-imumbias. Themaximum
biaswasroughly set by de-ter-mining when the contour value
of N./10 reached theradial cutoff distance.

Thelength of the probeisdetermined by using acircular
arc to form the outer boundary of the ambient region and
requiring the arc to intersect perpendicularly with the
boundaries of the probe and the oxide. Therefore, the probe
lengthisset by theradial cutoff distance. Changing theradial
cutoff distance changes the probe length, and for a nonzero
bias, this changes the charge on the probe, the net chargein
the semiconductor, and the capacitance. However, when the
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Figure4. Contour plot of the net charge density distribution
wherethedopant density is1x 10° um®, and thebiasis1.2 V.
The radia cutoff distance is 0.1 pm; the semiconductor
substrate thicknessis 0.06 um. Contour levelsare expressed
inunitsof pns.

radia cutoff distance is sufficiently large, the change in the
derivative of the high-frequency capacitance is found to be
small and iswithin the estimated error of the calculation.

This condition, where the cal cul ated derivative of the
high -frequency capacitance becomes insensitive to changes
inthe size of thedomain, is both important and necessary for
modeling an SCM measurement where the objective is to
determine ameaningful absol ute measurement and not just a
relative measurement. Conversely, for an SCM measurement
to be practical, the derivative of the high-frequency
capacitance must be insensitive to and separable from the
stray capacitances in the system.

M ethod of solution

To solve both the nonlinear Poisson equation in the
semiconductor region and the L aplace equation in the ox-ide
and theambient regions, we used PLTM G (Piece-wiseLinear
Triangular finite-element MultiGrid) [5], asoftware package
for solving elliptic partial differential equations for scalar
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problemsin two dimensions. The package provides support
for adaptively refining the mesh and for plotting the contours
or the surface profile of the solution or a function of the
solution.

To calculate the capacitance as a function of applied
biasV,, the depletion region must be suitably meshed to have
an accurate volume integration to find the net charge in the
semiconductor. To help reduce the grid dependence in the
charge calculations, the procedure used here wasto find one
gridthat would suitably mesh the depletionregion at thelargest
allowed bias setting and then use that mesh for solutions at
other smaller biases, starting from deep depletion (V, >0) and
mov-ing to accumulation (V,, <0). Thisisdonefor each dopant
density considered in the work.

Finding a suitable mesh over the maximal depletion
regionwasdifficult. Thedefault adaptive meshing a-gorithm
used in PLTMG was found to mesh the region around the
probe-tip in the ambient region quite well, but only at the
expense of the oxide and the substrate regions; they were
meshed too coarsely. Because PLTMG provideslittle direct
control of the mesh step size, and the user options for the
adaptive meshing a-gorithm arelimited, theonly way to cause
PLTMG with-out modification to form adifferent meshisto
per-turb the equation that PLTMG is trying to solve. One
method for improving themesh wasfound by: (1) equalizing
the media by setting the relative dielectric constants to one;
(2) perturbing the doping profile near the oxide-semi-conductor
surface to force the meshing algorithm to sense the
nonuniformity; and (3) solving this perturbed problem at a
biasof 5V or 10 V beyond that for the max-imal depletion
region used in the capacitance calcu-lations. Here, the
perturbed dopant density is allowed to vary quadraticaly in
the x direction and decay normally (Gaussian) in the y
direction; the perturbation is localized near the SIO,-Si
boundary. The perturbation is used only during the mesh
refinement procedure; after finding a suitable or much
improved mesh, the correct equations are solved to find the
capacitance.

The mesh is undoubtedly one source of error in the
caculation. Someerror may beexpected at larger biaseswhen
the depletion region penetrates into regions that are less
densely meshed. Estimating thiskind of error withPLTMG s
difficult. One method would involve halving the stepsize of
the finest mesh, but this is not possible, because PLTMG
provides no option for uniformly refining the finest mesh,
unlikefor theinitial coarse mesh. The only option available
thenisto add pointsto the mesh. For meshes containing 1 x
10* and 2 x 10* points, the derivative high-frequency
capacitance curves were compared and were found to differ
by less than 0.5% and 3% for low and high dopant densities
of 1x 10° umréand 1 x 108 um, respectively. Whilethenumber
of mesh pointsisimportant, this approach is somewhat open
to question, because there is little user control over the
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Figure5. Contour plot of the net charge density distri-bution
wherethe dopant density is1x 107 um?, andthebiasis4.4 V.
The radial cutoff distance is 0.1 pum the semiconductor
substrate thicknessis 0.02 um. Contour levelsare expressed
inunits of pns.

placement of the points. However, theresultsare encouraging.
For thiswork, the meshes used 2 x 10* points.

Another contribution to the error of the calculation
involves satisfying the boundary conditions. Asthe biasis
increased above zero, the depletion region formsand expands
alongthe SO,-Si boundary with afinite skin-depth. Atlarge
biases, the depletion region can expand beyond the radial
cutoff distance and move beyond the boundaries of the
domain, and of course, any net charge outside the domain is
neglected in the capacitance calculations. Themaximum bias
used inacapacitance cal cul ation was determined by observing
the depletion region expand aong the oxide boundary as a
function of bias until the net number density at the radial
cutoff distance became nearly 10% of the dopant density.
The HF capacitance and the derivative of the HF capacitance
may be expected to exhibit alarger percentage of thiskind of
error a the larger biases. It follows then that the greatest
accuracy and resolution occur when the depletion region is
small, whenthebiasissmall, i.e., near theflat-band condition.

Resultsof calculations

In order to help interpret capacitance data and the
model accuracy, we show, in Figures 2 through 6, contour
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Figure6. Contour plot of the net charge density distribution
wherethe dopant density is1x 108 um?, and thebiasis5.0V,
thebreskdown voltage of theoxide. Theradial cutoff distance
is0.05 pm the semiconductor substrate thicknessis0.01 um.
Contour levels are expressed in units of pm=,

plots of the net charge density distribution in the
semiconductor calculated as a function of dopant density
and applied bias. The dopant density and the applied bias
ae 1x 10 um3and0.2V inFigure2; 1x 10°um3and 0.2V in
Figure3; 1x 10°pum2and 1.2V inFigure4; 1x 10" um3and 4.4
VinFigure5;and 1 x 108 pmr*and 5.0V inFigure6. Thelatter
biasisthe approximate breakdown voltage of the oxide.

The shape of the depletion region depends on the
bias and the dopant density via the characteristic screening
length in the semiconductor. The shape of the depletion
region is more hemispherical at lower dopant densities and
flatter at higher dopant densities due to screening. The size
and shape of the depletion region sets the resolution of the
measurement, and this sets the maximum bias of the
measurement. |ncalculationswith dopant densitiesbelow 1 x
10° um®, it was found that the depl etion expanded with bias
into regions less dense-ly meshed in the bulk than that near
thesurface, sothat thevolumeintegral of thecalculated charge
was less accurate.

Figures 7 to 10 present the results of calculations of
the capacitance and the derivative of the capacitance for a
range of dopant densitiesfrom 1 x 10° pmto 1 x 108 unr3in
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Figure7. Thehigh-frequency capacitance (solidline) calculated for arange of dopant densitiesN,. The dopant density rangeis:
(A) 1x 10°to3x 107 pm3, wheretheradia cutoff distanceis0.1 pmand (B) 4 x 107 to 1 x 10° pmr®, wheretheradia cutoff distance
is0.05um. Thedottedlinein (A) refersto the approxi-mate maximum biasfor whichthecaculationisvalid. Therangeisstepped
inunitincrements per decade. The capacitanceisscaled by the elementary charge, q=1.602x 10°C.
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Figure 8. The derivative high-frequency capacitance (solid
line) and thegpproximate maximum bias (dotted line) cal cul ated
for arange of dopant densitiesN,. The dopant density range
is1x10°to 1x 10° ums. Therangeissteppedinunitincrements
per decade.

unitincrementsper decade. Two different valuesof theradial
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cutoff distance were used in the calculations for this large
range of dopant densities. (The domain size is set by the
radial cutoff distance, theradia cutoff distance setsthe probe
length, and the probe length controls the stray capacitance).
Figures7A and 7B present the capacitance cal cul ationswhere
theradia cutoff distancesare0.1 pmand 0.05 pm, respec-tively.
Figure 8 presents the calculated derivative HF capacitance.
The dotted line in Figures 7A and 8 shows the approximate
maximum bias for which the cal culations are believed to be
valid; the depletion region expands outside the domain at
larger biases. Two noticeablefeaturesof Figure8 arethat the
curves tend to peak at values of positive bias (depletion),
except for the lowest dopant density (1 x 10° um), and that
the peaks move with dopant density toward higher bias. The
smooth spacing between the curves in Figure 8 suggest that
the domain size and the adaptive meshing density were
suitably determined so that the calculated derivative
capacitance curves appear to beinsenstive to the changesin
thedomainsize. Thisisanecessary condition, otherwisethe
modeling and the measurement would beimpractical .

Figure 9 presents derivative capacitance calcul ations
showing sensitivity to the dopant density variations, the
domainsize, andthemesh. CurvesA, C, and D involvedifferent
meshing parametersused during the adaptive mesh refinement
procedure, but with the same dopant density. CurvesA and E
involve similar meshing parameters, but with different dopant
densities. Curves A and B involve the same meshing
parameters, same dopant density, but with different domain
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Figure 9. Sensitivity of the calculated derivative high
frequency capacitance. Thedopant density is1x 10" umfor
curves(A, B, Cand D) andis9x 10° um®for curve (E). The
radia cutoff distanceis0.1 umfor curves(A, C, D, and E) and
is0.05umfor curve(B). Curves(A, C, and D) involvedifferent
meshing parameters, but the same dopant density; curves (A
and E) involvesimilar meshing parameters, but different dopant
densities; and curves (A and B) involvedifferent radia cutoff
values.

sizes. Thedopant density is1x 107 pmr3for curvesA, B, Cand
D, andis9x 10° um2for curveE. Theradial cut-off distanceis
0.1umfor curvesA, C, D, and E, and is0.05 pm for curve B.
The closeness of curves A and B (< 2%) re-veds that the
domain sizeis sufficiently large and the probe-tip is suitably
represented so that the calculation isrelatively insensitive to
amall changesinthedomainsize. Thedistance between curves
A and D (= 8%) reveals the sensitivity of the calculation on
thedomain mesh. A better meshwould reducethisvalue. The
distance between curvesA and E reveal sthe sengitivity of the
method in determining dopant density at this concentration.
CurvesA and Eareused in Figure 8.

Figure 10 presents conversion curves relating dopant
density with derivative HF capacitance data for a
representative set of biases. CurvesA, B, C, D, and E refer to
biassettingsof 0.0, 0.5, 1.0, 1.5, and 2.0V, respectively. The
curves differ in length asafunction of positive bias. Thisis
dueto limiting the maximum domain sizein the calcul ations.
For agiven domain size and positive bias, there isacritica
value of dopant density below whichthedepletion region will
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Figure 10. Conversion curves relating dopant density with
SCM derivative high-frequency capacitancedata. CurvesA,
B, C, D, and Erefer tobiassettingsof (0.0, 0.5, 1.0, 1.5,and 2.0)

V, respectively.

expand beyond the bounds of the domain, and the capacitance
calculationswould not bevalid. (Recall that the dotted linein
Figure 8 indicates the approximate maximum biasfor which
the calculations are believed to be valid). The curvature and
the bias dependence of the conversion curves revea the
importance of reproducing identical measurement parameters
inorder to extract accurate values of the dopant density from
SCM measurements.

Database

Since SCM dataare asmooth function of geometrical
parameters, such as the probe-tip radius of curvature, the
probe cone apex angle, and the oxide thickness, it is then
possibleto form adatabase set of cal culationswith which one
may use linear interpolation to quickly analyze aset of SCM
measurements [23]. Such a database is planned for future
work.

Graded Doping
Onedimension

The SCM technique can image a semiconductor with
contrast to variationsin dopant density and spatial resolution
of the order of the probe-tip diameter. The previous section
sought to interpret SCM measurements of materials where
thedopingisuniform, but thereisalso aneed for interpreting
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Figure 11. Dopant density calculations for the 1D model
high/low like-dopant graded profilejunction. Thenet charge
density distribution is given by the solid line, and the dopant
density distributionisgiven by thedotted line. Thetransition
regioniscentered at x = 0and itsfull widthis0.01 um.

SCM measurements of materials where the doping is not
uniform, and theinterest isin scanning across graded dopant
junction profiles. Whilethepn-junction may beone of specid
interest, this paper restricts its consideration to one example
of amodel high/low like-dopant graded profilejunction. The
goal hereistoinitiateapreliminary investigation of thecharge
distribution near ajunction and itsredistribution when probed
during an SCM measurement.

The model high/low like-dopant graded profile
junc-tion, which isdefined here and used in the remainder of
the paper, is presented asthe dotted lineprofilein Fig-ure 11.
Thedopant profileischaracterized by variaionin onedirection,
thexdirection, with different left- and right-side values of the
dopant density, and a graded dopant profile in the transition
region. Thetrangtionregioniscentered near theorigin, x=0,
and its diameter is set to the value of the probe-tip radius of
curvature of the previous sections, 10 nm. The acceptor
dopant den-sity is1x 107 pm3for x< 0.005um, andis1x 10°
pm2 for x = 0.005 um. The graded dopant profile is
approximated by acubic-splineinterpolating polynomial that
matches both the function and the first derivative at the
endpoints of one interval for the transition region, i.e.,
Hermite's formula[35]. The dopant profile function and its
first derivative are continuous.

The software package COLSY S[2, 3, 4] wasused to
solve Poisson’sequetion in one-dimension for theequilibrium
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Figure12. Geometry of the 2D model high/low like-dopant
graded profile junction with no probe near thejunction. The
semiconductor regionisgivenby -0.05<x<0.05and0.0<y<
0.05; theoxideregionisgivenby -0.01<y<0.0; andtheair or
ambient regionisthe semicircular bounded region wherey <
-0.01. Thetwo dotted linesbound thetransition region, -0.005
<x<0.005. Thereistrandational invarianceinthedirection
normal to the plane of thefigure.

solution in the semiconductor. Figure 11 presentsthe results
of thiscalculation for the net charge density distribution (solid
line); negative values indicate depletion and positive values
indicate accumulation. Holes near the junction move from
regions of high density to regions of low density, as is well
known. The calculated electric potentia distribution is the
equilibrium solution deep in the bulk of the semiconductor,
and thisis used to specify the Dirichlet boundary condition
along the grounded backplane of the semiconductor for the
2D and 3D problems that are discussed in the following
sections.

Twodimensions, noprobe

This section considers the charge distribution near a
high/low like-dopant graded profile junction of amodel 2D
structure without the presence of an SCM prabe. The model
geometry isshownin Figure12. Thesemiconductor regionis
givenby -0.05<x<0.05and 0.0<y< 0.05; theoxideregionis
givenby -0.05<x<0.05and-0.01<y<0.0; andtheair or
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Figure13. Resultsof cdculationsfor the2D model high/low
like-dopant graded profile junction with no probe near the
junction. (A, acrossat top) Surface profile of the net charge
density distribution, and (B) line profiles of the net charge
density distributionat y =0 (solid line) and at y = 0.05 (dotted
line). Net charge density values less than zero indicate
depletion and val ues greater than zero indicate accumul ation.

ambient regionisthe semicircular bounded regionwherey <
-00L
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Figure14. Geometry of the 2D model high/low like- dopant
graded profilejunctionwithaV shaped probe centered above
and along the junction. The semiconductor region is given
by -0.1<x<0.1and0.0<y<0.05; theoxideregionisgiven by
-0.01<y<0.0; andtheair or ambient regionsborder the probe
region wherey < -0.01. The two dotted lines bound the
trangition region, -0.005 < x < 0.005. Thereistrandational
invariancein the direction normal to the plane of thefigure.

The software package PLTMG was used to solve
Poisson’s equation. The electric potential distribution of the
previous section was used to specify a Dirichlet boundary
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Figure15. Surface profileof thenet charge density distribution calculated for 1.0V biasfor themodel shownin Figure 14. Net
charge density vaues |ess than zero indicate depletion and values greater than zero indi-cate accumulation.

condition along the grounded backplane (y = 0.05) of the
semiconductor region. Neumann boundary conditions were
used along the remaining outer boundaries. The dopant
density distribution in the semiconductor regionisthat of the
previous section.

Calculated resultsareshowninFigure 13. Figure 13A
presentsasurfaceprofileof thenet charge density dis-tribution,
and Figure 13B presentsline profilesof the net charge density
distribution acrossthejunction along the SO,-Si interface at
y=0(solidline) and along the S backplaneat y=0.05 (dotted
line). Net charge density values less than zero indicate
depletion, and valuesgreater than zero indicate accumul ation.
Some charge redistribution occurs near the junction near the
SIO,-Si boundary in accord with the spreading of the electric
field distribution; the depletion peak appears to be more
enhanced than that for accumulation.

Twodimensions, 2D probe

This section considers the charge distribution near a
high/low like-dopant graded profile junction with abiased V
shaped probe centered above and along the junction. Thisis
a2D problem. Thegeometry of themode isshowninFigure
14. Thesemiconductor regionisgivenby -0.1<x<0.1and 0.0
<y<0.05; theox-ideregionisgivenby -0.1<x<0,1and-0.01
<y < 0.0; and two air or ambient regions border the probe
regionwherey<-0.01.
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The software package PLTMG was used to solve
Poisson’s equation. Dirichlet boundary conditions are used
to specify theelectric potential a ong the grounded backplane
(y = 0.05) of the semiconductor region deep inthe bulk asin
the previous section and along the boundary of the probe to
specify the applied bias. Neumann boundary conditions are
used along the remaining outer boundaries. The dopant
density distribution in the semiconductor regionisthat of the
previous section.

The results of the calculation are presented in Figure
15; the surface profile of the net chargedensity distributionis
shown for a1.0 V bias. Net charge density valuesless than
zero indicate depletion, and values greater than zero indicate
accumulation. For increasing positive bias, the depletion
region expands near the surface toward the higher dopant
density region; see Figure 13 for comparison. The
accumulation region located near the surface and the lower
doped side of the junction is depressed. The presence of the
junction lessens the expansion of the depletion region into
the lower doped region. The geometry is similar to that of
parallel capaci-tance.

Twodimensions, 3D probe

This section considers the charge distribution near a
high/low like-dopant graded profile junction with a biased
conical-shaped probe centered above the junction, but
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Figure16. Geometry of themodel 3D structurefor the oxide
and the air or ambient regions with a coni-cal-shaped probe
centered abovethejunction. Theoxideregionisgivenby-0.1
<x<0.1,-0.01<y<0.0,and-0.1<z<0.0. Theambient region
surrounds the probe region and is the bounded region where
y <-0.01. The probe-tip radius of curvatureis 0.01 um the
probe cone apex half-angleis 10°; and the central axis of the
probeistilted 10° away from normal toward the x axis. The
semiconductor region (not presented) i sadjacent to the oxide
regionandisgivenby -0.1<x<0.1,0.0<y<0.05,and-0.1<
z<0.0; thedopant junctionis centered at X =0, and the dopant
digtributionistrandational invariantinbothy and zdirections.

oriented 10° off the normal to the oxide surface. Thisisa3D
problem. Because softwarewasnot availablethat could both
solve the nonlinear Poisson equation in the semiconductor
and model the geometry of the air or ambient region
surrounding the probe, it was necessary to bresk the problem
into two parts.

Inorder to model thegeometry of boththeoxideregion
and theambient region and solve L gplace’ sequation, thefinite-
element software package ANSY S[1] wasused. Inorder to
model the semiconductor region and solve Poisson’sequation,
the collocation software package ESPDESC (Elliptic Systems
of Partia Differential Equations Solved by Collocation) [26]
wasused. Thesolutionisfound by relaxing and matching the
boundary conditions along the oxide-semiconductor
boundary, and iterating to self-consistency [ 26, 27, 32, 33, 34].
(Relaxing refersto aniterative procedure for determining the
boundary conditions between two bordering domain regions;
the solutions from two successive iterations are averaged
before proceeding with the next iteration). From this, the
capacitance may befound[8, 9, 26]. Themodel geometry of
the oxide and the ambient regionsis presented in Figure 16.
Theoxideregionisgivenby -0.1<x<0.1,-0.01<y<0.0,and
0.1<z<0.0; and theambient region isthe bound regionwhere
y <-0.01. The probe-tip radius of curvatureis 0.01 um; the
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probe cone apex half-angleis 10° and the central axis of the
probeistilted 10° away from normal toward thex axisasina
commercid ingtrument.

Thedopant distributionisthat of the previous sec-tion.
The dopant junction is centered at x = 0, and the do-pant
digributionistrandationa invariantinbothy and zdirections.
Thesemiconductor regionisgivenby -0.1<x<0.1,0.0<y<
0.05,and-0.1<z<0.0.

The boundary conditions are set as in the previous
section. Dirichlet boundary conditions are used to spec-ify
theelectric potentia a ong the grounded backplane (y =0.05)
of the semiconductor region deep in the bulk and along the
boundary of the probefor the applied biasvoltage. Neumann
boundary conditions are used along the remaining outer
boundaries.

Theresults of the calculation are shown in Figure 17;
the surface profile of the net charge density distribution is
shown for thez= 0 planefor 1.0V bias. Net charge density
values less than zero indicate depletion, and values greater
than zero indicate accumulation.

Again, as in the previous section, for increasing
positive bias, the depletion region expands near the surface
toward the higher dopant density region; see Figures 13 and
15 for comparison. The depletion region is more localized
near the probe-tip in Figure 17 than in Figure 15, as may be
expected to occur when comparing the results of a2D and a
3D probe. The accumulation region located near the surface
and the lower doped side of the junction is depressed. The
presence of thejunction lessensthe expansion of thedepletion
region into the lower doped region.

Summary

In order to help correlate SCM data with
semicon-ductor dopant concentrations, model capacitance
curves have been calculated for silicon. For 2D cases, the
linear finite-element method is used to solve Poisson’s
equation in the semiconductor region and L aplace’sequation
in the oxide and the ambient regions. For 3D cases, the
collocation method is used in the semiconductor region, and
the linear finite-element method is used outside this region.
For agiven oxide thickness, probe shape, and probe-tip size,
the high-frequency capacitance is calculated for cases of
uniform doping for a range of dopant concentrations. The
derivative high-frequency capacitance is caculated and is
used toform aset of conversion curvesrel ating dopant density
with derivative high-frequency capacitancedata. For uniform
doping, the theory can be used to form a data-base for rapid
interpretation of SCM measurement data.

For a model high/low like-dopant graded profile
junc-tion, thenet charge density distributionisfound for cases
with no probe, aV shaped probe, and aconical-shaped probe
centered near the junction. The presence of the junction



Models for interpreting scanning capacitance microscope measurements

Figurel7. Surfaceprofileof thenet chargedensity distributioninthez=0planecaculated for 1.0V biasfor themodel involving
Figure 16. Net charge density valueslessthan zero indicate depletion and values greater than zero indicate accumulation.

lessens the expansion of the depletion region into the lower
doped region. The geometry is similar to that of parallel
capacitance, and understanding the role of the equilibrium
chargedistribution near thejunctionisimportant in determining
the doping profile around the junction.

Appendix
Overview of modds

A number of models have been used in the literature
to interpret SCM data, and they differ by their degree of
approximation. Thefast modelstend to useanalytic mod-els
such asthe 1D metal-oxide-semiconductor capacitor (MOSC)
model [16], and the d ower model stend to use 2D or 3D finite-
element method (FEM) calculations. This section considers
five models; two are dow and three are fast. The two dow
FEM-based models compare effects due to probe shape and
provide areference with which to compare the results of the
three fast 1D MOSC-based models. For a given geometric
structure, the models are explained, and the curves of the
derivative of the high-frequency capacitance are caculated
and plotted together for comparison.

The domain geometry isshown in Figure 1 and isthe
same as that presented for the case of uniform doping. The

217

probe-sample system exhibits cylindrical sym-metry with
dependence only aong theradial and cylindrical axes. The
probe shapeisconica witharoundedtip. Theprobe-tiprests
on the oxide surface, and the probe-axisisoriented normal to
the oxide surface. The probe-tip radius of curvatureis 0.01
pm, and the probe-cone apex haf-angle is 10°. The oxide
thicknessis0.01 um. Theradial axiscutoff distanceis0.1 pm.
Dirich-let boundary conditions set the potential for the biased
probe and the grounded semiconductor. Neumann boundary
conditions are used on the remaining outer boundaries.
Calculationsaredonefor two dopant density (N,) values, one
low (1x 10° um®) and onehigh (1 x 10° um?).

FEM: Conical probe(moded A)

To provideaframeof referencefor comparing models,
the first slow model or Model A is the same numerical
approach that isused in much of thispaper. Thelinear finite-
element software package PLTM G isused to model the conical
probe and to solve Poisson’s equation in the semiconductor
region and Laplace's equation in the oxide and ambient
regions.

FEM: Spherical probe(model B)

To compare effects due to probe shape, the second
dow model or Mode B replacesthe conical probeof Model A
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Figure18. Derivative of the high-frequency capacitancefor thefivemodels. Thedopant density (N) is(A) 1x 10° umand (B)
1x 108 um®. Thevertical dottedlineat 0.2V biasin (A) istheapproximate maximum biasfor which thecalculationsarevalid.

with a spherical probe. The probe-tip radius of curvatureis
the same for both models, and PLTMG is used to solve the
problem numerically.

Oneway to speed the use of dow FEM-based models
isto note that the capacitance curves are smooth functions of
themodel parameters. Thus, itispossibleto form adatabase
of calculations whereby linear interpolation may be used to
extract dopant densities. But thisrequires further work.

1D MOSC: Conical probeinair on oxide(model C)

Contrasting thetwo dow FEM-based model sarethree
fast 1D MOSC-based models. Onefast model [23] or Model C
assumesthat the probe-air-oxide-semiconductor capacitance
(per unit area) can be approximated to lowest order by first
partitioning the conical probe into a set of concentric rings
and then assuming that the capacitance (per unit area) between
aring and the semiconductor may be found by using the 1D
MOSC model. With the air-gap or probe-to-oxide distance
known, the net air-oxide capacitance (per unit area) can be
found. { Theoxide capacitance (per unit area) isequal tog g/
t .t refersto the oxide thickness. The capacitances (per
unit area) of theair and oxide, beingin series, can be added as
inaparalé circuit to form anet oxide capacitance (per unit
areq) that is needed by the 1D MOSC model}. With thisand
the 1D MOSC modédl, the radial distribution of the net air-
oxide-semiconductor capacitance (per unit area) can befound.
Thisradia distribution is similar to having capacitances in
parallel, and the net capacitance is found by summing the
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capacitances in series, i.e, by integration in the radial
direction.
1D MOSC: Spherical probein oxide(model D)

Another fast model [18, 20, 21] or Model D ismore
robust in finding the net oxide capacitance (per unit area) that
isneeded by the 1D MOSC model. The probeismodeled to
lowest order by a sphere embedded in oxide. The net oxide
capacitance (per unit area) is determined by finding the
capacitance (per unit area) of a sphere-oxide-metal system
where the semiconductor is treated as being metallic. The
probeisbiased a 1V, the meta is grounded at 0 V, and the
method of imagesisused to solve the electrostatics problem.
The normal component of the electric field along the oxide-
metal boundary givesthe surface charge density distribution,
which in turn gives the capacitance (per unit area) of the
system. This capacitance (per unit area) is then equated to
thenet oxide capacitance (per unit area). With thisand the 1D
MOSC model, theradial distribution of the net probe-oxide-
semiconductor capacitance (per unit area) isdetermined. The
net capacitance is then found by integration asin Model C.

Spherical probein air on oxide(mode E)

An interesting improvement to Model D isModel E.
The probeisagain spherical, but now it is surrounded by air
and is set on the uniformly thick oxide layer. The net oxide
capacitance (per unit areq) isdetermined asbefore by finding
the capacitance of a model electro-stetics problem; i.e., the
semiconductor istreated asbeing metallic andisgrounded at
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Figure19. Conversion curvesrelating dopant density with derivative high-frequency capacitance data at zero biasfor thefive
modelsas (A) caculated and (B) scaled to the value of model A at dopant density value 7 x 10° um,

0V, andthe sphereishiased at 1 V. Whileamethod of images
solution would be needed here to qudlify it as afast method,
weused PLTMG to find the normal component of theelectric
field dong the oxide-metal boundary. Thisgivesthe surface
charge density distribution, which in turn gives the radia
distribution of the net oxide capacitance (per unit area). The
1D MOSC is used as before in Model D to find the net
capacitance.

Resultsand comparisonsof models

Figure 18 showsthe derivative of the high-frequency
capacitance of thefive models, where the dopant densitiesN,
are1x 10° um® (Fig. 18A) and 1 x 108 um® (Fig. 18B). The
vertica dotted linea bias0.2V in Figure 18A istheapproximate
maximum biasfor which thecalculationsarevalid. Atlarger
bias, the depl etion region expands beyond the set boundaries
of the domain region, and the net charge that is outside the
set boundaries is not included in the calculation of the
capacitance. (The domain size is s, in part, by the radia
cutoff distance, and this is determined subjectively as
explained in the section entitled Geometry under the main
heading Uniform Doping. Here, theradia cutoff distancesare
0.1 pmand 0.05 um for dopant densities 1 x 10° pnr®and 1 x 10
pm3, respectively).

The degree of agreement (comparative scaling) of the
resultsof thefast 1D M OSC-based model sand thed ow FEM-
based models may be expected to depend, in part, on the
degreeto which the assumptions of the 1D MOSC model are
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satisfied. Thebest agreement may be expected at high dopant
densitieswherethe screening length issmall compared tothe
probe-tip radius of curvature and the oxide thickness. The
worst agreement may be expected at low dopant densities
wherethe screening length islarge compared to the probe-tip
radius of curvature and the oxide thickness.

Figure 19 showsthe calibration or conversion curves
relating dopant density with derivative high-frequency
capacitance dataat zero bias (flat-band) for thefivemodelsas
caculated (Fig. 19A) and scaled (Fig. 19B) to the value of
mode A at thedopant density value 7 x 10° um®. Thedifference
between curves A and B shows that probe-shape effects
become more pronounced at lower dopant densities, as may
be expected. Thefast 1D MOSC-based model curvesC, D,
and E deviate significantly from the low FEM-based model
curvesA andB, i.e., curvesA and B show more curvature than
curvesC, D, andE.

While the fast 1D-MOSC-based models can provide
qualitativeinformation in the matter of seconds compared to
hours for a dow FEM calculation, these figures show the
importanceof relating the 1D-M OSC-based resultsto themore
accurate FEM based results. Thisobservationisthebasisfor
proposing the use of fast models that interpolate over a
database of calculations of sow FEM-based calculationsin
order to have both speed and accuracy.
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Discussion with Reviewers

D.J. Thomson: Could the authors comment about the
“resolution” of SCM giventheir calculations. For example, if
the objective was to measure doping concentrations to 10%
accuracy, what do the authors' calculations predict about the
limitsof SCM for the particular casesthey have smulated?
Authors: Determining the”resolution” israther complicated
at thistime. Uncertaintiesin the measurement and the model
parameters must be accounted for in order to ascribe an
uncertainty to avalue of doping. Thishasyet to be done, but
some sense of the “resolution” (within the constraints of the
model) may beinferred from the conversion curves presented
in Figure 10. The curves are far from horizontal suggesting
that the resolution could be within the 10% criterion for very
well controlled experimental Situations.

D.J. Thomson: Could the authors also comment on the
applicability of their techniquesto theinterpretation of SCM
data from “real” devices where there are multiple doped
regions?

Authors: Interpreting SCM data from “real” devices is
complicated by changesin things that are both included and
notincludedinthemodd. Therearedoping gradients, changes
in electrical type, charging, surface contamination, changes
inoxidethickness, probe-tip, etc. Thedatabasewascalculated
for uniformly doped material under idealized conditions.
Therefore, the database ought to apply to profiles that are
near these idealized conditions (i.e., the doping gradient is
not too steep), wherethe quasi-neutrality conditionissatisfied
near the measurement point. 1t remainsto be determined how
best to implement or augment the databasefor profileswhere



J.F. Marchiando, J.R. Lowney and J.J. Kopanski

quasi-neutrality islesssatisfied. Using aniterative procedure
with some self-consistency criterion has been suggested by
Clayton Williams at the University of Utah, but we have not
studied that yet. Interpreting SCM datafrom“real” devicesis
under development.

P. Koschinski: Cantheauthorsexplainwhy themacroscopic
Poi sson equation, which isacontinuum eguation, isapplicable
to nanoscopic problems? For example, at adoping leve of 1.0
X 10% pun® (1.0 x 10 cn®), only one doping atom per umdepth
ispresent underneath thetip (doping concentration/tip area=
one-dimensiona concentration under thetip). For calculated
depletion regions, which extend below onepum, lessthan one
atom is forming the space charge region underneath the tip.
Can you comment on this rough estimation?

Authors. When the doping of the semiconductor becomes
sufficiently low, so that the screening length becomes
sufficiently greater than the probe-tip radius of curvature and
the oxide thickness, the spatial discreetness of theimpurities
will modulate the macroscopic charge density and be
detectable by the probe. Theuniformity assumptionimposed
on the charge density by the form of Poisson eguation used
herewill becomelessvalid and bresk down. Apart from Figure
2 that is included for demonstration purposes, the lowest
dopant density for which the capacitance is caculated and
showninFigures7A and8isnot 1.0x 10* um®, but rather is 1.0
x 10° um®, wherethe screening lengthisnear 13 nm, whichis
alittlelarger than the 10 nm used herefor the probe-tip radius
of curvature and the oxide thickness. True, thisis near the
edge.

P. Koschinski: Theextent of depletion or accumulationlayers
insemiconductorsdoesnot only depend on'tip biasand doping
level of the semiconductor but on localized surface and
interface charges, caused by surface states, too. Sinceit is
known that, e.g., silicon exhibits various surface states with
different charges, can the authors explain why they believe
that their calibration curvescalibrated for chargefree surfaces/
interfacesarevalid for real materials? The same statement is
also true for charged deep traps in the bulk semiconductor.
Can the authors comment on this problem?

Authors: Theusefulnessof the SO,-Si interfacein de-vices
stems from the fact that the interface state density can be
madevery low by proper processing. Themodel calculations
here are a reasonable first step toward interpreting SCM
measurements under idealized conditions, i.e.,, using a zero
interface-state charge density asazeroth order approximation.
We agreethat thereisroom for improvement. Thecalculated
resultsneed to be compared to measurementsof real materials,
andthisisthenext step. Whilereal materialsinvolve physics
beyond that modeled here, it is important that the
meas-ure-ments be made in a regime where the fewest
compli-cating physical mechanisms dominate, so that model
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parameter extraction isboth quick and meaningful. Weintend
to include a measure of charge trapping at some level of
approximation and see the effects. As long as the surface
charge is constant under the probe, its effects can be
compensated with the alternating current (AC) bias voltege.

P. Koschinski: All calculations are performed by solving
Poisson’s equation for a time independent non-equilibrium
case, i.e., abiased tip located above asemiconductor surface.
Can the authors explain why it is justified to neglect non-
equilibrium phenomena like recombination or generation
processes, by simply solving Poisson’s equation, since any
non-equilibrium state of a semiconductor isaccompanied by
these phenomena? For example, inthe case of accumulation
one would expect an enhanced recombination of charge
carriers in the accumulation layer influencing the carrier
concentrations.

Authors. Thetechnique takes advantage of the fact that the
minority carrier recombination/generation times are much
larger thanthemajority carrier dielectricrelaxationtime. The
low-frequency component of the gpplied biasmodul ation must
be sufficiently fast compared to that of minority carrier
generation, so that an inversion layer does not form. Asthe
low-frequency component cycles through accumulation, the
number density of the minority carriers are duly reduced by
the enhanced number of majority carriers. As the low-
frequency component cyclesthrough depletion, the minority
car-riersare unable to respond in time, and dueto their small
number density compared to that of the majority carriers, the
minority carriersareessentially frozen out andignorable. The
high-frequency component of the bias modulation involves
timesmuch longer than the mgjority carrier responsetime, so
that the majority carriers can be modeled to lowest order of
approximation as responding nearly instantaneoudly to the
appliedbiasfield.

P. Koschinski: In red capacitance measurements an AC
component of the applied bias with a specific frequency is
necessary. Since many phenomena in semiconductors are
depending on the frequency used for the measurement, like
charging of surface or bulk states, how can the calibration
curvesobtained by timeindependent simulationsbe correl ated
with measurements with time dependent signals?

Authors. Again, to the lowest order of approximation, the
effectsdueto surface states are assumed to be negligible, and
theobjectiveisto usefrequenciesat which all time dependent
factors other than those with which we are concerned are
frozen out and ignorable.

P. Koschinski: The authors explained that the smulation
mesh was once generated with a perturbation approach for
the specia case of maximum depletion and then used for all
other smulations. What isthecriterion that theauthorsbelieve
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that the resulting mesh is most appropriate for further
simulations? Why did the authors not use the established
criterion for mesh generation of equidistributing of the local
discretization error of thewholesimulation area?

Authors: TheapproximateerrorinthesolutioninPLTMG s
an a posteriori local error estimate based on the jump
discontinuity of the normal direction of the vector function of
the product of the solution gradient and the diel ectric constant.
The values of the dielectric constants of the three spatial
regions were found to sig-nificantly weight the refinement
procedure (e, =11.9,¢_, . =3.9,ande, =1). Equidistributing
thelocal discretization error of thewholesimulation areacaused
the bulk of the refinement to be in the air around the probe,
lessin the oxide, and even less in the semiconductor. The
mesh in the semiconductor region had comparatively large
triangles over areas where the net charge density had
significant variation. This led to a coarse evaluation of the
volumeintegral of thenet chargedensity to find the displaced
charge, and the capacitance. Remeshing at different valuesof
biaswouldintroduce additional error intothecalculation. See
Figure9; comparelinesA, C, D.

D.P.Kilcreaseand D.C. Cartwright: Canyou quantify the
error of taking theinterfacial charge density to be zero at the
insulator-semiconductor boundary?

Authors. Not at thistime. Thisissomething that needsto be
done. A uniform distribution of trapped charge shifts the
capacitance curvesaong thedirect current (DC) biasvoltage
axis [7, 14, 16]. Some of this problem is removed by the
measurement procedure that is used to determine the bias
voltage near flat-band in the low doped region of a doping
profile. A nonuniform distribution further complicatesthings
by allowing aspatial variation aswell, and of course, thiswill
modulate the estimates of the doping profile. Unless
varia-tionsin theinterface charge density can beignored, the
usefulness of the SCM technique is questionable.

H. Edwards: Thiswork uses a semiclassical model for the
carriers. Would a quantum treatment change the re-sults
significantly?

Authors: A guantum treatment would be much more
com-plicated than that done here. Onething that it would do
ismakethe carrier charge density at the SO,/Si boundary go
to zero. This becomes significant when inversion or
accumulation occurs. The measure-mentsareto be donenear
flat-band and where inversion is not allowed to occur. The
differencein accumulation should be small, sincethefieldis
thenmostly acrosstheoxide. Further, our spatial Sizesaredtill
rather large (= 10 nm), so that the effects due to a quantum
treat-ment ought to be relatively small. However, it is
some-thing that needs to be considered in the future.

H. Edwards: Onebigquestionin SCM ishow to set theDC
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sample bias so that the true position of a pn junction may be
measured in a cross-sectiona experi-ment. Based on their
model, can the authors suggest the proper choice of DC bias
for such a measurement, as well as how to verify that the
correct biasisbeing applied?

Authors: Generaly, the DC bias should be chosen sothat the
surfaceisheld near flat-band. Otherwise, the probe biaswill
greatly alter the charge balance under the probe. Thebiascan
be determined from the peak in the AC_ /AV in arelatively
lightly doped region. We have not yet modeled apn junction
with this method. The calculations have been for uniform
doping. To interpret measurements by using a conversion
curve and adata-base, the doping profile needs to be dowly
varying, so that it varies relatively little over the region
perturbed by the probe. The phaseof the SCM signa changes
when crossing a pn junction, so thismay be used to estimate
the junction boundary.

H. Edwards. Spatia resolutionisso far theweakest point of
SCM asapplied to shallow-junction profiling. Doesthiswork
illuminate whether true nm-scale SCM im-aging will ever be
possible?

Authors. Wehavenot yet andyzed aprofilewith thismethod.
Spatial resolution depends, in part, on the probe-tip radius of
curvatureand thesignal-to-noiseratio of theinstrument. There
isabalance; smaller tipsgivelesssignal. Thisisrelatedtothe
preceding question about the bias. If the bias voltages can
keep the size of the depletion region near that of the probe-tip
size, thereishope.

H.Edwards: Thepresent work seemsto target an accu-racy of
afew percentinthenumerical solutions. How-ever, variations
in oxide thickness, dielectric con-stant, surface charge,
interface-state density, trapped charge, and surface
contamination could changethe sig-nd intensity by ordersof
magnitude. These variations also could effectively change
the voltage scale and shift the DC offset by severa vaolts.
How do the authors plan to account for these important but
uncontrolled factors? |sthe model robust enough to extract
these parametersfromreal data?

Authors: All thesefactorsand effectsareimportant, and they
complicatethings. Thereis probably insuffi-cient functional
dependencein the capacitance meas-urements by themselves
to independently resolve all the model parameters. For the
measurements to be mean-ingfully interpreted, the
measurements must be done in a manner where the fewest
factors dominate and are cal-culable. Consequently, some
control must be exercised over the sample preparation and the
measure-ment proc-ess. Ingenerd, theinverse problem does
not have a unique solution, and other measurements need to
be made on the samples to determine some of the input
pa-rameters. All these effects need to be considered, but they
require work beyond that presented here.
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C.C.Williams: Inthesectionsentitled Two dimen-sions, 2D
probe and Two dimensions, 3D probe, it is noted that the
depletion region expandsinto thehighly doped side. | believe
that this is due to the fact that the figure rep-resents the net
charge distribution and is not normal-ized against the
background concentration. It would be morein-structive to
define a condition for de-pletion re-lated to a percent
modulation of thelocal car-rier dengity. It would beinteresting
to see whether the depletion really oc-curs toward the high
sde.
Authors. Thedepletion expansion toward the highly doped
side is due to the dopant density dependent work-function
difference. The finite-sized probe-tip is an equipotential
surface that spans across the doping gradi-ent, and its
presenceisfet acrossthe gradient region. The higher doped
sideseesareatively larger bias (deple-tion); thelower doped
side seesarelatively lower bias (accumulation).
Normalizing against the background concen-trationis
comparable to scaing that of the low doped re-gion with a
large value and to scaling that of the high doped region with
alow value, and this, of course, will shift the distribution to
the lower doped region. A plot of p/N, amplifies the
accumulationinthejunction. A plot of dp/dVissimilar tothat
of p, except that: (1) the variation associated with the static
built-infield acrossthejunction issuppressed; and (2) asmall
variationisintroduced at the surface near the probe that seems
unphysical and may possibly be due to the error of the
calculation. Plotsof (1/N)) (dp/dV) and (1/p) (dp/aV) show
distributions that are deeper and broader in the lower doped
regionthaninthehigher doped region. RationalizingwithN_
magnifiessmall variationsin p at the surface near the probe-
tipinaway that ssemsunphysical. Rationaizingwithp gives
asmoothdistribu-tionat 1V bias, but thishaslimits, because
at large bias part of the lower doped region becomes fully
depleted and p becomes negligible. Then p/p becomes
sngular. Soyes, itispossibletoformadistributionwith p that
isshifted moretowardsthelower doped region thanthe higher
doped region, asmotivated by that expected when considering
uniformly doped regions separately. But then too, the
capacitance is a measure of charge, avolumeintegra of the
displaced charge density, that is a quantity that is not
rationalized, and here, the main contribution comes from the
higher doped region.
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