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Abstract
This paper presents a calibration method and an uncertainty budget for capacitance
measurements performed on micrometric size capacitors at microwave frequencies and
nanometric resolution using a scanning microwave microscopy (SMM). The method applies the
classical one-port vector network analyzer calibration for SMM using three known capacitance
standards. These standards are established from a commercial calibration kit placed close to the
microcapacitors in order to be calibrated. The calibration kit is composed of a large number of
Metal-Oxide-Semiconductor (MOS) microcapacitors with capacitance values C ranging from
0.1 fF to 8.6 fF. Diligent selection criteria were established for the choice of the three capacitors.
Their capacitance values were calculated from the AFM measured values of the area of the top
electrodes and the dielectric thickness and considering the contribution of fringing fields. The
combined type uncertainty on these calculated values amounts between 5% and 14% in relative
value (uncertainty given at one standard deviation). The comparison between the capacitance
values measured on calibration kit capacitors using the calibrated SMM and the calculated
values show a good agreement for capacitances higher than 0.8 fF within uncertainties varying
between 6% and 9%. For smaller capacitances, most of the observed deviations are not
significant at two standard deviations. The uncertainties are mostly dominated by dimensional
measurements and less importantly by unwanted capacitance effects. Based on these results,
capacitances of two sets of microcapacitors were calibrated. The combined uncertainties vary
from 14% to 7% for capacitances ranging from 0.1 fF to 3.1 {F respectively. The permittivity
values of the dielectric layer of the two samples have been determined. They are found equal to
4.0 and 4.1 with a standard uncertainty of 0.6 and correlate with the expected value of 3.9.

Keywords: scanning microwave microscopy, calibration kit, calibration method, nanoscale
capacitance measurements, Metal-Oxide-Semiconductor (MOS), microcapacitor, uncertainty
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1. Introduction

Currently, the development of electronics and the continu-
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[2]. At this small scale, the electrical properties like other
physical properties (magnetic, thermal, optical...) differ sub-
stantially from the bulk behavior and making their nanoscale
measurements accurate, reliable and comparable is a real chal-
lenge for metrology. Consideration ought to be given towards
the traceability of nanoscale impedance measurements cur-
rently performed on nano-structured surfaces, nanodevices
or nanomaterials. This metrological issue is becoming crit-
ical in a number of industries such as consumer electronics,
healthcare, security and energy devices [3]. Among various
nanoscale circuit elements, nanoscale capacitors have attrac-
ted great interest in nanoelectronics for advanced energy stor-
age technology [4]. High density three-dimensional nanoca-
pacitor arrays have been intensively studied due to increasing
demands of high capacity, lightweight, and compact energy
storage devices [4—6]. Nanoscale capacitors also have been
used as building blocks in memory technology [4, 7, 8].

Current methods for measuring capacitance at the nano-
scale remain challenging due to the small feature size and
their sub-femtofarad capacitance values. One of them involves
a non-destructive quantitative characterization tool, the scan-
ning microwave microscopy (SMM). This technique has
been developed to measure local electrical properties such
as impedance [9], capacitance [10-12], dopant concentration
[13, 14], and electrical permittivity [9, 15] of materials at
microwave frequencies.

To date, several works on nanoscale capacitance meas-
urements by SMM have been reported [9, 16-22]. Few of
them have provided an uncertainty estimation by doing some
asumptions [11] or have identified measurement errors with
relative values higher than 10% [10, 12, 18]. Unfortunately no
comprehensive uncertainty budget has been established yet,
including particularly details on the uncertainties due to the
dimensional measurements from which the SMM capacitance
measurements are traceable to the SI. Moreover no repeatabil-
ity or reproducibility on these published capacitance measure-
ments has been indicated. Last but not least, to our knowledge,
no results have been reported about calibrated capacitance
measurements based on Short Open Load (SOL) method, car-
ried out on capacitors other than those used as reference to
calibrate the SMM.

The main purpose of this work is to provide SMM users
with a calibration method allowing them both to carry out
quantitative nanoscale capacitance measurements on micro-
metric size capacitors and to estimate the associated uncer-
tainties, including repeatability and dimensionnal measure-
ments. This can be considered as a first step towards
developing metrology for local capacitance measurements
on nanometric size capacitors and in the sub femtofarad
range [23].

In the following sections, we give a general description
of the SMM set-up recently implemented at LNE and the
SMM calibration method involving the selection of capacit-
ance standards from a calibration kit. Then, in a first step we
present at first the results about SMM calibration based on
selected capacitance standards and SMM measurements car-
ried out on a set of capacitors from the same calibration kit.
In a second step, we report for the first time the capacitance
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Figure 1. Schematic diagram of the interferometric SMM setup,
showing the AFM interfaced with VNA.

calibration results on ‘unknown’ microcapacitors by substitu-
tion method. The main contributions to the uncertainty budgets
drawn up for SMM calibration and capacitance measurements
are discussed.

2. Experimental section

2.1. SMM principle

SMM consists of an atomic force microscope (AFM) inter-
faced with a vector network analyzer (VNA) operating at
GHz frequencies. The conductive AFM tip is connected to
the MW source/meter of VNA (figure 1). While the tip scans
over the sample surface in conventional AFM imaging modes,
the tip irradiates the microwave signal over a local region
on the sample, allowing simultaneous topographic and elec-
trical characterization of the sample. Depending on the mis-
match between the characteristic impedance (Z) and the local
impedance of the tip-sample system (Z;), part of the incident
signal is reflected back travelling from the tip-sample con-
tact point to the VNA and part is transmitted throughout the
sample. The ratio between the reflected and incident signals,
the so-called Sy; scattering parameter, is then measured by the
VNA and converted into complex impedance values following
the one-port VNA calibration procedure [11].

2.2. SMM setup

The SMM system used in this work consists of a commercial
5600LS AFM interfaced with a N5230C VNA (both from Key-
sight Technologies). !

' Commercial instruments are identified in this paper in order to adequately
specify the experimental setup and do not imply recommendation or endorse-
ment by the authors.



Meas. Sci. Technol. 31 (2020) 074009

J A Moran-Meza et al

2.2.1. Environmental conditions. The SMM micro-
scope is installed in a MBraun Inert Gas System glove
box under a nitrogen atmosphere at room temperature
(T = 24.3°C £ 0.1°C) to carry out SMM measurements
in dry conditions (RH < 1%) and in order to reduce the para-
sitic capacitance contribution arising from the water meniscus
formed at the point of contact between the SMM tip and
the sample surface. The whole set-up is placed in a shielded
room to minimize interfering electromagnetic signals from
surroundings.

2.2.2. Mach Zehnder configuration of SMM.  The VNA
operates from 0.5 GHz to 6.0 GHz with intermediate fre-
quency (IF) bandwidth of 1 kHz. The SMM integrates a
microwave interferometer based on a Mach—Zehnder config-
uration [12, 24] (figure 1).

This adjustable interferometric SMM system combines
three advantages compared to the standard SMM setup show-
ing a better signal-to-noise ratio, a wide range of meas-
urable impedances, and various working frequencies with
impedance-matching notches relatively deeper [12, 24]. For
more details about the Mach Zehnder SMM configuration, the
reader could refer to [12].

2.2.3. Imaging conditions. = SMM images were acquired in
contact mode at a frequency of 3.8086 GHz with imaging rates
of 15 min at 512 x 512 pixels. SMM imaging includes AFM
topography simoultanously performed with S;; n,-Magnitude
and S;; ,-Phase maps.

Solid platinum tips (25Pt300A) from Rocky Mountains
Nanotechnology were used for SMM measurements, having
a standard tip radii below 20 nm. The SMM is placed on an
active anti-vibration table to reduce external mechanical vibra-
tions during surface closed-loop scanning.

2.2.4. Choice of the VNA operating frequency.  Before land-
ing the SMM probe on the sample surface, the probe is moved
20 um above the substrate surface and a full frequency sweep
of VNA signal is performed over its frequency range. The
microwave frequency minimizing the S;; ,—Magnitude sig-
nal is chosen (figure 2).

173 working frequencies have been found, the interference
occuring each one 31.6 MHz. 16 of them match to peaks with a
quality factor Q higher than 10*. With the selected frequency,
f =3.808 6 GHz, Q reaches the highest value of 1.7 - 10° thus
maximizing the SMM sensitivity.

2.2.5. SMM dimensional calibration. = To perform accurate
3D topography maps, the AFM system was dimensionally cal-
ibrated using a surface topography standard STS2-440P from
VLSI Standards with a pitch of (1807 £ 11.5 nm) and a height
of (42.1 £ 0.35) nm. This uncertainty like all those mentioned
in the paper is given at one standard deviation corresponding
to a 68% confidence level in the case of a normal distribu-
tion [26]. Gwyddion [27] software has been used for the topo-
graphic image processing.
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Figure 2. S| m—Magnitude and S m—Phase vs. frequency.
Zoom-in of a deep notch at f = 3.8086 GHz (4096 points).

2.3. SMM calibration method

To perform quantitative impedance measurements (capacit-
ance measurements in this work), a first fundamental step is
the calibration of the SMM with the aim at converting the raw
measured reflection coefficient Sy into the complex imped-
ance of the sample under study Z;. To this end, the modified
Short Open Load (SOL) calibration method proposed by Hoff-
mann et al [11] and Dargent et al [12] is used. The quantities
S11.m and Z; are related by two equations:

s :ZS_ZQ M
AN
S
S11,m = eoo + eol (1;15,1) 2)
—e1Sy

where S| is the expected reflection coefficient and ey, eg;, and
ey are three complex parameters (also known as error para-
meters) to be determined from S;; , measurements on three
reference structures with known impedances values.

2.3.1 Calibration kit. = A commercial calibration kit fabric-
ated by MC2 Technologies [28] is used to calibrate the SMM.
It consists of 144 identical patterns and each pattern includes
four 48 MOS capacitors with capacitance values ranging from
100 aF to 10 fF typically, depending on the size dimensions
and the dielectrical material (figure 3). The MOS capacitors
consist in circular gold electrodes deposited on silicon diox-
ide with different thicknesses and a highly bore doped p-type
Si (100) substrate forming a back electrode. The doping con-
centration N, (= 7.98 - 10'® atoms cm~3) was calculated from
the electrical resistivity p (= 0.01 {2.cm) given by the manu-
facturer. The diameters of the gold electrodes are 1 wm, 2 pm,
3 wm and 4 pm. The thicknesses of the SiO; layers range from
50 nm to 220 nm with about 50 nm steps. More details about
the fabrication process of calibration sample are described
elsewhere [10, 28].
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Figure 3. AFM topography of the calibration kit and capacitance
model.
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2.3.2. Electrical model of the capacitors.  The capacitance C
of each MOS capacitor of the calibration kit is modeled as the
capacitance of two capacitors connected in series (figure 3).
The first capacitor of capacitance C,x consists of a circular
plate capacitor with a top electrode of finite size radius R, sep-
arate by a dielectric layer of relative permittivity ¢, and a thick-
ness d from the back electrode considered as an infinite plan,
since its equivalent radius is nearly 100 times larger than the
largest R (2 pm). The second capacitor has a capacitance Cq4
due to a depletion layer occurring inside the highly doped Si
substrate which composes the back electrode. Thus, the capa-
citance C is given by:

C 'Cox
C= d

=—" 3
Cd+cox ( )

The capacitance Cox was calculated by finite element mod-
eling (FEM) using COMSOL Multiphysics 5.3 to take into
consideration the fringing fields [12]. We have used a 2D
axisymmetric model, which is faster and more accurate than
3D calculations. The top and back plane electrodes of each
circular capacitor were set to 1 V and 0 V, respectively.
The top and right boundaries of the simulation box were
set to 0 V, while the left boundary represents the symmetry
axis. The simulation box dimensions used for the model are:
Lyoxx = R + 10 d, Lyoxy = 5 d. The thickness and radius of
the dielectric environment were set to d and Ly x, respect-
ively. The ¢, ,x was set to 3.9 for silicon dioxide [29, 30] and
the global meshing quality was set to ‘extremely fine’.

On the other hand, the depletion capacitance Cq is given by

the relation [31]:

R2

o “4)
D

Cy = Tersico

and depends on the area of the top electrode. In this relation,
€rsi 1s the relative permittivity of the highly doped Si substrate

and [p is the Debye length:

In — /kTer,Si €0
D — €2Na )

where k denotes the Boltzmann constant, 7 the temperature
of the substrate, e the elementary charge and N, is the dopant
concentration of Si substrate. Let us note that the exact val-
ues of k and e that are two defining constants in the revised
international system of units (SI) can be found in [32].

The choice of the calibration kit with a very high N, value
approaching 8 - 10'® atoms cm > makes the Cy4 capacitance
contribution negligible in respect with the dielectric layer Cox
capacitance. From (3) in the first approximation order, C is
then given by

®

C=~ Cox ) (1 - Cox/cd>; (6)

with Cy/Cy ratio in the order of 2 - 10~ for the calibration
kit capacitances.

To estimate the uncertainty on the calculation of Cyy, we
have used the analytical expression of Co in terms of &,
R and d proposed by Sloggett et al [33]. This expression was
found relevant even for small ratios R/d (going down to 2). In
a first order approximation Co is given by:

(52)- [l o

C, is the well-known capacitance of the circular plate capa-
citor calculated from the uniform field model:

Cox
CP

- TR

2
Cp = T&r,0x €0 %7 (®)
where ¢ is the vacuum electric permittivity 2, eg = 8.854 187
8128(13) pF m~! [34]. The two calculation methods used for
Cox show a relative difference (Crgpy—Canal)/Crem changing
from—26% to 0% for a ratio R/d varying from 2 to 40. This
deviation is due to the assumption of a capacitor with a top
electrode surrounded by the same dielectric environment in the

case of analytical method.

2.3.3. Selection criteria.  The calibration procedure for
SMM needs at least three reference structures with known
impedances values. A poor and arbitrary selection of these
three capacitors without established criteria can lead to obtain
erroneous results on capacitance measurements after SMM
calibration. The three capacitors are selected according to the
following criteria:

(i) they present a really clean surface confirmed by AFM;
(ii) they insure a good and homogeneous electrical contact
between the SMM tip and their top electrode;
(iii) their capacitances satisfy approximately the inequality
‘Ci - C]| P ACmax/zv

2 The number inside brackets indicates the absolute uncertainty. That
amounts to a relative uncertainty of 1.5 parts in 1010,
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Figure 4. Localisation of particular capacitors in the calibration kit
pattern used to calibrate the SMM. (AFM topography).

where i and j (1) ranging from 1 to 48 and ACp, is the dif-
ference between the highest and lowest capacitance values.

For the calibration kit used in this work, ACy,,x = 8.4 fF and
27 triplets of capacitors fulfill the criteria. Among them, two
triplets (Coo, Cz1, C31) and (Cqg, Cs1, C49) have been investig-
ated as potential standards. The corresponding capacitors are
located on the 4 different terraces (figure 4). They have the
following nominal capacitances:

Coo = 8.6fF, Cyy = 4.4fF, C3, = 0.8fF, Cyo = 0.2fF. (9)

With respect to the triplet (Cog, Cs, Cs31), the triplet (Coo,
Cy1, Cyp) presents the advantage to extend the calibration
range of the SMM down to sub-femtofarad.

2.3.4. Image processing.  During SMM scanning, a lin-
ear drift was observed from the raw S, data (Magnitude
and Phase) in the slow scan Y-direction. Similar drifts
were also reported elsewhere [18, 22]. The drift can res-
ult from the non-null synchronization time interval between
VNA measurements and the AFM topography, both acquired
line by line. The drift could also be due to the thermal
expansion characteristics of interconnecting cables within the
test set.

To get rid of this drift, the raw S;; ,, images have been pro-
cessed by taking into account instead the raw data of measure-
ments of the difference ASyjm = Y, — 3}, by subtract-

i signals measured on Si substrate from the

Im
ing the raw §
raw Schm signals measured on individual capacitors, line by
line. This image processing on raw Si;, maps has also the
advantage to null or at least make negligible the errors due to
parasitic capacitors occurring in parallel to the microcapacit-
ors under study, such as capacitor between unshielded parts of
the SMM and the Si substrate.

For this purpose, a custom MATLAB script (Mathworks
Inc.) has been developed to extract the mean value of ASj|
from AS;; m-Magnitude and AS}; n-Phase histograms that are
obtained on each capacitor.

Table 1. Calculated capacitances Cc,c and measured top electrode
area A and thickness d, of four capacitors with standard
uncertainties.

Capacitor Ceac (fF) A (um X pm) d (nm)

Coo 8.57 £ 0.44 12.64 + 0.28 558 +25
Cy 442 +£0.24 12.03 4+ 0.28 106.1 & 5.0
Cs; 0.82 £+ 0.05 2.98 +0.15 159.4 £ 5.7
Cyo 0.18 £ 0.03 0.65 + 0.09 212.0£3.8

Table 2. Main uncertainty contributions for the calculation of the
selected capacitance standards.

Uncertainty budget for C; calculation Coo Cu % )C n Cwo

Area measurements, ua 24 25 5.3 14.3
Repeatability 04 05 07 1.3
Pitch AFM calibration 0.9 0.9 0.9 0.9
Tip profile 22 23 52 14.2

Thickness measurements, ug 4.4 4.7 3.6 1.8
Repeatability 4.3 46 35 1.6
Height AFM calibration 1.0 10 1.0 1.0

Depletion capacitance, ucq 0.03 0.02 0.01 0.02

Permittivity ¢ (SiO2), uer 1 1 1 1

Combined uncertainty uc 5.1 5.4 6.5 14.4

3. Results and discussion

3.1. SMM calibration for capacitance measurements

3.1.1. Calculated capacitance of selected capacitors  The

calculated capacitance values Cq, of the four selected capacit-
ors are given in table 1. The reported values of the top electrode
area A and the SiO; layer thickness d have been measured from
a series of 15 topography images.

The standard uncertainties corresponding to the calculated
capacitances and to the area and thickness measurements res-
ult from the main uncertainty contributions that are summar-
ized in table 2.

The combined uncertainty us on the A measurements is
given by the root sum square of the standard uncertainties
related to the measurement repeatability, the pitch AFM cal-
ibration and the tip profile.

The combined uncertainty u4 on the d measurements takes
into account two terms, the measurement repeatability and the
height AFM calibration. Two other uncertainty contributions
can be considered but have a minor impact on the budget. The
first is related to the depletion capacitance effect and does not
exceed 3 parts in 10*. The second uncertainty contribution
comes from the uncertainty of the relative permittivity of SiO,
set at 3.9. An uncertainty in the order of 1 part in 10° can be
reached from split-cylinder cavity techniques [35]. However
this uncertainty has not yet been demonstrated in conjunction
with SMM measurements. A conservative uncertainty value of
1% is therefore taken into account.

The combined uncertainty uc on the calculated capacit-
ances, given by the root sum square of ua, ug, cq and ue,,
varies from 5.1% for the highest capacitance value (8.57 fF)
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up to 14.4% for the smallest value (0.18 fF). The uncertainty is
largely dominated by the error due to the tip profile in the case
of the smallest area capacitor (Cy4) and the lack of repeatability
on the thickness measurements for the three other capacitors.

On the one hand, an uncertainty has to be considered on the
correction of A measurements which has been done to take into
account the real tip profile (apex radius and cone angle). This
uncertainty has been estimated by comparing AFM and scan-
ning electron microscopy (SEM) topography images of micro-
capacitors from a very similar calibration kit (same growth
batch) to the one used as reference in this work. This uncer-
tainty could be further reduced by fitting the SMM with a thin-
ner tip, carrying out SEM and SMM measurements in a same
run [36] or in a simpler way by using a step edge structure.
Other improvement axes exist in particular about the design
of the calibration kit capacitors (thinner top electrodes...).

On the other hand, the repeatability results on the thickness
measurements, although less favorable for thinner dioxide lay-
ers, show unexpectedly too high uncertainty for the capacitor
C51, and that could be due to a bad levelling process during the
image treatment.

Furthermore, it has been found that the optimal number of
measurements to minimize the repeatability uncertainty both
for area and thickness measurements is around 5. This number
results from a compromise between the evolution of standard
deviation and instrumental drifts.

3.1.2. Capacitance SMM measurements A series of 15
capacitance measurements have been carried out on all the 48
capacitors of the same calibration kit pattern which includes
the standard capacitors Cgpg, Cy1, C3;, and Cy4g. For each meas-
urement (both topographic and electrical), the data were pro-
cessed twice, by calibrating the SMM separately with the
triplets (Cog, Ca1, C31) and (Coo, Ca1, Cap).

The two sets of values shown in figures 5 and 6 correspond
to the relative deviation AC;j/Ceqc; of the measured capacitance
Cp,i from the calculated capacitance Cyc; for each capacitor
C;, the index i ranging from 1 to 48

AG;
Ccalc,i

Cm i Ccalc i
= A (10)
Cca]c,i

Each value is marked by two vertical error bars and one
horizontal error bar. The smallest vertical bars reflect the
measurement repeatability (standard uncertainty ug;) while
the largest vertical bar, u; ; corresponds to the root sum square
of the SMM calibration uncertainty usym;i and the standard
uncertainty #ccalc,i (indicated by the horizontal error bars) on
the calculation of Ceyc;-

The first term usmm;i is calculated from the deviation of
the dispersion of 27 capacitance values measured on the capa-
citor C; by considering the 3 values Ccaicj, Cealcj + UCcalc,j> and
Cealcj—Uccale,j for each triplet capacitors used to calibrate the
SMM (Cyog, Cyy, C31 or Cyp). This is equivalent to the meas-
urement of C; using 27 capacitance triplets.

As expected, the results show a clear advantage for the
standard triplet (Cog, Co1, Cap) over (Cgg, Ca1, C31) to be used
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Figure 5. Relative differences ACi/Ccalci between measured Ci i
and calculated Ceqc; capacitance values for 48 capacitors C; by
using capacitance standards (Cog, C21, C31). The dashed lines
indicate the values at 10%. The vertical bars correspond to the
standard uncertainties us (in red) and u1 1 (in blue). The horizontal
bars correspond to the standard uncertainty uccaic;.
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Figure 6. Relative differences ACi/Cac; between measured Cr
and calculated Ceqc; capacitance values for 48 capacitors C; by
using capacitance standards (Cgg, C21, C40). The vertical bars
correspond to the standard uncertainties us; (in red) and uy 1 (in
blue). The horizontal bars correspond to the standard uncertainty
UCcalc,i.

for measuring capacitances lower than 0.8 fF. The uy ; uncer-
tainty (table 3) is significantly smaller. Most of the observed
positive deviations ACi/Cqc; occur between 0% and 35%. In
contrast, when the triplet (Co9, C,1, C31) is used, the devi-
ations are larger, lying between 30% and around 70%. How-
ever, in both cases, these deviations occurred for capacitances
smaller than 0.6 fF which correspond to capacitors of smal-
lest area (diameter 1 pm) and could be explained by an error
on the area determination. It must be noted that most of these
deviations can be considered as non-significant within two
standard deviations.
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Table 3. Uncertainties (%) on the capacitance measurements using
capacitance standard triplets (Cog, C21, C31) and (Cog, C21, Cap).

C; <0.8fF Ci > 0.8 fF
Triplet 09,21,31 09,21,40 09,21,31 09,21,40
u (%)
usi 0.9-4.5 1.1-2.5 0.6-1.6 0.6-1.9
uL; 9-39 9-20 6-9 7-11
USMM.i 7-35 7-10 4-7 4-8
UCcalc,i 6-19 37

For capacitances higher than 0.8 fF, a good agreement
is found within the up; uncertainty independently of the
triplet used with a slight advantage for (Cg9, C,;, C31) over
(Coo, Cr1, C49). The mean values of the relative deviations
ACi/C¢yci amount to (—0.8 = 5.2)% and (—2.6 £ 5.6)%
respectively. The repeatability uncertainties are similar in
the two cases. Like for topographic images, the repeatability
level reaches here its minimum value from 5 measurements
upwards.

In addition to the standard uncertainties above-mentioned,
other uncertainty contributions should be cited. These uncer-
tainties are due to parasitic effects from stray capacitances.

Because the SMM probe is not fully shielded, unwanted
non-local capacitances occurred in parallel to the measured
capacitances, between the tip apex and the Si substrate. Con-
sidering some dimensional parameters of the system (surface
of the unshielded parts: tip and cantilever, distance to the sil-
icon substrate), the unwanted capacitances are estimated in the
order of 2.6 fF (capacitance between cantilever and substrate)
and 70 aF (capacitance between tip and substrate), following
the calculation method in [37]. Since the method adopted here
consists in measuring the difference AS;|, = Sﬁ,m — S?ihm
(section 2.3.4), the errors due to stray capacitances are strongly
reduced. The calculated residual error varies from -3 aF to
—12 aF in function of the dielectric layer thickness, 56 nm—
212 nm respectively.

Another unwanted capacitances come from the water men-
iscus occurring in series between the tip apex and the imaged
surface (top electrode of the capacitor and Si substrate). The
inert gas environment insured by the glove box limits this para-
sitic effect but does not cancel it out. The AS;;,, measure-
ment does not allow us to eliminate the water meniscus effect
because of the different hydrophobic or hydrophilic behavior
between Au and Si materials. Based on some estimates of
water meniscus capacitance surrounding the SMM tip, found
in the order of aF [18], the expected error here should not
exceed 10 aF.

If all these stray capacitances are not zeroed, they are at
least stable enough in space and in time. This is a crucial point
because of the requirement to preserve a constant calibration
plan which is at the level of the tip where the electrical connec-
tions of the three standards are placed [9]. A first indication of
stability is given by the good level of repeatability measured
on a single pattern, in the order of 1% typically or 10 aF for
1 fF (table 3). Moreover, no discrepancy has been observed

Figure 7. Localization of 5 measured patterns on calibration kit. In
the centre, the pattern used as reference (labelled Ref).

Table 4. Root mean square deviations Crms x Of capacitances
measured on 5 patterns of calibration kit.

Order of measurement Pattern 8Cmsx (aF)
1 (start) MRet 79
2 M, 84
3 M, 74
4 M; 71
5 My 105
6 (end) MRef 77

from capacitances measured on 5 different patterns of the cal-
ibration kit including the pattern which contains the capacitors
Cog, Ca1, C31, and Cyy (figure 7).

Let us consider the root mean square deviation 8Cyps cal-
culated for each pattern Mk

48
1
5Crms,k = @ E (Cm,i,k - Ccalc,i,Ref)za (11)
i=1

where Cp, i x denotes the measured capacitance of the ith capa-
citor of kth pattern (k from 1 to 4 and ref) and Ceyciret 1S the
calculated capacitance of the ith capacitor of the reference pat-
tern. The 8Cymsx values do not differ significantly from the
two 8Cyms rer Values measured on the reference pattern within
a standard deviation of 15 aF (table 4).

3.2. Capacitance calibration on ‘unknown’ capacitors

Based on the stability of the parasitic effects due to stray capa-
citances as previously shown, the SMM can be used to cal-
ibrate capacitances of microcapacitors which are placed in
the vicinity of the reference calibration kit so that the SMM
calibration using the capacitor triplet (Cgg, Cy1, Cyqp) is pre-
served. To demonstrate this possibility, two calibration kits
from MC2 Technologies have provided the ‘unknown’ capa-
citances. These kits, labelled M57 and M58, have same num-
ber of patterns and capacitors with similar organization (four
SiO, dielectric terraces of different thickness ...) but came
from different growth batches and not based on the same doped
Si substrate.
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Figure 8. Reference calibration kit (in the centre) and two samples
(M57, M58) to be calibrated.

C (fF) C(fF) 30

Figure 9. Calibrated capacitances on two samples M57, M58.

3.2.1. Substitution method  The samples M57 and M58 have
been positioned very close to the reference calibration kit as
shown in figure 8. The SMM is calibrated using the values of
the capacitance triplet (Cgg, Ca1, Cag) previously calculated.

One pattern of each sample (48 capacitances) has been
calibrated by repeating 5 times the following measurement
cycles:

(i) Single topographic and capacitance image of capacitors
(Copg, Ca1, Cy4p) to check the SMM calibration;

(i1) Single topographic and capacitance image of capacitors on
M57.

The same calibration process has been applied for M58.
The VNA working frequency was unchanged (3.808 6 GHz).

3.2.2. Calibrated capacitances  The measured capacitance
values have been found ranging from 0.1 fF to 3.1 fF (figure 9)
with a combined relative uncertainties varying from 14% to
7% respectively.

Table 5 summarizes capacitance values and corresponding
uncertainties for 3 particular capacitors from M57 and M58
samples.

The combined standard uncertainties result from the main
uncertainty contributions that are summarized in table 6 for
MS57 sample (similar values are found for M58 sample). As

Table 5. Typical measured capacitances and corresponding
combined standard uncertainties for three capacitors of samples
MS57 and MS5S.

C values (fF) M57 M58

High 3.14 £ 0.21 3.13 £0.25
Intermediate 0.71 + 0.06 0.71 + 0.07
Low 0.15 £ 0.03 0.17 £ 0.03

Table 6. Main uncertainty contributions for 3 values measured on
M57 sample: Chign (3.14 fF), Cinc (0.78 fF), Ciow (0.20 fF).

Chigh Cint Ciow

Uncertainty budget for C; (%)
Repeatability 24 2.7 3.6
SMM calibration 6.3 7.8 13.4
Parasitic capacitances 0.2 0.9 4.5
Stray capacitance 0.0 0.4 3.5
Water meniscus 0.2 0.7 2.9
Combined uncertainty ucm 6.7 8.3 14.2

expected, the largest contribution comes from the SMM calib-
ration uncertainty. This one has been estimated following the
same way as described in section 3.1.2. No change of the cal-
ibration parameters has been detected from the measurements
carried out on the reference pattern. The repeatability levels
observed on the measurements of Cyg, C1, and Cyo have been
found between 0.04% and 0.94%.

In contrast, the repeatability of measurements performed
on M57 and M58 samples is less high, ranging from 0.6%
to 3.6%. Finally, the uncertainty contribution from parasitic
capacitances becomes non negligible for the smallest capacit-
ance, reaching almost 5%.

3.2.3. Permittivity and dopant concentration =~ The compar-
ison of the capacitance values measured on the 48 capacit-
ors of Ms; and Msg patterns to the calculated values based
on FEM method, results in significant deviations. These are
found decreasing inversely proportional to the thickness of the
dielectric layer, pointing out clearly a non-negligible deple-
tion capacitance of the Si substrate. By considering a relative
permittivity of e,5; = 11.7 for the silicon substrates [29], the
depletion capacitances together with the dopant concentration
N, and the permittivity of the silicon dioxide ¢, sjo, have been
estimated. It should be noted here, in contrast with section 3.1,
that the permittivity value may not be known since not used for
the SMM calibration.
Let us consider the statistic ‘chi square’ function

48

X2:Z(yi—a—b-xi)2,

i=1

12)

where the terms yj, a, and b and x; are given by the following

relations:
yi= Cm,i s

13)
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Table 7. Relative permittivity &, dopant concentration N, and
depletion capacitance of same three capacitors of samples M57 and
M58 mentioned in table 5.

M57 M58

€ 40+0.6
N, (atoms cm ™) 4.5 +0.5)- 10"
Cy values (fF)

41406
(3.9+0.5)-10™

High 6.22 +0.47 591 +£0.44
Intermediate 1.53 £0.11 1.42 +0.11
Low 0.33 £0.02 0.30 £ 0.02

with A; and Cp,; the top electrode area and the measured capa-
citance of the ith capacitor,

kT
a= | ———5—andb= 1/¢ s,
50€r,Si€2Na /r,SlOZ

eofi(di,Ri)’

(14)

5)

Xi

with f; (d;, Ri) = Cox/C) given by the relation (7).

The least square adjustment (LSA) of X? in function of the
adjustable parameters a and b leads to N, and €, siop values in
the order of 4 - 10'* atoms cm ™~ values and 4.0 respectively.
The depletion capacitance values are between 0.3 fF and 6.2 fF
(table 7).

The combined standard uncertainty corresponding to the
relative permittivity (table 7) was estimated from the root sum
square of the typical uncertainties on the capacitance measure-
ments ucn, like those given in table 6, and the typical uncer-
tainties related to the determination of the area u, and the
thickness 4. The last two uncertainties are composed of the
same components reported in table 2, with similar values for
the repeatability and AFM calibration. The uncertainty related
to the tip profile was calculated by assuming unchanged the
apex radius and cone angle of the tip.

The combined standard uncertainties related to both the
dopant concentration uy, and depletion capacitance (table 7)
are composed of the uncertainties ucy, and up.

4. Summary and outlook

The substitution calibration method presented in this paper has
shown the capabilities of the SMM to calibrate capacitance of
micrometric size capacitors at nanoscale and microwave fre-
quencies with combined standard uncertainties varying from
14% to 7% for capacitances ranging from 0.1 fF to 3.1 fF
respectively. This was the first time that calibrated capacit-
ance measurements based on the SOL method, were car-
ried out at nanoscale on capacitors other than those used as
reference device to calibrate the SMM. It has been demon-
strated that by substituting the reference calibration kit with
the capacitors of ‘unknown’ capacitance, the SMM calibra-
tion remains valid and accurate. We have established detailed

uncertainty budgets allowing one to estimate combined stand-
ard uncertainties while the few SMM-based calibrated capa-
citance measurements reported so far have given only par-
tial uncertainty estimates. These were found in the order of
10% or more in relative value for capacitances in the order of
1 fF [9-12].

Reducing the uncertainty down to a few percent seems
achievable particularly by improving both the AFM measure-
ments of the dimensional parameters of the capacitors and
the design of calibration kit capacitors. Extending the capa-
citance range down to 10 aF or even below while keeping
an uncertainty less than 10% requires further efforts to be
mainly focused on the parasitic effects due to stray capacit-
ors and water meniscus. It demands to fit the SMM with a
fully shielded tip and to carry out electromagnetic modeling
works.

As well, it was demonstrated that the nanoscale determ-
ination of relative permittivity on capacitors can be possible
with an SMM whose calibration is based on the SOL method
and on standard capacitances of known permittivity. We have
estimated a combined standard uncertainty of 15% in relat-
ive value for the permittivity of silicon dioxide ¢, sjo, from
capacitors with a p-type doped silicon substrate not conduct-
ing enough to avoid parasitic depletion capacitance. From the
expected improvements of SMM capacitance measurements
cited above, reducing the relative standard uncertainty in the
order of a few percent seems to be possible for the nanoscale
permittivity measurements. In meantime we plan to compare
our method to the one proposed by Gramse et al [9] based on
the use of tip—sample approach curves. With this method, the
authors have measured ¢, sijop With a relative uncertainty in the
order of 20%.
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