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Calibrating Resistance and Current Measurements
in Conductive Probe Atomic Force Microscopy:
New Reference Samples and Calibration Methods

Frangois Piquemal,* Pascal Chrétien, José Mordn-Meza, Frédéric Houzé,
Alexandra Delvallée, Christian Ulysse, and Abdelmounaim Harouri

Despite the considerable contributions of conductive probe atomic force
microscopy (C-AFM) to the understanding of materials and devices’ properties at
the nanoscale, measurements remain prone to an arsenal of artifact-inducing
factors. Herein, new calibration samples are developed enabling an easy access
to highly accurate calibrated C-AFM measurements over expanded resistance
and current ranges from 1 kQ to 1 TQ and from 10 fA to 10 pA. For this purpose,
the influence of the AFM probe (material, wear) is investigated by operating
C-AFM in spectroscopy and imaging modes. Commendable measurement pro-
tocols are elaborated with associated simplified uncertainty budgets, showing that
the combined standard uncertainties do not exceed a few percent over the whole
resistance and current ranges. These calibration samples pave the way for reliable
and reproducible quantitative measurements of resistance and current at the
nanoscale, and the findings are expected to promote the adoption of the C-AFM

functionality of these devices, conductive
probe atomic force microscopy (C-AFM)
is playing an increasingly important role
in the characterizing and understanding
of nanomaterials’ and nanodevices’ proper-
ties."? Introduced in the early 1990s,”
C-AFM is based on applying a DC-bias volt-
age between a conductive AFM probe and a
given sample in contact, enabling the sur-
face topography mapping with a simulta-
neous collection of the current flowing
through the tip/surface nanocontact. This
operating principle unlocks two main
C-AFM measurement approaches, i.e., map-
ping the local current variations over a
scanned area (imaging mode), or collecting

for these nanoscale measurements.

1. Introduction

The development of nanoelectronic and quantum devices is fuel-
ing a frenetic need for calibrated, reproducible, and comparable
measurements of electrical properties at the nanoscale. As mea-
suring currents and resistances is key for elucidating the
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current versus voltage (I-V) curves at one
specific point on the sample by sweeping
the DC-bias voltage (spectroscopy mode).
However, the practical realization of such
measurements is prone to two major difficulties. First, the current
collected is likely to vary very rapidly over a considerable dynamic
range, depending on the nature of the sample. Second, the mea-
surement must be carried out at the AFM’s operating rate. Despite
various approaches and technical solutions proposed so far,**]
nanoscale electrical measurements are still subject to numerous
experimental challenges that can induce artifacts.”'* These chal-
lenges have limited C-AFM measurements to qualitative compar-
isons in the majority of cases.

To overcome the aforementioned difficulties, a first wide-range
multiresistance reference sample was recently proposed, as well as
the basis for an associated operating procedure, enabling calibra-
tion of the complete C-AFM measurement circuit over a resistance
range from 100 Q to 100 GQ.I"* Nevertheless, the previously pro-
posed sample still misses numerous aspects related to the full cal-
ibration of the resistance and current measurements. In this
study, the development of new, more comprehensive reference
samples and associated calibration methods is presented, with
the aim of democratizing the calibration and reliability of C-AFM
measurements.

The remainder of the article is organized as follows. Section 2
describes the sample’s structure and its fabrication process using
surface-mounted device (SMD) resistors. Moreover, it details the
procedures for calibrating their resistances and current values at
the macroscale using a probe station coupled with high precision
voltage source and ammeter, as well as the associated uncertainty
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contributions. Then, Section 3 presents the calibration protocols
elaborated for C-AFM systems, in both imaging and spectroscopy
modes, with a summary of the main steps to be followed. In
Section 4, the application of the developed samples and method-
ologies is demonstrated to a particular C-AFM configuration,
based on an electrical measurement device referred to as
wide-range current measuring device (WCMD). Finally, the con-
clusions and outlooks of this work are given in Section 5.

2. Reference Samples

2.1. Design and Fabrication

The new calibration samples (identified as type 4 A) consist of a
squared fused silica substrate (11 mm wide, 2 mm thick), on which
metallic connection lines and pads were fabricated (Figure 1).

The fabrication details are available elsewhere.'*! Two sample
batches were produced using two different metals (i.e., Au and
Pt) for the electrodes. Pt features a lower affinity to contamina-
tion compared to Au. Each sample is composed of SMD resistors
connected to microelectrodes covering the range between 1kQ
and 1 TQ. The new calibration samples feature a “short-circuit”
electrode (SC in Figure 1) allowing a direct connection of the tip
to the bias voltage source, enabling in situ measurements of the
tip’s resistance. Moreover, the new samples are fitted with three
other electrodes connected to an SMD junction field-effect tran-
sistor (JFET) diode (from InterFET) to enable the C-AFM DC cur-
rent calibration. Each sample features 15 arms terminated by
electrodes located in a 60 x 60 pm central area, as shown in
Figure 1. Owing to its different applications (i.e., calibration
of C-AFM in terms of DC resistance, DC current, and in situ
measurement of the tip’s resistance), the newly developed sam-
ple constitutes a comprehensive calibration kit for C-AFM.

2.2. Calibration

Two samples (Au and Pt electrodes) were calibrated using a four-
probe station (Cascade Microtech MPS150 from FormFactor) cou-
pled to a programmable voltage source (Marconi 104 A) and a
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high-precision ammeter."®) The whole setup is located in an
electromagnetically shielded environment under stabilized air
temperature (typically, 23°C+0.1°C) and relative humidity
(RH) (typically, 40.0% + 0.3%). Two different calibrated ammeters
were used depending on the range of the resistance or current
values, i.e., a digital voltage multimeter (DVM) (Keysight
3458 A) typically for resistances below 1 G€Q, or a femtoampere
current amplifier (Femto DDPCA-300, see S1, Supporting
Information) associated with the same DVM for resistance equal
or larger than 1 GQ (or for current ranging from 1fA to 1 pA).
The setup contributes in the uncertainty budget corresponding
to resistance measurements at a level between 1.3 parts in 10*
(100 Q) and 1.3 parts in 10° (1 TQ). The main uncertainty compo-
nents are due to gain calibration, leakage resistances, and mea-
surement noise.'"’) For current measurements, the uncertainty
due to the setup varies between 2.6 parts in 10* (10 fA) and 6.9
parts in 10* (1pA). All the uncertainties reported in the article
are given at 1 standard deviation which corresponds to a 68%
confidence level in the case of a normal distribution.!'

2.2.1. Resistance Calibration for the Ten Arms with SMD Resistors

The resistance of the ten complete arms from the electrode (central
area, Figure 1c) to the peripheral track (in brown, Figure 1b) con-
nected to the back electrode has been measured in two steps. First,
the resistance is measured between the intermediate pads (in
brown, Figure 1b) and the back electrode by applying the two-
terminal method for the arms with resistance larger than 1kQ
and the four-terminal method for the arm without SMD resistor
and the arm connected to 1 kQ SMD resistor. Using the resistance
measurement of the arm without SMD resistor, the resistivity of
the line is calculated based on its dimensional parameters (width,
thickness, and length)."*! Second, the resistivity values and the
dimensional parameters are used to calculate the resistance of
the line segment from the electrode to the intermediate pad
(not measurable by the probe station). Table S2, Supporting
Information, reports the calibrated resistance values, the resistance
of the line segments, and the measured resistivity for Au and Pt.

SC 1TQ 1kQ 10kQ 100 kQ

10 MQ
100 MQ
1G6Q

10 GQ

Diode Diode Diode Diode 100 GQ
+ + +
10GQ 106G 1GQ

Figure 1. (Left) Picture of the new calibration sample (type 4 A) composed of SMD resistors and JFET-based diode; (middle and right) drawings showing
the implantation of SMD resistors covering the resistance range between 1kQ and 1TQ. The central area (60 x 60 pm) for AFM scan is indicated with a
blue dashed rectangle (right). The intermediate pads and peripheral track (orange) are used for probe-station measurements, the peripheral track being
connected to the back electrode (circular metallic holder). One arm (passing underneath the 1TQ resistor) is used as short circuit (SC).
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Table S3, Supporting Information, summarizes the uncer-
tainty contributions associated with the resistance values pro-
vided by these new reference samples, including the setup
uncertainty, measurement noise, and uncertainties related to
the SMD resistors’ parameters. Applying the root sum square
(RSS) method on these uncertainties results in combined total
uncertainty ranging from 6.9-107* for the smallest resistance
values up to 2.3-10° for the highest ones.

Furthermore, the uncertainties related to the temperature and
voltage effects on the SMD resistors were evaluated taking into
account the manufacturer specifications. The uncertainties asso-
ciated with the RH effect were estimated from resistance measure-
ments carried out with RH values varying between 43.2% and
58.0%. It is worth noting that the stability of the SMD resistors’
resistance has been investigated for a period of 6 months. No drift
has been observed within 0.1% for the whole resistance range,
leading to an uncertainty less than 6-10™* in the worth case.

It must be noted that the combined total uncertainty (Table S3,
Supporting Information) will intervene in the uncertainty budget
corresponding to the calibration of C-AFM in terms of resistance
without any change if the environmental conditions (temperature,
RH) remain unchanged. The same budget remains valid for the
calibration of C-AFM in terms of current by applying a known
voltage to the SMD resistors (Table S4, Supporting Information).

2.2.2. Current Calibration for SMD JFET Diode

The current generated by the SMD JFET diode (Pt electrodes
sample) by sweeping the bias voltage from 0 V up to 0.7V

(@) 1 (ua)
10 I(A) = 1E+6A/V = 1E+7A/V
1E+8A/V 1E+9A/V °
1E-05 + 1E+10A/V  + 1E+11A/V
8 107 |t IE2AN - 1Ea3AN .
°
6 1E-09 .
1E-11 N
4 .
1E-13 v(v) :
1E-15 s
2 01 02 03 04 05 06 0.7 i
v(V)
0 ———

0 01 02 03 04 05 06 07 08

(C) (Ilil_ Imeas)/’meas (%)

10
5 %
, 1 ﬁ[_ )
0 I l‘-li,{L
.
-5 p:
-10

0.1 0.2 0.3
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has been measured by changing successively the transimpedance
gain of the current amplifier from 10 V A~ up to 10°VA™!
(Figure 2a). The resulting -V curves have been superimposed,
taking into account both the calibrated gain values and the mea-
sured offset input current of the amplifier, and then averaged to
determine the calibration I-V curve (Figure 2b). Thus, this cali-
bration curve covers a much expanded current range from a few
femtoamperes to 10 pA with reduced standard deviation of the
data distribution due to good overlaps of I-V curves recorded
with different transimpedance gains.

The calibration curve was successfully fitted with a third-order
polynomial (Figure 2c)

Iy = Ioexp(b1V + b, VZ + b3 V?) 1)

with the following parameters: I,=(142.10+£0.09) aA,
by =(28.25+0.23) V", b, =(21.15+0.64) V™% and bs;=
(—15.17 £ 0.53) V°.

It has been found unnecessary to push the fit at orders larger
than 3 to get fit values agreeing with the measured values within
about £5% over the full voltage range (Figure 2c).

Assuming that by = ¢/(nkT), where e is the electron charge and
k is the Boltzmann’s constant, leads to find an ideality factor
n=1.403+0.011 which is consistent with expected values
(typically between 1 and 2) for tunnel junction-based devices.

From relations giving these parameters, a low influence of the
voltage source resolution on the measurement’s accuracy is
expected. Indeed, a voltage error as large as 1 mV will yield a
small relative error AI/I not exceeding +0.4% over the full
voltage range.

(b)

1E-05

Isi (A)
1E-07
1E-09
1E-11

1E-13

1E-15
01 02 03 0.4 05 06 0.7

v (V)

0.4 0.5 0.6 0.7

Figure 2. a) |-V curves in linear or semilog (insert) scale measured on the Pt electrodes sample using the electrode connected directly to the SMD diode
(pad#10). b) Mean current values (calculated from |-V curves recorded with different gains for the same current range) versus voltage. c) Relative
deviation between the fit values and the mean values using third-order polynomial.
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The temperature dependence of the current delivered by the
JFET diode of the Pt electrodes sample in this case has been eval-
uated by performing measurements on another JFET diode pro-
vided from the same batch. This diode was placed inside an
ultrastable temperature chamber (type TK-190-US from Kambic)
and -V curves were measured at three temperatures, 21 °C,
23 °C, and 25 °C, using the same measurement setup. It results
in the following temperature coefficients associated with param-
eters by, by, and b

arp = (0.876 +0.002) V-1 /K )
drpy = (—2.123 £ 0.006) V-2/K 3)
arps = (1.462 +0.004) V-3 /K 4

Considering these values, the error on the current delivered by
the diode is far to be negligible. The relative error amounts to
9102 if the temperature deviates by 0.1 °C from the calibration
temperature (typically 23 °C).

The complete uncertainty budget associated with the calibra-
tion of the I~V curve provided by the JFET diode is detailed in
Table S5, Supporting Information. Four uncertainty components
are considered, giving rise to a total uncertainty ranging between
1.0% (10 fA) and 0.4% (1 pA) as calculated by the RSS method.
The first uncertainty component is related to the calibration
setup. It combines the calibration uncertainty of the setup itself
and the uncertainty estimated from the noise spectrum of the
current amplifier for a typical measurement time of 80s. The
second uncertainty component is due to the temperature depen-
dence of the JFET diode. The uncertainty is estimated in this case
from a rectangular distribution centered at 23.0°C+0.1°C,
assuming that the error is not corrected. The last uncertainty
component reflects the reproducibility of the I-V curve delivered
by the JFET diode. Measurements performed over 5 days do not
show any time drift on the current within the measurement
uncertainty. As a precaution, a conservative value of 0.1% is con-
sidered for this uncertainty.

Instead of using the calibrated I-V curve obtained from the
JFET diode, it would be preferred, for simplicity, to consider
the polynomial fit of third order to calculate the current for a
given voltage. In this case, the calibration uncertainty is esti-
mated at 2.9% for the whole 10 fA to 1 pA range, the fit agreeing
within +5% with the measured values. Accordingly, it becomes
the major uncertainty component.

3. Calibration Procedures

3.1. Calibration of C-AFM for Resistance Measurements

The calibration protocol summarized here is applied for C-AFM
operating in spectroscopy (I-V) and imaging modes; it was devel-
oped considering two types of tip coatings (PtSi and doped dia-
mond) and consists of five steps (Figure 3). Much more details of
this protocol are given in Section 6. The first two steps are com-
mon for both modes.

Step 1 consists in eliminating any possible contamination of
the tip apex by repeatedly scanning over a fixed scan line (typi-
cally a length of few tens of nanometers) on the sample surface

Phys. Status Solidi A 2024, 2400711 2400711 (4 of 16)
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Eliminating tip contamination
(continuous fixed-line scanning)

o Positioning tip

Image mode I-V mode
e Scanning a surface at two voltage o Collecting I-V curves for each
polarities electrode
Fro_m resistance map, extract the Finding resistance values from |-V
region of each electrode, perform X .
slope (using a regression model)

an histogram

e Determining the correction factor from deviation AR = (R cas = Rea)

Figure 3. C-AFM calibration procedure for resistance measurements.

(i.e., by disabling the slow scan axis). The effective contamination
removal was associated with a stable measurement of a minimal
resistance value.

As second step, the AFM tip is positioned at a fixed location in
contact with the electrode surface with a constant applied force,
here 1.5 uN for PtSi-coated tip and 3.0 pN for doped diamond-
coated tip.

The third step corresponds to the measurement itself. For
spectroscopy mode, I-V curves are extracted by sweeping the
applied voltage between, typically —1 V and +1 V. For the image
mode, either a surface of 60 x 60 pm embracing all the resistive
electrodes or partial images of group of electrodes are scanned,
by applying a constant bias voltage, typically Vi, =+1V. Then,
the scan is repeated with the reversed polarity of the bias volt-
age, i.e., Vi, = —1V. The use of the two polarities (i.e., 1 V) is
mandatory when the C-AFM is fitted with a highly doped dia-
mond-coated tip for which a photoconductive effect was
observed"?! (for the rationale behind this statement, refer to
Section 4.2.3).

In the fourth step, the measured resistance values Ry, are
determined, either from I-V slope by applying a regression
model on the data in the spectroscopy mode, or, in the image
mode, by extracting the region of each electrode from resistance
map, and then by performing an histogram and fitting data to
log-normal distribution. The uncertainty corresponding to found
resistance values is given by the standard deviation of the data fits
(normal distribution). In the spectroscopy mode, the standard
deviation can be calculated either from the regression method
applied on a single I-V curve or from several -V curves
(by repeating the third step).

The last step, common to both modes, consists in comparing
Rineas values against the calibrated resistance values Ry and
determining the correction factor to apply to C-AFM reading sys-
tem. Optionally, the process can be repeated to check the agree-
ment with R, values.

3.2. Calibration of C-AFM for Current Measurements

There are two approaches to calibrate C-AFM for current meas-
urements in both spectroscopy and image modes. The first
approach involves the SMD resistors while the second one uses
the SMD JFET diode.
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3.2.1. SMD Resistors

By scanning the AFM tip successively on each resistive electro-
des, the current range can be covered over 10 decades but in dis-
crete values (e.g., applying Vi, = 1V on resistive electrodes which
have resistances of 1 TQ, 1 GQ, and 1 MQ, the delivered current
values will be: 1pA, 1nA, and 1 pA).

The calibration procedure described above (Figure 3) remains
unchanged for C-AFM operating in image mode, except for the
fourth step dealing with DC current map and the last step which
compares measured current values, .. against calibrated
current values I, (Figure 4a).

For the spectroscopy mode, only the third step and fourth step
are changed. For each electrode, the current measurement con-
sists in periodically reversing the polarity of the applied voltage
Vin, for example, V,, = —1V, then V;, = +1V giving rise to two
current values I~ and I, and then repeating this cycle several
times, typically ten times. In the fourth step, the mean current
value is extracted by averaging the n data <[> = (Il+ - 17)/2
with j varying from 1 to n and calculating the corresponding stan-
dard deviation.

3.2.2. SMD JFET Diode

In spectroscopy mode, the AFM tip being in contact to the sur-
face of the electrode electrically connected to the SMD JFET
diode (electrode #10); sweeping the voltage from 0.1V up to
0.7 V enables to calibrate the C-AFM over continuous current val-
ues ranging from 10 fA up to 100 pA. In image mode, repeating a
scan of a defined area of the electrode at different voltages allows
to provide a calibration of C-AFM for any current value of interest
in the same range (10 fA-100 pA). It is worth mentioning here
that possible voltage shift can occur with the use of highly doped
diamond-coated tip due to photoconductive effect, which creates
a significant error, much larger than 10% in relative value. Then,
it is highly recommended either to determine the voltage shift by
carrying out -V curve on electrode connected to a SMD resistor,
or to use metallic tip (PtSi, CrPt, etc.).

Figure 4b gives the scheme of the calibration procedure, with
first two steps unchanged. In the third step, for the spectroscopy
mode, the bias voltage is swept from 0.1 V up to 0.7 V by constant
voltage increments, which provide the current values desired by

(a) Eliminating tip contamination
(continuous fixed-line scanning)

° Positioning tip

Image mode I-V mode

; CollectingI-V curves </j> b
Scanning a surface at two voltage o & . 12
olarities switching successively voltage
P polarities along n cycles

From current map, extract the -
. Finding mean current values from
region of each electrode, perform :
averaging the n data </, >

an histogram

o Determining the correction factor from deviation Al = (/05 = lcat)

Www.pss-a.com

the user. Care has to be taken on the voltage sweeping speed,
which must be compatible with the bandwidth of the current
amplifier used. Repeating at least three times the -V curves
is recommended to estimate the standard deviation of the data
distribution associated with the calibrated I-V curve (step 4). For
the image mode, the third step consists in repeating the scan of
the AFM tip on a defined area of the electrode at different vol-
tages. In the fourth step, the current value is calculated by per-
forming an histogram and fitting data to Gaussian distribution.
Then, the correction factor is determined from deviation
AI'= (Imeas— Ical) at each voltage value (fifth step).

4. Applications
4.1. C-AFM Setup

The C-AFM setup chosen to be calibrated here with these new
reference samples relies on an electrical measurement device
called WCMD. This device uses a Multimode 8 AFM system with
a Nanoscope V controller (Bruker, USA) to obtain real-time maps
of current or resistance, as well as I-V curves over a range of
more than 11 decades (Figure 5).

The principle of the measurement is to apply a DC voltage
to the sample and continuously read the current flowing through
the tip and the sample at each point on the surface to be analyzed.

It is then possible to construct, point by point, an electrical
image in parallel with the topographical AFM image.

Photodetector

Laser beam

Cantilever current Current/
= Y Resistance
Current « | » WCMD
Z Feedback: Topography

Figure 5. Schematics of the C-AFM operating with a WCMD current
amplifier.

(b) Eliminating tip contamination
(continuous fixed-line scanning)

o Positioning tip

Image mode I-V mode

o Collecting I-V curves

o Determining the mean I-V curve

o Scanning the electrode surface on a
defined area at different voltages

o From each DC current map,
calculating current from histogram

Determining the correction factor from deviation Al = (/... = I.))
for each supplied voltage

Figure 4. C-AFM calibration procedure for current measurements a) with SMD resistors or b) with SMD JFET diode.
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The high dynamic range of the WCMD requires the use of a
voltage scale proportional to the decimal logarithm of the current
(log(I)) or resistance (log(R)).

Atits design stage, the device was calibrated using commercial
reference resistors with a tolerance of less than 1%.

The measurement rate is a few tens of kilohertz with a band-
width of 3 kHz. The measurable current range varies from a few
tens of femtoamperes to a few milliamperes. For the smallest
currents, transimpedance is 10° A V™' and RMS noise estimated
is 800 pV over a frequency band of 10 kHz.

4.2, Calibration Results for Resistance Measurements

Applying the procedures previously described, the C-AFM was
calibrated in terms of resistance using the two samples (Au
and Pt electrodes) as reference standards. The C-AFM was oper-
ated in spectroscopy and image modes, the AFM tip being in per-
manent contact to the sample surface.

4.2.1. Spectroscopy Mode

I-V curve measurements were performed with the C-AFM using
two kinds of tip, PtSi-coated tip and highly doped diamond-
coated tip. For each electrode of the sample, a set of five to nine
I-V curves were recorded. For example, Figure 6 shows the -V
curves measured on three Au electrodes of the reference sample
using PtSi-coated tip: electrodes #1 (1kQ), #5 (10 MQ), and #15
(1 TQ). For most of the electrodes, the sets of I-V curves look like
those observed for electrode #5 and for them a single -V curve is
enough to extract the resistance value by applying a linear regres-
sion model. Thus, for electrode #5, the mean resistance values
from the six curves and that derived from regression model were
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found in very good agreement within 1 - 10~* with relative standard
deviations of 4.47 - 107> and 4.55 - 10>, respectively. In the case of
electrode #15 (1TQ), a good agreement was also found within
4 x 107>, with standard deviations of 2.5- 10> and 1.5- 10> cal-
culated from the set of I-V curves and from the regression model
applied on a single curve (Table S6a, Supporting Information).
However, for electrode #1 (1 kQ), it was found really necessary
to repeat several times the [-V curve measurements since a drift
was observed until a stabilization of the resistance (Figure 6d).
Table S6b,c, Supporting Information, report the measured
resistance values on all Au electrodes sample and Pt electrodes
sample, respectively, including the standard deviation associated
with the data distribution and the combined uncertainty. The lat-
ter is calculated from the RSS of the standard deviation, the
uncertainty related to the calibration of the reference sample,
and the uncertainty related to the tip resistance measurements.
As shown in these tables, the standard deviations are typically
lower than 0.1% for resistances ranging from 1 MQ to 100 GQ
and remain lower than 0.3% for 1 TQ. Therefore, these standard
deviations are lower than the calibration uncertainty of the ref-
erence sample. However, for resistance value lower than 1 MQ,
the standard deviation can become the major uncertainty, reach-
ing a few percent or even larger (as shown in Figure 6).
Figure 7 shows calibration results from these -V curves in the
form of relative deviations between measured and calibrated
values for each resistive electrode of the two samples. For resis-
tance ranging from 100 kQ up to 100 GQ, a very good agreement
between measured values and calibrated ones has been found
within + 1% independent of tip and electrode materials
(Au or Pt). For highest resistance values (1 TQ), the significant
deviations remain lower than 9% and they are mainly due to
the measurement uncertainty itself. For resistances equal or
lower than 100 kQ, significant deviations only occur when using

(b) 1 (nA)
100 -
-
) -
50 3 4 -
.f"rl
0 5 -6 J# P
-50 ._‘.__..—-"
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Figure 6. Typical I-V curves measured on Au electrodes reference sample. Here, C-AFM was fitted with PtSi tip: a) nine datasets measured on electrode
#1 (1 kQ); b) six datasets on electrode #5 (10 MQ); c) 6 datasets on electrode #15 (1 TQ); and d) resistance values extracted from -V curves measured

on electrode #1 with standard deviations in the order of 0.3-0.4 Q.
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Figure 7. Relative deviations of measured resistance values and calibrated ones for each resistive electrode of two samples: a) Au electrodes sample and
b) Pt electrodes sample. Two tips have been used, PtSi (blue full circle) and doped diamond-coated tip (orange full circle).

diamond-coated tip due to its resistance, in the order of 10 k€, in
contrast with less resistive PtSi tip (in the order of few hundred
ohms). The results shown in Figure 7 were corrected from tip
resistance.

Error bars in Figure 7 are calculated by the RSS method
applied on three uncertainties: the standard deviation of data
(Table S6b,c, Supporting Information), the uncertainty related
to the calibration of the sample (Table S3, Supporting
Information), and the uncertainty corresponding to the tip resis-
tance (only for R <1 MQ).

4.2.2. Image Mode

The calibration of the C-AFM operating in image mode was per-
formed on the same two reference samples.

Au Electrodes Sample: To check the reproducibility of the
C-AFM calibration and to investigate the possible influence
of the tip coatings, measurements were performed on the Au
electrodes sample with PtSi-coated tip and highly doped
diamond-coated tip. Three complete images of the overall elec-
trodes as shown in Figure 8 (over 60 x 60 pm) were recorded at
both voltage polarities +1V and -1 V.

To calculate the resistance measured on each electrode, a his-
togram was extracted from a rectangular portion of image with a
larger area of 5.1 x 10 pm, covering entirely the electrode on
the width, i.e., including the edges of the electrode. Figure 9
presents three typical histograms measured at +1 V on the electro-
des #2 (10 kQ), #6 (100 MQ), and #9 (100 GQ) for the two kinds of
tip. For resistances R > 1 MQ, the data follow relatively well a log-
normal distribution (e.g., electrode #6) but with an unexpected dis-
tribution tail occurring before the peak for resistances larger than
1GQ (e.g., electrode #9). This effect originates from the excess
noise due to WCMD electronics relatively to the signal of resis-
tance to be measured. The influence of the tip on the measure-
ments is clearly visible for smaller resistances (R<1MQ) on
the position of the peak and its shape (e.g., electrode #2), much
more rounded with doped diamond tip. However, what they have
in common is the asymmetry of the peak which can make it more
difficult to estimate the resistance value.

As mentioned above (Section 3.1), for each extracted histo-
gram, the peak resistance value and associated standard deviation
are determined by fitting data to log-normal distribution.
Systematically for a given electrode, two images are measured

Phys. Status Solidi A 2024, 2400711 2400711 (7 of 16)

by scanning the tip back and forth (usually named “trace” and
“retrace”) and for each voltage polarities (here, +1 V and —1V).
The weighted mean value is then calculated from the four peak
values and the corresponding standard deviations to give the final
result (Table S7, Supporting Information).

Figure 10 shows the relative deviations calculated for each
resistive electrode of the Au electrodes sample between the mea-
sured value and the calibrated value. The error bars correspond to
the standard deviations of the weighted means. Independently of
the kind of tip used (PtSi or doped diamond), very good agree-
ments at the level of £2% were observed between measured val-
ues and reference values for resistance ranging from 1 MQ to
100 GQ. In contrast with results obtained in spectroscopic mode,
here all the standard deviations associated with the measured
resistance values exceed a few tenths of a percent. They can reach
a few percent in the resistance range between 1 MQ and 100 GQ,
and even larger for the lower and upper resistance values
(Table S7, Supporting Information).

A slightly lower dispersion on the relative deviations
(RapM—Rcal)/ Real Was obtained with diamond-coated tip for resis-
tances ranging from 1 MQ to 100 GQ. However, it was no more
the case for the resistances equal or smaller than 100 kQ. For this
lower resistance range, similar to results obtained from -V
mode, the use of PtSi tip makes the C-AFM calibration possible.
The calibrated values were found close to the reference values,
i.e., within the interval [—2%, +5%)]. On the contrary, the use
of diamond-coated tip leads images with too large data distribu-
tion and makes difficult to estimate a mean value with relevant
standard deviation (Figure 10).

Pt Electrodes Sample: Further measurements were carried out
on Pt electrodes sample by C-AFM in image mode, again using
tips coated with the two materials PtSi and doped diamond. The
aim was twofold. First, it was necessary to investigate the influ-
ence of platinum compared with gold on the quality of images.
As shown in Figure 11, very nice contrasts were observed with
colors that match well the expected resistance values.

The aim was also to test a new measurement protocol which
preserves the qualities of the tip during the scan and maximizes
the chances of achieving a precise determination of the peak
resistance values, in particular for the electrodes with smaller
resistances (R < 100kQ). The qualities of the tip, especially in
the case of a metallic coating, can deteriorate over the course
of the measurements, so it is important to try to minimize
the duration of these.
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Figure 8. Resistance map (in decimal logarithm scale) of the central zone of the Au electrodes sample measured with C-AFM fitted with PtSitip a) at +1V
and doped diamond coated tip at b) +1V and c¢) —1V. Numbers refer to the index i of the 15 electrodes. The electrode #10 is connected to the diode
alone. The electrode #11 is connected to the diode in series with a 1 GQ resistor. The electrodes #12 and #13 are connected to the diode in series with the
same 10 GQ resistor. The electrode #14 corresponds to the so-called “short circuit”.

The principle of this new protocol is to cover several electrodes
(not all at once), to ensure that the tip is in the same state for the
electrodes concerned and to take half an image for each voltage
polarization.

Measurements were then performed by covering all the electro-
des with four zones: zone #1, 14-1-2-3; zone #2, 4-5-6-7-8; zone #3,
9; and zone #4, 14-15. So only electrode #9 was imaged separately
(Figure 12). The scan size was adapted according to the zone.

As for Au electrodes sample, the same process was used to
determine the resistance values and associated standard devia-
tions (extract histogram by considering the full width of the elec-
trode, including edges, and the maximum possible length along
the electrode axis; fit data to log-normal distribution; calculate
weighted mean value from the four peak fitted values).

The measured resistance values and the associated standard
deviations are given in Table S8, Supporting Information.

Figure 13 reports the relative deviations calculated for each
resistive electrode of the Pt electrodes sample between the mea-
sured value and the calibrated value. The values measured on
resistance electrodes from #2 (10kQ) to #8 (10 GQ) agree very
well, within + 1%, with calibrated values. The measured values
for the electrodes #1 (1 k), #9 (100 GQ), and #15 (1 TQ) are also
found consistent with the calibrated values considering the asso-
ciated standard deviations.
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Compared with the results obtained on Au electrodes sample
(Figure 10), a slightly better agreement was found with Pt electro-
des sample on the whole resistance range, independently of the
tip coating material (PtSi or doped diamond).

4.2.3. Photoconductive Effect

As we mentioned in a previous paper'"*) which presented very first
results on a reference sample of the previous generation, it
appears that the -V curves obtained with doped diamond-coated
tips do not pass through zero. In the aforementioned publication,
it was assumed that the offset currents observed at zero bias were
associated with a photovoltaic effect involving the doped silicon of
the tip core, which would have been locally exposed to the illumi-
nation of the AFM laser beam following wear of the tip apex. This
was confirmed just afterward, i.e., after the article™ was pub-
lished, by an image of this tip taken from scanning electron
microscopy (SEM, Zeiss, Ultra Plus) as shown in Figure 14.
After numerous new series of tests, hindsight now suggests to
refine our hypothesis and assume, rather than tip wear, a greater
or lesser opacity of the doped diamond coatings. Indeed, the off-
set phenomenon has since been observed with several new tips.
To illustrate the photoconductive effect observed with doped
diamond-coated tips, Figure 15 shows two typical I-V curves
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Figure 9. Associated histogram of data for measurements performed with PtSi-coated tip (left) and doped diamond coated tip (right) at +1V on:
electrode #2—10kQ (top); electrode #6—100 MQ (middle); and electrode #9—100 GQ (bottom).
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Figure 10. Relative deviations of measured resistance values and calibrated ones for each electrode of the same Au electrodes sample imaged using
a) PtSi tip and b) doped diamond-coated tip. The error bars correspond to the standard deviations.

obtained on electrode #4 (1 MQ) of the Au electrodes sample,
with the AFM laser beam on (red curve) and without it (blue
curve). These measurements were made with the same tip
and carried out successively, so the tip showed the same degree

Phys. Status Solidi A 2024, 2400711 2400711 (9 of 16)

of usage. It is important to note that simply moving the laser
beam along the cantilever away from the tip is not enough to
eliminate the effect, as the entire probe (tip + lever) is sensitive
to the effect of the laser light. So the blue curve was obtained by
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Figure 11. Resistance map of the central zone of the Pt electrodes sample
scanned with a doped diamond coated tip at +1V.
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physically switching off the laser beam for the short time needed
to record the curve. It can be seen that the current measured at
zero polarization is 40 times higher in the presence of the laser
beam than in its absence. However, whether the laser is switched
on or off, the -V curves are perfectly linear, with extremely close
slope values. The same findings were reproduced for other elec-
trodes of the same sample.

Figure 16 shows the different I g X R; products measured
with different tips during the -V measurement campaigns
on the two samples (Au and Pt electrodes), two of each with tips
from two different batches. The values appear to fall into two
groups, with the largest absolute values around 80 mV relating
to the Au electrodes sample and similar to that observed in
ref. [13] using another diamond-coated tip (coming from a third
batch) with the former reference sample also fitted with Au elec-
trodes. This might suggest that the diamond coating on the tip
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sC 170 /

LT ————
-1V 5

4

3

10 kQ 100 kQ

Figure 12. Resistance map of four zones of the Pt electrodes sample scanned with a,b,c,d) a doped diamond-coated tip and e,f,g,h) a PtSi-coated tip.
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Figure 13. Relative deviations of measured resistance values and calibrated ones for each resistive electrode of the same Pt electrodes sample imaged
using a) PtSi tip and b) doped diamond-coated tip. The error bars correspond to the standard deviations.
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Figure 14. (Left) SEM image of the diamond-coated tip showing a tearing of the coating at the end of the tip. This image was taken after the measure-
ments reported in ref. [13]; (right) image of the same kind of tip but not used.
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Figure 15. |-V curve measured on Au electrode #4 (1 MQ) of reference
sample. Red curve—Ilaser is switched on. The offset current at null voltage
1(0) = —55.86 nA and the resistance value R is found equal to 1.0031 M.
Blue curve—the laser is switched off. 1(0) = 1.42 nA and R =1.0024 MQ.
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Figure 16. logset X Ri product measured on each electrode of the samples
(Au electrodes sample named B0O1-AuT, and Pt electrodes sample named
BO1-Pt1) with different diamond coated tips. Mean values and correspond-
ing standard deviations are indicated.

used for Au electrodes sample here is less opaque than that on
the tip used for Pt electrodes sample. But it could just as easily be
argued that the three batches of tips had comparable properties
and that the difference was due to the greater reflectivity, at the
wavelength used, of the Au electrodes compared with the Pt
electrodes.
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It is worth noting that for other kinds of conductive tip, still
based on doped silicon but with metallic coatings more fragile
(e.g., CrPt or Ptlr tip with very small apex radius) which requires
applied force lower than 500 nN, the slightest degradation (even
at the tip) will illuminate the doped silicon, resulting in a pho-
toconductive effect.

4.2.4. Discussion

From these results, it appears that both types of reference sam-
ple, fitted with Au or Pt electrodes lead to reproducible calibra-
tion of C-AFM with relatively the same accuracy. A robust and
simplified uncertainty budget can also be proposed to the user,
provided that three conditions are fulfilled:

Environmental Conditions:

HR = (40 £10)% and T = (23 +3)°C (5)

These conditions save the user from having to apply correction
on the measured values from temperature and RH effects.

AFM Tip: The use of highly doped diamond-coated tip is rec-
ommended here for covering almost all resistance range, from
100kQ up to 1 TQ. This choice relies on the robustness and
the widely use of such tip in contrast with metallic tip, more frag-
ile. The counterpart is an increased uncertainty for 100kQ
(by afactor of 10) with C-AFM operating in image mode.

However, for the smallest resistance values, i.e., ranging from
1 kQ to 10 k€, the user can consider the uncertainty value men-
tioned in the corresponding case only if a metallic tip is used.
This is not valid for diamond tip (too resistive). Here, the devia-
tions observed for these small resistance values are due to several
effects (surface roughness, scan speed, applied force) which
require deepen investigations.

Spectroscopy Mode Versus Image Mode: The use of -V spectros-
copy mode to calibrate the C-AFM is preferred, which is found
more precise than the image mode and allowing to cover the
complete resistance range (1kQ to 1TQ). The calibration of
C-AFM in image mode remains possible and precise enough
on a more limited resistance range, i.e., from 100 kQ and 1 TQ.
Simplified uncertainty budgets are presented in Table S9,
Supporting Information, for the -V mode and Table S10,
Supporting Information, for the image mode. These typical
uncertainty budgets are both composed of four components.
The first is related to data distribution. The second uncertainty
component is related to the calibration of reference sample, the
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third to the environmental conditions described above, and the
last one corresponds to tip resistance and concerns only the resis-
tances lower than 1 MQ. For the I-V mode, the uncertainty due
to environmental conditions dominates the budget except for
resistances R < 1MQ. The total combined uncertainty does
not exceed 0.3% in the resistance range between 1MQ and
100 GQ. Outside this range, the total uncertainty is estimated
in the order of 1%. However for image mode, this is the standard
deviation of the data distribution which becomes the major
uncertainty component. As a result, the total uncertainty is larger
than for -V mode, varying between 0.5% and 1.5% for
1 MQ < R<10GQ and reaches 2% to 11% outside this range.

4.3. Calibration Results for DC Current Measurements

As mentioned in part 3, the C-AFM can be calibrated in terms of
current amplitude by measuring the current crossing the SMD
resistors or the current delivered by the SMD JFET diode at a
given bias voltage. This part reports the calibration results for
the C-AFM operating in spectroscopy mode performed with
the JFET diode of the Pt electrodes sample and then the results
obtained in image mode using SMD resistors of the Au electro-
des sample.

4.3.1. Spectroscopy Mode

Considering the significant dependence of JFET diode on tem-
perature, two series of measurements were performed: one at
temperature of 22.5 °C very close to the calibration temperature
(22.7 °C) and the other at 18.2 °C. The temperature sensor was
placed near the sample. For these measurements, the C-AFM
was fitted with a PtSi-coated tip.

Figure 17 reports the calibration results at these two temper-
atures and the corrected results by calculating the fit calibration
curve at the measurement temperatures (18.2 °C and 22.5 °C). As
expected, the significant temperature effect is observed. At tem-
perature of 22.5 °C, the measured values deviate from the cali-
brated values by around —10%. After temperature correction,
these deviations become less significant, lying between —8%
and +4% over the full current range (100 fA to 1 pA), in respect
to the total uncertainty of 2.9%. Regarding the measurements at
18.2°C, the temperature corrections work quite well, leading to

AI(T) (%)

Www.pss-a.com

an agreement within —10% and +6% over a narrower current
range (10 pA to 1 pA).

It is worth noting that such calibration has allowed to identify a
small defect in the WCMD’s automatic range change device
which originates the jump at about 10 nA. This effect well pro-
nounced at 22.5 °C is attenuated at 18.2 °C by the gradual increase
in the measured current due to a probable temperature drift.

4.3.2. Image Mode

The C-AFM, here fitted with highly doped diamond coated tip,
was calibrated by acquiring two images at bias voltage of +1 V
and -1 V applied to the SMD resistors of the Au electrodes sam-
ple (Figure 18). Therefore, the delivered calibrated current values
ranges from 1 pA up to 1 pA.

Figure 19 shows that the current values measured by the
C-AFM agree very well with the reference values, i.e., within
+1%, except at 1 pA for which the standard deviation is too
large (52%).

Here, the total combined uncertainty is calculated from the
standard deviation of data and the uncertainty related to the cali-
bration of the sample (Table S3, Supporting Information).

It should be pointed out that this calibration carried out at
fixed constant voltage is more accurate than in the case of voltage

100 pA
10 pA
1pA

100 nA

10 nA

100 pA
10 pA

1pA

100 fA
Figure 18. DC current map of the central zone of the Pt electrodes sample

measured at +1V with doped diamond-coated tip.

0,
20 AICO(I’( T) ( /0)

’
e 18.2°C 1(A)
-80 e
1E-13 1E-12 1E-11 1E-10 1E-09 1E-08 1E-07 1E-06

1(A)
-80

1E-13 1E-12 1E-11 1E-10 1E-09 1E-08 1E-07 1E-06

Figure 17. (Left) Relative deviations AI(T) = (I(T) — lcai(To))/lcal(To) between current values measured at a temperature T (orange: 22.5 °C, blue: 18.2 °C)
and values calibrated at Ty = 22.7 °C. (Right) Relative deviations Al (T) = (I(T) — I5(T))/ls(T) between the measured values and the fit values cal-

culated at the same temperature.
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Figure 19. Relative deviations Al = (I — I.,)/lca between current values
measured with C-AFM and calibrated values from Au electrodes reference
sample. The error bars represent the total combined uncertainty.

sweep more prone to errors due, for example, to the measure-
ment device as previously reported.

4.3.3. Discussion

This last statement supported by the overall results can help the
user in the choice between JFET diode and SMD resistors pro-
vided by the reference sample to calibrate their C-AFM in terms
of current.

For the sake of simplicity because only one electrode is used to
cover the full current range, the JFET diode will be preferred for
the C-AFM calibration. Consequently, the use of tip with metallic
coating will be also recommended. In this choice, the uncertainty
budget is very simple to draw up since mainly governed by the
uncertainty associated with the calibration of the diode. This
uncertainty varies typically from 3.1% (at 10 fA) to 5.7% (1 pA)
calculated from the uncertainty corresponding to the fitted cali-
bration curve (2.9%) and the uncertainty related to its tempera-
ture dependence. This latter ranges from 1.1% (10 fA) to 4.9%
(1pA) provided that the room temperature remains close to
23°C at £1°C. In that case, the user will not need to correct
the corresponding error term. The second and last uncertainty
which might be considered (the other uncertainties being much
smaller) is the standard deviation of the data distribution
acquired during the C-AFM calibration. However, this uncer-
tainty remains minor, typically limited to 0.1%.

If the user needs to calibrate the C-AFM for current measure-
ments with the best uncertainty, then the use of electrodes con-
nected to SMD resistors is required with no constraint on the tip
materials. In this case, the total combined uncertainty remains
limited to 1% for the lower part of the current range (10 fA) and
can decrease down to 0.3% for the upper part (1 pA). Here, the
temperature conditions can be less restricted, T= (23 £ 3) °C,
which allows the user to not apply correction on the measured
values from temperature effects. The corresponding uncertainty
amounts to about 0.2% for I > 1 pA and 1% for smaller current
(if 1 TQ resistor is used). The uncertainty budget remains sim-
plified. In addition to the standard deviation of data (typically
lower than 0.1%) and calibration uncertainty of SMD resistors
(not exceeding 0.2%), a fourth and last uncertainty component
must be considered only for high current (I > 1 nA). It is related
to the tip resistance and estimated in the order of 0.1%.
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5. Conclusion and Outlooks

New reference samples for calibrating resistance and current
measurements by C-AFM over a very wide range of values have
been developed. These samples combine SMD resistors covering
10 decades of values (from 1kQ to 1TQ), a “short-circuit” elec-
trode designed to quantify the AFM tip resistance, and a SMD
JFET diode—alone and in series with 1 and 10 GQ resistors—
offering current intensities ranging from 10fA to 100 pA.
Operational protocols have been proposed to get the most out
of these structures, and uncertainty budgets associated with
the calibration of C-AFM have been established. The result is
a real complete calibration kit for electrical measurements at
nanoscale, the efficiency of which has been demonstrated
through in-depth application to a specific example of a C-AFM
device. To this end, investigations were carried out in both imag-
ing and [-V spectroscopy modes, for two sample pad materials
(Au and Pt), two probe coatings (PtSi and doped diamond), and
the influence of environmental conditions was also studied.

All these elements tend to indicate that this kit could already
be used as it is by any C-AFM user, just by following the recom-
mendations given. We are, however, planning a final evolution of
the reference samples, consisting of positioning all the pads con-
nected to the various components in line. In image mode, this
configuration would enable one to restrict to scanning just a few
adjacent scan lines, which would drastically reduce the risk of
altering/contaminating the tip apex, and would make it easier
to assess the influence of applied force or scan speed. This con-
figuration could also enable significant progress to be made in
the development of an optimal image processing procedure.
The new sample design will make it possible to produce series
of images of a few lines sufficiently numerous to calculate resis-
tance or current values and associated standard deviations
directly from the peak values of the histograms without worrying
about their shape.

In the longer term, it would be interesting to explore the cali-
bration of electrical measurements at nanoscale in intermittent
contact mode (the so-called “peak-force” or “pulsed-force”) used
to study soft materials. Such an operating mode, in which the
equivalent of a succession of force curves is run at a chosen
cadence, would also make it possible to finely investigate the
behavior of the tip/sample nanocontact and, if used on the
“short-circuit” pad, would probably allow to improve the mea-
surement of tip resistance.

6. Detailed Calibration Procedure

6.1. Foreword

For both image and spectroscopy modes, a general procedure
must be followed beforehand.

First of all, it must be ensured that an electrical measurement
error does not originate from the measurement device or the
AFM controller. Consequently, depending on the architecture
of the C-AFM device used, it may be necessary to calibrate
the display and acquisition device of the AFM controller if the
external inputs (input x, In x, etc.) are affected. In the latter case,
the procedure consists of injecting a series of reference voltages

© 2024 The Author(s). physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

85U8017 SUOWILLIOD 8AIERID 3ot [dde 3y} Aq peueob a8 sejole YO ‘8sn JO S8 10} Afeid8UIIUO AB]IA UO (SUOTHPUOD-PUB-SWLBLI0D" A8 | 1M Ale.q U1 |UO//SdY) SUORIPUOD pUe swiis | 8U} 88S *[5202/T0/TE] Uo Ariqiaulluo As|Iw ‘8oueld aueiyood Aq TT200v202 essd/z00T 0T/I0p/uooAe | ARIq Ul juo//Sdny WO pepeojumoq ‘0 ‘6TE9Z98T


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

physica
status
solidi
[J))

www.advancedsciencenews.com

into the external inputs and reading the corresponding voltage on
the signal profile displayed on the screen.

Do not hesitate to adjust the voltage scale on the graph to
obtain maximum accuracy.

Record all the points in a table to deduce the correction fac-
tors to be applied when processing the data. For example, for
the AFM controller used here, the correction formula to be
applied when processing the recorded voltages is as follows:
Vietwal = 0.99195 X Veontroier — 0.00187.

AFM will then be used to visualize the topography and elec-
trical image of all the pads with a wide scan, which in our case
will be 60 x 60 pm.

Parameters selected:

Final scan size: 60 X 60 pm

Low applied force ~50-100 nN

Scan speed: 0.5 Hz max

Resolution: 64 x 64 pixels

Refocus if necessary to show all the electrodes on the image.
This step (obviously not usable for measurements) serves as a
reference mark.

The following subsections detail the calibration protocol for
two measurement modes: 1) Image mode for determining resis-
tance values from a scanned surface comprising some or all of
the electrodes. 2) I-V spectroscopy mode, which allows resis-
tance values to be determined from contact points chosen at each
electrode.

6.2. Image Mode

Numerous comparative measurement tests, electrode by elec-
trode, line by line, etc., have enabled us to conclude that pro-
ducing a single topography and resistance image for all the
electrodes, followed by postprocessing using the complete
image file for each resistance electrode, gives good results.
This fast procedure has the advantage of preserving the physical
properties of the contact on all the electrodes in a single pass
(without the risks associated with repositioning). It may be use-
ful to acquire several images in succession so as to have several
measurements taken under the same conditions on each
electrode.

6.2.1. Parameters

Scan Size: 60 x 60 um, centering the image to get all the
electrodes.

Applied Force: This important parameter has a very strong influ-
ence on the quality of the contact. The applied force must depend
on the nature of the tip, the local velocity during the scan, the
nature of the imaged surface and, of course, the level of contami-
nation of the surface and the degree of wear of the tip. Generally,
the force to be applied: 1) should be roughly proportional to the
scan speed; 2) should not exceed 500 nN for tips with a curvature
radius <20 nm (CrPt, Ptlr, etc.); and 3) must not exceed 2 pN for
PtSi coated tips and 3 uN for diamond coated tips.

In this work, with a scan speed of 0.5 Hz, the applied force
generally was typically 1.5 uN for PtSi tips and 3 uN for dia-
mond tips.
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6.2.2. Influence of Speed and Averaging of Measurement Points
on Accuracy

These two parameters are important because the quality of the
value measured while the tip is moving depends not only on
the local velocity but also on the number of points (measurement
samples) taken into account to define the overall data to be dis-
played on the screen (pixel) and then recorded. Our experience of
measuring all resistances from 100Q to 1TQ shows that the
influence of speed and averaging on accuracy is greater for
low resistance values (<100kQ).

During the point-by-point construction of an electrical image,
the C-AFM measurement system performs a regular measure-
ment of the current during the scanning. As the display rate
of a pixel in the electrical image is generally much slower than
the acquisition rate of the measurement system, the value of a
pixel will be the result of an average of measured points.

As the tip moves over the surface, the measured values will vary
according to the applied force, the electrical homogeneity of the
material, the contamination encountered locally, and the scan
speed. Parasitic resistances can therefore be added locally to the
actual resistance value to be deduced at each measuring point.
As a result, with the aim at measuring a minimum resistance
value, some measurement points will give this minimum value,
while others will give a higher value, excluding the noise of the
acquisition chain.

If all the measurement points can be collected, it will then
always possible to recover, excluding the noise of the acquisition
chain, the minimum values corresponding to the resistances to
be measured. But if we are forced to average a set of points to
make up each pixel of the electrical image, the minimum value
obtained overall is likely to be higher (excluding acquisition chain
noise).

This observation implies the need to minimize the number of
samples to be averaged in order to achieve a minimum electrical
value close to the actual value to be measured. This is particularly
important for the measurement on the so-called “short-circuit”
electrode (metal track with no associated SMD resistor corre-
sponding to SC electrode in Figure 1) intended to evaluate the
additional resistance (including the tip resistance), which will
be subtracted from the values measured on the other electrodes.
To do this, we need to know the sampling frequency of the acqui-
sition system of the C-AFM module as well as that of the acqui-
sition system assigned to the auxiliary inputs of the AFM
controller. In this work, we are only considering the sampling
frequency of the controller’s auxiliary input.

Generally, in relation to its own sampling frequency, the AFM
controller’s imaging system will average the measured points
according to the scan speed and the number of pixels chosen.
Thus, for a sampling frequency of 65 535 Hz, an image resolu-
tion of 512 x 512 pixels and a scanning frequency of 0.5 Hz, each
line (forward or reverse) lasting one second for 512 pixels, 128
measurement points will be averaged for each pixel displayed
(65 535/512).

The following relationship gives the number of averaged
points N, as a function of sampling frequency fyampling and line
resolution rpe in pixels
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Ny :fsampling/(zrline stcan) (6)

It follows that to avoid averaging with the same resolution of
512 pixels would require to increase the scan speed to 64 Hz. In
this work, given the size of the area scanned (60 x 60 pm), a com-
promise has been found to maintain a reasonable scan speed
(scan rate lower than 0.5 Hz) with few points averaged per pixel.
Most of the images were produced with a resolution of 16 384
pixels per line and a scan speed of 0.3 Hz to limit local velocity
(i-e., around 6 averaged points per pixel).

6.2.3. Image Acquisition Time

Acquiring a very high-resolution image requires a lot of time
(timage = Niines/fscan)- In our case, the time spent on an image
would be just over 9h (16 384/0.35).

There are several ways of limiting the time spent building an
image: 1) Limit the number of lines, for example, by making an
image of 16384 pixels x 1024 pixels. An option on the AFM
allows one to adjust the number of lines while maintaining
an aspect ratio of 1 (square image). In this work, we have chosen
an image resolution of 16 384 x 1600 and a scan speed of 0.3 Hz.
2) Limit the number of lines in the image by increasing the
aspect ratio (rectangular image). It is then possible to maintain
the same physical pitch between two successive lines as between
two pixels. This solution requires the use of another type of ref-
erence sample with in-line electrodes or successive analysis of
groups of in-line electrodes on the type 4 A sample used here.
The latter solution has also been tested with good results.

As a reminder, our various tests have shown that scanning a
maximum number of electrodes during measurement ensures
uniformity of the physical properties of the contact across all
the electrodes.

6.3. Spectroscopy Mode

I-V curves measurements are carried out by leaving the tip at a
chosen point on the surface of each electrode. Finding a point on
the surface that is as conductive as possible before taking the I-V
measurement sometimes requires a great deal of time and deter-
mination, especially when measuring resistances of less than
100 kQ. The protocol is composed of the following steps:

a) Set the C-AFM measuring device to continuous resistance
(or current) measurement mode.

b) Initially, try to use AFM to visualize the topography and
electrical image of all the electrodes with a wide scan. The
selected parameters are: 1) scan Size: 60 x 60 pm, 2) low applied
force, i.e., typically between 50 nN and 100 nN, 3) scan speed
limited to 0.5 Hz at most, and 4) resolution: 64 x 64 pixels.

Refocus if necessary to show all the electrodes on the image.

¢) Locate the electrode to be measured on the image.

d) Center the image in the middle of this electrode (use the
“offset” button) and reduce the scan size so as to obtain an image
centered on the electrode with the outside of the electrode on
either side of the image. Adjust the scan angle so that the scan
is perpendicular to the electrode axis. For the reference sample
used here, the ideal scan size is 8 pm.

e) Increase the resolution to 256 pixels.
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f) Increase the contact force to around 500 nN.

Modifying these last two parameters should make it easier to
observe variations in resistance (or current), particularly at the
two edges of the electrode.

g) Center the scan on the middle of a well-conducted area and
reduce the scan size while remaining centered on the conduc-
tive area.

Repeat the above steps if electrical contact is lost and look
again for a conductive area by increasing the scan size.

h) If the conduction level is ideal, with a minimum resistance
profile (or maximum current profile) over a good part of the
screen, set the “Slow Scan Axis” option to “Disabled” to keep
the scan on the same line.

i) Increase the contact force to try to reduce the resistance
value level even further while not exceeding the maximum force
values as afore mentioned.

Repeat the above steps if contact is lost by increasing the scan
size again, adjusting the force applied and setting the “Slow Scan
Axis” option back to “Enabled”.

Finally, with a scan size lower than 5 nm, we need to obtain a
resistance profile that is as low as possible (or as maximum as pos-
sible for current), even across the width of the screen and clean.

j) At this point, start the I-V measurement.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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