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Abstract
With the ever increasing miniaturization and down-scaling of nano-electronics, traditional bulk
materials such as silicon are becoming insufficient and new materials are needed. This down scaling
causes degradation in bulk materials but layered materials such as TMDs (transition metal
dichalcogenides monolayers) do not suffer from this to the same extent. So to keep up with Moore’s
law, research towards new and higher performance materials is more important than ever.
Accurately and reliably characterizing the electrical properties of new materials is crucial for assessing
the potential performance and quality of these materials. A conventional diagnostic technique for
resistivity measurements is a four-point probe measurement. This is a measuring technique that uses
separate pairs of current-carrying and voltage-sensing probes to make more accurate measurements
than the usual two-point probe. In this work key limitations and pitfalls of four-point probe
measurements were systematically investigated from the perspective of novel materials such as TMDs.
Moreover a new software application was developed to control the measurement device and to help
the user perform accurate and reliable resistivity measurements. This should reduce the occurrence
of common errors without requiring extensive user knowledge.
It was observed that, when characterizing a highly resistive sample such as the new TMDs, often a Ushaped I-V curve was found. It was hypothesized that this is probably caused by capacitive effects in
the sample combined with the high sample resistivity. To confirm that this U-shape is indeed caused
by capacitive effects, tests were performed with equivalent circuits mimicking an actual sample with
well-known components. With such a circuit it was possible to reproduce the U-shape confirming that
a parallel capacitance is the likely cause of the U-shaped response. The solution for this problem was
found to be increasing the settling delay, the time between measuring, and using a minimal current
while ensuring that the measured voltage does not approach the limitations of the measurement
device. It was shown that increasing the settling delay and reducing the current will significantly
increase the linearity of the data set and therefore the reliability and accuracy of the measurement.
To compare resistivity measurement methods, two sample series were measured using both the fourpoint probe and the Hall machine which employs the Van der Pauw method and the calculated sheet
resistances were compared. It appears both methods provide similar results for high quality (low sheet
resistance) samples but drift apart more as the sheet resistance increases. However, as the data set is
small, no conclusive statement can be made and more research is required.
The newly developed software aims to be usable without deeper knowledge of four-point probe
measurements. For that reason it boasts numerous ease of use features. It performs a brief pre-check
before every measurement to determine the quality of the measurement. It provides the user with
feedback related to measurement consistency, trying to measure too high resistances, reaching the
compliance of the source, non-ideal sample dimensions and provides the user with feedback. Users
can review the data after the measurement and as a part of the workflow the user can save the data
and the relevant measurement parameters in a text. This facilitates organised archivation of data and
prevents loss of data and measurement parameters.
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1 Introduction
Thin films are essential in the fabrication of modern microelectronic, photovoltaic, and optical devices
[23, 24, 25]
. In these devices thin films are employed with varied functionality, e.g. to conduct current,
isolate conductive parts, prevent diffusion[26]. For example a common application of thin films is using
them as channel material in a transistor. The electrical properties of the thin-films are essential in most
of these cases[26]. As the functionality requirements of devices get more demanding, the need for
higher material quality and greater control over the properties of the thin-films increases. This means
that accurate characterization of electrical properties of thin film devices is key to research and
manufacturing.
To further illustrate the importance of the electrical properties of thin-films, it is useful to look at
examples of two common thin film devices like the solar cells and field-effect transistor, see also Fig.
1.1.

Figure 1.1: a) Electronic properties have a large impact on device performance of e.g. solar cells and c-Si transistor. A schematic
representation of a heterojunction-based c-Si solar cells where e.g. the vertical conductivity affects the efficiency of carrier
extraction. Image adapted from [21], b) A schematic representation of a field-effect transistor. The channel material’s
electrical properties have a large impact on key metrics such as dissipation and on-off ratio. Image adapted from [29].

The electrical properties of several of the ultra-thin films in these devices have a large impact on the
performance of the device. The fabrication of solar cells and field-effect transistors requires the
deposition of ultra-thin layers, often prepared using atomic layer deposition (ALD), with specific
electrical properties to function properly and efficiently[27]. For example, to transport the charge
carriers to and from the solar cell the outside layer TCOs needs to have a low lateral resistivity[27, 28].
5

Besides having very low resistivity, the layer should be very transparent in order to let light through to
the charge carriers[28]. Fabricating materials with both of these requirements is the challenge for the
outside layer of solar cells. Different approaches are taken to achieve the required low resistivity while
keeping the transparency such as intentional further n-type doping by other elements such as Sn for
In2O3, Al and Ga to increase the carrier capacity to the order of 1020-1021 cm-3 [21].
The electrical conductivity (or its inverse: resistivity) is one of the fundamental intrinsic material
properties that have to be characterized. The resistivity of the functional materials used in the
aforementioned applications spans from 𝑚Ohm ⋅ cm to 𝑀Ohm ⋅ cm. For thin-films, it is convenient to
also define the “sheet resistance” as the resistivity averaged over the film thickness. This extrinsic
material property can be determined directly from a resistance measurement eliminating the
sometimes difficult to determine film thickness. To better understand the concepts of and differences
between resistivity and sheet resistance, consider the samples in Fig. 1.2.

Figure 1.2: A schematic of samples measured by the four-point probe. The current is driven through from left to right. a) A flat
square sample with length L, width W and thickness t. b) A flat rectangular sample which is divided into 5 ‘square’ samples.
Image adapted from [1]

If the current is driven through the material from the left to the right (or vice versa), the resistance of
sample a is given by
𝐿

𝐿

𝑅 = 𝜌 𝐴 = 𝜌 𝑊𝑡 =
The ratio

𝐿
𝑊

is dimensionless meaning

𝜌
𝜌
distinguish between R and 𝑡 , the ratio 𝑡

𝜌
𝑡

𝜌 𝐿
𝑡𝑊

→ 𝜌=𝑅∗𝑡

𝑊
𝐿

(1)

must have ohms as units, the same as the resistance. To

is given the units of Ohm/square and named sheet resistance

Rsh.
The resistance can be rewritten as
𝐿

𝑅 = 𝑅𝑠ℎ 𝑊 → 𝑅𝑠ℎ = 𝑅

𝑊
𝐿

(2)

This shows us one can calculate a sample’s sheet resistance without knowing its thickness. This is useful
for characterizing very thin samples of which the precise thickness is difficult to determine.
To get a more physical appropriation of what sheet resistance is, we take a look at sample b in Fig 1.2.
When the sample is divided into squares like sample b, the resistance is given by
𝑜ℎ𝑚𝑠
𝐿
𝑅 = R 𝑠ℎ (
) ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 ( )
𝑠𝑞𝑢𝑎𝑟𝑒
𝑊
This way the square ‘cancels’, explaining the unit given to sheet resistance.
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Several approaches exist to measure resistivity and sheet resistance including optical and contactless
schemes. The simplest and most common technique, the two-point probe method, uses two probes
to drive current through a material and measure the voltage it takes. However, the go-to technique
for DC resistivity measurements is the so-called four point probe (4PP) method [1, 19] which will also be
the focus of this work.

1.1 Measuring resistivity and sheet resistance using the four-point probe
method
With the four-point probe method, the resistivity and sheet resistance are measured by using two
separate probe pairs to deliver current and measure voltage. The main advantage over the simpler two
probe resistance measurement is the elimination of the contact resistance between the probes and
the material under investigation as is further discussed in the theory section. It turns out that the
contact resistance is quite significant and cannot be ignored for all but the most resistive samples
therefore necessitating the use of the 4PP method[1].
This work is focused on using four in-line equally spaced contacts to measure the resistivity of a device.
There are alternative probe configurations, namely the dual configuration method, which we will
consider and discuss in the theory section. A square configuration, usually referred to as the Van der
Pauw method, can also be used but will not be discussed further here beyond comparing to it.
In our 4PP set-up current is driven through the outer contacts while the inner contacts measure the
voltage drop with a high impedance circuit (>10GΩ), as is shown in Fig.1.3.

Figure 1.3: A schematic depiction of a four-point probe measuring method. Two separate probe pairs are used: one pair to
drive the programmed current and one pair for measuring the voltage difference between two points on the sample. Image
adapted from [19].
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1.2 Non-idealities of 4PP measurements: correction factors, edge cases and
the influence of capacitance
In general, the samples under investigation have finite dimensions. This introduces edge effects which
have to be understood and accounted for in order to perform an accurate measurement [1]. These nonidealities can be accounted for in 4PP measurement by so-called correction factors. The most
important ones are the corrections for finite sample thickness and width. The thickness correction
𝑡

factor approaches unity for samples with a thickness and probe spacing ratio of 𝑠 < 0.1[1]. The width
correction factor approaches unity for samples with a width and probe spacing ratio of

𝐷
𝑠

> 40[1]. If

these conditions are not met, the correction factors need to be calculated and applied. Ensuring these
are accurately calculated is crucial for accurate measurements.
To determine the measurement accuracy and fidelity in different measuring regions, the performance
of the measurement set-up was first analysed using predetermined equivalent circuits. Typical sample
non-idealities were mimicked such as asymmetry in the probe spacing (different resistances between
probes) and parasitic capacity (by placing capacitors parallel to the resistors). This allows one to
estimate how different circumstances affect the measurement and provides us with an approximation
of the reliability of the measurement. Furthermore, a series of reference samples was measured with
two different diagnostic tools: the 4PP setup using in-line probes and a Hall setup using a Van der Pauw
configuration. The comparison of the different measurement approaches allowed us to get an insight
into differences and similarities of each of these approaches.

1.3 Goals, objectives and thesis outline
The goal of this work is twofold:
(1) Gain a better understanding of the main errors and uncertainties in 4PP measurements.
 Systematically investigate the performance of the 4PP setup using equivalent circuits
 Investigate the role of non-ideal circumstances in the sample on the 4PP measurement
by mimicking these conditions in the equivalent circuit.
 Compare differences between four-point probe and Van der Pauw resistivity
measurements
(2) Develop software to facilitate the 4PP measurement giving the end-user rich feedback on their
measurement. This should include:
 An intuitive to use Graphical User Interface (GUI)
 Feedback on
1. Non-ideal sample dimensions (e.g. too small sample dimensions leading to
non-unity correction factors).
2. Inconsistent measurements (e.g. due to too fast acquisition).
3. Trying to measure too high resistances (e.g. the internal resistance of the volt
meter starts to affect the measurement).
4. Reaching the compliance level of the source.
 A way to save your data after measuring including measurement parameters
 An abort function which returns the measurement set-up to its standby state
Chapter 2 is a theory chapter to provide detailed information on four-point probe measurements. The
difference between two-point and four-point measurements is shown and explained. The correction
factors necessary for accurate measurements are discussed and the dual configuration method is
8

briefly explained. Chapter 3 discusses the specifications and limitations of the measurement set-up
and gives an overview of the newly developed software and its features. In chapter 4 we will discuss
our findings regarding the performance of the four-point probe setup, mainly regarding the effect of
capacitance in highly resistive samples and how to deal with it. Chapter 5 presents a practical
application of the newly developed software by characterizing a highly resistive material candidate.
The final chapter, chapter 6 presents our conclusions and recommendations for future work.

2 Theory
To understand why a four-contact method is to be used for measuring resistivity we will start by
providing a theoretical framework starting with the basics. Electric resistance R in Ohms is the capacity
of a material to oppose the flow of electrical current given by 𝑅 =

𝑉
𝐼

. By measuring the voltage

required to achieve a certain current strength, one can determine the resistance. Let us take a look at
a two-contact measuring set-up.

2.1 Two-point probe
A two-point probe method is commonly used to measure resistances. For example, handheld
multimeters are nearly always of this kind. A schematic of the circuit of a two-point probe
measurement is depicted in Fig.2.1.

Figure 2.1: Schematic representation of a two-contact resistance measuring set-up, referred to as the two-point probe
method. Rw is the resistance of the wire, Rc is the contact resistance between the contact and the device under test (DUT) and
RDUT is the resistance of the DUT. Image adapted from [1]

In this arrangement each contact serves as both a voltage and a current probe. Our goal is to determine
the resistance RDUT of the device under test (DUT). The total resistance RT is given by
𝑅𝑇 =

𝑉
𝐼

= 2𝑅𝑊 + 2𝑅𝐶 + 𝑅𝐷𝑈𝑇

(3)

Where 𝑅𝑊 is the wire resistance and 𝑅𝐶 is the contact resistance. Typically, probe contacts are metal
and samples are semiconductors. There is nearly always a contact resistance between a metal and a
semiconductor due to the formation of Schottky barriers[1] which will be discussed later. When the
resistance of the device is significantly larger than the wire and contact resistance, the wire and contact
resistance may probably be neglected but when the resistance of the device is close to the wire and/or
contact resistances it becomes impossible to individually determine the resistance of the DUT, the wire
or the contacts.
9

A sample with an infinite flat geometry is assumed. To derive an expression of the resistivity, take a
look at Fig. 2.2.

Figure 2.2: A one and two contact arrangement on flat geometry. Image adapted from [1].

To find an expression for the resistivity ρ we use the current density J which is directly proportional to
the electric field E with the conductivity σ as scalar, see equation 4:
𝐽 = 𝜎𝐸

(4)

The current is spread out in a half sphere which has a surface of ½*4πr2 meaning that the current
density at a distance r is
𝐼

𝐽 = 2𝜋𝑟2

(5)

Resistivity is the inverse of the conductivity 𝜌 = 𝜎 −1 and the electrical field is related to its potential,
𝑑𝑉

voltage, as 𝐸 = − 𝑑𝑟 . Rewriting equation 4 and using equation 5, we get
𝐼𝜌
2𝜋𝑟 2

𝑑𝑉

= − 𝑑𝑟

(6)

For a single contact like in figure 2.1a, the voltage at point P, a distance r from the starting point is then
given by
𝑉

𝐼𝜌

𝑟 𝑑𝑟

∫0 𝑑𝑉 = − 2𝜋 ∫0

𝑟2

𝐼𝜌

⇒ 𝑉 = 2𝜋𝑟

(7)

With this we can determine the expression for the voltage in the two contact arrangement which is
𝑉=

𝐼𝜌 1
(
2𝜋 𝑟1

1
𝑟2

− )

(8)

The minus sign accounts for the current leaving through probe 2. Rewriting this equation gives us the
formula to calculate resistivity with a two contact set-up, see equation 9.
𝜌=

2𝜋
𝑉
1
1
( − )𝐼

(9)

𝑟1 𝑟2

Now let us compare it to the four-contact arrangement.
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2.2 Four-point probe
The four-point probe method relies on four contacts instead of two which allows two separate pairs
of contacts used to drive the current and measure the voltage with the main benefit of removing
parasitic voltage drops from the measurement. See Fig. 3.3 for a schematic representation of a fourcontact measurement.

Figure 2.3: Schematic representation of a four-contact resistance measuring set-up, referred to as the four-point probe
method. Two separate probe pairs are used to drive the current and measure the voltage. Due to the very high impedance of
the voltmeter there is a negligible current through the voltage circuit. This enables the user to only measure the voltage drop
over the DUT, eliminating parasitic voltage drops over wires or contacts. Image adapted from [1]

The current path is identical to that of the two-point probe method but the voltage is now measured
with an additional two contacts. Even though the new voltage path still contains R W and R C , the
current flowing through the voltage circuit is extremely low due to the high input impedance of the
voltmeter. Therefore the voltage drop across the path is negligible and the measured voltage drop is
essentially the voltage drop across the DUT. Therefore, the solution to removing parasitic voltage drops
over wires and contacts is using the four-contact probe method.

2.2.1 Calculating resistivity and sheet resistance with the four-point probe
To derive the expression for the resistivity, we take a look at the arrangement on an infinite flat
geometry again in Fig 2.4.

Figure 2.4: A four-contact measurement arrangement on a flat geometry. Image adapted from [1].

We must first find an expression for the voltage measured across the inner probes. We use equation
(4) to find the voltage at probe 2 and 3:
𝐼𝜌

1

1

1

2 +𝑠3

𝑉2 = 2𝜋 (𝑠 − 𝑠

𝐼𝜌

) , 𝑉3 = 2𝜋 (𝑠

1

1+ 𝑠2

1

−𝑠 )
3

(10)
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For four-probe set-ups with probe spacing s1, s2, and s3 as in Fig.2.4, the expression for the total
measured voltage 𝑉 = 𝑉23 = 𝑉2 − 𝑉3 is then given by
𝐼𝜌

1

1
+𝑠
2
3

1
+𝑠
1
2

𝑉 = 2𝜋 (𝑠 − 𝑠
1

1

−𝑠

+𝑠 )

2𝜋

𝑉
𝐼

3

(111)

And the resistivity is
𝜌=

1
1
1
1
−
+ )
𝑠1 𝑠2 +𝑠3 𝑠1 +𝑠2 𝑠3

( −

(12)

With equal probe spacing 𝑠1 = 𝑠2 = 𝑠3 equation (8) reduces to
𝜌 = 2𝜋𝑠

𝑉
𝐼

(13)

Due to samples not being semi-infinite in either the lateral or vertical dimension equation (9) must be
corrected for finite geometries since infinity was assumed in the derivation. The equation becomes
𝑉

𝜌 = 2𝜋𝑠𝐹 𝐼

(14)

for an arbitrarily shaped sample where F corrects for sample thickness, sample diameter and probe
placement. The sheet resistance Rsh is given by:
𝑅𝑠ℎ =

𝜌
t

=

2𝜋𝑠 𝑉
𝐹𝐼
𝑡

(15)

Usually F is a product of several independent correction factors. For samples thicker than the probe
spacing, the simple independent correction factors are no longer enough due to interactions between
thickness and edge effects [1].

2.3 Correction factors
Four-point probe correction factors have been calculated by the method of images[2,3], Poisson’s
equation[6], Green’s functions[7] and various other methods which can be found in references [4,5,8,9],
supporting the fidelity of these correction factors. We will go over the most appropriate correction
factors here and refer the reader to other ones when necessary. For collinear probes with equal probe
spacing and samples thinner than the probe spacing we write F as a product of three separate
correction factors[1]
𝐹 = 𝐹1 𝐹2 𝐹3

(16)

where F1 corrects for sample thickness, F2 corrects for lateral sample dimensions and F3 corrects for
placement of the probes relative to the sample edges.

2.3.1 Sample thickness
Sample thickness correction is usually necessary when measuring samples because wafers are not
infinitely thick. A detailed derivation of thickness correction factors is given by Weller[10] of which the
key results will be mentioned here. If the thickness is on the order of the probe spacing or less the
following correction factors are valid:
𝑡/𝑠

𝐹11 = 2∗𝐿𝑛[𝑠𝑖𝑛ℎ(𝑡/𝑠)/𝑠𝑖𝑛ℎ(𝑡/2𝑠)]

(17)
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For a non-conducting bottom wafer surface boundary, where t is the wafer or layer thickness. The
bottom surface is generally non-conducting since conducting substrates are more difficult to achieve.
Even depositing a metal on the back does not ensure a conductive bottom surface. A Schottky barrier,
which is discussed near the end of this chapter, forms and has enough contact resistance for it to
become non-conducting. A thickness correction factor for conducting bottom surfaces, referred to
here as F12, can be derived but is not a focus of this work.
Because we prefer the thickness correction factor approaching unity for very thin samples for practical
purposes we rewrite equation 11 by taking t/2s out of the correction factor and multiplying by Ln(2)
which gives us
𝜋

𝑉

𝜌 = 𝐿𝑛(2) t ∗ 𝐹1 𝐹2 𝐹3 𝐼

(18)

And the thickness correction factor becomes
𝐿𝑛(2)

𝐹11 = 𝐿𝑛[𝑠𝑖𝑛ℎ(𝑡/𝑠)/𝑠𝑖𝑛ℎ(𝑡/2𝑠)],

(19)

F11 and F12 are plotted in Fig.2.5.

Figure 2.5: Wafer thickness correction factors versus normalized wafer thickness: t is the wafer thickness, s the probe spacing.
F11 is the thickness correction factor for non-conducting bottom surfaces, F12 for conducting bottom surfaces. Due to the
formation of Schottky barriers, bottom surfaces are nearly always non-conducting. Image adapted from [20]
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2.3.2 Sample diameter/width
Apart from thickness correction, we also need to take the finite lateral dimension into account. For
circular wafers of diameter D or rectangular samples with width D, the correction factor F2 is given by[1]

𝐹2 =

𝐿𝑛(2)
𝐷 2
𝑆

𝐷 2
𝑆

(20)

𝐿𝑛(2)+𝐿𝑛{[( ) +3]/[( ) −3]}

and plotted in Fig.2.6 which shows that the correction factors approach unity for D/s ≥ 30.

Figure 2.6: Wafer diameter correction factors versus normalized wafer diameter. For circular wafers: D = wafer diameter; for
rectangular samples: D = sample width, s = probe spacing. Image adapted from [1].

2.3.3 Probe placement near edges
The last correction factors are shown in Fig.2.7 for probes perpendicular to and a distance d from a
boundary.
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Figure 2.7: Boundary proximity correction factors versus normalized distance d (s = probe spacing) from the boundary. F31 and
F32 are for non-conducting boundaries, F33 and F34 are for conducting boundaries. Image adapted from [1].

Fig. 2.7 shows that the correction factor reduces to unity if the probes are spaced at least 3 to 4 probe
spacings away from the boundary. This is usually easily achieved so this correction factor is only
required when the sample is very small and the probes have to be close to the sample boundary.
When the probes are not centered on a wafer, other correction factors must be applied [11]. It is also
necessary to place the probes within about 10% of the center of a rectangular sample to minimize the
positional error [8]. When probe spacings are not exactly identical, further correction is necessary [12].

2.4 Schottky barriers
Potential energy barriers for electrons which form at metal semiconductor junctions are called
Schottky barriers. Four-point probe measurements are most commonly performed on semiconductor
samples using metal contacts. For that reason the Schottky model of metal-semiconductor junctions
will be discussed here. According to Schottky theory [17,18], the barrier height 𝜑𝐵 depends only on the
work function 𝜑𝑀 of the metal and the electron affinity of the semiconductor 𝜒, defined as the
difference in potential between the vacuum level at the semiconductor surface and the bottom of the
conduction band. See equation 13.
𝜑𝐵 = 𝜑𝑀 − 𝜒

(21)

This implies the barrier height is easily varied by using metals of the appropriate work function. There
are three barrier types which are named accumulation, neutral, and depletion contacts. They are
depicted in Fig.2.8.
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Figure 2.8: The three types of barriers which can be formed in a metal-semiconductor contact according to the simple Schottky
model. The lower part of this picture is before contact and the upper part is after contact. Image adapted from [1].

These barriers are named accumulation, neutral and depletion because the majority of the carriers are
respectively accumulated, unchanged or depleted compared to their state in the neutral substrate[1].
An accumulation type contact is preferred because electrons encounter the least barrier in their flow
from the metal substrate into the semiconductor. In practice the barrier height is difficult to alter.
Experiments have shown that the barrier height for common semiconductors as Ge, Si, GaAs and other
III-V materials is relatively independent of the work function of the metal[18]. In general, a depletion
contact is formed on both p-type and n-type substrates. The barrier height is then 𝜑𝐵 = 2𝐸𝑔 /3 for nsubstrates and 𝜑𝐵 = 𝐸𝑔 /3 for p-substrates[1]. This is sometimes attributed to Fermi level pinning,
where the Fermi level is pinned at some energy in the band gap in the semiconductor, creating a
depletion-type contact[1]. The details of Schottky barrier formation are not fully understood. Having a
significant contact resistance affects two contact measurements significantly. With the four contact
method, (almost) no current flows through the voltage circuit meaning the contact resistances do not
affect the measurement.
To summarize what this means for this work: There is always a contact resistance between metal
probes and a semiconductor which affects two contact measurements but does not affect four contact
measurements, showing again the advantages of the four contact set-up.

2.5 Dual configuration method
A possible method for high precision four-point probe measurements, including reduced geometric
effects associated with proximity of the probe to a non-conducting boundary, is the use of two
measurement configurations [13,14,15]. Measuring twice using different probes as current pair and
voltage pair is known as the “dual configuration” method. The first configuration used is the
conventional one with current flowing in probe 1 and out of probe 4 and voltage being measured
across the inner probes 2 and 3. The second measurement is done by driving current through probes
1 and 3 and measuring the voltage across probes 2 and 4.
The advantages of this method are:
(1) The probe no longer needs to be in a high symmetry orientation (being perpendicular or
parallel to the wafer radius of a circular wafer or the length or width of a rectangular sample)
(2) The lateral dimensions of the sample do not have to be known since the geometric correction
factor results directly from the two measurements
(3) The two measurements self-correct for the actual probe spacings[15].
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This method is being studied but not implemented yet. There seem to be great advantages to this
method. It can be used to accurately measure even when it is difficult to determine correction factors
due to difficult sample geometry for example. This method unfortunately also has limitations which
are discussed in chapter 2.5.2.

2.5.1 Calculating sheet resistance using the dual configuration method
The sheet resistance in the dual configuration is given by [15]
𝑅

𝑅

2

𝑅𝑠ℎ = −14.696 + 25.173 (𝑅𝑎) − 7.872 (𝑅𝑎)
𝑏

𝑏

(22)

With

𝑅𝑎 =

𝑉𝑓23
𝑉
⁄𝐼
+ 𝑟23⁄𝐼
𝑓14
𝑟14
2

; 𝑅𝑏 =

𝑉𝑓24
𝑉
⁄𝐼
+ 𝑟24⁄𝐼
𝑓13
𝑟13
2

(23)

𝑉𝑓23
⁄𝐼 is the voltage/current across terminals 2, 3 and 1, 4 with the current in the forward
𝑓14
𝑉
direction and 𝑟23⁄𝐼 with the current in the reverse direction.
𝑟14
Where

2.5.2 Comparing dual configuration and single configuration method
Masato Yamashita et al. have compared the double configuration method with the conventional single
configuration method. The major disadvantage of double configuration method measurements is
inaccuracy when measuring samples which are not very thin compared to the probe spacing. See Fig.
2.9.

Figure 2.9: Comparison of the resistivity of graphite specimen obtained by the single- and dual-configuration four-probe
methods as a function of the sample thickness t with (a) Probe separation s = 1mm, (b) s = 5mm, (c) s = 10mm. Data and
images adapted from [16].

From the graphs it is clear that the resistivity measured by the single-configuration method denoted
by ρs remain constant with increasing thickness, indicating the correction factors are working as
intended. The dual-configuration results denoted by ρd are shown to increase significantly with
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increasing sample thickness t. This shows us the dual configuration method is accurate as long as the
sample is sufficiently thin.
Let us take a look at table 1 made by Masato Yamashita et al. [16].
Table 1: Table made by Masato Yamashita et al showing the sample thickness needed to achieve a certain accuracy with
various probe spacings.

Table 1 shows that samples need to be a certain thickness with a large enough probe spacing to achieve
sufficient accuracy using the dual-configuration method. To test this, the sheet resistances of ITO films
were measured. Square ITO films with different side lengths were prepared as test samples and their
sheet resistances measured using both methods, see Fig. 2.10. The largest probe separation, Probe-3
with s = 10mm, was used.

Figure 2.10: Sheet resistance of square ITO films measured by the single- and dual-configuration four-probe methods as a
function of side length. Numerical values above the symbols present the relative sheet resistance differences. Data and image
adapted from [16].

From this image it is shown that the dual-configuration method provides almost the same sheet
resistance as the one obtained using the single-configuration method for square ITO films.
To summarize, the dual configuration method appears to be a viable method to calculate resistivity
when correction factors are hard to calculate for the conventional single configuration method,
provided that the ratio of the probe spacing and sample thickness is sufficient for accurate
measurements.
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3 Experimental set-up, software and key
limitations
This chapter starts by giving an overview of the experimental set-up and its specifications. An
important part of performing accurate measurements is knowing the limitations of the measurement
device. For the four-point probe set-up this comes down to the limits of the current source and the
voltage meter which are discussed after the overview. The last half of the chapter provides an
extensive overview of the developed software, its methodology and the philosophy behind the design.

3.1 Measurement set-up: Impact of current source and voltage meter on
4PP measurement and probe specifications
A Signatone four-probe resistivity measurement device with a linear probe spacing of 1.016mm is used
in conjunction with a Keithley 2400 SourceMeter which conventionally provides the current source
across the outer probes while measuring the voltage drop across the inner probes, see the photo in
Fig. 3.1. The data is transferred to a personal computer (PC) and commands are given to the Keithley
using an RS-232 to USB cable which connects the RS-232 serial port of the Keithley to the USB port of
the PC.
The probe head is a Signatone 4 point probe head with:






40 mil (1.016mm) tip spacing
45 gram tip pressure
Tungsten carbide tips
1.6 mil tip radius
Standard, flying lead termination

Figure 3.1: The four-point probe set-up used to perform resistivity measurements at the TU/e. On the left you can see the
Keithley 2400 which is used as current source and voltmeter. On the right you can see the Signatone four contact measurement
device which is used to place the four point probe head on the sample.
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3.1.1 Keithley specifications and limitations
It’s important to understand the limitations of the measurement device if one wishes to correctly
interpret the measurements. One of the key limitations is the programming accuracy. See the
programming accuracy specifications in Fig. 3.2.

Figure 3.2: The programming accuracy of Keithley models. The model used is the Keithley 2400.

Fig.3.2 shows that the highest possible voltage and current programming accuracy for the Keithley
2400 is 0.02% + 600 µV and 0.035% + 600 pA respectively. The range in which this accuracy is achieved
is 200.000 mV and 1.00000 µA. The Keithley 2400 is conventionally used as current source in our setup. Next let us take a look at the measurement accuracy.

Figure 3.3: The voltage and current measurement accuracy of Keithley models. The model used is the Keithley 2400.

The Keithley 2400 achieves a maximum voltage measurement accuracy of 0.012% + 300µV at a range
of 200.000 mV and a maximum current measurement accuracy of 0.029% + 300pA at a range of 1µA.
Usually voltage is to be measured when using the four-point probe.
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To summarize, the current programming accuracy of 600 pA can become a problem when
programming current sources around the order of 10—9A as then the programming error can be
expected to be up to 60%. Problems are also expected to arise when the measured voltage is of the
order of 10-4 or smaller with a measurement inaccuracy of 300 µV. To validate this, measurements
were performed on the reference resistance circuit in Fig. 3.4.

Figure 3.4: The reference resistance circuit which was used as a calibration sample for four-point probe measurement. The
circuit can be seen in the bottom centre. It is a 1kΩ resistance with two 100 Ω resistances acting as the resistance between
the inner and the outer probes.

A 1 kΩ reference resistance was measured using different source levels. Five measurements were
performed for each source level, sweeping the current from –maximum to maximum in 20 points. The
slope of a linear fit through these points gives us the measured resistance. The average of the five
slopes is listed in the average resistance column. The average slope error was calculated by taking the
absolute values of the difference between each measured slope and the reference resistance’s value
and calculating their average. Table 2 shows the results.
Table 2: The average results of measuring a 1kΩ (±5%) reference resistance at different current strengths.

CURRENT
STRENGTH
10^-2

AVERAGE
RESISTANCE (Ω)
999.991

AVERAGE
SLOPE ERROR

AVERAGE SLOPE
ERROR (%)

0.009

9.00E-04

10^-3

999.921

0.0792

7.92E-03

10^-4

999.954

0.0456

4.56E-03

10^-5

999.147

0.853

8.53E-02

10^-6

991.950

8.0498

8.05E-01

10^-7

990.378

9.6224

9.62E-01

10^-8

1019.866

34.0456

3.40E+00

10^-9

1042.857

326.9826

3.27E+01
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The data shows the average slope error % starts increasing rapidly at 10-8 A current source or smaller.
For 10-7 A the error in the average slope is still less than 1% but for 10-9 A the error in the average slope
is a very significant 32.69%. This is expected as a current strength of 10-9 A driven through a 1kOhm
resistance is expected to result close to a voltage of 10-6 which is of a smaller order than the
measurement accuracy which is expected to be significantly inaccurate due to the possible 3*10-4 V
measurement inaccuracy. This means one must take care to use a current strong enough so the
required voltage is at least 100 µV to achieve a maximum error of around 1% when performing multiple
measurements. For more precise measurements, one should make sure the measurement voltage is
in the order of mV or higher. The data also shows that even though every measurement alone is very
inaccurate for the 10-9 A sweep measurements, taking the average of multiple measurements, like in
the first column, still gives a decently accurate result compared to a single measurement.

3.2 Measurement setup: software for 4PP measurements
In this chapter an extensive overview of the goal and requirements of the newly developed 4PP
software is provided, the way the program is structured, how data is processed and the reasoning
behind the design of the GUI.

3.2.1 High level overview of the 4PP software
The overarching goal of the developed software is helping users reliably achieve accurate
measurements by providing user feedback about the measurement and the data with the use of builtin measurement and data checks. The software aims to be usable without any outside instruction,
although some instruction is recommended. Here is a list of requirements thought necessary to
achieve this.
Requirements:
o

o
o
o
o

Reliable communication: User is given information regarding measurement progress
and quality. Users can end a measurement at any time and start a new
measurement.
Perform a brief diagnostic measurement before the actual measurement to estimate
measurement quality before committing to a time-consuming measurement.
Provide user feedback aiding the user in performing a reliable measurement.
The ability to save your data after reviewing it at any time.
Intuitive GUI: the software should be usable by inexperienced users without outside
instruction.

The following key elements will be discussed in more detail: measurement control, diagnostics and
data acquisition, software structure and graphical user interface. In the latter section, a typical
measurement scenario will be discussed.

3.2.2 Software structure and measurement process flow
See figure 3.5 for a schematic representation of the measurement process. Flow is from left to right.
Users must first configure the measurement:



Set sweep parameters: Amount of points in sweep, maximum sweep current, settling delay,
NPLC on/off, compliance.
Configure Keithley communication: Ability to change communication port, baud rate, parity
and other device settings.
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Input sample dimensions: User must provide the software with the sample’s width, length
and height so it can calculate accurate correction factors and resistivity.
Pre-check parameters: The user can configure some of the diagnostic pre-checks to be easier
or harder to pass such as the consistency parameter and correction factor tolerance.

After the user is done configuring the measurement he presses the start button and he will initiate the
measurement process which starts with the pre-check, which consists of measuring the resistance of
the sample ten times using the maximum sweep current:








Compliance: The Keithley is limited to a configurable maximum allowed voltage (or current),
which is named its compliance. The software checks if the compliance will be reached in the
sweep by checking if any of the ten maximum sweep current measurements reached
voltages above 90% of the configured compliance.
Consistency: The software checks if measurements on the sample are consistent enough for
the user-determined threshold by dividing the highest and lowest measured resistance and
checking if it passes the user-determined consistency factor.
Correction factors: The software calculates the correction factors for the configured sample
dimensions using the functions in chapter 2 and tells users if they deviate more than allowed
by the pre-check parameters.
Resistance, current, voltage: The software checks if resistance approaches the internal
resistance of the measurement device (12GΩ) and if current or voltage approaches
measurement accuracy.

If all checks are passed, the sweep measurement will commence but if one or more checks fail, the
user is prompted with the feedback and he/she can decide if they want to continue with the
measurement and acquire results:




Perform sweep measurement: If the checks are passed, the configured sweep will be
performed.
Plot and linear fit the sweep: The data points are plotted in a graph and a least squares fit is
used to fit a line.
Calculate sheet resistivity: The slope of the line is the measured resistance and is used to
calculate the sheet resistivity.

When all this is done, the software will be reset to neutral except for the plot and results remaining
until the user initiates a new measurement process. The user can now decide to save the data after
reviewing it by pressing a button. A .txt file is created containing the resistance, the date and time,
the sheet resistance, the configured compliance and settling delay, the correction factors and the
sweep data.
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Figure 3.5: A graphical representation of the measurement process of the newly developed software. Measurement flow is
from left to right.

The measurement process operates in stages and includes two separate measurement instances: the
pre-check diagnostic measurement and the sweep. The next subchapter goes into detail about the
communication between the PC and the Keithley.

3.2.3 Communicating with the Keithley
Data transmission between the PC and the Keithley was done by RS-232 serial communication. The
Keithley accepts string commands which are sent using the newest Keithley drivers for LabVIEW. These
drivers essentially take care of the ‘low-level’ programming regarding communication with the Keithley
and allow us to program the communication in ‘high-level’ code, meaning that the actual writing of
the strings to the correct communication channel is done by the drivers and the value of the string is
decided by our programming and ultimately the changes in parameters by the user.
A typical communication instance would look like this:
1.
2.
3.
4.
5.

Initialize and reset Keithley
Send configured measurement parameters
Perform desired measurement
Retrieve measurement data
Close communication

From the previous chapter we saw there are two measurements and therefore two communication
instances. The first measurement, the pre-check, performs the same measurement ten times and the
retrieved data is used by the software to analyse the likelihood of the sweep measurement being
accurate. If it passes, the process starts again but now step 2 is different because a sweep
measurement is now requested and the retrieved data used to generate the results. After this second
measurement, there is no more communication between the PC and the Keithley until a new
measurement is initialized.
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Because serial communication is being used, there is only a limited throughput. This does not pose a
problem when communicating this way because only a limited amount of commands are sent and the
Keithley will sequentially execute them and measure autonomously.

3.2.4 Graphical user interface
The interface was designed with the schematic flowchart in 3.2.2 in mind, see Fig. 3.6. Measurement
process flow, i.e. the user action and attention the same, from left to right, and the coloured indicators
correspond with the schematic colour scheme.

Figure 3.6: The user interface of the newly developed software with indicators. The colours correspond with the schematic
flowchart colours: orange/yellow for configuration, blue for pre-check and purple for results. Black is measurement control.

1. The control panel: Allows users to start or stop a measurement process.
2. The configuration tab: Allows users to configure
a. Measurement parameters
b. Keithley settings
c. Pre-check parameters
3. Sample dimensions: User inputs the dimensions of the sample.
4. The feedback tab: Feedback generated by the pre-check is displayed here.
5. Correction factors: The correction factors associated with the sample dimensions are
displayed here and some feedback is given.
6. Measurement status: Tells the user how the measurement is progressing. It tells te user if
the pre-check is passed or not and if the measurement is complete or stopped.
7. The VI graph: The sweep data and the linear fit are plotted here.
8. The results tab: The results of the sweep measurement are listed here such as the sheet
resistance and the fitted slope.
9. Save data button: The user can choose to save the measurement data at any point after a
measurement by pressing the button.
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The GUI is divided in two halves: the left half consists of the configuration and feedback tabs and
the control panel and the right half consists of the plot, the results and the option to save the data.
This way the user’s attention is initially solely on the left half and then on the right half after passing
the pre-check. This maintains a natural direction within the GUI for the user to follow and helps
with making it feel less cluttered.
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4 Characterizing measurement accuracy
and fidelity
In this chapter the performance of the four-point probe setup is assessed by mimicking several realistic
and often occurring scenarios using discrete electrical components. The main focus was placed upon
measuring large resistances (> 0.1 MΩ) because the material currently being studied with the setup is
typically resistive. Apart from the influence of measurement time, the impact of a parallel capacitance
and non-ideal probes was studied.

4.1 Measuring highly resistive films: the effect of parallel capacitance and
large probe resistance
Measuring highly resistive films is of interest as discussed above but can be quite challenging due to
several non-idealities. For these highly resistive samples, often a “charging” behaviour is observed in
the experimental data. A likely cause would be a parallel capacitance over the RDUT resulting from the
capacitor formed by the stack of a semi-conductor, an insulator, and the film on top, see Fig. 4.1a.
Since the voltage is constant on the bottom conductor (no applied E field) and varies laterally in the
top conductor, this will develop an electric field between the conductors causing displacement
between the positive and negative charges storing potential energy which is taken away from the
source circuit.
To mimic this scenario an equivalent circuit is made of such a sample, see Fig. 4.1b and Fig. 4.2. Such
an equivalent circuit is a nice, clean and controllable test case for the hypothesis mentioned above.
The resistance in the substrate is neglected and a single capacitor is used to simplify the circuit. This
test structure allowed the systematic investigation of different non-idealities on the measurement.
This experiment was performed using a 10Ω, 1 kΩ, and 1 MΩ RDUT while varying the capacitance, the
drive current, and the settling delay, the time between measurements.

Figure 4.1: (a:) A cross section of a typical sample measured using the 4PP setup, where the thickness of the insulator and
top conductor is typically 10 - 100 nm. A capacitor forms once a voltage difference exists between the two conductors. (b:)
An equivalent circuit of the sample.
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Figure 4.2: A breadboard used to mimic a typical sample.

The following measurements were performed using a settling delay (time between measurements) of
0.001s and 10Ω resistances between the inner and outer probes. All resistances used in the
experiments had a specified tolerance of ±5%.
First we take a look at a device resistance of 10Ω, equal to the resistance between the inner and outer
probes. The measured resistance is determined by performing three measurements and averaging the
calculated slopes of the linear fit through the 20 point I/V sweep. These sweep measurements were
done with a 1µF, 1nF and a 1pF capacitance. For all measurements, the current source was set to
10-3 A because smaller currents were not accurate for such a small resistance as shown in chapter 3.
The results are listed in the tables below with the deviation giving the relative difference between the
measured resistance and the specified resistance and the last column shows the relative deviation
from the 1pF measurement.

Table 3: The results of the measurements on a 10Ω device resistance with 10Ω wire resistances, varying the parallel
capacitance using a current strength of 10-3A. The deviation is the discrepancy between the specified resistance value and
the resistance obtained from the 4PP measurement. The deviation with respect to the 1pF measurement is listed in the last
column

RDUT=10Ω

Resistance
(Ω)

Deviation
(%)

Deviation
from 1pF
(%)

1µF
1nF
1pF

9.90717
9.85712
9.85874

0.9283
1.4288
1.4126

0.491239
0.016432
0

The data shows that for a RDUT of 10Ω a capacitance of 1 µF or smaller does not affect the measurement
detrimentally. Because the measurements were performed using the same resistor, the result is not
affected by the specified 5% tolerance of the resistor. This means the 1pF measurement can be taken as
a baseline and it shows there is less than 0.5% difference in the measured resistance while increasing the
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capacitance by a factor of 106. The I-V curves (not shown) also showed no systematic deviations and only
very limited random scattering.
For the 1kΩ test case we measured in three different source levels, see table 4 for the results. Again no
systematic increase in the discrepancy between the measured and expected resistance was found for a
drive current of 10-3 A and 10-6 A. For the lowest drive current, a large discrepancy was found but this is
mainly if not completely due to the inaccuracy in the voltage measurement as discussed in Chapter 4.
This is also in line with the I-V curves (not shown), where a good linear relation was found for the two
higher drive current and a significant amount of random scatter was observed for the lowest drive
current.

Table 4: The results of the measurements on a 1kΩ device resistance with 10Ω wire resistances, varying the parallel
capacitance and the current strengths. The deviation column lists the discrepancy between the measured resistance and the
specified resistance. The third and last column show the deviation with respect to the 1pF measurement. *Due to the low
current strength, the expected voltage is of smaller order than the measurement inaccuracy causing the apparently abnormal
results.

RDUT=1kΩ

I=10-3A
Resistance (Ω)

1µF
1nF
1pF

I=10-6A
Deviation
(%)

983.015
984.766
984.734

RDUT=1kΩ

Deviation
from 1pF
(%)
1.6985
0.174565
1.5234 0.00324961
1.5266
0

Resistance (Ω)

975.954
976.273
975.873

Deviation
(%)

Deviation
from 1pF
(%)
2.4046 0.00830026
2.3727 0.0409889
2.4127
0

I=10-9A*
Resistance
(Ω)

Deviation
(%)

1157.21
863.0077
668.034

15.721
13.69923
33.1966

Deviation
from 1pF
(%)
73.2262
29.1862
0

These results for the 1kOhm resistance show no significant error is introduced due to the capacitance.
The error becomes larger when a current strength of 10-9A is used but that is to be expected because the
measurement voltage would be in the order of 10-6 V which is of smaller order than the measurement
accuracy of the voltmeter. That also explains the larger error at a lower capacitance; the error is due to
the voltage measurement inaccuracy, not the capacitance.
The final resistance we measure is a device resistance of 1MΩ. Table 5 shows the measured resistance
for the different drive currents and capacitances used in the experiment and Fig. 4.3 shows a typical I-V
obtained during these experiments. For all measurement conditions, large deviations were observed that
go hand-in-hand with the highly nonlinear behaviour observed in the I-V curves.
With a measurement delay of 1 ms and a 1µF capacitance, the circuit with the 10 Ω (RC time ~ 100 us)
and 1 kΩ (RC time ~1 ms) resistor has sufficient time to charge the capacitor before performing the
measurement and eliminating the influence of the capacitor. However, using the 1 MΩ resistor the RC
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time is ~1s which is significantly larger than the measurement delay and, as a result, the capacitor will be
charging during the experiment causing the nonlinear behaviour seen in the I-V curve.
Table 5: The results of the measurements on a 1MΩ device resistance with 10Ω wire resistances, varying the parallel
capacitance and the current strengths. For all measurement conditions, large deviations were observed that go hand-in-hand
with the highly nonlinear behaviour observed in the I-V curves. The 1nF measurement appears to be accurate, however it is
coincidental cancellation of errors. Deviation shows relative discrepancy compared to the specified value.

RDUT=1MΩ

1µF
1nF
1pF

I=10-6A

I=10-9A

Resistance (Ω)

Deviation
(%)

6.10E+05
1.01E+06
7.58E+05

39.0187
0.54830
24.1913

Deviation
relative to
1pF (%)
19.5251
33.2454
0

Resistance (Ω)

Deviation
(%)

8.84E+05
1.17E+06
1.47E+06

11.5802
17.3713
47.4846

Deviation
relative to
1pF (%)

Figure 4.3: A sweep measurement of a 1MΩ resistance with a 1µF capacitor parallel to it with a settling delay of 0.001s. The
fitted slope is 6.1*105 Ω although the data is evidently not very linear.

In an attempt to counter the effects of the capacitance, a measurement with a higher settling delay of
0.1s was used. This way the capacitor has more time to lose its built up charge. See Table 6 for the results
and Fig. 4.3b for a plot and linear fit of one of these measurements next to the measurement with very
short settling delay for comparison. Fig. 4.4 shows a plot and linear fit of one of the 10-9A measurements.
Table 6: Results of measuring a 1MΩ resistance with a 1µF parallel capacitor using a settling delay of 0.1s. Deviation shows
relative discrepancy compared to the specified value.

Current(A) Average
10-6
10-9

Deviation
(%)
9.10E+05 9.015967
1.03E+06 2.592667

30

Figure 4.4: A sweep measurement of a 1MΩ resistance with a 1µF capacitor parallel to it with a settling delay of a) 0.001s and
b) 0.1s at 10-6 A current strength. The fitted slope of b) is 9.089*105 Ω.

Figure 4.5: A sweep measurement of a 1MΩ resistance with a 1µF capacitor parallel to it with a settling delay of 0.1s at 10-9 A
current strength. The slope of the linear fit is 1.017*106 Ω.

The sweep for the measurements with the longer settling delay is significantly more linear than the ones
with a very short settling delay as it is clear the measured data points deviate significantly less from the
fitted line. The slope is also significantly closer to the reference resistance value. This indicates that
prolonging the settling delay increases measurement accuracy when the sample has any kind of
capacitance. The lower current strength measurement with the increased settling delay has the best
linearity. This supports the idea that the capacitance has less of an influence at lower current strengths.
Furthermore it is useful to know that an S-shaped I/V curve is indicative of a capacitance.
To check if the wire resistances have a strong effect, three measurement were performed on the
breadboard simulating a four-point probe measurement on a 10Ω resistance with 2.7kΩ wire
resistances. The averaged slope measured was 9.90271 Ω which is within 1% accuracy of the specified
resistance value (which has 5% tolerance). From this it appears the resistance between the inner and
outer probes does not have much or any effect at all when it is in the order of 103 times bigger than
the RDUT.
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4.2 Comparison with the van der Pauw method
To further check the accuracy and fidelity of the FPP, sheet resistance measurements were compared
between the FPP using the conventional configuration and the Hall machine using the Van der Pauw
method on two sample series. The results are shown in table 7.
Table 7: A comparison between the results for measuring the sheet resistance using the traditional configuration of the 4PP
and the Hall machine’s Van der Pauw method. A sample series exposed to plasma with varying amount of power.

SAMPLE SERIES 1

4PP SHEET RESISTANCE
(Ω/SQ)

HALL SHEET
RESISTANCE (Ω/SQ)

SAMPLE 1
SAMPLE 2

6.36E+02
1.56E+03

6.32E+02
1.29E+03

SAMPLE SERIES 2

4PP SHEET RESISTANCE
(Ω/SQ)

HALL SHEET
RESISTANCE (Ω/SQ)

SAMPLE 1
SAMPLE 2
SAMPLE 3

3.36E+02
1.17E+02
1.64E+02

3.62E+02
1.14E+02
1.63E+02

DIFFERENCE (%)
RELATIVE TO 4PP
VALUE
0.64
17.30

DIFFERENCE (%)
RELATIVE TO 4PP
VALUE
7.71
2.27
0.59

In general it appears the 4PP measurements gives slightly higher resistance values and the difference
increases with higher sheet resistances. Below 103 Ω/sq sheet resistance, the results are very similar,
above that value the discrepancy increases.
The sheet resistance values suggest that the second sample series is of higher quality. If we were to
only consider that series, it seems that the 4PP and the Van der Pauw methods provide similar sheet
resistance values. Unfortunately, the data set is too small to provide a definitive conclusion but it
appears that both methods generally provide similar results, less so when it’s a more resistive sample
(RSHEET > 103 Ω/sq).
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5 Application: characterizing highly
resistive MoS2
Moore’s law states that the number of constituent transistors on an integrated circuit will double every
18-24 months [22]. To keep up with Moore’s law, the size of the transistors has to be reduced (scaling)
while at the same time improving the performance by moving towards higher performance materials.
Traditionally, the great majority of field-effect transistors (FETs) are based on silicon. However, as the
scaling demands increase even more, the further reduction of the dimensions of the silicon cause the
degradation of carrier transport properties as it reaches the fundamental limit. This would imply
Moore’s law coming to a halt and therefore substitute materials with superior electrical properties and
better scalability are sought to sustain Moore’s law. A promising candidate for this role is MoS2,
belonging to a class of materials named transition metal dichalcogenides (TMDs). These TMDs are
layered materials similar to graphene, however unlike graphene they intrinsically possess band-gap
required for most semiconductor applications. A vital step toward adoption of these TMDs is finding a
reliable, robust method to produce these materials on a technologically relevant scale. Having a way
to reliably, accurately characterize the electrical properties of this material is therefore a necessity.
Here we will discuss the characterization of the resistivity of a typical plasma-enhanced atomic layer
deposition grown MoS2 sample.
The resistivity of an annealed PE-ALD grown 6 nm thick blanket MoS film on 90 nm SiO2 on top of a
Si(100) substrate was determined. It turns out that this material has a fairly high resistivity, and as
such, is a good test case for the newly developed 4PP setup. First resistivity was measured with the
default settling delay of 0.2s sweeping the current from −3 ∗ 10−9 𝐴 to 3 ∗ 10−9 𝐴 in 8 steps, resulting
in the I-V curve shown in Fig. 5.1.
2

Figure 5.1: An eight point sweep measurement on a MoS2 sample with a settling delay of 0.2s.

This sweep did not provide accurate information regarding the electrical properties of the sample as
the trend in the data points is very non-linear. This non-linearity is probably due to the effect of a
capacitance combined with the high sample resistance. To counteract this effect, the settling delay
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was increased to 1s. The result of the same current but the longer settling delay of 1s is shown in Fig.
5.2.

Figure 5.2: An eight point sweep measurement on a MoS2 sample with a settling delay of 1s.

It is evident the trend in the data points is significantly more linear than the measurement with the
smaller settling delay. Note that the voltage range covered in this measurement is significantly larger
than the result obtained using 0.2s delay. Still, the measurement could be improved. Increasing the
settling delay even more should in turn increase the linearity. The results when using a settling delay
of 5s are shown in Fig. 5.3.

Figure 5.3: An eight point sweep measurement on a MoS2 sample with a settling delay of 5s. The slope is 6*109 Ω and with
that the sheet resistance is calculated to be 2.65*108 Ω/sq.
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Fig. 5.3 shows an acceptable linearity is achieved and the slope of the fitted line can be used to reliably
characterize the electrical properties of the sample. Of course, an even higher settling delay
presumably produces even better linearity. From this series of measurements it is clear at least, that
for highly resistive films, choosing an appropriate settling delay is a critical parameter to obtain reliable
resistivity data. Most likely, this is due to, capacitance effects have a strong impact on measurement
accuracy and can be reduced by increasing the time between measurements. To offer a better
comparison between using different settling delays for a highly resistive and capacitive sample, all
three of these measurements are shown in the same graph and voltage range in Fig. 5.4.

Figure 5.4: A comparison between resistivity measurements on a MoS2 sample with increasing settling delay. The residual
sum of squares (Rss) gives us an indication of the linearity of the data set with the highest settling delay.

Fig 5.4 shows the clear improvement in data set quality gained by increasing the settling delay.
To investigate the impact of current strength on data quality these measurements have been
replicated with a current three times larger. Again a comparison between the 0.2s, 1s and 5s settling
delay was made and the resulting I-V curves are shown in Fig. 5.5.
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Figure 5.5: A comparison between resistivity measurements on a MoS2 sample with increasing settling delay using a current
three times larger than the current used in Fig. 5.4. The higher settling delay still provides the best results but it is less
pronounced here than for the smaller current. This is shown by the significantly larger residual sum of squares (Rss).

Again the non-linearity in the I-V response decreased with increasing settling delay, however, in
general a higher non-linearity was observed. This was also reflected in the significantly larger residual
sum of squares (Rss) indicating that increasing the settling delay for the measurements with the
stronger current counteracts the effects of the capacitance less effectively than the weaker current
measurement and therefore gives a slightly higher resistance value. This corroborates the results of
chapter 4 where the best results for the characterization of highly resistive capacitive samples were
achieved using the longest settling delay and the smallest current possible. The limit of your current
strength is usually not determined by the current programming accuracy but the voltage measurement
accuracy of the measurement device. If the current chosen is too low, the measured voltages are
heavily influenced by inaccuracy and therefore not usable to reliably characterize the resistivity of the
sample.
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6 Conclusion and recommendations
The goal of this work was to design and implement software to perform four-point probe
measurements which are easy to use and with which all users can achieve accurate resistivity
measurements. If an accurate measurement is not possible, the software should provide feedback to
help the user ascertain the likely issue preventing an accurate measurement. Therefore, key to
developing the new software was determining and understanding the major challenges and
limitations with four-point probe measurements and finding solutions to reduce the effects of these
issues. First, the common pitfalls that were determined and investigated in this work are discussed,
the next paragraph is focussed on the capacitive effects in highly resistant samples and finally the
newly developed software is discussed.

6.1 Common four-point probe measurement pitfalls
To determine common pitfalls, measurements were performed on a breadboard mimicking typical and
extreme measurement situations and different sample non-idealities. Measurement set-up
performance was determined in various regions of resistivity, current strength and capacitance. The
common pitfalls that were found or tested are listed below.




Measurement device accuracy limit: To determine if and when the limitations of the
measurement device become an issue, the resistance of a 1kΩ calibration sample was
measured using a drive current strength ranging from 10-2 A to 10-9 A. Five sweep
measurements were performed for each source level. The results showed the user must make
sure the measured voltages are at least 100 µV to achieve a maximum error of 1% using
multiple measurements. When the measurement voltage is in the 1 µV range, the
measurement inaccuracy greatly affects the measurement and significant deviations are
observed. However, taking multiple sweep measurement results and averaging the slopes
appears to still give a decent (<5% error) result. Drive current and internal resistance are not
limiting in most cases.
Wire resistance: To check if the wire resistances have an effect, three measurement were
performed on a breadboard simulating a four-point probe measurement on a 10Ω resistance
with 2.7kΩ wire resistances. The averaged slope measured was 9.9 Ω which is within 1%
accuracy of the resistance value. From this it appears the resistance between the inner and
outer probes doesn’t have much or any effect at all when it is in the order of 10 3 times bigger
than the RDUT.

6.2 Capacitive effects
Because the samples typically measured with the setup are highly resistive, capacitive effects are a
possible issue. By mimicking highly resistive and capacitive samples on a breadboard it has been shown
that capacitive effects in the sample can have a significant negative effect on the accuracy of
measurements. These problems do not arise for low resistance samples but only for highly resistive
samples. It was found that the effects of capacitance are easily recognisable by their distinct U-shape
data scattering instead of a linear data set, see Fig. 4.3. We found that increasing settling delay, the
time between measurements, reduces the effect of the capacitance significantly. The data also shows
that using a smaller current strength reduces the effects of the capacitance which means the best
measurements are achieved with the highest settling delay and the lowest current strength. Of course,
one must ensure the measured voltages are greater than the voltage measurement inaccuracy so
adjust the current accordingly.
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6.3 Four-point probe compared to Van der Pauw method
Two sample series were measured using both the four-point probe and the Hall machine which
employs the Van der Pauw method and the measured sheet resistances were compared. The sheet
resistance values suggest one of the sample series were of higher quality. If we were to only consider
that series, it appears the 4PP and the Van der Pauw methods provide similar sheet resistance values.
However, it appears the results drift apart more with increasing sheet resistance (Rsheet > 103 Ω/sq).
Unfortunately, the data set is too small to provide a definitive conclusion but it appears that both
methods generally provide similar result if the sample is high quality.

6.4 Software implementation and Graphical User Interface (GUI)
An application was written to perform 4PP measurements by controlling the measurement device
(Keithley 2400). At the same time, this application assesses the quality and reliability of the
measurement and provides the user with feedback.
The design philosophy behind the software is that it should be usable without deeper knowledge of
the four-point probe methodology and provides the user rich feedback about the quality and accuracy
of the performed measurement. As such, it will issue a warning to the user about possible problems
before the measurement starts to save time and effort. The new software helps users to be much more
efficient and achieve accurate measurements faster and easier. It should prevent users from
interpreting failed or inaccurate measurements as good ones and be easy to use. We will only go over
the features globally here as chapter 3 contains an extensive overview of the software and the GUI.
The software increases quality of life and reduces waste of time by doing a brief pre-check before the
actual measurement to determine possible problems such as
1. Non-ideal sample dimensions (e.g. too small sample dimensions leading to non-unity
correction factors).
2. Inconsistent measurements (e.g. due to too fast acquisition or measuring close to the voltage
measurement inaccuracy).
3. Trying to measure too high resistances (e.g. the internal resistance of the volt meter starts to
affect the measurement).
4. Reaching the compliance level, the maximum allowed value, of the source.
The new software also boasts an easy and complete way of saving the measured data. The user can
now first review the measured data before deciding to save it at any time. When the data is saved, a
.txt file is made containing the following information:







The measured resistance, the slope value of the IV-curve
The calculated sheet resistance.
The date and time of the measurement.
Measurement parameters such as compliance, settling delay and correction factors.
Pre-check outcomes such as whether the compliance was reached or if the data was
inconsistent.
The IV sweep data set.

The addition of all these extra saved measurement parameters ensures that the data sets are observed
in the right context, even when reviewing those years later. It facilitates organised archivation of data
and prevents loss of data and measurement parameters.
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6.5 Recommendations
Here recommendations for future work is discussed regarding improvement of the software and
resistivity measurements in general.
Currently the geometry correction factors are calculated from theory and samples are usually thin
enough to prevent correction factor issues from occurring. However, it can be very beneficial and
provide insight to measure a series of the same material (with a known and fixed resistivity) increasing
in thickness. This can be used to validate the theoretical correction factors or provide an estimation of
where it fails and if so, why. It will also provide an empirical correction factor calibration for a specific
material. Doing a thickness measurement series for several materials and comparing them may
provide even more insight on where and why correction factors fail or don’t.
Only a brief comparison between the four-point probe and the Van der Pauw methods is provided in
this work. For a complete view of the possibilities regarding resistivity measurements an extensive
comparison between the four-point probe, the Van der Pauw and the contactless method can be
beneficial. Some materials, material types or sample dimensions may be easier or more accurate to
characterize using different methods. If very clear advantages are found when using a specific method
for certain conditions, users could be notified within the software of these methods.
The current software can be improved by adding a check for fit residue and using that to provide
feedback about the possibility of capacitance interfering and then having the software suggest to
increase the settling delay and/or reduce the current strength.
The double configuration method, in which the pins measuring the voltage and the pins measuring the
current are alternated, eventually was beyond the scope of this work. It is still a very interesting
method to explore, especially for very thin samples of which the dimensions are unknown or difficult
to determine. An extensive overview of the limitations of this method and the conditions in which it
provides advantages over other methods could be a useful addition to current applications since it
seems especially well suited for reliable measurement of films in the thickness range of interest for
semiconductor applications (below ~100nm).
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