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Abstract. A novel measurement device for simultaneous high temperature measurements of the electrical con-

ductivity and the Hall coefficient has been developed. Simulations were used to design a suitable screen-printed
planar platinum heating structure that generates temperatures of up to 600 ◦ C by Joule heating. Simulations of
the temperature distribution have been validated using thermal imaging. With the hardware setup of two permanent magnetic yoke systems with a magnetic flux density of ±760 mT, the electrical conductivity and the charge
carrier densities of a silicon wafer and a gold film were measured, as examples of a typical semiconductor with
low charge carrier densities but high mobility and a metal representing materials with very high charge carrier
densities but moderate mobilities, respectively. Measurements were compared with data from the literature to
validate the functionality of the novel, low-cost measurement device.

1

Motivation

Electrical transport parameters such as electrical conductivity, charge carrier density, and Hall mobility play an important role in material characterization. To meet the application needs, measurements in a wide temperature range are
required. The method of van der Pauw (1991) simplifies the
electrical characterization, but the availability of commercial measuring instruments for high temperature characterization, especially for measurements within a magnetic field,
is limited. There are only a few instruments on the market
for this purpose. The commercial measuring instruments, and
those described in the literature, can be divided into two categories. On the one hand, one can distinguish between devices with an electromagnet or permanent magnet and, on the
other hand, devices with an actively heated sample holder or
a passively heated one, where the surrounding atmosphere is
heated, e.g., in a furnace. Examples of the latter are given
by Lake Shore Cryotronics, Inc. They offer measurements
of up to 1000 ◦ C (Lake Shore Cryotronics, Inc., 2019); however, the electromagnet and the furnace make the instruments
very costly. Many research groups such as those listed in the

literature (see, e.g., Dauphinee and Mooser, 1955; Wood et
al., 1984; Fleischer and Meixner, 1994; Moos et al., 1995)
or even NASA’s Jet Propulsion Laboratory (JPL) setup (McCormack and Fleurial, 1991) also use electromagnets, either with furnaces or with heating wires around the measurement chamber, reaching maximum temperatures of 1000 to
1100 ◦ C. The combination of an electromagnet and actively
heated sample holders is shown by Caltech (California Institute of Technology) and Aarhus University (600 ◦ C; Borup et
al., 2012).
Expensive electromagnets can be replaced by permanent
magnets, if one is aware of several disadvantages. The magnetic flux density is usually much lower and cannot be easily
varied. Furthermore, they cannot be operated by using radiative heaters, as exceeding the Curie temperatures leads to demagnetization. Some commercial measurement instruments
with permanent magnets use active heating of the sample
holder for this purpose. In these cases, the sample holders
are made of a material with good thermal conductivity and
are heated by external heat sources. The maximum measurement temperatures for these instruments, as specified by the
manufacturer, are 500 ◦ C (Ecopia, 2009) and 527 ◦ C (MMR
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Technologies, 2013). The disadvantage of externally heated
and good thermal conductive materials is clearly shown by
the research group of Adnane et al. (2016). In their work,
the sample holder is based on a brass chuck with two embedded cartridge heaters with a power of 300 W each. The
two heaters were controlled to a temperature of 700 ◦ C. Despite the good thermal conductivity of the brass chuck, a temperature of only 510 ◦ C could be measured on the sample.
Another example of such a setup is shown by Gunes et al.
(2017). This research group utilizes an AlN plate as a sample
holder. It is connected to a copper furnace, reaching sample
temperatures of 377 ◦ C. The special feature of this system
is the use of a cylindrical Halbach array, a special arrangement of permanent magnets with a homogeneous magnetic
field on the inside and no magnetic field on the outside of the
cylinder.
A further commercial measuring instrument with a different heating principle provides temperature control via the expansion of non-ideal gases by the Joule–Thomson effect and
can reach temperatures of up to 457 ◦ C in a vacuum (Nanomagnetics Instruments, 2020). Another way of heating the
sample is the use of Joule’s heating by integrated metal thick
films on the sample holder. An example of this, with a maximum temperature of maximum 177 ◦ C, has been investigated
by Linseis et al. (2016).
The need for measuring devices, as described above, and
the distinct disadvantages of existing instruments triggered
the development of a novel, low-cost measurement system
that includes the use of permanent magnets and an active
heating of the sample up to 600 ◦ C.

2

Basic idea of the novel measurement device

A schematic representation of the basic idea of the novel
measurement device is shown in Fig. 1. The measuring setup
consists of two components, namely a sample holder and a
measuring chamber with a movable magnetic yoke system
of permanent magnets. The basic structure of the new sample holder is made of a ceramic substrate. In the center of the
reverse side of the sample holder there is a meander-shaped
screen-printed heating structure made of platinum. It is intended to heat the sample area on the top side to a desired
temperature of up to 600 ◦ C by Joule’s heating. The planar
heating structure has four separate supply lines. A direct current (DC) voltage is applied to the two inner leads, so the
tip of the sample holder heats up to 600 ◦ C due to the resistance in the heating structure. The resistance within the
heated meander-shaped structure (and, hence, in the sample
area) can be measured directly via the four leads by a fourwire technique. Due to the one-time calibration with the help
of a thermal imaging camera, an exact temperature can be assigned to each resistance since a homogeneous temperature
distribution is achieved in the sample area. On the reverse
side, gold leads are also applied. They lead to the electrodes
J. Sens. Sens. Syst., 10, 71–81, 2021

on the top side. Screen-printed connection pads for a conventional card edge connection allow for easy connection to the
measuring electronics and facilitate sample changing.
On the top side of the sample holder, there is the later sample area. Here, the temperature distribution is homogeneous.
The four movable electrodes with which the sample is to be
contacted are electrically connected on the underside via a
screw–nut combination. An additional integrated spring allows the electrical contacts to be height adjustable and allows
the application of sufficient contact pressure. The electrodes
themselves have a guide groove and, thus, a large freedom
of movement, allowing samples of any geometry between 5
to 12.7 mm diameter to be contacted within the red marked
sample area, according to van der Pauw’s method. To protect
the springs from softening, the electrodes should be made
of a material with low thermal conductivity to decrease the
heat flow between the electrical contact of the sample and
the spring. In addition, the springs are located on a separate
frame of the sample holder to reduce the heat flow.
A magnetic yoke system of permanent magnets is a further
part of the device. Between the magnets, the sample holder
is mounted inside a fixed, gas-flushable aluminum measurement chamber. The homogeneity and strength of the magnetic field are adjusted by the diameter of the permanent
magnets and the distance between the yokes, taking the Curie
temperature into consideration to prevent the weakening of
the magnetic field at higher measurement temperatures.
2.1

Consideration for substrate materials selection

In order to find the most suitable substrate material, a few
boundary conditions have to be defined. Of the three criteria,
one that needs to be fulfilled is the use of springs to achieve
flexibility in the sample geometry. Furthermore, the sample
holder should be able to be connected via commercial card
edge connectors for easy handling, which means that the temperatures should not exceed 150 ◦ C in this area; otherwise,
this could lead to melting of the connector. Furthermore, due
to the horizontal positioning of the sample holder, the connection to the card plug is the only fixture, which is why
it must have the necessary strength. As a final criterion, a
temperature of 600 ◦ C should be achieved with the applied
screen-printed heater layer structures. Some important data,
with respect to the selected materials, are listed in Table 1 for
this purpose.
All of the substrates listed could be used to produce
a screen-printed heater, and all materials have sufficient
strength to be horizontally clamped onto a card edge connector. LTCC and 3-YSZ show the lowest thermal conductivity of all the materials, resulting in a low heat flow within
the sample holder. The use of card edge connections and
spring-loaded electrical contacts would probably be possible with these materials. The material of 3-YSZ also has a
very high maximum flexural strength, which allows the sample holder to be subjected to high thermally induced stresses.
https://doi.org/10.5194/jsss-10-71-2021
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Figure 1. Schematic representation of the new measurement device. (1) Sample holder, with a thick film heating structure and card edge
connection on the reverse side. (2) Top side, with a sample area having a maximum diameter of 12.7 mm and four moveable electrodes
for Hall and conductivity measurements, according to van der Pauw’s method. (3) Magnetic yoke system with permanent magnets and a
gas-flushed aluminum measurement chamber.

Table 1. Comparison of the mechanical and thermal properties

of different commercially available substrate materials. Parameters were taken from the manufacturers’ data sheets and literature
(DuPont, 2011; KERAFOL Keramische Folien GmbH & Co. KG,
2020; MARUWA Co., Ltd., 2019; Verband der Keramischen Industrie e.V., 1999). The thermal conductivity for Al2 O3 is calculated
from Kita et al. (2015).
Parameter

Thermal
conductivity
in W/(m K)

Young’s
modulus
in GPa

Flexural
strength
in MPa

LTCC

3.3

120

230

3-YSZ

5.3

200

>1000

AlN

170

320

450

Al2 O3

21.1 (20 ◦ C)
8.76 (600 ◦ C)

340

500

Unfortunately, YSZ becomes oxide ion when conducting at
high temperatures, which may affect the measurements (Badwal, 1992). The use of LTCC is, furthermore, made risky
by the high temperatures, as the operating temperature of
600 ◦ C is not far from the sintering temperature of 850 ◦ C.
AlN would probably be the best-suited material for the temperature distribution inside the sample area due to its high
thermal conductivity, but this also makes the use of a card
edge connector and spring-loaded contacts difficult. Al2 O3 ,
on the other hand, seems to meet all the requirements. The
temperature-dependent thermal conductivity can enable the
use of springs and card edge connections through careful design. Even with a maximum flexural strength of 500 MPa,
thermal stress could be withstood at a temperature of 600 ◦ C.
https://doi.org/10.5194/jsss-10-71-2021

3
3.1

Simulation
Temperature distribution

The new sample holder design and the heating structure
development for a homogeneous temperature distribution
within the sample area were simulated using the FEM software COMSOL Multiphysics® . The basic structure of the
sample holder is a 630 µm thick Al2 O3 substrate with a
temperature-dependent thermal conductivity λ(T ), according
to Kita et al. (2015), which is given in Eq. (1) as follows:
W (− T )
W
e 220.27 K + 7.79
.
(1)
mK
mK
On the reverse side of the substrate, a planar screen-printed
heating structure was applied to generate a homogenous temperature distribution on the top side for Hall measurements.
All thermal parameters used in the simulation are listed in
Table 2.
The resistivity and the temperature coefficient of the resistance of platinum were taken from the data sheet of the paste
manufacturer. Parameters for convection and radiation were
determined by preliminary tests. For this purpose, screenprinted heating structures were fabricated on Al2 O3 and
recorded at different temperatures with a thermal imaging
camera. Subsequently, the convection and radiation boundary
conditions could be determined by adjusting the simulation.
On the upper side of the sample holder, a circular sample area
was indicated within which the material sample to be characterized should be positioned later. The simulation was carried
out in a steady state. The circular sample area was evaluated.
The results for a temperature of 600 ◦ C are shown in Fig. 2.
The simulation shows the temperature distribution within
the entire sample holder. The meander-shaped heater strucλ (T ) = 50.97
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Table 2. Thermal parameters for the COMSOL 3D simulation model.

Parameter
Ambient temperature
Thermal conductivity of Pt
Thermal conductivity of Al2 O3
Horizontal heat transfer coefficient
Vertical heat transfer coefficient
Emissivity of Pt
Emissivity of Al2 O3
Specific heat capacity of Pt
Specific heat capacity of Al2 O3

Formal sign

Unit

Value

Reference

Tamb
λPt
λAl2O3
hhorizontal
hvertical
εPt
εAl2 O3
Cp, Pt
Cp, Al2O3

◦C

20
71.6
Eq. (1)
5
150
0.1
0.93
133
780

Martin et al. (1967)
Kita et al. (2015)
Experiment
Experiment
Savickij (1978)
Experiment
Yokokawa and Takahashi (1979)
Munro (1997)

W/(m K)
W/(m K)
W/(m2 K)
W/(m2 K)

J/(kg K)
J/(kg K)

Figure 2. Simulation of the temperature distribution of the new sample holder. A screen-printed platinum structure is used to generate the
temperature via Joule’s heating. On the top side, the sample area is drawn, and a detailed representation of the temperature distribution is
given.

ture on the reverse side of the sample holder can generate a
temperature of up to 600 ◦ C on the surface of the top side
of the Al2 O3 substrate by Joule’s heating. The lower thermal conductivity of Al2 O3 at high temperatures reduces the
heat flow and offers the possibility of a locally heated zone.
The increasing thermal conductivity at decreasing temperatures of Al2 O3 , on the other hand, provides a faster cooling effect on the rest of the sample holder, which allows the
use of card edge connectors, even at measurement temperatures of 600 ◦ C. The integrated frame, on which the electrical leads for the van der Pauw measurements are located,
ensures that the temperature in the area of the vias is minimized, thus allowing the use of springs and, thus, a flexible sample geometry. Figure 2 also shows a detailed view of
the temperature at the sample area. Within the circular area
with a diameter of 12.7 mm, the maximum temperature difference is ±7 K. Joule’s heating generates the highest temperature above the planar heating tracks and a small temperature drop between the conductor paths. These small temperature differences cannot be prevented with this construction. Usually, even such small temperature differences lead
to thermoelectric voltages. However, these do not play a role
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in later measurements, according to ASTM F76-08 (standard
test methods for measuring resistivity and Hall coefficient),
since thermoelectric voltages are eliminated by reversing the
polarity of the currents. Nevertheless, the temperature distribution can be considered as homogeneous within the sample
area.
In this simulation, electrodes and vias were not considered
because no reliable parameters for the convection and radiation were available. However, a heat flow worth mentioning
takes place through the electrodes. This heat flow provides a
lower temperature at the contact points, which is also known
as the cold finger effect. Based on the measurements, according to the van der Pauw method and the very small, almost
punctual electrical contacts required by this, the assumption
was made that this effect can be neglected. Due to the thermal constriction at the small contact points, a high thermal
resistance can be assumed. This limits the heat flow to the
outside, which means that only a small, negligible temperature loss can be expected at the contact point.

https://doi.org/10.5194/jsss-10-71-2021
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Figure 3. Simulation of the thermally induced mechanical stress

within the sample holder at a temperature of 600 ◦ C.

3.2

Thermal stress

Additionally, the mechanical stability of the sample holder
was simulated. Previous work revealed that the thermal stress
can be a limiting factor for screen-printed heaters on ceramic
layers (Ritter et al., 2017). The resulting thermal stresses
σthermal can be described by Eq. (2), as follows:
σthermal = E · α · 1T ,

(2)

where E is the Young’s modulus, α the thermal expansion
coefficient, and 1T is the temperature difference. The simulation was carried out in the steady state at a temperature
of 600 ◦ C within the sample area. To evaluate the maximum
thermally induced mechanical stresses that may occur, the
von Mises stress is considered. The results are shown in
Fig. 3. The thermal expansion of the Al2 O3 substrate itself
generates a maximum stress of 410 MPa. The result of this
simulation shows that temperatures of up to 600 ◦ C can be
achieved with the new concept since the thermally induced
stresses are below the maximum bending stresses of 500 MPa
specified by the manufacturer.
4
4.1

Realization
Sample holder

The heating structure developed from the simulations and the
new manufactured sample holder is shown in Fig. 4. A commercial 96 % Al2 O3 ceramic, with a thickness of 635 µm,
serves as a substrate. The platinum heating structure was
screen printed and fired at 950 ◦ C. The gold tracks and the
connection pads were added in a second screen-printing process and were fired at 850 ◦ C. On the top side, Inconel electrodes with a guide groove and a curved tip were installed.
Inconel is electrically conductive but has a low thermal conductivity, which makes the use of springs at the screw–nut
connection through the vias possible. In addition, it is a nonmagnetic material, and measurements within the magnetic
https://doi.org/10.5194/jsss-10-71-2021

Figure 4. Produced sample holder made of an alumina substrate

with four movable, spring-mounted Inconel bars for electrical contact on the top side. On the bottom side there is a screen-printed
platinum heating structure, gold leads, and connection pads for the
card edge connection.

field are realizable. With these electrodes, samples of any
geometry between 5 and 12.7 mm diameter can be electrically contacted and homogeneously heated. The gold connection pads on the reverse side allow using commercially
available card edge connections and, thus, connecting easily
to the measurement and control electronics.
4.2

Thermal imaging

The new sample holder concept with the simulated planar
heating structure was validated with a thermal imaging camera (VarioCAM® HD). For the experiment, the sample holder
was placed in a horizontal position, adjusted by a spirit level,
and then the camera was focused on its top side, measuring
the temperature within the sample area under a normal atmosphere. A DC voltage was applied to heat the sample holder
in 100 ◦ C steps up to 600 ◦ C. During the thermal imaging, the
resistance of the platinum heater was measured with a Keithley 2700 Multimeter, using a four-wire technique, to calibrate the resistance–temperature curve that is used in later
measurements. A detailed thermal image of the top side of
the sample holder at 600 ◦ C is shown in Fig. 5. The thermal image reveals a homogeneous temperature distribution
at the sample area and a strong temperature drop between
the heated area and area of the electronic card edge connection. The strong temperature drop could already be observed in the simulation shown in Fig. 2. The assumption
that the temperature at the connected side is low enough to
use commercial card edge connectors was confirmed. Figure 5b and c show the temperature profiles along the x and
J. Sens. Sens. Syst., 10, 71–81, 2021
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Figure 5. Thermal image of the sample area at 600 ◦ C. (a) Homogeneous temperature distribution within the sample area (b) Temperature

profile along the x axis. (c) Temperature profile along the y axis through the center of the sample area.

y axis through the center of the sample area at measurement
temperatures of 200 to 600 ◦ C. To evaluate the homogeneity of the temperature distribution, the area of the maximum
sample size was considered, which is marked by a dotted line
(sample area) in the diagrams. The temperature profiles along
the x axis already show a homogeneous temperature distribution within the maximum sample area at 200 ◦ C. With increasing temperature, small temperature differences become
visible. They are, however, even at 600 ◦ C, not higher than
±6 ◦ C within the sample area. A larger drop in temperature
can be observed along the y axis. At a measuring temperature of 600 ◦ C, there is a maximum temperature difference of
±12 K within the maximum sample area of 12.7 mm diameter. A reduction in the sample diameter by only 1 mm (i.e.,
to 11.7 mm), however, would decrease the temperature deviation to a maximum of only ±6 K. To sum up, the concept
of the ceramic sample holder with integrated heater could
be validated, and the Hall coefficient measurements may be
possible (see Sect. 5.2).
In addition, however, the influence of the thermal conductivity and emissivity of the sample should be discussed. The
measurement setup and the resistance–temperature calibration only adjust the temperature on the sample holder surface.
A sample with a certain thickness will have a different temperature on the sample’s upper side, at the electrical contact
points, compared to the bottom side, where the calibration
was performed. The surface temperature is, thus, dependent
on the emissivity and the thermal conductivity of the sample.
A high emissivity, which indicates the heat radiation emitted to the environment, also results in lower temperatures on
the sample surface. The same holds for the thermal conductivity. For samples with a low thermal conductivity, the heat
flow through the sample is reduced, which results in a lower
surface temperature. In these cases, the calculated transport
parameters may be referenced to a somewhat incorrect temperature. Therefore, a thin sample is preferred to minimize
errors.

J. Sens. Sens. Syst., 10, 71–81, 2021

Figure 6. Magnified view of the heating meander on the bottom

side of the sample holder. The substrate cracked at a temperature of
about 650 ◦ C.

Furthermore, the sample has an influence on the temperature distribution. It can be assumed that a sample with a
different heat capacity, thermal conductivity, or emissivity
to Al2 O3 may affect the temperature distribution within the
sample area and also within the sample itself. This lower temperature homogeneity can lead to the occurrence of thermoelectric voltages and associated measurement errors. However, reversing the polarity of the current eliminates this effect.
Temperatures higher than 600 ◦ C cannot be reached with
this measurement setup. The reason for this can be seen in
Fig. 6. It shows a section of the meander-like platinum heating structure. The substrate cracked at a temperature of about
650 ◦ C, which was also indicated by the thermally induced
mechanical stresses shown in Sect. 3.2. It can be clearly seen
that the previously predicted weak points are accurately reproduced by the cracking pattern. In order to achieve higher
temperatures, the thermal stresses have to be reduced. This
may be realized by another material with a lower Young’s
modulus E and a lower thermal expansion coefficient α or
by reducing the temperature gradient inside the material by
redesigning the heating structures.

https://doi.org/10.5194/jsss-10-71-2021
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Figure 7. Hardware structure showing two movably mounted magnetic yoke systems of permanent magnets on a sledge for measurements
without and in positive/negative magnetic fields.

4.3

Hardware setup

The hardware setup for the measurement system is shown in
Fig. 7. The system consists of two permanent magnet yokes.
The magnets have a diameter of 90 mm and a magnet distance of 20 mm. In this configuration, a homogeneous magnetic flux density of ±760 mT can be generated within the
sample area. The influence of the platinum heating structure
on the magnetic field can be neglected here since, even at
600 ◦ C sample holder temperature, only a small current of
0.5 A is impressed through the narrow cross section of the
screen-printed conductor tracks. By mounting the magnets
on a sledge, Hall coefficients can be measured with positive, negative, or no magnetic field. The sample holder is
connected to the electronics via a card edge connection and
installed in a fixed, gas-flushable aluminum measurement
chamber. The sample holder and the hardware allow for the
determination of the resistivity and the Hall coefficient, according to the van der Pauw method and the guidelines of
ASTM International standard F76-08 (ASTM International,
2016).
5

Measurement and results

All measurements were performed inside the measurement
chamber under a normal atmosphere and without an external
gas inlet. The resistance–temperature calibration described in
Sect. 4.2 was used. Due to the horizontal positioning of the
sample holder and the associated heat transfer coefficients,
hardly any changes in the temperature distribution are expected. Only the temperature inside the measurement chamber may increase. The platinum structure is also affected by
the increased ambient temperature, but this has no influence
on the temperature of the sample area, since it is controlled
by the temperature-dependent four-wire resistance directly
under the sample area.

https://doi.org/10.5194/jsss-10-71-2021

5.1

Electrical conductivity

To verify the new measurement setup, a 200 nm sputtered
gold thin film on alumina and a commercial 380 µm float
zone silicon wafer with weak boron doping and (100) orientation (CrysTec GmbH) were measured. The gold layer is
a rectangular structure that could be contacted directly at the
edge using the movable Inconel bars. The silicon-wafer, on
the other hand, was previously cut with a laser so that it had a
cloverleaf structure. This structure allows a variable contact
area and free positioning of the contacts within the individual blades. To measure the resistivity, a constant current was
applied by a Keithley 2400 SourceMeter® on two adjacent
contacts, and the voltage between the remaining contacts was
measured by a Keithley 2182A Nanovoltmeter. The measurement configuration for the exemplary voltage U21,34 can be
seen in Fig. 8a. The first two indices represent the contact
where the current is applied, and the rear indices stand for
the voltage measurement. The contacts were then exchanged
to use each of the possible combinations. The measurements
were also carried out with a reversed polarity current to compensate for possible offset errors. The raw data of these eight
measured voltages, shown in Fig. 8b, are exemplary for a
boron-doped silicon wafer sample at a temperature of 500 ◦ C
and with an impressed current of 10 mA. The voltages (measured with the Nanovoltmeter) are constant with time t. Even
a closer look at the voltage U14,23 reveals a fluctuation of less
than ±1 µV. The raw data, in this case, prove that the electrical currents through the planar heater on the reverse side do
not affect the quality of the measurement.
With the measured voltages U , the sample thickness t, the
current I , and the geometry factor f , two resistivities can be
calculated from which the average sample resistivity is then
calculated. The geometry factors fA and fB are calculated
from the voltage ratios QA or QB in Eqs. (5) and (6) and
are subsequently determined numerically using Eq. (7), according to the ASTM International standard F76-08, using
J. Sens. Sens. Syst., 10, 71–81, 2021
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Figure 8. Measurement of the electrical conductivity. (a) Exemplary measurement configuration for the voltage U21,34 . (b) Exemplary raw
data of the measured voltages of a silicon wafer, to determine the electrical conductivity at 500 ◦ C, to investigate the influence of the heater.

the van der Pauw method. (ASTM International, 2016)
1.331 fA t
(U21,34 − U12,34 + U32,41 − U23,41 )
I
1.331 fB t
ρB =
(U43,12 − U34,12 + U14,23 − U41,23 )
I
U21,34 − U12,34
QA =
U32,41 − U23,41
U43,12 − U34,12
QB =
U14,23 − U41,23
 


0.693 
QA/B − 1
fA/B
1 fA/B
.
=
arcosh
e

2
QA/B + 1
0.693

ρA =

(3)
(4)
(5)
(6)
Figure

(7)

Figure 9 shows the determined electrical conductivities of
the silicon wafer and the gold thin film in an Arrhenius-like
representation for temperatures between room temperature
and 600 ◦ C. The electrical conductivity of the gold thin film
(black filled squares) decreases with increasing temperature.
This conductivity behavior can be explained by the thermally
excited lattice vibrations (phonons) that occur in metals (Kittel, 2018). The boron-doped silicon wafer shows a slight decrease in the electrical conductivity between room temperature and 150 ◦ C, since the semiconductor is in the range of
impurity exhaustion here. Above 200 ◦ C, the electrical conductivity of the slightly p-doped silicon wafer increases exponentially. This can be explained by the thermal generation
of electron hole pairs in the region of intrinsic conduction.
In addition, a straight line with the intrinsic conductivity,
adapted from Morin and Maita (1954), is shown in Fig. 9.
The measurements clearly show that the electrical conductivity up to 600 ◦ C of silicon can be determined and can also be
directly compared with the literature. In addition, the activation energy calculated from the slope of the conductivity was
J. Sens. Sens. Syst., 10, 71–81, 2021

9. Arrhenius-like representation of the measured
temperature-dependent electrical conductivity of a gold thin
film (thickness 200 nm) and a boron-doped silicon wafer (thickness
380 µm) up to 600 ◦ C, with an additional comparison of the intrinsic
conductivity of silicon (adapted from Morin and Maita, 1954).

determined, which, at 1.1 eV, also corresponds to the band
gap of silicon (Li, 1978; Kittel, 2018).

5.2

Hall effect measurements

To measure the Hall voltages, the currents were applied between two opposite contacts, and the voltages were measured
at the remaining contacts. A schematic illustration of the configuration for the voltage U31,42 is shown in Fig. 10a. The
measurements were carried out inside a magnet and repeated
with an opposite-poled magnetic field. Raw data of the measurements inside the magnetic field (current 10 mA; temperature 500 ◦ C; silicon wafer, as described above) are shown
in Fig. 10b. As can be seen, the voltage fluctuations are very
small, and the Hall voltage UH can be easily determined with
this setup. The Hall coefficient RH is calculated by Eqs. (8)
and (9), according to the ASTM F76-08, with the magnetic
https://doi.org/10.5194/jsss-10-71-2021
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Figure 10. Measurement of the Hall coefficient. (a) Exemplary measurement configuration for the voltage U31,42 . (b) Exemplary raw data

of the measured voltages of a silicon wafer for the determination of the Hall coefficient at 500 ◦ C to investigate the influence of the heater.

which is dependent on the material-specific scattering mechanisms (Schroder, 2006; Pfüller, 1977) and the charge q (−e
for electrons and +e for holes, with e being the elementary charge). For silicon, the proportionality factor can be
assumed to be r = 3π/8 (Pearson and Bardeen, 1949), and
for gold it is r ≈ 1 (Pfüller, 1977). In the intrinsic region of
a semiconductor, electron hole pairs are generated, meaning
that both the mobility of holes µp and electrons µn must be
considered when calculating the intrinsic charge carrier density ni with Eq. (4) (Pearson and Bardeen, 1949).
Figure 11. Arrhenius-like representation of the charge carrier den-

sities of a gold thin film (thickness 200 nm) and a boron-doped silicon wafer (thickness 380 µm) calculated from the Hall coefficient
up to 600 ◦ C, with an additional comparison of the charge carrier
density adapted from Morin and Maita (1954), Putley and Mitchell
(1958), and Sze and Ng (2007).

flux density B in Tesla.
2.50 · 1011 t 
U31,42 (+B) − U13,42 (+B)
BI

+U13,42 (−B) − U31,42 (−B)

RHC =

2.50 · 1011 t 
U42,13 (+B) − U24,13 (+B)
BI

+U24,13 (−B) − U42,13 (−B) .

(8)

RH =

3π pµ2p − nµ2n
µn
3π 1 c − 1
; c=
. (11)
=
2
8 e(pµp + nµn )
8 eni c + 1
µp

Since, in the intrinsic region, the number of holes p can be
assumed to be equal to the number of electrons n, and the
temperature-dependent mobility of intrinsic silicon can be
calculated according to Eqs. (12) and (13), the charge carrier
densities in Fig. 11 results (Morin and Maita, 1954; Pfüller,
1977).
µHn = 4 × 109 (T /K)−2.6 cm2 /Vs
8

µHp = 2.5 × 10 (T /K)

−2.3

2

cm /Vs.

(12)
(13)

RHD =

(9)

If the deviation of both measured Hall coefficients is less than
±10 %, a homogeneous sample can be assumed. The Hall
coefficient is then calculated from the average of both measurements and is used to determine the charge carrier density
in Eq. (10).
r
RH =
.
(10)
nq
In the case of a dominant type of charge carrier, the charge
carrier density can be calculated directly from the Hall coefficient RH with knowledge of the proportionality factor r,
https://doi.org/10.5194/jsss-10-71-2021

The charge carrier density of gold shows the expected
temperature-independent course. The number of free electrons is also in the range of the theoretical charge carrier
density of n = 5.9 × 1022 1/cm3 , under the consideration of
the electron gas model and the assumption of one free electron per gold atom. In contrast, the charge carrier density of
silicon shows hardly any change in the range of impurity exhaustion up to a temperature of 200 ◦ C. Above 200 ◦ C, the intrinsic conduction of silicon begins. The intrinsic charge carrier density increases exponentially with increasing temperature. For comparison, and to prove the functionality of the
new measurement system, the intrinsic charge carrier densities are additionally plotted in an adaption from Morin and
J. Sens. Sens. Syst., 10, 71–81, 2021
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Maita (1954), Putley and Mitchell (1958), and Sze and Ng
(2007). The comparison with the literature and the proof of
the intrinsic charge carrier density of silicon with this measurement setup confirm the functionality of this novel measuring device.
6
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Summary
Review statement. This paper was edited by Eric Starke and re-

Applying FEM simulations, a new ceramic sample holder
with a screen-printed planar heater structure was developed.
It allows the generation of a homogeneous temperature distribution within a 12.7 mm diameter sample area for conductivity and Hall measurements up to 600 ◦ C. Experiments with a
thermal imaging camera confirmed the simulation results of
the temperature distribution. With the new setup, it is possible to avoid the use of expensive furnaces and, in addition,
the use of inexpensive permanent magnets is possible rather
than using expensive electromagnets. Electrical conductivity
and charge carrier density measurements of gold and silicon
wafer confirm the functionality. High temperature measurements of a silicon wafer within the intrinsic region agree well
with the literature. The sample holder is constantly being further developed, such as increasing the maximum measuring
temperature, measuring more known materials, and adding
new functionalities, like the Seebeck coefficient or the thermal conductivity.
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