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Hall effect test bench for temperature dependence of carrier
concentration

Abstract. This paper presents an integrated bench for Hall effect measurements consisting of a helium cryostat placed between the electromagnet
poles with a field of 0.5 T and a control and measurement system, as well as control algorithm for different operating modes. The results of
measurements of majority carrier concentration by van der Pauw method in the temperature range 165 K - 300 K for indium tin oxide (ITO).

Streszczenie. W artykule przedstawiono zintegrowane stanowisko do pomiaru efektu Hall’a sktadajgce sie z helowego kriostatu umieszczonego
miedzy nabiegunnikami elektromagnesu o polu 0,5 T oraz systemu kontrolno-pomiarowego, a takze algorytmu sterowania dla réznych modéw
pracy. Zaprezentowano wyniki pomiaréw koncentracji no$nikéw wiekszos$ciowych metodg van der Pauw’a w zakresie temperatur od 165 K do 300 K
dla warstw tlenku indowo-cynowego (ITO). (Stanowisko do pomiaréw efektu Hall’a do wyznaczania temperaturowych zaleznosci koncentracji

nosnikow).
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Introduction

Electrical conductivity of materials is determined by the
carrier concentration, mobility and also sign of carrier. For
this reason, measurements of these parameters are
important for studying the properties of materials used in
electronics. The knowledge of concentration and mobility of
carriers at different temperatures, including cryogenic
temperatures, is particularly important due to the growing
interest in low temperature applications of microelectronic
devices [1][2][3][4]. One of the best known methods for
measuring these parameters is based on the Hall effect, in
which the Hall voltage 7}, is measured [5][6]. Hall voltage is
described by equation (1):
(M v,=L
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where [ is the current, B is the magnetic field, ¢ is the
elementary charge and » is the charge carrier density [7].

The phenomenon of voltage generation under the
influence of current flow and an applied magnetic field was
discovered in 1879 by physicist Edwin Hall and called his
name.

The Hall effect is the basis for many devices. Hall effect
sensors are used for example in current sensing [7],

variable speed drives [8], motor control
protection/indicators, motion sensing [9], diaphragm
pressure gage [10], flow meters [11], direct current

electricity [12] and rotational speed sensor [13]. Hall
sensors are used in medical applications such as detecting
DNA [14], monitoring pulse wave velocity of blood [15],
characterizing soft biological materials [16][17], etc.

One of the methods of determining the electrical
conductivity, the resistivity, the Hall constant, the charge
carrier concentration and the charge carrier mobility is the
van der Pauw method [18]. The diagram of the electrodes in
the van der Pauw configuration is shown in Figure 1.

The resistivity p of a material of known thickness d is
calculated from the following formula (2):

(2) p:RS-d

where Rs is sheet resistance.

In order to determine the resistivity it is necessary to
determine the values of sheet resistance Rg which can be

calculated numerically from the equation (3):

@) ( R 4 J [ R p }
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where R, and Rz are the characteristic resistances.
Resistances R, and Rz and can be determined from the
following equations (4) and (5):

+ + +

(4) R = REI,J"J RI.?J.\' R-U,J’Z RJ‘J,Z’I
A 4

(5) R = Rjz,n +R23J4 +Ri4,25 +R41,52
B 4

where: R, ,;is the resistance calculated for the current I;,,
injected into pin 2 and drawn from pin 1 and the voltage V;
measured between pins 4 and 3.

An analogous procedure is followed to determine the
other resistances: Ry; 34, Ryz.12 Rs421, R32.41, Ro3.14 Ria32 Ryp 32
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Fig. 1. Experimental setup for Van-der-Pauw measurement

Determination of concentration and mobility of current
carriers as well as type of conductivity (n or p) is possible by
measuring voltages and applied currents in the presence of
magnetic field induction B. In order to eliminate
measurement errors resulting, for example, from
asymmetrical contact placement, two sets of measurements
are performed for positive (S) and negative (N) magnetic
field directions. To determine the concentration of current
carrier ns, it is necessary to know the value of the direct
current 7;; injected into pin 1 and drawn from pin 3 and to
measure the Hall voltage 7>, in the positive magnetic field.
A similar measurement procedure is performed to measure
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the Hall voltage for the other pins: Vs, Vi35 and V;;s for
currents I3, I3, I, and I, respectively. Analogous
measurements are made for the negative magnetic field to
measure the Hall voltage of Vi, Vin Visy and Vi for
currents 1,3, I3;, I,; and I,, respectively. Knowing the values
of Hall voltages, the sheet carrier density can be calculated
from equation (6):

(6) n =810

q- \V‘.l

where [V | =V _+V +V_+V is the sum of measured Hall

voltages including their signs, while Ve=V55-Voun,
Vp= V425-V42N, V= V]35-V13N, V= V313-V31N (In Voltage V) Bis
magnetic field induction in gauss [G], I is the dc current in
amperes [A] and ¢ is the elementary charge (1.602-10 19 C).
Also, the bulk carrier density n [cm’ ] can be determined by
knowing the thickness d of the sample:
(7) : H’.
n=—
d
Knowing the concentration of current carriers n, and
sheet resistance R, from resistivity measurements p, it is
possible to calculate the mobility of current carriers u by the
formula:
(8) N

u=
g-n 'R
R )

Many Hall measurement results are focused on the
changes in mobility, charge concentration, resistivity and
type of conductivity of the layers under the influence of
temperature change and doping etc. The use of different
methods to obtain semiconductor materials also causes
differences in their structure and properties. An example
can be zinc oxide (ZnO), which obtained by two different
methods, i.e., chemical vapor deposition and hydrothermal
method, is characterized by different carrier concentration
[19!. The highest mobility of current carriers (electrons) 166
cm®/VVs was obtained for the layers obtained by
hydrothermal method with a carrier concentration of
1.65x10"" cm™. Hall effect measurements also showed that
the growth temperature of the layers plays a key role in
determining the type of conductivity. The results for
nitrogen-doped ZnO layers were prepared by metalorganic
chemical vapour deposition (MOCVD) [20]. The results
show that p-type resistivity can be achieved at all growth
temperatures except 500 °C. The layer obtained at 400 °C
is charactenzed by a resistivity of 1.72 Qcm, a mob|I|ty of
1.59 cm?/Vs, and a hole concentration of 2.29x10'® cm™
The temperature increase above 450 °C reduces the
incorporation of nitrogen (acceptor dopant) in ZnO thin
films, which may account for the relatively low hole
concentration of 3.68x10'° or even the change in
conductivity to n-type [20][21][22]. Tampo et al [23]
prepared ZnMgO/ZnO/MgO metal oxide heterostructure on
sapphire substrate using molecular beam epitaxy (MBE)
method This resulted in a high electron mob|I|ty of
250cm?/Vs and a low carrier concentration of 1x10"> cm™? at
room temperature (RT). The change of electrical properties
of ZnO layers is also carried out by Zr doping. The results of
the layers obtained by ALD method, whose electrical
properties were determined by four-point probe (4PP) and
Hall effect measurements [24]. The carrler concentration
increases from 1.0x10%° to 3.81x10% cm™ as the doping
increases from zero to 4 8 at.%, Ieadlng to a decrease in
resistivity from 3. 02x10™ to 1.44x10™ Qcm. In addition, the
effect of annealing the CuO layers on the electrical
properties was investigated [24]. The CuO layers showed n-
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type resistivity after annealing at 100 °C. The resistivity
changed to p-type for the layers annealed at 200 to 300 °C,
in which the Cu2O phase was dominant. However, the
resistivity reverted to n-type for further increase in annealing
temperature up to 350°C, where CuO phase dominates
[24]. Also, the mobility and concentration of carriers in WO3
were determined [25]. The electron mobility in the 5 nm
thick layer was 560 cm®/Vs and decreased to 10 cm?/Vs for
thicker layers above 30 nm.

This paper presents an integrated Hall effect test bench
consisting of a helium cryostat placed between the poles of
electromagnet with a field of 0.5 T and a control and
measurement system, as well as control algorithms for
different operating modes. The results of test
measurements of majority carrier concentration by van der
Pauw method in the temperature range 165 K - 300 K for
100 nm thick indium tin oxide (ITO) layers are presented.

System description

The presented Hall-effect measurement system is a part
of the Laboratory of Vacuum and Thin Film Technologies in
the Institute of Electronics, AGH University of Science and
Technology. The Hall measurement system with the
laboratory equipment components is shown in Figure 1 and
Figure 2.

Fig. 2. Low temperature cryostat W|th control un|t

The test system consists of four parts:
- vacuum system,

- helium optical cryostat,

- electromagnet,

- control unit.

The electromagnet capable of generating magnetic field
induction of up to 0.5 T. The electromagnet coils are cooled
by a constant flow of water. The helium cryostat and in
particular its cryogenic part, the cold finger, is located
between the electromagnet poles. The chamber contalnlng
the cold finger is pumped to a pressure of min. 10 hPa.
The cold finger is equipped with a PT100 temperature
sensor, a resistance heater and a substrate holder. The
cold finger can be cooled by pumping liquid nitrogen vapor
or flooding the chamber with liquid nitrogen.

Hall measurements can be performed using the van der
Pauw, 6-point and classical Greek-cross methods. The
signals are routed out through thin wires in cotton lagging to
a signal head located outside the cryostat. The pumping
set, pressure set and measuring head are connected by a
control and measurement system.
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Fig. 3. Laboratory measurement equipment for Hall effect investigation. Markings in the figure: (1) cryostat, (2) magnetic field of the
electromagnet, (3) tested sample, (4) pressure sensor, (5) shut-off valve and (6) vacuum pump

Control and measurement system

The scheme of the control and measurement system
prepared for the experiments is shown in Figure 3. Stable
measuring conditions in the cryostat (1) that keeps the
tested sample (3) in the magnetic field of the electromagnet
(2) are provided by the vacuum controller. It monitors the
operation of the vacuum pump (6) on the basis of the signal
from the pressure sensor (4) manufactured by INFICON,
and when the appropriate conditions are reached, it
switches off the pump and closes the shut-off valve (5). The
electromagnetic field is controlled in the software by a
magnetic field control system consisting of a field
measuring system (Teslameter + CYSJ362A sensor) and a
Delta Elektronik power supply. The temperature of the
sample is controlled by a Lake Shore 340 temperature
control system working with a PT1000 sensor and a
miniature resistance heater mounted in the substrate
holding the sample in the cryostat. The current excitation
and Hall voltage are measured by a Keithley 6220 current
source assembly and a Keithley 2182A nanovoltmeter,
respectively.

The test bench operates under the control of the
program executed in LabVIEW programming environment
by National Instruments. The program was implemented as
a multi-threaded control and measurement application
allowing for monitoring of the test stand and real-time
sample measurements.

Measurements

The system was tested by investigating the electrical
properties of 100 nm thick ITO layers over a wide
temperature range from 165 K to 350 K. The studies
confirm that ITO is an n-type semiconductor and is
characterized by low electrical resistivity of 10* Q.cm.
Electrical resistivity and carrier concentration dependence on
temperature for ITO thin film is presented in Figure 4.

Conclusions

This paper presents a description of a system
constructed at the Institute of Electronics to study the
concentration of current carriers by Hall measurements.
The results of test measurements of ITO layers in the
temperature range 165 K - 300 K are presented. The results
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obtained are in good agreement with literature data [26][27].
The measurement system can operate in manual mode as
well as in automatic mode, where the algorithm allows for
the determination of characteristics such as concentration
and mobility of carriers, resistance, resistivity, conductivity
and Hall constant as a function of temperature.
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Fig. 4. Electrical resistivity and carrier concentration dependence
on temperature for ITO thin film
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