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Abstract. This work investigates the Hall effect in n- and p-doped germanium samples through experimental
measurements of Hall voltage, electrical conductivity, charge carrier mobility, and carrier concentration under varying
magnetic fields and temperatures. The experimental setup involved measuring Hall voltage as a function of control
current, magnetic field induction, and temperature using a TSE Co, LTD company Hall-effect unit. The linear dependence
of the Hall voltage on the magnetic field was confirmed, yielding regression line slopes of b = 0.144 VT 1+ 0.004 VT !
for n-germanium and b = 0.125VT ! + 0.003VT * for p-germanium. Corresponding Hall constants were calculated as Ru
=4.8x10 m®/C and Ry = 4.17x10 m™/C. Electrical conductivities were determined as ¢ = 53.6 S/m for n-germanium
and ¢ = 57.14 S/m for p-germanium. The Hall mobilities were found to be ux =0.257+0.005 m?/Vs for n-germanium and
un = 0.238+0.005 m?/Vs for p-germanium. Carrier concentrations were n = 13.0x10%° m™3 for electrons and p =14.9x10%°
m2 for holes. From temperature-dependent measurements, the energy bandgaps were calculated as E4 = 0.50 + 0.04 eV
for n-germanium and E4 = 0.72 + 0.03 eV for p-germanium. The experimental findings provide comprehensive insights
into the electronic properties of doped germanium, highlighting its behavior under magnetic fields and varying
temperatures, with precise parameter evaluation crucial for semiconductor applications.
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1. Introduction

The Hall effect is a crucial phenomenon in semiconductor physics, offering deep insights into
the electrical properties of materials, particularly the behavior of charge carriers in the presence of a
magnetic field [1]. When a current flows through a conducting material placed in a perpendicular
magnetic field, a transverse voltage is generated across the material, which is proportional to the
magnetic field and the current [2]. This effect is widely used to determine key material properties
such as charge carrier concentration, carrier mobility, and the type of charge carriers, making it an
indispensable tool for the characterization of semiconductors.

In semiconductor materials, the Hall effect allows for the differentiation between n-type and
p-type conduction [3]. N-type semiconductors are characterized by an excess of electrons as the
majority charge carriers, while p-type semiconductors feature holes (missing electrons) as the
majority carriers. Germanium (Ge), a Group IV semiconductor, is of particular interest due to its
relatively narrow bandgap of 0.66 eV and high charge carrier mobility, which makes it ideal for high-
speed electronic devices, infrared detectors, and optoelectronic applications [4].

The Hall effect is instrumental in deriving several critical parameters of doped germanium,
such as carrier concentration and mobility [5]. Through precise measurements of Hall voltage as a
function of both the magnetic field and temperature, one can also estimate the energy bandgap and
other electronic properties of the material [6]. Temperature-dependent Hall measurements provide
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valuable data on both intrinsic and extrinsic conduction mechanisms in germanium, which are
essential for understanding how charge carriers behave under different environmental conditions [7].

The purpose of this experiment is to study the Hall effect in n- and p-Germanium, including
determining the concentration and mobility of charge carriers, as well as determining their type. To
achieve this goal, the Hall voltage is measured, which occurs when an electric current passes through
semiconductor wafers in a magnetic field of various inductions. The experimental data obtained are
used to calculate the key parameters of semiconductors and analyze differences in their behavior
under conditions of an external magnetic field. By conducting temperature- and magnetic-field-
dependent measurements, this research will offer critical insights into the electronic properties of
germanium, contributing to its continued optimization for use in modern semiconductor technologies.

2. Methods

The object of research was germanium, which has a diamond-type crystal structure with a
cubic lattice in which the atoms are connected by covalent bonds that determine its semiconductor
properties. Its bandgap width is about 0.66 eV at room temperature, which is much smaller than that
of silicon, making its charge carriers - electrons and holes - highly mobile [4]. Due to its
semiconductor properties, germanium has found a wide range of applications in research and
technological development [8]. In semiconductor physics it serves as a model material for studying
the zone structure, mobility of charge carriers and other parameters important for describing transport
phenomena [5]. In the electronics industry, germanium is used to produce transistors, diodes,
photovoltaic cells, and infrared sensors [9]. Its high electron mobility makes it ideal for creating high-
frequency devices [10]. In optoelectronics, germanium is used in photodetectors and infrared systems
due to its ability to effectively absorb infrared radiation [11].

In the pure state, germanium is an intrinsic semiconductor in which the concentrations of
electrons and holes are equal. However, due to the doping process, its electrical properties can be
significantly changed by introducing impurity atoms into the crystal lattice. The addition of Group V
elements (e.g., phosphorus or arsenic) produces an n-type semiconductor in which the main charge
carriers are electrons and the non-main charge carriers are holes. This is due to the presence of an
extra valence electron in the impurities, which becomes a free charge carrier, increasing the electrical
conductivity of the material. In the case of doping with Group I11 elements (such as boron or indium),
a p-type semiconductor is formed, where the main charge carriers are holes, resulting from the lack
of one electron in the valence shell of the impurity atoms. In this work, we used 1-10° m thick
samples.

In addition, research in the field of quantum electronics shows that germanium can be used to
create quantum dots and develop new technologies in the field of quantum computing. However, all
its properties are not fully understood. In connection with this, it was decided to study the
semiconductor properties of germanium through the Hall effect.

The experimental technique for studying the Hall effect in p-Ge and n-Ge semiconductors
involves the use of specialized TSE Co, LTD company equipment, including the installation of the
Hall effect HU 2 11801-01, a digital teslameter with a tangential Hall sensor, a digital multimeter, a
voltage-controlled power supply, a coil with a number of turns 600, a U-shaped iron core with pole
tips, and there are also circuit boards with p-Ge and n-Ge semiconductor wafers. The equipment
wiring diagram is presented in Figure 1. Additionally, a tripod, angle clamps, support rods and
connecting wires are used.

Before starting the experiment, the coil is mounted on an iron core with pole tips, which are
fixed on a tripod. The coil is connected to a power source to create a magnetic field. A digital
multimeter measures the current flowing through the coil, and the magnetic field induction is
determined using a digital teslameter. The semiconductor wafer is fixed on the Hall effect installation
and connected to a power source that creates an electric current, as well as to a multimeter for
measuring the Hall voltage.
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Figure 1 — Equipment wiring diagram

During the experiment, an electric current is supplied through the coil, creating a magnetic
field, the magnitude of which is controlled by a teslameter. Then an electric current is passed through
the semiconductor wafer, and the Hall voltage value is recorded by a multimeter. Measurements are
carried out at different values of magnetic field induction and currents through a semiconductor.
Similar operations are performed for both p-Ge and n-Ge semiconductors, which makes it possible to
determine the type of main charge carriers and compare the results obtained.

The processing of experimental data includes the calculation of the Hall voltage according to
the Equation (1):

Uy = = (1)

Where: B — the induction of a magnetic field, | — the current through the plate, n — the concentration

of charge carriers, e — the electron charge, d — the thickness of the semiconductor plate. The mobility
of charge carriers is defined as:

=t )

The analysis of experimental data allows us to draw conclusions about the concentration and
mobility of charge carriers in the studied samples, as well as to establish differences in the behavior
of p-Ge and n-Ge in the magnetic field. Moreover, the following statistical methods are used to
confirm the reliability of the experimental data in the study of the Hall effect:

%= %, X (3)
Where: N — the number of measurements, x; — values of individual measurements.
An estimate of the scatter of the data relative to the mean was defined as:

LS (%) @

Graphical representations were constructed considering the statistical processing methods to
confirm the results' reliability.

In order to study the dependence of the electrical characteristics of a semiconductor sample
(n- or p-germanium) on temperature, the voltage changes at constant control current during heating
and subsequent cooling of the sample was investigated. In this case, the current was set at 30 mA
with the magnetic field off. The sample was heated to a maximum temperature of about 140 °C, after
which heating was automatically stopped. After the heating was turned off, cooling curve
measurements were made, recording the voltage changes as a function of sample temperature from
140 °C to room temperature.

o =

3. Results and Discussion

During the experiment, the multimeter was connected to the Hall voltage measurement
connectors on the front side of the experimental module. The module display was set to the current
display mode. The current was set to zero before starting the measurements, after which the Hall
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voltage was calibrated to eliminate possible initial offsets. The magnetic field was set at 250 mTI by
adjusting the voltage and current of the power supply. To investigate the dependence of Hall voltage
on current in n-type and p-type semiconductors, measurements were carried out at varying the current
in the range from -30 mA to 30 mA with a step of 5 mA. As a result, typical dependencies were
obtained as shown in Figures 2 and Figure 3 for n-germanium and p-germanium, respectively. The
measured values reflect the linear dependence of Hall voltage on current.
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Figure 2 — Hall voltage as a function of the Figure 3 — Hall voltage as a function of the
current Ipwith B =250 mT and T =300 K, a current Ip with B =250 mT and T =300 K, a
case for n-Germanium case for p-Germanium

Figures 2 and 3 show the linear relationship between Hall voltage and control current for both
n-germanium and p-germanium. This dependence can be described by Equation (5):

Uy = axlp )

Where: o — is the proportionality coefficient. Since electrons are the main charge carriers in
n-germanium and holes are the main charge carriers in p-germanium, the sign of the proportionality
coefficient is as follows a is reversed. This leads to different directions of Hall voltage variation with
increasing control current, which is clearly demonstrated by the plots in Figures 2 and 3. Thus, the
sign of the Hall voltage makes it possible to determine the type of conductivity of the material.

To investigate the dependence of the sample voltage on magnetic induction, measurements
were carried out when the magnetic induction varies B in the range from 0 to 300 mTI with positive
field direction.

Based on the obtained data, the change in resistance of the samples was calculated using
Ohm's law and the relationship between the measured voltage and the applied current. The results of
the calculations were presented as plots of resistance versus magnetic induction, as shown in Figures
4 and 5.
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Figure 4 — Change of resistance as a function ~ Figure 5 — Change of resistance as a function of
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The obtained dependences demonstrate the influence of the magnetic field on the resistance
of semiconductors, which corresponds to theoretical ideas about the behavior of charge carriers in a
magnetic field.
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Figures 4 and 5 show the variation of resistance for n-germanium and p-germanium samples,
respectively. The graphs show a nonlinear increase in resistance with increasing magnetic induction.
For n-germanium, this is due to negatively charged electrons as the main charge carriers, while for p-
germanium it is due to positively charged holes. The difference in behavior is due to differences in
the effective masses and mobility of charge carriers in these materials. Change of sample resistance
under the action of magnetic field B is caused by a decrease in the average free path of charge carriers.
When a magnetic field is applied to a semiconductor, the charge carriers begin to move along
curvilinear trajectories due to the Lorentz force, which increases the probability of collisions and
reduces their mobility. This leads to an increase in the effective resistance of the sample.

To study the effect of temperature on the electrical properties of a semiconductor sample,
voltage changes at a constant reference current of 30 mA were investigated during heating to 140°C
and cooling to 23°C of the sample. The results are presented in Figure 6a and Figure 6b.

In the intrinsic conductivity region, the electrical conductivity of a semiconductor depends on
temperature and is described by an exponential dependence. The conductivity is determined by the
pre-exponential coefficient, which depends on the material properties, and the forbidden zone energy,
which characterizes the difference between the valence and conducting zones.
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Figure 6 — Plotting of reciprocal sample voltage with no magnetic flux and reciprocal absolute
temperature % with Ip = 30 mA

If we take into account that the conductivity decreases with increasing temperature, we can
plot the dependence of the logarithm of the conductivity on the inverse temperature. This dependence
will be linear, and the slope of the resulting straight line will be related to the width of the forbidden
zone. Having measured the slope, we calculated the energy value of the forbidden zone using the
known value of the Boltzmann constant. From the measured values presented in Figure 6a and Figure
6b, it follows that the slopes of the regression lines for n-germanium and p-germanium
semiconductors are as follows b = —2.87x103K + 0.3x103K for n-germanium and b = —4.18x103K
4+ 0.07x103K for p-germanium. These values confirm the temperature dependence of the
conductivity in the intrinsic conduction region and allow us to estimate the bandgap width for both
types of germanium with high accuracy. Thus, the bandgap width amounted to E,= b * 2k =
(0.5+0.04) eV for n-germanium and E;= b * 2k = (0.7240.03) eV for p-germanium.

The conductivity of a semiconductor sample at room temperature is calculated from its
geometric dimensions and electrical resistance. The length of the sample [, its cross-sectional area A
and the measured resistance R are related as follows:

go = — 5)

R-A
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In our case, under the conditions that | = 0.02 m, R = 37.3 Q for n-Ge, and R = 35.5 Q for p-Ge, A =
1-10~>m?, the conductivity g, =53.6 Q'm™ for n-Ge and o, =57.14 Q'm™ for p-Ge. The Hall

mobility of charge carriers has been established as py = 0.25740.005 ?—: and uy = 0.238+0.005 ';—:

for n-Ge and p-Ge, respectively.

Next, we studied the Hall voltage relationships as a function of changes in magnetic induction
and analyzed the properties of semiconductors in the presence of an external magnetic field. The
results presented in Figure 7a and Figure 7b, illustrate the dependence of Hall voltage on magnetic
induction for a semiconductor material at a fixed value of current 30 mA.
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Figure 7 — Uy as a function of magnetic flux B with T = 300 K and I, = 30 mA

Uy measurements were performed as a function of magnetic induction starting from -300 mTL
to 300 mTL. The polarity of the power supply coil was varied to change the direction of the magnetic
field, and the magnetic induction was increased in steps of about 20 mTI. At the zero point of magnetic
induction, the polarity of the field was also changed.

At a certain direction of the control current and the external magnetic field, the charge carriers
in the sample are deflected towards its leading edge as a result of the Lorentz force. This deflection
results in a potential difference known as the Hall voltage. In the case of an n-doped sample, the main
charge carriers are electrons, so the leading edge of the sample becomes negatively charged. In a p-
doped sample, the main carriers are holes, resulting in a positive charge at the leading edge.

The conductivity of the material, the mobility of charge carriers and their concentration are
related to each other through the Hall constant, which is determined experimentally. Figure 7 shows
the linear dependence of the Hall voltage on the magnetic induction B, which confirms the theoretical
model. For the conditions used in the experiment, a regression line with the corresponding Equation
5 describing this dependence was constructed. The obtained results demonstrate the correct behavior
of Hall voltage in semiconductor samples and confirm the effectiveness of the measurement method.

The experimental data presented in Figure 7, demonstrate the linear dependence of Hall
voltage on magnetic induction described by Equation (6):

Uy= Uy+bx*B (6)

The slope of the regression line calculated by us was b = 0.144 VT with a standard deviation
of +0.004 VT for n-doped germanium and b = 0.125 VT * with a standard deviation of +0.003
VT for p-doped germanium. Based on these values, the Hall constant was calculated using the

Equation (7):
U

Y (7)
3 3
Thus, the Hall constant evaluated Ry = 4.8'10‘3% with standard deviation 10.2-10‘3%

RH: :b

~ |
~ |

3 3
for n-doped germanium and Ry = 4.17-1073 T:—S with standard deviation 4+0.08-1073 % for p-doped
germanium.
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The experimental results allowed us to determine the concentration of charge carriers in the
studied semiconductor samples on the basis of experimentally obtained values of Hall constant. For
p-doped germanium the concentration of holes p, calculated by Equation (8):

p==Ry )

And amounted to p = 14.9:10%2° m~3. Similarly, for n-doped germanium, the electron

concentration calculated by the same Equation is n = 13.0-10%° m™3. The obtained results

demonstrate the effectiveness of the method of measuring the parameters of charge carriers using the
Hall effect.

4. Conclusions

During the experiment, a linear increase in the Hall voltage was obtained with an increase in
the magnetic field. The slopes of the regression lines were b = 0.144 VT with a standard deviation
of +£0.004 VT for n-doped germanium and b = 0.125 VT ! with a standard deviation of +0.003
VT for p-doped germanium. These values made it possible to calculate the Hall constants Ry =

3 3 3
4.8:1073 % with standard deviation +0.2:1073 % for n-doped germanium and R, = 4.17-1073 T:—S

with standard deviation +0.08-1073 TZ—S for p-doped germanium.

The calculated conductivity of the samples at room temperature was o, =53.6 Q*m™ for n-
Ge and o, =57.14 Q*m™ for p-Ge. Based on these values, the Hall mobility of charge carriers was

determined as uy = 0.257+0.005 T;—: and py = 0.23840.005 7:—: for n-Ge and p-Ge, respectively.

The electron concentration was n = 13.0-10%° m~3 for n-Ge and the concentration of holes p =
14.9-102° m~3 was for p-germanium. As a result, of temperature measurements, the values of the
forbidden band width were determined as Eg =0.50 = 0.04 ¢V for n-germanium and Eg=0.72+0.03eV
for p-germanium. The nonlinear increase in resistance with increasing magnetic field recorded in
Figures 4 and 5, confirmed the decrease in the mean free path of charge carriers. Thus, the
experimental results fully reflect the electrical characteristics of the studied samples.
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