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ABSTRACT 

There has been drastic growth in the microelectronics industry in the recent past. These 

industries utilize different materials, the main being thin-film semiconductors. The 

performance of these materials is influenced by their structural, electrical, and optical 

properties among others, depending on their applications. Therefore, the need to electrically 

characterize semiconductors precisely, quickly, and conveniently cannot be overstated.  Some 

of the desirable features of measurements include usability, accuracy, resolution, 

repeatability, and consistency which cannot be assured with manually operated systems. This 

study strived to design, build, interface and assemble an automated computer-aided four-

point probe test equipment that can characterize materials to determine their electrical 

properties such as resistivity, charge carrier type, charge density, and carrier mobility. A four-

point probe head, two magnets, NI Keithley model 6220 Precision current source, model 

7001 switch, model 2182A Nanovoltmeter, and model 7065 Hall Effect card instruments 

were interfaced with the NI LabVIEW program running in a computer through a GPIB hub to 

a PC USB for its full control. The four-probe head was utilized to probe the samples with a 

square symmetry that was adopted for the measurement of the semiconductor properties. 

Reliability tests were then used to measure a semiconductor sample's electrical properties 

compared with the expected results. This work forms a basis for automating similar systems 

that were inherently designed to be operated manually. The electrical properties of a P-type 

Germanium thin film sample 1.00 cm wide, 2.00 cm long, and 1.00 mm thick were obtained 

to validate the Hall Effect measurement system. When the sample was placed perpendicularly 

across a magnetic field strength of 258.125mT at a room temperature of 292.45K, a 

resistance of 1.97711 Ω, a conductivity of 252.8946 Sm-1, resistivity of 3.9542×10-3 Ωm, a 

Hall Co-efficient of 7.6595×10-3 m3/C a carrier concentration of 8.1487×1022 m-3, a Hall 

angle of 0.4637rad, carrier mobility of 1.9370 m2(vs)-1 and a doping type of P-type was 

reported. These results had a deviation of 0.3% in comparison to the data collected and 

analyzed manually. The measurements concluded that a system offering a fast, simple, 

effective and reliable method for thin film Hall Effect electrical characterization can be 

developed and built. 

Keywords: Electrical Characterization, Thin Films, Automated Hall Effect, Manually 

Operated Systems, String Manipulation Routines. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Overview 

This chapter contains the background of the study, the problem statement, the purpose of the 

research study, the objectives of the study, the research questions, the justification, scope, 

limitations, and assumptions of this study. 

1.2 Background of Study 

Thin-film semiconductors have received a lot of attention because of their rapid scientific and 

technological importance (Chen, 2021). Demand for thin-film semiconductors production is 

expected to rise significantly in the coming years as chips become even more deeply 

embedded in today's and tomorrow's critical technologies (Sarah, 2022) further extending 

Moore’s law (Shalf, 2020). This has led to suppliers working feverishly to increase output, 

adding new factories, and spending billions of dollars in capital expenditures to avert 

shortages due to stronger demand for more advanced chips from consumer electronics and 

industries (Dashveenjit, 2021). 

Thin-film characterization has relentlessly advanced over time to improve materials 

assessment quality and reliability. This comprises physical, chemical, optical, and electrical 

characterization. Rapid advances in the efficiency and production of materials including 

semiconductors have been vital factors of technological dominance (Jamal, 2017). Materials 

with sophisticated electrical characteristics are in high demand for the production of a wide 

range of information technology products (McCain, 2022). In electrical characterization, 

physical parameters such as resistivity, conductivity, charge carrier concentration, and 

mobility, as well as charge carriers’ type - electrons or holes, are of significant interest and can 

be determined by measuring the Hall Effect (Green, 2011; Wang et al., 2013), which is among 
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the most important semiconductor characterization techniques (Onwujiariri, 2020) used in 

both industries and research. 

Hall Effect arises when an electric current flows perpendicular to a magnetic field through an 

n-type (p-type) semiconductor hence deflecting the electrons (holes). The Hall voltage is 

created when these charged carriers deflect, and its polarity depends on the effective charge of 

the carrier (Gaj, 2011). The Hall Effect has a wide range of applications in several scientific 

and technological domains. To accurately determine the intensity and polarity of magnetic 

fields, it is mostly used in their measurement and characterization (Bestwick et al., 2015). Hall 

Effect sensors are essential parts of equipment like vehicle speedometers (Anwar et al., 2015), 

industrial automation systems (Manojkumar et al., 2022), and current sensors for power 

management because they are employed in electronics for location sensing, speed detection, 

and current measurements (Chen et al., 2017; Lekdim et al., 2022; Saputra et al., 2020). The 

Hall Effect also flourishes in semiconductor and materials science research, allowing for the 

examination of charge carrier characteristics in solid-state materials and the creation of novel 

electrical and magneto-optical devices (Choi et al., 2020; Karsenty, 2020; Liu et al., 2020).  

In electrical characterization, the four-point probe technique has evolved into an integrative 

characterization tool in various disciplines and fields, and it is used for both profound and 

application-driven studies. (Miccoli et al., 2015). The four-point probe gets its name from the 

four probes that touch the sample on the surface.  The four-point probe is a device that 

measures a material's electrical conductivity and resistance by passing a small current through 

two contacts and measuring the potential difference between two of them. This method is 

regarded as one of the most reliable and accurate methods for characterizing the electrical 

properties of materials (Li et al., 2012), particularly thin films and substrates with low 

conductivity or resistance. The four-point probe is commonly used in the manufacturing of 

thin-film transistors, integrated circuits, solar cells, and other electronic materials.  
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The rapid development of technology and computers larger number of students (Schindler et 

al., 2017). Similarly, technology is used as a tool to conduct laboratory research. This 

technology can range from a simple manual data recorder in the form of literacy among users, 

as well as the growing popularity of Internet connection has provided various institutions 

around the world with an opportunity to enhance outcomes and provide access to a 

spreadsheet (Hauer, 2020) to a very sophisticated experimentation system in which the 

computer controls the entire setup. This necessitates a laboratory experience by making 

simulation programs of laboratory exercises via computer programs (Liscouski, 2015), or, 

having a remote laboratory which is equipped with real instruments allowing for experiments 

to be carried out by operating the devices and, viewing real data from a distant place via the 

network (Coito, 2008). The demand for more advanced methods used to determine the 

electrical characterization of semiconductors has been an important aspect of the rapid growth 

in the development and manufacturing of solid-state devices. 

Groover (2014) defines automation as the technology that allows a particular procedure to be 

done with minimal human assistance. In conducting laboratory tests and measurements, 

automation entails flexible, simple, and high-efficiency data acquisition, processing, and 

analysis in real time. Integration of automation in laboratories yields intelligent solutions with 

higher quality and productivity while reducing time and errors (Herrera, 2022). It entails 

employing various control devices, including Personal computers (PCs), various sensors and 

actuators, communication buses and modules, machines, human-machine interface systems, 

and other control equipment (Choudhary et al., 2018).  

For the PC to communicate with the peripheral device, it should have an interface. An 

interface is defined as a common boundary that allows two or more computer system 

components to send and receive information, facilitating the computer software, computer 
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hardware, peripheral devices and drivers, users, and combinations of all these can exchange 

information (Hookway, 2014). 

The commonly available stand-alone industry-standard buses include the serial port (RS-485, 

RS-422, or RS-232), Line Print Terminal (LPT) port, Universal Serial Bus (USB), General 

Purpose Interface Bus (GPIB), Ethernet, and Firewire (Institute of Electrical and Electronic 

Engineers (IEEE) 1394). A bus transports data between a Central Processing Unit and the 

system memory via the motherboard. (Sahana, 2021). With the widespread and advent 

development of wireless communications, most recently manufactured measuring instruments 

can support Bluetooth or Wi-Fi technologies in establishing communications (Alomari et al., 

2011). Automation and precise computerized control of taking measurements are critical steps 

toward an experiment’s high accuracy, precision, and reliability (Nelson, 2015). Moreover, an 

automated system with advanced software such as Laboratory Virtual Instruments 

Engineering Workshop (LabVIEW) can provide real-time control and data processing 

capabilities, (Khalifa et al., 2021) lowering characterization time dramatically coupled with 

high-precision measuring instruments with low-noise cables and probes. 

Automated electrical characterization is an important part of quality control in the electronic 

industry because it allows manufacturers to determine the electrical properties of their 

products quickly and efficiently, as well as detect any defects or issues early in the production 

process. There are numerous advantages to automated electrical characterization. It is much 

faster and more accurate than manual testing methods, and it reduces the possibility of human 

error. Additionally, automated testing ensures that the results are consistent and repeatable. 

This can be reported from the works of Agumba et al. (2011) and Garnica et al. (2019).  
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1.3 Problem Statement 

The need for thin film materials is expanding due to high demand from current and future 

applications, a growing need for efficiency and miniaturization, technical innovation, and 

governmental requirements, mandates, and subsidies. ("Thin Film Material Market," 2022). It 

is therefore crucial to have quick, nondestructive, precise, and simple electrical 

characterization techniques accessible for evaluating material quality and device reliability 

(Deen et al., 2017). This will enable the industries to cope with the demand for upgraded 

materials and possibly lower the cost of resulting devices as a product of balanced demand and 

supply.  

Traditional electrical characterization of materials is often plagued with inefficiencies and 

inaccuracies arising from human factors owing to the immense data that must be manually 

acquired and analyzed. These can be minimized by automation which may provide several 

advantages, such as improved speed, accuracy, and error reduction as evidenced by the works 

of Agumba et al. (2011), Cervantes et al. (2018), Valladares et al. (2019) and Garnica et al. 

(2019). However, their systems were limited to obtaining thin-film sheet resistivity, 

conductivity, and capacitance measurements since they are based on current-voltage (I-V) and 

temperature measurements and did not support remote experimentation. 

While fully automated commercial Hall Effect Apparatus are widely available, they frequently 

come at a high price and with restricted modification possibilities, making them less 

accessible to educational institutions and amateurs (Kelley, 2023). A Do it yourself (DIY) 

automated Hall Effect Apparatus is a wonderful instructional tool that fosters a deeper grasp 

of fundamental physics principles as well as hands-on engineering abilities. Building one's 

automated setup encourages not only resourcefulness but also personalized exploration, 

boosting ingenuity and creativity in studying the Hall Effect phenomena. Furthermore, the 

process of building and programming such an apparatus improves students' problem-solving 
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skills and technical ability, supplementing theoretical information received from commercial 

alternatives. A deeper and more comprehensive understanding of the Hall Effect and its 

applications is fostered by the DIY version, which essentially gives students the power to 

close the gap between theory and practice.  

This thesis reports on a DIY Hall Effect system that is not limited to conducting thin-film 

sheet resistivity, conductivity and capacitance measurements but can additionally obtain the 

Hall voltage, charge carrier mobility, carrier concentration, Hall coefficient, Hall angle and the 

conductivity type (N or P) of thin-film sheets which cannot be obtained by ordinary four-point 

probe I-V measurements.  

1.4 Objectives of the Study 

1.4.1 General Objective of the Study 

To design, build, interface and assemble a LabVIEW-based automated Hall Effect test system 

for electrical characterization of thin films. 

1.4.2 Specific Objectives of the Study 

i. To configure the Interfaces for Keithley 2182A, 6220, and 7001 Instruments for 

LabVIEW remote operations  

ii. To develop LabVIEW Virtual Instruments (VIs) and Sub-VIs to remote control the 

Keithley instruments and derive the electrical characteristics for a semiconductor 

sample. 

iii. To integrate the LabVIEW VIs and Sub-VIs with the Keithley Instruments 

iv. To validate the automated Hall Effect apparatus by subjecting a Germanium 

semiconductor sample to tests. 
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1.5 Research Questions 

i. How are Keithley 2182A, 6220, and 7001 Instruments configured for LabVIEW 

remote operations? 

ii. How are LabVIEW VIs and sub-VIs developed for remote controlling Keithley 

instruments and deriving electrical characteristics of a semiconductor sample? 

iii. How are LabVIEW VIs and sub-VIs integrated with the Keithley Instruments? 

iv. How are automated Hall Effect apparatuses validated using semiconductor samples? 

1.6 Justification for the Study 

According to Chen (2021), thin films particularly, semiconductors are not only valuable but 

also in great demand, especially in microelectronics industries, which necessitates taking 

measurements of their properties in a simpler, more accurate, cheaper, and real-time. Most 

commercial devices used for electric characterization are manual, quite expensive, tedious to 

use, and not user-friendly. Hence, there is a need to design and develop a system that is less 

expensive and has ease of use. This study aims to provide an interactive and simple Graphical 

user interface (GUI) system that intends to generate the electrical properties of materials by 

utilizing the four-point probe technique, Keithley instruments, a four-point probe, and a PC by 

use of LabVIEW VIs which is not available. 

This system can measure, display and analyze both I-V characteristics of the thin films and 

use these variables for the calculation of their electric properties while concurrently 

monitoring changes in carrier concentration and mobility in situ when the physical parameters 

are changed.  

This research will help the end-users to carry out four-point probe measurements easily and 

fast with interactive data collection via LabVIEW VIs and Standard Commands for 

Programmable Instruments 
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(SCPI) commands for data transfer to and from the Keithley instruments via GPIB - USB port 

and also provide a user-friendly device interface for instrument interaction, control, data 

collection and control, analysis and presentations. Besides, it will add to the wealth of 

knowledge in the instrumentation field. 

1.7 Scope of the Study 

This study focuses on the electrical characterization of various thin-film semiconductors. 

Calibration of the instruments was done according to the instructional manual provided by 

Keithley. After the instrumentation, the system was applicable for use in thin-film 

semiconductors only. 

1.8. Significance of the Study 

This study aims at introducing a simple but effective and flexible system that can be adapted 

to meet changing needs. The developed system is available for use in characterizing thin film 

samples.  

1.9 Limitations of the Study 

There is a small volume of information and research done on developing automated test 

equipment for thin films' electrical characterization. Therefore, it is challenging to compare 

findings with other similar research done. This limitation, however, was solved by comparing 

the findings with the one that was manually done. Furthermore, resources are hardly available 

since there are a few thin-film samples to be used and the instruments used are to be sourced 

from overseas which may take some time to acquire. 
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1.10 Assumptions of the Study 

The study made the following assumptions; 

i. The program and the ports used were able to communicate and transfer data without 

lagging to obtain real-time values and visualizations 

ii. The apparatus to be used in all the experimental work is readily available, in good 

condition, and provides accurate, precise, and reliable results. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

This chapter consists of a theoretical review and an empirical review. 

2.2 Theoretical Review 

This section discusses the background of the four-point probe, the peripheral computer 

interfaces, and configurations of the device, the electrical properties of thin films, the 

LabVIEW IDE, and the conceptual framework. 

2.2.1 Interfacing and Configuration of Measuring Instruments 

Hookway (2014) defines interfacing as the process of making communication between devices 

or systems technically compatible so that they can work together as needed. Computers are 

frequently used to automate measuring processes by interacting with measurement equipment 

(Hadley, n.d). The computer has various standard built-in ports that are used to interface 

devices. Ports provide external connections to a computer which facilitates interactions with 

peripheral devices. Teja (2021) describes a computer port as a terminal or an interface 

between a computer and its peripheral devices. A computer port is sometimes known as a 

communication port because it facilitates communication between the computer and its 

peripheral devices. The female end of the connection is commonly referred to as a port, and it 

is normally located on the motherboard.  Only devices and ports intended to be used are 

discussed in this section. 

2.2.1.1 Universal Serial Bus (USB) 

Techopedia (2020) describes the Universal Serial Bus (USB) as a standard interface that 

allows devices to communicate with a host controller, such as a PC or smartphone. It 
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interfaces with peripheral devices such as digital cameras, mice, keyboards, printers, scanners, 

media players, external hard drives, and flash drives.  As of now, there is an overwhelming 

use of the USB interface. Almost all peripherals made in this day and age come with a USB 

version (Cunningham, 2014). Composite devices, which can have several configurations and 

interfaces, each of which is a separate entity, are where USB's actual flexibility lies.  (Tian et 

al., 2018) . Moreover, its popularity is due to its versatile and ultrafast structure that enables 

interconnectivity between USB-enabled devices and the computer by employing a common 

interfacing standard (Schilling et al., 2016). In the USB ports, up to five layers of additional 

USB hubs may be added to accommodate up to 127 devices linked to a single host controller. 

It exists in various types and has gone through four generations to date, including eleven 

connectors of different types of which USB-C is the most recent (Hachman, 2019). Figure 1 

shows two commonly found types of USB and their respective pinouts.  

Figure 1. 

Standard Type A and B USB male ports and pinouts 

 

 

 

Note: Pin 1 = VBUS (+5 v), Pin 2 = Data -, Pin 3 = Data +, Pin 4 = Ground. From Standard 

USB connectors, types A and B, graphic by E. Simon, 2008. 

(https://www.pngegg.com/en/png-mlpnf) CC BY-NC 

2.2.1.2 General Purpose Interface Bus (IEEE 488)  

This port is an 8-bit parallel multi-master interface bus called the IEEE 488 bus that is used for 

short-range communications. The bus was given the name General Purpose Interface Bus 
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(GPIB) as it evolved into the primary interface that complied with numerous standards. Due to 

its adaptability, data transmission can occur between any devices on the bus that have a speed 

appropriate for the slowest active device. (Lott, 2022; WatElectronics, 2022) 

The port was developed by Hewlett-Packard and later standardized by IEEE to ease 

connections between instruments and controllers, such as computers (Romanchik, 2015). It is 

a digital, Eight-bit parallel communication interface with a high data transfer rate of up to 8 

Mbps. It can support up to 31 5-bit primary device numbers from 0 to 30. Each device on the 

bus must be assigned a unique address for identification and communication according to NI 

("GPIB Messages," 2020). The bus provides one system controller for up to 15 instruments 

and cabling for up to 20 m. There is a master controller (often a computer) that manages the 

data transfer between transmitters and receivers so that multiple devices can "coexist" on the 

bus. The controller, which is typically the only one, can designate one or more devices as 

listeners and one or more as talkers, each of which can transmit and receive data. (Sivaranjith, 

2018) 

Using GPIB expanders and active extenders, this constraint may be bypassed. To decrease 

noise, GPIB cables and connections are normally industrially insulated. The Keithley 6220, 

7001, and 2182A have this amongst other ports for sending and receiving commands. The 

pinouts for this port are given in Figure 2 and illustrated in Table 1 

Figure 2. 

Female GPIB connector and layout  
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Note. From IEEE-488 GPIB Communications. 

(https://magna-power.com/assets/docs/html_ts/_images/connector-ieee488.svg) Copyright 

2020, Magna-Power Electronics, Inc.  

Table 1. 

Female IEEE 488 connector pin definitions  

Terminal Signal Description 

1 DIO1 Data input/output bit. 

2 DIO2 Data input/output bit. 

3 DIO3 Data input/output bit. 

4 DIO4 Data input/output bit. 

5 EOI End-or-identify. 

6  DAV Data valid. 

7 NRFD Not ready for data. 

8 NDAC No data accepted. 

9 IFC Interface clear. 

10 SRQ Service request. 

11 ATN Attention. 

12 SHIELD  Shield 

13 DIOS Data input/output bit. 

14 DIO6 Data input/output bit. 

15 DIO7 Data input/output bit. 

16 DIO8 Data input/output bit. 

17 REN Remote enable. 

18 GND (Wire twisted with DAV) 

19 GND (Wire twisted with NRFD) 

20 GND (Wire twisted with NDAC) 

21 GND (Wire twisted with IFC) 

22 GND (Wire twisted with SRQ) 

23 GND (Wire twisted with ATN) 

24 Signal Ground Logic ground 
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Note. Adapted from IEEE-488 GPIB Communications. 

(https://magna-power.com/assets/docs/html_ts/index-operation_computer_programming.html) 

Copyright 2020, Magna-Power Electronics, Inc.  

Measuring instruments have several connection ports that can be utilized. This includes GPIB, 

RS-232, LAN port, and USB port. According to Keysight Technologies (2014), the most 

common interfaces for connecting instruments to PCs conducting tests and measurements 

have been the RS-232 and GPIB. RS-232 has been a cheaper alternative but is characterized 

by low baud rate and connection constraints (can only allow one device at a time) making it 

slow and inconvenient for more of today's measuring applications. On the other hand, GPIB 

technology has significantly provided high-performance and steady communications for more 

than two decades according to Agilent Technologies (2009). USB and LAN ports are 

nowadays incorporated into most modern PCs evolving into an acceptable option for 

controlling and automating test and measurement instruments. A USB/ GPIB converter is the 

easiest and quickest way to interface instruments to a PC allowing a direct connection from 

your PC's USB port to GPIB instruments.  The ANSI/IEEE 488.21987 standard defined 

precisely the SCPI language in which the controllers and instruments should communicate. 

Keithley 7001, 6220, and 2182A have only RS-232, GPIB, and Local Area Network (LAN) 

ports. Selection has to be made in the front panel for the port (RS-232 or GPIB) and the 

desired language (SCPI or KI-220). 

2.2.2 Programming Languages and Environment 

The system software has reduced the programming in machine codes. With concerns about 

user interactions in the software industry, in recent years, visual programming has 

transmogrified the art of coding from cumbersome machine coding to dragging and dropping 

of icons in seamless transformation. This has been accomplished through the creation of 

dedicated Integrated Development Environment (IDE) platforms such as LabVIEW (Ray, 
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2017). Red Hat (2019) defines IDE as a software application that gives complete software 

development features to computer professionals. It is comprised of a source code editor, build 

automation tools and a debugger. Although, some also include a compiler, interpreter, or both. 

Implementing the VISA is done with some instruments. The plug-and-play functionality of the 

instruments is provided by this standard. VISA-compliant software, like LabVIEW ("Using 

VISA in LabVIEW - NI," 2022) or Python (PyVISA, 2022), can identify the instruments that 

are connected to the computer and interact with them. Sending text strings to the instrument is 

often how this communication happens. Standard Commands for Programmable Instruments 

(SCPI) is an established format (Hadley, n.d). To connect with some manufacturers' 

instruments since they do not adhere to these standards, drivers must be installed.  LabVIEW 

IDE and SCPI were used in this study. 

2.2.2.1 LabVIEW Integrated Development Environment  

Laboratory Virtual Instrument Engineering Workbench (LabVIEW) is a graphically-based 

IDE developed by the National Instrument Corporation (NI) in the late 1980s. Because of its 

graphical character, it is appropriate for applications for conducting tests and measurements, 

instrument control, automation, data collection, and analysis (Bitter et al., 2017). Furthermore, 

for design, tests, measurements, automation, and control applications, LabVIEW is widely 

regarded as the industry standard (Bishop, 2015). NI focuses on test and measurement 

products. Therefore, they have outstanding knowledge of LabVIEW design and development. 

Engineers, scientists, and students utilize it to create measurement, test, and control 

applications. Because it boasts unequally, LabVIEW is well-suited for this purpose courtesy of 

its integration with many hardware devices and dozens of in-built libraries for data analysis 

and visualization (Bress et al., 2013). A LabVIEW program is called a "virtual instrument" or 

simply a VI while a sub-program is referred to as Sub-VI. 



 

16 

 

In LabVIEW, diagrams that perform numerous actions at the same time can be created 

(Boubaker, 2011). As a result, LabVIEW is a multitasking system capable of executing 

several execution threads and many VIs at the same time.  Thus, LabVIEW accelerates 

development by a factor of ten when compared to traditional textual programming, and it has a 

lot of cool features that make it a great tool for device interface, data acquisition, data 

processing, and data displays (Du et al., 2017) which are core areas of this study. The 

LabVIEW VI program was used to control the Keithley 6220 Precision current source, 

Keithley 7001 switching system, and Keithley 2182A Nanovoltmeter instruments both 

developed by NI. 

2.2.2.2 Standard Commands for Programmable Instruments 

Standard Commands for Programmable Instruments (SCPI) is an ASCII-based programming 

language that employs a tree architecture, which is a hierarchical structure (Houlihan et al., 

2014). Subsystems are formed when related commands are clustered under a single node or 

root. SCPI is a standardized instrument command language for controlling instruments by 

addressing a wide range of instrument functions and ensuring consistency amongst 

instruments of the same class and functional capacity from a remote programming position. 

(Balaji et al., 2021). An example of SCPI code that sweeps Direct current (DC) voltage is 

written as; 

 

 

SCPI is used by the greater part of programmable bench devices (Desjardin, 2013). 

2.2.3 Automation and Remote Operations 
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Automation is an interfacing technique that implements the control of equipment such as 

laboratory equipment or intelligent devices with advanced technology, to get reliable, accurate 

and remote operation. According to Portolan (2019), the most significant testing 

advancements have been made possible by automation, which has become a staple of the 

electronics industry. Reducing human interaction has been one of the key forces behind testing 

because it has led to more repeatable, dependable, and predictable outcomes as well as 

significant cost savings and improved inter-vendor portability. Automation has become so 

common in conducting tests and measurements that almost every contemporary measurement 

device may now be operated remotely. A control device for remotely controlling a 

measurement device includes a graphical user interface to process user commands, a processor 

to turn the commands into a signal, a transceiver to transmit the signal to the measurement 

device, and a receiver to receive a return signal from the measurement device. 

Automated test equipment (ATE) is the terminology for the tools used to carry out automated 

operations. According to Rohde et al. (2022), An ATE includes a controller, which is typically 

a PC, laptop, or industrial computer, A physical communication interface between the 

controller and the measuring instrument(s), one or more measurement equipment that may be 

operated remotely, a remote control software running on your control computer, and the units 

under test (UUTs ) or device under test (DUT). Test and measurement programs require some 

types of I/O library to facilitate communication with the test instrument (Zhang et al., 2013). 

Figure 3 shows automated test equipment components 

Figure 3. 

ATE components  
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Note. Reprinted from Basics of Instrument Remote Control by Rohde & Schwarz. 

(https://cdn.rohde-schwarz.com/pws/service_support/driver_pagedq/ch_1_inred/CH1_ATEge

neral_16x9_w900_hX.png) Copyright 2023 Rohde & Schwarz. 
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The global market for automated test equipment is anticipated to develop at a compound 

yearly growth rate of 3.60% from 2019 to 2025, according to experts at Zion Market Research 

(2022). Automated test equipment is a tool that uses automation to run tests on a variety of 

UUTs or DUTs to do measurements and quickly evaluate the outcomes. The key factors 

driving the growth of the global ATE test equipment market include an increase in 

semiconductor device manufacturing, an increase in the complexity and required performance 

level of semiconductors used in consumer electronic products and the development of next-

generation devices and technologies associated with these devices. Analysts believe that the 

rapid evolution of a 28 nm node application processor production process will increase the 

demand for IC testing equipment, driving the growth of the ATE.  Figure 4 shows a sample 

ATE from Averna Technologies. 

Figure 4. 

A sample of automated test equipment 

 

 

 

 

 

Note. Reprinted from Automated Test Equipment, Photograph by Averna 2023. 

(https://www.averna.com/hubfs/Averna_April2021/Images/ate-1000-863.jpg) Copyright 2023 

Averna 

Instrument drivers provide a layer of abstraction between remote control software and the 

SCPI commands of a measuring instrument enabling instrument configuration and remote 
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control. Some instrument drivers employ an IVI driver protocol. These drivers provide 

enormous control and customization capabilities (Bitter et al., 2017; Mary, 2022). VISA is a 

communication application programming interface for use with test and measurement 

instruments that is industry standard. It enables the creation of bus-independent programs. 

VISA libraries support a variety of interfaces, including GPIB, USB, RS232, and Ethernet 

(NI-VISA, 2015). The interaction between the application, OS, and hardware is illustrated in 

Figure 5. 

Figure 5. 

Instruments Communications Block Diagram  

 

 

 

 

 

 

Note. Adapted from What Are The Differences Between Device Drivers And Instrument 

Drivers? By Tektronix, 2023.  (https://www.tek.com/en/support/faqs/what-are-differences-

between-device-drivers-and-instrument-drivers) Copyright Tektronix, 2023. 

DIY measuring devices have grown in favour among hobbyists, academics, and tinkerers due 

to their adaptability and cost (Staron et al., 2011). Utilizing easily accessible components like 

microcontrollers, sensors, and open-source software, these systems include building unique 

measuring setups. DIY enthusiasts may create measuring systems that are customized for their 
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requirements, whether they are for scientific research, home automation, or environmental 

monitoring (Munro, 2019; Tunyagi et al., 2018). DIY measuring devices encourage problem-

solving ingenuity while providing essential hands-on learning opportunities, even if they may 

not always match the accuracy of commercial equipment. Additionally, they promote a 

cooperative online community where creators exchange ideas, programs, and know-how, 

helping to democratize science and technology by making sophisticated measuring tools 

available to a wider audience. 

2.2.4 Electrical Characterization 

This includes different techniques used to determine the electric transport properties. For any 

useful devices to be produced, the electric and electronic properties of semiconductors must be 

thoroughly understood as asserted by Lughi (2012). There is a wide range of techniques 

available that examine various aspects of a material's electronic structure and exploit different 

effects (Jamal, 2017). The Hall Effect Measurements technique was used in this research to 

characterize thin films. When an electron moves perpendicular to a magnetic field, it 

encounters a force acting in both directions and moves in reaction to this force as well as the 

force influenced by the internal electric field. Leadley (2011) asserts that the Lorentz force is 

the fundamental physical principle vital for the Hall Effect. 

Any movement of free carriers in conductors and semiconductors leads to a flowing current. 

This flow can be triggered by an electric field which can be due to an externally applied or 

induced voltage since the carriers are charged particles. Besides, carriers also flow from high 

to low carrier density regions. This movement varies from one material to another, in thin 

films, the four-point probe method has been widely used for characterizing both electrical 

properties over the years according to Miccoli et al. (2015). This section presents Hall 

properties that have been empirically obtained using a four-point probe method as shown in 

Figure 6. 
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Figure  6. 

Hall Effect  measurement convention  

 

 

 

 

Note. Reprinted from “The Hall Effect” by H. Foll, n.d, Journal of Electronic Materials 

(https://www.tf.uni-kiel.de/matwis/amat/elmat_en/kap_1/illustr/hall_effect.png), copyright H. 

Foll, n.d 

Individual properties of thin-film semiconductors that intend to be studied are as follows. 

2.2.4.1 Hall Voltage (VH) 

Electric current flowing through a conductor placed in a region influenced by a magnetic field 

experiences a transverse force (Lorentz force) on the flowing charge carriers with a tendency 

to push on one side of the current-carrying conductor. This force (𝐹⃗), is directly proportional 

to the magnitude of the particle charge, the magnitude of the magnetic field (𝐵⃗⃗) around the 

charged particle and the velocity (𝑣)⃗⃗⃗⃗⃗ of the particle. (Agarwal, 2020) 

𝐹⃗B = -q𝑉⃗⃗ × 𝐵⃗⃗     [2.1] 
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These pushed charges to build up at the side till the net force (𝐹⃗net) is balanced producing a 

determinate voltage between the two sides of the conductor due to the electric field (q𝐸⃗⃗) and 

the force due to the magnetic field (𝐵⃗⃗). (Agarwal, 2020) 

𝐹⃗Net = q𝐸⃗⃗ − q𝑉⃗⃗ × 𝐵⃗⃗    [2.2] 

The resultant electric potential difference formed across a given sample with a distance, w 

between the two sides of the sample is known as Hall voltage (VH). It is given by, (Agarwal, 

2020) 

VH = ΔV = Ew     [2.3] 

2.2.4.2 Material Resistivity (ρ) and Conductivity (σ) 

Electrical resistivity (ρ) is a measure of how well a material conducts electrical current and is 

measured in ohms⋅centimetres. This measurement is obtained when a current flows alongside 

one edge of a sample under test while the voltage on the opposite edge for a sample of a given 

length l, thickness t, width w, and placed between a magnetic field (𝐵⃗⃗). From Ohms Law, the 

resistance (R) of the material is given by; 

R = 
𝑉

𝐼
      [2.4] 

When multiple values of R are obtained and then averaged, an average resistance RS is 

obtained, and the resistivity is then found by the formula; 

ρ = RS⋅ tw/l     [2.5] 

Conductivity (σ) is the measure of how easily the electrical charges flow in a material and is 

given in Siemens per centimetre (S/m). It is the inverse of resistivity (Libretexts, 2021a) 
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σ = 
1

𝜌 
      [2.6] 

The reduction in the mean free path of the charge carriers is related to the change in sample 

resistance brought on by the magnetic field 𝐵⃗⃗, while the measurement is being done while the 

current is steady. The resistance change is given by; (PHYWE, n.d) 

 

𝑅𝑚− 𝑅0

𝑅0
  =  

𝑈𝑚− 𝑈0

𝑈0
    [2.7]  

where Rm and Um represent the sample's resistance and voltage respectively in the presence of 

a magnetic field 𝐵⃗⃗, and R0, U0 represent the sample's resistance and voltage when 𝐵⃗⃗ = 0. 

The intrinsic conductivity can be given as; (PHYWE, n.d) 

σ = σ0. exp (− 
𝐸𝑔

2𝑘𝑇
 )    [2.8] 

where Eg = energy of bandgap, k = Boltzmann constant, and T = absolute temperature. 

2.2.4.3 Hall Coefficient (RH ) and Material Doping Type 

The doping type of a semiconductor is derived from an obtained value of the Hall coefficient 

(RH), which is defined by, (Bhavsar, 2014) 

RH = 
𝑉

𝐼
.

𝑡

𝐵⃗⃗
 =   ρ 

𝑡

𝐵⃗⃗⃗⃗
    [2.9] 

The unit of RH  is expressed in m3/C, as a result, The Hall Effect is an excellent tool for 

measuring either charge carrier density or magnetic field. Positive values of RH imply that the 

majority of carriers are holes (P-Type) while negative values imply that the majority of 

carriers are electrons (N-Type) 
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2.2.4.4 Charge Carrier’s Concentration (n)  

When a semiconductor sample is kept across a magnetic field, its charge carrier experiences a 

force in the direction normal to both the magnetic field 𝐵⃗⃗⃗⃗  and the current I. Positive and 

negative charges flow to the opposite ends of the sample with a drift velocity until a steady 

state is reached. This causes a potential difference across the edges of the semiconductor. The 

concentration of the charge carriers (n) is given by; (Bhavsar, 2014) 

n = - 
1

𝑒𝑅𝐻
     [2.10] 

2.2.4.5 Mobility (µm), and Hall Angle (Φ) 

The Hall coefficient is also used to find the mobility of a semiconductor or a conductor sample 

(µm), and the Hall angle (Φ). Electrons or holes move with an average velocity when an 

electric field is applied across the semiconductor, The Hall mobility expresses the extent to 

which the Hall Effect takes place and is given by; ("What is Hall Effect?," 2020) 

     µm = 
𝑅𝐻

𝜌
      [2.11] 

Alternatively, it can be obtained by finding the product of conductivity and the Hall constant 

for a conductor or semiconductor whereas the angle which exists between the resulting electric 

field strength and the current density i.e. Hall angle is given by; ("What is Hall Effect?," 2020) 

Φ = tan-1 (µm𝐵⃗⃗)    [2.12] 

2.2.4.6 Magnetoresistance (Δρ/ρ0 ) 

Depending on its nature, the resistivity (magnetoresistivity) of a sample under test might vary 

in the presence of the external magnetic field (𝐵⃗⃗). It is given by; (Hishiyama et al., 2013) 
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Δρ/ρ0 = 
𝛒(𝐵⃗⃗)− 𝛒0 

𝛒0
 = 

𝐑(𝐵⃗⃗)− 𝐑0 

𝐑0
   [2. 13] 

where ρ0  and  ρ(𝐵⃗⃗) are resistivities in magnetic fields of a magnitude zero and 𝐵⃗⃗, respectively, 

and R(𝐵⃗⃗,) and R0 are similar electrical resistances and is proportional to; (Hishiyama et al., 

2013) 

R ∝ (1+ (μ(𝐵⃗⃗)²)     [2.14] 

2.2.5 Theoretical Review of Germanium Semiconductor 

Germanium (Ge), a chemical element in Group 14 (IVa) of the periodic table, is a silvery-grey 

metalloid with properties intermediate between metals and nonmetals ("Germanium | 

Encyclopedia ", 2018). Its atomic radius is 0.137 nm, and its electronic configuration is Ar 

3d10 4s2 4p2. Except for a few compounds, germanium is a non-toxic element. According to 

Melcher et al. (2014), Germanium is an extremely rare element found in rocks. However, due 

to its siderophile, lithophile, chalcophile, and organophilic properties, it is present in trace 

amounts in most rock types. Most oxidic and sulfidic metalliferous deposits, such as banded 

iron formations, manganese nodules, shale-hosted sedimentary copper deposits, and porphyry 

copper deposits, contain trace amounts of germanium. 

About 30% of the total amount of germanium consumed worldwide is made from recycled 

materials. More than 60% of the total of the germanium metal used in the production of most 

optical devices is regularly recycled as new scrap according to the U.S. Geological Survey 

(2020). The development of the germanium transistor paved the way for a wide range of solid-

state electronics applications. Currently, fibre-optic communication networks (Sui et al., 2017) 

and infrared night vision systems (Curtolo et al., 2017; "Germanium Windows for Thermal 

Imaging and Night Vision," 2021) are some of the applications for germanium and its 

compounds. Additionally, single-crystal detectors made from highly purified germanium can 
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be used to locate radiation sources because germanium acts as a catalyst for some 

polymerization reactions 

2.2.5.1 Structure of Germanium 

It has the same crystal structure as a diamond and is a hard, greyish-white element with a 

metallic lustre. Germanium has a diamond lattice structure, with a basis of two germanium 

atoms at (0,0,0) and (1/4, 1/4, 1/4). It can be visualized as two intersecting fcc lattices of 

germanium atoms, with their origins displaced by (1/4, 1/4, 1/4) (Royce et al., 2002) 

Figure 7. 

Germanium FCC structure  

 

 

 

 

Note. Copied from The Structure and Properties of Engineering Materials by S. H. Royce, 

2002, (https://www.princeton.edu/~maelabs/mae324/glos324/b103.gif). Copyright by S. H. 

Royce, 2002. 

2.2.5.2 Germanium Semiconductor Doping 

Germanium has an atomic number of 32 and thus only four valency electrons. Germanium 

uses these atoms to form a covalent bond. Since the electrons are positioned stably, they do 

not act as a conductor. As a result, the Germanium element exhibits the aforementioned 

properties (Britannica, n.d). It is also devoid of any impurities. These are referred to as 

intrinsic semiconductors and their electrical characteristics fall somewhere between those of a 
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metal and an insulator (PHYWE, n.d). This metalloid is crystalline, brittle, and retains its 

lustre in the air at room temperature in its pure state. For semiconductors with an impurity of 

just one part in 1010, zone refining methods have produced crystalline germanium (Ross, 

2016).  

Wittmann (2011) describes doping as the technique by which impurity atoms are introduced 

into a semiconductor by ion implantation in the fabrication of modern semiconductor devices. 

The goal of semiconductor doping is to characterize the number and type of free charges that 

can be moved by introducing an external voltage to a crystal region. When impurities are 

doped into a semiconductor, the semiconductor becomes extrinsic, and impurity energy levels 

are introduced. p-type and n-type semiconductors are produced by doping an intrinsic 

semiconductor with an electron acceptor and an electron donor element, respectively 

(Libretexts, 2021b), during the manufacturing process. The term n-type refers to the electron's 

negative charge. In p-type semiconductors, holes are the majority carriers, while electrons are 

the minority carriers in n-type semiconductors. 

2.2.5.3 Electrical Properties of Germanium 

In an experiment aimed at studying the Hall Effect in n-type and p-type germanium by 

PHYWE (n.d), with Magnetic field strength (𝐵⃗⃗) of 250 mT and at a temperature (T) of 300 K., 

it was noted that; 

i. There was a linear relationship between VH and I, but the linear trend between the two 

variables was inverted because the charge carriers in n-type and p-type Ge were 

different. A graph of VH against I had a negative gradient in the n-type and a positive 

gradient in the p-type shown in Figures 8 and 9. 
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Figure 8. 

A graph of VH against I for n - Ge  

 

Note. Reprinted from Hall Effect in n- and p-germanium by PHYWE, n.d,  

(https://www.phywe.com/experiments-sets/university-experiments/hall-effect-in-n-and-p-

germanium_11052_12085/). Copyright PHYWE, n.d. 

Figure 9. 
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A graph of VH against I for p – Ge 

  

Note. Reprinted from Hall Effect in n- and p-germanium by PHYWE, n.d,  

(https://www.phywe.com/experiments-sets/university-experiments/hall-effect-in-n-and-p-

germanium_11052_12085/). Copyright PHYWE, n.d. 

ii. With I = 30mA and T = 300K treated as constants, there was a non-linear variation in 

resistance as 𝐵⃗⃗ increased for both the n-type and p-type Ge as shown in Figures 10 and 

11.  

Figure  10. 

A graph of (Rm –R0)/R0 against  (𝑩⃗⃗⃗)  for n - Ge  

 

Note. Reprinted from Hall Effect in n- and p-germanium by PHYWE, n.d,  

(https://www.phywe.com/experiments-sets/university-experiments/hall-effect-in-n-and-p-

germanium_11052_12085/). Copyright PHYWE, n.d. 
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Figure  11. 

A graph of (Rm –R0)/R0 against  (𝑩⃗⃗⃗)   p - Ge  

Note. Reprinted from Hall Effect in n- and p-germanium by PHYWE, n.d,  

(https://www.phywe.com/experiments-sets/university-experiments/hall-effect-in-n-and-p-

germanium_11052_12085/). Copyright PHYWE, n.d 

The slopes of the regression lines drawn are given by; 

b = - ( 
𝐸𝑔

2𝑘
 )     [2.15] 

 

where Eg= energy of band gap and k= Boltzmann constant.  

 

iii. There was a non-linear relationship in the inverse of a sample voltage 1/VP with the 

inverse of temperature 1/T with I = 30mA and B ⃗ = 0 for both the n-type and p-type 

Germanium as shown in Figures 12 and 13 
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Figure 12. 

A graph of  1/VP  against 1/T   for n - Ge  

Note. Reprinted from Hall Effect in n- and p-germanium by PHYWE, n.d,  

(https://www.phywe.com/experiments-sets/university-experiments/hall-effect-in-n-and-p-

germanium_11052_12085/). Copyright PHYWE, n.d. 

Figure 13. 

A graph of  1/VP  against 1/T   for p - Ge  
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Note. Reprinted from Hall Effect in n- and p-germanium by PHYWE, n.d,  

(https://www.phywe.com/experiments-sets/university-experiments/hall-effect-in-n-and-p-

germanium_11052_12085/). Copyright PHYWE, n.d. 

iv. For both the n-type and p-type Ge, there was a linear relationship between the Hall  

voltage VH and the magnetic field 𝐵⃗⃗ as shown in Figures 14 and 15. 

Figure 14. 

A graph of  VH against 𝑩⃗⃗⃗   for n - Ge  

 

 

 

 

 

 

Note. Reprinted from Hall Effect in n- and p-germanium by PHYWE, n.d,  

(https://www.phywe.com/experiments-sets/university-experiments/hall-effect-in-n-and-p-

germanium_11052_12085/). Copyright PHYWE, n.d. 

Figure 15. 

A graph of  VH against 𝑩⃗⃗⃗   for p -Ge  
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Note. Reprinted from Hall Effect in n- and p-germanium by PHYWE, n.d,  

(https://www.phywe.com/experiments-sets/university-experiments/hall-effect-in-n-and-p-

germanium_11052_12085/). Copyright PHYWE, n.d. 

Using the values obtained in Figures 14 and 15 above, the regression line had the 

formula  

VH = V0 + b.𝐵⃗⃗    [2.16] 

v. The Hall voltage VH is displayed as a function of the temperature T with I, = 300 mA 

and 𝐵⃗⃗, = 300 mT. The Hall voltage for both n-type and p-type Ge decreases with rising 

temperature, according to graphs obtained and illustrated in Figures 16 and 17.   This 

was because there was an increase in charge carriers (a change from extrinsic to 

intrinsic conduction) and a corresponding decrease in drift velocity. After all, the 

experiment was conducted with a constant current.  

Figure 16. 

A graph of  VH against T  for n - Ge  

 

 

 

 

 

Note. Reprinted from Hall Effect in n- and p-germanium by PHYWE, n.d,  

(https://www.phywe.com/experiments-sets/university-experiments/hall-effect-in-n-and-p-

germanium_11052_12085/). Copyright PHYWE, n.d. 
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Figure 17. 

A graph of  VH against T  for p - Ge  

 

 

 

 

 

Note. Reprinted from Hall Effect in n- and p-germanium by PHYWE, n.d, 

(https://www.phywe.com/experiments-sets/university-experiments/hall-effect-in-n-and-p-

germanium_11052_12085/). Copyright PHYWE, n.d. 

 

2.2.6 Conceptual Framework 

The diagrammatic representation of the setup and study is shown in Figure 18.  
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Figure 18. 

Schematic diagram of the system 

 

Note. Illustration done by the author. 
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2.3 Empirical Review 

This section elaborates on the relevant previous research that is correlated with the methods 

used in this research. These previous studies were used as references to develop the methods 

and solve the problems in this research. 

Agumba et al. (2011) set out to create a simple, effective, and portable computer-aided four-

point probe system for measuring thin film sheet resistivity. For holding samples, a four-point 

probe head was designed and built. A relay-switching device was also designed and built to 

switch the probe tips on the sample surface according to the Van der Pauw setup. A Keithley 

Source Meter 2400 model was connected to a LabVIEW-running computer via the serial port 

(RS-232 port) for full computer control. The printer port has also been used to connect the 

relay-switching device to the computer (LPT1 port). The Van der Pauw probe head, relay 

switching device, and Keithley Source Meter were used to probe the samples. The sheet 

resistivity of Cu2O semiconductor thin films prepared using the DC reactive magnetron 

sputtering technique was measured to test the workability and reliability of the fabricated 

system for thin film sheet resistivity measurement.  The study discovered that the system 

provides a reliable, effective, and simple technique for thin film sheet resistivity 

measurements based on the measurements obtained. 

Cervantes et al. (2018), in a study on the search and development of new materials to produce 

energy from heat, recognized the need to characterize the thermal and electrical properties. To 

achieve this, a system that can measure these characteristics for semiconductor material 

sample tablets was created. In the temperature range of 25 to 100 °C, the system measured the 

Seebeck coefficient. Additionally, it made it possible to collect JV curves at various 

temperatures, which were then used to estimate the conductivity (resistivity) of an electrical 

material. LabVIEW software and Arduino were used to automate the system. RS232 serial 

port was used for the Keithley model 2410-C 1100V Sourcemeter® interface. Using the 
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Slave/Master configuration and USB communication, the temperature at the sample's sides 

was measured using the Arduino platform (Arduino Uno Board). The Arduino board and the 

Keithley sourcemeter were used as "Slaves" to the computer running the LabVIEW software, 

which served as the "Master." Peltier cells and a preprogrammed pulse width modulation 

control were used to heat the samples. 

Garnica et al. (2019) used a completely automated procedure to identify and electrically 

characterize those graphene flakes with as little human interaction as possible, improving on 

current methods' limitations. The micro-robotic automation sequence was divided into three 

major steps. To begin, a sample surface plane was calculated using multiple foci points 

distributed across the substrate. Secondly, the flakes on the substrate are identified in the hue, 

saturation, and value colour space, with an implementation tailored to fit the measurement 

probe, which is used to avoid undersized samples and adjust flake orientation. Finally, 

electrical characterization is carried out using the Van der Pauw method and four-point probe 

measurements. Throughout the experiments, a semiconductor device analyzer (Keysight 

Bl5OOA) was used as the sourcing and measuring equipment. The device was chosen for the 

flexibility it provided when setting a measuring step, as different channels can be used in 

either current or voltage mode, allowing the electrodes to act as either sources or monitor 

channels. 

In a research to characterize ceramic materials,  Valladares et al. (2019) used the non-

destructive method of complex impedance spectroscopy, to develop a system for automatic 

dielectric characterization. The technique allowed for the determination of the complex 

impedance and dielectric constant for a wide range of temperatures and applied field 

frequencies. Two impedance analyzers' configurations and the characterization test setup were 

made simpler by the user interface developed by LabVIEW IDE. The test reports were also 

generated automatically from the measurements, which facilitated the experimental analysis 
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by plotting the more crucial parameters in the dielectric characterization. To demonstrate the 

system's proper operation, one of these parameters - the peak of the graph Er' (the real part of 

the dielectric constant) vs. temperature, which is the temperature at which ceramic materials 

transition from the ferroelectric to the paraelectric state was obtained and compared to 

reference values. The design utilized a heating subsystem consisting of a Eurotherm 2404 

temperature controller, a solid-state power controller actuator, an electric oven and a 

temperature sensor.  

2.4 Research Gap 

Table 2 below presents the summary of previous related research, their key outputs and the 

limitations that this research aimed to address. 

Table 2. 

Summary of previous related research and their limitations 

Research Key Output Limitation 

Design And Fabrication of a 

Simple Four Point Probe 

System for Electrical 

Characterization of Thin 

Films. (Agumba et al., 2011) 

Developed a computer-

aided four-point probe 

system for measuring 

thin film sheet 

resistivity 

i. It was limited to resistivity 

measurements. 

ii. Accuracy was lowered due 

to the induced Schottky 

effect by the aluminium 

probe tips used.  

Development and Automation 

of a Thermoelectric 

Characterization System. 

(Cervantes et al., 2018) 

Developed an 

automated 

thermoelectric 

characterization system 

i. It was limited to resistivity 

and conductivity 

measurements at various 

temperatures. 
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Research Key Output Limitation 

Automatic Micro-Robotic 

Identification and Electrical 

Characterization of Graphene 

(Garnica et al., 2019) 

Automated a procedure 

to identify graphene 

flakes electrically and 

characterize them 

i. It was limited to 

conductivity 

measurements. 

 

Design and Implementation of 

an Automatic System for 

Dielectric Characterization of 

Ceramic Materials.  

(Valladares et al., 2019) 

Designed an automatic 

characterization system 

to calculate the complex 

impedance and 

dielectric constant at 

various temperatures. 

i. It was limited to 

capacitance and 

conductance 

measurements. 
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CHAPTER THREE 

RESEARCH DESIGN AND METHODOLOGY 

3.1 Introduction 

This chapter presents the apparatus, software, and method to be used in interfacing and setting 

up the components to obtain the data. The methods include setting up the four-point probe, 

connecting the Keithleys’ apparatus, interfacing the apparatus with LabVIEW via the 

computer, and collecting and analyzing the obtained data.   

3.2 Research Design 

This research was experimental and was carried out in the laboratory at room temperature 

since primary quantitative multivariate data was required. A flowing current from Keithley 

6120 was used as an independent variable and the resulting voltage from Keithley 2182A was 

used as the independent variable. The sample dimensions and the magnetic field strength were 

taken as constants.  

3.3 Location of the Study 

The research was carried out at the University of Eldoret in Uasin Gishu County, Kenya, in 

the Photovoltaics Laboratory. The choice was made because the laboratory was well-equipped 

and was in close proximity to Kabarak University. 

3.4 Instruments Used in Electrical Characterization 

Dedicated instruments were used to collect the data which was then stored and analyzed using 

a computer program to obtain the electric properties of a germanium sample. The whole 

process of data acquisition and analysis was automated by the use of the following instruments 

and software. 
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3.4.1 A Fabricated Four-Point Probe 

The research utilized a fabricated four-point probe that was used to hold the semiconductor 

sample.  

3.4.2 Fixed Magnets 

Consisting of two permanent magnets, this was used to generate the magnetic field required 

for the experiment. It produced a magnetic field of 258.125mT.  The magnet used is presented 

in Figure 19. 

Figure 19. 

Fixed magnets used in the experiment 

 

 

 

 

 

Note. Photograph sourced by the author. 

3.4.3 NI Keithley 2182A Nanovoltmeter 

This is a two-channel voltmeter designed for producing stable, low-noise voltage 

measurements and reliably and consistently characterizing low-resistance materials and 

Magnets 
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devices. It is suitable for this study since it offers substantially faster measurement speed and 

lower noise performance than other low-voltage measuring options (Keithley, 2022b) 

 

3.4.4 NI Keithley 6220 Precision Current Source 

This is a DC source that combines the simplicity of use with extremely low current noise, 

built-in control capabilities, and high sourcing accuracy, all of which are crucial in test 

settings, particularly in semiconductor, nanotechnology, and superconductor sectors. It is 

perfect for Hall measurements, resistance measurements in delta mode, pulsed measurements, 

and differential conductance measurements, among other things (Keithley, 2004). 

3.4.5 NI Keithley 7001 Switching System 

This is a high-density, two-slot mainframe for the test and measurement industry that supports 

the largest variety of signals. It supports DC switching from nanovolts to 1100 volts and 

femtoamps to 5 amps, as well as radiofrequency and optical switching, inbuilt scan control, 

non-volatile memory, and up to 80 channels of 2-pole switching (Keithley, 2022a) 

3.4.6 Semiconductor Sample 

A P-Type doped Germanium (Ge) thin-film semiconductor sample 1.00cm wide, 2.00cm long, 

and 1.00 mm thick was used for validation. 

3.4.7 PC 

An i3-10100, 4-core 2GB RAM. 320GB HDD desktop PC with Intel® UHD Graphics 630 

running on Windows 7 32-bit Architecture OS was used.  

3.4.8 Micrometer Screw Gauge and a Vernier Calliper 
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A Micrometer screw gauge was used to measure the thickness of the samples whereas a 

Vernier calliper was used to measure the length and width 
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3.5 Devices Set-up and Configuration 

Communication between the Keithley measurement instruments and the PC was carried out 

interchangeably using USB and GPIB protocol. Copper wires were used in closing the 

circuits. The Four-point probe, the PC, and the Keithley instruments were set as discussed in 

the following sub-sections.  

3.5.1 Four-Point Probe Set-Up 

A four-point probe is made up of four silver metal points that are evenly spaced and have a 

defined radius. To avoid harming the thin-film sample during probing and to make mounting 

and unmounting easier, each tip was held by a soldered probe. Probes A and C were connected 

to the precise current source while probes B and D were connected to Model 2182A as 

depicted in Figure 20. The current source provides current to the outer two probes, while the 

voltmeter measures the voltage between the inner two probes. When using a thin film sample 

whereby the thickness is less than the inter-probe distance, rings are formed instead of spheres 

(Anjum et al., 2019).  

Figure 20. 

Probed Germanium sample 

 

  

 

 

 

Note. Photograph supplied by the author. 
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The Probed sample presented in Figure 20 is placed perpendicularly to a magnetic field 

provided by two fixed magnets. The magnets are presented in Figure 19. 

3.5.2 PC Setup 

As defined by HP (2019), a driver is a group of files that instructs hardware on how to interact 

with an operating system on a computer. They are necessary for every piece of hardware, 

including those built into a computer. NI application software, Add-ons, programming 

environments, utilities, and drivers listed were installed on the PC to facilitate data access, 

acquisition, transfer calculation, display, manipulation, and analysis.  

 A USB port USB to GPIB cables and a GPIB Hub were used to connect the instruments to the 

PC. As a standard tool for creating interfaces, NI-VISA enables the configuration, 

programming, and debugging of instruments and equipment as well as the acquisition of data 

from external sensors using any type of communication port, including Ethernet, GPIB, USB, 

and others (Villarreal et al., 2022). 

3.5.3 Keithley's Setup 

3.5.3.1 Keithley 7001 Switching System 

The 7001 switch employs cards that can accommodate a wide range of signals while 

maintaining high accuracy and signal quality. These cards reduce signal errors and protect 

against signal degradation caused by offset voltage, isolation resistance, and leakage current. 

7065 low current scanner card model: an 8-channel, 2-pole card with a thermal offset of 30nV. 

In the card 1 slot of the 7001-switch system, a 25-channel pA-Multiplexer with BNC socket 

was installed. The test sample was connected to channel two of the multiplexer card and the 

6220 Current source output was connected to channel one as shown in Figure 21.  
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Figure 21. 

Keithley 7001 External Connection 

 

Note. Model 6220 photo adapted from AC / DC Low Resistance Digital Multimeters by 

Linktronix, n.d, 

(https://www.linktronix.ch/resources/public/liveedit/media/1404721789_53ba5a7de0600.jpg). 

Copyright Linktronix, n.d. 

Model 7065 Hall Effect card facilitated switching digital output using assigned channels by 

model 7001 (see appendix IV) 

3.5.3.2 Keithley 2182A Nanovoltmeter 

The Model 2182A is a high-performance digital nanovoltmeter with 7
1

2
 digits. It has two 

voltage and temperature input channels, channels 1 and 2. (See Appendix IV) Channel 1 is the 

primary measurement channel, while Channel 2 is used for sense measurements. Temperature 

measurements were not taken because Model 2182A can only measure one variable at a time. 

Channel 1 (DCV1) has five measurement ranges (10mV, I00mV, 1V, 10V, and 100V) and can 

measure voltage between 1nV and 120V, whereas Channel 2 (DCV2) has three measurement 
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ranges (l00mV, 1V, and 10V) and can measure voltage between 10nV and 12V. The range 

chosen affects both the accuracy of the voltage measurement and the maximum voltage that 

can be measured.  

The Model 2107 Input Cable, a supplied accessory made up of cable wires made of twisted 

silver wire and terminated with a LEMO plug on one end and copper lugs on the other, was 

used to connect the 2182A model and the four-point probe. When connected to the Model 

2182, the cable was shielded to the chassis ground. In Figure 22, the input cable is displayed.  

Figure 22. 

Model 2107 input cable  

 

 

 

 

 

Note. Reprinted from Model 2182A Nanovoltmeter User's Manual by Keithley, 2022, p. 4-5. 

Copyright 2022 by Keithley Instruments, LLC 

Using an external simulated reference junction and a thermocouple, this cable can be used to 

measure voltage and temperature. The copper lugs on the Model 2107 Input Cable were 

removed, and the wires were connected directly to the four-point probe with silver solder, 

which is considered to minimize thermal electromotive forces (EMFs). Keithley recommends 

using silver (Ag) with their low Emf connectors with 2182A nanovolt meters (Cigoy, 2010).  
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3.5.3.3 Keithley 6220 High Precision Current Source 

The model 6220 has a DC source ranging from 0.1pA to 105mA and a voltage compliance 

limit ranging from 0.1V to 105V in 10mV steps, as well as an Analog filter to slow down 

output response and a Protective Triax Shield/Cap (CAP-28-1) - 237-ALG-2 Triax cable 

equipped with alligator clips solely on a single end. The current source output was accessed 

via the rear panel's 3-lug female Triax connector. (See Appendix IV) This was accomplished 

by connecting to this connector with a 3-slot male Triax cable. A Frequency Variable Resistor 

(FVR) isolated the Triax connector's Earth Ground from the Model 6220's chassis. The current 

source circuitry was isolated from high frequencies that might be present on the Model 6220 

chassis using the FVR as shown in Figure 23.  

Figure 23. 

Model 237-ALG-2 Triax connector and ground point  

 

 

 

 

 

 

 

Note. Reprinted from Model 6220/6221 Reference Manual, by Keithley Instruments, 2004, p. 

2-2, Copyright 2004 by Keithley Instruments, Inc 

The resistance of the FVR rises to dampen the effects of rising frequencies on the chassis. 

Figure 24 illustrates how the Triax connector's centre conductor was connected to the current 

source's Output High, its inner shield to Output Low, and its outer shield to Earth Ground. 

Model 6220 
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Figure 24. 

Model 237-ALG-2 Output  configuration  

 

 

 

 

 

 

 

Note. Reprinted from Model 6220/6221 Reference Manual, by Keithley Instruments, 2004, p. 

2-6, Copyright 2004 by Keithley Instruments, Inc 

The interlock cable included with the instrument was attached to the interlock switch. When 

the interlock switch is open, the Model 6220's OUTPUT is disabled and cannot be turned on. 

If the OUTPUT is already turned on, pressing the Interlock switch turns it off. When the 

interlock switch is closed, the OUTPUT becomes active and can be activated. 

A safety shield was used to connect the sample to the current source. As shown in Figure 25, 

the metal safety shield completely encircled the four-point probe test circuitry and was 

connected to a known Safety Earth Ground and Chassis. For the connection to the safety Earth 

Ground and Chassis, a #18 American wire gauge wire was used. 

 

 

 

 

Model 6220 
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Figure 25. 

Output connection and shielding 

 

 

 

 

Note. Reprinted from Model 6220/6221 Reference Manual, by Keithley Instruments, 2004, p. 

2-16, Copyright 2004 by Keithley Instruments, Inc 

3.6 Data Input and Collection 

3.6.1 Data Collection Procedure 

At the start of this research project, a letter from Kabarak University's Institute of Postgraduate 

Studies was obtained, which facilitated the application of written clearance letters from the 

Kabarak University Research Ethics Committee (KUREC) and a research permit from the 

National Commission for Science, Technology and Innovation (NACOSTI), (See Appendix 

III) paving the way for data collection and report writing. An affiliation letter was also 

obtained from the University of Eldoret, which allowed the use of their laboratory equipment 

in the institution's School of Sciences. 

3.6.2 Data Acquisition 

LabVIEW is a full-featured programming language with a variety of data types, loops, data 

structures, conditional statements, string manipulation routines, arrays, and file Input/Output 

methods, among other things (Bress et al., 2013). Hence floating-point numeric data types 

with double precision and associated physical quantities of measure were used for both data 
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collection and input while string data types were used for output statements like simple text 

messages. LabVIEW-based VIs and sub-VIs coupled with SCPI commands were used for both 

data input and collection from the Instruments. Instruments data was observed, collated, 

evaluated, and analyzed within the LabVIEW software. The obtained data was exported as a 

Comma separated value (CSV) file giving an option of transferring to spreadsheets or any 

other application for further manipulations.  

The Model 2182A and the ammeter readings were collected remotely from the Keithley 

instruments by coded data acquisition VIs via the NI-VISA architecture and SCPI commands. 

The NI-VISA facilitated the communication between the Keithley instruments and the PC 

while LabVIEW acted as the system controller operating all the devices simultaneously (Cai et 

al., 2017). A test report was initially obtained and commenced by ensuring empirical data 

collection. Using the obtained data, the parameters discussed in section 2.2.4 were 

automatically computed using the coded Sub-VIs discussed in the subsequent section. To 

obtain precise and accurate information, the program iterated using execution structures by 

conducting a sweep in the DC source with the option of repeating the procedure at several 

defined times and intervals.  

The data collected was stored in arrays then the average resistance followed by other 

parameters was calculated. The procedure continues until parameters within the user-defined 

range are obtained. Then the program stops, records, and analyzes the values obtained. The 

process followed the following algorithm in Figure 26. 
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Figure 26. 

Data flow diagram for the automated test system 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Illustration done by the author. 
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3.7 Data Validation 

Data was collected and recorded at increasing current thrice in predefined steps to check on 

the systems' consistency and repeatability. The first set of data was used to develop a 

mathematical model that connects the input data and the desired data while the second set was 

used to test the validity of the models. For valid data, the second part percentage error should 

not differ by more than a small amount, such as 2 or 3 per cent according to Yousif (2018). 

3.8 Data Analysis 

A wide range of data points was collected to minimize the effect of individual measurement 

errors. For error analysis, random errors were collected from the instruments' precision and the 

experiment was repeatedly done to check for systematic errors. The data automatically 

recorded for the available Germanium sample were tabulated and compared with manually 

done experimental values. The LabVIEW software used the least square regression analysis 

from the V – I data recorded to determine the resistance of the sample and thereafter calculate 

the other parameters. Additional mathematical analysis and graphs were drawn and done using 

OriginProTM application software. 

3.9 Ethical Considerations 

The research was experimental and was conducted inside a Laboratory hence, there was no 

human contact in any way during the entire period of the research. Moreover, low-risk ethical 

review permission was requested and granted as per the university guidelines (See Appendix 

II). 
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CHAPTER FOUR 

DATA ANALYSIS, RESULTS, AND INTERPRETATIONS 

4.1 Introduction 

This chapter gives the findings. Interpretations and discussions of the research work. The 

configuration made, LabVIEW VIs and SubVIs used, PC Setup, fabricated four-point probe, 

electrical characterization of Germanium semiconductor, and the analysis of the results are 

hereby discussed and presented.  

4.2 Results and Discussions of the Study  

The sections below contain the configuration of Keithley’s instruments, the PC setup, 

LabVIEW interfacing and data validation. 

4.2.1 Configuration for Keithley’ 

Products from Keithley are intended for use with mains electricity and control using dedicated 

ports. Interconnection between the instruments was achieved by using a GPIB bus connector 

by stacking them to form a hub and then connecting to the PC via a GPIB to a USB cable.  

GPIB pin connections network requires a specific address for each instrument to facilitate 

control from LabVIEW sub-VIs (Angrisani et al., 2020). Unique GPIB addresses were 

assigned to the Keithley instruments.  Moreover, the instruments support varying 

programming languages. The selection to be done for interfacing, GPIB addresses assigned for 

remote operations and connections was done as in Table 3 
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Table 3. 

Selects and addresses  

Instrument Interface Address Programming Language 

Keithley 2182A Nano voltmeter GPIB 09 SCPI 

Keithley 6220 High precision current 

source 
GPIB 21 SCPI 

Keithley 7001 Switching system GPIB 08 SCPI 

 

4.2.2 PC Setup 

Software installed to manage data collection, conversion, collation, computation and analysis, 

and presentation of electrical characterization is listed in Appendix III via the NI package 

manager. A light executable application was later packaged and exported for use.  

4.2.3 LabVIEW Interfacing 

Several VIs and SubVIs were coded using LabVIEW IDE for the three instruments then 

combined in a general user-friendly interface and compiled into a Windows executable file. 

The VIs and SubVIs used are discussed below.  

4.2.3.1 Keithley 7001 Interfacing 

The KUSB GPIB to USB adapter was used to interface this instrument with the computer's 

USB port. A straight-through GPIB cable ended with a GPIB port was used to link the 

instrument's GPIB port to the computer's serial port. As mentioned in section 2.2.1.2, the 7001 

GPIB first needed to be initialized and configured for data transmission with the computer. 

The VIs and SubVIs used for total control are discussed below. 
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4.2.3.1.1 Initialization 

Following the setting of the computer port and model 7001 GPIB address port, the 

initialization action was carried out using the VI shown in Figures 27, 28, and 29. The VI 

queries for Errors, Identity then reset the instrument. 

Figure 27. 

Block diagram for initializing model  7001 (a) 

 

 

 

 

 

Figure 28. 

Block diagram for initializing model 7001 (b) 
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Figure 29. 

Block diagram for initializing model 7001 (c) 

 

 

 

 

 

The initializing VI utilizes two subVIs discussed and Global Error Query VI discussed in 

section 4.2.3.1.4.1 

4.2.3.1.1.1 Send Message SubVI  

This SubVI was used to relay string messages from LabVIEW to model 7001. The code is 

represented in Figures 30, 31 and 32 

Figure 30. 

Block diagram for sending a message to model 7001 (a) 
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Figure 31. 

Block diagram for sending a message to model 7001 (b) 

 

 

 

 

 

Figure 32. 

Block diagram for sending a message to model 7001 (c) 

 

 

 

 

 

4.2.3.1.1.2 Receive Message SubVI 

This SubVI was used to receive string messages from model 7001 to LabVIEW software. The 

code is represented in Figures 33, 34 and 35 
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Figure 33. 

Block diagram for receiving a message from model 7001 (a) 

 

 

 

 

Figure 34. 

Block diagram for receiving a message from model 7001 (b)  

 

 

 

 

 

Figure 35. 

Block diagram for receiving a message from model 7001 (c) 
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4.2.3.1.2 Resetting the Instrument 

For the ensuing operations, Model 7001 was first to reset to its default scan configuration 

using the VI in Figure 36. 

Figure 36. 

Block diagram for resetting model 7001 

 

 

 

The reset VI had two SubVIs for error querying and sending messages. The code for sending a 

message is discussed in section 4.2.3.1.1.1 while the code for error querying is illustrated in 

Figures 37 and 38.  

Figure 37. 

Block diagram for error querying model 7001(a) 
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Figure 38. 

Block diagram for error querying model 7001(b) 

 

 

 

 

4.2.3.1.3 Card Configuration 

The 7065, 40-channel multiplex low current scanner card model installed was configured 

using the code in Figure 39.  

Figure 39. 

Block diagram for configuring 7168 scanner card in model 7001 
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The VI comprised also the Send message VI and Error querying VI. The codes for these VIs 

are illustrated in the subsequent sections  

 

4.2.3.1.4 Closing the Session 

This code queried for instrument error(s) then sequentially outputs the error else terminates the 

session. The code is presented in Figure 40.  

Figure 40. 

Block diagram for session closure in model 7001 

 

 

 

 

The Close VI utilized the global error querying VI and the simple error handler VI discussed 

as follows. 

4.2.3.1.4.1 Global Error Querying   

This VI is made up of a shift register composed of a case structure that keeps checking for 

errors across all the instruments connected and defined within the LabVIEW application 

package. It has several instances as shown in Figures 41, 42, 43, 44, 45, 46 and 47. 
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Figure 41. 

Block diagram for Global Error querying (a) in model 7001 

 

Figure 42. 

Block diagram for Global Error querying (b) in model 7001 
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Figure 43. 

Block diagram for Global Error querying (c) in model 7001 

 

 

 

 

 

 

Figure 44. 

Block diagram for Global Error querying (d) in model 7001 
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Figure 45. 

Block diagram for Global Error querying (e) in model 7001 

 

Figure 46. 

Block diagram for Global Error querying (f) in model 7001 
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Figure 47. 

Block diagram for Global Error querying (g) in model 7001 

 

 

 

 

 

 

4.2.3.1.4.2 Simple Error Handler 

Whenever an error occurs, it is indicated with this VI in Figure 48. This VI returns an error 

explanation and displays a dialogue box. This calls for the General Error Handler VI. It offers 

fewer choices but the same fundamental functionality as the General Error Handler. 

Figure 48. 

Block diagram for Simple Error querying  
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4.2.3.1.5 Arming and Scanning of Channels 

Model 7001 requires an arming event before proceeding to the scan layer. The operation 

transitioned into the scan layer after the instrument left the arm layer. The following code in 

Figure 49 was used to achieve this. 

Figure 49. 

Block diagram for scanning channels in model 7001 

 

 

The VI is composed of three SubVIs for creating a channel list, sending a message, and 

querying for errors. The send message code is highlighted in section 4.2.3.1.1.1 while the error 

querying is discussed in sub-section 4.2.3.1.2. The code used for populating the channel lists is 

shown in Figure 50. Arming is useful since it disables the instrument front panel buttons from 

functioning to avoid interruption and confusion with the remote command.  

Figure 50. 

Block diagram for populating channel list in model 7001 
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4.2.3.1.6 Opening and Closing Channels 

Each model 7001 slot can support up to 40 channels. These channels were closed and opened 

using the code in Figure 51 

Figure 51. 

Block diagram for Opening/Closing Channels in model 7001 

 

 

 

The VI comprised the initialize VI, the Card configuration VI, the Open/Close channel VI, and 

the Close VI. These VIs were executed sequentially. 

4.2.3.1.7 Reading SCPI Error Queue 

The code in Figures 52 and 53 was used in reading errors obtained from syntax or spelling 

errors made when querying or commanding the instrument using the SCPI language.  

Figure 52. 

Block diagram for Reading SCPI Error Queue in model 7001 (a) 
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Figure 53. 

Block diagram for Reading SCPI Error Queue in model 7001 (b) 

 

 

 

 

 

The VI also used the send message subVI discussed in section 4.2.3.1.1.1. 

4.2.3.1.8 Digital Output Relay Switching 

The VI illustrated in Figure 54 was used sequentially to switch the digital output of the 7065 

Hall Effect card. 

Figure 54. 

Block diagram for Switching digital output in 7056 card 
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The VI utilized the send message VI and the Error query previously discussed. 

4.2.3.1.9 Front Panel for Model 7001 

The front panel for controlling Model 7001 is presented in Figure 55. 

Figure 55. 

Front panel diagram for controlling model 7001 

 

 

 

 

 

 

 

 

4.2.3.2 Keithley 2182A Interfacing 

Model 2182A was connected via a stacked GPIB hub to the USB computer port for complete 

control. The following VIs and SubVIs were used to control the instrument. 

4.2.3.2.1 Initialization 

Similar to Model 7001, model 2182A had to be connected to a power supply to be initialized 

first. The code was used in initialization. The VI sequentially opens the instrument, Queries 
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the instrument ID, Resets the instrument to the default setup checks for errors and then 

terminates the program as discussed   

4.2.3.2.1.1 Opening the Instrument 

The VI in Figure 56 was used in opening the Instrument 

Figure 56. 

Block diagram for opening session in model 2182A 

 

 

4.2.3.2.1.2 Querying Instrument ID 

This code illustrated in Figure 57 was used to check if the instrument responds or else returns 

an error message string. If the instrument responded, the instrument was reset to default. 

Figure 57. 

Block diagram for querying instrument ID in model 2182A 
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4.2.3.2.1.3 Resetting Instrument to Default Setup 

If the instrument responds positively, it is then reset and then a set of default setup commands 

is sent to the instrument using the piece of code shown in Figure 58. 

Figure 58. 

Block diagram for resetting model 2182A 

 

 

The VI calls for the default setting VI presented in Figure 59. 

Figure 59. 

Block diagram for restoring model 2182A to the default setting 

 

 

The default setup is presented in Table 4.  
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Table 4. 

The default setup for 2182A 

Command Description 

HEADER OFF 
instrument no longer returns headers with responses to 

queries 

*ESE 60 
enables command, execution, query, and device errors 

in the event status register 

*SRE 48 
enables message available, standard event bits in the 

status byte 

*CLS clears status 

INIT: CONT OFF   Disables continuous triggering after a restart 

FORM: ELEM READ, UNIT, 

CHAN 

enables metadata for correct parsing of the return string 

 

 

4.2.3.2.1.4 Terminating Session 

The code in Figure 60 was used to terminate the session  

Figure 60. 

Block diagram for error Session termination in model 2182A 

 

 

This occurs after error checking and reporting have been done and no error has been returned 

4.2.3.2.2 Error Querying 

The following VI in Figure 61 was used in error querying and reporting.  
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Figure 61. 

Block diagram for Error querying and reporting in model 2182A 

 

The VI checks if the error code indicates a timeout, to inform the user; otherwise, it 

determines if a timeout or maximum time error has occurred. If yes, it next determines 

whether the instrument has reported an error. After a timeout, VISA Clear is then used to halt 

the present process and flush the I/O buffer. The next step proceeded to read the service 

request status byte (STB) from the message-based device identified by the VISA resource 

name. This enabled the STB call's results to be accurately read. The Event Status bit is 

checked by the STB to see if it is set. If true, an instrument error exists and the error query 

instruction is sent. It, therefore, returns the timeout error that was sent into the VI if the Event 
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Status bit is not set (no instrument error). If the code is ever non-zero, an instrument error is 

reported as the cause of the problem. 

4.2.3.2.3 Self-Testing 

The self-test function for the instrument was executed using the code in Figure 62, which also 

returns the test results and the instrument's self-test answer string. 

Figure 62. 

Block diagram for self-testing model 2182A 

 

 

 

 

 

 

 

 

 

This VI checks the instruments’ error queue to see whether there are any issues. Until all 

errors have been read from the instrument, it keeps reading errors. Any issues were reported in 
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the error out of control, which can then check the ROM's checksum. The command adds the 

output queue with the coded result (0 or 1). 

If Model 2182A is asked to speak. The computer receives the coded result from the output 

queue. If a value of zero (0) is returned, the test was successful and a result of one (1) means 

the test was unsuccessful. 

4.2.3.2.4 Obtaining Voltage and Time Interval Readings 

Voltage readings were measured as soon as model 6220 started sweeping the current. The 

voltage measurements were queried in every step interval and recorded. The collected data 

was held in data containers awaiting manipulation. The VI used to achieve this is presented in 

Figure 64. The VI utilized Error querying subVI discussed in section 4.2.3.2.1 The array sizes 

depended on the sweep steps covered by model 6220. 

Figure 63. 

Front panel photo of model 2182A displaying a voltage reading 

 

 

 

 

 

 

Note. Photograph taken by the author. 
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Figure 64. 

Block diagram of voltage and time interval measurements in model 2182A 

 

 

 

 

 

 

 

 

The front panel used to view model 2182A voltmeter and temperature readings were as shown 

in Figure 65.  

Figure 65. 

Screenshot of front panel interface for model 2182A 
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4.2.3.3 Keithley 6220 Interfacing 

4.2.3.3.1 Initialization 

Initializing model 6220 comprised of three sequential steps highlighted below; 

4.2.3.3.1.1 Opening the Instrument 

The following code in Figure 66 was used to open the instrument. GPIB was set as the default 

interface type. 

Figure 66. 

Block diagram for opening model 6220 

 

  

 

 

4.2.3.3.1.2 Querying Instrument ID 

This code illustrated in Figure 67 was used to check if the instrument responds or else returns 

an error message string. If the instrument responds, it is then reset in the subsequent 

initialization step. 
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Figure 67. 

Block diagram for querying model 6220 ID 

 

4.2.3.3.1.3 Resetting Instrument to a Default Setup 

The code illustrated in Figures 68, 69, and 70 was used in resetting the instrument to its 

default setup. 

Figure 68. 

Block diagram for resetting model 6220 (a) 
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Figure 69. 

Block diagram for resetting model 6220 (b) 

 

Figure 70. 

Block diagram for resetting model 6220 (c) 
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If the ID query fails, the VI resets the instrument by calling the reset SubVI discussed in 

section 4.2.3.3.1.3. Otherwise, errors in the error queue were checked and cleared if any. The 

errors were checked using the error checker VI discussed in 4.2.3.3.3 

4.2.3.3.1.4 Terminating the Session 

If an error is reported from the instrument, it is closed by invoking the close SubVI discussed 

in section 4.2.3.3.1.4. The code to achieve this is illustrated in Figures 71 and 72. 

Figure 71. 

Block diagram for error checking and terminating session in model 6220 (a) 

 

 

 

Figure 72. 

Block diagram for error checking and terminating session in model 6220 (b) 
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4.2.3.3.2 Sweeping 

The following Vis were used to conduct a DC sweep in model 6220. All VIs had to be 

checked for SCPI errors using the error checker discussed in section 4.2.3.3.3. If there is an 

error, the VI aborts and returns the error string else triggers the next command. 

4.2.3.3.2.1 Sweep Type 

The current source generated two types of sweeps, Linear (Lin) and logarithmic (log) staircase 

DC sweeps. The formulas for the two types of sweeps are built into model 6220. The current 

increases or decreases in discrete steps in a linear staircase sweep type, starting with a start 

current and completing with a stop current. The fixed current setting just before the sweep 

begins is known as the bias current. After the sweep is finished, the current output stays at the 

final position. The VI used in generating the linear sweep points is presented in Figure 73   

Figure 73. 

Block diagram for obtaining linear staircase points 

 

 

 

 

 

 

 



 

86 

 

In the case of the logarithmic staircase sweep, the current increases or decreases 

logarithmically and starts and stops with logarithmic steps. Once more, the bias current is the 

fixed current setting immediately before the sweep begins. After the sweep is finished, the 

current output remains where it was at the previous point. The VI used in generating the 

logarithmic sweep points is presented in Figure 74.   

Figure 74. 

Block diagram for obtaining logarithmic staircase points 

 

 

 

 

 

 

 

  The sweep type selection is made from the front panel of the 6220 presented in Figure 79, 

and the VI for setting the sweep type is presented in Figure 75.  

Figure 75. 

Block diagram for setting the sweep type in model 6220 
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4.2.3.3.2.2 Arm and Initialize Sweep. 

Before the model 6220 can conduct a sweep, it has to be armed first. Arming disables any 

operation on the front panel of the instrument to avoid interruptions. The code illustrated in 

Figures 76 and 77 was used to achieve this. 

Figure 76. 

Block diagram for arming and initializing sweep in model 6220 (a) 

 

 

 

 

 

 

Figure 77. 

Block diagram for arming and initializing sweep in model 6220 (b) 
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4.2.3.3.2.3 Setting Lin Log Parameters 

Lin Log parameters include; source delay, the Number of sweep steps, the sweep type, the 

range method, the number of sweeps, and the sweep count. These were set from the front 

panel of model 6220 presented in Figure 78.   

Figure 78. 

Front panel for setting sweep parameters in model 6220 

 

 

 

 

 

 

 

The settings were managed by the VI in Figure 79.   
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Figure 79. 

Block diagram for setting Lin Log parameters in model 6220 

 

The VI called for the source delay VI presented in Figure 80. The delay represents the time 

taken between two step points.  All steps of linear and log sweeps use this delay. 

Figure 80. 
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Block diagram for setting source delay in model 6220 

 

 

 

Model 6220 supports three range methods, best, auto, and fixed. The best option uses the 

largest sweep step at the best range, the auto option is based on individual sweep step and the 

fixed option always stay within the fixed source range. 

The sweep array was built by concatenating the initial array using the piece of code presented 

in Figure 81 depending on the number of sweeps. 

Figure 81. 

Block diagram for concatenating current array  

 

 

 

4.2.3.3.2.4 Getting Operation Event Register 

For monitoring sweep progress in model 6220, three status model events are available, all of 

which are set bits in the operation condition register. These events are summarized in Table 

5. At each stage of the sweep, the Device sweeping event is set. This bit set remains set 

throughout the entire sweep according to queries of the operation event register. When a 
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sweep is stopped before it can finish, it raises the Sweep aborted event, and when the specified 

number of sweeps have been finished, it raises the Sweep done event. 
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Table 5. 

Sweep status model bits in model 6220 

Bit Status Event 

1 + 122 “Sweep Done” 

2 + 123 “Sweep Aborted” 

3 + 124 “Device Sweeping” 

The following detailed events were obtained using the VI in Figure 81 

i. Instrument Calibrating Event?   

ii. Sweep, Delta, Diff Cond, or Pulse Sweep Complete Event?  

iii. Sweep, Delta, Diff Cond, or Pulse Sweep Aborted Event?  

iv. Sweep, Delta, Diff Cond, or Pulse Sweep Sweeping Event?  

v. KE6221 Wave Mode Started Event?   

vi. Waiting For Trigger Event?   

vii. Waiting For Arm Event?  

viii. KE6221 Wave Mode Aborted Event?   

ix. Delta Test Started and Filter Settled Event?   

x. IdIe State Event? 
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Figure 82. 

Block diagram for getting operation event register in model 6220 

 

4.2.3.3.2.5 Timing 

The timing between step points was achieved using the VI in Figure 83   

Figure 83. 

Block diagram for getting operation event register in model 6220 
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4.2.3.3.2.6 Setting the Output State 

For current to flow from the instrument, the interlock switch must be connected and closed, 

moreover, the output state must be toggled ON. The VI in Figure 84 was used to toggle model 

6220 ON and OFF at the beginning and the end of the sweep respectively.  

Figure 84. 

Block diagram for toggling the output state in model 6220 

 

 

 

 

4.2.3.3.3 Error Handling 

A simple error handler was used as the program's final action at the end of the I/O data path, to 

alert the user to an error while the general error handler was used to check the instrument's 

error queue to see if there were any errors. Until all errors were read from the instrument, it 

kept reading errors. The error-out indicator contained any errors that were discovered. 

4.2.3.3.4 Compliance 

The Model 6220's output voltage is limited by the compliance setting. The voltage compliance 

limit can be adjusted in 10mV steps from 0.1V to 105V. The output won't go over the level of 
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programmed compliance. The piece of code presented in Figure 85 was used for compliance 

setting. 

Figure 85. 

Block diagram for setting compliance in model 6220 

 

 

 

 

 

The VI checks for SCPI errors and returns an error if any else sets the voltage limit. 

4.2.3.4 Data Collection 

Whereas voltage, time, and current data were collected from models 2182A and 6220 from the 

VIs discussed in sections 4.2.3.2.4 and 4.2.3.3.2.1, the dimensions of the thin film sample 

were measured by a Vernier calliper, and the magnetic field strength was keyed in as inputs in 

the LabVIEW program. Figure 86 shows a screenshot of the front panel of the input design 

diagram used to show the values of the model data input. 

Figure 86. 

Front panel for inputting sample size, compliance and the magnetic field strength 
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The voltage and time data collected were exported as a CSV file for further analysis. Table 6   

shows the I-V data recorded and exported. 

 

Table  6. 

Hall Effect I – V data 

Time (S) I (A) VBD B+ (V) VDB B- (V) VBD  B- (V) VDB  B+ (V) 

0 0.0000 0.000000 0.000000 0.000000 0.000000 

1 0.0005 0.001990 -0.000068 -0.001939 0.000072 

2 0.0010 0.003901 -0.000138 -0.003806 0.000146 

3 0.0015 0.005826 -0.000208 -0.005681 0.000220 

4 0.0020 0.007751 -0.000279 -0.007558 0.000295 

5 0.0025 0.009680 -0.000349 -0.009433 0.000369 

6 0.0030 0.011591 -0.000418 -0.011309 0.000443 

7 0.0035 0.011591 -0.000489 -0.011310 0.000516 

8 0.0040 0.015441 -0.000559 -0.015064 0.000592 

9 0.0045 0.017374 -0.000630 -0.016949 0.000668 

10 0.0050 0.019293 -0.000699 -0.018812 0.000740 

11 0.0055 0.021220 -0.000769 -0.020693 0.000809 

12 0.0060 0.023145 -0.000839 -0.022574 0.000885 

13 0.0065 0.025073 -0.000910 -0.024459 0.000957 

14 0.0070 0.026986 -0.000980 -0.026368 0.001027 

15 0.0075 0.028918 -0.001049 -0.028247 0.001099 

16 0.0080 0.030843 -0.001119 -0.030132 0.001174 

17 0.0085 0.032777 -0.001190 -0.032026 0.001244 

18 0.0090 0.034691 -0.001260 -0.033894 0.001319 
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Time (S) I (A) VBD B+ (V) VDB B- (V) VBD  B- (V) VDB  B+ (V) 

19 0.0095 0.036619 -0.001331 -0.035779 0.001388 

20 0.0100 0.038548 -0.001400 -0.037709 0.001459 

21 0.0105 0.040481 -0.001469 -0.039594 0.001530 

22 0.0110 0.042406 -0.001538 -0.041485 0.001597 

23 0.0115 0.044317 -0.001607 -0.043369 0.001663 

24 0.0120 0.046253 -0.001675 -0.045254 0.001730 

25 0.0125 0.048178 -0.001745 -0.047151 0.001794 

26 0.0130 0.050111 -0.001814 -0.049038 0.001878 

27 0.0135 0.052022 -0.001882 -0.050910 0.001954 

28 0.0140 0.053964 -0.001953 -0.052804 0.002015 

29 0.0145 0.055892 -0.002021 -0.054736 0.002084 

30 0.0150 0.057819 -0.002090 -0.056626 0.002150 

31 0.0155 0.059730 -0.002157 -0.058517 0.002214 

32 0.0160 0.061660 -0.002227 -0.060398 0.002284 

33 0.0165 0.063588 -0.002294 -0.062296 0.002352 

34 0.0170 0.065521 -0.002364 -0.064195 0.002427 

35 0.0175 0.067437 -0.002430 -0.066074 0.002495 

36 0.0180 0.069364 -0.002500 -0.067982 0.002562 

37 0.0185 0.071300 -0.002568 -0.069870 0.002619 

38 0.0190 0.073232 -0.002635 -0.071772 0.002687 

39 0.0195 0.075150 -0.002698 -0.073660 0.002754 

40 0.0200 0.077086 -0.002765 -0.075555 0.002811 

The V – t graph was drawn within the application package to relate how the Hall voltage 

evolved. The graph is represented in Figure 87. The code used to draw this is presented in 

Figure 92. 



 

98 

 

 

 

Figure 87. 

Front panel showing  V – t graphs 

 

 

 

 

 

 

 

The exportation of the I-V data and the input and output parameters in CSV format was 

executed by the VIs in Figures 88 and 87 respectively. 

Figure 88. 

Block diagram for exporting  I-V data 
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Figure 89. 

Block diagram for exporting  input and output parameters 
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The DC linear current Sweep was done with the following settings in Table 7 

Table 7. 

Sweep Settings 

Sweep Setting 

type Linear 

Range Fixed 

Start Value 0 A 

Step 0.5 μA 

Delay 1 S 

Stop Value 20 mA 

Number of Points 41 

 

4.2.3.5 Hall Effect Characterization 

The measured Hall voltage recorded was plotted as a function of current as presented in Table 

6. The first piece of data to be found was the proportionality factor which relates current and 

voltage. The graphs obtained are presented in Figure 90 
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Figure 90. 

Front panel Showing  V - I graphs 

 

 

 

 

 

 

 

 

 

The proportionality factor R, the slope of the graph of Hall voltage versus the current in Figure 

90 presented the average resistance. The line of best fit was drawn using the least square 

method with a tolerance of 0.0001 and the Y-intercept fixed at the origin. The VI used to draw 

the V – I and V – t graphs are illustrated in Figure 91   

Figure 91. 

Block diagram for plotting V – I and V - t graph 
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V – I graphs plotted from Table 6 were used to obtain the average resistance of the 

semiconductor sample. The resistance from all the switched permutations was taken as 

absolute and then averaged. The front panel diagram in Figure 92 shows the obtained 

resistance values. 

Figure 92. 

Front panel Showing average resistance for different permutations 

 

 

 

 

 

 

The average resistance, the fitted model's weighted mean square error and the elapsed time for 

data collection and analysis were presented on the front panel shown in Figure 93.  

Figure 93. 

Front panel Showing average resistance and elapsed time 

 

The gradient of the line of best fit represented the resistance of the sample. This was derived 

from the linear fit VI presented in Figure 94  
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Figure 94. 

Block diagram for constrained linear fit VI 

 

 

 

 

 

 

The VI in Figure 95 was used to generate the elapsed time. 

Figure 95. 

Block diagram for generating the Elapsed time 

 

 

 

 

 

The average resistance alongside formulas presented in section 2.2.4 was used to calculate the 

Hall Effect parameters using a VI as illustrated in Figure 96. This was after the graphs were 

drawn. The doping type was also determined from the Hall coefficient. 
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Figure 96. 

Block diagram for calculating the Hall parameters 

 

 

 

 

 

The results obtained from the calculations were presented on the front panel as shown in 

Figure 98 whereas Figure 97 shows the photo of the PC used together with the Keithley 

Instruments 

Figure 97. 

Photo of the PC and Keithley Instruments 

 

 

 

 

 

 

Note. Photograph taken by the author. 



 

106 

 



 

107 

 

Figure 98. 

Front panel Showing Hall Effect experiment  results 
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A graph of dI/dV against t was also drawn to cater to non-ohmic scenarios. Ohm's definition 

of resistance is no longer applicable at the nanoscale because the slope of the I-V curve is no 

longer a fundamental constant of the substance. Figure 99 shows a front panel of the dS – t 

graph. 

Figure 99. 

The front panel of dS - t graphs 

 

 

 

 

 

 

 

 

4.2.4 Data Validation 

Since the data were fitted to a linear model and resistance was obtained from the least square 

regression line, the resistance was used to validate by checking the percentage errors amongst 

data collected at different intervals.  The difference between an observed value and a true, or 

accepted value, is measured in percentages. In empirical values, the outcome of data 

measurement frequently deviates from the true value. Table 8 shows the values obtained at 

different trials and percentage errors. 
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Table 8. 

Trials and Percentage Errors 

Trial Resistance (Ω) Percentage Error 

1 1.97711 0.00000% 

2 1.98643 0.47140% 

3 1.97238 0.07757% 

4 1.97405 0.15477% 

 The Experiment was conducted manually using Keithley models 2182A and 6220 and the 

obtained data was tabulated as presented in table 9 below. 

Table 9. 

Manually collected IV data 

I (A) VBD B+ (V) VDB B- (V) VBD  B- (V) VDB  B+ (V) 

0.0000 0.000000 0.000000 0.000000 0.000000 

0.0005 0.002070 -0.000069 -0.001997 0.000071 

0.0010 0.003823 -0.000141 -0.003768 0.000143 

0.0015 0.005943 -0.000210 -0.005511 0.000220 

0.0020 0.007984 -0.000271 -0.007785 0.000286 

0.0025 0.009390 -0.000339 -0.009150 0.000369 

0.0030 0.011707 -0.000435 -0.010970 0.000456 

0.0035 0.011707 -0.000489 -0.012310 0.000537 

0.0040 0.015595 -0.000570 -0.014461 0.000598 

0.0045 0.018069 -0.000630 -0.016949 0.000695 

0.0050 0.018521 -0.000671 -0.018060 0.000733 
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I (A) VBD B+ (V) VDB B- (V) VBD  B- (V) VDB  B+ (V) 

0.0055 0.021857 -0.000777 -0.020693 0.000793 

0.0060 0.023608 -0.000847 -0.023477 0.000876 

0.0065 0.026076 -0.000874 -0.025437 0.000919 

0.0070 0.026176 -0.000919 -0.027423 0.000996 

0.0075 0.030075 -0.001039 -0.027682 0.001043 

0.0080 0.030843 -0.001141 -0.030132 0.001146 

0.0085 0.033760 -0.001226 -0.033307 0.001224 

0.0090 0.034344 -0.001300 -0.034572 0.001319 

0.0095 0.036985 -0.001321 -0.036137 0.001346 

0.0100 0.038163 -0.001384 -0.037217 0.001401 

0.0105 0.040481 -0.001498 -0.038802 0.001476 

0.0110 0.042678 -0.001538 -0.040144 0.001556 

0.0115 0.042987 -0.001569 -0.042068 0.001596 

0.0120 0.047178 -0.001642 -0.043444 0.001678 

0.0125 0.048660 -0.001745 -0.047151 0.001766 

0.0130 0.050614 -0.001760 -0.050019 0.001803 

0.0135 0.051502 -0.001882 -0.052437 0.001924 

0.0140 0.053424 -0.001922 -0.052516 0.001975 

0.0145 0.056128 -0.001980 -0.053547 0.002021 

0.0150 0.057241 -0.002132 -0.056927 0.002107 

0.0155 0.060327 -0.002157 -0.059687 0.002225 

0.0160 0.060427 -0.002272 -0.060210 0.002303 

0.0165 0.061044 -0.002294 -0.061673 0.002341 

0.0170 0.063831 -0.002405 -0.064295 0.002406 
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I (A) VBD B+ (V) VDB B- (V) VBD  B- (V) VDB  B+ (V) 

0.0175 0.066088 -0.002487 -0.065092 0.002525 

0.0180 0.067977 -0.002525 -0.067982 0.002564 

0.0185 0.070439 -0.002542 -0.071267 0.002580 

0.0190 0.071767 -0.002601 -0.072451 0.002660 

0.0195 0.075405 -0.002666 -0.074460 0.002779 

0.0200 0.077086 -0.002765 -0.075533 0.002855 

VI graphs for the above data were drawn alongside the data obtained automatically by the 

LabVIEW application and analyzed using the OriginPro application package. The graphs are 

collated in Figure 100 below. 

Figure 100. 

Manually obtained vs automatically obtained VI Data Graphs 

 

 

 

 

 

 

 

 

 

 

 Manually obtained data 

Automatically obtained data 
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The line of best fit was drawn using the least square method. The analysis was derived 

aftermath and is presented in Table 10 below. 

Table 10. 

Manually obtained VI data analysis 

Plot Weight Intercept Slope 

Residual 

Sum of 

Squares 

Pearson's 

r 

R-

Square 

(COD) 

Adj. R-

Square 

VBD B+ No 

Weighting 

0 ± -- 3.82505 ± 

0.01106 

2.71×10-5 0.99983 0.99967 0.99966 

VDB B- No 

Weighting 

0 ± -- -0.13896 ± 

5.04965×10-4 

5.645×10-8 -0.9997 0.99947 0.99946 

VBD B- No 

Weighting 

0 ± -- -3.7776 ± 

0.0108 

2.584×10-5 -0.9998 0.99967 0.99966 

VDB B+ No 

Weighting 

0 ± -- 0.1418 ± 

6.56255×10-4 

9.54×10-8 0.99957 0.99914 0.99912 

When the experiment is conducted manually and contrast drawn between the variables, the 

following data presented in Table 11 were obtained. 

Table 11. 

Comparison between automated and manually obtained values 

Quantity Automated Manual Error (%) 

Resistivity (mΩm) 3.954216 3.941706 0.32 

Conductivity (S/m) 252.894632 253.697257 0.32 

Hall Co-efficient (×10-3 m3/C) 7.659498305 7.63526586 0.32 

Carrier Mobility (m2(vs)-1) 1.937046005 1.937046005 0.00 

Hall Angle (rad) 0.46365 0.46364 0.00 

Charge Carrier Concentration (/m3) 8.14872 × 1020 8.17458 × 1020 0.32 

Resistance (Ω) 1.97711 1.97085 0.32 
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4.3 Discussions of the Findings  

The instruments were able to be configured in readiness for the electrical characterization of 

Germanium semiconductor film using the Hall Effect method data acquisition, collation, 

manipulation analysis, and presentation were also achieved. Data input and acquisition were 

first done then plotting a V – I, V – t, and dS – V. A line of best fit fitted with least square 

regression was introduced to the V – I graph and its gradient was used to find the resistance of 

the Germanium sample when placed in between a magnetic field of 258.125mT. The data in 

Table 6 was then used to calculate the parameters discussed in section 2.2.4. The data was 

exported in CSV format after computation. 

From the number of trials in Table 8, which presents the average resistance from the four 

permutations, the percentage error in each trial was less than 2% upholding the validity and 

repeatability of the data obtained (Yousif, 2018).  

 Very low current values were sourced to minimize temperature changes within the 

Germanium semiconductor sample. As the temperature rises in different magnetic fields, the 

Hall coefficient decreases, carrier concentration rises, and Hall mobility drops. (Schroder, 

2015; Shiraguppe et al., 2018). A graph of change in conductivity with voltage (differential 

conductance) was drawn to present the “non-Ohmic” relationship of the V – I graph. This was 

useful in studying conductance at atomic levels.  

At a room temperature of 292.45 K, the Coefficient was measured to be 7.6595 x 10-3 Ω m/T, 

and the carrier concentration was measured to be 814.8718 x 1018 m-3, while VBD at B+ was 

positive indicating that the sample was P -Type. The comparison between the values obtained 

automatically and manually had an error of 0.32% implying that the automated system is 

efficient. 
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CHAPTER FIVE 

SUMMARY, CONCLUSIONS, AND RECOMMENDATION 

5.1 Introduction 

The objective of this thesis was to design LabVIEW-based automated Hall Effect test 

equipment using a PC, four-point probe, Keithley 6220 Current precision sources, Keithley 

7001 switching system, and 2182A Nanovoltmeter for electrical characterization of thin films. 

The obtained data was to be validated by comparing it with other experimental values and 

checking the repeatability.  

5.2 Summary of Major Findings 

Accurate Hall Effect measurements become more crucial as the requirement to characterize 

thin film semiconductor materials becomes more demanding. A simple, portable computer-

aided Hall Effect measurement system for Hall Effect measurements has been designed and 

made. 

5.2.1 Configuration of Interfaces for Keithley Instruments  

The configuration system was able to control Keithley models 2182A, 6220, and 7001. 

Developing the system's data-collecting method required integrating Keithley measurement 

equipment. It made data collection and analysis more accurate and productive. Keithley 

instruments are renowned for their precision and dependability, and they can enable users to 

collect vital information and make defensible decisions when correctly interfaced with the 

right hardware or software. To guarantee smooth communication and data handling, 

LabVIEW software and a thoughtful selection of GPIB interfaces were essential and 

successful.  
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5.2.2 LabVIEW Virtual Instruments (VIs) and Sub-VIs  

A LabVIEW-based VI and SubVIs were coded and compiled to create a simple program to 

collect, collate and analyze the electrical and electronic characterization of semiconductor 

samples using the Hall Effect method. The analysis was then exported as a report. 

5.2.3 Integration of LabVIEW VIs and Sub-VIs with the Keithley Instruments 

An effective combination of data collection and instrument control was created by integrating 

LabVIEW Virtual Instruments (VIs) and Sub-VIs with Keithley Instruments. Custom 

measurement and automation systems could be easily created with the help of LabVIEW, a 

popular graphical programming environment. The complete potential of these instruments for 

accurate and automatic data gathering and analysis was realized by smoothly integrating 

LabVIEW VIs and Sub-VIs with Keithley Instruments. Complex measuring procedures could 

be streamlined because of this interface, which enabled real-time monitoring, control, and data 

presentation. 

5.2.4 Validation of the Automated Hall Effect Apparatus  

A Germanium semiconductor thin film sample was fixed at a fabricated four-point probe and 

then put perpendicularly across two fixed magnets. The data obtained was validated by 

checking the consistency and repeatability which was affirmative.  

5.3 Conclusion 

The LabVIEW graphical software IDE provided a platform for creating an application 

package able to interface with Keithley models 2182A, 6220, and 7100 via the GPIB port. 

These devices were able to be set up and configured to enable them to communicate with the 

PC via the LabVIEW IDE. 
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Additionally, LabVIEW VIs and SubVIs were coded for data analysis and PC presentation as 

well as data gathering from peripherals. A thin-film sample's resistance, resistivity, 

conductivity, Hall Coefficient, carrier mobility, Hall Angle, charge carrier concentration, and 

the type of doping have all been measured using a software-based approach. 

At room temperature of 292.45 K, the resistance of a Germanium sample of length 1.00cm, a 

width of 2.00cm, and 1.00mm thick was found to be 1.97711 Ω when placed perpendicularly 

across a magnetic field of 258.125mT. It yielded a conductivity of 252.8946 Sm-1, a resistivity 

of 3.9542mΩm, A Hall Co-efficient of 7.6595×10-3 m3/C, a carrier concentration of 

8.1487×1022 m-3, a Hall angle of 0.4637 rad,  a carrier mobility of 1.9370 m2(vs)-1 and a doping 

type of P-type.  

The concentration of the charge carriers in the sample was 8.1487×1022 electrons per cubic 

meter and an RH of 7.6595 mΩ m/T. The experimental values obtained and provided in section 

2.2.5.3 have been determined to be consistent with the behaviour of the measured carrier 

concentration. As reported by Nash (2018), since the carrier capacity is connected to sample 

manufacturing and is dependent on the material used to make the germanium, there is no 

board to compare this to. However, the comparison between the automated generated data and 

the manually done experimental data had insignificant differences which strongly implies that 

the developed system is operating properly. 

From these measurements, it is concluded that an automated system offering a simple, 

effective, and reliable method for thin film Hall Effect electrical characterization can be 

developed, assembled and built. 
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5.4 Recommendation 

5.4.1 Recommendation for Policy and Practice 

One of the most important steps toward improving product quality, guaranteeing safety, and 

expediting testing processes is the recommendation of automated test equipment (ATE) for 

policy and practice in numerous industries. Unmatched benefits from ATE include improved 

efficacy, reliability, and precision in the testing and assessment of electronic parts, apparatus, 

and systems. To preserve compliance with safety and performance laws, minimize production 

faults, and enforce quality control, legislators should support the incorporation of ATE into 

industry standards and regulatory frameworks. Moreover, adopting ATE can help practitioners 

in a variety of industries, such as electronics, automotive, aerospace, and healthcare, enhance 

testing methods, save time, and reduce human error. Organizations can raise their standards 

for product quality, cost-effectiveness, and, eventually, customer happiness by putting ATE 

into practice. 

5.4.2 Recommendations for Further Research 

To improve the outlook, output, and efficiency of the measuring developed system, the 

following propositions are recommended. 

i. Concentrating more on the Internet of Things (IoT)-based instrument control and fault 

diagnosis, prophetic and prescriptive examination, and database management system-

based report production for query-based observation. 

ii. As the thin film resistance is measured, the sample should be interfaced with a 

computer for thermocouple temperature measurements and control. This would 

enhance the outcomes and further automate the system by monitoring and analyzing 

temperature changes in situ. 
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iii. The Keithley Instruments and an electromagnet should be controlled by the same 

computer that was used for the Hall Effect measurement so that the computer and all 

the peripherals function as a single, unified system. A sweep of magnetic field strength 

would be achieved by this. 
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APPENDIX IV: KEITHLEY INSTRUMENTS 

I. MODEL 6220  

a) Front Panel Summary 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Special keys and power switch:  

EDIT/LOCAL  Dual function — while in local, EDIT selects the source editing mode. 

While in remote, LOCAL cancel the remote mode.  

CONFIG   Use to configure a function or operation.  

POWER   Power switch — ln position turns 6220 on (I), out position turns it off 

(0). 

2. Function and operation keys:   

Top Row   

FILT    Enables/disables analog filters.   

PRES  Enables/disables the pre-set source value. Press CONFIG > PRES to set 

the source value for PRES.   
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DC    Selects DC source function.   

SWP  Arms the sweep function. Press CONFIG > SWP to configure the 

sweep.   

COND  Arms Differential Conductance. Press CONFIG > COND to configure 

Differential Conductance.   

DELTA   Arms Delta. Press CONFIG > DELTA to configure Delta. 

   Increments value.  

▽   Decrements value. 

Middle Row   

COMM  ConFigures communications: GPIB, RS-232, or Ethernet (6221 ). Can 

also press CONFIG > COMM to configure communications.   

ADDR   Sets GPIB address.   

DISP    Turns off the display. Press LOCAL or DISP to turn the display back 

on.   

TRIG  Starts a sweep, delta, or wave (6221) test, or causes a manual trigger 

event. Press CONFIG > TRIG to configure triggers.   

UNITS  Use to select measurement units for a delta function. Can also press 

CONFIG > UNITS to select measurement units.   

RECALL  Displays buffer readings and statistics. Press CONFIG > RECALL to 

access the menu to clear the buffer. 

 Moves cursor (blinking digit or menu item) to the left.  

 Moves cursor (blinking digit or menu item) to the right. 

Bottom Row   

SAVE  Saves up to five instrument setups for future recall and selects power-on 

setup.   

SETUP  Restores a default setup (Preset or *RST) or a user-saved setup.   
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TRIAX  Configures Triax connector: inner shield and output Low. Can also 

press CONFIG > TRIAX to configure the Triax connector.   

AVG  Enables/disables the averaging filter. Press CONFIG > AVG to 

configure the averaging filter.   

MATH  Enables/disables math. Press CONFIG > MATH to configure math.   

MENU  Accesses the main menu for calibration, self-tests, serial numbers, and 

beeper control.   

EXIT  Cancels selection, backs out of menu structure.   

ENTER  Accepts selection, moves to next choice or exits the menu. 

 

3. Range keys:  

  and   Dual function — Selects the next higher or lower source range. When in 

a menu, these keys increment or decrement values.  

AUTO   Enables or disables source autorange.  

4. Output control and LED status indicator:  

OUTPUT ON/OFF  Turns source output on or off.  

LED indicator  Turns on when output is on. Blinks if the source goes into compliance. 

b) Rear panel Summary 

 

 

 

 

 

https://www.alt-codes.net/triangle-symbols
https://www.alt-codes.net/triangle-symbols
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1. EEE-488   Connector for IEEE-488 (GPIB) operation. Use a shielded cable, such 

as the Model 7006, 7007, or 7008.  

2. OUTPUT  3-lug female Triax connector for current source output. Mates to the 

supplied Triax cable (237-ALG-2). Will also mate to any Triax cable 

terminated with a 3-slot male Triax connector.  

3. ETHERNET (6221 only)  RJ45 female connector for Ethernet operation. Use an RJ45 

male/male cable for connection. Two status LEDs are located at the top 

of the connector. These LEDs indicate the status of the Ethernet  

4. DIGITAL I/O  Male DB-9 connector. Four pins for digital output, one pin for the Start 

of Test (SOT) trigger, and one for external voltage (VEXT) input.  

 5. RS-232   Female DB-9 connector:  

o For RS-232 operation, use a straight-through (not null modem) 

DB-9 shielded cable for connection to the PC.  

o For Delta, Pulse Delta, and Differential Conductance, use the 

supplied serial cable (CA-351) for connections between the 

Model 622x and the Model 2182/2182A. 

6. LO and GUARD   Banana safety jacks for output low and banana jack Guard.   

7. TRIGGER LINK  Eight-pin micro-DIN connector for sending and receiving 

trigger pulses among connected instruments. Use a trigger link 

cable (Model 8501) for connections.   
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8. INTERLOCK  Interlock connector — Provides two screw terminals for 

connection to an interlock switch. When the interlock switch is 

closed, the OUTPUT of the 622x is enabled, allowing it to be 

turned on. When the interlock switch is opened, the OUTPUT is 

disabled (OUTPUT can- not be turned on and will turn off if it is 

on).   

9. Power module  Contains the AC line receptacle and power line fuse. The 

instrument can operate on line voltages of 100V to 240VAC at 

line frequencies of 50 or 60Hz. 

II. MODEL 2182A 

a) Front panel summary 

The majority of keys provide two distinct actions or functions. The designation on a key 

indicates the key's unshifted function or operation when the key is pushed. A shifted function 

can be selected by pressing the function or operation key, then the SHIFT key. 
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1. Special keys and power switch  

SHIFT   Use to select a shifted function or operation.  

LOCAL   Cancels GPIB remote mode.  

POWER   Power switch. In position turns 2182A on (1), out position turns it off (0). 

 

2. Function and operation keys  

Top Row   

Un-shifted   

DCV1    Selects Channel 1 voltage measurement function.   

DCV2    Selects Channel 2 voltage measurement function.   

V1/V2    Selects Ratio (Channel 1 voltage reading / Channel 2 voltage reading).   

ACAL    Selects automatic gain calibration.   

FILT    Enables/disables filter for selected measurement function.   

REL    Enables/disables relative for selected measurement function.   

TEMPl   Selects Channel 1 temperature measurement function.   

TEMP2   Selects Channel 2 temperature measurement function.   

Shifted  

MX+B  Multiplies a scale factor (M) to the reading (X) and then adds an offset 

(B).   

%    Calculates percent deviation from a specified reference.   

V1-V2    Selects Delta; (Vltl —V1t2)/2.   

LSYNC  Enables/disables line cycle synchronization. When enabled, noise 

induced by the power line is reduced at the expense of speed.   
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TYPE  Select filter (analogue and/or digital) and configure digital filter 

(window, count, and type).   

OUTPUT   Enables/disables relative for Analog Output.   

AOUT   Enables/disables Analog Output.   

TCOUPL  ConFigure temperature measurement (units, junction type, 

thermocouple type, sensor type). 

Middle Row   

Un-shifted   

EX-TRIG  Selects external triggering (front panel, bus, or trigger link) as the 

trigger source.   

TRIG    Triggers a measurement from the front panel.  

STORE   Sets reading count for buffer and enables buffer.   

RECALL Displays stored readings (including maximum, minimum, peak-to-peak, 

average, and standard deviation). The  and  range keys scroll 

through the buffer, and the  and  key toggles between reading 

number and reading.   

VALUE   Set the upper and lower limits for limit testing.   

ON/OFF   Enables/disables limit testing, and selects beeper mode for limit testing.   

 and   Controls cursor position for making selections or editing values.  

Shifted   

DELAY  Sets user delay between trigger and measurement.   

HOLD  Holds reading when the specified number of samples is within the 

selected tolerance. 
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Bottom Row  

Un-shifted  

STEP    Steps through channels; sends a trigger after each channel.  

SCAN  Scans through channels; sends a trigger after the last channel. SAVE 

Saves presents configuration for power-on user default.  

RESTR   Restores factory or user default configuration.  

DIGITS   Changes the number of digits of reading resolution.  

RATE   Changes reading rate; the number of power line cycles (PLC).  

EXIT    Cancels selection, moves back to the measurement display.  

ENTER  Accepts selection, moves to next choice or back to measurement 

display.  

Shifted 

 CONFIG   ConFigures a scan (type, timer, channel count, and reading count).  

HALT    Turns off step/scan operation.  

GPIB    Enables/disables GPIB, sets the address, and selects the language.  

R8232  Enables/disables RS-232 interface, selects baud rate, flow control, and 

terminator.  

CAL  Accesses calibration.  

TEST    Tests display annunciators and front panel keys. 

3. Range keys  

   Selects the next higher voltage measurement range.  

   Selects the next lower voltage measurement range.  

AUTO   Enables/disables autorange. 
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4 Display annunciators  

* (asterisk)   Readings being stored in the buffer.  

         (more)   Indicates additional selections are available.  

        (speaker)   Beeper on for limit testing.  

AUTO   Autorange enabled.  

BUFFER   Recalling readings stored in the buffer.  

CH1    Channel 1 input displayed.  

CH2    Channel 2 input displayed.  

CH1 and CH2   Ratio (V1 /V 2) reading displayed.  

ERR    Questionable reading, or invalid cal step.  

FAST    Fast (0.1 PLC) reading rate selected.  

FILT    Filter enabled.  

HOLD   Instrument in hold mode.  

LSTN    Instrument addressed to listen over GPIB.  

MATH   mX+b or Percent (%) calculation enabled. 

 MED    Medium (1 PLC) reading rate selected.  

REAR    Indicates that Analog Output is on.  

REL    Relative enabled for present measurement function.  

REM    Instrument in GPIB remote mode.  

SCAN    Scan mode selected.  

SHIFT   Accessing a shifted key.  

SLOW   Slow (5 PLC) reading rate selected.  

SRQ    Service request over GPIB.  

STAT    Displaying buffer statistics.  

STEP    Step mode selected.  

TALK    Instrument addressed to talk over GPIB bus. 
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TIMER   Timer-controlled scans in use.  

TRIG    External triggering (front panel, bus or trigger link) selected. 

5 Input connector  

CHANNEL 1  Measure voltage or temperature. Volts Ranges: IOmV, 100mV, 1V, 

10V, and 100V.  

CHANNEL 2   Measure voltage or temperature. Volts Ranges: 100mV, 1V, and 10V.  

6 Handle   Pulls out and rotate to the desired position. 

b) Rear panel summary 

 

 

 

 

 

 

1. ANALOG OUTPUT   : Provides a scaled non-inverting DC voltage. With analogue 

output gain set to one, a full range input will result in a 1V 

analogue output.  

2. TRIGGER LINK   : Eight-pin micro-DIN connector for sending and receiving 

trigger pulses among connected instruments. Use a trigger link 

cable or adapter, such as Models 8501-1, 8501-2, 8502, and 

8503.  
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3. RS-232   : Connector for RS-232 operation. Use a straight-through (not 

null modem) DB-9 shielded cable.  

4. IEEE-488   :Connector for IEEE-488 (GPIB) operation. Use a shielded 

cable, such as the Models 7007-1 and 7007-2.  

5. Power Module   : Contains the AC line receptacle, power line fuse, and line 

voltage setting. The instrument can be configured for line 

voltages of 100V/l20V/220V/240VAC at line frequencies of 

45Hz to 66Hz or 360Hz to 440Hz. 

MODEL 7001 

a) Front panel summary 

 

 

 

 

 

 

 

1. INFO :Displays on-line help information. Press again (or EXIT) to cancel 

message. 

2. LOCAL  :Cancels remote, restores front panel control. 

3. POWER  0 = off 

1 = on 
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4 OPEN ALL :Opens all channels of both slots. Also, aborts a scan that is in progress 

and places 7001 in idle state. 

5. SCAN LIST :Toggles between Scan List and Channel List 

6. CLEAR LIST :Clears the displayed Channel List or Scan List. 

7. STEP  :Takes 7001 out of idle state and steps through Scan List 

8. STORE  :Stores channel pattern at a specified memory location. 

9. RECALL  :Restores 7001 to a channel pattern stored at a specified memory 

location. 

10. OPEN  :Opens the specified (displayed) channels in Channel List. 

11. SCAN CONFIGURATION :Enables CONFIGURE SCAN 

MENU : 

CHAN-CONTROL SCAN-CONTROL ARM-CONTROL 

CHAN-RESTRICTIONS 

CARD CONFIGURATION 

Enables CARD CONFIG MENU : TYPE 

#-OF-POLES 

CARD-PAIR 

DELAY 

READ-I/O-CARD 

12. MENU  :Enables MAIN MENU: SAVESETUP 

:GPIB 

:DIGITAL-I/O 

:TEST LANGUAGE GENERAL 

13. CLOSE  :Closes the specified (displayed) channels in Channel List. 

14. DELETE  :Delete selected entry from Channel List or Scan List. 

      INSERT  :Insert next entry at selected location in the Channel List or Scan List. 
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15. EXIT  :Back up to previous menu selection, o exit from the menu. 

ENTER :Execute the pending operation. Also, separate channels and terminate a 

Channel List or Scan List. 

16. KEYPAD   0 - 9; use to enter numbers. 

- ; use to specify a range of channels (i.e. 1!1 - 1!40).  

M ; use to precede a specified memory location number. 

 ; use to move cursor left or 

 ; use to move cursor right. Also, use to separate channels and 

terminate a Channel List on Scan List. 

b) ear panel summary 

 

 

 

 

 

 

1. CARD 1  :Slot 1 for switch card. Corresponds to Card 1 channel status display. 

2. CARD 2  :Slot 2 for switch card. Corresponds to Card 2 channel status display. 

3. lEEE-488 CONNECTOR :Use standard lEEE-488 cables. 

4 DIGITAL l/O :Micro 8-pin DIN connector. Port consists of four TTL output lines and 

one TTL input line (one common line). 

5. TRIGGER LINK IN AND OUT  :Two micro 8-pin DIN connectors. 
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6. CHANNEL READY  :Female BNC connector for TTL output trigger pulse. 

7. EXTERNAL TRIGGER  :Female BNC connector for TTL input trigger pulse. 

8 LINE POWER INPUT WARNING: Connect to grounded outlet using three-wire 

power cord. 

c) Channel status display 

d) Channel assignments ( matrix cards ) 

A. Slot 1 (Card 1) 

B. Slot 2 (Card 2) 

Examples :  1!18 = Slot 1, Channel 18 

2!36 = Slot 2, Channel 36 

 

III. Model 7065 
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a) Connectors 

b) Matrix configuration 
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c) Channel configurations 
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APPENDIX V: NATIONAL INSTRUMENTS’ SOFTWARE 

Name Maintainer Category Version 

NI Web Server Development Support for LabVIEW 

2020 32-bit 
NI Add-Ons 20.51 

LabVIEW Report Generation Toolkit (32-bit) NI Add-Ons 2020 

LabVIEW DataFinder Connectivity Vis (32-bit) NI Add-Ons 2020 

LabVIEW Database Connectivity Toolkit (32-bit) NI Add-Ons 2020 

NI LabVIEW Command-line Interface NI Add-Ons 310 

JO VI Package Manager JIG Add-Ons 2020 

NI System Configuration support for LabVIEW 

2020 (32-bit) 
NI Add-Ons 2050 

TDM Excel Add-In NI Add-Ons 19 

NI DataPfugin AOPS NI Add-Ons 19.5 

NI Web-Based Configuration and Monitoring 20.5 NI 
Application 

Software 
2051 

MG1 Solution Explorer 
More Good 

Ideas Inc 

Application 

Software 
240-23 

IV! Compliance Package Documentation NI Documentation 17 

IVI Class Simulation Drivers NI Drivers 17 

IVI Compliance Package NI Drivers 17 

NI-VISA .NET Runtime 17.5 NI Drivers 17.5 

NI-VISA Runtime NI Drivers 17.5 

IVI Class Simulation Drivers Source NI Drivers 17 

GPIB-488 version 9.2 GPIB-488 Other Software 2.304915 

LabVIEW (32-bit) English NI 
Programming 

Environments 

2O2OSP

1 

LabVIEW Runtime (32-bit) NI 
Programming 

Environments 

2019 

SP1 f3 

LabVIEW Runtime (32-bit) NI 
Programming 

Environments 

2O2OSP

1 

LabWindows/CVI Shared Runtime NI Runtime 2019 

NI System Configuration .NET Runtime NI Runtime 2050 

LabWindows/CVI Shared Runtime Base NI Runtime 2019 

NI Distributed System Manager 2020 NI Runtime 20 

LabVIEW DataFinder Connectivity Runtime (32-

bit) 
NI Runtime 2020 



 

151 

 

Name Maintainer Category Version 

LabWindows/CVI TDM Streaming Library 

Runtime 
NI Runtime 2019 

NI System Configuration Runtime NI Runtime 2050 

NI System Web Server 2020 SP1 NI Runtime 2051 

Variable Engine NI Runtime 20 

LabWindows/CVI Network Variable library 

Runtime 
NI Runtime 2019 

LabWindows/CVI Network Streams library 

Runtime 
NI Runtime 2019 

NIUSICorc NI Runtime 19.6 

LabWindows/CVI .NET Library Runtime NI Runtime 2019 

NI Web Server Deployment Support for LabVIEW 

2020 32-bit 
NI Runtime 205.1 

LabWindows/CVI Analysis Library Runtime NI Runtime 2019 

NI System Configuration Runtime NI Runtime 20.5 

NI System Web Server 2020 SP1 NI Runtime 20.5.1 

Variable Engine NI Runtime 20 

LabWindows/CVI Network Variable library 

Runtime 
NI Runtime 2019 

LabWindows/CVI Network Streams library 

Runtime 
NI Runtime 2019 

NIUSICore NI Runtime 19.6 

LabWindows/CVI .NET Library Runtime NI Runtime 2019 

NI Web Server Deployment Support for LabVIEW 

2020 32-bit 
NI Runtime 20.5.1 

LabWindows/CVI Analysis Library Runtime NI Runtime 2019 

DataSocket NI Runtime 20 

NI Update Service NI Utilities 19 

NI License Manager NI Utilities 4.7 

NI Measurement & Automation Explorer NI Utilities 20.5 

NI Certificates Installer NI Utilities 202 

NI Package Manager NI Utilities 20.6 
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