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Motion of charged carriers in semiconductor is directly related to its electrical 

transport properties, i.e. resistivity, mobility and carrier concentration. The widely 
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the computer-controlled vdP and Hall effect measurement system have been designed 

and used for studying electrical transport properties of semiconductors such as InSb, 
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the conduction of the carriers. The thermally activated band conduction was dominant 

in the high temperature range (T > 100 K). From this result, the activation energy was 

approximately 19 meV. For the low temperature range (T < 80 K), the variable range 
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CHAPTER I 
 

INTRODUCTION 
 

The properties of material such as structural properties, optical properties or 

the electrical properties can be characterized using several techniques. In this thesis, 

the works are focused on the measurements of electrical properties of semiconducting 

materials. The charged particles transportation is directly related to the electrical 

conductivity of the matter. The density of the charged particles is one of the important 

intrinsic and extrinsic properties toward an understanding of the electrical properties 

of semiconductor or other materials. In order to obtain electrical properties of the 

materials, several techniques are being applied. The direct method used to obtain the 

electrical properties is by the measurement of resistance R [1]. A known dimensions 

of sample are used and then the resistivity ρ is calculated from ALR ρ=

L A

, 

where and is the length and the cross sectional area of the sample, respectively. 

The problem of this technique is the measured resistivity may contain the contact 

resistance and the resistance of the cables of the measuring tools. The effect of excess 

resistance can be eliminated by using the four-points probe technique. The sample in 

this measurement should have a uniform cross-sectional area and the applied current 

must be low enough to prevent the heating of the sample. However, the most 

applicable method to characterize electrical conductivity is the van der Pauw 

measurement technique. In 1958, L. J. van der Pauw applied the method to 

characterize the resistivity of material based on the four-points probe technique. The 

Hall effect measurement is based on similar configurations of the van der Pauw 
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technique with the addition of applied magnetic fields. The thin flat samples are 

usually placed perpendicular to the magnetic field with electric current flowing in the 

plane of the sample. The transverse force is exerted on charged particles by the 

magnetic field. This force pushes the moving charged carriers to one side of the 

conductor until the Lorentz force is zero in equilibrium. The voltage between the two 

sides of the conductor, known as the Hall voltage,  are then produced. E. H. Hall 

discovers this phenomenon in 1879 known as the Hall effect. In the present, the van 

der Pauw and the Hall effect measurements are one of the well known methods to 

measure the electrical conductivity or resistivity, mobility and carrier concentration 

with high precision and high accuracy. These measurements are normally 

nondestructive. 

To measure the electrical properties of materials by using the van der Pauw 

and the Hall effect measurement, several configurations should be applied to the 

sample. Thus, it is inconvenience to change the configurations manually. In order to 

solve this problem, data acquisition tools are used to switch the configurations. The 

accurate results of the measurements are obtained by the computer-controlled system. 

In this case, the measurement conditions can be defined by users. Not only the 

convenience from the computer-controlled measurement system can be obtained, but 

also the accurate and reliable results can be readily available. 

The semi-automated system will be designed and used to investigate the 

thermally activated electrical transport properties in a wide temperature range of 

semiconducting materials, such as Indium Tin Oxide (ITO) and Aluminum-doped 

Zinc Oxide (AZO), etc. In this case, the cryogenic system is utilized. By cooling 
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down the samples to the temperature of about 20 K and heating up to room 

temperature, the temperature dependences of their electrical properties are 

investigated and discussed.  

Objectives of the research: 

1) To design a computer-controlled system for the van der Pauw and the Hall 

effect measurement. 

2) To develop measurement method for electrical properties of 

semiconductors with high accuracy. 

3) To describe the electrical transport mechanisms of Indium Antimonide, 

Indium Tin Oxide and Aluminum-doped Zinc Oxide  as a function of 

temperature. 

The procedures of the thesis are: 

1) to study the electrical properties of semiconductor, 

2) to design a semi-automated system for investigating the electrical 

properties, 

3) to calibrate the system by using a known semiconductor, e. g. InSb, 

4) to investigate the temperature dependence of ITO and AZO using the  

designed system. 

 This thesis is divided into three major parts. In the first part, the basic 

principles of the van der Pauw and the Hall effect measurements are described. The 

second part provides a flow chart, a schematic diagram of the semi-automated 

measurement system and the calibrations of the measurement system. In the last parts, 
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the measurement results and conclusions of some semiconductors such as ITO and 

AZO are described. The outline of the thesis is as followings. 

In chapter 2, the theoretical background and the fundamental principles such 

as van der Pauw measurement, the Hall effect measurement and the temperature 

dependent of the semiconductor are reviewed. 

In chapter 3, the designed concept, the schematic diagram and the capability 

of the program are provided. Also the list of equipments used in the semi-automated 

van der Pauw and Hall measurement system are included. The interfacing and wiring 

and the details of the automatic control are explained. Finally, the sample preparation 

such as procedures for the preparation sample holder, sample itself Ohmic contacts 

are described. 

In chapter 4, the used of known sample, Indium Antimonide (InSb), for the 

calibration of the computer-controlled van der Pauw and the Hall measurements are 

provided. Also the comparisons between measurement results and the manufacturer 

certificate are shown. 

The next two chapters, 5 and 6, the results of the Indium Tin Oxide (ITO) 

and Aluminum doped Zinc Oxide (AZO) thin films measured by the system will be 

discussed. Their electrical conductivity measurements at different temperatures will 

be concluded. 

In chapter 7, according to the investigated measurement results in the 

previous chapters, the most significant results such as thermally activated temperature 

are summarized and concluded. 



 

CHAPTER II 

 

THEORETICAL BACKGROUND 
 

In this chapter, the theory involving characterizations of electrical properties 

such as resistivity, mobility and carrier concentration base on the van der Pauw and 

the Hall effect measurement method are described. In addition, the temperature 

dependent of electrical properties and the thermal activated of these quantities of 

semiconductors are also briefly discussed.  

2.1 Resistivity [2] 

The meaning of electrical resistivity may be simply described as how 

strongly a material opposes the flow of electric current. The material with low 

resistivity indicates that the material readily allows movement of electrical charge. 

The definition of the electrical resistivity can be considered by applied an electric 

field 
→

E  to the sample which has a cross sectional area A  and length . This sample 

has a carrier concentration  as shown below. 

L

n

I  

L
 

A  
I  

→

E  

n  

 
Figure 2.1: Current conduction in a bar of a conductor. 
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The electrical resistivity is usually written as: 

    
L

RA
=ρ ,     (2.1) 

where   ρ  is the resistivity ( cm⋅Ω ), 

        R  is the electrical resistance (Ω), 

         is the length of the specimen (m) and L

 A  is the cross section of the specimen (m2). 

The current density  is related to the applied electric field and can be written as: 
→

J

    ,     (2.2) 
→∧→

⋅= EJ σ

where   
→

E  is electric field (V/m), 

   is the conductivity tensor. 
∧

σ

From Fig. 2.1, the current density  is given by 
→

J

→→

⋅= ∫ AdJI ,     (2.3) 

where   I  is the electrical current. Also  is related to the drift velocity of the charge 

carrier given by 

→

J

    ,     (2.4) 
→→

−= nvqnJ

where    is the electronic charge = C,  q 1910602.1 −×

  is the drift velocity of the electron. 
→

v

For the linear relation ship of  and 
→

v
→

E , i.e.  then  in Eq. (2.4) can be 

written as  

→→

−= Ev nμ
→

J

    .     (2.5) 
→→

= EqnJ μ
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In the materials that have mixed types of carriers such as electrons ( ) and holes (n p ), 

then we have 

     for electron,   (2.6.1) 
→→

= EqnJ nn μ

     for hole,    (2.6.2) 
→→

= EqpJ pp μ

where p is the hole concentration. 

Thus the total current density is    

→→→

+= pn JJJ ,     (2.7) 

    .    (2.8) 
→→

+= EpnqJ pn )( μμ

The comparison between the Eq. (2.2) and Eq. (2.8) leads to the resistivity given by 

    
)(

1

pn pnq μμ
ρ

+
= .    (2.9) 

2.2 The van der Pauw Method [2] 

One of the most commonly used methods for measuring resistance or 

resistivity is the van der Pauw method. In 1958 L. H. van der Pauw discovered an 

elegant method to evaluate the electrical resistivity. Electrical transport properties of 

materials, such as conductors and semiconductors, can be obtained by this method. 

Sample of any arbitrary shapes can be investigated by this method based on a four 

point probe technique. 

An infinite plane of thickness  of conducting material is considered as in Fig 

2.2. The resistivity is given by 

d

ρ and the current  is applied to point M.The current 

flows from point M in the radial direction (r) symmetrically to infinity. 

i2
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i2

P O M 

 
d  

 

Figure 2.2: The sample with applied current  at point M. i2

 

i2

Figure 2.3: The straight line M, O and P on the infinite plane. 

Using Ohm’s law, the relationship of the electric field 
→

E and the current 

density  can be written as 
→

J

,
2

21
rd
i

rd
iJE

π
ρ

π
ρ

σ
===

→

∧

→

    (2.10) 

where   is the conductivity. 
∧

σ

Consider any two points O and P which are lying on a straight line with point 

M, as in Fig. 2.3, the potential difference between the points O and P can be derived 

as follow: 

dr
rd
iEdrVV

P

o

cba

ba
Op ∫ ∫

++

+

−=−=−
π
ρ    (2.11) 

⎟
⎠
⎞

⎜
⎝
⎛

+
++

−=−
ba

cba
d
iVV OP ln

π
ρ    (2.12) 

 

P O M 

ba + c

d

 



 9

P O M 
i

d

 
cba +

Figure 2.4: The straight line M, O and P on the infinite half plane. The current is 

reduced from  to . i2 i

Since there is no current flow perpendicular to the line through point M, O 

and P in Fig. 2.4, the results in Eq. (2.12) is still hold if half-plane of the sample is 

removed. Then the current is reduced to a half. 

 

 

 
Figure 2.5: The straight line M, N, O and P on the infinite half plane with the current 

take from point N. 

If the current i  is taken out from the point N, as shown in Fig. 2.5. 

According to Eq. (2.11), we get 

dr
rd

iEdrVV
P

o

cb

b
Op ∫ ∫

+ −
−=−=−

π
ρ )( ,  (2.13) 

⎟
⎠
⎞

⎜
⎝
⎛ +

=−
b

cb
d
iVV OP ln

π
ρ .    (2.14) 

  

 

 

Figure 2.6: The superposition of figure 2.4 and figure 2.5. 

P O M 
i N d

ca b

i O P M i N d

ca b
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Thus,  when there are both an applied current and a taken out current at point 

M and point N, respectively (Fig. 2.6) is as a superposition of Fig. 2.4 and Fig. 2.5 or 

Eq. (2.12) and Eq. (2.14) as follows 

Op VV −

⎥
⎦

⎤
⎢
⎣

⎡ +
+⎥

⎦

⎤
⎢
⎣

⎡
+

++−
=−

)(
)(ln

)(
)(ln

b
cb

d
i

ba
cba

d
iVV Op π

ρ
π

ρ , 

    ⎥
⎦

⎤
⎢
⎣

⎡
++

++
=

bcba
cbba

d
i

)(
))((ln

π
ρ .   (2.15) 

The resistance of the infinite half plane can be written in the following equation 

   ⎥
⎦

⎤
⎢
⎣

⎡
++

++
=

bcba
cbba

d
R OPMN )(

))((ln, π
ρ ,   (2.16) 

The Eq. (2.16) can be rewritten in an exponential form as 

   
OPMNRd

e
cbba
bcba ,

))((
)( ρ

π
−

=⎥
⎦

⎤
⎢
⎣

⎡
++

++ .    (2.17) 

If we shift the point where the current is applied from point M to point N then taken 

out at point O, Eq. (2.17) then becomes  

   
PMNORd

e
cbba

ac ,

))((
ρ

π
−

=⎥
⎦

⎤
⎢
⎣

⎡
++

.    (2.18) 

Adding Eq. (2.17) and Eq. (2.18) together, we obtain 

   1
,,

=+
−− PMNOOPMN RdRd

ee ρ
π

ρ
π

.    (2.19) 

Let 1, xdR OPMN =π  and 2, xdR PMNO =π , Eq. (2.19) can be rewritten as 

   1
21

=+
−−

ρρ
xx

ee .      (2.20) 

We can also write [ ])()(
2
1

21211 xxxxx −++=  and [ ])()(
2
1

21212 xxxxx −−+= , Eq. 

(2.20) become 

 



 11

[ ] [ ]
1

)()(
2
1)()(

2
1

21212121

=+
−−+−−++− xxxxxxxx

ee ρρ ,    

      
[ ] [ ] [ ]

1)(
2121

21
2
1

2
1

2 =+
−+−−

+− xxxxxx

eee ρρρ , 

where 
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Now, we define 
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, is the correction factor.

 (2.22) 

Thus, Eq. (2.21) becomes 
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Equation (2.23) is used to iteratively solve for the correction factor. Since, 

we have the correction factor on both sides of the Eq. (2.23), when the correction 

factor is found, we can obtain the resistivity from Eq. (2.22),i.e.  
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where ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

PMNO

OPMN

R
R

f
,

, is the correction factor which depends on the ratio of the value of 

the two resistances. 

In general case for a finite arbitrary sample, the resistivity can be written as  

   ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ +

=
B

ABA

R
RfRRd

22ln
πρ ,   (2.25) 

where  is resistance when the voltage is measured across point 1 and point 2 and 

the current is applied at point 4 and taken out at point 3 and  is resistance when the 

voltage across point 2 and point 3 when the current is applied at point 4 and taken out 

at point 1 as shown in Fig. 2.7. The correction factor in general case can also be 

obtained from Eq. (2.23). 

AR

BR

 

 
 BRV

 
ARV 

 

 

 

Figure 2.7: The configuration of difference positions where the current is taken of. 

2.3 The characterization resistance and  AR BR

To obtain the resistance  and  accurately, the data analysis must be 

used accordingly. The raw data of the measured voltage and applied current are 

recorded. Assuming the I-V data are linear. All of them are used to analyze the 

resistance by the uncertainty of a linear plot which is described as the following; 

AR BR
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The straight line plot of the experimental data has an uncertainty in each 

point. The slope of the straight line and the interception also has an uncertainty due to 

the propagation of the uncertainty. Each pair current ( I ) and voltage (V ) data is 

given as . The resistance is the slope of the plot between the applied current 

and the measured voltage. Consider the from the experiment 

),( ii VI

2χ

   ∑
= Δ

−
=

N

i i

i
th

i

V
VV

1
2

2exp
2 )(χ ,    (2.26) 

where is the theoretical value of the voltage at the applied current , 

is the value obtained from the experiment and it is called from now on , 

0VRIV i
th

i += iI

iVexp
iV iV Δ is 

the uncertainty of the data point . Assuming that the uncertainty of V is the same in 

every point, then and Eq. (2.26) can be written as 

thi

VΔ=ViΔ

   ∑
= Δ

−+
=

N

i i

ii

V
VVRI

1
2

2
02 )(χ .    (2.27) 

The best fit for R  and  can be obtained by minimizing  with respect to 0V 2χ

R  and with respect to V , respectively. One obtains the following set of equations: 0
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Rewriting Eq. (2.28) and Eq. (2.29), we obtain 
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0V  can be calculated from Eq. (2.27); 
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The R  can be found in terms of ,  and ; N iI iV
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From the van der Pauw measurement, the raw data of applied current and 

measured voltage in the both configurations can be used to calculate the resistance  

and , respectively. 

AR

BR

The correction factor is solved by using Eq. (2.23). This factor also depends 

on the ratio of the two calculated resistances  and . The correction 

factor

AR BR

)(
B

A

R
Rf is shown in Fig. 2.8. 
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Figure 2.8: The correction factor as a function of the ratio of calculated resistor. f
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2.4 The Hall Effect Measurement [3] 

The Hall effect measurement which is a method normally used to determine 

the carrier concentration and the type of carrier. This method is also used to 

investigate the Hall mobility of materials.  

2.4.1 Hall Effect and Lorentz Force 

The Lorentz force is the force exerted on a charged particle in an 

electromagnetic field. The particle will experience a force due to electric field of , 

and due to the magnetic field .  

→

→→

Eq

× Bvq

→→→→

×+= BvqEqF  ,    (2.34) 

→

F  is the force (N),  
→

E  is the electric field (V/m), 
→

B  is the magnetic field (T), 

q  is the electric charge of the particle (coulomb), and 

→

v  is the instantaneous velocity of the particle (m/s). 

Figure 2.9 shows the magnetic field will exert force on the carriers in  

direction. In the steady state, there is no current flowing along direction, the force 

due to the electric field along this direction will cancel out the magnetic field. The 

establishment of voltage in direction is known as Hall voltage. The Hall effect 

refers to the potential difference (Hall voltage) on the opposite sides of an electrical 

conductor through which an electric current is flowing, due to a magnetic field 

applied perpendicular to the plane of current. 

→

z

→

z

→

z
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Figure 2.9: The n-type and p-type semiconductor in the applied electric and magnetic 

field.  

2.4.2 Hall Mobility and Carrier Concentration [3] 

The Lorentz force (Fig. 2.9) for the Hall effect Phenomenon can be express 

by 

   yxz BqvqE =  or yxz BvE =    (2.35) 

The Hall voltage in Eq. (2.37) is an electric field in direction. Using the electron 

drift velocity, Eq. 2.37 can be rewritten as 

→

z

   y
n

z B
qn
JE ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−= , 

        (2.36) ynHz BJRE −=
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where  is defined by HR
qm

RH
1−

≡ ;(m is the majority carriers). (2.37)  

The Hall resistance  for the n-type semiconductor can be defined as  
nHR

    
qn

R
nH

1−
≡ .     (2.38) 

Similarly for the p-type semiconductor, the Hall resistance can be obtained as 
pHR

    
qp

R
pH

1−
≡ .     (2.39) 

The Hall mobility is defined by 

    
ρ

μ HR
≡ .     (2.40) 

The relation between the resistivity and their mobility is in Eq. (2.37) and Eq. 

(2.40). For an extrinsic semiconductor, the difference between the two carrier 

concentrations is huge. Equation (2.9) can then be reduced to    

mmqn μ
ρ 1

= ,     (2.41) 

where  andmn mμ  are the type of semiconductor and the mobility of the majority of 

the carrier. The mobility and carrier concentration relation is given by 

For the n-type semiconductor  

    
ρ

μ
qnn

1
= ,     (2.42) 

and for the p-type semiconductor 

    
ρ

μ
qpp

1
= .     (2.43) 
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2.5 Temperature dependent and Relaxation Time [5] 

In a perfect crystalline material, the free electron, whose mass is  and 

charge is e, can move in all directions without collision in the external electric field 

em

→

E . The equation of motion is given by 

    
→

→

= Ee
dt

vdme .     (2.44) 

On the other hand, for an imperfect crystalline, such as ionized impurities, 

vibrations of the optical phonons cause the colliding of the electrons. In the steady 

state, the average velocity can be given by 

em
Eev ><

>=<
→ τ ,     (2.45) 

where τ is the mean free time or the relaxation time. 

Using Ohm’s law, the relation between the relaxation time and the electrical 

conductivity and mobility are given in the set of the following equations; 

    
><

== ∧

∧

τσ
ρ 2

1
ne

me ,    (2.46) 

and    
em

e ><
=

τμ ,     (2.47) 

where  is the carrier concentration. n

From the classical theory of electrical transport of conventional 

semiconductors, the temperature dependence of the electrical conductivity can be 

determined from the convolutions of temperature dependence of the relaxation time 

for various scattering processes for carriers, i.e. nτ  for electrons, and pτ  for holes. In 
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general, the mobility is a function of these relaxation times of the scattering process. 

There are two major interaction mechanisms affect carrier mobility. 

The net relaxation time also due to other scattering mechanisms and can be given by 

    ∑
=

=
N

i i1

11
ττ

.     (2.48) 

where iτ  is the relaxation time due to the related scattering mechanism. 

The net reciprocal mobility can be obtained from     

    ∑
=

=
N

i i1

11
μμ

.     (2.49) 

where iτ  is the mobility from the related scattering mechanism. 

In addition to those mechanisms, scatterings from the other contributions, 

such as grain boundary, etc., may be taken into account in Eq. (2.41). The following 

table shows the scattering mechanisms normal in the semiconductor. Temperature 

dependences of the scattering mechanisms of GaAs [4] are shown in Fig. 2.10. 



 

Table 2.1: The scattering mechanism in the imperfect crystal [4]. 
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Figure 2.10: The scattering mechanism of GaAs versus temperature[4]. 

 

 



 
 

   

 

CHAPTER III 
 

VAN DER PAUW AND HALL 

MEASUREMENT SETUP 

In this chapter, the details of semi-automated electrical properties 

measurement system for thin samples based on the van der Pauw and the Hall effect 

technique, the schematic diagram of the measurement and the experiment setup will 

be described.  

3.1 Design Concept 

The van der Pauw and the Hall effect measurement system consists of a 

current source, a digital multimeter for voltage measurement and a data acquisition  

 

Digital 
multimeter 

16 Channel switching unit 

NC 

COM NO NCNO  

COM NC NO 

COM_ _ _ _ _ _ _ _ _ _ _ _ _ __

Computer 

Magnetic field generator 

Temperature 
 controller 

Figure 3.1: The schematic diagram of the van der Pauw and Hall measurement 

setup. 
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Sample 

N 

Current source 
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(relay switching unit) connecting together by a computer interface. The principle of 

the operation is that the current is applied to the sample between two points, and then 

the digital voltmeter is used to measure the voltage drop across the other two points. 

To change the configurations, both the current source and the voltmeter are switched 

by a set of relay switches controlled by a computer. Figure 3.1 shows the schematic 

diagram of the equipment setup of the van der Pauw and Hall effect measurement 

system.  

3.1.1 Operation Flow Chart 

The van der Pauw and the Hall measurement method is the technique used to 

characterize the electrical properties of materials. However, our system is designed 

for the samples with low resistivity. The flow chart of the van der Pauw and the Hall 

effect measurement system is shown in Fig. 3.2. The actual codes for controlling 

equipment and data acquisition are written on Agilent VEE version 7.5. 

3.1.2 Capability of the System 

 The system can be used to investigate the electrical properties of 

semiconductors or metals at temperature ranging from 10 K to 300 K. 

 Range of applied current: 1 nA to 100 mA 

 Magnetic field strength: ~ ± 800 mT 

3.2 Equipment and their Functions 

To achieve the reliable van der Pauw and Hall measurement system, the 

equipment used need to have high precision. 
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In this section, the details of equipment for the van der Pauw and Hall measurement 

system will be briefly described.  
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Figure 3.2: Flow chart of van der Pauw and Hall Measurement system. 
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Figure 3.3: The 6 ½ digital multimeter Keithey model 196. 

3.2.1 Keithley 196 Digital Multimeter 

The digital multimeter(DMM) is used to measure the voltage across two 

points on the surface of the sample. The Keithey 196 DMM (shown in Fig 3.3) 6½ 

multimeter is chosen and can measure the voltage in the range of + 0.0000001 to 

+300.00000 Volts. The rate of sampling time of the digital multimeter can be set 

between 1 ms to 3 ms. The range of selected voltage and the sampling rate of the 

digital multimeter can be chosen at the front panel or by the computer-controlled 

program. For the computer-controlled program, auto range and sampling rate of 3 ms 

are selected. The interfacing system between the DMM and the computer is General 

Purpose Interface Bus (GPIB). 

3.2.2 Keithley 237 High Voltage Source Measure Unit 

To generate the stable current, the Keithley 237 high voltage source measure 

unit as shown in Fig. 3.4 is used as a current source. The current source can provide a 

wide range of current from 1 nA to 100 mA, thus it can be used for a certain range of 

value resistance of samples. 
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Figure 3.4: The current source Keithley Model 237 

3.2.3 Agilent 34970 Data Acquisition and 34903A Switching 

Unit 

Agilent data acquisition model 34970 and the 34903A switching unit as 

shown in Fig 3.5 are used together to change the configurations of the measurement. 

The 34903A module consists of twenty relay switches which only sixteen of them are 

used in the setup. Each corner of the sample is connected to four relay switches and 

linked to the current source and the voltage measuring device. The properties of relays 

in this equipment are summarized in Table 3.1. 

 

 

 

 

 

Figure 3.5: Agilent data acquisition model 34970 and the relay switching unit 

34903A. 
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Table 3.1: The maximum input of the relay switch. 

Input function Maximum value 

voltage 300 V 

current 1 A 

switching power 50 W 

3.2.4 Magnetic Core 

In order to measure the Hall effect, the constant magnetic fields are required. 

The magnetic fields are controlled by a current flowing through two sets of coil. The 

direction of the magnetic field can be switched by changing the polarity of the current 

source. The magnetic core used in this set up is shown in Fig 3.6. The strength of the 

magnetic field is calibrated versus the applied current using a magnetic Hall probe. 

The magnetic field strength at the position of the sample was found to be 794 mT and 

814 mT depending on the polarity of the applied current. These numbers are used as 

the parameter in calculating the mobility and the carrier concentration. 

   

 

 

 

Figure 3.6: The magnetic core used in the Hall effect measurement system. 
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Magnetic poles Cryogenic pump (c) (b) (a) 

Cold finger 

Sample holder 

 

Figure 3.7: The cold finger and He-compressor used for low temperature 

measurement (a) The cold finger and magnetic poles, (b) The cold finger of sample 

holder, (c) The Leybold type RW2 cryogenic pump. 

3.2.5 Cryogenic System 

To obtain the resistivity, mobility and carrier concentration of samples at 

room temperature, the designed van der Pauw and Hall effect measurement system 

can be used in a simple manner. But for temperature dependent measurement, a 

cryogenic system is required. The cryogenic system consists of a cold finger; a closed 

cycle He-compressor and a vacuum pump. The Leybold type RW2 cryogenic is used 

in this setup and shown in Fig. 3.7. 

3.2.6 Chiller 

The water cooling tank is also necessary for cooling the magnetic field coils 

and the He-compressor to prevent the over heat of the coil and is used as the heat 

exchange for the He-compressor.  
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Computer Controller 

Temperature 
Data Acquisition  Controller 

DMM 

Current Source 

Magnetic Core 

Magnetic controller 

Figure 3.8: The complete setup of van der Pauw and Hall measurement system. 

 

3.2.7 Temperature Controller 

To investigate the temperature dependent measurement, two temperature 

sensors are used to read the temperature of the cold finger. One is the silicon diode 

sensor used to measure the temperature at the head of the vacuum chamber. Another 

silicon diode sensor is used to obtain the temperature near the sample holder. The 

temperature controller is used to keep temperature constant and also for the read-out 

for the investigation of the temperature dependent measurement. The complete setup 

of the van der Pauw and the Hall effect measurement system is shown in Fig. 3.8.  
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3.3 Interfacing and Wiring of the System 

3.3.1 Wiring up the 34903A Relay Switches and the Sample 

Holder 

The cable connections between the commercial Agilent 34903A relay 

switches which consist of the twenty-channel-relay switches and the sample holder 

are done through the commercially available DB9 connectors. The user can change 

between the room temperature probe and the low temperature probe by using this 

connector. Only sixteen relays are used in a group of four which are connected to one 

corner of the sample. These relays are connected to both the digital multimeter and 

the current source. Figure 3.9 shows the wiring of the 34903A together with the 

voltmeter, current source, DB9 connector and the sample holder. 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: The connection of the relay switch 34903A and DB9 connectors. 
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Figure 3.10: The DB9 and DB25 connecting for the temperature controller and PC. 

3.3.2 Connection between the Temperature Controller and the 

PC 

In order to control the temperature controller, RS232 serial interface is 

preferred. To connect the temperature controller to a computer, the correct type of 

interface cable must be used. The DB9 connector is used to connect to the serial port 

of the computer and the DB25 is used to connect to the temperature controller. Figure 

3.10 describes the connection pins between the DB9 and DB25 connectors. 

3.4 Semi-Automatic Control 

This section describes the procedure of semi-automated van der Pauw and 

Hall effect measurement program.  

The first part is to input the data into the program as shown on the upper left 

region in Fig. 3.11. The information input are such as the file name, sample name, 

sample thickness, the measured resistance of the sample, the magnetic field strength 

also the name of user. The first output information is from the van der Pauw 

measurement. The value of applied current and the reading voltage are plotted real 

time and used for the calculation of  and , as described in chapter 2.  AR BR
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The values of  and  are then used to obtain the correction factor and 

the resistivity, also previously described in chapter 2. Note that the plot of  and 

also give the information of whether or not the contacts are Ohmic. After the 

resistivity is obtained, the program continues to determine the mobility and carrier 

concentration from the Hall effect measurement. 

AR BR

AR

RB

The details of Agilent VEE control code will be described in the following 

section. For the low temperature measurement, after the user click start button at the 

upper left, the temperature measurement part will be operated and described by the 

labeling numbers in Fig 3.12.  

Figure 3.11: van der Pauw and Hall Measurement Program interface. 
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In the temperature measurement sections, the codes which can be separated 

in four parts are described. The upper two parts are the temperature measurement at 

the started program codes where another two parts in the lower region are the codes 

for the end of temperature measurement. The label no. 1 in Fig. 3.12 is the control 

code for the LTC60 temperature controller. The outputs from the temperature 

controller consist of both string and number. The label in no. 2 and no. 3 are used to 

remove the string from the output, only the number is selected. Next, label no. 4 is for 

showing the measurement values and will be saved to the selected cell in label no. 5. 

The T1 and the t1 in label no. 4 stand for the measured temperature at the top of the 

cold finger and the measured temperature close to the sample holder, respectively. 

The measured temperature at the sample holder during the low temperature Hall effect 

measurement is used to identify the name of the initialized MS Excel spreadsheet. The 

following labels no. 6 and no.7 are the codes to combine the measured temperature 

with the informed filename. 
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Figure 3.12: The Agilent VEE code on temperature measurement part. 
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Next, the set of the voltage measurement codes which are used in both van 

der Pauw and Hall effect measurement are shown. These set of codes are used in 

several parts in this program such as two configurations of voltage measurement, 

and , in the vdP part as shown in Fig. 3.13 and four configurations of 

measured voltage in Hall measurement as shown in Table 3.3. The codes in the Fig 

3.14 are started at the Agilent 34901A data acquisition which is switched to the 

selected configuration in label no. 1. Then, the number of counts from the informed 

input will be collected in the label no. 2 as a number of measurement loops and used 

in the label no. 3. Following by label no. 4, the default of digital voltmeter is set and 

waiting for the next command. The informed current is collected in the label no. 5. 

After that the collected data are used in label no. 6 as a generate current from the 

Keithley 237 current source to the sample and then display the value in the label no. 7. 

The label ‘Get DMM’ in no. 8 is collected the number of informed voltage 

measurement then used in labels no.9 and no. 10. Following by the voltmeter Keithley 

196 control label in no. 10 is the measured voltage across the selected configuration 

then, the raw data are shown in label no. 11 and collected in the sliding collector in 

the label no. 12. Then, the average of the measurement voltage is calculated in the 

label no. 13 and then show in label no. 14. The set of average value is shown in the 

code no. 15 and the number of value in these set are corresponding to the number of 

informed loop. 

ARV
BRV

 

 

 

Figure 3.13: The configurations in the van der Pauw measurement  and . 
ARV RBV

BRV
 

 
 BRV

 
ARV
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Table 3.3: Configurations for the Hall effect measurement. 

Configurati

on 

No 

 Magnetic field 

Positive 

 Magnetic field 

Negative  

Magnetic field 

Hall 1 

1324 

 

Hall 2 

3124 

 

 

Hall 3 

4213 

   

Hall 4 

2413 
   

 

The labels no. 16 and no. 17 are shown the save of the output data to the cell 

in Ms excel. Then, the applied current and measured voltages are plotted on the right 

region of the program. The label no. 19 is used to turn the current source to standby 

following by the switching unit in label no. 20 is turned the relay off before the next 

configuration is performed. 

The results in the previous description i.e. the applied current and the 

measured voltage are used to obtain the resistance value as described in Eq. (2.33), 

chapter 2. In Fig. 3.15, the calculation codes for the resistance calculation  and  

are shown. 

AR BR
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Figure 3.14: The set of voltage measurement codes using in vdP and Hall 

measurement. 
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Figure 3.15: The calculation code of  and . AR BR
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The label no. 1 is the multiplication of applied current and measured voltage 

before collecting them in the label no. 2, then summarized in the label no.3. The next 

labels no. 4 to no. 6 are collected for the applied current and measured voltage then 

summarized in label no. 5 and multiplied them in label no. 6. Labels no. 7 shows the 

square of current and multiply by the number of measurements in label no. 8. The last 

part is the square of the summation current in the label no. 9. These calculation 

parameters are used to evaluate the resistance value both  and   which is written 

in Eq. (2.33) and will be shown in label no.10. The calculated resistance  and  

will be used to obtain the correction factor and resistivity. 

AR R

R R

R R

B

A B

The correction factor calculation code is shown in Fig. 3.16. The investigated 

resistance value  and  are used as a parameter for correction factor evaluation as 

shown in label no. 1 and label no. 2. Then, label no.3 in this section is compared the 

ratio of the two resistance values. If the result is less than 1.5, the step of correction 

factor calculation will be 0.0001 in the upper part of the codes. The lower part shows 

the case of the ratio value more than 1.5, then the number 0.001 is used as a step of 

this investigation. The calculation of the correction factor is described in details in 

chapter 2, section 2.2. The set of codes in the upper and lower part of the Fig. 3.16 

will be explained as the followings. Start at the label no. 4, the loop of calculation 

then, label no. 5 shows the calculation of step in the correction factor evaluation and 

the result which shown in label no. 6 is the used correction factor. The obtained 

resistances in the previous section are collected in the label no. 7. Then, all parameters 

are fitted in Eq. (2.23) in the label no. 8 and are shown in the label no. 9. Next, the 

label no. 10 is compared for the two sides of Eq. (2.23), then, the obtained correction 

factor is shown in label no .12. This loop will terminate in label no. 13 when the 

results both sides of this equation are equal.  

A B
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Figure 3.16: Evaluation of the correction factor. 

The next expression code is the resistivity calculation shown in Fig. 3.17. 

The first parameter Pi = 3.14 is used in label no.1. The following, label no. 2 is the 

expression of the value . Next, the label no. 3 is the thickness of the sample. The 

labels no. 4 to no. 6 are for the calculated resistances ,  and the correction 

factor, respectively. All parameters are used to calculate the resistivity in label no. 7, 

then the labels no. 8 to no .10 are the values of resistivity and its unit. The results of 

the obtained resistivity is shown in the label no. 11. 

)2ln(

AR BR
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Figure 3.17: The resistivity calculation. 

Moving to the Hall effect calculation section, the calculated resistivity is used 

as a parameter for carrier concentration and the mobility calculation which will be 

described in Fig. 3.18. These codes show the Hall effect calculation which are two 

measurement results. In the upper region, the carrier concentration is calculated where 

as the mobility is investigated in the lower region. The carrier concentration 

calculation consists of five parameters which are expressed in the labels no. 1 to no. 6 

and evaluates in the label no. 7. The label no. 1 collectes both the positive and 

negative magnetic field strength before calculating the average value in label no. 2. 

Next, label no. 3, q is electronic charge which is equal to C. The 

following label no. 4 is the applied current in the Hall effect measurement and the 

label no. 6 is the different of the measured voltage with the magnetic field and without 

the magnetic filed calculation. The last label in no. 5 is the thickness of the sample. 

The result of carrier concentration is obtained and shown in the label no. 7 and no.8, 

then saved in the code no.9. 

1910602.1 −×

Finally, the last calculation is the Hall mobility which is shown in the lower 

set of codes in the Fig 3.18. Three parameters are used in this calculation i.e. the 

carrier concentration in the label no. 10, the resistivity in the label no. 11 and the 

electronic charge q in label no. 12. 
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Figure 3.18: Calculate average mobility and carrier concentration. 

This set of codes is corresponds to the Eq. (2.38) or Eq. (2.39) in chapter 2 

depend on the major carrier. Label no. 13 is for the calculation, then the result is 

shown in label no. 14 and save in the label no. 15.  

The saved results in every set of codes are reported in the MS Excel as 

shown in Fig. 3.19. The vdP section is report in the row no. 1 to row no. 24. The rows 

no. 1 to row no. 4 and the row no. 6 are the input data whereas row no. 5 shows the 

measured temperature at the start of the measurement. The next row no. 8 to row no. 

18 shows the raw data of the average applied current and the average measured 

voltage. In the row no. 20 to row no. 24 are the evaluated results of the resistance , 

, the correction factor and the resistivity, respectively.  

AR

BR

The row no. 25 to row no. 48 are reported as the results of the Hall effect 

measurement section. Row no. 26 and row no. 27 shows the used magnetic field 

strength. Row no. 29 to row 40 are the average data of the measured voltage of the 

Hall configuration with and without the magnetic field.  
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As shown in Table 3.3, there are four configurations for Hall effect 

measurement. Row no. 42 to row no. 45 reported the calculated mobility and carrier 

concentration of these configurations. Then the average of them is shown in row no. 

47. The last row in the report shows the measured temperature at end of the 

measurement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.19.: The MS Excel report of the van der Pauw and the Hall effect 

measurement program. 
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To check the results from the designed program, the manual program was 

designed. This consists of the same equipment as the semi-automatic one but some of 

the control parts were controlled in the front panel of the equipment. These will make 

the results more reliable. Figure 3.20 is the screen of manual program using for 

configuration check. 

 

Figure 3.20: The manual program which user can control at the front panel of the 

equipment. 
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3.5 Sample Preparation 

In order to use the van der Pauw method, the width and the length of the 

sample must be much larger than the sample thickness. The errors in calculations can 

be reduced by making the sample symmetrically. The thin film materials with the area 

of less than 5 mm×5 mm were prepared in this experiment.   

3.5.1 Sample Holder 

The sample holder is made from a piece of Copper and a printed circuit board 

(PCB) glued together by special  binder Master Bond EP30FL epoxy that consists of 

two parts mixed together by the weight ratio of 4 Part A:1 Part B. Here, we use 10 g 

of Part A and 2.5 g of Part B. The mixed binder should be gentle stirred and the 

bubbles should be avoided during the stirring process. The dimensions of the sample 

holder are; 

 (i) 2 mm thick Copper plate should be cut into 2.5 cm×1.5 cm. 

 (ii) printed circuit board (PCB) of 2.5 cm×1.5 cm.   

The final the shape should be in the shape of 3.5 cm×1.5 cm as shown in Fig. 3.21.  

3.5.2 Preparation of Ohmic Contact 

In order to use the van der Pauw method, four Ohmic contacts are also 

required at four corners of the sample. They must be placed on the boundary of the 

sample as small as possible. 

 

 

 

 
Figure 3.21: The 3.5 cm×1.5 cm using in the Hall Effect measurement system. 
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These contacts are metal to semiconductor contacts. The Ohmic contact is a 

low resistance junction which providing conduction in both directions between the 

metal and the semiconductor. Ideally, the current through the Ohmic contact is a 

linear function of the applied voltage. The contact preparation is the most important 

step in the measurement process.  

3.5.2.1 Preparation of Shadow Mask for Evaporation of Metal 

Contacts 

The following procedures describe how to prepare the masks at the four 

corners. A glass slides are used as a base of the sample and the Aluminum foil is 

wrapped tightly around the glass slide. Then, the 5 mm×5 mm sample is placed on 

the wrapped glass slide and covered with Aluminum foil again as shown in Fig 3.22 

(a).  A small rod rolled over the surface of glass slide to eliminate the air bubble. 

After that, a small pin is used to make a hole at the corners as shown in Fig 3.22(b). 

The metal can then be evaporated and deposited at the opening corners on the sample 

surface. 

 

   

 (b) (a) 

Figure 3.22: The mask preparation before thermal evaporation. (a) The sample place 

on the raped glass slide. (b) The required contact on the raped sample on glass slide. 
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3.5.2.2 Thermal Evaporation 

The thermal evaporation is used to evaporate materials for Ohmic contact. 

The prepared glass slide with sample and the suitable Ohmic contact materials are 

loaded into the thermal evaporation vacuum chamber (Fig. 3.23). After the process of 

sample evaporation the sample should be annealed in vacuum with the pressure of 

about 8×10-6 mbar immediately. 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.23: The used equipment to evaporate Ohmic contact. 

 



 
 

   

CHAPTER IV 
 

SYSTEM CALIBRATION 

To ensure that the system operates correctly and reliably, the calibration of 

the system was performed using a known sample. The bulk indium antimonide (InSb) 

wafer was used as a known semiconducting sample for the calibration. The 

preparation of the InSb samples and the measurement are described in this chapter. 

4.1 The Properties of Indium Antimonide [7] 

Indium antimonide(InSb) is a crystalline compound made from pure 

elements indium and antimony. It has the appearance of dark grey silvery metal pieces 

or powder with vitreous luster. The InSb is a semiconductor material from the III-V 

group with an energy gap of about 0.17 eV at 300 K and 0.23 eV at 80 K. The crystal 

structure is zinc blende with a lattice constant of 6.48 Å.  

4.2 Preparation of InSb Samples 

The bulk InSb samples were prepared by the following procedures; 

 
4 

1 

2

Sample 
 

5 3 

 
6  Wet sand paper 

Figure 4.1: The Figure-8 polishing method. 
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 (I) Polish the surface of the InSb wafer with a wet sand paper. The 

deionized water is preferred for the wetting. The sample was 

manually polished in a figure-8 manner, as shown in Fig. 4.1, to 

ensure the uniform thickness. 

(II) The InSb wafer was then scribed into a 3 mm×3 mm, shown in Fig. 

4.2, using a sharp tungsten needle. Then, a small cylinder was used to 

roll softly over the back side of the wafer along the scribed line. The 

sample would be cracked along the direction of the line. 

(III) Sample cleaning process: The InSb samples were cleaned with 

solvents i.e. TCE, acetone, methanol and deionized water, 

respectively, in an ultrasonic bath. 

(IV) Thickness of InSb sample was measured by a micrometer and 

summarized in Table 4.1.   

 

 

     3 mm×3 mm       

Figure 4.2: The cutting of mmmm 33 ×  InSb wafer. 

Table 4.1: The thickness of InSb samples used for the calibration of the system. 

Sample No. Thickness (μm) 

InSb ISC 145 420 

InSb ISC 598 504 
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(V)  Preparation of Ohmic contact: The Ohmic contact of InSb is Ni/Au. 

The 2,000 Å of Ni was deposited first and then followed by 1,500 Å 

of Au by thermal evaporation. The size of contacts was minimized 

and the shape is shown in Fig. 4.3(a). 

(VI) Annealing process: After the evaporation of Ohmic contact, the 

samples were annealed in vacuum at 150 °C for 1 hour to ensure 

good surface contact. 

(VII) Sample mounting: The samples were mounted in the sample holder as 

shown in Fig. 4.3(b) using a double-sided tape or silicone paste on the 

back side of the samples. The 0.05 mm gold wires were used to 

connect from the PCB to the four Ohmic contacts of the sample. We 

note that a double-sided tape or silicone paste used for conducting 

samples while silver paste can be used only for a sample with non-

conducting substrate. 

 

 

 

 
(b) (a) 

Figure 4.3: (a) The shape of Ohmic contact Ni/Au on InSb sample. 

(b)The InSb bulk which four corners are wired to the holder. 

mmmm 33 ×
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4.3 Calibration Results 

Tables 4.2 and 4.3 show the measurement results of electrical properties i.e. 

resistivity, mobility and carrier concentration of the two InSb samples for the 

temperature ranging from ∼ 20 K to 300 K. The resulting plots of the conductivity vs. 

temperature are shown in Fig. 4.4, the mobility vs. temperature are shown in Fig. 4.5, 

and the log of carrier concentration vs. 1,000/temperature are shown in Fig. 4.6. 

Table 4.2: The measurement results of InSb No. ISC 145. 

Temperature[K] 
Resistivity   
[ ] cm⋅Ω

Mobility    
[ ] 112 −− sVcm

Carrier 
concentration[ ] 3−cm

20.56 6.94E-02 472,299 1.91E+14 
22.60 6.75E-02 484,814 1.91E+14 
32.50 5.55E-02 587,960 1.91E+14 
40.54 4.83E-02 676,292 1.92E+14 
50.65 4.43E-02 737,561 1.91E+14 
60.82 4.55E-02 714,800 1.92E+14 
76.86 5.19E-02 582,283 1.93E+14 
88.98 6.03E-02 534,711 1.94E+14 

101.10 7.11E-02 450,675 1.95E+14 
113.73 8.41E-02 376,753 1.97E+14 
127.51 9.93E-02 304,864 2.07E+14 
142.05 1.16E-01 227,781 2.37E+14 
156.11 1.26E-01 168,450 2.95E+14 
169.25 1.17E-01 135,556 3.95E+14 
180.33 9.56E-02 125,077 5.23E+14 
197.01 6.10E-02 122,973 8.33E+14 
209.77 4.19E-02 120,117 1.24E+15 
220.13 3.08E-02 116,098 1.75E+15 
242.10 1.70E-02 105,115 3.49E+15 
249.59 1.41E-02 99,531 4.46E+15 
259.64 1.11E-02 92,904 6.08E+15 
269.68 8.82E-03 88,750 7.98E+15 
280.83 7.03E-03 85,321 1.04E+16 
287.26 6.24E-03 85,739 1.17E+16 
300.00 4.70E-03 79,720 1.67E+16 
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Table 4.3: The measurement results of InSb No. ISC 598. 

Temperature[K] 
Resistivity   
[ ] cm⋅Ω

Mobility    
[ ] 112 −− sVcm

Carrier 
concentration[ ] 3−cm

21.57 9.99E-02 448,463 1.40E+14 

29.26 8.78E-02 511,140 1.39E+14 

35.95 7.89E-02 563,732 1.40E+14 
45.11 7.16E-02 621,415 1.40E+14 
55.12 6.99E-02 634,533 1.41E+14 
64.62 7.26E-02 611,593 1.41E+14 
77.15 8.06E-02 544,016 1.43E+14 
85.17 8.95E-02 485,791 1.44E+14 
94.56 1.00E-01 421,073 1.48E+14 

105.26 1.14E-01 347,682 1.57E+14 
114.59 1.29E-01 283,183 1.71E+14 
123.02 1.44E-01 226,738 1.91E+14 
133.40 1.59E-01 178,976 2.20E+14 
144.10 1.75E-01 137,553 2.60E+14 
152.66 1.79E-01 113,864 3.06E+14 
186.07 8.97E-02 101,625 6.86E+14 
203.10 5.71E-02 102,700 1.07E+15 
211.91 4.35E-02 102,670 1.40E+15 
223.74 3.10E-02 103,627 1.95E+15 
231.18 2.51E-02 101,950 2.44E+15 
238.77 2.03E-02 99,329 3.10E+15 
244.70 1.75E-02 96,391 3.71E+15 
256.06 1.35E-02 92,691 5.00E+15 

262.68 1.15E-02 89,161 6.08E+15 

274.60 8.91E-03 83,107 8.44E+15 

287.94 6.87E-03 78,247 1.16E+16 
300.00 5.14E-03 67,325 1.81E+16 

Figure 4.4 shows that the conductivity of InSb in the temperature range 50 K 

to 200 K is relatively constant corresponding to the conduction of the ionized 

impurity carriers which is independent of temperature. The increasing of the 
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conductivity above 200 K is due to the increasing of intrinsic carriers and it increases 

exponentially with temperature. 

It was found that the mobility of the carriers, shown in Fig. 4.5, was rising to 

the maximum value 737,561 cm2V-1s-1 and 634,533 cm2V-1s-1 for the sample no. 145 

and no. 598, respectively in the temperature range below 50 K. Then, it starts to 

decline with the increasing temperature in the range of 50 K to 150 K. 

 

Figure 4.4: The temperature dependent of InSb conductivity. 
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Figure 4.5: The plot of InSb mobility versus temperature. 

This result corresponds to the scattering mechanisms as seen in other 

materials such as GaAs which was a contribution of several scattering mechanisms as 

shown in chapter 2, Fig. 2.10. The mobility was somewhat independent of 

temperature throughout the high temperature range (200K to 300 K) of measurement 

with the average value of about 100,000 cm2V-1s-1.  

One can also see that the carrier concentration of both InSb samples can be 

divided into two regions. The first one is for the temperature above 100 K carrier 

concentration are rising with increasing temperature, which is due to the nature of 

intrinsic carriers, where for the temperature below 100 K carrier concentration are 

constant which is due to the extrinsic carriers, as shown in Fig. 4.6. This agrees with 

the theory discussed in appendix A. 
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Figure 4.6: The plot of InSb carrier concentration and inverse temperature. 

The measurements of the InSb samples at 77 K compared with the certificate 

obtained from the manufacturer are shown in the Table 4.4. It is obviously seen that 

the results obtained from our system are in the range issued by the manufacturer. 

However the electrical properties can be varied over time, the results of the carrier 

mobility of InSb ISC145 is slightly out of the specified range. 

Table 4.4: Comparisons of the measurement results and the certificate of InSb @77K. 

Sample @ 77K Resistivity   
[ cm⋅Ω ] 

Mobility    
[ ] Vscm /2

Carrier 
Concentration 

[ ] 3/1 cm

Certificate of ISC145  0.044 – 0.095 510,200 - 552,600 1.19 - 2.78 ×1014 

Measurement of ISC 145 0.052 582,283 1.93×1014 

Certificate of ISC 598  0.041 - 0.087 502,800 - 568,900 1.27 - 3.06 ×1014 

Measurement of ISC 598 0.081 544,016 1.43×1014 
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4.4 Conclusion 

The calibration of system was performed on the known semiconducting 

material, i.e. InSb. The manufacturer certificates were used to verify the calibration. 

The InSb samples were prepared with uniform thickness and the Ohmic contacts were 

achieved by thermal evaporation of Ni/Au. The resistivity, mobility and carrier 

density of the InSb were measured by the designed computer-controlled system. The 

measurement results are consistent with the manufacturer certificates. Thus the 

computer-controlled van der Pauw and the Hall effect measurement system can be 

used to investigate the electrical properties. 



 
 

   

CHAPTER V 
 

ELECTRICAL PROPERTIES 
OF INDIUM TIN OXIDE THIN FILM 

 

In this chapter, the van der Pauw and the Hall effect measurement system are 

used to perform the measurements of the electrical properties of the Indium Tin Oxide 

(ITO). The ITO thin films used here were fabricated in the laboratory and had never 

been characterized for their temperature dependent electrical properties. 

5.1 Introduction 

Indium-Tin-Oxide (ITO) is one of promising materials used in 

optoelectronics devices, including photovoltaic devices, since it can be fabricated in 

such a way that it exhibits very high optical transparency as well as being a good 

conductor. In particular, the n-type ITO films have been used as a transparent 

conducting window layer in many thin film solar cells [8]. The good transparent 

conducting oxide (TCO) films should have high optical transparency and low 

electrical resistivity. Many groups in the community have performed experiments to 

investigate the scattering mechanisms of ITO films in the recent years [9]. 

Nevertheless the results are still inconsistent. Here, low temperature van der Pauw 

and Hall measurements was used to perform the temperature dependence of electrical 

properties, i.e. resistivity, mobility and carrier density of the ITO films. 

From the classical theory of electrical transport of conventional 

semiconductors, the temperature dependence of the electrical conductivity can be 
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determined from the convolutions of temperature dependence of the relaxation time 

for various scattering processes for carriers, i.e. nτ  for electrons, and pτ  for holes. In 

general, the mobility is a function of these relaxation times of the scattering processes. 

There are two major interaction mechanisms affecting carrier mobility. One is the 

mobility from the lattice scattering process Lμ , and another the mobility from the 

ionized impurity scattering process Iμ . These two mechanisms follow the temperature 

dependence as [10] 

2/3−∝ TLμ , 

 

2/3TI ∝μ , 

 

where T  is absolute temperature. The net mobility μ  can be obtained from 

IL μμμ
111

+= .                  (5.1) 

 

In addition to those mechanisms, scattering from other contributions, such as grain 

boundary, etc., may be added to Eq. (5.1). 

For the high carrier concentration ( ) of ionized impurity or heavily 

doped semiconductors or sometime called degenerate semiconductors, the external 

dopants are assumed to be the defects of such semiconductors including the ITO 

materials. These defects are the main scattering center of the charged carriers. When 

the charged carriers are scattered by impurity ions the energy dependence of mobility 

is given by [10] 

2010>n
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where )( Fi Eτ  is the relaxation time of the scattering process near the Fermi level 

,FE ε  is the static dielectric constant of the films, is the effective mass of 

electrons,  is the charge of the ion core and  is the concentration of impurity 

scattering centers. From Eq. (5.2), we could see that the ionized impurity scattering 

mobility of degenerate semiconductors is independent of temperature.  

*m

Ze iN

At high temperature range, the contribution of lattice vibration scattering is 

given by [10] 
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μ ,                       (5.3) 

 

where is elasticity constant modulus, 11c cΔ is the divergence of strain and N is 

concentration of matrix atoms. From Eq. (5.3), at E = EF, the mobility is proportional 

to T1 . 

The lattice vibration scattering of degenerate semiconductor dominates the 

mobility at high temperature, however, the carrier concentration is independence of 

temperature. 

 



 58 

Grain boundaries scattering in polycrystalline form the potential barrier between two 

crystallites. The barriers affect the mobility due to the grain boundary scattering and is 

given by [11] 

)/(2
1

kTBeV
eATg
−−

=μ ,                   (5.4) 

 

where is the potential barrier between the grain boundaries and BV A  is a constant. In 

the degenerate semiconductors, Fermi–Dirac statistic is more appropriate than 

Maxwell–Boltzmann statistic, thus the mobility in Eq. (5.4) can be expressed as [12] 

                         

)/(1 kTAeV
eBTg

−−=μ ,            (5.5) 

 

where cFcFBA EEEEVV −−−= );( is the distance between Fermi level and the bottom 

of conduction band. For the high carrier concentration, the mobility from grain 

boundary may be neglected. 

 

5.2 Fabrication and Preparation of ITO Thin Films 

The ITO thin films were deposited on soda-lime glass substrates by RF 

magnetron scattering technique at different substrate temperatures of 60◦C, 230◦C, 

270◦C and 300◦C using the sputtering power of 80 W and the sputtering gas pressure 

of 6×10-3 mbar. The sputtering target consists of 90% In2O3 and 10% SnO2. The fixed 

and varying parameters used in this fabrication are shown in the Table 5.1. The 

average optical transmission of the obtained ITO thin films is above 90% in the 
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visible region [8]. Figure 5.1 shows the transparency of fabricated ITO thin films. 

Electrical contacts to the ITO films were made by the thermal evaporation of Ni/Al to 

ensure Ohmic contacts. In order to use the van der Pauw method, four Ohmic contacts 

are required and connected with gold wires to the sample holder which is mounted on 

the cold finger of the closed cycle refrigerator. Ideally, the applied current and the 

voltage measurement must be linear for a good Ohmic contact. The ITO films were 

cooled down using the closed-cycle He cryogenic system to 25 K and heated up to 

room temperature for the electrical properties measurements. 

5.3 Measurements of Electrical Properties 

The electrical properties of the polycrystalline ITO thin films were 

investigated by the van der Pauw and the Hall effect measurements. The measurement 

results are concluded in Table 5.2. The Hall effect measurements by the measuring of  

Hall voltage (VH) indicated that all the carriers of ITO thin films were n-type. Figures 

5.2 to 5.5 show the plot of resistivity and mobility vs. 1/temperature of the ITO thin 

films fabricated with the substrate temperatures of 60◦C, 230◦C, 270◦C and 300◦C, 

respectively.  

In Fig. 5.2, it can be seen that, below 100 K, the resistivity of the ITO films 

fabricated at 60◦C is independent of temperature whose value is about 3.25×10-3 Ω⋅cm  

and rising to about 3.65×10-3 Ω⋅cm at room temperature. The rising of the resistivity 

with increasing temperature suggests that the ITO thin film behaves like a conductor, 

i.e. the contribution from the lattice vibration dominates at high temperature range. 

The mobility measurement also shows the same behavior at low temperature, i.e. it is 

constant with the average value about 35.5 cm2/Vs at temperatures below 100 K and 

gradually decreases to about 31 cm2/Vs at room temperature. 
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Table 5.1: The parameters used in the Indium Tin Oxide fabrication process. 

Fixed parameters 

RF sputtering power 80 Watt 

Target – Substrate distance  4.5 cm 

Sputtering gas pressure 6 ×10-3 mbar 

Oxygen patial pressure 0.5 % 

Sputtering time 10 minutes 

Varying parameters 

Substrate temperature 60, 230, 270, 300 ˚C 
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Figure 5.1: The picture of (a) soda lime glass substrate and the Indium Tin Oxide 

substrate temperatures were varied from (b) 60 ˚C, (c) 230 ˚C, (d) 270 ˚C and  

(e)300 ˚C. 

R2-probes :100Ω @ center,   
35Ω @ ring,                 
37Ω @ rim.

Tsub=60°C

R2-probes :100Ω @ center,   
35Ω @ ring,                 
37Ω @ rim.

Tsub=60°C

R2-probes : 46Ω @ center,   
21Ω @ ring,           
17Ω @ rim.

Tsub=23 C0°

R2-probes : 46Ω @ center,   
21Ω @ ring,           
17Ω @ rim.

Tsub=23 C0°

R2-probes : 31Ω @ center,   
17Ω @ ring,            
10Ω @ rim.

Tsub=300 C°

R2-probes : 31Ω @ center,   
17Ω @ ring,            
10Ω @ rim.

Tsub=300 C°

(b) (c) 

R 2 - probes : 27Ω @ center,
15 Ω @ ring,
15 Ω @ rim.

T sub=270 C°

R 2 - probes : 27Ω @ center,
15 Ω @ ring,
15 Ω @ rim.

T sub=270 C°

R 2 - probes : 27Ω @ center,
15 Ω @ ring,
15 Ω @ rim.

T sub=270 C° (e) (d)
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Table 5.2: The measurement results of electrical properties of ITO. 

Resistivity [Ω⋅cm] 
Substrate Temperature in 

the Fabrication of ITO Film Measurement 
Temperature 

< 100 K 

Measurement 
Temperature 

> 100 K 

Mobility 

[cm2/Vs] 

60 ◦C 3.25×10-3 3.25×10-3-3.65×10-3 31-35.5 

230 ◦C 1.76×10-3-1.73×10-3 1.73×10-3-1.77×10-3 24.5-25 

270 ◦C 1.08×10-3 1.08×10-3-1.12×10-3 31-32.5 

300 ◦C 1.25×10-3-1.24×10-3 1.24×10-3-1.28×10-3 28-30.6 

Figure 5.3 shows the results of ITO films fabricated with the substrate 

temperature of 230 ◦C. The resistivity starts to decline in the low temperature from 25 

K to 100 K and increasing for the temperature range above 100 K. It is also shown 

that many interaction mechanisms affect carrier mobility and the values are varied 

about 24-25 cm2/Vs. 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: The relation between resistivity and mobility of the Indium Tin Oxide film 

with substrate temperature 60 ˚C. 
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Figure 5.3: The plot between temperature and electrical properties of Indium Tin 
Oxide with 230 ˚C substrate temperature. 

 

Figure 5.4: The plot of 270 ˚C Indium Tin Oxide electrical properties versus 
temperature.  
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Figure 5.4 shows the resistivity of the ITO thin film fabricated at 270 ˚C. It’s 

values varied in the range of 1.07×10-3 Ω⋅cm to 1.08×10-3 Ω⋅cm at temperature below 

100 K and rising to 1.12×10-3 Ω⋅cm in the range of temperature between 100 K up to 

room temperature. On the other hand, the mobility is invariant, about 32.5 cm2/Vs, at 

temperature below 100 K and start to decline at temperature between 100 K up to 

room temperature. 

The measurements of the resistivity and the mobility for the ITO thin films 

fabricated with the substrate temperature of 300◦C is shown in Fig. 5.5. It can be seen 

that the resistivity varies between 1.24×10-3 -1.26×10-3 Ω⋅cm below 100 K before 

rising to about 1.27×10-3 Ω⋅cm at room temperature.  

Figure 5.5: The temperature dependent of electrical properties of substrate 

temperature 300 ˚C Indium Tin Oxide. 
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This suggests that there are two competing mechanisms at the intermediate 

range of temperature before the behavior of a conductor wins at high temperature 

range. The mobility measurement shows the temperature independence at low 

temperature range with the value about 30.7 cm2/Vs then dropping to the about 28.5 

cm2/Vs at room temperature. 

The carrier concentrations vs. temperatures of four ITO films are shown in 

Fig. 5.6. It can be seen that the carrier concentrations are independent of temperature 

throughout the range of measurement from 25 K to 300 K with the average values of 

5.0×1019 cm-3, 1.4×1020 cm-3, 1.8×1020 cm-3 and 1.7×1020 cm-3 for the ITO thin films 

fabricated at 60◦C, 230◦C, 270◦C and 300◦C, respectively. 

 

Tsub270 ºC 

Tsub300 ºC 

Tsub230 ºC 

Tsub 60 ºC 

Figure 5.6: The plot of carrier concentration of ITO versus temperature. 
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 The results are also concluded in Table 5.3. The type of carriers were 

investigated by the measured Hall voltage (VH). It is noted that the carrier freeze-out 

was not observed in all data.  

Table 5.3: The measurement results of ITO carrier concentration. 

Substrate Temperature Carrier concentration Carrier Type 

60 ◦C 0.5×1020  cm-3 n 

230 ◦C 1.4×1020  cm-3 n 

270 ◦C 1.8×1020  cm-3 n 

300 ◦C 1.7×1020  cm-3 n 

5.4 Conclusions 

The ITO thin films deposited on soda-lime glass substrates by RF magnetron 

sputtering technique were used to study the temperature dependence of electrical 

properties. The average optical transmittance which was not the main interest and not 

mentioned here was above 90% in the visible region. The observed energy gap was 

about 3.64 eV at room temperature. To study the effect due to temperature, the ITO 

films were cooled to about 25 K and measured for its electrical properties up to room 

temperature using van der Pauw and Hall effect measurements. It was found 

experimentally that the resistivity was somewhat constant below 100 K and rising 

with increasing temperature towards room temperature. The carrier mobility remains 

constant at low temperature and declines towards the room temperature. Surprisingly, 

the carrier concentration remains constant throughout the temperature range. The 
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results suggest that the optical properties of ITO thin films are semiconductor-like 

while its electrical properties are metal-like. 

It is worth to mention that the electrical transport properties of the ITO thin 

films do not quite follow any temperature dependence of existing carrier transport 

theory for conventional semiconductors. At low temperature range, the carrier 

transport properties, e.g. resistivity and mobility, are temperature dependent and 

become a conductor at high temperature towards the room temperature. That is the 

lattice vibration becomes the main scattering mechanism as seen from the rising of 

resistivity vs. temperature at high temperature range. The competing behaviors of a 

conductor and a semiconductor are observed at intermediate temperature ranges (80 

K-150 K) for the ITO thin films fabricated at high substrate temperatures. The carrier 

concentrations remain constant throughout the temperature range in all ITO samples 

and qualitatively consistent with the mobility when compared among the samples. 

These measurements show that the suitable transparent conducting oxide is the ITO 

fabricated with the substrate temperature at 270 ◦C because it has lowest resistivity, 

high carrier concentration and high transparency. 

 



 
 

   

CHAPTER VI 
 

ELECTRICAL PROPERTIES 

OF ALUMINUM-DOPED ZINC OXIDE THIN 

FILMS 

In this chapter, the results of electrical characterization of Al-doped Zinc 

Oxide (AZO) thin film are discussed. The temperature dependent of their electrical 

properties such as resistivity, mobility and carrier concentration were be investigated 

using the system designed and discussed in chapter 3. 

6.1 Introduction 

Al-doped ZnO or AZO thin film is another transparent conducting oxide 

(TCO) material used in various optoelectronic devices including thin film solar cells. 

It can be fabricated in such a way that it exhibits very high optical transparency while 

still being a good conductor. AZO has some advantages over other TCOs in terms of 

lower material cost, more abundant material supply and less toxicity. However, the 

electrical transport mechanisms are still unclear as to those of the conventional 

semiconductors. 

To study the conduction mechanisms in the Al-doped ZnO film, electrical 

conductivity measurements were performed at varied temperature ranges. The 

conductivity theoretically follows the equation [13]: 

   
⎟
⎠
⎞⎜

⎝
⎛ −

= kT
Ea

e0σσ            (6.1) 
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where, 0σ is a constant, is the activation energy of the electron transport in the 

conduction band, is the Boltzmann’s constant and 

aE

k T is the absolute temperature. 

 While the thermal activated band conduction mechanism at higher 

temperatures was derived from charge transport in the conduction band, the variable 

range hopping conduction mechanism was derived in the low temperature regions 

[13]. At low temperature, the electrons in doped semiconductor hop from one level to 

another in the impurity band. In this conduction process, the conduction behavior was 

very well described by variable range hopping (VRH).  The expression of 

conductivity for VRH is given by 
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⎥
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where 0hσ  and  is given by 0T
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 In Eq. (6.3), phν  is the phonon frequency at Debye temperature, is 

the density of localized electron state at Fermi level and 

)( FEN

FE α is the inverse 

localization length of the localized state. From Eq. (6.2) and Eq. (6.3), we can see that 

   
4121
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⎛ TTσ .    (6.4) 

6.2 Deposition and Preparation of AZO Thin Film 

  The Al-doped ZnO thin films were deposited on soda-lime glass substrates 

by RF magnetron sputtering technique at room temperature. The sputtering conditions 
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are: RF power of 80 Watt, Ar Pressure of 6 x 10-3 mbar and deposition time of 75 

minutes. These yield the film of about 1.4 μm, thick. 

The four Ohmic contacts were deposited by the thermal evaporation of 

(2,000 Å Ni /1,500 Å Au). The sample was placed on the housing by using silver 

paste and the four contacts were connected with 0.05 mm diameter gold wires. 

The measurements of temperature dependence of electrical transport 

properties was employed on Al-doped ZnO film by using van der Pauw and Hall 

effect measurement together with closed cycle He-cryogenic system. The film was 

cooled down to about 25 K and measured for the electrical properties up to room 

temperature.  

6.3 Results and Discussion 

The plot of )ln(σ versus reciprocal temperature is shown in Fig. 6.1. It can be 

seen that the electrical conductivity can be separated into two ranges, high 

temperature range and low temperature range. For the high temperature range above 

100 K, the data can be fitted with Eq. (6.1) while in the low range the results are not 

complied with this equation. It can be observed that the electrical conductivity caused 

by thermally activated band conduction given by Eq. (6.1) occurs at the temperature 

above 100 K, i.e. the linear relationship between )ln(σ  and 1 . The slope of 

this plot which is equal to 

T/000,

kE− Ea  can be used to estimate the activation energy ( ). 

It was found that the activation energy is approximately 19 meV. For the low 

temperature range, the results do not agree with Eq. (6.1), suggesting the mechanisms 

involved is not the thermally activated conduction. 

a
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~ 100 K 

 

 

 

 

 

 

 

 

Figure 6.1: The electrical conductivity versus temperature of Al-doped ZnO thin film. 

 

 

 

 

 

 

 

 

 

~ 80 K 

Figure 6.2: The plot of )ln( 21Tσ vs. 41−T . 
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By using the mechanism well suited for low temperature range for 

conduction known as variable range hopping described by Eqs. (6.2) to (6.4), Fig 6.2 

shows the plot between )ln( Tσ 21 and 41−T . There are about two different slopes for 

the data above 100 K and do not fit with Eq. (6.4). For the low temperature range, 

electrons are localized close to Fermi level and hop by their spatial distribution. The 

hopping length could vary for each hop. This is called variable range hopping 

mechanism (VRH)[14], where )ln( Tσ 21  is proportional to 41−T  for the data below 

80 K as shown in Fig. 6.2. The VRH mechanism in this case is in the temperature 

range 25 K - 80 K.  

 

 

 

 

 

 

 

 

 

 

Figure 6.3: The plot of mobility vs. temperature of Al-doped ZnO thin film. 
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The conductivity data also agree with those from the plot of vs. 

 at the temperature above 100 K showing the increasing of intrinsic carriers 

for the temperature above 100 K. On the other hand, the carrier density is relatively 

constant below 80 K. 

)ln(n

T/000,1

From the Hall measurement, the mobility was found to be relatively constant 

[15] with the average value of about 10.6 cm2/Vs independent of temperature, with 

some fluctuation, throughout the range of the measurement from 25 - 300 K, as shown 

in Fig. 6.3. 

The carrier concentrations of the Al-doped ZnO film (Fig. 6.4) shows the 

same temperature dependence as that of the conductivity and consistent with the 

relationship μσ ne= .  

. 

 

 

 

 

 

 

Figure 6.4: The temperature dependence of the carrier concentration of Al-doped 

ZnO thin film. 

[K-1] 
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The carrier concentrations are ranging from 2.53×1020 cm-3 to 2.61×1020  

cm-3. The temperature dependence of carrier concentration crosses over from intrinsic 

range to saturation range at the temperature about 100 K (1000/T = 10 K -1) as shown 

in Fig. 6.4. 

6.4 Conclusions 

For the AZO thin film, it was found that the mobility of the carriers was 

relatively independent of temperature throughout the range of measurement whereas 

the carrier concentration increases with the increasing temperature. In addition, the 

electrical conductivity showed temperature dependence and the thermally activated 

conduction was found to dominate in the temperature range above 100 K whereas the 

variable range hopping was dominant in the range 25 K to 80 K. The cross-over 

temperature was approximately in the range 80 K to 100 K. The thermal activation 

energy was found to be about 19 meV. The carrier concentrations confirmed that 

AZO was the degenerate semiconductor. 



 
 

   

CHAPTER VII 

 

CONCLUSIONS 

In this thesis, the computer controlled van der Pauw and Hall effect 

measurement system have been designed and used for studying electrical properties of 

semiconductors such as InSb, ITO and AZO. InSb was used as the calibration sample 

by comparing the results obtained from the system designed in this thesis with the 

number released from the manufacturer. Finally, the thin films of ITO and AZO were 

used to study the temperature dependence of their electrical properties. The summary 

remarks of the work done are as followed. 

In chapter 3, a list of equipment used in the system were mentioned including 

the wiring diagram. The software controlling equipment and analyzing data were 

described in details. In addition, the procedures for sample preparation were explained 

thoroughly. 

  The calibration results of the system are provided in chapter 4, using InSb 

wafers as the calibrating samples. The resistivity, mobility and carrier concentration 

of InSb were measured and compared with those obtained from the manufacturer 

certificate at 77 K. To achieve reliable results, the Ohmic contact using Ni/Au were 

thermally evaporated onto the surface of InSb. The results obtained from the designed 

system were in good agreement with the manufacturer certificate.  

For the temperature dependent investigation of the ITO thin films in chapter 

5, the lattice vibration becomes the main scattering mechanism at high temperature 
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range. The competing behaviors of a conductor and a semiconductor are observed at 

intermediate temperature ranges. The results suggest that the electrical properties of 

ITO thin films are metal-like. 

In chapter 6, the electrical conductivity of AZO showed temperature 

dependence and the thermally activated conduction was found to dominate in the high 

temperature range whereas the variable range hopping is dominant in the lower range. 

The thermal activation energy of the AZO is found to be about 19 meV. The 

temperature dependent of the carrier concentrations of AZO shows degenerate 

semiconductor behavior. 
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APPENDIX A 

 

NOTES ON SEMICONDUCTOR IN 

EQUILIBRIUM 

Semiconductors are matters whose electrical properties are between these of 

metals and insulators. They can be single element materials found in group IV of the 

periodic table or combinations of group III and group V or group II and group VI or 

one more complicated ternary compounds. In this section, the semiconductors which 

can be categorized into two types by the free carrier in the thermal equilibrium i.e. the 

intrinsic semiconductor which is no impurity and the extrinsic semiconductor which 

impurities are added are described [16].  

A.1 Intrinsic Semiconductors [6] 

Some of the properties of intrinsic semiconductor is summarized here. Let 

be the number of allowed levels in the conduction band with value of the 

energy level between 

dEEN )(c

E and dEE + . The number of electrons in the 

conduction band including the spin degeneracy is given by 

dEEn )(

.   )()(2)( dEEPENdEEn ec=    (A.1) 

where 
1]/)exp[(

1)(
+−

=
kTEE

EP
F

; 

FE is the Fermi energy, k  is the Boltzmann constant,T  is the temperature in Kelvin 
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The total number of electron per unit volume  in the conduction band is in

       (A.2) ,

m

)()(2
0

dEEPENn
tE

eci ∫=

where is the energy corresponding to the top of the conduction band.  tE

In k-space, the number of allowed states for a semiconductor which have a 

single minimum of conduction band with spherical symmetry and the electron 

effective mass  can be given by e

  ,    (A.3) 38/)( πVdkdkkN =

where V is the volume in the region of k- space. Then, the number of levels per unit 

volume between E and (E+dE) is 

   dEEhmdEEN ec
2
1

32
3

)2(2)( −= π .   (A.4) 

In the case of >> , there is a very small probability of occupation of levels, Eq. 

(A.4) can be rewritten as 

tE kT
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Because , Eq. (A.5) becomes 1]/)exp[( >>− kTEE F

   ]exp[]2[2 2
3

2 kT
E

h
kTmn Fe

i
π

= , 

 



 80 

    ]exp[
kT
EN F

c= ,     (A.6) 

where 2
3

2 ]2[2
h

kTmN e
c

π
=  and is the Planck constant. h

In the same case for the holes in the valence band, the number of holes per 

unit volume in the valence band occupied between the energy leveldEEp )( E and 

which is given by dE

.   )()(2)( dEEPENdEEp hv=    (A.7) 

The total number of electrons in the conduction band is equal to the total 

number of holes valence band. Thus, for the to the total number of holes per unit 

volume, , is then given by ip

,       (A.8) )()(2 dEEPENp
E

E
hvi

b

∫
Δ−

=

where is the energy corresponding to the bottom of the valence band bE EΔ is the 

energy different between conduction band and valence band. 

In k-space for the valence band, the number of levels for unit volume 

between E and (E+dE) is 

   dEEEhmdEEN hv
2
1

32
3

)()2(2)( −Δ−= −π .  (A.9) 

In the case of extending the upper limit to infinity where , we 

have 

kTEE F <<− )(

 



 81 

   ,
1]/)exp[(

)()2(4
2
1

32
3

∫
Δ−

∞−

−

+−
−Δ−

=
E

F
hi kTEE

dEEEhmp π   (A.10) 

and   ]exp[]2[2 2
3

2 kT
EE

h
kTmp gFh

i

+
−=

π ,  

   ]exp[
kT

EE
N gF

v

+
−= ,    (A.11) 

where 2
3

2 ]2[2
h

kTmN h
v

π
= , is the energy gab between conduction band and valence 

band which is equal to  and  is the effective mass of hole. 

gE

c E− vE mh

For the intrinsic semiconductor, the number of electrons and the number of 

holes are equal, that is 

   .      (A.12) ii pn =

From the Eq. (A.6) and Eq. (A.11) the product of number of carriers can be written as 
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Inserting the numerical values of  and , the Eq. (A.13) becomes h k

]exp[)(1082.4 4
3

2
2
3
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kT
E
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mmTpn ghe

ii −×==  .

 (A.14) 

The equation for Fermi level in the term of and is given by cN vN

   ]ln[
2
1

2
1

c

v
gF N

NkTEE +−= .    (A.15) 

Equation (A.14) shows that the variation of the intrinsic carriers depends on 

the temperature in the exponential term. 
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A.2 Extrinsic Semiconductors [4][6] 

The extrinsic semiconductor is the semiconductor with the impurity levels 

laying between the valence band and conduction band. Considering the non 

degenerate band, the concentration of free electrons in the conduction band is given in 

the same equation as in the intrinsic semiconductor. 

   ]exp[
kT
ENn F

ci = .    (A.16) 

Also the holes concentration in the valence band can be expressed as  

   ]exp[
kT

EE
Np gF

vi

+
−= .    (A.17) 

The impurity concentration affects the Fermi energy. The free carrier concentration 

relationship is 

   2]exp[ i
g

vc n
kT
E

NNnp =−= .   (A.18) 

From the condition of electrical neutrality, the concentration of carriers is given by 

   daad NnpNnn ++=++ ,   (A.19) 

where   is the electron concentration, n

 p  is the hole concentration, 

 is the non-ionized impurity acceptor concentration, an

  is the non-ionized impurity donor concentration, dn

  is the ionized impurity acceptor concentration, aN
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  is the ionized impurity donor concentration. dN

For the low impurity or high temperature, the intrinsic carriers and the 

impurity carriers are the main carriers. In this case, most impurities are ionized by the 

thermal energy. The equation of electrical neutrality is given by 

   )( aNNpn
d

++= ,    (A.20) 

and   22 4)()[(
2
1

iadad nNNNNn +−+−= ,  (A.21) 

   
n
np i

2

=  .     (A.22) 

In the high temperature range, the majority carriers are from the intrinsic 

one iad nNN <<− , the carrier concentration is increases exponentially with 

temperature. This range is known as intrinsic region, then Eq. (A.21) and Eq. (A.22) 

are rewritten by 

   inpn == .     (A.23) 

The saturation region is the case of the majority carriers are the ionized 

impurity and the intrinsic carriers are less than the impurity, iad nNN >>− , then 

constant impurity carriers are obtained in this range as following 

   ad NNn −≅ .     (A.24) 

For the high impurity concentration or low temperature, some of the 

impurities are unionized by the thermal energy. The equation of electrical neutrality 

can be given by 
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   dad nNNn −−= ,    (A.25) 

and   ]
}exp{1

1[

kT
EENn

Fd
dd +

−+
=

β
,   (A.26) 

where β is the degeneracy factor of the ground state of the donor carrier. 

Equation (A.2.16), Eq. (A.24) and Eq. (A.26) can be rewritten by 

   ,  (A.27) 0)()( //2 =−−++ cadca NNNNNnn

where }exp{/

kT
ENN d

cc −= β . 

Using the binomial series expansion, the root of Eq. (A.27), where , is 

  

kTEd >>

ca

adc

NN
NNNn

+
−

≅
)(/

.    (A.28) 

If , Eq. (A.28) becomes /
ca NN >>

   )exp(
2

)()(/

kT
EN

N
NN

N
NNNn d

c
a

ad

a

adc −
−

=
−

≅ β  (A.29) 

If , Eq. (A.28) becomes acd NNN >>>> /

   0/
2

=− c
d

N
N
n      (A.30) 

or   )
2

exp(
kT
ENNn d

cd −≈ β .    (A.31) 
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Equation (A.29) and (A.31) show that when the temperature decreases, 

carrier concentration is decreasing exponentially with temperature. This region is 

known as the freeze-out region. The slope of this region are 
k

dE  and 
k
d

2
E for the given 

Eq. (A.29) and (A.31), respectively. The general shape of curves giving the majority 

carrier concentration as a function of 1/T is shown in Fig. A.1. 

Figure A.1: The variation of carrier concentration and reciprocal temperature [16]. 
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APPENDIX B 

 

PRELIMINARY OPERATIONS 

1. User should review and become familiar with entire procedures of the van der 

Pauw and the Hall effect measurements before beginning the measurement 

process. 

2.  Make sure that the cable are connected as shown in Fig. B.1 for the electrical 

properties measurement. 

Computer Controller 

Data Acquisition 

DMM 

Magnetic Core 

Magnetic controller 

Current Source 

Temperature 
 Controller 

Figure B.1: The connection of the van der Pauw and the Hall effect measurement 

Program. 
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3.  Check the address at the front panel for the equipment as listed in Table B.1. 

4. Turn on the water cooling system of the magnetic field coils to avoid the 

heating of the coils inside the magnetic field generator.   

5. Start the van der Pauw and the Hall measurement program using Agilent VEE, 

then the interface window will show up  on the monitor. 

Note: the van der Pauw and the Hall effect measurement system is used in the 

case of room temperature measurement. For the temperature dependent 

measurement user can change to the Low temperature van der Pauw and the 

Hall effect measurement program. 

6. Input the sample information, program information and the user information 

on the upper left of the display window and click ‘run’ button on the menu bar 

of the program according to Fig. B.2. 

The input details used in the process of the program are listed as the 

following; 

- Filename is used to be the name of the initialize Microsoft Excel program 

for the out put. 

Note: For the low temperature measurement program the initialized 

Microsoft excel program are named by filename together with the 

measured temperature. 

- Sample thickness, Positive B and Negative B are used to calculate the 

electrical properties in the following section. 

- R_Sample is used to calculate the current needed in the van der Pauw and 

the Hall effect measurement process. 
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Table B.1: The address of the used equipment in the van der Pauw and the Hall effect 

measurement system. 

Equipment Address 

Data Acquisition 05 

Current Source 06 

Digital multimeter 07 

 

 

 

Figure B.2: The interface window of measurement program. The input information on 

the upper left are used as parameters of the electrical properties calculation. The 

used current should be less than that shown on the middle of the interface program. 

The run button should be click after the user completed input the information. 
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The maximum voltage set for current source is 50 Volt, The value 

R_sample is used to obtain the allowed maximum current (Imax (A)) 

for the measurement program using Ohm’s law, shown on the 

interface program. 

7. The Microsoft Excel will be initialized and will be displayed on the monitor 

of the computer. Then the user should complete the required current in the 

textbox not to exceed Imax recommended by the program. 

-  vdP Current stands for the current used in the van der Pauw 

measurement. 

-  Step Current stands for the current stepping used in the van der Pauw 

measurement loop.  

Figure B.3: The real time plot for the Ohmic contact check. 
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-  Hall Current stands for the current used in the Hall effect measurement. 

8. Click ‘Start’ button to run the program. The computer will process on the van 

der Pauw measurement first. The selected configuration was change by the 

switching unit. The currents are generates from the current source as a value 

of the input current data. Then the voltages across the sample are measured 

by the digital voltmeter. The both currents and voltages are collected and 

plotted real time as shown on the interface display on the right hand side. 

9. The real time plot between the applied current and the measured voltage (Fig. 

B.3) is also used to verify the Ohmic contacts of the sample connectors. The 

resistances  and   are obtained by the calculations in chapter 2 and then 

shown on the interface program.  

AR BR

10. The two resistances and are used to calculate the correction 

factor

AR BR

( BA RRf )which is used to evaluate the resistivity described in chapter 

2. 

11. After the process of resistivity calculation is finished, then the message box 

in Fig. B.5, is shown on the screen. 

12. To continue to the Hall effect measurement, the program are separated into 

three parts, i.e. the measurement of Hall configuration with no magnetic 

field, positive magnetic field and the negative magnetic field, respectively. 
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Figure B.4: The status of the Hall effect measurement are shown on the interface 

display. There are No Magnetic field, Positive Magnetic field and Negative Magnetic 

field. 

 

 

 

Figure B.5: The message box of The van der Pauw measurement program will be end 

when “Cancel” is selected and will be continue to the Hall effect measurement in the 

case of “OK” was selected.  
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Figure B.6: The message box shows that the measurement of No magnetic field is 

complete. 

 

 

 

 

Figure B.7: The direction message box requires the magnetic field positive current. 

The Hall measurement are summarized as followed: 

i) No magnetic field: message box as follow Fig. B.6 show up and the 

Hall effect measurement program are running. 

ii) Positive Magnetic field: When the message box in Fig. B.7 show up, 

the user should turn the positive magnetic field on and then the four 

configurations of the Hall measurement are measured with positive magnetic 

field. The message box is to turn off the magnetic field shows up when the 

measurement finishes(Fig B.8). 

iii)  Negative magnetic field: Similarly, the message box again shows up 

for the magnetic field in the negative direction (Fig. B.9). When the 

measurement finishes, the message box to turn off the magnetic field (Fig. B. 

10) again shows up. 
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Figure B.8: The message box shows that the user should turn the magnetic field off. 

  
 

 

Figure 

B.9: The turn on magnetic field negative current message box. 

 

 

 

Figure B.10: The turn off magnetic field negative current message box. 

13 After all configurations of the three parts are finished. The four 

configurations of the Hall effect measurement are calculated. There are the 

evaluation of the carrier concentration together with the carrier type. Then 

the average of the electrical properties are obtained and are saved to the 

Microsoft Excel.  

14 The data from the measurement results i.e. resistivity, mobility, carrier 

concentration and carrier type are reported in the Microsoft Excel worksheet 

as shown in Fig. B. 11. 
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Figure B.11: The report worksheet in the Microsoft Excel. 
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