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CHAPTER |

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 pis calculated fromR = pL/A,

where L and Ais 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



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



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.

Obijectives 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. InSbh,

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,



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 L. This sample

has a carrier concentration n:as shown below.

E
e

A
—
v

Figure 2.1: Current conduction in a bar of a conductor.



The electrical resistivity is usually written as:

P="T" (2.1)

where p is the resistivity (Q2-cm),

R is the electrical resistance (Q2),
L is the length of the specimen (m) and

A is the cross section of the specimen (m?).
The current density 3 is related to the applied electric field and can be written as:
04 E 2.2)
where E is electric field (V/m),
3 is the conductivity tensor.
From Fig. 2.1, the current density 3 is given by
1=[J-dA, 2.3)
where | is the electrical current. Also 3 Is related to the drift velocity of the charge
carrier given by
J=Zgnv | 2.4)
where ¢ is the electronic charge = 1.602x10™ C,
; is the drift velocity of the electron.

For the linear relation ship of V and E i.e. V: —U, E then 3 in Eq. (2.4) can be

written as

(SR
Il
o0
=}
"
mi

(2.5)



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

then we have

J: = qnynE for electron, (2.6.1)

J, =apy, E for hole, (2.6.2)

where p is the hole concentration.

Thus the total current density is

=Jn+d,, 2.7)

(R

J=q(nu, + pu,)E. (2.8)
The comparison between the Eq. (2.2) and Eq. (2.8) leads to the resistivity given by

.

=S4 as e 2.9
P A, + puy) (29)

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 d of conducting material is considered as in Fig
2.2. The resistivity is given by pand the current 2i is applied to point M.The current

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



2i

°0
0T

v

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

Using Ohm’s law, the relationship of the electric field Eand the current

density J can be written as

et o (2.10)

where o is the conductivity.

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:

Y —VO:—IEdr:— £ dr (2.11)

V, v, = £! |n(a+b+cj (2.12)



i
M @) P
~ '

P N o
» « »

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

reduced from 2i to 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.

4
X
v
A
v

a b C
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 Eqg. (2.11), we get

V, =Vs =—T Edr:—_f%dr, (2.13)
b+c
n (Tj (2.14)
O P X

A 4
A
\ 4

Figure 2.6: The superposition of figure 2.4 and figure 2.5.
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Thus, V-V, 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 Eqg. (2.14) as follows

V.V, - — i In{(a+b+c)}+ﬂln[(b+c)]

P d (a+b) d (b)
=ﬂ|n[w} _ (2.15)
zd (a+b+c)b

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

o) (a+b)(b+c)
R ="—In|—————* |, 2.16
WO { (a+b+c)b (2.16)
The Eq. (2.16) can be rewritten in an exponential form as
7ﬂ MN ,OP
(a+b+C)b —e pR : \ (217)
(a+b)(b+c)

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

O (2.18)
(a+b)(b+c) | ' '

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

P d
——Rwn.op ——Rnopu

e’ +e ” . (2.19)

LetzdR,, op = X, and 7dR, oy = X,, EQ. (2.19) can be rewritten as
e’ +e ” =1. (2.20)
. 1 1
We can also write x, = E[(Xl +X,)+ (X, —X,)] and x, = E[(Xl +X%,)— (X, —%,)], Eq.

(2.20) become



1 1
e—a[(xﬁxz)*'(xrxz)] N e‘g[(xﬁxz)—(xrxz)]
w _zi[xl_XZ] +ZL[X1—X2]
e ¥ (e +e ¥ )=1,
—i[x X, | +i[x X, | X, — X
where (e > +e % ):Zcosh{lz—z} :
o,
7[X1+X2] X —X 1
then, e 22 Cosh| = LLp et
2p 2
. R
Now, we define X, + M A [ f[ ULE S
2p f[ RMN,op J RNO,PM
RNO,PM
(2.22)
Thus, Eq. (2.21) becomes
—In2
f RMN.OP r T
e (R“QF’M]cosh __X12 XZ}:%,
L P
~In2 =
Xl
RMN OP SoNTS
fle X, + X
e [R“O'PMJcosh X ><( L
ﬁ+1 2p
R
RMN,OP _
cosh FFENO-PM X ¥
) 'Y L f Ry .op
RNO:PM RNO,PM

11

(2.21)

j is the correction factor.

In2

RMN ,OP

1|

j . (2.23)

o Rno.pm

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.

7

RMN,OP + RNO,PM

RMN ,OP

p=|n2

|

2

i

RNO,PM

(2.24)

|
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R : . . .
where f[mj is the correction factor which depends on the ratio of the value of
NO,PM

the two resistances.

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

d (Ry+Ry ) o Ra
_ M (Ra#Re gl Ru ) 225
r InZ( 2 j(RBJ (2.23)

where R, 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 R; 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).

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

2.3 The characterization resistancer,and R,

To obtain the resistance R, and R, 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;
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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 (1) and voltage (V) data is

given as (I,,V;). The resistance is the slope of the plot between the applied current

and the measured voltage. Consider the y*from the experiment

X Z_;,(V A\Y:XP) : (2.26)

where V." = RI. +V, is the theoretical value of the voltage at the applied current I_,
V,#"is the value obtained from the experiment and it is called V, from now on, AV, is

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

every point, then AV, = AV and Eg. (2.26) can be written as

N 2

) (RE+V,-V.)
= ' . 2.27
; AV;? (227

The best fit for R and V, can be obtained by minimizing > with respect to

R and with respectto V ,, respectively. One obtains the following set of equations:

%:ZN:2|i(R|i+VO—Vi):01 (2.28)

TR Y (229)

Rewriting Eq. (2.28) and Eqg. (2.29), we obtain
N N N
DV =RYIF4V YL, (2.30)
i=1 i=1 i=1
N N

and DV, =R IZ+NV,. (2.31)
i=1 i=1

V, can be calculated from Eq. (2.27);
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Y/ = R = (2.32)

The R can be found intermsof N, I, and V;;
N N N
NY LV, =YVl
— |:N |:1N i=1
NY 1I2=-001)
=i i=1

From the van der Pauw measurement, the raw data of applied current and

R (2.33)

N

L)

measured voltage in the both configurations can be used to calculate the resistance R,
and Ry, respectively.

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

on the ratio of the two calculated resistances R, and R;. The correction

factor f (%) is shown in Fig. 2.8.
B

1
e
S
0.8 \\\
oy
e
S
1.6
R ~]
f| =4 .
R !
B
0.4 =
——
—tt—|
0.2
Ra
0 Rg
1 10 100 1000

Figure 2.8: The correction factor f as a function of the ratio of calculated resistor.
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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 qE ,
and due to the magnetic field qx7>< 5
F=qE+qvxB |, (2.34)

E is the force (N),
E is the electric field (V/m),

E 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 z

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

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

establishment of voltage in z 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.
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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

gE, =qv,B, or E, =Vv,B, (2.35)

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

drift velocity, Eq. 2.37 can be rewritten as

E,=-R,J,B (2.36)
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where R, is defined by R, = c;_ni ;(m is the majority carriers). (2.37)

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

-1

R, =—.
Hy an

(2.38)
Similarly for the p-type semiconductor, the Hall resistance R, can be obtained as

AL (2.39)

The Hall mobility is defined by

Ral 0
yo,

Y7

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

1
p= ;
Sl M7

(2.41)

where n, and x,, 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

1

==, (2.42)
anp
and for the p-type semiconductor
1
Hy=——. (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 m, and

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

E . The equation of motion is given by

m 4 _cE. (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

<v>=eE<n:>, (2.45)

(&
where 7 is the mean free time or the relaxation time.
Using Ohm’s law, the relation between the relaxation time and the electrical

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

AN

m
L (2.46)
ne"<r>

&
o

and 45 <m 7. d, (2.47)

e

where-n-is the-carrier concentration.

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. z, for electrons, and 7, 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

E (2.48)
T

i=1 z-|
where z; is the relaxation time due to the related scattering mechanism.

The net reciprocal mobility can be obtained from

N
o5 1 (2.49)
H i=1 M

where z; 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].
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CHAPTER 111

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

Current source

Digital

multimeter

Temperature

controller.

16 Channel switching unit Computer

___________

Magnetic field generator

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

setup.
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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.

Input sample parameters and

measurement conditions

@ No

Yes
v

Initialize MS Excel

Worksheet

Temperature

measurement

van der Pauw

measurement

Calculate
Ra R,

Correction factor and

Resistivity

Continue to Hall

measurement

Yes

Hall effect

measurement

Calculate
Mobility

Carrier concentration

Carrier type

Save to MS Excel

Figure 3.2: Flow chart of van der Pauw and Hall Measurement system.
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Figure 3.3: The 6 % 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) 6%
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 300V
current 1A

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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C

Cryogenic pump

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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Temperature 1 /

Controller Data Acquisition

DMM : - . ]
_ 79

Current Source |

B . , ) /1 & Magnetic Core

i o
%
-

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.



30

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.

HIG Current source
Lo©

o & 23

DMM 196

(L .

= okt ik : : : B
34903A

TE switching unit |_:|
HC

- AW o y i L = |

I 1A ART " - 4
e Lid ¥ GFl 4 RURPDSE SwnTOH
: R e LE 0 LD SR o el T
il wESES o e et T s reeey BEFE FEH FEEH R
- s _. [ L

3 4

1]

Sample Holder

Figure 3.9: The connection of the relay switch 34903A and DB9 connectors.
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DB 9 female

|
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ajew ¢Z 4a

|
8

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 R, and R;, as described in chapter 2.
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The values of R, and Ry are then used to obtain the correction factor and
the resistivity, also previously described in chapter 2. Note that the plot of R, and
Rg 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.

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.

3 -
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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.

Temperature Measurement

3 Fiw e |
B R e T e L 7
s Rammaesttinden ot —_ To gl

= g T
‘EM ﬂk‘] . ]'EJ._LHIT'.E l o i
R
3 - =Hen | —F
1 ﬂ , Bulit | sesmemomennee o }— | [
Roflia)

i
5

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,

Vg, and Vg , 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.

.\.lF Vi — % VRE‘\I ( re
2I| \f: 1

Figure 3.13: The configurations in the van der Pauw measurement V, - and Vg .
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Table 3.3: Configurations for the Hall effect measurement.

Configurati No Positive Negative

on Magnetic field Magnetic field 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 R, and R,

are shown.
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Figure 3.15: The calculation code of R, and R;.
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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 R, and R; which is written
in Eq. (2.33) and will be shown in label no.10. The calculated resistance R, and R,

will be used to obtain the correction factor and resistivity.

The correction factor calculation code is shown in Fig. 3.16. The investigated
resistance value R, and R, 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 Eg. (2.23) inthe 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.
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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 In(2) . Next, the label no. 3 is the thickness of the sample. The
labels no. 4 to no. 6 are for the calculated resistances R,, R; 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.
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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 1.602x10°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.

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 R, ,

R , the correction factor and the resistivity, respectively.

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.
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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.

[ 10]
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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 mmx5 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 2.5cmx1.5 cm.
(i) printed circuit board (PCB) of 2.5 cmx 1.5 cm.
The final the shape should be in the shape of 3.5 cmx 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

sampleas small as possible.

Figure 3.21: The 3.5 cmx 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 mmx5 mm sample is placed on
the wrapped glass slide and covered with Aluminum foil again as shown in Fig 3.22
(@). 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.

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 8x10° 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 (InSh)
wafer was used as a known semiconducting sample for the calibration. The

preparation of the InSh 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 InSbh is a semiconductor material from the I11-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 A.

4.2 Preparation of InSb Samples

The bulk InSb samples were prepared by the following procedures;

w
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Figure 4.1: The Figure-8 polishing method.
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) 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.

(1)  The InSb wafer was then scribed into a 3 mmx3 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.

(1) 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.

Lot Al v

=) =)

3mmx3 mm

Figure 4.2: The cutting of 3mmx3 mm InSh wafer.

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

Sample No. Thickness (pm)

InSb I1SC 145 420

InSh I1SC 598 504
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V) Preparation of Ohmic contact: The Ohmic contact of InSb is Ni/Au.
The 2,000 A of Ni was deposited first and then followed by 1,500 A
of Au by thermal evaporation. The size of contacts was minimized

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

(V)  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.

(VI) 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.

(a) (b)

Figure 4.3: (a) The shape of Ohmic contact Ni/Au on 3mmx3 mm InSb sample.

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



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 InSh No. ISC 145.

Temperature[K] Resistivity MobiJityf Carrier )
[Q-cm] [cm? 's] concentration[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 Mobi_lit)j Carrier )
[Q-cm] [cm?V s concentration[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 cm?V*s™ and 634,533 cm®V''s™ 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.
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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 cm?®V/'s™.

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 InSh 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 1SC145.is slightly out of the specified range.

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

. D¢ ¥ Carrier
Sample @ 77K Resistivity MO?"'ty Concentration
[Q2-cm] [cm®/Vs] [1/cm®]

Certificate of ISC145 | 5 544 _.095 | 510200 - 552,600 | 1.19 - 2.78 x10%

Measurement of ISC 145 0.052 582,283 1.93x10%

Certificate of ISC 598 | 541 0,087 | 502,800 - 568,900 | 1.27 - 3.06 x10%

0.081 544,016 1.43x10%

Measurement of ISC 598
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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 YV

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 - ITOfilms 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. z, for electrons, and 7, 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 x, , and another the mobility from the
ionized impurity scattering process z, . These two mechanisms follow the temperature

dependence as [10]

ﬂL CCT_3/21
ILll mT:’:/Z’

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

L8l (5.1)

3
H o H A

In addition to those mechanisms, scattering from other contributions, such as grain
boundary, etc.; - may be-added to Eqg. (5.1).

For the high carrier concentration (n>10%) 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]
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:(ZJ% S%Ez 1 | (5.2)

wherez,(E;) is the relaxation time of the scattering process near the Fermi level

E.,e is the static dielectric constant of the films, m’is the effective mass of
electrons, Ze is the charge of the ion core and N, 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.

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

given by [10]
2,4 d
- er“h’c, E 1l 2’ (5.3)
L~ . 3 KT
2m (2m)AA%N

where c,, is elasticity constant modulus, Ais the divergence of strain and N is
concentration of matrix atoms. From Eq. (5.3), at E = Eg, the mobility is proportional
tol/T .

The lattice vibration scattering of degenerate semiconductor dominates the

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

temperature.
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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]

1
5, (Vg /KD) |

i =AT (5.4)

g

where V; is the potential barrier between the grain boundaries and 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]

hy = a1l ValkD) (5.5)

where V, =V, — (Er —E,); E- — E. 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 I'TO Thin Films

The ITQO 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 6x10° mbar. The sputtering target consists of 90% In,Oz and 10% SnO,. 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 1TO 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 (Vy) 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%x107 Q-cm
and rising to about 3.65x107C)-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 cm?/Vs at temperatures below 100 K and

gradually decreases to about 31 cm?/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 4.5cm

Sputtering gas pressure 6 x10™ mbar
Oxygen patial pressure 0.5%

Sputtering time 10 minutes

Varying parameters

Substrate temperature i 60, 230, 270, 300 °C

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.



Table 5.2: The measurement results of electrical properties of ITO.
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. Resistivity [Q-cm] N
Substrate Temperature in Mobility
the Fabrication of ITO Film Measurement Measurement [cm?/Vs]
Temperature Temperature
<100 K > 100 K
60 °'C 3.25x10°° 3.25x10°-3.65x10° | 31-35.5
230°C 1.76x10°-1.73x10° | 1.73x10°-1.77x10° | 24.5-25
270°C 1.08x10° 1.08x10°-1.12x10° | 31-32.5
300 °C 1.25%x103-1.24x107° | 1.24x103-1.28x10° | 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 cm?/Vs.
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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 1.07x10° Q-cm to 1.08x10 Q-cm at temperature below
100 K and rising to 1.12x10 Q-cm in the range of temperature between 100 K up to
room temperature. On the other hand, the mobility is invariant, about 32.5 cm?/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 1TO 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 1.24x10° -1.26x10™ Q-cm below 100 K before

rising to about 1.27x10° Q-cm at room temperature.
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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 cm?V/s then dropping to the about 28.5

cm?/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
5.0x10%° ¢cm3, 1.4x10%° cm™, 1.8x10%° cm™ and 1.7x10%° ¢cm for the ITO thin films

fabricated at 60°C, 230°C, 270°C and 300 C, respectively.
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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 (V). 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 0.5x10%° cm™ n
230°C 1.4x10%° cm’® n
270°C 1.8x10%° em™ n
300°C 1.7x10%° cm™ 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 iIs 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
semicaonductors.

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]:

o= er(_Ea kT] (6.1)
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where, o, is a constant, E_is the activation energy of the electron transport in the

conduction band, kis the Boltzmann’s constant and 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

y4
AL exp{— [T?) } | (6.2)

where o,, and T, is given by

3y, TN(E) T [ 16a°
Uh“(sﬂ“{ akT } A TO_{kN(EF)}' (63)

In Eq. (6.3), v, is the phonon frequency at Debye temperature, N(E;)is

the density of localized electron state at Fermi level E.and «is the inverse

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

|n(aT72jocT%. (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”° mbar and deposition time of 75

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

The four Ohmic contacts were deposited by the thermal evaporation of
(2,000 A Ni /1,500 A 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 In(o) 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 In(c) and 1,000/T . The slope of
this plot which is equal to — E, /k can be used to estimate the activation energy (E,).

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.
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By using the mechanism well suited for low temperature range for

conduction known as variable range hopping described by Egs. (6.2) to (6.4), Fig 6.2
shows the plot between In(oT¥ ?)and 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 In(cT*?) is proportional to 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.
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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 In(n)vs.
1,000/T 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.

From the Hall measurement, the mobility was found to be relatively constant
[15] with the average value of about 10.6 cm’/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

relationshipo = ney .
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The carrier concentrations are ranging from 2.53x10%° cm™ to 2.61x10%
cm’®. The temperature dependence of carrier concentration crosses over from intrinsic
range to saturation range at the temperature about 100 K (1000/T = 10 K ™) 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 InSh, 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 InSh. 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 1V of the
periodic table or combinations of group I11 and group V or group Il 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
N.(E)dE be the number of allowed levels in the conduction band with value of the
energy level between EandE+dE. The number of electrons n(E)dEin the

conduction band including the spin degeneracy is given by

n(E)dE = 2N_(E)P, (E)dE. (A1)

1 .
exp[(E —E.)/KT]+1’

where P(E) =

E; 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 n, in the conduction band is
E
n, =2 [N, (E)P,(E)E, (A2)
0

where E, is the energy corresponding to the top of the conduction band.

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 massm, can be given by

N(k)dk =Vdk /87°, (A.3)

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

3 1

N_(E)dE = 27(2m.)2h *E2dE . (A.4)

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

(A.4) can be rewritten as

1
E2dE
exp[(E - E.)/KT]+1

3 00
ny =4 (2m,)2h=

0

(A5)

Because exp[(E — E;)/kT]>>1, Eq. (A.5) becomes

27amKT >

> E
=2 el 7,
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- N, exp[ ], (A6)

3
2m:§kT]2 and h is the Planck constant.

where N, =2[

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

unit volume in the valence band occupied p(E)dE between the energy level E and

dE which is given by
p(E)dE = 2N, (E)P, (E)dE. (A7)

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, p., is then given by

P =2 [ N,(E)P, (E)E, (A8)

Ep

where E, is the energy corresponding to the bottom of the valence band AEis 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

3 1

N, (E)dE = 27z(2m,)2h~*(~AE — E)2dE . (A.9)

In the case of extending the upper limit to infinity where (E — E;) << KT , we

have



81

1

b = 477(2mh)§h‘3_JA'E (-AE-E)?dE

' (A'lO)
2 exp[(Er —E)/kT]+1
27zm kT .2 E-+E
and =2 2g —1],
[T expl-— 7]
_ N, exp[e == T Ee (A11)
=N, exp T : .
27zm kT .2
where N, = 2[——— 12, E, is the energy gab between conduction band and valence

band which is equal to E,—E, and m, is the effective mass of hole.

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

holes are equal, that is
F = pi 4 (A.12)
From the Eq. (A.6) and Eq. (A.11) the product of number of carriers can be written as

2 27zm kT .2 27zmhkT

E,
np=n =2[ 1’2 ] expl- ], (A.13)

Inserting the numerical values of h and k, the Eq. (A.13) becomes

E,
n=p = 482><1015T2( emh)“exp[ —]
(A.14)

The equation for Fermi level in the term of N_and N, is given by

1 1
EF :—EEg +

(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.

E
n. =N exp[—£]. A.16
= Ncexpl ] (A16)
Also the holes concentration in the valence band can be expressed as

E. +E
" " ) (A.17)

pi = N, exp[—
The impurity concentration affects the Fermi energy. The free carrier concentration
relationship is
E, =
np=N.N,exp[-—=]=n/. (A.18)
KT
From the condition of electrical neutrality, the concentration of carriers is given by

n+n, +N, =p+n,+N,, (A.19)

where n' is the electron concentration,

p is the hole concentration,
n, is the non-ionized impurity acceptor concentration,
n, is the non-ionized impurity donor concentration,

N, is the ionized impurity acceptor concentration,
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N, is the ionized impurity donor concentration.

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

n=p+(N_ +N,), (A.20)
and n—lnN-—N)+J@J—N)Z+mﬁ (A.21)
_2 d a d a i '
2
p =1L : (A.22)
n

In the high temperature range, the majority carriers are from the intrinsic
one|Nd — Na|<< n,, 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

n=p=n. (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,|Nd —Na|>> n,, then

constant impurity carriers are obtained in this range as following

n=N,—N,. (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



n=N,-N,-n,, (A.25)

1
1+ pexp{-

and n, = Nyl (A.26)

E, +E- I
KT

where fis 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

n> +n(N, + N)) - (N, —N,)N/ =0, (A.27)

E
where N/ = exp{——241,
¢« = PN exp{ kT}

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

/ —
n=Ne(Ng= Ng) - (A.28)
N, + N,
If N, >> N/, Eq. (A.28) becomes
N/(Nd_N) (Nd_N) Ed
n=—= &’ = = exp(——= A.29
N, N AN, exp( kT) (A.29)
If N, >>N.>>N_, Eq. (A.28) becomes
n2
—-N!=0 (A.30)

d

or n~./AN,N, exp(—ZET‘fl_) . (A.31)

84
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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 % and Efor the given

Eqg. (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.

Ln n[ cm™]

Intrinsic range

AE
Slope =——
2k

Saturation range

Freeze-out range

Slope = % or i

2k

1T K

Figure A.1: The variationof carrier concentration and reciprocal temperature [16].



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.

v N _.'___;'__:ﬁ_
P | t) |
i : ol i
= —_— i L | ' '
i b i
7 LA |
= “Computer Controller 1 E
~3
- ‘) o E J i ) :._ ;’
Temperature : ,.-/ 1
Controller Data Acquisition
DMM i : ] )
Current Source 4| .f
1o -~ o ;-’ ‘& Magnetic Core
S - Tk T J -
Magnetic controller o \*‘i

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

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

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

heating of the coils inside the magnetic field generator.

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.

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

P T — - - i

- i .- Lrews |4 Gaw gl E - W 3 - iy o
O & a AES O WASS AL -P-ﬁ;j w6

AL A F F 8 R OB NN R e

Low Temperature Hall Measurement NN Y TR R T i P S

=

Maeasurement Results

“ﬂﬁﬂﬂﬂMﬂ_ZT’f,m;ﬂf_

ﬁlﬂoﬁ&nﬂdnncnlo 10 or\r\nnnlnr\ 3 L I TLATery

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.

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.

e S e Gebug M Do e
- el @ == Rm L -

ELl w0 wdP Meaguramisn
— [ cort | -
| m: | =
L
L
KA e .
£
ECN = e
-
adm L] L] L -
m (RS ] LT o i 1 L Eurreriih
Mm@ L0 P e VR P - i 1, [Pcrimoht PP - [F... | | attorost o - misar. | JHPDURES um

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.

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.

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 R, and R; are obtained by the calculations in chapter 2 and then

shown on the interface program.

The two resistances R,andRgare used to calculate the correction

factor f (R, /R, )which is used to evaluate the resistivity described in chapter

2.

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

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

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.



91

D T P — =l =]
L ]
Rl N S Ram B RN LR D HE
T 1]
Low Temperature Hall Measurement Wi T T e T T
. a
s . i
1
-2
S — | .
e L
s 3 Il nams: "'.mn iy e . !
e | e ]
Sampla micknass: B3 il mlra Fod b L
T [
Fosampla:  [eg e e / i 1
/ﬁ- E—3
Positive B: ’ /‘ﬂt
o
Hegative B T ke 2w [5° [T™ -
Bak]  Dpsrors cuErenmity: m [
Lkasf fiame . - _
—
.‘mﬁ t i
[ conenws | | -
. | + { H
| RA: | i i
e ] ; . |
R
| o | ‘ ’
4 |
,j"J ¥
L et —
p. !
[ o P A

s ! A
v

£
/%\'./{4 e

/‘5, 2e 42 A4

F @ § Sk

Odm

w-.?mm: I -tm [

Olwm 02w Ol -

B [T e o b T et PPt [P | T

CEeOUR S rum

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.

@ Do you want to continue to Hall Measurement?

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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3 No Magnetic field completed

Figure B.6: The message box shows that the measurement of No magnetic field is

complete.

3 Please turn on Magnetic field (Current +)

Figure B.7: The direction message box requires the magnetic field positive current.
The Hall measurement are summarized as followed:

)} No magnetic field: message box as follow Fig. B.6 show up and the

Hall effect measurement program are running.

i)  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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3 Please turn off Magnetic field (Current+)

Figure B.8: The message box shows that the user should turn the magnetic field off.

3 Please turn on Magnetic field (Current -)

Cancel|

Figure

B.9: The turn on magnetic field negative current message box.

ﬁ Please turn off Magnetic field (Current-)

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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