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Resumo 

 

 

 Este projeto de dissertação consiste na caraterização de dois tipos de semiconductores e na 

sua junção como díodo. Os materiais são Óxido de Zinco (ZnO) e Nitreto de Gálio (GaN). O ZnO é 

produzido no nosso laboratório por Pulsed Laser Deposition (PLD), já o GaN é-nos dado por um 

grupo de investigação de Lausanne e outro do RPI. Para o ZnO é feita uma série de deposição para 

estudar as suas propriedades óticas e físicas com a variação da pressão de oxigénio. Para o GaN 

são estudados dois tipos de contactos metálicos: Alumínio e Níquel/Ouro. Para o p-type GaN foi 

necessário fazer RTA para a ativação de dopagem de Mg. 

 A caraterização desses materiais consiste em fazer: caraterização I-V para estudar as suas 

resistividades e posteriormente as suas densidades eletrónicas; difração de raios-X (XRD) para 

verificar a estrutura do material que temos nas amostras e para compararmos com a literatura; 

imagem de SEM para comparar a superfícies de cada amostra; Transmitância Óptica para estudar as 

propriedades óticas e os seus hiatos.   

 Para fazer as medidas I-V são feitos contactos nas amostras através de Evaporação Térmica. 

Para GaN usamos RTA para retirar a barreira de Schottky existente. Diferentes metais são escolhidos 

para se obterem bons contactos ohmicos no ZnO e no GaN 

 Os díodos p-n são produzidos através da deposição de n-ZnO sobre p-GaN usando PLD. 

Para a análise dos díodos, fazemos medidas I-V e analisamos os seus fatores de idealidade, corrente 

de fuga e resistências em série.  

 

 

Palavras-chave: 

 Díodo, Óxido de Zinco, Nitreto de Gálio, PLD, Resistividade, Densidade Electrónica, Barreiras 

de Schottky, Contactos ohmicos 
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Abstract 
  

 

This thesis consists of the characterization of two semiconductor materials and the junction as 

a diode. These materials are Zinc Oxide (ZnO) and Gallium Nitride (GaN). The n-type ZnO films are 

produced in our laboratory by Pulsed Laser Deposition (PLD). On the other hand, GaN is given to us 

by research group from EPFL, Switzerland, and RPI, USA. A series of ZnO films were deposited to 

study their optical and physical properties by varying the oxygen pressure. For p-type GaN we studied 

two metal contacts, which are: Aluminum and Nickel/Gold. Rapid thermal annealing (RTA) was 

needed to activate the Mg dopants.  

The characterization of these materials consists of the following methods: I-V measurement to 

study their resistivity and carrier density; X-Ray Diffraction to study the structure of the material and to 

compare results with literature; SEM images to compare the surface of each sample; Optical 

Transmittance to study their optical properties and their band gaps. 

The metal contacts for I-V characterization were are done by Thermal Evaporation. For GaN 

again RTA was used to avoid formation of Schottky barrier contacts. Different metals are chosen for 

good ohmic contacts on ZnO and GaN. 

Finally, diodes are made by deposition of n-type ZnO on top of p-type GaN by PLD. To 

analyze the diodes we performed I-V measurements and analyzed their ideality factor, leakage current 

and series resistance. 

 

 

 

Key Words: 

Diode, Zinc Oxide, Gallium Nitride, PLD, Resistivity, Electronic Density, Schottky Barriers, 

Ohmic Contacts 
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Chapter 1. Introduction  

 

 

Contemporary day life relies heavily on modern technology, such as semiconductor-based 

electronics. An example of this fact is the use of LEDs, light-emitting devices, in various applications. 

Recently, in this type of device, the color range could effectively be extended to the blue and violet 

spectrum with the availability of high-quality wide-band-gap semiconductors like GaN. Accordingly, the 

present work is based on the preparation and characterization of a heterojunction diode with GaN and 

ZnO. Various characterization methods on the micrometer and nanometer scale are employed to 

study the morphology and the electronic properties of GaN and ZnO thin films. The latter were 

prepared during the course of this work by pulsed laser deposition system.  

Semiconductors have been studied since 1830. In 1833, Michael Faraday discovered a 

material whose resistance decreased with temperature, contrarily to the behavior of metals. Since 

then, other materials with semiconducting properties were reported by various researchers. 

Semiconductors are a group of materials which have electrical conductivities between metals 

and insulators. On one hand, elemental semiconductors like Si and Ge are used in diodes, transistors, 

rectifiers and integrated circuits. On the other hand, binary semiconductors are used in high-speed 

devices requiring high probability in emission or absorption of light. Important examples are 

compounds like GaN, GaP and GaAs, that are common in light-emitting diodes (LED’s). 

The principle behind a semiconductor diode was firstly shown in 1874 by Karl Ferdinand 

Braun. However, in those times, this device was called “rectifier”. The current term only appeared and 

was adopted in 1919.   

A diode is a device that allows a current to flow in one direction and is able to block it in 

opposite direction. In a semiconductor diode, the anode is made of p-type material and the cathode of 

n-type material. 

 

Figure 1 Diode. 

The current flows from the anode to the cathode. This is the basic function of a diode. 
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Nowadays, there are several different types of diodes, such as the diode used as a rectifier, 

the Light Emitting Diode (LED), the Photodiode, the Schottky diode, the Tunnel diode, the Varicap, or 

the Zener diode.  

In this project, the heterojunction concept means that two different layers of semiconductors 

are placed together and consequently form an interface between them. Heterojunctions can also be 

formed between two semiconductors with different properties, such as one that is crystalline while the 

other is polycrystalline or amorphous. When the function of an electrical device or device application 

depends on more than one heterojunction, they are placed in series to create what is called a tandem 

structure. These heterostructures are used to increase the energy produced by different electrical 

devices, such as solar cells and optical sensors. The heterojunction idea was first proposed in 1963 by 

Herbert Kroemer in laser production.  

The characteristic of a ZnO-on-GaN heterostructure has already been studied by various 

research groups  [11,22]. In our case, we have use pulsed laser deposition (PLD) for the production of 

the ZnO thin film, whereas most of the GaN layers were grown by MOCVD at EPFL, Lausanne. Such 

heterojunctions will be important for the development of optoelectronic device such as blue and 

ultraviolet LEDs. 

This project consists of 6 chapters, including this introduction. In Chapter 2, “Literature 

Review”, we introduce the theoretical part of my work, subdivided into the topics on isolated 

semiconductors, "pn" junctions, metallic contacts and the materials that we used in this work. In 

Chapter 3 we present the techniques used to deposit materials and to improve them. Details are given 

for Pulsed Laser Deposition (PLD), Thermal Evaporation and Metal-organic Chemical Vapor 

Deposition (MOCVD), which are relevant deposition techniques for our samples. To improve the 

conductivity of the p-type GaN layers, the used technique was Rapid Thermal Annealing (RTA). 

Chapter 4 introduces the methods that characterize the morphological, optical, and electrical 

properties of the materials we employed. In Chapter 5 we present the results and discuss them 

according to both literature reports and theoretical aspects from previous chapters. Firstly we will 

study the materials individually, ZnO and GaN, and after that we compare the different aspects 

concerning the metal contact, like the Schottky barrier type or ohmic contacts. In the end, we will 

discuss the I-V characteristics of the diodes we produced. Chapter 6 closes the report with a summary 

and suggestions for future work. 
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Chapter 2. Literature Review 

 

 

2.1 Semiconductor Layers  

In this section we present a summary about semiconductor layers and junctions. To do the 

summary we used five Ref. [1-5].  

One of the most important characteristics of a semiconductor, which distinguishes it from 

metals and insulators, is its energy gap (Eg).This variable is unique for each semiconductor. For 

example, the Eg of GaAs is about 1.43eV, which corresponds to light wavelength in the near infrared 

region (IR). In contrast, GaP has 2.3eV for its Eg, which corresponds to visible light. The electronic and 

optical properties of those materials, in particular the electrical conductivity, can be varied over several 

orders of magnitude by change in temperature, optical excitation, and impurity content. However, this 

last one needs to be precisely controlled, as such impurities are used to vary the conductivities of 

semiconductors. For example, an impurity concentration of one part per million can change a sample 

from being a poor conductor to be regarded as a good conductor of electric current. The process of 

controlled addition of impurities is called “doping”. 

 Energy Gap 

 “The most important result of the application of quantum mechanics to the description of 

electrons in a solid is that the allowed energy levels of electrons will be grouped into bands” (Kittel, 

1976). The bands are separated by regions of energy that the electrons in the solid cannot possess, in 

what is called a forbidden gap. The highest energy band that is completely filled by electrons at 0K is 

called the “valence band”. The next higher energy band, separated from the valence band by the 

forbidden gap, is called the “conduction band”. (Figure 2.1) 

 

Figure 2. 1 Energy bands. 
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Semiconductor materials at 0K have basically the same structure as insulators. The valence 

band is completely filled and the conduction band is empty. Between these two bands there are no 

allowed energy states (forbidden band). The difference resides in the Eg, which is much smaller in 

semiconductors than in insulators. A small band gap allows some excitation of electrons from the 

valence band to conduction band by reasonable amounts of thermal or optical energy. For example, at 

room temperature a semiconductor with 1 eV has a significant number of electronic excitations across 

the energy gap. Contrarily, an insulator with Eg = 10 eV has a negligible number of such excitations. In 

metals, the bands either overlap or are only partially filled. Thus, electrons and empty states are 

intermixed within the bands so electrons can move freely under the influence of an electric field. 

(Figure 2.2) 

 

Figure 2. 2 Difference between Energy bands of metals, semiconductors and insulators. http://education.mrsec.wisc.edu 

 For the study of the electrical properties of the semiconductors and the analysis of the 

behavior of the semiconductor devices, it is often necessary to know the carrier concentration. To 

obtain the equation for the carrier concentrations we need to know the carrier distribution function. 

 The distribution function is the principal result of the Fermi Dirac statistics and gives the 

probability of electron occupation of an electronic state at energy E. 

���� = �
���	
�
�/��

                  (2.1) 

 Intrinsic carrier concentration 

The electron concentration in conduction band is “�”, and the hole concentration in valence 

band is “�”. 

� = ����

��
�
��      , where Nc is effective density in conduction band.        (2.2a) 

� = ����

��
�
��      , where Nv is effective density in valence band.                (2.2b) 

Both Nc and Nv are proportional to T
3/2

. For intrinsic materials 	� =	�, since a hole is left behind 

in the valence band for every electron excited into the conduction band. 

The Fermi level in intrinsic materials, Ei, is obtained by: 
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�� = �� = �����
� −  !

� ln	�
$�
$��                   (2.3) 

The intrinsic Fermi level is very close to the midpoint between the conduction band and the 

valence band.  

n-type or p-type 

The type of material depends on the density of donors or of acceptors. For example, in silicon, 

which has four valence electrons per atom, there are two types of impurities: those from column V, 

such as arsenic (As) or phosphorus (P), and those from column III, such as boron (B). The column-V 

in the silicon lattice tends to have a loose extra electron after forming covalent bands. Such types of 

impurities are called “donors” and form a n-type material and its electrical conductivity is dominated by 

electrons in the conduction band. On the other side, column-III impurities tend to be lacking one 

electron when forming covalent bonds. Such an impurity atom can also be ionized by accepting an 

electron from the valence band, which leaves a free-moving hole that contributes to electrical 

conduction. These impurities are called “acceptors” and form a p-type material whose electrical 

conductivity is dominated by the holes in the valence band. 

The Fermi level depends on the type of impurities. On one hand, if they are donors, it will 

increase near the conduction band. On the other hand, if they are acceptors, the Fermi level will 

decrease near the valence band. The electron concentration in the conduction band is:  

�% = �� × �������'�/()                   (2.4a), 

Where kT = 0.026eV at room temperature and Nc represents the effective density of states at the 

conduction band. 

In the n-type, the majority carries are electrons while holes are the minority. The same 

happens for holes in the valence band, whose concentration is:  

�% = �� × ����'����/()                (2.4b), 

The intrinsic electron concentration (��) and hole concentration (��) is calculated by the same 

way as both �% and		�%, but are equal in this case (since the carriers are created in pairs), �� =	��, and 

instead of EF we have Ei.. 

The product of �% and �%is a constant for a particular temperature and material in equilibrium.  

�%�% =	���� = ���       (2.5),  

so, �� =	*�	��� × ��+�,-/2()                                            (2.6) 

so eq. (2.5a) and (2.5b) can be written as: 

�% = ��� × ���'��/�/()�                               (2.7a) 
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�% = ��� × ���/��'�/()�                            (2.7b) 

 As �% and �% depend on the temperature, the Fermi level also varies, by this equation. 

�� = 	2��0 !12 �3/��45∗47∗ �3/� × ��+�,-/2()       (2.8) 

When temperature is too low the atoms are not ionized, so the electrons are in Ed (Ed is the 

ionized donor energy level) and only a few in the valence band, so n<<Nd (Nd is the donor impurity 

concentration). When temperature increases the atoms ionize and there are more electrons in the 

valence band, so n = Nd. If T increases too much the atoms of the material (donors and 

semiconductor) ionize and �% increases, but as �8increases too, �8>> Nd ≈ �� (Figure 2.4). Also, as 

the temperature increases, the Fermi level will decrease until it approaches the intrinsic level. (Figure 

2.3) 

 

Figure 2. 3 Fermi level vs Temperature          Figure 2. 4 donor concentration vs Temperature                                      
By: http://www.globalsino.com                                                  By:http://www-ee.ccny.cuny.edu 

 Carrier Transport 

Carrier Transport or current flow in a material is given by different mechanisms: 

 The “drift current”, which is caused by the presence of an electric field. 

 The “diffusion current”, which is caused by an electron or the hole concentration 

gradient in the material.  

Drift Current and Mobility 

 When an electric field is applied to materials that have free carriers, these carries are 

accelerated and get a drift velocity.  The drift current of holes is in the direction of the applied field, and 

the electrons current is opposite to the field.  

 The drift velocity vd is proportional to the electric field E and a constant µ (which is the mobility 

(cm
2
/V.s)).  

9� = −μ� × ;           (electron drift velocity)     (2.9a) 
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91 = μ1 × ;    (hole drift velocity)             (2.9b) 

 There are two types of scattering mechanisms that influence mobility:  lattice scattering and 

impurity scattering. The impurity concentration also changes the mobility- if concentration increases 

the effects of impurity scattering also increase but the mobility decreases.  

 Resistivity and Conductivity 

For homogenous n-type with a free-electron density n, the drift current density under E is: 

<5,>?��� = −@� < 9> >= @�μ�;              (2.10), 

where @ is the electron charge (1.6x10
-19

C). The resistivity, ρn, for n-type is defined by  <5 = ;/C5 (22), 

so we can obtain ρn,  

C5 = �
D5EF �Ω. I4�                 (2.11a), 

where � is the electron density. Similarly for p-type, where �	is hole density: 

C7 = �
D7EJ �Ω. I4�                     (2.11b), 

The total resistivity of the material should contain both majority and minority carrier, 

C = �
D5EF�D7EJ �Ω. I4�                    (2.12), 

The conductivity, K, is the inverse of resistivity, so  K = �
L    (2.13). 

K5 	= @�μ�               (2.14a),  

and   K7 	= @�μ1                   (2.14b) 

For a uniform conductor with length L, width W, and thickness t (Figure 2.5), its resistance R is 

given by:  

 

 

Figure 2. 5 Dimensions t, W, L 

M = C N
OP                    (2.15),  
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so, the resistivity can also be	represented by: 

C = MQON                     (2.16) 

 The sheet resistance (Ω/sq) is calculated by: 

MR = L
P                  (2.17), 

Thus, the resistance as a function of sheet resistance is: 

M = MR ON                 (2.18). 

 These equations are very important for our work. 

 Diffusion Current 

 In a material where carrier concentration is not uniform, carriers will diffuse under the influence 

of the concentration gradient. 

 This leads to an additional current contribution in proportion to the concentration gradient. The 

diffusion current for electron and holes are given by: 

<5,>��� = @S5 >5�T�
>T                  (2.19a), 

		<7,>��� = −@S7 >7�T�
>T                   (2.19b) 

 S5 and S7 	are called the electron and hole diffusion coefficients (cm
2
/s). The negative sign in 

the hole current is motivated by the flows in the direction of the decreasing hole concentration. The 

electron flows the same way too but its negative charge changes the sign. 

 Physically, both drift and diffusion are closely associated with a variation of temperature and 

the carrier collisions are related with the lattice in thermal equilibrium. 

 A simple relationship between diffusion coefficient and the mobility is given by the equations:  

S5 =  !
D μ�                         (2.20a), 

										S1 =  !
D μ1                                               (2.20b), 

which are known as “The Einstein relations”. 

If an electric field is present in addition to the carrier concentration, we simultaneously have 

current, drift and diffusion, so the total current for electron and holes are:  

<5�U� = @��U�μ�;�V� + 	@S5 >5�T�
>T           (2.21a), 
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						<7�U� = @��U�μ1;�V� + 	@S7 >7�T�
>T 		             (2.21b) 

2.2 p-n Junction 

A diode is basically a p-n junction, it consists of a p-type semiconductor material brought into 

close contact with a n-type semiconductor (Figure 2.6). There are two types of structures: 

Homostructures, when n-type and p-type are based on the same material but have different doping 

(for example n-Si/p-Si or n-GaN/p-GaN), and heterostructures when n-type and p-type are different 

materials, such as p-GaN/n-ZnO or p-Si/n-ZnO. The junction p-GaN/n-ZnO is studied further in this 

work. 

 

Figure 2. 6 Space charge in a np junction. 

 The signs marked with a “+” in the p-type material denote the majority holes, while the “-“ ones 

in the n-type material are the majority electrons. Due to the high concentration of holes in the p-type 

contrarily to the low one in the n-type, holes diffuse across the junction. The same process happens in 

the electrons of the n-type, which create a current (a diffusion current (ID)) whose direction is from the 

"p" to the "n" region. In the depletion area, the holes that diffuse across the junction into the "n" region 

quickly recombine with some of the majority electrons. This recombination process results in the 

disappearance of some free electrons from the n-type. This means that close to the junction there will 

be a region that is “depleted of free electrons” and contains uncovered bound positive charges. The 

same thing happens in the p-region. 

The energy band of the p-n junction changes in the connection place (Figure 2.7). As we know, the 

Fermi level in the p-type is close to the valence band and in the n-type it is close to the conduction 

band. In the depletion region, an electric field and electrostatic potential appear  on opposite sides, in 

accordance to the fundamental relation: 

;�U� = >X�T�
>T                 (2.22) 

Outside the depletion region, E=0 because Vp and Vn is constant, but inside the transition 

region there is a potential difference V0= Vn–Vp. This is also called the diffusion potential, which 

consists on a barrier which diffusion carriers must get through to go from one side to the other. 
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Figure 2. 7 a) Energy bands of a p and n type, b) a pn junction, c) an electrostatic potential. 

 

 When V=0 we are in equilibrium, but as V>0 means forward bias, a V<0 means reverse bias.  

 The electrostatic potential barrier depends on the applied voltage, so it is lowered in forward 

bias Vf from the equilibrium contact potential V0, (V0-Vf). On the contrary, for reverse bias, the potential 

barrier at the junction becomes larger (V0+Vr). (Figure 2.8) 

 The electric field can be deduced from the potential barrier. The electric field decreases with 

forward bias, since the applied electric field opposes the built-in-field. The opposite occurs in reverse 

bias. This variation causes changes in the transition region, whose width is W. It decreases under 

forward bias (smaller E) and  increases in reverse bias. (Figure 2.8)  

The separation of the energy bands is a direct function of the electrostatic potential. In forward bias, 

the Efn (Fermi level in the "n" side) is above Efp (Fermi level in p side) by the energy of qVf The inverse 

happens in reverse bias, as Efn is under Efp by the energy of qVr( Figure 2.8).  

 

Figure 2. 8 Effects of bias at pn junction. Comparison between reverse and forward bias. [1]. http://www.globalsino.com/  

 The diffusion current in forward bias is higher than equilibrium because  the barrier is lower 

and more electrons from the n-type can diffuse to the p-type (V0-Vf). Similarly, more holes in p-type 

diffuse from the "p" to the "n" side. On the other hand, for reverse bias, the barrier is obviously higher 

(V0+Vr), so diffusion is usually negligible.  

 The drift current is relatively insensitive to the height of the potential barrier. We have seen 

before that drift current depends on the electric field, and this one is higher in reverse bias. The reason 
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for this apparent anomaly is the fact that the drift current is limited not by how fast carriers cross the 

barrier, but by how often this happens. So the electron drift current does not depend on how fast an 

individual electron is swept from "p" to "n", but rather on how many electrons cross the junction per 

second. For a good approximation, the drift current at the junction does not depend on the applied 

voltage. The next figure shows the intensity by which the current and the particle flow, depending on 

the applied bias. (Figure 2.9) 

 

Figure 2. 9 Diffusion and drift current depending on applied bias. 

 The total current crossing the junction is composed by the sum of the diffusion and drift 

components. The electron and hole diffusion currents are both directed from "p" to "n" (although the 

particle flow is opposite). When the drift current is from "n" to "p" and when in equilibrium, the total 

current is going to be zero because the drift and diffusion currents cancel each other. The diffusion 

current is dominant in forward bias and the drift is so for the reverse bias. 

 Diode equation 

 As we saw, an applied forward bias increases the probability that a carrier can diffuse across 

the junction by the factor exp(qVf/kT). The same occurs in reverse bias, since the equilibrium current is 

equal to “I0”. Accordingly, the total current is given by the Shockley equation: 

Y = Y% Z�	
[\
]�� − 1_												              (2.23), 

Where 4 is the ideality factor, which varies between 1 and 2, depending on the material and 

temperature. 

In reverse bias (-Vr), the exponential term approaches zero and the current is – Y%,	 which is 

called the reverse saturation current (I0 is independent of V in the case of the Shockley approximation, 

but if generation currents exist it depends on the reverse bias voltage due to defects in the space 

charge layer). As we saw before, this current is the drift current, because in reverse the diffusion is 

negligible. On the contrary, in forward bias, diffusion is much higher than the drift current. So the diode 

current flows relatively freely in the forward direction, but almost no current flows in the reverse 

direction. 
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 When we increase the potential in reverse bias, it can reach the critical reverse bias. This 

means that a reverse breakdown occurs. At this potential (Vbr), the current increases abruptly. (Figure 

2.10) 

 

Figure 2. 10 I-V curve for a diode. 

2.3 Metal-Semiconductor Junctions  

 To study the properties of semiconductors, like I-V curves, or to measure the conductivity, we 

put metal in contact above the thin film. One reason to do this, is to protect semiconductor layer. But 

we cannot use any metal for a specific semiconductor, because this can create a barrier in the 

interface between metal and semiconductor. When a barrier is formed this way it is called Schottky 

Barrier, but if there is no barrier we have an ohmic contact. 

2.3.1 Schottky Barrier 

The energy that is required to remove an electron at the Fermi level in the metal is called the 

work function energy	@ab. Rectifying contacts are a Schottky effect that can be called as Schottky 

Barrier diodes. 

 When a semiconductor with work function energy	@aR is brought in contact with a metal, 

charge transfer occurs until the Fermi levels are aligned at equilibrium. A Schottky Barrier happens 

when	ab > aR, for a n-type semiconductor. In this case the Fermi level of the semiconductor is higher 

than metal. To align Fermi levels negative charge on the metal it is also necessary to have a positive 

charge on the n-type. The electrostatic potential of the n-type must be raised (i.e., electron energies 

must be lower) according to the metal. The difference between ab −aR is the equilibrium potential V0, 

and it can increase or decrease by the application bias voltage.  The potential barrier for electron 

injection from the metal to the n-type is  ac, which is equal to ab − d, where qχ is the electron affinity 

(the energy between vacuum level and the conduction band in the semiconductor). In the following 

Figure we show a band diagram for a Schottky barrier. (Figure 2.11) 



13 
 

 

Figure 2. 11 Schottky barrier formed by contacting an n-type semiconductor with a metal with	ef > eg. (a) Isolated band 
diagram, (b) equilibrium band diagram for the junction. [1]. 

 For a p-type semiconductor, a barrier appears when aR > ab. To align the Fermi levels, a 

positive charge is required on the metal and a negative charge needs to be present on the p-type. The 

potential barrier V0 is aR − ab, which can increase or decrease by the application of bias voltage. 

(Figure 2.12) 

 

Figure 2. 12 Schottky barrier formed by contacting an p-type with a metal with	eg > ef. (a) Isolated band diagram, (b) 
equilibrium band diagram for the junction. [1]. 

2.3.2 Ohmic Contacts 

An ideal metal-semiconductor contact is called ohmic contact, where we have a linear I-V 

characteristic in both bias directions. 

It occurs when aR > ab for the n-type, because Fermi levels are aligned at equilibrium by 

transporting electrons from the metal to the n-type, so the electrostatic potential is lower and 

semiconductors electrons energies raise according to the metal at equilibrium. So, as the barrier 
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between the metal and the n-type is small. With a small voltage electrons flow easily. The same 

occurs in the p-type where aR < ab . (Figure 2.13) 

 

Figure 2. 13 Ohmic contact. (a) p-type and metal isolated, (b) equilibrium band diagram for the junction metal/p-type, (c) n-type 
and metal isolated, (d) equilibrium band diagram for the junction metal/n-type. [1] and  www.globalsino.com 

2.4 Heterojunctions  

 A heterojunction is a junction between two different semiconductors with dissimilar Eg. When 

we bring two semiconductors with different Eg, work functions and electron affinities, we expect a 

discontinuity in the energy bands in the equilibrium. The difference between valence bands is ∆Ev, and 

∆Ec for conduction bands. In an ideal case, ∆Ec would be the difference between electron affinities 

q(χ2- χ1) and the ∆Ev the difference ∆Eg-∆Ec. 

 The diagram for any junction, either homojunction or heterojunction, needs all parameters, 

such as band gap, electron affinity (does not depend on the doping, but does depend on the material) 

or work function (depends on the material and doping). The last two are referent to vacuum level, Evac, 

which is the potential energy reference when an electron is taken out of the semiconductor. A new 

concept is local vacuum level, Evac(loc), which varies along with and parallel to the conduction band to 

keep electron affinity constant. The difference between local and global vacuum levels is equal to the 

potential energy qV0. This potential V0 can change according to the applied bias. (Figure 2.14) 
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Figure 2. 14 Heterojunction between p-type and n-type, band gap of p-type is larger than n-type. (a) band diagram before 
heterojunction. (b) Band diagram after junction at equilibrium, we see the discontinuity of bands. [1] 

2.5 Materials Used 

 The principal materials used in this work were n-ZnO and p-GaN. The n-ZnO was produced in 

our laboratory by Pulsed Laser Deposition (PLD). The GaN films were supplied by the group of 

Nicolas Grandjean and Jean-Francois Carlin from EPFL in Lausanne. They used MOCVD for the 

deposition of Mg-doped GaN films on sapphire substrates. 

 2.5.1 Zinc Oxide (ZnO) 

 ZnO belongs to the group of II-IV and can be considered an “old” semiconductor, as it has 

been studied since 1935. Nowadays, however, it is seen by the scientific community as a “future 

material” [6]. It has applications in many areas such as LED’s, piezoelectric transducers, optical 

waveguides, acousto-optic media, sensors. Thanks to these potential applications research has 

increased about the growth of high quality ZnO thin films by different techniques, such as: Chemical 

Vapor Deposition (CVD), PLD, Molecular Beam Epitaxy (MBE), Sputtering, or Metalorganic Chemical 

Vapor Deposition (MOCVD), amongst others [7]. 

 Structure of ZnO  

 The ZnO crystallizes in two main structures, which can be a cubic zinc-blende (Figure 2.15) or 

a hexagonal wurtzite (Figure 2.16), where each anion is surrounded by four cations at the corners of a 

tetrahedron, and vice versa [6]. Under regular conditions, the thermodynamically stable structure is 

wurtzite, while zinc-blende is revealed by growth on cubic structures. The structure of the specific ZnO 

deposited by Pulsed Laser Deposition is wurtzite.  
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Figure 2. 15 Zinc-blende structure, where grey                                   Figure 2. 16 Schematic of wurtzite unit cell, Zinc  
atoms are zinc and the yellows are oxygen.                                 atoms are blue  and the white are oxygen.

The unit cell of the wurtzite structure is hexagonal (hcp) with two parameters “a” and “c”, 

where “a” is the lattice constant and “c” is the height. Its basis vectors are 

	h�iiiiij = h 	− �
� ,

√3
� , 0 ; 					h�iiiij = h�1,0,0�;								h3iiiij = I�0,0,1�. 

Physical Properties 

 ZnO is a n-type semiconductor with a direct band gap of 3.3 eV [8-10], and with a large 

exciton binding energy of 60 meV at room temperature [8].  Due to this band gap, pure ZnO 

films are transparent in the visible light (400-700nm), so the photons are absorbed in the range 

of UV. Its exciton binding energy is what makes ZnO so attractive to optoelectronic devices [8].   

The p-type ZnO has been researched by many groups, but it still raises some issues because it 

exists naturally as a n-type due to a large number of native defects, such as oxygen vacancies 

[6].  

 Electrical Properties  

 The resistivity of ZnO films can be calculated by eq. 2.11a to obtain a low resistivity, and 

in this case the � and μ�	must be maximized [8]. Nevertheless, in our work we calculated the 

resistivity by eq. 2.17 and computed the electron concentration with this resistivity. The electron 

mobility varies with electron density, but in our work we used 	μ�	 = 200I4
�
n
��
o
�� [6]. The 

method for achieving maximum carrier concentration consists on the control of oxygen 

vacancies and doping. Oxygen doping is controlled by the substrate temperature and oxygen 

pressure in the PLD chamber and occurs when an oxygen vacancy is created in a perfect 

crystal, resulting in two created electrons (donors). If oxygen concentration is too high it will 

create sub-oxides, causing the increase of resistivity [8,11].  

 There are some ideal metals to achieve ohmic contacts for ZnO, like Aluminum, Indium, 

Gold or Nickel/Gold. In our case we used Aluminum [12].  
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Figure 2. 17 Yu-Hsin plot where resistivity is depending on oxygen pressure.[8] 

In his thesis, Yu-Hsin [8] showed that resistivity increases with oxygen pressure, when 

temperature is at 300
o
C (Figure 2.17). This analysis is present in our work, but with a different 

assigned temperature.  

Previous to the time schedule of this project, the group at IST [13] studied the resistivity 

of ZnO depending on the temperature. The oxygen partial pressure was 0.00 mbar and their 

results are in the next plot (Figure 2.18) 

 

Figure 2. 18 Resistivity, conductivity ratio and µτ product with temperature are compared [13]. 

 This last plot was very important to our work, once it allowed me to choose the 

temperature for the deposition series, which was 350
o
C.  
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2.5.2 Gallium Nitride (GaN) 

 Gallium nitride belongs to the group of III-V semiconductors. This group of materials has 

received much attention lately as it is broadly used in optoelectronic devices, and in high-

temperature and high power electronic devices [14]. There are 4 common techniques used in 

the deposition of GaN, which are: Growth of Bulk GaN by Hydride Vapor Phase Epitaxy 

(HVPE), Molecular Beam Epitaxy (MBE) and Metalorganic Chemical Vapor Deposition 

(MOCVD) [15].  

Structure of Gallium Nitride (GaN) 

As known from literature, GaN can have 2 dissimilar structures: wurtzite (Figure 2.16) or 

zinc-blende (Figure 2.15), as ZnO. Wurtzite is the stable structure for GaN, while zinc-blende is 

a metastable structure [15]. The lattice constant “a” and “c” can change depending on the 

growth condition, impurity and stoichiometry of the film. 

Physical Properties 

 GaN has a direct band gap of 3.4 eV at room temperature [11, 16-17] (close to the 

energy of ZnO). This large band gap is the reason why this material produces high-frequency 

blue and ultraviolet light. Gallium nitride is a semiconductor which is almost chemically inert. It 

has a big resistance to base and acids at room temperature. Due to these facts, conventional 

wet etching is not very successful. 

 GaN can have p-type or n-type behavior depending on the doping For the n-type, silicon 

(Si) or oxygen (O) are dopands [17], while for the p-type the dopand is magnesium (Mg) [18-19], 

which is the same as what was used in our samples.   

Electrical Properties 

Normally the dopand Mg needs to be activated, and for this to happen GaN is subjected 

to a thermal annealing (RTA). Rapid Thermal Anneal is a technique which permits a very rapid 

increase of temperature, as we explain ahead in chapter 3. For the case of GaN we needed 

RTA for 5 minutes at 700
o
C under a N2 atmosphere [19].  

The resistivity of GaN can be calculated the same way as for ZnO. The ideal ohmic 

contacts for GaN are Ni/Au. [14,20]. 
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Figure 2. 19 I-V characteristic with Ni/Au contact in p-GaN [20] 

 According to Sheu et al. [20], the contacts need thermal annealing to have an ohmic 

contact, because the barrier between sample and metal is reduced after the process (Figure 

2.19). 

 To know the hole density in our sample we needed to know the hole mobility. The next 

plot shows a relation between hole mobility and their concentration (Figure 2.20).  

 

Figure 2. 20 Hole mobility in function of hole density. [21] 

This plot shows the value used in this work for hole mobility, which is		10I4�
n
��
o
��, 

because the hole concentration of our sample was between 10
17

 and 10
18 

cm
-3

.  

2.6 Diode p-GaN/n-ZnO 

 The diode p-GaN/n-ZnO was studied by many research groups [11,22]. They focused 

on two types of diode: a pn junction and a pin junction. In our work we studied the I-V 

characteristic of this type of diode. 
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I-V measurements of their diodes are shown in the next figure (Figure 2.21). 

     

Figure 2. 21 I-V measurements of p-GaN/n-ZnO. a) H.Y. XU et al [11], b) Ricky W. Chuang et al. [22]. 

 H.Y. Xu et al. used ZnO without an extrinsic dopand. They used RF magnetron 

sputtering, and the oxygen pressure was zero, as they obtained an electron density of 7.53x10
18

 

cm
−3

. Contrarily, R.W. Chuand et al. used an extrinsic donor that was Indium. To do the 

deposition they used a vapor cooling condensation system, and they obtained an electron 

density of 1.7x10
20

 cm
−3

. Both groups used GaN dopant with Mg, as we did in this work.  

The difference between the pn diode and the pin diode is the wavelength emitted [11]. 

The pin diode has a shorter wavelength than the pn diode, which is very important for UV LED 

technology. 
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Chapter 3. Deposition and Process Techniques  
  

 

In this chapter we explain the three techniques that we used to perform the deposition and one 

improvement process. The first one was deposition by Pulsed Laser Deposition (PLD), the second 

was Thermal Evaporation (TE), and the third was Metal Organic Chemical Vapor Deposition 

(MOCVD). The ZnO thin film was deposited by PLD, and to study its properties we used BK7 and 

Corning 7059 glass as substrates. The p-GaN was used as a substrate to make the diode. We used 

Thermal Evaporation to deposit metal contacts, like aluminum, nickel or gold. The third technique was 

used at EPFL to perform the deposition of Mg-doped GaN films. The post-deposition process method 

was Rapid Thermal Anneal, which was used in GaN samples. 

  3.1 Pulsed Laser Deposition (PLD) 

In this section we did a summary about PLD. To do the summary we used two Ref. [23-24].  

 In general, the idea of PLD is simple. A pulsed laser beam is focused onto the surface of a 

solid target and the strong absorption of the electromagnetic radiation leads to the rapid evaporation of 

the target materials. This evaporated material consists of excited and ionized species, which form a 

plasma plume on the surface of the target and deposit on a substrate as a thin film (Figure 3.1). We 

can see PLD as a "son" of Physical Vapor Deposition (PVD). 

 PLD has four parameters of dependency, which are:  

• Wavelength of the laser beam; 

• Fluency of the laser; 

• Gas pressure; 

• Pulse duration and repetition rate. 

PLD's effectiveness depends a lot on the used laser. In our project, the laser used was a 

Nd:YAG which could be operated at three wavelengths, one of 266 nm (UV), one of 532nm (visible) 

and another of 1064nm (IR). For the purpose of this project, we used the UV wavelength due to the 

smaller diameter of the deposited particles. The fluency of the used laser was set to the maximum 

level. We could not measure the energy by itself, so we aligned the laser in order to always have the 

maximum beam energy. The available pulse duration was 5ns and the repetition rate was 10Hz. The 
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target was a solid ZnO ceramic. Before deposition the chamber was evacuated to a base pressure of 

10
-6

 mbar. The deposition was performed under oxygen background gas pressure at varying pressure 

to optimize the ZnO film properties.  

 

 

Figure 3. 1 a) Schematic of the PLD chamber.  b) Ours PLD camber in operation. 

There are four different steps in the process of the PLD: 

• Laser radiation interacts with the target; 

• Laser ablation and creation of plasma plume; 

• Deposition of the material on the substrate; 

• Nucleation and growth of thin film on the substrate surface. 
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1) Laser radiation interacts with the target 

 In this step, the laser is focused onto the surface of the target with high energy and short 

pulse. The surface of the target is rapidly heated up to its evaporation temperature. These evaporated 

materials are dissociated and ablated with stoichiometry as given by the target. The ablation rate 

depends on the fluence of the laser beam irradiation on the target. The next figure (Figure 3.2) shows 

a schematic representation of the previous stages. 

 

Figure 3. 2 Schematic of first step, laser radiation interacts with the target. 

2) Laser ablation and creation of plasma plume. 

 In this step, materials of the target are ablated, forming a plasma plume. The emitted materials 

tend to move towards the substrate according to the law of gas-dynamics.  The special thickness of 

plasma can vary as a function of cos
n
θ, where n>>1 (typically n=10-25). The exponent "n" depends on 

the fluency of laser and medium. The "n" is bigger when the medium is dense, as it causes more 

collisions making the plume wider. The laser spot size and the plasma temperature have significant 

effects on the deposited film. The next schematic shows how this step works (Figure 3.3). 

 

Figure 3. 3 Schematic of second step. 
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3) Deposition of the material in the substrate 

 This step is the most important to a have a good quality of deposited thin film. The ejection of 

high energy species onto the substrate may induce various types of damage to it. These highly 

energetic particles sputter some of the surface and it causes the appearance of a collision region 

between plasma flux and sputtering flux (Figure 3.4). Film growth is formed after this collision region 

(thermalized region) and when particles reach a substrate, they can diffuse across its surface. This 

consists of an atom migrating to a thermodynamically stable place to constitute a monolayer, as 

shown below. 

   

Figure 3. 4 Schematic of third step  [1]                                               Figure 3. 5 Diffusion Process 

 

4) Nucleation and growth of thin film on the substrate surface. 

 This step depends on the density of the laser, the energy of plasma and the physical-chemical 

properties of the substrate. The two main parameters for nucleation are temperature and 

supersaturation, which can be related by: 

�� � �����	




�
�                 (3.1), 

where �� is supersaturation, R is the deposition rate, Re the deposition rate at equilibrium,	��the 

Boltzmann constant and T the temperature.  

 The size of the nucleus depends on the wavelength of the laser (as said before), the 

deposition rate and the substrate temperature. However, only these last two directly influence the 

supersaturation. A small supersaturation creates a large nucleus, which in turn creates “islands” on 

the substrate. Increasing supersaturation makes the diameter of the nucleus decrease and reach an 

atomic diameter, but if supersaturation increases too much, the layer by layer deposition will be 

incomplete. 

 The film growth depends on the surface mobility of the vapor atoms. Normally, they diffuse 

through several atomic distances before stopping on a stable position, and the temperature of the 

substrates determines their diffusion ability (Figure 3.5). 

 The main advantages to use PLD are:  
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• The deposition can be made at low temperature [8];  

• There is a wide range of materials that PLD can deposit, like oxides, metals, 

semiconductors, and even polymers [8]; 

• The deposition is cleaner and is cheaper when compared to Chemical Vapor 

Deposition [8]; 

• Stoichiometry of complex materials. 

The main disadvantages are: 

• The plasma plume cross section is small, so it creates a limitation in the size of 

the sample[8]; 

• There is an intrinsic “splashing” due to the laser ablation, which produces big 

particles from the target material in the sample [8].  

The physical mechanisms leading to splashing include the sub-surface boiling, expulsion of 

the liquid layer by shock wave recoil pressure and exfoliation. The size of particulates may be as large 

as a few micrometers. Such particulates will greatly affect the growth of the subsequent layers as well 

as the electrical properties of the films. Splashing can be reduced by reducing the laser power density 

and also by use of mechanical particle filter, which is also called velocity selector. Velocity selector is a 

multiple-fin rotor operated at 3000 rmp placed in the evaporants path to prevent particles with a 

velocity less than 1000 cm/s from reaching the substrate surface [25].  

 3.2 Thermal Evaporation (TE)  

 This process is very simple: we put a metal in a basket (or boat) where we apply high 

electrical current that will evaporate the metal which and finally condenses on the substrate. 

Evaporation is made in vacuum (10
-5

mbar), so that the vapor atoms can travel in straight lines from 

the basket to the substrate. If it were done under atmospheric pressure, the evaporated particles could 

scatter with other atoms in the chamber and could react with them. For example, if we want to deposit 

Aluminum and there is still some Oxygen in the chamber, we will deposit an oxide of aluminum.  

 To heat up the material until fusion the typical current (Joule effect) that flows through the 

basket was 44 A for Al and 80 A for Ni [26]. The material should evaporate slowly to obtain a uniform 

deposition. The thickness of the material deposited in the substrate is measured by a Quartz crystal 

monitor (Figure 3.6). 
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Figure 3. 6 a) Metallization chamber schematic, b) Machine that we used for our metallization. 

 

 

3.3 Metal Organic Chemical Vapor Deposition (MOCVD) 

This technique was used by J.F. Carlin to deposit GaN in sapphire wafers [16]. However, this 

process is very complex to grow crystalline layers. As the method's name states, this is a chemical 

process that consists in a source of gas mixture needed for growth, and if necessary for doping, which 

is passed over a heated substrate. This passage then leaves the atoms on the surface and these 

crystallized atoms create a new crystalline layer. 

MOCVD can deposit at a deposition rate of a few microns per hour. Additionally, the quality of 

the produced layers is very good and it can work at high temperatures. However, this is an expensive 

method and demands the handling of toxic gases [27]. 

The two important parameters for III-V semiconductor growth are temperature and V/III ratio. If 

the temperature is too high, it can cause desorption and nitrogen vacancies. On the other hand, if 

temperature is too low, it can create low mobility and surface defects [27]. 

For GaN growth, the usual temperature is about 1050ºC, the pressure is between 50 and 133 

mbar and the ratio is between 1000 and 2000 [27]. 

 

3.4 Rapid Thermal Annealing (RTA) 

Rapid thermal annealing is a process used in the fabrication of semiconductor devices which 

consists in heating a sample up to the temperature we want. The variation of the temperature can be 

controlled. This rapid variation affects the electrical and structural properties of the sample.  
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Rapid thermal annealing is designed for different processes, like active dopants in a 

semiconductor wafer, to improve the film-to-film or metal-to-film interfaces and to repair damage in the 

lattice growth.  

       

Figure 3. 7 a) RTA machine used in this work. b) Our samples in RTA wafer to anneal.    

This process heats a single wafer using lamp based heating. The regular RTA process is fast 

since a sample only needs to be heated for a few minutes. Also, as a quick remark, it is important to 

say that Rapid Thermal Annealing is a subset of processes called Rapid Thermal Processes. 

In our work, this process was used to improve the interface between the metals and the GaN 

surface and to activate the Mg dopants of the same samples. To accomplish this, the process was 

done at the ITN infrastructure with the collaboration of Dr. Eduardo Alves and Dr. Norberto Catarino 

(Figure 3.7).   
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Chapter 4. Characterization Techniques 
 

 

For the characterization of the samples four techniques were used: X-Ray diffraction (XRD), 

Scanning Electron Microscopic (SEM), Transmittance and I-V characterization.   

 4.1 X-Ray Diffraction (XRD)  

 X-ray diffraction (XRD) is a versatile non-destructive technique, which reveals detailed 

information about crystallographic structure. 

 In 1913, Sir W. H. Bragg and his son, worked together to find a relationship to explain why the 

cleavage faces of crystal appear to reflect X-ray beams at certain angles of incidence (θ) [2]. 

�� = 2�� sin 
                       (4.1) 

 Where the variable d is the distance between two atomic planes of the crystal, λ is the 

wavelength of X-ray, � is an integer and �,(	� = 1) the refractive index for x rays [28]. For Bragg 

reflection to occur, the wavelength of electromagnetic wave must be lower than 2d, this is why we 

cannot use visible light and we use X-rays. It is assume the each plane do not reflect completely the 

wave. The wave cross the entire sample and is reflected by each plane. The diffraction wave 

interferes positively or negatively. The positive interference happens for an angle where all plane of 

the sample are in parallel.   

 

Figure 4. 1a) Schematic of X-ray. “http://pruffle.mit.edu” b) XRD in the atomic scale, Bragg law “http://hyperphysics.phy-
astr.gsu.edu/ “    
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   The source of X-ray beam focuses the sample using an X-ray tube. This sweeps all θ, and the 

reflected beams are collected by a detector that converts this received beam in counts (Figure 4.1).  

 4.2 Scanning Electron Microscopic (SEM) 

 To do the introduction to this section we used the Ref. [29]. 

This technique uses a focused beam of high-energy electrons to generate a variety of signals 

at the surface that we want to study. This signal gives us information about the sample including 

external morphology, chemical composition, and crystalline structure. The image collected of the 

selected area is two-dimensional, this area ranging from 1cm to 5µm (magnification ranging from 20X 

to 100000X, so it can have a special resolution of 50 to 100nm). SEM can also analyses selected 

points of the sample, this is useful because can give us qualitatively, or semi-qualitatively of the 

chemical composition (using energy-dispersive X-ray spectroscopy (EDS))  

 The basic operation of SEM is to accelerate the electrons to a high kinetic energy, so it can 

dissipate by interaction between the electron and the sample (Figure 4.2). This acceleration is made in 

vacuum, because without it the electron from the source could interact with air particles before 

reaching the sample. The interaction between the electrons and the surface creates a secondary 

electron and the primary electron is backscattered. This secondary electron is commonly used to show 

the morphology and topography of the sample. The backscattered electron gives us the contrast 

between different compositions of the sample. 

 

Figure 4. 2 Schematic of Scanning electron microscopic. http://fap01.if.usp.br 
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4.3 Optical Transmittance 

 Transmittance is a technique used to measure the energy gap of semiconductor. The photons 

with energies greater than Eg, of the semiconductor are absorbed, while photons with energies lower 

than the band gap are transmitted. The intensity of the beam (I0) when crossing the sample divides 

itself in three intensities, which are; transmitted (IT), absorbed (IA) and reflected (IR) [8].  

� = �+�+�                      (4.2) 

 The basic function of this measurement is simple. We have a light source with intensity I0, 

focused in a sample, the light that crosses the sample, It, is detected by a spectrometer (Figure 4.3). It 

consists on measuring the absorption of the incident photons by the material. 

 

Figure 4. 3 a) Schematic of Transmittance measurements. b) Transmittance in our laboratory. 

 The energies of the photons are		ℎ�, and when	ℎ� > 	��, an electron of the valence band 

absorbs that energy and is excited to the conduction band where there are many empty states. On the 

other hand when		ℎ� < 	��, the photon is unable to excite an electron from the valence band to the 

conduction band and is transmitted. This explains why some materials are transparent in naked eye, 

that is because the photons with visible wavelength do not have enough energy to be absorbed [1].   

 The transmittance is the ratio between light intensity (Io) and the intensity which crosses the 

sample (It), 

� =
�
�
	 , < 1	                                       (4.3). 

We expect a dependence on the photon wavelength, so we can use the eq. 4.4 for the photon 

energy. 
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� =
�.��

 !"#$
!%&$									             (4.4).  

So that the intensity of transmitted light through the sample is given by Beer’s law [1]: 

' = (%
)*'                   (4.5),  

where α is the absorption coefficient (cm
-1

) and t the thickness of the sample. 

 The absorption coefficient varies with the photon wavelength. In a plot of α vs Energy it is 

normal that for a smaller energy (larger wavelength) the absorptions are negligible, and considerable 

for higher energy (shorter wavelength) [1]. The Energy gap is calculated by the alpha vs energy plot. 

We traced a straight line from middle height of the abrupt increase until x-axis. This value of x-axis is 

the energy gap (Figure 4.4).  

 

Figure 4. 4 Alpha plot, α vs E, to measure the Eg [1].  

 The Tauc plot is another method to determine the energy gap of a sample. The square root of 

the product between absorption coefficient and photon energy		!+ℎ�$, is plotted, depending on the 

photon energy. The - coefficient for the allowed modes is equal 2 for direct and ½ for indirect 

transitions. For the forbidden modes - is 2/3 for the direct and 1/3 for the indirect. To measure the 

Band gap, we trace a line which is the slope of the abrupt increase onto the x-axis. This value is the 

band gap (Figure 4.5) [30-31].    

 

Figure 4. 5 Tauc plot. (E.α)
1/2

 vs Energy (eV). Another way to measure the energy gap [31]. 
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4.4 I-V Characterization 

 I-V characterization consists basically on applying a voltage between two probes in the sample 

and measuring the current that flows through the sample. The equipment used was the D-A output 

channel of a Lock-in Amplifier to supply the bias voltage and a Keithley picoammeter that measures 

the current (Figure 4.6). There is a resistance before the Keithley to protect it from high currents. To 

do the characterization we used a computer program which scans voltage at constant rate up to 

maximum desired voltage.  

             

 

Figure 4. 6 Keithley picoammeter and Lock-In amplifier, b) our probe station measuring an I-V characteristic c) circuit schematic 
of I-V measurement. 

This characterization was essential in our work, because it enabled us to study the resistivity 

of each sample that we used. It also allowed the characterization of each diode that we produced.  
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Chapter 5. Results and Discussion 

 

 

5.1 Zinc Oxide (ZnO) 

We used PLD to deposit a series of n-ZnO films on BK7 substrates to find optimal parameters 

for the formation of a diode. The oxygen partial pressure was the parameter under study and the 

target used was ZnO powder, which was dense and compact. 

 We needed a good conductive thin film with high density of electrons. According to the 

literature on the subject [13], resistivity increases with deposition temperature. The temperature that 

we chose was 350oC because we wanted a low resistivity. We could have used room temperature, but 

the resistivity would have been too low and the ZnO would almost be a conductor material.  

The following table shows the name of each sample and the parameters of their depositions. 

(Table 5.1) 

 

Name Substrate T(oC) Pb(mbar) PO2(mbar) t(min) λ(nm) f(Hz) 

ZnO123 

BK7 350 

3.10E-06 0.02 

120 266 10 

ZnO124 3.00E-06 0.04 

ZnO125 1.40E-06 0.06 

ZnO126 1.00E-06 0.08 

ZnO127 6.80E-07 0 

ZnO128 1.00E-06 0.1 

 

Table 5. 1 Condition of ZnO deposition, where Pb was the base pressure and PO2 the oxygen partial pressure. 
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Figure 5. 1 Plasma plume of ZnO. Deposition with Oxygen pressure at a) 0.04mbar b) 0.1 mbar. 

 

As we could see, the plasma plume with 0.1 mbar of oxygen was wider than with 0.04 mbar 

(Figure 5.1), because when oxygen pressure increases the interaction between the particles in the 

chamber increases to the point they decelerate. The particles lost energy in form of light. As said in 

the chapter 3, when the medium is denser it causes a wider plasma plume, and this was verified.  

5.1.1 Structural Properties 

We did XRD to know if the deposited material was really ZnO or another material. The 

expected peak of XRD was 34.50, which corresponds to the (002) plane of wurtzite structure [32-34]. 

The FWHM gives us the quality of the film, which means that the lower the FWHM the better the 

quality of the sample (Figure 5.2). 

 

Figure 5. 2 XRD for each sample of ZnO 
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The peak positions of our samples were close to the literature conclusions [33]. Only that way 

we could assume that we indeed had ZnO in our possession. The FWHM was different, the worst thin 

film was ZnO 124, because it had larger FWHM. We can prove this result later in SEM images. 

5.1.2 Optical Properties 

As we explained previously, the transmittance allows the study of the band gap for ZnO. As 

we said in chapter 4, through the alpha plot we traced a straight line from the middle-high zone of the 

abrupt increase until the x-axis (Figure 4.4). The Tauc plot also allows us to measure the energy gap, 

as we trace a straight line which was the slope of the abrupt increase (Figure 4.5).  

The first measurement was performed to obtain the emission spectrum of the Xe-lamp, 

followed by the transmission spectrum of both the BK7 glass substrate and the ZnO sample. The 

result for ZnO126 (0.08 mbar) is shown in the next plot (Figure 5.3).  

 

Figure 5. 3 Emission spectrum of light source (Xe lamp), together with transmission spectra of BK7 and ZnO126 

 

 It was expected that the signal of both the BK7 and the ZnO had less counts than light 

because there was absorption and reflection of some photons.  

As explained in chapter 4 we calculated the transmittance by 	� = ��
��	, where in this case we 

replaced I0 by ITBK7 because the ZnO film was deposited on a BK7 glass substrate. The following plot 

(Figure 5.4) shows the transmittance of ZnO126 (0.08 mbar). 
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Figure 5. 4 Transmittance of ZnO126. 

The next procedure was to study the energy gap of the ZnO 126. According to the literature, 

we should expect a Eg=3.3 eV [8-10], so we first calculated the absorption coefficient using Beer’s law 

and then plotted it as a function of photon energy (Figure 5.5a). The resulting Tauc plot (as 

understood from the literature [8]) (Figure 5.5b) gives the 

 

Figure 5. 5 a) Absorption coefficient vs photon energy. b) Tauc plot to know Eg, which was 3.27 eV. 

the experimental energy gap of 3.27 eV. It was very close to the theoretical value, so we could 

conclude that we had a good ZnO thin film.   

As we said in the beginning of this chapter, we did a series of depositions, where oxygen 

pressure was the variable that changed. Using the same analyses as before, we compared their band 

gaps (Table 5.2)(Figure 5.6). 
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Figure 5. 6 Band gap as a function of oxygen pressure.  

The band gaps were similar for all the samples, as we expected. So we could conclude that 

the oxygen pressure did not vary with the band gap. The optical properties did not change with oxygen 

pressure, but the same behavior did not occur with their physical properties, as we will see later.  

5.1.3 Morphological Properties 

The surface of the samples was analyzed by SEM, where we expected to see some 

differences. To make a good comparison analysis we took several images with different amplification, 

1000x, 5000x, 10000x, 20000x and 50000x. In this project we show the picture with a level of 1000x to 

see the surface in general terms and another one with a level of 50000x to see the surface in detail. 

The next figures show the SEM pictures of each sample with amplification of 1000x (Figure 

5.7). 

          

Sample Band Gap (eV) 

ZnO127 (0.00mbar) 3.27 

ZnO123 (0.02mbar) 3.26 

ZnO124 (0.04mbar) 3.25 

ZnO125 (0.06mbar) 3.25 

ZnO126 (0.08mbar) 3.27 

 ZnO128 (0.10mbar) 3.26 

Table 5. 2 Band Gap of each sample. 
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Figure 5. 7 a) ZnO 127 (0.00 mbar) at 1000x, b) ZnO 124 (0.04 mbar) at 1000x and c) ZnO 126 (0.08 mbar) at 1000x. 

We could see that the thin film was uniform for these samples. However, we had some 

particles which were bigger than others, due to what could be an impurity or a particle coming from the 

target. The PLD technique is known to cause the appearance of these particles. However, with this 

amplification we did not see any difference that could be related with the variation of oxygen pressure, 

so we studied it with an amplification of 50000x (Figure 5.8). 

  

         

 

Figure 5. 8 a) ZnO 127(0.00 mbar) at 50000x, b) ZnO 124 (0.04 mbar) at 50000x and c) ZnO 126 (0.08 mbar) at 50000x.



41 
 

With this amplification we could see that, in the ZnO127 (0.00 mbar), the size of particles were 

the same (30 nm) (Figure 5.8), but when oxygen was introduced in the chamber, their size decreased. 

It still showed some variations, as we could see in b) and c) (Figure 5.8), and though the majority size 

was 20 nm, there were other particles with size as big as 50 nm or 70 nm. In b) we could see 

“islands”, so, as we said previously in the chapter on XRD, the quality of the ZnO 124 was worse than 

others. 

  5.1.4 Physical Properties 

We expected that physical properties like resistivity and electron density changed with the 

variation of oxygen pressure, because this element was the one that controlled the doping. First we 

measured the resistance of each sample by the means of an I-V characterization (Figure 4.6c). 

The I-V characteristic needed a good metal contact to have an ohmic contact. As we said in 

the previous chapter, a good metal for ZnO was aluminum. To deposit these contacts we used the 

Thermal Evaporation process. The thickness of each Al contact was 110 nm, which was measured by 

a piezoelectric crystal during the deposition.  

We used I-V characterization to determine the resistivity of each sample, but to do this 

calculation we needed to first compute the sheet resistance and know the thickness of each sample. 

The thickness was estimated using the side section of the SEM images (Figure 5.9)  

       

Figure 5. 9 SEM image shows the thickness of each sample. tZnO125=180nm, tZnO128=150nm. 

         We made a plot with the I-V results and the inverse of the slope of the straight line gave the 

resistance “R” between two contacts. The sheet resistance was then calculated by eq. 2.18 shown in 

chapter 2, where L was the distance between the contacts and W was their width. The sheet 

resistance allowed us to determine the resistivity, by eq. 2.17. 

The next plots show the I-V characteristic for each sample (Figure 5.10). 
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Figure 5. 10 a) I-V characteristic of all samples, b) Semi-log I-V characteristic of all samples 

As we could see, the oxygen pressure strongly influences the I-V characteristic of the sample. 

When the pressure increased, the slope of the I-V curve decreased. The log scale enabled us to see 

easily that the slope decreased with pressure. 

The next table shows the results we talked about before (R, Rs, W, t, L, ρ) (Table 3). 

Sample Slope R (Ω) t (nm) W (cm) L (cm) Rs (Ω/sq) ρ (Ω.cm) 

ZnO 127 2.52x10-4 3.97x103 140 

0.05 0.5 

3.97x102 5.95x10-3 

ZnO 123 7.48x10-5 1.34x104 140 1.34x103 2.00x10-2 

ZnO 124 5.42x10-6 1.85x105 110 1.85x104 2.01x10-1 

ZnO 125 9.06x10-7 1.10x106 180 1.10x105 1.99x100 

ZnO 126 5.28x10-7 1.89x106 150 1.89x105 2.84x100 

ZnO 128 3.81x10-8 2.62x107 150 2.62x106 3.93x101 

Table 5. 3 Sheet Resistance, Resistivity for each sample 

We expected the resistance to increase with oxygen pressure (Figure 5.11) because, as we 

said in the previous chapter, when oxygen partial pressure increases, the oxygen vacancies in ZnO 

structure disappear. The free electron left by Zinc recombines with oxygen. That way, its resistivity 

increased [8][11].  

 

Figure 5. 11 Resistivity depending on the Oxygen pressure 
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This is actually what also happened in our films (Fig. 5.11). The plot is drawn in semi-log 

scale, so the resistivity increased exponentially with the increases of oxygen pressure. 

From the resistivity values we could calculate the electron density of each sample and choose 

which was better to do the diode. (Table 5.4) 

Sample Resistivity (ρ (Ω.cm)) Electron Density (n) (cm-3) 

ZnO 127 5.95x10-3 5.25x1018 

ZnO 123 2.00x10-2 1.56x1018 

ZnO 124 2.01x10-1 1.54x1017 

ZnO 125 1.99x100 1.54x1016 

ZnO 126 2.84x100 1.10x1016 

ZnO 128 3.93x101 7.95x1014 

Table 5. 4 Electron density for each sample 

 

Figure 5. 12 Electron density depending on the oxygen pressure 

We used the eq. 2.11a to calculate the electron density. So, if the resistivity increased, it was 

expected that electron density would decrease (Figure 5.12). To have a highly doped ZnO film we 

used little oxygen pressure, and with the increase of the oxygen pressure it became an intrinsic 

semiconductor.  

5.2 Gallium Nitride (GaN)  

The p-GaN used in this work was not made by us, we received four samples of GaN, three 

from EPFL (École Polytechnique Fédérale de Lausanne), by J.F. Carlin and N. Grandjean, and 

another one from RPI, by Christien Wetzel. The GaN was deposited by MOCVD on a wafer of 

Sapphire, with a thickness of near 1 µm. 
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5.2.1 Optical Properties 

As we said in the previous chapter, the samples needed thermal annealing to reactivate their 

dopants. From the studied literature we knew that the band gap of GaN was 3.4 eV [11] [16-17] and 

that the band gap decreased slightly with doping concentration.  

The next plot shows the transmittance of the same sample before and after RTA (Figure 5.13).  

 

Figure 5. 13 Transmittance for GaN c007b before RTA (GaNc007sR) and after RTA (GaNc007cR). 

 The Transmittance showed a lot of interference fringes, proving that the GaN films had a good 

surface quality. The sapphire substrates were only polished on one side, therefore the transmittance 

was very low due to light scattering from the back of the sapphire. 

 As expected for GaN, a clear cut-off is seen at 360 nm. To analyze the band gap in detail we 

did a Tauc plot (Figure 5.14), as it was referred previously in this chapter. 

 

Figure 5. 14 Tauc plot for GaN c007b before RTA (GaNc007sR) and after RTA (GaNc007cR). 

This plot permitted the calculation of the band gap of GaN c007b before RTA (3.41 eV) and 

after RTA (3.40 eV). As we expected the band gap decreased with the activation of the dopants. 

The following table shows the band gaps for each sample of GaN after RTA (Table 5.5). 
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Sample Band Gap (eV) 

GaN A568 3.41 

GaN CW 3.39 

GaN c007b 3.40 

GaN c013b 3.40 

Table 5. 5 Band gaps for each sample of GaN after RTA. 

 As we expected, each sample had a band gap very close to results the literature. 

5.2.2 Physical Properties   

The first metal contacts which we tested were made of aluminum. 

             

Figure 5. 15 Sample’s schematic. a) top view, b) profile view. 

The previous figure (Figure 5.15) represented the schematics of the first samples that were 

analyzed.  The samples were GaN from RPI (GaN CW) and one from EPFL (GaN A568). 

 

Figure 5. 16 I-V characteristic of p-GaN A568 before RTA 

As we could observe in the previous plot (Figure 5.16), the I-V characteristic was not ohmic, 

so we supposed that there was a Schottky barrier for each. Aluminum was not an ohmic contact for 

GaN. Besides, after the Schottky barrier we had a very resistive thin film. To decrease its resistivity we 

did RTA at 1200oC for 1 min in presence of nitrogen, to reactivate Mg dopants.  
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After RTA we performed the Aluminum contact, as we supposed that the connection would be 

better after RTA. Next plot shows the I-V characteristic for GaN CW after RTA at 1200oC (Figure 

5.17). 

 

Figure 5. 17 I-V characteristic for GaN CW after RTA at 1200oC. 

Only in one contact did we have lower resistance than before the RTA. We expected that the 

I-V characteristic was symmetric at 0, but it did not happen. We still had the Schottky barrier in the 

interface. 

 

Figure 5. 18 I-V characteristic for GaN A568 after RTA at 1200oC. 

The previous plot (Figure 5.18) showed that we still did not have symmetric I-V characteristic, 

but the RTA actually reactivated the dopants. The resistance in this sample decreased one order of 

magnitude.  

We concluded that RTA was good for reactive dopants, but aluminum was not a good contact. 

Besides that, when we changed the measurement contacts, the I-V characteristic would change 

dramatically as we can see in I-V between H-L contacts and A-M for GaN A568. We concluded that for 

each contact the Schottky barrier height was different. 
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The resistance permitted the calculation of the resistivity and hole density. For this calculation 

we used eq. 2.16 and eq. 2.11b, when according to the literature [21] the hole mobility was 10 

cm2/V.s. The thickness for the GaN A568 was 0.4 µm and for the GaN CW it was 1µm. This value was 

given by J.F. Carlin for the GaN A568 and by Christien Wetzel for the GaN CW.( Table 5.6, and 5.7) 

Contacts R (Ω) t (cm) W (cm) L (cm) Rs (Ω/sq) ρ (Ω.cm) p (cm
-3

) 

GaN CW 

after RTA 

A-H 
3.70E+05 

1.00x10-4 0.05 

0.6 
3.08x104 3.08 2.03x1017 

6.86E+05 5.72x104 5.72 1.09x1017 

H-I 
7.70E+04 

0.2 
1.93x104 1.93 3.25x1017 

8.90E+05 2.23x105 22.3 2.81x1016 

Table 5. 6 Values for Sheet Resistance, Resistivity and Hole density for GaN CW after RTA. 

Contacts R (Ω) t (cm) W (cm) L (cm) Rs (Ω/sq) ρ (Ω.cm) p (cm
-3

) 

GaN A568 after 
RTA 

A-M 7.30x104 

4.00x10-5 0.05 0.2 
1.40x104 0.56 1.12x1018 

J-I 5.60x104 1.83x104 0.73 8.56x1017 

Table 5. 7 Values for Sheet Resistance, Resistivity and Hole density  for GaN A568 after RTA. 

The GaN A568 had one order of magnitude above the GaN CW, but they had uncertain 

measurement because we did not have linear I-V characteristic. We had two values for resistance in 

the same I-V characteristic because of this uncertainty.  

For the same contacts we had registered resistance of 2.7MΩ (B-E for GaN A568) or 4.7MΩ 

for (I-H for GaN CW). These values gave us an inferior order of magnitude for the hole density. 

The treatment of the next samples was different from these last two. Instead of Aluminum, the 

metal contact was made with Nickel/Gold as suggested in literature[14][20], and applied two RTAs: 

one at 700oC for 5 minutes to reactivate the Mg dopants before deposition of contacts. The second 

RTA was done at 600oC for 5 minutes after performer contacts to reduce the unintentional barrier at 

the interface [35]. The next plots show the I-V characteristics for each sample (Figure 5.19). 

 

Figure 5. 19 I-V characteristic of GaN c007b-2a and GaN c013b-2b 
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For these samples we had linear I-V characteristics, so the Ni/Au was a very good contact for 

GaN. The Table 5.8 and 5.9 summarize the resulting contact parameters.  

Contacts Slope R (Ω) t (cm) W (cm) L (cm) Rs (Ω/sq) ρ (Ω.cm) p (cm
-3

) 

GaN 
c013b-2b 

A-B 1.24x10-5 8.04x104 
1.00x10-4 0.05 

0.2 2.01x104 2.01 3.11x1017 
A-C 9.02x10-6 1.11x105 0.4 1.39x104 1.39 4.51x1017 
J-I 1.24x10-5 8.06x104 0.2 2.01x104 2.01 3.10x1017 

Table 5. 8 Values for Sheet Resistance, Resistivity and hole density for GaN c013b-2b after RTA 

Contacts Slope R (Ω) t (cm) W (cm) L (cm) Rs (Ω/sq) ρ (Ω.cm) p (cm
-3

) 

GaN 
c007b-2a 

A-B 1.82x10-5 5.51x104 
6.00x10-5 0.05 

0.2 1.38x104 0.96 6.49x1017 
A-C 1.22x10-5 8.19x104 0.4 1.02x104 0.72 8.73x1017 
J-L 1.60x10-5 6.26x104 0.2 1.57x104 1.10 5.70x1017 

Table 5. 9 Values for Sheet Resistance, Resistivity and hole density for GaN c007b-2a after RTA 

The resistivity and hole density for each sample were similar, which did not happen in the 

previous phase. Here we were certain that we were not measuring a Schottky barrier. We could 

assume these two samples were good p-type semiconductors. 

5.2.3 Structural Properties 

According to the reviewed literature [36-38], the gallium nitride shows a peak at 34.5o in the 

XRD spectrum, which corresponds to a (002) plane of wurtzite, like ZnO, and Sapphire had a peak at 

42o that corresponds to a (006) plane. We expected to see the sapphire plane because GaN was over 

a sapphire wafer. 

The following plot shows the results of XRD for the GaN C-013b with and without RTA (Figure 

5.20) 

 

Figure 5. 20 XRD for GaN C-013b with and without RTA. 

The XRD showed a perfect peak at 34.5o for the GaN and at 41.8o for the Sapphire, as we 

expected. Before RTA we had a peak at 53.1o, which disappeared after the process. However, 

another peak appeared at 31.2o after the heating. The causes behind both situations is obviously 
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different. The point at 53.1o was probably an impurity, which after RTA disappeared. The 31.2o peak 

was believed to be another orientation of the GaN, like (100) plane, as Zervos et al. [37-38] showed in 

their work. This was possible because the sample was heated at high temperatures, and this 

permitted a reorganization of the lattice, so a new orientation could appear (Figure 5.20). 

 5.2.4 Morphological Properties 

To see the difference between the layers of GaN c013 before and after RTA we used SEM. 

We used the amplification at 100000x (Figure 5.21). 

        

Figure 5. 21 SEM images for GaN c013. a) before RTA, b) after RTA 

 As we could see from the previous image there was no difference - the amplification was high 

enough and we could not observe any particle. It happens because MOCVD is a technique which 

makes a thin film with great quality and uniformity, with little or no particles, and because of that we 

could not see any difference between before and after RTA. 

5.3 Diode p-GaN/n-ZnO 

With the previous analysis we concluded that we could make a diode, as the ZnO had a good 

electron density (~1017 cm-3) and the p-GaN had a good hole density (~1017 cm-3). The substrate was 

the p-GaN, and we deposited n-ZnO on the surface of GaN by PLD. The GaN already had the metallic 

contacts, which were Aluminum or Nickel/Gold. We used a mask to deposit ZnO, because we did not 

want metal between the GaN and the ZnO.  

After the deposition we did Aluminum contacts for the ZnO, to do the I-V characteristic for the 

diode.  

Form the previous chapter, we know that the current that flows in a diode is given by eq.2.23, 

which was:	� = �� 	
� �
���� − 1� 

In this chapter we analyzed this I-V characteristic and we calculated its ideality factor,	�. For 

this calculation we needed to resolve the preceding equation to �.  
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In the first place, for forward bias, � ≫	 ��
� , we obtain:. 

� = �� 	
� �
�����	⇔	 �

�� = 
� �
���� ⇔ ln� �

��� = � ��
���� ⇔ � = ��

�� !( #
#�)        (5.1) 

As the current in the diode is exponential, the analysis of the I-V characteristic in semi-log 

scale gives a straight line, and the slope “%” of this line is		&'(�())&'	(�*)
�()�*

 (5.2), so � = +
,��  (5.3).  

To see the I-V characteristic of a diode, we first used a commercial diode (1N4007).  

The circuit used to do the I-V characteristic was the same that was used before for the ZnO 

and the GaN analyses (Figure 4.6c). The resistance that protects the Keithley picoammeter was not 

neglected, because as the current grew exponentially, the potential that was dropped by the 

resistance needed to be accounted for. So we needed to do a correction. 

�(-./012) = �34536 + �86949:,!;6 ⇔ �34536 = �(-./012) − <�34536       (5.4) 

The following shows the semi log I-V curve for the commercial diode (Figure 5.22). 

   

Figure 5. 22 a) Semi-logarithmic representation of the I-V characteristic without correction b) I-V characteristic with correction. 

The correction was very important, since at 0.4V the line (in log scale) started to curve. The 

saturation current is �9 = 8.37 × 10)CA, so the shunt resistance for this diode was 3.19MΩ. The ratio 

between the forward current and the reverse current was of the order of 104. 

From the slope of the straight line we calculated the ideality factor, which was 1,62. As 

expected from theory, the value had to be between 1 and 2. 
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Diode p-GaN CW/n-ZnO 

The ZnO deposited on the top of the GaN CW (after RTA at 1200oC) had a thickness of 150 

nm, and showed low resistivity and high density of electrons. After that we deposited Al contacts to do 

the characterization (Figure 5.24). 

The next table shows the parameters of this deposition (Table 5.10). 

Name Substrate T(oC) Pb(mbar) P02(mbar) t(min) λ(nm) f(Hz) Focus(cm) 

ZnO132 
p-GaN CW 

and corning 
350 2.10E-06 0.02 120 266 10 22 

Table 5. 10 Parameters of ZnO deposited on the top of GaN CW 

 

Figure 5. 23 Sample’s schematic. a) top view, b) profile view. 

For the characterization of the ZnO alone, deposition was done simultaneously on a Corning 

7059 glass substrate. The analysis, which was the same as the one done in the beginning of this 

chapter, gave us a band gap of 3.27 eV and a resistivity of 0.041 Ωcm, so the electron density was 

7.62x1017cm-3 

After we did the ZnO characterization we made a I-V characteristic for the diode p-GaN CW/n-

ZnO. The positive pole of the applied voltage was connected to the p-GaN, so this meant the diode 

was in forward bias. We did several I-V characteristics with different contacts. The next plot shows the 

I-V characteristic (Figure 5.24). 

a) b) 
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Figure 5. 24 I-V characteristic for Diode p-GaN CW(1200oC)/n-ZnO 

Instead of current we represented current density as a function of voltage. To do this 

calculation we divided the current by contact area, which was D = (0.5)F × G cm2 for each. As the plot 

shows, we did not have an “ideal” I-V characteristic, but the B-2 I-V characteristic was the most similar 

to a diode I-V characteristic. That way we did the semi-log analysis for this characteristic between -1V 

and 4V. (Figure 5.25) 

 

Figure 5. 25 Semi-log I-V characteristic for B-2 contacts.  We did Abs for current to see forward and reserve current. 

The plot only showed a straight line at small voltage. The reason for this behavior is that at 

high voltage we did not have only a protecting series resistance. We additionally had the resistance of 

each surface, mainly the GaN surface, because here the contact was coplanar, as opposed to the 

ZnO which was transversal, so its resistivity could be neglected. The straight line gave us the slope 

with which we could calculate the ideality factor, that was � = 6.23. Here, the ratio between forward 

and reverse current was about 10, which was much less than the one for the commercial diode. 

Between -1 V and 1 V we had an asymmetric current ratio and the main cause for it was the aluminum 

contacts. 
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Diode p-GaN A568 /n-ZnO 

The ZnO deposited on the top of GaN A568 had a thickness of 150 nm. 

The next table shows the parameters of this deposition (Table 5.11). 

Name Substrate T(oC) Pb(mbar) P02(mbar) t(min) λ(nm) f(Hz) Focus(cm) 

ZnO133 
p-GaN A568 

and corning 
350 2.10E-06 0.02 120 266 10 22 

Table 5. 11 Parameters of ZnO deposited on the top of GaN A568 

For the characterization of the ZnO we just followed the same procedure as before. The 

analysis gave us a band gap of 3.27 eV and a resistivity of 0.042 Ωcm, so the electron density was 

7.25x1017cm-3, which was the same order of magnitude of the p-GaN after 1000oC and 12000C.  

The diode which we analyzed was the p-GaN A568(1000oC)/n-ZnO. As we did for the 

previous diode characterization, several I-V characteristics with different contacts were done (Figure 

5.26). 

 

Figure 5. 26 I-V characteristic of diode pGaN A568(1000oC)/n-ZnO 

As we could see, we did not have an “ideal” I-V characteristic again. This I-V characteristic 

was, however, similar to the literature [11][22]. The semi log I-V plot was done for the D-2 diode. The 

straight line gave us a slope to calculate the ideality factor, which was � = 5.98, not far from the 

expected. Here, we could see that the ratio between forward current and reverse current was about 

10, still much less than the commercial diode. 

 The next diode was made in the same deposition as the last one, so the thickness of the 

deposited n-ZnO was the same (150nm). This ZnO was deposited on the top of the p-GaN A568 

(1200oC). 
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Figure 5. 27 I-V characteristic of diode p-GaN A568(1200oC)/n-ZnO 

 At a first sight we saw good I-V characteristics for these three pairs of contacts (Figure 5.27). 

For that we used the best I-V curve, which was the one for the L-1 contacts. and did the semi-

logarithmic I-V analysis (Figure 5.28)  

 

Figure 5. 28 Semi-log I-V for diode p-GaN A568(1200oC)/n-ZnO, was done abs for current to see forward and reserve current. 

This semi-log I-V characteristic appeared to be better than the first one, as the slope of the 

straight line gave us an ideality factor of 2.5.  

We could not forget that the contact for the GaN was not ohmic. So this characteristic could be 

a rectifying contact from one of the metal-semiconductor interfaces, that might form a Schottky barrier. 

Such Schottky barrier contacts obey the same I-V equation as a pn junction, eq. 2.23. 
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Diode p-GaN c007b/i-ZnO/n-ZnO and p-GaN c013b/i-ZnO/n-ZnO 

The following diode had a substrate of p-GaN c007b-2a that had Ni/Au ohmic contacts. The 

deposition of the i-ZnO had a thickness of 40nm and the n-ZnO had 150nm. The parameters of the 

deposition are shown in the next table (Table 12). 

Name Substrate T(oC) Pb(mbar) P02(mbar) t(min) λ(nm) f(Hz) Focus(cm) 

ZnO135 

p-GaNc007b-2a, 

p-GaNc013b-2b 

and corning 

350 2.10E-05 0.1/0.03 30/120 266 10 22 

Table 5. 12 Parameters of ZnO135 deposited on the top of GaN c007b-2a and GaN c013b-2b. 

The analysis, which was the same as the one done in the beginning of this chapter, gave us a 

band gap of 3.26 eV and a resistivity of 0.045 Ωcm, so the electron density was 6.94x1017cm-3.  

The schematic of the contacts was equal to the previous diodes, but instead of Al contacts for 

GaN we had Ni/Au contacts (Figure 5.23).  

The following plot shows the I-V curve for the two diodes of each sample (Figure 5.29). 

 

Figure 5. 29 I-V characteristic of diode p-GaN c007b-2a/i-ZnO/n-ZnO and diode p-GaN c013b-2b/i-ZnO/n-ZnO. 

This curves were similar to the literature [11][22], as shown in chapter 2.  

We needed to correct the IV curves for the series resistance, due to both the series resistance 

of the GaN film and the protecting 1kΩ resistor of the picoampere meter. Previous measurements on 

single films gave us a resistance for GaN c007b of 60kΩ and it gave 80kΩ for GaN c013b. In this 

correction of the diode IV curve we used a series resistance of only 13kΩ for GaN c007b and 15.5kΩ 

for GaN c013b. The reason for these lower values is that the interface was closer from contacts M 

(GaN c007), I (GaN c007), F (GaN c013b) and B (GaN c013b). The current flowed through a smaller 

distance, so the corresponding resistance was lower. 
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 We analyzed one I-V curve for each sample. We analyzed the M-1 diode for GaN c007b-2a 

and the F-3 one for GaN c013b-2b. To do this characterization we did the same analyses we made for 

previous diodes. The next plot shows the semi log I-V for diode p-GaN c007b-2a/i-ZnO/n-ZnO M-1 

(Figure 5.30). 

 

Figure 5. 30 Semi-log I-V for diode M-1 (p-GaN c007b-2a/i-ZnO/n-ZnO), was done “abs” for current to see forward and reserve 
current. 

The same analysis was done to p-GaN c013b-2b/i-ZnO/n-ZnO F-3.  

The IV curves seem to be deformed with respect to ideal IV curves due to the presence of 

leakage currents. Those might originate from the impurity of the interface. The calculation of the 

ideality factor gave us a value of � = 30 for GaN c007b-2a M-1 and � =	35.2 for GaN c013b-2b F-3. 

This value was much higher than 1, as expected to occur in p-i-n type diodes. The ratio between 

forward current and reverse current was quite low - it was 7 for GaN c013b-2b F-3 and it was 3 for 

GaN c007b-2a M-1.  

After that we did another deposition without an additional intrinsic layer. We also decided that 

the ZnO layer should have a larger thickness. 

 The next table shows the values of the parameters of this deposition (Table 5.13).  

Name Substrate T(oC) Pb(mbar) P02(mbar) t(min) λ(nm) f(Hz) Focus(cm) 

ZnO136 
p-GaNc007b-1a, 

and corning 
350 4.20E-05 0.03 180 266 10 22 

Table 5. 13 Parameters of ZnO136 deposited on the top of GaN c007b-1a 

The analysis, which was the same as done in the beginning of this chapter, gave us a band 

gap of 3.27 eV, a resistivity of ρ = 0.657 Ωcm, so the electron density was 4.76x1016cm3. As we could 

see the electron density was one order of magnitude above ZnO 135.     
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The following plot shows the I-V curves for two diodes of this sample. (Figure 5.31) 

 

Figure 5. 31 I-V characteristic of diode p-GaN c007b-1a/n-ZnO  

 

Figure 5. 32 Semi-log I-V for diode B-1 (p-GaN c007b-1a/n-ZnO), was done abs for current to see forward and reserve current. 

The ideality factor for this diode was � =	44, which was much higher than 1 or 2 as in an ideal 

diode. The ratio between forward current and reverse current at the highest voltage levels was 10. 

However, we measured similar current levels for low voltages, for example between -3V and 3V. This 

strongly suggests that we need to consider a shunt resistance parallel to the p-n junction. A possibility 

for this to have happened was that, in the beginning of the deposition, the pressure oxygen was lower 

than ZnO135, so the particles in the plasma plume had more energy. These arriving particles might 

have damaged the GaN layer, creating interdiffusion of Ga, Zn or gas atoms like N or O within the 

interface region. 

We did a schematic (Figure 5.33) to understand whether the resistances were in series or in 

parallel.   
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Figure 5. 33 Schematic for Resistances in series and in parallel. The series are GaN layer and ZnO layer, the parallel is the 
Shunt resistance. 

The resistance R1 depended on the distance that the current flowed in the GaN. As we saw 

before, in single-layer resistivity measurements we had 80 kΩ and in the diode measurement we had 

13 kΩ. R2 denotes the series resistance in the ZnO film. But this resistance should be negligible, 

because the distance is just the thickness of ZnO. The shunt resistance is the resistance in parallel 

with the junction. If there was more than one imperfection in the interface that allowed the current to 

flow, we could solve them by adding several resistances in parallel. 

Firstly, we used a numerical fit for the diode IV characteristic to analyze the effect of the series 

resistance of approximately 13 kΩ. As shown in Figure 5.34, the fit gave a theoretical curve with an 

ideality factor of � = 44, and a reverse bias saturation current of 3x10-6 A.  

 

Figure 5. 34 Relation between theoretical curve of a diode with m=44 (Fit), Shunt resistance (R shunt), our diode before 
correction (GaN c007a b-1) and after correction (GaN c007a B-1 Corrected). 

Secondly, we needed to account for the shunt resistance. From the apparent symmetric shape 

at low voltage, we could calculate a shunt resistance of about 120 kΩ. However, the current is not 

exactly linear, so we had some voltage dependence for <JKL!: = M(�). Overall, the resulting fit was in 

good agreement with the initial experimental IV curve. 

We suppose that the defects in the junction region are at the origin of the shunt resistance and 

high reverse bias current. One problem was that we had a big effective p-GaN/n-ZnO interface area 
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as compared to the smaller size of the aluminum contacts on top of ZnO. The following schematic 

illustrates this hypothesis (Figure 5.35).  

 

Figure 5. 35 Schematic of the hypothesis circuit for our measurements. 

In reverse bias current has two components in this assumption, first the usual reverse bias 

current, µA, and then the shunt currents of some mA, but the mA are dominant. In forward bias above 

3V the diode current is of the same order of magnitude as the supposed shunt resistance.  

We can suggest an improvement for such imperfections: To reduce the shunt resistance, we 

would need to remove some ZnO film area and isolate the Al contacts. A possible way to achieve this 

would be by lithography. This solution could significantly improve our diode measurement. However, 

the large series resistance in the GaN layer would still remain (Figure 5.36). To remove this series 

resistance we need to make back contact in GaN.   

 

Figure 5. 36 Schematic of improvement hypothesis for the equivalent circuit. 
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Chapter 6. Conclusion and Future Work   
 

 

6.1 Conclusions 

 ZnO thin films were grown by the PLD system on three types of substrates, with two of them 

being for ZnO characterization. The target was always a solid pellet sintered from ZnO powder.  A 

series of depositions were made on the BK7 substrate. We mainly used four types of characterization: 

optical transmittance measurements, I-V measurements, XRD and SEM analysis. The goals of these 

measurements were to study the morphology of each sample, to know the crystalline structure, to 

calculate their band gap and to calculate their resistivity and their electron density. With these series 

we found that the increase of oxygen pressure caused an increase of resistivity of the samples. As a 

consequence, the electron density decreased. The ideal oxygen pressure to obtain smooth n-type 

ZnO films was between 0.02 mbar and 0.03 mbar. 

Next, the PLD deposition was used to deposit ZnO films on top of GaN. The p-type GaN films 

were obtained from research groups at EPFL and RPI, while the GaN was produced by MOCVD. An 

equal optoelectronic characterization was made for GaN, including transmittance. We performed RTA 

on the GaN films at 700ºC, 1000ºC and 1200ºC in order to improve the hole density. Two types of 

metal contacts were tested on GaN: Al and Ni/Au. In accordance with literature reports, the Ni/Au 

contacts, after RTA at 600ºC, lead to good ohmic contacts. 

A diode was created by the deposition of n-ZnO on top of p-GaN. Aluminum contacts were 

deposited by the TE system on the top of each sample. Al gave good ohmic contacts for ZnO. At that 

point, we tested ZnO/GaN structures, with p-GaN annealed at 1000ºC and 1200ºC, and with ideality 

factors of 6.23, 5.98, and in one case 2.50. However, we could not exclude that the contacts to the 

GaN film were not ohmic, but a Schottky contacts. 

To produce ohmic contacts to the p-type GaN films, we applied a first RTA for Mg dopant 

activation and a second RTA treatment to assure ohmic Ni/Au contacts. We deposited both p-n and p-

i-n diodes in order to change the interface properties and possibly to improve the junction parameters. 

The I-V characteristics attained were similar to the I-V characteristic of the reviewed literature, but with 

large ideality factors of 30 to 44. Also, in the reverse bias, the current was too high. Probably it 

happened because the interface had some defects or small conduction channels that allowed the flow 

of current in reverse bias and in low forward bias. Good agreement was found with the measured I-V 

curve with a series resistance of 13, 15.5 and 3.3 kΩ, respectively, and with a reverse bias saturation 

current of several microamperes.  
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6.2 Future Work 

The main objective is to reduce the shunt resistance that appeared in our diodes. To do this 

improvement we need to apply lithography around the aluminum contacts, so that we can eliminate 

some parallel resistances. However, we will still have the series resistance caused by the surface of 

GaN. Approaching the lateral GaN contacts near or under the junction region should solve this 

problem. 

With the diode produced we want to study its spectral response and photoluminescence. The 

objective is to see if they are UV-sensitive and if they show a LED effect. We saw that our I-V curves 

were very similar to the LEDs reported in the literature.  

 In future work we plan to deposit a diode with a ferroelectric layer of NKN. We can deposit n-

ZnO on the top of a thin NKN layer, which should lead to a hysteresis effect in the IV behavior, and 

thus to a memory device.  
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