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Chapter 1  Introduction  

1.1 The research background on GaN 

The -  Gallium nitride compound semiconductor have attracted a wide range 

of bandgaps and high temperature stability for optoelectronic and electronic devices 

such as light-emitting diodes (LEDs) [1]-[5], laser diodes (LDs) [6]-[8], 

photoconductive detectors, photovoltaic detectors [9]-[13] in the blue-ultraviolet (UV) 

range of spectrum, and metal-semiconductor field-effect transistors (MESFETs) [14], 

[15], high electron mobility transistors (HEMTs) [16], [17] in the high 

temperature/high power electronic devices. In order to fabricate GaN-based devices 

and define the mesa layer for formed p and n contacts, inductively coupled plasma 

reactive ion etching (ICP-RIE) method is generally applied due to GaN quite hard to 

etch. Precise pattern transfer during fabrication of these devices is required by using 

ICP-RIE etching method to break strongly Ga-N bonds (8.92 eV/atom). However, 

there are certain of ion-etching damages on the GaN in these processes. Moreover, ion 

bombardment from ICP-RIE etching process can induce dislocations or formation of 

dangling bonds on the GaN surface and may cause material and/or device damage 

after ICP etching process. Thus, a high leakage current which may result from various 

defects such as vacancy and dislocation can degrade the device characteristics. 

Previously, it was reported that studies of the GaN defects induced by ICP etching 
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process [18]-[22] in means of material [23]-[26] and device electrical behavior 

[27]-[32] analysis. The optical and electrical properties of semiconductor can be 

degraded because of ICP-induced defects in the leakage current or breakdown voltage 

of devices [33], [34].  

On the other hand, Lee [35] has reported that leakage current of a GaN Schottky 

diode with annealing different temperatures after ICP etching process. Cheung [36] 

has developed the optical characterization of GaN with RIE-induced effects. 

Achouche [37] has discussed electrical characterization of InAlAs with RIE-induced 

damage. As a result, many groups have investigated the interfacial defect effects of 

GaN or other compound semiconductors. And these related process defects are 

reduced by thermal or chemical treatments [38], [39]. Therefore, to characterize 

interfacial defect and solve deteriorations of devices becomes an important issue.  

 

1.2 Overview of the our studies 

In order to characterize GaN interfacial defects and surface states effects, we can 

divide into two points in material properties and devices fabrications. First, we have 

utilized Schtooky diodes to analyze these defects and material properties, and have 

defined the interfacial states density of these defects for Schottky diodes. Second, to 

apply results of Schottky contacts characteristics in interfacial states effects, the 
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GaN-based devices have be fabricated in metal-semiconductor-metal photodetectors 

(MSM-PDs) and p-i-n photodiodes (p-i-n PDs). We have demonstrated relationship 

between results of interfacial defects for Schottky contacts and GaN-based 

photodetector devices, and have been carried out the devices characteristics. 

Previously, many studies of Schottky contacts in GaN have already been reported 

[17]-[39]. Although metal work function can effectively determine the Schottky 

barrier height due to the ionic nature of GaN, it is not the exclusive factor. The 

metal-semiconductor contacts can be divided into two groups: these made on lightly 

doped semiconductors and these mode on heavily doped semiconductors. The first, 

general called Schottky barrier, have been studied and thermionic emission have been 

established as the current transport mechanisms. Second, ohmic contacts are usually 

made by metal on heavily doped semiconductor.  

For electrical analysis, the leakage current and breakdown voltage in the reverse 

bias region for Schottky diodes were generally used to characterize the ICP etching 

GaN samples. Therefore, investigations of the ohmic and Schottky barriers on GaN 

are important both of metal characterization. In our report, characteristics of the 

ICP-induced defects have been developed and are divided into two issues. First, the 

current transport mechanisms of Ni-Au / n-GaN and the annealing effects of Schottky 

contacts after ICP etching process under the forward bias condition by the 
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current-voltage-temperature (I-V-T) methods. The current transport mechanisms are 

analyzed in terms of specific contact resistance ( c� ), characteristic energy (E00) and 

ideality factor (�) under different annealing temperatures. We have demonstrated that 

the current transport mechanisms are directly dependent on the surface treated 

conditions, and annealing processes are an effective step in eliminating these defects. 

On the other hand, we can also characterize the ICP-induced defects by 

capacitance-frequency (C-f) methods. The ICP-induced defects density on the GaN 

surface has been carried out by C-f measurements over a frequency range (100 Hz 

~1MHz) at room temperature. The Schottky contacts are investigated by taking into 

account for the effects of an interfacial layer between the metal and semiconductor. 

Second, we have utilized these results of Schottky contacts with different surface 

treatments to apply to GaN or AlGaN-based photodiode devices. The surface 

treatments are classified KOH solutions and different annealing ambients at 600 . 

The spectral responsivity for AlGaN-based photodiode devices with different surface 

treatments is also studied. From this, the surface-treated effects and defects are 

discussed. We have found that the ICP-induced defects can be partially eliminated and 

the characteristics of the AlGaN-based photodiodes devices improved by these surface 

treatments after ICP-RIE etching process. 

 This dissertation describes all aspects of interfacial states effects and is divided 
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into four parts- introduction, foundational theory, physical characteristics of devices 

and conclusion.  

 The first part, Chapter 1, describes the introduction of GaN-based background in 

this thesis. Overview of GaN-based material properties and related devices 

applications is developed. 

The second part, Chapter 2, the theory and characteristics of Schottky contacts 

between metal and semiconductor in interfacial states density by current-voltage and 

capacitance-voltage methods is defined. On the other hand, the introduction of 

photodetector operation model and optical characteristics is discussed.  

The three part, Chapter 3, 4 and 5 describes Shottky diodes properties in 

interfacial defects and defines interfacial states density of defects or damage by 

capacitance- frequency methods, characterize metal-semiconductor-metal 

photodetectors (MSM-PDs) and p-i-n-photodiodes with interfacial state effects due to 

different surface treatments, respectively.  

The final part, Chapter 6 discusses the conclusion and future work in interfacial 

states effects to apply the other devices or fabrication.  

Chapter 1 : Introduction  

Chapter 2 : Foundational theory and physics 

Chapter 3 : Interfacial states effects and characteristics for Schottky diodes 
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Chapter 4: Investigation of interfacial states for metal-semiconductor-metal 

photodetectors (MSM-PDs) 

Chapter 5: Interfacial states effects and characteristics for p-i-n-photodiodes 

(p-i-n-PDs) 

Chapter 6 : Conclusions and future prospects 
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Chapter 2 Foundational Theory and physics 

2.1 Physical and electrical characteristics of metal-semiconductor 

rectifies 

2.1.1 Introduction  
When the metal makes intimate contact with semiconductor, the Fermi level in 

the two materials must be equal at thermal equilibrium, furthermore, the vacuum level 

must be continuous. For n-type semiconductor, as the metal work function (�m) [40] 

is smaller than the semiconductor work function (�s; 4.07eV for GaN) [41], the 

contact denotes an ohmic contact. On the contrary, as the metal work function (�m) is 

larger than the semiconductor work function (�s), there is a rectifying behavior 

arising in metal-semiconductor contact. Because of Fermi level has to equal and 

vacuum level must be continuous at thermal equilibrium. As electrons in the 

semiconductor emit into metal, a depletion region collecting positive charge, bending 

up the conduction band and generating an electric potential well near the boundary are 

observed as shown in Fig.2-1. The barrier theory which was called Schottky barrier 

height was first developed by Schottky and Mott. [42]. For the ideal case, the 

Schottky barrier height (q�B) is simply the difference between the metal work 

function (�m) and the semiconductor electron affinity q�s is defined by  

� �smB qqSq ��� ��                 (2-1) 

where S is slope parameter ��
	



��
�




�
�

�
m
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�
�

. If S is unity, donate the barrier height relies on 

the metal work function. In contract, as S is zero, the barrier height is independent of 

the metal work function and a range of 0<S<1, the barrier height is weakly dependent 

on the metal work function [43]. 

In general, an increase in the barrier height correlated with an increase in the 
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metal work function or semiconductor electron affinity. However, as the surface or 

defects states exist between semiconductor and metal, the barrier height is 

independent of metal work function and semiconductor electron affinity. This 

phenomenon denotes the Fermi level pinned at the interface by these surface states 

[43]. We found the results of this work and many reports discuss the relationship 

between the metal work function and barrier height as illustrated in Fig. 2-2 [44]-[48]. 

The barrier height is dependent on the metal work function but indicated large 

variations in value among the authors and this work. As the barrier height value is 

nearly in the solid line, it is dependent the metal work function. In contract, the barrier 

height by utilized the surface treatment is far the solid line. The dot line donates in 

this work for Schottky diodes with different surface treatments and discussed in next 

section. On the other hand, the extracted slope value S which denotes 

electronegativity differences results form the bunching of surface states near the band 

edges [29] is around 0.4 for GaN materials in Fig. 2-2, indicating the barrier height is 

weakly dependent on the metal work function in GaN materials [49].  

 

2.1.2 Theory of current transport mechanisms for Schottky 

contacts  

It is known that the barrier height of Schottky barrier diode is electric-field 

dependent [50]-[53]. If a metal-semiconductor (M-S) contact has no potential barrier 

at the interface, a true ohmic result has linear current-voltage characteristics in the 

bulk semiconductor. However, if the potential barrier is so low that a negligible 

amount of voltage drops across the interface between metal and semiconductor, and 
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an ohmic behavior is observed. The current transport mechanism for Schottky barrier 

height is dependent on image force lowering (neglect in this work), interfacial states, 

generation-recombination within the deplation layer and thermionic or field emission 

[54]. 

 The current transport mechanisms for thermionic emission (TE) and field 

emission (FE) mechanisms for a metal and the n-type semiconductor are illustrated in 

Fig.2-3 (a) and Fig.2-3 (b), respectively. [50], [51]. The three regimes could be 

differentiated by the characteristic energy E00 is defined as  
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where q is the electronic charge, h Planck constant, Nd the donor concentration with 

Nd in units of cm-3, m* the effective mass of the tunneling electron, m the free electron 

mass, KS the semiconductor dielectric constant ��
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permittivity of free space. The ratio 
00E

KT
indicates that thermionic emission (TE) 

dominates as 1
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��
E
KT

; thermionic-field emission (TFE) dominates as 1
00

�
E
KT

, and 

field emission (FE) dominates as 1
00

��
E
KT

. The total current from semiconductor to 

metal is given by 



 10 

�
	



�
�



��
	



��
�



��
	



��
�


 �
�

��
	



��
�



�
	



�
�



�
	



�
�


 �
��

	



�
�



�
	



�
�


 �
�

KT
qV

a
E
qV

E
q

KT
qV

KT
q

a
TAA

KT
qV

KT
q

TAAI

nB

BB

expexpexp

expexpexpexp

0000

2*
2*

�

��

       

(2-3) 

where 000 �E , the second term of Eq.(2-2) becomes zero with �=1, as a pure 

thermionic current [52]. 

 

2.1.2.1 Thermionic emission (TE) 

 For moderately semiconductor, Nd �  1017 cm-3, the depletion region is 

relatively wide. It is impossible to tunnel through the barrier unless aided by defects. 

The electrons can surmount the top of the barrier, which should be small for contacts, 

by thermionic emission (TE) as shown in Fig.2-3 (a). For low-doped or high-barrier 

semiconductors, the vast majority electrons would be unable to cross in either 

direction into the semiconductor, and the ohmic behavior is not observed. 

 In the thermionic emission (TE) region by 1
00

��
E
KT

, the specific contact 

resistance � �2cmC ���  is given by [53] 
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where A* is the Richardson’s constant. 
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2.1.2.2 Field emission (FE) 

 For heavily doped semiconductor, Nd !  1018 cm-3, the space charge region (scr) 

is narrow, and electrons can tunnel from the metal to the semiconductor and from the 

semiconductor to the metal by field emission (FE) in Fig.2-3 (b). The work function 

which is the best approach to pursue for ohmic contacts is the absence of a good 

match between the metal and the semiconductor. The ohmic contact doesn’t depend 

on the work function between the metal and the semiconductor for field emission 

mechanism. 

In the field emission (FE) region, the specific contact resistance � �2cmC ���  is 

given by  
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2.1.2.3 Thermionic-field emission (TFE) 

 For intermediately doped semiconductors, �1017 < Nd <1018 cm-3, the depletion 

region is not sufficiently thin to allow direct tunneling of carriers that are more or less 

in equilibrium. If the carriers gain a little energy, they may be able to tunnel. 

Consequently, both of thermionic field emission (TFE) indicates that current transport 

mechanisms dominate between thermionic emission (TE) and field emission (FE). 
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The specific contact resistance � �2cmC ���  by thermionic field emission (TFE) 

is calculated by  
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where E0 is a measure of tunneling probability in the TFE region.    

 

2.1.3 Current-voltage characteristics of Schottky contacts  

2.1.3.1 Current-voltage (I-V) characteristics by thermionic emission 

(TE) theory 

 According to the thermionic emission (TE) theory and neglecting series and 

shunt resistance, the I-V characteristics in the forward bias for a metal-semiconductor 

diode, is given by  
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where V is the voltage drop across the rectifying barrier, "  the ideality factor, K the 
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boltzmann’s constant, T the absolute temperature and IS the saturation current. The 

saturation current is given by  
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where A* is the effective Richardson constant, m* the tunneling effective mass, A the 

contact area and �B the barrier height at zero bias.  

Richardson constant A* always doesn’t follow the value predicted above even 

when quantum mechanical reflection at the interface and phonon scattering is 

considered [50]. Richardson constant A* of the experimental results is much smaller 

than that of the theoretical calculation, and is caused by presence of a barrier through 

which the electron must tunnel. On the other hand, the lower Richardson constant A* 

is observed due to the decrease of the effective contact area [27], [48]. Published 

values of Richardson contact A* are given in Table 2-1. 

The barrier height could be obtained from the equation. 
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2.1.3.2 Current-voltage (I-V) characteristics by thermionic-field 

emission (TFE) theory 

 At moderate temperatures and doping levels, thermionic-field emission (TFE) is 

responsible for current transport, the current-voltage (I-V) characteristics in the 

forward bias is given by [55] 
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The reverse current density, JS, is a complicated function of voltage, temperature, 

barrier height, and other semiconductor parameters. If 
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The reverse saturation current density JS is reduced to  
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where � �00 BBe ��� $��  is the effective barrier height. 0B�$  is the barrier lowering 

at zero bias due to image force, Vn is the energy of the Femi level of the 

semiconductor with respect to the bottom of the conduction band. 

where NC is the effective density of states near the bottom of the conduction band. 

When � �1��� "� ne V  and ne VV ��� . The reverse saturation current density 

equation could be simplified to  
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2.1.3.3 Current-voltage-temperature (I-V-T) characteristics by 

thermionic emission (TE) theory 

 For V>> KT/q, Eq.(2-11) can be written as  
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where � �FnB Vq ��  is the activation energy. Over a limited range of temperature 

(e.g., 273K< T < 373K), the value of A* and nB�  are essentially 

temperature-independent. The slope of 2ln
T
I

versus 
T
1

 yields the product of the 

electrically active area A and the effective Richardson constant A* for a given forward 

bias VF [43]. 

 

2.1.3.4 Current-voltage characteristics with series resistance by  

thermionic emission (TE) theory 

 The thermionic current-voltage expression of a Schottky barrier diode with series 

resistance is given by [50] 
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where A is the diode area, A* the Richardson’s constant, B�  the effective barrier 

height and "  the ideality factor. Eq.(2-20) is expressed as 
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According to Eq.(2-20) are only linear for V>>KT/q, this equation is valid when 

IRS << V. Data plotted on a semi-log plot. However, if RS is too large and the linear 

region is too small to provide a reliable value of IS, the current-voltage characteristics 

can be deduced by using the Norde function method, and it is given by [56]-[59] 
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where A is the contact area , A* the effective Richardson constant, The effective 

Schottky barrier height is given by 
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where F(V min) is the minimum value of F(V) and V min is the corresponding voltage. 

However, the effective barrier height can’t be analyzed by Norde function method due 

to neglected series resistance effects in this study. 

 

2.1.4 Capacitance-voltage (C-V) characteristics of Schottky 

contact  

Capacitance-voltage (C-V) measurements are done to determine depletion region 
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in the Schottky barrier. Capacitance was measured by applying a dc between –1V to 

1V with 1M Hz. The capacitance voltage relationship for Schottky barrier with a 

negligible oxide layer between the metal and the semiconductor is given by [29]  
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where S the diode cross-sectional area, �S the permittivity of the semiconductor 
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 From the 1/C2 and the applied bias voltage V, the ionized donor density Nd and 

the built in potential Vbi are determined. Then the x intercept V0 (at 1/C2=0) is related 

to the built in potential via 
q

KT
VV bi ��0 . 

 If the barrier height is assumed not to depend on the electric filed in the junction 

(i.e., neglecting the effect of an imaging force), then the effective Schottky barrier 

height is given by 
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where NC the effective density of conduction band states 
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where m* the tunneling effective mass and h the Planck’s constant. 

 

2.1.5 Capacitance-frequency (C-f) characteristics of Schottky 

contact with interfacial states  
With the device capacitance and conductance measurement, the junction 

capacitance ( C ) is done according to the series resistance correction from the relation 

[60]-[63] 

])2()1/[( 22
MsMsM CRfGRCC %%%�%�� � ,              (2-27) 

where CM and GM are the measured device capacitance and conductance with parallel 

model, Rs is the series resistance and  f  is the frequency. 

The interfacial states capacitance Cp is obtained from [63], [64] 

scp CCC �� ,                       (2-28) 

For the Schottky contact with interfacial states, the junction capacitance, C, is the 

sum of the space charge capacitance, Csc, and the interfacial states capacitance, Cp. 

The space charge capacitance, Csc, can be obtained by extrapolating the linear portion 

of the high frequency (1MHz) 1/C2 – V plots under reverse bias [63]. The interfacial 

states capacitance, depending on the interfacial states density Nss with the relaxation 

time & , is given by [61]-[65] 

� � '&'& /tanarcqANC ssp � ,               (2-29) 

where q is the electron charge, A the contact area and )2( f%� �'  the angular 

frequency. According to Eq.(2-29), there is one plateau region in the Cp-frequency 
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relation with certain relaxation time. Yet, in my experiments, the data manifests two 

plateau regions in the frequency range around 100Hz to 2KHz and 100KHz to 

300KHz. There may be different types of state in the semiconductor. This interfacial 

states capacitance can be considered to be the overall effects of different kinds of 

interfacial centers [66]-[68]. We can do the best fitting procedure in different 

frequency ranges [62]. For each interfacial center, the interfacial states capacitance 

can be achieved by 

0��� �� ippip CCC ,                 (2-30) 

where i represent the i-type interfacial state ( fmi ,� ). Cp-i-0 is the height of the 

plateaus region in the Cp-frequency relation. In the frequency range 100Hz to 2KHz, 

the attracted m-type interface state density Nss-m. In the frequency range from 100KHz 

to 1MHz, the associated f-type interface state density Nss-f.  

 

2.2     Theory and physical characteristics of photodetector  

2.2.1 Introduction  

Semiconductor photodetectors and photon sources are inverse devices. 

Photodetectors can convert an input photon flux to an output electric current, 

therefore it can convert optical power into electrical power. The characteristics of 

photodetectors depend on the optical energy which is absorbed in a semiconductor 

and generate excess electron-hole pairs to produce photocurrent. There are two 

classifications of photodetectors that one is photoconductive and the other is 
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photovoltaic. As an electrical field is applied to the semiconductor, the 

photoconductive detector can increase conductivity and leads to decrease resistance of 

the semiconductor. As the electrons and the holes are separated by the electrical field 

at the pn-junction without any electric bias, and an electromotive force between the p- 

and n-side semiconductors is generated, the photovoltaic has a pn-junction in the 

illuminated area. The photovoltaic detector can generate photo-carriers due to 

electrons and holes are separated by electrical field. The most of usual type of 

photovoltaic detector is the p-n, p-i-n, Schottky barrier photodetectors (SB-PDs) and 

metal-semiconductor-metal photodetectors (MSM-PDs). The schematic structure of 

different semiconductor photodetectors [69] is depicted in Fig.2-4. There are two key 

issues why photoconductive detectors can be utilized. One is internal gain, and the 

other one is fabrication simplicity. However, its disadvantages are high dark or 

leakage current and very slowly when fabricated using GaN-based material. Schottky 

barrier photodetectors (SB-PDs) and metal-semiconductor-metal photodetectors 

(MSM-PDs) are the fastest detector, but must face higher dark or leakage current due 

to lower barrier height observed and lower efficiency due to narrow space charge 

region, combined with the short diffusion lengths. The p-n or p-i-n photodetectors has 

lower dark or leakage current and higher rejection ratio.  

 



 22 

2.2.2 Metal-semiconductor-metal photodetectors (MSM-PDs)  

2.2.2.1 Geometrical structure and physical characteristics 

 A metal-semiconductor-metal photodetector (MSM-PDs) can be utilized as a 

high efficiency photogenerated diode. The MSM-PD is an excellent candidate for 

fabrication simplicity, geometrical convenience, only a single dopant bulk of the 

semiconductor, high efficiency and high speed. The MSM-PDs with interdigitated 

electrodes have planar structures in contrast with the other photodetector as shown in 

Fig.2-5. The MSM-PDs for geometry consideration consists of finger width, length 

and spacing of interdigitated electrodes. The MSM-PDs optical and electrical 

characteristics depend on these parameters such as responsivity and leakage current. 

The response speed is limited by transit time and RC time due to finger width, length 

and spacing of interdigitated electrodes. In generally, as the finger spacing decreasing, 

the carrier transit time reduced to lead response time increasing. However, RC time 

will be increasing due to space charge capacitance effect by decreasing finger spacing 

to lead response time decreasing. The competition between transit time and RC time 

depend on the finger spacing of interdigitated electrodes. The planar interdigitated 

electrodes MSM-PDs which is equivalent to a back-to back pair of Schottky diodes 

consists of a semiconductor and metal electrodes. The equivalent structure of 

MSM-PDs is shown in Fig.2-6.  

 When photons are absorbed by a semiconductor material, photo-carriers are 
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generated by optical absorption processes, which is by band to band transitions or by 

band to impurity level transitions. As light fall on the bulk of semiconductor, the 

photon energy (h�) dominates that the photons absorbed or propagated through the 

semiconductor. If photon energy is more than bandgap energy, the photon can interact 

with a valence electron and excite the electron into the conduction band. The electrons 

in the conduction band and the holes in the valance band can be formed, thus the 

photo-carriers are generated by this interaction, this is dominated by band to bad 

transitions as shown in Fig.2-7 (a). The detailed illustration for optical absorption 

processes in direct band-gap semiconductor is indicated in Fig.2-7. In contrast, the 

band to impurity level transitions includes acceptor level to conduction band, valence 

band to donor level, acceptor level to donor level, donor level to conduction level and 

valence band to acceptor level transitions. If the photon energy is less than bandgap 

energy ( Eg ), the photons are not absorbed. Light with fallen on the bulk of 

semiconductor may propagate through the semiconductor and semiconductor appear 

to be transparent. However, as light with a photon energy is lower than for with 

bandgap energy, the electrons can excite from a deep level to the conduction band by 

these impurity levels, thus its processes or transitions will contribute to photocurrent. 

The schematic photoexcitation processes is shown in Fig.2-8. 

 To analyze and defined MSM-PDs characteristics, the electrical and optical 
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absorption properties are employed. The dark or leakage current for MSM-PDs or 

Schottky barrier photodetectors (SB-PDs) depends on the barrier height and surface 

states. Because of the current transport mechanism of MSM-PDs or SB-PDs is 

dominated by majority carrier, the larger dark or leakage current will be observed. It is 

different that the p-n or p-i-n type photodetectors due to minority carrier dominated. 

As a reason, why dark or leakage current for MSM-PDs is greater than that for p-n or 

p-i-n type PDs. The total current consists of thermionic emission current over the 

Schottky barrier region and generation-recombination current in the space charge 

region. As above-mentioned discussion, thermionic emission current can be defined 

by Eq.(2-11) and Eq.(2-12).  
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The generation-recombination current is expressed by 
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Where ni is the intrinsic concentration, Nd the dopant concentration, Vbi the built in 

potential and V the applied bias voltage. 

The space charge region width (W) for n-type semiconductor theory model is defined 

by  
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Then, substituting Eq.(2-33) into is given by 
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where �0 is life time of minority carrier in the space charge region. The total dark 

current is expressed by 

grthtotol JJJ ��                                                 (2-35) 

 

2.2.2.2 Responsivity and quantum efficiency 

 The responsivity of an MSM-PDs which is ratio of the actual photocurrent to the 

incident optical power is defined by 
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where Iph is the actual photocurrent, �ext the external quantum efficiency, h the 

Planck’s constant, � the frequency of the light and �G the internal gain. The measured 

current (Ip) with illuminated by light is sum of actual photocurrent (Iph) and dark 

current (Id) without illuminated by light, and is written as 

 III dphp ��                                                    (2-37) 

As semiconductor in the thermal equilibrium state are illuminated with light 

having a photon energy (E=h�) higher than the bandgap energy (Eg), electrons are 

elevated from the valance band to the conduction band and holes are stayed the 
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valance band. The excited electrons stay in the conduction band for a certain time and 

then return to the valance band to keep thermal equilibrium. As the electrons return to 

the valance band, the recombination processes which emitted a photon will be take 

place. The cutoff wavelength of this photon in direct bandgap semiconductor is 

written as 
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Substituting Eq.(2-38) to Eq.(2-36) is given as 
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 Under light incidence, a single photon incident on the semiconductor generates a 

photocarrier pair that contributed to the photocurrent. The quantum efficiency is 

defined by the ratio of the flux of generated electron-hole pairs that contributed to the 

detector current to the flux of incident photons, and is written as 
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where s is the finger spacing for MSM-PDs, w the finger width, r the optical power of 

reflectance at the surface(= 18.0,1,5.2, |2|1
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absorption coefficient of material (GaN in this case as shown in Fig.2-9 and d the 

absorption depth.  

 

2.2.2.3 Shockley-Read-Hall Theory of recombination and internal 

gain 

 When light having a high energy photons are incident on the semiconductor, the 

electrons in the valance band may be excited into the conduction band (excess 

electrons) and the holes may be leave in the valance band (excess holes), thus an 

electron-hole pair is generated. The concentration of electrons in the conduction band 

and holes in the valance band by generated the excess electrons and holes are more 

than that by thermal equilibration, and are given by 
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where n0 and p0 are the thermal equilibration concentrations, and �n and �p are the 

excess electrons and holes concentration by applying an external force such as 

illuminated processes. The current voltage characteristics with/without illumination, 

structure and band diagram for p-i-n PDs under operated reverse bias is shown in Fig. 

2-10 and Fig.2-11, respectively. The net of change in the electron concentration in the 

thermal equilibration is given by  
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where �r is parameter.  

For n-type semiconductor under low-level injection, thereby 
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The decay of minority carrier holes take place as minority carrier lifetime is written as  
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The excess minority carrier concentration is defined by 
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The recombination rate of the majority carrier electrons will be the same as that of 

minority carrier holes, and is defined by 
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 According to Shockley-Read-Hall theory, an allowed energy state donates a trap, 

within the forbidden bandgap may act as a recombination center which exists at an 

energy Et within the bandgap. The capturing probability of recombination center and 

capture cross sections for electrons are equal to that for holes.  

If the trap energy Et coincided with the Fermi energy EF, an electron 

concentration ( n’ ) is exist in the conduction band, and is defined by  
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Thus, 

 As the recombination center at E=Et, the recombination rate of electrons and 

holes is given by 
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where Nt is the total concentration of trapping centers.  

For thermal equilibration, thereby 
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Eq.(2-47) can simplify by 
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For n-type semiconductor and low injection, thereby 
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Eq.(2-47) can simplify by 
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To combine with Eq.(2-48) and Eq.(2-49) can extract to minority carrier holes 

lifetime is written as 
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1
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The excess minority carrier lifetime is inversely proportional to the density of trap 
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states by Eq.(2-50). The density of traps at the surface is higher than in the bulk, the 

excess minority carrier lifetime at the surface will be lower than the corresponding 

lifetime in the bulk. 

For the photoconductive detector as a resistor comprises a bulk of semiconductor 

by applying bias at the ohmic contact utilized as shown in Fig.2-12. As a 

semiconductor is illuminated by light having a photon energy larger than its bandgap 

energy, the light is absorbed in the semiconductor and the electron-hole pairs are 

generated.  If an electrical field is applied to the semiconductor, photoinduced 

carriers lead to decrease resistance of the semiconductor. The photodetectors with 

internal gain is attributed to the excess electrons in the conduction band and excess 

the holes in the valance band in addition to the thermal equilibration concentrations as 

the external excitation is applied to the semiconductor. The recombination lifetime 

and transit time are key issue for internal gain. 

As steady state, the carrier generation rate must be equal to the recombination 

rate. If the device absorption depth ( D ) is greater than the light penetration depth 

(1/�). The total steady-state generation rate of carriers per unit volume is written as 
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where n is the number of carriers in the thermal equilibration, � the carrier lifetime, � 

the quantum efficiency, Pinc the incident optical power, h� the photon energy, L the 
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finger length, W the finger width and D the device absorption depth. The measured 

photocurrent (Ip) is given by substituting n in Eq.(2-51) into Eq.(2-52) 
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Simplifying and substituting Eq.(2-40) into Eq.(2-52), the responsivity can be given 

with internal gain by 
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The actual photocurrent is defined by 
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where �0 is photon flux (W/cm2) 
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The internal gain is given by 
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Substituting Eq.(2-55) into Eq.(2-53), the relationship between responsivity and 

applied bias is linear, and is expressed by 
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where tr is the carrier transit time and E the electric field (=V/L). The internal gain 

and responsivity are indicated as a function of carrier mobility, interdigiatal electrodes 

spacing for MSM-PDs (L), carrier lifetime (�) and transit time (tr). Larger internal 

gain with small transit time which is attributed to higher interfacial states density by 

surface defects will be expected. The response time depends on the transit time. In 

order to extract higher internal gain, the fast response time must be requested by 

increasing reverse bias to enhance electric field, greater carrier mobility and reducing 

finger spacing for MSM-PDs. 
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2.2.3 p-i-n junction photodetector 

 The p-i-n photodetectors (p-i-n PDs) covert light power into electrical power by 

applying reverse bias. The p-i-n PDs are most common of photodetectors due to 

having thicker absorption region by intrinsic layer and lower dark or leakage current. 

The schematic p-i-n PDs circuit and current-voltage characteristics are shown in 

Fig.2-10. As incident photon energy is more than bandgap energy, the light are 

absorbed and photocurrent is generated as shown in Fig.2-10. In contrast, the current 

of PDs without illuminated light by applying reverse bias donates dark current. In 

order to understand p-i-n PDs characteristics, the current-voltage characteristics are 

employed. Fig.2-11 indicates schematic of p-i-n PDs structure and photon absorption. 

When p-i-n PDs are operated by applying reverse bias and are illuminated by photon 

energy (h�) higher than bandgap energy Eg, the photo-induced current and excess 

carrier can be generated in the depletion region. The reverse bias current density 

under steady-state conditions is sum of reverse saturation current density and 

generation current density given by 

gensR JJJ ��                                                   (2-58) 

Fig.2-13 indicates the photogenerated current density and is given by 
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Where G(x) is photon flux and is shown as a function of absorption depth in the 
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semiconductor.  
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where R is the optical power of reflectance at the surface. Substituting Eq.(2-60) into 

Eq.(2-59) is given by 

� �
� � � �winc

w

w x
gen

e
h
P

rq

eq

dxeqJ

,

,

,

)

�

,�

�

�

�

���

��

� 0

11

10

0 0

                                          (2-61) 

According to Shockley-Read-Hall recombination theory, the recombination rate 

of excess carrier is given by 
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where Cn is electron capture cross section, Cp is hole capture cross section, n the 

electron concentration and p the hole concentration.  

 Under reverse bias, the recombination rate can simplify from Eq.(2-62) 
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If the traps level (Et) occurs at the intrinsic Fermi level, the recombination rate can 

simplify by 
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By using the lifetime of electron and hole is defined by 
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Substituting Eq.(2-65) into Eq.(2-64) is given by 
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Thus Eq.(2-59) is simplify by 
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On the other hand, the forward bias current density is sum of diffusion current density 

and recombination current density is given by 

recdiffF JJJ ��                                                   (2-68) 

When light illuminated on the semiconductor, the excess carriers are generated and 

increased the minority carrier concentration by Eq.(2-41) is given by 
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The minority carrier hole diffusion current density is given by 
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The minority carrier electron diffusion current density is given by 
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The forward bias current density is given by 
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Where JS is reverse saturation current. 
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Fig. 2-1  Schematic energy band diagram of metal-semiconductor junction 
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Fig. 2-2 Barrier height is depicted as a function of the metal work 

function and surface treatment. The results of this work are 

compared to that of other authors. 

 

 

 

 

 

 

 

 

 

 



 39 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-3(a) Schematic description of the thermionic emission 

mechanism in n-type semiconductor 

 

 

 

 

 

 

 

 

Fig. 2-3(b) Schematic description of the tunneling mechanisms in n-type 

semiconductor 

q B 

W 

Metal Semiconductor 

q B 

W 

Metal Semiconductor 



 40 

Table  Experimental Richardson constant A* data  

Semiconductor A*(A/cm2-K2) 
n-Si 112(±6) [49] 
p-Si 32(±2) [49] 

n-GaAs 4~8 [49] 
n-GaAs 0.41(±0.15) [49] 
p-GaAs 7(±1.5) [49] 
n-InP 10.7 [49] 

Au/GaN 0.006 [53] 
Pt/GaN 6.61 [53] 
Pd/GaN 0.44 [53] 
Ni/GaN 0.11 [53] 
Ag/GaN 1.5 [48] 
Cu/GaN 2.2 [48] 
Co/GaN 7.9 [48] 
Au/GaN 8.8 [48] 
Pd/GaN 0.8 [48] 
Ni/GaN 17.3 [48] 
Pt/GaN 73.2 [48] 
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Fig. 2-4  Schematic structure of different type photodetectors 
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Fig. 2-5 MSM-PDs with interdigitated electrodes by planar structures 
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Fig. 2-6 Equivalent metal-semiconductor-metal photodetectors (MSM-PDs) 

 

 

 

 

 

 

 

Fig. 2-7 Optical absorption processes in direct band-gap semiconductor. (a) 

band to band, (b) acceptor level to conduction band, (c) valence band 

to donor level, (d) acceptor level to donor level, (e) donor level to 

conduction level and (f) valence band to acceptor level.  
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Fig. 2-8  Schematic photoexcitation processes 

 

 

 

Fig. 2-9 Absorption coefficient for AlxGa1-xN-based material 
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Fig. 2-10 Electrical characteristics for p-i-n photodetectors under reverse bias 
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Fig. 2-11 (a) Schematic structure (b) band diagram (c) absorption process of 

photodetectors under operated reverse bias  
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Fig. 2-12  A photoconductive detector with an electrical field is applied to the 

semiconductor, and the photo-carriers are generated in response to 

the applied bias voltage. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-13 Generation process of photodetectors under reverse bias voltage 
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Chapter 3 Interfacial states effects and characteristics of Schottky 

diodes 

3.1 Introduction 

The -  Gallium nitride compound semiconductor has attracted a wide range 

of bandgaps and high temperature stability for optoelectronic and electronic devices 

such as light-emitting diodes (LEDs and laser diodes (LDs). In order to fabricate 

GaN-based devices and define the mesa layer for formed p and n contacts, inductively 

coupled plasma reactive ion etching (ICP-RIE) method is generally applied due to 

GaN quite hard to etch. Precise pattern transfer during fabrication of these devices is 

required by using ICP-RIE etching method to break strongly Ga-N bonds 

(8.92eV/atom). However, there are certain of ion-etching damages on the GaN in 

these processes. Moreover, ion bombardment from ICP-RIE etching process can 

induce dislocations or formation of dangling bonds on the GaN surface, and it may 

cause material and/or device damage after ICP etching process. Many reports have 

found that the studies of the GaN defects induced by the ICP etching process. The 

optical and electrical properties of semiconductor can be degraded due to ICP-induced 

defects, and these related process defects are reduced by thermal treatment.  

In this work, we mainly study the current transport mechanisms of Ni-Au / 

n-GaN and the annealing effect of Schottky diodes after ICP etching process under the 

forward-bias condition. The current transport mechanisms are analyzed in terms of 
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specific contact resistance (	c), characteristic energy (E00) and ideality factor (�) under 

different temperatures. We found that the current transport mechanisms are directly 

dependent on the etching conditions and the annealing process is an effective step in 

eliminating these defects. 

 

3.2 Schottky diodes with annealing nitride and hydrogen effects  

3.2.1 Current voltage characteristics  
The reverse current-voltage characteristics of the n-GaN Schottky diodes by 

annealing in N2 ambient as shown in Fig.3-1. These samples with different surface 

treatment process conditions are listed in Table 3-1. In Fig.3-1, after ICP etching 

process, the current-voltage characteristic shows a significant leakage current in the 

Non-annealed ICP-treated sample (R2). This result may be attributed to the ICP 

etching process formed damages to deteriorate diodes characteristics due to the ion 

bombardment [18]-[34]. However, this figure indicated that these damages can be 

eliminated in the subsequent annealing process at higher temperatures. After 

annealing at 600  (A3) and 700  (A4) for Schottky diodes, the less reverse leakage 

current for A3 and A4 sample is recovered from Non-annealed ICP-treated sample 

(R2). Inset of Fig.3-1 indicates the detailed reverse leakage current characteristics of 

Schottky diodes for R1, A3 and A4 sample. As same discussed above, the reverse 

breakdown voltage characteristics of Schottky diodes by different surface treatments 

are shown in Fig.3-2. The reverse breakdown voltage for non-annealed ICP-treated 

sample (R2) is less than that for the other ones. After ICP etching process, the 

Schottky diodes have more and more damages to form between metal and 

semiconductor. The higher reverse leakage current and lower breakdown voltage 
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result from these damages or ion bombardment from ICP etching process. However, 

the reverse breakdown voltage characteristics can be recovered by annealing at 600  

(A3) and 700  (A4) as shown in Fig.3-2. These results were in good agreement with 

the correlation reverse leakage current. On the other hand, the forward current-voltage 

characteristics of the n-GaN Schottky diodes with annealing in N2 ambient are also 

analyzed and shown in Fig.3-3. An obvious current reduction at approximately 0.08 V 

with samples annealing at 600  (A3) and 700  (A4) can be observed. According to 

Eq.(2-11), the current voltage curves of non-treated sample (R1) are fitted and shown 

in Fig.3-4. The ideality factor, saturation current and barrier height of Schottky diodes 

with different annealing treatments can be extracted and analyzed as listed in Table 

3-2. 

The ideality factor and barrier height for R1 sample is approximately 1.17 and 

0.71eV at room temperature and is better than that for the other ones. It is known that 

the ideality factor (�) is an indicator of ideal surface and is unity for the perfect 

surface. In our knowledge, samples with a higher ideality factor (�) value have a 

semiconductor surface far from ideality which means that more defects may be 

present in the surface. Generally, the barrier height is dependent of the metal work 

function, semiconductor electron affinity, semiconductor doping density and surface 

states. The barrier width is subject to the doping density of semiconductor. Therefore, 

the highly doped semiconductors have narrow barrier width. In this case, the Schottky 

diodes with different annealing treatments are fabricated and formed by utilized same 

doping density for epitaxial wafer and contact metal. But the varied barrier width of 

these samples with different annealing treatments is observed. The damage generally 

incorporated in the ICP etching process and formed surface states between metal and 

semiconductor. These surface states can assist electron tunnel from a metal to a 
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semiconductor and can not pass through barrier height between metal and 

semiconductor. It means the surface defects generated by ICP etching process to cause 

higher ideality factor and lower barrier height. There may be some different current 

transport characteristics in the metal-semiconductor interface of these samples. In this 

work, the ideality factor for non-annealed ICP-treated sample (R2) is higher than that 

for the other ones. Lower barrier height for R2 sample will be expected due to ICP 

etching damage. This indicates that the electrons tunnel and pass through the defects 

states which generated in the ICP etching process dominate the current transport 

mechanisms. However, these ICP damages and surface states can be effectively 

eliminated and reduced by annealing at higher temperature in N2 ambient. The ideality 

factor of Schottky diodes with annealing temperatures at higher than 600  in N2 

ambient for 30 min is nearly unity and similar to non-treated sample (R1). The barrier 

height of these samples with annealing temperature at higher than 600  in N2 

ambient for 30 min can recover from non-annealed ICP-treated sample (R2). The 

ideality factor and barrier height of Schottky diodes by annealing at different 

temperatures in N2 ambient are exhibited in Fig.3-5. The solid and hollow shapes 

represent non-treated sample (R1) and different annealing conditions samples after 

ICP etching process. The nearly unity ideality factor and higher barrier height are 

clearly obvious by annealing temperature in N2 ambient increasing. Therefore, the 

better Schottky diodes characteristics can be demonstrated by annealing at higher 

temperature in N2 ambient.  

On the other hand, to study the thermal treatment effects, we utilized H2 gas 

during the annealing of the samples after ICP etching process. In our experiment, the 

samples were annealed in H2 ambient for 30 min, after ICP etching process. The 

reverse current-voltage (I-V) and breakdown voltage characteristics of the Schottky 
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diodes with annealing at different temperatures in H2 ambient are shown in Fig.3-6 

and Fig.3-7, respectively. The reverse leakage current of Schottky diodes is reduced 

by annealing temperature at higher than 500  in H2 ambient. These results are in 

agreement with the above discussion for N2 gas. The breakdown voltage at reverse 

current -100�A of R1, R2, B1, B2, B3 and B4 are around 6.9Volt, 0.8Volt, 0.7Volt, 

2.3Volt, 3.0Volt and 3.1Volt, respectively. These detailed results for Schottky diodes 

with different annealing treatments are listed in Table 3-2. The forward current 

voltage characteristics of Schottky diodes with annealing at different temperatures in 

H2 ambient is shown in Fig.3-8. The better forward current voltage characteristics of 

Schottky diodes can be observed by annealing temperature at higher than 500 . 

According to Eq.(2-11), these current-voltage curves can fit and extract diodes 

parameter such as ideality factor, saturation current and barrier height, and the plot 

curve to compare different annealing temperature effects in H2 ambient as discussed 

in Table 3-2 and Fig.3-9. By annealing temperature increasing, the ideality factor of 

Schottky diodes as function of annealing temperature is reduced and the barrier height 

is enhanced. These results are attributed to less than defects incorporated in the ICP 

etching process and form defects states between metal and semiconductor due to 

annealing processes. These surface states can assist electron tunnel from a metal to a 

semiconductor and can not pass through barrier height between metal and 

semiconductor to cause higher ideality factor and lower barrier height. Therefore, we 

found that these defects can be reduced by annealing at higher temperature in N2 or 

H2 ambient. As the defects between metal and semiconductor are decreased, less than 

surface states can be observed and expected.  
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3.2.2 Current temperature characteristics   
For understand why better current-voltage characteristics of Schottky diodes by 

annealing at higher temperature and defined current transport mechanisms, theoretical 

model and current-voltage-temperature characteristics (I-V-T) of Schottky diodes can 

be utilized and discussed. The current transport mechanisms are analyzed in terms of 

specific contact resistance ( 	c ), characteristic energy (E00), ideality factor (�) and 

barrier height (�B0 ) for I-V-T characteristics under different measured temperatures. 

The current-voltage temperature characteristics of R1, R2, A1, A2, A3 and A4 sample 

are measured at different temperatures and shown in Fig.3-10, Fig.3-11, Fig.3-12, 

Fig.3-13, Fig.3-14 and Fig.3-15, respectively. As a result, the extracted values for 

ideality factor indicate a strong temperature, and the ideality factor of R1 sample is 

strongly deviates from unity as shown in Fig.3-16. As the Schottky diodes with 

different annealing treatments, the lower barrier height can be observed at low 

temperature in Fig.3-17. This effect is more obvious at low temperature where the 

other mechanisms of current transport (generation-recombination, tunneling and 

leakage) are dominant. According to Eq.(2-3), the specific contact resistance of 

Schottky diodes with/without different annealing treatments after ICP etching process 

under different measured temperatures are indicated in Fig.3-18. A strongly 

temperature-dependent trend of specific contact resistance including that of the 

non-treated sample (R1) can be observed. In this figure, there is also a weak 

temperature-dependent trend of specific contact resistance including that of the 

non-annealed ICP-treated sample (R2). Therefore, the current transport mechanisms 

of the metal-semiconductor interface can be defined as three regions: the field 

emission (FE) and the thermionic emission (TE) regions and the mixed region: 

thermionic/field emission region.  
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As shown in Fig.3-18, samples by annealing temperature higher than 600  in 

N2 ambient (A3 and A4) as well as the non-treated sample (R1) show a similar trend 

at different measured temperatures. Thus, the current transport mechanism for these 

samples was characterized as TE with a strongly temperature-dependent factor by 

Eq.(2-3). According to the studies of Yu et al. [52], the lower value of the 

characteristic energy (E00) indicates the current transport mechanism was pure TE and 

the current transport mechanism was much more temperature sensitive. Also Suzue et 

al. [70] reported that the thermionic emission current is small at low temperature, thus 

electrons in the metal do not exhibit sufficient energy to overcome the Schottky 

barrier and to enter the semiconductor. Electrons may emit the Schottky barrier at low 

temperature, and the current transport mechanisms are strongly dependent on the 

temperature. From Eq.(2-19), we can determine the effective Richardson constant A* 

by the plot of ln I/T2 versus 1/T, and the Richardson contact of Schottky contact 

with/without surface treatments is shown in Fig.3-19 and detailed extracted values are 

listed in Table 3-3. 

Comparing to the specific contact resistance for TE mechanism as described in 

Eq.(2-3), a weak relationship of specific contact resistance to temperature can be 

expected in the FE regime [53]. The specific contact resistance for FE mechanism is 

characterized by Eq.(2-9). As shown in Fig.3-18, samples with annealing temperature 

lower than 600  after ICP etching process (R2, A1 and A2) show weak 

temperature-dependent trend of specific contact resistance. The current transport 

mechanism for these samples was characterized as the FE mechanism with weak 

temperature-dependent trend of specific contact resistance [43], [55]. Thus, the 

damage incorporated in the ICP etching process on the n-GaN surface changes the 

current transport mechanism in the metal-semiconductor interface from TE to FE. 
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This indicates the Schottky barrier can be tunneled through the defect states generated 

in the ICP etching process. These surface states dominate the current transport 

mechanism of FE at annealing temperatures lower than 600 . With annealing 

temperature higher than 600  in N2 ambient, the defect states may be reduced to a 

lower level, and the current transport mechanism changes to TE. 

 The current transport mechanisms can also be described from the characteristic 

energy E00 by Eq.(2-1). A comparison of characteristic energy (E00) with thermal 

energy kBT shows TE is dominant when kBT >> E00 and FE is dominant when kBT<< 

E00. The characteristic energy (E00) and the ideality factor (�) derived from Eq.(2-11) 

is described as a functions of annealing temperature as listed in Table 3-3. The ideality 

factor (�) is an indicator of ideal surface and is unity for the perfect surface. Samples 

with a high ideality factor (�) value have a semiconductor surface far from ideal. It 

means more defects, and may be present in the surface. With annealing temperature 

higher than 600  in N2 ambient for 30 min, the ideality factor (�) is nearly unity 

which means the surface defects generated by ICP etching process can be eliminated. 

The current transport mechanisms were transferred from the TE to FE after ICP 

etching process, and were backed to TE after high temperature annealing as discussed 

above. Therefore, we could analyze the current transport mechanisms in terms of the 

ideality factor (�) and the characteristic energy (E00).  

On the other hand, to confirm hydrogen effects of Schottky diodes with different 

annealing treatments and to define current transport mechanisms, the diodes will be 

measured at different temperatures. The current voltage temperature characteristics 

for B1, B2, B3 and B4 sample depend on the temperature and show in Fig.3-20, Fig. 

3-21, Fig.3-22 and Fig.3-23, respectively. The ideality factor and barrier height are 

extracted by Eq.(2-11), and detailed discussions of these samples are shown in 
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Fig.3-24 and Fig.3-25, respectively. In ideality factor and barrier height, the better 

current voltage temperature characteristics of Schottky diodes are observed by 

annealing at higher temperature. The ideality factor and barrier height strongly depend 

on the measured temperature. According to current voltage temperature characteristics 

of these samples measured, we can fit and extract the relationship between specific 

contact resistance and temperature as shown in Fig.3-26. These results indicated 

agreement with above discussion what a strongly temperature-dependent trend of 

specific contact resistance including that of the non-treated sample (R1) observed and 

this current transport mechanism remains thermionic emission (TE). However, there 

is also a weak temperature-dependent trend of specific contact resistance including 

that of the non-annealed ICP-treated sample (R2). The field emission (FE) mechanism 

for R2 sample is dominant. Compared with non-annealed ICP-treated sample (R2), 

the specific contact resistance for B1 sample is slightly temperature dependent, but 

not obvious than that for R1 sample. Therefore, we can hypothesize that the current 

transport mechanism of the B1 sample is dominant between TE and FE, thus 

thermionic field emission (TFE) dominated. The other samples with annealing 

temperature higher than 500  in H2 ambient (B2, B3 and B4) as well as the 

non-treated sample (R1) show a similar trend at different measured temperatures. 

Thus, the current transport mechanism for these samples was characterized as TE with 

a strongly temperature-dependent factor as shown in Eq.(2-3). To confirm which 

mechanism for Schottky diodes with different annealing treatments, the characteristic 

energy (E00) can be utilized and defined. As discussed above same issues, the lower 

value of the characteristic energy (E00) indicates the current transport mechanism was 

pure thermionic emission (TE), and it was much more temperature sensitive. In this 

mechanism, the thermionic emission current is small at low temperature, and 
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electrons in the metal do not exhibit sufficient energy to overcome the Schottky 

barrier height and to enter the semiconductor. Electrons may emit the Schottky barrier 

height at low temperature, and the current transport mechanisms are strongly 

dependent temperature. From Eq.(2-19), we can also determine the effective 

Richardson constant A* by the plot of ln I/T2 versus 1/T, and the Richardson contact of 

Schottky contact with/without annealing H2 treatments is shown in Fig.3-27. As 

above-mentioned discussion, the current transport mechanisms can also be confirmed 

from the characteristic energy E00, and be described by Eq.(2-1). A comparison of 

characteristic energy (E00) with thermal energy kBT shows TE is dominant when kBT 

>> E00 and FE is dominant when kBT<< E00. The characteristic energy (E00) and the 

ideality factor (�) of Schottky diodes with hydrogen annealing effects derived from 

Eq. (2-11) and was described as a function of annealing temperature as listed in Table 

3-3. The temperature dependent for field emission (FE) in specific contact resistance 

is weaker than that for thermionic emission (TE). A weak relationship of specific 

contact resistance to temperature can be expected in the FE mechanism. The specific 

contact resistance of sample with annealing temperature at 400  in H2 ambient (B1 

sample) for FE mechanism is characterized by Eq.(2-9) and shows in Fig.3-26.  We 

have found that a weak temperature-dependent trend of specific contact resistance in 

this sample. This result may attribute to the damages where ICP etching process 

formed on the n-GaN surface cause electron in the metal to emit or tunnel to 

semiconductor. This phenomenon would result in higher ideality factor and lower 

barrier height as discussed above section. However, these defects by ICP etching 

process can be eliminated by annealing temperature more than 500  in H2 ambient. 

The strongly temperature dependent trend for B2, B3 and B4 sample in specific 

contact resistance is obvious in Fig.3-26. Lower defects states density for these 
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samples will be anticipated and thermionic emission (TE) mechanism is dominant by 

annealing temperature higher than 500  in H2 ambient  

 

3.2.3 Capacitance frequency characteristics  
As discussed above section, we have described qualitative analysis of Schottky 

diodes with ICP treatment and utilized different annealing treatments to improve the 

diodes characteristics, to reduce the leakage current and to confirm the current 

transport mechanisms. However, we can not understand that how many defects states 

in these samples to affect the diodes characteristics. In this section, we apply the 

capacitance-frequency method to characterize and define defects quantities for 

Schottky diodes with/without different annealing treatments. The variation in 

measured capacitance may be due to interfacial defects or deep level defects [71].  

Fig.3-28 shows the interfacial states capacitance characteristics of Schottky 

diode for non-treated sample (R1) and non-annealed ICP-treated sample (R2). The 

frequency dispersion in the interfacial states can be observed clearly. According to 

Eq.(2-26), there is one plateau region in the Cp-frequency relation with certain 

relaxation time. Yet, in Fig.3-28, the data manifests two plateau regions in the 

frequency range non-treated sample (R1) around 100Hz to 2KHz and 100KHz to 

300KHz, respectively. There may be different types of state in the semiconductor. 

This interfacial states capacitance can be considered to be the overall effects of 

different kinds of interfacial centers [66]-[68]. We can do the best fitting procedure in 

different frequency ranges [63]. For each interfacial center, the interfacial states 

capacitance can be achieved from Eq.(2-27). In Fig.3-28, the dot line curve represents 

the best fitting procedure of the experimental data. In the frequency range 100Hz to 

2KHz, the attracted m-type interface state density Nss-m for non-treated sample (R1) is 
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5.0×1010 eV-1cm-2. In the frequency range from 100KHz to 1MHz, the associated 

f-type interface state density Nss-f for non-treated sample (R1) is 1.0×1011 eV-1cm-2. 

The relaxation time of m-type and f-type for non-treated sample (R1) is 1.9x10-5 sec 

and 2.7x10-7 sec, respectively as listed in Table 3-4. 

 For samples after ICP etching process (R2), the results of the Cp versus 

frequency were shown in Fig.3-28. Comparing to non-treated sample (R1), there are 

three plateau regions in Fig.3-28. There may be some different types of interfacial 

centers of the GaN after ICP etching process. Since there are three plateau regions in 

Fig.3-28, we hypothesize that there were three types of interfacial states Nss-s, Nss-m 

and Nss-f with interfacial states capacitances Cp-s, Cp-m and Cp-f, respectively in the 

frequency range from 100Hz to 1KHz, 1KHz to 100KHz and 100KHz to 1MHz, 

respectively. We fit the Cp-frequency for each range by Eq.(2-27) with i=s, m, f. The 

curves in this figure are the fitting results for each interfacial states capacitance. The 

fitting results are listed in Table 3-4. A small amount of interfacial state (Nss-f) is arisen 

in the non-treated sample (R1), and can be also observed. There are different types of 

interfacial states arisen for the GaN samples after ICP etching process. In this case, 

the s-type of interfacial states (Nss-s) becomes dominated, and the interfacial states 

density is around 4.3×1012 eV-1cm-2 for non-annealed ICP-treated sample (R2). By the 

way, the m- and f-type of interfacial states is around 8.2×1011 eV-1cm-2 and 2.4×1011 

eV-1cm-2. It is known that the annealing process can reduce the defects densities [69]. 

The result of the Cp-frequency as ICP etching sample which are annealing at 400  in 

N2 ambient in 30 min (A1 sample) as shown in Fig.3-29. In this figure, we can also 

distinguish three types of interfacial states which are s-, m- and f-type. These 

interfacial states density can be defined and are 3.4×1012 eV-1cm-2, 2.6×1011 eV-1cm-2 

and 1.3×1011 eV-1cm-2, respectively. The s-type interfacial states density for A1 
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sample is higher than the other ones, this is, s-type defect is dominant in this case. 

Figure 3-30 shows the results of the Cp-frequency with annealing temperature at 

500  (A2 sample). Compared with R1 and A1 sample, we found that the interfacial 

capacitance reduces and the plateau region is not so clear at low frequency for A2 

sample. The interfacial states density of s-, m- and f-type are 1.9×1011 eV-1cm-2, 

1.1×1011 eV-1cm-2 and 6.0×1010 eV-1cm-2 for A2 sample, respectively. The s-type 

defect is dominant for Schottky diode with annealing temperature 500  in N2 

ambient (A2 sample). However, we saw that s-type interfacial state for A2 sample is 

less than one order of magnitude that for A1 sample. This result indicates that 

improvement of Schottky diodes with ICP etching damage by annealing at 500  in 

N2 ambient is better than that by annealing at 400 . With 600  annealing process in 

N2 ambient as shown in Fig.3-31, the f-type interfacial state reduce to 1.3×1011 

eV-1cm-2, and is quite near the value of the non-treated sample (1.0×1011 eV-1cm-2, 

R1). The quantities of s- and m-type interfacial states around 3.0×1010 eV-1cm-2 and 

5.8×1010are both less than that of the f-type around 1.3×1011 eV-1cm-2. Thus, the N2 

annealing process at 600  is effective to remove both of the s-type and the m-type of 

interfacial states. Yet, a small amount of interfacial defects in the f-type is increased, 

and it can be observed as the annealing temperature is increased from 500  to 600 . 

Thus, the f-type interfacial state becomes dominated for the ICP-treated samples after 

annealing in N2 ambient in 600  (A3). In conclusion, the interfacial states density 

versus annealing temperature is shown in Fig.3-32. The interfacial state for s-type is 

generated after the ICP-etched process, and is decreased as the annealing temperature 

is increased. There is a great decrease as the annealing temperature reaches from 

400  to 600  in N2 ambient. The interfacial state for m-type also is decreased as the 

annealing temperature is increased from 400  to 600 . The f-type interfacial state 
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with non-treated sample (R1) is all around 1.0×1011 eV-1cm-2 in this figure. A small 

amount of Nss-f is decreased as the temperature is increased from 400  to 500 , but 

it is increased as the temperature is increased from 500  to 600 .  This embedded 

f-type interfacial state can not be reduced effectively via the annealing process in N2 

ambient. The improvement of Schottky diodes characteristics for reducing the defects 

can be demonstrated by annealing temperature more than 600  in N2 ambient. 

 Figure 3-33 shows the Cp-frequency results for ICP etching samples followed by 

400  annealing process in H2 ambient. Comparing 400  annealing process in N2 

ambient (A1 sample), the lower interfacial state capacitance for B1 sample with 

annealing process in H2 ambient at low frequency can observe as shown in Fig.3-34. 

Thus, the lower s-type interfacial state for B1 sample can be anticipated and the 

detailed extraction value for interfacial states density and relaxation time is listed in 

Table 3-4. In fact, the quantities of s- and m-type interfacial defect around 2.8×1011 

eV-1cm-2 and 2.5×1011 eV-1cm-2 are both below those of f-type interfacial states. The 

f-type interfacial defect is dominated and is around 4.8×1011 eV-1cm-2. The s-type 

defect density (3.4×1012 eV-1cm-2 ) for Schottky diodes by annealing in H2 ambient at 

400  is less than one order of magnitude that for by in N2 ambient (2.8×1011 

eV-1cm-2). Annealing under H2 ambient is more effective for reducing the defects than 

that under N2 ambient. Therefore, the improvement of Schottky diodes characteristics 

by annealing in H2 ambient is more effective than that by annealing in N2 ambient. In 

H2 ambient, the ICP induced damage may be reduced to a lower level by H2 diffusing 

and chemically reacting with the defects [72]-[74]. 

The interfacial states and capacitance decrease as the annealing temperature is 

increased to 500  in H2 ambient (B2 sample) as shown in Fig.3-35. The interfacial 

states density of s-, m- and f-type are 5.0×1010 eV-1cm-2, 4.2×1010 eV-1cm-2 and 
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1.3×1011 eV-1cm-2 for B2 sample, respectively. Yet, as the temperature reaches 600  

in H2 ambient, a dramatic increase of the s-type interfacial capacitance and states 

density can be observed as shown in Fig.3-36 and Table 3-4. A small amount of the 

interfacial states of m- and f-type is increased to 6.8×1010 eV-1cm-2 and 1.6×1011 

eV-1cm-2. In H2 ambient, the interfacial states density for Schottky diodes with 

different annealing treatments are shown in Fig.3-37. Besides s-type defect, the 

interfacial state density for the other type defects decrease with annealing temperature 

increasing in H2 ambient. However, the s-type defect reduce by annealing temperature 

increasing to 500 , and increase by annealing temperature at 600 . This result is 

attributed to the H2 may diffuse and react chemically [72]-[74], some hydrogen 

related defects may be formed, thus they increase the interfacial states. The s-type 

interfacial defect becomes dominated, and is around 1.1×1012 eV-1cm-2. There may be 

some hydrogen-related defects formed, thus the interfacial state density is increased in 

this case. 

On the other hand, to analyze the depletion width and barrier height, the 

capacitance voltage method is employed. The capacitance voltage characteristics of 

Schottky diodes with or without ICP treatment is measured at a frequency 1MHz and 

shows in Fig.3-38. The dot line indicate the fitting curve by Eq.(2-24). According to 

above discussed in Section 2.1.4, the barrier height for samples with different 

annealing treatments is extracted and listed in Table 3-5. The detailed capacitance 

voltage curve for N2 and H2 treated sample is shown in Fig.3-39 and Fig.3-40, 

respectively. The depletion width of Schottky diodes with different treatments are also 

analyzed and listed in Table 3-5. The barrier height depends on the depletion width as 

annealing at different temperatures in N2 or H2 ambient.  

Compared with barrier height measured by I-V method, I-V-T method and C-V 
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method by reported several groups [75]-[79], the �B(I-V) and �B(I-T-V) are lower 

than�B(C-V) due to thermionic emission and near-flatband conditions. The �B(C-V) 

yields the flat band by extracted from C-V method, but the �B(I-V) and �B(I-T-V) is 

analyzed at zero bias by I-V method. The �B(I-V) and �B(I-T-V) are considered as the 

current transport mechanism due to thermionic or field emission and without image 

force lowering effect [29]. The �B(C-V) is extrapolated from the plot of 1/C2 versus 

applied bias voltage and corresponds to near-flatband conditions, this is the barrier 

lowering is close to zero. On the other hand, �B(C-V) can not affect with the barrier 

shape between metal and semiconductor due to defined from the edge of depletion 

layer. In contract, �B(I-V) and �B(I-T-V) is sensitive to the barrier shape. Higher 

barrier height and depletion width accompany with annealing temperature increasing. 

These results are attributed to reduce the surface defects by annealing in higher 

temperature. Greater depletion width means that electrons can’ t easily emit or tunnel 

into semiconductor by surface states, thus the higher barrier is observed. The 

depletion width of Schottky diodes with different surface treatments by applying 

reverse bias is shown in Fig.3-41. 

 

3.2.4 Summary 
The current transport mechanisms of Ni-Au on n-GaN and the thermal stability 

of Schottky diodes by surface treatments were investigated and fabricated. The 

current transport mechanisms of non-treated n-type GaN (R1 sample) was TE based 

on the finding that the ideality factor was approximately unity and the characteristic 

energy was approximately zero. The current transport mechanism was FE based on 

the finding that the ideality factor and characteristic energy were high due to the ICP 
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etching processes. This indicated the presence of the barrier through which carrier 

tunneling could take place. Thus, the surface state between GaN and metal could 

occur by ICP etching and cause carrier tunneling from metal to GaN. However, the 

current transport mechanisms changed from FE to TE by annealing at 600  in N2 

ambient or 500  in H2 ambient for 30 min, that is, the current transport mechanism 

dominates TE or between TE and FE. These results showed that the ICP damages 

were reduced to a low level and the Schottky diodes characteristics recovered by 

annealing 600  in N2 ambient or 500  in H2 ambient for 30 min in low ideality 

factor as shown in Fig.3-42, in high barrier height as shown in Fig.3-43 and in 

interfacial states density for NSS-s, NSS-m and NSS-f as shown in Fig.3-44, Fig.3-45 and 

Fig.3-46, respectively. Figure 3-42 indicates that the ideality factor of Schottky diodes 

with ICP etching damage (R2 sample) is higher than that of the others and it decrease 

with annealing temperature increasing in N2 or H2 ambient. The Schottky barrier 

height can be also enhanced by annealing temperature increasing and shows in Fig. 

3-43. We have demonstrated Schottky diodes characteristics improved by annealing 

treatment, whether in N2 or H2 ambient. The s-type interfacial defects can be reduced 

by annealing temperature increasing to 600  in N2 ambient or 500  in H2 ambient. 

The m-type interfacial defects can be recovered to non-treated n-type GaN (R1 sample) 

by annealing at high temperature in N2 ambient or in H2 ambient. In f-type interfacial 

defects, annealing in N2 ambient is more effective than that in H2 ambient. However, 

the interfacial defects of the Schottky diode with ICP induced defect (R2 sample) by 

ICP etching process is dominant s-type, and non-treated sample (R1 sample) is 

dominant f-type as listed in Table3-6. The worse characteristics of Schottky diodes 

with ICP induced defect is observed due to s-type interfacial defects dominated. 

Therefore, to reduce s-type interfacial defects is anticipated. In this work, we found 
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that the s-type interfacial defects can be reduced about one to two order of magnitude 

by annealing at 500  in H2 ambient. The interfacial defects is f-type indicating the 

ICP induced defects nearly recovered to non-treated sample (R1), this is the defects 

result from epitaxial growth such as dislocation or the others. Besides, the s-type 

defect increases by annealing temperature at 600  in H2 ambient. This result may be 

attributed to the H2 may diffuse and react chemically [72]-[74], some hydrogen 

related defects may be formed, thus they increase the interfacial states [80]-[85]. 

There may be some hydrogen-related defects formed, thus the interfacial state density 

is increased in this case. Annealing in H2 ambient is much more effective for 

removing ICP induced defects rather than that in N2 ambient. 
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Table Different surface treatment process conditions  

Annealing temperature 
 ( ) 

Ambient  ICP treatment 

R1 No No Without 

R2 No No With 

A1 400 N2 With 

A2 500 N2 With 

A3 600 N2 With 

A4 700 N2 With  

B1 400 H2 With 

B2 500 H2 With 

B3 600 H2 With 

B4 700 H2 With 
 

 

Table  Current voltage characteristics of Schottky diodes by annealing at 

different temperature in N2 or H2 ambient  

B �B0  

(

 

R1 

R2 

A1 

A2 

A3 

A4 

B1 

B2 

B3 

B4 
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Table  Current temperature characteristics of Schottky diodes by 

annealing at different temperature in N2 or H2 ambient 

B �B0  

(

 

R1 

R2 

A1 

A2 

A3 

A4 

B1 

B2 

B3 

B4 
 

 

Table   Summary of the interfacial states characteristics for Schottky 

contact with/without by annealing in N2 or H2 ambient. 

Nss-s  
 (eV-1 cm-2) 

��

(sec) �

Nss-m  
 (eV-1 cm-2)  

��

(sec) �

Nss-f  
 (eV-1 cm-2) 

��

(sec) �

R1 

R2 

A1 3.4×1012          

A2 1.9×1011           

A3 3.0×1010            

B1  2.8×1011             

B2 5.0×1010             

B3 1.1×1012        
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Table    Barrier height for sample with different annealing treatments is 

extracted by different methods. 

B �B0  

(

 

B �B0  

(

 

B �B0  

(

 

R1 

R2 

A1 

A2 

A3 

A4 

B1 

B2 

B3 

B4 
 

 

Table 3-6  Dominant type of defects for n-GaN Schottky diodes by different surface 
treatment 

 

R1 f-type 

R2 s-type 

A1 s-type 

A2 s-type 

A3 f-type 

B1 f-type 

B2 f-type 

B3 s-type 
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Fig. 3-1  Reverse current voltage characteristics of n-GaN Schottky diodes 

by annealing at different temperatures in N2 ambient for 30 min 
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Fig. 3-2 Reverse breakdown voltage characteristics of Schottky diodes by 

different surface treatments 
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Fig. 3-3 Forward current voltage characteristics of n-GaN Schottky 

diodes by annealing at different temperatures in N2 ambient for 

30 min  
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Fig. 3-4  Current voltage characteristics of n-GaN Schottky diodes 

without ICP etching treatment are fitting and analyzed by Eq. 

(2-11). 
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Fig. 3-5 Ideality factor and barrier height of Schottky diodes are 

analyzed by annealing at different temperatures in N2 ambient. 

The solid shape donates Schottky diodes without ICP treatment 

(R1 sample), in contrast the void shape donates Schottky diodes 

with ICP treatment (R2 sample) by annealing at different 

temperatures. 
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Fig. 3-6  Reverse current-voltage (I-V) characteristics of the Schottky 

diodes by annealing at different temperatures in H2 ambient 
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Fig. 3-7  Reverse breakdown voltage characteristics of the Schottky 

diodes by annealing at different temperatures in H2 ambient 
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Fig. 3-8 Forward current voltage characteristics of Schottky diodes 

by annealing at different temperatures 
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Fig. 3-9  Ideality factor and barrier height of Schottky diodes are 

analyzed by annealing at different temperatures in H2 

ambient. The solid shape donates Schottky diodes without 

ICP treatment (R1 sample), in contrast the void shape 

donates Schottky diodes with ICP treatment (R2 sample) by 

annealing at different temperatures. 
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Fig. 3-10 Current-voltage temperature characteristics of Schottky 

diodes without ICP treatment (R1 sample) by measuring at 

different temperatures 
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Fig. 3-11  Current-voltage temperature characteristics of Schottky diodes 

with ICP treatment (R2 sample)  
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Fig. 3-12  Current-voltage temperature characteristics of Schottky diodes 

with annealing at 40 in N2 ambient (A1 sample)  
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Fig. 3-13  Current-voltage temperature characteristics of Schottky diodes 

with annealing at 50 in N2 ambient (A2 sample)  
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Fig. 3-14 Current-voltage temperature characteristics of Schottky diodes 

with annealing at 60 in N2 ambient (A3 sample) 
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Fig. 3-15  Current-voltage temperature characteristics of Schottky diodes 

with annealing at 70 in N2 ambient (A4 sample)  
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Fig. 3-16  Ideality factor is extracted by measuring at different 

temperatures for Schottky diodes with annealing in N2 ambient. 
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Fig. 3-17  Barrier height is extracted by measuring at different 

temperatures for Schottky diodes with annealing in N2 ambient. 
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Fig. 3-18 Specific contact resistance of Schottky diodes with different 

surface treatment in N2 ambient is indicated as a function of 

temperature. 
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Fig. 3-19 Richardson plot of the Schottky diodes with different surface 

treatments in N2 ambient. 
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Fig. 3-20  Current-voltage temperature characteristics of Schottky 

diodes with annealing at 40 in H2 ambient after ICP 

treatment (B1 sample) by measuring at different 

temperatures 
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Fig. 3-21  Current-voltage temperature characteristics of Schottky 

diodes with annealing at 50 in H2 ambient (B2 sample)  
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Fig. 3-22  Current-voltage temperature characteristics of Schottky 

diodes with annealing at 60 in H2 ambient (B3 sample)  
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Fig. 3-23  Current-voltage temperature characteristics of Schottky 

diodes with annealing at 70 in H2 ambient (B4 sample)  
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Fig. 3-24  Ideality factor is extracted by measuring at different 

temperatures for Schottky diodes with annealing in H2 

ambient. 
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Fig. 3-25  Barrier height is extracted by measuring at different 

temperatures for Schottky diodes with annealing in H2 

ambient. 
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Fig. 3-26  Specific contact resistance of Schottky diodes with different 

surface treatment in H2 ambient is shown as a function of 

temperature. 
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Fig. 3-27  Richardson plot of the Schottky diodes with different surface 

treatments in H2 ambient. 
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Fig. 3-28  Frequency dependence of the interfacial states capacitance of the 

Schottky diodes for non-treated sample (R1) and non-annealed 

ICP-treated sample (R2). The dot line curve represents the fitting 

result of the experimental data. 
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Fig. 3-29  Frequency dependence of the Cp results of the Schottky diodes 

with annealing at 400  in N2 ambient after ICP etching process. 

The dot line curve represents the fitting results. 
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Fig. 3-30 Frequency dependence of the Cp results of the Schottky diodes 

with annealing at 500  in N2 ambient after ICP etching process. 

The dot line curve represents the fitting results. 
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Fig. 3-31  Frequency dependence of the Cp results of the Schottky 

diodes with annealing at 600  in N2 ambient after ICP 

etching process. The dot line curve represents the fitting 

results. 
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Fig. 3-32  Compared with different types of interfacial states by 

annealing in N2 ambient, the interfacial states density as a 

function of temperature is observed 
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Fig. 3-33  Frequency dependence of the Cp results of the Schottky 

diodes with annealing at 400  in H2 ambient after ICP 

etching process. The dot line curve represents the fitting 

results. 
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Fig. 3-34 Interfacial state capacitance of A1 and B1 sample by 

annealing at 40  
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Fig. 3-35 Interfacial state capacitance of B1 and B2 sample by 

annealing in H2 ambient 
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Fig. 3-36 Frequency dependence of the Cp results of the Schottky 

diodes with annealing at 600  in H2 ambient after ICP 

etching process. The dot line curve represents the fitting 

results. 
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Fig. 3-37  Compared with different types of interfacial states by 

annealing in H2 ambient, the interfacial states density as a 

function of temperature is observed. 
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Fig. 3-38 Capacitance voltage characteristics of Schottky diodes 

with/without ICP treatment. The dot line represents fitting 

data. 
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Fig. 3-39 Capacitance voltage characteristics of Schottky diodes with 

annealing in N2 ambient at a frequency 1MHz 
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Fig. 3-40 Capacitance voltage characteristics of Schottky diodes with 

annealing in H2 ambient at a frequency 1MHz 
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Fig. 3-41 Depletion width of Schottky diodes with different surface 

treatments 
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Fig.3-42  Ideality factor is dependent of annealing temperature for 

different surface treated sample 
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Fig.3-43  Barrier height is dependent of annealing temperature for 

different surface treated sample 
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Fig.3-44  s-type interfacial defects is dependent of annealing 

temperature in N2 or H2 ambient. 
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Fig.3-45  m-type interfacial defects is dependent of annealing 

temperature in N2 or H2 ambient. 
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Fig.3-46  f-type interfacial defects is dependent of annealing 

temperature in N2 or H2 ambient. 
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Chaper 4 Investigation of interfacial states for 

metal-semiconductor-metal photodetectors (MSM-PDs) 

4.1  Introduction 

The GaN is wide direct band gap material for fabrication of optoelectronic devices 

in the visible and the ultraviolet (UV) spectrum. Ultraviolet photodetctors (UV-PDs) 

with sharp cutoff for visible spectral range is essential to apply in spectroscopy, flame 

sensing, etc such as photoconductive detector, p-n junction PDs, p-i-n PDs, Schottky 

PDs and metal-semiconductor-metal (MSM-PDs). By above mentioned discussion, 

the results of Schottky diodes with different surface treatments can be applied to 

metal-semiconductor-metal photodetectors (MSM-PDs). The planar interdigitated 

electrodes MSM-PDs which is equivalent to a back-to back pair of Schottky diodes 

consists of a semiconductor and metal electrodes. A metal-semiconductor-metal 

photodetector (MSM-PDs) can be utilized as a high efficiency photogenerated diode. 

The MSM-PD is an excellent candidate for fabrication simplicity, geometrical 

convenience, only a single dopant bulk of the semiconductor, high efficiency and high 

speed. The MSM-PDs optical and electrical characteristics depend on these 

parameters such as responsivity and leakage current. The response speed is limited by 

transit time and RC time due to finger width, length and spacing of interdigitated 

electrodes. In this work, we have studied the MSM-PDs with different surface 

treatment to define interfacial states effects in internal gain.  



 96 

4.2  Surface treatment by annealing in N2 or H2 ambient 

4.2.1 Internal gain effects for MSM-PDs by surface treatment 

As discussion in Chapter 3, the ICP-induced defects can be reduced to a low level 

by annealing at temperatures higher than 600  in N2 ambient or 500  in H2 ambient 

for 30 min. In H2 ambient, H2 may diffuse and chemically react with the defects, 

changing their electrical properties. Annealing under H2 ambient is more effective for 

reduced the defects than that under N2 ambient. The current transport mechanism 

changes with the variation of ICP-induced defects. The characteristic energy as well 

as ideality factor can be used for the characterization. In this study, we apply these 

results of Schottky diodes to study MSM-PDs characteristics by these interfacial 

states from ICP or by annealing treatments. In Fig.4-1, the current-voltage 

characteristics of MSM-PDs without surface treatment (R1 sample) are analyzed by 

illuminated different photon energies (h�). The detailed process conditions are listed 

in Table3-1. As light with photon energy is higher than bandgap energy (GaN~3.4eV) 

illuminated into MSM-PDs and applied reverse bias, the photogenerated current can 

be observed. Due to absorption coefficient as discussion in Section 2.2.2.2 (Fig.2-10), 

the greatest absorption occurs at a cutoff wavelength 360nm for GaN material. In 

contrast, photocurrent can’ t be generated as photon energy (h�) is less than energy 

bandgap (Eg). Figure 4-2 indicated that the current-voltage characteristics of 
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MSM-PDs with ICP etching treatment show less than photogenerated current by 

photon energy (h�) is more than energy bandgap (Eg). This result may attribute to 

ICP-induced defects to increase interfacial states density and to cause larger leakage 

current due to a short absorption length, higher absorption coefficient and absorption 

lifetime [86]. The light is absorbed on the surface due to interfacial defects states from 

ICP induced damage. In general, the light could be absorbed in the depletion region 

between metal and semiconductor by applying reverse bias voltage, and photocarriers 

are generated. However, as surface states on the semiconductor exist, the light is 

absorbed on the surface by these surface states, hence short absorption length is 

observed. On the other hand, the lower barrier height and narrow depletion width (as 

described in section 3.2.3) is expected for MSM-PDs with ICP etching process (R2 

sample), and resulted in less photogenerated current. According to Eq.(2-36) and Eq. 

(2-37), the responsivity is extracted for MSM-PDs with or without ICP etching 

treatment as shown in Fig. 4-3.  

In order to reduce defects states, the annealing processes methods are employed 

after samples with ICP etching treatment. The responsivity of MSM-PDs with 

different annealing temperatures in N2 ambient is analyzed in Fig.4-4. Compared with 

MSM-PDs without annealing treatment (R1 and R2 sample), the responsivity 

MSM-PDs for annealed treated samples (A1, A2 and A3 sample) is around higher one 
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order of magnitude than the others. This result is opposite to above-mentioned 

discussion, the Schottky diodes characteristics can be improved by annealing at higher 

temperature such as higher barrier height, lower ideality factor and interfacial states 

density (Fig.3-5 and Fig.3-32). In our knowledge, the defects form leakage current 

and lower devices properties. However, the MSM-PDs with annealing temperature 

about 400  in N2 ambient have greater responsivity in Fig.4-4. The external quantum 

efficiency of MSM-PDs with annealing treatment after ICP etching process is more 

than unity. This is contrast to real. Many reports [87]-[96] have discussed that 

MSM-PDs have higher responsivity due to internal gain. Thus we found and defined 

the internal gain of MSM-PDs with annealing at different temperatures in N2 ambient. 

The internal gain of MSM-PDs with different annealing treatments in N2 ambient at a 

wavelength of 370nm by Eq.(2-57) as shown in Fig.4-5. In Eq. (2-57) indicates that s 

is the finger spacing (20um), w the finger width (10um) for MSM-PDs, r the optical 

power of reflectance (=0.18 for GaN), � the absorption coefficient around 2×104 cm-1 

for GaN at a wavelength of 370nm, d the depletion width as shown in Fig.3-41. The 

greatest internal gain for MSM-PDs with annealing at 400  in N2 ambient by 

applying reverse bias -1.5 Volt and -2 Volt is around 660 and 1733, respectively. To 

compare with different annealing ambients, the H2 ambient is employed. The 

responsivity and internal gain of MSM-PDs with different annealing treatments in H2 
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ambient are shown in Fig.4-6 and Fig.4-7, respectively. The internal gain of 

MSM-PDs with annealing at 400  in H2 ambient is more than that with the others. 

However, as above-mentioned discussion, the interfacial states density for 

ICP-induced defects can be reduced by annealing temperature more than 500  in N2 

or H2 ambient. In other word, the ICP-induced defects by annealing at 400  in N2 or 

H2 ambient don’ t been reduced. Thus, the MSM-PDs by ICP etching process and 

annealing at 400  in N2 or H2 ambient may induce more and more photogenerated 

carriers and responsivity due to these ICP-induced defects. Carrano et. al [87] had 

proposed MSM-PDs with high internal gain due to defects or interfacial states 

between metal and semiconductor and electron can emit or tunnel via these defects 

states to enhance photogenerated carrier pairs. In this case, we found that the 

MSM-PDs with greater defects states (A1 and B1 sample) has higher photocurrent, 

responsivity and internal gain due to these defects states. This result is agreement with 

Carrano’s report. Although Schottky diodes characteristics by annealing at high 

temperature over 500  in N2 or H2 ambient can be recoverd (i.e. higher barrier height 

and lower ideality factor), by using surface treatment may not assist with MSM-PDs 

characteristics in responsivity.  

On the other hand, we discussed that the different geometrical structures for 

MSM-PDs to confirm relationship between internal gain and interfacial states density. 
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The responsivity characteristics of MSM-PDs with annealing at 400  in N2 ambient 

(A1 sample) is shown in Fig.4-8. The responsivity depends on the finger spacing and 

reverse bias. As applied reverse bias increasing, the MSM-PDs are operated in the 

high electric field to induce photogenerated carriers by interfacial states between 

metal and semiconductor. The internal gain of MSM-PDs with annealing at 400  in 

N2 ambient (A1 sample) is shown as a function of finger spacing and reverse bias as 

shown in Fig.4-9 and Fig.4-10, respectively. The internal gain is increased by 

applying reverse bias increasing and is exponential. Figure 4-11 indicates that internal 

gain of MSM-PDs with different annealing treatments. The MSM-PDs characteristics 

by annealing in N2 ambient is better than that by in H2 ambient. This result may be 

attributed to interfacial states create by annealing in N2 ambient, and electrons can 

emit or tunnel via these states from metal into semiconductor to induce 

photogenerated carriers.  

 

4.2.2 Persistent photoconductivity effects (PPC) for MSM-PDs with 

interfacial states 

 The persistent photoconductivity effects (PPC) in MSM-PDs with interfacial 

states by annealing treatment have been studied and observed. As light with photon 

energy (h�) higher than energy bandgap (Eg) is illuminated, the photocurrent 
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increases and becomes saturated after a period of time. The recombination phenomena 

between photogenerated carriers observed by continued illumination into the 

photocurrent saturated samples. The photogenerated electrons can occupy instable 

states and induce the photocurrent quenching after the saturation. After the incident 

light is turned off, the excess holes in the valence band recombine with free electrons 

which used to contribute to the dark current initially, resulting in the decreased dark 

current. It is necessary long recovery time that the electrons in the instable states 

tunnel out the potential barrier. As the photon energy (h�) less than energy bandgap 

(Eg), electrons are excited from deep levels or via interfacial states between metal and 

semiconductor to conduction band where they leak out to the instable states. Recently, 

many groups have reported the persistent photoconductivity effect (PPC) in n-GaN 

[97]-[110] and Mg doped p-GaN [111]-[113]. They found that the PPC effect is 

correlated to holes trap or vacancy, and discussed the trapping mechanism. In this 

work, we have studied the PPC effect in MSM-PDs with surface treatments.  

 In Fig.4-12, the dark current voltage characteristics with PPC phenomenon for 

MSM-PDs with annealing at 500  in H2 ambient (B2 sample) is observed by 

continued step by step measurement. The detailed measured process step with 

illuminated a photon energy (h�) 3.35eV for MSM-PDs is depicted in Table 4-1.  

As photocurrent characteristics was measured by with illuminated a photon energy 
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3.35eV (Fig.13), and subsequent the dark current characteristics for MSM-PDs (B2 

sample) was measured by without illumination. We found that the dark current and 

photocurrent could be increased due to by measuring method with continued step by 

step, hence the PPC phenomenon occurred in this case. The current-time 

characteristics with a constant reverse bias -2Volt and illuminated a photon energy of 

3.35eV, 3.26eV and 3.1eV is utilized to confirm PPC effect as shown in Fig.4-13, 

Fig.4-14 and Fig.4-15, respectively. The initial dark current was measured by 

continued measurement to keep stable status, and the photocurrent was measured by 

incident light with a photon energy of 3.35eV, 3.26eV and 3.1eV provided. The 

photocurrent gradually increased and the dark current decreased with measured time 

is observed in the figure. These results may be attributed the presence of holes trap or 

acceptor-type trap states [100]-[105], [114]-[116]. When incident light is illuminated 

into the semiconductor, photoexcitation processes can occur due to emission of 

excited electrons in the metal over the barrier height (thermionic emission; TE) [117]- 

[119], or tunnel via surface energy level (field emission; FE), band to band excitation 

of electron hole pairs in the space charge region (h�>Eg) and pass through deep level 

(h�>Eg) as depicted in Fig.17 (a), (b), (c) and (d), respectively. The schematic 

photoexcitation process in the thermal equilibrium and higher reverse bias condition 

is illustrated in Fig.4-17, Fig.4-18. As the greater reverse bias applied, higher 



 103 

probability for photocarriers emitted via deep level into conduction band is expected. 

When the light was turned off, the excess holes in the valence band recombine with 

free electron from photoexcitation carriers, and recovered dark current to achieve 

stable status with a long time [120]. However, the recovered dark current can not 

attain to initial value by a long time after illuminated a photon energy of 3.35eV, 

3.26eV and 3.1eV. Therefore, the excess holes occur in the valance band and more 

than photogenerated carriers can be induced due to these energy levels, resulting in 

greater internal gain and responsivity in MSM-PDs [89], [94]-[97], [103], [121], 

[122]. 

 

4.3 Summary 

 In summary, the higher responsivity and internal gain for metal semiconductor 

metal photodetectors (MSM-PDs) with different surface treatment have been 

demonstrated and fabricated. As light with photon energy is higher than bandgap 

energy (GaN~3.4eV) illuminated into MSM-PDs and applied reverse bias, the 

photogenerated current can be observed. The responsivity of MSM-PDs with or 

without ICP etching process at a cutoff wavelength of 360nm by applying reverse bias 

-1Volt is 0.02A/W and 0.001A/W, respectively. However, as the MSM-PDs with ICP 

etching process are annealed in N2 or H2 ambient, the higher responsivity and internal 
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gain can be observed. The responsivity of MSM-PDs with annealing at 400  

(A1sample), 500  (A2 sample) and 600  (A3 sample) in N2 ambient by applying 

reverse bias -1Volt is 3.95A/W, 0.72A/W and 1.85A/W, respectively. The internal gain 

of MSM-PDs with annealing at 400  (A1 sample), 500  (A2 sample) and 600  

(A3 sample) in N2 ambient at a photon energy of 3.35eV by applying reverse bias 

-1Volt is 195, 36 and 84, respectively. In general, photocurrent can’ t be generated as 

photon energy (h�) is less than energy bandgap (Eg). However, the higher 

responsivity and internal gain characteristics for MSM-PDs with ICP etching process 

and annealing in N2 ambient at different temperatures are clearly observed. This result 

is attributed to interfacial states such as holes traps what capture or emit electrons or 

hole as applied higher reverse electrical field and illumination. Moreover, the internal 

gain for MSM-PDs with annealing in N2 ambient at 400  by applying higher -2Volt 

can achieve to 1734. On the other hand, the same results were in good agreement with 

the MSM-PDs with annealing at different temperatures in H2 ambient.  

The persistent photoconductivity effects (PPC) in MSM-PDs with interfacial 

states by annealing treatment have been studied and observed. As light was 

illuminated on the semiconductor surface, the photocurrent increases and becomes 

saturated after a period of time. The photogenerated electrons can occupy instable 

states and induce the photocurrent quenching after the saturation. After the incident 
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light is turned off, the excess holes in the valence band recombine with free electrons 

which used to contribute to the dark current initially, resulting in the decreased dark 

current. It is necessary long recovery time that the electrons in the instable states 

tunnel out the potential barrier. As the photon energy (h�) less than energy bandgap 

(Eg), electrons are excited from deep levels or via interfacial states between metal and 

semiconductor to conduction band where they leak out to the instable states. We 

found that the dark current and photocurrent could be increased due to by measuring 

method with continued step by step, resulting in PPC phenomenon occurred. The 

initial dark current was measured by continued measurement to keep stable status, and 

the photocurrent was measured by illumination with a photon energy of 3.35eV, 

3.26eV and 3.1eV. The photocurrent gradually increased and the dark current 

decreased with measured time is observed. These results may be attributed the 

presence of holes trap or acceptor-type trap states 
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Fig. 4-1 Current voltage characteristics of MSM-PDs without surface 

treatment 
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Fig. 4-2  Current voltage characteristics of MSM-PDs with ICP 

etching treatment  
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Fig. 4-3 Responsivity of MSM-PDs with/without ICP etching 

treatment 
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Fig. 4-4 Responsivity of MSM-PDs with different annealing 

temperatures in N2 ambient 
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Fig. 4-5 Internal gain of MSM-PDs with annealing at different 

temperatures in N2 ambient at a wavelength of 370nm 
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Fig. 4-6 Responsivity of MSM-PDs with annealing at different 

temperatures in H2 ambient 
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Fig. 4-7 Internal gain of MSM-PDs with annealing at different 

temperatures in H2 ambient at a wavelength of 370nm 
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Fig. 4-8  Responsivity of MSM-PDs with annealing at 40  in N2 

ambient (A1 sample) depend on the finger spacing and 

reverse bias at wavelength of 370nm. 
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Fig. 4-9  Internal gain of MSM-PDs with annealing at 400  in N2 

ambient (A1 sample) is depicted as a function of finger 

spacing at wavelength of 370nm.. 
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Fig. 4-10  Internal gain of MSM-PDs with annealing at 400  in N2 

ambient (A1 sample) is depicted as a function of reverse bias 

at wavelength of 370nm. 
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Fig. 4-11  Internal gain of MSM-PDs with annealing at different 

temperature is depicted as a function of finger spacing at 

wavelength of 370nm and reverse bias -1.5V. 
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Table 4-1  The detailed process conditions for measured PPC effects  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dark-1st Illuminated h =3.35eV Iphoto-1st 

Non-illumination Dark-2nd 

Illuminated h =3.35eV Iphoto-2nd 

Non-illumination Dark-3rd 

Illuminated h =3.35eV Iphoto-3rd 

Non-illumination Dark-4th 

Illuminated h =3.35eV Iphoto-4th 

Non-illumination Dark-5th 

Illuminated h =3.35eV Iphoto-5th 

Non-illumination Dark-6th 

Illuminated h =3.35eV Iphoto-6th 

Non-illumination Dark-7th 

Illuminated h =3.35eV Iphoto-8th 

Non-illumination Dark-8th 

Illuminated h =3.35eV Iphoto-9th 

Non-illumination Dark-9th 
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Fig.4-12 Dark current voltage characteristics for MSM-PDs with annealing at 50

in H2 ambient (B2 sample). After illuminated a photon energy of 3.35eV, the 

dark current subsequently was measured without illumination. The detailed 

measured process flow is described in Table 4-1. 
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Fig.4-13 Photocurrent with applied reverse bias for MSM-PDs with annealing at 50

in H2 ambient (B2 sample). After illuminated a photon energy of 3.35eV, 

the photocurrent subsequently was measured by utilized step by step.  
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Fig.4-14 The current-time characteristics with a constant reverse bias -2Volt and 

illuminated a photon energy of 3.35eV. 
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Fig.4-15 Current-time characteristics with a constant reverse bias -2Volt and 

illuminated a photon energy of 3.26eV. 
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Fig.4-16 Current-time characteristics with a constant reverse bias -2Volt and 

illuminated a photon energy of 3.1eV. 

 

 

 

 

 

 

 

 

 

 

Fig.4-17  Schematic photoexcitation process (a) thermionic emission, (b) field 

emission, (c) band to band and (d) acceptor level or donor level to 

conduction band in the thermal equilibrium or applied lower 

reverse bias.  
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Fig.4-18 Schematic photoexcitation process (a) thermionic emission, (b) field 

emission, (c) band to band and (d) acceptor level or donor level to 

conduction band in the higher reverse bias. 
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Chapter 5 Application of interfacial states for p-i-n-photodiodes 

Figure 5-1 shows the current-voltage (I-V) characteristics of AlGaN-based 

photodiode devices with different annealing gases under the illumination (0.13�W) 

with at a wavelength of 330nm, and the photocurrents are also near a constant at 

various reverse biases. For the N2-treated and H2-treated sample, a lower dark current 

could be observed as shown in inset of Fig.5-1. For the Non-treated PDs, a dark and 

under illumination (330nm, 0.13�W) current are increased with the reverse bias 

increased. Some leakage paths in parallel with the diode may be formed in the 

Non-treated sample. The ICP induced defects which turn the reverse bias leakage 

current of AlGaN-based photodiode devices may create an increase of surface states 

density and sidewall damage [39].  

Comparing to the N2-treated and H2-treated PDs, the photocurrents are rapidly 

increased with more than reverse bias voltage 6 Volt for H2-treated PDs. Therefore, 

the external quantum efficiency of the AlGaN-based photodiode devices for the 

H2-treated PDs may increase more than two times of magnitude comparing to that for 

the N2-treated PDs. These results are attributed to hydrogen interacts with ICP 

induced defects or formation of dangling bonds on the sidewall or ICP damage areas, 

after the GaN is annealed with hydrogen ambient. Hydrogen can create in a number of 

interfacial states such as bound at donors/acceptors or trapping and recombination 

centers due to H2 diffusion and reaction chemically into sidewall or ICP damage areas 

[81]-[85]. When the bias increases, electrons can tunnel by trap levels, and may be 

induce more and more photocurrents [97]. To clarify the defects effect, with the 

illumination of photon energy less than the absorption edge, the results of the 

illuminated sample could be studied. Figure 5-2 shows the I-V characteristics 

illuminated with a wavelength of 360nm (0.23�W). In the dark and under the 
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illumination, the I-V curve of the N2-treated PDs is almost the same. However, 

comparing to the Non-treated PDs and H2-treated PDs, some currents under the 

illumination could be observed. Since the incident photon energy is less than the band 

gap, these currents could be characterized as the defect-assisted photocurrent or band 

bending effects. The photocurrent of the H2-treated PDs at a wavelength of 360nm 

(0.23�W) is larger than that of the Non-treated PDs. These results are same as above 

mentioned, and are attributed to trapping and recombination centers due to H2 

diffusion and reaction chemically into the sidewall or ICP damage areas.  

Figure 5-3 shows the I-V characteristics illuminated with a wavelength of 400nm 

(0.4�W). In the dark and under the illumination, the I-V curve of the Non-treated PDs 

and of N2-treated PDs is almost the same. Yet, the photocurrent of the H2-treated PDs 

is increased in a small amount. This result indicates H2-induced defects may response 

at a wavelength of 400nm (3.1eV). 

Figure 5-4 shows the spectral response of surface treated samples with different 

annealing gases under reverse bias voltage 8 Volt. The cutoff wavelength is around 

330nm as the absorption of Al0.13Ga0.87N (3.7 eV) for these PDs. For the N2-treated 

PDs, there is less surface defects as discussed above, and higher rejection ratio which 

is around three to four orders of magnitude in the spectral responsivity with annealing 

at 600  in N2 ambient could be achieved,. However, under higher reverse bias, the 

defect-assisted photocurrent may be enhanced, and it may increase the responsivity in 

the rejection band. The spectral responsivity at a wavelength of 330nm with annealing 

at 600  in H2 ambient is around 0.1 A/W. It is larger than that with in N2 ambient, 

which is around 0.05 A/W. For the H2-treated PDs, some extra defect levels around 

3.4 eV (360nm) can be observed at reverse bias voltage 8 Volt. For the N2-treated PDs, 

there is no such level in this case as shown in Fig.5-4. 
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In order to characterize the surface treated effects, the AlGaN-based photodiode 

devices (PDs) with KOH treatement can be also achieved. Figure 5-5 shows the 

current-voltage (I-V) characteristics for AlGaN-based photodiodes (PDs) without (“as 

grown PDs” sample) and with the KOH treatment (“KOH-treated PDs” sample), and 

the photocurrent of both PDs is also near a constant at various biases voltage. For the 

KOH-treated PDs, a lower dark current could be observed. For the as grown PDs, a 

dark current is increased with the reverse bias increased. Under illumination (330nm, 

0.7�W), for the as grown PDs, the current is increased with bias. Some leakage paths 

in parallel with the diode may be formed in the as grown sample [23]. Comparing to a 

stable current for the KOH-treated PDs, these defects may be characterized as the 

surface defects. To clarify the defects effect, with the illumination of photon energy 

less than the absorption edge, the results of sample illuminated would be studied. 

Figure 5-6 shows the I-V characteristics illuminated with a wavelength of 400nm 

(2.8�W). The I-V curve of the KOH-treated PDs taken in the dark and under the 

illumination is almost the same. Yet, for the as grown PDs, some currents under the 

illumination could be observed. Since the incident photon energy is less than the band 

gap, these currents could be characterized as the defect-assisted photocurrent. Thus, 

lower surface defects could be expected for the KOH-treated PDs. 

Figure 5-7 shows the spectral response of as grown and KOH-treated PDs under 

0 Volt and reverse bias 10 Volt. The cutoff wavelength is around 335nm as the 

absorption of Al0.13Ga0.87N (3.7 eV) for both PDs. The responsivity is 0.023 A/W and 

0.021A/W for both of as grown and KOH-treated PDs at a wavelength of 330nm. For 

the KOH-treated PDs, there is less surface defect as discussed above, and less 

responsivity in the rejection band at 0 Volt can be observed in the figure. Under higher 

reverse bias, the defect-assisted current may be enhanced, and it may increase the 
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responsivity in the rejection band. For the as grown PDse, some extra defect levels 

around 3.4 eV (360nm) can be observed at reverse bias voltage 10 Volt. For the 

KOH-treated PDs, there is no such level in this case as shown in Fig.5-7. 

 Figure 5-8 (a) shows the scanning electron microscopy (SEM) images of the 

AlGaN-based photodiodes for the as grown PDs after it has been etched to n+-GaN 

region. Due to the worse protection of the photo resist during etching process or the 

worse property of AlGaN and p-GaN, the sidewall with whisker-like features [123] 

for the as grown PDs can be observed on top of n+-GaN layer after ICP etched process. 

These whisker-like features may result from mix and edge dislocations [124], and of 

diameter are around 50-100nm. Thus, some leakage currents through these 

whisker-like features can be expected. After the KOH treatment, these whisker-like 

features can be removed [125] as shown in Fig.5-8 (b). Under the smoother surface on 

the edge, more uniform electric field can be achieved and less leakage current on the 

edge can be expected. 
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Fig. 5-1 Current-voltage (I-V) characteristics of AlGaN-based 

photodiode devices (PDs) with annealing at different gases 

under the illumination (0.13�W) is at a wavelength of 330nm. 

The insert of figure shows a lower dark current. 
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Fig. 5-2 Current-voltage (I-V) characteristics of different annealed 

treated samples illuminated with a wavelength of 360nm 

(0.23�W). 
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Fig. 5-3 Current-voltage (I-V) characteristics of different annealed 

treated samples illuminated with a wavelength of 400nm 

(0.4�W). 
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Fig. 5-4 Spectral response of surface treated samples with different 

annealing ambients under reverse bias voltage -8 Volt. 
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Fig. 5-5 Current-voltage characteristics for as grown and KOH-treated 

PDs under the illumination (0.7�W) with wavelength 330nm 
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Fig. 5-6 Current-voltage characteristics for as grown and KOH-treated 

PDs under the illumination (2.8�W) with wavelength 400nm 
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Fig. 5-7 Spectral responsivity for as grown and KOH-treated PDs at 

different biases 
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Fig. 5-8(a) Scanning electron microscopy (SEM) images of the 

AlGaN-based photodiodes for the as grown sample after it has 

been etched to n+-GaN region. 

 
 

Fig. 5-8(b) Scanning electron microscopy (SEM) images of the 

AlGaN-based photodiodes for the KOH-treated sample after it 

has been etched to n+-GaN region. 
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Chapter 6 Conclusions and Future prospects 

6.1 Conclusions 

 The properties of GaN interfacial defects and surface states effects have 

been characterized in my study. The current transport mechanisms and the thermal 

stability of Schottky diodes with surface treatments were investigated by employing 

current voltage temperature (I-V-T) methods. The current transport mechanisms are 

analyzed in terms of specific contact resistance ( c� ), characteristic energy (E00) and 

ideality factor (�) under different annealing temperatures. The current transport 

mechanisms of non-treated n-type GaN was TE based on the finding that the ideality 

factor was approximately unity and the characteristic energy was approximately zero. 

The current transport mechanism was FE based on the finding that the ideality factor 

and characteristic energy were high due to the ICP etching processes. This indicated 

the presence of the barrier through which carrier tunneling could take place. Thus, the 

surface state between GaN and metal could occur by ICP etching and cause carrier 

tunneling from metal to GaN. However, the current transport mechanisms can be 

changed from FE to TE by annealing at 600  in N2 ambient or 500  in H2 ambient 

for 30 min, that is, the current transport mechanism dominates TE or between TE and 

FE. These results showed that the ICP damages were reduced to a low level and the 

Schottky diodes characteristics recovered by annealing 600  in N2 ambient or 500  
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in H2 ambient for 30 min in low ideality factor. We have demonstrated that the current 

transport mechanisms are directly dependent on the surface treated conditions, and 

annealing processes are an effective step in eliminating these defects.  

On the other hand, we can also characterize the ICP-induced defects by 

capacitance-frequency (C-f) methods. The ICP-induced defects density on the GaN 

surface has been carried out by C-f measurements over a frequency range (100 Hz 

~1MHz) at room temperature. The Schottky contacts are investigated by taking into 

account for the effects of an interfacial layer between the metal and semiconductor. 

Interfacial states density such as NSS-s, NSS-m and NSS-f for Schottky diodes with 

different surface treatments is analyzed by capacitance-frequency (C-f) methods. The 

s-type interfacial defects can be reduced by annealing temperature increasing to 

600  in N2 ambient or 500  in H2 ambient. The m-type interfacial defects can be 

recovered to non-treated n-type GaN (R1 sample) by annealing at high temperature in 

N2 ambient or in H2 ambient. In f-type interfacial defects, annealing in N2 ambient is 

more effective than that in H2 ambient. However, the interfacial defects of the 

Schottky diode with ICP induced defect (R2 sample) by ICP etching process is 

dominant s-type, and non-treated sample (R1 sample) is dominant f-type. The worse 

characteristics of Schottky diodes with ICP induced defect is observed due to s-type 

interfacial defects dominated. Therefore, to reduce s-type interfacial defects is 

anticipated. In this work, we found that the s-type interfacial defects can be reduced 

about one to two order of magnitude by annealing at 500  in H2 ambient. The 

interfacial defects is f-type indicating the ICP induced defects nearly recovered to 

non-treated sample (R1), this is the defects result from epitaxial growth such as 

dislocation or the others. Besides, the s-type defect increases by annealing 
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temperature at 600  in H2 ambient. This result may be attributed to the H2 may 

diffuse and react chemically, some hydrogen related defects may be formed, thus they 

increase the interfacial states. There may be some hydrogen-related defects formed, 

thus the interfacial state density is increased in this case. Annealing in H2 ambient is 

much more effective for removing ICP induced defects rather than that in N2 ambient. 

The higher responsivity and internal gain for metal semiconductor metal 

photodetectors (MSM-PDs) with different surface treatment have been demonstrated. 

The responsivity of MSM-PDs with or without ICP etching process at a cutoff 

wavelength of 360nm by applying reverse bias -1Volt is 0.02A/W and 0.001A/W, 

respectively. However, as the MSM-PDs with ICP etching process are annealed in N2 

or H2 ambient, the higher responsivity and internal gain can be observed. The 

responsivity of MSM-PDs with annealing at 400 , 500  and 600  in N2 ambient 

by applying reverse bias -1Volt is 3.95A/W, 0.72A/W and 1.85A/W, respectively. The 

internal gain of MSM-PDs with annealing at 400 , 500  and 600  in N2 ambient 

at a photon energy of 3.35eV by applying reverse bias -1Volt is 195, 36 and 84, 

respectively. The higher responsivity and internal gain characteristics for MSM-PDs 

with ICP etching process and annealing in N2 ambient at different temperatures are 

clearly observed. This result may attribute to interfacial states such as holes traps what 

capture or emit electrons or hole as applied high reverse electrical field and 

illumination. On the other hand, the same results were in good agreement with the 

MSM-PDs with annealing at different temperatures in H2 ambient.  

The persistent photoconductivity effects (PPC) in MSM-PDs with interfacial 

states by annealing treatment have been studied and observed. We found that the dark 

current and photocurrent could be increased due to by measuring method with 

continued step by step, resulting in PPC phenomenon occurred. The current-time 
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characteristics with a constant reverse bias -2Volt and illuminated a photon energy of 

3.35eV, 3.26eV and 3.1eV is utilized to confirm PPC effect, respectively. The initial 

dark current was measured by continued measurement to keep stable status, and the 

photocurrent was measured by illumination with a photon energy of 3.35eV, 3.26eV 

and 3.1eV. The photocurrent gradually increased and the dark current decreased with 

measured time is observed. These results may also attribute to the presence of holes 

trap or acceptor-type trap states. 

 

6.2 Future Prospects 

The -  Gallium nitride compound semiconductor have attracted a wide 

range of bandgaps and high temperature stability for optoelectronic and electronic 

devices such as light-emitting diodes (LEDs), laser diodes (LDs), photoconductive 

detectors, photovoltaic detectors in the blue-ultraviolet (UV) range of spectrum, and 

metal-semiconductor field-effect transistors (MESFETs), high electron mobility 

transistors (HEMTs) in the high temperature/high power electronic devices. In this 

dissertation, we found that the current transport mechanisms and the thermal stability 

of Schottky diodes with surface treatments by current voltage temperature (I-V-T) 

methods and define the interfacial state density of GaN and ICP-induced defects by 

capacitance-frequency (C-f) methods over a frequency range (100 Hz ~1MHz) at 

room temperature. For metal semiconductor metal photodetectors (MSM-PDs), the 

higher responsivity and internal gain for metal semiconductor metal photodetectors 

(MSM-PDs) with different surface treatment have been demonstrated. The internal 

gain effects have been interested in devices such as MSM-PDs and p-i-n-PDs due to 

presence of holes trap or acceptor-type trap states. In our knowledge, interfacial states 

density such as NSS-s, NSS-m and NSS-f for Schottky diodes with different surface 
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treatments is analyzed by capacitance-frequency (C-f) methods. However, the 

respresention of defects in semiconductor is foreign substituional, self interstitial, 

vacancy, stacking fault and edge dislocation precipitate. In future, to confirm the the 

interfacial states defects by ICP-etching process and defects in semiconductor will be 

investigated and realized. On the other hand, the optoelectric devices such as LED, 

photovoltaic detectors are fabricated by ulitized ICP etching process to define and 

form p and n type layer. The ICP-induced defects exist in the optoelectric devices and 

affect the contact resistance and reliability. More mechanisms theories will be studied 

in the future.  
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Appendix B.  Notation 

A  contact or diode area, cm2 

C junction capacitance, F 

CM  measured device capacitance and conductance with parallel model, F 

Cp interfacial states capacitance, F 

Csc space charge capacitance, F 

Cpi i-type interfacial state capacitance ( i=s,m,f ), F 

Cp-i-0 capacitance height of the plateaus region in the Cp-frequency relation, F. 

Cn electrons capture cross section 

Cp  holes capture cross section, 

E  electric field (=V/L) 

E00  characteristic energy, eV 

E0  measure of tunneling probability in the TFE region, eV 

EC energy at the bottom edge of the conduction band, eV 

EV  energy at the bottom edge of the valance band, eV 

EF Fermi energy, eV 

Eg bandgap energy, eV 

f  frequency, Hz 

GM measured device conductance with parallel model 

G(x) photon flux and is defined as a function of absorption depth in the 

semiconductor. 

IS  saturation current, Amp 

Id dark current, Amp 

Iph  actual photocurrent, Amp 

Ip measured current, Amp 

JR reverse saturation current density, Amp/cm2 
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Jdiff diffusion current density, Amp/cm2 

Jrec recombination current, Amp/cm2 

JS  reverse current density, Amp/cm2 

Jth thermionic emission current, Amp/cm2 

Jgen generation current, Amp/cm2 

Jgr generation-recombination current, Amp/cm2 

K Boltzmann’ s constant (=8.62 ×10-5 eV/K) 

KT thermal voltage (=0.0259eV at T=300 ) 

KS  semiconductor dielectric constant ��
	



��
�



�� 5.9

0
| �

� S
GaNSK  

L  finger length for MSM-PDs, cm 

NSS interfacial states density, eV-1 cm-2 

Nss-s s-type interfacial states density, eV-1 cm-2 (s donate slow in low frequency 

range 100Hz to 1KHz) 

Nss-m m-type interfacial states density, eV-1 cm-2 (m donate medium in medium 

frequency range 1KHz to 100KHz) 

Nss-f f-type interfacial states density, eV-1 cm-2(f donate fast in high frequency 

range 100KHz to 1MHz) 

Nd  donor concentration, cm-3 

NC effective density of states in the conduction band (=2.59×1018 cm-3 for 

GaN) 

NV effective density of states in the valance band (=1.79×1019 cm-3 for GaN) 

Nt  total concentration of trapping centers, cm-3 

n  number of carriers in the thermal equilibration, cm-3 

ni intrinsic carrier concentration (=2.58×1010 cm-3 for GaN) 

Pinc incident optical power (Watt) 
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q  electronic charge 

RS series resistance, � 

S  diode cross-sectional area, cm2 

T temperature, K 

V applied bias voltage, Volt 

Vbi built in potential, Volt 

Vn energy of the Femi level of the semiconductor with respect to the bottom 

of the conduction band. � �V
N
N

q
KT

q
EE

V
d

CFC
n ,ln ��

	



��
�



�

�
�  

W space charge region width, cm 

W  finger width for MSM-PDs, cm 

�m  metal work function, eV 

�s  semiconductor work function, eV 

�e effective barrier height, eV � �00 BB �� $��  

0B�$  barrier lowering at zero bias due to image force, eV 

�s  semiconductor electron affinity, eV 

� ideality factor 

�c specific contact resistance, �-cm2 

A*  Richardson’s constant, A cm-2K-2 

h  Planck’ s constant (=6.625×10-34 J-s=4.135×10-5 eV-s) 

h� photon energy, eV 

� frequency of the light 

0�  permittivity of free space (=8.85×10-14 F/cm) 

�S  permittivity of the semiconductor, F/cm 

m  free electron mass (=9.1×10-31 kg) 
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m*  effective mass of the tunneling electron, kg 

8.0

22.0

|
0

*

|0

*

�
�
�

	




�
�

�




��
�
	



�
�
�




GaN

p

GaN

n

m

m
Holes

m
m

Electrons

 

� relaxation time, second 

�0  life time of minority carrier in the space charge region, second 

	 angular frequency (=2
f ) 

�ext external quantum efficiency 

�G  internal gain 

�c  cutoff wavelength, nm 

w finger width for MSM-PDs, cm 

r  optical power of reflectance at the surface 

(r= 18.0,1,5.2, |2|1

2

21

21 �����
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�




�

�
rnn

nn
nn

airGaN ) 

�  absorption coefficient of material (=2×104 cm-1 for GaN, �c=370nm) 

1/� penetration depth, cm 

d  absorption depth, cm 

D  absorption depth, cm 

tr  carrier transit time, second 

n  electrons concentration, cm-3 

p  holes concentration, cm-3 
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Appendix C.  Detailed experimental discussion 

C.1 Epitaxial growth for GaN 

C.1.1 Schottky diodes and metal-semiconductor-metal photodetector 

(MSM-PDs) 

In this experiment, GaN films were grown by metalorganic chemical vapor 

deposition (MOCVD). The GaN films were grown at one atmospheric partial pressure 

or low pressure. The sapphire with (0001) orientation (C-face) was used as a substrate. 

Trimethylgallium (TMG) and ammonia (NH3) were used as Ga and N sources, 

respectively. The SiH4 was used as Si dopant source to obtain n-type GaN. First, the 

substrate was heated to 1100  in a stream of hydrogen. Then, the substrate 

temperature was lowered between 450  and 600  to grow the GaN nucleation layer. 

The thickness of the GaN buffer layer was controlled between 100 Å and 1200 Å. 

Next, the substrate temperature was elevated in the range of 1000  and 1100  to 

grow the GaN film. The total thickness of the GaN film was about 3~4 um. The 

growth time was about 60 minutes.  

 

C.1.2  p-i-n-photodiodes 

 On the other hand, the visible-blind AlGaN-based p-i-n-photodiodes 

structures consists of a low temperature GaN nucleation layer at 520 , After this, the 
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growth temperature subsequently is elevated to 1120  to epitaxy devices structure as 

the followings: 2�m of undoped GaN, 2�m of n+-GaN (2x1018 cm-3) as same 

mentioned described, 50nm of n-GaN (5 x1017 cm-3) as n contact layer, 300nm of 

undoped Al0.13Ga0.87N as intrinsic absorbed layer, and 50nm of p+-GaN (5 x1017 cm-3). 

In addition multiple quantum wells (MQWs), the LEDs structure is nearly same 

p-i-n-photodiodes structures. The MQWs layer comprises five periods of InGaN/GaN 

and is grown in the range of 750  to 850 . 

 

C.2 Process procedure and conditions  

C.2.1 Inductively coupled plasma reactive ion etching (ICP-RIE) 

The ICP reactor was a load-locked OXFORD plasmalab system 100. Etch 

system with the ICP source. The plasma region was crylindrical. This low aspect ratio 

was contributed to the high plasma production efficiency, and it reduced the ratio of 

the plasma flux hitting the walls to the plasma flux hitting to the wafer. A circular 

array of magnetic line cusps was used to aid in plasma confinement and was improved 

uniformity. The plasma was driven by a coil, and was separated from the plasma by a 

dielectric window at 13.56 MHz. 

The wafer was hold by an electrostatic chuck and helium which was used as heat 

transfer medium between the wafer and the chunk. The chunk could be rf biased at 
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13.56 MHz to control ion energies to the wafer independently form production of the 

plasma. The chunk was located many skin depths away from the coil, so that the 

wafer was not affected by the electromagnetic fields generated by the coil. 

 The plasma-assisted etching process proceeds in four steps. The process began 

with the generation of etchant species in the plasma. 

1. The reactant was transported by diffusion through a stagnant gas layer to the 

surface. 

2. The reactant was adsorbed to the surface.  

3. This was followed by chemical reaction along with physical effects such as ion 

bombardment to form volatile compounds. 

4. These compounds were desorbed from the surface, and were diffused into the 

bulk gas, and were pumped out by the vacuum system. 

 

The ICP reactor was a load-locked OXFORD plasmalab system 100. Etch 

system with the ICP source was shown in Fig C.1.  
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Fig.C.1 OXFORD Plasmalab System 100 

 

C.2.2 Schottky diodes by ICP-RIE etching processes 

The samples of Si doped GaN epitaxial layer were grown by using metalorganic 

chemical vapor deposition (MOCVD). The structure of the samples consisted of a 

2-�m-thick n-type GaN layer on top of a 2-�m-thick undoped GaN layer on a c-face 

sapphire substrate. The Hall-effect measurements by using the Van der Pauw 

configuration revealed that the films were n-type, and the effective concentration was 

approximately 2x1017 cm-3, and the mobility was 450 cm2/V s. Figure C.2 indicated 

that schematic process of Schottky diodes with ICP etching process. A multilayer of 

Cr/Al/Cr/Au (150Å / 3000Å / 150Å / 3000 Å) for ohmic contacts was deposited on 
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n-GaN by the thermal evaporation in a vacuum below 2*10-6 Torr, with a purity of > 

99.999 %., followed by the annealing process at 600  for 20 min in N2 ambient to 

achieve good ohmic contacts. The specific contact resistance (�c ) was around 

1.2×10-3 �cm2. Samples were then exposed to certain inductively coupled plasma 

reactive ion etching (ICP-RIE) conditions. Then samples were exposed to ICP-RIE 

with Cl2/Ar (30sccm/10sccm) gases. The pressure was 3m Torr, the coil power was 

500W, and the platen power was 150W. To measure etch rates, the samples were 

patterned with AZ1500 (positive resist) photo-resist by spin coating. The etch depths 

were used to calculate etch deep, which were about 500 Å by an Alpha-step stylus 

profilometer. Then the photo-resist was removed by acetone. After the ICP etching 

process, some certain damages were expected in GaN. This was followed by the 

annealing process at different temperatures from 400  to 700  with increasing 

100  in N2 and H2 ambient to remove the ion damage. After the annealing process, 

Schottky contacts were produced by the deposition of Ni/Au (1000 Å / 3000 Å) on the 

selected region with lift-off technology. The Schottky contacts area was 6×10-4 cm2. 

Prior to any processing, the samples were cleaned to remove the residual oxygen and 

carbon. The cleaning steps were described as follows: 

1. In boiling aqua reqia for 3 minutes. 

2. Rinsing in aceton (ACE) by ultrasonic agitation for 3 minutes. 
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3. Rinsing in methanol (CH3OH) for 3 minutes. 

4. Rinsing in de-ionized water (DI, H2O) for 3 minutes. 
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Fig.C.2 Fabrication process flow of Schottky diodes 
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C.2.3 AlGaN-based p-i-n photodiodes with different surface 

treatment  

Visible-blind AlGaN-based photodiodes (PDs) were grown on sapphire 

substrates by using metalorganic chemical vapor deposition (MOCVD). The epitaxial 

structure was consists of a sapphire substrate with a low temperature GaN nucleation 

layer, 2�m of undoped GaN, 2�m of n+-GaN (2x1018 cm-3), 50nm of n-GaN (5 x1017 

cm-3), 300nm of undoped Al0.13Ga0.87N, and 50nm of p+-GaN (5 x1017 cm-3). Samples 

are then etched to n+GaN region by using ICP etching process with standard 

photolithography process. Subsequently, the samples of the AlGaN-based photodiode 

devices were annealed with N2 (as “N2-treated PDs”) or H2 (as “H2-treated PDs”) 

ambient at 600  for 30 minutes to reduce the ICP-induced defects after the ICP 

etching process. The p type ohmic contacts of the AlGaN-based photodiode devices 

were processed by evaporation of Ni/Au (5nm /8nm) with photolithography 

technology, and were annealed at 550  for 10 min in air in a furnace. A SiO2 layer 

was then deposited by plasma-enhanced chemical vapor deposition (PECVD) to serve 

as the anti-reflection coating as well as the surface passivation layer. The Ti/Al/Ti/Au 

metals were patterned as n-type contacts by standard lift-off process. The 

AlGaN-based photodiode devices structure with different surface treatments is shown 

in Fig. C.3. 
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On the other hand, samples were then immersed in the boiling KOH solution for 

80s after ICP-etched process, and they were rinsed in the DI water and were dried by 

the nitrogen gas (as “KOH-treated PDs”). After that, the procedure for both of 

as-grown and KOH-treated PDs would be the same and as the followings. The Ni/Au 

contacts on the p-type layer were then formatted with the photolithography 

technology and were subsequently annealed in a furnace at 550  for 10 min in air. A 

SiO2 layer was then deposited by plasma-enhanced chemical vapor deposition 

(PECVD) to serve as the anti-reflection coating as well as the surface passivation 

layer. The Ti/Al/Ti/Au metals as the n-type contacts were then patterned by standard 

lift-off process. The diode area was 1×10-3 cm2. The current-voltage (I-V) 

measurements of AlGaN-based photodiode devices were characterized by a 

Hewlett-Packard 4156 semiconductor analyzer. The spectral responsivity of 

AlGaN-based photodiode devices was measured by a Xenon arc lamp and a 

monochrometor (SPX1000). All the optical systems were calibrated by using a 

UV-enhanced silicon photodiode. 
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Fig. C.3. The AlGaN-based photodiode devices structure with different surface 

treatments. 
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Appendix D.  Current voltage characteristics analysis and 

simulation by C language tools 

#include <math.h> 

#include <stdio.h> 

#include <stdlib.h> 

#include <process.h> 

#include <IV_100.h> 

#include <I_100.h> 

#include <IV.h> 

 

 void main() 

{ 

 FILE  *out; 

 void voltage(float *,int); 

 void current(double *,int); 

 char name[10]; 

 double X[500]={0}; 

 double Y[500]={0}; 

 double Total_d=0,d=0; 

 double Total_I=0; 

 float Group_V[500]={0}; 

 double Group_I[500]={0}; 

 float Group_n[500]={0}; 

 double Group_Is[500]={0}; 

 float Start_V,End_V,Step_V,Count_V=0; 
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 float From_Is,To_Is,Step_Is; 

 float From_n,To_n,Step_n; 

 float Rs,n,Is; 

 float T,KT; 

 double A=1,C,E=0; 

 float B; 

 int i,m; 

 float j; 

 float *V=0; 

 double *I=0; 

/*------------------------------------------------------------------------*/ 

 float X1,X2,Y1,Y2; 

 double Result_Is; 

 float Slope_Is,Interrept_Is; 

/*-------------------------------------------------------------------------*/ 

 printf("\n"); 

 printf("Start fit volt (0.1)="); 

 scanf("%f",&Start_V); 

 printf("End fit volt (0.3)="); 

 scanf("%f",&End_V); 

 printf("Voltage step (0.01)="); 

 scanf("%f",&Step_V); 

/*-------------------------------------------------------------------------*/ 

 printf("Measured T (300K)="); 

 scanf("%f",&T); 

/*-------------------------------------------------------------------------*/ 
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/* printf("Is region from (10E-11)="); 

 scanf("%f",&From_Is); 

 printf("Is region to (1E-11)="); 

 scanf("%f",&To_Is); 

 printf("Is region step (1E-12)="); 

 scanf("%f",&Step_Is);         */ 

/*-------------------------------------------------------------------------*/ 

 printf("n region from (1)="); 

 scanf("%f",&From_n); 

 printf("n region to (2)="); 

 scanf("%f",&To_n); 

 printf("n region step (0.01)="); 

 scanf("%f",&Step_n); 

/*-------------------------------------------------------------------------*/ 

 printf("save file name (*.txt) ="); 

 scanf("%s",&name); 

 out=fopen(name,"w"); 

/*-------------------------------------------------------------------------*/ 

 KT=T*8.617E-5; 

/*-------------------------------------------------------------------------*/ 

 Count_V=Start_V/Step_V; 

 j=(End_V)/Step_V; 

/*-------------------------------------------------------------------------*/ 

 printf("T=%5.1f A\n",T); 

 fprintf(out,"T=%5.1f A\n",T); 

    voltage(V,j); 
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 for(i=0;i<j;i++) 

   Group_V[i]=*(V+i); 

    current(I,j); 

 for(i=0;i<j;i++) 

   Group_I[i]=*(I+i); 

   fprintf(out,"V\t\t"); 

   fprintf(out,"I(cal.)\n"); 

 for(i=0;i<j;i++) 

   { 

    printf("V%d=%5.2f\t",i,Group_V[i]); 

    printf("I%d=%5.3e\n",i,Group_I[i]); 

    fprintf(out,"V%d=%5.2f\t",i,Group_V[i]); 

    fprintf(out,"\t"); 

    fprintf(out,"%5.3e\n",Group_I[i]); 

   } 

 for(i=0;i<5;i++) 

 fprintf(out,"\n"); 

 fprintf(out,"V\t"); 

 fprintf(out,"I(mea.)\t\t"); 

 fprintf(out,"I(cal.)\t\t"); 

 fprintf(out,"distance\t"); 

 fprintf(out,"Rs\t"); 

 fprintf(out,"n\t"); 

 fprintf(out,"Is\n\n"); 

/*------------------------------------------------------------------------*/ 

    X1=Group_V[Count_V]; 
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    X2=Group_V[j-1]; 

    Y1=log10(Group_I[Count_V]); 

    Y2=log10(Group_I[j-1]); 

    Slope_Is=(Y2-Y1)/(X2-X1); 

    Interrept_Is=Y1-(X1*Slope_Is); 

    Result_Is=exp(Interrept_Is*2.3); 

    From_Is=Result_Is*10; 

    To_Is=Result_Is/10; 

    Step_Is=Result_Is/10; 

/*------------------------------------------------------------------------*/ 

 for(i=Count_V;i<j;i++) 

   { 

    A=1; 

       for(n=From_n;n<To_n;n=n+Step_n) 

  { 

   for(Is=From_Is;Is>To_Is;Is=Is-Step_Is) 

     { 

      Total_I=Is*(exp((Group_V[i])/(n*KT))-1); 

      d=fabs(Total_I-Group_I[i]); 

      if(d<A) 

        { 

         A=d; 

         Group_n[i]=n; 

         Group_Is[i]=Is; 

         Y[i]=Total_I; 

        } 
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     } 

      } 

      printf("V%d=%5.2f\t",i,Group_V[i]); 

      printf("d=%5.3e\t",A); 

      printf("n=%4.2f\t",Group_n[i]); 

      printf("Is=%5.3e\t",Group_Is[i]); 

      printf("I=%5.3e\n",Y[i]); 

      fprintf(out,"V%d=%5.2f\t",i,Group_V[i]); 

      fprintf(out,"I=%5.3e\t",Group_I[i]); 

      fprintf(out,"I=%5.3e\t",Y[i]); 

      fprintf(out,"d=%5.3e\t",A); 

      fprintf(out,"n=%4.2f\t",Group_n[i]); 

      fprintf(out,"Is=%5.3e\n",Group_Is[i]); 

   } 

   for(i=0;i<5;i++) 

     { 

      printf("\n"); 

      fprintf(out,"\n"); 

     } 

/*------------------------------------------------------------------------*/ 

   for(m=Count_V;m<j;m++) 

     { 

      Total_d=0; 

      A=1e20; 

      for(i=Count_V;i<j;i++) 

        { 
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  Total_I=Group_Is[m]*(exp((Group_V[i])/(Group_n[m]*KT))-1); 

  d=fabs(Total_I-Group_I[i]); 

  Total_d=Total_d+d; 

  if(Total_d<A) 

   { 

    A=Total_d; 

    B=Group_n[m]; 

    C=Group_Is[m]; 

   } 

        } 

  printf("V%d=%4.1f\t",m,Group_V[m]); 

  printf("one point total distance=%e\t",Total_d); 

  printf("n=%4.2f\t",B); 

  printf("Is=%5.3e\n",C); 

  fprintf(out,"V%d=%5.2f\t",i,Group_V[m]); 

  fprintf(out,"one point total distance=%e\t",Total_d); 

  fprintf(out,"n=%4.2f\t",B); 

  fprintf(out,"Is=%5.3e\n",C); 

     } 

/*------------------------------------------------------------------------*/ 

     Total_d=0; 

     A=1e20; 

 for(m=Count_V;m<j;m++) 

   { 

    Total_d=0; 

    for(i=Count_V;i<j;i++) 
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      { 

       

Total_I=Group_Is[m]*(exp((Group_V[i])/(Group_n[m]*KT))-1); 

       d=fabs(Total_I-Group_I[i]); 

       Total_d=Total_d+d; 

       if(Total_d<A) 

  A=Total_d; 

      } 

      X[m]=Total_d; 

   } 

/*------------------------------------------------------------------------*/ 

   for(i=Count_V;i<j;i++) 

     for(m=i+1;m<j;m++) 

       if(X[i]>X[m]) 

        { 

  E=X[i]; 

  X[i]=X[m]; 

  X[m]=E; 

 

  B=Group_n[i]; 

  Group_n[i]=Group_n[m]; 

  Group_n[m]=B; 

 

  C=Group_Is[i]; 

  Group_Is[i]=Group_Is[m]; 

  Group_Is[m]=C; 
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        } 

   Total_d=X[Count_V]; 

   B=Group_n[Count_V]; 

   C=Group_Is[Count_V]; 

/*------------------------------------------------------------------------*/ 

   for(i=0;i<2;i++) 

     { 

      printf("\n"); 

      fprintf(out,"\n"); 

     } 

 printf("Inital_Is=%5.3e\n",Result_Is); 

 printf("Curve total distance=%e\n",Total_d); 

 printf("n=%4.2f\n",B); 

 printf("Is=%5.3e\n",C); 

 fprintf(out,"Inital_Is=%5.3e\n",Result_Is); 

 fprintf(out,"Curve total distance=%e\n",Total_d); 

 fprintf(out,"n=%4.2f\n",B); 

 fprintf(out,"Is=%5.3e\n",C); 

 fclose(out); 

} 
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