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2.7 Low field and high field I-V system 
 

 

Figure 2.7.1 Low field I-V and breakdown measurement system 

 

In electronics, the DC current and DC voltage across the terminals of a device is 

called current-voltage characteristic, also known as I-V curve. The system shown in 
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figure 2.7.1 is used to measure the low field (low voltage with low electric field) I-V 

characteristic and breakdown voltages. The sample is placed in the square holder. The 

microscope is used to locate the Schottky and Ohmic contacts for the device, making 

placement of the probes possible. Keithley 6517 electrometer with embedded power 

source is connected to the probes. Under the sample station, is the heating source, making 

high temperature I-V measurement possible up to ~3000C. The whole probe station is in a 

grounded black box to avoid light induced current, especially for a photodetector 

measurement. This system is used for the electric field breakdown measurement. One 

change in setup is required. One of probe needles (left one) is replaced by a needle with a 

resister attached on it. It is used to protect the electrometer. When the devices reach 

breakdown voltage, large current will be created. The resister helps to reduce the current 

in the circuit. A 62.5 kΩ resister is connected in series with the device to measure the 

breakdown voltage in this study. This I-V station can measure current as low as 10 fA. 

The upper current is limited to 10 mA. A system which can measure higher current is 

needed in figure 2.7.2. The forward current up to 2 A may be detected, and lower current 

limit is 10-5 A. 
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Figure 2.7.2 High field I-V measurement system 
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2.8 Capacitance-Voltage system 
 

Capacitance-voltage (C-V), one of the most important techniques used for 

characterization of semiconductor materials and devices. This technique takes advantage 

of the depletion region. The depletion region is empty of conducting electrons and holes, 

but has electrically active defects and ionized donors. In the depletion region, the change 

of charge gives rise to capacitance61. The depletion width can be varied by changing the 

voltages applied to the metal-semiconductor contact. By solving the Poisson equations 

with boundary conditions, depletion width obtained11: 

ௗܹ ൌ ඨ
௦ߝ2

ݍ ௗܰ
ሺ߰௕௜ െ ݇ܶ ⁄ݍ െ ܸሻ 

The space charge per unit area in the depletion area is: 

ܳ ൌ ݍ ௗܰ ௗܹ ൌ ඥ2ߝݍ௦ ௗܰሺ߰௕௜ െ ݇ܶ ⁄ݍ െ ܸሻ 

and the depletion layer capacitance is related to width by: 

ܥ ൌ
ଶܣ௦ߝ

ௗܹ
ൌ ଶඨܣ

ݍ௦ߝ ௗܰ

2ሺ߰௕௜ െ ݇ܶ ⁄ݍ െ ܸሻ 

Therefore, the dependence of depletion width on the applied voltage gives information 

about the device characteristics, such as doping profile and barrier height. C-V 

measurement is usually carried out by both DC and a small-signal AC for low frequency 

and high frequency dependencies. Keithley 590 quasi-static C-V meter is in measures of 

the low frequency, while Keithley 595 C-V analyzer controls the measurement for high 

frequency. The small AC signal is superimposed on the DC bias. Since the deep 
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impurities can only follow slow signals, there is not enough time for the deep impurities 

to response to high frequency signals11. Therefore, the semiconductor parameters 

extracted from C-V curve are closer to ideal conditions. This explained why the barrier 

height derived from C-V curve is usually higher than the one from I-V curve mentioned 

in Chapter 1.  

 

Figure 2.8.1 Capacitance-Voltage measurement system 
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2.9 Raman Spectroscopy 
 

 

Figure 2.9.1 Back side of Raman System 
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Figure 2.9.2 Front side of Raman system 

Figure 2.9.1 and 2.9.2 shows the whole structure of the Raman system. Backside 

is the HeCd laser (Kimmon Electric) with 441.6 nm blue laser and 325 nm UV laser. The 

laser beam was focused onto a spot size of 5 ~ 10 μm in diameter. Laser line enters the 

microscope through several reflective mirrors and illuminates onto the sample. Then 

Raman Spectra are collected by a Jobin Yvon spectrometer and a thermally-cooled 

charge coupled device (CCD) detector (2048 by 512 pixels) after the laser interacts with 

the sample. A laser filter is applied to the entrance of the spectrometer to make sure only 
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the Raman signal will be detected by the CCD. The spectrometer is embedded with two 

3-inch holographic gratings 2400 lines/mm and 3600 lines/mm, corresponding to a 

resolution of 1 delta wave number and 0.2 delta wave number respectively. The Raman 

spectra are very sensitive to the location of the laser on the sample. For example, the 

intensity of Raman spectra can differ a lot depending on whether the laser is focused on 

the sample or not. The details of GaN Raman spectra are discussed in chapter 4. 
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CHAPTER 3 

ELECTRICAL CHARACTERISTICS OF LOW LEAKAGE 
SCHOTTKY DIODE BASED ON EPI/BULK GAN WAFER ALL 

GROWN BY HYDRIDE VAPOR PHASE EPITAXY(HVPE) 
 

3.1 Introduction 

Great attention has been paid to Gallium Nitride (GaN) due to its application in 

high power high temperature electronics.  Schottky rectifiers are essential components in 

a power electronic system (such as power inverters) due to its fast switching speed and a 

low switching loss.  GaN-based Schottky diodes have been fabricated by many research 

groups.  However, these are “lateral” devices which are based on GaN layers 

heteroepitaxially grown on foreign substrates such as sapphire.  The problems with this 

device structure include high dislocation density due to heteroepitaxy, current limitation 

due to low thermal conductivity of sapphire, and limitation in the thickness of the 

epilayer, etc.  With the advent of conductive bulk GaN wafers, it is now possible to 

fabricate a “vertical” Schottky rectifier.  Until now, only a few research groups have 

reported a fabrication and device operation of the bulk GaN-based Schottky rectifiers.   

In order to increase reverse breakdown voltage without reducing forward current 

output, it is desired to use a bi-layered structures (i.e., n- epilayer on n+ bulk). It is 

expected that forward current and reverse breakdown characteristics can be 
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independently controlled.  Pioneering work by Kang et al. 62  has produced Schottky 

rectifiers fabricated using n-/n+ GaN wafer, where the n+ bulk wafer and n- epilayer were 

grown by HVPE and a metal-organic chemical vapor deposition (MOCVD), respectively.  

Their device exhibits power figure of merit, (Vb)2/Rsp,on, of 11.5 MWcm-2. Recently, 

Lewis and others63 have fabricated Schottky rectifier using a Ni contact on n-/n+ GaN 

wafer.  This diode showed a very low specific on-resistance of 0.57 mΩcm2, but its 

breakdown properties were not reported.  Lu et al.64 have produced a Schottky rectifier 

with a low reverse-bias leakage current (<3×10-8 A @ -100 V) and a relatively low 

specific on-resistance (~5.3 mΩcm2). The breakdown voltages of these devices were 

ranged between 260 and 430 V.  Hashimoto and others65  has also reported on the 

fabrication of Schottky diodes based on n-/n+ GaN wafer. This device exhibited a low 

specific on-state resistance of 1.3 mΩcm2  and high reverse breakdown voltage of 580 V, 

producing corresponding (Vb)2/Rsp,on of 258.8 MWcm-2.   

Typically, MOCVD is a choice of epilayer growth technique for the deposition of 

high quality undoped or low-doped n- drift layer while HVPE has been widely used for 

the preparation of bulk GaN wafer.  In this research, the possibility of using all HVPE 

process both for the growth of bulk wafer and additional epilayer are explored due to the 

following reasons; 1) The HVPE process is relatively less expensive than that of 

MOCVD, and 2) By using this process, the extra step for device fabrication can be 

eliminated. Therefore, in this chapter the electrical characteristics of the GaN Schottky 

rectifiers fabricated on n- epi/n+ bulk GaN wafer, all grown by hydride vapor phase 

epitaxy (HVPE) are studied.  
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3.2 Experiment 

Silicon-doped n-type bulk GaN wafers with a thickness of 385 μm were grown 

using a HVPE at Kyma Technologies, Inc. Nominally undoped GaN layer with a 

thickness of 80 μm was homoepitaxially grown on the Ga-face of the bulk GaN wafer via 

HVPE.   The surface topography of the bi-layered wafer was analyzed using optical 

microscopy and atomic force microscopy (AFM). The wafer was cleaned sequentially 

using Trichloroethylene (TCE), Acetone, and Methanol, followed by etching in a heated 

HCl: H2O solution (~100°C) for 10 min.  As a full backside (N-face) ohmic contact, Ti 

(50 nm)/Al (100 nm)/Pt (50 nm)/Au (100 nm) multi-layered metallic contact was sputter 

deposited under a nitrogen atmosphere.  Deposited ohmic contact was annealed at 750°C 

in N2 for 30 seconds.  As a Schottky contact metallization, Pt (250 nm) was deposited on 

the lithographically defined circular area (50 μm in diameter) using a direct-current (DC) 

magnetron sputtering.   Some of the devices were additionally annealed at 500°C in N2 

for 10 seconds using a rapid thermal annealing (RTA).  The schematic of the device 

structure is shown in Figure 3.1. 

 

Figure 3.1 Schematic of Schottky diode structure on epi/bulk GaN substrate 
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Micro-Raman and photoluminescence spectroscopy were used to study the crystal 

quality of the wafer.  Low-field Current-Voltage (I-V) measurement (from -5V to +5V) 

was carried out using an electrometer (Keithley 6517) with an embedded power source.  

I-V measurement at high forward bias regime was performed using a Tektronix 471 

curve-tracer. Reverse-bias electrical breakdown characteristics were measured using 

Keithley 6517. Capacitance-Voltage (C-V) measurement was performed using a Keithley 

Mod 82-WIN Simultaneous C-V System at 100 kHz.  

 

Figure 3.2 AFM topographic image of GaN 

 

3.3 Results and discussion  

Figure 3.2 exhibits AFM topographic image of the GaN epilayer grown by HVPE 

on bulk GaN.  The RMS surface roughness of the Ga-face of the epilayer measured by 

AFM is 3-4 nm. The n-type doping level of the epilayer was determined from C-V 

measurement, and the value is ~1016 cm-3.  Figure 3.3 shows the low-field I-V 

characteristics of the Schottky diode fabricated.   
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Figure 3.3 Low field I-V curve for Schottky diodes on epi/bulk GaN substrate 

The I-V characteristics of Schottky diode is generally expressed by the following 

expression; 

ܫ ൌ ଶܶכܣܣ exp ቀെ ௤Φಳ
௞ಳ்

ቁ exp ቂ ௤௏
௡௞ಳ்

െ 1ቃ ൌ ଴ܫ exp ቂ ௤௏
௡௞ಳ்

െ 1ቃ  (3.1) 

଴ܫ ൌ ଶܶכܣܣ exp ቀെ ௤Φಳ
௞ಳ்

ቁ  (3.2) 

where A is the device area, A* is the effective Richardson constant, for GaN it is 26.4 A 

cm-1 K-2, T is the temperature, ΦB is the barrier height, and n is the diode ideality factor. 

If qV >> 3kT, equation 3.1 can be simplified as: 
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ܫ ൌ ଶܶכܣܣ exp ቀെ ௤Φಳ
௞ಳ்

ቁ exp ቂ ௤௏
௡௞ಳ்

ቃ ൌ ଴ܫ exp ቂ ௤௏
௡௞ಳ்

ቃ  (3.1)’ 

For the devices without Schottky contact annealing, the turn on voltage is found to be as 

low as 1.5 V, with the specific on-state resistance 4.2 mΩ·cm2. Turn on voltage is defined 

as the voltage at which the current density reaches 100 A/cm2. The specific on-state 

resistance is the reciprocal of the slope for the linear region in the low field I-V curve. 

After annealing, the characteristics are greatly improved, the turn on voltage is decreased 

to ~ 0.95 eV and the specific on-state resistance becomes 2.6 mΩ·cm2. That means the 

Schottky contact annealing helps improve the forward current transport.  

An equivalent equation of equation 3.1’ is  

ܫ݈݊ ൌ ln ଴ܫ ൅ ௤௏
௡௞ಳ்

  (3.3) 

Figure 3.4(a) shows lnI vs Voltage curve before annealing. From this curve, a linear 

region can be found. Non-ideal Schottky diodes with high series resistance can hardly 

have a linear region in semi-log plot of current versus voltage66. Therefore the ideality 

factor determined from this linear region is relatively reliable. It is calculated to be 1.13 

through the slope of the fitting curve, corresponding to a barrier height 0.81 eV. At low 

forward bias region (voltage < 0.2 V), nonlinear behavior of the curve is mainly due to 

current transport mechanism other than thermionic emission exists, for example tunneling 

current. This is proved by ideality factor in that region is smaller than 163. Meanwhile 

limitation of the instruments makes the current at this region not accurate. At higher bias 

region (voltage > 0.5 V), the series resistance greatly influence the forward current, 

causing the curve differ from linear. Thus, the thermionic current voltage equation with 

series resistance is needed: 



55 
 

ܫ ൌ ଶܶכܣܣ exp ቀെ ௤Φಳ
௞ಳ்

ቁ exp ሾ௤ሺ௏ିூோೞሻ
௡௞ಳ்

െ 1ሿ   (3.4) 

If nature log function is taken on the above equation, it’ll be found that; 

ܫ ௗ௏
ௗூ

ൌ ௗ௏
ௗ௟௡ூ

ൌ ௦ܴܫ ൅ ௡௞்
௤

 (3.5) 

in which Rs is the series resistance. Evidently, by plotting dV/dlnI vs I, the slope gives the 

series resistance. Before rapid thermal annealing, the data shows the series resistance is 

~145 Ω. For comparison, similar calculation is done for the diode whose Schottky contact 

is annealed after fabrication. Three parameters ideality factor, barrier height and series 

resistance are 1.08, 0.9 eV, and 182 Ω, respectively. Figure 3.4 (b) indicate lnI vs. 

Voltage curve after annealing. 
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Figure 3.4 (a) I-V curve in log scale before Schottky contact annealing 
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Figure 3.4 (b) I-V curve in log scale after Schottky contact annealing 

 

Figure 3.5(a) and 3.5(b) show the high-field forward I-V characteristics in linear and log 

scale, respectively. It is easy to see that in the log scale at low voltage region, the curve is 

linear and at high voltage region, the current is limited by series resistance. 
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Figure 3.5 (a) High field I-V in linear scale 
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Figure 3.5 (b) High field I-V in log scale 
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The capacitance and voltage relationship is described by the following equation: 

1
ଶܥ ൌ

2ሺ ௕ܸ௜ െ ܸ െ ݇ܶ ⁄ݍ ሻ
଴ߝߝݍ ஽ܰܣଶ  

where Vbi is the build-in potential, k is the Boltzmann constant, T is the temperature, q is 

the elementary charge, ε0 is the permittivity in vacuum,  ε is the relative dielectric 

constant, for GaN it is 9.5, ND is the impurity concentration and A is the contact area. C-

V measurement is often served as a way to determine the Schottky barrier height. The 

intercept on the x axis of 1/C2 versus V plot can be used to get the build-in potential. 

Then the barrier height is the sumation of build-in potential and (kT/q)ln(NC/ND). NC is 

the effective density of states in the conduction band, for GaN, this value is 2.24×1018 

cm-3. Therefore, the barrier height found from the C-V measurement is 1.31eV.  

The Schottky diode shows a low reverse leakage current of 1.8×10-10 A at 90V. 

This low leakage current is achieved mainly due to the high quality of epilayer with low 

defect density. Notice that in Figure 3.6, the breakdown fields are ~350 V and ~200 V 

before and after annealing Schottky contact at 500oC for 10s. It is expected to improve 

the adhesion of Pt contact on Ga surface. However, Q. Z. Liu et al. found that Pt Schottky 

diodes degraded after long annealing at 400oC.67 Bubbles were found on their Pt contact, 

which might lead to the degradation in the electrical properties. The diodes may also 

suffer from high temperature, which causes the breakdown voltages reduced. 
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Figure 3.6 Breakdown voltage before and after Schottky contact annealing 
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3.4 Summary and Conclusions 

In conclusion, vertical structure Schottky barrier diodes based on n-/n+ GaN 

wafer were fabricated. The low doped epi-layer and high doped bulk-layer were both 

grown by HVPE technology, which simplified the crystal growth procedures and reduced 

the cost. The diodes showed low turn-on voltage and low on-state resistance. Moreover, 

these characteristics were further improved by Pt contact annealing for a short time at 

500oC. However, the breakdown characteristics were sacrificed.   
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CHAPTER 4 

IN SITU RAMAN DIAGNOSTICS FOR SCHOTTKY DIODES ON 
BULK GAN SUBSTRATE 

 

4.1 Introduction 

Gallium nitride (GaN) based electronic devices have shown great potential for 

high power and high frequency applications due to GaN’s intrinsic properties such as a 

large energy band gap, high electron mobility, and high critical breakdown field.  

Although significant progress has been made in fabrication of the GaN-based power 

electronic devices, growing concerns about their reliability have been raised in the past 

few years68. For example, AlGaN/GaN high electron mobility transistors (HEMTs) under 

operation suffer from a so-called “self-heating” problem which severely limits their 

performance and lifetime of the devices68.  Therefore, it is of great importance to 

prudently assess the device heating problem if a reliable power electronic device is to be 

developed. 

Recently, many research groups have reported successful operation of GaN-based 

Schottky rectifiers. With increasing power ratings of these devices, device degradation 

due to Joule heating needs to be considered. Since higher operating temperature is 
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required for GaN devices, characterization of thermal property is of great importance. 

However, it is difficult to measure accurate device temperature, especially when the 

devices are under operation. Among the technique which can be used to monitor the 

temperature of the device under operation, micro-Raman spectroscopy is interesting due 

to its high spatial resolution.  Raman spectroscopy also provides a great non-contact 

method to diagnose device temperature without disturbing its operation.  

Several researchers have applied Micro-Raman spectroscopy to temperature 

measurement of the AlGaN/GaN HEMT devices under operation69, 70, 71, 72. However, 

there is limited research about GaN Schottky rectifier temperature measuring using 

Raman spectroscopy. Kim et al. has investigated the effect of thermal stress on Raman 

determination of device temperature for Schottky rectifier fabricated using GaN epilayer 

grown on Al2O3 substrate73. Recent technologies make it possible to produce high quality 

freestanding (FS) GaN substrate using Hydride Vapor Phase Epitaxy (HVPE). Therefore, 

vertical Schottky rectifiers based on FS GaN attract more attention, due to its low 

dislocation density and fabrication simplicity. Zhou et al. have reported that a vertical 

Schottky rectifier can exhibit higher reverse breakdown voltage compared to lateral 

structure74. Premature breakdown is closely related to device working temperature. It is 

necessary to study Schottky diode temperature effect in order to further improve its 

electrical characteristics. There is no report on Raman determination of operating device 

temperature of bulk GaN-based Schottky rectifiers can be found. Therefore, the Schottky 

diodes on bulk GaN were fabricated, and Raman spectroscopy were used to “measure” 

the temperature of the device under operation.  
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4.2 Experiment 
 

     N-type bulk GaN wafer with 500 µm in thickness was prepared using HVPE at Kyma 

Technologies, Inc. The carrier concentration of the wafer (determined using capacitance-

voltage measurement) was ~2.4×1016 cm-3. The Ga-face of the wafer was mechanically 

polished.  Vertical structure Schottky diodes were fabricated using the bulk GaN wafer as 

follows; initially, the sample was cleaned using Trichloroethylene (TCE), Acetone, and 

Methanol, followed by etching in HCl at 100°C.  As a full backside ohmic contact, 

Ti(50nm)/Al(100nm)/Pt(50nm)/Au(200nm) layers were deposited on the N-face of the 

wafer using direct-current (DC) magnetron sputtering, followed by rapid thermal 

annealing at 750ºC in N2 atmosphere for 30s. Standard photolithography was used to 

pattern the circular Schottky contact on the Ga-face of the wafer. After that, semi-

transparent Ni (20nm) contacts with 300 µm in diameter were prepared in an Ar ambient 

using DC magnetron sputtering, followed by lift off.  

     Low-field current-voltage (I-V) measurement was carried out using a Keithley 6517 

electrometer with its built-in power supply.  High-field I-V measurements were 

performed using a Tektronix 471 curve-tracer. The capacitance-voltage (C-V) 

measurements were performed using a Keithley Mod 82-WIN Simultaneous C-V System. 

The 441.6 nm line (80 mW) from HeCd laser (Kimmon Electric) was illuminated on 

the semi-transparent Schottky contact through the microscope objective while the device 

was forward biased. It is shown in figure 4.1. Raman spectra were collected in-situ using 
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a spectrometer (JY-Triax 550) with grating with a groove density of 3600 lines/mm and a 

thermoelectrically-cooled charge coupled device (CCD). The spectral resolution of the 

grating used is 0.2 cm-1. For comparison, the Raman spectra were also measured while 

the sample was heated by a hot plate (without applying an external bias), as shown in 

figure 4.2. For bias-dependent Raman measurement, HP 6481P was used as a power 

supply. The photoluminescence spectrum was measured with a 325 nm line (20 mW) 

from the Helium-Cadmium (He-Cd) laser.   
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Figure 4.1 Equipment setup for Raman measurement on biased Schottky diode 
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Figure 4.2 Equipment setup for Raman measurement on direct heated Schottky diode 
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4.3 Results and Discussion 
 

Figure 4.3 shows the forward and reverse bias current-voltage (I-V) 

characteristics of the Schottky diode investigated.  High-field I-V characteristics are 

shown in the inset of the Figure 4.3.   The carrier concentration of the wafer determined 

by C-V measurement is 2.4×1016 cm-3.  The specific on-state resistance, Rsp,on , 

determined from low-field and high-field I-V plots are 58.8 mΩ·cm and 71.6 mΩ·cm, 

respectively.  The barrier height determined from the I-V plot, Φs
I-V, can be as follows75; 

Φ௦
ூି௏ ൌ െ ௞ಳ்

௤
݈݊ ቀ ூబ

஺஺்כమቁ    (1) 

where kB is the Boltzmann constant, T is the absolute temperature, q is the electron charge, 

I0 is the saturation current, A is the effective diode area, and A* is the effective Richardson 

constant where theoretically evaluated value of 26.4 Acm-2K-2 was used.  In addition, 

diode ideality factor, n, was calculated from the slope of the linear region of the plot of ln 

I vs. V as follows;  

݊ ൌ ௤
௞ಳ்·௦௟௢௣௘

        (2) 

The evaluated barrier height, Φs
I-V, and diode ideality factor, n, are 0.54 V and 1.02, 

respectively.  In order to evaluate barrier height from C-V measurement, built-in potential, 

Vbi , was obtained from the following expression76; 

ቀଵ
஼

ቁ
ଶ

ൌ ଶ
ఌఌబ௤ே೏஺మ ቀ ௕ܸ௜ െ ܸ െ ௞ಳ்

௤
ቁ  (3)

 
 

where C is the capacitance, ε is the dielectric constant of GaN, ε0 is the permittivity of 

free space, and Nd is the electron concentration (2.4×1016  cm-3). The barrier height 
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determined from C-V measurement (Φs
C-V  = 0.6 V) was obtained using the following 

expression;  

Φ௦
஼ି௏ ൌ ௕ܸ௜ ൅ ௞ಳ்

௤
ln ே಴

ே೏
  (4) 

where NC is the conduction band effective density of states. 
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Figure 4.3 The forward and reverse bias current-voltage (I-V) characteristics of the 

Schottky diode investigated.  Inset shows the high-field I-V characteristics. 
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Figure 4.4 The characteristics of the reverse leakage current as a function of the device 

temperature. 

 

Figure 4.4 shows the characteristics of the reverse leakage current as a function of 

the device temperature.  The leakage current increased as the temperature of the device 

increases, which is possibly attributed to defect-assisted tunneling at the metal-

semiconductor interfaces77. 



70 
 

350 400 450 500 550 600

0

10000

20000

30000

40000

50000

60000

70000

 

 

In
te

ns
ity

  (
A

. U
.)

Wavelength  (nm)

NBE

YL

(a)

 

200 300 400 500 600 700 800 900
1000

1500

2000

2500

3000

3500

4000

4500

5000

A1(LO)

 

 

In
te

ns
ity

  (
A

. U
.)

Raman Shift  (cm-1)

E(2)
2

(b)

 

Figure 4.5 (a) Photoluminescence and (b) Raman spectra of the GaN. 
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Figure 4.5(a) shows micro-photoluminescence spectrum of the GaN wafer.  A 

near-band-edge (NBE) UV peak at around 365 nm and a weak broad band (@~500 nm) 

due to yellow luminescence (YL) can be clearly seen from the spectrum.  The full-width-

at-half-maximum (FWHM) of the NBE peak is around 8 nm.  In addition, a shoulder 

peak and a low intensity peak at longer wavelength regime have been observed, and 

further research is required to elucidate the nature of these peaks.  

Figure 4.5(b) exhibits micro-Raman spectrum of the GaN wafer.  From the group 

theory, A1(z) + 2B1 + E1(x,y) + 2E2 optical modes are expected at the Γ point of the 

Brillouin zone of wurtzite GaN78. Among these optical modes, the A1 and E1 modes are 

both Raman and infrared active, and the two E2 modes are Raman active.  The A1 and E1 

modes split into longitudinal optical (LO) and transverse optical (TO) components due to 

their polar nature.  In this experiment, z(-,-)z  scattering geometry is used, implying that 

only the E2
(1), E2

(2), and A1(LO) modes are allowed based on the Raman selection rule.   
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Figure 4.6 (a) Bias (power) and (b) temperature dependent Raman peak position and 

relative change in FWHM of the Raman peak. 

 

  



73 
 

 

Bias-dependent evolution of Raman spectra are summarized in Figure 4.6(a). 

Raman E2
(2) peak position and relative change in FWHM were plotted against forward 

bias voltage. The spectral position and FWHM of the Raman peak were determined by 

fitting the spectra with a Lorentzian function.  Raman spectra were measured when the 

Schottky diode was forward biased at 0, 10, 15, and 20 V, which corresponds to 0, 0.9, 

2.1, and 3.7 W of power, respectively. As can be seen from the graph, the Raman E2
(2) 

mode shifted to a lower wavenumber upon biasing, which is considered to be caused by 

self-heating of the device. 

In order to investigate the spectral evolution of the GaN Raman peak as a function 

of device temperature, the device was heated using a hot plate. Prior to colleting Raman 

spectra, the device is thermally equilibrated by heating it for 10 minutes.  Since the 

energy band gap of GaN (~3.4 eV) is greater than the energy of the incident laser light, 

absorption of the laser light by the sample is minimal. Therefore, laser-induced heating 

can be neglected in this investigation73. From the figure 4.6(b), all Raman peaks shift to 

lower wavenumber with increasing temperature of the device. The heat-induced Raman 

peak shift can be described by the following expression79, 80; 

߱ ൌ ߱଴ െ ఈ
௘ഁ԰ഘబ/ೖಳ೅ିଵ

   (5) 

where α and β are fitting parameters, and ߱଴  is the Raman frequency at 0 K. This 

equation is commonly employed to describe the temperature dependence of Raman mode 

shift. Figure 4.7 shows the data points and fitting curve. From the fitting curve, α is 0.13, 

β is -2.3×109, and ߱଴ is 571.6cm-1. Since there are not enough data points, the fitting 



74 
 

curve is a rough calculation. All the Raman modes exhibit a nonlinear decrease in 

frequencies with increasing temperature. A second order polynomial expression can be 

used to represent the Raman shifts80: 

߱ ൌ ߱଴ െ ܶܣ െ  ଶܶܤ

As seen in figure 4.8, this polynomial equation can also provide a good fitting curve to 

the limited data. Based on the above two fitting curves, it was found that the devices 

under operation had a temperature increase of 73K, from room temperature (298K) to 

371K.  
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Figure 4.7 Raman peak shift vs. temperature data fitting by exponential equation 
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Figure 4.8 Raman peak shift vs. temperature data fitting by polynomial equation 
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The Raman peak shift is mainly caused by thermal expansion induced vibration 

frequency change and anharmonic coupling of phonon with other phonons81. At higher 

temperature, the interaction between the optical phonons increases, which results in an 

increase in the phonon scattering and decrease in the phonon life times. Meanwhile, the 

population of the acoustic phonons increases. All these cause an increase in the line 

widths. Raman shift is the real part of the phonon self-energy, which can be written as81: 

Ωሺܶሻ ൌ Ω଴ ൅ ΔሺଵሻሺTሻ ൅ ΔሺଶሻሺTሻ 

where Ω0 is the harmonic frequency of the optical mode, ΔሺଵሻሺTሻ is the thermal expansion 

contribution to the shift, and ΔሺଶሻሺTሻ is the term due to anharmonic coupling. In addition, 

Ω଴ ൅ ΔሺଶሻሺT ൌ 0ሻ equals to the Raman frequency as T = 0K.  

ΔሺଵሻሺTሻ ൌ Ω଴ሾexp ቊെ3γ න αሺTᇱሻdTᇱ
T

଴
ቋ െ 1ሿ 

where γ is the Gruneisen parameter for the optical Raman mode and α(T) is the linear 

thermal expansion coefficient80. The correction of phonon self-energy due to anharmonic 

coupling can be modeled as80: 

ΔሺଶሻሺTሻ ൌ Mଵ ൝1 ൅ ෍
1

e୶౟ െ 1

ଶ

୧ୀଵ

ൡ ൅ Mଶ ቐ1 ൅ ෍ሾ
1

e୷ౠ െ 1

ଷ

୨ୀଵ

൅
1

ሺe୷ౠ െ 1ሻଶሿቑ 

where M1 and M2 are constants. The first term is three phonon process and the second 

term is four phonon term. With enough data, it is more accurate to use above equations to 

do curve fitting.  
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The results agree with those from Liu et al.’s report on temperature dependent 

Raman peak shift of GaN82. The device underwent the temperature increase from room 

temperature (RT) to ~371 K when the device was biased from 0 to 20 V.  As a 

comparison, the Raman E2 phonon mode shift through passive heating was used as a 

measure of the device temperature under operation.  

Figure 4.6(a) also shows the relative change in FWHM of the E2 mode as a 

function of the forward bias (power) applied to the Schottky diode. Continuous 

broadening of FWHM with power was observed.  Liu et al. used the following equation 

to describe the temperature dependent peak broadening82, 83;  

Γሺܶሻ ൌ Γ଴ ቂ1 ൅ ଶ
௘೉ିଵ

ቃ    (6) 

where  Γ଴ is the FWHM of the Raman peak at 0 K, and ܺ ൌ ԰߱଴/2݇஻ܶ. 

Since GaN is a piezoelectric material due to the lack of inversion symmetry, it 

also exhibits the converse piezoelectric effect, implying that strain will be induced when 

an electric field is applied.  Therefore, it is worth considering the piezoelectric strain 

induced phonon shift.  Sarua et al. have investigated bias induced strain in AlGaN/GaN 

heterojunction field effect transistor (HFET) structure and have reported that the strain in 

GaN layer is proportional to the applied electric field 84 . For our experiment, the 

maximum electric field is 400 V/cm, which leads to strain of ~10-7 along the c-axis. 

According to Kisielowski et al., a biaxial stress of 1 GPa will shift the Raman E2
(2) peak 

of GaN by 4.2 cm-1.85 The strain along the a- and c-axes of GaN will be on the order of 

10-7, which corresponds to the phonon mode shift of only ~0.001 cm-1. Therefore, in the 

experiment, phonon mode shift due to piezoelectric effect can be neglected.  This 
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confirms that the Raman phonon mode shifts observed are mainly from the thermal effect 

(device heating), not from piezoelectric effect. 

 

4.4 Summary and Conclusions 
 

Vertical Schottky rectifiers using a HVPE grown bulk GaN wafer with 500 µm 

thickness were fabricated and measured the temperature of the device under operation in-

situ using micro-Raman spectroscopy. The carrier concentration of the wafer, determined 

by C-V measurement, was ~3×1016 cm-3. A systematic shift and broadening of the Raman 

E2 peak with increasing bias (power) were observed, which is attributed to the device 

heating.  As a comparison, the Raman spectra of the GaN device under passive heating 

were also collected. It has been demonstrated that micro-Raman spectroscopy can serve 

an excellent in-situ diagnostic tool for analyzing thermal characteristics of the GaN 

Schottky diode. The strain caused by piezoelectric effect is calculated, and it will only 

shift the Raman peak at the level of 0.001 cm-1. This confirms that the Raman peak shift 

observed is predominantly produced by thermal effect, not by the piezoelectric effect. 
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CHAPTER 5 

SCHOTTKY DIODES UNDER GAMMA-RAY RADIATION 
 

5.1 Introduction 

GaN materials are suitable for high temperature and high power electronic 

devices, as well as radiation environment applications, due to the high breakdown field 

and low thermal carrier generation rates86. Many groups used high energy radiation to 

study the material properties of GaN. Exposure to energetic radiation is considered as a 

tool to controllably introduce point defects and other defects. It is also benefit to obtain 

insights into the nature of intrinsic defects, for examples, vacancies, interstitials, and their 

influence on optical and current transport properties. It has been found that energetic 

radiation can degrade electron mobility, because defects are introduced, which will act as 

scattering centers87. Frenkel defect, also named frenkel pair, are considered as primary 

defects after high energy radiation in semiconductor materials. Frenkel pair is formed 

when an atom leaves its original place and occupies a nearby position in the lattice. 

During this process, two kinds of defects are produced, vacancy and interstitial. It 
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is named after the Russian physicist Yakov Frenkel. From the definition, the number of 

vacancies equals the number of interstitials.  

 

5.2 Experiment 
 

The devices were fabricated on bulk GaN substrates. After ultrasonic cleaning in 

Acetone, TCE, Acetone, Methanol, Methanol 5 minutes each, GaN wafers were 

immersed in HCl: H2O ratio 1:1 solution for 10 minutes, heated at 1000C to remove 

native oxide. Then four layer ohmic contacts Ti/Al/Pt/Au were sputtered on the full 

backside of the N-face. The ohmic contacts were annealed in N2 atmosphere at 7500C for 

30 seconds. The Schottky contacts of 3 different circular sizes were patterned by 

photolithography. Pt was sputtered as the Schottky metal, followed by lift-off. Then low 

field current-voltage and high field current-voltage measurement were performed before 

any γ ray radiation treatment. 60Co was used as the irradiator with an average dose rate of 

11.6 krad/min. The radiation was executed in air ambient at room temperature. The 

devices were finally exposed to cumulative γ ray doses of 17.4 Mrad. After the γ ray 

exposure, low field and high field I-V measurement were carried out. The crystallinity of 

the bulk GaN was tested by Bruker X-ray diffraction (XRD) D8. Raman spectra were 

collected through 514 nm line (20 mW) from an air-cooled ion laser (Model 163-C42, 

Spectra-Physics Lasers, Inc.) as the excitation source and a Renishaw inVia Raman 

microscope system with 1800 grating. 

 



81 
 

5.3 Results and Discussion 
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Figure 5.1.1 reverse leakage current of 50μm diameter devices 
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Figure 5.1.2 reverse leakage current density of 50μm diameter devices 

 

Figure 5.1.1 and 5.1.3 shows the reverse leakage current and forward current 

profile for the devices with 50μm-diameter circles. Figure 5.1.2 and 5.1.4 shows the 

corresponding current density. Similarly, figure 5.2.1, 5.2.2, 5.2.3, 5.2.4, 5.3.1, 5.3.2, 

5.3.3 and 5.3.4 display the results of 150μm-diameter and 300μm-diameter circular 

devices. A detailed look at the smallest devices first; at the reverse bias of 5 V, leakage 

current density increased to 0.089μA/cm2, in which one of devices even went up to 

2.0199μA/cm2, compared to the un-radiated level 0.0075μA/cm2. This trend is consistent 
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with the work done by other groups88,89. The carrier concentration determined from the 

C-V measurement after radiation is 3~7×1016 cm-3. Unfortunately, C-V measurement was 

not taken before radiation. However, from another piece of the same substrate, where 

different Schottky metal Ni was used, it found that the carrier concentration is ~ 2.4×1016 

cm-3.  

 

Table 5.1 Summary of Schottky diodes  Parameters Extracted from I-V curve 

Dose (Mrad) Ideality factor: 
n 

Barrier height: 
ΦB(ev) 

Series 
Resistance:  
Rs (Ω) 

Carrier 
concentration 
N (cm-3) 

0 1.14 0.92 94.9 2.4×1016 

17.6 1.21 0.89 113.5 5×1016 

 

 

The data in table 5.1 were calculated through the simple ideal equations described 

previously. For the simple model, it is presumed that the metal-semiconductor interface is 

intimate, defect-free and homogeneous. From the experimental results, reported GaN 

Schottky diodes behaved non-ideal electrical characteristics. In addition, discrepancies 

generally exists for the reported GaN Schottky barrier height, where Pt was the contact 

metal. There are many effects giving rise to the variations of the reported values. Defect-

assisted tunneling can help electrons pass through the barrier if there are many defects at 

the surface region 90 . The details of this kind of tunneling process are not known. 

Electrons, which were trapped in the interface state, are excited during the operation. 
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New states are created to assist the tunneling current91. In addition, the introduction of 

radiation-induced defects near the metal-GaN interface needs to be considered88. There 

are some reports demonstrating the improvement of diode performance after radiation at 

low doses 92 . However, high doses irradiation as studied here has caused device 

degradation. One of the possible degradation mechanisms comes from the increase in 

interfacial defect density from gamma-ray radiation93. Desorption of Ga and N happened 

near the surface of GaN. G. A. Umana-Membreno et al. indicated that energetic 

irradiation resulted in point defects of Ga and N species from their individual sublattices. 

The carrier concentration in GaN substrate after exposure to gamma ray irradiation 

increases, which was also observed87. Frenkel defects are considered to contribute to this 

increase of carrier concentration. Attention was paid to the vacancies on sublattices, VN
+ 

and VGa
3-, which are the electrically active components of primary defects in n-GaN. V. 

V. Emtsev et al. suggested that at least one kind of native defects is mobile in GaN at 

room temperature, therefore the impurity atoms can work as effective traps for migrating 

defects87.  
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 Figure 5.2.1 reverse leakage current of 150μm diameter devices 
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Figure 5.2.2 reverse leakage current density of 150μm diameter devices 
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Figure 5.3.1 reverse leakage current of 300μm diameter devices 
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Figure 5.3.2 reverse leakage current density of 300μm diameter devices 

 

On the reverse I-V characteristics, the radiation had a larger effect on the smaller 

size diode. As observed from experiment data, is the reverse leakage current shift of the 

order: small size (50μm) > middle size (150μm) > large size (300  μm), which are 10 

times, 2 times and less than 1.4 times respectively compared to each original data in 

figure 5.1.1, 5.2.1 and 5.3.1. However, for larger size diodes, the leakage current goes 

much faster as the reverse bias increases, as seen from the slope of the curve. Another 

thing need to pay attention to is that before radiation the leakage current density at 5V for 
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increasing size diodes are 8×109 A/cm2, 5×109 A/cm2, and 3.5×109 A/cm2 from figure 

5.1.2, 5.2.2, and 5.3.2. Generally, it is believed that smaller size should have smaller 

reverse leakage current, because there are fewer chances that the defects, such as 

dislocation will be included in the smaller size diodes. This data shows the different 

result. One possible explanation is due to the nonuniformity of dislocation densities. 

Although larger size diode covers more area in the GaN top surface, if the dislocation 

density varies spot by spot, it is possible that the average defect density could be smaller. 

From the formation of Schottky barrier at the metal-semiconductor interfaces, the 

experimental data are consistent with the presence of SBH inhomogeneity 94 . The 

experimental leakage current observed from diode to diode varied in agreement with 

isolated “leakage spots” because of the existence of low local SBH95. At the low SBH 

area, the local current density maybe orders of magnitude higher than the average. Higher 

than average SBH patches are also possible, however, they have little contribution to the 

electron transport.  
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Figure 5.1.3 forward current of 50μm diameter devices 

Forward I-V curves characteristics should be considered in two parts. First, look 

at the small diode of 50 μm diameter in figure 5.1.3. It is interesting to find that from 0 to 

2 V bias, the diode after gamma ray radiation showed better performance, a lower turn on 

voltage and a smaller on-state resistance (inset of figure 5.1.3). However, as bias 

continues to increase, the damage of gamma ray radiation can be observed. At 10 V, the 

forward current reduced to only half of the original value. This anomaly is very similar to 

the temperature dependent current behavior of Schottky diodes 96 . The presence of 
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Schottky barrier height inhomogeneity over the metal-semiconductor contact area was 

used to explain this phenomenon97. Electron transport has been treated as the summation 

of current flowing through all the individual patches. Each patch has its own area and 

Schottky barrier height95. The interaction of neighboring patches with different Schottky 

barrier height need to be considered. In this experiment, the gamma ray radiation adds 

inhomogeneity of Schottky barrier height to the metal-semiconductor interface. Larger 

size diodes 150 μm diameter and 300  μm also showed the same trend in figure 5.2.3 and 

5.3.3. 
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Figure 5.2.3 forward current of 150μm diameter devices 
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Figure 5.3.3 forward current of 300μm diameter devices 
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 Figure 5.1.4 forward current density of 50μm diameter devices 
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 Figure 5.2.4 forward current density of 150μm diameter devices 
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Figure 5.3.4 forward current density of 300μm diameter devices  

 

Consider forward current density, different size diodes reduced forward conductor 

at the similar rate at higher voltages. This means forward current characteristic is not as 

sensitive to size of the contact as that for reverse leakage current.  
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Figure 5.4 XRD spectra for GaN treated by gamma ray. 
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Figure 5.5 Raman Spectra for GaN before and after gamma ray radiation 

Figure 5.4 gives the X-ray diffraction profile for preirradiated and gamma ray 

radiated GaN. The profile indicates that the crystallinity of GaN was greatly influenced 

by the radiation. The dominant peak of GaN is located at 2theta = 35o, from GaN (0002) 

plane98. The intensity of this peak decreased dramatically after the exposure to gamma 

ray and the peak broadened severely. One conclusion is that irradiation energy had played 

a destructive role in the crystallinity of GaN. However, compared to the GaN thin film, 

this bulk GaN is more tolerant to radiation99.  

Figure 5.5 shows the Raman spectra for GaN substrate. The only difference 

between the spectra is the Raman E2 peak intensity before and after radiation. The spectra 

provide evidence to explain that the crystal structure is destroyed by energetic radiation, 

and then the amount of GaN which can contribute to the spectrum is reduced. This data is 

consistent with the X-ray diffraction results. 
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5.4 Summary and Conclusions 

The effect of of gamma ray radiation on the performance of vertical Schottky 

diodes based on bulk GaN was investigated through reverse leakage current and forward 

current. Frenkel defects probably caused the increase of carrier concentration in GaN 

after exposure to gamma ray radiation. By comparing the electrical characteristics before 

and after gamma ray radiation, Schottky barrier height inhomogeneity over the metal-

semiconductor contact area was utilized to explain the different current behavior at lower 

voltages and higher voltages. XRD and Raman data show the crystal structure of GaN 

was badly destroyed by the energetic radiation. However, the electrical properties are not 

as bad, which proves GaN especially bulk GaN is tolerant to radiation environment.  
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CHAPTER 6 

SUMMARY AND FUTURE WORK 
 

For the experiment in Chapter 3, Schottky contact was fabricated on front side of 

bulk GaN with no other treatment. With the n- epi and on n+ bulk substrate design, the 

forward current characteristic is improved by reducing the specific on-state resistance 

through the high doping near the ohmic contact. However, the breakdown voltage is not 

as high as expected. Schottky diode on GaN is known to suffer from premature 

breakdown. With edge termination schemes, electrical crowding at the corner of the 

metal contact can be released effectively. There are only a few reports of edge 

termination methods employed to GaN Schottky rectifiers. A. P. Zhang et al. investigated 

three different edge termination techniques, such as p guard ring formed at the edge of 

Schottky barrier metal, p floating field ring to extend the depletion boundary along the 

surface of SiO2 dielectric and p-n junction grid integrated into the drift region of Schottky 

rectifier structure100,101. The most widely used edge termination method is adding field 

plate to smooth out the electric field distribution around the contact periphery. Therefore, 

in order to increase the breakdown voltage, field plate can be added to the edge of 

Schottky metal contact. Edge termination design and simulation done by K. H. Baik et al. 

showed that SiO2 produced the highest breakdown voltage due to the large band-gap and 

low dielectric constant102. Yi Zhou pointed that high quality SiO2 is necessary to achieve 

high breakdown voltages. SiNx is another candidate good for field plate. Other factors, 
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such as the extent of metal electrode overlap, dielectric thickness and ramp oxide angle 

(if ramp oxide is used) also greatly influence the performance of the dielectric 

materials102. It is necessary to make sure that the thickness of the dielectric materials is 

large enough to prevent the breakdown initiating from the dielectric.  

 There are several improvements which can be applied to the in-situ Raman 

diagnosis of bulk GaN-based Schottky rectifier under operation experiment.  First of all, 

the contact damage from the needle to the Schottky contact is an issue. Wire bonding is 

an excellent tool to make interconnections between devices and the outside. There will be 

two advantages, if wire is used to extend the Schottky contact. One is to avoid the scratch 

from the probe needle; the other is to enlarge the effective contact area between the 

Schottky contact metal and the probe needle. Therefore, heat will not accumulate at the 

tip of needle in order to avoid melting the metal contact. All these can increase the 

maximum current (power), which can be applied to the device. With more power 

available, more data points showing the relationship of Raman peak shift and added 

power will be achieved. Secondly, if an XY stage for sample is usable, a 2-D mapping of 

the E2 frequency change is acquired, which can illustrate the Raman frequency shift not 

limited to the random position probed on Ga-face. It can spread the measurement over the 

whole area of the device. Device degradation can originate from local “hot spots” due to 

imperfection. It is of great importance to study hot spot in GaN as the thermal 

conductivity lead to high power dissipation in the hot spot, which result in the higher 

temperature in the hot spot72. Large gradient of temperature exists in the hot spot. 

Meanwhile, a lateral heat dissipation profile on the Schottky contact of the device is 

examined. Currently, most of the hot spot detection was realized on the AlGaN/GaN 
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HEMT structures. It is necessary to study the hot spot on Schottky diodes based on bulk 

GaN because the reliability of the device is important for high power applications. 

Thirdly, piezoelectric strain is another source for Raman E2 phonon peak shift on GaN 

when the Schottky diode is biased. The piezoelectric strain induced Raman phonon shift 

is calculated through the data provided by published papers from different groups in 

Chapter 4 and the shift is found to be very small compared to the shift observed. 

However, it will be more convincing if corresponding experimental data can be provided. 

It was pointed out that the temperature dependence of Raman phonon frequency is 

sensitive to the biaxial strain which comes from the heteroepitaxial growth on sapphire or 

other foreign substrate82. So compared to freestanding GaN wafer, the GaN epilayer on 

sapphire was considered under compressive or tensile strain depending on various layer 

structure and layer thickness, while bulk GaN was considered as stress free73. An 

experiment can be set up, where the wafer is attached to a well heat-sink carrier. In 

addition, limited power should be applied to the device to prevent self-heating. Under 

these conditions, the contribution of temperature increase from self-heating can be 

neglected. When electric field is added to the device through the power source, micro 

Raman spectroscopy can monitor the strain/stress in the bulk GaN layer via the change of 

phonon frequencies. By this method, the effect of piezoelectric strain on phonon 

frequency can be detected experimentally to support the theoretical calculation.  

 In chapter 5, the performance of Schottky diodes on bulk GaN under gamma ray 

radiation is discussed. The samples can be exposed to different gamma ray doses in order 

to get a complete profile of Schottky diode parameters extracted from C-V and I-V 

curves under the influence of various doses. By doing this, the gradual effect of gamma 
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ray radiation on GaN devices can be observed. Moreover, post-radiation low temperature 

annealing was reported to fully restore the reverse I-V characteristics to pre-radiation 

levels88. However, the annealing temperature after radiation scattered for different 

groups87, 88, 103. It is meaningful to study the effect of different post-radiation annealing 

temperatures on the recovery of Schottky diode characteristics under gamma ray 

radiation. In polar semiconductors, it is known that the electronic parameters of materials, 

such as the electron concentration and mobility can be achieved via Raman spectroscopy. 

The coupling between longitudinal-optical (LO) phonons and plasmons result in the 

formation of longitudinal-optical-phonon-plasmon (LPP) mode, which is closely related 

to the carrier concentration and mobility of free carriers87 through plasmon frequency ωP 

and plasmon damping constant γ. The electron concentration extracted via C-V 

characteristic in GaN subjected to gamma ray radiation was observed to increase from the 

pre-radiation level. Raman spectroscopy can offer another method to prove the increase 

of carrier concentration due to the radiation-induced defects.                                                                       
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