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ABSTRACT 

Gallium nitride (GaN) and silicon carbide (SiC) are often used to fabricate 

sophisticated electronic and photonic devices due to their inherent wide bandgap, high 

electron saturation velocity, thermal conductivity. Moreover, devices fabricated out of 

these materials are capable of operating at high voltages, breakdown fields, and 

frequencies within wide temperature ranges. However, it is hard to grow and 

manufacture these devices because of their chemically strong natures. 

This dissertation explores the impact of mesa sidewall passivation by SiO2 on 

characteristics of III–nitride/silicon tandem solar cells. These dual junction solar cells 

were fabricated from standard n-type Si (111) substrates with III–nitride epitaxial 

layers grown by plasma-assisted molecular beam epitaxy (PAMBE). Photovoltaic 

testing was experimentally carried out before and after the passivation of these solar 

cell mesa side walls, and it was concluded that the passivation moderately improved 

the efficiency of these solar cells. After passivation, the open-circuit voltage increased 

from 1.45 to 1.53 V, the short-circuit current density improved from 0.116 to 0.121 

mA/cm2, and the fill factor increased from 39.7 to 41.5% under AM 1.5 illumination. 

This yielded a conversion efficiency improvement of approximately 13%. 

Furthermore, the dominant mechanism of carrier transport in the hybrid GaN/AlN/Si 

solar cells was investigated.  

Fabrication of 4H-SiC based photoconductive semiconductor switches (PCSS) 

by inductively coupled plasma reactive ion etching (ICP-RIE) was also studied. Sets 

of experiments were conducted to develop a plasma etch recipe which enabled 

moderate etch rate and smooth surface morphology by optimizing system parameters 

such as the plasma composition, ICP power, RIE power, and process pressure. 
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1 

CHAPTER I 

1 WIDE BANDGAP SEMICONDUCTORS 

 

This chapter provides an overview of the wide bandgap semiconductors used in 

this dissertation, especially their properties and device applications. According to energy 

band theory in semiconductor solid-state physics, solids are described quantum 

mechanically with energy band states. Electrons may not be present in some energy 

bands in the solids, which are called forbidden bands or bandgaps. Conduction and 

valence bands are defined as the closest band above and beneath the bandgap, 

respectively. Several physical and electronic properties of solids, such as electrical 

resistivity and optical emission/absorption have been successfully explained by band 

theory. In addition, all solid-state devices, including optoelectronics, transistors and solar 

cells are based on this theory [1]. 

Wide bandgap semiconductors are defined as any semiconductor material 

(compound or alloy) with an energy bandgap much greater than conventional 

semiconductors such as silicon (Si, 1.12 eV) or gallium arsenide (GaAs, 1.43 eV). 

Wide bandgap semiconductors are often used to fabricate sophisticated electronic 

and photonic devices due to their inherent wide bandgap, high electron saturation 

velocity, high thermal conductivity, and wide temperature operation range capabilities 

[2], [3]. Moreover, devices fabricated out of these materials are capable of operating at 

much higher voltages, breakdown fields, and frequencies [4], [5]. However, it is hard to 

grow and manufacture these devices because of their chemically strong nature [6]–[8]. 

There are several compound semiconductors with high bandgaps, but this 

dissertation will only cover gallium nitride (GaN), aluminum nitride (AlN), their alloys in 

group III-V, and silicon carbide (SiC) in group IV. 
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2 

1.1 III-Nitrides 

With a direct band, good chemical stability and good mechanical toughness, III-

nitrides are advantageous for devices operating at high temperature and at high 

frequency. UV optoelectronic devices are realized with the large bandgaps of III-nitrides 

such as AlN and AlGaN alloys [9]. As well, yellow-green emitters operating in the 

visible range are realized with InGaN alloys, which have relatively small bandgaps 

among III-nitrides [10]. The emergence of III-nitride materials has had significant impact 

on numerous applications in the market in electronics and optoelectronics, and work on 

III-Nitride based blue LEDs has recently been awarded the 2014 Nobel Prize in Physics 

[11]. 

 
Figure 1.1 Commonly used semiconductors, including III-nitrides, with their bandgap 

energies, lattice constants, and optical emission wavelengths [3]. 

Figure 1.1 illustrates the most frequently used semiconductors, including the III-

nitrides, with their bandgap energies, lattice constants, and optical emission. Compared to 
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other III-V semiconductors (III-arsenides and III-phosphides), III-nitrides (III-N) have 

direct bandgaps covering the wavelengths from near-infrared to ultra-violet, including the 

visible range [12]–[14]. III-Ns are listed as AlN, GaN, InN, and their alloys. The nitrides 

crystallize more thermodynamically stable in the hexagonal wurtzite; AlN has a bandgap 

of ~6.2 eV, corresponding to 200nm wavelength emission, GaN has a bandgap of ~3.4 

eV with 364 nm, and InN has a bandgap of ~ 0.7 eV with ~1.77 µm wavelength 

emission. 

Studies of GaN-based devices date back to the 1960s, when the first blue light 

emitting device, composed of a metal-isolator-GaN junction, was produced by Pankove 

et al. in 1971 [15]. Clearly, the quality of this device was fairly poor due to the huge 

density of defects in the material and the absence of the p-type conductivity. Difficulties 

in p-doping of GaN layers and making good Ohmic contacts were serious challenges for 

long time in order to fabricate GaN-based devices. The p-doping of GaN was finally 

realized by Amano et al. in 1988 [16], which has opened a new area for III-N devices. 

Later on, Nakamura realized the first LED with a high luminosity in 1994 at Nichia Inc., 

which followed by the first GaN-based laser diode in 1995 [17].  

Since III-Ns are capable of operating over the entire visible spectrum, their 

optoelectronic device applications are desirable for light emitting diodes (LED) and laser 

diodes (LD) in lighting technologies, telecommunications, data storage, and laser 

printing. III-Ns are superior for manufacturing high power transistors in terms of 

mechanical stability, thermal stability, and large piezoelectric constants [18], [19].  

In recent years, alloys of III-nitrides, such as AlGaN, InAlN, and InGaN, have 

been of particular interest because of the desirable electronic and optoelectronic 

properties with the direct band gap structure in the Brillouin Zone. Figure 1.2 exhibits 

energy bandgap as a function of in-plane lattice constant ‘a’ of III-nitrides and their 

alloys at room temperature. Composition of tertiary compounds can be adjusted so that 

the bandgaps, and therefore the emission wavelengths, can be tuned to a specific 
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application. InGaN structures, especially, are mostly used as the active layer for light 

emission in blue/green LEDs and solar cell applications [10]. 

 
Figure 1.2 Energy bandgap of the ternary alloys of III-nitrides plotted as a function of 

lattice constant ‘c’ at room temperature. AlGaN, InGaN and InAlN are denoted by pink, 

blue and red curves, respectively [20]. 

 

 
Figure 1.3 Wurtzite structure unit cell (a), and wurtzite structure of (Ga-, Al-, In-)N (b) in 

the stick-and-ball stacking model [21]. C-axis also represents [0 0 0 1]. 
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The crystalline structure of III-nitrides defines the chemical, mechanical, 

electrical and optical properties. III-nitrides, and likewise III-V compound 

semiconductors, can be crystalized in three structural phases; wurtzite, zinc-blende and 

rock-salt (NaCl). However, the wurtzite  structure is most desirable due to its 

thermodynamic stability at ambient conditions [22]. Figure 1.3 illustrates the wurtzite 

crystal structure with hexagonal stacked layers. Depending upon the order of stacking 

sequence, III-nitrides can have either a “metal face” with metal (Ga, Al, In) polarity 

(growth direction along [0 0 0 1]) or a “nitrogen face” with N-polarity (growth direction 

along [0 0 0 -1]). The most frequently used planes of III-nitrides are demonstrated in 

Figure 1.4. 

 
 

Figure 1.4 Polar, nonpolar, and semipolar III-nitrides unit cell orientations [21]. 

Aluminum Nitride (AlN) 

Aluminum Nitride (AlN) has the largest energy bandgap (6.2 eV) among wide 

bandgap semiconductors [23]. Because of deep native defects and low intrinsic carrier 

concentration, AlN is highly resistive and forming Ohmic contacts to this compound is 

complicated. Due to the high thermal conductivity of AlN, which is comparable with 

silicon substrates, AlN-based devices are designed to operate under high temperatures 

and hazardous environments [18]. 

AlN is most frequently used as a buffer layer to grow III-nitrides films, regardless 

of the type of the substrate used for the heteroepitaxy. It has been reported that by 
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incorporating AlN as a buffer layer, high quality GaN epilayers are obtained by 

minimizing the defect density and lattice mismatch [24]–[26]. 

Gallium Nitride (GaN) 

With a wide bandgap energy of 3.4 eV, gallium nitride (GaN) is very popular for 

optoelectronic, high power, and high frequency device applications. In order to grow n-

GaN, mostly silicon or germanium dopants are used [27] while magnesium is used for p-

type conductivity [28]. Following the invention of the doping of GaN, blue LED and 

stimulated emission in lasers were realized for the first time by Amano et al [29]. 

Furthermore, the InGaN- and AlGaN-based tertiary alloys are capable of emitting a wide 

range of wavelength spectra, from infra-red to ultraviolet light, which enables natural 

white light emission as well [30]. 

GaN exhibits a large break-down voltage, high saturation velocity, and electron 

mobility [5], [22], [31], which are important requirements  in the design and 

manufacturing of high electron mobility transistor (HEMT) devices [32], high voltage 

devices [33], and in RF applications [34]. 

Indium Nitride (InN) 

Even though Indium Nitride (InN) is not among the wide bandgap 

semiconductors, it is quite useful to mention it in this topic. InN has a small bandgap as 

low as 0.7 eV [10], therefore InN-based optoelectronic devices emit wavelengths close to 

~1.77 µm. Recently, InGaN alloys have been attracting much attention for solar cell 

applications since this alloy is able to capture the whole solar spectrum [35].  

The InAlN alloys are useful in the fabrication of HEMTs [36], III-N distributed 

Bragg reflectors [37], an electron blocking layer in LEDs [38], and a cladding layer in 

GaN-based lasers [39]. However, it is very complicated to grow these alloys because of 
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phase separation inside the alloy, and the difficulty in producing its p-type conductivity 

[40]. Table 1-1 briefly summarizes the physical and electrical properties of III-nitrides. 

Table 1-1 Physical and electrical properties of III-nitrides (T=300K) [3], [28]. 

Property AlN GaN InN 

Band gap energy  (eV) 6.2 3.39 0.7 

Lattice constant (Å) 
a = 3.112 

c = 4.982 

a = 3.189 

c = 5.185 

a = 3.548 

c = 5.760 

Coefficient of thermal 

expansion (10- 6/K) 

Δa/a = 4.2 

Δc/c = 5.3 

Δa/a = 5.59 

Δc/c = 3.17 

Δa/a = 5.7 

Δc/c = 3.7 

Thermal conductivity κ 

(W/cm•K) 
2 1.3 0.8 

Index of refraction n = 2.15 ± 0.5 
n (1 eV) = 2.33 

n (3.38 eV) = 2.67 

n = 2.9 

 

Dielectric constant 
ε0= 8.5 ± 0.2 

ε∞= 4.68 

ε0= 8.9 

ε∞= 5.35 

ε0= 15.3 

ε∞= 8.4 

Electron effective mass me
*  

(m0) 
0.48 0.20 ± 0.02 0.11 

Melting point (°C) > 3000 > 2500 > 1100 

Electron mobility    (cm2/V•s) 300 1200 4000 

1.1.1 Substrates for III-nitride growth 

Since there are no bulk III-nitride single crystalline substrates, thin films of these 

materials are mostly grown heteroepitaxially on foreign substrates such as sapphire, 

silicon carbide and silicon. Therefore, choice of the substrate material and its crystal 

orientation has considerable influence on the epitaxial films on top. 

Silicon Carbide 

Silicon carbide (SiC) is used as a substrate for III-nitrides. It is advantageous to 

use in power applications since it has a good thermal conductivity, small in-plane lattice 

mismatch of ~ 1% with AlN and only ~1.2% difference in thermal expansion coefficient 

(TEC) [41]. Also, its doping ability is another advantage over sapphire substrates. 
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Compared with silicon wafers, it is superior because of its large bandgap energy and low 

intrinsic carrier concentration at higher temperatures. An AlN buffer layer is frequently 

deposited on SiC substrates for successive III-nitride film growth [42]. These substrates 

are chemically treated in hydrofluoric acid solution and exposed to hydrogen plasma to 

minimize the oxygen-carbon bonds on the surface prior to growth [19]. However, SiC is 

highly costly especially in larger diameters. Thus, other materials such as sapphire and 

silicon are more attractive in spite of their larger lattice mismatch with III-nitrides [43]. 

Sapphire and silicon substrates are cost effective and are stable at high 

temperatures. Nonetheless, it is fairly challenging to grow III-nitride films on these 

substrates and these films suffer from high dislocation density that acts as non-radiative 

recombination centers. Naturally the carriers in such films are electrically trapped in 

these centers, which deteriorates the device performance [44].  

Sapphire 

Sapphire (Al2O3) substrates are preferred for opto-electronic applications of III-

nitrides since these substrates are transparent. Due to its hexagonal symmetry, using 

sapphire substrates is very popular for several reasons, including availability in large 

sizes with atomically flat surfaces at a reasonable price, ease of handling and pre-growth 

cleaning. Moreover, sapphire shows high chemical and structural stability under high 

concentrations of ammonia and hydrogen during growth at high temperatures [18]. Figure 

1.5 shows a diagram of sapphire with a rhombohedral structure, commonly described as a 

hexagonal cell, and its common orientations and spacing between planes.  
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Figure 1.5 Sapphire rhombohedral structure with common orientations and spacing 

between the planes [30]. 

The unit cell of sapphire in rhombohedral and hexagonal structures are illustrated 

in Figure 1.6. It has been reported that the growth of good quality GaN epilayers on c-

plane sapphire orientation (0 0 0 1) is significantly better than when using other planes of 

sapphire [45]. Due to the high thermal expansion coefficient and lattice mismatch 

between GaN and sapphire, heteroepitaxy is performed with an AlN buffer layer [46]. 

Such a buffer layer bridges the epitaxial layers with the substrate, producing high quality 

III-nitride films with reduced defect density. 

                 
Figure 1.6 Unit cell of sapphire (Al2O3) in rhombohedral structure (a), and in hexagonal 

structure (b). Large and small spheres represent aluminum and oxygen atoms, 

respectively [31]. 
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The in-plane lattice mismatch between sapphire and (0001) oriented GaN is 

~16%. However, this extremely high value is reduced to ~13.3% with a wurtzite AlN 

buffer layer when the nitride unit cell is rotated by 300 around the c-axis relative to the 

sapphire unit cell [19]. In 1986, Amano et al. showed for the first time that the insertion 

of a thin AlN buffer layer between sapphire and GaN resulted in significantly improving 

the electrical and optical properties and surface morphology of GaN layers [47]. 

Silicon  

Using silicon (Si) wafers as a substrate for III-Nitride growth has become 

beneficial for a number of reasons. Firstly, the current semiconductor market is mostly 

based on silicon, making III-nitrides grown on silicon substrates easy to integrate into the 

existing silicon market. In addition, these substrates are available in the market at low 

cost in large sizes. It is easy to obtain n-type conductivity or p-type conductivity silicon 

substrates. Depending on the doping concentration level, different resistivity of silicon 

substrates is easily obtained. Silicon substrates are available with different orientations 

along (001), (110) and (111) planes as seen in Figure 1.7.  

 
Figure 1.7 Perspective view of common crystallographic directions of a Si cell along 

[001] in (a), [011] in (b) and [111] in (c) [31]. 

Single crystal silicon is mass produced with very high purity [48]. Silicon is 

crystallized in a cubic/diamond crystal structure with an indirect energy band gap of 1.12 

eV. A diamond crystal structure is two interpenetrating face-centered cubic lattices [49]. 
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Naturally, electrical and optical properties of nitride epilayers are subject to the 

orientation of the silicon substrate. It has been reported that growth of good quality GaN 

epilayers on silicon with (111)-orientation is significantly better than using other (001)- 

and (110)-orientations [41]. A (111) plane holds the highest atomic packing density 

among other planes. Another important feature of Si (111) is the offcut angle or angle of 

misorientation which describes wafer misorientation due to cutting from ingot. If this 

angle is less than 0.5°, it is acceptable and called an on-axis wafer. However, if a wafer is 

intentionally sliced at certain angle to (111) plane, it is knows as offcut or miscut. High 

quality GaN and AlN were heteroepitaxially grown on Si (111) by using molecular beam 

epitaxy with ammonia [50], [51]. 

Table 1-2 lists the most frequently used substrates for III-nitride growth with their 

lattice constants as well as thermal expansion coefficients. Even though much effort has 

been given to produce high quality III-N films, defect density is still high, mostly due to 

the large lattice mismatch between III-N compounds or their alloys and the substrates. 

Typical dislocation densities are in the range of 108 to 1010 cm−2, which is orders of 

magnitude larger when compared with other epitaxial layers of common semiconductors. 

For example, in GaAs or silicon homoepitaxy the dislocation densities are as low as 102 

to 104 cm–2, or almost zero [52]. The dislocation density badly affects the device 

performance. For instance, it is reported cathodoluminescence measurements revealed 

that threading dislocations act as non-radiative recombination centers [53]. 

Photoluminescence measurements revealed that the yellow luminescence typically exists 

in GaN due to dislocations at low-angle grain boundaries [54]. Inversion domain 

boundaries and stacking faults in the heteroepitaxy are other critical points, which cause 

non-radiative recombination centers in the band gap and reduce the minority carrier 

lifetimes. Furthermore, III-nitrides are typically strained due to the large mismatch in the 

lattice constants and difference in the thermal expansion coefficients of the epilayers and 

substrates. All the challenges mentioned above during III-nitride heteroepitaxy give rise 

to degradation of electronic and optical properties of III-N based devices  [55]. 
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Table 1-2 The most frequently used substrates for the growth of III-nitrides with their 

lattice constant and thermal expansion coefficients (αc and αa) at 300 K [23], [52]. 

Material Structure 

Mismatch 

to GaN 

(%) 

Lattice constant 

(Å) 
Melting 

point 

 (K) 

Thermal 

conductivity  

(W/cm•K) 

Thermal 

expansion  

(×10-6 K-1) 

a c 
//a-

axis 

//c-

axis 

GaN Wurtzite 0 3.1885 5.185 >2573 ~2.0 3.17 5.59 

AlN Wurtzite ~2 3.1106 4.9795 3273 2.85 5.27 4.15 

InN Wurtzite ~10 3.5365 5.7039 1373 0.45 3.8 2.9 

Al2O3 Rhombohedral ~16 4.765 12.982 2303 0.23 5.0 9.03 

SiC(6H) Wurtzite ~3.5 3.0806 15.1173 ~3103 4.9 4.3 4.7 

Si Diamond ~21 5.431   1687 1.56   2.62 

GaAs Zincblende ~20 5.6536   1513 0.45   6.03 

ZnO Wurtzite ~1.8 3.2495 5.2069 2248 0.6 6.5 3.0 

 

1.2 Silicon Carbide 

Silicon Carbide (SiC) is made of silicon and carbon, which both are among the 

group IV elements in the periodic table. Each atom is tetrahedral surrounded and 

covalently bonded to its four nearest neighbors in this semiconductor [56]. SiC was 

discovered almost two centuries ago, but it was not mature enough to be used in the 

semiconductor industry until 1980s [57]. SiC can be present in different crystalline 

structures, called polytypes. Cubic 3C-SiC, hexagonal 4H-SiC and hexagonal 6H-SiC are 

the most commonly suitable SiC polytypes in the semiconductor industry today among 

over 200 that exist. The atomic crystal structure of hexagonal 4H-SiC and 6H-SiC are 

seen in Figure 1.8. 
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Figure 1.8 Side view of stacking sequence of 3C-, 4H-, and 6H-SiC [58]. 

The 4H-SiC polytype has four Si-C atomic layers with a stacking sequence of 

ABCB while the 6H-SiC polytype has six Si-C atomic layers with a stacking sequence of 

ABCACB. The type of polytype is determined by the stacking sequence of atomic layers 

in SiC, which also determines the optical and electrical properties as listed in Table 1-3. 

SiC is also a polar wide bandgap semiconductor. If the epilayer surface is 

terminated by either silicon or carbon atoms, then it is referred as “silicon face” or 

“carbon face”, respectively. The optical, electrical properties and surface morphology of 

SiC layers are subject to change with respect to the polarity [59].  
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Table 1-3 Physical and electrical properties of 3C-, 4H- and 6H-SiC polytypes at 300 K 

with Si, GaAs, GaN and Diamond for comparison [3], [60]–[62]. 

Properties Si GaAs 6H-SiC 4H-SiC 2H-GaN Diamond 

Bandgap (eV) 1.12 1.43 3 3.2 3.4 5.5 

Lattice Constant (Å) 5.43 5.65 
a = 3.08  

c = 15.12 

a = 3.08  

c = 10.08 

a = 3.189  

c = 5.185 
3.567 

Breakdown Field 

(MV/m) 
0.25 0.3 2.5 2.2 3 5 

Saturated Electron 

Velocity (107 cm/s) 
1 1 2 2 2.5 2.7 

Hole Mobility 

(cm2/V•s) 
480 400 80 120 30 1600 

Electron Mobility 

(cm2/V•s) 
1300 8500 

415 ⊥ c  

87 ∥  c  

947 ⊥ c  

1141 ∥ c  
400 2200 

Dielectric Constant 

(εr) 
11.9 13 10 10 9.5 5 

Thermal Cond. 

(W/cm•K) 
1.5 0.5 3 - 5 4.8 1.3 20 

Thermal Expansion 

Coefficient (10-6/K) 
2.6 5.73 4.5 3.7 5.6 0.8 

Density (g/cm2) 2.3 5.3 3.2 3.2 6.1 3.5 

Melting Point (oC) 1420 1240 2830 2830 2500 4000 

Bandgap Indirect  Direct  Indirect  Indirect  Direct  Indirect  
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CHAPTER II 

2 GROWTH AND CHARACTERIZATION OF EPITAXIAL LAYERS 

Epitaxial growth is the deposition of crystalline layers on suitable substrates. If 

the crystalline deposition takes place on a substrate with similar composition, this growth 

is called homoepitaxy. If foreign substrates which are different than the grown epitaxial 

layers are used, this is called heteroepitaxy. It is difficult to accomplish heteroepitaxial 

growth since there are mismatches in lattice constants and thermal expansion coefficients 

between substrates and the epilayers. In the case of III-nitrides growth, heteroepitaxy is 

often employed due to a lack of bulk native substrates. Various substrates including 

sapphire, SiC and silicon have been used to grow these nitrides [1]. This chapter outlines 

molecular beam epitaxy which is one of the common growth techniques, and major 

characterization techniques to investigate these epitaxial layers. 

2.1 Epitaxial Growth Techniques 

2.1.1 Molecular Beam Epitaxy  

Molecular Beam Epitaxy (MBE) is one of the most sophisticated techniques to 

grow thin films with high precision under ultra-high vacuum. Historically, it was 

developed in the 1970s at Bell Laboratories by Cho and Arthur, and has been used mostly 

for growth of III-V semiconductors because of its several advantages over other thin film 

growth techniques [2]. MBE enables users to precisely control the thickness and alloy 

composition of each epilayer (one monolayer) with increased uniformity [3]. In order to 

grow III-nitrides, there are two main preferred MBE techniques:  gas-source MBE 

(GSMBE), which operates with ammonia (NH3) as the nitrogen source, and plasma-

assisted MBE (PAMBE), where active nitrogen species (N, N*, or N2*) are produced in a 

plasma unit. Both GSMBE and PAMBE use only molecular beams obtained from the 

thermal evaporation of solid elemental sources regarding IIIA-group-metals and doping 

materials. 
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Figure 2.1 depicts a schematic of a PAMBE growth chamber with its individual 

components labeled. All the effusion cells can be automated to open or close with precise 

mechanical shutters for the step growth of epitaxial layers in the order of Å/s. These cells 

store high purity 7N (99.99999%) metal sources. Evaporated materials in these cells are 

delivered on top of the wafer in the form of a molecular beam and react with the active 

nitrogen species produced in the plasma source unit. There is also a main shutter in front 

of the substrate holder that avoids unintentional deposition of materials. 

 
Figure 2.1 Schematic diagram of a PAMBE growth chamber. 

PAMBE often employs a cold wall chamber (or reactor). The growth chamber is 

commonly equipped with cryo-panels which are filled with liquid nitrogen (~ 70K) 

during the growth. Cooling the cryo-panels in this way and an ultra-high vacuum (~10-10 

Torr) environment are meant to minimize parasitic reactions with the main residual 

contaminants (H2O, CO2, CO) inside the growth chamber [4]. A transfer system mounts 

samples into the growth chamber and retrieves them after growth, which can be 

monitored through viewport windows. An ion gauge is used to measure background 
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pressure inside the chamber and the beam equivalent pressure of source molecular beams 

right before the growth. As seen in the figure, a reflection high-energy electron 

diffraction (RHEED) system is used to characterize the surface of crystalline materials. 

This in-situ characterization ability provides the MBE technique with a very significant 

advantage over other growth techniques by monitoring growth rate, alloy composition, 

surface morphology of epilayer and its growth mode (two- or three dimensional, 2D or 

3D, respectively). Moreover, this technique is equipped with a mass spectrometer to 

analyze the species inside the growth chamber before and after growth [5]. 

High purity 7N metal sources are stored in effusion cells where they are precisely 

heated for evaporation. It is easy to control the temperature of the evaporating content. A 

typical cell is composed of a crucible (made of pyrolytic boron nitride, quartz, tungsten or 

graphite), heating filaments (often made of tantalum foil), a water cooling system, heat 

shields, and an orifice shutter. A schematic of an effusion cell in our PAMBE system is 

given in Figure 2.2. It should be noted that for the Al effusion cells, the crucible is placed 

in a dual-filament heating design to provide high temperature uniformity with minimal 

fluctuations yielding in long term flux stability. The evaporation rates of the source 

elements (the flux ratios) are crucial to easily controlling doping concentration of grown 

epilayers. 
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Figure 2.2 A photograph and schematic of an effusion cell in our Veeco Gen-10 PAMBE 

system [6]. 

Another significant advantage of PAMBE techniques for III-nitride growth is that 

it does not require high growth temperatures (> 1000ºC) to crack ammonia molecules as 

with MOCVD [7]. This is possible with the use of a plasma source that produces atomic 

nitrogen. Working at low growth temperatures is especially advantageous for growing 
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AlGaN alloys to achieve less thermal stress upon cooling, less diffusion among layers, 

and reduced alloy segregation. There is no active nitrogen before the plasma is ignited, in 

other words, the growth chamber does not have any background ammonia in PAMBE, 

which is another advantage of this system over other growth techniques [8]. 

Figure 2.3 is a picture of the PAMBE Veeco Gen-10 system with a plasma RF 

generator which produces active nitrogen species: ground state nitrogen atom (N), excited 

state nitrogen atom (N*), and molecular nitrogen (N2*) to grow III-nitrides. A 

combination of an ion-pump and a cryogenic pump is used to achieve ultra-high vacuum 

(UHV) conditions inside the growth chamber. However, during growth the ion-pump is 

isolated from the chamber due to much higher pressures inside the growth chamber (up to 

10-5 Torr). 

 
Figure 2.3 PAMBE Veeco Gen-10 system in NTC lab: loading, transfer and growth 

chambers. 1) Mass spectrometer, RGA, 2) Liquefied nitrogen supply to cryo-panels, 3) 

Ion pumps, 4) Manipulator, 5) Ion gauge, 6) Isolation gates, 7) RHEED screen, 8) 

Bayard-Alpert gauge (flux measurement), 9) Effusion cells, 10) Plasma generator. 
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This system has a Bayard-Alpert ion gauge which is used to estimate flux from 

effusion cells by measuring their beam equivalent pressure (BEP). It should be noted that 

the pressures from nitrogen species in the growth chamber is two orders of magnitude 

larger than group-III metal sources, therefore the growth rates of III-N compounds are 

mostly determined by these metal sources. Their arrival rates onto the surface and their 

re-evaporation rates from the surface are taken into account.  

2.1.1.1 MBE growth parameters 

There are a number of parameters which strictly affect epitaxial growth in MBE 

systems. These parameters should be optimize to achieve high quality epitaxial layers. 

Silicon substrate preparation: 

Preparation of substrates, especially silicon, is vital for MBE growth, which 

directly determines the quality of the epitaxial layer. There are a number of wet treatment 

procedures in the literature to obtain impurity-free Si surfaces such as the RCA method 

[9], Ishizaka-Shiraki method [10], Piranha/SPM treatment with sulphuric acid 

(H2SO4)/hydrogen peroxide (H2O2) [11], and the Onishi method with 

H2SO4/H2O2/hydrofluoric acid (HF) [12]. Briefly, these methods remove the surface 

contaminants, followed by passivation of the clean surface with hydrocarbons and 

oxygen in the form of atomic hydrogen and silicon dioxide (SiO2), respectively. With the 

passivation of these layers, the surface is protected from further contamination and these 

passivated layers are removed by annealing before initiating growth at high vacuum. The 

modified Shiraki method below was adopted for our MBE growth [13], [14]. 

1. General cleaning with acetone, methanol, and isopropanol to remove any 

residual organic contaminants from the surface. 

2. Forming a thin SiO2 passivation layer (5-6 nm) on the surface by nitric 

acid (HNO3) for 5-10 min at 120 oC. After this step, it is still possible that 

a small fraction of metallic contaminants (such as iron) may be present. 
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3. Formation of a hydrophobic Si surface by treatment in hydrofluoric acid 

(HF:DI-H2O) (1:20) for 30 seconds. After this step the SiO2 layer formed 

in step two and some ionic contaminants are removed. 

4. A very thin silicon oxide (SiOx) layer is formed (0.3-0.5 nm) by treatment 

in hydrochloric acid (HCl), hydrogen peroxide (H2O2) and de-ionized 

water (HCl:H2O2:DI-H2O, 3:1:1). This treatment lasts until the boiling 

stops. After this step, all the residual traces of ionic (metal) contaminants 

are thoroughly eliminated from the surface. 

5. Finally, the wafers are treated in HF and ethanol (1:4) for 30 seconds so 

that they have hydrogen saturated/terminated surfaces.  

Also, it is important to mention that after each chemical cycle except step five, 

wafers are also treated by de-ionized (DI) water with 18 mega Ω-cm resistivity and dried 

by high purity 99.999% (5N) nitrogen gas. 

Substrate temperature calibration: 

Precisely controlling substrate temperature is vital in MBE growth technique. If 

the substrate not uniformly heated, it deteriorates the crystalline quality and reduces the 

morphology quality of grown epilayers. A substrate heater uniformly radiates sample 

platen on the growth manipulator and a thermocouple is used to for accurate temperature 

control. 

For the PAMBE-grown samples, a temperature calibration procedure was 

performed on 2-inch Si (111) wafers with hydrogen terminated surfaces after the 

modified Shiraki method. Since all Si bonds on (111) plane are saturated by hydrogen, 

RHEED shows (1×1) surface reconstruction at room temperature. It was shown that the 

hydrogen desorbs from Si at 650 °C [15] and transition from (1×1) to (7×7) surface 

reconstruction can be monitored by RHEED as shown in Figure 2.4-a. This is the first 

calibration point for the substrate surface temperature.  The second transition from (7×7) 
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to (1×1) can be observed at 830 °C [16]. The corresponding RHEED image is shown in 

Figure 2.4-b. 

 

a) 

 
 

b) 

 
Figure 2.4 Si (111) surface reconstruction transition from (7×7) to (1×1) obtained by 

RHEED while the substrate temperature is 650 °C (a) and above 830 °C (b). 

Substrate rotation: 

It is common that the wafer is rotated during growth in order to grow the epilayer 

with uniform film thickness by evenly distributing Al flux from the effusion cell across 

the wafer in the case of AlN growth. In contrast to nitrogen atoms, the surface lifetime of 

Al atoms is longer, so they can migrate on the surface. If the growth takes place under N-

  (0 -1)         (0 0)         (0 1) 
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rich conditions, wafer rotation is necessary for uniform film thickness. A uniform flux 

distribution of atomic nitrogen species is also needed during Al-rich growth procedures 

for uniform layer thickness. The speed of wafer rotation should be comparable with the 

growth rates. 

Mass spectrometer or Residual gas analyzer (RGA): 

It is very important to observe the background contamination level in MBE 

systems before, during, and after each growth cycle. Especially at this step, a mass 

spectrometer or residual gas analyzer (RGA) is employed to investigate the presence of 

any contaminants such as oxygen, hydrocarbons, water vapor, or carbon dioxide. A 

typical RGA is composed of a quadruple mass filter and a faraday cup, with a wide 

operational pressure ranging from 1×10-4 to 1×10-11 Torr. RGA first ionizes molecules in 

order to separate them, then detects and measures them according to their molecular 

masses. 

2.1.1.2 Reflection High Energy Electron Diffraction (RHEED) 

One of the most significant advantages of the MBE growth system is the ability to 

monitor growth while it is progressing. Reflection high energy electron diffraction 

(RHEED) is frequently used as an in-situ characterization technique to analyze the 

surface morphology of the growing films as well as the growth mode, two-dimensional 

(2D) or three-dimensional (3D). A typical RHEED system is composed of an electron 

gun and a fluorescent screen. Electron beams produced in the gun are directed at the 

surface of the wafer with a glancing incidence angle where diffraction occurs (almost 

parallel to the surface: 0.5° - 2.5°) [17]. Due to electrons’ wave-like property, both 

constructive and destructive interference patterns are present in the diffraction. The order 

of diffraction patterns are defined by the atomic spacing of the epilayer, the distance 

between the sample and the fluorescent screen, and the wavelength of the primary 

electron beam [18]. 
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Depending on the surface of the epilayer, diffraction patterns vary in the RHEED 

screen. Intersection of the Ewald sphere with the reciprocal lattice defines the diffraction 

patterns. If it is an amorphous layer, there is no diffraction pattern (halo image). For a 

polycrystalline surface, RHEED shows diffused rings. However, in the case of 3D growth 

with a rough surface, spotty features are present on the halo image. Finally, for 2D 

growth with a perfectly flat and smooth surface, the diffraction pattern is streaky, which 

is an optimum growth condition for high quality epitaxy as visualized in Figure 2.5. 

 
Figure 2.5 Schematic of the origin of RHEED diffraction patterns from a 3-dimentional 

growth with a rough surface (top) where spotty features are present on the screen, and 

from a 2-dimentional growth with a perfectly flat and smooth surface (bottom) where the 

diffraction pattern is streaky [19]. 
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In order to estimate the growth rate, the intensity of the specular spot (00) in 

RHEED is used. Figure 2.6 represents the completion of a single monolayer growth by 

using the intensity of the reflected beam. 

 
Figure 2.6 Completion of single monolayer and corresponding RHEED intensity 

change[19]. 

2.2 Characterization Techniques 

2.2.1 Scanning Electron Microscopy (SEM) 

Due to the deficiency of optical microscopes to investigate fine structures, 

scanning electron microscopy (SEM) is used. In this technique, a focused beam of 

electrons is directed on a sample where the electrons interact with surface atoms 

depending on the surface topography and composition. When a high energy beam of 

primary electrons (PE) is incident on a surface, as seen in Figure 2.7, a number of 

different signals are produced from the surface, such as auger electrons (AE), secondary 

electrons (SE), X-rays, back-scattered electrons (BSE), transmitted electrons (TE), 

specimen current (SC), and cathodoluminescence (CL).  
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Figure 2.7 Signals generated when the interaction of a high-energy beam of electrons 

with a specimen [20]  

A typical SEM system is equipped with a secondary electron detector which 

senses the SE signals from atoms at or near the surface of the sample. After an inelastic 

collision between a highly energetic primary electron beam and the K-shell of the 

specimen atoms, low-energy (<50 eV) secondary electrons are produced and move out of 

their atomic shells and escape into the vacuum. An Everhart-Thornley detector is used to 

detect these electrons [21]. Signal brightness in SEM is determined by the number of SEs 

reaching the detector. There are many factors that affect the total number of SEs emitted 

from the sample, such as electron density in the surface atoms, energy of PE beam 

(between 2-15 KV), and the angle between the sample surface and incoming electron 

beam (0-90°). Since more secondary electrons can escape from steep surfaces and edges, 

these features are brighter than flat surfaces. As a result, SEM images have well-defined 

three-dimensional appearances. 

Zeiss Leo Supra 35 SEM was used in this dissertation to study the surface 

topography and estimate the layer thickness of samples. This system is capable of 

capturing images at high magnifications (> 300,000 ×) and at high resolution (better than 

10 nm). 
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2.2.2 Atomic Force Microscopy (AFM)  

Atomic force microscopy (AFM) is a high-resolution type of scanning probe 

microscopy to investigate mainly 3-dimensional surface topography at sub-nano scales.  

In AFM, a small tip is placed on a cantilever which can be positioned very close to the 

sample surface. An AFM scan is performed by detecting deflections of a laser beam that 

is reflected from the back surface of the cantilever. An electronic feedback loop records 

atomic attractive forces between the surface and the tip. Typically, the lateral resolution 

is <10 nm and the vertical resolution is <1 nm in a commercial AFM system. Figure 2.8 

demonstrates basic components of a typical AFM consisting of the probe (cantilever and 

tip), scanner, laser, data processor and photodetector. The scanner is made of a 

piezoelectric tube which enables users to control the movement of the tip or sample in the 

x, y, and z directions. The quadrant photodetector is used to detect changes in intensity 

from the reflected laser beam due to the bending of the cantilever which is caused by the 

tip-sample interactions. 

 

Figure 2.8 Basic components of a typical AFM consisting of the probe (cantilever and 

tip), scanner, laser and photodetector [22].  

There are three commonly used imaging modes in AFM depending on the nature 

of the tip motion. Contact and non-contact modes are defined if the tip of the cantilever is 

in contact with the sample surface. Tapping mode, also called intermittent contact mode, 
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is where the tip slightly “taps” on the surface during scanning, contacting the surface at 

the bottom of its swing at a resonant frequency. In this mode, the cantilever oscillates 

across the sample surface and when it is at the lowest point of the oscillation the tip is 

repelled from the surface by atomic forces. Surface topography is achieved by recording 

the laser deflection versus tip position on the sample surface, which consists of hills and 

valleys. 

Through AFM, surface roughness is described by root-mean-square (RMS) 

values, which give an average roughness value. Power spectral density (PSD) analysis is 

another a powerful method of studying the roughness as a function of surface lateral 

length scales to estimate the surface structure [23]. 

In this work, surface morphology investigation was performed with an AFM, 

Digital Instruments Nanoscope III (Veeco DI Dimension 3100) operated in tapping mode 

using an etched single-crystal Si tip with a radius of ~10 nm. Three dimensional data 

collected consisted of height information on square 512×512 arrays of pixels from 

different area scans (from 1 to 5 µm2). 

2.2.2.1 Power spectral density (PSD) 

As a complementary surface roughness analysis, power spectral density (PSD) 

provides information about parameters of the roughness height and spacing. In this 

analysis, the Fourier transform (FT) and the root-mean-square (RMS) surface roughness 

of AFM data are involved. The PSD is used for decomposition of the surface roughness 

profile into its spatial frequency and comparison of roughness measurements over 

different spatial frequency ranges. 

Figure 2.9 depicts how different wavelengths are composed, which can provide 

information on height parameters of a surface with respect to wavelength. PSD is thus 

able to analyze the amplitude (surface roughness squared) as a function of spatial 

wavelength by Fourier decomposition of AFM data into spatial frequencies. 
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Figure 2.9 The sum of multiple waves results in a composed wave (in red) which is 

decomposed by PSD.  

One dimensional power spectral density (1DPSD) analysis was used to 

characterize the surface morphology. This technique investigates the surface roughness as 

a function of surface lateral length scales from the scan line profile measurement of AFM 

data. 1DPSD(f) is given in units of nm3 by [24] 

1DPSD(f) =  
1

L
 [∫ h(x) ei2πfxdx]

2

 (2-1) 

where f represents the spatial frequency, L is the scan length, and h(x) is known as the 

line profile or the surface height function, which can be extracted from the AFM height 

data. In our analysis, the height information on square 512×512 arrays of pixels from area 

scans with lengths of 5×5µm2 was used. 
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1DPSD spectra was achieved by using the Fourier transform of individual line 

scans, and followed by squaring the Fourier coefficient amplitudes to construct the 

“power” for topographic images. The spatial frequency range is determined by the AFM 

scan length and the AFM tip radius (~10 nm for our system). Using the power density 

spectra, the scaling behavior of surfaces can be evaluated in the finite frequency range 

through a power-law decay given by [25] 

 fKf 0)(DPSD1
 

(2-2) 

where Ko corresponds to a constant dependent on the system which has spatial length to 

the power, and γ is the power of PSD and related to the scaling exponent ( ) which is 

defined as [26]  

2/)( d 
 

(2-3) 

where d is the line scan dimension taken as 1 in our work.   is obtained by the inverse 

slope in the log-log plot of the PSD for the range of high spatial frequencies [27]. It is 

possible to see several distinct regions with constant-slope and corresponding different 

scaling exponents in 1DPSD spectra. However, a typical spectrum is composed of a 

frequency-independent region at low frequency (long length scales), and a frequency-

dependent region at higher frequency (short length scales). The transition between these 

discrete regions occur at a cutoff value fc, corresponding to the related scaling length 

given by Lc = 1/ fc , which helps interpret the surface morphology.  
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CHAPTER III 

3 HIGH RESOLUTION X-RAY DIFFRACTION 

High resolution x-ray diffraction (HRXRD) is one of the most important non-

destructive characterization tools used in materials science. X-rays are electromagnetic 

radiation of a very small wavelength around 1 Å, which is in the range of atom’s 

dimension. Therefore, x-rays are capable of passing through a material and diffracting 

with atoms in a crystal lattice. The resulting diffraction pattern provides valuable insights 

into the lattice arrangement and crystalline structure. With this technique, the size and the 

shape of the unit cell in a crystal can be easily determined. Using x-ray diffraction, it is 

possible to investigate chemical composition and layer thickness with an accuracy in the 

less then nanometer range. The layer structure and structural features of heteroepitaxial 

layers such as lattice mismatch, dislocation density, layer strain and its relaxation, wafer 

miscut, misorientation, wafer curvature and so forth can be characterized by XRD [1], 

[2]. The theory behind XRD characterization of III-Ns  and their alloys is well 

established in literature [3]–[6]. In this study, a high resolution x-ray diffractometer was 

used to analyze mostly AlN and GaN epitaxial layers grown by PAMBE on n-Si, as well 

as characterization of metal oxides such as ITO and TiO2. 

3.1 Basics of X-Ray Diffraction 

3.1.1 Generation of X-rays  

X-rays are generated by striking a beam of electrons which has been accelerated 

across a large potential difference (45 kV for Panalytical X’Pert XRD) into a typically 

copper target which is cooled by chill water. A large percentage of energy produced by 

the electrons is dissipated as heat, while only ~1% is converted into x-ray radiation. The 

x-ray emission spectrum from a Cu anode has continuous and characteristic radiations as 

shown in Figure 3-1. The continuous distribution of Bremsstrahlung ("braking radiation") 

wavelengths, with a cutoff at short wavelengths corresponding to applied high potential 

difference is illustrated. The characteristic spectrum which is significantly narrow is 
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superimposed on this continuous spectrum. Wavelengths of these intense lines are 

characteristic of the material used in the target, and independent of the exciting electron 

energy. For our experiments, the HRXRD employs a monochromatic x-ray beam 

produced from one of these characteristic spectral lines for copper (λ = 1.5406 Å). If 

shorter wavelength x-rays are needed, tungsten or molybdenum targets can be used.  

 
Figure 3-1 Continuous spectrum and characteristic radiation (Kα and Kβ lines) of copper 

under different applied voltages [7], [8]. 

When an incoming electron ejects one of the orbiting electrons from the atom, 

these characteristic spectral lines arise. One of the less tightly bound atomic electrons 

then jumps down to the unoccupied orbit caused by this incoming electron. This 

transition takes place with an x-ray photon emission whose energy is equal to the 

difference in the orbital energies of higher and lower orbital shells. This energy 
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difference is an x-ray characteristic of the element and determines the shortest emission 

wavelength λ of x-rays for a given accelerating voltage V: 



hc
eVE 

 

(3-1) 

where e is the electron charge; h corresponds to Planck’s constant, and c represents the 

speed of light. One of the L-shell electrons "drops down" into the empty orbit in the K-

shell that is the closest shell to the nucleus (most tightly bound), then the emitted x-ray is 

labeled Kα. Similarly, when an M-shell electron drops into the K-shell, a Kβ x-ray is 

emitted as illustrated in Figure 3-2. Kα emission from Cu anode is 1.5406 Å and Kβ is 

1.3922 Å [9].  

 
Figure 3-2 a) Illustration of x-ray radiation from an atom, and b) representation of Kα and 

Kβ line radiation through processes of electron impact (I), ionization (II) and 

simultaneous electronic relaxation and occurrence of radiation (III) [10]. 

For an x-ray tube consisting of a copper target, the Kα line is most intense in 

comparison with the other characteristic lines and the continuous spectrum. As a matter 

of fact, the Kα line is actually comprised of two closely spaced lines: Kα1 = 1.5406 Å 

(8.047 keV) and Kα2 = 1.5444 Å (8.027 keV). In some cases, it is possible to see a 
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splitting of the x-ray spectrum, especially for high diffraction angles due to these two 

source lines. Nickel is relatively absorptive to Kβ whereas it is transparent to copper Kα 

radiation. Therefore, most of the higher energy copper Kβ line is excluded by a thin 

nickel foil filter in front of the proportional counter (gas) detector. 

3.1.2 Bragg’s Law 

A simple way of understanding x-ray diffraction by crystalline materials was 

proposed by W.L. Bragg in 1912 [11]. He described any crystal as a set of equidistant 

parallel planes which pass through all of the atoms in the crystal. There are several 

different sets of such "Bragg" planes as represented in Figure 3-3 for a simple cubic 

crystal. 

 
Figure 3-3 Bragg planes and their scattering vectors in a cubic lattice.  

Bragg planes are denoted with a set of integers (h, k, l) known as Miller indices. 

The reciprocals of the fractional intercepts which the plane of interest makes with the 

crystal axes are identified by Miller indices. For example, the plane labeled d001 

intercepts a cube (the unit cell for cubic crystals) at x = ∞, y = ∞, and z = 1. So the Miller 

indices are (0, 0, 1). Miller indices also correspond to the x, y, and z components of a 
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vector which is perpendicular to the plane. For cubic crystals with a lattice constant ‘a’ 

the distance dhkl between adjacent Bragg planes is: 

222 lkh

a
dhkl




 

(3-2) 

When a beam of x-rays strikes one of the atoms in the crystal, the x-rays are 

diffracted in all directions. The diffracted waves from different atoms are averagely out 

of phase and cancel each other out unless these atoms are present in a single Bragg plane. 

The scattered waves from the various atoms lying in a single Bragg plane are coherent if 

the angle of the diffracted beam is equal to the angle of the incidence beam, as illustrated 

in Figure 3-4. 
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Figure 3-4 Schematic of x-ray diffraction (a), and its vector representation (b) and 

trigonometric derivation (c). The vectors k0 and kh are defined in the direction of the 

incoming and diffracted beam, respectively, with a length of 1/, and the triangle used for 

Bragg’s law. S is defined as the scattering vector. 

Also, scattering in this direction from successive planes (dhkl apart) is in phase, 

and interfere constructively only if 

)sin(2  hkldn 
 (3-3) 

where n is an integer, dhkl is the separation between parallel planes, and θ is the angle of 

incidence relative to the Bragg diffraction plane (not the normal of the plane). The angle 

between the incident beam and the diffracted beam is 2θ, which is experimentally 

obtained. This is the Bragg law of diffraction. The law states if there is constructive 

interference after x-rays scatter from parallel planes, which are separated by a distance d, 
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the equation above is satisfied when the difference in distance traveled is equal to an 

integer n times the wave length of the x-rays; thus causing constructive interference.  

All possible Bragg diffraction angles can be obtained for any plane (h k l) since 

every material has a unique crystalline structure with varied lattice constant ‘a’ and inter-

planar distances d. For crystalline silicon in a diamond cubic structure: 

2

222
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(3-4) 

The equation above is the combination of Equation (3-2) and (3-3). Likewise, for 

a crystal with tetragonal symmetry, the Bragg law is given:     
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(3-5) 

where a and c are lattice constants of tetragonal crystal. Finally, the hexagonal wurzite 

crystalline family is given below [12]. 
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(3-6) 

3.2 HRXRD Instrumentation 

An x-ray diffraction setup is usually comprised of primary/incident optics (x-ray 

source, monochromator), a holder (goniometer) for the sample, and secondary/diffraction 

optics (analyzer-crystal, and a detector to pick up the diffracted x-rays). A schematic 

diagram of a high resolution x-ray diffractometer is shown in Figure 3-5. 
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Figure 3-5. Schematic of the HRXRD setup.  

X-rays are generated in an x-ray source with a wavelength of λ = 1.540562 Å 

(Cu-K1 transition) as shown in Figure 3-6. These x-rays pass through a monochromator 

which consists of four Ge (220) crystals. The monochromator ensures that a 

monochromatic beam with a divergence around 12 arc-sec for the incident x-ray beam is 

achieved. Regarding the angles seen Figure 3-5, ω is associated with the incoming x-ray 

beam angle. The diffracted x-rays from the sample are counted by a detector which is at 

an angle 2θ relative to the incoming beam line.  

The term “high resolution” signifies that the wavelength dispersion of the x-ray 

beam used is low and the beam divergence is limited by employing a monochromator in 

front of the x-ray source. The monochromator is composed of four crystals in Ge (220) 

configuration to obtain a monochromatic parallel incident beam by reducing the 

polychromacy and the divergence of the beam as seen in Figure 3-5. Such a 

configuration, a four crystal monochromator plus analyzer-crystal, is also known as 

triple-axis (TAD). 
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   Figure 3-6 A typical schematic cross section of a laboratory x-ray tube [13]. 

Historically, a slit in front of the detector was used, whereas an analyzer-crystal is 

now preferred to only accept scattered x-rays with very small diffraction width (FWHM 

~12arc-sec), which is especially useful when measuring reciprocal lattice maps [14]. 

Figure 3-7 demonstrates two different X-ray diffraction scans; one is recorded with a slit 

and the other with an analyzer-crystal where apparatus effects are avoided and even 

interference peaks can be resolved. 

 
Figure 3-7 Difference in HRXRD patterns recorded with a slit, and with an analyzer 

crystal [15]. 

All the XRD patterns measured in this work were realized by a high resolution 

Panalytical X’Pert XRD instrument at a high operational voltage 45 kV with cathode 
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currents between 40 mA. The chill water cooled Cu x-ray tube has a focal spot size of 

12mm × 0.4mm [16]. The generated x-rays are directed by four thin, metal windows 

coated with beryllium out of the x-ray source. In order to single out the characteristic 

radiation of Cu-Kα1 special optics such as a mirror, monochromator, or both are used. The 

attenuators with certain attenuation factors are employed to reduce the x-ray intensity. 

The beam width (divergence) is regulated by both variable and fixed divergence slits at 

the primary optics (4° to 1/32°). Similarly, the beam height is determined by beam masks 

of variable sizes (from 2 to 10 mm).  

With regards to the secondary optics, the parallel plate collimator in front of the 

diffraction optics is designed to control both the height and width of the diffracted beam. 

The xeon (Xe) proportional detector on the secondary optics collects all diffracted 

radiation from the sample through a 6 mm aperture, corresponding to an acceptance angle 

of ~1°. When the diffracted x-ray beams cause the inert gas inside the detector to be 

ionized, these ionized pulses are collected with a detector tube anode for analysis. The 

unit of x-ray radiation intensity is expressed in counts per second (cps). This kind of 

detector deviates its linear behavior if the intensity is higher than 500.000 cps, which 

must be taken into account during measurements by inserting the attenuators.  

Using computerized motors, the precisely controllable goniometer cradle is used 

to accurately set movements along the linear axis: X, Y, and Z, and the angular position 

along the directions psi-ψ (the inclination angle of sample planes relative to the incident 

beam) and phi-Φ (the in-plane rotation along the surface normal). While the x-ray source 

is fixed, the detector is designed to rotate. The incident angle ω is moved by the 

goniometer cradle arm while an independent cradle arm is intended to collect the 

diffracted x-ray radiations at the diffraction angle (Bragg angle) denoted by 2θ. These 

angles move with a precision of 0.0001°, a maximum angular range from -20° to 120° for 

ω, and from -40° to 170° for 2θ. 
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3.3 Scan Types and Characterization Techniques in HRXRD 

III-nitrides have hexagonal crystal systems, and a four-index (h k i l) notation is 

often used [17]. In fact, the index i is redundant and equal to − (h + k). Table 3-1 

summarizes the notation conventions for hexagonal crystal systems: 

Table 3-1 X-ray diffraction conventions for III-nitrides [12]. 

Three-index notation Four-index notation Meaning 

1 0 3 1 0 – 1 3 Reflection 

(1 0 3) (1 0 – 1 3) Plane 

{1 0 3} {1 0 – 1 3 } Family of planes 

[1 0 3] [1 0 – 1 3] Direction 

<1 0 3> <1 0 – 1 3 > Family of directions 

Since III-nitride films are heteroepitaxially grown on foreign substrates, the 

difference in the lattice mismatch and thermal expansion coefficients cause imperfections 

in these layers. As a result, peak broadening of x-ray diffraction measurement is 

inevitable. Each set of parallel planes demonstrated in Figure 3-3 (and also Figure 3-4-b) 

defines a scatter vector S that it is perpendicular to these planes, with a characteristic 

length associated with the reciprocal of the distance between these planes, as given in the 

equation below:   

Skk h 0
 (3-7) 

where ko and kh are defined in the direction of the incoming and diffracted beam, 

respectively, and with a length of 1/. This equation is equal to the Bragg condition and 

constructive interference occurs when it is satisfied.  

When S is perpendicular to the surface symmetric diffraction only provides 

information on the lattice parameter which is perpendicular to the surface. If the 

diffracting planes are not parallel to the surface (asymmetric diffraction), then the S 

vector contains information on the lattice parameters in the x- and y-directions.  
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3.3.1 ω/2θ Scan 

The ω/2θ scan is a type of line scan (one-dimensional measurement) where  and 

2θ angles move with a ratio 1:2. Therefore, this scan can probe different planar spacings 

in a certain crystal orientation. The (0 0 2) reflection is often measured because it 

provides a high intensity for III-nitrides. For an alloy, this scan can determine alloy 

mixtures (content of the additive material) with the help of Vegard’s law. For a 

heterostructure, the reciprocal lattice points are probed from each epilayer within the 

heterostructure and the substrate. Figure 3-8 illustrates a long range /2θ scan of GaN/Si 

(111) heterostructure with an AlN buffer layer in between. 

 
Figure 3-8 Long range 2θ/ scan of GaN on Si (111) substrate with AlN buffer layer in 

between. 

The width of the peaks from the epitaxial layers (AlN and GaN) are qualitatively 

related to the thickness of these layers. The thinner the epitaxial layers, the broader the 

peaks. 
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3.3.2 Reciprocal Space Mapping 

The diffraction pattern in the real space can be easily explained in the reciprocal 

space using the so-called Ewald sphere construction [11]. For constructive interference, 

Equation (3-7) is geometrically visualized with the Ewald sphere in Figure 3-9. The 

sample is placed in the center of a sphere in this configuration and the Ewald sphere is 

constructed with the incoming wave vector k0 of radius 1/ (points from the sample to the 

origin of the reciprocal lattice) and a vector representing the diffracted wave kh (points 

from the sample to the circumference of the sphere). Constructive interference occurs 

only if the difference between these two vectors (represented by dotted lines in the figure) 

meets a point in the reciprocal lattice. Crystal structures can be probed by varying  and 

2θ by means of a line scan (-2θ) or an area scan (reciprocal space mapping). 

 
Figure 3-9 A section accessible in reciprocal space for GaN (0 0 0 1) films using a 

wavelength of 1.5406 Å [12]. In this configuration, the Ewald sphere cuts the 0 0 0 4 spot 

in the reciprocal lattice. 

It is important to note that all diffraction spots cannot be easily accessed in Figure 

3-9. First of all, there is an outer limit (the large semi-circle) which is set for a given λ 
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and maximum θ. Also, the sample would block the incident and the diffracted beam (the 

grey shaded areas with the small semi-circles).  

By the Ewald sphere construction, real space diffraction patterns are converted 

into elliptical orbits in the reciprocal space. Analysis of these elliptical orbits provides 

valuable information over various sample characteristics. For III-nitrides, lattice 

constants ‘a’ and ‘c’ are calculated as given below using Qx and Qy from reciprocal space 

maps recorded from (0 0 0 2) and (1 0 -1 5) planes. 
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A reciprocal space map (RSM) or reciprocal lattice map (RLM) is essentially an 

area scan composed of a series of /2θ scans, with an offset of  between individual 

scans, as seen in Figure 3-10. Even though /2θ scans is enough to provide valuable 

results on thickness and composition of epitaxial layers in a heterostructure, RSM is 

usually preferred for detailed studies of strain and relaxation due to its precision. Similar 

to /2θ scans, the broadening around the peaks in the RSM image is a result of the finite 

sample size. Moreover, diffuse scattering of the X rays leads to broadening due to mainly 

crystal defects and structural imperfections which can be locally relaxed regions close to 

dislocations [18]. It should be called that strain is relieved by generation of misfit 

dislocations. 



Texas Tech University, Huseyin Ekinci, August 2016 

51 

 
Figure 3-10 Scan types in reciprocal space [19]. 

Due to the “a” lattice constant of ZnSnP2 layer has almost the same value as that 

for GaAs substrate, if we take “a” lattice constant of GaAs as 5.6537 Å, then “a” lattice 

constant of ZnSnP2 layer is 5.6513 Å. Therefore, it is impossible to separate these two 

peaks from each other even in reciprocal space mapping as seen in Figure 3-11. 

Furthermore, oscillations around the peak known as finite thickness fringes are also 

related to the thickness of the epitaxial layer. These oscillations are caused by x-ray 

reflections at the layer interfaces if samples have no interfacial defects [20]. 



Texas Tech University, Huseyin Ekinci, August 2016 

52 

 
Figure 3-11 /2θ scan of ZnSnP2 on GaAs substrate for (0 0 2) reflection (a), and 

reciprocal space mapping of the same reflection (b). 

GaAs (002) 

Estimation of layer 

thickness: 167nm 

Estimation of layer 

thickness: 153nm 

(a) 

(b) 
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3.3.3 X-Ray Rocking Curve (RC) Measurements 

Rocking curve (RC) measurements are carried out for a fixed detector position at 

a known Bragg angle 2θ while the sample stage is slowly rotated (incident angle omega 

ω is variable). This technique is also known as double axis diffractometer (DAD), or the 

open detector method due to the absence of the analyzer-crystal during measurements. 

The x-ray rocking curves provide valuable insights on the crystalline quality of grown 

epilayers. A sum of Gaussian and Lorentzian distribution functions can describe the 

rocking curves’ diffraction profiles. If III-nitride films are of good quality, a Gaussian 

shape is usually satisfactory. For III-nitrides, rocking curve reflections (0 0 0 2) and (1 0 -

1 5) for ω scans are often investigated for a quick understanding of the film quality for 

the symmetric and asymmetric plane, respectively. Figure 3-12 demonstrates the 

symmetric and asymmetric RCs for ω scans with their full width at half maxima 

(FWHM) values for the III-N/Si tandem structure. These experimental data were fitted by 

a pseudo-Voigt (or Voigt) function [21], [22] for FWHM calculations. 

Symmetric scans are used to analyze the estimation of alloy composition, screw 

dislocation density, and thickness measurements for III-nitride samples. Similarly, other 

kinds of scans such as asymmetric and skew symmetric scans are used for edge 

dislocation density, stress, Srikant, and Williamson-Hall technique measurements. 
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Figure 3-12 The symmetric (0 0 0 2) and asymmetric (1 0 -1 5) RCs for ω scans of 

GaN/Si tandem structure. FWHM of the (0 0 0 2) and (1 0 -1 5) planes are obtained to be 

0.175 and 0.259 o, respectively. These experimental data acquired in the DAD mode were 

fitted (in red) by a pseudo-Voigt function. 

As seen in  

Figure 3-13, in a symmetric scan, the incident angle ω is equal to half of the 

diffraction angle 2θ. Also, the surface normal vector of the film is parallel to the 

diffraction vector S. In other words, symmetric scans are measured using planes that are 

parallel to the sample surface (h = 0, k = 0, i = 0, but l ≠ 0), such as (0 0 0 2), (0 0 0 4), 

and (0 0 0 6). Conversely, in asymmetric scans, the incident angle ω is not equal to the 

half of the diffraction angle 2θ and the diffraction S vector is not parallel to the surface 

normal vector of the film. Asymmetric scans are measured using planes that are inclined 

to the sample surface, such as (1 0 -1 5), (1 0 -1 4), and (1 0 -1 3). For the case of skew 

symmetric scans, the incident angle ω is equal to half of the diffraction angle 2θ, but the 

inclination angle ψ is not zero. Skew symmetric scans are obtained from (1 0 -1 1), (1 0 -

1 2), (2 0 -2 1), and (3 0 -3 2), which are commonly measured skew symmetric planes for 

III-nitrides. These off-axis omega-scans are recorded by rotating the goniometer by an 

appropriate ψ angle so that they become symmetric scans (ω = θ). 
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Figure 3-13 Schematic of XRD measurement setups for symmetric, asymmetric and skew 

symmetric plans for III-nitrides [12]. 

3.3.4 Threading Dislocation Density 

Hexagonal [0 0 0 1]-oriented (c-plane) III-nitride films normally contain 

threading dislocations with a line direction along [0 0 0 1], of the types edge (b = 1/3<1 

1−2 0>), mixed (b = 1/3<1 1−2 3>) and screw (b = <0 0 0 1>) [12]. Here b is defined as 

the Burgers vector for representation of these dislocations. As seen in Figure 3-14 each 

dislocation type is related to a local lattice distortion; for example, edge dislocations 

accommodate a lattice twist whereas screw dislocations accommodate a lattice tilt, and 

mixed dislocations accommodate both [23]. 

 
Figure 3-14 Schematic representation of the screw, mixed and edge dislocations (a), and 

pure screw and edge line dislocations (b) [24]. 
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The mosaic model is developed to approximate these distortions. This model 

assumes that the film consists of perfect blocks that are tilted or twisted with respect to 

one another [25], [26]. Screw and edge type dislocations cause tilt and twist in the lattice 

planes, respectively.  

The FWHM values provided by ω-scan rocking curve measurements are a 

measure of crystalline quality. This value is subject to broadening due to dislocations, 

small correlation lengths, and impurities, among other defects. Any ω-scan will be 

broadened accordingly a sum of broadening effects from several sources as follows, 

assuming Gaussian peak shapes [27]: 

2222222

exp rLdo   
 

(3-11) 

where βexp is the experimentally measured FWHM, βo is the intrinsic rocking curve width 

of the crystal under analysis, βd is associated to the instrumental broadening width 

(monochromator), βα corresponds to the broadening from lattice rotations at dislocations 

(tilt or twist), βε corresponds to the broadening due to lattice strain at dislocations (often 

called microstrain), βL is related to the broadening due to limited correlation lengths, and 

βr corresponds to the broadening due to wafer curvature of the crystal specimen. The 

largest contribution to dislocation density often comes from βo (crystal); and for relatively 

high dislocation density films, βα (tilt or twist) are dominant [28]. 

FWHM values from the symmetric planes (0 0 0 2), (0 0 0 4), and (0 0 0 6) are 

used to calculate screw dislocation density as: 

2
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)0002(

)2ln(2 c

screw
b

FWHM
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(3-12) 

where bc is the length of the Burger vector (vertical lattice constant ‘c’), and FWHM(0002) 

is the line width of the symmetric (0 0 0 2) plane in radians. Similarly, the density of edge 

dislocations can be calculated from the equation: 
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(3-13) 

where ba is the length of the Burger vector (lateral lattice constant ‘a’), and FWHM(10-12) 

is the line width of the symmetric (1 0 -1 2) plane in radians. 

Compared to the edge type dislocation density, screw dislocation densities are 

relatively lower for III-nitrides. Table 3-2 lists the threading dislocation densities of GaN 

and AlN epitaxial layers grown by PAMBE on silicon substrate were measured in this 

study. 

Table 3-2 Dislocation densities of GaN and AlN epitaxial layers grown on silicon (111). 

 
)0002(

screwD
 

(cm-2) 

)2110(

edgeD
 

(cm-2) 

Threading 

dislocation 

(cm-2) 

GaN 9.09E+08 9.51E+09 1.04E+10 

AlN 3.24E+09 1.18E+10 1.50E+10 

In an ideal case, a plane perpendicular to the [0001] growth direction should be 

measured at ψ = 90° to estimate the edge dislocation density, since edge dislocations 

laterality distort the planes of the sample surface. However, this setup is not possible with 

a conventional XRD instrument. Skew-geometry can be used as an alternate method, 

however a more precise method was developed by Srikant et al. where multiple ω-scans 

for asymmetric and skew-symmetric planes are employed to estimate the edge dislocation 

density [29]. In this method, (20-21), (10-15), (10-14), (10-13), (10-12), and (10-11) 

planes are usually measured and their inclination angles are extrapolated to ψ = 90°. The 

corresponding FWHM from the extrapolated plot is used for more accurate estimations of 

edge dislocation densities. 
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3.3.5 Determination of Lattice Parameters 

The parameters (lattice constants) ‘a’ and ‘c’ can be determined by XRD studies. 

Since III-nitrides are crystallized in wurzite structure, Equation (3-6) is employed for two 

sets of measurements. First, using a symmetric plane such as (0 0 0 2), the ‘c’ lattice 

constant is obtained in the following form: 

22

2 1)(sin

c






 

(3-14) 

Secondly, using an asymmetric plane such as (1 0 -1 5) and plugging the found ‘c’ 

lattice constant into the equation below, the ‘a’ lattice constant can be obtained.  

222

2

4

25

3

1)(sin

ca






 

(3-15) 

For more accurate calculations, high reflection planes and their average for each 

symmetric and asymmetric group should be taken into consideration. It should be noted 

that for thick films the lattice is relaxed and the lattice constants approach their 

theoretical values.  

3.3.6 Alloy Composition Estimation in III-Nitrides  

Estimation of alloy composition is crucial since it significantly affects material 

properties. Bragg peak are representative of lattice parameters and the inter-planar 

spacing. Therefore, XRD is able to estimate composition of alloys with the help of 

Vegard’s law. Vegard’s law assumes that the alloy lattice constant varies linearly with 

composition at a constant temperature for relaxed materials [30]. AlxGa1-xN ternary alloys 

can be investigated as seen below,  

GaNAlNAlGaN cxcxc )1( 
 

(3-16) 
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where cAlN and cGaN are the lattice parameters of relaxed AlN and GaN, and x is the 

content of AlN in the alloy structure. The composition, x, can be expressed as follows: 
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where θ corresponds to the Bragg angle for (0 0 0 2) symmetric reflections for each peak. 

Figure 3-15 shows an AlGaN layer grown on sapphire substrate with HVPE. The content 

of AlN in AlGaN layer was evaluated to be 16% by Vegard’s law. 

 
Figure 3-15 2Theta-Omega scan of AlxGa1-xN layer grown on sapphire substrate with a 

100nm-thick AlN buffer layer by HVPE in TAD mode. The composition of AlN in 

AlGaN layer was evaluated to be 16% by Vegard’s law. 
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3.3.7 Stress Estimation in III-Nitride Epitaxial Films  

III-nitride heteroepitaxial films are normally under significant residual strain 

despite the presence of threading dislocation where strain is relieved. The strain often 

results in the bending or cracking of epitaxial films, and can be involved in formation of 

structural defects [31]. In order to grow epitaxial III-nitride thin films with high 

crystallographic quality, dealing with strain remains a key issue especially during the 

fabrication and output performance of such devices. 

Different epitaxial layers with different thermal expansion coefficients and lattice 

parameters are very critical considerations in a heteroepitaxial growth. Because these 

factors exert stress on the epitaxial layers, the electrical and optical properties of these 

hetero devices are affected. Strain can change piezoelectric fields in the III-nitride 

devices, which affects emission wavelengths [32]. In addition, strain can affect lattice 

parameters of the alloy films. 

As seen in Figure 3-16, if the growth occurs such a way that the in-plane 

constants of the layer (al) and the substrate (a0s) are equal, this layer is then 

pseudomorphic. This regime continues until the thickness of the layer exceeds the critical 

thickness which follows a partial or total relaxation of the layer by forming misfit 

dislocations. It should be noted that the strain depends on the layer thickness. For a 

partially relaxed layer two cases are possible: either compressive or tensile strain. Both 

are dependent on the underlying layer and top epitaxial layer. If there is compressive 

stress, the lateral ‘a’ lattice parameter is compressed whereas the vertical ‘c’ parameter 

extends along the (0001) direction. In the case of tensile stress, the ‘a’ lattice parameter 

broadens whereas the vertical ‘c’ parameter is reduced. 
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Figure 3-16 Schematic of the strain types due to the lattice mismatch between layer and 

substrate [19]. If al = a0s the layer is then pseudomorphic (a), If al < a0s the layer is under 

tensile strain (b) whereas al >a0s the layer is under compressive strain (c). 

The stress-strain relations in hexagonal crystal systems is expressed by a 6x6 

matrix by Hooke’s law 

j

j

iji C     (3-19) 

where Cij is the elastic stiffness coefficients. For III-nitrides, biaxial and hydrostatic 

strains are commonly present. The differences in the crystal lattice between substrate and 

epitaxial layer, and difference in thermal coefficients are the driving forces for biaxial 

strain. When GaN crystal is under biaxial stress, the (0 0 0 1) plane is strained and it is 

free to relax in the [0 0 0 1] direction as seen in Figure 3-17. On the other hand, the point 

defects in III-nitride films cause hydrostatic strain [33]. In the hydrostatic strain, the 

shape of unit cell does not change. However, the size of the unit cell increase or decrease 

in a way that the lateral to vertical lattice constants (c/a) is unchanged. For III-nitrides it 

is more accurate to use elastic constants to distinguish stress rather than Poisson’s ratio 

measurements [34], [35]. 
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Figure 3-17 Illustration of the hexagonal unit cell under biaxial strain [36].  

The biaxial strain field can be described in terms of the elastic theory [33], and the 

strain tensor has two components, below, which are parallel and perpendicular to the film 

surface:     

0

0exp

a

aa
a




 

(3-20) 

where aexp is the lateral lattice parameter of the epitaxial films under analysis and a0 

represents the lateral bulk lattice parameter (the nominal value in the fully relaxed state). 

In the same way, perpendicular strain along the growth direction is evaluated by:   

0

0exp

c

cc
c




 

(3-21) 

where cexp is the lateral lattice parameter of the epitaxial films under analysis and a0 

represents the vertical bulk lattice parameter in the fully relaxed state. Furthermore, 

relaxation R is calculated by: 
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(3-22) 

where L and S refer to the grown layer and substrate, respectively. Again, aexp (L) is the 

lateral lattice parameter of the epitaxial layer measured, a0 (L) represents the lateral lattice 

parameter of the epitaxial layer and a0 (S) corresponds to the lateral bulk lattice parameter 

of the substrate. The biaxial stress in epitaxial layers can be estimated from the following 

equation: 
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(3-23) 

where C11, C12, C13, and C33 are the elastic constants, and 
a is the strain tensor 

component which is parallel to the film surface. Table 3-2 shows experimentally obtained 

lattice constants using (0 0 0 6) and (1 0 -1 5) planes, and parallel and vertical strain, and 

biaxial stress from GaN/AlN/Si structure.  

Table 3-2 Biaxial stress present in GaN layer on Si (111) with an AlN buffer layer in 

between grown by PAMBE. 

)006(2  

(o) 

)105(2  

(o) 

"c" 

constant 

(Å) 

"a" 

constant 

(Å) 

∥ strain  

(%) 

⊥ strain  

(%) 

Biaxial stress 

a  (GPa) 

126.2158 105.0821 5.1822 3.1903 0.04 -0.06 0.18 

3.3.8 X-Ray Reflectivity (XRR) Measurement 

X-ray reflectivity (XRR) is a very powerful method to study the interface between 

epitaxial layers, especially thickness estimation of these layers. In this technique, 

cleaving the samples it is not required, as it is supposed to be done in SEM for a cross-

sectional view. XRR measurements are recorded by the ω-2θ scan (also known as θ-2θ 

for symmetric scans) for a very small range of ω angles. It is customary to use large 
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samples with a small divergent slit to reduce the beam size in order to prevent over-

illumination (beam spilling over the edge of the sample).  

The reflectivity difference between a substrate and its epilayer plays a very 

important role for this technique. Therefore, the interface between the substrate and 

epilayer should be as smooth as possible for a reliable thickness measurement.  

 
Figure 3-18 XRR simulations for a rough thin GaN epitaxial film on an AlN buffer layer 

(a), for a sapphire substrate without any film on top (b), a sapphire substrate with AlN (50 

nm) nucleation layer (c),  and GaN (500 nm) on top of the previous structure (d) [12].  

Since the refractive index of x-rays is smaller than 1, total external reflection from 

a smooth sample happens below a certain critical angle θc which is very small, as seen in 

Figure 3-18. When the scan proceeds beyond this critical angle, the x-ray beams naturally 

penetrate the sample and thus the reflected intensity decays. As seen in this figure, the 

interference fringes, also known as Pendellosung fringes, are present in ω–2θ scans, 
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which are inversely related to the film thickness [37]. The spacing between the fringes 

are related to the thickness of the epitaxial film. These XRR fringes originate from the 

difference in electron density in the materials; their height and spacing are subject to 

change with respect to layer thickness as shown in the figure. It should be noted that if 

the interface roughness is high, the reflectivity and the fringe intensity rapidly drop.  

Thickness calculations for layers using the XRR method is performed by 

determining the positions of two successive fringes with the following equation: 

 )cos(cos)cos(cos2 1

22

2

22   CCt
 

(3-24) 

where λ is the x-ray wavelength, t is the thickness the layer, θc represents the critical 

angle, and θ1 and θ2 correspond to the first and second fringe peak positions, respectively. 

Figure 3-19 demonstrates two different AlN thin films grown on silicon substrates. 

According to XRR, the film represented in blue has a thickness of ~ 30 nm whereas the 

other one in red has a thickness of ~ 14 nm. It should be noted that the fringes from the 

thicker AlN layer more closely spaced. 
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Figure 3-19 XRR of two different AlN with different thickness. The film in blue has a 

thickness of ~ 30 nm whereas the one in red has a thickness of ~ 14 nm. 

3.3.9 Grazing Incidence X-Ray Diffraction (GIXRD) Analysis of Thin Films 

For the case of thin film or polycrystalline sample characterizations in XRD, 

substrates on which the films are grown are not important areas of interest. Consequently, 

conventional ω–2θ scan methods are not used since they generally scan a weak signal 

from the film and a very intense signal from the substrate. In order to eliminate the 

intense signal from the substrate and get stronger signal from the film itself, the incidence 

angle ω should not be high so that x-ray beams are not allowed to penetrate the substrate.  
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Figure 3-20 GIXRD 2Theta pattern of tetragonal pure anatase phase TiO2.  

Grazing incidence x-ray diffraction (GIXRD) is commonly preferred for thin film 

measurements, while 2θ scans are performed in long range for a fixed grazing angle of 

incidence to record all the diffraction patterns reflected from a thin film. This kind of 

scan is called 2θ because 2θ moves for a fixed angle ω. This fixed angle can vary among 

materials and should be slightly above the critical angle for total reflection of the film 

material. In this method, the detector is equipped with a parallel plate collimator which 

helps filter out wavelengths other than the Cu Kα1 and collects the reflection with narrow 

FWHMs from planes that are inclined to the surface normal. Figure 3-20 demonstrates a 

GIXRD scan of TiO2 where 2θ is rotated from 20° to 90° with a grazing incidence angle 

of 0.5°. 
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CHAPTER IV 

4 PLASMA ETCHING 

Plasmas have a variety of usages in industrial applications including etching, 

sputtering, ashing, and chemical vapor deposition. Plasma or dry etching is an essential 

tool in the fabrication of semiconductor devices. For instance, after patterning a hard 

mask (photoresist, metal or insulator), plasma etching is mostly preferred in order to 

transfer the image of the pattern onto an underlying material.  

1.1 What Is Plasma? 

In the semiconductor industry, plasma is described as a partially ionized gas at 

low pressure where the numbers of electrons (negative charge) and ions (positive charge) 

are virtually equal. From a macroscopic viewpoint plasma is electrically neutral, even 

though it has a conductive property due to electrons inside which can move freely.  

The term glow discharge refers to the light emitted by the plasma. Historically, 

there are direct current (DC) glow discharges, but radio frequency RF discharges are 

widely preferred [1]. In the case of etching processes where insulators are involved, such 

as SiO2 and photoresist on the top of the wafers in DC glow discharges, the charge 

accumulates on the surface and the field is subject to decay until the plasma eventually 

diminishes. However, RF discharges easily overcome this drawback because the plasma 

is maintained by an alternating current (AC) signal. 

Dry etching systems in the semiconductor industry use a glow discharge which is 

known as a weakly ionized plasma. In addition, a glow discharge plasma is referred to a 

low temperature plasma since it is maintained nearly at room temperature. Table 4-1 

summarizes possible reaction types in the plasma chamber at low temperature. These 

chemical and physical pathways occur due to inelastic collisions between electrons with 

high energy and temperature and the etch gas at much lower temperature than the striking 

electrons (almost room temperature) in a chamber. 
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Table 4-1.  Reaction types in a glow discharge plasma [2]. Here “*” represents an excited 

state, h is Planck’s constant, and f is photon emission frequency. 

Reaction Formula 

Dissociation AB + e* → A + B + e 

Atomic excitation A + e* → A* + e + hf 

Molecular excitation AB + e* → AB* + e + hf 

Atomic ionization A + e* → A+ + 2e 

Molecular ionization AB + e* → AB+ + 2e 

Attachment A + e* = A− 

Figure 4.1 displays a simple parallel-plate dry etching system such as reactive-ion 

etching (RIE). Plasma is achieved by RF-powering the electrodes facing each other in a 

chamber that is fed with an etch gas mixture under vacuum. Plasma is generated as in the 

details that follow. Electrons can acquire a large kinetic energy due to their relatively 

small mass, and collide with the original neutral etch atoms or molecules between the 

electrodes. As a result, ions and radicals (neutrals) along with extra free electrons are 

generated. Radicals are formed after disassociating the etch atoms or molecular 

fragments, and they are extremely reactive because of their incomplete bonding states. 

When one electron with higher energy than the ionization energy (ionization voltage) 

strikes the etch gas, another electron from the outermost shell of the atom is ejected. 

Therefore, the original and expelled electrons are accelerated in the electric field and can 

cause the ionizing of other atoms and molecules in an avalanche fashion. Ultimately, 

discharge starts and generates a plasma as long as the number of ions and electrons in the 

chamber surpasses a threshold level in such an avalanche. Thus, it is assumed that a glow 

discharge plasma is composed of equal numbers of ions and electrons as well as 

relatively much higher number of neutral atoms and molecules. A typical glow discharge 

plasma density is in the range of 109–1012 cm–3 [3]. 
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Figure 4.1 Representation of a glow discharge (weakly ionized plasma) [4]. 

1.2 Reactive Ion Etching 

Reactive ion etching (RIE) has been broadly employed for patterning processes of 

silicon, compound semiconductors, metals and dielectrics, among others, as suggested in 

Figure 4.2. Because ions are not the main etching species in the plasma, it is also called 

as ion-assisted etching. In order to overcome the problems in wet etching, RIE is 

frequently preferred for anisotropic etching with high selectivity especially for opto-

electronic device fabrication. A number of different plasma mixtures including chlorine, 

fluorine, iodine, and bromine have been frequently used in RIE systems [5].  
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Figure 4.2 Representation of a typical RIE system [4]. 

A typical RIE system is composed of a pair of parallel-plates inside the etch 

chamber which is equipped with pumps and a scrubber unit. While the upper electrode is 

grounded, the lower one is connected to a 13.56 MHz RF power supply through a 

blocking capacitor. Wafers to be etched are placed on the lower electrode. The blocking 

capacitor is used to DC isolate the power supply from the chamber. The value of 13.56 

MHz RF band is assigned by the Federal Communications Commission for this industrial 

and scientific purpose. There is a tuning network unit to match the impedance between 

the plasma and the RF power source in order to eliminate RF power dissipation in the 

form of heat. 

The oscillation of the electric field due to the RF power accelerates the electrons 

alone and cause them to jump into the electrodes. Ions are not affected in these 

oscillations because their mass is approximately 100,000 times larger than that of 

electrons. The lower electrode is gradually biased to a negative potential due to the 

connection of the blocking capacitor to the lower electrode. Therefore, this generates a 
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DC bias known as self-bias (denoted by Vdc). This parameter is crucial for dry etching 

mechanisms and dependent upon the conductivity of the wafers. When the lower 

electrode is biased negatively, electrons are moved away and nearly no electrons exist 

near the electrode. This region is called the ion sheath implying a region filled with ions. 

Ions in the sheath tend to accelerate towards the lower electrode in a vertical direction 

without any collision (with high mean free paths). These ions with high energy have a 

critical role over etch mechanisms. Also, due to the very low electron density in this 

region, the probability of collision excitation is low, therefore there is nearly no light 

emitted. That is why this region is known as dark space. 

1.3 Concepts in Plasma Etching 

It is important to mention a few concepts in plasma etch processes. Etch rate is 

defined as the depth of material removed per unit time. High etch rates may be required, 

but in this case controlling etch depth may be difficult. Lower etch rates are preferred for 

precise etch depth. Etching a batch of wafers is usually slower than that of a single wafer 

etch. Uniformity is the percentage of variation of the etch rate across a wafer and from 

wafer to wafer. Selectivity describes the ability to etch only a desired material while 

keeping other parts of the wafer un-etched (or etched very slowly relatively). Anisotropy 

describes the verticality of the etch profile. In contrast to isotropic etch profiles in wet 

etching, plasma etch results in anisotropic etch profiles, which is necessary in many 

device applications. Undercut is the extent of lateral etch under a hard mask (usually 

photoresist). In addition to all the parameters mentioned above, plasma damage outlines 

any surface damage after harsh plasma etching processes. As a consequence, this results 

in degradation of device performance. 

Plasma etch system conditions including etch gas mixture, RF power, dc bias and 

chamber pressure have important effects on the concepts discussed. Surface reactions and 

desorption of etch byproducts from the surface strictly determine the etch rates. It should 

be noted that not all of the feed gas molecules in the chamber are ionized. Therefore, 

forming non-volatile species on the sample surface is possible and these byproducts or 
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other species in the chamber can cover the sample surface. Etch reactions on the surface 

then deteriorate. 

Figure 4.3 illustrates the proposed mechanism of plasma etching of Si. The 

following major steps are required in order to begin a plasma etching process. First, 

plasma is triggered by applying RF power in a vacuum, causing the etch gas inside the 

chamber to disassociate (crack) into highly chemically reactive species including ions, 

radicals, neutrals. Some of these species diffuse and adsorb on the sample surface. In this 

step, they react with the exposed surface atoms and form volatile products. Afterwards, 

the reaction products are desorbed, diffused away from the surface, and are eventually 

pumped out of the chamber into the scrubber (exhaust gas treatment system) before being 

released into the atmosphere. The slowest of these steps determines the etch rate. It is 

worth mentioning that most of the etch gases are not dissociated, but are still corrosive, 

so they have to be neutralized. It is also possible that some of the species in the chamber 

that do not react with silicon can form non-volatile byproducts by coating the surface. 

This deteriorates the etching reactions, and therefore the etch rate. If this happens on the 

mesa sidewalls, however, then it would help in achieving anisotropic etch profiles, which 

will be discussed later on along with ion-assisted inhibitors. 
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Figure 4.3 A typical plasma etch mechanism of silicon in atomic scale. (a) Production of 

reactive species in the plasma, (b) they diffuse and adsorb on the wafer, (c) they react 

with surface atoms and form etch byproducts, (d) finally, these etch byproducts diffuse 

away from the surface [4]. 

1.4 Mechanism of Dry Etching 

 

Figure 4.4 illustrates main etch profiles that are seen commonly in plasma 

etching. Part (a) represents physical etching (sputtering). In this etch regime, ions with 

high energy lead the etching which may result in damaging the hard mask. It is also likely 

that the surface is damaged and rough. It may also trigger the formation of trenches 

(ditches) at the bottom of the etched layer. However, the etch profile is almost 

anisotropic, but not selective. Part (b) shows chemical etching, where dominantly reactive 

species in the plasma isotropically etch the sample. This etch regime usually occurs when 

the chamber pressure is high and dc-bias is low, making it unlikely for ions to gain 

enough energy in order to impinge on the surface vertically. It tends to result in lateral 

undercuts beneath the hard mask as consequence of the isotopic etch, but it is very 

selective. Ion-assisted etching is shown in part (c), which is a combination of the first two 

etch regimes. A balance between the physical and chemical etch regimes can be adjusted 

by system parameters, such as plasma composition, power and pressure. In this regimes, 
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ions help radicals to easily react on the surface and desorb etch by-products. Therefore, it 

is possible to obtain directional anisotropic etch profiles with smooth surface 

morphology. The last etch regime is called ion-assisted inhibitor and is seen in part (d). In 

this etch regime, sidewalls are protected by polymers (usually from the hard mask) and 

etching takes place vertically. Because undercutting is suppressed, anisotropic etch 

profiles can be achieved [6]. 

 
Figure 4.4 Possible etch profiles in dry etching (a) physical etching (sputtering),  

(b) chemical etching, (c) ion-assisted etching, and (d) ion-assisted inhibitor [4]. 

The thickness of the ion sheath is crucial in plasma etching because it affects the 

mean free path of the ions. The thicker the ion sheath, the smaller the mean free path of 

the ions due to collision among the ions. As a consequence, etch results deteriorate; for 

example, etch rate becomes poor and surface morphology rough. The ion sheath in RIE is 

significantly thicker than high density plasma etching systems such as the inductively 

coupled plasma (ICP) and the electron cyclotron resonance (ECR) plasma. ICP-RIE was 

used in this dissertation to fabricate device structures. 

1.5 Inductively Coupled Plasma – Reactive Ion Etching 

One of the drawbacks of the RIE technique is residual damage on the sample after 

etching. This is mostly caused by the bombardment of ions with high energy, which tends 

to result in device performance degrading considerably [7]. As a high density plasma 

etching technique, inductively coupled plasma – reactive ion etching (ICP-RIE) was 

develop to overcome major disadvantages in the RIE technique. 
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ICP-RIE is a versatile technique, which produces a high plasma density (>1011 

cm-3) and allows operation at low chamber pressure as low as 10 mTorr. Moreover, it 

provides independently controlled system parameters such as ICP power, RIE power, 

chamber pressure, and gas flow rates.  

Unlike traditional RIE, with an ICP-RIE technique the plasma density and ion 

energy can be controlled independently of the chamber pressure through ICP coil 

power[8], [9]. The high-density plasma is controlled by a 13.56 MHz RF ICP coil power 

supply. Separately, the wafer electrode is powered by a 600 W generator (13.56 MHz) 

RIE. Figure 4.5illustrates the Trion ICP-RIE system that was used, which is composed of 

pumping units, a gas cabinet and an etch chamber. 

 
Figure 4.5 Schematic of the ICP-RIE system in NTC, including its pumping unit, gas 

cabinet and etch chamber [10]. 

A combination of a turbo and roughing pump at the rear of the system are present 

to suck all the gases and any etch byproducts from the chamber. Afterwards, these gases 

are directed to a scrubber system to be neutralized (not pictured in Figure 4.5). 
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Figure 4.6 Schematic of the etch chamber of ICP-RIE in NTC at TTU [10]. 

The etch chamber in this system is displayed in detail Figure 4.6. The chamber is 

constructed of hard anodized aluminum. Mass flow controllers (MFC) are used to 

regulate gas flows in units of standard cubic centimeters per minute (SCCM). Etch feed 

gases are introduced into the etch chamber by a showerhead that is positioned 10 cm 

above the bottom electrode. This bottom electrode is an electrostatic chuck that produces 

a negative DC bias in order to increase ion bombardment, which is very important to 

achieve anisotropy while etching. Wafers are clamped to the chuck and it is supplied with 

He gas flowing on the wafer backside for cooling.  

There are two RF (13.56 MHz) generators, one for each of the RIE and ICP units. 

When they are turned on, the glow discharge is seen through the view port window. ICP 

is the main plasma source to generate a high-density plasma by inductively coupling the 

RF power through the ceramic tube above the chuck into the vacuum via the copper coil. 

In addition, the chuck (wafer electrode) is powered by another RF generator to generate 

the DC bias. As previously discussed in the section on RIE, this DC voltage is required to 

accelerate the ions in plasma onto the sample so as to increase etch rate and anisotropy. 
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CHAPTER V 

5 SIC-BASED PHOTOCONDUCTIVE SEMICONDUCTOR SWITCHES 

 

In this chapter, fabrication and characterization of a 4H-SiC-based 

photoconductive semiconductor switch (PCSS) is reported. After briefly introducing 

PCSS devices, the fabrication of such devices is discussed. An etch recipe was developed 

in an inductively coupled plasma reactive ion etching system. 

A PCSS is a class of electronic device which transitions from being electrically 

off-state (nonconductive) to electrically on-state (conductive) by absorbing certain 

wavelengths of incident light. We executed several plasma etching experiments to find 

the best recipe for smooth surface morphology and fast etch rates. High purity semi-

insulating  1000  4H-SiC carbon-face wafers were used with a 10 m thick nitrogen-

doped n-SiC epilayer with a carrier concentration of 1.6x1018 cm-3. 

Sets of experiments were conducted to develop this etch recipe. We investigated 

the effects of plasma composition, ICP power, RIE power, and process pressure on the 

etch rate and surface morphology. It was found that by introducing BCl3 into Cl2/Ar 

plasma the surface smoothness of the epitaxial layer was increased. Therefore, we 

determined the optimized etch recipe to be Cl2/Ar/BCl3 (15:3:1 sccm) while keeping the 

ICP power, RIE power, and chamber pressure constant at 300 W, 250 W, and 8 mTorr, 

respectively. As a result, the developed recipe yielded etch rates of ~220 nm/min and 

very smooth surfaces with root mean square roughness of ~0.3 nm in order to fabricate 

the PCSS device. 

Post-etching surface characterization was done with AFM and SEM. The 3-

dimentional AFM images allowed us to further investigate the surfaces by the spatial-

frequency dependence of the one dimensional power spectral density using the surface 

height function h(x). After fabricating the epitaxial PCSS through this etching process, its 
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device performance was investigated, and compared with the previous design (laser-

doped PCSS).  

5.1 Photoconductive Semiconductor Switch Basics 

In addition to electrically triggered switches, a class of switches exists that is 

toggled on or off through the use of light. These are called photoconductive 

semiconductor switches. Electricity flows through the semiconductor when the switch is 

on, and ceases when it is off. The ratio between “on” and “off” state resistances can be as 

high as 1:1x1010 [1]. Wide band gap materials have recently been an area of research 

focus for PCSS devices because they may be suitable for operating at high power with 

long device lifetimes [2]. 

Two basic designs for PCSs devices exist: lateral and vertical. Lateral devices 

place both contacts on the same side of the semiconductor, while in vertical devices they 

are placed on opposite sides [3]. Figure 5.1 depicts the two types. The electric field is 

either parallel or perpendicular to the device surface for lateral or vertical geometry, 

respectively.  

 
Figure 5.1 Lateral and vertical geometries for PCSSs [3]. 

Gating mechanisms used for PCSS devices are both linear and nonlinear. Linear 

devices are switched on through incident photons of a given wavelength, which generate 
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carriers in the semiconductor, generating electron-hole pairs. Nonlinear PCSS devices 

rely on an electric field to generate an avalanche from a small number of original carriers. 

Linear PCSS devices have longer life times and have been developed with several wide 

band gap materials including GaAs, SiC, and diamonds. The superior break down field, 

thermal conductivity, wide band gaps, and saturation of electron velocity make these 

materials advantageous where high voltage, high power, high field, and high 

temperatures are required [1]. 

These switches are also designed to be very compact, and capable of operating at 

high voltages (>50 kV), with inherent optical isolation, and with sub-nanosecond delay 

and jitter.  

Silicon carbide (SiC) is famous for its wide energy band gap (3.2 eV), durability 

in harsh environmental conditions, high thermal conductivity [~3.7 W/(cm•K)], and large 

break down field (3–5 MV/cm) [4], [5]. Moreover, SiC substrates are advantageous to 

fabricate photoconductive semiconductor switches (PCSS) which require highly 

controllable pulses and high voltage and power [6], [7]. Formation of low resistance 

ohmic contacts to PCSSs is quite important for device performance. Recently, a SiC-

based high quality PCSS was demonstrated at TTU by using “laser nitrogen doping” of 

the surface areas where electrodes are formed [8]. In order to improve this design, we 

proposed enhancing the ohmic contacts by inserting an epitaxially grown n-SiC layer 

(doped with nitrogen) underneath the electrodes on the semi-insulating SiC substrate. To 

implement this approach, a SiC substrate with an n-SiC epitaxial layer on top had to be 

patterned so that the electrodes are laterally isolated from each other. Since this device is 

designed to operate under high power, the surface between the ohmic contacts should 

have a smooth surface on the bare high resistivity SiC substrate [9]. 

Regarding patterned etching of SiC, plasma etching is mostly desired in fluorine- 

or chlorine-based plasmas with a variety of additive gases. There have been several 

plasma etching techniques to fabricate SiC devices, such as reactive ion etching (RIE), 
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magnetron-enhanced RIE, electron cyclotron resonance (ECR) etching, inductively 

coupled plasma (ICP) etching, and inductively coupled plasma reactive ion etching (ICP-

RIE) [10]–[13]. 

5.2 Experimental Details and Recipe Development  

Before PCSS device fabrication, a plasma etch recipe was developed to obtain 

high etch rates and surface smoothness in the ICP-RIE system. High-purity semi-

insulating (HPSI)  1000  4H-SiC carbon-face wafers with 10µm-thick nitrogen doped n-

type SiC epilayer manufactured by Cree Research Inc. were cut into small pieces (~1 

cm2). The carrier concentration of the n-type epilayer was ~1.6x1018 cm-3. Different 

plasma etch recipes were carried out on these samples. A Dektak 3030 stylus 

profilometer was used to determine etch depths. A scanning electron microscopy (SEM) 

and atomic force microscope (AFM) operating in the noncontact mode were used to 

investigate surface roughness and etch profiles. 

System parameters such as gas chemistry, RIE power and ICP power, chamber 

pressure, and total flow rate strictly determine etch characteristics. These parameters 

were adjusted as follows. After optimizing the Ar and BCl3 flow rates (which will be 

discussed later on), the etch gas composition was set to Cl2/Ar/BCl3 (15/3/1 sccm).  

The etch rate and surface roughness as a function of RIE power are shown in 

Figure 5.2. In this setup of experiment the effect of RIE power was investigated while 

keeping all the other parameters constant: ICP power was 250 W, chamber pressure was 

8 mTorr in the Cl2/Ar/BCl3 (15/3/1 sccm) plasma. It was observed that both the etch rate 

and RMS surface roughness increased gradually with increasing RIE power. This is can 

be explained by RIE power enabling the strong Si-C bonds to break, enhancing surface 

sputtering and removing etch byproducts from the surface [12], [14]. It is important to 

note that uncontrolled surface sputtering causes surface damage and high surface 

roughness [15]. The etch rate data was fitted linearly as seen by the dashed line in Figure 

5.2, which does not pass through the origin. It was concluded that there was a threshold 
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energy that must be reached before plasma etching starts. This also confirms the necessity 

of ion bombardment on the surface and ion-induced desorption of the etch products, most 

likely SiClx radicals. Similar fact was observed while etching 4H-SiC bulk substrates in 

Cl2/Ar plasma [12]. 

 
Figure 5.2 Etch rates (black open squares) and RMS roughness (red filled circles) with 

respect to RIE power. Fixed parameters are included on the inset [16]. 

Etch rates and surface roughness as a function of RIE power are shown in Figure 

5.3. In this experiment the effect of ICP power on the etch characteristics was studied 

while keeping all the other parameters constant: RIE power was 300 W and chamber 

pressure was 8 mTorr in the Cl2/Ar/BCl3 (15/3/1 sccm) plasma. It is known that higher 

ICP powers increase the density of reactive neutrals and ions in the plasma, therefore 

higher etch rates are expected [17], [18]. As seen in this graph, the RMS surface 

roughness of the etched samples slightly increased with respect to the significant increase 

of ICP power. This behavior implies a chemical ion-induced limited etch regime 

throughout this experiment where Cl-based reactive radicals were much more efficient 

than those of Ar under similar conditions. These radicals start the process by chemical 

etching with the help of Ar+ cations that are responsible for the physical etching 
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mechanism. In addition, other cations such as BCl3
+, BCl2

+, and BCl+ may be involved in 

the physical etching mechanism. 

 
Figure 5.3 Etch rates (black open squares) and RMS roughness (red filled circles) with 

respect to ICP power. Fixed parameters are included on the inset [16]. 

Etch rates and surface roughness as a function of chamber pressure were studied 

and are seen in Figure 5.4. In this experiment setup, the ICP and RIE powers were 300 

and 250 W, respectively, in the Cl2/Ar/BCl3 (15/3/1 sccm) plasma. At high chamber 

pressure, mean free paths of the plasma particles strongly deteriorate due to collisions 

among them, which causes plasma density to decrease and etch characteristics to 

deteriorate [19]. In addition to the high bond energy of SiC, working at high chamber 

pressure naturally yields poor etch rates, as expected. This also reduces the directionality 

of the ion flux that is impinging on the surface of the substrate and the density of the 

reactive Cl-based radicals in the plasma. The RMS surface roughness increased as the 

chamber pressure increased. This behavior may be described as low-kinetic-energy ions 

and insufficient physical desorption, due to more frequent ion–ion, ion–neutral, and ion–

electron interaction at high pressures. These undesirable factors cause micro-masking 

effects [12], [20]. 
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Figure 5.4 Etch rates (black open squares) and RMS roughness (red filled circles) with 

respect to chamber pressure. Fixed parameters are included on the inset [16]. 

5.2.1 Effect of Ar 

Argon is most frequently used in plasma etch systems to enhance sputtering 

(physical etch mechanism). The effect of plasma composition on the etch characteristics 

were studied. Figure 5.5 demonstrates the etch rates and surface roughness of the n-SiC 

epitaxial layer with respect to varying Ar content in the plasma.  This set of experiments 

was conducted while the ICP power, RIE power, and the chamber pressure were kept 

constant at 300 W, 250 W, and 8 mTorr, respectively. Ar flux was regulated while the 

ratio between Cl2 and BCl3 fluxes was kept constant. It was observed that the etch rate 

moderately increased from 180 to 200 nm/min up until 35% of Ar content in the plasma. 

However, the etch rate significantly increased when the Ar content of the gas mixture 

approached 50%.  
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Figure 5.5 Etch rates and RMS roughness with respect to percent Ar in the plasma. Fixed 

parameters are included on the inset [21]. 

It was noticed that surface roughness was slightly reduced when Ar was 

introduced into the chamber. It was concluded that there was insufficient desorption due 

to the absence of Ar+ ions to sweep away the etch byproducts. It is possible to trigger 

micro-masking effects if the etch byproducts accumulate on the surface, which also 

allows etchants to reach the fresh surface layer to be etched.  

It was also seen that the surface RMS roughness significantly increased by a 

factor of ~3 at this Ar concentration, where Ar+ ions were relatively low compared with 

Cl-based radicals. This can be explained by etching being dominated by reactive 

chemical species, but with sufficient argon ions to assist desorption of the etch 

byproducts under these conditions. Etch characteristics dramatically changed beyond 

30% Ar in the plasma. More generated argon ions caused the rate of etching to rapidly 

increase as well as the RMS surface roughness. This etch regime can be regarded as a 

dominant physical etching-limited regime with a small amount of Cl-based fragments, 

and therefore surface morphology was severely degraded.  
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In summary, it was found that having 10–30% of Ar in the gas discharge was 

optimal, so that a balance between the formation and desorption rates would be 

maintained. This balance includes a chemical etching-limited regime as a result of ion-

induced desorption of etch products, which gives rise to a reasonable rate of etching and 

surface smoothness. 

5.2.2 Effect of BCl3 

It has been reported that boron chloride (BCl3) is advantageous to use in Cl2-

based plasmas to eliminate water vapor and residual oxygen from the etching chamber 

and improve surface smoothness [22]. The flux ratio of BCl3 in the plasma was also 

investigated and the results are given Figure 5.6. This plot demonstrates the effect of 

BCl3 on the etch rate and surface roughness of the n-SiC epitaxial layer. In this part of the 

experiment, the ICP power, RIE power, and the chamber pressure were kept constant at 

300 W, 250 W, and 8 mTorr, respectively. BCl3 flux was regulated from 1 to 3 sccm 

while the ratio between Cl2 and Ar fluxes was kept constant. It was observed that the etch 

rate was almost independent of the BCl3 content whereas the surface roughness was 

noticeably reduced. Due to the technical limitations of our plasma etching system, the 

BCl3 flux did not exceed 3sccm. 
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Figure 5.6 Etch rates (black open squares) and RMS roughness (red filled circles) with 

respect to percent BCl3 in the plasma. Fixed parameters are included on the inset [16]. 

Figure 5.7 illustrates three dimensional AFM images (5 x 5 µm2) of the starting 

surface and etched surfaces with different BCl3 percentage in the plasma that corresponds 

to Figure 5.6. These images imply that the chemical components of the lateral etch 

mechanism efficiently occurred as the additive gas BCl3 was introduced into the 

chamber, similar results have been reported by different teams [19], [23].  
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Figure 5.7 Three dimensional AFM images (5 × 5 µm2) of the starting surface and etched 

surface with different BCl3 percentage in the plasma. During etching, the ICP power, RIE 

power, and the chamber pressure were kept constant at 300 W, 250 W, and 8 mTorr, 

respectively, while the ratio between Cl2 and Ar fluxes was kept constant (5:1). (a) The 

starting surface with RMS roughness of 0.94 nm, (b) etched without BCl3 with RMS 

roughness of 0.73 nm, (c) etched with ~5% of BCl3 with RMS roughness of 0.42 nm, and 

(d) etched with ~15% of BCl3 with RMS roughness of 0.29 nm [16]. 

By means of dissociation, ionization, and attachment reactions, Cl2/Ar/BCl3 

discharge breaks into its gas phase species, such as radicals, neutrals, and ions: Cl, Ar, B, 

and BClx (x=1, 2, 3). Some of them, Cl2 and Cl are very reactive etchants and facilitate 

etching processes. Also, some amount of chlorine species are generated from BClx 

radicals [24]. The ionization potentials of most prevalent gas-phase reactions in a 

Cl2/Ar/BCl3 discharge are listed in Table 5-1. 
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Table 5-1 Ionization potentials [25] 

Reaction Ionization potential (eV) 

Cl2 + e¯  → Cl2
+ + 2e¯ 11.50 

Cl + e¯ → Cl+ + 2e¯ 13.01 

BCl3 + e¯ → BCl3
+ + 2e¯ 11.40 

BCl3 + e¯ → BCl+ + Cl2 + 2e¯ 20.02 

BCl3 + e¯ → BCl2
+ + Cl + 2e¯ 12.60 

BCl2  + e¯ → BCl2
+ + 2e¯ 10.10 

Ar + e¯ → Ar+ + 2e¯ 15.80 

After analyzing the effects of adding BCl3 gas into the current plasma (unchanged 

etch rate and decrease in surface roughness) it is incorrect to explain this etch mechanism 

assuming the Cl atoms are the only chemically active species. It is quite possible that 

some chemical and physical effects come from BClx radicals that are generated through 

dissociation, ionization, and attachment reactions. Therefore, these system parameters 

result in ion-assisted chemical reactions where chemical and physical processes 

simultaneously occur. 

These etched surface morphologies given in Figure 5.7 were further investigated 

by the one dimensional power spectral density analysis (1DPSD) technique, which was 

discussed in Chapter 2. A typical 1DPSD spectrum is composed of a frequency-

independent roughness at low frequency (long length scales), and a frequency-dependent 

region at higher frequency (short length scales). 

Figure 5.8 summaries one dimensional power spectral density versus spatial 

frequency for SiC samples that were etched with various BCl3 flow rates and the starting 

initial surface before etching was performed. These plots illustrate different regimes of 

surface roughness, including a frequency-independent regime at low frequency and a 
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constant-slope regime at higher frequencies. The transition between these roughness 

regimes is defined by the characteristic surface average in-plane feature dimensions. The 

cutoff spatial frequencies (fc) denoted with the solid lines show the transition from 

saturation to scaling. These corresponding cutoff spatial frequencies correspond to the 

average in-plane feature size recorded in the 3-dimensional AFM images in Figure 5.7. 

  
Figure 5.8 One dimensional power spectral density with respect to spatial frequency for 

the starting surface and etched surface with different BCl3 percentages in the plasma. The 

solid line in each plot denotes the cutoff spatial frequency (fc) where there is a transition 

from saturation to scaling. During etching, the ICP power, RIE power, and the chamber 

pressure were kept constant at 300 W, 250 W, and 8 mTorr, respectively, while the ratio 

between Cl2 and Ar fluxes was kept constant (5:1). (a) The starting surface with RMS 

roughness of 0.94 nm, (b) etched without BCl3 with RMS roughness of 0.73 nm, (c) 

etched with ~5% BCl3 with RMS roughness of 0.42 nm, and (d) etched with ~15% BCl3 

with RMS roughness of 0.29 nm [16]. 

It is important to note that the cutoff frequency decreases with higher BCl3 flow 

rates as seen in Figure 5.8. Based on this trend, we conclude that the average lateral sizes 

of the surface features after etching decreased while BCl3 flow rate increased. This result 
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is in agreement with the trend observed for the simpler RMS roughness values seen in 

Figure 5.6. The cause for these smoother surfaces is attributed to the formation of finer 

features corresponding to the enhanced lateral etching rate of SiC semiconductors. The 

spectra display the rapid drop characteristic of scaling for the frequencies beyond the 

cutoff, which can be indicative of the larger lateral features. 

5.3 Device Fabrication 

After the parametric study of ICP-RIE etching, we developed an etching 

procedure that took into account moderate etch rates and fairly smooth surfaces. The 

optimized Cl2/Ar/BCl3 plasma mixture was in the ratio of 15:3:1 sccm. Other system 

parameters, the ICP power, RIE power, and the chamber pressure were kept constant at 

300 W, 250 W, and 8 mTorr. This etch recipe enabled a PCSS to be fabricated, with the 

major fabrication steps seen in Figure 5.9. 

 
Figure 5.9 Major steps of PCSS device fabrication. 
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First, 9 µm of the epilayer was removed by ICP-RIE until 1 µm of n-SiC 

remained on top. This was a blanket etch, and was followed by the addition of a hard 

mask to be used for a patterned etch. The hard mask was designed to define the anode 

and cathode, and was realized by a 250 nm nickel mask deposition through standard 

photolithography, thermal evaporation, and liftoff techniques. Afterwards, the patterned 

etch was performed to remove the remaining 1 µm epitaxial layer between the anode and 

cathode, which was followed by an acid-etch of the remaining nickel mask. Next was to 

form the metal contacts, which was done with standard photolithography, thermal 

evaporation, liftoff, a rapid thermal anneal, and electroplating. The resulting structure 

was composed of n-SiC (1 µm)/NiCr (50 nm)/Au (5 µm) on top of the HPSI-4H-

substrtate. The contacts were the same as the laser-doped PCSS to reliably compare their 

performance [8], [2]. In the end, a PCSS device was produced operating in the lateral and 

linear mode with a 0.6 mm anode/cathode gap. 

5.4 Testing and Comparison 

The ‘epitaxial PCSS’ was compared with the original ‘laser-doped PCSS’, the 

latter which showed inferior performance [8]. This laser-doped PCSS was fabricated by 

doping the sub-contact areas through a laser to enhance diffusion of the nitrogen dopants. 

In order to determine the overall performance of these two devices, they were 

evaluated in both the off-state and on-state. To assess their voltage blocking performance 

in the off-state, a custom high voltage IV curve tracer system capable of measurements 

up to 45 kV with a ~10 pA noise floor and pA resolution was used [26]. Also, a 35 GHz 

microwave photoconductive decay system was used to evaluate recombination lifetimes. 

It was observed that the epitaxial PCSS and the laser-doped PCSS demonstrated a 

leakage current of 1 µA at 9.89 and 18.3 kV, respectively. The lower hold-off voltage of 

the epitaxial PCSS can be explained by the substrate including a relatively small number 

of defect states due to annealing at high temperatures during epitaxial layer growth. 

These defects set the hold-off ability of the devices when they capture carriers injected as 

voltage is applied [27]. Recombination lifetime measurements also support this 
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explanation; the epitaxial PCSS and the laser-doped PCSS demonstrated recombination 

lifetimes of 29 ns and 6 ns, respectively. These recombination lifetime measurements 

were conducted on the substrate face of the epitaxial PCSS, not the epitaxial face. 

Regarding the on-state measurements, a custom test-bed which allowed for 

characterization over varying voltage and laser triggering energy was used as illustrated 

in Figure 5.10. This test-bed was designed to operate with minimum inductance and the 

load resistor in this design was composed of two high energy noninductive ceramic 

resistors manufactured by HVR Inc., and a current viewing resistor with a rise-time of 0.3 

ns. 

 
Figure 5.10 Schematic of test circuit used to evaluate the on-state performance of the 

PCSSs. It was designed to characterize the devices over varying voltages and laser 

triggering energies [16]. 

Both PCSSs were investigated by switching 2 kV into a 50  load while 

sweeping the triggering laser energy from 0.25 to 2.5 mJ (355 nm–7 ns FWHM). Before 

testing the epitaxial PCSS, there was a series resistance of (~0.5–1.0 ) on each side of 

the device between the package and the metal contacts. The origin of this resistance was 

the silver epoxy used to attach bond wires to the PCSS die, and this value was not 

subtracted from the measured resistance. 
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Figure 5.11 demonstrates the measured minimum on-state resistance of the both 

PCSS devices with respect to triggering laser energy. Switching was conducted at a 

charge voltage of 2 kV and the measured resistance was averaged over ten switching 

cycles at each laser energy. The laser energy was estimated by an average power 

calorimeter right before switching (~1 min). The resistance of the both PCSSs expectedly 

decreased while the laser energy increased. When their resistances approached ~1 , 

other series resistances began to have a significant effect. The saturation in the on-state 

resistance of the epitaxial PCSS was attributed to the series resistance of the silver epoxy. 

However, the saturation in the on-state resistance of the laser-doped PCSS was attributed 

to the high-contact resistance between the contact metals and the semiconductor material.  

 
Figure 5.11 Minimum on-state resistance with respect to the laser energy for both PCSS 

devices. The switching was conducted at a charge voltage of 2 kV and the measured 

resistance was averaged over ten shots at each laser energy [16]. 

Overall, the epitaxial PCSS device showed on average 30% lower minimum on-

state resistance compared with the laser-doped PCSS. Regarding device lifetime, the 

epitaxial PCSS device did not show any cracks after ~100 switching cycles at 38 A. 
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However, cracks in the laser-doped PCSS were observed after less than ~50 switching 

cycles under the same conditions. Therefore, it was concluded that the incorporation of 

the n-type epitaxial layer underneath the contacts resulted in reduction of the on-state 

resistance and improved device lifetime. 

5.5 Conclusion 

In this work, a parametric study of ICP-RIE of 4H-SiC in a Cl2/Ar/BCl3 plasma 

was conducted. The effects of system parameters such as plasma composition, ICP 

power, RIE power and process pressure on the etch characteristics were investigated, 

including etch rate and surface morphology. As a result, an etch recipe was developed 

taking into account all the above parameters to achieve moderately fast etch rates and 

very smooth etched surfaces. 

It was recognized that a plasma composition of Cl2/Ar/BCl3 was superior to using 

Cl2/Ar or BCl3/Ar alone. This was attributed to a balance between the physical and 

chemical etching mechanisms of BCl3/Ar and Cl2/Ar plasmas, respectively. These system 

conditions resulted in smooth surface morphology and effectively eliminated the effect of 

micro-masking.  

The etched surface morphology was further studied using the 1DPSD spatial-

frequency analysis of the surface height function. These analyses revealed that there are 

two main frequency ranges; the low spatial-frequency range demonstrating saturation and 

the high-frequency range demonstrating scaling. A transition in these ranges was denoted 

by the cutoff frequency that is associated with the observed feature sizes in the three-

dimensional AFM images. By increasing the amount of BCl3 in the plasma, it was noted 

that the cut-off frequency diminished. This is an indication of the development of fine-

scale features on the etched surface. 

The developed etch recipe was used to fabricate an epitaxial PCSS device 

operating in the linear mode and lateral geometry. This enabled us to investigate the 
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effects of the n-SiC epitaxial layer underneath the contacts on device performance. The 

epitaxial PCSS was tested in both the off state and on state to compare with the laser-

doped PCSS. In conclusion, the epitaxial PCSS exhibited a better on-state resistance, on 

average 30% lower. Moreover, there were no cracks observed in the device when 

switching currents 38 A in contrast to the laser-doped PCSS. It was concluded that high 

current densities near the metal/semiconductor interface in the laser-doped PCSS are at 

least partially responsible for the observed cracks. 
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CHAPTER VI 

6 SOLAR CELLS 

It is expected that photovoltaic (PV) power generation will become a vital 

technology for green energy production in the future through low cost and high 

conversion efficiency solar cells. Single junction Si solar cells currently dominate the 

photovoltaic market due to the availability of silicon wafers and well-developed 

processing procedures. However, these kinds of solar cells have almost approached their 

efficiency limits. Even though the maximum efficiency of crystalline silicon solar cells is 

theoretically limited to 29.8% [1], different loss mechanisms have restricted reported 

efficiencies to 25.6% thus far [2]–[4]  . 

6.1 Solar Cell Basics 

An ideal solar cell can be modelled as a combination of a current generator and a 

diode connected in parallel. Therefore, amount of current flowing through the load versus 

the diode is determined by the resistance of the load across the terminals and the 

illumination intensity. However, in reality there are parasitic resistances that deteriorate 

the performance of the solar cells. These resistances are known as series and shunt 

resistances, Rs and Rsh, respectively, due to their connections as seen in the equivalent 

solar cell circuit in Figure 6.1. 

 
Figure 6.1 Solar cell equivalent circuit with parasitic resistances Rs and Rsh [5]. 

Under light illumination, there are two important characterization points: the short 

circuit current density, Jsc, and the open circuit voltage, Voc, as seen in Figure 6.2. The 
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short circuit current is defined as the current under illumination when the terminals are 

shorted together, i.e. there is no resistance between the terminals. It should be noted that 

the voltage at the terminals is zero in this case. The open circuit voltage is defined as the 

voltage under illumination when the resistance is considered being infinite, i.e. the 

terminals are disconnected. The current across the terminals is zero in this case.  

A pn junction acts as a solar cell only if the voltage range is between V = 0 V and 

V = Voc at the terminals and generates power. If the voltage applied across the terminals is 

such that V < 0, then the junction acts as a photodetector (PD). If the voltage applied 

across the terminals is such that V > Voc, then the junction operates as a light emitting 

diode (LED). In the latter two cases, the device consumes power. 

 
Figure 6.2 Solar cell JV curve under light illumination showing the short circuit current 

density, Jsc, and the open circuit voltage, Voc [6]. 

In addition to Jsc and Voc, a third important characterization parameter of solar 

cells is called the fill factor (FF), which is calculated as  

ocsc

mppmpp

VJ

VJ
FF 

 
(6-1) 

where Jmpp and Vmpp correspond to the maximum current density and voltage at a point 

where the power density is maximized, as illustrated in Figure 6.2. It should be noted that 
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the maximum achievable power (Jmpp × Vmpp) from a solar cell is related to a “non-real” 

power (Jsc × Voc). Therefore, the fill factor quantifies the shape of the JV curve. The final 

characterization parameter is the power conversion efficiency (PCE), which relates the 

energy output from the cell to the incident light power density (Pinput), and is given by 

input

ocsc

P

FFVJ
PCE 

 (6-2) 

 The photocurrent for the ideal solar cell is defined as 

)()( VJJVJ darksc 
 (6-3) 

where Jdark(V) is known as dark current density (the current density of an ideal diode 

where there is no illumination) and given by 
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(6-4) 

where J0 corresponds to the dark saturation current density (explained later in this 

section), q is the electron charge, V is the applied bias, kB is the Boltzmann constant, and 

T is the temperature. The diode ideality factor n is equal to 1 in this equation. Also, it is 

worth mentioning that a positive applied bias yields an exponential increase in current 

whereas a negative bias results in a very small current according to this equation.  

Resistive contacts, metal interconnect resistivity, and the resistance between the 

semiconductor surface and the contact strictly determine the series resistance Rs. On the 

other hand, shunt resistance Rsh mainly occurs due to the leakage of current through 

“shunt” pathways across the p-n junction. This also includes transport around the edge of 

the junction as well as misfits and defect centers which act as alternative paths for 

carriers [5]. In order to design a high performance solar cell with good fill factor, series 

resistance should be as low as possible and shunt resistance should be as high as possible. 
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Figure 6.3 illustrates the effect of parasitic series and shunt resistances on the JV curves. 

Note that low Rs and high Rsh are needed for the best performance for a solar cell. 

 
Figure 6.3 Effect of parasitic series and shunt resistances on JV curves [6]. 

After taking into account the parasitic resistances, the photo current density is 

given by 

 

(6-5) 

where A represents the area of the cell. Also, the dark diode equation should be modified 

with the addition of an ideality factor (n) as given below: 
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(6-6) 

n depends on the recombination in the cell, and as expected, n=1 represents the ideal case 

[7]. 

6.2 Characterization of Solar Cells 

6.2.1 Solar Simulator 

Solar cells are tested under a solar simulator which simulates AM1.5 illumination 

[8] as seen in Figure 6.4. The purpose of the solar simulator is to provide an artificial sun 

indoors under laboratory conditions by a xenon lamp and filters. The solar cells are 
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located in a way that the incident power density from the simulator should be 100 

mW/cm2, which is known as one-sun. This power value is calibrated with a sensor. 

 
Figure 6.4 Spectral irradiance distribution of solar simulator and AM 1.5 G reference [9]. 

It should be noted that the xenon spectrum exhibits several characteristics sharp 

emissions between 800–1000 nm. 

6.2.2 Current-Voltage Measurements 

Current-voltage (IV) or current density-voltage (JV) curves are very useful for 

characterizing solar cells. In addition to key solar cell parameters (Voc, Jsc, FF, PCE), 

these curves are used to extract the diode ideality factor (n), and dark saturation current 

(J0) in the dark. Furthermore, the parasitic resistances can be obtained from illuminated 

IV curves. 

An example of a typical dark JV curve and the effect of parasitic resistances 

where Rsh is much larger than is demonstrated in Figure 6.5. The shunt resistance limits 

the current at negative and low voltages by producing a linear response. The diode 

controls the current at intermediate voltages by giving an exponential response. Finally, 

the series resistance restricts the current at high voltages by producing a linear response 

[6]. This fitting also provides the saturation current and ideality factor. 
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Figure 6.5 A typical JV curve with the effect of parasitic resistances. The shunt 

resistance, diode and series resistance limit the current at low, intermediate and high 

voltages, respectively. This fitting is also used to determine the saturation current and 

ideality factor [6]. 

6.2.3 External Quantum Efficiency Measurements 

External quantum efficiency (EQE) is defined as the ratio of the number of 

collected charge carriers to the number of incident photons. This method is performed 

over a broad spectrum of wavelengths, making it very useful for investigating wavelength 

dependency of a solar cell when it converts solar energy to electrical energy. In order to 

measure the EQE of a solar cell, photocurrent generated through a monochromator with a 

single wavelength is acquired. The sum of all photocurrents of each monochromatic 

wavelength with the solar spectral irradiance is equal to Jsc. This value obtained from 

EQE can therefore be compared with Jsc from JV measurements. 

In a typical EQE measurement, optical power should be incident entirely within 

the solar cell. However, for solar cells that are very small, incident photons cannot be 

completely focused onto the cell. In the case, there is an overall correction factor that 

must be applied to the EQE measurements such that the integration of the EQE should 

match the measured Jsc obtained from the solar spectrum. This correction factor should be 

applied equally over the entire wavelength in order to keep the shape of the EQE 
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response unchanged. Therefore, the Jsc acquired from the EQE measurements can be used 

as a method for adjustments. 

Incident Photon-To-Electron Conversion Efficiency 

In this dissertation, IPCE was employed to measure EQE of the solar cells. In 

order to characterize the photo-electric performance of solar cells, the incident 

monochromatic photon to current conversion efficiency (IPCE) is crucial (also called the 

external quantum efficiency). This measurement is useful to interpret current generation, 

recombination, and diffusion mechanisms in the cell. IPCE is defined as the ratio 

between the number of generated charge carriers by light in the external circuit and the 

number of incident photons impinging on a solar cell.  It is plotted as a function of 

excitation wavelength. IPCE is then simply given by 
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where e is the charge of an electron (1.602 × 10-19 C), h is Plank’s constant (6.626068 × 

10-34 m2 kg/s), c is the speed of light (299,792,458 m/s), λ is the wavelength in meters, 

and P is the power incident on the cell in Watts as measured by a power meter. It should 

be noted that the value of the incident light power and current are must be measured at 

each wavelength 

IPCE measurements provide information on solar cells because the spectrum 

provides data on the photocurrent that is produced when illuminated by a particular 

monochromatic wavelength. Figure 6.6 is a schematic diagram of an IPCE system. The 

IPCE can be operated using two different methods: dc and ac. The dc method consists of 

an Oriel xenon lamp source which is coupled to a monochromator, and a Keithley 2400 

digital source meter. The ac method includes a chopper which is used to create a square 

light pulse, and a lock-in amplifier (SR830, Stanford Research Systems) which is coupled 
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to a sampling resistance. Monochromatic light is recorded and calibrated with a silicon 

reference photodiode for both methods. The minimum wavelength interval is 10 nm. 

 
Figure 6.6 Schematic diagram of the IPCE system [10]. 

With IPCE measurements, the Jsc obtained directly J-V measurements under the 

solar simulator can be confirmed by the following equation [11] 

   dS
hc

e
)()(J IPCE

sc  
(6-8) 

where S(λ) is the AM 1.5G spectrum, η(λ) is the measured external quantum efficiency 

spectrum obtained during IPCE measurements.  The remaining parameters are identical 

in meaning to those discussed earlier. 

6.3 Tandem Solar Cells 

Silicon-based PV devices are attracting much attention due to low cost wafer 

availability and integration with standard complementary metal-oxide-semiconductor 

(CMOS) processing technologies. However, silicon has an indirect bandgap, low 

absorption coefficient, and large lattice mismatch with common III–V semiconductors. 
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This lattice mismatch poses significant challenges for the growth of III-V materials on 

silicon substrates [12].  

To achieve the goal of higher conversion efficiencies, the major loss mechanisms 

of transparency loss and excess excitation loss must be minimized. In the former 

mechanism, photons with energies less than the energy bandgap (Eg) of the solar cell do 

not interact as suggested in Figure 6.7. In the latter mechanism, photons with energies 

larger than Eg excessively excite electrons from the top of valence band to the conduction 

band. This excess energy cannot be utilized and is dissipated by heat.  

 
Figure 6.7 The AM1.5 solar spectrum (grey), and portions that can theoretically be used 

by (a) Si solar cells; (b) Ga0.35In0.65P/Ga0.83In0.17As/Ge tandem solar cells [13]. 

Multi-junction (tandem) solar cells are the most effective way to increase power 

conversion efficiencies since they are capable of efficiently harvesting photons from the 

solar spectrum by reducing both loss mechanisms simultaneously. Tandem solar cells are 

composed of sub-cells using different band-gap materials which are perpendicularly 

stacked and electrically connected in series. Semiconductors with a band-gap energy 

from 0.6 to 2.5 eV are mostly preferable for ultrahigh efficient tandem solar cells as seen 

in Figure 6.8. 
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Figure 6.8 The bandgap energy of conventional IV, III-V, and nitride semiconductors as a 

function of lattice parameter. The dashed area denotes the region of bandgaps for tandem 

solar cell materials in order to achieve high efficiencies [14]. 

Tandem solar cells fabricated from III-V semiconductor compounds have higher 

efficiencies but are often more expensive in terms of growth and fabrication when 

compared with silicon solar cells [15]. Triple-junction III-P/III-As/Ge tandems have 

achieved efficiencies higher than 40% under concentration. These triple tandem cells are 

also approaching their maturity in terms of efficiency limits [13], [16]. 

Most multi-junction solar cells are designed for space applications, where they are 

subject to high-energy particle irradiation damage. Due to the bombardment of protons 

and electrons with high energy (as high as hundreds of millions of electron volts), 

degradation of solar cells in space is inevitable [17]. In terms of their optical and 

transport properties, InN and InGaN alloys show significantly less deterioration than 

conventional solar cells against irradiation damage [18]. The radiation resistance of III-N 

solar cells is therefore superior, and better suited for space applications. 

The most critical point in designing a tandem cell is the mismatch in short-circuit 

current or in open-circuit voltage of each individual sub-cell. The mismatch in the short-

circuit current is more common and has severe consequences. The output of the tandem 
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short circuit current is determined by the smaller of the individual currents since the same 

current must flow through each in the structure, as suggested in Figure 6.9. However, the 

sum of the individual voltages of each sub-cell determines the output of the tandem open-

circuit voltage [19]. 

 

 
Figure 6.9 The output (in black) of the tandem solar cell due to the mismatches in short-

circuit current or in open-circuit voltage of each individual sub-cell [20].  
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6.4 III-Nitride Semiconductors for Solar Cell Applications 

The III-nitrides semiconductors, which consist of InN, GaN, AlN and their alloys, 

have become a topic of much discussion for photovoltaic space and terrestrial 

applications especially after recent advances in the growth and doping of InGaN alloys 

[21], [22]. These alloys have the potential to provide an alternative to traditional III-V 

materials due to their tunable band gaps (0.7 – 3.4eV) [23], [24]. Since the bandgap of 

III-nitride alloys spans nearly the entire solar spectrum as seen in Figure 6.10, these 

alloys are very well suited for the fabrication of a wide range of multi-junction solar cell 

structures [25]. Such a material system can be used to make ultrahigh efficiency (>50% 

efficiency) solar cells [14], [26]–[28]. 

Furthermore, III-N alloys have a direct band gap structure over their entire 

material composition. This is in contrast with conventional III-V alloys, which suffer 

from indirect band gaps for a range of material compositions. Another significant feature 

of III-N alloys is their strong photon absorptions (~105 cm–1) [29], [30]. This allows a 

relatively thin active layer (less than 1 µm) to absorb a large fraction of the incident light, 

unlike conventional solar cells made using indirect band gap materials, which can require 

tens of microns [31]. In addition, III-N photovoltaic devices demonstrate excellent 

thermal stability and higher-energy proton radiation resistance which make them ideal for 

clean energy applications in harsh environments such as concentrated sunlight and space 

applications [17], [18]. 
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Figure 6.10 The energy distribution of the solar spectrum (left), and the bandgap energies 

of InGaN and InAIN alloys as a function of composition (right) [32]. 

There is a strong motivation to develop III-nitride thin films heteroepitaxially 

grown on Si substrates since these wafers are relatively low cost, large in diameter with 

high quality, and their device processing techniques are well established [33], [34]. 

Regarding high efficiency two-junction solar cells, Si is well suited for the bottom 

junction due to its bandgap of 1.1 eV [12], [35]. Theoretical investigations of two-

junction InGaN/Si solar cells have shown energy conversion efficiencies as high as 31%. 

Moreover, the addition of another InGaN junction with a different alloy composition and 

bandgap to this two-junction solar cell should yield a maximum efficiency of 35% at 

1.5AM global irradiance spectrum [36]. Additionally, InGaN on silicon is more 

beneficial in comparison with those fabricated from traditional III-V materials. The 

conduction band of In0.46Ga0.54N and the valence band of Si have the same energy level 

with respect to the vacuum. As a result, this hetero-structure interface of n-In0.46Ga0.54N / 

p-Si tends to form a low resistance ohmic junction []. It should be noted that such a two-

junction solar cell structure does not require the inclusion of a tunnel junction between its 
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sub-cells. It is necessary for traditional III-V solar cells to form tunnel junctions by 

heavily doping the interfaces in the tandem structure. More interestingly, the bandgaps of 

this structure (1.1 and 1.8 eV for Si and In0.46Ga0.54N, respectively) are close to those of 

the theoretically predicted two-junction solar cells for achieving maximum energy 

conversion efficiency [35], [37]. 

However, despite all the advantages mentioned above, III-N material systems also 

have significant challenges. The epitaxy of III-nitride films is performed on nonnative 

substrates. Due to the large lattice mismatch during heteroepitaxial growth, high 

dislocation densities are inevitable and this negatively affects III-nitride device 

performance by increasing the leakage current [38]. Critical roadblocks still remain 

towards the practical development of InGaN/Si solar cells including indium segregation, 

V-pit formation, and realizations of p-type doping for InGaN alloys with high In-

composition [30], [39]. Even though theoretical results give ultrahigh values, most of the 

reported III-N based solar cells show very low conversion efficiency of around 2% [40].  
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CHAPTER VII 

7 EFFECT OF PASSIVATION ON III-NITRIDE/SILICON TANDEM SOLAR 

CELLS 

This chapter includes a detailed study which covers the impact of mesa sidewall 

passivation by SiO2 on characteristics of III–nitride/silicon tandem solar cells. These dual 

junction solar cells were fabricated from standard n-type Si (111) substrates with III–

nitride epitaxial layers grown by plasma-assisted molecular beam epitaxy (PAMBE). 

Photovoltaic testing was experimentally carried out under a solar simulator before and 

after the 100 nm-thick SiO2 passivation of these solar cell mesa side walls. It was found 

that the sidewall passivation improves the efficiency of these solar cells. The open-circuit 

voltage (Voc) increased from 1.45 to 1.53 V, the short-circuit current density (Jsc) 

enhanced from 0.116 to 0.121 mA/cm2, the fill factor increased from 39.7 to 41.5% under 

the solar simulator illumination yielding 13.3% conversion efficiency improvement after 

passivation.  

7.1 Introduction 

Photovoltaic (PV) power generation will become a vital technology for green 

energy production in the future through low cost and high conversion efficiency solar 

cells. The design of solar cells that use multiple semiconductor materials with different 

energy bandgaps is an important area of research for improving conversion efficiency. 

Each photovoltaic material in these tandem or multi-junction devices is sensitive to 

different parts of the solar spectrum, yielding higher absorption rates and reducing 

thermal losses [1], [2]. 

Considering the short diffusion length of high energy photons, a tandem solar 

structure is typically designed with a wider band-gap semiconductor for the top cell and a 

smaller band-gap semiconductor for the bottom cell [3]. This architecture design can 

improve the light harvesting over a wider portion of the solar spectrum than that of a 
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single cell (p-n junction). The power-conversion efficiency of the tandem solar cells is 

innately better than that of a single cell made from the smaller bandgap material unless 

the current mismatch between sub-cells is considerably large.  

The open circuit voltage in a tandem solar cell is the sum of the Voc’s of the 

individual cells due to their serial connection. On the other hand, the tandem short circuit 

current is limited strictly to the smaller current generated in either sub-cell [4]. In the case 

of greater carrier generation in either sub-cell, there is no contribution from these excess 

charges to the photocurrent, therefore they compensate for the built-in potential across 

the respective sub-cell which results in a reduced Voc in the tandem structure [5].  

The III-nitrides semiconductors, which consist of InN, GaN, AlN and their alloys, 

have become a topic of much discussion for photovoltaic space and terrestrial devices 

applications mainly due to their wide range of direct-bandgap, electronic, optical and 

mechanical properties [6]–[8]. Very large spectral ranges from the extreme deep 

ultraviolet to the near infrared spectral region can be covered by the energy bandgaps of 

group III-nitride alloys. The tunable band gaps (0.7 – 3.4eV) of InGaN alloys cover a 

significant part of the solar spectrum, and make them excellent materials for solar cells, 

which can be designed with multiple junctions to achieve maximum efficiency [9]–[13].  

The direct bandgap structure of III-N alloys over the entire material composition 

is also superior to conventional III-V alloys, which suffer from indirect band gaps for 

high alloy compositions. In addition, III-N materials have excellent absorption 

coefficients (~105 cm-1) at the band edge [14], [15]. This allows even a few hundred 

nanometers of material to absorb a great percentage of light, unlike conventional solar 

cells made from indirect materials, which can require hundreds of microns [16].  

Adding a passivation layer on the mesa sidewalls may further improve the 

performance of a tandem solar cell by suppressing current leakage and reducing surface 

damage during fabrication. Determining the effect of passivated mesa sidewalls on the 

III-N/Si tandem solar cell structure motivated our research. 
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7.2 Experimental Details 

The samples were grown with plasma-assisted molecular beam epitaxy (PAMBE) 

using n-Si (111) wafers. The III-nitride/silicon tandem solar cell structure, shown in 

Figure 7.1, consisted of a p-GaN/n-GaN (~100 nm/500 nm) top cell, separated from the 

silicon bottom cell (p-Si/n-Si) by a 45 nm AlN buffer layer. The AlN buffer layer was 

intended to bridge the lattice mismatch between the epitaxial GaN layer and the Si wafer. 

The p-GaN was achieved by incorporating magnesium. The nominally undoped GaN 

layer acts as an n-type, and form the GaN pn-junction on the top of the structure. The Si 

pn-junction at the bottom was formed as a by-product of the buffer layer where aluminum 

in-diffusion caused the wafer surface to be heavily p-type doped [17]–[19]. 

 
Figure 7.1 Schematic of the III-nitride/silicon tandem solar cell structure. 

Before the metal stack deposition, the sample was ultrasonically degreased in 

acetone, methanol and rinsed using deionized (DI) water. The degreasing procedure was 

followed by a treatment in HCl: DI H2O (3:1) solution for 10 min at room temperature. 

The treatment was completed with a DI water rinse and subsequent drying in high purity 

N2 gas. A semitransparent Au (5 nm)/Ni (5 nm) bilayer was then deposited using an 

electron beam evaporator with base pressure less than 2x10-7 Torr. The HCl:H2O (3:1) 
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surface preparation for the semitransparent metal stack was found to yield the lowest 

specific contact resistance (ρ) for p-GaN [20]. Standard photolithography and wet etching 

were employed to pattern the semitransparent bilayer which acts as the front contact on 

the p-type GaN layer. Major fabrication steps are summarized in Figure 7.2 and Table 

7-1. 

In order to define the mesa structure, a 100 nm-thick Ni mask and a 500 nm-thick 

SiO2 mask were deposited using the e-beam evaporator and plasma enhanced chemical 

vapor deposition (PECVD), respectively. A variety of mesas of different diameters from 

120 to 400 µm were then defined by inductively coupled plasma reactive ion etching 

(ICP-RIE) to reach the n-type silicon substrate.  The etch system has been described 

elsewhere [21]. The dry etching process was carried out in a chlorine-based plasma. The 

ICP power, RIE power and the chamber pressure were held constant at 250 W, 200 W 

and 8 mTorr, respectively, during the etch procedure. 
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Figure 7.2 Illustration of the main fabrication steps of the tandem GaN/Si solar cell. After 

a general cleaning and HCl treatment, Ni/Au semitransparent front contact formation (for 

p-GaN) and hard mask preparation for plasma etch, which followed by photolithography 

for mesa defining (1), wet etching to pattern the hard mask and the contact (2), after 

removing the photoresist, plasma etching to achieve a mesa structure (3), removing the 

remaining hard mask (4), back contact formation (for n-Si) and annealing (5). 
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Rear contact was formed with Ti/Pd/Ag/Au (20/20/50/100nm) using the electron 

beam evaporator onto the n-Si wafer. The sample was annealed in a rapid thermal 

annealing (RTA) system at 500 °C in 90% N2 and 10% O2 ambiance for 10 min. 

Table 7-1 Major fabrication steps of the tandem GaN/Si solar cell. 

Fabrication steps Description 

General cleaning 
Acetone, methanol, DI water in a sonicator for 5min which follows a 

nitrogen blow for 2 min. 

Front contact formation (for 

p-GaN) 

HCl+DI water (3:1) for 10 min at room temperature, 

Ni/Au (5/5nm) by e-beam evaporator. 

Hard mask preparation for 

plasma etch 

SiO2 (500nm) by PECVD, 

Ni (100nm) by e-beam evaporator. 

Mesa defining Photolithography with photoresist (PR) S1318. 

Wet Etch 
Etching Ni (100nm), SiO2 (500nm), Au (5nm) and Ni (5nm), 

Remove PR S1318 with acetone. 

Plasma Etch 
Etching down to n-Si substrate by ICP-RIE in Cl2–based plasma, 

Remove remaining hard mask Ni and SiO2. 

Rear contact formation (for n-

Si) 
Ti/Pd/Ag/Au (20/20/50/100nm) by e-beam evaporator. 

Annealing RTA at 500 oC in N2+O2 (9:1) for 10 min. 

Before and after passivation of the mesa sidewalls with 100nm of SiO2 deposited 

by PECVD at 250 °C, the current-voltage (I-V) characterization was performed in dark 

and under illumination of a solar simulator operating. The current–voltage measurements 

were acquired through a Keithley 2400 source meter. External quantum efficiency of the 

tandem solar cell was investigated by employing the incident photon-to-current 

conversion efficiency (IPCE) with a characterization system consisting of a Xenon lamp, 

a chopper controller, a monochromator, and a lock-in amplifier. 

7.3 Results and Discussion 

Before discussing the results of the tandem structure, it is useful to investigate the 

pn-Si sub-cell alone. This structure was realized by removing of the p-GaN layer and part 

of the n-GaN epitaxial layer. This single pn-Si junction solar cell was measured under the 
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solar simulator; the photovoltaic characteristics are listed in Table 7-2. Figure 7.3 exhibits 

the current density versus voltage (J-V) characteristics of the single pn-Si sub-cell in the 

linear and logarithmic scales. 
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Figure 7.3 Current density versus voltage characteristics of single pn-Si under the solar 

simulator (SS) illumination in linear (top) and logarithmic (bottom) scales.  
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Table 7-2 Photovoltaic characteristics of the single pn-Si junction solar cell. 

Photovoltaic characteristic Value 

Jsc (mA/cm2) 9.55 

Voc (V) 0.29 

Fill factor (%) 55.33 

Conversion efficiency (%) 2.06 

 

External quantum efficiency of a single pn-Si junction solar cell with an area of 

4mm2 is present in Figure 7.4. 
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Figure 7.4 External quantum efficiency of a single pn-Si junction solar cell with an area 

of 4mm2. 

The tandem pn-GaN/pn-Si cell is expected to suffer from poor power conversion 

efficiency as a consequence of the sizable current mismatch between the top and bottom 

cells. This is due to a smaller fraction of the terrestrial solar spectrum existing above the 

GaN band gap (3.4 eV). From a theoretical point of view, such an ideal tandem structure 
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has the following photovoltaic parameters. Assuming 100% quantum efficiency limits the 

current density to at most 0.6 mA/cm2, and estimating an 80% fill factor results in a 

maximum conversion efficiency of only 1.5% [18]. 
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Figure 7.5 Current density versus voltage characteristics of pn-GaN/pn-Si before and 

after passivation of the mesa sidewalls under the solar simulator (SS) illumination in 

linear (top) and logarithmic (bottom) scales.     
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When the full pn-GaN/pn-Si tandem structure was measured under solar simulator 

illumination, the Voc was 1.45 V (almost 5 times the voltage of the Si bottom cell). The 

short circuit current density Jsc was 0.116 mA/cm2 (over two orders of magnitude lower 

than in the Si bottom cell). These two distinct changes (reduction of the Jsc and increase 

of the Voc) in the photovoltaic parameters of the tandem solar cell proves that the GaN 

pn-junction on top is functioning effectively, and limiting the generated photocurrent in 

the bottom sub-cell. With these J-V measurements, a fill factor of 39.7% was measured, 

limiting the power conversion efficiency to 0.1%. These results confirm the large current 

mismatch between the top and bottom cells, with the latter providing much greater 

current density. 

Passivation may be useful for optoelectronic devices to achieve highly efficient 

operation [22]. Also, passivation may help reduce plasma-induced damage on 

semiconductor devices during their fabrication process. Plasma etching techniques can 

cause abruptly terminated mesa side walls with defects which trigger band bending and 

carrier accumulation. It is expected that passivation also tends to prevent oxidation of the 

mesa side walls. Furthermore, it saturates dangling bonds to avoid surface states. 

Passivation of mesa sidewalls by SiO2 is found to be effective in suppressing reverse 

leakage [23].  

Mesa sidewall passivation with 100nm-thick SiO2 deposition by PECVD was 

carried out. Subsequently, the photovoltaic parameters were again measured to see the 

effect of passivation on device performance. We observed a slight enhancement in the J-

V performance after passivating the mesa sidewalls. The passivated devices had open 

circuit voltage improved from 1.45 V before passivation to 1.53 V afterwards, and short 

circuit current density from 0.116 to 0.121 mA/cm2.  
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Figure 7.6 Schematic of the III-nitride/silicon tandem solar cell structure with front and 

rear contacts. SiO2 passivation is depicted on the sidewalls. 

The devices with the passivation at their sidewalls also demonstrated a relatively 

higher fill factor of 41.5%, indicating slightly better solar cell performance. Given these 

improved values, the conversion efficiency increased by 13.3%. The solar cell parameters 

determined from the current–voltage measurements before and after passivation are 

summarized in Table 7-3. Also, current density versus voltage characteristics of pn-

GaN/pn-Si tandem structure before and after passivation of the mesa sidewalls under the 

solar simulator are shown in Figure 7.6. 
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Table 7-3 Photovoltaic characteristic of the tandem solar cell before and after sidewall 

passivation. 

Passivation status  Before  After 

Jsc (mA/cm2) 0.116 0.121 

Voc (V) 1.45 1.53 

Fill factor (%) 39.7 41.5 

Conversion efficiency (%) 0.09 0.102 

In order to characterize the photo-electrical performance of solar cells, the 

incident monochromatic photon to current conversion efficiency (IPCE) is crucial, which 

is also called the external quantum efficiency (EQE). IPCE is defined as the ratio 

between the number of generated charge carriers by light in the external circuit and the 

number of incident photons impinging on a solar cell. It is expressed as a function of 

excitation wavelength. 

IPCE measurements of the tandem solar cell before and after mesa sidewall 

passivation were carried out using an Oriel xenon lamp source, a spectrometer, a SR850 

lock-in amplifier, a chopping frequency of 200 Hz, and a calibrated silicon reference 

photodiode. 

7.4 Conclusion 

In this study, the fabrication and characterization of a Si-GaN tandem solar cell 

was demonstrated and the effect of passivation investigated. Limited solar cell 

performance, in terms of short-circuit current density and efficiency was observed. This 

was attributed to the large current mismatch between the top and bottom sub-cells, 

formation of extended crystalline defects in the epilayers, and the energy band structure 

of the tandem device that does not cover the most effective middle part of the solar 

spectrum. 
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After passivation, it was noted that the device response was slightly dependent on 

the passivation along the sidewall. The open-circuit voltage (Voc) increased from 1.45 to 

1.53 V, the short-circuit current density (Jsc) improved from 0.116 to 0.121 mA/cm2, and 

the fill factor increased from 39.7 to 41.5% under the solar simulator, yielding around 

13.3% improvement in conversion efficiency after the passivation procedure. 
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CHAPTER VIII 

8 MECHANISM OF CARRIER TRANSPORT 

This chapter discusses carrier transport mechanisms in hybrid GaN/AlN/Si solar 

cells. Tandem III–N/Si solar cells with an area of 5x5 mm2 have been previously 

demonstrated with an open circuit voltage (Voc) of 2.4 V and short circuit current density 

(Jsc) of 7.3 mA/cm2 under 1-sun AM1.5G conditions and UV laser illumination at 325 nm 

[1]. Also, it was recently reported that mesa sidewall passivation of tandem III–N/Si solar 

cells increased their power conversion efficiency by approximately 13% [2]. However, 

the mechanism of carrier transport remains unclear for such a heterostructure. This work 

was motivated by a need for identification of the dominant mechanism of carrier 

transport in hybrid GaN/AlN/Si solar cells.  

8.1 Introduction 

AlInGaN alloys have found extensive use in the field of light generation (LEDs, 

LDs) and in the field of high-voltage power switching (HEMT, MIS-HEMT), owing this 

success to their band gap properties. Photovoltaic devices, on the other hand, although 

promising high conversion efficiencies, have had a slower development pace due the 

formation of extended defects in InGaN alloys with high indium fractions [3]. An 

important role in establishing the attractiveness of these materials is attributed to the 

development of GaN-on-Si technology that has enabled cost effective device 

commercialization through the use of III-nitride structures grown on large (6-in) silicon 

substrates.  

In this context, the investigation of the vertical carrier transport across the 

nitride/silicon interface [4], [5], carrier distribution, and band alignment [6] all contribute 

to the understanding of the phenomena associated with the operation of GaN-on-Si 

vertical devices. Among these few published studies it has been suggested that in a high-
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voltage regime, vertical conduction and breakdown take place according to the space-

charge-limited current (SCLC) model. The authors of the mentioned studies describe a 

defect mediated mechanism where acceptor and donor point defects form relatively deep 

levels. Impact ionizations that are caused by high electric field at the GaN/Si interface 

create numerous electrons that are injected into these trap levels of the GaN buffer, 

causing vertical leakage in the AlGaN/GaN-on-Si structures.    

Other studies have found that during the growth of HEMT-on-silicon structures, 

unintended doping took place [7]. It was found that Si diffuses into the AlN/GaN buffer 

layers, while Al diffuses into the silicon substrate and forms a p-doped layer. Hall 

measurements at the GaN surface determine p-type conduction with low carrier mobility, 

suggesting that vertical conduction to the p-silicon substrate surface takes place.  

In the case of vertical devices integrating nitride and silicon semiconductor 

structures such as tandem solar cells [1], the silicon substrate is an integral part of the 

device and the operation efficiency relies on the ability of the carriers to cross this 

interface with little or no losses. The mechanism of carrier transport remains still unclear 

for such a heterostructure. This work attempted to identify the dominant mechanism of 

carrier transport in hybrid GaN/AlN/Si solar cells. 

8.2 Experimental Details 

Plasma-assisted molecular beam epitaxy (PAMBE) was used to grow III-N thin 

films on low resistivity (ρ ≈ 0.2 Ω cm) n-Si (111) substrates. As shown in Figure 8.1, the 

tandem solar cell structure consisted of a p-GaN/n-GaN (~100 nm/500 nm) top cell, 

separated from the silicon bottom cell (p-Si/n-Si) by a 45 nm AlN buffer layer. Mg 

doping was used for the fabrication of the p-GaN layer and electrochemical capacitance 

voltage (ECV) measurements have determined an acceptor concentration of 2x1019 cm-3. 

The relatively thick n-GaN layer and the n-AlN buffer layer (45 nm) grown on the silicon 

substrate were doped with Ge (~1×1018 cm-3) evaporated from a high temperature 

effusion cell. The Al diffusion during growth of the AlN buffer layer into the silicon 
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substrate caused the formation of a thin p-Si layer. At the AlN/Si interface, the maximum 

calculated Al concentration was ~1×1019 cm-3 and its concentration decreased to 1×1015-

cm-3 at a distance of ~90 nm from the interface.  

To facilitate I-V and PV measurements, solar cell mesas with a diameter of 400 

µm were prepared using Cl2-based ICP-RIE. 

 
Figure 8.1  A typical mesa structure fabricated by photolithography and plasma etching. 

8.3 Identification of Transport Mechanism 

In order to understand the mechanism of carrier transport through the AlN/Si 

interface, we carried out simulations of the full solar cell structure, pn-GaN/n-AlN/pn-Si. 

The simulations were based on a drift-diffusion approach and were aimed at analyzing 

the current produced by the carrier injection under dark-room conditions (see band 

diagrams of the structure and distributions of electron and hole concentrations in Figure 
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8.3). Both AlN and GaN layers were considered to be completely relaxed due to their 

rather large thicknesses, so that the polarization charge at the GaN/AlN interface was 

entirely determined by the difference in the spontaneous polarization of the materials. 

The polarization charge at the AlN/Si interface was assumed to vanish because of a high 

defect density accompanying stress relaxation at the initial stage of AlN growth on Si. It 

was also assumed that the AlN and GaN layers grew on Si in the [0001̅] direction, which 

corresponds to the growth of N-polar layers under conditions similar to those described in 

literature [8]. Following [9], a 7:3 ratio of the band offsets in the conduction and valence 

bands was assumed in the III-nitride material, while the difference in the electron 

affinities of AlN, ~0 eV, and silicon, 4.05 eV, [10] was used for estimation of the 

conduction band offset at the AlN/Si interface. Use of alternative values of the 

conduction band offset, ~2.1-2.4 eV, [11], [12] did not change noticeably the general 

behavior of the simulated band diagram.  

Figure 8.2 shows the room-temperature band diagrams of the solar cell structure 

with various biases applied. The forward voltage (+5V) is here defined in such a way as 

to correspond to the forward voltages applied to both silicon and GaN p-n junctions. One 

can see that carrier concentration distributions in GaN and Si are weakly perturbed by the 

bias, being determined by the material’s doping and the polarization charge at the 

GaN/AlN interface. The n-AlN layer is predicted to be practically free of electrons 

because of a high built-in electric field in the AlN layer pushing electrons to the GaN 

layer and pushing holes to the p-Si layer. It is interesting that the electric field in the AlN 

layer is high at both forward and reverse bias conditions, approaching a minimum value 

at nearly zero bias. This is due to mutual redistribution of the applied voltage between the 

GaN and Si p-n junctions. At any given value of the operating voltage, from -10 to +10 

V, the structure was found to be insulating, so that the predicted injection current density 

did not exceed ~10-17-10-15 A/cm2.  
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In order to better understand the conduction mechanism in the solar cell structure, 

the temperature-dependent current-voltage characteristics after etching off the upper p-

GaN layer were measured.  

a)    b)  

 

c) d)    

Figure 8.2  Band diagrams and distributions of electron and hole concentrations in the 

full solar cell structure at the bias of +5V (a), fragments of the band diagrams at a bias of 

+5V (b), 0 V (c), and ‒5V (d). Grey area indicates the bandgap.  

The results of the dark-room I-V curve measurements are shown in Figure 8.3. 

One can see, in particular, a remarkable current flowing through the structure under 

forward bias, which is important for solar cell operation. In this case, the measured 

relationship between the current density J and forward voltage V can be accurately 

approximated by the expression: 

JRBJJJqmkTV ss  2/1)/1(ln)/(
 

(8-1) 

-200 0 200 400 600

-10

-8

-6

-4

-2

0

2

4

a

p-GaN

uid-GaN

p-Si

[0001]

U = +5 V

n-AlN

holes

E
n

e
rg

y
 (

e
V

) 

n-GaN

n-Si

Distance (nm)

electrons

10
14

10
15

10
16

10
17

10
18

10
19

10
20

10
21

10
22

C
a

rr
ie

r 
c

o
n

c
e

n
tr

a
ti

o
n

s
 (

c
m

-3
) 

360 380 400 420 440 460 480

-10

-8

-6

-4

-2

0

2

4

b

n-GaN

p-Si

[0001]

U = +5 V

n-AlN

holes

E
n

e
rg

y
 (

e
V

) 

Distance (nm)

electrons

10
14

10
15

10
16

10
17

10
18

10
19

10
20

10
21

10
22

C
a
rr

ie
r 

c
o

n
c
e
n

tr
a
ti

o
n

s
 (

c
m

-3
) 

360 380 400 420 440 460 480

-6

-4

-2

0

2

4

6

c

n-GaN

p-Si

[0001]

U = 0 V

n-AlN

holes

E
n

e
rg

y
 (

e
V

) 

Distance (nm)

electrons

10
14

10
15

10
16

10
17

10
18

10
19

10
20

10
21

10
22

C
a
rr

ie
r 

c
o

n
c
e
n

tr
a
ti

o
n

s
 (

c
m

-3
) 

360 380 400 420 440 460 480

-4

-2

0

2

4

6

8

d

n-GaN

p-Si

[0001]

U = -5 V

n-AlN

holes

E
n

e
rg

y
 (

e
V

) 

Distance (nm)

electrons

10
14

10
15

10
16

10
17

10
18

10
19

10
20

10
21

10
22

C
a
rr

ie
r 

c
o

n
c
e
n

tr
a
ti

o
n

s
 (

c
m

-3
) 



Texas Tech University, Huseyin Ekinci, August 2016 

 

139 

where k is the Boltzmann constant, T is temperature, and m, Js, B, and Rs are fitting 

parameters, the possible meanings of which are discussed below. 

 
Figure 8.3 Experimental and simulated J-V characteristics of n-Si/p-Si/n-AlN/n-GaN 

structure under forward bias. 
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The first term in Equation (8-1) corresponds to the Shockley's diode equation with 

m and Js being the ideality factor and saturation current, respectively. Fitting of the 

experimental J-V curves allows determination of the ideality factor m of 1.25±0.05 for 

Series 1 and 2.20±0.05 for Series 2. The temperature dependence of the saturation current 

should correspond to the relationship  

)/(exp)( 2/3 mkTETTJ gs 
 

(8-2) 

where Eg is the bandgap of the material in which a p-n junction is formed. An 

approximation of the fitting points obtained for Js by Equation (8-2) with Eg = 1.1 eV is 

provided in Figure 8.4a; the lines are seen to be in a good agreement with the data of both 

series. This fact enables associating the first term in Equation (8-1) with contribution of 

the silicon p-n junction to the total J-V curve, which dominates at forward voltages less 

than ~0.1-0.2 V.  
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Figure 8.4 Temperature dependences of fitting parameters: Js (a), B (b), and Rs (c) 

(squares: Series 1, circles: Series 2); lines are approximations.  

The difference in the ideality factors obtained in Series 1 and Series 2 may be 

explained by lateral non-uniformity of the p-Si region width as seen in the SEM images 

in Figure 8.5 after staining the pn-Si junction. A larger p-region would favor 

recombination of electrons and holes in the p-Si layer, thus shifting the ideality factor 

closer to the value of 2. 
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Figure 8.5 Cross-sectional SEM images of the III-nitrides/Si tandem structure after 

staining the silicon pn-junction. The thickness of the p-Si appears not to be uniform. 

Scale bar in each image is 100nm. 

 The third term in Equation (8-1), Rs, corresponds to the specific series resistance 

of a device. Estimations show that contribution of the GaN layers and n-Si substrate to 

this resistance is ~4 - 7% of the total specific resistance obtained by fitting the J-V curves 

(plotted in Figure 8.4c). Therefore, the third term in Equation (8-1) should be largely 

attributed to the n-AlN layer. The second term in Equation (8-2) is typical for space-

charge limited currents in dielectrics [3]. Since only AlN is free of carriers when a 

forward bias is applied (see Figure 8.2a), the second term of Equation (8-2) has to be 

associated with the AlN layer too.  

According to the analysis given in [5,6], the J-V characteristic corresponding to 

space-charge limited current at intermediate voltages obeys the Mott-Gurney law:  

232

08
9 )/(/ BVLVJ  

 
(8-3) 

where ε0 and ε are the electric and dielectric constants, respectively, L is the distance 

between the cathode and anode in the device of interest (here, the thickness of the AlN 

layer) and μ is the effective carrier mobility which can be much lower than the actual 

mobility, if electronic traps are involved in the carrier transport. At higher forward 
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(b) 

 

p-Si 

(a) 

 



Texas Tech University, Huseyin Ekinci, August 2016 

 

143 

voltages, when the layer between the cathode and anode is uniformly filled with injected 

carriers, the J-V characteristic obeys the quasi-Ohm law:  

sc RVLVnqJ //  
 

(8-4) 

with the carrier concentration nc controlled by the cathode injection capability.  

The values of parameter B, found in Series 1 and Series 2, are all close to each 

other and essentially do not depend on temperature (Figure 8.4b). Comparing the mean 

value of the experimentally determined parameter B = 1.1±0.1 V·cm/A1/2 with Equation 

(8-3), the effective electron mobility was estimated to be μ = 7.8±0.25×10-4 cm2/V∙s. 

Using this mobility value, we can estimate the concentration nc = 0.6-3.7×1018 cm-3 from 

Equation (8-4). Similar to the specific resistance Rs (Figure 8.4c), the concentration nc is 

found to be temperature-dependent with the activation energy of ~156 meV (see 

approximating lines in Figure 8.4c). This electron concentration seems to be quite 

reasonable, if it is considered that carriers are injected from n-Si to p-Si under forward 

bias. The ~2-3-fold difference in the specific series resistance Rs obtained in Series 1 and 

Series 2 (Figure 8.4c) can also be interpreted in terms of non-uniformity of the p-Si layer 

width. Indeed, a greater width should result in enhanced recombination of electrons and 

holes, eventually reducing the value nc and, hence, Rs.  

 

Looking at the band diagram of the n-GaN/n-AlN/p-Si junction in Figure 8.2a, we 

can conclude that the electrons cannot overcome the large (~2 eV) potential barrier 

formed in the conduction band at the AlN/Si interface. Therefore, the electron conduction 

in AlN should be attributed to defect-mediated transport. The very low effective mobility 

estimated from the J-V curve fitting is more evidence of that.  

The contribution of the space-charge limited current to the whole J-V curve of 

each device dominates when the forward voltage is greater than ~0.1 - 0.2 V. After that, a 
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transition from the Mott-Gurney law (Equation (8-3)) to the quasi-Ohm law (Equation 

(8-4)) occurs at a voltage of ~1 - 2 V.  

We currently do not have enough data to distinguish between two alternative 

mechanisms of electron conduction in AlN layer. One possible mechanism invokes either 

shallow or deep traps randomly distributed in the material bulk. Another mechanism 

implies electron conduction along extended defects including threading dislocations, 

grain boundaries, and inversion domain boundaries. In the latter case, the electron density 

distribution in AlN should be rather non-uniform, so that the concentration nc has to be 

regarded as the parameter averaged over the material bulk. 

8.4 Conclusion 

The identification of the dominant mechanism of carrier transport in hybrid 

GaN/AlN/Si tandem solar cells was explored. After etching off the top p-GaN layer, 

temperature-dependent current-voltage characteristics of the structure were measured to 

better analyze the vertical carrier transport through the AlN/Si interface. A drift-diffusion 

simulation was carried out to study the current produced by carrier injection under dark-

room conditions. With this model, the experimentally measured relationship between the 

current density J and forward voltage V were accurately approximated by a proposed 

expression. After interpreting the possible meanings of the fitting parameters in the 

measured temperature-dependent J-V characteristics in dark, it was concluded that the p-

Si/n-Si junction works as a virtual cathode, supplying electrons into the AlN layer under 

forward bias, where they give rise to the defect-mediated space-charge limited current. 
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CONCLUSION AND OUTLOOK 

Gallium nitride (GaN) and silicon carbide (SiC), among the most popular wide 

bandgap semiconductors, are often preferred for sophisticated electronic and photonic 

devices due to their inherent wide bandgap, high electron saturation velocity, high 

thermal conductivity, and wide temperature operation range capabilities. However, 

fabrication of such materials is challenging due to their chemically strong natures.  

This dissertation consists of three main research topics: the development of an 

ICP-RIE plasma etch recipe for the fabrication of 4H-SiC based PCSS, the effect of mesa 

sidewall passivation by SiO2 on the characteristics of III–nitride/silicon tandem solar 

cells, and the dominant mechanism of carrier transport in these tandem GaN/AlN/Si solar 

cells. 

The etch recipe used to fabricate a 4H-SiC based PCSS device by ICP-RIE was 

developed. Sets of experiments were conducted to develop a plasma etch recipe which 

enabled moderate etch rate and smooth surface morphology by optimizing system 

parameters such as the plasma composition, ICP power, RIE power, and process pressure. 

A plasma composition of Cl2/Ar/BCl3 was superior to using Cl2/Ar or BCl3/Ar alone, due 

to a balance between the physical and chemical etching mechanisms of BCl3/Ar and 

Cl2/Ar plasmas, respectively. These system conditions resulted in smooth surface 

morphology and effectively eliminated the effect of micro-masking. Surface morphology 

was further investigated by analysis of power spectral density and surface height function 

in one dimension (1DPSD) as a function of spatial frequency. The cutoff frequency at the 

transition between the low-spatial frequency range and the high-frequency range, which 

correlate with saturation and scaling, respectively, were determined and interpreted for 

different BCl3 flow rates. The lateral geometry for the epitaxial layer PCSS operating in 

the linear mode was compared with that for the laser-doped PCSS in both the off and on-

states. The on-state resistance of the epitaxial layer PCSS was approximately 30% lower; 
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its durability against formation of cracks under the same test conditions was also better. 

In the future, it is planned to investigate etch profiles including side-wall verticality with 

respect to plasma system parameters such as plasma chemistry, RIE power and ICP 

power, chamber pressure. 

To study the impact of mesa sidewall passivation by SiO2 on characteristics of 

III–nitride/silicon tandem solar cells, dual junction solar cells were fabricated from 

standard n-type Si (111) substrates with III–nitride epitaxial layers grown by plasma-

assisted molecular beam epitaxy (PAMBE). Photovoltaic testing was experimentally 

carried out before and after the passivation of these solar cell mesa side walls, and it was 

concluded that the passivation moderately improved the efficiency of these solar cells. 

After passivation, the open-circuit voltage increased from 1.45 to 1.53 V, the short-circuit 

current density improved from 0.116 to 0.121 mA/cm2, and the fill factor increased from 

39.7 to 41.5% under AM 1.5 illumination. This yielded a conversion efficiency 

improvement of approximately 13%. 

There are a number of ways to elaborate on this III-nitride work. Regarding 

characterization of tandem solar cells, the absence of a UV laser prevented the 

measurement of external quantum efficiency of the tandem structure. Since GaN is a 

wide bandgap material, UV light sources are necessary to turn on the pn-GaN sub cell in 

the tandem structure.  

It is assumed that non-uniformity in the thickness of p-Si layer, a result of Al in-

diffusion during AlN buffer layer deposition, causes degradation in the efficiency of 

tandem solar cells. If an n-Si(111) substrate with p-Si layer on top is used, this would 

probably solve the issue. Also, possible causes of the large differences in the thickness of 

the p-Si layer should be further analyzed. The local diffusion coefficient of Al may be 

determined by taking into account local factors which have an impact on the activation 

energy for diffusion, such as Si lattice defects, how much Al is free versus how much has 
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formed bonds with N (between 1 and 3 bonds), and the presence of SiN on the surface, 

among other factors. 

Generating new tandem devices with similar sample structures is also proposed. 

After removing the p-GaN top layer in the current structure studied here, a metal/n-GaN 

Schottky device such as Ni, graphene, or a transparent conductive metal (such as ITO, 

PANI, or PEDOT) can be deposited onto n-GaN. This Schottky device would be 

connected in series with the pn-Si bottom cell.  This is a different type of tandem cell 

which may prove simpler to realize. 

Hexagonal features on the cleaved width of the GaN:Ge layer, as seen in Figure 

9.1, were observed after staining the pn-Si junction. These features may have originated 

from SiGe alloy formations. Alternatively, they may originate from p-GaN grains. Recall 

that the staining solution used (HF + HNO3 + CH3COOH) is a doping-selective etchant 

for silicon. These features should be further analyzed by energy-dispersive X-ray 

spectroscopy (EDS).  If they are due to different doping levels and types, this may be 

useful in forming GaN quantum dots. 
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Figure 9.1 Cross-sectional SEM image of the III-nitride after staining the silicon junction. 

Features (seen in the red circle, for example) on the GaN:Ge layer are present.  

This dissertation also identified the dominant mechanism of carrier transport in 

hybrid GaN/AlN/Si tandem solar cells was also explored. After etching off the top p-GaN 

layer, temperature-dependent current-voltage characteristics of the structure were 

measured to better analyze the vertical carrier transport through the AlN/Si interface. A 

drift-diffusion simulation was carried out to study the current produced by carrier 

injection under dark-room conditions. With this model, the experimentally measured 

relationship between the current density J and forward voltage V were accurately 

approximated by a proposed expression. After interpreting the possible meanings of the 

fitting parameters in the measured temperature-dependent J-V characteristics in dark, it 

was concluded that the p-Si/n-Si junction works as a virtual cathode, supplying electrons 

into the AlN layer under forward bias, where they give rise to the defect-mediated space-

charge limited current.  A direction of future research will involve further analyzing the 
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AlN buffer layer in detail to distinguish between two alternative mechanisms of electron 

conduction. 1) Randomly distributed shallow or deep traps in the material bulk, and 2) 

Extended defects including threading dislocations, grain boundaries, and inversion 

domain boundaries. 

 


