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Abstract 

Theoretical and Experimental Studies of III-Nitride Devices 

by 

Kai Shek (Clayton) Qwah 

In the field of semiconductor devices, the III-nitride material system, which is mainly 

made up of Indium Nitride (InN), Gallium Nitride (GaN) and Aluminum Nitride (AlN), has 

seen a great deal of attention over the past decade. Despite the maturity of this field of research, 

the growth mechanics and physics that govern the behavior of these devices is still poorly 

understood. 

For all the devices mentioned, there exist regions called heterojunctions, which can be 

defined as the interface between two materials of different band gaps. In the case of LEDs, 

these heterojunctions are typically at the interface of alloy regions, which are the Quantum 

Well (QWs) layer and the Electron-Blocking Layer (EBL). These regions have compositional 

fluctuations due to the random distribution of the atomic constituent in the alloy. This 

phenomenon, known as alloy disorder, has largely been insignificant in the studies of other III-

V semiconductors. However, due to the higher effective mass and larger band gaps of the 

nitrides, disorder plays a significant role in understanding the carrier transport behavior within 

nitride devices. 
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My research involves examining each of these layers and studying the hole transport 

behavior within these two types of heterostructures to better understand their electrical 

behavior. However, typical studies use LEDs as test structures, which are bipolar devices and 

are subject to recombination mechanisms. By using unipolar heterostructures, we can focus 

solely on the carrier transport within these structures without recombination complicating the 

analysis of the system, making them ideal test vehicles for theoretical models. My study 

involves simulating a three-dimensional unipolar p-type heterostructure that incorporates the 

fluctuations of the alloy composition within the alloy region. This would normally require 

solving for the wavefunctions of the system via Schrödinger’s equation. However, solving this 

equation in 3D is a computationally expensive task and could take months to obtain results. By 

using a mathematical theory called the Localization Landscape theory, we can simplify 

Schrödinger’s equation and converge to a solution three orders of magnitude faster than current 

simulation techniques. This allows us to viably give LEDs the full 3-dimensional treatment 

and obtain band structure information as well as current-voltage characteristics.   These 

simulations were then compared to experimental realizations of these structures, which were 

grown by ammonia-assisted molecular beam epitaxy (NH3-MBE) and fabricated into devices 

for electrical measurements. The simulation results are verified by experiments using unipolar 

vertical hole transport structures enabled by n-to-p tunnel junctions (TJs) grown by ammonia 

molecular-beam epitaxy (NH3-MBE). The experimental results show that even a thin UID 

AlxGa1-xN (x = 14%, 13 nm) introduces an asymmetric barrier to the hole transport; A nearly 

100% increase in drop voltages induced by a thin UID AlGaN at 50 A/cm2 in reverse direction 

is compared to only 25% corresponding increase in the forward direction. Furthermore, p-type 

doping of the AlGaN layer results in a drastic drop in the potential barrier to hole transport in 
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both directions. Following that, a similar study was conducted for InGaN double 

heteostructures and quantum wells. The results indicate that increasing the UID In0.1Ga0.9N 

layer thickness from 15 nm to 30 nm increases the forward bias voltage drop (~2 V at 500 

A/cm2) more than the reverse bias voltage drop (~ 0.2 V at 500A/cm2). For the QW structures, 

increasing the number of QWs from 1 to 3 increases the voltage penalty similarly in forward 

and reverse directions (~ 0.25 V per QW at 500 A/cm2). 

Since the demonstration of III-nitride based transistors and diodes, their progress has 

also been limited by different challenges, one of which includes the presence of extended 

defects such as high densities of threading dislocations in the material grown on lattice-

mismatched foreign substrates, which results in the degradation of device performance. This 

is demonstrated for GaN p-n diodes, in which threading dislocations behave as leakage 

pathways under both forward and reverse biases. In addition to this, high-voltage power 

switches require thick drift regions (on the order of 10 μm) with low background doping levels 

(on the order of 1015 – 1016 cm-3) to realize high blocking voltages. Hence, there is also a need 

for growth methods and optimized conditions to enhance the growth rate, maintaining the low 

background doping. 

We conducted a study to investigate the effects of threading dislocation density on the 

transport properties of vertical GaN p-n junctions. Vertical GaN p-n diodes grown by NH3-

MBE have been shown to be severely affected by threading dislocation density in terms of 

leakage currents. To study the effect of threading dislocations, finite element simulations were 

conducted to compare GaN p-n diodes with and without a dislocation. At zero bias, the 
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depletion width and the maximum electric field were significantly reduced near the dislocation 

line. The reduction in the diffusion barrier for electrons and holes was asymmetric due to the 

asymmetric nature of the dislocation induced band bending related to the doping and trap 

parameters. This reduction in diffusion barrier facilitated the diffusion of electrons and holes 

in forward bias. Finally, this diffusion barrier reduction carrier resulted in an additional leakage 

mechanism via Shockley-Read-Hall non-radiative recombination mediated by a high np-

product and trap state density near the intersection of the dislocation with the junction. In the 

reverse bias case, it was found that the defects coalesced by the dislocation strain field will 

mediate electron-hole pair generation by a trap-assisted tunneling mechanism occurring at a 

peak electric field in the junction near the dislocation. These electron-hole pairs are then swept 

away from the junction by the strong, reverse bias electric field thereby resulting in a reverse 

bias leakage current mediated by the dislocation trap states. 

To improve the surface morphology in epitaxial growth, surfactants are commonly 

employed.  For the case of group III nitrides, indium has been shown to be a highly effective 

surfactant. Typically, surfactants alter the surface morphology by modifying the surface energy 

and/or the adatom mobility. I investigated the effects of indium as a surfactant and other growth 

conditions on the surface morphology during NH3-MBE growth of unintentionally-doped 

(UID) GaN under fast growth rates (1 µm/hour). The surface morphology was characterized 

using atomic probe tomography and the impurity concentration within the UID GaN was 

obtained using secondary ion mass spectroscopy (SIMS). It was found that, through a series of 

optimizations, indium was able to improve the surface morphology during high flux growth. 

Moreover, it was also observed that indium suppresses the background Si impurity 
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concentration in the film. The improvements in the surface morphology while maintaining low 

background impurity levels for fast growth rates would provide a path toward high-quality 

thick drift regions growths with smooth morphologies for regrowth-free high-voltage vertical 

devices for power switching applications. 
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region length) on the leakage current. This study differentiates the effects of only the screening

geometry without changing the dislocation line charge or device doping. (pg. 69)

42. Figure 37: Conduction current densities for various FWHM TD trap distributions with a) the

main model with a FWHM = 5nm, b) a FWHM = 30nm, and c) a FWHM = 60nm. (pg. 71)

43. Table 8: Variable legend providing detailed information on variables and units used in this

work. (pg. 73)

44. Figure 38: Schematic of screening region in the vicinity of a dislocation in a n-type (ND=

5×1017 cm-3)  (left) and p-type  (NA= 5×1019 cm-3) (right) GaN along with the corresponding

charge profile. The charge region in p-GaN is much smaller due to the higher doping required

for p-type conductivity (pg. 77)

45. Figure 39. Figure shows the model for the p-n diode, which is a cylinder around a dislocation.

The dislocation was modeled as a Gaussian distribution of deep trap states. Trap state energy

within the n-type region was based on experimental results while the p-type region was placed

arbitrarily deep in the energy gap.  In the right table, values for trap capture cross section (𝜎),

minority carrier lifetime (𝜏), and minority carrier diffusion length (𝐿𝑇) are given for the trap

state region associated with the TD line. (pg. 78)

46. Table 9: Minority carrier lifetimes and diffusion lengths for different trap state conditions. The

bulk lifetimes are within experimental parameters for minority carrier lifetimes30. (pg. 80)

47. Figure 40:  Process overview the Gummel method (pg. 80)

48. Figure 41: Equilibrium band diagram for the p-n junction in this work. This band structure

matches our previously modeled p-n junctions observing forward bias leakage currents. (pg.

85)

49. Figure 42: Band diagram for the modeled p-n junction under 80 V reverse bias. Note that the

band distortions observed at equilibrium persist into reverse bias but are overshadowed by the

bending of the junction due to the applied bias. (pg. 85)

50. Figure 43: Electric field colormaps for the diode under study. a) The electric field magnitude

- note the peak in electric field near the intersection of the dislocation with the junction. b) the

radial component of the electric field. c) the z-component of the electric field. (pg. 87)

51. Figure 44: Leakage current color maps. The bold arrows represent the flow of current in the

conventional sense ie. following a positive test charge whereas dotted arrows denote the actual

direction of flow of the electrons.  a) The total conduction current density showing current

flowing from the n- to the p-side of the junction. b) The electron current density showing that

electrons are flowing from the dislocation-junction intersection towards the p-side bulk due to

the high electric field. c) Hole current density showing a geometrically smaller region in which
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recombination-generation colormap on a linear scale showing a sharp, negative region at the 

peak electric field. Negative values on this scale indicate that generation occurs in this region. 

The slight difference in hues between the red in the p-GaN and n-GaN region are a result of 

slight numerical differences from the simulation. The values in both regions are still essentially 

zero, thus showing for all practical purposes, recombination only occurs in the vicinity of the 

interaction of the threading dislocation and the junction (pg. 88) 

52. Figure 45: Reverse bias current density plots for the models under study. Note that the J-V

curves for the model with no dislocation and with no trap-assisted tunneling are almost the

same while the dislocated sample in this study demonstrates a measurable leakage current at

applied biases greater than 50V. The onset of leakage currents in the dislocated diode

corresponds with the appearance of measurable net generation due to the TAT mechanisms

discussed in this work. (pg. 89)

53. Figure 46: (a) Simple cross-sectional schematic of the structure. (b) HRXRD 𝜔-2𝛳 scan of a

calibration sample for growth rate evaluation. (pg. 97)

54. Table 10 : Summary table for all the samples grown for this investigation (pg. 97)

55. Figure 47: 2 × 2 μm AFM scans for 1 µm-thick UID GaN grown with indium flux BEPs of (a)

0, (b) 5 × 10-8 Torr, (c) 1 × 10-7 Torr, and (d) 5 × 10-7 Torr at 800C and an NH3 flow rate of

200 sccm. (pg. 98)

56. Figure 48: 2 × 2 μm AFM scans for 1 µm-thick UID GaN grown with a indium flux BEP of

5×10-8 Torr  under different growth temperature and NH3 flow rates (V/III ratio). (pg. 99)

57. Figure 49: 2 × 2 μm AFM scans for 1 µm-thick UID GaN grown under optimized temperature

of 800 °C and NH3 flow rate of 750 sccm with indium flux BEPs of (a) 0, (b) 5 × 10-8 Torr,

(c) 1 × 10-7 Torr, and (d) 5 × 10-7 Torr. (pg. 100)

58. Figure 50: SIMS Impurity profiles for (a) O, (b) In and (c) Si for different indium surfactant

flux BEPs of 0, 5×10-8 and 1×10-7 Torr. (pg. 102)

59. Figure 51: (a) Schematic of the device (Sample 4A and 4B) b) A plot of the net doping vs the

depth in the structure for different growth conditions (pg. 103)

60. Figure 52: (a) Cross-sectional schematic of the n+/n-/n+ vertical FinFET test structure (Sample

5). (b) AFM scans of the surface of the FinFET test structure for different scan sizes, indicating

an atomically flat surface. (pg. 104)



xviii 

Table of Contents 
Chapter 1 : III-Nitrides by MBE ............................................................................................................... 1 

1.1    III-Nitride Fundamentals .............................................................................................................. 1 

1.2       Ammonia-Assisted (NH3) Molecular Beam Epitaxy growth of III-Nitrides .................................. 5 

Chapter 2 : Vertical Transport through unipolar p-type Nitride Heterostructures ............................. 8 

2.1       Vertical transport through p-type AlGaN Heterostructures ......................................................... 8 

I.      Introduction .................................................................................................................................. 8 

II.     Simulation Procedure ................................................................................................................. 10 

III.  Simulation Results and Discussion ............................................................................................ 17 

IV.    Experimental Procedure ............................................................................................................. 18 

V.  Experimental Discussion and Results ........................................................................................ 20 

VI.  Conclusion ................................................................................................................................. 24 

VII.   References ................................................................................................................................. 24 

2.2        Vertical transport through p-type InGaN Heterostructures ...................................................... 26 

I.   Introduction ............................................................................................................................... 26 

II.   Simulation Procedure ................................................................................................................ 29 

III.   Simulation Results and Discussion ........................................................................................... 34 

IV.   Experimental Procedure ............................................................................................................ 38 

V.   Experimental Results and Discussion ....................................................................................... 40 

VI.   Conclusion ................................................................................................................................ 44 

VII.   Acknowledgements .................................................................................................................. 45 

VIII.  References ................................................................................................................................. 45 

Chapter 3 : Modeling Dislocation-Related Leakage in GaN p-n Diodes .............................................. 48 

 3.1         Forward-Bias ........................................................................................................................... 48 

I.        Introduction .............................................................................................................................. 48 

II.  Model ....................................................................................................................................... 50 

III.      Results ...................................................................................................................................... 56 

IV.      Discussion ................................................................................................................................ 64 

V.    Conclusion ............................................................................................................................... 71 

VI. Acknowledgements .................................................................................................................. 72

VII.     Reference Table ....................................................................................................................... 72 

VIII. References ............................................................................................................................... 74 

 3.2 :      Reverse Bias ............................................................................................................................ 76 



xix 

I.    Introduction ............................................................................................................................. 76 

II.    Model ....................................................................................................................................... 78 

III. Results ..................................................................................................................................... 85 

IV. Conclusion .............................................................................................................................. 89 

V.     Reference Table ...................................................................................................................... 90 

VI. References ............................................................................................................................... 92 

Chapter 4 : Indium as a surfactant: Effects on growth morphology and background impurity in 

GaN films grown by ammonia-assisted molecular beam epitaxy ......................................................... 94 

4.1     Introduction ............................................................................................................................. 94 

4.2       Experimental Procedure .......................................................................................................... 96 

4.3       Results and Discussion ........................................................................................................... 98 

4.3       Conclusion ............................................................................................................................ 105 

4.4       Acknowledgments ................................................................................................................ 105 

4.5       References ............................................................................................................................. 105 

Appendix .................................................................................................................................................. 107 

Investigation of GaN-based tunnel junctions with low voltage drops: Impacts of doping levels, ambient 

exposure, and treatments ...................................................................................................................... 107 

I.     Introduction .......................................................................................................................... 107 

II.     Experimental Procedure ....................................................................................................... 110 

III.     Results and Discussions ....................................................................................................... 112 

IV.      Conclusion ........................................................................................................................... 122 

V.      Acknowledgements .............................................................................................................. 122 

VI.      References ............................................................................................................................ 122 



1 

Chapter 1 : III-Nitrides by MBE 

1.1    III-Nitride Fundamentals 

The III-Nitride material system have been the subject of much research interest over the past 

decade. This is because they have unique capabilities that make them very attractive for various 

device applications. These include their abilities to withstand large electrical breakdown voltages 

(on the order of 1.2 – 1.8 × 106 V cm-1), making them ideal materials for high-frequency and high-

power electronic device applications. Apart from that, by constructing alloys of the different nitride 

semiconductors, it is possible to tune the bandgap to span from the infrared, which corresponds to 

a bandgap of 0.65eV for InN, to the deep ultraviolet wavelengths of light, which corresponds to a 

bandgap of 6.0 eV for AlN. This large range of energies make them versatile for the optoelectronic 

applications such as LEDs and laser diodes. Moreover, the material has high thermal stability1 as 

well as resistance to chemically corrosive conditions2 and irradiation efects3. 
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Figure 4. The bandgap energy (and corresponding wavelength) vs lattice constant for the different III-

nitride compounds. 4 

 The III-nitride material system also exhibits two main types of crystal structures: cubic 

zinc blende and hexagonal wurtzite, with the latter being the most thermodynamically stable 

crystal structure5. In wurtzite structures, the bonds along the c-axis are different in length when 

compared to the bonds perpendicular to the axis as shown in Figure 5.   

  

Figure 5 : Crystal structure of GaN with the unit cell denoted within the dashed line along with the 

direction of spontaneous polarization and the lattice. 

  

                                  

Table 3:  The ratio between the c parameter and a parameter for GaN, AlN, and InN 

For an ideal hexagonal closed packed crystal with all nearest-neighbor bond lengths are equal, the 

ratio of the lattice parameters c0 and a0: 

𝑐0

𝑎0
= 1.63299 

Any deviation from this ratio, coupled with the polar bond due to the large difference in 

electronegativities between group III elements and nitrogen, results in a net dipole oriented along 

Material GaN AlN InN 

c/a 1.626 1.602 1.611 
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the [0001] direction. This in turn produces a bound sheet charge on the (0001) and (0001̅) surface 

of the nitride crystal as well as at heterojunction interfaces. This is what is known as spontaneous 

polarization, PSP. 

 Besides that, when crystals are subjected to compression or strain, the shifting of the crystal 

structure also results in the change in the c/a ratio, bringing it either further or closer to the ideal 

c/a ratio. This phenomenon, which is known as piezoelectric polarization, PPE, also produces a 

surface charge at heterointerfaces as well as on the pure crystal surface. When evaluating 

polarization fields in nitrides, it is important to consider the changes to the ratio due to strain from 

the lattice constant mismatch with the underlying layer. Biaxial compressive stress causes a 

decrease in the in-plane lattice parameter, a and increases the vertical lattice parameter, c. This 

increases the c/a, bringing it closer to the ideal ratio. This results in a PPE that opposes the 

spontaneous polarization, bringing the overall polarization in the crystal down. However, applying 

tensile stress to the film lowers the c/a ratio 

 In general, the total polarization, P is calculated via the equation: 

−𝜌 = ∇.𝑷 

where ∇. 𝑷 is the divergence of the field P through a surface containing the bound charge density, 

𝜌. However, if there is an interface between two materials of different polarizations, by taking a 

Gaussian pillbox integral at the interface, one obtains an interfacial polarization charge density. In 

the case of heterojunction, this sheet charge density, 𝜎 is then given as: 

𝜎 = 𝑃𝑙𝑎𝑦𝑒𝑟 𝐴 − 𝑃𝑙𝑎𝑦𝑒𝑟 𝐵 

𝑃 = 𝑃𝑆𝑃 + 𝑃𝑃𝐸 
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In the case of PPE, the relevant equation to calculate the field in nitrides is given as: 

𝑃𝑃𝐸 = 2
𝑎 − 𝑎0 

𝑎0
(𝑒31 − 𝑒33

𝐶13

𝐶33
) 

Where C13 and C31 are elastic constants, e31 and e33 are the piezoelectric coefficients, and a and a0 

are the lattice constants for the strained and relaxed crystals respectively. The magnitudes of each 

of these parameters are given in Table 4. The sense of polarization for each type of heterojunction 

interface is also given in Figure 6. 

Material PSP (C/m2) e31 (C/m2) e33 (C/m2) C13 (GPa) C33 (GPa) 

GaN -0.029 -0.49 0.73 103 405 

InN -0.032 -0.49 0.73 92 224 

AlN -0.081 -0.58 1.55 108 373 

 

                     Table 4: Table of parameters used to calculate polarization in III-nitrides 

 

 

Figure 6 : Schematic outlining the sense of polarization for different nitride heterostructures. 

   This polarization field also happens to be dependent on the growth orientation of these 

structures. It is known that the polarization in the c-plane orientation has the largest magnitude 

whilst m-plane and a-plane, commonly referred to as nonpolar planes, exhibit no polarization. 



5 

 

Since most nitride devices are grown on c-plane substrates, it is important to study the effects of 

polarization, which can be significant.  

1.2    Ammonia-Assisted (NH3) Molecular Beam Epitaxy growth of III-Nitrides 
 

Molecular Beam Epitaxy (MBE) is a method of crystal growth that has been widely used to grow 

high quality semiconductor crystals. The technique, initially developed for the growth of 

conventional III-V semiconductor structures, remains the ideal method for prototyping test 

structures for fundamental material studies due to the ability to produce sharp interfaces as well as 

low impurity concentrations. The technique involves the deposition of material in an ultra-high 

vacuum (UHV) environment using atomic fluxes of the constituent species as shown in Figure 7. 

For III-nitrides systems, the two methods of supplying the nitrogen include using nitrogen plasma 

or using ammonia, the latter being the method of choice for my studies. The group III element is 

provided through traditional dual filament effusion cells. 

The samples are first cleaned through a standard acetone, methanol and isopropanol dip. 

Following that, they are loaded into refractory molybdenum blocks and then baked twice: once in 

the loading chamber at 120 oC for an hour and a half, and once in the buffer chamber at 400 °C for 

two hours. This is to remove moisture as well as organic compounds present on the sample. Finally, 

they are transferred into the main MBE chamber and onto a Continuous Azimuthal Rotation (CAR) 

holder. The samples are then heated using a resistive heater on the back of the CAR, with the 

temperature being controlled using a proportional–integral–derivative (PID) controller. This 

temperature control system is also present in the effusion cells that supply the elemental constituent 

atoms during crystal growth. To monitor the temperature of the sample throughout growth, a 

pyrometer was used. The emissivity of the samples are then calibrated against the backside metal 
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found on the back of the sample. The backside is coated with 5 nm of Ti followed by 500 nm of 

Pd and another 100 nm of Ti.  Pd was chosen as it is very stable and inert to reactions with the 

ammonia in the system. However, Pd does not adhere very well to the backside, so a thin layer of 

Ti was used as an adhesion layer. Another problem with Pd is that it is highly reflective and 

required more power to heat up. Thus, a final layer of Ti was needed to help facilitate the transfer 

of heat to the substrate. 

 

Figure 7: Schematic of MBE configuration. 

 

Due to the large presence of ammonia in the chamber, the film is grown in a N-rich 

environment, with the growth occuring through the pyrolysis of ammonia and reacting to the group 

III element through the following chemical equation: 

𝐺𝑟𝑜𝑢𝑝 𝐼𝐼𝐼 (𝑠) + 𝑁𝐻3 (𝑔) ↔  𝐼𝐼𝐼 − 𝑁(𝑠) +
3

2
𝐻2(𝑔) 

 

 During growth,  a balance needs to be struck by depositing enough material at sufficiently 

low temperatures to prevent desorption of reactants from the surface but high enough to ensure 
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sufficient kinetic mobility of the adatoms on the surface to properly incorporate into the crystal 

lattice, filling any kinks and vacancies.  

 One advantage of NH3-MBE is the lack of metal decorated dislocation cores, which 

happens during plasma-assisted MBE (PAMBE) growth due to the optimal growth regime being 

metal-rich. These metal-rich defects act as current-leakage pathways, which are not ideal for 

electrical devices. Thus, NH3-MBE is the preferred growth technique for vertical device epitaxial 

growth. However, due to the inefficient thermal cracking of ammonia6, the lower limit on growth 

in the NH3-MBE system is placed at approximately 550 °C 
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Chapter 2 : Vertical Transport through unipolar p-type Nitride 

Heterostructures 

2.1 Vertical transport through p-type AlGaN Heterostructures 

I.      Introduction 
 

III-nitrides have attracted a great deal of attention over the past few decades due to their 

applications in various areas within optoelectronics and power electronics1,2. AlGaN alloys are 

typically used in numerous III-nitride-based devices to serve as quantum barriers (QBs) to 

electrons and/or holes. In power electronics, AlGaN heterostructures have been the basis for many 

designs, including high-electron mobility transistors (HEMTs), resonant-tunneling diodes 

(RTDs)3,4, hot-electron transistors5,6 and current-aperture vertical electron transistors 

(CAVETs)7,8. In optoelectronics, AlGaN alloys have been used in visible light-emitting diodes 

(LEDs) as well as lasers9 for structures such as electron-blocking layers (EBL), which are typically 

placed right behind the active region to mitigate the carrier overflow and to enhance the carrier 

confinement within quantum well (QW) active regions10. There has been a growing interest in 

using AlGaN system as the basis for ultraviolet LEDs (UV-LEDs)11,12 and intersubband structures 

for mid-infrared (MIR) and terahertz applications13,14. Even more recently, the potentially high 

breakdown field of AlGaN has motivated its use as an ultrawide bandgap semiconductor for 

vertical power electronic devices. Hence, heterostructures related to the AlGaN material have been 

a central segment for many III-nitride-based applications.  

Despite the maturity of the III-nitride field of research and the use of AlGaN and GaN/AlGaN 

heterostructures in various areas, the physics of vertical transport through AlGaN structures is still 

poorly understood. One possible reason is the presence of natural random alloy disorder, providing 

a percolated pathway within the barrier, thus affecting the carrier transport through the alloy layer. 

Due to the complex nature of alloy disorder, the regular Schrödinger -Poisson quantum mechanical 
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calculation requires an impractical time to solve for the eigenstates in alloy systems. Localization 

Landscape theory has recently been proposed to solve for random potentials, weak localization 

and Anderson localization15,16, which has been applied to semiconductor-related problems, 

including carrier transport and recombination in LEDs17,18. This theory suggests a reduction in the 

computation time by nearly three orders of magnitude reduction for a random potential compared 

to a conventional Schrödinger -Poisson solver17.  

In the past, unipolar n-type AlGaN heterostructures have been proposed as standard test 

structures to experimentally investigate the electron transport in AlGaN alloy systems19. An 

isotype structure would eliminate the recombination process from analysis, which considerably 

simplifies the picture and helps in understanding the carrier transport mechanisms in the AlGaN 

structures. Nath et. al.20 studied n-type GaN/AlGaN/GaN heterostructures grown by plasma-

assisted molecular beam epitaxy (PAMBE). It was found that even a 30 nm-thick AlGaN layer 

with 37% composition of Al does not provide a barrier to the electron transport, and that the 

electrical current is unaffected by threading dislocation density and temperature20. Browne et. al.19 

conducted a similar study for structures grown by ammonia MBE (NH3-MBE) and metalorganic 

chemical vapor deposition (MOCVD). The study showed that AlGaN fails to provide an effective 

barrier to electron transport, which is in contrary to the one-dimensional (1D) band diagram 

calculations, under different compositions and threading dislocation density. In addition, the 

percolative transport mechanism due to random alloy fluctuations within the AlGaN region is 

shown as the main cause of carrier leakage through the disordered AlGaN19. Nevertheless, the 

aforementioned studies were focused on electron transport mechanism and disregarding the 

transport mechanisms of holes, which is extremely important for optoelectronic and electronic 
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applications. The transport behaviors of electrons and holes are expected to be different due to the 

difference in their effective masses. 

 

In this work, we theoretically and experimentally investigate hole transport through disordered 

AlGaN barrier in p-type unipolar GaN/AlGaN heterostructures. Both 1D and 3D drift-diffusion 

models based on Localization Landscape theory were considered to simulate the hole transport, 

with the latter incorporating random alloy fluctuations within the AlGaN layer. The vertical hole 

transport structures were then grown by NH3-MBE using n-to-p tunnel junctions (TJs) to minimize 

the hole spreading resistance. The TJ structure is utilized in our transport structure design for a 

number of reasons. First, for a structure without a TJ, the high resistivity of p-GaN would hinder 

the current spreading in the structure, causing the current to pass through the sidewalls instead of 

the heterostructure (and also there would be a large voltage drop within the p-GaN base of the 

structure). In addition, the ion damage inflicted on the p-type GaN21 damage the p-layer, causing 

N-vacancies (NV) to form, which act as shallow donors22. Both theoretical and experimental results 

show that unintentionally doped (UID) AlGaN provides a barrier to hole transport in both reverse 

and forward directions, while the p-type doping of the AlGaN layer results in little to no barrier to 

hole transport in both directions.  

II.     Simulation Procedure 

 

The band diagrams and current density-voltage (J-V) characteristics of the structures were 

simulated using a Poisson-Drift-Diffusion solver developed earlier incorporating the Localization 

Landscape theory17. The software uses the Gummel iteration method, a standard algorithm 

typically used to solve for the band diagrams and J-V characteristics23. Instead of solving the time-

independent Schrodinger eigenvalue equation: 
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                                                               �̂�𝜓 = 𝐸𝜓                                                 (1)    

The Localization Landscape solver solves the landscape equation which is of the form: 

   �̂�𝑢 = 1      (2) 

where �̂� is the Hamiltonian, 𝜓 is the eigenfunction, E is the energy eigenvalue, and 𝑢 is the 

landscape function. Figure 1(a) shows the flow chart for the Gummel method incorporating 

Localization Landscape theory. The landscape function can then be used to obtain an effective 

potential, dubbed the landscape potential, 𝑊, where 𝑊 = 1/𝑢. 𝑊 as well as the landscape function 

are deeply connected to the Schrödinger equation, as the original eigenfunction 𝜓 may be 

recovered using an auxiliary function, described in detail in ref. 24. 

The simulation solves the Poisson, drift-diffusion equations, and Localization Landscape 

equations (as Eq(1)) self consistently. The quasi-Fermi levels in Eq(3) and (4) will be obtained by 

solving drift-diffusion equations. Our model uses the modified Boltzmann transport equation 

(which is Fickian and classical) to calculate the current for holes and electrons. Other anomalous 

diffusion phenomenon, such as non-Fickian diffusion will be explored in the future. Since 𝑊 has 

similar barrier heights to those of the valence band edge for holes, the Localization Landscape 

method can accurately capture the barriers to the hole transport. More details of the Localization 

Landscape method and the boundary conditions can be found in the supplementary material.  

   Based on atom-probe tomography data measured on similar AlGaN structures19, a random Al 

composition map with a desired average composition (~ 14%) (Figure 1(b)) was used as an input 

to the Poisson’s equation. In contrast to the random composition map used for 3D simulations, a 

constant composition map with the same average composition (~ 14%) was used for 1D 

simulations. The conduction band (𝐸𝑐) and valence band (𝐸𝑣) energies (Figure 1 (c)) calculated by 
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solving the Poisson’s equation were then fed into the landscape equation to obtain electron and 

hole carrier densities using the equations: 

𝑛 = ∫ √|𝐸−𝐸𝑐|
∞

𝐸𝑐

√2𝑚∗
3
2

𝜋2ℏ3
𝑓𝑛(𝐸)𝑑𝐸   (3) 

𝑝 = ∫ √|𝐸𝑣 − 𝐸|
𝐸𝑣

−∞

√2𝑚∗
3
2

𝜋2ℏ3 𝑓𝑝(𝐸)𝑑𝐸  (4) 

where 𝑚∗ is the effective mass of electron or hole and 𝑓𝑛, 𝑓𝑝 are the Fermi-Dirac distribution 

functions for electrons and holes, respectively. The effect of electrons is neglected in this 

calculation, as electrons are minority carriers in a p-type semiconductor (𝑛 ≪ 𝑝), resulting in no 

generation and/or recombination in the structures. Band diagrams and J-V characteristics were then 

obtained for different barrier conditions, demonstrated in Figure 2(a).   

The Localization Landscape theory allows for a faster solution for carrier dynamics compared to 

the standard Schrödinger equation, especially when accounting for quantum effects. In solving the 

equation, we can either use the Neumann boundary condition (fixed derivatives at the boundary), 

Dirichlet boundary condition (fixed values at the boundary) or the periodic boundary condition. 

Localization Landscape theory is then used to solve for the whole device, not just the active region. 

For the top and bottom contact, we avoid using the Dirichlet boundary condition, which will lead 

u to become zero and 1/u to become infinite. Therefore, in the z-direction, the Neumann boundary 

condition is used (where the derivative is fixed to be zero) whereas in the lateral direction, the 

periodic boundary condition is used.  

    The landscape approach decreases the height of the barrier by smoothening the potential. 

However, this is not a classical potential, as there exists a link to the eigenfunctions of the 

Schrödinger equation via a transformation of the equation. This is done by first solving 𝐻𝑢 = 1 to 
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obtain the landscape function, 𝑢 and then introducing an auxiliary function1, 𝜙 where 𝜓 = 𝑢𝜙 to 

modify the Schrödinger into a new form: 

−
ℏ2

2𝑚
[

1

𝑢2 𝑑𝑖𝑣(𝑢2∇𝜙)] + 𝑊𝜙 = 𝐸𝜙 ,    (1) 

where 𝑊 = 1/𝑢 and serves as the effective potential in the Eigenvalue equation above where the 

eigenvalue E is the same for the modified wave equation above and the Schrödinger equation.  

Solving for 𝜙 therefore allows us to recover the original eigenfunction, 𝜓 = 𝑢𝜙 . Thus, 𝑢 and the 

effective potential 𝑊 =  1/𝑢 are more deeply connected to the Schrödinger equation and its 

solutions than would first appear from the Landscape equation 𝐻𝑢 = 1.  

As for the accounting of the density of states, according to Filoche et al.2, one calculates 

the local carrier density by obtaining the local density of states via the equation: 

 

            𝐿𝐷𝑂𝑆(𝐸, 𝑟 ) =
1

2𝜋2 (
2𝑚𝑒

∗

ℏ2 )

3

2
√𝐸 − 𝑊(𝑟 )  ,      (2) 

 

which is identical to the classical expression to the classical expression for the local density of 

states. 

         Three square potential barriers (1.0 eV, 1.5 eV, and 2.0 eV) were tested, solving them for 

two different effective masses, plotting both the potential barriers as well as the corresponding 

landscape potential, 𝑊. The first treatment used an effective mass value of 0.2 m0, which 

represents the barriers to electrons in the conduction band, as plotted in Figure SM1(a). Note that 

for the low effective mass here 0.2 m0, the Landscape potential barrier 1/𝑢𝑐 is narrower and lower 



14 

 

than the potential Ec. A second simulation, plotted in Figure SM1(b) was made using an effective 

mass of 1.8 m0 (the commonly used hole effective mass) which is representative of the barriers 

seen by holes in the valence band. Here, the high carrier effective mass yields an effective 

Landscape potential, 1/𝑢 to be very similar to the potential Ec, showing that using the landscape 

potential accurately captures the barriers for hole transport. 

(a)  (b)  

Figure 8. The solved self-consistent Poisson and Landscape potential Ec and Wc (1/uc) for the 

effective mass of (a) 0.2 m0 and (b) 1.8 m0.  Note that this is the typical effective mass for holes in 

GaN.  Plots of the hole barrier would just be flipped from above. 

 

In this work, the simulation is only used to explain the experimental observations. The 

Landscape model helps us consider some possible quantum effects that are involved in the 

transport of holes. However, there are a few other missing mechanisms that disallows us from fully 

matching the data, which is expected since there many non-ideal conditions in experiments such 

as the real activation ratio of dopants, hopping transport, defect related scattering or trapping, etc. 

The Localization Landscape model here is an additional tool to help us include more physical 

mechanisms that are present in the system.  
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The structures are modeled as barrier layers sandwiched between two p-type GaN layers 

with a doping density of 5 × 1019 cm-3. Table I. summarizes the electrical parameters used in the 

simulation.  

Layer p-GaN 
p-

AlGaN 

UID-

GaN 

UID-

AlGaN 

Hole Mobility 

(cm2/Vs) 

5 5 10 10 

Doping Density (cm-3) 5 ×1019 5 ×1019 1 ×1016 1 ×1016 

Activation Energy 

(meV) 

180 220 34 34 

Table 5:  Electrical parameters used for UID and p-type GaN/AlGaN in the simulations 

 

 

Figure 9: (Color Online) (a) Flow chart for the Gummel method incorporating Localization 

Landscape theory used in the Poisson-Drift-Diffusion solver in this study. Example of (b) Al 

composition map and (c) calculated valence band energy for a 40 nm-thick disordered AlGaN with 

~ 14% average composition.  

The structures are modeled as barrier layers sandwiched between two p-type GaN layers with 

a doping density of 5 × 1019 cm-3 (Figure 9 (a)). Figure 9 (b) and Figure 9(c) respectively show the 

simulated full (𝐸𝑐 and 𝐸𝑣) and valence (𝐸𝑣) band diagrams of all the structures shown in Figure 9 
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(a). The electrical parameters used in the simulation can be found in the supplementary material. 

Currently, simulation models in the literature are still unable to fully simulate the TJ behavior, as 

tunneling remains a difficult phenomenon to simulate, especially inter-band tunneling. Theoretical 

studies on TJs, existing today mainly rely on the Wentzel–Kramers–Brillouin (WKB) 

approximation25, which approximate the tunneling behavior, although it remains an incomplete 

treatment. In addition, such tunneling calculations are limited to reverse bias simulations only, 

since a proper forward bias modeling has to account for the tail states (dominant in the forward 

bias), which further complicates the model. To date, most models analyzing TJs in the weak 

forward bias regime have been mainly developed for narrow-bandgap semiconductors (e.g. Si26 

and GaAs27 systems in multi-junction solar cells). A more comprehensive analysis of the TJ 

characteristics for GaN is currently under investigation and will be published elsewhere28.  Hence, 

our structures forgo inclusion of TJs in the calculation by simulating only the p-type doped regions, 

focusing solely on the heterojunction region.  
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III.    Simulation Results and Discussion 

 

 

Figure 10: (Color Online) Schematics of the 5 different structures used in the simulations. The 

reference structures (structure A) represents a p-GaN with no barrier layer incorporated. Simulated 

(b) full and (c) valence band diagrams for the structures shown in (a). A drastic reduction of barrier 

height is observed by doping the AlGaN barrier. (d) Simulated J-V characteristics of different 

structures shown in (a) for 1D (solid lines) and 3D (dash-dot lines) models. Inset of (d) shows the 

simulated J-V curves for small voltages near zero bias, indicating a linear ohmic behavior for the 

reference, UID GaN, and p-AlGaN samples (Samples A to C).   

 

Due to the larger barrier in bottom GaN/AlGaN interface compared to the top interface, hole 

transport sees a lower potential in one direction compared to the other (Figure 10(c)). Also, the 

addition of the UID GaN in between the p-GaN layer does not provide a significant barrier to hole 

transport. As there is an increase in both spontaneous and piezoelectric polarization values going 

from GaN to AlN, this leads to an overall increase in polarization in the structure. This, coupled 

with the band offset due to AlGaN having a larger bandgap, causes a large barrier to form. In 

contrast, the UID GaN/p-GaN interface would have neither of those properties to facilitate large 

barrier formation. Instead, a small barrier might form due to the difference in doping, generating 
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a weak electric field.  Moreover, doping the AlGaN layer drastically reduces the barrier to hole 

transport (Figure 10(c)). The 1D and 3D J-V characteristics simulation results are shown in Figure 

10 d). As expected, the reference structure with no barrier (sample A) shows a straight line, with 

no Schottky behavior, indicative of linear ohmic behavior (as indicated in the inset of Figure 

10(d)). The thickness of the UID AlGaN layer correlates with the voltage drop in both forward and 

reverse direction for a given J.  The voltage drops in the reverse direction are much larger than 

those in the forward direction, which is attributed to the asymmetric band diagrams shown in 

Figure 10(c). A p-type doping of the AlGaN results in little to no additional voltage drops in either 

direction, which is likely due to the reduced barrier height as shown in Figure 10(c). While standard 

1D Poisson-drift-diffusion calculations may also yield a similar result on the effects of p-type 

doping of the AlGaN barrier on hole transport, a 3D simulation with Landscape theory will provide 

a completer and more accurate picture. The 3D model yields slightly larger current values 

compared to 1D model, as the landscape potential smoothens and lowers the barriers to hole 

transport (more details can be found in the supplementary material). Also, there is little to no 

additional voltage drops in the UID GaN layer compared to the reference, due to the insignificant 

barrier heights in either direction (Figure 10(c)). 

IV.    Experimental Procedure 

 

To experimentally verify the observed behavior in simulations, 5 structures were grown and 

processed. Figure 3(a) schematically shows the 5 structures grown and processed in this study. All 

the samples were epitaxially grown by a Veeco Gen 930 NH3-MBE system on 1 cm2 MOCVD-

grown GaN/Sapphire templates from Lumilog Saint-Gobain (More growth details can be found in 

the supplementary material). First, a ~ 200 nm-thick n+ GaN contact layer ([Si]: 5×1019 cm-3) was 

grown sandwiched between two layers of 150 nm n-GaN ([Si]: 5×1018 cm-3) at a substrate 
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temperature of ~ 820 ⁰C. Then, an n-to-p TJ structure, consisting of highly doped p++ ([Mg]: 

5×1020 cm-3)- n++([Si]: 5×1020 cm-3) junction (10 nm/ 10 nm) was grown. The doping of the TJ 

structures were optimized through separate calibration experiment sets28. Intentional growth 

interruptions were introduced at the interface between the n++ and p++ of the TJs followed by a 

3 min buffered hydrofluoric acid (BHF) treatment and regrowth for all the structures, as the BHF 

treatment has shown to have a significant impact on the TJ properties28,29. The regrown TJ structure 

was then followed by a 50 nm-thick p-GaN growth ([Mg]: 5×1019 cm-3) at a substrate temperature 

of 750 ⁰C. 5 samples were then grown: Sample A with no barrier layer, Sample B with a 40 nm-

thick UID GaN layer, Sample C with a 13 nm-thick p-Al0.14Ga0.86N ([Mg]: 5×1019 cm-3) as well as 

Sample D and E with 13 nm and 40 nm UID Al0.14Ga0.86N layers respectively. All the samples 

were then capped with a 50 nm p-GaN ([Mg]: 5×1019 cm-3) and a 10 nm-thick p++ ([Mg]: 3×1020 

cm-3) contact layer. The thicknesses and doping levels for each of the layers were calibrated on 

separate calibration structures using high-resolution X-ray diffraction (HRXRD) (Figure 3(b)) and 

secondary-ions mass spectroscopy (SIMS) (Figure 3 (c)), respectively. Average Al composition in 

the AlGaN layers were also calibrated by HRXRD on separate calibration samples (Figure 3(b)).  

All the samples were then processed using a standard mesa-isolated device structure design 

with circular patterns. First, a blanket SiO2 layer (~ 300 nm) was deposited using a plasma-

enhanced chemical vapor deposition (PECVD). Then, the mesas were defined using a self-aligned 

wet etching of the SiO2 using BHF followed by 400 nm of dry etching by a reactive-ion etcher 

(RIE). Another SiO2 layer was deposited after the mesa formation to passivate the sidewalls to 

mitigate leakage issues due to sidewall damage by RIE30,31. Pd/Au (30 nm/300 nm) and Ti/Au (30 

nm/300 nm) metal stacks were then deposited by electron-beam (E-Beam) deposition to serve as 

p- and n-contacts, respectively.  
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V.    Experimental Discussion and Results 

 

Figure 11: (Color Online) (a) Schematics of all the 5 vertical structures grown and processed for 

the experimental investigations. All the structures include an n-to-p TJ (10 nm/10 nm). Sample (b) 

HRXRD and (c) SIMS evaluations of calibration structures for Al0.14Ga0.86N barrier layer and 

doping levels for the TJ structure, respectively. (d) Experimental J-V plots for all the samples 

measured at room temperature (T = 300 K). Absolute (e) forward and (f) reverse voltage drops at 

50A/cm2, 200A/cm2, and 500A/cm2.  

Electrical measurements were conducted using a probe station with tungsten probes connected 

to a Keithley 4200A-SCS Parameter Analyzer. A fully vertical hole transport is expected in such 

structures, since the vertical distance in the p-region (~ 100 nm) is much smaller than lateral 

dimension (~ 10 µm) from the edge of the contact to the edge of the mesa. Hence, J is calculated 

by dividing the injected current to the area of the Pd/Au p-contact. Figure 11(d) indicates the J-V 

characteristics of all the samples. As predicted by the simulation results, strong correlations 

between the GaN vs. AlGaN, doped vs. UID, and thin vs. thick Al0.14Ga0.86N and J-V characteristics 
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were observed. Figure 11 (e) and (f) respectively indicate forward and reverse voltage drops at 

50A/cm2, 200A/cm2, and 1000A/cm2, for representative devices among a statistically significant 

number of devices on each sample. The voltage drops in the reverse direction is larger than those 

in the forward direction, supporting the simulation results of Figure 10. Similar to the simulation 

results, the UID GaN and p-AlGaN structures show negligible voltage drops compared to the 

reference structure.  On the other hand, the UID AlGaN results in large voltage drops for thin (13 

nm) and thick (40 nm) AlGaN structures. Also, the voltage drop is strongly dependent on the 

thickness of the AlGaN layer (e.g. ~ 1.5 V larger reverse voltage drop at 500 A/cm2 for thick vs. 

thin UID AlGaN) as predicted by the band diagram (Figure 10 (c)) and J-V (Figure 10(d)) 

simulation results.  

The voltage drops on all the structures, including the reference structure with no barrier, are 

larger than those from simulation results (Figure 10(d)), mainly due to the voltage drop across the 

TJs (<1.5 V at 20 A/cm2). While the calculated absolute voltage drop values do not perfectly match 

the experimental values, the simulation results correctly predict the trends observed in 

experiments. The discrepancy partially arises from the fact that our modeling is unable to simulate 

J-V behaviors of TJs, as mentioned earlier. To better compare the 3D simulation and the 

experimental results, the J-V data of reference TJ was added to the 3D simulation J-V 

characteristics (voltages were added for fixed J) for 13 nm and 40 nm UID AlGaN samples. Since 

no indication of negative differential resistance (NDR) was observed in our TJ reference, we 

treated the TJs as dynamic resistors past turn-on. Also, as the TJs are far away from the AlGaN 

heterojunction, we assume negligible electrical interactions between the two. The summation of 

the TJ J-V and the 3D simulation data is expected to improve the accuracy of the simulation by 

accounting for the drop voltage across the TJs, the contact resistance, and the series resistance in 
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the semiconductor. Prior to the summation, the calculated voltage drop on reference simulation 

structure was subtracted from the simulation J-Vs to avoid double counting of the series resistance. 

The p-type AlGaN and UID GaN samples were excluded from the analysis as their J-V 

characteristics were practically the same as the reference structure. Figure 12 compares the 

experimental and the corrected 3D simulation results for 13 nm and 40 nm UID AlGaN samples. 

According to Figure 4, the trends in the voltage drop for the corrected 3D simulation and the 

experiment are the same. However, the corrected 3D simulation underestimates the drop voltage 

values. Also, in forward bias, the trend in the drop voltage for thin and thick UID AlGaN is less 

pronounced in the corrected 3D simulation compared to the experiment. The remaining differences 

between the experiment and simulation here can be due to slight sample to sample variations and 

incomplete picture of the modeling. The analysis will be extended to improve the accuracy of the 

modeling to better match experiments in the future. Finally, compared to the electrons19, holes 

show much larger voltage drops in either directions, which is attributed to its larger effective mass, 

and thus reduced percolation transport through alloy disorder. A more detailed comparison of 

electron and hole transport through disordered alloys using 1D and 3D simulations is also under 

investigation and will be published elsewhere.  
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Figure 12. (Color Online) J-V characteristics comparison of the experiment and the corrected 3D 

simulations (to include J-V characteristics of TJ reference) for 13 nm and 40 nm UID AlGaN 

structures. The J-V data of the reference TJ is added to the 3D simulation of Figure 10(d) after 

subtraction of the calculated series resistance to avoid double accounting the series resistance 

effects.  

Our findings have direct implications on GaN-based optoelectronics. For instance, InGaN-

based visible LEDs and lasers today use either UID or p-type AlGaN EBLs near the p-side of the 

junction to avoid electron overflow and to enhance their external quantum efficiency (EQE)10,32–

34. However, the UID AlGaN EBLs were thought to impinge a barrier to the hole injection (as also 

proven in this work), thus lowering the injection efficiency and EQE. On the other hand, the 

designs incorporating p-type doping of AlGaN EBLs were implemented to improve the hole 

injection into the active region, maintaining the low electron overflow1,35–37. However, there is no 

direct experimental evidence for reduction of the barrier to hole transport through EBLs by p-type 

doping, as a unipolar transport have not been investigated for holes so far. Our results show that a 

moderate p-type doping ([Mg]: 5×1019 cm-3) of AlGaN layers (14 nm-thick Al0.14Ga0.86N, which 

is similar to practical EBL designs) significantly reduces the barrier to the hole transport, 

supporting the need for p-type doping of EBLs for high-efficiency LEDs. In addition, we also 

propose the unipolar hole transport designs incorporating n-to-p TJs as a test vehicle to 
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unambiguously determine the real barriers to transport (without the complexities of 

recombination). Future studies will also include bulk and QW InGaN active regions to investigate 

the barriers for hole transport. 

VI.   Conclusion 

In summary, we theoretically and experimentally investigate hole transport through disordered 

AlGaN in p-type unipolar structures. Both theoretical and experimental results indicate that no 

significant barrier was observed when UID GaN was used as a barrier within the p-GaN layer. On 

the other hand, even a thin (13 nm) UID Al0.14Ga0.86N is enough to provide a large barrier to hole 

transport in both reverse (~100% larger drop voltage compared to the reference at 50 A/cm2) and 

forward (~25% larger drop voltage compared to the reference at 50 A/cm2) directions. However, 

a p-type doping of the Al0.14Ga0.86N layer results in a drastic reduction of the barrier to hole 

transport in both directions, as proven by the band diagrams and J-V simulations as well as 

experimental results. The results are beneficial in understanding the behavior of hole transport 

through various designs such as EBLs and other potential barriers in LEDs, lasers, HEMTs, 

intersubband structures, and beyond.  
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2.2 Vertical transport through p-type InGaN Heterostructures 
 

I.     Introduction 

III-nitride materials have garnered considerable interest over the last few decades for their 

extensive applications in electronics and optoelectronics, including  laser diodes [1] for automotive 

lighting [2], solid-state lighting [3], and communications [4] and light-emitting diodes (LEDs) [5] 

for general lighting [3,6], displays [7], and visible-light communication (VLC) [8,9] technologies. 

Typical InGaN-based LED designs consist of active regions with one or more InGaN quantum 

wells (QWs), utilizing the narrower bandgap of InGaN (where the emission color being tunable 

by adjusting the In content) compared to GaN to ensure carrier confinement and facilitate 

recombination between the electrons and holes. Another application of III-nitride materials in the 

field of optoelectronics is in photovoltaic cells [10], due to the wide tunability of the bandgap to 

access the full-solar spectrum in multi-junction solar cells. InGaN/GaN heterostructures have also 

been used in visible-range photodetectors [11] as optical receivers in VLC links. Despite the 

wealth of research in the field of III-nitride devices, the details of carrier transport within the QWs 

active regions remains poorly understood.  

To study carrier transport, unipolar heterostructures have been used as test vehicles for 

theoretical models as they are only subject to carrier transport behavior, circumventing the need to 

account for radiative and non-radiative recombination behavior. This approach was first proposed 

by Browne et al. [12] for the case of electron transport in InGaN using unipolar n-type 

GaN/InGaN/GaN heterostructures grown by ammonia-assisted MBE (NH3-MBE) and 

metalorganic chemical vapor deposition (MOCVD). The results indicated that even a 3 nm thick 

In0.13Ga0.87N layer would act as a barrier to electron transport [12]. The notion of InGaN, which 

has a lower bandgap than GaN, as a barrier may seem counterintuitive at first glance but can be 

explained using the concept of polarization fields. III-nitride heterostructures, such as InGaN/GaN, 
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feature piezoelectric as well as spontaneous polarization fields [13]. Due to the difference in lattice 

constants between GaN and InGaN materials, the compressive strain affects the piezoelectric 

component of the polarization, causing significant polarization discontinuity between GaN and 

InGaN layers. The polarization discontinuity results in the formation of a polarization-induced 

charge at the interface between GaN and InGaN, with hole accumulating on the bottom interface 

and the ionized acceptors (NA
−) on the top (assuming the structure is c-plane). Thus, an electric 

field forms at both interfaces which in turn induces large band-bending in the region, forming a 

barrier against both electron and hole transport as shown in  Figure 13 [14].  

 
Figure 13: Diagram detailing the sheet charge due to polarization discontinuities and the resultant valence 

band profile. The hole accumulation causes band curvature on the right of the QW and the ionized acceptors 

(𝑁𝐴
−) on the left. 

Previous studies focused solely on the electron transport mechanism and is not applicable 

when discussing the physics of hole transport (due to their different effective masses and 
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conduction versus valence band offset), which is of great interest in the field of electronics and 

optoelectronics. With regards to hole transport structures, we [15] demonstrated electrical 

measurements on p-type unipolar AlGaN heterostructures, which were enabled by n-to-p tunnel 

junctions (TJs). The results indicated that UID AlGaN can act as a barrier to hole transport and 

that a moderate p-type doping of the AlGaN layer could suppress the barrier to hole injection, 

indicating the necessity of doping the AlGaN electron-blocking layer (EBL) for efficient hole 

injection in LED structures.  

In this paper, we report the computational and experimental investigation of vertical hole 

transport through InGaN layers in p-type unipolar heterostructures. The transport behavior is 

expected to be different for InGaN compared to AlGaN due to their different bandgaps and the 

corresponding band structures. For theoretical calculations, a computational model using standard 

drift-diffusion formalism that incorporate Localization Landscape theory, both in 1D and 3D are 

used. Our 3D calculations also consider the effects of random alloy fluctuations within the InGaN 

region to simulate the disordered potential that carriers are exposed to see when transporting 

through the structure. To support the device simulations, unipolar p-type vertical transport 

structures are grown using NH3-MBE, with the unipolar InGaN regions sitting on top of an n-to-p 

TJ. The tunnel junction layer is pivotal for our vertical transport structure as it helps with current 

spreading, due to the high resistivity of the p-GaN material. This could potentially cause the current 

to go through the sidewalls of the mesa structures instead of the InGaN layer. Apart from that, 

exposure of the p-GaN layer to ion damage during the reactive-ion etch process could cause 

material damage, generating nitrogen vacancies [16] that act as shallow donors which behave as 

compensating defects [17]. The experimental and computational data indicate an existence of 
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barriers to hole transport through unintentionally doped (UID) InGaN DHs and QWs in both 

reverse and forward bias.  

Traditional 1D simulation packages, which use Schrödinger-Poisson-Drift-Diffusion 

calculations, consistently overestimate the turn-on voltage in LEDs. This is due to the  assumption 

of abrupt junctions between GaN and InGaN as well as uniform alloy composition within the 

QWs [18]. However, incorporating the random alloy requires a huge amount of mesh nodes, which 

in turn requires an excessive amount of time to solve for the eigenstates due to the complexity of 

accounting for alloy disorder  [18]. Hence, a new theory called Localization Landscape theory was 

proposed to solve the effective quantum potential without solving the eigenvalue problem. This 

theory was initially used to solve for systems with Anderson localization [20]. It can be included 

in Poisson and drift-diffusion solvers for modeling the carrier transport and recombination 

characteristics within LEDs  [18,19]. Li et. al [18] estimated a significant reduction (nearly three 

orders of magnitude) in computation time when using the Localization Landscape theory 

compared to regular Schrödinger-Poisson methods for solving for disordered potentials. 

II.    Simulation Procedure 
 

The band diagrams and current density-voltage (J-V) simulations were obtained by 

conducting Poisson-drift-diffusion calculations. The algorithm used by the software is the Gummel 

iteration method (Figure 15), which is a widely used algorithm used for solving for band energies 

as well as J-V characteristics [21]. In addition, the software also uses Localization Landscape 

theory [18], whereby instead of solving the time-independent Schrödinger eigen equation,: 

                                                  �̂�𝜓 = �̂�𝜓                                                             (1) 

 it solves an ordinary differential equation: 

                                            �̂�𝑢 = 1                                                       (2) 
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where �̂� is the Hamiltonian operator: 

   �̂� = −ℏ
2
𝛻 (

1

2𝑚∗
𝛻) + 𝐸𝑐,𝑣                                                 (3) 

 𝜓 is the eigenfunction for the Hamiltonian operator and u is the landscape function.  

 

Figure 14 : Flow chart for the Gummel Method which details the Poisson-Drift-Diffusion calculations as 

well as incorporating Localization Landscape theory. 

     The theory posits that the locations of eigenstates, 𝜓 in a specified potential V can be predicted 

using the solution of the equation, u. This is done by defining an effective potential called the 

Landscape potential, W, where W=1/u. It was shown that W delimits the regions where the 

eigenstates are located [14] .Thus, the landscape potential can be seen as an effective confining 

potential which partitions a system into subregions where low energy eigenstate are localized. The 

original eigenfunction, 𝜓 is recovered from both W and u via an auxiliary function described 

in [22],  thus showing that they are intrinsically connected to the Schrödinger equation. 

    To model the InGaN region of the structure, we have conducted both 1D and 3D 

simulations. The parameters of our simulations are tabulated on Table 1. The 1D model assumes 
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the InGaN alloy region to be homogeneously made of a semiconducting material that has 

properties that are interpolated between GaN and InN. This is unrealistic as actual alloys are not 

homogeneous and have GaN and InN randomly distributed throughout the region. Thus, we 

decided to conduct a 3D simulation, which allows for the incorporation of these compositional 

fluctuations within the InGaN alloy.  According to Browne et al., [12]these fluctuations were found 

to improve electron transport within the alloy material as they result in a locally varying strain 

profile, which in turn affects the strength of the piezoelectric polarization field. Thus, regions of 

lower indium composition would have lower barrier heights, facilitating the injection of electrons. 

These regions where electrons have a lower barrier have been dubbed “percolation pathways” by 

previous studies  [15,23]. For the 3D simulations, a random In composition map with an average 

composition of choice (~10%) was used as one of the input parameters for the full 3D calculation.  

The alloys are generated by constructing a grid of lattice sites, with a distance of 2.833 Å 

between sites and with Indium and Gallium being randomly assigned to each site. Following this, 

a Gaussian broadening is conducted to smoothen the alloy disorder using the following equation: 

𝑥(𝑟𝑖) =
∑ 𝑎𝑡𝑜𝑚(𝑗) ×𝑒

−
(𝑟𝑗−𝑟𝑖)

2

2𝜎2
𝑗

∑ 𝑒
−

(𝑟𝑗−𝑟𝑖)
2

2𝜎2
𝑗

       (4) 

 

where x is the composition in the region, with the sum going over all atomic sites j of the domain. 

The atom(j) is randomly decided to be either Ga or In and σ is the half-width of the Gaussian 

broadening parameter. The value of this parameter was chosen to be σ = 2a (≈0.6 nm). This was 

chosen based on the findings of Reference [23] where they compared simulations with 

experimental APT data. In their work, APT data showed that the average indium composition 

along the quantum well had a full-width-at-half-maximum of 1.5 nm. This tallies with our choice 

of σ = 2a for the Gaussian Broadening width, 2σ. Since a is the lattice constant of GaN, which is 
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0.3186 nm, this means 2σ = 1.274 nm, which is very close the FWHM value seen from the 

reference. This contrasts with the 1D simulations, which uses an average composition map with 

no random compositional fluctuations. The entire mesh is generated with a software called GMesh, 

with the equations being self-consistently solved over each node.  

 

 

 

 

 

Table 6 : Doping levels in each layer in the simulation and their activation energies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 2 : Bandgap, effective masses, relative permittivity, bowing parameter [24,25] and piezoelectric 

coefficient values [26] used in the simulations for the GaN and InN. 
 

 

Layer p-GaN UID-

InGaN (n-

type) 

GaN quantum 

barriers 

(n-type) 

Hole Mobility 

(cm2/Vs) 

5 10 10 

Doping (cm-3) 5 ×1019  1 ×1017 1 ×1017 

Activation 

energy (meV) 

180 (Mg) 34 (O) 34 (O) 

Units GaN InN 

𝑬𝒈(𝒆𝑽) 3.437 0.61 

𝒎𝒆
||
   (𝒎𝟎) 0.21 0.07 

𝒎𝒆
⊥  (𝒎𝟎) 0.2 0.07 

𝒎𝒉𝒉 (𝒎𝟎) 1.87 1.61 

𝒎𝒍𝒉  (𝒎𝟎) 0.14 0.11 

𝝐𝒓 10.4 15.3 

𝒆𝟑𝟑  (
𝑪

𝒄𝒎𝟐
) 

0.73 0.73 

𝒆𝟑𝟏   (
𝑪

𝒄𝒎𝟐
) 

-0.49 -0.49 

𝒆𝟏𝟓  (
𝑪

𝒄𝒎𝟐
) 

-0.40 -0.40 

Bowing parameter 1.4 

Mass of electron, 

𝒎𝟎 (kg)   9.11 × 10-31 
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Figure 15: Schematics of the simulated DH (a) and MQW(d) devices along with the growth polarity and 

directionality of forward bias and reverse bias current. Figures (b) and (c) shows the resulting Indium 

composition map and valence band energy map respectively for 30 nm thick InGaN structure. Figure (e) 

and (f) shows the same maps for the 3 × 5 nm MQW structure. 

The conduction band (Ec) and valence band (Ev) energies are calculated by solving 

Poisson’s equation. These energies are plugged into the landscape equation and then used to 

calculate landscape potential for electrons (𝑊𝑒) and holes (𝑊ℎ). Following that, they were then 

used to obtain electron and hole carrier densities by integrating the Fermi-Dirac distribution 

function over the energy bands using the following integrals: 

                                                  𝑛 = ∫ √|𝐸 − 𝑊𝑒|
∞

𝑊𝑒

√2𝑚𝑛
∗

3
2

𝜋2ℏ3
𝑓𝑛(𝐸)𝑑𝐸                                             (3) 

                                                 𝑝 = ∫ √|𝑊ℎ − 𝐸|
𝑊ℎ

−∞

√2𝑚𝑝
∗
3
2

𝜋2ℏ3 𝑓𝑝(𝐸)𝑑𝐸                                            (4)  

where 𝑚𝑛
∗ , 𝑚𝑝

∗ , fn and fp are the effective masses and Fermi-Dirac distribution functions for 

electrons and holes, respectively. The simulated temperature of the device is assumed to be 300 
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K. Since electrons are minority carriers in p-type unipolar structures, their effects are assumed to 

be negligible and thus, no appreciable recombination occurs within the structures.  

III.   Simulation Results and Discussion 
 

Band diagram calculations are obtained for a 15 nm c-plane Ga-polar In0.1Ga0.9N layer, as 

demonstrated in Figure 16. The structures consist of the InGaN barrier layer sandwiched between 

Mg-doped p-GaN layers with a doping density of 5 × 1019 cm-3. Using the calculated band energies, 

estimated barrier heights for forward and reverse bias are indicated by arrows in Figure 16(b). 

Finally, J-V results were obtained for both 1D and 3D unipolar structures for InGaN DH layers of 

15 nm and 30 nm thicknesses. In the context of our unipolar device, we have defined forward bias 

as injecting holes from the top contact towards the bottom contact and vice versa for reverse bias. 

The main takeaway from the band energy simulation results is that holes experience barriers which 

are asymmetric in forward and reverse biases, with the reverse bias case generating a larger barrier 

compared to the forward case. In either forward or reverse bias, the barrier to the hole transport 

becomes larger as the thickness of the InGaN layer is increased.  
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Figure 16: (a) Full band diagram for the unipolar 15 nm InGaN DH structure. Valence band diagrams for 

p-type unipolar structures with a 15 nm layer of In0.1Ga0.9N at (b) zero, (c) reverse and (d) forward bias. 

 

The quantified barrier heights for each bias were then plotted in Figure 17(a). The barrier 

heights are quantified by subtracting the highest from the lowest valence band energies in the 

direction of hole transport, as shown in Figure 16 (a).  The maximum calculated barrier height for 

the 15 nm and 30 nm InGaN DH structures were 0.40 eV and 0.45 eV respectively. The barrier 

height vs bias voltage plot (Figure 17(a)) is asymmetric with respect to the zero-bias point, as 

expected from the asymmetric band diagrams (Figure 16 (a)) for the case of InGaN DHs. For 

example, the absolute barrier height to the hole transport at +1 V bias is higher compared to the 

barrier at -1 V (0.15 eV vs 0.1 eV).  The barrier asymmetry is also reflected in the simulated J-V 

data where the voltages in the forward bias are much larger than those calculated in the reverse 
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direction. For example, the voltage values at 100 A/cm2 are significantly larger (1.2 V and 2.6 V 

for 15 nm and 30 nm InGaN DH layers in 1D case, respectively) compared to those calculated at 

-100 A/cm2 (~ 0.2 V for both 15 nm and 30 nm DH InGaN layers in 1D case), due to the asymmetry 

in the valence band diagrams (Figure 16 (a)). In addition, the voltage drop for the 3D simulation 

is much lower compared to that of the 1D simulation, due to the percolative pathways associated 

with natural alloy fluctuations in the InGaN alloys. These percolative pathways form due to the 

random distribution of the two constituents in the alloys which, because of their different band 

gaps, produces a corresponding random energy distribution in the band energies. Thus, the holes 

can traverse through the regions of low energies. The voltage values for the 3D simulations are 

almost negligible at -100 A/cm2 for both barrier thicknesses, whereas the voltage at +100 A/cm2
 

were at 0.05 V and 0.1 V for the 15 nm and 30 nm InGaN layers, respectively. 

 

 
 
Figure 17. (a) Estimated barrier height versus applied bias voltage to the structure for 15 nm InGaN DH. 

The data shows that the barrier height is lower in reverse compared to forward bias. (b) Comparison of 

simulated J-V results for 1D and 3D models for 15 and 30 nm-thick InGaN DH layers. (c) Schematic of the 

simulated structures. 

 

In addition to the InGaN DH structures, a similar analysis was conducted on single 5 nm 

and 3 × 5 nm multi-QW (MQW) structures with the same composition of Indium (~ 0.1) (Figures 

Figure 17Figure 18). In contrast to the InGaN DH layers, the MQW structure showed a more 
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symmetric barrier height in forward and reverse biases compared to the InGaN DHs, which is also 

reflected in the J-V simulations and the barrier height analysis (Figures 5(a) and 5(b)). The 

maximum calculated barrier heights for the SQW and MQW structures were 0.35 eV and 0.50 eV, 

respectively. According to the J-V results, the MQW structure show an increased voltage penalty 

compared to the SQW structure in both forward and reverse biases. Furthermore, the difference 

between the 1D and 3D J-V simulation results are much more significant for the case of SQW 

compared to the MQW case. The results suggest that the hole transport is significantly hindered 

by the polarization barrier between the InGaN QW and GaN quantum barrier (QB) for the MQW 

structure. On the other hand, in the case of the SQW structure, the polarization barrier is less 

pronounced and so the presence of percolative pathways for the holes will result in significantly 

higher J at a given bias for 3D model compared to the 1D case without alloy disorder.  
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Figure 18. (a) Full band diagram for 3 × 5 nm QW structure. Valence band diagrams for p-type unipolar 

structures with 3 × 5 nm MQWs at (b) zero, (c) reverse and (d) forward bias.  

 
Figure 19: (a) Estimated barrier heights vs applied bias to the MQW structure. Data shows that the barrier 

height is lower in reverse compared to forward bias. (b) Comparison of 1D and 3D simulated J-V results 

for SQW and MQW structures. (c) Schematic of the simulated structures. 

 

IV.   Experimental Procedure 
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To experimentally verify the observed simulation results, unipolar hole transport structures 

with similar InGaN DH and QW structures were grown. Each structure consists of a unipolar p-

type InGaN heterostructure on top of an n-to-p TJ. All structures were grown by NH3-MBE on a 

Veeco Gen 930 on 1 cm2 MOCVD-grown GaN/Sapphire templates from Lumilog Saint-Gobain. 

Prior to growth, a Ti/Pd/Ti (50/500/100 nm) metal stack was deposited on the back of the samples 

to improve heat conduction from the heating filament to the substrates and to monitor surface 

temperature more accurately via an optical pyrometer. The samples were then cleaned using 

standard solvent cleaning procedures, which is immersing them in acetone, methanol, and 

isopropanol successively under sonication. The samples were then loaded into the system and 

baked at 400oC for an hour.  Dual filament effusion cells were used to supply elemental Ga and In 

for GaN and InGaN growth and for Mg and Si dopants for p-type and n-type doping, respectively. 

A showerhead injector was used to supply NH3, which provides the elemental N for growth. All 

growths were conducted under a 200 sccm NH3 flow rate and a reactor pressure of 1 × 10-5
 Torr. 

The growth structures consist of the following layers: first, a ~ 200 nm-thick n+ GaN contact layer 

([Si]: 5×1019 cm-3) was grown between two layers of 150 nm n-GaN ([Si]: 5 × 1019 cm-3) at a substrate 

temperature of ~ 820 ⁰C. Then, an n-to-p TJ was grown with a highly doped p++ ([Mg]: 5×1020 cm-3)- 

n++([Si]: 5×1020 cm-3) (10 nm/ 10 nm) design. The unipolar heterostructure were then separately 

grown, consisting of unintentionally doped (UID) InGaN DH or QW layers sandwiched between 

two 50 nm-thick p-GaN ([Mg]: 5×1019 cm-3) layers at a 750 °C substrate temperature. The 

following structures were grown: Sample A with no InGaN as a reference, Sample B with a 15 nm 

UID In0.1Ga0.9N DH layer, Sample C with a 30 nm UID In0.1Ga0.9N DH layer, Sample D with 1 × 

5 nm UID In0.1Ga0.9N (SQW) and Sample E with 3 × 5 nm UID In0.1Ga0.9N (MQW). In our 

previous investigation [15], we concluded that having a UID GaN as the barrier layer does not 



40 

 

provide any significantly barrier to the hole transport, so we excluded that particular structure here 

in this investigation. Finally, the samples are capped with a 10 nm-thick p++ GaN ([Mg] : 3 × 

1020) contact layer. Thickness and composition calibrations were conducted on separately grown 

calibration structures using high-resolution x-ray diffraction (HRXRD) while doping calibrations 

were conducted using secondary-ions mass spectroscopy (SIMS) on separately grown calibration 

samples.  

 The samples were then fabricated into standard mesa isolated devices with circular 

patterns. First, an SiO2 layer (~300 nm) was deposited using plasma-enhanced chemical vapor 

deposition (PECVD) to protect the p++ GaN contact layers during the nanofabrication process. 

The mesas were then formed using self-aligned wet etching of SiO2 with buffered hydrofluoric 

acid (BHF) followed by a 400 nm dry-etch using a reactive-ion etching (RIE) system. After that, 

another SiO2 layer was deposited by electron-beam (E-beam) deposition for the n- and p- contacts. 

The circular metal contacts that were deposited on the mesa had diameters of 50 µm, 75 µm, 100 

µm, 125 µm, 150 µm, 175 µm and 200 µm. Finally, a probe station with tungsten probes connected 

to a Keithley 4200A-SCS Parameter Analyzer was used to measure the electrical characteristics 

of our structures. Since the vertical distance of the p-region is much smaller than the lateral 

dimensions, there should be little to no current crowding on the mesa sidewalls and the current 

should be spread evenly through the mesas. Therefore, the current density, J is simply the injected 

current divided by the area of the p-contacts. 

V.    Experimental Results and Discussion 
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Figure 20: (a) Schematic of all the structures grown and fabricated in this study. (b) HRXRD data of the calibration 

structure used for the In0.1Ga0.9N structure. (c) Experimental J-V plots for the InGaN DH series. (d) Experimental J-V 

plots for the QW series. (c) and (d) shows the J-V data for all the samples.  

 

       Strong correlations can be drawn between experimental and computational data (Figure 20). 

First, there is a larger voltage drop for the 30 nm-thick vs 15 nm-thick InGaN DH layers. For the 

QW series, the trend is confirmed; the MQW structure shows a larger voltage drop compared to 

the SQW structure. Furthermore, the voltage drop in the forward-bias is larger than in the reverse 

for the InGaN DH J-V data, particularly in the case of the thicker 30 nm InGaN structure, where 

the voltage penalty was 2.25 V at 500 A/cm2 compared to 1.25 V at -500 A/cm2. The experimental 

data also confirms that in the case of the QW structures, the voltage penalty is more symmetric 

(~0.75 V at 500 A/cm2 and ~ 1.0 V at -500 A/cm2 for the MQW structure) compared to the InGaN 

DH series (~2.5 V at 500 A/cm2 and ~ 1.0 V at -500 A/cm2 for the 30 nm-thick InGaN DHs). At 

the low-voltage regime, the voltages are slightly higher in the reference sample compared to the 

transport structures, which is likely due to some variations between the samples in terms of contact 
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resistivity and the doping in the TJs which could result in slight variations in the J-V characteristics. 

We have also conducted a perimeter-to-area ratio analysis to determine the effect of sidewall 

leakage on the overall current density in our experimental results. The analysis is detailed in the 

supplemental materials section of the paper. 

        The voltages on all the structures are larger than those from the simulations, potentially due 

to the voltage penalty associated with the TJs and the contacts, which are not included in the 

simulations. Despite the inconsistency in the actual values of the voltages, the experimental results 

agree with the trend shown in our simulations as adding the thickness and the number of quantum 

wells does produce a larger barrier to hole transport. A significant factor that leads to the 

discrepancy is the inability of our models to account for tunneling behavior. Hence, we only 

consider transport through p-i-p layers, leading to a smaller voltage drop. Most TJ models today 

rely on the Wentzel-Kramer-Brillouin (WKB) approximation [14], which is insufficient when 

accounting for tail states. In addition, most models today focus on the weak forward bias regime 

that was developed for narrow-bandgap semiconductors such as Si and GaAs [27,28]. For wide 

bandgap semiconductors such as GaN, the situation is more complicated due to the existence of 

the various defect states within the bandgap and the tail states. A consistent approach toward 

modeling the TJs is a subject of our other investigations which will be published elsewhere. 

Upon further inspection of the data, it is concluded that there is a dependence of the current 

density, J on the device perimeter. The analysis was done using 

𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐴𝑟𝑒𝑎 ∗ 𝐽𝑏𝑢𝑙𝑘 + 𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 ∗ 𝐽𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟. 

Upon rearranging the terms, we obtain 

𝐽𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟

𝐴𝑟𝑒𝑎
∗ 𝐽𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 + 𝐽𝑏𝑢𝑙𝑘. 
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       Thus, the measured current density (Figure 21) at a given voltage for the different mesa sizes 

(i.e. their corresponding perimeter to area ratio) were plotted, as shown in Fig. 9. The data is also 

fitted linearly to obtain both the perimeter-dependent J from the slope as well as the corresponding 

bulk J from the y-intercept, which represents the true J-V characteristic, independent of the mesa 

size. The contribution of the perimeter term of J, 𝐽𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 to the overall measured J obtained by 

dividing 𝐽𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 by 𝐽𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 for the device of size 200 µm was also plotted and shown in Fig. 

10(a).  

 

Figure 21: Measured J as a function of Perimeter/Area ratio (P/A). The dashed red line indicates a linear 

fitting of the data. 
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Figure 22: (a) Percentage contribution of Jperimeter on the overall current density for a 200 µm device. (b) 

Corrected J-V plots for the reference, 15 nm InGaN and 30 nm InGaN samples, taking into account JBulk, 

instead of JMeasured 

As shown in the plot above for the 200 µm  device, ~40% of the current is from the outer 

section of the device. We attributed this to ion etch damage that must have seeped into the tunnel 

junction whilst processing the sample into devices. However, a plot of the bulk current density, 

𝐽𝑏𝑢𝑙𝑘 shows that that the trend does exist and that InGaN acts a barrier to hole transport.  

VI.   Conclusion 

 In conclusion, we investigated hole transport within InGaN alloys in p-type unipolar 

heterostructures through modeling and experimentation. Even a layer as thin as 5 nm of In0.1Ga0.9N 

was sufficient to act as a barrier to hole transport in both reverse and forward bias. It was also 

found that, through the comparison of 1D and 3D simulations, percolative transport plays a larger 

role for the InGaN DH devices compared to the 3QW devices. This is believed to be due to the 

polarization discontinuity between the GaN layers and the InGaN QW layers, which hinder the 

transport of holes through the QW region. These findings will be important in our understanding 

of hole transport physics within GaN optoelectronics. Our results cement the effectiveness of 

unipolar hole transport structures, which are enabled by n-to-p TJs, as test vehicles for determining 

the barriers to hole transport. By decoupling recombination from the transport behavior, we can 
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determine the validity of our simulations without the complexities of recombination, which 

remains a challenge to simulate due to variation in recombination models. 
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Chapter 3 : Modeling Dislocation-Related Leakage in GaN p-n 

Diodes 

3.1 Forward-Bias 

I. Introduction 
III-N semiconductors have been widely used in high-speed transistors1–5, visible and ultraviolet 

(UV) optoelectronics6–12, and vertical power electronics13–17. The high theoretical breakdown field (~3.3 

MV/cm) and carrier mobility (>1,000 cm2/V-s) have garnered interest in the field of power electronics 

where energy efficiency and high voltage operation are necessary. Vertical device topologies are useful for 

reducing the wafer footprint of power electronics by allowing voltage to be held across epitaxially grown 

interfaces rather than lateral ones. One of the major challenges to the performance of GaN vertical power 

devices has been the ubiquitous presence of threading dislocations (TDs) in the substrates for epitaxial 

growth. TDs have been repeatedly shown to exacerbate catastrophic and non-catastrophic breakdown in 

vertical GaN devices16,18,19, but the mechanisms by which this occurs has been hitherto unstudied despite 

being experimentally observed. 

The dislocation structure in GaN has been extensively studied by high-resolution x-ray diffraction 

(HRXRD) and transmission electron microscopy (TEM). Edge and mixed-type threading dislocations have 

been shown to be much more prevalent than their screw-type counterparts, but they all have a  line vector 

within ~10 of the <0001> direction regardless of their Burger’s vector, �⃗⃗�  20,21. Furthermore, the electrical 

nature of TD trap states in n-GaN has been shown to be a deep acceptor in the band gap with a line density 

of approximately one electron trap state per c-lattice translation22,23. It has also been observed that this trap 

state density associated with TDs results in a screening region around the dislocation as the donors interact 

with the trap states to create regions of significant net charge. In a simple picture, the occupied dislocation-

related acceptors in n-type material are screened by ionized donors as shown in Figure 38. Similarly, we 

assume that dislocation-related donors are screened by ionized acceptors in p-type material.   
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Figure 23: Simplified representation of screening regions around a dislocation in a lightly doped (ND= 

5×1017 cm-3) n-type (left) and heavily doped  (NA= 5×1019 cm-3) p-type (right) GaN. Note that the charge 

region around the dislocation in p-type GaN is much smaller than in n-type GaN due to the high doping 

required to produce p-type conductivity being on the order of the density of trap states. Note that 𝑁𝐷
+ and 

𝑁𝐴
− are the ionized donor and acceptor concentrations, respectively, 𝑁𝑇

− and 𝑁𝑇
+ are the ionized negative 

and positive trap state concentrations, respectively, and 𝑅𝑆𝐶
𝑛  and 𝑅𝑆𝐶

𝑝
 are the screening regions in the n- and 

p-type regions, respectively. 

In the simplest treatment, the dislocation and space charge regions are cylindrical with constant 

trap state and dopant density (Figure 38). The screening radius can be simply calculated using Charge 

Neutrality and results in 

𝑅𝑆𝐶 = √
𝜌𝑛

𝜋𝑐
∗ √

1

𝑁
 

(3)  

where ρn is the number of trap states per c-lattice translation, c is the c-lattice constant, and N is the uniform 

dopant concentration of the semiconductor. This ionization and screening of the cylindrical area of the TD 

line distorts the energy band profiles around the dislocation with potentials of ~2.5 V as observed by 

electron holography in n-GaN24. This behavior has been attributed to the coalescence of defects around the 

TD core as suggested by Arslan and Browning25 and observed by Müller et al.26. The trap state energy 

associated with such a band bending closely matches an electron trap state ~1.0 eV above the valence band 

maximum found in DLTS measurements22; additionally, the trap state density are consistent with previous 

experimental and theoretical values of approximately one electron trap state per c-lattice translation27. From 

these experimental observations and theoretical predictions, it is possible to construct an accurate band 

structure model of n-type GaN pierced by a TD. 
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In contrast, a band structure model of p-type GaN that includes the treatment of TD trap states has 

been substantially more elusive. Electron holography analyses have found regions of negative space charge 

that is likely associated with screening acceptors around a donor trap states coalescing near TDs in p-GaN24. 

However, the high acceptor concentration needed to form achieve measurable hole conductivity results in 

a screening region that is beyond the resolution the holography method is likely able to measure accurately 

(~2 nm). Thus, the nature of the TD charge behavior in p-GaN remains experimentally unobserved.  

However, in our previous work, TDs in p-GaN act as nonradiative centers similar to n-GaN as shown by 

cathodoluminescence (CL) results28, thus we assume that the TD trap states behave similarly in p- and n-

type GaN. 

These analyses indicate that in the unipolar bulk regions threading dislocations can be accurately 

described as a distribution of compensating trap states in the crystal along the TD line, but the interactions 

of the distortions in the band profiles of unipolar materials at a bipolar junction presents an interesting 

physical problem that has now been modeled. In this study, a physical model is presented to treat a vertical 

GaN pn junction with a TD puncturing junction. Energy band, electric field, and current flow diagrams are 

presented along with other plots of merit, and the mechanisms therein are discussed. 

II. Model 
In Appendix A, all relevant variables are given in alphabetical order to assist in understanding the 

parameters and models used in this work.  
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Figure 24: A cylindrically symmetric pn diode is modeled for this study with a Gaussian distribution of 

deep trap states used to represent the TD-associated traps. Typical doping densities for the p- and n-type 

regions are used, and experimentally standard hole and electron concentrations are observed in the model. 

The location of the trap state energy within the n-type region was based on experimental results while the 

p-type region was placed arbitrarily deep in the energy gap.  In the right table, values for trap capture cross 

section (𝜎), minority carrier lifetime (𝜏), and minority carrier diffusion length (𝐿𝑇) are given for the trap 

state region associated with the TD line. These values were chosen such that these model variables all 

matched experimental values as closely as possible.  

In this study, Silvaco’s ATLAS modeling software was used to solve for the 2D pn junction model 

shown in Figure 39. Cylindrical coordinates were used to simplify the computational requirements by 

utilizing the six-fold rotational symmetry of the 3D crystal structure about the TD line vector, <0001>, 

without resorting to a full 3D treatment. NA and ND values are chosen based on experimentally typical 

values for vertical GaN pn junctions doped with Mg and Si, respectively. The model r-dimension limit of 

564 nm approximates a 108 cm-2 TD density as is typical in commercially available GaN growth on either  

Al2O3 or SiC.  Our TD-associated trap state region was treated as a Gaussian distribution with FWHM of 5 

nm and a peak trap state density of 6.84×1019 cm-3. This is a close approximation of experimental 

observations of edge and mixed-type dislocations with coalesced charged defects29,30 around an electrically 

inactive core as shown by Muller et al26 and proposed by Arslan and Browning25, however it should be 

noted that pure screw-type dislocations show substantially different charge profiles24 and leakage 
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characteristics31 that are not modeled in this work. The distribution used approximates a one electron per c-

lattice translation when normalized in the z-direction. Trap energy levels within the bandgap were EC – 2.5 

eV and EV + 2.3 eV for n- and p-type GaN, respectively. Although the energy level of the dislocation trap 

state in n-GaN is well-documented, the level for p-GaN is approximated as an arbitrarily deep donor state. 

This assumption will be discussed later. 

The trap state properties are also chosen such that the minority carrier diffusion lengths and 

lifetimes match those given in the literature. Using the approximation of a 1016 𝑐𝑚−3 trap state density in 

the bulk away from the dislocation, a capture cross section for both electrons and holes of 10−12 𝑐𝑚2 was 

chosen based on the following equations: 

𝜏 = (𝜌𝑇 ∗ 𝜎 ∗ 𝜈)−1 
(5) 

LT = √
𝑘𝑇

𝑞
∗ 𝜇 ∗ 𝜏, 

(6) 

where 𝜏 is the minority carrier lifetime; ρT is the local trap concentration; σ is the trap minority carrier 

capture cross section; ν is the minority carrier thermal velocity; LT is the minority carrier diffusion length; 

and μ is the minority carrier mobility. These values resulted in a lifetimes and transfer lengths given in 

Table 9 using the minority carrier mobilities found by Kumakura et al.30. The bulk values for ρT approximate 

experimental observations23,27,33, and the lifetimes given in this table are within the expected range for 

minority carrier diffusion length and lifetime30–33 and were observed in our diode model with no dislocation. 

 𝜌𝑇 (𝑐𝑚
−3) 𝜏𝑛 𝐿𝑇

𝑛  (𝑛𝑚) 𝜏𝑝 𝐿𝑇
𝑝
 (𝑛𝑚) 

TD core 6.84 × 1019 56 fs 2.1 148 fs 3.2 

Bulk 1016 0.38 ns 178 1.01 ns 261 

Table 7: Minority carrier lifetimes and diffusion lengths for different trap state conditions. The bulk 

lifetimes are within experimental parameters for minority carrier lifetimes30. 
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Figure 25.  Process overview the Gummel method which was used extensively for modeling dislocation 

behavior; however, the Newton-Raphson methodology was used if convergence was not achieved.  

Using this physical model, the Poisson and steady-state Current Continuity equations are solved on 

the mesh self-consistently using the Gummel method (Figure 40).  

∇⃗⃗ ∙ (𝜖∇⃗⃗ 𝜓) = 𝑞(𝑛 − 𝑝 − 𝑁𝐷
+ + 𝑁𝐴

−) − 𝑄𝑇 
(7) 

∇ ∙ 𝐽𝑛⃗⃗  ⃗ = −𝑞𝑈(𝑛, 𝑝) 
(8) 

∇ ∙ 𝐽𝑝⃗⃗  ⃗ = 𝑞𝑈(𝑛, 𝑝) 
(9) 

 

In the Poisson equation (27), ψ is the electric potential; n and p are the electron and hole concentration; 𝑁𝐷
+ 

and 𝑁𝐴
− are the ionized donor and acceptor concentrations. In the Current continuity equations, 𝐽𝑛⃗⃗  ⃗ and  𝐽𝑝⃗⃗  ⃗ 

are the electron and hole current densities, and U(n, p) is the net recombination-generation rate. If 

convergence is not achieved, the solver will switch from the Gummel to the Newton-Raphson method to 

solve the system of equations. 

In addition to these core equations, additional models are necessary to include the various behaviors 

of the GaN material systems and trap physics. These are discussed below. 
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Incomplete Ionization Model 

 It has been well-documented experimentally that MgGa has an activation energy around 190 meV34, 

thus to accurately model p-GaN, we utilized the incomplete ionization model38 to account for the thermal 

activation of both the donors and acceptors in GaN. 

𝑁𝐷
+ =

𝑁𝐷

1 + 𝑔𝑛𝑒𝑥𝑝 (
𝐸𝐹𝑛 − (𝐸𝐶 − 𝐸𝐷)

𝑘𝑇
)
 (10) 

𝑁𝐴
− =

𝑁𝐴

1 + 𝑔𝑝 exp (
(𝐸𝐴 − 𝐸𝑉) − 𝐸𝐹𝑝

𝑘𝑇
)

, (11) 

where 𝑁𝐷
+ and 𝑁𝐴

− are the ionized donor and acceptor concentrations; ND and NA are the donor and acceptor 

concentrations; 𝑔𝑛 and 𝑔𝑝 are the conduction and valence band degeneracies; EFn and EFp are the electron 

and hole quasi-Fermi levels; (𝐸𝐶 − 𝐸𝐷) and (𝐸𝐴 − 𝐸𝑉) are the donor and acceptor activation energies. This 

model predicts that only ~1% of the Mg acceptor dopants will contribute holes to the GaN semiconductor 

while ~60% of the Si donors will contribute electrons. Furthermore, unintentionally-doped GaN is usually 

slightly n- due to the unintentional doping by oxygen. This combined with the low activation efficiency 

necessitate high Mg concentrations to achieve p-type GaN experimentally.  

Our model makes two basic doping assumptions. Firstly, the model uses an abrupt metallurgical 

junction such that there is no overlap between the p- and n-type regions of the diode. Secondly, the model 

does not explicitly specify any compensating defects or recombination centers in the model away from the 

dislocation but rather combines the holistic crystal imperfections into a minority carrier lifetime within the 

range of values provided in the literature30. 

Shockley-Read-Hall (SRH) Trap-Assisted Recombination Model 

To model the charging and screening effects around the dislocation line, a trap ionization model 

was implemented. The Simmons and Taylor model (based on Shockley-Read-Hall recombination 
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statistics)39–41 was used to simulate the occupancy, 𝑓(𝐸𝑇), and charge state density of trap states, 𝑄𝑇, 

associated with the TD line: 

𝑄𝑇 = 𝑞(𝑁𝑡𝐷
+ − 𝑁𝑡𝐴

− )  (12) 

𝑁𝑡𝐴
− = 𝜌𝑇 ∗ 𝑓(𝐸𝑇)  (13) 

𝑁𝑡𝐷
+ = 𝜌𝑇 ∗ (1 − 𝑓(𝐸𝑇))  (14) 

𝑓(𝐸𝑇) =
�̅� + 𝑒𝑝

𝑒𝑛 + �̅� + �̅� + 𝑒𝑝
 

 (15) 

�̅� = 𝜈𝑛𝜎𝑛𝑛  (16) 

�̅� = 𝜈𝑝𝜎𝑝𝑝  (17) 

𝑒𝑝 = 𝜈𝑝𝜎𝑝𝑁𝑉exp (
𝐸𝑉 − 𝐸𝑇

𝑘𝑇
) 

 (18) 

𝑒𝑛 = 𝜈𝑛𝜎𝑛𝑁𝐶exp (
𝐸𝑇 − 𝐸𝐶

𝑘𝑇
) 

 (19) 

 

In this system of equations, QT is the concentration of charged trap states; 𝑁𝑡𝐷
+  and 𝑁𝑡𝐴

−  are the concentration 

of ionized donor and acceptor trap states; ρT is the density of trap states, 𝑓(𝐸𝑇) is the Fermi occupancy 

function at the trap state energy level; �̅� and �̅� are the electron and hole capture rates; νn and νp are the 

thermal velocities for electrons and holes; σn and σp are the electron and hole capture cross sections; n and 

p are the electron and hole concentrations; ep and en are the hole and electron trap emission rates; NV and 

NC are the effective density of states for the valence and conduction bands; EV and EC are the valence and 

conduction bands; and ET is the trap state energy level. These equations tie into the previous models given 

in two important ways. Firstly, the electron and hole concentrations given in (36) and (37) are functions of 

the quasi-Fermi levels associated with the carriers. In forward bias, these quasi-Fermi levels split near the 

junction and would therefore change the behavior of the traps in these regions. This change carrier statistics 

in the regions with Fermi level splitting is considered in these two equations by the inclusion of the local 
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carrier concentrations which are functions of the quasi-Fermi levels. Secondly, as previously stated, the 

trap states are given a capture cross section such that the minority carrier lifetimes and minority diffusion 

lengths in the bulk associated with a lower concentration of these traps matches with previously found 

experimental evidence. The chosen values for capture cross section also come into effect here when 

calculating the carrier capture rate for trap occupancy. Additionally, in equation (32), 𝑁𝑡𝐷
+  and 𝑁𝑡𝐴

−  represent 

the concentration of ionized donor and acceptor trap states, respectively. In brief, the occupancy of the trap 

states within the semiconductor depends on the mechanistic rates at which that trap either captures or emits 

carriers. These rates are a function of the traps’ position in the energy band as well as the local Fermi level 

which dictates the concentration of free carriers at that point. For the electron occupancy of traps given in 

Equation (35), the mechanisms that will cause that trap to be occupied by an electron are the capture rate 

of electrons, �̅�, and the emission rate of holes, 𝑒𝑝. Thus, the steady state occupancy of the trap can be 

described as the ratio of these occupying rates to all of the rates on that trap state. 

Equation (35) expressing the occupancy of the localized trap state is simply a re-written form of the SRH 

recombination equation with the coefficients rewritten to more explicitly represent carrier emission and 

capture. 

Additionally, Shockley-Read-Hall41 recombination rates are used directly to model trap-assisted 

recombination rates using the following equation:  

𝑈𝑆𝑅𝐻 =
𝑝𝑛 − 𝑛𝑖

2

𝜏𝑛 [𝑝 + 𝑛𝑖 𝑒𝑥𝑝 (
𝐸𝑖 − 𝐸𝑇

𝑘𝑇
)] + 𝜏𝑝 [𝑛 + 𝑛𝑖 𝑒𝑥𝑝 (

𝐸𝑇 − 𝐸𝑖
𝑘𝑇

)]
 (20) 

where USRH is the Shockley-Read-Hall recombination rate; p and n are the hole and electron 

concentrations; ni is the intrinsic carrier concentration; τn and τp are the electron and hole lifetimes; Ei is in 

the intrinsic energy level; and ET is the trap state energy level. 

III. Results 
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Zero Bias Model 

 

Figure 26: a) The full 3D zero bias band diagram of the p-n junction looking from the n-side down the 

dislocation line to clearly show the distortion of the band diagram around the TD line that reduces the 

barrier to diffusive electron current. b) The full 3D zero bias band diagram of the p-n junction rotated such 

that the perspective looks down the TD from the p-side. This shows more clearly the barrier to hole diffusive 

current and how the barriers to diffusive currents are asymmetric at the junction. c) The 3D zero bias band 

diagram of the p-n junction conduction band numerically annotated to demonstrate the reduction in the 

electron diffusion barrier around the dislocation. d) The 3D zero bias band diagram of the p-n junction 

valence band numerically annotated to demonstrate the marked reduction in hole diffusion barrier around 

the dislocation. Note that for all figures in this work that the metallurgical junction of the diode is at z = 

2 μm.  

In Figure 26a) and b), the modeled band diagram of a GaN p-n junction around a TD is presented. The TD 

screening region permeates much further into the n-GaN region than the p-GaN region due to the screening 

behavior of lightly vs. heavily doped material. This reduced area of influence of the TD within the p-GaN 

compared to the n-GaN means that any influence of the screening region on pn junction leakage current is 

minimal in the p-type region of the device. Furthermore, this means that as power devices push towards 

lower drift region doping levels to hold large reverse voltages, the effects of the TD on the leakage 
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associated with this screening region will similarly be amplified. It can also be seen that the band bending 

observed on the heavily doped p-side of the junction is substantially less than the n-side despite their trap 

energy levels being similarly distanced from their respective energy bands. On the p-side of the junction, 

the density of acceptors and trap states are on the same order of magnitude, thus there is little band bending 

behavior as the net charge in this region will be lower as the intentional acceptors can almost locally 

compensate the dislocation-related donor trap states.  

In Figure 26(c) and (d), the contours of the conduction and valence bands respectively are shown separately 

from the full band diagram construction. In this construction, the asymmetry of the built-in voltage 

reduction on the n- and p-type sides of the junction is easier to observe. The difference in diffusion barrier 

height can be given by 

Δ𝑉𝑏𝑖 = 𝑉𝑏𝑖 − 𝑉𝑏𝑖,𝑒𝑓𝑓 , 
(21) 

where Vbi is the bulk built-in potential and Vbi,eff is the effective potential at the TD. On the n-type side, this 

is only 270 meV; this small reduction in the electron diffusion barrier is contrasted with the marked 

reduction in the barrier (2.52 eV) for holes. This result foreshadows that this structure should leak 

substantially more holes than electrons in forward bias since the equilibrium built-in potentials are 

asymmetric. 



59 

 

 

Figure 27: Electric field colormaps showing the a) magnitude, b) radial, and c) z-direction components. 

Note that at the intersection of the screening and depletion regions there is a valley in the magnitude of the 

electric field labeled in a). Additionally, it can also be seen that near the intersection, the electric field 

magnitude approaches zero where the maximum screening field would intersect with the maximum 

depletion electric field. Note that in c), the z-component of the electric field quickly approaches the field 

profile of a similar p-n junction with no dislocation (e.g., at a distance r ≈ 0.05 μm). 
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Figure 28: Plot of the depletion region width (calculated using the Depletion Approximation) changing 

with proximity to the TD core. Inset into the plot are the profiles of 𝐸𝑧
⃗⃗⃗⃗  approaching the dislocation core (r 

= 0) that are responsible for the formation of the junction depletion region. Note that near the TD (𝑟 = 0) 

both the maximum 𝐸𝑧
⃗⃗⃗⃗  and depletion widths are reduced thereby creating a reduced barrier to diffusion 

current through this region. Additionally, note that the 𝑊𝐷 far away from the dislocation line approaches 

the value derived from basic depletion calculations for a p-n junction with no dislocation. 

In Figure 27 a), the 2D electric field colormap of the zero bias pn junction is shown. The confluence of the 

screening and depletion region electric fields correlates to a marked reduction in the electric field magnitude 

near the dislocation core. Under forward bias, this region of reduced electric field enhances the diffusive 

current flow as will be shown in the following section. The potential peak appears in the core of TD. 

Therefore, the electric field, which is the differential of potential is zero as expected.  

In Figure 28, the depletion region width is plotted with respect to distance from the TD core. Near 

the TD, the depletion width is reduced by 67%. Furthermore, in the inset of the plot, it can be observed that 

the maximum junction electric field is similarly reduced by 37%. These two factors result in a substantially 

reduced barrier to diffusive current across the junction. 

Leakage Regime (2.4V Forward Bias) 

At (𝑉 = 2.4𝑉), high TD density GaN pn diodes have measurable leakage currents, and these 

currents can be reliably observed in standard computational models without problems with numerical noise. 
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Figure 29: Carrier transport diagrams in the leakage regime. a) The total conduction current density for the 

vertical diode punctured by a threading dislocation. Note that there is current on both sides of the junction 

mediated by the intersection. b) The electron current density showing flow from the bulk of the n-GaN 

through the intersection and into dislocation trap region on the p-type side. c) The hole current density 

showing the flow of holes in similar magnitude to the flow of electrons. However, the holes appear to 

intrude much further into the n-GaN region than the electrons into the p-GaN region. d) Net recombination 

rate diagram showing a wide and strong area of recombination near the intersection and around the TD in 

the bulk. This recombination center at the intersection will be discussed further in the “Discussion” section. 

In Figure 29, carrier current flow diagrams are presented. The flow of holes and electrons is almost 

symmetric on the p- and n-type sides of the junction, respectively. It has been previously observed at zero 

bias that the depletion width of the device reduces drastically with proximity to the TD, and in forward bias, 

this barrier reduction facilitates forward diffusive current  to the region near the intersection. With a 

reduction in this barrier near the TD, carriers in the bulk regions of the device bypass the bulk depletion 

field by moving through this region. Once both carriers are confined together in this region within the 

device, they will rapidly recombine (ref. Equation (20)). Lastly, it is significant to note that the hole current 

from the p-type side of the junction intrudes much further into the n-GaN TD than electrons into the p-GaN. 

This phenomenon will be discussed further in the Discussion section. 
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Figure 30: Conduction band diagrams for a) 0V, c) 2.4V, and e) 3.2V forward bias, and current density 

plots for b) 0V, d) 2.4V, and f) 3.2V forward bias. From these figures, note that the collapse in both the 

junction and screening electric field correlates to an increase in both the junction and TD mediated currents 

densities until full turn-on. 

In Figure 30, it can be clearly seen that the intersection mediates leakage current at sub-turn-on voltages 

thereby allowing current to flow through the region of reduced depletion due to the distortion in the energy 

band diagrams around the TD. The contrast is particularly apparent when comparing the current vectors 

near the TD to those far away from the dislocation at V=2.4V.  Away from the TD, there is negligible 
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current flow as would be expected in an ideal diode; however, near the TD, the current density magnitude 

exponentially increases as the flow of carriers moves through the region of influence of the TD. 

J-V Characteristics 

I-V curves were also simulated for this model and were compared to a control diode with no dislocation 

region. These I-V curves were normalized to a 3D model structure with cylindrical symmetry to obtain a 

current density (Figure 31). 

 

Figure 31: Voltage sweep analysis for the diode studied in this work against an ideal GaN pn diode of the 

same geometry. The left axis shows the current density of the diode as well as annotations indicating the 

ideality factors of the diode. The right axis shows the ratio of the current in the diode with a dislocation to 

one without a dislocation thereby showing a leakage ratio associated with a sample having a 108 cm-2 

threading dislocation density as is typical on heteroepitaxially grown GaN-on-sapphire. 

 

When compared to an ideal diode, the diode with the dislocation puncturing the metallurgical junction 

displays quantifiably higher leakage current before turn-on. After turn-on, the effects of the dislocation on 

the carrier transport get screened by the injected carriers at forward bias, and this effect can be seen in both 

the J-V curves as well as the 2D models (Figure 29).  

In Figure 31, the ratio between the current densities of a diode with and without a TD is plotted with the 

models’ J-V data using the following formula 
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Γ =
𝐽𝑇𝐷 − 𝐽𝑛𝑜𝑇𝐷

𝐽𝑛𝑜𝑇𝐷
 (22) 

where Γ is the leakage ratio, JTD is the current density of a p-n diode with a TD, and JnoTD is the current 

density of the ideal p-n diode. The leakage current contributes substantially more current before turn-on 

after which the dislocation has been screened by the forward bias current. These current ratios match very 

closely with previous experimental work analyzing leakage current in vertical pn junctions in GaN42. 

IV. Discussion 

Pinning Behavior at the Dislocation 

 

Figure 32: Band diagrams for a) lightly-doped n-GaN and b) heavily-doped p-GaN around a TD. In the 

bottom row are also shown the charge densities for c) lightly-doped n-GaN and d) heavily-doped p-GaN. 

Note that in the lightly-doped n-GaN, the band flattens near the dislocation indicating a very low electric 

field and reflecting a low occupancy as also indicated in the charge density graph in c). 

Our results demonstrate that the previously observed small potential profiles around TDs in p-GaN24 are 

due to the necessary doping required to obtain p-type conduction. Since the concentration of acceptors in 
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p-type GaN (𝑁𝐴 = 5 × 1019 𝑐𝑚−3) are on the order of trap state density near the dislocation core (𝜌𝑇,𝑚𝑎𝑥 =

6.84 × 1019 𝑐𝑚−3), the net charge in the TD region in p-GaN is less than the net charge in the n-GaN 

where the donor concentration is much smaller (𝑁𝐷 = 5 × 1017 𝑐𝑚−3). This reduction in the net charge 

density in p-GaN directly correlates to the reduction in the associated dislocation band bending around 

those dislocations and results in a 100% hole occupancy of the dislocation-related trap states. It is significant 

to note that the trap states in the lightly doped n-GaN region of the diode are not fully occupied near the 

TD thus causing the hump in the charge concentration profile, as shown in the lower left corner of Fig. 10.  

Furthermore, our results also demonstrate that the lightly doped, n-type side of the p-n junction does not 

actually physically pin the Fermi level at the trap state either. The low donor concentration is physically 

unable to compensate the trap states without bending the bands such that the trap state remains at or below 

the Fermi level. Although graphical representations appear to have the trap state pinned at the Fermi energy, 

it is in fact 67 meV above the trap energy level. Using Fermi statistics, 

𝑓(𝐸) =
1

exp (
𝐸𝑇 − 𝐸𝐹

𝑘𝑇
) + 1

,  (23) 

it can be calculated that the occupancy of a trap state located 67 meV above the Fermi level will be ~8% 

which matches the occupancy given by the model.  

Major Mechanisms of Leakage 

The results presented clearly demonstrate a strong leakage mechanism at the intersection where the 

dislocation and metallurgical junction interact; however, additional studies are necessary to fully verify the 

effect of lightly doped regions with TDs on p-n junction leakage.   
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Leakage in n+ - p Diode 

 

Figure 33: n+ - p diode leakage current and recombination profiles. All plots are plotted using a log scale 

with the same magnitudes given in previous current density figures. a) Total current density, b) electron 

current density, c) hole current density, and d) net recombination rate. 

The first exploratory model inverted the weight of the doping to create a n+ - p junction rather than the p+ 

- n junction. This model verified that it is the lightly doped region of the diode that mediates the most 

leakage; in Figure 33a), the TD on the p-type side (which is now lightly doped with 𝑁𝐴 = 5 × 1017 𝑐𝑚−3) 

carries a significant amount of electron current with the same partial occupancy and band flattening 

behavior observed in our main model. Furthermore, this current goes substantially further into the p-type 

region through the TD which indicates that carriers in these regions are more likely inhibited by their 

mobility as would be predicted if they were acting as majority carriers in these regions. 
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p-GaN Trap State Energy Dependence 

As was previously stated, the precise location of the trap energy level for TDs in p-GaN is not known, thus 

models looking at p-n junctions with different p-GaN TD trap energy levels were simulated. It was observed 

that the trap state level of the p-type side was largely irrelevant to the presence of the previously observed 

leakage mechanisms. This finding indicates that although the energy level for TD traps in p-GaN is 

approximated as a deep trap state, its location within the band ultimately does not matter since one side of 

the junction trap states are deep and distort the band structure to allow the leakage mechanisms to occur. 

This result further reinforces the notion that if the acceptor concentration is on the order of the trap state 

concentration, they play a much more significant role than the trap state energy in determining the bending 

behavior around the TD.  

Trap-Assisted Recombination Dependence 

 

Figure 34: Total current density color maps highlighting the effect that the explicit, dislocation trap 

mediated carrier recombination has on the leakage current magnitude. a) Total current density colormap of 
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the diode with a 1s carrier lifetime (thereby negating recombination effects of the dislocation trap states). 

Note that even without any trap state recombination, the dislocation screening region on the lightly doped 

side of the junction continues to mediate leakage current. b) Total current density colormap of the control 

diode with 1fs carrier lifetime. 

Previous models have indicated that the leakage mechanism around TDs are related to carrier recombination 

near the intersection as shown by disk-shaped regions of high recombination rates in Figure 29 and Figure 

33. To test this, a model with trap-associated lifetimes of 1s was simulated to nullify the effect of trap state 

recombination at the interface. As can be seen in Figure 34, the removal of SRH recombination at TD trap 

states does not completely remove leakage currents, but it does reduce them by almost an order of 

magnitude. In addition to the SRH recombination at the interface near the TD, the diffusion current of the 

junction alone near the TD also provides leakage current well over what would be expected in a perfect p-

n diode. This effect can further be seen in Figure 35. Although the SRH recombination at the TD trap states 

appears to have a significantly high leakage current in Figure 34, Figure 35 shows that the leakage current 

is largely caused by the depletion region and diffusion barrier reduction effects around the TD, for the 

leakage ratio of the no TD recombination diode over the ideal diode is approximately 104 at V = 2.4V 

compared to 10 between the Control and the no TD recombination diode. With the absence of 

recombination at the trap states, the diffusive current component of the Drift-Diffusion current model 

𝐽𝑛⃗⃗  ⃗ = 𝑞𝑛𝜇𝑛𝐸𝑛
⃗⃗ ⃗⃗ + 𝒒𝑫𝒏𝜵𝒏 

(24) 

is still greater than the drift component thereby allowing leakage current to flow. However, the drift current 

still reduces the overall current by repelling carriers away from the intersection. By adding in trap state 

recombination, the drift component of the model becomes irrelevant as carriers do not need to fully cross 

the depletion region. Instead, they simply need to overlap with the carriers diffusing from the other side of 

the junction at which point they rapidly recombine and create a much higher leakage current mediated by 

the depletion and barrier reduction and enhanced by the trap state recombination. 
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Figure 35: J-V curves comparing the ideal, control, and no recombination diode models. 

Isolated Screening Region Geometry Dependence 

 

Figure 36: J-V curves contrasting the effects of only the trap state distribution (hence screening region 

length) on the leakage current. This study differentiates the effects of only the screening geometry without 

changing the dislocation line charge or device doping. 

In addition to exploring the effect of screening region variance by controlling the doping in the 

junction, the screening region was also modified by changing the density profile of the TD-associated traps. 

These Gaussian FWHMs were modified to make them broader, but the peak trap state densities were also 

changed such that an experimentally observed one electron per c-lattice translation was maintained. 

Although models were attempted with narrow trap state distributions, these led to numerical instability that 

prevent simulation convergence. In Figure 36, the J-V curves of these broader trap state models are shown, 
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and it can be clearly observed that the width of the distortions does contribute significantly to the forward 

bias leakage current.  

With the reduced trap state densities, the effects previously seen on the trap occupancy in the lightly 

doped region of the diode are eliminated, yet leakage current not only persists but increases substantially. 

This indicates that the occupancy of the trap states does not play a major role in facilitating leakage since 

the trap states are fully occupied for these cases. Furthermore, in Figure 37, we can see that the local 

magnitude of the leakage currents remains relatively unchanged with broader screening regions even as the 

total device current density increases. This indicates that the broader screening region interaction with the 

junction simply broadens the region over which diffusion current and SRH recombination can occur. 
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Figure 37: Conduction current densities for various FWHM TD trap distributions with a) the main model 

with a FWHM = 5nm, b) a FWHM = 30nm, and c) a FWHM = 60nm. 

V. Conclusion 
This work has presented a 2D model of a p-n diode punctured by a distribution of trap states associated 

with dislocations in accordance with prior investigations26,40 and solved the Poisson-Drift-Diffusion system 

of equations using the Gummel method to determine the mechanisms by which dislocations mediate 
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leakage. It was discovered that the dislocation trap states were ionized by the surrounding dopants thus 

distorted the band in their vicinity with a heavy dependence on the doping density. This distortion of the 

energy bands results in a drastically reduced barrier to diffusion in forward bias, and this reduced diffusion 

barrier allows carriers to flow into a region of incredibly high recombination rates. It was discovered that 

regions around TDs in lightly doped semiconductors also inverted their majority carrier behavior which 

allowed leaked carriers to travel very far into lightly doped region through the TD. The regions of barrier 

reduction, SRH recombination, and majority carrier inversion created by the distortion in the band structure 

results in observable leakage currents and increased ideality factors in GaN p-n junctions with dislocations. 

VI. Acknowledgements 
This research was supported the Solid State Lighting and Energy Electronics Center (SSLEEC) at UCSB 

and by ARPA-E PNDiodes Program through a subcontract from the University of New Mexico (I. 

Kizilyalli, program manager). Prof. Yuh-Renn Wu was also funded by Ministry of Science and 

Technology (MOST) 108-2628-E-002-010-MY3. 

 

VII. Reference Table 
The table is arranged in alphabetical order of the description with similar variables grouped together in the 

table (i.e. conduction, valence, and intrinsic energies are grouped together). 

Sym. Description Value Units 

k Boltzmann constant 8.62 × 10−5 eV / K 

𝜎𝑛 Capture cross section – electrons  1 × 10−12 [22] cm2 

𝜎𝑝 Capture cross section – holes  1 × 10−12 [22] cm2 

�̅� Capture rate – electrons  N/A s-1 

�̅� Capture rate – holes  N/A s-1 

𝑁𝐴 Concentration – acceptor dopants 5 × 1019 cm-3 

𝑁𝐷 Concentration – donor dopants 5 × 1017 cm-3 

n Concentration – electrons  N/A cm-3 

𝑄𝑇 Concentration – charged trap states N/A  

p Concentration – holes  N/A cm-3 

𝑛𝑖 Concentration – intrinsic carriers 3.43 × 10−10 cm-3 

𝑁𝐴
− Concentration – ionized acceptor dopants N/A cm-3 

𝑁𝑡𝐴
−  Concentration – ionized acceptor traps N/A cm-3 

𝑁𝐷
+ Concentration – ionized donor dopants N/A cm-3 
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𝑁𝑡𝐷
+  Concentration – ionized donor traps N/A cm-3 

𝜌𝑇 Concentration – trap states* N/A cm-3 

𝐽𝑛 Current density – electrons  N/A A/cm2 

𝐽𝑝 Current density - holes N/A A/cm2 

𝜖𝑟 Dielectric constant 8.9 --- 

𝑁𝐶  Effective density of states – conduction band 2.2 × 1018 cm-3 

𝑁𝑉 Effective density of states – valence band 4.2 × 1019 cm-3 

𝑚𝑛
∗  Effective mass – electron  

1.98 × 10−31 

(0.2m0 
[41]) 

Kg 

𝑚𝑝
∗  Effective mass – holes  

1.28 × 10−30 

(1.4m0 
[42]) 

Kg 

𝜓 Electric potential N/A V 

q Electron charge 1.61 × 10−19 C 

𝑒𝑛 Emission rate – electrons  N/A s-1 

𝑒𝑝 Emission rate – holes  N/A s-1 

𝐸𝐴 Energy level – acceptor  0.19 [34] eV 

𝐸𝐶 Energy level – conduction band edge N/A eV 

𝐸𝐷 Energy level – donor 0.025 [34] eV 

𝐸𝐹𝑛 Energy level – electron quasi-Fermi  N/A eV 

𝐸𝐹𝑝 Energy level – hole quasi-Fermi N/A eV 

𝐸𝑖 Energy level - intrinsic 1.73 eV 

𝐸𝑉 Energy level – valence band edge N/A eV 

𝑐 Lattice parameter – c-component 5.186 Å 

𝜏𝑛 Lifetime – electrons  𝑁/𝐴 s 

𝜏𝑝 Lifetime – holes  𝑁/𝐴 s 

𝜇𝑛
𝑚𝑎𝑗

 Mobility – majority electrons 400 
𝑐𝑚2

𝑉𝑠
 

𝜇𝑛
𝑚𝑖𝑛 Mobility – minority electrons 32 

𝑐𝑚2

𝑉𝑠
 

𝜇𝑝
𝑚𝑎𝑗

 Mobility – majority holes 8 
𝑐𝑚2

𝑉𝑠
 

𝜇𝑝
𝑚𝑖𝑛 Mobility – minority holes 26 

𝑐𝑚2

𝑉𝑠
 

𝜖0 Permittivity of free space 8.85 × 10−14 F/cm 

U Recombination rate - net N/A s-1 

𝑈𝑆𝑅𝐻 Recombination rate – Shockley-Read-Hall N/A s-1 

𝑅𝑆𝐶 Screening radius N/A nm 

𝑔𝑛 State degeneracy – conduction band 2 --- 

𝑔𝑝 State degeneracy – valence band 4 --- 

T Temperature 300 K 

𝜈𝑛 Thermal velocity – electrons  2.60 × 107 cm / s 

𝜈𝑝 Thermal velocity – holes  9.87 × 106 cm / s 

𝑓(𝐸𝑇) Trap state occupancy  N/A --- 

Table 8: Variable legend providing detailed information on variables and units used in this work.  
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3.2 : Reverse Bias 

I.  Introduction 

III-N semiconductors have been widely used in high-speed transistors1–5, visible and ultraviolet 

(UV) optoelectronics6–12, and vertical power electronics13–17. The high theoretical breakdown field (~3.3 

MV/cm) and carrier mobility (>1,000 cm2/V-s) have garnered interest in the field of power electronics 

where energy efficiency and high voltage operation are necessary. Vertical device topologies are useful for 

reducing the wafer footprint of power electronics by allowing voltage to be held across epitaxially grown 

interfaces rather than lateral ones. One of the major challenges to the performance of GaN vertical power 

devices has been the ubiquitous presence of threading dislocations (TDs) in the substrates for epitaxial 

growth. TDs have been repeatedly shown to exacerbate breakdown modes such as reverse bias current 

leakage in vertical GaN devices16,18,19, but the breakdown mechanisms have been hitherto unstudied despite 

being experimentally observed. 

The dislocation structure in GaN has been extensively studied by high-resolution x-ray diffraction 

(HRXRD) and transmission electron microscopy (TEM). Edge and mixed-type threading dislocations have 

been shown to be much more prevalent than their screw-type counterparts, but they all have a  line vector 

within ~10 of the <0001> direction regardless of their Burger’s vector, �⃗⃗�  20,21. Furthermore, the electrical 

nature of TD trap states in n-GaN has been shown to be a deep acceptor in the band gap22 with a line density 

of approximately one electron trap state per c-lattice translation23. It has also been observed that this trap 

state density associated with TDs results in a screening region around the dislocation as the donors provide 

electrons to the trap states to create regions of significant net charge. In a simple picture, the occupied 

dislocation-related acceptors in n-type material are screened by ionized donors as shown in Figure 38. 

Similarly, we assume that dislocation-related donors are screened by ionized acceptors in p-type material.   
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Figure 38: Schematic of screening region in the vicinity of a dislocation in a n-type (ND= 5×1017 cm-3)  

(left) and p-type  (NA= 5×1019 cm-3) (right) GaN along with the corresponding charge profile. The charge 

region in p-GaN is much smaller due to the higher doping required for p-type conductivity 

In the simplest treatment, the dislocation and space charge regions are cylindrical with constant trap state 

and dopant density (Figure 38). The screening radius can be simply calculated using charge neutrality and 

results in 

𝑅𝑆𝐶 = √
𝜌𝑛

𝜋𝑐
∗ √

1

𝑁
 

(3)  

where ρn is the number of trap states per c-lattice translation, c is the c-lattice constant, and N is the uniform 

dopant concentration of the semiconductor. It is noted that, in typical nitride p-n junctions, all acceptors are 

assumed to be ionized within the p-side of the depletion width (typically on the order of 1-2 nm). The Mg 

acceptors would then provide screening in the band-bending region. This ionization and screening of the 

cylindrical area of the TD line distorts the energy band profiles around the dislocation with potentials of 

~2.5 V as observed by electron holography in n-GaN24. This behavior has been attributed to the coalescence 

of defects around the TD core as suggested by Arslan and Browning25 and observed by Müller et al.26. The 

trap state energy associated with such a band bending closely matches an electron trap state ~1.0 eV above 

the valence band maximum found in DLTS measurements27; additionally, the trap state density are 

consistent with previous experimental and theoretical values of approximately one electron trap state per c-

lattice translation28. From these experimental observations and theoretical predictions, it is possible to 

construct an accurate band structure model of n-type GaN pierced by a TD. 
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In contrast, a band structure model of p-type GaN that includes the treatment of TD trap states has 

been substantially more elusive. Electron holography analyses have found regions of negative space charge 

that is likely associated with screening acceptors around a donor trap states coalescing near TDs in p-GaN24. 

However, the high acceptor concentration (needed to achieve measurable hole conductivity) results in a 

screening region that is smaller than the resolution of the electron holography method (~2 nm). Thus, the 

nature of the TD charge behavior in p-GaN remains experimentally unobserved.  However, in previous 

studies, TDs in p-GaN act as nonradiative centers similar to n-GaN as shown by cathodoluminescence (CL) 

results23, thus we assume that the TD trap states behave similarly in p- and n-type GaN. 

In our previous work29, GaN p-n diodes with a single threading dislocation were modeled in 

forward bias. It was found that the band distortions observed in the unipolar regions experimentally result 

in a reduced diffusion barrier for carriers to bypass the built-in potential of the diode thereby mediating a 

diffusive leakage current in forward bias. In this work, we will use the same simulation system with an 

additional mathematical model to address dislocation-mediated reverse bias leakage currents. 

II. Model 
In Appendix A, all relevant variables are given in alphabetical order to assist in understanding the 

parameters and models used in this work.  

 

Figure 39. Figure shows the model for the p-n diode, which is a cylinder around a dislocation. The 

dislocation was modeled as a Gaussian distribution of deep trap states. Trap state energy within the n-type 
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region was based on experimental results while the p-type region was placed arbitrarily deep in the energy 

gap.  In the right table, values for trap capture cross section (𝜎), minority carrier lifetime (𝜏), and minority 

carrier diffusion length (𝐿𝑇) are given for the trap state region associated with the TD line.  

In this study, Silvaco’s ATLAS modeling software was used to solve for the 2D p-n junction model 

shown in Figure 39. Cylindrical coordinates were used to simplify the computational requirements by 

utilizing the six-fold rotational symmetry of the 3D crystal structure about the TD line vector, <0001>, 

without resorting to a full 3D treatment. NA and ND values are chosen based on experimentally typical 

values for vertical GaN p-n junctions doped with Mg and Si, respectively. The model r-dimension limit of 

564 nm approximates a 108 cm-2 TD density as is typical in commercially available GaN growth on either 

Al2O3 or SiC.  Our TD-associated trap state region was treated as a Gaussian distribution with FWHM of 5 

nm and a peak trap state density of 6.84×1019 cm-3. This Gaussian broadening was necessary as treating the 

dislocation as a line charge results in errors due to charge discontinuities. This distribution approximates a 

one electron per c-lattice translation when normalized in the z-direction42. Trap energy levels within the 

bandgap were EC – 2.5 eV and EV + 2.3 eV for n- and p-type GaN, respectively. Although the energy level 

of the dislocation trap state in n-GaN is well-documented, the level for p-GaN is approximated as an 

arbitrarily deep donor state. To represent the dislocation traps within bulk p-GaN, we used the deep level 

spectroscopy data presented by Zhang et.al.27 The paper reported p-GaN to have trap levels at 0.48 eV, 1.02 

eV, 1.50 eV, 2.42 eV, 3.00 eV and 3.28 eV above the valence band. Taking the average of these different 

energy levels gives us 0.59 eV, which approximates to two-thirds of the bandgap. 

Using the approximation of a 1016 𝑐𝑚−3 trap state density in the bulk regions away from the 

dislocation, a capture cross section for both electrons and holes of 10−12 𝑐𝑚2 was chosen based on the 

following equations: 

𝜏 = (𝜌𝑇 ∗ 𝜎 ∗ 𝜈)−1 
(25) 
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LT = √
𝑘𝑇

𝑞
∗ 𝜇 ∗ 𝜏, 

(26) 

where 𝜏 is the minority carrier lifetime; 𝜌𝑇 is the local trap concentration; σ is the trap minority carrier 

capture cross section; ν is the minority carrier thermal velocity; LT is the minority carrier diffusion length; 

and μ is the minority carrier mobility. The parameters chosen resulted in lifetime and diffusion length values 

given in Table 9 using the minority carrier mobilities found by Kumakura et al.30. The bulk values given in 

this table are within the expected range for minority carrier diffusion length and lifetime30–33 and were 

observed in our diode model with no dislocation. 

 𝜌𝑇 (𝑐𝑚
−3) 𝜏𝑛 𝐿𝑇

𝑒𝑙𝑒𝑐  (𝑛𝑚) 𝜏𝑝 𝐿𝑇
ℎ𝑜𝑙𝑒 (𝑛𝑚) 

TD core 6.84 × 1019 56 fs 2.1 148 fs 3.2 

Bulk 1016 0.38 ns 178 1.01 ns 261 

Table 9: Minority carrier lifetimes and diffusion lengths for different trap state conditions. The bulk 

lifetimes are within experimental parameters for minority carrier lifetimes30. 

The model consisted of a mesh with a radial dimension of 0.564 μm which approximates to a 

threading dislocation density (TDD) of 108 cm-2 and a vertical dimension of 4 μm with the metallurgical 

junction at 2 μm. The resolution of the mesh varies from 1 Å near the junction and dislocation to 50 nm in 

the bulk. The Poisson and steady-state Current Continuity equations are solved on our mesh self-

consistently using the Gummel method (Figure 40).  

 

Figure 40:  Process overview the Gummel method 
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∇⃗⃗ ∙ (𝜖∇⃗⃗ 𝜓) = 𝑞(𝑛 − 𝑝 − 𝑁𝐷
+ + 𝑁𝐴

−) − 𝑄𝑇 
(27) 

∇ ∙ 𝐽𝑛⃗⃗  ⃗ = −𝑞𝑈(𝑛, 𝑝) 
(28) 

∇ ∙ 𝐽𝑝⃗⃗  ⃗ = 𝑞𝑈(𝑛, 𝑝) 
(29) 

 

In the Poisson equation (27), ψ is the electric potential; n and p are the electron and hole concentration; 𝑁𝐷
+ 

and 𝑁𝐴
− are the ionized donor and acceptor concentrations. In the current continuity equations, 𝐽𝑛⃗⃗  ⃗ and  𝐽𝑝⃗⃗  ⃗ 

are the electron and hole current densities, and U(n, p) is the net recombination-generation rate. The current 

density values are calculated by dividing the current values with the cross-sectional area of the cylinder 

(which has a radius of 564 nm).   

In addition to these core equations, additional models are necessary to include the various behaviors 

of the GaN material systems and trap physics. These are discussed below. 

Incomplete Ionization Model 

 MgGa has been found to have activation energy approximately 190 meV34. In order to accurately 

model p-GaN, we used the incomplete ionization model35 to account for the thermal activation of both the 

donors and acceptors in GaN. 

𝑁𝐷
+ =

𝑁𝐷

1 + 𝑔𝑛𝑒𝑥𝑝 (
𝐸𝐹𝑛 − (𝐸𝐶 − 𝐸𝐷)

𝑘𝑇
)
 (30) 

𝑁𝐴
− =

𝑁𝐴

1 + 𝑔𝑝 exp (
(𝐸𝐴 − 𝐸𝑉) − 𝐸𝐹𝑝

𝑘𝑇
)

, (31) 

where 𝑁𝐷
+ and 𝑁𝐴

− are the ionized donor and acceptor concentrations; ND and NA are the donor and acceptor 

concentrations; 𝑔𝑛 and 𝑔𝑝 are the conduction and valence band degeneracies; EFn and EFp are the electron 
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and hole quasi-Fermi levels; (𝐸𝐶 − 𝐸𝐷) and (𝐸𝐴 − 𝐸𝑉) are the donor and acceptor activation energies. 

Using these equations, it is predicted that only ~1% of the Mg acceptor dopants will contribute holes to the 

GaN semiconductor while ~60% of the Si donors will contribute electrons. In addition, unintentionally-

doped (UID) GaN is generally n-type due to the unintentional doping by oxygen (on the order of 1016). 

This, along with the low activation efficiency requires high Mg concentrations to produce p-type GaN with 

the necessary hole concentration for conductivity.  

Our model makes two basic doping assumptions. Firstly, the model uses an abrupt metallurgical 

junction such that there is no overlap between the p- and n-type regions of the diode. Secondly, the model 

does not explicitly specify any compensating defects or recombination centers away from the dislocation 

but rather combines the all real crystal imperfections into a minority carrier lifetime within the range of 

values provided in the literature30. 

Shockley-Read-Hall (SRH) Trap-Assisted Recombination Model 

To model the charging and screening effects around the dislocation line, a trap ionization model 

was implemented. The Simmons and Taylor model (based on Shockley-Read-Hall recombination 

statistics)36–38 was used to simulate the occupancy, 𝑓(𝐸𝑇), and charge state density of trap states, 𝑄𝑇, 

associated with the TD line: 

𝑄𝑇 = 𝑞(𝑁𝑡𝐷
+ − 𝑁𝑡𝐴

− )  (32) 

𝑁𝑡𝐴
− = 𝜌𝑇 ∗ 𝑓(𝐸𝑇)  (33) 

𝑁𝑡𝐷
+ = 𝜌𝑇 ∗ (1 − 𝑓(𝐸𝑇))  (34) 

𝑓(𝐸𝑇) =
�̅� + 𝑒𝑝

𝑒𝑛 + �̅� + �̅� + 𝑒𝑝
 

 (35) 

�̅� = 𝜈𝑛𝜎𝑛𝑛 
 (36) 
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�̅� = 𝜈𝑝𝜎𝑝𝑝  (37) 

𝑒𝑝 = 𝜈𝑝𝜎𝑝𝑁𝑉exp (
𝐸𝑉 − 𝐸𝑇

𝑘𝑇
) 

 (38) 

𝑒𝑛 = 𝜈𝑛𝜎𝑛𝑁𝐶exp (
𝐸𝑇 − 𝐸𝐶

𝑘𝑇
) 

 (39) 

 

In this system of equations, QT represents the concentration of charged trap states; 𝑁𝑡𝐷
+  and 𝑁𝑡𝐴

−  are the 

concentration of ionized donor and acceptor trap states; ρT is the density of trap states, 𝑓(𝐸𝑇) is the Fermi 

occupancy function at the trap state energy level; �̅� and �̅� are the electron and hole capture rates; νn and νp 

are the thermal velocities for electrons and holes; σn and σp are the electron and hole capture cross sections; 

n and p are the electron and hole concentrations; ep and en are the hole and electron trap emission rates; NV 

and NC are the effective density of states for the valence and conduction bands; EV and EC are the valence 

and conduction bands; and ET is the trap state energy level. The electron and hole concentrations given in 

(36) and (37) depend on the carrier quasi-Fermi levels. This means that, in forward bias, the quasi-Fermi 

levels split near the junction, changing the behavior of the traps in these regions. This change in carrier 

statistics in the regions is incorporated in these two equations by the inclusion of the local carrier 

concentrations which depend on the quasi-Fermi levels. Apart from that, the trap states are given a capture 

cross section such that the minority carrier lifetimes and minority diffusion lengths in the bulk associated 

with a lower concentration of these traps matches with previously found experimental evidence. The chosen 

values for capture cross section also come into effect here when calculating the carrier capture rate for trap 

occupancy. Additionally, in equation (32), 𝑁𝑡𝐷
+  and 𝑁𝑡𝐴

−  are the concentration of ionized donor and acceptor 

trap states, respectively. The occupancy of the trap states within the semiconductor depends on the 

mechanistic rates at which that trap either captures or emits carriers. These rates depend on the traps’ 

position in the energy band as well as the local Fermi level which dictates the local free carrier 

concentration. For the electron occupancy of traps given in Equation (35), the capture rate of electrons, �̅�, 

and the emission rate of holes, 𝑒𝑝 are the mechanisms that will cause that trap to be occupied by an electron 
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are Thus, the steady state occupancy of the trap is characterized by the ratio of these occupying rates to all 

the rates on that trap state. 

Equation (35) expressing the occupancy of the localized trap state is simply a re-written form of the SRH 

recombination equation with the coefficients rewritten to more explicitly represent carrier emission and 

capture. 

Additionally, Shockley-Read-Hall38 recombination rates are used directly to model trap-assisted 

recombination rates using the following equation:  

𝑈𝑆𝑅𝐻 =
𝑝𝑛 − 𝑛𝑖

2

𝜏𝑛 [𝑝 + 𝑛𝑖 𝑒𝑥𝑝 (
𝐸𝑖 − 𝐸𝑇

𝑘𝑇
)] + 𝜏𝑝 [𝑛 + 𝑛𝑖 𝑒𝑥𝑝 (

𝐸𝑇 − 𝐸𝑖
𝑘𝑇

)]
 (40) 

where USRH is the Shockley-Read-Hall recombination rate; p and n are the hole and electron concentrations; 

ni is the intrinsic carrier concentration; τn and τp are the electron and hole lifetimes; Ei is in the intrinsic 

energy level; and ET is the trap state energy level. 

Trap Assisted Tunneling 

In addition to these core equations and the models outlined above for general GaN p-n junction, 

the Trap-Assisted Tunneling model39,40 was also included for the purposes of simulating reverse bias 

leakage currents in the presence of a high electric field. In this model, an additional recombination-

generation term 

𝑈𝑇𝐴𝑇 =
𝑞𝑚∗|�⃗� |𝑀2𝑔𝑇𝜌𝑇

8𝜋ℏ3(𝐸𝑇 − 𝐸𝑉)
exp (−

4√2𝑚∗(𝐸𝑇 − 𝐸𝑉)3

3𝑞ℏ|�⃗� |
) 

(41) 

is included in Equations (28) and (29). In this model, UTAT is the trap-assisted tunneling net recombination-

generation rate, q is the electron charge, m* is the effective mass of the carrier, |�⃗� | is the magnitude of the 

local electric field, M2 is the matrix element for the trap potential41, 𝑔𝑇 is the degeneracy of the trap states, 

𝜌𝑇 is the density of trap states, ℏ is Planck’s constant, and ET is the trap state energy level. Note that the 
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electric field magnitude is located in both the numerator outside the exponent and in the denominator of the 

argument of the exponent – this means that as the electric field magnitude increases at each mesh point, the 

exponential will converge to 1 while the outside multiple will increase linearly, thus for the purposes of this 

work where the electric fields are very large, the net recombination-generation rate is approximately linearly 

related to the electric field magnitude. This model accounts for the net recombination-generation of carriers 

across the band with the assistance of trap states with negative values of 𝑈𝑇𝐴𝑇 correlating to a net generation 

of carriers. It was shown below that the peak in net generation of carriers occurs in a small region on the n-

side of the junction. This corresponds to the peak in the electric field, which occurs on the n-side due to the 

structure being under reverse bias. 

III. Results 

Before discussing reverse bias results, we first confirmed that our zero bias band diagram with the additional 

physical models added matched our band diagram in previous work29 on forward bias leakage currents.  

 

Figure 41: Equilibrium band diagram for the p-n junction in this work. This band structure matches our 

previously modeled p-n junctions observing forward bias leakage currents. 

As the voltage bias applied to the system increases, the numerical stability decreases, extending the time it 

takes for the calculations to converge. Thus, beyond 80 V, the software hits a ceiling and is unable to 

converge to a solution. Upon confirmation of expected equilibrium band structure, the band diagram under 

80 V reverse bias was analyzed and is shown in Figure 42. 
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Figure 42: Band diagram for the modeled p-n junction under 80 V reverse bias. Note that the band 

distortions observed at equilibrium persist into reverse bias but are overshadowed by the bending of the 

junction due to the applied bias. 

Since the mechanisms for leakage in reverse bias are inherently drift rather than diffusion related, the 

electric field profiles are considered and shown in Figure 43. In contrast to modeling forward bias 

characteristics, the electric fields are enhanced rather than diminished in reverse bias. This causes a peak in 

the electric field near the dislocation and junction due to the intersection of large components of the r- and 

z-components of the electric field. Recall that the recombination-generation due to TAT relates linearly to 

electric field, thus this peak in the electric field should generated electron-hole pairs that result in leakage. 

It was also found that varying the doping density in the junction did not affect its behavior. 
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Figure 43: Electric field colormaps for the diode under study. a) The electric field magnitude - note the 

peak in electric field near the intersection of the dislocation with the junction. b) the radial component of 

the electric field. c) the z-component of the electric field. 
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In Figure 44, colormaps of the leakage currents are given as well as a recombination colormap on a linear 

scale. It shows that dislocation-mediated leakage current at reverse bias is driven by a generation of carriers 

at the peak electric field point.  

These e-h pairs are generated into a strong electric field that then sweeps the carriers apart with the holes 

going into the p-GaN and the electrons going into the n-GaN thereby resulting in a leakage current. 

 

Figure 44: Leakage current color maps. The bold arrows represent the flow of current in the conventional 

sense ie. following a positive test charge whereas dotted arrows denote the actual direction of flow of the 

electrons.  a) The total conduction current density showing current flowing from the n- to the p-side of the 

junction. b) The electron current density showing that electrons are flowing from the dislocation-junction 

intersection towards the p-side bulk due to the high electric field. c) Hole current density showing a 

geometrically smaller region in which holes are flowing from the intersection into the nearby p-GaN region. 

d) The net recombination-generation colormap on a linear scale showing a sharp, negative region at the 

peak electric field. Negative values on this scale indicate that generation occurs in this region. The slight 

difference in hues between the red in the p-GaN and n-GaN region are a result of slight numerical 

differences from the simulation. The values in both regions are still essentially zero, thus showing for all 

practical purposes, recombination only occurs in the vicinity of the interaction of the threading dislocation 

and the junction 

Finally, J-V curves comparing the reverse bias leakage currents of the diode studied in this work with 

different models were also plotted. In Figure 45, current densities are plotted with respect to the reverse 
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bias voltage. The first comparative model removes the trap states completely from the model to simulate a 

diode with no dislocation in it – this is an ideal diode and should demonstrate no leakage current. The 

second comparative model keeps the dislocation-associated trap states in the model but removes the trap-

assisted tunneling mechanism that appears to be essential to this leakage mechanism. In Figure 45, it can 

be observed that both the diodes without the dislocation trap states and without TAT have leakage currents 

that are primarily characterized by noise. This noisy behavior is due to the floating-point limit in our 

simulations and an artifact of the convergence error requirement. Thus, we assume the region to be at zero 

current. The dislocated sample with TAT included, however, displays a measurable leakage current after 

approximately 50 V reverse bias when the average reverse electric field is 1.7 MV/cm in the junction. This 

implies that trap-assisted tunneling, which leads to minority carrier recombination, is a fundamental 

mechanism in which dislocations causes leakage in the reverse direction. Although this model hasn’t been 

explicitly tested in the literature, the results are incredibly close to previous work conducted by Hurni et 

al.42. 

 

Figure 45: Reverse bias current density plots for the models under study. Note that the J-V curves for the 

model with no dislocation and with no trap-assisted tunneling are almost the same while the dislocated 

sample in this study demonstrates a measurable leakage current at applied biases greater than 50V. The 

onset of leakage currents in the dislocated diode corresponds with the appearance of measurable net 

generation due to the TAT mechanisms discussed in this work. 

IV. Conclusion 
In this work, a vertical p-n diode with typical doping characteristics and an equivalent threading dislocation 

density of 108 𝑐𝑚−2 was modeled in reverse bias. The model in this work uses a previously submitted 
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model used to model forward bias leakage characteristics and adds an additional mathematical model to 

account for the effects of defects in high electric fields. The model shows that the dislocation-mediated 

leakage mechanism for reverse bias leakage in GaN p-n diodes is the generation of electron-hole pairs that 

are swept out of the junction by the reverse bias electric field. This behavior results in a measurable leakage 

current within the model with behavior consistent with experimental values. 

 

V. Reference Table 

The table is arranged in alphabetical order of the description with similar variables grouped together in the 

table (i.e. conduction, valence, and intrinsic energies are grouped together). 

Sym. Description Value Units 

k Boltzmann constant 8.62 × 10−5 eV / K 

𝜎𝑛 Capture cross section – electrons  1 × 10−12 [22] cm2 

𝜎𝑝 Capture cross section – holes  1 × 10−12 [22] cm2 

�̅� Capture rate – electrons  N/A s-1 

�̅� Capture rate – holes  N/A s-1 

𝑁𝐴 Concentration – acceptor dopants 5 × 1019 cm-3 

𝑁𝐷 Concentration – donor dopants 5 × 1017 cm-3 

n Concentration – electrons  N/A cm-3 

𝑄𝑇 Concentration – charged trap states N/A  

p Concentration – holes  N/A cm-3 

𝑛𝑖 Concentration – intrinsic carriers 3.43 × 10−10 cm-3 

𝑁𝐴
− Concentration – ionized acceptor dopants N/A cm-3 

𝑁𝑡𝐴
−  Concentration – ionized acceptor traps N/A cm-3 

𝑁𝐷
+ Concentration – ionized donor dopants N/A cm-3 

𝑁𝑡𝐷
+  Concentration – ionized donor traps N/A cm-3 

𝜌𝑇 Concentration – trap states* N/A cm-3 

𝐽𝑛 Current density – electrons  N/A A/cm2 

𝐽𝑝 Current density - holes N/A A/cm2 

𝜖𝑟 Dielectric constant 8.9 --- 

𝑁𝐶  Effective density of states – conduction band 2.2 × 1018 cm-3 

𝑁𝑉 Effective density of states – valence band 4.2 × 1019 cm-3 

𝑚𝑛
∗  Effective mass – electron  

1.98 × 10−31 

(0.2m0 
[41]) 

Kg 

𝑚𝑝
∗  Effective mass – holes  

1.28 × 10−30 

(1.4m0 
[42]) 

Kg 

𝜓 Electric potential N/A V 

q Electron charge 1.61 × 10−19 C 

𝑒𝑛 Emission rate – electrons  N/A s-1 
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𝑒𝑝 Emission rate – holes  N/A s-1 

𝐸𝐴 Energy level – acceptor  0.19 [34] eV 

𝐸𝐶 Energy level – conduction band edge N/A eV 

𝐸𝐷 Energy level – donor 0.025 [34] eV 

𝐸𝐹𝑛 Energy level – electron quasi-Fermi  N/A eV 

𝐸𝐹𝑝 Energy level – hole quasi-Fermi N/A eV 

𝐸𝑖 Energy level - intrinsic 1.73 eV 

𝐸𝑉 Energy level – valence band edge N/A eV 

𝑐 Lattice parameter – c-component 5.186 Å 

𝜏𝑛 Lifetime – electrons  𝑁/𝐴 s 

𝜏𝑝 Lifetime – holes  𝑁/𝐴 s 

𝜇𝑛
𝑚𝑎𝑗

 Mobility – majority electrons 400 
𝑐𝑚2

𝑉𝑠
 

𝜇𝑛
𝑚𝑖𝑛 Mobility – minority electrons 32 

𝑐𝑚2

𝑉𝑠
 

𝜇𝑝
𝑚𝑎𝑗

 Mobility – majority holes 8 
𝑐𝑚2

𝑉𝑠
 

𝜇𝑝
𝑚𝑖𝑛 Mobility – minority holes 26 

𝑐𝑚2

𝑉𝑠
 

𝜖0 Permittivity of free space 8.85 × 10−14 F/cm 

U Recombination rate - net N/A s-1 

𝑈𝑆𝑅𝐻 Recombination rate – Shockley-Read-Hall N/A s-1 

𝑅𝑆𝐶 Screening radius N/A nm 

𝑔𝑛 State degeneracy – conduction band 2 --- 

𝑔𝑝 State degeneracy – valence band 4 --- 

T Temperature 300 K 

𝜈𝑛 Thermal velocity – electrons  2.60 × 107 cm / s 

𝜈𝑝 Thermal velocity – holes  9.87 × 106 cm / s 

𝑓(𝐸𝑇) Trap state occupancy  N/A --- 
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Chapter 4 : Indium as a surfactant: Effects on growth morphology 

and background impurity in GaN films grown by ammonia-assisted 

molecular beam epitaxy 
 

4.1    Introduction  
 

Over the past few decades, III-nitride materials have gained tremendous attention for many different areas 

including optoelectronics and power electronics. In optoelectronics, having a direct bandgap ranging from 

0.7 eV to over 6 eV has resulted in light sources in wide variety of wavelengths from infrared1 to deep ultra 

violet2. In power electronics, III-nitride binary and alloy systems such as GaN and AlGaN are favorable 

over the conventional narrower gap materials, such as Si and GaAs due to reasonable carrier mobility and 

higher breakdown field that results in larger Baliga’s figure of merit.3  

Since the demonstration of III-nitride based transistors and diodes3,4, their progress is limited by 

different challenges, one of which includes the presence of extended defects such as high densities of 

threading dislocations in the material grown on lattice-mismatched foreign substrates, which results in the 

degradation of device performance. This is demonstrated for GaN p-n diodes, in which threading 

dislocations behave as leakage pathways under both forward and reverse biases5,6. In addition to this, high-

voltage power switches require thick drift regions (on the order of 10 μm) with low background doping 

levels (on the order of 1015 – 1016 cm-3) to realize high blocking voltages3. Hence, there is also a need for 

growth methods and optimized conditions to enhance the growth rate, maintaining the low background 

doping7. Another challenge is related to selective-area doping for bipolar devices such as junction field-

effect transistors (JFETs) and current aperture vertical electron transistors (CAVETs) which requires 

etched-and-regrown interfaces, resulting in large densities of etch-induced defects and impurities resulting 

from ambient exposure at the regrowth junction8,9. 

Some specialized devices, such as vertical fin field-effect transistors (FinFETs) and simpler devices 

such as Schottky barrier diodes (SBDs), which are unipolar in nature, do not require selective-area-doping. 
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However, the processing of FinFETs requires selective wet etching of the sidewalls with potassium 

hydroxide (KOH)10. Upon wet etching, the V-defects that are present on the surface could increase in size 

and depth, providing more leakage paths through the low-doped n- drift regions11. Vertical FinFETs and 

SBDs require thick drift regions and should also be grown at high growth rates (~1 μm/hour) such that the 

growth can be realized in a reasonable time. However, increased growth rates could result in increased 

surface roughness, V-defect density, and background impurity concentration, all of which are detrimental 

to the device performance7.  

To improve the surface morphology in epitaxial growth, surfactants are commonly employed.  For 

the case of group III nitrides, indium has been shown to be a highly effective surfactant. Typically, 

surfactants alter the surface morphology by modifying the surface energy and/or the adatom mobility12. 

One example of using indium as a surfactant was the application of trimethylindium as a source of indium, 

which has demonstrated to facilitate step-flow growth of AlN and AlGaN by metal-organic chemical vapor 

deposition (MOCVD), producing high quality conductive films13–15. In addition, indium has also been used 

in the plasma-assisted molecular beam epitaxy (PAMBE) growth of non-polar (101̅0) AlGaN/InGaN multi-

quantum well heterostructures16. Finally, indium has also resulted in improved surface morphology and p-

type conductivity in Mg-doped p-GaN grown by ammonia-assisted molecular beam epitaxy (NH3-MBE)17. 

Despite the observed advantages of using indium surfactant for growth of GaN and AlN, the indium 

surfactant has not been reported for NH3-MBE growth of unintentionally doped (UID) GaN under fast 

growth rates (practical for device applications with thick drift regions). In addition to controllably low 

background impurities7, high material quality and high interface abruptness18, the NH3-MBE growth 

method has an additional advantage of higher doping in the n++ layer required for improved source contacts 

(resulting in a reduced on-resistance) beneficial for the vertical GaN power transistors and diodes. We 

report on the effects of indium as a surfactant and other growth conditions on the surface morphology during 

NH3-MBE growth of unintentionally doped (UID) GaN under fast growth rates (1 µm/hour). The 

improvements in the surface morphology while maintaining low background impurity levels for fast growth 
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rates would provide a path toward high-quality thick drift regions growths with smooth morphologies for 

regrowth-free high-voltage vertical devices for power switching applications.  

4.2    Experimental Procedure 
 

The structures consisted of 1 µm-thick UID GaN grown at ~1 µm/hour as shown in Figure 46: (a) 

Simple cross-sectional schematic of the structure. (b) HRXRD 𝜔-2𝛳 scan of a calibration sample . All samples were 

grown using a Veeco Gen 930 NH3-MBE on 1 cm2 MOCVD-grown GaN-on-Sapphire templates from 

Lumilog Saint-Gobain. To facilitate heat conduction from the heating filament, the substrates were coated 

with a Titanium/Palladium/Titanium (50/500/100 nm) metal stack on the backside. This also enables us to 

accurately monitor the surface temperature using an optical pyrometer that is calibrated to the emissivity of 

the backside metal stack. The samples were then cleaned by immersing in acetone, methanol and 

isopropanol for three minutes each under sonication. They were then loaded onto the system to be baked at 

400 °C for one hour. During growth, elemental gallium and indium were supplied using dual filament 

effusion cells. Atomic force microscopy (AFM) was used to evaluate the film surface morphology. The 

surface roughness was quantified using root-mean-square (RMS) roughness calculated from the AFM 

scans. Apart from that, secondary ions mass spectroscopy (SIMS) was also conducted to determine the 

background impurity levels (mainly Oxygen and Silicon) of the UID GaN layers. Thicknesses and growth 

rates were confirmed by evaluating thickness fringes from high-resolution X-ray diffraction (HRXRD) 

scans on separate calibration samples (Figure 46(b)). 
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Figure 46: (a) Simple cross-sectional schematic of the structure. (b) HRXRD 𝜔-2𝛳 scan of a calibration sample for 

growth rate evaluation. 

Sample Temperature 

(oC) 

NH3 flow 

rate 

(sccm) 

V/III 

Ratio 

Indium 

Flux BEP 

(Torr) 

RMS 

roughness 

(nm) 

Substrate Notes 

1A 800  200 700 0  2.58 STINS  

1B 800  200  700 5 × 10-8 1.78 STINS  

1C 800  200  700 1 × 10-7 1.71 STINS  

1D 800  200  700 5 × 10-7 2.51 STINS  

2A 780  200  700 5 × 10-8 1.32 STINS  

2B 800  500  2000 5 × 10-8 1.78 STINS  

2C 820  750  3200 5 × 10-8 1.95 STINS  

2D 780  200  700 5 × 10-8 0.81 STINS  

2E 800  500 2000 5 × 10-8 0.69 STINS  

2F 820  750 3200 5 × 10-8 1.42 STINS  

2G 780  200 700 5 × 10-8 0.82 STINS  

2H 800  500 2000 5 × 10-8 0.93 STINS  

2I 820  750 3200 5 × 10-8 0.94 STINS  

3A 800  750 3200 0  1.10 STINS  

3B 800  750 3200 5 × 10-8 0.90 STINS  

3C 800  750 3200 1 × 10-7 0.94 STINS  

3D 800  750 3200 5 × 10-7 1.49 STINS  

4A 800 500 2000 0  FS GaN C-V 

device 

4B 800 500 2000 5 × 10-8  FS GaN C-V 

device 

5 800 750 3200 5 × 10-8 0.21 FS GaN FinFET 

test 

 

Table 10 : Summary table for all the samples grown for this investigation 

Table 10 summarizes all the samples grown in this investigation. In the first sample series (samples 

1A, 1B, 1C and 1D) In surfactant flux beam equivalent pressure (BEP) was changed, while keeping the 

substrate temperature (800 °C) and the NH3 flow rate (200 sccm) constant. While the indium flux BEPs 

were varied (0 Torr, 5×10-8 Torr, 1×10-7 Torr and 5×10-7 Torr), the Ga flux was fixed at a BEP of 4×10-7 

Torr.   
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4.3    Results and Discussion 

 

Figure 47: 2 × 2 μm AFM scans for 1 µm-thick UID GaN grown with indium flux BEPs of (a) 0, (b) 5 × 10-8 Torr, 

(c) 1 × 10-7 Torr, and (d) 5 × 10-7 Torr at 800C and an NH3 flow rate of 200 sccm.  

 Figure 47 compares the AFM results of the first sample series, indicating a clear effect of indium 

on the surface morphology. Adding the indium increased the widths of the terraces due to the enhanced Ga 

adatom mobility because of indium atoms acting as surfactants. The hillock surface feature increases in size 

and the RMS roughness was reduced by increasing the indium flux up to a BEP of 1 × 10-7 Torr (Figure 

47(a) to (c)). However, as the indium flux was increased beyond the indium flux of 1 × 10-7 Torr, the surface 

starts to deteriorate, and deep elongated features start to form at an indium flux of 1×10-7 Torr  (Figure 

47(d)) and become very significant at 5×10-7 Torr.  

 The improvements in the surface morphology upon introducing the indium surfactant was not very 

significant in the first series. Hence, we suspected that our growth conditions were not optimized for the 

fast growth rate of 1 µm/hour. At temperatures well above the decomposition temperature of GaN at 500 

°C, a higher V/III ratio is necessary to suppress it19. Thus, with a higher Ga flux, a higher NH3 flow was 

necessary19. Besides that, the substrate temperature for fast growth rates, in the presence of indium 

surfactant, may also need optimization to make the most use of the improve in the adatom mobility. 

Following the initial first series, a separate series of samples were grown to optimize the growth conditions. 

Therefore, we varied the NH3 flow rate as well as the substrate temperature, while keeping the indium flux 

BEP fixed at 5×10-8 Torr (Sample 1B). The NH3 flow rates were varied from 200 sccm, to 500 sccm and 
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750 sccm, whereas the temperatures were varied from 780 °C, to 800 °C and 820 °C. A detailed description 

of the samples are given in Table 1.   

  

 

Figure 48: 2 × 2 μm AFM scans for 1 µm-thick UID GaN grown with a indium flux BEP of  5×10-8 Torr  under 

different growth temperature and NH3 flow rates (V/III ratio). 

 

Figure 48 compares the surface morphologies of the samples grown at different substrate 

temperatures and NH3 flow rates (different V/III ratios). The surface morphology improved, and the RMS 

roughness values reduced by increasing the NH3
 flow rate for samples grown at 780 and 800 °C. However, 

for the higher growth temperature of 820 °C, the roughness values slightly increased for sample 2I (~1.5 

nm) compared to sample 2H (~0.9 nm). This meant that the optimum substrate temperature of 800 °C and 

NH3 flow rate of 750 sccm resulted in the lowest density of pits and the smoothest morphology.  



100 

 

 

Figure 49: 2 × 2 μm AFM scans for 1 µm-thick UID GaN grown under optimized temperature of 800 °C and NH3 

flow rate of 750 sccm with indium flux BEPs of (a) 0, (b) 5 × 10-8 Torr, (c) 1 × 10-7 Torr, and (d) 5 × 10-7 Torr. 

 

Another sample series was grown to study the impacts of indium surfactant flux using the optimal 

growth conditions (800 °C and 750 sccm of NH3), using an identical indium flux as used in the initial series. 

Figure 49 compares AFM scans for the samples grown under different indium flux under the optimum 

temperature and V/III ratio. The results confirm an optimal indium flux BEP value of 5×10-8 Torr (Figure 

49(b)) corresponding to the RMS roughness value of 0.93 nm. The results indicate a strong effect of indium 

surfactant on the surface morphology under the optimized condition. The reason for this is due to indium 

improving the adatom mobilities of both Ga and N on the surface. Neugebauer et al. conducted density 

functional theory (DFT) calculations to study the effect of an indium adlayer on the diffusion barriers of 

Ga and N adatoms. The study found that, in both cases, the diffusion barrier is lower with an In-adlayer 

when compared to a bare surface.20  

The excessive amount of indium surfactant could also result in surface degradation (Figure 49(c) 

and Figure 49(d)). This has been observed by other studies17,21 and was theorized due to the NH3 reacting 

with the indium, preventing the gallium atoms from reacting to the NH3 on the surface during growth21. 

Due to the reaction of NH3 to the excess indium on the surface, the gallium atoms are unable to incorporate 

into the crystal, leading to the deterioration of the crystal surface observed here on Figure 49(c) and 4(d). 

This is also possibly due to the stabilization of the (101̅1) plane, which are the sidewall planes for V-defects. 
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First principle calculations by Northrup and Neugebauer12 show that In atoms reduce the formation energy 

of the (101̅1) plane relative to the (0001) plane. 

To evaluate the impact of indium as a surfactant on any potential impurity incorporating in the GaN 

films, a series of secondary ions mass spectroscopy (SIMS) measurements were performed to track the 

background Si and O concentrations. Figure 50 compares the oxygen (Figure 50(a)), indium (Figure 50 (b)) 

and silicon (Figure 50(c)) SIMS profiles for the samples grown with 0, 5×10-8 and 1×10-7 Torr indium 

BEPs. According to the data of Figure 50, the O background level is independent of change in the indium 

BEP (note the different background O levels for the substrate below the regrowth junctions for the three 

samples, which remain the same for the regrown layers for all three samples). Besides that, the indium 

concentration is higher in the sample grown with the higher indium flux. However, the indium concentration 

is significantly below the alloying level and should just behave as a dilute isoelectronic impurity. The 

background Si, however, shows a slight decrease with the increase in indium flux. The slight reduction of 

Si background impurity levels with the increase in the indium BEP may be explained by the surface being 

saturated with In atoms, preventing Si from incorporating to the film.  

a)  b)  
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c)  

Figure 50: SIMS Impurity profiles for (a) O, (b) In and (c) Si for different indium surfactant flux BEPs of 

0, 5×10-8 and 1×10-7 Torr. 

In addition to SIMS measurements, capacitance-voltage (C-V) devices (Sample 4A and 4B) were 

grown and fabricated. These devices consist of a 3 µm layer of UID-GaN followed by 300 nm of n-type 

GaN, with a silicon concentration of ~5×10-19 cm-3 on top of a Mitsubishi Chemical Corporation (MCC) 

free-standing GaN substrate. Finally, 8 nm Schottky nickel contacts were deposited on the top of the mesa 

and ohmic titanium/gold contacts (30/150 nm) were deposited on the backside. A schematic of the structure 

is shown on Figure 51(a). C–V measurements were then conducted at 1 MHz frequency on the samples 

using a Keithley B4200 parameter analyzer to obtain the net doping (ND
+–NA

-) in the structure, as plotted 

on Figure 51(b). 
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a)     b)      

Figure 51: (a) Schematic of the device (Sample 4A and 4B) b) A plot of the net doping vs the depth in the 

structure for different growth conditions 

According to the net doping plots obtained from C-V measurements, it can be clearly seen 

that having indium as a surfactant during growth lowers the background doping in the film by a 

factor of four, which is a significant reduction. This reduction in net donor concentration is 

suspected to be due to the Indium adlayer preventing the incorporation of silicon in the film during 

growth, which is consistent with reduced silicon incorporation shown in Fig. 5 with increasing 

indium flux during growth. Apart from that, it could also be the Indium adlayer facilitating the 

desorption of silicon on the surface. Further research on the mechanism of this behavior will be 

conducted in future studies.  
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 To test the growth condition, a test structure of n+/n-/n+ (schematically shown in Figure 6(a)) 

(designed for vertical FinFET processes) was then grown to test the conditions for a thick drift region. The 

structure consists of a 1 µm-thick Si-doped n+ region ([Si]: 5×1019 cm-3), followed by a 2 µm-thick UID 

GaN drift layer and capped by another 300 nm n+ layer ([Si]: 5 × 1019 cm-3), grown on a c-plane free-

standing bulk GaN substrate from the Mitsubishi Chemical Corporation. The test structure uses the 

conditions from Sample 3C, which is an NH3 flow of 750 sccm, a substrate temperature of 800 °C and an 

indium BEP flux of 5 × 108
 Torr.  The AFM scans for the structures are shown in Figure 52. 

 

Figure 52: (a) Cross-sectional schematic of the n+/n-/n+ vertical FinFET test structure (Sample 5). (b) 

AFM scans of the surface of the FinFET test structure for different scan sizes, indicating an atomically flat 

surface.  

The AFM data of Figure 52 shows an atomically-flat surface, with a minimum surface RMS 

roughness of ~ 0.21 nm for small scan sizes, despite the anti-surfactant properties of silicon during GaN 

growth22,23, which normally results in surface deterioration for high silicon doping. In addition, there are no 

observable hillocks or pits on the sample surface. The absence of pits is also partially attributed to the choice 

of substrate for this structure, as the free-standing GaN substrates have lower threading dislocations (~106 

cm-2) as compared to GaN-on-sapphire templates (~108 cm-2). It is worth noting here that, the threading 

dislocations are usually where the V-defects start to nucleate and they usually form along the opening of 

these dislocations24. 
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4.3    Conclusion 

 
In conclusion, we present the surfactant properties of indium during the epitaxial growth of UID 

GaN by NH3-MBE under fast growth rates. The introduction of indium surfactant increased the widths of 

atomic terraces, but excessive indium resulted in a degraded surface. A combination of the optimum indium 

surfactant BEP flux, growth temperature and V/III ratio resulted in sub-nanometer RMS roughnesses and 

resulted in atomically flat surfaces for the n+/n-/n+ test structure. The introduction of indium surfactant 

also resulted in the reduction in the background silicon level, confirmed by both SIMS and C-V 

measurements, which is also helpful in reducing the background doping levels for high-blocking voltages 

while keeping the O level unchanged. The combination of fast growth rate, high-quality material enabled 

by NH3-MBE growth, possibility of high doping in n+ layer maintaining the smooth morphology for the 

source contact, low background doping levels in the n- drift regions, and smooth morphologies are 

promising for vertical power switches with high blocking voltages and low on-resistance based on vertical 

FinFET designs and beyond. 
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Appendix 

Investigation of GaN-based tunnel junctions with low voltage drops: Impacts of doping 

levels, ambient exposure, and treatments 

I.      Introduction 

Inter-band tunneling phenomenon in degenerately doped p-n junctions has been employed in a 

large number of III-nitride devices, including light-emitting diodes (LEDs), lasers, tunnel field-

effect transistors, and multi-junction solar cells1–5. The degenerately doped p-n junctions, also 

called tunnel junctions (TJs), were first reported by Esaki6 in Ge systems. Later on, the 

development of buried TJs were initiated to serve as contact layers in InGaAs and InP material 

systems to improve the electrical performance of vertical-cavity surface-emitting lasers 

(VCSELs)7,8. More recently for GaN-based LEDs and lasers, TJs have been mainly used to 

improve the current spreading and to develop low-resistance ohmic contacts to the p-type 

material1. In addition to device applications, TJs can also be used in structure designs for 

fundamental physical investigations9–11. For example, fundamental hole transport studies for 

various electronic and optoelectronic applications require unipolar transport designs to avoid the 

complexities associated with the recombination process9. To avoid the issues with current 

spreading and possible etch-induced damage to the p-layer (which will affect p-contacts as well) 

in the transport structures, TJs with low voltage penalties are required9. However, due to the wide 

bandgap and limited solubility of dopants in GaN, III-nitride material system still lacks reasonably 

low-loss TJs.  

Various research groups have investigated GaN-based TJs for device applications. Jeon et 

al.12 demonstrated that a buried TJ on top of an InGaN/GaN multiple quantum well (MQW) blue 

LED12 , although adding a voltage penalty, which is the added voltage, could enhance the output 

power of the LEDs by nearly factor two compared to a reference LED with standard p-contact. 

Yonkee et al. 13 also reported TJ contacts on LEDs using a hybrid growth approach, where the p-
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side was grown by metal-organic chemical vapor deposition (MOCVD) and the n-side was grown 

by ammonia molecular-beam epitaxy (NH3-MBE)13. Compared to reference LEDs, the reported 

LEDs with TJs contact and current spreading layer operate at a forward voltage, ie. 4.5 V versus 

5 V at 20 A/cm2 for the TJ LEDs and reference LEDs respectively. It was also shown that the 

tunnel junction LEDs had higher peak quantum efficiency at lower current densities, J , with the 

peak EQE at 38% versus 30% for the reference LED 13. Akyol et al.14 also investigated the effects 

of doping on the voltage penalty induced by the TJs using N2 plasma-assisted molecular beam 

epitaxy (PAMBE)14. Despite the numerous studies reported for GaN TJs thus far, the voltage 

penalty still needs to be improved for improved device performance. Further improvements of 

GaN-based TJs for low voltage drops would require a systematic optimization and an in-depth 

understanding of the space charge region. For instance, understanding the impact of unintentional 

impurities and native defects at the TJ interface on the drop voltages may shed light on the 

limitations of the inter-band tunneling rates in such structures. In our case, we are interested in 

using these tunnel junctions as a current spreading layer to enable our studies on p-type 

heterostructures. Our structures, which consist of a heterostructure region sandwiched between p-

type GaN, will need a tunnel junction layer below it to facilitate current spreading to ensure that 

the current flow through the alloy region. Otherwise, the current might flow up the sidewall and 

not through the heterostructure. 

In this work, we investigate the impact of doping levels and a range of surface treatment 

of the TJ interface as well as unintentional impurities at the TJ interface grown by NH3-MBE on 

its current density-voltage (J-V) characteristics. Three series of experiments were performed; (i) 

doping series, (ii) ex-situ treatment series and (iii) in-situ treatment series. The results from the 

doping series indicate a reduction in the drop voltage with increase in doping levels of either n- or 
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p- side of the junction. For extremely high doping levels ([Si] = 7.0 × 1020 cm-3, [Mg] = 5.3 × 1020 

cm-3), the drop voltage on the junction increases due to self-compensation and increased surface 

roughness (> 8 nm RMS). In addition, the exposure of the junction to ambient and ex-situ/in-situ 

treatments strongly affect the TJ characteristics. For instance, the TJs with HF treatment at the 

junction shows significantly reduced drop voltages compared to reference continuously grown TJs 

in the forward direction. To further understand the observed results, the J-V results of the TJs with 

different treatments are correlated with the impurity profiles at the junction and compared with the 

results from calculations based on polarization and Wentzel-Kramers-Brillouin (WKB) 

approximations. The findings are beneficial in the development of low voltage TJs to improve the 

performance of III-nitride based optoelectronic and power electronic devices. 
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II.     Experimental Procedure 
 

All the TJ samples were grown by a Veeco Gen 930 NH3- MBE system on 1 cm2 MOCVD-grown 

GaN/Sapphire templates from Lumilog Saint-Gobain. High-purity elemental Ga was supplied by 

dual filament effusion cells whilst elemental nitrogen was provided in the form of NH3 via a 

showerhead injector. The growths were performed at a reactor pressure of 1×10-5 Torr under an 

NH3 flow rate of 200 sccm. To process the TJs, first, a ~ 200 nm-thick n+ GaN contact layer ([Si]: 

5×1019 cm-3) was grown sandwiched between two layers of 150 nm n-GaN ([Si]: 5×1018 cm-3) at a 

substrate temperature of ~ 820 ⁰C. Then, the n-to-p TJ structures, consisting of highly doped p++- 

n++ junction (10 nm/10 nm) of various doping levels were grown. The TJ structure was then 

followed by a 50 nm-thick p-GaN growth ([Mg]: 5×1019 cm-3) at a substrate temperature of 750 

⁰C. All the samples were then capped with a 50 nm p-GaN ([Mg]: 5×1019 cm-3) and a 10 nm-thick 

p++ ([Mg]: 3×1020 cm-3) contact layer. The thicknesses and doping levels for each of the layers 

were calibrated on separate calibration structures using high-resolution X-ray diffraction 

(HRXRD) and secondary-ions mass spectroscopy (SIMS), respectively. The surface morphology 

of some of the TJs (particularly for the doping series) were evaluated using atomic force 

microscopy (AFM) on separate TJ samples.  

All the samples were then processed using a standard mesa-isolated device structure design 

with circular patterns. First, a blanket SiO2 layer (~300 nm) was deposited using a plasma-

enhanced chemical vapor deposition (PECVD). Then, the mesas were defined using a self-aligned 

wet etching of the SiO2 using BHF followed by 400 nm of dry etching by a reactive-ion etcher 

(RIE). Another SiO2 layer was deposited after the mesa formation to passivate the sidewalls to 

mitigate leakage issues due to sidewall damage by RIE15,16. Pd/Au (30 nm/300 nm) and Ti/Au (30 

nm/300 nm) metal stacks were then deposited by electron-beam (E-Beam) deposition to serve as 
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p- and n-contacts, respectively. Figure 1 schematically shows all the TJ structures (the three series) 

grown and processed in this study. 

 

Figure 1. Cross-sectional schematics of the processed n-to-p TJ structures, including the doping series, ex-situ and in-

situ treatment series. The treatments are performed right at the n++/p++ junction. 

 

Devices with 7 different circular contact diameters ranging from 50 to 200 µm were 

processed. The devices were then probed and tested using an electrical probe station. Electrical 

measurements were conducted using a probe station with tungsten probes connected to a Keithley 

4200A-SCS Parameter Analyzer. A fully vertical hole transport is expected in such structures, 

since the vertical distance in the p-region (~ 100 nm) is much smaller than lateral dimension (~ 10 

µm) from the edge of the contact to the edge of the mesa. Hence, J is calculated by dividing the 

injected current to the area under the Pd/Au p-contact. 
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III.    Results and Discussions 
 

Figure 2 indicates a size-dependency of the J-V characteristics of a representative continuously 

grown TJ sample ([Si] = 9.5 × 1019 cm-3, [Mg] = 1.3 × 1020 cm-3) for circular devices with different 

diameters from 50 to 200 µm. Except for the end points, which are different due to the limited 

current compliance being the same independent of the device size (0.1 A), no marked difference 

is observed between the J-V characteristics of different device sizes. The lack of size-dependency 

in the devices indicates the main contribution from the bulk current and negligible contribution 

from any sidewall current, which is potentially due to the large separation between the edge of the 

metal to the edge of the mesa (10 µm) with respect to vertical distance (mesa depth, being ~ 500 

nm) in the TJ structures. The sidewall passivation by SiO2 may also be partially responsible for 

the lack sidewall current.  Also, separate TLM investigations were performed, which showed that 

the first dielectric protection layer deposition significantly improves the contact resistance and 

resulted in more ohmic I-V characteristics for the p-TLMs (not shown).        

 

Figure 2. J-V characteristics of a selected TJ sample ([Si] = 9.5 × 1019 cm-3, [Mg] = 1.3 × 1020 cm-3) for different 

devices sizes. Inset shows an optical microscope image of the circular devices with different diameters (from 50 to 

200 µm).  
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 Figure 3 compares surface morphologies of the continuously grown TJs with different n- 

and p-side doping levels measured by AFM for 5 × 5 µm (Figures 3 (a-d)) and 20 × 20 µm (Figures 

3 (e,h)) scans. A relatively smooth morphology with 1.43 nm RMS roughness for a 5 × 5 µm was 

observed for a TJ sample with [Si] = 9.5 × 1019 cm-3, [Mg] = 1.3 × 1020 cm-3. Increasing the doping 

levels results in increase in the surface RMS roughness values from 1.43 nm (for [Si] = 9.5 × 1019 

cm-3, [Mg] = 1.3 × 1020 cm-3) to 8.15 nm (for [Si] = 7.0 × 1020 cm-3, [Mg] = 5.3 × 1020 cm-3) for 5 

× 5 µm scans. Hence, there is a compromise between the doping levels and the RMS roughness. 

The optimal doping levels seems to be [Si] = 6.0 × 1020 cm-3, [Mg] = 5.3 × 1020 cm-3 with a RMS 

roughness of 2.6 nm. 
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Figure 3.  AFM surface morphology analysis of TJs with different doping levels in n-and p-sides. (a-d) 5 × 5 um, and 

(e-h) 20 × 20 um scans for (a,e) [Si] = 9.5 × 1019 cm-3, [Mg] = 1.3 × 1020 cm-3, (b,f) [Si] = 3.0 × 1020 cm-3, [Mg] = 2.7 

× 1020 cm-3, (c,g) [Si] = 6.0 × 1020 cm-3, [Mg] = 5.3 × 1020 cm-3, and (d,h) [Si] = 7.0 × 1020 cm-3, [Mg] = 5.3 × 1020 

cm-3. The RMS roughness values for each scan is indicated at the bottom of the scan.  
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Table I summarizes the description of the TJ samples used in this investigation, consisting 

of three main series; a doping series, an ex-situ treatment series, and an in-situ treatment series. 

The doping series compares the TJs with different n- and p-doping levels, while the other two 

series compares the effects of different treatments at the TJ interface for a fixed doping level. The 

samples for the doping series were grown based on AFM analysis results that was separate from 

those reported in Figure 3. For the continuous TJs, the growth was performed without any 

interruption. For the ex-situ treated TJs, the samples were taken out of the reactor, treated in a 

cleanroom environment, vacuum sealed, transferred back and loaded into the chamber for 

regrowth. For the interrupted sample, after the n-side of the TJ was grown the sample was kept in 

the chamber for 10 min during the interruption followed by a temperature ramp up and growth of 

the p-side. 

Figure 4 schematically compares the conduction and valence band diagrams for a GaN TJ 

in forward (Figure 4(a)) and reverse (Figure 4(b)) biases.  As will be discuss later, the schematics 

of Figure 4 indicates that, the tunneling mechanisms is different in the forward (Figure 4(a)) and 

in the reverse (Figure 4(b)) bias conditions. The former is dependent on the Mg impurity band and 

defect-assisted tunneling, while for the latter, the main tunneling is inter-band tunneling which is 

only dependent on the band bending. Figure 5 compares the J-V characteristics of the continuously 

grown TJs with different n++/p++ doping levels (doping series). According to the plots of Figure 

5, a clear increase in the forward J by increasing the n++/p++ doping levels. In the reverse 

direction, the trend is less clear; the voltage drop reduces from 2.25 V to 0.75 V when the doping 

levels increase from ~ 1×1020 cm-3 to 3×1020 cm-3, while the voltage drop reduction is less 

pronounced for larger doping levels (~ 5-6×1020 cm-3). For very large doping levels (> 7×1020 cm-

3) a jump in the forward voltage was observed, potentially due to the roughness and/or self-
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compensation. The asymmetric nature of this phenomenon is due to the difference in transport 

mechanism between the two biases (Figure 4). As mentioned, in reverse bias, the dominant 

mechanism for current flow is the inter-band tunneling, which directly depends on the band-

bending (potential tunneling barrier height), which increases with increasing the doping 

concentrations. However, the reverse J remains within the same proximity for higher doping levels 

(above 3 ×1020 cm-3, as indicated in Figure 5), potentially due to the increased surface roughness 

(Figure 3) and possibly higher defect densities. On the other hand, the dominant tunneling 

mechanism in the forward bias could be through evanescent impurity states within the energy gap 

in the p-side of the junction (Figure 4(a)). As the p-type doping level increases, the Mg impurity 

band becomes more dominant, resulting in higher defect-assisted tunneling and larger forward J. 

A negative differential resistance (NDR) in the forward bias were observed, which is more 

pronounced in some samples (as indicated in the Figure 5 at ~ 1.5 V). Normally, an NDR occurs 

as the inter-band tunneling reduces by increasing bias, below the onset of diffusion in the forward 

bias. However, here the NDR was not as pronounced as expected for a TJ, possibly due to the 

significant effect from defect-assisted tunneling through the Mg impurity band.  

Regrown TJs with different ex-situ (such as buffered HF or BHF, HCl, and solvent) and 

in-situ (Si delta doping, in-chamber growth interrupt, and full Mg exposure) treatments at the 

junction interface were also compared. Figure 6 and 7, respectively show the comparison of the J-

V characteristics for the ex-situ and in-situ treatment series. The results of the ex-situ treatment 

series (Figure 6) indicate that a BHF treatment results in a marked drop in the forward voltage 

(from 1.34 V to 0.92 V at 100 A/cm2). In fact, some earlier studies have also shown similar effects 

from HF on the performance of p-to-n TJs17. HCl and solvent treatments, on the other hand, 

increased the forward voltage (from 1.34 V to ~ 2 V at 100 A/cm2). Nevertheless, the reverse J-V 
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characteristics are nearly independent of the choice of the ex-situ treatment (between 1.8 V to 2.2. 

V at -100 A/cm2), indicating different current mechanisms in the forward and reverse directions. 

The voltage drop in the BHF-treated TJ structure are among the best reported so far for any GaN-

based TJs. For the in-situ treatment series (Figure 7), the growth interrupt sample showed a larger 

forward voltage (but similar reverse voltage) compared to reference (from 1.25 V to ~ 2 V at 100 

A/cm2), potentially due to intrinsic defects being generated at the junction during cool down and/or 

ramp up in the interrupted sample. Both the Si delta doped and the full Mg exposure samples show 

larger forward voltage but smaller reverse voltage compared to the continuously grown reference 

junction.  

To see whether the effects of treatments on the TJ drop voltage is attributed to the impurities at the 

junction interface, an impurity profiling is needed. Normally, large Si, O, and C spikes are expected 

for regrowth structures18,19. The presence of large Si spike after sample exposure to ambient (even 

after different wet treatments such as HF, HCl, etc.), has been a major challenge for development 

of various vertical power electronic architectures19,20. For TJs, however, Si spike may result in 

change in the Fermi level position at or near the junction and enhance the tunneling probability. 

Hence, the drop voltage reduction may not directly correlate with the impurity spikes. A more 

systematic correlation of the impurity profiles from SIMS and the TJ electrical characteristics and 

comparison with the predicted results based on polarization and WKB approximation is also 

performed. This, in addition, allow for a better understanding the inter-band tunneling mechanisms 

in GaN-based TJs.  

 

Series TJ 

Sample 
Continuous/Regrown [Si] (× 1020 cm-3) [Mg] (× 1020 cm-3) 

TJ Treatment  

D
o

p
i

n
g

 

S
er

ie

s A Continuous 0.95 1.3 N/A 
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B Continuous 3.0 3.0 N/A 

C Continuous 6.0 4.5 N/A 

D Continuous 6.0 5.3 N/A 

ex
-s

it
u

 S
er

ie
s 

E Continuous 6.0 5.3 N/A 

F Regrown 6.0 5.3 BHF 

G Regrown 6.0 5.3 HCl 

H Regrown 6.0 5.3 Solvent 

in
-s

it
u

 S
er

ie
s 

I Continuous 6.0 5.3 N/A 

J Regrown 6.0 5.3 In-situ Interrupt 

K Regrown 6.0 5.3 100% Mg 

L Regrown 6.0 5.3 Si δ-doping 

 

 

Figure 4.  Schematic conduction band (CB) and valence band (VB) diagrams of a GaN TJ in (a) forward and (b) 

reverse bias. Forward bias case in (a) captures the band diagram below the onset of diffusion and indicates the Mg 

impurity band. 
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Figure 5. Comparison of J-V characteristics of continuously grown TJs in the doping series in (a) linear and (b) 

semi-log scales for doping 1 (n = 9.5×1019, p = 1.3×1020cm-3), doping 2 ([Si] = 3.0×1020, [Mg] = 3.0×1020 cm-3), 

doping 3 ([Si] = 6.0×1020, [Mg] = 4.5×1020 cm-3), and doping 4 ([Si] = 6.0×1020, [Mg] = 5.3×1020 cm-3). (c) 

Comparison of voltage drops at ±50 and ±100 A/cm2 for doping1-4 structures. 
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Figure 6. Comparison of J-V characteristics of TJs in the ex-situ treatment series in (a) linear and (b) semi-log 

scales. All the structures have doping levels of [Si] = 6.0×1020, and [Mg] = 5.3×1020 cm-3. (c) Comparison of voltage 

drops at ±50 and ±100 A/cm2 for all the samples in this series. 
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Figure 7. Comparison of J-V characteristics of TJs in the ex-situ treatment series in (a) linear and (b) semi-log 

scales. All the structures have doping levels of [Si] = 6.0×1020, and [Mg] = 5.3×1020 cm-3. (c) Comparison of voltage 

drops at ±50 and ±100 A/cm2 for all the samples in this series. 
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IV.   Conclusion 
In summary, a set of different n-to-p GaN TJs were investigated. The results of doping series suggest that 

high doping levels up to a certain level in both n- and the p-side of the junction, enhances the current from 

J-V analysis. For the doping levels above a certain threshold (at [Si] = 7.0 × 1020 cm-3, [Mg] = 5.3 × 1020 

cm-3), the drop voltage results are compromised, possibly due to the roughness and/or self-compensation 

effects. In addition, our results indicate a strong impact of ambient exposure as well as in-situ, ex-situ 

surface treatments at the junction of the TJs on its forward and reverse J-V characteristics. For instance, 

BHF treatment results in a drastic drop in the forward voltage (from 1.34 V to 0.92 V at 100 A/cm2). A 

correlation of the J-V results with the impurity profiles from SIMS evaluations compared with the 

predicted results based on polarization and WKB approximation shed light on the origin of the observed 

behaviors. The results are beneficial in the development of TJs to improve the performance of III-nitride 

based optoelectronic and power electronic devices.  
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