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High performance 4H-SiC avalanche photodiodes (APDs) were 

investigated as a potential candidate to replace photomultiplier tubes that are 

currently being used in low-level ultraviolet detection such as laser-induced 

fluorescence biological-agent detection and non-line-of-sight covert 

communications. 

A simple p-n junction APD structure was studied first, followed by the p-

i-n structures with i-layer thicknesses from 180nm to 960nm. With increasing i-

layer thickness, the dark current of a 100µm-diameter APD, at a gain, M, of 1000, 

was reduced from 2nA (25µA/cm2) to 1.5pA (19nA/cm2). This was primarily the 

result of the reduced tunneling current in APDs with thicker i-layers. At room 

temperature, the peak responsivity of the APDs with 960nm-thick i-layer was 

122mA/W (QE=52.7% at λ=268nm). Low excess noise, corresponding to k=0.1, 
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was observed. At high temperature, the breakdown voltage increased with a linear 

coefficient of ~10mV/oC. Gain as high as 108 was demonstrated.  

To improve the sensitivity and speed, separate absorption and 

multiplication (SAM) APD structures were studied. The first SAM structure 

showed high quantum efficiency 85% at 274nm after reach-through, but edge 

breakdown was observed. Edge breakdown was eliminated in the second SAM 

structure, by utilizing a positive bevel that effectively reduced the edge electric 

field. The second SAM structure, which was also optimized for solar blind 

performance, exhibited high external quantum efficiency of 83% (187mA/W) at 

278nm after reach-through.  

In parallel with the performance characterization, two important issues 

were addressed: reverse dark current and spatial uniformity of photoresponse at 

high gain. Passivation studies showed that a sacrificial thermal oxide could reduce 

the surface leakage. Bulk-leakage studies showed that trap-assisted tunneling 

current was significant in APDs with thin i-layers but was no longer a primary 

leakage mechanism for APDs with i-layer thicker than 480nm. Spatial uniformity 

studies showed that a uniform spatial response was achieved for gain<1000. At 

higher gain (M>1000), the response became nonuniform, with a steady drop in 

photoresponse from one side of the APD to the other side. This variation was 

associated with graduation of the doping density. The nonuniform doping 

characteristic was observed for all APD structures in this work. 
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Chapter 1   Introduction 

1.1 MOTIVATION FOR THE WORK 

UV detection is of great importance in many civilian and military 

applications such as engine combustion efficiency monitoring, atmospheric ozone 

detection and missile/aircraft detection. The motivation for this work is to develop 

high performance ultraviolet semiconductor photodetectors that could replace the 

photomultiplier tubes (PMTs) that are currently used for low-level ultraviolet 

(UV) detection in laser-induced fluorescence biological-agent warning system [1] 

and non-line-of-sight (NLOS) covert communication [2].  

In biological-agent detection, a UV source is focused onto a sample 

volume containing biological particles. The pump energy of the UV source 

excites electronic transitions in the molecules of interest. The fluorescence 

resulting from the subsequent relaxation of these excited molecules is detected 

and processed to determine the presence or absence of a biological organism. 

Three photodetectors are usually used to distinguish biological substances from 

non-biological substances and to differentiate common biological particles from 

harmful biological agents. These applications require low-level UV detection in 

the spectral range from 300nm to 400nm. The estimated UV fluorescence power 

is on the order of pW, e.g. on the order of a few million photons per second. 

Non-line-of-sight covert ultraviolet communications exploit the absence of 

solar background at wavelengths < 290nm and the strong Raleigh scattering of 

short ultraviolet wavelengths. The system uses aerosol and molecular scattering of 
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a short wavelength (usually λ ≤ 280nm) optical transmitter to provide short-range 

communications. For many applications, data rates of >1Mbs and operating 

ranges of 10m-250m are required. A key to system success is the development of 

sufficiently compact UV optical sources and photodetectors.  

Both systems require highly sensitive photodetectors to collect weak UV 

emission. It would be a great advantage for both systems to use semiconductor 

photodetectors due to their small size, reliability, and potential for array 

implementation.  

 

1.2 AN OVERVIEW OF LOW LEVEL ULTRAVIOLET DETECTION 

There are several good review papers and books on UV photodetectors 

[ 3 , 4 , 5 , 6 , 7 , 8 ]. In Reference [5], Razeghi presents a detailed review of 

semiconductor UV detectors, including photoconductors, p-n/p-i-n junction 

photodiodes / avalanche photodiodes, and Schottky barrier photodiodes. Figure 

1.1 illustrates the classification of these UV photodetectors. 

 
Ultraviolet photodetectors

Photoelectric detectors Photographic detectors

External photoelectric effect Internal photoelectric effect

Photoemissive
Examples: PMTs

MCPs
EBCCD

Photoconductive
Examples:                                                    

photoconductors

Photovoltaic
Examples: p-n, p-i-n, APDs

Schottky barrier
CCD  

 
Figure 1.1 Classification of ultraviolet photodetectors 
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From the classification diagram, four types of photodetectors can be 

considered for low-level UV detection:  

1) Photographic detectors: These detectors have been used for a long time 

for near IR/visible/UV detection [9]. The underlying mechanism of photographic 

detectors (or photographic films) is a photochemical reaction. The chemical bonds 

of photosensitive materials break or re-organize when excited by photon energy. 

They have the great advantage of imaging. However, they can not be used for 

low-level UV detection due to two primary limitations. They have considerably 

lower sensitivity compared to photoelectric detectors and a non-linear response to 

the incident photon. 

2) Photoemissive detectors, e.g. PMTs or Microchannel Plates (MCPs): 

These photodetectors employ the external photoelectric effect, where an electron 

of a solid surface is excited into a vacuum environment after absorbing the energy 

of an incident photon. A PMT operates by first collecting photons on a cathode, 

which consists of an appropriate photoemissive material.  The cathode is held at 

very high negative potential relative to the collecting anode. A series of dynodes 

can be inserted between the cathode and anode to accelerate the primary electron 

and generate secondary electrons, resulting in very large gains (>106) depending 

on the number of the dynodes. The most advanced PMTs are MCPs. An MCP is 

essentially a small, thin disk of lead-oxide glass with numerous microscopic 

channels running parallel to each other from one face of the disk to the other [10]. 

When an electric potential is applied across the two faces, the electrons emitted of 
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one face are accelerated toward the other face, which acts analogously to a 

continuum of dynodes. 

These types of photodetectors are the current mainstream technology for 

UV detection, because they are extremely sensitive, capable of achieving 

responsivities >600A/W at λ=275nm, with very low dark current. The dark 

current density of a typical PMT is 1.5pA/cm2 at a gain > 105. Additionally, the 

excess noise of PMTs is very low. For the non-line-of-sight communications 

developed by Shaw et al., a Perkin Elmer MCP model MP-1921 is in use [2]. 

Cabalo et al. developed a micro-UV detector for biological agent detection 

incorporating a Hamamatsu H6780 PMT module [11]. 

Although PMTs are very effective, they have several disadvantages:  a) 

They are bulky, costly, and require very high bias voltages (usually >1kV). b) The 

PMT is a fragile device, reliability can be an issue. c) PMTs have a negative 

temperature coefficient in the UV region, i.e. they become less sensitive as 

temperature increases. d) They are not solar-blind or visible-blind, thus costly 

filters must be used to attenuate unwanted visible and infrared radiation. e) They 

are easily damaged by ambient light. f) They have low quantum efficiency 

(<=25%) 

3) Photoconductors: A photoconductor is essentially a radiation-sensitive 

resistor. The operation of a photoconductor employs the internal photoelectric 

effect, in which the energy of the photons must be large enough to raise the 

electrons into the conduction band of the semiconductor material. The generated 

electron-hole pairs are swept apart by an electrical field that is created by an 
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external bias. Since the transit time for the injected carriers is usually smaller than 

the recombination time of the photo-generated carriers, each photo-generated 

carrier will contribute to an induced current with a gain proportional to the ratio of 

the minority carrier recombination time to the majority carrier transition time. 

Since the gain is proportional to the minority carrier lifetime, the gain -bandwidth 

product is transit time limited [12].  

The advantages of photoconductors include simple fabrication and internal 

gain (as high as 105). However, the speed at high gain is low. They have high dark 

current and high thermal noise or Johnson noise. Therefore, the signal to noise 

ratio is low, which is a considerable disadvantage for low-level UV detection. 

4) Photovoltaic detectors: These detectors differ from photoconductors in 

the origin of the electric field, which is used to separate the photo-generated 

electron-hole pairs. In a photovoltaic detector, a built-in electric field, due to the 

semiconductor structure itself, provides electron-hole pair separation rather than 

an external bias.  Several device structures are based on the photovoltaic effect, 

including p-n and p-i-n junctions, hetero-junctions, Schottky barriers, and metal-

insulator-semiconductor (MIS) photo-capacitors. Each of these different types of 

devices has advantages for UV detection. The device is considered to be operating 

in the photovoltaic mode when it is unbiased and connected directly to a load. 

However, in many cases a reverse bias is applied across the photodiode in order to 

reduce the transit time and the device capacitance. 

In avalanche photodiodes (APDs), the reverse bias is set such that carriers 

in the high field region acquire enough energy to excite new carriers through the 
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process of impact ionization. These new carriers, called secondary electron-hole 

pairs, are generated from ionizing collisions between the primary carriers and the 

semiconductor lattice. The primary and secondary carriers repeatedly excite 

additional carriers until they exit the high electric field region. Through this 

process the primary photo-generated carriers are multiplied, resulting in avalanche 

gain. The build-up time for this gain mechanism is not limited by the 

recombination time as in the case of a photoconductor. The dark current in APDs 

is much lower than that of photoconductors due to the built-in electric field. When 

properly designed, APDs have higher sensitivity compared to p-n or p-i-n 

photodiodes, while maintaining reasonably high speed and low dark current. 

These features are particularly desirable for low-level UV detection. 

In summary, among several types of photodetectors, including PMTs, 

photoconductors and APDs, APDs are the preferred photodetectors for low-level 

UV detection, due to their potential for compact size, reliability, high sensitivity, 

high speed and low dark current. 

 

1.3 ULTRAVIOLET AVALANCHE PHOTODIODES  

As discussed in the previous section, for applications in which both gain 

and speed are critical, avalanche multiplication gain is the only approach for 

semiconductor photodetectors that exploit the internal photoelectric effect. This 

section presents the guidelines for APD device design and several APD material 

candidates for low-level UV detection.  
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Photodiodes with a p-n or p-i-n structure are one of the most common 

semiconductor photodetectors. The detector noise mainly consists of shot noise 

and thermal noise, while flicker noise or 1/f noise is insignificant for many 

applications operating at medium or high frequency. For photodiodes operating in 

the avalanche region, excess noise becomes an issue, due to fluctuations in 

avalanche multiplication events. The excess noise is predominantly determined by 

the material properties and the device structure. For an APD with a gain of M, the 

signal to noise ratio is: [13] 

equivalentdarkbackgroundphoton
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The first part of the denominator consists of the shot noise and excess noise; the 

second part is the thermal noise. Poptical is the rms incident optical power, η is the 

external quantum efficiency, hν is the photon energy, Ibackground is the current 

introduced by the background illumination, Idark is the dark current of the device, 

B is the measurement bandwidth, and Requivalent is the total equivalent resistance of 

the detector and readout circuit. F(M) is the excess noise factor due to 

multiplication. According to McIntyre’s local-field model [14], F(M) is related to 

the gain by: 

)1)(12()( k
M

kMMF −−+= ,                   (1.2)                      

where k depends on the ratio of the electron and hole ionization rates (α and β, 

respectively) and on the device structure. A lower noise is achieved with k far 

from unity. It is well known that multiplication dominated by a single carrier type, 

either an electron or a hole, has better noise performance than devices with equal 
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multiplication events of both carrier types. In other words, it is better to initiate 

the avalanche with the carrier having the higher ionization ratio. 

From the above analysis, in order to maximize the signal to noise ratio, the 

following guidelines should be considered in APD performance: i) Maximize the 

signal itself, which can be realized by increasing UV intensity, improving 

quantum efficiency, or increasing the number of multiplication events. Note that 

boosting the signal level is not an option for low-level detection. ii) Minimize the 

dark current, e.g. reduce the background signal and the unity dark current of the 

APD. iii) Minimize the excess noise of the APD. In short, high quantum 

efficiency, high gain, low excess noise factor, and low dark current are desirable 

for low-level UV detection using APDs. 

Currently there are four primary UV APD material candidates: UV-

enhanced silicon APDs, GaP APDs, GaN APDs and SiC APDs. UV-enhanced 

silicon APDs have the benefits of a mature material system, easy integration, and 

a favorable impact ionization coefficient ratio, which results in a very low excess 

noise factor. However, the dark current in silicon APDs is too high for some 

applications. At high temperatures expensive cooling systems are required for 

successful operation, and, like PMTs, they often require expensive filters due to 

their broad spectral response. 

 GaP is often overlooked for UV detection due to its indirect bandgap of 

2.26eV (λ=550nm), which is not visible-blind. GaP APDs were demonstrated by 

Beck et al. [15]. They demonstrated low dark current and high gains up to 103. 

GaP can achieve significantly higher gain than GaN, and costs much less than 
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SiC. With further device engineering, GaP APDs can achieve improved deep UV 

response. However, there are two disadvantages for GaP APDs: (1) Expensive 

filters are required to attenuate their high response in the visible spectrum. (2) 

High excess noise. Bulk GaP has been reported to have equal ionization 

coefficients for electrons and holes, which give an effective k value of 1 [16].  

GaP APDs with thin multiplication regions, which benefit from the non-local 

nature of impact ionization, only show improvement to k=0.4 [15].  

Wide bandgap material GaN/AlGaN (Eg=3.44eV~6.2eV) and SiC 

(Eg=2.4eV~3.26eV), are the other two contenders for UV detection. The bandgap 

of AlGaN can be tuned between 3.4eV(GaN) and 6.2eV(AlN) by adjusting the Al 

ratio. Note that the band edge of AlGaN can be adjusted to the solar blind range, 

which makes AlGaN very promising for solar blind UV detection applications. 

GaN APDs have been demonstrated [17,18,19]. However, no AlGaN APDs have 

been reported. The yields of GaN APDs were low due to their high dislocation 

density, which is a tremendous problem for GaN/AlGaN materials. Currently 

GaN/AlGaN is mainly grown on sapphire substrates. The lattice mismatch and 

thermal expansion mismatch between GaN and sapphire is 16% and 39%, 

respectively [20]. As the Al ratio increases, high conductivity becomes harder and 

harder to achieve. Another disadvantage of GaN/AlGaN is that, the theoretical 

results show that the impact ionization rates of holes in GaN are very close to 

those of electrons [21], as is the case for many III-V semiconductors. Therefore, 

the excess noise of GaN/AlGaN APDs is expected to be high. It has been reported 

that the k value can be lowered using a superlattice structure. This approach will 
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strongly depend on the crystal quality. At the current dislocation density level, it 

is difficult to implement this technique. 

SiC is a much more mature material than GaN/AlGaN materials. Due to 

the material maturity and stability, SiC has recently been extensively studied for 

UV detection [ 22 , 23 , 24 , 25 ]. Among a few polytypes of SiC, 4H-SiC 

(Eg=3.26eV) is a more promising candidate compared to other polytypes, such as 

6H-SiC (Eg=3.0eV) and 3C-SiC (Eg=2.40eV), owing to its wider bandgap [26]. 

Konstantinov et al. have demonstrated that 4H-SiC has a low k value (k=0.02) for 

hole initiated impact ionization [27]. The resulting low excess noise factor is 

important for many applications. F. Yan et al. have demonstrated that 4H-SiC 

APDs can achieve high responsivities comparable to PMTs, low multiplication 

noise and good visible-blind characteristics [28,29,30,31].  

SiC photodetectors provide high quantum efficiency in the UV range. 

Solar blind UV operation is feasible for SiC detectors by employing an expensive 

SB series solar blind bandpass filters from Ofil, Inc. [32]. For example, Ofil SB-

BDF-1, has a transmission of 10~15% around 264nm and an out-of-band rejection 

from 1011 to 1012 at 300nm. The resulting quantum efficiency could be around 

10%, which is substantially higher than the external quantum efficiency of solar 

blind PMTs used combining with solar blind filters.  

Among Si, GaP, GaN/AlGaN, and SiC materials for APDs, SiC is the only 

promising material that satisfies low-level detection requirements, e.g. high 

quantum efficiency, low dark current, low excess noise and visible-blind 

operation. 
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1.4 SILICON CARBIDE MATERIAL PROPERTIES 

This section provides an overview of SiC as an APD material. During the 

last decade, SiC has received remarkable attention as a promising semiconductor 

material for high temperature, high frequency, and high power device 

applications, due to its high thermal conductivity, high saturation velocity, and 

high critical breakdown field. 

SiC has many different polytypes; so far, over 170 polytypes have been 

reported [33], several of which are stable crystal structures. A polytype is a 

variation in a crystalline material in which the stacking order of planes in a unit 

cell is different. Each SiC bilayer, while maintaining the tetrahedral binding 

scheme of the crystal, can be situated in one of three possible positions with 

respect to the lattice (A, B, or C), as shown in Figure 1.2. The bonding between Si 

and C atoms in adjacent bilayer planes is either of a Zinc-blende (Cubic) or 

Wurzite (Hexagonal) nature depending on the stacking order. The pure Wurzite in 

ABAC-ABAC-··· stacking sequence is called 4H-SiC. The 2H-SiC (AB-AB-···), 

3C-SiC ( ABC-ABC-···) and 6H-SiC (ABCACB-ABCACB-···) are also shown in 

the figure. 4H-SiC and 6H-SiC are the most common hexagonal polytypes. 

Changing the stacking sequence has a profound effect on the electrical properties, 

for example, the bandgap changes from 3.26eV in 4H-SiC to 2.4eV in 3C-SiC. 

Note that currently only the 4H and 6H polytypes are available as substrate 

materials. The control of these polytypes by physical vapor transport (PVT) 

growth depends on a number of variables, including temperature, pressure, crystal 
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growth face, and the temperature gradient imposed across the crystal during 

growth [34,35]. Table 1-1 shows a comparison of physical properties of these 

three polytypes, along with some other semiconductor materials.  
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Figure 1.2 The stacking sequence of common SiC polytypes, including 3C-SiC, 
2H-SiC, 4H-SiC and 6H- SiC 
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Table 1-1 Comparison of electrical/mechanical properties for various 

semiconductors [36] 
Property\Material 4H-SiC 6H-SiC 3C-SiC GaN GaAs Si
Bandgap Eg (eV) 3.26 3.00 2.40 3.44 1.42 1.12
Saturation electron velocity (107cm/s) 2.0 2.0 2.0 2.7 2.0 1.0
Electron mobility (cm2/Vs) 1000 600 900 900 8500 1450
Hole mobility (cm2/Vs) 120 80 40 30 400 480
Dielectric constant 9.7 10 9.7 12.2 12.8 11.8
Lattice constant a (Å) 3.073 3.081 4.36 3.189 5.65 5.43
Thermal conductivity (W/cm K) 4.9 4.9 4.9 1.3 0.5 1.3  
 

The quality of SiC has been dramatically improved in the past ten years. 

The defect density has been significantly reduced. In homo-epitaxial growth, a 

thickness uniformity of ~1% across the wafer and a doping uniformity of 6-10% 

can be achieved on wafers up to 3” to 4”. 4H-SiC substrates have also been 

demonstrated [37]. Furthermore, high quality thermal SiO2 on SiC has been 

demonstrated with an interface trap density just one order of magnitude higher 

than SiO2 grown on Si [38]. 

The absorption spectrum of 4H-SiC is still incomplete, and there is no data 

available in the solar blind spectrum [39]. Figure 1. 3 shows the extrapolated 

absorption coefficients of 4H-SiC in the solar blind spectrum [40]. 4H-SiC has a 

slightly lower absorption coefficient than 6H-SiC, thus the penetration depth 

should be longer. Compared to AlGaN photodetectors, SiC photodetectors do not 

exhibit sharp spectral cut-off above the bandgap, due to their indirect bandgap. 

However, it is possible that high quantum efficiency in the solar blind spectrum 

can be achieved, due to less surface recombination. 
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Figure 1.3 Absorption coefficients of 4H-SiC and 6H-SiC [40]. 

1.5 DISSERTATION ORGANIZATION 

This dissertation is organized into eight chapters, as shown in Figure 1.4. 

Chapter 1 has introduced several types of photodetectors that could be used for 

low-level UV detection and several materials that could be used for UV-sensitive 

APDs. Chapter 2 describes the device fabrication and experimental setups for 

characterizing ultraviolet APDs. Chapter 3 details the performance of the first 4H-

SiC APDs that we studied, a simple p-n junction structure. Those APDs serve as 

the reference for other structures. Chapter 4 delineates the improved performance 

of p-i-n APDs with various i-layer thicknesses. The bulk of my dissertation is 

contained in Chapter 5, which covers my work on decreasing the dark current. 

Chapter 6 analyzes the spatial nonuniformity at high gain and presents a model to 

explain the observed results. Chapter 7 describes the improved quantum 
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efficiency of SAM APDs and the work to eliminate the edge breakdown that was 

observed in the first SAM structure. Chapter 8 summarizes the improved 

performance and suggestions for future research on low-level ultraviolet 

detection. 

 
Chapter 1

Introduction

Chapter 2
Device Fabrication

&
Characterization Methodology

Chapter 3

p-n junction APDs

Chapter 4

p-i-n junction APDs

Chapter 7
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Chapter 5
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Spatial nonuniformtiy

Chapter 8

Conclusion
 

 

Figure 1.4 Illustration of the dissertation organization 
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Chapter 2   Device Fabrication and 
Characterization Methodology 

Section 2.1 in this Chapter gives a brief summary of the studied APD 

structures. Section 2.2 presents an overview of device fabrication, while device 

characterization methodology is described in Section 2.3. 

 

2.1 DEVICE SUMMARY 

Table 2-1 summarizes the APD structures studied in this work. They are: 

PN, PIN180, PIN260, PIN480, PIN960, SAM_I, and SAM_II APDs. These 

structures can be grouped into three types: 1) PN APD: This is a p-n junction 

APD structure, and the first APD structure we studied. 2) PIN APDs: An “i” 

region was inserted between the p and n region. The number following “PIN” is 

the i-layer thickness in nanometers, e.g. PIN180 APDs have a 180nm-thick “i”-

layer. The “i”-layer is actually lightly p-doped. 3) SAM APDs: These APDs 

utilize a separate absorption and multiplication structure. The SAM_I APD 

structure was studied first, followed by the SAM_II APD structure. The SAM_II 

epitaxial layers were grown at the GE Global Research Center (Niskayuna). All 

other wafers were provided by Cree, Inc.. 
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Table 2-1 The 4H-SiC APD structures studied in this dissertation 
PN PIN180 PIN260 PIN480 PIN960 SAM_I SAM_II

Substrate N-type N-type N-type N-type N-type N-type N-type
Layer 1 N+,  

2000nm, 
3.0x1018cm-3

N+,  
2000nm, 

3.5x1018cm-3

N+,  
2000nm, 

3.0x1018cm-3

N+,  
2000nm, 

3.0x1018cm-3

N+,  
2000nm, 

3.0x1018cm-3

N, 500nm, 
6.5x1017cm-3

P, 2000nm, 
6.0x1018cm-3

Layer 2 P, 200nm, 
2.0x1018cm-3

p-,  180nm, 
2.8x1015cm-3

p-,  260nm, 
2.8x1015cm-3

p-,  480nm, 
2.8x1015cm-3

p-,  960nm, 
2.8x1015cm-3

n-,  2000nm, 
5.0x1015cm-3

n, 120nm, 
2.0x1018cm-3

Layer 3 P+, 100nm, 
4.0x1019cm-3

P, 250nm, 
2.4x1018cm-3

P, 250nm, 
2.4x1018cm-3

P, 200nm, 
2.4x1018cm-3

P, 200nm, 
2.4x1018cm-3

n,  100nm, 
1.4x1018cm-3

n-,  1500nm, 
5.0x1015cm-3

Layer 4 / P+, 40nm, 
1.0x1019cm-3

P+, 40nm, 
1.0x1019cm-3

P+, 200nm, 
1.0x1019cm-3

P+, 200nm, 
1.0x1019cm-3

p, 200nm, 
2.0x1018cm-3

N+, 300nm, 
4.0x1018cm-3

Layer 5 / / / / / P+,  100nm, 
2.0x1019cm-3

/

Typical 
etch depth

500nm 700nm 750nm 1100nm 2100nm 800nm 2600nm
 

 

2.2 DEVICE FABRICATION 

2.2.1 Overview of Process 

For double-polished SiC wafers, the first step was to check which face had 

the epitaxial layers to be processed. This was usually indicated by the surface 

without any marks. In case there were no marks on either side, standard sheet-

resistance measurements (or four-point probe measurements) were used to 

identify the bottom substrate and the top epitaxial layers. For n-type substrates, 

the resistivity is usually less than 1 Ω·cm. For the top epitaxial layer, the 

resistivity is much higher. In fact, it is usually beyond the measurement limit. 

Therefore, from the sheet resistance of the surface, it was easy to tell which face 

to process. After this step, the back side of a wafer was scribed along the primary 
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flat using a diamond scriber in order to cleave the wafer in two. One half was then 

cut into small pieces for further processing, and the location of each piece was 

mapped in a lab notebook. 

Each small piece was then cleaned in a solvent, dipped in a beaker of 

acetone, and placed in ultra-sonic for several minutes. Rinsing in acetone, 

methane, isopropol and de-ionized (DI) water in turn was the most frequently 

used cleaning procedure in device processing.  After this process, the sample 

was dipped into a buffered oxide etch (BOE) for 45 seconds, followed by 

lithography for mesa definition. 4H-SiC is very difficult to etch. No standard wet 

etch (or chemical etch) is appropriate for mesa definition due to the high 

temperatures (>450°C) that are required. As a result, a dry etch in a reactive ion 

etching (RIE) system was used for this study. The details of mesa definition are 

given in Section 2.2.2. After mesa formation, the sample was cleaned using 

acetone and was passivated with thermal oxide and plasma enhanced chemical 

vapor deposition (PECVD) SiO2, as described in Section 2.2.3. This was followed 

by ohmic contact formation as described in Section 2.2.4. After contact formation, 

the device was ready for wafer-level characterization. This level is the default 

level for all device characterization in the dissertation. For device packaging, an 

additional metal lift-off for bonding pads, which typically consisted of Ti (400 

Å)/Au (2000 Å), was usually used for this purpose. Appendix A presents a 

detailed process flow of packaged PIN480 APDs. 
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2.2.2 Mesa Formation 

The two primary types of photoresist used for mesa formation were 

Clariant AZ4330 and AZ4620, depending on the etch depth. A thicker photoresist 

can be achieved using AZ4620 compared to AZ4330 at the same spin speed.  

The typical thickness of AZ4620 is ~8µm with a spin speed at 4k rpm for 40 

seconds. Thus AZ4620 can be used to achieve etch depths deeper than 1µm. 

Mesas of different diameters were defined by RIE with BCl3 to the underlying 

layer. Etch recipes vary for desired etch rates. The most common recipe for this 

work was: 6-8 sccm flow of BCl3, 100-140W RF power and 50mTorr chamber 

pressure. The mesa etching rate was approximately 170-230 Å/minute. The 

etching selectivity of SiC to photoresist was approximately 1 to 3 with the RF 

power setting at 100W. With a higher RF power, the selectivity decreased to 1 to 

2 (SiC to PR) or less. 

An important aspect of mesa formation is control of the mesa bevel angle. 

Using techniques similar to those described in Reference [41], a beveled sidewall 

can be defined by RIE. This approach utilizes the surface strain of photoresist 

during hardbake. As shown in Figure 2.1, after the photoresist was baked on a 

hotplate, usually for 20-40 seconds at 150°C, the profile of the photoresist looked 

like a spherical cap. The bevel angle  β  of a mesa is given by [41]: 

)2(tan))(tan(tan 11

PR

SiC

PR

SiC

r
r

D
h

r
r

×≈×= −− αβ              (2.1) 

where α is the bevel angle of the photoresist before etching, rSiC and rPR are the 

etch rate for SiC and photoresist, respectively, D is the mesa diameter defined by 

the mask, and h is the thickness of the photoresist in the center. 
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Figure 2.1 Profile of the photoresist and mesa before (up) and after (down) mesa 

formation 

From Equation (2.1), it can be seen that, to have a small bevel β, it is 

preferable to have a small rSiC/rPR ratio, large D, or small h. For a given rSiC/rPR 

ratio (=1/3 in the default etch setting), a feasible way to tune the bevel angle is to 

vary the thickness h of the photoresist. However, if the photoresist is too thin, 

after baking on a hotplate, the profile resembles the shape shown in Figure 2.2 in 

some cases, because the surface strain is not strong enough to form the spherical 

profile. The bevel angle of the photoresist in this figure is larger than that in 

Figure 2.1. It was also observed that if the photoresist was baked in a hot oven 

(120°C or 150°C), it was more likely to form the profile shown in Figure 2.2 than 

if it were baked on a hotplate at the same temperature. 
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Figure 2.2 Profile of photoresistor with a large bevel angle 

By varying the spin speed and the hardbake method, it is possible to 

achieve a bevel angle from 2o to 65o. An even steeper bevel can be achieved with 

a metal mask. Figure 2.3(a) shows a mesa with 2o bevel, and Figure 2.3(b) shows 

a mesa with >45o bevel. 

 

 
Figure 2.3 The bevel angle of two mesas. (a) β∼2ο, the sidewall is clearly shown 

and (b) β>45ο , the sidewall is not visible 
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2.2.3 Device Passivation 

RIE etch damage on the sidewall of a mesa can be a source of leakage 

current. Therefore, the samples were ultrasonically cleaned in ammonia hydroxide 

(NH4OH) for 10-20 minutes to remove RIE byproducts that were left on the 

sidewalls. Before the sidewall passivation, a standard RCA cleaning was used to 

remove native oxides and organics. The RCA cleaning is the industry standard for 

removing contaminants from silicon wafers. Werner Kern developed the basic 

procedure in 1965 while working for RCA (Radio Corporation of America) - 

hence the name. The RCA cleaning procedure has three major steps used 

sequentially:  

1) Organic Clean:  Removal of insoluble organic contaminants 

with a 5:1:1 H2O: H2O2: NH4OH solution.  

2) Oxide Strip: Removal of a thin silicon dioxide layer where 

metallic contaminants may accumulated as a result of (1), using 

a diluted H2 O: HF solution.  

3) Ionic Clean: Removal of ionic and heavy metal atomic 

contaminants using a solution of 6:1:1 H2O: H2O2: HCl.  

The procedure of RCA cleaning for 4H-SiC wafers is shown in Table 2-2, 

with a slight change in DI water ratio in steps 1) and 3). The RCA cleaning is a 

mandatory step for any samples prior to introduction into an oxidation furnace, in 

order to minimize contamination of the furnace. 
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Table 2-2 Standard RCA cleaning 

Step Solution Temp. Time

1 4:1:1 DI: H2O2: NH4OH 75°C 5 minutes

2 BOE 20°C 40 seconds
3 4:1:1 DI:H2O2:HCl 75°C 5 minutes  

Several passivation methods were studied. For some samples, SiO2 was 

deposited by PECVD at 285°C, using silane (SiH4) and nitrous oxide (N2O) gases 

to generate plasma. Some other samples were first passivated with ~250Å of 

thermal oxide grown in a wet oxidation furnace for 3 hours at 1050°C, followed 

by PECVD SiO2. In some cases, the thermal oxide and PECVD SiO2 were 

removed after contact formation and replaced by PECVD SiO2. The motivation 

for this passivation process and the effect of different passivation techniques on 

the reverse characteristics are discussed in Chapter 5. For the APDs characterized 

in other chapters, unless specified, the default passivation method is thermal oxide 

plus PECVD SiO2. 

2.2.4 Ohmic Contact Formation 

Contact patterns were defined using photoresist AZ5214 or AZ5209 on a 

Karl-Suss contact aligner. After developing in AZ726 developer and prior to 

metal deposition, the sample was dipped in BOE to remove the oxide from the 

areas no longer protected by photoresist. After metal deposition by e-beam 

evaporation, the sample was rinsed in acetone to lift off the unwanted metal.  

For PN APDs, p-type (Al/Ti) contacts and n-type (Ni) contacts were 

patterned and deposited. Both contacts were annealed in a rapid thermal annealer 
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(RTA) at 850˚C for 6 minutes in N2 ambient.  For the PIN180 and PIN260 

APDs, a new metalization scheme was used, which was reported to provide a 

good p-type ohmic contact for a moderate or high acceptor concentration [42]. 

This new contact was employed due to the thinner p+ cap layer and its lower 

doping concentration compared to the PN structure. Both p and n metal contacts 

were deposited using the following sequence: (SiC)-Ni(350Å) / Ti(500Å) / 

Al(2000Å) / Au(1000Å). The contacts were annealed by RTA at 900°C for 3 

minutes in nitrogen ambient. Figure 2.4 shows the IV curves from the 

transmission line model (TLM) measurements of the PN and PIN wafers. It can 

be seen that Ti/Al/Au is ohmic for the PN wafer. However, it exhibits Schottky 

characteristics for the PIN wafers. Figure 2.5 shows the TLM measurements on 

the PN wafer with Ni/Ti/Al/Au contact. The best p-contact resistance achieved so 

far was 9.3x10-5ohm.cm2. As a comparison, the typical p-contact resistance for 

the PIN180 wafer is in the order of 10-3 ohm·cm2. The sheet resistance of the top p 

layer was ~10 kΩ/□ for the PN wafer and ~14 kΩ/□ for the PIN wafers. Since the 

Ni/Ti/Al/Au metalization is ohmic for both p and n contacts, it was also used for 

PIN480 and PIN960 APDs. 
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Figure 2.4 I-Vs for different p-contact schemes. Ti/Al/Au contact is ohmic for the 

PN wafer, but it exhibits Schottky characteristics for the PIN180 and 
PIN260 wafers. The new metal scheme Ni/Ti/Al/Au is ohmic for the 
PIN wafers. 
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Figure 2.5 I-Vs for TLM measurements on the PN wafer with Ni/Ti/Al/Au p-

contacts annealed at 900oC for 3 minutes. The legend shows the 
distance between two contact pads. The best contact resistance 
achieved was 9.3x10-5ohm·cm2. 
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2.3 DEVICE CHARACTERIZATION METHODOLOGY  

2.3.1 Current-Voltage and Capacitance-Voltage Measurements 

An HP 4156B parameter analyzer was used as the primary means for 

measuring current-voltage (I-V) characteristics. With a low-noise probe station 

built by John C. Carrano [43], the current limit can be as low as ~20fA. 

For some APD structures, such as PIN960, SAM_I and SAM_II, the 

breakdown voltage was higher than 200V, which is beyond the maximum output 

voltage of the HP 4156B. In this case, a Keithley 237 sourcemeter (DC current 

measurement limit to 50fA) with low noise probes was used. A Labview control 

program developed by the author was used to collect data. 

For temperature-dependent I-V measurements, a thermoelectric 

heater/cooler was used to provide a temperature range from 22°C to 220°C. The 

thermoelectric stage was driven by a current source, and the temperature of the 

device under test was monitored by a thermocouple permanently affixed with 

thermal epoxy to a dummy SiC sample. 

A broadband UV light source (Oriel 30W deuterium lamp) was used for 

photocurrent measurements. A UV LED with a central spectral output at 365nm 

was also used as an alternative light source. The light uniformly illuminated the 

entire surface of the APD under test. 

A similar apparatus was used for capacitance-voltage (C-V) 

measurements. An HP 4275A Inductance-Capacitance-Resistance (LCR) meter 

controlled by Labview software was used to perform the measurements. 
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2.3.2 Quantum Efficiency Measurements 

A 1kW Xenon lamp was used as the UV light source. The light was 

focused into a Spex monochromator. The light from the monochromator was 

coupled into one end of a UV enhanced fiber. The other end of the fiber was 

coupled into a UV lens. The light was chopped, and a lock-in amplifier (SR-850) 

was used to measure photocurrents. The incident power was calibrated as a 

function of wavelength with a UV enhanced Si photodiode from UDT Sensors, 

Inc.. The measured photocurrent was then converted into quantum efficiency or 

responsivity as a function of wavelength. Since there was a slight drop in the 

incident light power with time (due to the lamp itself), the calibration was carried 

out immediately before or after a measurement.  

2.3.3 Temporal Pulse Response 

A frequency-quadrupled Nd:YAG laser (λ = 266nm) with a ~250ps pulse 

width and 8kHz period was used as the excitation source for temporal response 

measurements. The UV laser beam was focused to a beam spot diameter of 

~10µm onto the device under test. Neutral density filters were used to decrease 

the incident laser beam energy. The photo-generated electrical pulse was coupled 

through a high speed bias-tee to a 20GHz digitizing oscilloscope with 50Ω input 

impedance. The bandwidth of the pulse response was obtained by fast Fourier 

transform (FFT) of the response pulse.  

2.3.4 Excess Noise Measurements 

The excess noise factor, F(M), was measured using an HP8970B noise 

figure meter with a calibrated noise source. The center frequency of the noise 
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measurement was 30MHz, with a 4MHz bandwidth. An Argon ion laser (λ = 

351/363nm) was used as the primary optical source. A He-Cd laser (λ=325nm) 

and a UV LED with a central spectral output at 280nm were also used for 

characterizing SAM APDs. The DC bias was applied through a bias tee 

(Picosecond 5530A) that was mounted on the probe, while the AC signal was fed 

into the noise figure meter through a low-noise preamplifier.  

Because the PN and PIN APDs have conducting substrates, it was 

necessary to use an insulator (usually a sapphire substrate) to separate the 

substrate and the measurement stage. The addition of this insulator decreased the 

noise floor. 

2.3.5 Spatial Uniformity Measurements 

Two-dimensional photocurrent profiles of an APD were obtained using a 

raster-scan technique. As shown in Figure 2.6, light from an Argon-ion laser (λ = 

351/363nm) was chopped and focused to a spot approximately 5µm in diameter 

on the device under test. The position of the light spot was controlled by a 

programmable Newport motion controller during scanning. The photocurrent was 

measured with a lock-in amplifier. 
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Figure 2.6 The setup for spatial uniformity measurements 

2.4 SUMMARY 

In this chapter, a brief description of 4H-SiC APD fabrication is given 

with special emphasis on mesa formation, device passivation and contact 

formation. The measurement setups for I-V, C-V, quantum efficiency, speed, 

noise and spatial uniformity have been described.  
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Chapter 3   Performance of P-N Junction APDs 

F. Yan et al. demonstrated that 4H-SiC avalanche photodiodes can achieve 

strong ultraviolet responsivities (comparable to photomultipliers), low 

multiplication noise, and moderate bias voltages [29,30,31] based on a p-n 

junction structure. This simple structure was chosen for our initial study of 4H-

SiC APDs. The performance of these PN APDs is presented here. The device 

fabrication was described in Chapter 2. Section 3.1 gives a general review of the 

mesa bevel and its effect on the edge electric field. Section 3.2 reports the device 

structure with secondary ion mass spectrometry (SIMS) data and capacitance-

voltage (C-V) measurements. Section 3.3 to Section 3.6 report, I-V characteristics 

and temperature-dependent breakdown voltage, responsivity, excess noise, speed, 

and detectivity.  

3.1 BEVELED MESA AS EDGE TERMINATION 

Several types of edge termination technologies have been used for wide 

bandgap devices in order to reduce the edge electric field, such as field plates, 

junction termination extension (JTE) and bevel edge termination [44]. Field plates 

and JTE are designed for planar edge termination. Some modifications are 

required to obtain the advantages of field plates and JTE for mesa structures. 

Therefore, only bevel edge termination was used in this work due to its simplicity. 

 For beveled vertical mesa-structure p-n junctions, the sidewall of the 

mesa is one of two types. In the first type, the lightly doped layer is on the top of 

the p-n junction structure and is referred to as a positive bevel junction, as shown 
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on the left in Figure 3.1. The second type is opposite, having the highly-doped 

layer on top, and referred to as a negative bevel junction, shown on the right in 

Figure 3.1. For a positive bevel junction, in order to maintain charge balance, the 

depletion layer on the lightly-doped side of the junction is forced to expand near 

the edge. Thus the depletion width at the edge is wider than that in the bulk, 

keeping the edge electric field lower than in the bulk.  Assuming the carrier 

concentration in the highly-doped layer is much larger than that of the lightly 

doped layer, the maximum electric field at the bevel edge is related to the bulk 

electric field by [44]: 

)cos(1
)sin(
β

β
+

=
bulk

edge

E
E

 ,                     (3.1)  

where β is the bevel angle. 

 

 
Figure 3.1 Cross-sectional view of bevel edge termination 
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Figure 3.2 Reduction in the edge electric field with decrease in positive bevel 

angle 

Figure 3.2 shows the reduction of the edge electric field with decreasing in 

positive bevel angle. It is worth noting that positive bevel termination is the only 

device termination technique that has achieved bulk breakdown thus far. For 

negative bevels and a certain range of angles, the maximum edge electric field is 

higher than the bulk field. It has been shown that only if a very small negative 

bevel can a maximum edge electric field less than the bulk field. More details of 

edge termination can be found in Reference [44]. 

 

3.2 DEVICE STRUCTURE 

The PN APD structure, shown in Figure 3.3, consists of a 100nm p+ cap 

layer, a 200nm p-layer and a 2µm n layer grown on an n+ 4H-SiC substrate. The 
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doping levels measured from SIMS for the n, p and p+ layers were 3x1018cm-3, 

2x1018cm-3 and >4x1019cm-3, respectively.  
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Figure 3.3 Schematic cross section of PN APDs 

The SIMS measurements were performed by Evans Analytical Group, and 

the results are shown in Figure 3.4. Note that the doping of the p layer (aluminum 

concentration) is lower than that of the n layer (nitrogen concentration). The ratio 

of the activated hole concentration to the electron concentration is even lower 

than that of the dopant ratio (aluminum to nitrogen), because the activation energy 

for aluminum (~190 meV) is larger than that for nitrogen (~70meV) [45] in 4H-

SiC. Therefore, after mesa formation, the sidewall bevel is a positive bevel, as 

described in Section 3.1. 
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Figure 3.4 SIMS measurement of the PN APD wafer. Note that the nitrogen 

concentration at depth <280nm may be lower than 6x1016cm-3 because 
of the background level. The measurement was done by Evans 
Analytical Group, Austin 

Figure 3.5 shows a C-V measurement for a 100µm-diameter device. Note 

that when the bias voltage is higher than 50V, the slope of the depletion width 

becomes flatter. This change in the slope implies that there is a concentration 

change in the cladding layers. From the structure shown in Figure 3.3, it follows 

that at high bias (>50V), the depletion region may extend to the p+ layer. Thus the 

separation between the surface to the depletion region is less than 100nm. We 

found that for contact annealing times longer than 15 minutes or annealing 

temperatures higher 950oC, the device became very leaky. This high leakage 

could be due to the p-metal spiking through the p+ layer into the depletion region. 
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Figure 3.5 C-V measurement of a 100µm-diameter PN APD. The right axis shows 

the calculated depletion width. 

 

3.3 CURRENT-VOLTAGE CHARACTERIZATION  

Figure 3.6 shows the reverse current-voltage characteristics of a typical 

100µm-diameter device that was fabricated from the PN APD wafer. Below 30V, 

the dark current was < 10fA. The devices exhibited an abrupt uniform breakdown 

near 61V. The average dark current density at 95% of breakdown (gain ~ 9) was 

7nA/cm2. For photocurrent gain greater than 103, dark current less than 2nA (25.5 

µA/cm2) was observed. The primary mechanism contributing to the dark current 

near breakdown is tunneling, owing to the thin depletion width. This is discussed 

in more details in Chapter 5. Note that at low bias, there is a slight linear increase 

in the photocurrent with bias. It has been shown that this slope in the photocurrent 
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is due to a slight widening of the depletion region [46]. A linear correction to 

account for this has been used to determine the gain. Uniform bulk breakdown 

was confirmed through the observation of electroluminescence at the breakdown 

voltage, for a current density greater than 15A/cm2. The bulk region emitted a dim 

blue light without edge related or localized micro-plasma luminescence.  

 
Figure 3.6 Current-voltage and gain-voltage Characteristics of a 100µm-diameter 

PN APD 

Figure 3.7 shows the temperature dependence of gain as a function of 

reverse bias. The breakdown voltage Vbr was arbitrarily specified at a gain of 100. 

At 11 oC, Vbr= 61.51V. As the temperature increases to 200 oC, Vbr linearly 

increases to 63.06V, corresponding to a positive slope of 9mV/oC 

(γ=(dVbr/dT)/Vbr=1.5x10-4/oC), compared to ~1x10-3/oC for Si APDs [47]. This 

smaller temperature coefficient of breakdown voltage for 4H-SiC APDs is an 

advantage over narrow bandgap materials for field operation, due to the 
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complexity of temperature control apparatus. Moreover, the positive temperature 

dependence confirms that the origin of the gain is impact ionization [48].  
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Figure 3.7 Temperature-dependent gain-voltage for PN APDs 

 

3.4 RESPONSIVITY 

The spectral response for a range of bias voltages is shown in Figure 3.8. 

The response began to cut off at 380nm, corresponding to the 3.26eV bandgap of 

4H-SiC. The long-wavelength cutoff was not as sharp as that of direct band-gap 

semiconductors such as GaN. Nevertheless, the response dropped by almost three 

orders of magnitude between 320nm and 400nm, providing a good visible blind 

response. At unity gain, the external quantum efficiency (QE) was ~35% at 

276nm (responsivity=78mA/W). As the bias was increased to the breakdown 

voltage, the responsivity increased over five orders of magnitude.  A peak 
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responsivity greater than 10,000 A/W at 266nm was achieved. To achieve solar-

blind characteristics, a 266nm commercial, laser-line bandpass filter was inserted. 

The spectral response at high gain is shown in Figure 3.9. The response dropped 

by more than four orders of magnitude between the peak and 400nm, indicating a 

very good solar-blind response. 
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Figure 3.8 Spectral response of PN APDs at a range of bias voltages 
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Figure 3.9 Spectral response of PN APDs with a 266nm laser line band-pass filter 

(Newport laser line bandpass filter, out-of-band blocking to less than 
0.01%, model #10LF10-266) 

 

 3.5 EXCESS NOISE 

The excess noise factor, F(M), of the PN APDs was measured using an 

HP8970B noise figure meter (see Chapter 2). An Argon ultra-violet laser (λ = 

351/363nm) was used as the optical source. Figure 3.10 shows the measured 

excess noise factors of a PN APD as a function of gain. The excess noise of the 

device corresponds to a k value of 0.15. Reference [29] reported the excess noise 

factor of APDs, fabricated on a similar structure, but measured with a HeCd laser 

(λ = 325nm). A k value of 0.1 was reported. The difference is small, and both sets 

of measurements represent extremely low noise, which will be of great advantage 

for measuring low-level ultraviolet signals. Since the absorption coefficient of 

4H-SiC at a wavelength of 363nm is approximately 164cm-1 [49], the photo-
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generated carriers are distributed relatively uniformly within the p layer and the 

depletion region. There was also significant absorption in the n-layer. Therefore, 

there was some mixed carrier injection with 363nm light illumination. 
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Figure 3.10 Excess noise versus gain for PN APDs 

 

3.6 SPEED 

Figure 3.11 shows the pulse response of a 100µm-diameter device at a 

reverse bias of 10V. The bandwidth was obtained from the Fast Fourier 

Transform (FFT) of the pulse response. Note that the laser pulse width (0.25ns) is 

short enough that the APD pulse response does not have to be de-convoluted to 

get the bandwidth. At unity gain (10V bias), the bandwidth was ~100MHz, which 

was determined primarily by the high junction capacitance that results from the 

thin depletion width. For a 100µm device, we got Rs=180Ω and C=8.7pF at zero 

bias, corresponding to a bandwidth of 102MHz. 
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Figure 3.11 Time domain pulse response for PN APDs 

3.7 DETECTIVITY 

An upper-bound of detectivity D* can be estimated by assuming that the 

device is limited by thermal noise at zero bias. For this case, the spectral density 

of the noise current Sn is given by 
0

4
R

TkS B
n = , where 1

00 )( −
== VdV

dIR  , Bk  is 

Bolzman’s constant and T is temperature. Accordingly, D* is given by 

kT
ARD D

4
* 0ℜ= , where ℜ is the responsivity and AD is the cross-sectional area of 

the photodetector.  Figure 3.12 shows the I-V characteristic of a 480µm-diameter 

device. Curve-fitting yielded R0=3.7x1015Ω. Details of the curve-fitting procedure 

can be found in Reference [50]. Consequently, the upper-bound of D* was 

estimated to be 1.6x1015 cm·Hz1/2/W at 276nm for this device. For comparison, 

PMTs have a typical D* between 1014-1016 cm·Hz1/2/W [51]. Reference [52] 

reported a D* of 4.9x1015 cm·Hz1/2/W for AlGaN PIN solar-blind photodiodes. 
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Figure 3.12 I-V characteristics of a 480µm diameter device and the curve fitting 

used to extract  R0=3.7x1015Ω 

 

3.8 SUMMARY 

PN APDs were fabricated and characterized with lower dark current than 

those reported in the literature. A typical 100µm-diameter APD exhibited a dark 

current less than 2nA at a gain of 103. The breakdown voltage increased with 

temperature at a rate of 9mV/oC. The peak responsivity at unity gain was 

78mA/W at λ=276nm. Low excess noise, corresponding to an effective k of 0.15 

using the local field noise model, was observed. Time-domain pulse response 

measurements indicate that the device was RC-time limited. The upper-bound 

detectivity (D*) at zero bias was estimated to be as high as 1.6x1015 cm·Hz1/2/W 

at 276nm. 
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Chapter 4   Improved Performance of PIN APDs 
with Various i-Layer Thicknesses 

4.1 INTRODUCTION 

In the previous chapter we discussed 4H-SiC PN APDs. The dark current 

of those devices was dominated by tunneling near breakdown. In this chapter, we 

report the reduced dark current of PIN APDs with various i-layer (p- doped) 

thicknesses: 180nm, 260nm, 480nm, and 960nm. The motivation for inserting the 

i region between the p and n layers is to reduce the tunneling component of the 

dark current, increase the responsivity, and reduce the capacitance and, thus, the 

RC time constant. Section 4.2 reports the device design. Section 4.3 through 

Section 4.7, report current-voltage characterization, responsivity, excess noise and 

speed, and device package. Section 4.8 summarizes the characteristic results of 

different structures.  

 

4.2 DEVICE DESIGN 

The PIN180 and PIN260 APD structures were designed and fabricated 

first. The goal was to reduce tunneling current while limiting breakdown voltage 

to less than 100V. The proposed multiplication thickness was 240nm, which was 

simulated with the software developed by Xiaowei Li [53]. To have a positive 

bevel, e.g. to eliminate edge breakdown, the same doping profile for the PN 

structure was used for the cladding layers. The dopant of the “i” layer was chosen 

as lightly p-doped instead of n-doped. As a result of growth variations, the final 



44 

samples consisted of two structures: PIN180 with 180nm-thick p- layer and 

PIN260 with 260nm-thick p- layer.  The top p+ contact layer was thinner and had 

a lower doping concentration than that of the PN structure, resulting in a Schottky 

p-contact with the same metalization scheme as PN APDs (Ti/Al contacts). 

Therefore a new ohmic contact (Ni/Ti/Al/Au) was developed for the PIN 

structures, as described in Section 2.2.4. 

The PIN480 and PIN960 structures were designed and fabricated in the 

second stage. The motivation to design an even thicker p- layer is discussed in 

Chapter 5. The goal is to reduce the trap-assisted tunneling that was observed in 

the PIN180 APDs.  From experience with the PIN180 structure, a thicker p+ cap 

layer (200nm instead of 100nm) was proposed for the new structures. The 

proposed p--layer thickness was 480nm and 640nm. From SIMS measurements, 

the resulting p- layer thicknesses were 480nm and 960nm, respectively. 

The device structure for the PIN180 APDs, shown in Figure 4.1, consists 

of (starting from the top) a 40nm p+ cap layer (NA=1.2x1019cm-3), a 250nm p 

layer (NA=2.4x1018cm-3), a 180nm p- layer (NA=2.8x1015cm-3) and a 2000nm n 

buffer layer (ND=3.5x1018cm-3). Figure 4.2 shows the SIMS measurements of this 

structure, and Figure 4.3 shows the SIMS measurements of PIN960. It can be seen 

that the top p+ contact layer of PIN960 is more than twice as thick as that of 

PIN180. From the electrical characterization, the series resistance of the PIN480 

and PIN960 APDs was two to four times lower than that of the PIN180 APDs 

with the same ohmic formation process. This confirms that the thicker p+ layer 

gives a better p-contact. 
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Figure 4.1 Cross-sectional view of PIN180 APD. The inset shows the photograph 

of a beveled mesa with a ring p-contact 
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Figure 4.2 SIMS measurements of the PIN180 wafer. Note that the nitrogen 

concentration at depth <500nm cannot be lower than 1x1016cm-3 due to 
the background level. The measurement was done by Evans Analytical 
Group, Austin. 
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 Figure 4.3 SIMS measurements of the PIN960 wafer. Note that the thickness of 

the top p+ layer (~200nm) is greater than that of PIN180 (~40nm). The 
measurement was done by Evans Analytical Group, Austin 

4.3 CURRENT-VOLTAGE CHARACTERIZATION 

Figure 4.4 shows the reverse current-voltage and gain-voltage 

characteristics of a typical 100µm-diameter PIN180 device. For bias below 70V, 

the dark current was below the measurement limit of the apparatus (~20fA). At 

95% of breakdown voltage (~80V) the dark current was 140fA (1.8nA/cm2). The 

photocurrent gain was determined as described in Reference [46]. At a gain of 

1000, the dark current was 35pA (0.44µA/cm2). For comparison, at the same gain, 

APDs fabricated on the PN structure had a dark current of 2nA (25.5µA/cm2). 

Figure 4.5 shows the temperature-dependent gain as a function of reverse bias.  

A higher bias was required to achieve the same gain as at room temperature, 
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corresponding to a positive temperature coefficient of 10mV/oC (or 

(dVbr/dT)/Vbr=1.2x10-4 / oC). 
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Figure 4.4 Reverse current-voltage and gain-voltage characteristics of a 100µm-

diameter PIN180 APD at room temperature (I=35pA@M=1000). Note 
that the photocurrent was the measured current with UV illumination. 
Indeed it had the “dark current” included. This label carries the same 
meaning for other I-Vs in this dissertation. 
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Figure 4.5 Temperature-dependent gain-voltage for PIN180 APDs 
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Figure 4.6 shows the typical reverse current-voltage and gain-voltage for a 

100µm-diameter PIN260 APD. The dark current at a gain of 1000 is 25pA, which 

is close to that of PIN180 APDs. 
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Figure 4.6 Reverse current-voltage and gain-voltage characteristics of a 100µm-

diameter PIN260 APD at room temperature (I=25pA@M=1000) 

Figures 4.7 and 4.8 show the typical reverse current-voltage and gain-

voltage for 100µm-diameter PIN480 and PIN960 APDs, respectively. The dark 

current at a gain of 1000 is 5pA for the PIN480 APDs, which is approximately 7 

times lower than that of the PIN180 APDs. A continued reduction of dark current 

with increasing p- layer thickness was observed for the PIN960 APDs, as shown 

in Figure 4.8. The dark current at a gain of 1000 is 1.5pA (19nA/cm2).  

The decreased dark current in the PIN APDs compared to the PN APDs 

results from the decreased tunneling current. We observed that from PIN480 to 
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PIN960, the decrease in dark current density was not as large as that from PN to 

PIN480. The reduced dark from PIN960 compared to PIN480 may be due to a 

reduction in the Poole-Frenkel current [54], where the lower electric field results 

in a smaller field-enhanced leakage current, as discussed in Chapter 5. 
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Figure 4.7 Reverse current-voltage and gain-voltage characteristics of a 100µm-

diameter PIN480 APD at room temperature (I=5pA@M=1000). The 
dark current is not plotted for voltages where it is less than the noise 
floor of the apparatus.  
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Figure 4.8 Reverse current-voltage and gain-voltage characteristics of a 100µm-

diameter PIN960 APD at room temperature (I=1.5pA@M=1000).  

4.4 RESPONSIVITY 

The spectral response of a PIN180 APD for a range of bias voltages is 

shown in Figure 4.9. At unity gain, the peak responsivity was 100mA/W (external 

quantum efficiency ~46%) at 268nm. As the reverse bias increased from 10V to 

87.5V, the peak responsivity increased to 4.3x107A/W, corresponding to gain > 

108. Figure 4.10 shows the temperature-dependent external quantum efficiency as 

a function of wavelength at a reverse bias of 10V from 22 oC to 191 oC. The peak 

external quantum efficiency increased from 46% (λ=268nm) at room temperature 

to 53% (λ=271nm) at 191oC. The spectral red-shift of the peak at high 

temperature is consistent with bandgap narrowing and a resulting increase in the 

absorption coefficient, which accounts for the increase in quantum efficiency. A 
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similar temperature dependence in 6H-SiC photodiodes was observed in 

Reference [55]. The response at wavelengths less than 255nm shows a sharp drop 

at all temperatures. Reference [56] reported a similar drop in the quantum 

efficiency of 4H-SiC-based Schottky photodiodes. The authors attributed the drop 

to exciton formation at photon energies above 5eV (248nm), which is the 

threshold energy of the optical transition from indirect to direct in 4H-SiC. These 

excitons prevent electrons and holes from separating in the depletion region. 
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Figure 4.9 Responsivity versus wavelength for a PIN180 APD 



52 

Wavelength (nm)
240 260 280 300 320 340 360 380 400

Ex
te

rn
al

 Q
E 

(%
)

0

10

20

30

40

50

60

21oC
81oC
143oC
191oC

 
Figure 4.10 External quantum efficiency versus wavelength at different 

temperatures for a PIN180 APD 

Two categories of APDs were defined according to the p+ cap layer 

thickness, as this design feature effects the peak absorption wavelength. Figure 

4.11 shows the unity quantum efficiency for the category I APDs, which include 

PN, PIN180 and PIN260 APDs. Figure 4.12 shows the unity quantum efficiency 

for the category II APDs, which include PIN480 and PIN960 APDs. The 

maximum quantum efficiency among these APDs is 52.7% at λ=288nm 

(122mA/W) for the PIN960 APDs. Within the same category, the peak quantum 

efficiency increases with the p- layer thickness.  

Note that the peak QE of PIN480 is lower than that of PIN260. This may 

be due to the thicker p+ contact layer in PIN480 than in PIN260, which is shown 

in the SIMS data for each category (Figure 4.2 and Figure 4.3). Under short-
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wavelength UV illumination, photon absorption occurs near the surface. This 

results in fewer photo-generated carriers getting collected in PIN480 APDs than 

in the PIN260 APDs, because these carriers must diffuse across a longer path to 

the depletion region. One approach for improving the quantum efficiency of 

PIN480 and PIN960 is to make the p+ layer thinner in the optical window area 

using RIE, while keeping the p-contact area unetched. This recessed window 

technique has been successful for AlGaN/GaN photodiodes [57]. This method can 

provide a high QE and a good ohmic contact, while maintaining a thick enough p-

region to prevent the p-metal from spiking through the depletion width. 
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Figure 4.11 External unity quantum efficiency for PN, PIN180 and PIN260 

APDs, at 5V bias. 
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Figure 4.12 External unity quantum efficiency for PIN480 and PIN960 APDs, at 

10V bias 

4.5 EXCESS NOISE 

Figure 4.13 shows the measured excess noise factor as a function of gain 

for 100µm-diameter PIN180, PIN260 and PIN480 APDs. The excess noise 

corresponds to an effective k value of 0.12, 0.1 and 0.1, respectively. Therefore, 

we see a trend of smaller k values for increasing depletion region thickness, 

extending from PN APDs (k=0.15) to PIN260 APDs. Konstantinov et al. 

demonstrated a k value of 0.02, with a multiplication layer thicker of 2µm [27]. 

This results from the ratio between the electron and hole impact ionization 

coefficients decreasing as the electric field is reduced. Note that for the PIN 

structures reported here, there is mixed carrier injection for 363nm light 

illumination. The thicker the multiplication layer, the higher the mixed injection 



55 

ratio, thus the higher excess noise. The k value measured for PIN260 and PIN480 

is the same. This observation could result from the combination of a lower electric 

field and higher mixed injection ratio in PIN480 APDs compared to PIN260 

APDs. 
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Figure 4.13 Excess noise factor versus gain for PIN180, PIN260 and PIN480 

APDs. 

4.6 SPEED 

Figure 4.14 shows the pulse response of a 100µm-diameter PIN180 APD 

at different reverse bias voltages (-10V, -30V, -80V and –84.4V). The bandwidth 

was estimated using the Fast Fourier Transform (FFT) of the pulse response. For a 

reverse bias of 10V at unity gain, the bandwidth was 300MHz, due primarily to 

the series resistance and the high junction capacitance that resulted from the thin 
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depletion width (C~3.3pF). When the bias increased to -30V (still unity gain), the 

pulse full width at half-maximum (FWHM) decreased slightly compared to that at 

–10V, owing to the lower junction capacitance (C~2.9pF). However, when the 

bias increased to –80V (gain~6 from DC I-V measurement), the pulse FWHM 

became wider than that at –10V. This indicates that the multiplication build-up 

time began limiting the device speed. The slow response of the multiplication 

became more pronounced at –84.4V (gain ~ 380 from I-V measurement). I 

estimated that the gain-bandwidth product at this bias was ~16GHz. 
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Figure 4.14 Time-domain pulse response of a 100µm-diameter PIN180 APD at a 

reverse bias of 10V, 30V, 80V and 84.4V. The peak intensity of each 
pulse was normalized to 1. 
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4.7 DEVICE PACKAGE 

Packaged APDs are required for field operation. Due to the hardness of 

4H-SiC (Mohs hardness=9.0, diamond=10.0), the traditional scribing method is 

difficult to use for SiC. I found that the UV pulse laser (λ=266nm) used for speed 

measurements could be used for SiC wafer scribing. Figure 4.15 shows a sample 

prepared by this scribing method. With the help of a focusing objective, the 

scribing resolution can be 10µm. Figure 4.16 shows the dark current versus gain 

for a 100µm-diameter PIN480 APD packaged on a TO-header. The dark current 

was 4.5pA (57nA/cm2) at M=1000, which is the same level as the best APD on 

the PIN480 wafer with wafer-level characterization. This low dark current 

indicates that scribing and packaging do not degrade performance. Note that the 

bonding pads for the p-contacts are sitting on the oxide layer, thus at high reverse 

bias, the oxide must be thick enough to sustain the high electric field resulting 

from the high reverse bias. For packaged PIN480 APDs, a PECVD SiO2 thickness 

of ~6000 Å was used.  The packaged PIN APDs were sent for testing to 

collaborators in the DARPA-sponsored SUVOS program, including MIT Lincoln 

Labs, Edgewood Chemical Biological Center and Hach Homeland Security 

Technologies.  
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Figure 4.15 Sample cleaved by UV pulse laser, APDs (φ=250µm) ready for wire 

bonding  
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Figure 4.16 Dark current versus gain for a φ=100µm PIN480 APD on a TO-

header 
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For comparison, the best commercial UV enhanced silicon APDs from 

Hamamatsu exhibit a dark current density of 0.64µA/cm2 at a gain of 50. The 

recommended maximum gain is 100. Assuming the dark current is proportional to 

gain, the dark current density would be ~ 13µA/cm2 if these devices were 

operated at gain=1000. This is close to the level of the 4H-SiC PN APDs. The 

best value for a packaged 4H-SiC APD is 57nA/cm2 for the PIN480 APDs. 

 

4.8 SUMMARY 

Table 4-1 summarizes the primary characteristics of the PN and PIN 

APDs discussed thus far. PIN960 APDs show the best performance among all 

APDs, provided that the high breakdown voltage is not an issue. 

 
Table 4-1 Summary of PN and PIN APDs 

Wi Vbr Idark@M=1000 Peak QE Effective k Capacitance@-10V
PN 0 61V 2nA 35% 0.15 5.3pF

PIN180 180nm 84V 35pA 46% 0.12 2.1pF
PIN260 260nm 107V 25pA 52% 0.1 1.6pF
PIN480 480nm 144V 5pA 42% 0.1 1.3pF
PIN960 960nm 238V 1.5pA 53% / 0.74pF  

 
Notes:  1) The default device diameter is 100µm. 

2) Wi is the i-layer thickness. The breakdown voltage (Vbr) is specified at a gain of 100. 
3) The effective k value of PIN960 APDs is unavailable at present, due to p-contact 

failure for long durations at high bias 

In summary, low-dark-current PIN APDs with various i-layer thicknesses  

have been fabricated and characterized. We see a trend of decreasing dark current 

with increasing i-layer thickness. 100µm-diameter PIN960 APDs exhibited a dark 

current of 1.5pA (19nA/cm2) for a photocurrent gain of 1000. At room 

temperature the peak responsivity at unity gain was 122mA/W, corresponding to 
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an external quantum efficiency of 52.7% at λ=268nm. As the temperature 

increased, the peak photoresponse shifted to longer wavelengths. The breakdown 

voltage increased with a linear coefficient of ~10mV/oC. Low excess noise, 

corresponding to the effective k=0.1, was observed.  
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Chapter 5   Study of Reverse Dark Current 

5.1 INTRODUCTION 

Most prior studies of the reverse dark current in SiC concentrated on 6H-

SiC, because it was commercialized earlier than 4H-SiC. It has been reported that 

6H-SiC UV photodiodes have very low dark current (~10-11A/cm2) [ 58 ]. 

Ortolland et al. found that the reverse dark current was caused by charge present 

in the mesa sidewall of 6H-SiC n+pp+ diodes [59]. Lades et al. reported the 

simulation of the forward and reverse characteristics of 6H-SiC PIN diodes using 

the field-dependent recombination-generation mechanisms due to the Poole-

Frenkel and Franz-Keldysh effects [60]. A good agreement between measured 

and simulated data was achieved for low to moderate electric field intensities. 

Recently, Wolborski et al. studied the influence of gamma and UV irradiation on 

the electrical characteristics of 4H-SiC PIN diodes [61]. They found that the 

reverse current-voltage (I-V) behavior was changed after the irradiation and could 

be fitted by the Poole-Frenkel effect at low bias. The dark current in 4H-SiC 

Schottky diodes and MESFETs with different surface preparations has also been 

studied [62 ,63 ]. Levinshtein et al. studied high-temperature (up to 773K) 

operation of 6-kV 4H-SiC junction diodes [64]. They reported that the bulk 

reverse current was governed by carrier generation in the space-charge region via 

traps with an activation energy of 1.62eV. However, based on the wide bandgap 

of 4H-SiC, much lower dark current than that reported in the literature was 

expected. The aim of this chapter is to study the reverse dark current in 4H-SiC 



62 

APDs by temperature-dependent and diameter-dependent I-V measurements, 

which is the main focus of my research. I will describe the reverse I-V 

characteristics resulting from various surface passivations of the PN and PIN180 

structure. Then, I will describe PIN180 APDs that exhibit lower dark current, 

owing to the reduced bulk leakage.  Finally I will discuss the dark current of 

PIN480 APDs and PIN960 APDs. 

 

5.2 SURFACE LEAKAGE-PASSIVATION STUDY 

5.2.1 Passivation Methods 

Five samples prepared by RIE were studied. Samples #PN1 and #PN2 

were fabricated on the PN APD structure using different passivation methods. 

Samples #PIN180A, #PIN180B and #PIN180C were fabricated on the PIN180 

APD structure, also using different passivation methods.  

Four passivation schemes were used: 1) Plasma enhanced chemical vapor 

deposition (PECVD) SiO2: 1200Å of SiO2 were deposited by PECVD at 285°C. 

2) Thermal oxide + PECVD: A thermal oxide was grown in a wet oxidation 

furnace for 3 hours at 1050°C. This produced approximately 250Å of thermal 

oxide. The thermal oxide was “capped” with 1200Å of PECVD SiO2. 3) 

Sacrificial oxide + PECVD: The thermal oxide, which was grown in the same 

way as 2), was removed by buffered oxide etching (BOE), then followed by 

1200Å of PECVD SiO2. All three passivation schemes were performed after mesa 

etching and before contact formation.  4) After annealing sacrificial oxide + 

PECVD: The devices were first passivated as described in 2). Following contact 
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formation, which included an anneal at temperatures ≥ 850°C for 3 minutes, the 

thermal oxide was stripped and PECVD SiO2 was deposited. Table 5-1 

summarizes the samples and their passivations. 

 
Table 5-1 Sample description and the reverse dark current characteristics 

 
*: Jd is the value of a typical device from the given sample at room 

temperature. 

 

5.2.2 Results 

The temperature-dependent reverse characteristics of sample #PN1 were 

measured from 22°C to 219°C, as shown in Figure 5.1. At room temperature 

(22°C), the breakdown voltage Vbr was 60.5V. Before breakdown, the dark 

current increased gradually with increasing voltage. As the temperature increased, 

the dark current increased for a given voltage. An Arrhenius plot of the dark 

current at 40V as a function of temperature yields an average activation energy of 

0.36eV.  
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Figure 5.1 Reverse dark current density versus bias at different temperatures for 

sample #PN1 using passivation method 1 (device diameter=80µm) 

At breakdown, the current increases rapidly. However, the variation with 

temperature reverses: the current decreases with increasing temperature; 

therefore, the curves cross one another, and the breakdown voltage increases. The 

increase in the breakdown voltage with temperature is a well-known signature of 

impact ionization. 

Sample #PN2, which was passivated by thermal oxide + PECVD SiO2, 

has a different temperature dependence, as shown in Figure 5.2. For bias less than 

30V, from 22°C to 216°C, the dark current density was lower than that of sample 

#PN1, and close to the measurement limit of the apparatus (~10fA). At room 

temperature, the dark current density at 95% of breakdown voltage (~58V) was 
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64nA/cm2, which was comparable to the value of 120nA/cm2 exhibited by sample 

#PN1 (Table 5-1). For bias between 45V-60V and temperature < 146°C, the dark 

current increased gradually with voltage and was relatively insensitive to 

temperature. This temperature dependence is typical of a tunneling process. 

However, when the temperature was higher than 146°C, an anomalous dark 

current that increased rapidly with temperature, was observed. When the 

temperature returned to room temperature, the I-V returned to its original value. 

We also note that the anomalous dark current was not observed for sample #PN1 

with passivation #1, even when the PECVD SiO2 was annealed at high 

temperature ( ≥ 850°C). 

 

 
Figure 5.2 Reverse dark current density versus bias at different temperatures for 

sample #PN2, using passivation method 2 (device diameter=120µm) 
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Yamaguchi et al. reported an anomalous current that was caused by deep 

traps in the vicinity of the sidewall in Si p-n junctions [65]. To investigate the 

possibility of sidewall leakage, the thermal passivation of sample #PN2 was 

removed, and PECVD SiO2 was deposited according to passivation #4. The 

device I-V was re-measured, as shown in Figure 5.3. The anomalous current is no 

longer observable, and tunneling becomes the dominant mechanism for bias ≥ 

45V for all temperatures. The mechanism responsible for the anomalous current is 

unclear. It is well known that thermal oxidation of SiC is not perfect. Residual 

carbon can bond together to form carbon clusters at the SiC/SiO2 interface during 

oxidation [66,67], as shown in Figure 5. 4. Those clusters were hypothesized to be 

the source of higher than desirable interface state density in SiC-based MOSFETs. 

One possibility, indicated by the absence of anomalous current in APDs 

passivated using only PECVD SiO2 (sample #PN1), is that the anomalous current 

was caused by carbon clusters at the sidewall. APDs passivated with dry thermal 

oxide were tested, and exhibited the anomalous leakage. The anomalous current at 

temperature > 146°C was also observed in sample #PIN180A and eliminated 

using passivation #4, as shown in Figure 5.5.  
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Figure 5.3 Reverse dark current density versus bias at different temperature for 

sample #PN2, with passivation method 4 (device diameter=120µm) 

(b) 

(a)

(c)  
 

Figure 5. 4 AFM image of 4H-SiC epilayer surface (a) after removal of thermal 
oxide reported in Reference [67]; (b) as grown; (c) after removal of 
thermal oxide. The pictures (b) and (c) were taken in our clean room. 
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Figure 5.5 Reverse dark current density versus bias at different temperature for 

sample #PIN180A, with passivation method 4 (device 
diameter=100µm) 

From the different temperature dependence between sample #PN1 and 

sample #PN2, it was found that the surface passivation significantly affects the 

dark current, particularly at low and moderate bias. It is well known that RIE 

etching damages the mesa sidewall and creates surface defects around the 

sidewall. Reference [68] has reported the observation of surface defects in 6H-SiC 

wafers prepared by chemical-mechanical polishing. The activation energy was 

determined to be 0.4eV to 0.54eV by deep level transient spectroscopy (DLTS). 

The 0.36eV activation energy determined for this sample #PN1 was close to this 

value. Therefore, it is reasonable to conclude that the surface leakage is the 
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dominant dark current component at low and moderate bias for sample #PN1, and 

a thermal oxide could be utilized to reduce the surface leakage. 

To investigate the effect of passivation on reverse dark current further, 

samples #PIN180B and #PIN180C were fabricated and characterized using 

diameter-dependent I-V measurements. Figure 5.6 (a) shows the reverse I-V at 

room temperature for various device diameters for sample #PIN180B, which was 

passivated using only PECVD (passivation #1). Figure 5.6 (b) shows dark current 

versus device diameter at three moderate biases. The fact that the dark current 

could be linearly fitted to the device diameter (or circumference) implied that the 

surface leakage along the mesa sidewall was the dominant component of the dark 

current. Sample #PIN180C, passivated by sacrificial oxide + PECVD (passivation 

#3), exhibited lower dark current for the same bias range (Figure 5.7). For reverse 

bias < 70V, some device diameters exhibited dark current close to the 

measurement limit of the apparatus and thus it is not possible to determine the 

dark current dependence on the device diameter. Therefore, from the diameter-

dependent I-V measurements, it was found that a sacrificial thermal oxide can be 

utilized to significantly reduce the surface leakage.  
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Figure 5.6 (a) Left: reverse dark current of in PIN180 APDs of different 

diameters, using passivation method 1. (b) Right: reverse dark current 
in PIN180 APDs versus device diameter at moderate biases using 
passivation method 1 
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Figure 5.7 Reverse dark current of PIN180 APDs with different diameters using 

passivation method 3. 
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The temperature-dependent I-V measurements of sample #PIN180C, 

passivated by sacrificial oxide + PECVD SiO2, still exhibited the anomalous 

current. For sample #PIN180B, passivated only with PECVD SiO2, and sample 

#PIN180A, passivated after annealing with sacrificial oxide + PECVD SiO2, no 

anomalous current occurred. Although the surface passivations of all three 

samples were terminated with PECVD SiO2, the process sequences were 

different.  Compared with sample #PIN180B, sample #PIN180C had a thermal 

oxidation step. Reference [67] has reported that after sacrificial oxide, some 

carbon clusters remained on the surface. Thus the difference between the two 

passivations of sample #PIN180B and sample #PIN180C was the presence of 

carbon clusters at the sidewall. On the other hand, the difference between sample 

#PIN180A and #PIN180C was whether or not the PECVD SiO2 was annealed at 

high temperature (≥ 850°C). Therefore, it can be concluded that anomalous 

current occurred whenever a passivated sidewall with carbon clusters was 

annealed.  

 

5.2.3 Etching Method - ICP versus RIE 

To investigate the effect that dry etching has on the sidewall damage, one 

PN APD sample was sent to the Army Research Lab for ICP etching with the help 

of Dr. Charles J. Collins. The etch settings were: 40W RF1 power, which was the 

RIE power; 400W RF2 power, which was the ICP power. The gas settings were: 

32 sccm Chlorine, 8 sccm BCl3 and 4 sccm Argon. The total etch time was 15 

minutes, for an etch depth of ~700nm. Two samples were fabricated with 
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different passivations, one with PECVD SiO2 only, and the other with thermal 

oxide followed by PECVD SiO2. Figure 5.8 and Figure 5.9 show the temperature 

dependence of the I-V curves for two samples. For the APD prepared by ICP + 

PECVD, there was a similar temperature dependence (activation energy 0.36eV) 

to the APD prepared by RIE + PECVD in Figure 5.1 and significant leakage 

current at the sidewall.  For the APDs prepared by ICP + thermal oxide + 

PECVD, shown in Figure 5.9, the dark current decreased at low temperature, but 

the anomalous dark current at high temperature was still present. Therefore, it can 

be concluded that the samples prepared with ICP etching show very similar 

performance to the samples prepared by RIE in this work. However, there are 

many different ICP etch settings, and this conclusion is only valid for the ICP 

parameters used in this studies, as low ICP power should reduce the sidewall 

damage. Further studies are needed to compare the leakage current resulting from 

the two etching methods. 
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Figure 5.8 Reverse dark current density versus bias at different temperatures for 

PN APDs using ICP + passivation method 1 (device diameter =100µm) 
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Figure 5.9 Reverse dark current density versus bias at different temperatures for 

PN APDs using ICP + passivation method 2 (device diameter =100µm) 
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5.3 BULK LEAKAGE-TUNNELING 

The dark current of sample #PN2 at low bias levels was close to the 

measurement limit. Therefore, it is not possible to tell whether the Poole-Frenkel 

effect was significant. At high bias, the dark current was relatively insensitive to 

temperature, a signature of tunneling. This tunneling behavior can be fitted using 

the expression given in Reference [69], if we assume that the tunneling dark 

current experiences avalanche multiplication similar to the photocurrent at high 

bias (>52V). The total dark current is expressed by: 
                 tunnelingdark ITVGainI *),(= , 

where             
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where A is the device area (100µm-diameter device), mr is the effective mass of 

the charge carriers, NA is the net dopant concentration obtained from capacitance-

voltage measurement, Eg is the bandgap energy [70], and T is the temperature in 

Kelvin. For the best fit, an additional correction factor γ has been added in 

Equation 5.1. Gain(V,T) was obtained from a photocurrent measurement The 

peak electric field is used in Equation 5.1.  Figure 5.10 shows gain versus 

reverse bias at different temperatures, and Figure 5.11 shows the curve fits to the 

dark current. The following values were used: 
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The good fits appear to confirm the prevalence of tunneling. Given the 

large bandgap of 4H-SiC, the tunneling is likely trap assisted. 
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Figure 5.10 Gain versus reverse bias at different temperatures for PN APDs. 
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Figure 5.11 Tunneling fits of the dark current at higher biases for PN APDs 

For APDs, it is often illustrative to express dark current 
as edunmultiplimultiplieddark IGainII += * . Since the reverse bias varies much less at 

high bias (<50V) than at low gains, Imultiplied is assumed to be relatively constant 

with respect to voltage in the high gain regime. From the plot of Idark versus gain, 

Imultiplied can be extracted. It was found that the lower dark current at high gains for 

the PIN180 structure compared to the PN structure was due to smaller Imultiplied. 

For a typical 100µm-diameter device, the value of Imultiplied for the PIN180 and PN 

structures was 34fA, and 2pA, respectively. If we assume that the tunneling 

current dominated Imultiplied in the PN structure, this result can be explained by the 

lower electric field and wider tunnel barrier in the PIN180 structure than in the 

PN structure. From the simulation technique described in Reference [53], near 

breakdown the peak electric field of the PN structure was approximately 
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3.8MV/cm, while that of the PIN180 structure was 3.3MV/cm. According to 

Equation 5.1, the tunneling current should decrease by more than 3 orders of 

magnitude.  

However, the dark current of the PIN180 structure was higher than the 

predicted value, as described in Chapter 4. At a photocurrent gain of 1000, the 

dark current was 35pA (0.44µA/cm2), which was less than that predicted by the 

Equation (5.1). From Figure 5.5, between 70V and 84V, from 22 oC to 200oC, the 

dark current increased gradually with bias and was relatively insensitive to 

temperature. This temperature dependence indicated a possible tunneling 

mechanism. The observed temperature-dependent reverse current-voltage 

characteristics at high bias (>72V) can be well characterized by trap-assisted 

tunneling, given the assumption that the tunneling dark current experiences 

avalanche multiplication similar to the photocurrent. The dark current can be 

expressed as: tionMultiplicaII tundark *= , where max

2
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2
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Neff, the effective doping density, was obtained from the capacitance-voltage 

measurement (Neff=1.6x1018cm-3). The temperature dependence of the tunneling 

barrier is given by the expression: )300()( 0 −−= TETE TT σ , with T in Kelvin. 

Other parameters are given in Table 5-2. 
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Table 5-2 Dark current parameters 

Symbol Parameter Value Symbol Parameter Value
Wi P- layer thickness 180nm ET0 Tunneling barrier @300K 1.14eV(*)

A Device area 7.85x10-5 cm2 σ Temp. coef. of barrier 7x10-4 eV/K(*)

m* Effective mass 0.5me γ Prefactor 47 A/cm2 ,  constant (*)

εr Dielectric constant 9.7 Vbi Build-in voltage 3.26V

*: ET0, σ, γ are fitting parameters. The validity of the tunneling barrier, ET0, depends on 
the accuracy of the carrier effective mass used here. 

Figure 5.12 shows the measured and calculated reverse current-voltage 

characteristics at 80oC, 144oC and 200oC. We note that there are three fitting 

parameters, ET0, σ and γ. The calculated dark current Idark agrees well with the 

measured data for bias >72V at all temperatures. The good fits appear to confirm 

trap-assisted tunneling as the dominant dark current mechanism near breakdown. 
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Figure 5.12 Trap-assisted tunneling fits of the dark current at higher biases for 
PIN180 APDs at 80oC, 144 oC and 200 oC  
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To reduce the trap-assisted tunneling in PIN180 APDs, PIN480 APDs and 

PIN960 APDs were designed and fabricated. The dark current was reduced to 

5pA at a gain of 1000 for PIN480 APDs, as shown in Chapter 4. Figure 5.13 

shows the dark current density versus bias at different temperatures. It is hard to 

tell if tunneling is present in this figure. However, when the dark current is 

normalized to the gain, the unity multiplied dark current can be plotted versus 

bias, as shown in Figure 5.14. Near breakdown, the unity multiplied current is 

almost the same as at low bias. This indicates that the tunneling current is no 

longer observable at high electric fields.  

From PN APDs to PIN480 APDs, we see reduced tunneling current from 

2nA to 5pA at M=1000. This trend is clear in Figure 5.15, which shows the plot 

of the dark current versus the bias normalized to the breakdown voltage.  
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Figure 5.13 Reverse dark current density versus bias at different temperatures for 

PN480 APDs (device diameter =100µm) 
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Figure 5.14 Reverse dark current density divided by gain versus bias at different 

temperatures for PN480 APDs (device diameter =100µm) 
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Figure 5.15 Reverse dark current versus normalized voltage at ~100oC for four 

structures: PN, PIN180, PIN260 and PIN480 (device diameter 
=100µm). The normalized voltage is the value of bias voltage divided 
by breakdown voltage 
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5.4 BULK LEAKAGE-GENERATION CURRENT AND POOLE-FRENKEL EFFECT 

Since the tunneling dark current was not the dominant dark current in 

PIN480 APDs, I would like to determine the dominant dark current mechanism 

near breakdown for these APDs. From Figure 5.14, the activation energy for the 

dark current was ~0.35eV, which is much smaller than the half-bandgap (1.63eV), 

but is very close to the activation energy for surface leakage at the sidewall as 

discussed in section 5.2.2. If this is true, the surface leakage should experience 

some multiplication. At present it is unclear the extent to which the surface 

leakage current experiences gain. Therefore, defect-related leakage combined 

with the Poole-Frenkel effect will be discussed in the following. 

The reverse generation-recombination (or Schockley-Read-Hall) current is 

frequently expressed by:  
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              (5.2) 

where )(10*8.3 322
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vci , and 39109 −−×= cmni at 

room temperature. For a 100µm-diameter device from PIN480, Wdepl is ~530nm 

near breakdown. Assuming τeff=1µs to 1ns, the lowest Igeneration is on the order of 

10-25 to 10-28A, which is much lower than the dark current observed. Therefore, 

the generation-recombination current is not the dominant source of bulk leakage 

in defect-free PIN480 APDs at room temperature. The diffusion current, which is 

proportional to ni
2, is orders of magnitude smaller than the generation-

recombination current (∝ ni) at room temperature. Accordingly, we can safely 

exclude its contribution as an important bulk leakage mechanism at room 

temperature. As shown in the simulated curve in Figure 5.16, 550K is the 
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minimum temperature required to obtain a detectable (>20fA) generation current 

in a 100µm-diameter PIN480 APD. Reference [64] reported observable 

generation-recombination current at 300oC (573K), which is very close to the 

theoretical prediction. 

 

 
 

Figure 5.16 Simulated generation current Igen, assuming τeff=100ns, device 
diameter=100µm. Note that when T>550K, the generation current is 
within the measurement limit. 

One possible leakage mechanism is defect-related leakage combined with 

the Poole-Frenkel effect, which can be expressed as: 
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 Micropipes are known to significantly affect device characteristics, such 

as leakage current and breakdown voltage in p-n and Schottky diodes [73]. In the 

past several years, micropipe density has been significantly reduced and will 
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likely be eliminated within a few years. However, the dislocation density (except 

micropipe) in good quality substrates is still high (103 to 104 cm-2). Diodes 

containing closed core screw dislocations exhibit a high reverse leakage current as 

reported in References [73,74]. Maximenko et al. also reported a high leakage 

current associated with the super screw dislocations as revealed by EBIC and 

SEM analysis [75]. Figure 5.17 shows I-V curves of a 1mm-diameter PIN180 

device for temperatures in the range of 45oC to 165oC. The dark current density 

was much higher than that of the 100µm-diameter APDs. Also, the I-V curves can 

be fitted using Equation 5.3, which is the total combination of the defect-related 

leakage, the Poole-Frenkel effect and the multiplication effect, as shown in Figure 

5.18. One indication of the Poole-Frenkel effect was the reduced activation 

energy at high electric field. This is shown in Figure 5.17. At bias=-40V, 

Ea=0.23eV. It is reduced to 0.18eV at bias=-60V. 
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Figure 5.17 Reverse current density-voltage for a 1mm-diameter PIN180 APD. 

Note that the defect-related leakage current is high even at low bias. 
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Figure 5.18 Poole-Frenkel fit of the reverse dark current 

At this point, the reduction of dark current in PIN960 APDs corresponding 

to PIN480 APDs can be attributed to a reduction in the Poole-Frenkel effect, 

according to: 
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Wdepl-PIN480 is half of Wdepl-PIN960, the exponential factor is larger than 5, when 

Efield_PIN480~2.6MV/cm and Efield_PIN960~2.0MV/cm. This simple model predicts 

that the dark current of PIN960 APDs should be 2.5 times lower than PIN480 

APDs, assuming Idefect-leakage is the same for both structures. The order of the 

reduction is consistent with our measurement result. 

This model also predicts a limit to the lowest dark current attainable when 

tuning the i-layer thickness. At certain i-layer thickness (approximately 1500nm 

from the simulation), the reduction in dark current from the Poole-Frenkel effect 
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will be smaller than the increase due to the increased depletion width. In this case, 

the only way to reduce dark current is to reduce defect densities, e.g. to reduce 

Idefect-leakage. 

 

5.5 SUMMARY 

Five groups of 4H-SiC APDs were characterized by temperature-

dependent current-voltage measurements. Sample #PN1, passivated by PECVD 

SiO2 on a PN structure, exhibited leakage current from the mesa sidewall at 

moderate bias, with an average activation energy 0.36eV. Sample #PN2, 

passivated by thermal oxide, exhibited lower dark current before breakdown at 

room temperature. However, an anomalous dark current was observed for #PN2 

at temperatures >146°C, which was eliminated by removing the thermal oxide. 

The other two samples #PIN180B and #PIN180C, characterized by diameter-

dependent current-voltage measurements, showed that a sacrificial thermal oxide 

can reduce the surface leakage. The tunneling current was the dominant dark 

current near breakdown for PN APDs. Sample #PIN180A showed reduced 

tunneling current. The tunneling current was eliminated in PIN480 APDs.  

The reduction in dark current moving from PIN480 APDs to PIN960 

APDs is attributed to the reduction of the Poole-Frenkel leakage current. Further 

reduction of the dark current might be achieved using high quality materials.  
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Chapter 6   Spatial Nonuniformity of 
Photoresponse at High Gain 

 

6.1 INTRODUCTION 

For 4H-SiC photodiodes working in the avalanche regime, two spatial-

uniformity issues are common concerns: edge breakdown and defect-related 

breakdown. F. Yan et al. developed a small positive bevel as edge termination for 

4H-SiC diodes to mitigate edge breakdown. Direct observation of the 

effectiveness of this approach was reported by Beck et al. [76]. Defect-related 

breakdown can frequently be assessed by observing light emission near 

breakdown. Banc et al. have carried out a photon emission analysis of 4H-SiC p-n 

diodes in the avalanche regime [77]. They observed stripe-like light emission at 

breakdown and associated this with nonuniform doping. They also determined 

that the stripe-like emission centers did not affect the electrical characteristics of 

the diodes and did not lead to catastrophic device failure. Both Konstantinov and 

Banc observed that the light emission from one side of a 4H-SiC diode biased 

near breakdown was brighter than that from the opposite side [77,78,79]. 

However, the mechanism of this phenomenon was not identified. 

In this chapter, a two-dimensional raster-scan technique was used to 

investigate the spatial uniformity of 4H-SiC APDs operating at high gain. We 

show that the continuous lateral variation of the gain is due to a gradual change in 

the doping density across the APD.  
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6.2 RASTER SCAN MEASUREMENT RESULTS 

The details of the experimental setup were described in Section 2.3.5. The 

photocurrent at a reference position in the mesa center at a reverse bias of 10V 

was taken as the unity-gain photocurrent. At high bias, the reference gain was 

determined by normalizing the photocurrent to this reference point. DC gain-

voltage characteristics were measured using an HP4156B semiconductor 

parameter analyzer with low noise probes. A UV LED with a central spectral 

output at 365nm was used to uniformly illuminate the entire surface of the APD 

under test. The gain was determined by normalizing the photocurrent to the 

primary photocurrent, which was linearly extrapolated from the photocurrent at 

low bias, as described in Section 3.3.  

Two 100µm-diameter PIN180 APDs, A and B, were characterized at a 

spacing of 10.3mm on the wafer. To minimize the influence of defect-related 

nonuniformity, both APDs were selected to have low dark current, ~50pA at a 

gain of 1000. For comparison, the lowest dark current that we observed in the 

PIN180 APDs of the same diameter was 35pA at a gain of 1000. Figure 6.1 shows 

the gain-voltage characteristics of APDs A and B. The breakdown voltage, Vbr, 

was arbitrarily specified as the voltage required to achieve a gain of 100. Vbr was 

83.24V for APD A, and 83.78V for APD B.  



88 

Reverse Bias (V)
65 70 75 80 85

G
ai

n

100

101

102

103

104
PIN180 APD A, data
Simulation fit, Neff=1.640x1018cm-3

PIN180 APD B, data
Simulation fit, Neff=1.595x1018cm-3

 
 

Figure 6.1 Measured and simulated gain-voltage characteristics of PIN180 APD 
A and APD B. The APDs were illuminated by a UV LED with a 
spectral peak at 365nm. 

Figure 6.2 (a)-(d) shows the raster-scan results for APD A at gains of 1, 

100, 1000, and 10000, respectively. In these paragraphs, the reference position for 

the gain calculation was (x, y)~(66,66). For all of the scans, the sharp attenuation 

of the photo current between the center and the edge was due to reflection from 

the p-contact metal. The attenuation at the upper-left corner (located near position 

(50,110)) resulted from the probe tip blocking the light during the scan.  At unity 

gain (Figure 6.2 (a)), the overall spatial response was very uniform. At a gain of 

100, as shown in Figure 6.2(b), the degree of spatial uniformity in the mesa was 

almost the same as that at unity gain. However, the spatial profile was much 

smoother, owing to a higher signal to noise ratio. No edge-related photocurrent 

enhancement was observed at this gain. This confirms that edge breakdown is not 
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an issue for these APDs and that the positive-beveled mesa effectively reduces the 

electric field at the edge [44]. At a gain of 1000, the photoresponse was still quite 

uniform across the central region, while the response at the left edge was higher 

than at the right edge. At a gain of 10000, the photocurrent declined steadily from 

left to right across the mesa, decreasing to almost no photoresponse at the right 

edge.  

 
 

APD A, gain=1000, 83.65V 
( c ) 

APD A, gain=100, 83.12V 
(b) 

APD A, gain=1, 10V 
(a) 

 

APD A, gain=10000, 84.02V 
(d) 

APD B, gain=10000, 84.65V 
(e) 

 

Figure 6.2 Two-dimensional raster-scan measurements for PIN180 APD A  (a) 
unity gain, bias=10V; (b) gain=100, bias=83.12V; (c) gain=1000, 
bias=83.65V; (d) gain=10000, bias=84.02V; and for PIN180 APD B 
(e) gain=10000, bias=84.65V. The gain was determined by 
normalizing the photocurrent to the unity photocurrent at the reference 
position (x,y)=(66, 66) at bias=10V. 
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Figure 6.3 Electroluminescence of 4H-SiC APDs with the reverse current density 
of 20A/cm2. The 100µm-diameter device has a central p-contact. The 
photograph was taken using a commercial digital camera 

For comparison, Figure 6.2(e) shows the uniformity of APD B at a gain of 

10000, though the corresponding bias (84.65V) was higher than that of APD A 

(84.02V). The characteristics of these two profiles were almost identical. 

Strikingly similar profiles at high gain were observed from other APDs on the 

same wafer. Additionally, light emission near breakdown was localized on one 

side of the mesas. Figure 6.3 shows the electroluminescence of an APD with a 

reverse current density 20A/cm2. 

Figure 6.4 shows the one-dimensional scans of APD A in the x direction at 

y=66µm for a range of bias voltages. The two valleys in the scans correspond to 

the p-contact metal reflection. From unity gain (10V) to gain= 800 (83.61V), the 

photocurrent level of the central region was flat, while the photocurrent at the 
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right edge decreased slightly with increasing bias. At a reference gain=2600 (bias 

= 83.74V), a steady drop from left to right was observed. This became more 

prominent at higher bias (84.31V), corresponding to a gain of 57,000. At this bias, 

the ratio of the photocurrent at x=32µm to that at x=92µm was 3.10, compared to 

1.18 at 83.61V (gain=800). The response at the left edge was equal to or greater 

than the response of the central region, while the response at the right edge 

declined sharply. This observation was attributed to the combined effects of the 

decreased electric field at both edges due to the positive bevel and the spatial 

variation of the doping density, as discussed in Section 6.3. Figure 6.5 shows the 

gain-voltage characteristics corresponding to the different UV illumination 

positions. The gain characteristics varied significantly with position when the gain 

was higher than 1000. Among the three positions, the slope of the gain curve was 

steeper closer to the left side than to the right side.  
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Figure 6.4 Single scans of PIN180 APD A at y=66µm for a range of bias voltages 



92 

Reverse Bias (V)
76 78 80 82 84 86

G
ai

n

100

101

102

103

104

105

106

x=28µm
x=66µm
x=90µm

 
Figure 6.5 Gain-voltage obtained at different x positions of PIN180 APD A 

(y=66µm) 

 
Figure 6.6 The breakdown voltage map of the PIN180 APDs on the 3” wafer 
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6.3 DEVICE DOPING AND SPATIAL NONUNIFORMITY 

It can be seen that the direction in which the photo response increased was 

the same as that of decreasing breakdown voltage, i.e. along the x-direction from 

Vbr_B=83.78V toward Vbr_A=83.24V, as shown in Figure 6.6. The direction of 

decreasing breakdown voltage was found to extend from the center to the edge of 

the 3” wafer, corresponding to a breakdown voltage drop from 83.84V in the 

center to 80.67V at the edge. The variation in Vbr for APDs in the central region 

(∆Vbr<1V) was less than those close to the edge (∆Vbr>2V). To investigate the 

mechanism of the Vbr variation, the capacitance-voltage measurements were taken 

on several APDs in a linear across the wafer. Figure 6.7 shows the measured and 

simulated depletion width as a function of bias voltage for four APDs at different 

positions. The depletion width fit follows 
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εε    ,              (6.1) 

where Wi is the i-layer thickness, Neff is the effective doping density, Vbi is the 

built-in potential, and rε is the dielectric constant. It can be seen that the variation 

of Neff is more than five times higher than that of Wi, as plotted in Figure 6.8. 

These nonuniform characteristics in thickness and doping are consistent with the 

data reported in References [36, 37]. 
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Figure 6.7 Measured and simulated depletion width of four PIN180 APDs as a 

function of bias at different x positions  
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Figure 6.8 The variation in doping and thickness versus x position for four 

PIN180 APDs 
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Since the variation in breakdown voltage was small in the center, where 

APDs A and B were located, it was difficult to accurately obtain the doping 

variation between APDs A and B from capacitance-voltage (C-V) measurements. 

Therefore, a local-field model was used to fit the gain-voltage curves. This 

provided an estimate of the doping variation between APDs. 

The multiplication factor M is generally given by M=fnMn + fpMp, where 

Mn and Mp are the factors of electron-initiated and hole-initiated multiplication, 

respectively. fn and fp are the electron and hole fractions of the primary 

photocurrent. A simulation of the quantum efficiency at λ=365nm (absorption 

coefficient~164cm-1) [80] indicates that at least 85% of the signal originated in 

the n layer for a hole diffusion length Lh~3µm and an electron diffusion length 

Ln~1µm (these minority carrier diffusion lengths used for 4H-SiC were similar to 

those of 6H-SiC [81]). Therefore, the primary photocurrent was dominated by the 

photo-generated holes injected from the n layer, i.e. fn<<fp, and the multiplication 

factor corresponded to hole-initiated multiplication, M~Mp. 

Mp for hole-initiated multiplication is given by the relationship: [82] 
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α and β are the electron and hole ionization rates, respectively, and Wdepl is the 

total depletion width. E is the electric field intensity, which varies with position.  

biV  is the built-in voltage. rε is the dielectric constant (9.7), and Wi is the p- layer 

thickness (187nm, from C-V measurements), which was assumed to be identical 

for APDs A and B. This can be justified from C-V measurements, which showed 

that the variation in thickness was much smaller than that of doping. Neff is the 

effective doping density. The extraction of Neff was done by fitting the M(V) 

dependencies to the experimental gain-voltage curves, with slight adjustment of 

the values for α and β given in Reference [30]. The following values of the 

parameters were used for fitting:  
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Figure 6.1 shows the measured and simulated gain-voltage characteristics 

of APD A and APD B. For the best fit, Neff=1.640x1018 cm-3 was extracted for 

APD A, and Neff=1.595x1018 cm-3 for APD B. Assuming a linear gradient in the 

variation of Neff, the linear slope was 315105.4 −×=
∆

cm
Separation

Neff  per mm, i.e. 

the variation in Neff across a 100µm region was ~ 4.5x1014 cm-3. Figure 6.9 shows 

the calculated gain versus Neff with a variation in Neff of 2x1014cm-3. We see that 

when the gain was less than 1000, the gain value changed little with Neff. 

However, when the gain was greater than 1000, the variation in the gain with Neff 

became significant. Note that for an even higher gain, the avalanche spreading or 

a two-dimension model should be taken into account. 
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Figure 6.9 Simulated gain versus effective doping density Neff for a range of bias 
voltages 

6.4 SPATIAL NONUNIFORMITY OBSERVED IN CURRENT-VOLTAGE 
CHARACTERISTICS 

The nonuniform spatial characteristics were also revealed in DC current-

voltage measurements taken with an HP 4156B, as shown in Figure 6.10. In 

Figure 6.1, for gains higher than 1000, the measured gain curve begins to deviate 

from the simulated gain curve. The gain regime where this became significant 

was consistent with the onset of spatial nonuniformity observed in the two-

dimensional raster scans. This was also shown clearly in the gain-voltage 

characteristics at different positions in Figure 6.5. Therefore, we can regard this 

deviation point in the gain-voltage curve as a signature of nonuniform spatial 

response at high gain. The deviation point for APD B occurs at a higher gain than 



98 

the deviation point for APD A (Figure 6.1), which indicates that APD B is more 

uniform than APD A. This was expected given the location of both APDs, 

because APD B was closer to the center, where the doping variation was smaller. 
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Figure 6.10 Spatial nonuniformity revealed in the I-V characteristics. 

This deviation can also be seen in the I-V curves of dark current. As 

shown in Figure 6.10, both the dark current and photocurrent became “saturated” 

at the same bias (~84V). The dark current does not converge with the 

photocurrent at higher voltage like most narrow bandgap APDs. The contribution 

from series resistance can be excluded, since the dark current level at which the 

“saturation” started is too small to be considered. An external resistor was placed 

in series with the diode to determine the contribution of series resistance, but the 

bias voltage corresponding to the deviation point was insensitive to the value of 
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the external resistor ( until 33KΩ). This also confirmed the “saturation” was not 

resulted from series resistance. 

The presence of the deviation point can be used to determine the extent of 

spatial nonuniformity at high gain from I-V measurements. When the unity 

photocurrent is small enough to minimize the effect of series resistance, the gain 

value at the “saturation” point can be obtained. It is expected that for the APDs 

with a higher gain value at the “saturation” point, the spatial uniformity will be 

better compared to those at a lower gain value. Though the dark current exhibits 

similar characteristics, it cannot be used to determine the extent of spatial 

uniformity. This is because the unity-gain dark current is unknown, thus the gain 

value is unobtainable at the deviation point. 

 

6.5 DISCUSSION 

6.5.1 Contact Geometry 

Making good ohmic p-contacts to wide bandgap materials is difficult, 

especially for III-V nitride crystals [57]. Poor contact quality can make field 

crowding a problem. Reference [57] reported that the electric field was greatest 

directly under the contacts, with a significant lateral decrease in field strength. 

This resulted in spatially nonuniform temporal behavior.  To investigate the 

effect of p-contact geometries on the spatial uniformity of photoresponse, two 

other p-contact geometries were tested. One was a central dot p-contact; the other 

was a spider-like p-contact. As shown in Figure 6.11 and Figure 6.12, the trend of 

deceasing photoresponse from one side to the other side can be seen in both 
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figures. There was no enhanced photoresponse near the p-contact, thus field-

crowding was not a contributing factor to the spatial nonuniformity of the 

photoresponse in these APDs.  This excludes the influence of contact geometry 

on the spatial nonuniformity. 

 

 
Figure 6.11 2D raster scans for a 100µm-diameter APD with a central dot p-

contact, left, at unity gain, and right, gain>1000 

 
 

 
 

Figure 6.12 2D raster scans for a 250µm-diameter APD with spider-like p-
contact, left, at unity gain, and right, at gain>1000 

6.5.2 Spatial Nonuniformity at Extremely High Gain 

One important application for 4H-SiC APDs is single photon counting 

[83]. When APDs are biased for Geige-mode operation, the corresponding gain 
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can be regarded as infinite. From the above analysis, it is probable that an APD 

operating in this mode has a photon-induced avalanche probability that varies 

with location. To investigate the spatial nonuniformity at extremely high gain, 

photocurrent measurements were taken on a 100µm-diameter device using the 

raster scan setup. The unity-gain photocurrent was approximately 10pA at two 

positions spaced 40µm apart. At high bias, the photocurrent was 1.91mA and 

0.17mA at the same two positions. Thus, at high gain (~108), the variation of the 

photocurrent was roughly within one order of magnitude. This rather small 

variation compared to the simulation results can be attributed to the avalanche 

spreading at very high gain [ 84 ]. This avalanche spreading will partially 

compensate the spatial nonuniformity at extremely high gain. Nevertheless, to 

achieve good photon counting performance, the APD under test should have good 

uniformity at high gain. Therefore, smaller devices can provide better 

performance for single photon counting. 

 

6.5.3 Defects and Spatial Nonuniformity 

Figure 6.13 shows the 2D contour plots of photocurrent of PIN APD A. At 

gain >10000, as shown in the figure (b), there are two bright regions. The bright 

region exhibited higher gains, as indicated by the higher photocurrent in the bright 

region than in the dark region. This localized high gain region may result from 

certain defects that “activate” at very high gain. 

These defects could be related to the dark current described in Section 5.4. 

The device shown here exhibited the lowest dark current density among all of the 
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PIN180 APDs tested. However, there were still defects present, corresponding to 

a defect density on the order of 104 defects/cm2 (2 defects in a 100µm-diameter 

region). These defects may be carrot defects, because they do not affect the 

breakdown characteristics [77]. Reference [85] reported that with exception of the 

carrots, all other defects (micropipes, down fall, triangle and inclusion ) severely 

affect the performance of SiC devices.  
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Figure 6.13 2D contour plots of photocurrent for a 100µm-diameter PIN180 APD 

A at (a) unity gain and (b) a gain>10,000. The lightest regions 
correspond to high photocurrents. 

6.5.4 Improvement of Spatial Nonuniformity 

Simulations indicated that using a thicker i-layer could improve the spatial 

uniformity, assuming that the doping variation in the cladding layer is the same 

for all i-layer thicknesses. Thus, I anticipated that PIN960 APDs would exhibit a 

better spatial uniformity than PIN180 APDs. However, the data from the PIN960 

APDs did not confirm this prediction. As shown in Figure 6.14, the spatial 
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nonuniformity of the PIN960 APD was still comparable to the PIN180 APDs at a 

gain of 1000. Therefore, either the assumption that the devices would have the 

same doping variation was invalid, or the variation in the PIN960 APD 

multiplication layer thickness was too high to ignore. 

 
 

 

 
Figure 6.14 2D raster scans of one 150µm-diameter PIN960 APD. (a) left, reverse 

bias=20V, unity gain. (b) right, reverse bias=245V, gain~1000 

 

6.6 SUMMARY 

 In conclusion, the spatial nonuniformity in the 4H-SiC APD responsivity 

at high gain was discussed. For gain M<1000, a uniform spatial response was 

demonstrated. At high gain (M>1000), the response became nonuniform, with a 

steady drop from one side of the APD to the other side. This nonuniform response 

was associated with a variation in the doping density. For a 100µm-diameter 

device, a variation of 2x1014cm-3 in the effective doping density across the mesa 

can account for the observed nonuniformity at gains higher than 1000.  
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Chapter 7   Separate Absorption and Multiplication 
APDs 

7.1 INTRODUCTION 

Most 4H-SiC APDs reported to date, are based on PN or PIN structures. 

The separate absorption and multiplication (SAM) APDs have the advantage of 

providing single carrier injection, high quantum efficiency, and lower 

capacitance, which enables high speed. For homojunction APDs, the SAM 

structure is also referred to as a reach-through APD. Yan et al. reported a 4H-SiC 

reach-through APD structure with high responsivity at 270nm [28]. The design of 

their structure was such that single-carrier hole injection, the optimum case for 

low noise, could be achieved only for longer ultraviolet wavelengths (>290nm) 

[28]. However, for solar-blind applications, such as missile tracking systems and 

covert non-line-of-sight communications, the operating wavelength is typically < 

290nm. In this chapter, two SAM APD structures are discussed. We show that the 

first SAM APD structure has high quantum efficiency after reach through, and 

that edge breakdown is present due to a negative bevel. A new SAM APD 

structure was designed to eliminate edge breakdown and to optimize the solar 

blind performance. Section 7.2 describes the work on the first SAM structure, 

while Section 7.3 addresses the second SAM structure. 
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7.2 SAM APDS WITH NEGATIVE BEVEL 

7.2.1 Device Structure 

The doping and thickness of each layer of the SAM_I APD structure are 

shown in Figure 7.1. The electric field profile after reachthrough is plotted on the 

left. A basic SAM structure is composed of five epitaxial layers. A bottom highly 

doped n-layer (500nm/6.5x1017cm-3) was first grown on a heavily-doped n-

substrate, followed by a lightly doped thick n layer (2000nm/5x1015cm-3), which 

served as the absorption layer. The next layer was a moderately to highly doped 

n-layer (100nm/1.4x1018cm-3) that served as the multiplication layer. The fourth 

layer was a highly doped p-type layer (200nm/2x1018cm-3), followed by a heavily 

doped p-type cap layer (100nm/>2x1019cm-3) for p-contacts. The doping and 

thickness of each layer were confirmed by SIMS analysis shown in Figure 7.2. 

Near breakdown, the absorption and multiplication layer were both depleted. 

However, the electric field in the two layers was different. The electric field of the 

multiplication layer was higher than that of the absorption layer. Most photons 

absorbed in the thick absorption layer result in impact ionization only within the 

thin multiplication layer.  
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Figure 7.1 Cross-sectional view of the SAM_I APD structure with negative bevel 
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Figure 7.2 SIMS data of the SAM_I APD structure. Note that the concentration of 

aluminum (2x1018cm-3) in the p-cladding layer is higher than the 
concentration of nitrogen in the n-cladding layer (5x1017cm-3) 
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7.2.2 Device Characterization 

The fabrication of the SAM_I APDs was similar to that for the PN APDs, 

with the exception of the device mesa definition. A thick layer of photoresist was 

required to etch the mesa 2.5µm down to the n+ layer for the n-contact. However, 

in the final process, we only etched to the depth of the lightly-doped n-type 

absorption layer (~800nm) and formed the n-contact at the backside of the device. 

Figure 7.3 shows the I-V characteristics of a 100µm-diameter APD. The 

reach-through voltage was ~38V. This was confirmed by the external quantum 

efficiency measurements. The gradual increase of the photocurrent after 125V 

was caused by edge breakdown, which was observed using the raster scan 

measurements that are presented in the next section.  

Figure 7.4 shows the spectral response for a range of bias voltages. Before 

reachthrough, the peak external quantum efficiency at 270nm was 27% at 30V. 

After reachthrough, the peak shifted to 274nm with an external quantum 

efficiency of 85%. The external quantum efficiency increased more than three 

times after reachthrough. 
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Figure 7.3 Current-voltage characteristics of a SAM_I APD (φ=100µm, Vreach-

through=38V) 

Wavelength (nm)
240 260 280 300 320 340 360 380 400

Ex
te

rn
al

 Q
E 

(%
)

0

20

40

60

80

100

80V 
50V 
30V 
10V 
5V 
0V 

 
Figure 7.4 External quantum efficiency of a SAM_I APD for a range of bias 

voltages 
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7.2.3 Edge Breakdown Characteristics 

The I-V characteristics shown in Figure 7.3 were not associated with edge 

breakdown at first, because the measurements were repeatable. The gradual 

increase of the dark current at high bias exhibits similar bias-dependence to 

tunneling. However, it was difficult to explain the photocurrent behavior in terms 

of tunneling. Another difficulty was explaining the behavior of the excess noise. 

The measured excess noise factor F(M) was ~3800 at a gain M~7, with the laser 

light focused to the center of the device. The extremely high excess noise 

indicated nonuniform gain in the device [86].  

In order to determine the spatial gain uniformity, 2D raster scans were 

carried out. Figure 7.5 shows the results for a 100µm-diameter SAM_I APD with 

a central dot contact. The valley in the center is due to the metal contact. The 

attenuation at the upper-left corner is due to the light blocked by the probe tip 

during the scan. At bias=50V (unity gain), the overall spatial response was very 

uniform. However, at bias=145V, a huge edge photoresponse dominated, an 

indication of edge breakdown. The photoresponse of the upper-left edge was 

much higher than that of other positions and likely resulted from the nonuniform 

doping in the multiplication layer, as discussed in Chapter 6. 

Figure 7.6 shows the one-dimensional scans in the x direction for a range 

of bias voltages. It can be seen that the edge response begins to dominate even at 

a very small reference gain (<2, determined at the reference position x=30µm). 
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Figure 7.5 2D raster-scan of a 100µm-diameter SAM_I APD with a central dot 

contact. (a) left, unity gain, bias=50V. (b) right, high field, bias=145V 
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Figure 7.6 One-dimensional scans of a 100µm-diameter SAM_I APD with edge 

breakdown. The valley in the center results from the p-metal contact. 

Another observation relative to these SAM_I APDs is that the reach-

through voltage varied, from 33V to 60V on different parts of the wafer. Some 

APDs broke down before reach-through, while others broke down after reach-

through, with a breakdown voltage that varied from 80V to more than 200V. 
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Figure 7.7 and Figure 7.8 show two SAM_I APDs spaced 3.2mm apart. The APD 

in Figure 7.7 shows the reachthrough and edge breakdown. However, the APD in 

Figure 7.8 does not exhibit reachthrough. Figure 7.9 shows the reverse 

electroluminescence of both APDs driven with a reverse current density larger 

than 15A/cm2. This clearly shows the edge breakdown of the APD in Figure 7.7. 

No edge breakdown was observed for the APD in Figure 7.8. 
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Figure 7.7 The reverse I-V of a SAM_I APD with edge breakdown. Note the 

reach-through voltage and breakdown voltage are different than those 
in Figure 7.3. 
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Figure 7.8 The reverse I-V of a SAM_I APD. Note that there is no reach-through. 

The device was located 3.2mm from the device in Figure 7.7. 

(a) With edge breakdown (b) Without edge breakdown  
 

Figure 7.9 The reverse electroluminescence for (a) the device with edge 
breakdown, corresponding to the I-V shown in Figure 7.7; (b) the 
device without edge breakdown, corresponding to the I-V shown in 
Figure 7.8. The strong luminescence is from the contact perimeters in 
(b). Note that this device was basically a p-n junction APD. 
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7.2.4 Edge Breakdown and Negative Bevel 

The edge breakdown of the SAM_I APDs was attributed to the negative 

bevel. The negative bevel was formed because the concentration of aluminum in 

the p-cladding layer (2x1018cm-3) was higher than the concentration of nitrogen in 

the n-cladding layer (5x1017cm-3). For most cases of negative bevel devices, the 

depletion layer on the lightly-doped side (i.e. the n-cladding layer) is forced to 

shrink near the edge, in order to maintain charge balance. Thus, the depletion 

width at the edge is narrower than in the bulk, yielding a higher electric field at 

the edge. This high edge electric field caused high multiplication at the edge, or 

pre-breakdown of the device, resulting in the observed I-V characteristics, the 

edge electroluminescence, and the 2D raster scan results. 

The APDs that breakdown before reachthrough, such as the APD in Figure 

7.8, are basically a p-n junction structure. The n-cladding layer of this structure 

was the multiplication layer. The doping of this layer was 1.4x1018cm-3, 

comparable to that of the p-cladding layer (2x1018cm-3). The corresponding bevel 

could be a positive bevel for the APDs without reachthrough if the following two 

factors were considered: 1) the dopant activation ratio of aluminum in 4H-SiC 

was lower than that of nitrogen; 2) the doping profiles of the p-cladding layer 

were not as steep as that of the n-cladding layer, as shown in the SIMS data in 

Figure 7.2.  

Sidewall bevel from 2o to 75o were fabricated in order to decrease the edge 

electric field in APDs with reachthrough, but the highest gain achieved was still 

less than 10. The multi-step junction extension termination technique was tested 
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without success. These experiments confirm that it is difficult for a negative bevel 

to achieve 100% bulk breakdown, which is necessary for any APD operation. One 

way to fabricate a positive bevel on this wafer is to define the mesa starting from 

the backside and etch all the way to the front side. This approach is impossible for 

4H-SiC materials, because there is no appropriate wet etch, and dry etching 

through the entire substrate is just impractical.  Therefore, a new SAM structure 

with a positive bevel was designed. Nevertheless, very high external QE and a 

moderate reach-through voltage were demonstrated. 

 

7.3 SAM APDS WITH POSITIVE BEVEL 

7.3.1 Device Design and Fabrication 

The new SAM APD structure, as shown in Figure 7.10, consists of a 

300nm n+ cap layer (ND=4.0x1018cm-3), a 1.5µm n- absorption layer 

(ND=5.0x1015cm-3), a 120nm n multiplication layer (ND=2x1018cm-3) and a 2µm 

p+ layer (NA=6x1018cm-3) grown on an n-type substrate. Commercially available 

50.8 mm 4H-SiC wafers oriented 8 degrees off the (0001) Si face were utilized as 

substrates.  Epitaxial growth was grown by MOCVD at the GE Global Research 

Center. The epitaxial layers were deposited in a horizontal configuration using 

17.9 sccm silane, 4.0 sccm propane and 35 slm hydrogen at 45 torr.  Nitrogen (n-

type) and trimethylaluminum (p-type) were utilized as dopant species. The layer 

parameters were confirmed by secondary ion mass spectrometry, Fourier 

transform infrared spectrometry (at the GE Global Research Center), and 

capacitance-voltage measurements. 
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Figure 7.10 Cross-sectional view of the SAM_II APD structure with positive 
bevel. The inset shows the photograph of a beveled mesa with a central 
dot n-contact 

Critical issues that impacted the design of this structure were substrate 

type and the doping concentrations in the epitaxial layers. The preferred substrate 

was p-type, which would be overlayed by n-type epitaxial layers for UV 

illumination. At solar-blind wavelengths, e.g. λ~270nm (absorption coefficient ~ 

104cm-1), photons will be predominately absorbed in the n- absorption layer 

(1.5µm), resulting in low excess noise. However, an n-type substrate with a 2µm-

thick p-type epitaxial layer was used, since commercial p-type substrates tend to 

have higher defect densities compared to n-type substrates. The doping of the p 

layer (6x1018cm-3) was higher than that of the depleted n layers. This created a 

positive bevel for mesa edge termination and effectively eliminated edge 

breakdown [44]. The doping and thickness values of the n-type multiplication 

layer, the most important layer in this structure, were designed to limit the 
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breakdown voltage to less than 200V and the reach-through voltage to less than 

50V. The simulation tool that was used to simulate the I-V characteristics has 

been described in Reference [53].  

  Using a similar technique as described in Section 2.2.2, a positive 

beveled (~9o) sidewall was created during reactive ion etching.  The etch depth, 

determined by an alpha-step measurement, was 2.5µm. These SAM_II APDs 

were first passivated with ~250Å of thermal oxide, grown in a wet oxidation 

furnace for 3 hours at 1050°C, followed by 1960Å PECVD SiO2 at 285°C. Both p 

and n metal contacts were deposited by e-beam evaporation using the following 

sequence: Ni(350Å) /Ti(500Å) /Al(2000Å) /Au(1000Å). The contacts were 

annealed at 800°C for 2 minutes in nitrogen ambient. It was observed a high 

anneal temperature could cause high leakage current due to the thin n+ contact 

layer (300nm). This n+ layer served as both the contact layer and the cladding 

layer. Therefore, it was partially depleted. High temperature annealing caused n-

metal (especially Ni) spiking into the depletion region. Future designs can 

separate the contact layer and the cladding layer and use a recess window for 

short wavelength illumination. 

 

7.3.2 Electrical Characterization 

DC gain-voltage characteristics were measured using a Keithley 237 

sourcemeter (DC current minimum 50fA) with low noise probes. A broadband 

UV source was used for photocurrent measurements. Figure 7.11 shows the 

reverse current-voltage and gain-voltage characteristics of a typical 100µm-
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diameter device. Both the dark current and photocurrent exhibited a step near 

55V, the reach through voltage. At higher bias, there was a relatively flat 

response, until the bias approached the breakdown voltage, Vbr=192.2V. Vbr was 

arbitrarily specified as the voltage required to achieve a gain of 100. The 

breakdown voltage varied with location on the wafer. For example, for two APDs 

separated by 2.5mm on the wafer, the breakdown voltage varied from 192.2V to 

209V, and the reach-through voltage, Vrt, varied from 60V to 55V. Figure 7.12 

shows the I-V characteristics of a SAM_II APD with a breakdown voltage of 

220V. This variation in the reachthrough and breakdown voltages may result from 

a variation in the multiplication layer doping, as discussed in Chapter 6 for 

PIN180 APDs. 
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Figure 7.11 The reverse current-voltage and gain-voltage characteristics of a 

100µm-diameter SAM_II APD 
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Figure 7.12 The reverse current-voltage and gain-voltage characteristics of a 

100µm-diameter SAM_II APD, separated by 2.5mm from the APD in 
Figure 7.11 
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Figure 7.13 Reverse dark current versus bias at different temperatures for a 

100µm-diameter SAM_II APD 
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Figure 7.13 shows the temperature-dependent reverse dark I-V 

characteristics of a 100µm-diameter APD from 22oC to 184oC. After 

reachthrough, the dark current increased almost two orders of magnitude. At a 

reverse bias of 100V, the activation energy obtained from the Arrhenius plot was 

0.18eV. The temperature-dependent I-V characteristics were very similar to the 

1mm-diameter PIN180 APD plotted in Section 5.4. The dark current can be fitted 

with the Poole-Frenkel effect. Therefore, one possible post-reachthrough leakage 

source for these SAM_II APDs is defect-related leakage combined with the 

Poole-Frenkel effect. 

 

7.3.3 Elimination of Edge Breakdown  

To confirm the effectiveness of the positive bevel, two-dimensional raster 

scans were carried out. Figure 7.14 shows the spatial photoresponse of a 150µm-

diameter mesa for a range of bias voltages, corresponding to before reachthrough, 

and after reachthrough at gain=1, gain=10, and gain=100. For all figures, the 

valley from the center to the upper-left corner was due to reflection from the 

contact and the probe. Before reachthrough, the spatial response was very 

uniform. After reachthrough, at unity gain the photoresponse of the edge showed 

an increase from the mesa bottom to the mesa top, corresponding to the shape of 

the beveled sidewall in the photograph of the beveled mesa in Figure 7.10. At 

gain~10, there is no photoresponse at the beveled edge, thus no edge breakdown.  

The overall spatial response at this gain was very uniform. This confirmed that 

edge breakdown was not an issue for these SAM_II APDs, and that the positive-
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beveled mesa effectively reduced the electric field at the edge. At gain~100, we 

observed a steady decline from the upper-right to the lower-left. This nonuniform 

spatial response at high gain may be associated a doping variation in the device. 

For the APD in Figure 7.11, no edge breakdown was observed at bias=194V 

(gain>1000).  

 

(a)10V, before reach-through (b) 65V, after reach-through, gain=1

(d) 209.1V, gain~100(c) 195V, gain~10
 

Figure 7.14 2D raster scans for a 150µm-diameter SAM_II APD. 

7.3.4 External Quantum Efficiency 

Figure 7.15 shows the spectral response for a range of bias voltages. 

Before reachthrough, the peak responsivity at 10V was 33mA/W (QE=13.8%) at 
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294nm. After reachthrough, the peak shifted to 278nm, and the measured 

responsivity was 217mA/W at 70V. This blue-shift in the peak response is 

desirable for solar-blind applications. This shift was opposite to that of the 

SAM_I APDs, in which the peak response shifted to longer wavelengths after 

reachthrough, due to the opposite p-n layer sequence. Temperature-dependent 

photocurrent measurements showed that these APDs exhibit gain at reachthrough, 

which will be discussed in Section 7.4. The gain was determined using 

temperature-dependent photocurrent measurements and taking into account the 

change in photocurrent with depletion width [87]. This resulted in a gain of 1.2 at 

70V. Therefore, the responsivity corresponding to unity gain was 187mA/W 

(83%).  
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Figure 7.15 Spectral response of a SAM_II APD at a range of bias voltages  
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7.3.5 Excess Noise 

The excess noise factor was measured at two different wavelengths: 

351/363nm, using an argon laser and at 280nm using a commercial UV LED. The 

result is shown in Figure 7.16.  The effective k values were ~0.3 (351/363nm) 

and ~0.2 (280nm), respectively. The lower k value for shorter UV wavelengths 

was understandable, since there was less mixed electron and hole injection 

compared to longer wavelengths, as shown in Figure 7.17. A smaller k value can 

be expected for wavelengths less than 280nm. 
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Figure 7.16 Excess noise factor versus multiplication for a SAM_II APD 

measured at λ=280nm and λ=351/363nm 
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Figure 7.17 Light absorption profile in the SAM APD structure. Photons with 

shorter wavelengths (<270nm) are predominately absorbed in the n+ 
and n- absorption layers, resulting in pure hole injection. 

7.4 DISCUSSION 

7.4.1 Variation of Doping Density and Breakdown Voltage 

For both SAM structures, the variation in breakdown voltage was 

significant. This variation might be due to a variation in the doping of the 

multiplication n layer. Figure 7.18 shows the calculated peak electric field as a 

function of bias by solving the Poisson equation, with each layer doping and 

thickness shown in the figure. The reachthrough line and the breakdown line are 

both shown in the figure. The breakdown line was plotted to fit the experimental 
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data. The actual breakdown field is lower than the value shown in the figure, 

because this calculation assumed an abrupt interface between layers, which was 

not true according to the SIMS data for both SAM structures. 

With a variation of 1x1017cm-3, approximately 8% of the multiplication 

layer doping, the breakdown voltage can vary by as much as 50V. Therefore, it is 

critical to control the doping of the multiplication layer during the growth of a 

SAM structure. The thickness of the multiplication layer is also critical. To limit 

the variation in the breakdown voltage to less than 10V, the variation in the 

doping of the multiplication layer must be controlled within ~2%. 
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Figure 7.18 The peak electric field, the reachthrough line, and the breakdown line 
versus reverse bias for SAM APDs. The calculation assumes an abrupt 
interface between two layers.  
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7.4.2 Gain Determination after Reachthrough 

After reachthrough, the measured peak quantum efficiency appeared to be 

100% at 70V for an APD with a breakdown voltage of 201V. Since this is not 

possible, given that there is some reflection at the surface, it follows that there is 

gain at this bias. The gain was confirmed from the photocurrent-voltage 

characteristics at different temperatures, as shown in Figure 7.19. At higher 

temperatures, the slope of the photocurrent after reachthrough became flatter, due 

to reduced multiplication at higher temperatures. With a linear extrapolation, a 

flat bias-dependent photocurrent was expected at 450oC. This photocurrent value 

can be taken as a unity photocurrent for the gain determination at 450oC. 

Kamiyama proposed a method to calculate the unity photocurrent at room 

temperature [87], using a linear extrapolation when the temperature-dependent 

photoresponse coefficient is known. This coefficient can be measured using 

temperature-dependent quantum efficiency measurements, as described for the 

PIN180 APDs in Section 4.4. 
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Figure 7.19 Photocurrent-voltage characteristics of a SAM_II APD at three 

temperatures. The photocurrent was normalized before reachthrough. 
The breakdown voltage of this APD was 201V at room temperature. 
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Figure 7.20 Photocurrent-voltage characteristics of another SAM_II APD at three 

temperatures. The photocurrent was normalized before reachthrough. 
The breakdown voltage of this APD was 260V at room temperature 
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Another method to determine the gain was used in this work. We observed 

that for some SAM_II APDs with a breakdown voltage higher than 260V, the 

gain was close to unity after reachthrough. This was confirmed by the 

temperature-dependent photocurrent measurements shown in Figure 7.20. The 

slope of the photocurrent after reachthrough was almost the same for all three 

temperatures. A slight linear increase in the photocurrent with bias can result from 

a slight widening of the depletion region.  This unity photocurrent at room 

temperature was chosen as the reference unity photocurrent. Assuming the same 

depletion width at the same bias for other SAM_II APDs on the wafer, the gain of 

an APD can be obtained by normalizing the photocurrent to the reference 

photocurrent, as shown in Figure 7.21. Using this method, the APD gain was 

determined to be 1.2 for the quantum efficiency measurement at 70V. 
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Figure 7.21 Gain determination for a SAM_II APD with gain after reachthrough 



128 

7.5 SUMMARY  

In conclusion, 4H-SiC SAM APDs for solar-blind applications have been 

demonstrated. They have a high external quantum efficiency of 83% (187mA/W) 

at 278nm after reach-through. Gains higher than 1000 were demonstrated without 

edge breakdown. The variation in breakdown voltage was larger than 50V for 

both SAM APD structures. A fine control of the multiplication layer is critical to 

limit this variation. 
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Chapter 8   Conclusions 

8.1 SUMMARY OF WORK COMPLETED 

The motivation for this work was to develop high performance 4H-SiC 

APDs to replace the PMTs currently being used for UV detection in laser-induced 

fluorescence biological-agent warning systems and non-line-of-sight covert 

communications.  

Until very recently, no solid-state photodetectors could match the 

responsivity (>600A/W@λ=275nm), low dark current density (1.5pA/cm2 at 

gain>105) and very low noise of PMTs. Within the past several years, 4H-SiC 

APDs have emerged as excellent candidates to replace PMTs for detection of low-

level UV signals. 

 In this work, a p-n junction 4H-SiC APD structure was studied first. 

Since this was our first work on SiC materials, the processing techniques that 

were developed earlier for GaN APDs were used. Gradually, we developed 

processes specific to SiC, including bevel etching, thermal oxidation and good 

ohmic contacts. Those PN APDs achieved a unity-gain external quantum 

efficiency of 35% at 276nm, high responsivity (>105 A/W), low breakdown 

voltage (61V), low excess noise (k=0.15) and lower dark current (25.5µA/cm2 at 

M=1000) compared to the literature. However, I found that the dark current of the 

PN APDs was dominated by tunneling near breakdown. Therefore, a thin p- 

multiplication layer was inserted to reduce the tunneling current, increase the 

responsivity, and reduce the capacitance, which yielded a lower RC time constant. 
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Using simulations for device design, the first proposed multiplication layer 

thickness was 240nm, in order to keep the breakdown voltage below 100V. To 

eliminate edge breakdown, the same doping density was used for the p and n 

cladding layers as in the p-n structure. Two wafers were grown and supplied to us 

by Cree, Inc.: PIN180 with 180nm-thick p- layer and PIN260 with 260nm-thick p- 

layer.  The top p+ contact layer was thinner and had a lower doping 

concentration than that of the PN structure. This resulted in a Schottky p-contact 

when Ti/Al, which was used for the PN APDs, was utilized. Therefore part of the 

work was devoted to developing a new ohmic contact (Ni/Ti/Al/Au). 

The performance of the first two PIN structures was similar, as shown in 

Table 8-1: 1) for PIN180 APDs, peak external quantum efficiency = 46% 

(λ=268nm), dark current density Jdark= 0.44µA/cm2 @ M=1000 and low excess 

noise, corresponding to k=0.12; 2) for PIN260 APDs external quantum efficiency 

=52% (λ=268nm), Jdark=0.32µA/cm2 @ M=1000 and k=0.10. The speed of all of 

the APDs (PN, PIN180 and PIN260) was found to be RC-limited at unity gain, 

with increased bandwidth for thicker depletion regions.  

 
Table 8-1 Performance summary of different APD structures 

Wi Vbr Idark@M=1000 Peak QE Effective k Capacitance@-10V
PN 0 61V 2nA 35% 0.15 5.3pF

PIN180 180nm 84V 35pA 46% 0.12 2.1pF
PIN260 260nm 107V 25pA 52% 0.1 1.6pF
PIN480 480nm 144V 5pA 42% 0.1 1.3pF
PIN960 960nm 238V 1.5pA 53% / 0.74pF
SAM_I 2000nm 75V-240V Edge breakdown 85% / ~0.4pF after RT
SAM_II 1500nm 110V-260V >2nA 83% 0.2 ~0.4pF after RT  

 

From the PN APDs to the PIN260 APDs, the dark current decreased 

approximately 80 times, which was attributed to reduced trap-assisted tunneling. 
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However, the dark current near breakdown was still higher than that expected. 

Temperature-dependent and diameter-dependent I-V measurements were used to 

study the origin of the dark current in these APDs using various passivation 

methods and device sizes. The passivation studies showed that samples passivated 

only using PECVD SiO2, exhibited leakage current from the mesa sidewall at 

moderate bias. Samples passivated using thermal oxide, exhibited lower dark 

current up to breakdown at room temperature. However, an anomalous dark 

current was observed at high temperature, which was eliminated by removing the 

thermal oxide and then depositing PECVD SiO2. The anomalous dark current at 

high temperature was attributed to carbon clusters that remained on the surface 

after thermal oxidation. Samples characterized using diameter-dependent I-V 

measurements showed that a sacrificial thermal oxide reduced the surface 

leakage. The bulk-leakage studies showed that trap-assisted tunneling was the 

dominant dark current mechanism near breakdown for those APDs. Therefore, the 

second PIN structures were designed with a proposed thickness of 480nm and 

640nm, and a 200nm p+ contact layer thickness. The SIMS data showed that the 

final thicknesses were 480nm and 960nm.  

The performance of the second PIN structures is summarized in Table 8-1: 

1) For PIN480 APDs, peak external quantum efficiency = 42% (λ=284nm), dark 

current density Jdark= 64nA/cm2 @ M=1000, low excess noise, corresponding to 

k=0.1; 2) for PIN960 APDs quantum efficiency = 52.7% (λ=288nm), 

Jdark=19nA/cm2@ M=1000. The dark current was reduced more than one order of 

magnitude compared to the PIN180 APDs. The reverse dark current study showed 
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that tunneling was no longer the dominant leakage mechanism for PIN480 and 

PIN960 APDs. Instead, the defect or trap-assisted Poole-Frenkel effect became 

the dominant mechanism. 

To improve the speed and sensitivity, a SAM_I structure was studied and 

showed a low reach-through voltage (<55V) and high external quantum (85% @ 

λ=274nm) at unity gain. However, edge breakdown dominated in this structure, 

owing to the negative edge bevel. Sidewall bevels from 2o to 75o were fabricated 

in an effort to decrease the edge electric field, but the highest gain that could be 

achieved was still less than 10. Multi-step junction extension termination was also 

tested without success. Therefore, a SAM_II structure, with a positive bevel, was 

designed, to optimize the solar-blind performance, and was grown at the GE 

Global Research Center. 

From two-dimensional raster scan measurements, edge breakdown was 

effectively eliminated in the SAM_II APDs. The maximum gain achieved was 

higher than 1000. The peak quantum efficiency was 83% at 278nm (Table 8-1), 

and the effective k value was 0.2 using 280nm UV LED illumination. 

During the study on the SAM_I structure, it was found that the reach-

through voltage varied from 33V to 60V. Some APDs broke down before reach-

through, while some APDs broke down after reach-through, with a breakdown 

voltage that varied from 75V to more than 240V. The breakdown voltage 

variation was also observed for PN and PIN APDs.  

This variation was also associated with photoresponse nonuniformity in 

APDs at high gain. At gains >1000, the direction in which the spatial response 
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increased was the same as that of decreasing breakdown voltage. From 

capacitance-voltage measurements, we found that the effective doping density 

changed with position, increasing from the center to the edge of the wafer, 

corresponding to a slight decrease in the multiplication layer thickness. The 

variation in the effective doping density was much higher than that of the 

multiplication layer thickness. Based on this data, a local model with hole-

initiated multiplication was used to simulate the gain versus the variation in the 

effective doping density. The simulation showed that a difference of 0.03% in the 

effective doping within an APD could account for the observed photoresponse 

nonuniformity at high gain. The nonuniform doping characteristic was observed 

for all APD structures in this work. 

In summary, I demonstrated high performance 4H-SiC APDs. The dark 

current for a 100µm-diameter APD, at a gain of 1000, was reduced from 2nA to 

1.5pA, by elimination of the tunneling current. SAM APDs were demonstrated 

without edge breakdown. The following performance of 4H-SiC APDs was 

achieved: gain as high as 108, low excess noise corresponding to the effective 

k=0.1, and high external quantum efficiency 83%. 

 

8.2 FUTURE WORK 

The promising performance of SiC APDs offers numerous opportunities 

for future experimental and theoretical studies. Some ideas to extend the current 

study are described here: 
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1) A SACM (separate absorption, charge and multiplication) APD structure 

can be implemented to decrease the excess noise of the SAM_II APDs. With this 

new structure, a thin i-layer (~400nm) serving as the multiplication layer can be 

inserted between the charge layer and the absorption layer, resulting in a lower 

electric field at breakdown. Thus it is expected that the effective k value will be 

reduced, because the ratio between the electron and hole impact ionization 

coefficients decreases when the electric field is reduced. Additional, according to 

the dark current study of the SAM APDs and the PIN APDs, the dark current for 

these SACM APDs should be lower compared to the SAM APDs. 

2) For some biological applications, wavelengths longer than 380nm are 

required. Two possible approaches for achieving a high responsivity at these 

wavelengths are: a) fabricate APDs in another SiC polytype with narrower 

bandgap compared to 4H-SiC, such as 6H-SiC or 3C-SiC or b) use a hetero-

structure SAM or SACM structure. For the SAM and SACM approaches, 4H-SiC 

can serve as the substrate and the multiplication layer. The absorption layer and 

the top contact layer could be 3C-SiC or 6H-SiC. An epitaxial layer of 3C-SiC on 

4H-SiC was demonstrated by Neudeck’s research group [88]. Another material 

option for hetero-structures is InGaN, which could be grown using an appropriate 

buffer layer, or the wafer bonding technique. The benefit of the combination of 

4H-SiC with nitride materials is that 4H-SiC has a low k value thus low excess 

noise, while nitride materials can be tuned to a wide range of detection 

wavelengths.  
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3) The quantum efficiency of the PIN960 structure can be improved using a 

recess window technique. Another area that needs improvement is the p-contact, 

which failed under the stress of breakdown voltage for this structure. In addition, 

a study of thicker i-layer (Wi > 960nm) 4H-SiC APDs is essential for determining 

the low dark current limit. 

4) The passivation techniques need to be improved for APDs with thicker i-

layers. We observed the SACM APDs with a thick multiplication layer ( ≥ 

2000nm, the wafer provided by GE Global Research) showed arcing at the 

sidewall. Besides thermal oxidation, additional thick passivation layers (in several 

micrometers) can be overlayed at the sidewall to prevent arcing. Polyimide or 

epoxy might be used for this purpose.  

The surface leakage could be the dominant leakage for PIN480 APDs 

according to the measured activation energy value (Section 5.4). A complete 

study of ICP etching would be helpful to minimize the surface leakage. 

5) Based on the SIMS data and C-V measurements of PN and PIN structures, 

the impact ionization coefficients of 4H-SiC need to be determined more 

accurately than the current reported values.  



136 

Appendix A   Process Flow of Packaged 4H-SiC 
APDs 

 
 

 
1. Surface preparation of as grown SiC:  

a. identify the surface to be processed 

b. cut into small pieces with a diamond scriber  

c. organic solvent cleaning (acetone, methane and isopropol) 

d. BOE pre-process dip for ~30 sec 

4H-SiC n+

i
p
p+

SiO2 p-contact
bonding-pad 

n-contact 

Top View 

Cross sectional View
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e. DI rinse and N2 blow dry 

 

    
 

2. Etching mask lithography 

a. standard surface clean 

b. spin on AZ 4620 @ 4K rpm for 40 seconds 

c. softbake in oven at  90° C for 7 minutes 

d. photolithography using SUVOS_II mask “mesa” layer, exposure for 1.8 

minutes 

e. develop in AZ400 (1:3 DI water) for ~50 seconds, depending on 

exposure, developer, etc. 

f. optical inspection to ensure fully developed 

g. α-step measurement to verify photoresist step height (>=8µm) 

h. hardbake @ 120° C for 10 minutes (for bevel formation), or hotplate 

bake @ 150° C for 20 seconds, bevel angle < 9o, for 100µm-diameter 

devices) 

 

3. Mesa formation  

a. RIE using process parameters: BCl3/6sccm; RF/100W; Base/50mTorrr. 

Time established based on etch rate and depth desired, for PIN480 

APDs, 65minutes 

b. measure and record step height in a test region, repeat a) if necessary for 

the etch depth 

4H-SiC n+

i
p
p+
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c. strip photoresist using acetone--- in ultrasonic bath for as long as 

necessary 

d. standard surface clean 

e. α-step measurement to verify step height 

 

   
 

 

4. Passivation   

a. remove RIE residues in NH4OH + ultrasonic bath for 10 minutes 

b. RCA-1 clean: 4:1:1 DI:NH4OH:H2O2, 75 oC/5 minutes 

c. RCA-2 clean: BOE, 20 oC/40 seconds 

d. RCA-3 clean: 4:1:1 DI:HCl:H2O2, 75 oC/5 minutes 

e. load into wet thermal oxidation furnace, 1050oC/3 hours 

f. deposit PECVD SiO2, program (SiC_20m.prc), with a dummy Si sample 

g. adjust time to grow oxide layer to ~6000 Å, temperature=285oC 

h. verify SiO2 thickness on dummy Si sample using nanospec 

i. perform BOE etch calibration on the dummy Si sample 

 

 

 

4H-SiC n+

i
p
p+

4H-SiC n+

i
p
p+



139 

 

 

5. Contact formation 

a. Standard surface clean and N2 blow dry 

b. spin on promoter (twice if necessary) and AZ 5214 @ 4K rpm for 40 

seconds 

c. softbake in 90° C oven for 8 minutes 

d. photolithography alignment using SUVOS_II mask “P&N_METAL” 

layer 

e. expose for ~35 seconds 

f. develop in AZ 726 for 45 seconds (depending on exposure) 

g. optical inspection to ensure full development and alignment 

h. hardbake in 120° C oven for ~20 minutes 

i. BOE, based on the calibrated etch time for the dummy Si sample + 30-

45 seconds for thermal oxide 

j. e-beam evaporation of p & n metals Ni(350 Å)/Ti(500 Å)/Al(1500 

Å)/Au(800 Å) 

k. lift-off in acetone (ultrasonic if necessary) 

 

 

 
 

6. Contact annealing 

4H-SiC n+

i
p
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a. perform basic electrical characterization of diodes to determine pre-

anneal series resistance and ideality factor; perform TLM measurements 

b. standard clean and N2 blow dry 

c. RTA (varies with samples), 850oC-900oC/3minutes; cut into smaller 

pieces for testing if necessary 

d. perform TLM measurements, check ohmic characteristics, perform basic 

electrical characterization of diodes to determine post-anneal series 

resistance and ideality factor 

 

7.  Wire-bonding pad formation 

a. standard surface clean and N2 blow dry 

b. spin on promoter and AZ 5214 @ 4K rpm for 40 seconds 

c. softbake in 90° C oven for 10 minutes 

d. photolithography alignment using SUVOS_II mask “PADS” layer 

e. expose for 35 seconds 

f. develop in AZ 726 for 50 seconds (over-develop for 5 seconds) 

g. optical inspection to ensure full development and alignment 

h. hardbake @ 120° C for 10 minutes 

i. e-beam evaporation of contact pad metals 

1). Ti 400 Å 

2). Au 1500 Å 

j. lift-off in acetone (ultrasonic only if necessary) 
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8. Device packaging 

a. scribe the sample into dies for wire-bonding (<2mm x 2mm) using 

ultraviolet pulse laser (266nm) 

b. perform current-voltage measurements, select good dies and devices 

c. put the die onto a TO header with epoxy (epoxy A and B ) , hardbake 

@150oC for 30 minutes 

d. acetone clean the surface if necessary 

e. wire bonding for p and n contacts 

f. perform electrical characterization on an HP test fixture with TO header 

sockets 

g. done 
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 Φ=250µm

Φ=100µm

Φ=150µm

TLMΦ=50-200µm  
 

SUVOS_II Mask Layout 
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