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Power electronics systems require robust power switches to operate at high 

temperatures to meet the demand for smaller and higher power density systems. The 

improvement in material technology has made 4H–Silicon Carbide (SiC) a promising 

material for power electronics applications. This is because SiC has superior properties 

such as high electric breakdown field, high thermal conductivity and high bandgap. 

Compared to other devices made on SiC, such as BJTs and IGBTs, SiC gate turn-off 

thyristors (GTOs) are favorable devices for power electronic applications due to their 

ability to operate at high current and high voltage levels under high temperature, which is 

attributed to conductivity modulation in the drift layer of the device. Furthermore, SiC 

GTOs offer several advantages over Si thyristors and Si GTOs such as compactness, 

higher current density, faster switching, and higher temperature operation.  

This dissertation presents the design, fabrication and characterization of 4H-SiC 

GTOs, along with the study of the multistep junction termination extension (MJTE) for 

high power 4H-SiC devices. The physics-based MJTE design and optimization via 

numerical simulations has been studied.  The 3-step MJTE with the maximum blocking 

voltage of 7630
 
V, which is 90% of the ideal breakdown voltage, has been demonstrated.  



 

 

iii 
 

The design of MJTE has been applied to the fabrication of GTOs. 0.1 cm
2
 4H-SiC greater 

than 6
 
kV GTOs have been demonstrated with MJTE utilized successfully. A relatively 

large area, high voltage 4H-SiC GTO that exhibits encouraging characteristic at the on- 

and off-state, low leakage current and high yield is presented. Initial pulse testing results 

shows that the fabricated GTOs can handle both the high current density and the high 

turn-off speed.  
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CHAPTER  1 INTRODUCTION 

1.1 Silicon Carbide for Power Devices 

Power devices constitute the heart of modern power electronic apparatus. Depending 

on the specific application, power devices can be classified in terms of their current and 

voltage handling requirements as shown in Fig. 1-1, where the boxes indicate the device 

voltage and current ratings that the system requires [1]. Typically, a specific power 

device structure is only suitable for a certain voltage or power range application. The 

high-power end of this chart is dominated by power thyristors, like gate turn-off 

thyristors (GTOs). In the medium voltage range of 300 to 30
 
kV, insulated gate bipolar 

gate transistors (IGBTs) are usually an optimal choice with significant current handling 

capability. Power MOSFETs are normally used at lower voltage ratings for higher 

frequency applications, [1] .   

 

 

Fig. 1-1 Applications of power semiconductor devices, [1]. 
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There is no doubt that silicon (Si) is the most commonly used semiconductor 

material in manufacturing power devices because of its high availability and a low 

production cost. However, devices based on Si are not able to operate at temperatures 

above 200
 o

C, because of excessive junction leakage currents. This limitation becomes 

even more severe when high operating temperatures are combined with high-power, 

high-frequency and high-radiation. High temperature circuits are used in various 

applications, such as aerospace applications, nuclear power instrumentation, space 

exploration, and automotive electronics. Wide band-gap materials have to be used in 

order to build devices capable of operation at high temperatures and high power under 

high frequencies. Some of the main materials of interest for such applications are shown 

in Table 1-1. The Baliga figure-of-merit (BFOM = 
3

Cr E [2]) values for all materials in 

the table have been standardized to that of silicon. 

 

Table 1-1 Material properties of the well-known semiconductors [3,4] 

Material 
Eg 

(eV) 
εr μn (cm

2
/V·s) 

Ec 

(MV/cm) 

vsat 

(10
7
cm/s) 

λ 

(W/cm·K) 
BFOM 

Si 1.12 11.8 1350 0.3 1.0 1.5 1 

Diamond 5.5 5.5 2200 5.6 2.7 20.0 4260 

GaN 3.39 9.0 900 3.3 2.5 1.3 676 

4H-SiC 3.23 9.7 720 3.0 2.0 4.9 450 

Notes: Eg – bandgap, εr – dielectric constant, μn – electron mobility, Ec – breakdown 

electric field, Vsat – saturated electron velocity, λ – thermal conductivity 

From this comparison, we can see that the popular wide band-gap semiconductors 

are at least hundreds of times better than silicon for power devices. Even though, they do 
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not yet challenge silicon’s existing dominance in this market, their increasingly maturing 

technology is expected to lead to a great commercialization success in the years to come. 

Power devices based on wide band-gap semiconductors have following advantages: 

 The intrinsic temperature, i.e., the temperature where the intrinsic carrier 

concentration becomes comparable to the doping concentration, is extremely 

high. For example, assuming a doping concentration of 10
15 

cm
-3

, the intrinsic 

temperature, at which the intrinsic carrier concentration reaches 2x10
14 

cm
-3

, is 

approximately 1100
 o

C for 4H-SiC, as compared to 245
 o

C for Si. This makes 

wide band-gap semiconductors extremely attractive for high-temperature 

application; a suitable high temperature semiconductor technology could allow 

bulky aircraft hydraulics and mechanical control systems to be replaced with 

heat-tolerant control electronics. On-site electronics, actuators, and sensors 

would reduce complexity and increase reliability. 

 Because the wide band-gap does not degrade the electronic properties of wide 

band-gap semiconductors, so the power devices based on wide band-gap 

materials can be useful in aerospace applications with a reduced radiation 

shielding. 

 Because of the high electric breakdown field, the drift region can be much 

thinner than that of their Si counterparts for the same voltage rating, thus a much 

lower specific-on resistance could be obtained. With a lower specific-on 

resistance, the wide band-gap based power devices have lower conduction losses 

and higher overall efficiency. 
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 Because of the high-saturated drift velocity, the power devices based on wide 

band-gap materials could be switched at higher frequencies than their 

counterparts. Moreover, the charge in the depletion region of a diode can be 

removed faster if the drift velocity is higher, and therefore, the reverse recovery 

time is shorter. 

 Higher thermal conductivity allows heat generated in the power devices to be 

more easily transmitted to the case, heat-sink and then to the ambient. Thus 

power devices based on wide band-gap materials have high thermal stability.  

Among these wide band-gap semiconductors, diamond is often cited as the ultimate 

materials [5], which is readily explainable by the BFOM criteria. However, the extreme 

difficulties in a single crystal growth and shallow doping have kept diamond from the 

successful electronics development for many years.  

GaN, on the other hand, has been a notable alternative to SiC and is under active 

research worldwide by many teams. However, the difficulty in the GaN native substrate 

technology and the high defect density in GaN epilayers still raises serious concerns and 

questions, making it less successful than SiC for power device applications. 

In short, although Silicon Carbide (SiC) does not possess the highest BFOM in the 

group, it is by far the most matured and commercially available wide bandgap material 

compared to its alternatives. In addition, 4H-SiC, the most commercially available 

polytype of SiC, offers more favorable properties compared to the others, such as 3C-SiC 

and 6H-SiC. Today’s SiC material suppliers like Cree are already offering zero-

micropipe density 4H-SiC wafers up to 100
 
mm in diameter. Given the vastly improved 

material technology as of today and the superior properties of SiC over silicon, we 
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strongly believe that this is the right time to engage in the development of novel power 

device and integrated circuit technologies on 4H-SiC. 

1.2 4H-SiC Bipolar Switching Devices 

There has been a rapid improvement in SiC materials and power devices during the 

last few years SiC unipolar devices such as Schottky diodes, JFETs and MOSFETs have 

been developed extensively and advantages of insertion of such devices in power 

electronic systems have been demonstrated [6, 7]. However, unipolar devices for high 

voltage systems suffer from high drift layer resistance that gives rise to high power 

dissipation in the on-state. For such applications, bipolar devices are preferred due to 

their low on-resistance.  

1.2.1 SiC BJTs 

SiC power BJT has been developed in recent years due to its unique properties such 

as low on-resistance, normally-off nature, positive temperature coefficient of the on-state 

resistance, negative temperature coefficient of the current gain, and fast switching speed. 

Fig. 1-2 [8] shows a typical 4H-SiC power BJT structure. Because of the high breakdown 

electrical field in 4H-SiC, both the base layer and the drift-layer can be much thinner and 

the doping could be much higher than in Si-BJT. The thinner drift layer leads to a lower 

specific on-resistance, a thinner base helps to get a higher current gain. Higher doping in 

the drift layer is important to prevent the secondary voltage breakdown.  

SiC BJTs can address the device requirements in the 600
 
V to 10

 
kV range [8,9,10,  

11]. It is currently the only normally-off device in SiC which could achieve an on-

resistance comparable to Silicon CoolMOS in the 600–900
 
V range, and exhibit the 

superior high temperature operation capability. Due to the absence of a gate oxide, SiC 
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BJTs are expected to operate in a stable manner at higher temperatures.  

 

 

Fig. 1-2 Simplified cross-sectional view of the npn 4H-SiC BJT, [8]. 

 

The above advantages of SiC BJTs allow the system to work at higher frequencies 

resulting in the reduced size and cost of the passive component. This is very attractive for 

applications that demand a higher power density or operating temperature, such as the 

traction drive used in hybrid electric vehicles and power supplies. SiC BJTs have several 

distinguishing features: (1) Compared to SiC MOSFETs, SiC BJTs have a lower on-

resistance, are free of gate oxide problem and the fabrication cost is currently less than 

for MOSFETs; (2) SiC BJTs exhibit a positive temperature coefficient of the on state 

resistance and a negative temperature coefficient of the current gain, which allow easy 

paralleling of SiC BJTs; (3) SiC BJTs have demonstrated a square Reverse Bias Save 

Operating Area (RBSOA) boundary without second breakdown; (4) the conductivity 

modulation of the drift layer in SiC BJTs is very minimal, which allows the device to 
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operate at high frequency. Moreover, a current gain of 50–70 has been routinely achieved 

on SiC BJTs, which can significantly simplify the gate drive circuits. [12] 

The obstacle for commercialization of SiC BJTs is the presence of degradation in the 

on-resistance and current gain. The recombination-induced stacking faults (SFs) have 

been identified as a prime cause. When nucleation sites are available, SF development 

results in the performance degradation in SiC BJTs. These SFs originate from basal plane 

dislocations (BPDs). A high density of SFs corresponds to an on resistance increase after 

electrical stress and a significant current gain reduction. When SiC BJTs are operated in 

the saturation region, the base and collector regions of the transistor are flooded with 

electron-hole pairs. It was speculated that the recombination of electron-hole pairs in the 

emitter, base, and collector regions gives rise to SFs. These SFs reduce the lifetime of the 

minority carriers in the emitter and base, which in turn results in the reduced current gain. 

The increase in the on-resistance of the BJT can be explained by SFs as follows: In the 

drift region, SFs act as carrier traps, effectively providing local areas of increased 

resistivity, thereby increasing the spreading resistance of the device; in the base region, 

SFs significantly suppress the conductivity modulation, thus dramatically increasing the 

base resistance, [13]. 

1.2.2 SiC IGBTs 

While SiC BJTs do not show substantial conductivity modulation, SiC IGBTs 

depend upon it for a low forward drop for more than 10 kV switches. IGBT is desirable 

due to its simple gate drive requirement and its great success in the silicon world. There 

are two types of IGBTs based on the channel polarity. A p-IGBT is composed of a p-

channel MOS structure and a wide-base NPN transistor. On the other hand, an n-IGBT is 
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composed of an n-channel MOS structure with a wide-base PNP transistor. For typical 

power circuits, gate drive circuits usually reference the gate control signal to the cathode. 

However, in the case of p-IGBTs, the gate is referenced to the anode terminal. 

Technically, the SiC MOS structure has been demonstrated with high breakdown strength 

and a low interface charge density in recent years, paving the way for possible 

demonstration of IGBTs.  

Both n-channel and p-channel IGBTs have been demonstrated on 4H-SiC with high 

blocking voltages [14, 15, 16]. Thanks to the great effort and progress made on SiC 

MOSFETs, n-IGBTs have been demonstrated with an excellent device performance for 

static and dynamic characteristics. On the contrary, p-IGBTs have taken a little longer 

because of the immaturity of p-MOS based design and fabrication. Theoretically, 

complementary SiC IGBTs should have identical specific on-resistances. With respect to 

the switching speed, n-IGBTs should be faster due to a much lower current gain of 

backside P+NP transistor than that of N+PN in p-IGBTs as shown in Fig. 1-3 [12]. 

However, the switching performance of p-IGBTs could be improved by optimization of 

the field-stop layer doping concentration, thickness and lifetime. One concern with n-

IGBTs is the temperature coefficient of the forward voltage drop. The n-IGBT power 

handling capability might be significantly reduced at high temperatures due to the low 

hole mobility, [12]. 

After near 20 years of research since the first report of SiC IGBT, the gate oxide on 

SiC still continues to be the major reliability concern, especially if SiC IGBTs are to be 

operated at higher temperatures, although a great progress has been made for SiC 

MOSFETs [17]. It is widely know that the gate oxide reliability problem in actual power 



9 

 

 

 

switches, especially under the high electric field and temperature [18,19,20], is far from 

being solved because the source of the problems are fundamental: (i) hot carriers can 

more easily get into the gate oxide and be trapper because of the substantially smaller 

conduction band discontinuity in SiC/SiO2 structure; (ii) oxidation of SiC does not lead to 

near perfect SiO2 (unlike oxidation of Si) because C atoms always remain in SiO2 while 

oxidation of Si leads to perfect SiO2 (without C atom problem); (iii) n-channel carrier 

mobility is very low, in the range of 15 to 30 cm
2
/V/s when it should be in the range of 

400 cm
2
/V/s (p-channel mobility is even lower, only about 1/8 of the n channel mobility). 

 

 

Fig. 1-3 SiC IGBT structures for p-channel, [12]. 

 

1.2.3 SiC GTOs 

Some high voltage SiC MOSFETs and IGBTs have demonstrated performances 

superior to that of Si devices. However, the on-resistance of SiC MOSFETs and n-

channel IGBTs increase significantly as the blocking voltage (≥ 5 kV) and the operating 
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junction temperature increase [21,22] because of the MOS reliability issue. In contrast, 

the SiC GTO, which not only does not have the gate oxide rupture issue, but also has the 

double-side carrier injection and the strong conductivity modulation in the drift region, 

can maintain a low forward voltage drop at high temperatures at the 10 kV to 30 kV 

blocking voltage level. The high voltage (10 kV-25 kV) SiC GTOs will have an important 

impact on the future utility applications because they can greatly reduce the number of 

series connected devices when compared to the silicon devices, leading to a huge 

reduction of the power electronic system size, weight, control complexity, cooling cost, 

as well as providing an improvement of the system efficiency and reliability. Therefore, 

4H-SiC GTO is a very attractive device for high voltage, high power, high temperature 

application.  

 

 

Fig. 1-4 Increase in SiC GTO chip size over the past ten years demonstrated at CREE, [26]. 

 

4H-SiC GTOs have been demonstrated by CREE, Inc., Northrop Grumman, and few 

universities since the late 90s for very high voltage applications in utility (for example - 

Fault Current Limiters) and pulse power applications [23,24,25]. The devices were made 
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on n-type 4H-SiC substrates resulting in an npnp structure, which is inverse of the 

conventional pnpn structure used in the silicon technology. This is necessary in SiC due 

to the high resistance of the p-type SiC substrates. The limitations on the epilayer 

thickness and the device footprint have generally limited these results to a few thousand 

volts of the blocking voltage and several amps. The small size was partially attributed to 

the presence of the high density of micropipes in the SiC crystal. In the last several years, 

the SiC technology has made tremendous strides in reducing the defect density which has 

enabled larger SiC GTO chip sizes as shown in Fig. 1-4 [26]. The micropipe density 

(MPD) has been reduced from more than 10 cm
-2

 in 90s to less than 1 cm
2
 in early 2005, 

and eventually zero MPD published in 2008 [27]. The blocking voltage of SiC GTOs is 

dependent upon the thickness and doping concentration of the drift layer. As the recent 

improvements in the growth process of the thicker epilayer, the blocking voltage has been 

steadily increases from 5 kV in 2003, 6 kV in 2007 to 9 kv in 2009. 

1.3 4H-SiC GTO Fundamentals  

A typical device cross-section of SiC GTO is shown in Fig. 1-5. As a result, unlike 

silicon GTOs, SiC GTOs have anode on the top and cathode on the bottom. The gate is 

referenced to the anode. The anode layer is formed by epitaxial growth as in SiC BJTs 

since ion-implantation of p+ will cause too much damage and reduce the current gain of 

the PNP transistor. 

To turn-on the GTO, the anode is grounded. A negative voltage is applied to the 

cathode and a gate current (electron current) is injected into the base resulting in the 

forward biasing of junction J3 and turning on the upper PNP transistor. Its collector 

current provides the base current for the lower NPN transistor. The injected electrons 
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from the cathode region diffuse across the P- drift region and get collected by junction J2 

as the base current of PNP transistor. Once this happens, the two transistors are coupled, 

the thyristors latches and allows on-state current conduction without the gate signal. 

 

 

Fig. 1-5 Cross-section of a GTO cell with circuit symbols. 

 

In Fig. 1-5 the current amplification factor of transistor PNP is called apnp, and that of 

transistor NPN, anpn. If reverse current IGQ flows through the gate, base current IB at 

transistor PNP is reduced when IGQ is increased. This relationship can be expressed by the 

following equation: 

               Eq. 1-1 

where IK is the cathode current.  

On the other hand, hole current IRB, which disappears due to the recombination in the 

PNP base layer, can be expressed as follows: 
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               Eq. 1-2 

where IA is the cathode current.  

The relationship between GTO anode current IA and cathode IK current is expressed 

by the following equation: 

             Eq. 1-3 

To turn off the GTO,    must be smaller than    . The magnitude of the reverse-bias 

current can be calculated by the following equation: 

     
            

    
      Eq. 1-4 

As can be seen from what has been discussed, it is possible in theory that a GTO can 

carry out the turn-off if an adequate magnitude of the reverse bias current is supplied to 

the gate. The most important parameter during the turn-off is the gate resistance since the 

maximum electron current extracted from the base is dependent on the reverse blocking 

capability of J3. Under this condition, the electron current conducting underneath the 

anode layer causes a voltage drop along the base resistance which makes J3 in reverse 

bias. The maximum gate current is given by Eq. 1-5 [12]: 

   
    

  
 Eq. 1-5 

where VGR is the breakdown voltage of the gate-anode junction; RB is the base resistance. 

n is a constant which is related to the cell design of the device. 

Three important features for SiC GTOs should be noted: (i) the maximum IG for SiC 

is much higher than in Si due to a higher VGR; (ii) n-GTO has a much lower maximum 

gate current than p-GTO due to the much higher p-type base resistance; (iii) the 

uniformity of the base resistance is crucial to achieving a uniform turn-off of GTO, 
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especially for big size devices. Since the anode finger is formed by dry etching, the 

etching rate uniformity will directly affect the base resistance. 

 

1.4 Edge Termination in Power Devices  

Power devices operate at high voltages in the blocking mode. Along the direction of 

current transport, the space-charge region drops this voltage such that the electric field 

decreases linearly away from the junction. Under this 1-D approximation, iso-electric 

field contours are parallel to the junction. But since a power device is of a finite size, 

edges of the device are formed by cleaving the substrate. If this irregular surface were to 

be exposed to high electric field, voltage would not be dropped smoothly across the 

epitaxial layer. So, while the back side (non-junction) contact of a discrete power device 

covers the entire face, the front side contacts cover a smaller area outside which the 

potential rises to that at the backside. Hence, the high voltage at the junction also has to 

be dropped across the surface of the device. If no special “edge-termination” schemes are 

used, this voltage drops abruptly at the edge, causing a high electric field which leads to 

the device breakdown well below the parallel plane breakdown limit. So, various electric 

field termination schemes have been developed to spread the lateral electric field at the 

edge of the device over a wide enough region such that the lateral breakdown voltage 

approaches the parallel-plane breakdown voltage [1]. 

SiC, with its superior properties of the high breakdown field and the high thermal 

conductivity, is an attractive material for high-power and high-temperature applications. 

To utilize the high breakdown field in a high-voltage device, an efficient junction 

termination is needed. Among different high-voltage junction termination techniques, the 
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multistep junction termination extension (MJTE) has been considered as a preferred 

method due to its simple design and processing technique [32]. The design and 

optimization of MJTE for high power SiC devices will be considered in this thesis  

 

1.5 Outline of the Dissertation 

In the introduction, material properties of 4H-SiC, 4H-SiC bipolar switching devices 

research status, and GTO theory are reviewed. In the following chapters of this 

dissertation aim to further investigate these crucial issues in 4H-SiC power GTO device 

design and fabrication process, optimize them, and improve the overall performance of 

4H-SiC GTOs.  

Chapter 2 discusses the details on physics-based 2-D 3-step MJTE design and 

optimization by using numerical simulation and demonstrates 3-step MJTE for more than 

7 kV NPN structure for high power GTOs. 

Chapter 3 focuses on the design and simulation of more than 6 kV GTO. Static and 

dynamic characteristics will be analyzed by 2-D simulation. Then the design of GTO 

mask sets will be introduced after the discussion of device simulation. 

Chapter 4 introduces a detailed process on GTO fabrication from the mesa etch to the 

metal overlay formation. Then, the dissertation presents and analyzes the static and 

dynamic characterization of the fabricated devices. 

Chapter 5 summarizes the achievements in this research and the knowledge gained 

through the technology developed. A discussion on the remaining challenges and 

suggestions for future work are also given in this chapter. 
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CHAPTER  2 DESIGN AND DEMONSTRATION OF MJTE FOR 

4H-SiC GTO 

The edge termination is a critical technology for power devices. An effective edge 

termination technique makes the electric field distribution more uniform at the edge of 

device, in order to approach the ideal breakdown voltage capability of the epitaxial layer 

used. In the past, various termination techniques, which include field plate (FP) [28], 

guard ring (GR) [29], multizone junction termination [30] and MJTE [31], have been 

employed for SiC power devices. High voltage FP techniques are constrained by the need 

for thick oxide layers to reduce the high oxide field, and are often limited to less than 2 

kV to ensure a reliable operation. The disadvantage of GR based devices is that they need 

accurately optimized ring spacing. In comparison to the multizone ion implantation, 

which requires a multistep implantation for the edge termination, the MJTE could be 

advantageous since no extra implantation step is needed when utilized in SiC devices 

with an implanted anode structure, and the extra dry etch steps can be performed by using 

AlTi as the etch mask, a process that is much simpler in comparison to the process for 

multistep ion implantation. Among all of these edge termination structures, the MJTE has 

become one of preferred methods due to its simple design, processing technique, and 

ability to achieve close to 100% of the ideal parallel junction breakdown voltage [32]. 

However, fundamental studies on the edge termination structure for such high voltage 

devices (more than 6 kV) are still limited. The effects of reducing the electric field 

crowding should strongly depend on the JTE etching depth. To study the effect of 

different etching depths of 3-step MJTE on breakdown voltage and to optimize the design, 

2-D device simulation have been carried out by using Synopsys Sentaurus [33] and 
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compared with experimental results. In addition, by employing the 3-step MJTE, a more 

than 6 kV 4H-SiC GTO is experimentally demonstrated, which will be introduced in 

following chapters.  

2.1  Junction Termination Extension (JTE) 

The junction termination extension (JTE) technique [34] can give almost parallel 

plane breakdown voltage (up to 95%). It is convenient, because no complicated 

photolithography steps are needed and the amount of introduced charge can be precisely 

controlled by ion implantation. The JTE region should be totally depleted at the required 

blocking voltage applied. Key parameters of The JTE are length LJTE, depth dJTE, and 

doping concentration NJTE. A schematic view of a p-n junction with the JTE region is 

shown on Fig. 2-1. 

 

Fig. 2-1 Schematic cross section of a p-n junction with junction termination extension. 
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The length of the JTE is one design aspect that has a significant effect on the 

breakdown voltage, and it is important effect on breakdown voltage and thus is important 

in maximizing the available structure area. Templet et al. [35] has investigated the 

required JTE length through breakdown experiments with diodes of various extension 

length, and they have fit their results to the following empirical formula: 

   

        

          
    

    
  

  Eq. 2-1 

where the factor (LJTE/tepi) is the JTE length normalized to the substrate critical depletion 

width. Eq. 2-1 is plotted in Fig. 2-2, which indicates that in order to achieve close 100% 

of the parallel plane breakdown value, the JTE length must be at least four times the 

substrate depletion width.  Our results suggest that the JTE length be extended to about 

five times tepi. 

 

 

Fig. 2-2 Dependence of the breakdown voltage on the normalized JTE length. 
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The length should be chosen to be larger than the epilayer thickness in order to 

reduce the field at the surface by supporting the same voltage with a larger depletion 

width. However, it should not be much larger than the epilayer thickness in order to save 

valuable wafer space. The implanted dose D:   

                Eq. 2-2 

is determined by the maximum electric filed and it is equal to: (Ԑs · Ec)/q. If we express it 

in terms of the epilayer parameters it is:  

                        Eq. 2-3 

where ND and tepi are the epilayer doping and thickness respectively. Once we choose the 

dose, we can decide about dJTE and NJTE. Numerical analysis shows that for a given 

doping level of the junction extension, the breakdown voltage increases and then 

decreases, going through a maximum when the depth of the junction extension increases 

[36,37]. 

One problem with the JTE structure in SiC is the uncertainty in dopants activation, 

which can lead to ineffectiveness of the termination. A practical approach to realize a 

JTE structure is to implant it and then remove as much of the implanted thickness as 

needed to achieve the right charge balance. This reduces the number of photomasks 

needed, eliminates the uncertainty in the dopant activation efficiency, as the actual JTE 

charge can be adjusted by etching after implantation and dopant activation. A multiple-

zone JTE structure is more effective than a single-zone JTE. The different zones are 

formed by additional etching steps. 

In the multiple-zone JTE fabrication, the key step is to achieve an accurate dose of 

the implanted charge that becomes completely depleted close to the surface at the desired 
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breakdown voltage, thereby reducing the maximum electric field in the edge region. 

However, any implantation step is strongly dependent on the activation of implanted 

dopants that can differ with the annealing temperature and time. Furthermore, defect 

generation during implantation and surface degradation during the post-implantation 

annealling affect the device performance. 

In this chapter, a mesa-etched 3-step MJTE with different etching depth has been 

designed and demonstrated by controlled etching into the epitaxially grown p-doped layer 

as a modification to the implanted etched JTE termination. Although this method is based 

on a precise etch-depth control and can be affected by variations in thickness and doping 

profile of the epitaxial layer, it may provide a less sensitive processing technique by 

introducing 3-step MJTE that can act as a controlling tool for compensation of any 

possible variation in the processing condition.  

 

2.2  Design of 3-Step MJTE 

A typical device cross-section of a NPN structure with 3-step MJTE is shown in Fig. 

2-3. d1, d2 and d3 are etching depths for JTE1, JTE2 and JTE3, respectively. Each JTE 

step has been designed of the same length of 100um. As shown in Fig. 2-3, the NPN 

structure was designed on an n
+
 4H-SiC substrate. The first layer on n

+
 4H-SiC substrate 

is an n
+
 buffer. Next, a high doping p type buffer layer has been designed in order to form 

a punch-through structure. The above p drift layer of 60 μm thick doped to 9x10
14 

cm
-3

 is 

used to support the high blocking voltage. Finally, n-type layer with the thickness of 

dMJTE is on the top of the p
-
 drift layer. Two metal contacts were designed on top n-type 

layer and bottom n-type substrate, respectively. 
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The etching depths of MJTE prove to be the most critical, since etching depths can 

control the charge distribution and therefore alleviate electric field crowding at the edge 

of the junction. The optimum etching depths of each MJTE step need to be determined by 

two steps: (1) 2-D device simulation and (2) experimental verification. 

 

 
 

Fig. 2-3 Schematic cross-section of a NPN structure with 3-step MJTE. 

 

2.3  Simulation of 3-Step MJTE 

2.3.1 Breakdown Voltage 

 1-step JTE 

The simulation was conducted from single step JTE structure, which is shown in Fig. 

2-4 (a). With a single step 300m long JTE, it is not possible to independently control 
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both the peak bulk field and the peak surface field because the charge in the 1-step JTE 

zone is too far from the point of peak curvature field to have a maximal effect. As shown 

in Fig. 2-4 (b), 1-step JTE NPN structure can reach the breakdown voltage of 5.7 kV, 

which is below 0.8 fraction of the ideal breakdown voltage of 8.4 kV, at the optimum 

point. Since a further reduction in the JTE charge to decrease the peak surface field 

would result in a significant lost in the blocking voltage for 1-step JTE structure, it is 

necessary to design a new structure with more than one JTE steps to allow further control 

of the peak field without compromising the breakdown voltage.   

 

 (a) Metal Contact

Metal Contact

n

                         p
- 
drift

p
+ 

buffer

n
+
 buffer

n
+
 4H-SiC

300 m

d1

d
M

J
T

E



23 

 

 

 

 (b) 

Fig. 2-4 1-step JTE structure cross section view and the breakdown voltage as a function 

of extents on etching depth d1. 

 

 2-step JTEs 

Single step JTE structure is not possible to independently control both the peak bulk 

field and the peak surface field of a high voltage device. Hence, 2-step MJTEs, as shown 

in Fig. 2-5 (a) has been designed to continue MJTE studying. 2-step MJTEs show over 95% 

ideal breakdown voltage at d1 = 1.4 µm and d2 = 0.14 µm, which indicates that the JTE2 

has been fully depleted prior to the designed breakdown voltage, moving a second peak 

field to the junction of JTE1 and JTE2, thereby reducing the overall surface field.  
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 (a) 

 (b) 

Fig. 2-5 2-step JTE structure cross section view and the breakdown voltage as a function 

of extents on etching depth d1. 
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It should be pointed out that 2-step MJTE, like 1-step JTE, is sensitive with respect 

to d1, which plays a major role in control of the charge distribution in MJTE. ±5% 

variation of optimum etching depth d1 will result in a premature breakdown either at the 

outmost JTE edge or at the corner of the main junction. Fig.2.6 shows the simulated 

equipotential lines at a reserve voltage of 7 kV on a 2-step MJTE with the optimum 

design and Fig. 2-6 (a) shows details at the encircled resign with the equipotential lines 

starting to curve at the MJTE edge. Accordingly, Fig. 2-6 (b) shows the high field of 

almost 3MV/cm at the edge of 2-step MJTE, which indicates there is no too much room 

for improvement for 2-step MJTE with high blocking capability by tuning the etching 

depth. However, the surface filed and leakage current, while reduced, are not particularly 

well controlled for 2-step MJTE with less than 0.1 µm safe window in the actual process 

to have over 80% ideal breakdown voltage as shown in Fig. 2-5 

 
 

Fig. 2-6 Simulated equipotential lines (pitch: 200V) for 2-step MJTE with d1 = 1.4 m and 

d2 = 0.14 m. Insert (a) and (b) are details and field distribution at the encircled region. 
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 3-step JTEs 

The 2-step MJTE design can’t offer enough room in actual fabrication. Hence, it is 

necessary to develop 3-step MJTE to increase process windows, especially for JTE1 

etching depth d1.  Table 2-1 lists the key parameters for MJTE design: 

Table 2-1 Key parameters for MJTE design 

Step Length Depth 

1-step L1 = 300 µm d1;  d2 =  d3 = 0 µm 

2-step L1 =  L2 = 150 µm d1;  d2;  d3 = 0 µm 

3-step L1 = L2 = L3 = 100 µm d1;  d2;  d3 

 

 Fig. 2-7 shows the simulated breakdown voltage of the NPN structure with 3-step 

MJTE as the function of extents on etching depth d1 for different etching depths of d2 and 

d3, and indicates that the broad MJTE etching depth d1 window can be achieved by 

increasing the value of d2 and d3. For d2 = d3 = 0.08 μm, the breakdown voltage increases, 

and reaches the maximum value of 8.2 kV (97% of ideal value) at dJTE1 = 0.42 um, then 

decreases sharply with increasing JTE1 thickness dJTE1 (dJTE1 = dMJTE-d1). The narrow 

optimum MJTE depth window makes a big obstacle in the real devices fabrication, since 

it is difficult to shoot this peak point. Although the etching depth can be precisely 

controlled, the dopant profile is not totally constant through the epitaxial n-layer. In 

addition, the electric field distribution in the MJTE region can be perturbed by the fixed 

charge near the SiC surface as well as inside the passivation layer, which can vary across 

the wafer. This can result in a variation of the breakdown voltage across the wafer. So the 

more than 0.8 μm etching depth of d2 and d3 have been simulated and the optimum 
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window of etching depth d1 has be extended. In the case of d2 = d3 = 0.14 μm, the range 

of the optimum etching depth is from 1.26 μm to 1.46 m with the breakdown voltage of 

over 80% of the ideal value, as shown by full stars in Fig. 2-7. 

 

 
Fig. 2-7 MJTE breakdown voltage as a function of extents on etching depth d1 with 

various d2 and d3. 

 

In the MJTE design with d2 = d3 = 0.14 μm, the optimum range of d1 can be about 0.2 

μm with the breakdown voltage of over 80% of the ideal value, which is achievable in 

actual device fabrication. In order to exactly locate the range of the JTE1 etching depth, 

d1 was simulated from d1 = 1.1 μm to 1.7 μm while keeping d2 = d3 = 0.14 μm.  It is 

clearly seen in Fig. 2-8 that the breakdown voltage increases, reaches a maximum, and 

then decreases as the JTE1 etching depth d1 is increased. The highest breakdown voltage 
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is 8.3 kV, which is from the design of d1 = 1.36 μm and d2 = d3 = 0.14 μm. Table 2-2 lists 

the maximum breakdown voltage and the percent of ideal breakdown voltage of 8.4 kV 

for the MJTE design with d1 increasing from 1.2 μm to 1.6 μm and d2 = d3 = 0.14 μm. 

 

 

Fig. 2-8 MJTE determination simulation on the NPN structure at d2 = d3 = 0.14 μm. 

 
 

 

Table 2-2 Breakdown voltage and the percent of  the ideal breakdown voltage for 

MJTE design with d2 = d3 = 0.14 μm 

d1 (μm) 1.20 1.25 1.30 2.35 1.40 1.45 1.50 1.55 1.60 

BV (kV) 1.7 7.6 7.9 8.2 8.0 7.3 6.4 5.3 4.2 

% of ideal BV 20 91 94 98 95 86 76 64 50 
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2.3.2 Equipotential Lines 

For the case of d2 = d3 = 0.14 μm, the breakdown voltage is less than 50% of the ideal 

value at d1 = 1.6 μm with dJTE1 = 0.2 μm, which is a relatively thin MJTE layer compared 

to d1 = 1.2 μm with dJTE1 = 0.6 μm. The thin MJTE region completely depletes at the low 

reverse voltage, and the equipotential lines severely curve at the corner of main junction 

at point ① in Fig. 2-9 (a) at which the electric field crowding takes places, hence leads to 

a premature breakdown.  

On the other hand, the thick MJTE layer makes difficult to deplete even in the 

outmost step of MJTE at high reverse voltages and hence the potential lines are 

concentrated at the outmost edge of the MJTE region for d1 = 1.2 μm as shown at point 

② in Fig. 2-9 (c). The electric field crowding is at the outmost edge of the MJTE that 

involves the device to reach prematurely the blocking voltage, too.  

For maximum effectiveness, the charge in the MJTE layer is typically designed by 

etching depth control so that at the desired blocking voltage, the dopants in the MJTE 

layer are fully depleted and act as a high resistivity layer in which support the high 

surface and bulk fields. In the case, the maximum breakdown voltage of 8.3 kV is 

revealed in the MJTE structure of d1 = 1.36 μm, d2 = d3 = 0.14 μm, approaching 100% of 

the ideal parallel-plane breakdown voltage. Fig. 2-9(b) indicates the high efficiency of 

MJTE in spreading the equipotential lines near the edge of the junction at 8.3 kV reverse 

bias. 

 

Table 2-3 Relation between d1 and dJTE1 at d2 =  d3 = 0.14 μm 

d1 (μm) 1.20 1.36 1.60 

dJTE1(μm) =  dMJTE- d1 0.60 0.44 0.20 
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Fig. 2-9 Simulated equipotential lines (pitch: 200V) at 90% breakdown voltage for 3-step 

MJTE NPN structures with d2 = d3 = 0.14 m and (a) d1 = 1.2 m; (b) d1 = 1.36 m and (c) d1 

= 1.6 μm. Inserts are detail at ① and ②. 
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2.3.3 Electric Field 

The successful application of the solid state technology to power control required the 

development of GTOs capable of operating at a high voltage. It is apparent that it is 

necessary to design edge terminations which promote the bulk breakdown. 3-step MJTE 

has been designed and simulated in the previous sections. For a non-optimum design, 

equipotential lines were curved at the corner of the main junction or at the outmost edge 

of the MJTE region, at which the electric field crowding takes place. The high surface 

field in high voltage 4H-SiC devices can lead to the excess leakage and a premature 

breakdown at the surface of the devices.  

Fig. 2-10 shows the electric field distribution observed vertically from points of ① 

at X = 0 μm and ② at X = 300 μm in Fig.2.9, respectively. The optimum design with d1 

= 1.36 μm and d2 = d3 = 0.14 μm can independently control both the peak bulk field and 

the peak edge field. Compared with the d1 = 1.6 μm design, the optimum designed 3-step 

MJTE effectively suppress the peak electric field at the main junction edge from 3 

MV/cm to 1 MV/cm, which is about 60% of the value of the peak bulk electric field on 

the optimum design as shown in Fig. 2-10 (a). Hence, the breakdown voltage can be 

increased by about 100% from 4.3 kV at d1 = 1.6 μm to 8.3 kV at d1 = 1.6 μm. 

In contrast to the d1 = 1.2 μm design, as shown in Fig. 2-10 (b), the optimum design 

provides a balanced electric-field at both the inner and outer edges of the 3-step MJTE 

and significantly reduces the peak electric field at the outmost edge of MJTE by 40%, 

where JTE3 is fully depleted prior to the designed breakdown, moving the peak field into 

the junction of JTE2 and JTE3 and then the junction of JTE1 and JTE2, thereby reducing 

the overall peak surface field and resulting in nearly the ideal breakdown voltage.   
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Fig. 2-10 The electrical field is observed vertically (a) along the main junction 

edge at X = 0 μm and (b) along the outmost edge of MJTE at X = 300 μm. 

 

2.4 Mask Layout for the NPN Structure 

The 3-step MJTE test cells were designed as single-mesa concentric circular NPN 

structures. There are 4 layer masks for MJTE test cell fabrication, including ISOLATION 

mask, JTE1 mask, JTE2 mask and JTE3 mask. Detailed fabrication steps will be 

introduced in the next section. 
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There are two types of 3-step MJTE cells. Both type cells have the same innermost 

JTE diameter of 200 μm. The small cell has 50 μm JTE step length and 500 μm outer 

diameter; the large one has 100 μm JTE step length and 800 μm outer diameter cell. Fig. 

2-11 shows one group of the circular NPN structures. Large cells are designed at the 

outside two rows and small ones are drawn at the central two rows. Detailed dimension 

for a single cell is illustrated in Fig. 2-12. Correspondingly, the cross sectional diagram of 

the circular structures is demonstrated at the bottom part of Fig. 2-12.  

 

 

Fig. 2-11 A group of JTE testing concentric circular NPN structures. The innermost JTE 

diameter is 200 μm. The length of a JTE step is 50 μm for smaller cells and 100 μm for 

larger cells. The outmost blue rings on each cell are isolation mask layer 
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Fig. 2-12 Top and cross-sectional view of a circular NPN structure with MJTE. For small 

cell, JTE1 = JTE2 = JTE3 = 50 μm; For large cell JTE1 = JTE2 = JTE3 = 100 μm. 
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2.5 Fabrication of the NPN Structure with MJTE 

Based on the above simulation results, the mask layout for the NPN structure with 3-

step JTE has been designed. The total MJTE length is 300 μm with 100 m or 150 μm 

with 50 m for each step length, as shown in Fig. 2-12. All of the 4H-SiC samples used 

in the current experiments have been cut from the same N- type 4H-SiC substrate with 

60m P- drift layer of 9x1014cm-3 doping, which has been designed for GTO devices 

and purchased from Cree, Inc. NMJTE = 2.3 x 10
 17 

cm
-3

 has been selected as the target of 

the doping concentration for the MJTE layer. The MJTE region has to be thinned down 

by dry etching in order to achieve the charge balance that will yield the desired field 

suppression at the device periphery. First, the outer two steps have been etched with d2 = 

d3 = 0.14 m. Next, the innermost step depth d1 was gradually increased by repeated 

Inductively Coupled Plasma (ICP) etching in CF4+O2 plasma, while the reserve I-V 

characteristics have been monitored at every etching run. 

The major fabrication steps for the NPN structure with MJTE are as follows (Fig. 

2-13): 

 Wafer cutting and cleaning (Fig. 2-13 (a)) 

 Lithography, metal Sputtering and wet etching for isolation dry etch mask 

formation (Fig. 2-13 (b)) 

 ICP dry etch to form isolation mesa of the NPN structure (Fig. 2-13 (c)) 

 Lithography, metal Sputtering and wet etching for JTE3 dry etch mask 

formation (Fig. 2-13 (d)) 

 ICP dry etch to form JTE3 of the NPN structure (Fig. 2-13 (e)) 
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 Lithography, metal Sputtering and wet etching for JTE2 dry etch mask 

formation (Fig. 2-13 (f)) 

 ICP dry etch to form JTE2 of the NPN structure (Fig. 2-13 (g)) 

 Lithography, metal Sputtering and wet etching for JTE1 dry etch mask 

formation (Fig. 2-13 (h)) 

 ICP dry etch to form JTE1 of the NPN structure (Fig. 2-13 (i)) 

 

 

(a) Wafer cutting and cleaning 

 

(b) Dry etch mask formation for Isolation 

 

(c) Isolation mesa of NPN structure formation 



37 

 

 

 

 

(d) Dry etch mask formation for JTE3 

 

(e) JTE3 of NPN structure formation 

 

(f) Dry etch mask formation for JTE2 

 

(g) JTE2 of NPN structure formation 
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(h) Dry etch mask formation for JTE1 

 

(i) JTE1 of NPN structure formation 

Fig. 2-13 (a)-(i): Fabrication steps of MJTE with the NPN structure. 

 

2.6 MJTE Optimization  

The MJTE structure has been optimized on a separate test samples. The MJTE 

structure has three stages, including JTE1, JTE2 and JTE3, each stage 100 m wide. The 

depths of outer two JTE stages were 0.14um each. The depth of the innermost step has 

been gradually increased by repeated ICP etching while the reversed I-V characteristics 

have been monitored at every etching run. The results are shown in Fig. 2-14. The 

optimum blocking voltage/reverse leakage corresponded to about 1.3 μm etching depth 

for innermost JTE step. For MJTE steps etching were done with AlTi etching masks of 

6000 Å in thickness patterned by photolithography and standard Al etchant.  
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Fig. 2-14 Reverse I-V characteristics of NPN structure with 3-step MJTE measured at 

different stages of the JTE determination process. 
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Fig. 2-15 represents the dependence of the experimental normalized breakdown 

voltage on the etching depth d1, measured at room temperature. Open circles denote the 

experimental results for 3-step MJTE with d2 = d3 = 0.14 μm. The maximum blocking 

voltage of 7630 V is obtained, which approaches 90% of the breakdown voltage of the 

corresponding ideal parallel-plane junction. The result of experiment indicates that the 

depth of d1 has a broad window from 1.15 μm to 1.45 μm with breakdown voltage over 7 

kV (more than 80% of the ideal breakdown voltage), which means the design of 3-step 

MJTE has enough tolerant window for actual devices fabrication.  

 

 
 

Fig. 2-15 Simulated and experimental normalized breakdown voltage as a function of extents 

on etching depth d1. The ideal breakdown voltage is 8.4 kV. 

 

The simulated results are also plotted in the same figure. The experimental results 

showed a good agreement with the simulated results. The difference between the 

simulated results and experimental results may be due to the facts that the actual doping 
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concentration of the blocking layer is different from its specification value and the actual 

MJTE implantation profile is different from the doping profile used in the simulations.  

2.7 Summary 

Using 2-D numerical simulations, 3-step MJTE techniques for 4H-SiC power devices 

have been investigated. Compared with 1- and 2-step MJTE, the 3-step MJTE design can 

improve the blocking performance, balance electric-field, and decrease the sensitivity of 

the breakdown voltage to JTE etching depth while keeping the total JTE length constant. 

The simulation results were confirmed by the fabrication of 3-step JTE NPN structure 

with the maximum blocking voltage of 7630V, which is 90% of the ideal breakdown 

voltage. The design methodologies discussed in this study are believed to be useful in 

designing the edge terminations structures for other range of the breakdown voltage.  
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CHAPTER  3 DESIGN OF 4H-SiC GTOs 

High power systems require robust power switches to operate at high temperatures to 

meet the demand for smaller and higher power density systems. 4H–SiC has unique 

material properties that enable it to be far superior to silicon (Si). Benefits of 4H–SiC 

compared to Si include three times wider band gap (3.2 eV), ten times higher critical field 

(3.0x10
6
 V/cm), and three times higher thermal conductivity (4.9 W/cm K) [3,4]. 

Compared to other devices made on SiC, such as BJTs, JFETs, MOSFETs, and IGBTs, 

SiC GTOs are the favorable devices for pulsed power applications due to their ability to 

operate at high current and high voltage levels, which is attributed to conductivity 

modulation in the drift layer of the device. Furthermore, SiC GTOs offer several 

advantages over Si thyristors and Si GTOs such as compactness, higher current density, 

faster switching, and higher temperature operation.  

The considerable improvement of materials quality and the refinement of fabrication 

process resulted in the remarkable increase in the blocking voltage of SiC GTOs from 

below 1 kV to over 10 kV [26,
 
38, 39, 40]. For a current density of 500 A/cm

2
, the GTO 

(fabricated at Rutgers University) shows a forward on-state voltage of 5.74 V at the room 

temperature. The GTOs have also demonstrated fast switching and high current capability. 

In addition to the blocking voltage, total current, and switching time, the on-state voltage 

drop VF and the current density that can be turned off are two of the important parameters 

characterizing the performance of GTOs. In this chapter, the design of more than 6 kV 

4H-SiC GTOs will be presented, which includes the 4H-SiC GTO structure design, 

simulation of static and dynamic characteristics. The GTO mask design will be 

considered in the last part of this chapter. 
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3.1 Design of the GTO Structure 

Fig. 3-1 shows the NPNP device structure grown on an n+ 4H-SiC substrate. As a 

result, unlike silicon GTOs, the SiC GTOs have the anode on the top and the cathode on 

the bottom. All the epilayers were grown in a single run and designed for a high turn-on 

gain. The device has an asymmetrical structure with the blocking in the forward direction 

only. A fine pitch design is used to facilitate high di/dt and dv/dt performances required 

for pulsed power applications. 

 

 

 

Fig. 3-1  Cross-sectional view of 60 μm the 4H-SiC GTO structure 
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A 60 μm thick, lightly doped (NA = 9x10
14 

cm
-3

) P-base layer is used to achieve high 

blocking voltage (more than 6 kV). The GTOs are terminated by a three-zone, N-type 

junction Termination Extension (JTE). Fabrication details on MJTE have been introduced 

in the previous chapter. The control gate was formed on the n-based layer, and anode and 

cathode were formed on the p
++

 top layer and n
+
 substrate, respectively. 

The top p
++

 layer should be doped as high as possible (> 1x10
19 

cm
-3

), so as to 

increase the emitter efficiency of the pnp transistor as well as the ohmic contact quality. 

The thickness can’t be too thin. Otherwise the contact metal might spike through to the 

beneath n layer and cause a problem. A 2 μm thick p
+
 layer is chosen here. Increasing the 

p
++

 layer thickness further only increases the series resistance and is not good.  

The n-base layer thickness and doping concentration have to be in the right range. If 

the thickness is too large or the doping concentration is too high, the emitter efficiency 

(or current gain) is low and it might be difficult for the GTO to turn on. If the thickness is 

too small or the doping concentration is too low, the depletion region might punch trough 

to the top p
+
 layer when the device is working in the forward blocking state, and the GTO 

forward blocking capability is reduces. The thickness and doping concentration are 

chosen here to be 2 μm and doping concentration of 2.3x10
17 

cm
-3

, respectively. We will 

see in the later sections that this choice is experimentally proven to be appropriate.  

The doping and thickness of the drift layer are determined by the device blocking 

voltage. For 4H-SiC, the dependence of the critical field on the doping concentration can 

be described as Eq. 3-1 [42]. The dependence of the critical field on the doping 

concentration is shown in Fig. 3-2. 
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Eq. 3-1 

 

 

Fig. 3-2 Dependence of the critical field on the drift layer doping concentration 

 

Ignoring the effect of the current spreading layer on the breakdown voltage, the 

breakdown voltage VPT determined by the critical field and the drift layer doping 

concentration is obtained as in Eq. 3-2 [12]: 

 

Eq. 3-2 

  

where Wd is the drift layer thickness; Wcr is the depletion width at the critical field with 
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 Eq. 3-3 

 

The dependence of the breakdown voltage on the drift layer doping concentration is 

obtained from Eq. 3-5 and Eq. 3-2 as shown in Fig. 3-3. It indicates that for more than 8 

kV GTOs, the drift layer should be doped as low as pdrift < 1.2× 10
15

 cm
–3

. A 60 μm thick, 

lightly doped (NA=9x10
14 

cm
-3

) P-base layer was selected for more than 6 kV GTOs. 

 

 

Fig. 3-3 Dependence of the critical field on the drift layer doping concentration 
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GTO structures with/without a p buffer layer is shown in Fig. 3-4. For the structure 

shown in Fig. 3-4 (b) to have the highest blocking voltage for a given blocking layer 

thickness, ddrift the blocking layer doping concentration, pdrft, has to be chosen to make 

the electric field at the blocking junction close to the critical field Ecr and at the same time 

let the depletion region reaches the n
+
 substrate. The blocking voltage is then roughly 

equals to [41]: 

   
 

 
            

Eq. 3-4 

 

For 4H-SiC the critical field dependence on the doping concentration is described by Eq. 

3-1 [42]. For the structure shown in Fig. 3-4 (a), with the p buffer layer, the optimal 

design is somehow different. Here, the doping concentration of the blocking layer should 

be lower than that of Fig. 3-4 (b), so as to make the field distribution more uniform. The 

blocking voltage is given by [43]: 

         
 

 
                            Eq. 3-5 

 

E1 can be close to Ec. The blocking voltage of the structure with the p buffer also makes 

the GTO turn-off easier and turn-on more difficult, since it decreases the gain of the npn 

transistor. Hence a trade-off has to be made here and the thickness and doping 

concentration of the buffer layer have to be also in the right range. The p buffer epilayer 

was designed to have a thickness of 2 μm and doping concentration of 2x10
17 

cm
-3

.  
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Fig. 3-4 Comparison between two structures: (a) with a p buffer layer, (b) without a 

buffer layer. The structure (a) can block higher voltage than (b) for the same 

thickness and doping p-drift layer. 
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3.2 Simulation of GTO 

The designed GTO has been simulated by Synopsys Sentaurus [33]. The simulated 

structure is shown in Fig. 3-5. Each anode finger has a width of 12.5 µm. The spacing 

between anode mesa edge and the gate finger is 8 µm and each gate finger has a width of 

5 µm.  

 

 

Fig. 3-5 Simulated GTO structure. 

 

3.2.1 Static Characteristics 

Fig. 3-6 shows the influence of the gate current at the room temperature forward I-V 

characteristics of 8 kV 4H-SiC GTOs with a minority carrier lifetime τno of 1us. As 

expected, the forward blocking region shrinks with increase in the gate current. The GTO 

can block more than 8000 V when the gate current density is 1x10
-9 

A/cm
2
. When it is 

blocking around 500 V, a gate current density of approximately 1x10
-5 

A/cm
2 

is needed to 
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turn on GTO device. The holding current, which is defined as the current level below 

which the device is unable to maintain self-sustaining current conduction, is 

approximately 0.1 A/cm
2
. The GTO latches on with no snap back at gate current density 

of 1x10
-2 

A/cm
2
 yielding an operating current density of more than 500 A/cm

2
 at the 

voltage drop of 3.5 V. 

(a) 

(b) 

Fig. 3-6 Blocking characteristics of larger than 6 kV 4H-SiC GTO with a minority 

carrier lifetime τno of 1us at room temperature. 
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3.2.2 Dynamic Characteristics 

The simulated switching characteristics of the GTO were analyzed by applying the 

circuit in Fig. 3-7. A gate pulse generator generates series gate pluses which consist of 

both negative and positive voltage pulses. The negative voltage pulse with a pulse 

duration of 0.22 μs is used to turn on the GTO with an anode to cathode bias of 3500 V, 

whereas the positive voltage pulse of 1.75 μs in duration is used to turn off the device. 

The interval between these two pulses is 0.28 μs. The inductor is used to limit the di/dt 

rate. The simulation is done at 300 K. The on-state current is limited by 20 Ω resistance.  

Fig. 3-8 shows a set of GTO voltage and current waveforms. These waveforms show 

the GTO’s switching characteristics, such as the turn-on/off delay, turn-on/off time, and 

voltage drop. These characteristics are important in determining during the actual 

application. 

The GTO can be triggered from the forward-blocking mode to the on-state by the 

application of a gate drive current. The gate drive current flows from the gate terminal to 

anode. The voltage drop between P+ anode and N gate due to the gate current flow 

forward biases the J3 junction in Fig. 3-7, producing the injection of holes from P+ anode. 

This does not immediately produce the cathode current flow. The injected holes diffuse 

through the n-base region in a finite time interval referred to as the delay time td. Once 

the holes cross the N gate/P drift junction J2 initiated a current flow through the devices. 

Consequently, the cathode current begins to flow after a delay time interval, which is 

about 7 ns. 
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Fig. 3-7 60 μm 4H-SiC GTO switching testing circuit.  

 

During the turn-on process, a high concentration of electrons is injected into the P-

drift region from the N+ cathode region and a high concentration of electrons is injected 

into the P-drift region from P+ cathode region. Those will increase the stored carriers in 

N-base and P-base region. The cathode current will grow exponentially (as shown in Fig. 

3-8) to the on-state value after a rise time tr, which is about 80 ns. Therefore, the turn-on 

time at 300 K is ton = td + tr = 87 ns.  

During the on-state operation, the regenerative coupling between the inherent N-P-N 

and P-N-P transistors within the GTO produces the current at the N-base/P-drift junction. 

The collector current for the P-N-P transistor provides the base drive current for the N-P-
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N transistor while the collector current for the N-P-N transistor provides the base drive 

current for the P-N-P transistor. The regeneration action can be disrupted by the 

application of a reverse gate current that deprives the P-N-P transistor of its base drive 

current. If a sufficient gate drive current is applied, the regenerative action will be 

interrupted leading to the turn-off of the GTO. 

 

 

Fig. 3-8 Turn-on and turn-off transients of the 4H-SiC GTO.  

 

The regenerative action in the GTO does not cease right after the application of the 

reverse gate current until a time interval called the storage time (ts) has elapsed. The 
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stored charged within the N-base region. The storage time can be reduced by decreasing 

the lifetime and increasing the gate drive current [1]. 

Once the stored charge in the N-base region has been removed by the reverse gate 

drive current, the N-base/P-drift junction begins to support voltage across a space-charge 

region. During the cathode voltage increasing, the stored charge is continuously extracted. 

The time taken for the cathode voltage to reach -3500 V defined as the fall time tf, which 

is 1.9 μs.  Hence, the turn-off time is 2.4us (ts + tf ). 

 

3.3 Mask Design  

3.3.1 3-inch GTO Mask 

 

The mask set for more than 6kV is designed for the 3-inch wafer process. Fig. 3-9 

shows the layout of the mask and a typical wafer position. 

The primary-size device in the mask set is 190-finger 5.0mm x 3.0mm GTO (Type A 

and Type B area). Four groups of 2.2mm x 1.5mm testing GTO cells together with 

Transfer Length Method (TLM) patterns are embedded among the primary size GTO 

cells with label a in Fig. 3-9. Four groups of areas with label b in Fig. 3-9 are for MJTE 

testing diodes, which have been introduced in Chapter 2.    
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Fig. 3-9 Top view of GTO mask layout (unit: μm) 

 

3.3.2 Interdigitated Design 

It has been pointed out that the gate resistance is the key parameter to determine the 

uniform turn-off of all GTO anode regions simultaneously. Since GTOs handle a huge 

amount of anode current in the on-state, any non-uniformity in the gate resistance will 

cause the current crowding in a few anode fingers while the rest of the device turns-off. It 

is desirable to design GTO cells with identical length and width. With respect to the cell 

design, either uniform array or interdigitated anode-gate fingers are used in the more than 

6 kV GTO mask drawing. An example of such a GTO is shown in Fig. 3-10. 
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Fig. 3-10 GTO layout with the interdigitated anode and gate fingers. 

 

3.3.3 0.1cm
2
 GTO Design 

The complete device layout design includes an active area containing a number of 

anode lines fingers surrounded by a gate region, three-step JTE region, metal overlay for 

the anode and gate, and finally wire-bond pads. The smallest dimensions designed are the 

gate width: 10 μm. Fig. 3-11 and Fig. 3-12 show design of different primary-size cells 

with the active area of 0.1cm
2
 realized in the drawing. It is the full interdigitated design, 

which is expected to give a better device performance for the larger GTO devices. The 

anode finger is 1032 μm x 17 μm. The gate trench width is 34 μm, with the gate contact 

finger width of 10 μm. The space between the anode contact and the gate contact is 12 

μm. In each primary-size cell, it includes one center gate pad which is sandwiched by two 

anode pads, which are at the edge of the active area. The probing pads were designed to 

be used with standard commercially available RF probes. The width of each JTE step is 

100 μm, with a total width of 300 μm. The dimensions of the probing and wire-bonding 

pad were minimized to reduce the parasitic capacitance. 
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Fig. 3-11 Top view of type A GTO design showing rectangle-shape gate bonding 

 

  

Fig. 3-12 Top view of type B GTO design showing barbell-shape gate bonding 
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3.3.4 Small GTO and Testing Pattern design 

As shown in Fig. 3-9 with label a, four groups of small testing GTOs, TLM 

structures and some additional test structures were embedded in the GTO mask set to 

evaluate the effectiveness of the interdigitated design, mesa etching,  termination, and  

quality of the Ohmic contacts. 

The small GTOs, shown in the lower part of Fig. 3-13, with area of 1.487 mm x 2.18 

mm have an active area of 1.4 mm
2
. The finger length is 1032 μm, which is exactly the 

same as 0.1 cm
2
 large GTOs. The width of the small GTOs’ finger includes 32 μm (type 

a-5: 13-finger cell), 17 μm (type a-6: 17-finger cell) and 7 μm (type a-7: 21-finger cell) to 

test the influence of different anode/gate finger geometry. A gate pad and an anode pad 

were designed at the top and bottom sides in the small GTO cells. 

 

(a) 



59 

 

 

 

(b) 

 (c) 

Fig. 3-13 (a) Top view of small GTOs and testing patterns (unit: μm), details in (b) TLM 

design and (c) mesa etching monitor  

 

The specific contact resistances were estimated by using TLM. In the TLM method, 

two masks are usually needed. One is to define TLM patterns like a-1 (for anode Ohmic 

contact) and a-2 (for gate Ohmic contact) shown in Fig. 3-13 (a) and detail in (b). The 

other one confines the current in one dimension either by mesa etching or junction 

isolation. Each TLM pattern has 8 rectangular shaped pads, which are intended to for a 

metal contact.  The width of the mesa is z = 150 μm and the distance between two 

adjacent pads is d, which increases from 3 μm to 15 μm by 2 μm.  

The anode mesa etching is the one of the challenge processes in the fabrication of the 

GTO devices. Since the epilayer thickness could vary ± 10% from the specification, the 
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etching depth needs to be precisely controlled and monitored by I-V measurements from 

the adjacent p-type SiC mesa. If p-type SiC remains in the gate trench after the anode 

mesa etching, the anode-gate junction is shorted and the device will not work. At the 

same time, too much over etching of the n-type gate layer could lead to the low blocking 

voltage because the remaining n-type epilayer also serves the JTE purpose. Therefore 

testing patterns a-3, as shown in Fig. 3-13 (a) and detail in (c), was designed to serve the 

purpose of the mesa etching monitor. The two adjacent testing mesa patterns can be 

probed to measure the conductivity between them to tell when will be the exact stop point 

for mesa etching.   

Testing Pattern a-4 in Fig. 3-13 consisting of rectangle-shape drawings was designed for 

metal thickness measurements and a surface morphology monitor during metal deposition.   

 

3.4 Summary  

A 4H-SiC asymmetrical GTO has been designed and simulated with the maximum 

blocking voltage above 8 kV with a blocking layer thickness equal to 60µm. Excellent 

turn-on and turn-off characteristics are noted at VAK = 3500 V for an cathode current of 

233 A with a turn-on/off time of 87 ns and 2.4 µs, respectively.  

 A major effort was put into the design of a set of 6 kV 4H-SiC GTO masks suitable 

for high power, high temperature, and high switching speed applications. Photo masks for 

various lithographic steps in the process were designed using the computer program 

AutoCAD from Autodesk Inc. licensed to Rutgers University and manufactured to 

specifications at Photo Sciences Inc. The set of masks is listed in Table 3-1. 
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Table 3-1 GTO mask set 

No. Mask Function 

1 Anode mesa 

This mask forms the AlTi mask for the formation of anode 

mesas and gate trenches in the GTO. 

2 Gate implant 

This mask is for N implantation to form the gate Ohmic 

contact and pattern the gate contact metal. 

3 Isolation mesa 

This mask forms the AlTi mask for etching isolation of GTO 

cells. 

4 JTE 3 

This mask forms the AlTi mask for etching JTE3 region of 

GTO cells. 

5 JTE 2 

This mask forms the AlTi mask for etching JTE2 region of 

GTO cells. 

6 JTE 1 

This mask forms the AlTi mask for etching JTE1 region of 

GTO cells. 

7 Anode contact This mask is to pattern the anode contact metal. 

8 Gate overlay This mask opens the gate pad to deposit overlay metal there. 

9 Anode overlay 

This mask opens the anode pad to deposit overlay metal 

there. 

10 Gate pad This mask is to pattern the gate wire bonding pad. 
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CHAPTER  4 FABRICATION AND CHARACTERIZATION OF 

4H-SiC GTO 

The 4H-SiC GTO devices designed in Cchapter 3 of this dissertation were fabricated 

in the Microelectronics Research Laboratory (MERL) clean room at Rutgers University. 

Photo masks for various lithographic steps in this process were designed using the 

computer program AutoCAD from Autodesk Inc. licensed to Rutgers University and 

manufactured to specifications at Photo Sciences Inc. SiC substrates with epitaxially 

grown layers suitable for device fabrication were provided by CREE. This chapter details 

the various steps in the fabrication of the SiC GTO devices, including: 

 Wafer cleaning 

 Anode mesa formation 

 Gate formation by n
+
 implantation and dopant activation annealing 

 Isolation and MJTE formation by ICP etching 

 Surface passivation by SiO2 and Si3N4 

 Ohmic contact formation 

 Metal overlay formation  

 GTO devices package 

 The fabricated GTO devices are characterized for their properties in the power circuit 

operation. These include the blocking voltage, on resistance, switching speed and variation of 

properties with temperature. Static pulsed I-V curves are measured with Tektronix 371A high 

power curve tracer, Glassman high voltage power supply, and Kiethley 6517A electrometer. 

The temperature characterization is conducted by clamping the wafer to a hot plate whose 
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temperature is measured using a thermocouple arrangement. The switching test is conducted 

using a modified trigger board from Princeton Power Systems, Inc. (PPS). 

4.1 Device Fabrication 

4.1.1 Wafer Structure 

The starting 4H-SiC wafer from Cree, Inc. includes five epilayers grown on an n-

type substrate, as shown in Fig. 4-1. All the epilayers were grown in a single run and 

designed for a high turn-on gain. A 60 μm thick, lightly doped (NA = 9x10
14 

cm
-3

) P-base 

layer is used to achieve the high blocking voltage (more than 6kV). The underneath p+ 

buffer layer of 2 µm doped to 2x10
17 

cm
-3 

is used to stop the field in the blocking mode 

and to improve the quality of the blocking layer. It also makes the electric field 

profile in the blocking layer more uniform. The other two layers are 2.33x1017 cm-3 

doped n-base layer of 2 µm and p++ top layer.  
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Fig. 4-1 Schematic of  4H-SiC wafer structure 3D view 

 

Wafer fabrication starts with a full cleaning of the ordered wafer, including the 

following steps:  

(1) Acetone ultrasonic: This is a general cleaning that removes dust and some 

contaminations on the wafer. 

(2) Mixture of sulfuric acid and hydrogen peroxide: 98% H2SO4 (sulfuric acid) is 

mixed with 30% H2O2 (hydrogen peroxide) at the volume ratio of 4:1 and heated to 85
o
C. 

The SiC wafer is then immersed in this solution for 30 minutes for the removal of 

possible gross organic materials, such as photo resist, polymer or other contaminants. 

These contaminants are destroyed by the wet-chemical oxidation effect of the mixed 

solution. 

(3) RCA cleaning: This procedure was developed at RCA forty years ago, and has 

been widely used for silicon wafer cleaning, [44]. First, a mixture of deionized (DI) water 
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(H2O), hydrogen peroxide (H2O2) and ammonium hydroxide (NH4OH) is prepared at the 

volume ratio of 5:1:1 and heated up to 80
o
C. This solution is commonly called SC-1. The 

SiC wafer is placed in the SC-1 solution for up to 30 minutes. SC-1 is intended to remove 

organic contaminants that are attacked by both the solvating action of NH4OH and the 

powerful oxidizing action of the alkaline H2O2. NH4OH also removes certain metals such 

as Cu, Au, Ag, Zn, Cd, Ni, Co and Cr by complexing them. After this, an acidic solution 

commonly called SC-2 is prepared by mixing DI H2O, H2O2 and hydrochloric acid (HCl) 

at the volume ratio 5:1:1. This solution is also heated to 80
o
C for a 30-minute cleaning of 

the SiC wafer. The SC-2 is designed to dissolve and remove alkali residues and any trace 

metals, such as Au and Ag, as well as metal hydroxides, including Al(OH)3, Fe(OH)3, 

Mg(OH)2 and Zn(OH)2. 

(4) 10% hydrofluoric (HF) acid: The full cleaning procedure is completed with an 

ultrasonic cleaning in diluted hydrofluoric acid, refreshing the SiC surface by removing 

the top oxide layer. 

4.1.2 Mesa Formation 

After wafer cleaning, anode mesas were etched in an inductively-coupled plasma 

(ICP) chamber by a SiC dry etching process based on CF4 and O2 gas chemistry. In 

CF4+O2 gas mixture for SiC etching, the following reactions are proposed to take place: 

[45] 

                            Eq. 4-1 

             Eq. 4-2 

           Eq. 4-3 

                  Eq. 4-4 
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A 300nm AlTi layer was deposited on the wafer by sputtering to serve as the etching 

mask layer. Photolithography using AZ5214 resist followed by wet etching in a 

commercial Al Etch II solution created the mesa etching mask patterns. The lithography 

recipe is listed in Table 4-1. AlTi mask etching was finalized by an Al residue cleaning 

procedure in highly diluted hydrofluoric acid (3%x3%x3%) for one minute. After this, 

photo resist was removed in heated AZ400T stripper at 80
o
C for 20 minutes. 

 

Table 4-1 Photolithography recipe for mesa etching mask using AZ5214 

Dry Bake 130
o
C, 30 minutes 

PR Spin-coat PR AZ5214  Spin at 4000 RPM for 40 seconds 

Soft Bake 90
o
C, 20 minutes 

Exposure UV exposure, 5 seconds 

Develop AZ 1:1 developer, 90 seconds 

Hard Bake 130
o
C, 30 minutes 

 

After the deposited metal film patterned by the photo mask “Anode Mesa”, the gate 

trenches were etched in an ICP etcher in plasma. The etching was done in several runs 

and the final etched depth was 2.25 μm. The resulting 3D view after mesa etching is 

illustrated in Fig. 4-2. 
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Fig. 4-2 Schematic of the anode mesa 3D view 

 

4.1.3 Gate Implantation and Post-implantation Annealing 

In order to create n
++

 regions in the gate of GTOs, we requested a group of nitrogen 

(N) doses with a 0
o
 incidence angle. The implantation simulation was carried out by 

Profile Code with Person IV distribution assumption [46]. The tail of Nitrogen (N) 

vertical ion implantation profile was modeled by a linear degradation of 100 nm per 

decade on a semi-log plot, as shown in Fig. 4-3 (a). The implantation depth was defined 

by the intersection of the implantation tail and the background doping. The simulation 

result indicates that the n
++

 doping is about 3x10
19 

cm
-3

 and the implanted depth is 350 

nm when the implantation tail decreases to the background N doping of 2.33x10
17 

cm
-3

. 

Molybdenum (Mo) was design as a metal mask for N ion implantation. Fig. 4-3 (b) 

indicates that the depth of N ion implantation in Mo is about 5000 Å, so that the 1.1 μm 

Mo mask layer should be safe for N ion implantation.   
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(a) 

(b) 

Fig. 4-3 N
+
 doping profile of the Gate vertical implantation in: (a)4H-SiC and (b) Mo. 

 

To create the N ion implantation mask, 1.1-μm thick Mo was sputtered and patterned 

by the lithography with one exposures of a Gate Implant mask, and then by the following 

wet etching (Al Etch II). AZ4400 thick photo resist was defined on the wafer prior to the 

wet etching to transfer the photo patterns to Mo. The lithography condition for PR 

AZ4400 is listed in Table 4-2. The schematic of the implantation mask is plotted in Fig. 

4-4 (a). The wafer with Mo mask was sent to Leonard J. Kroko, Inc. for Nitrogen (N) ion 
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implant service. A vertical N ion implantation was done to form n
++

 layer for better gate 

Ohmic contacts. The detail implantation specifications have been listed in Table 4-3.  

The sample returned from gate implantation was ready for implant activation. The 

implantation mask was removed by Al-etchant II. Then we performed full cleaning of the 

wafer in sulfuric acid, RCA SC-1, RCA SC-2 and hydrofluoric acid. Then it is annealed 

in argon ambient at 1550 
o
C for 30 min to electrically activate the implanted nitrogen 

dopants. A 3D view of the GTO after gate implantation is shown in Fig. 4-4 (b). 

Table 4-2 Photolithography recipe for the mesa etching mask using AZ4400 

Dry Bake 130 
o
C, 30 minutes 

PR Spin-coat PR AZ4400  Spin at 3500 RPM for 40 seconds 

Soft Bake 100 
o
C, 20 minutes 

Exposure UV exposure, 30 seconds 

Develop AZ 1:1 developer, 4 minutes 

Hard Bake 130 
o
C, 30 minutes 

 

Table 4-3 N implantation specification 

Step Ion Energy Dose (cm
-2

) 

1 N 190 3.1e14 

2 N 130 2.2e14 

3 N 80 1.8e14 

4 N 40 1.2e14 

5 N 17 6.0e13 
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(a) 

 (b) 

Fig. 4-4 Schematics of 3D view on (a) Mo mask and (b) Implanted gate after Mo removal 

 

4.1.4 Isolation and MJTE formation 

Device isolation for the GTOs was accomplished by etching more than 2 μm-deep 

peripheral trenches around the active devices. Trench etching used a 600 nm-thick AlTi 

mask, patterned by wet etching in Al Etch II solution. AZ4400 thick photo resist was 

defined on the wafer prior to the wet etching to transfer the Isolation Mesa mask patterns 

to AlTi. The lithography condition for AZ4400 is listed in Table 4-2. Following the photo 
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resist removal, ICP etching was used to create the trenches in SiC. Schematics of 3D 

view on the isolation mask and isolation formation are included in Fig. 4-5. This process 

step was completed with a hydrofluoric acid cleaning of the AlTi etching mask. 

  

(a) 

 (b) 

Fig. 4-5 Schematics of 3D view on (a) AlTi mask and (b) isolation after AlTi removal 

 

After isolation formation, 3-step MJTE was employed to reduce the electric field at 

the device periphery. The JTE region needs to be thinned down by dry etching in order to 
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achieve the charge balance that will give the desired field suppression at the device 

periphery. The MJTE region was processed to have NPN structure with 3-step MJTE 

with the step width of 100 μm. The outer two steps were etched to 0.14 μm and the inner 

step depth was etched to 1.4 μm. The detail on MJTE design has been discussed in 

Chapter 2. The process condition on MJTE formation was similar to isolation formation 

except applying different photo masks, including JTE3, JTE2 and JTE1 masks. The 

fabrication steps on MJTE formation have been illustrated in Fig. 4-6.   

 

(a) 

(b) 
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(c) 

(d) 

(e) 
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(f) 

Fig. 4-6 Schematics of 3D view on (a) JTE3 mask; (b) JTE3 after AlTi removal; (c) JTE2 

mask; (d) JTE2 after AlTi removal; (e) JTE1 mask and (f) JTE1 after AlTi removal 

 

4.1.5 Oxidation and Passivation 

Before oxidizing the samples to form the passivation needed, the wafers were 

cleaned using a thorough cleaning procedure. The cleaned samples were then thermally 

oxidized at 1100
o
C for 30 minutes in wet O2 ambient to form a sacrificial oxide. The 

sacrificial oxide was then removed by diluted hydrofluoric acid, together with certain 

surface defects and damages caused by ion implantation and plasma etching processes. 

Immediately after that, the wafer was reloaded to the oxidation chamber for surface 

passivation at 1100
o
C for 3 hours in a wet oxygen ambient to form a permanent layer of 

thermal SiO2. The oxide is then annealed at 1100 
o
C for 1 hour in Ar. The oxide thickness 

is estimated to be about 600 Å. The chemical reactions responsible for SiC oxidation 

includes: [47] 

     
 

 
                 Eq. 4-5 
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                           Eq. 4-6     

The SiC-SiO2 interface in SiC JFETs is not critical as compared to SiC MOSFETs. 

While carbon clusters and other defects formed during the oxidation process may be a 

serious concern for SiC MOSFETs, it does not pose a problem for the GTOs. 

Following the oxide passivation, a 300 nm layer of PECVD silicon oxide is 

additionally deposited. Silicon nitride is commonly used to passivate silicon devices 

because it provides an extremely good barrier to the diffusion of water and sodium. [48] 

Then a layer of PECVD Si3N4 with thickness of 0.25 μm was deposited. These thin films 

typically have less tensile stress but also dielectric strength. Fig. 4-7 shows the devices 

after the final stage of passivation. 

 

 

Fig. 4-7 Schematic of 3D view on one GTO device after the formation of passivation layers 
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4.1.6 Ohmic Contact 

A good Ohmic contact is crucial for most semiconductor devices since the voltage 

drop across on the contact could significantly influence the device performance. The 

contact resistance needs to be negligible compared to the device on-resistance in order to 

reveal the intrinsic device character. Ohmic contact formation typically included a metal 

deposition followed by a high temperature annealing process which forms a metallic 

intermediate layer in the 4H-SiC surface. 

After surface passivation, the contact windows are firstly opened by ICP etching 

using AZ4400 as the dry etching mask. Since the oxide etching rate is slower than silicon 

nitride, the thermal oxide and some PECVD oxide remain after the dry etching. The 

remaining oxide was etched by buffered oxide etchant just before metal deposition. This 

wet etching process leaves a more ideal silicon carbide surface, and it also makes the lift-

off process much easier due to some undercut below the nitride. And the most important, 

this wet etching process leaves a small gap between the oxide and the deposited metal 

which avoids the possible metal/oxide contact to prevent the metal spill-over problem in 

the oxide. 

The contact metals are sputtered right after the wet-etching of the oxide. After the 

lift-off, the contact metal remains on the n-type gate or the p-type anode regions. The 

backside n-type contact metal is also sputtered after n-type gate metal deposition. The 

contact annealing was done in a rapid thermal annealing (RTA) system. The RTA process 

provides excellent temperature control, high throughput, and a much better protection of 

the sample from being oxidized.  
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To better protect the sample from oxidation, forming gas, including 5% hydrogen 

and 95% argon, was connected to the RTA system during the RTA process. The forming 

gas not only gives a better protection on the metal surface, but also could improve the 

SiO2/SiC interface [49]. After the RTA process, the Ohmic contact resistance and sheet 

resistance can be measured from the TLM patterns, which were designed within Ohmic 

contact masks. 

 n-type 4H-SiC Ohmic contact 

The N-type SiC Ohmic contact on anode is critical to achieve low on-state resistance 

although the n-type contact resistance is usually much lower than p-type SiC. Normally, 

the n-type contact metal includes AlTi/Ni, Ni, Ti/TiN and Fig. 4-8 (a) [50] shows a 

comparison among n-type contact metals on the same n-type substrate, which indicates 

that pure Ni gives the best contact on n-type 4H-SiC and higher temperature than 1000 
o
C 

is necessary to obtain the optimum low contact resistance.   

Therefore, pure Ni was selected for the n-type Ohmic contact metal for GTO devices. 

Right after 1500Å Ni deposition, the GTO wafers was annealed in the RTA chamber at 

1050 
o
C for 5 minutes. The I-V curves measured from n-type TLM patterns are perfectly 

linear as shown in Fig. 4-8 (b), which indicates that the excellent n-type Ohmic contact 

are formed with Gate specific contact resistance of 2.410
-7  

cm
2
. The detail process for 

gate contact formation is shown in Fig. 4-9. 
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(a) 

(b) 

Fig. 4-8 (a) n-type Ohmic contact metal [50] and (b) n-type TLM test plot after 1050 
o
C 

annealing. 
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(a) 

 

(b) 
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(c)  

Fig. 4-9 Schematics of 3D view on (a) Gate contact window open, (b) Metal lift-off and 

(c) Gate metal contact formation 

 

 p-type 4H-SiC Ohmic contact 

The p-type anode Ohmic contact is an open challenging issue. One reason is the high 

energy barrier between the contact metal and the p-type 4H-SiC. Moreover, in 4H-SiC 

GTO, a large portion of the anode current flows vertically from the anode contacts to the 

cathode area. In this case, anode contact resistance is more determined by the specific 

contact resistance, independent of the metal contact area, because of the current crowding 

at the metal edge [51]. The anode Ohmic contact metal scheme was developed in this 

study, based on Ni/AlTi/Ni and RTA annealing. Ni/Al and Ni/Ti/Al Ohmic contact is 

reported to gives a good p-type Ohmic contact at vacuum annealing [52]. The first layer 

Ni is to react with SiC to form Ni2Si at temperature as low as 500
o
C. More Si vacancies 

are speculated to be available when Al diffused into the SiC surface during the high 

temperature annealing. Ti is added to avoid the melting of the Al-layer, and also to 
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prevent the formation of the un-reacted interfacial carbon atoms. The top Ni layer serves 

as a cap layer to prevent the oxidation of the AlTi layer in RTA process.  

 

(a) 

(b) 

Fig. 4-10 (a) p-type Ohmic contact metal I-V measurement between 15 μm TLM pads  

and (b) p-type TLM test plot after 1000 
o
C annealing. 
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Fig. 4-10 (a) shows Ni(500Å)/AlTi(500Å)/Ni(1500Å) p-type Ohmic contact 

dependence on different annealing temperature, indicating that 1000 
o
C is necessary to 

obtain the optimum low contact resistance. An excellent p-type TLM measurement result 

after 1000 
o
C annealing for 5 minutes in the RTA system is shown in Fig. 4-10 (b), 

giving a specific contact resistance in the 10
-5

Ω.cm
2
 range. The anode contact formation 

is shown in Fig. 4-11. 

 

 

Fig. 4-11 Schematics of a 3D view on anode metal contact formation 

 

4.1.7 Overlay Metallization and Dielectric Layer Filling 

This fabrication step consists of three phases: (a) gate overlay metal formation (b) 

thick dielectric layer deposition and (c) anode overly metal formation.  

In order to reduce the gate series resistance, 3.5 µm Al was sputtered on the surface 

of a GTO wafer. Gate overlay pattern was then defined by a lithography process with the 
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mask of Gate Overlay and wet chemical etching using aluminum etchant, as shown in Fig. 

4-12(a). 

After gate overlay formation, a thick dielectric layer is formed by multiple layers of 

PECVD silicon dioxide and silicon nitride to prevent the top emitter overlay metal from 

contacting the gate overlay metal, shown in Fig. 4-12 (b). 

The following step is to open windows in the dielectric layer for anode overlay metal 

deposition. Photolithography was done with mask “Anode Overlay”, using AZ4400 

photo resist. The dielectric layer was etched by ICP etching, using CF4 plasma. The 

anode overlay metal Al/Au with the total thickness of 3.5 µm was deposited by sputtering 

on the sample surface. The metal was patterned by a lift-off process in a photo resist 

stripper. The anode overlay formation is shown in Fig. 4-12 (c). Finally, a gate pad was 

formed after photolithography with “Gate Pad”, ICP drying etch, metal sputtering and 

lift-off to provide all electrical connections from gate overlays.  

The last step of overlay metallization is cathode overlay, which is at the back side of 

the GTO wafer. After AZ4400 photo resist covering front side of the GTO wafer, the 

wafer was loaded into the ICP chamber with upside down to perform a two steps dry 

etching process, including O2 plasma for 30 seconds to remove photo resist and the CF4 

plasma for 2 minutes to remove the dielectric layer. Then, the wafer was dipped into 

BOE for about 30 seconds to remove oxidation residual. A metal layer consisting of 1000 

Å Ni and 1000 Å Au was sputtered on the back side the GTO wafer to finish overlay 

metal process. Fig. 4-13 shows a picture of a finished 3 inch SiC wafer with many GTO 

power devices. 
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(a) 

 

 

(b) 
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(c) 

Fig. 4-12 Schematics of 3D view on (a) gate overlay formation, (b) dielectric layer filling 

and (c) anode overlay formation 

 

 

Fig. 4-13 Optical photo of a 3 inch SiC wafer after GTO devices fabrication 
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4.1.8 Package 

After gold overlay on the bonding pads was completed, functional chips have been 

cut from the sample by a dicing saw. The chip is then mounted on a hermetic package by 

silver nano paste [53] followed by 325
o
C curing for 1.5 hour. Then 1-mil thick gold wires 

are used for bonding. Refer Fig. 4-14 for packaged SiC power GTOs. 

 

 

Fig. 4-14 An optical photo for the 4H-SiC power integrated circuits after packaging. 
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4.2 Device Characterizations 

4.2.1 Off-State Characteristics 

After fabrication, around 170 chips were tested at the wafer level at room 

temperature using a high-voltage probe station. The forward blocking characteristics of 

GTOs were measured by using a Glassman high-power voltage source and a Keithley 

6517 digital electrometer. The measurement was done at room temperature by immersing 

the GTO wafer in Fluorient
TM

. A histogram of the forward blocking voltage measured on 

devices is shown in Fig. 4-15. The blocking voltage mapping of 0.1 cm
2
 GTOs is shown 

on Table 4-4. It is found that 63% of all 0.1 cm
2
 devices blocked voltages in excess of 3 

kV, with 28 devices blocking over 5 kV and 10 devices blocking over 6 kV. Generally, 

there is a larger variation on the blocking capabilities of 0.1 cm
2
 GTO devices across the 

wafer. The reason for this is that a large device performance is limited by both wafer 

defects and process-introduced localized defects. 

 

 

Fig. 4-15 Histogram of forward blocking voltages measured on 0.1 cm
2
 GTOs. 
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Table 4-4 The blocking voltage mapping on 4H-SiC GTO devices 
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Fig. 4-16 shows the forward current vs. blocking voltage for a 60 µm GTO that 

blocked over 6 kV. The measurement was done at room temperature by immersing the 

GTO in Fluorient
TM

 with a leakage current of less than 10
-7 

A (10
-6 

A/cm
2
) at 6 kV. This 

represents more than 75% of the theoretical breakdown voltage of ~8kV for the p-

epilayer used for fabrication.  

 

Fig. 4-16 Forward I-V curve of a GTO with for over 6kV blocking. 

 

Due to the much lower intrinsic carrier concentration on SiC than that on Si, the 

power devices made on SiC exhibit a much lower leakage current even at the elevated 

temperatures. To compare the thermal runaway capability, the latch-up Si and SiC GTOs 

has been studied. A 50 A 3 kV SiC GTO with an active area of 0.1 cm
2
 was mounted on a 

hot plate and measured  in pulsed mode up to VAK = 1500 V with a Tektronix 371B curve 

tracer. The leakage current through the device at 1500 V and the temperature of the hot 
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plate were monitored. The silicon thyristor catastrophically fails when it reaches a 

temperature of approximately 170 °C due to latch up induced by very high leakage 

currents – in excess of 100 mA [54]. On the other hand, the SiC GTO has been absolutely 

stable up to 200 °C, with leakage currents below 100 μA. The leakage currents for Si and 

SiC Thyristors are shown in Fig. 4-17 (a) [12] and (b). The advantages of wide bandgap 

of SiC are clearly evident in the extremely low leakage currents of SiC thyristor, which 

stay low at elevated temperatures. 

 

(a) 
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(b) 

Fig. 4-17 The leakage currents for (a) Si and (b) SiC Thyristors at elevated temperatures. 

 

4.2.2 On-State Characteristics 

GTO chips were packaged in a customized package and the on-state static I-V 

characteristics are shown in Fig. 4-18. The packaged devices were measured in the pulsed 

mode up to IAK = 50 A and gated with IG = -0.25 A with a Tektronix 371B curve tracer. 

The forward voltage drop of VAK = 5.74 V @ IAK = 50 A (JAK = 500 A/cm
2
) was recorded 

including the lead and contact resistances. It shows that the GTO is capable of handling 

high pulse power with capability of at least 300kW power. Meanwhile, the differential 

on-resistance of Rsp-on = 4 mΩ-cm
2
 illustrates that the GTO has significant conductivity 

modulation of the p-drift region and the achievement of low contact resistances, 

especially for the p+ anode contacts with specific contact resistance of 9 x 10
-5 

cm
2
. At 

500 A/cm
2
 the anode contact contributes only 0.045 V to the total on-state voltage drop. 

0 500 1000 1500

3kV 4H-SiC GTO 

Active area: 0.1cm
2

1n

10n

100n

1u

10u

100u

1m

10m

100m

1

 

 

C
a
th

o
d
e
 C

u
rr

e
n
t 
(A

)

Cathode Voltage (V)

 @200
O
C

 @150
O
C

 @100
O
C

 @50
O
C

 @RT
O
C



92 

 

 

 

 

The 4H-SiC GTOs exhibit excellent high temperature forward conduction 

characteristic due to the bidirectional carrier injection and conductivity modulation. The 

forward conduction characteristics are shown in Fig. 4-19 as a function of temperature. 

At 20 A of the anode current (~200 A/cm
2
), the forward voltage drop of the SiC GTO 

increases from 5.2 V at 25 
o
C to 5.5 V at 225 

o
C with IG = -200 mA. The voltage drop 

increases with temperature as a consequence of reduced mobility. A very useful feature 

of this device is that at high current densities (more than 200 A/cm
2
), a positive 

temperature coefficient in the differential on-resistance is obtained which allows for a 

stable parallel operation to achieve a high current handling capability. 

 

 

Fig. 4-18 Static IV characteristics. Insert shows the packaged GTO devices for tests. 
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Fig. 4-19 Output characteristics of a 2 kV SiC GTO at different temperature with IG = -20 

mA. Device active area: 0.1 cm
2
. 

 

4.2.3 Dynamic Characteristics 

 A negative voltage pulse with pulse duration of 4 µs was applied to turn on the GTO 

with an anode to cathode bias, and a positive pulse was used to turn off the device. The 

testing setup is illustrated in Fig. 4-20. The gate current IG, gate-anode voltage VGA, 

cathode current IK, and anode-cathode voltage VAK, were monitored by a Tektronix 

multi-channel oscilloscope. The switch-on current was limited in the testing circuit to 

avoid a premature device failure by adjusting the value of power resistance R. For 18 A, 

800 V switching tests, the value of R is 46.2 Ω. 
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Fig. 4-20 GTO switching testing circuit. 

 

The switching testing result is shown in Fig. 4-21. The top trace represents the 

cathode current of the device, which conducts 18 A when the device is on. The second 

trace from the top is the gate current. The third and fourth traces from the top represent 

the voltage of gate and the voltage of anode to cathode, respectively. The device could be 

turned-on when a 1 A current was applied to the gate. An on-current of 18 A and a rise 

time of less than 0.2 µs has been observed. Turn-off of the device has been demonstrated 

by reverse biasing of the gate-anode p-n junction. The peak gate turn-off current is 13 A, 

which is 72% of the controllable current. Therefore the current gain (β) is around 1.4. The 

maximum turn-off gain (βm, defined by Eq. 4-7) can be enhanced by reducing the 

injection efficiency of the bottom npn transistor in the GTO. It is from Eq. 4-7 that the 

advantage of the P+ buffer layer is most easily seen, since it acts to reduce the injection 

R
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efficiency (and thus the base transport factor) of the bottom npn transistor. Although 

decreasing αnpn increase βm, one disadvantage is that it increases VF.  

   
    

               
 

 
Eq. 4-7 

 

The 18 A current was turned off at a VAK of 800 V (DC), which corresponds to a 

current density of 180 A/cm
2
. The resulting fall time was a little bit longer and was about 

0.4 µs. The switching time of commercially available 6 kV Silicon GTOs is an order of 

magnitude slower, and operated at a lower current density of about 45 A/cm
2
. The 4H-

SiC GTO could be repeatedly turned on and off in a rapid succession at the room 

temperature while the temperature of the testing die was naturally heated to much higher 

than the room temperature. This shows the potential of higher temperature capability of 

the SiC GTO which allows significantly higher number of shots. This is crucial for 

applications such as rapid firing rail guns.  

 

 

Fig. 4-21 Hard-switching with a resistive load at 800 V-18 A (left) and detailed wave-

forms (right) 
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4.3 Summary 

0.1 cm
2
 SiC asymmetrical GTOs have been designed and fabricated with MJTE 

utilized successfully. The maximum blocking voltage above 6 kV with lower than10
-7 

A 

(10
-6 

A/cm
2
) leakage current was realized for the GTO with a blocking layer thickness 

equal to 60 µm. Excellent turn-on and turn-off characteristics were noted for an anode 

current of 18 A (180 A/cm
2
) with a turn-off time of 0.4 µs and turn-off gain of 1.4. The 

superiority of switching time and peak current handling capability makes the SiC GTOs a 

promising candidate for high power application. The GTO fabricated in this work were 

distinguished by their low Rsp-on = 4 mΩ-cm
2
 (normalized to the active area), greater 

than 75% of the theoretical breakdown voltage and fast switching.   
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CHAPTER  5 SUMMARY AND FUTURE WORK SUGGESTIONS  

5.1 Conclusion 

This dissertation briefly reviews the SiC materials properties, 4H-SiC bipolar 

switching devices, and edge termination extension technologies in Chapter 1. The 

Physics-based MJTE design and optimization by using numerical simulations has been 

studied in Chapter 2. The GTO structure design, simulation and mask design were then 

described in Chapter 3. The fabrication of GTOs was successful and devices with a 

superior performance were demonstrated in Chapter 4.  The major achievements of this 

thesis work include: 

[1] Using 2-D numerical simulations, 3-step MJTE techniques for 4H-SiC power 

devices have been investigated. Compared with 1- and 2-step MJTE, 3-step MJTE 

design can improve the blocking performance, balance electric-field, and decrease 

the sensitivity of the breakdown voltage to JTE etching depth while keeping the total 

JTE length constant. The simulation results were confirmed by fabrication of the 3-

step JTE NPN structure with the maximum blocking voltage of 7630 V, which is 90% 

of the ideal breakdown voltage. The design methodologies discussed in this study are 

believed to be useful in designing the edge terminations structures for other ranges of 

breakdown voltages.  

[2] 0.1 cm
2
 SiC asymmetrical GTOs have been designed and fabricated with the MJTE 

utilized successfully. The maximum blocking voltage above 6 kV with the lower 

than10
-7 

A (10
-6 

A/cm
2
) leakage current was realized for the GTO with a blocking 

layer thickness equal to 60 µm. Excellent turn-on and turn-off characteristics were 

noted for an anode current of 18 A (180 A/cm
2
) with a turn-off time of 0.4 µs and 
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turn-off gain of 1.4. The superiority of the switching time and peak current handling 

capability makes the SiC GTOs a promising candidate for high power applications. 

The GTOs fabricated in this work have been distinguished by their low Rsp-on = 4 

mΩ-cm
2
 (normalized to the active area), more than 75% of theoretical breakdown 

voltage, and fast switching.   

 

5.2  Suggestion for Future Work 

For GTOs, Between the GATE and ANODE is a PN junction, which needs to be 

fully forward biased to cause a large current to go through GTO. Hence, GTO is a current 

controlled device. GTO is often used with a unity gain, i.e., GATE current is the same as 

the GTO switch current. For a GTO current of 500 amp, it will require near 500 amp 

current to “gate” or control the current (i.e. unity gain, especially if higher switching 

speed is desired). A gate circuitry handling 500amp at high speed is itself bulky and 

costly as well as energy consuming. SiC IGBT uses a metal/oxide (MOS) gate to control 

the current through the channel. The MOS gate, however, has serious problems due to hot 

carrier trapping in the oxide, which causes a VTH drift and ultimate oxide rupture, and 

low channel carrier mobility due to interface and near interface charge scattering [55].  

It needs a new design on power bipolar switching device, which will be able to 

combine the best features of SiC GTOs (free of gate oxide reliability and VTH drift) and 

SiC IGBTs (voltage gating without a high gate current) to get rid of the high gate current. 

If such a switch can be conceived and developed, such a new power switch would solve 

the problems of both SiC IGBTs and GTOs and can be expected to find very widespread 

applications, not just limited to utility scale inverters.  
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Voltage-Gated Bipolar Transistor (VGBT), shown in Fig. 5-1, combines the best 

features of GTO and IGBT while eliminating the weaknesses of SiC GTO and IGBT: 

VGBT vertical channel width is “gated” or controlled by the GATE-COLLECTOR PN 

junction exactly as in a junction field effect (JFET) transistor. The self-aligned formation 

of the vertical N+ side walls makes VGBT normally-off and with extremely high channel 

carrier mobility (more than 500 cm
2
/V/s [56], unlike ~15 to 30 cm2/V/s [57] in SiC 

IGBTs or MOSFETs). The conceptual breakthrough of VGBT lies in the realization that 

a buried N+ COLLECTOR (buried under SiO2) would make bipolar mode voltage-gated 

power switch possible for the first time without using the MOS gated structure, which 

would overcome the shortages of both IGBT and GTO.  

 

 

 
Fig. 5-1 Cross sectional view of normally-off SiC VGBT 
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