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Introduction 
 
 

Climate change... 97% of the published climate studies articles agree with the fact that 
recent global warming is entirely caused by human activities [1]. Since the industrial rev- 
olution, the constant demand for more energy consumption (consistent with population 
increase), more efficient technologies and small size components (Moore’s Law) increases 
over the years. The gases emitted to produce electrical energy (CO2, CH4, etc.) plus other 
gases rejected by actual cars (such as CO2) impact considerably on the atmosphere by 
greenhouse effect - without referring other factors. As humans are responsible for global 
warming, then humans have to fixe the problem. One solution, if we need to continue 
using electrical energies, is the development of components with lower power conduction 
losses and higher breakdown characteristics that could be used in nuclear power plants, 
high-power commutation cells, hybrid (electric) cars and so on. 
The choice of the material to reach low power conduction losses and higher breakdown      
is of great importance. Nowadays, silicon-based devices control about 95% of all elec- 
tronic components. Silicon carbide SiC and gallium nitride GaN are at present under 
research and development and start to be integrated into some electronic circuits such as   to 
control the power of indoor air conditioners or inverters systems for railway cars, and other 
materials like Ga2O3, AlN or diamond are still under research for power electronic 
application.   The laters are known as ultra wide bandgap materials,  and they seem to       
be the required solution against low power losses. Among them, diamond is one of the 
promising materials for the next next-generation devices owing to its exceptional physical 
and electrical properties such as high breakdown field (    10 MV/cm) to use the device    
for high power control,  high carrier mobility (2000 cm2/V.s for holes and 1000 cm2/V.s  
for electrons) for fast switching and high frequency devices, high saturation velocity, high 
thermal conductivity (22 W/cm.K) for a perfect heat dissipation and low dielectric con- 
stant (5.5 eV). Many teams are working to improve the quality of diamond substrates, 
devices, and extracting material parameters to reveal the strength of diamond to be used   
for power electronic applications [2]. Theoretically, diamond is the best semiconducting 
material capable of having high breakdown voltages and low specific-on resistances. Es- 
pecially,  due to the incomplete ionization of the dopant (boron with ionization energy       
of 380 meV for p-type and phosphorus with ionization energy of 570 meV for n-type), 
it is even more efficient at high temperature. Various diamond Schottky barrier diodes 
(SBDs) - to control the direction of the current flow - with good forward (≥ 103  A.cm2     
at 6 V) and good reverse performances (blocking capability more than 1 kV with leakage 
current below 1 pA) were already reported [3, 4]. Additionally to SBDs, switches diamond 
field effect transistors (FETs) were also investigated through metal-oxide-semiconductor 
FETs (MOSFETs) using either an H-terminated diamond surface with not negligible cur- 
rent densities in on-state [5, 6] or an O-terminated one with high blocking characteristics  [7, 
8, 9].  Similar studies were done for metal-semiconductor FETs (MESFETs) [10, 11]. 
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Besides these listed devices, efforts are also oriented on junction FETs (JFETs), FinFETs, 
and bipolar devices such as Schottky-pn, pin diodes or bipolar junction transistors (BJTs) 
[12, 13, 14, 15, 16]. Despite the important and promising recent improvement reported, a 
lot of work still has to be done such as on wafer size, crystal quality, ion implantation, high 
resistivity of the n-type diamond layer, fabrication process, diamond parameter extrac- 
tion, and device design to take full advantage of diamond material [17]. For the design, 
one needs to properly terminate the edge of the electrode at the surface to avoid prema- 
ture breakdown of the devices due to electric field crowding at the borders. For that, a 
technique called edge termination (ET) is used to push the limit of the devices. 

The purpose of this thesis is to use the strength of the edge termination to extract impact 
ionization coefficients which are intrinsic diamond parameters that can be used to predict 
the blocking capability of diamond-based devices.   The primary target was  to develop     
an optimized structure to extract the impact ionization coefficients intrinsic parameters      
of diamond in an accurate manner by  suppressing electric field crowding effect,  and at   
the same time to evaluate the extracted impact ionization coefficients by comparing the 
experimentally and simulated results for field effect transistors. 
I managed my time to explore two  edge terminations for Schottky barrier diode called  
field plate (FP) oxide and floating metal guard ring (FMGR) (or floating field ring - FFR) 
where the efficiency of the guard ring integration on electric field distribution was observed 
[18]. Besides, two different normally-on FETs were fabricated, a MESFET and a reverse 
blocking (RB)-MESFET. The RB-MESFET distinguishes from the MESFET by its drain 
contact that is Schottky contact instead of Ohmic.   It provides a bi-directional switch     
that improves the on-state power losses and is used in matrix converters and push even 
more the capacity of a MESFET. The development of transistors is inseparable from the 
Schottky diode since both are required to fabricate commutation cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2 



 

 
 
 
 
 
 
 

Chapter 1 
 
The road to diamond power 
devices 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 



CHAPTER 1. THE ROAD TO DIAMOND POWER DEVICES 
 

 
1.1 Power electronics devices 

 
 
 
 

 
 

Figure 1.1: Prediction of wide bandgap market size by potential application [19] 
 
 

Power electronics plays a fundamental role in our modern life. The constant need for 
electricity implies an increase in energy production. From transmission to distribution, 
power devices answer to this condition to convert high power energy to medium or low 
power.  And hence,  one of the essential tasks is to switch the power from the on-state to  
the off-state (and vice versa).  A power device needs to be able to transport high currents   
in the on-state with as lower as possible on-resistance (voltage drop). And to withstand  
high voltages in the off-state. Nowadays, silicon (Si)-based devices are mainly used, silicon 
carbide SiC and gallium nitride GaN start to be integrated. Si material sees its physical 
limit reached.  The growing energy demand and efficiency allowed an investigation of  
wide bandgap (WBG) materials. Thanks to their high bandgap and better dielectric strength, 
WBD materials can improve the efficiency and reduce the size of the devices. Potential 
application areas of WBG power electronics are presented in figure 1.1. A broad 
application range is predicted for the next seven years such as industrial motor drives    (e.g., 
variable frequency or speed drive - VFD or VSD), photovoltaics (PV) inverters, power 
supplies and hybrid and electric vehicles (H/EV). At  present,  power supplies are  the 
major WBG market provided by SiC Schottky barrier diodes. Soon, H/EV market is 
expected to become more massive than the one of the power supply. All these predictions 
are based upon the global warming alert that forces the modern city to adapt its energy 
production and efficiency use. In June 2015, the first railcar traction inverter using only  
SiC power devices in Tokyo was reported by Mitsubishi Electric’s achieving 40% power 
saving [20] and GaN will be soon available such as GaN on Si. The actual drag of full 
integration is due to a delayed predicted price drop which is related to the wafer size. 
Among the interesting WBG semiconductors materials, laboratories are now focusing on 
gallium oxide Ga2O3 because of the easiness of growing the material with large area size. 
However, diamond is not considered to be a WBG material but within the ultra WBG 
(UWBG) materials owing to its outstanding physical properties which are discussed and 
compared to other WBG. 
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c 

 
 

 
 

Figure 1.2: Prospective applications of diamond power devices. [21] 
 
1.2 Wide bandgap semiconductors 

 
Figure 1.2 shows the prospects of diamond power devices.   WBG semiconductors are   
seen to be the answer for high power handling and high operating frequency.  Diamond  
can be promising for medium and high output market, it is investigated as a potential 
candidate for space development and nuclear power plant. There are opportunities for  
WBG materials and especially diamond to explore what Si material cannot reach. 
The main physical properties of WBG (SiC & GaN) and UWBG (β-Ga2O3 & Diamond) 
semiconductors that may  replace Si for power electronics are enclosed in table 1.1.  In  fact,  
due to a low cost of using Si as semiconductor,  there is no interest in replacing Si    by 
another WBG material for low power applications. SiC, GaN, β-Ga2O3 have better 
dielectric strength than Si. SiC surpass Si for the thermal conductivity. Recently, the first 
transistor with interesting properties using β-Ga2O3 was reported [22].  This encouraged  
the community to strengthen the possible use of the material for power electronics. The 
extremely low thermal conductivity (0.1 to 0.2 W/cm.K) can limit the integration of the 
material.  To  overcome this issue new architecture, as well as device environment, needs   
to be adapted. A combination of two semiconducting materials may be one solution. 
Diamond, with its incredible physical properties, is seen as the ultimate and most suitable 
semiconductor for power electronics devices. Its critical field (≥ 10 MV/cm) is about 30 
times than that of Si.  It is common to compare the WBG semiconductors through the 
Baliga’s figure of merit (BFOM) for power electronics application. BFOM defines the best 
material characteristics to reach the lowest conduction losses and is given by, 

 
BFOM = Es.µ.E3 (1.1) 

 
Another illustration to compare the different semiconductor is done for a fixed reverse 
voltage of 1 kV and an area of 1 cm2, but first, some basic equations are reminded. Let’s 
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m 

 
 

Property Symbol [Unit] Si 4H-SiC GaN β-Ga2O3 Diamond 
Band gap 

Dielectric constant 
Critical field 

Thermal conductivity 
Electron (e−) mobility 

Hole (h+) mobility 
(e−) Sat. drift velocity 
(h+) Sat. drift velocity 

EG [eV] 
Es 

Ec [MV/cm] 
λ [W/cm.K] 
µe [cm2/V.s] 
µh [cm2/V.s] 
νs  [107 cm/s] 
νs  [107 cm/s] 

1.1 i 3.23 i 3.45 d 4.5 i 5.45 i 
11.8 9.8 8.9 10 5.5 
0.3 2 3 - 4 6.5 - 8 ≥ 10 
1.5 5 1.5 0.1 - 0.2 22 

1500 1000 1250 200 1000 
480 100 200 - 2000 

1 2 2.2 - 2.7 
1 - - - 1.1 

Baliga’s FOM BFOM [Si = 1] 1 165 635 1231 23017 
 

Table 1.1: Main physical properties of wide bandgap (WBG) and ultra WBG semicon- 
ductors compared to Si for power electronics.  Corresponding BFOMs were added.  i  and  
d stand for indirect and direct gap, respectively. BFOM, Baliga’s figure of merit. 

 

consider a one-dimensional non-punch-through (NPT) diode with a p-type drift layer. The 
specific on-resistance can be expressed as 

 
 

Ron S = WD  
qµpNA 

 
(1.2) 

 
where WD is the drift layer thickness, NA the acceptor concentration, µp the hole mobility, 
and q the elementary charge. The BV is obtained by integrating the electric field along 
the depletion region: 

 
BV = 

WDEm
 

2 

 
(1.3) 

 

From the expression of the electric field related to the doping concentration and the de- 
pletion region: 

 

E = qNAWD 
m EsE0 

 
(1.4) 

 
By combining equation 1.3 and 1.4, the doping concentration can be expressed as, 

 
 

NA = 
EsE0E2 
2qBV 

 
(1.5) 

 
Expression 1.2 can, therefore, be also written as 

 
4BV 2 RonS = 

µ E E E3 

 
(1.6) 

p  s  0    m 
 

From this equation, for a given BV of 1 kV and an area of 1 cm2, the following comparison 
between the different material for drift layer thickness required and on-resistance of the 
diode are summarized in the table 1.2. 
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 Unit Si 4H-SiC GaN β-Ga2O3 Diamond 
WD µm 67 6.7 10 2.5 2 
Ron mΩ 94 0.17 0.5 0.03 0.0004 

 

Table 1.2: Comparison of different semiconductor material used to fabricate a 1-kV diode 
with 1 cm2 area. 

 
 

 

Figure 1.3: Specific on-resistance (RonS) as a function of breakdown voltage (BV). Solid 
lines are 1D theoretical limits for Si (300 K), SiC (523 K) and diamond (523 K) extracted 
from [23]. Symbols are experimental data. Only Schottky diodes are represented for 
diamond - courtesy to E. Gheeraert [24]. 

 
 

It is seen in this table that thanks to a higher critical field, wide bandgap materials and 
especially diamond require thinner drift layer and hence lower on-resistance are achiev- 
able. 

 
From a punch-through (PT) diode structure, and taking into account the incomplete 
ionization, the acceptor concentration dependence of the ionization energy, Umezawa et 
al. [23] reported the relationship between specific on-resistance RonS and BV. The one- 
dimensional limit for diamond was realized as seen in figure 1.3 [24]. Diamond has the best 
trade-off between specific on-resistance and breakdown voltage. It performances improve 
when increasing the temperature due to incomplete ionization of impurities. Oppositely, 
SiC characteristics degrade when the temperature rises. Experimental diamond reported 
data are from only Schottky diodes and are far from the theoretical limit. If a particular 
architecture such as edge termination structure is used, a theoretical 1D boundary can be 
crossed as presented for Si and SiC with Si insulated-gate bipolar transistor or SiC gate 
turn-off thyristor, respectively. 
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1.3 Diamond devices background 

 
1.3.1 Diamond Schottky diodes 

 
 

 
Figure 1.4:  High breakdown field on a p-type Schottky diode.  A schematic cross section  
of the fabricated sample is shown [25]. 

 
Diamond bipolar and unipolar diodes exhibiting interesting forward and reverse character- 
istics have been reported. Bipolar diode was investigated through p-type-intrinsic-n-type 
(pin) diodes by  several groups [26, 27, 28, 15].  However,  as stipulated in the thesis title,  
a background of only unipolar devices will be given. Schottky barrier diodes (SBDs) have 
already proven remarkable features in both the on-state and the off-state [29, 30, 25, 31,  3]. 
P. N. Volpe et al. reported a lateral Schottky diode with a high breakdown field of 7.7 
MV/cm corresponding to 9.7 kV [31].  The structure, as well as the electrical characteri- 
zation, are shown in figure 1.4.  The active layer  was  oxygen-terminated surface and has   
a doping level of 1016 cm−3 and a thickness of 13.6 µm. The experimentally obtained 
breakdown field is close to the expected value for diamond. It is much larger than the Si 
or SiC critical field; however, the on-state was compromised. Another Schottky barrier 
diode that also exhibited a high breakdown field was reported by A. Traore et al. [3]. A 
punch-through  O-terminated  pseudo-vertical  Schottky  diode  was  used.   The breakdown 
voltage was 1 kV for a maximum electric field of 7.7 MV/cm. The on-state characteristics 
were also interesting with a high current about 3000 A.cm−2. A post-annealing treatment 
exhibited a formation of a thin layer of zirconium oxide ZrO2, lowering the Schottky bar- 
rier height (SBH), and hence, shifting the threshold voltage to nearly 0 V, as seen in figure 
1.5. Further works on diamond Schottky barrier diodes with important results were also 
reported [30, 32]. 

In addition, Schottky m-i-p+  diodes were reported with a high breakdown voltage of  about 
2.5 kV (4.2 MV/cm) [33] and a maximum current density of 7.5 kA/cm2 [34]. Another 
unipolar diode used with a fully depleted thin n-type layer in contact with the Schottky 
electrode is the diamond Schottky-pn diode (SPND) [35, 14]. It was investigated for both 
phosphorus P-doped thin layer [36] and lightly nitrogen N-doped layer [37]. The highest 
current density of 60 kA/cm2 was obtained for the lightly P-doped layer. In both cases, 
the breakdown field was 3.4 MV/cm. This kind of unipolar diode had exhibited no trade- 
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Figure 1.5: (a) Post-fabrication annealing influence on the forward characteristics and (b) 
high breakdown voltage of 1 kV (7.7 MV/cm) obtained in off-state at 300 K. A cross- 
sectional view is given. At high temperature, the Zr/oxidized diamond forms a thin oxide 
layer [3]. 

 

off between on-resistance Ron and breakdown voltage. All the characteristics recalled 
above were obtained on unterminated structure diodes. Even without edge termination 
architectures, Schottky diodes have demonstrated extremely high breakdown fields. If 
an edge termination is added, one can expect higher breakdown fields. In the following 
section, an introduction of edge termination techniques of diamond devices and important 
investigation will be shown. 

 
 
1.3.2 Edge termination structures 

 
For high blocking voltage devices, it is essential and crucial to optimize the device structure 
by the use of edge termination technique. For a merely structured  diode,  breakdown 
voltage (and thus breakdown field) is well below the ideal limit due to a field crowding at 
the edges that cause a premature breakdown, as it was reported on SiC or GaN [38, 39]. 
Figure 1.6 summarizes some typical edge termination structures. 

Mesa structure (figure 1.6-A) suppress the crowding field at the n+/p− edge by  avoiding  
the lateral depletion.  This technique is widely used for Si and SiC with results close to 
the ideal case [41]. Mesa technique is not well adapted for SBDs since the peak electric 
field is at the edge of the metal contact. Therefore, other edge termination techniques 
were investigated to overcome this problem as shown in figure 1.6. SiC and GaN have 
already reported SBDs using field plate (FP) structure [42, 43] before been investigated 
for diamond SBDs by simulation [44, 45] and experience [46, 47]. The electric field at 
the edge of the main Schottky contact is relaxed thanks to electrical line forces formed 
between the metal and the ionized acceptors through the oxide. Two parameters in FP 
structure can be optimized, the oxide thickness and the FP length LFP. K. Ikeda et al. 
have reported on the importance of a high-k material such as aluminum oxide Al2O3 to 
decrease the electric field peak at the edge. Indeed, due to the O-terminated diamond 
surface that implies a positive electron affinity (EA), almost only Al2O3 has a large band 
offset to avoid holes and electrons from tunneling through the oxide. H. Umezawa et al. 
reported that the sensitivity of the field oxide thickness was more important than the 
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Figure 1.6: Schematic cross-sectional views of different edge terminated diamond diodes. 
Named as: (A) mesa, (B) field-plate, (C) surface passivation, (D) double Schottky metal, 
(E) floating metal rings and (F) JBS with JTE. JBS, junction barrier Schottky. JTE, 
junction termination extension — courtesy to H. Umezawa [40]. 

 
 

influence of the field plate length LFP [40]. An optimized LFP varies from 5 to 10 µm for 
an entire doping range of power device. A cross-sectional and a top view of the fabricated 
FP-SBDs reported in [47] are shown in figure 1.7. An O-terminated thick drift layer was 
used, and a field oxide of 0.2 µm thickness was deposited on a vertical SBD. The reverse 
electrical characterization is also shown in figure 1.7. The estimated maximum electric 
field for an unterminated SBD is 0.8 MV/cm. However, when a field plate with small 
LFP is used the utmost electric field is doubled and reach 1.8 MV/cm. The limitation of 
the maximum electric field could be due to several parameters such as the propagating 
dislocation from the heavily boron doped diamond substrate, a non-optimized field oxide 
thickness or also an oxide roughness at the edges. 

Another edge termination structure, in the same framework as the FP technique, is the  
ramp oxide FP. By creating a Bevel oxide shape at the edges (gradual thickness increase), 
one hot point is suppressed leading to a 90% achievable ideal device breakdown consider- 
ing a high-k material [48]. This structure has never been investigated experimentally yet. 
S. Rugen from the university of Bremen (Germany) also studied floating metal rings 
structure (figure 1.6-E) effectiveness [49]. Influence of the ring spacing and number were 
reported. Further details will be given in chapter 4. This kind of ET technique is also  
widely used for SiC and GaN semiconducting material where a number of rings and spac- 
ing between the rings and rings width are optimized [50, 51, 52]. With the technology 
improvement, the guard ring in SiC devices uses implanted heavily doped regions (figure 
1.6-F). Ion implantation is not a mature technology for diamond material so far. 
It is known that a power device needs edge termination structures to reach characteristics 
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Figure 1.7: Current-Voltage characteristics of diamond SBDs with and without field plates. 
A cross-sectional and a top view are also presented. [47]. 

 
 

near-ideal case. At present, few edge termination structures were investigated experi- 
mentally. Further, structures have to be explored for diamond to take advantage of full 
diamond field strength. And only after parameters such as impact ionization coefficients 
which are field dependent, can be measured accurately. 
The work realized on SBDs can also be integrated for transistors fabrication which the pre- 
mature breakdown occurs for the same reasons (peak electric field at the gate edge). 

 
 
 
 
1.3.3 Diamond unipolar field effect transistors 

 
 

H-terminated or O-terminated diamond surface can be used to fabricate field effect tran- 
sistors (FETs). The first one leads to a surface channel conduction via two-dimensional  
hole gas (2DHG), and the second leads to bulk channel conduction due to the oxidization. 
Both of them are investigated for diamond. 
Three modes are referenced for transistors; the depletion mode corresponding to a regular 
switch-off of the transistor by forming a space charge region (SCR) under the gate and the 
deep depletion mode which is available only for MOSFETs, because of the high doping 
level of the channel that may induces gate leakage current in case of MESFETs. An finally, 
the inversion mode transistor that forms a thin conducting layer of minority carrier within 
the channel. Recently, T. T. Pham et al. have reported that a time constant for minority 
carrier generation about 1030  years is required to switch from the deep depletion regime    
to a strong inversion regime, which is impossible [8]. This very long time constant for 
minority carrier generation is related to an exponential dependence of the bandgap. 
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1.3.3.1 Depletion  mode transistor 

 
The depletion mode transistor is a normally-on device. It requires a reverse voltage to 
be applied to the gate for channel modulation and transistor switch-off. Bulk channel or 
surface channel conduction are the two main types. 

 
Bulk channel FET 
Despite the difficulties encountered to grow a good n-type layer, junction FETs (JFETs) 
using diamond were successfully fabricated and characterized [53]. Figure 1.8 presents a 
schematic section and a top view of the diamond lateral JFET reported by T. Iwasaki et  al. 
[54, 55]. At present, normally-on and normally-off JFETs were realized [12]. A maxi- mum 
current density of 450 A/cm2 was achieved at a high temperature of 573 K, and the 
transistor was normally-off [56]. A maximum blocking voltage of 600 V (6 MV/cm) was 
obtained for different device parameters and a temperature of 200◦C [57].  The maximum 
breakdown field obtained is here also more significant than the physical limits of 4H-SiC 
and GaN. The temperature operation facilitates the activation of the n+ layer. Vertical 
type JFET is challenged to realize, but it is under investigation. 

 

 
 

Figure 1.8: (a) Top view and (b) cross-sectional view of the junction field effect transistor 
with lateral pn junction [54]. 

 
Metal-semiconductor FETs (MESFETs), following the similar physics than JFETs, were 
also investigated through surface channel conduction for high-frequency applications [58, 
59, 10] and bulk channel conduction [11]. The bulk conduction is more suitable for high 
power switching transistor. Background and more details will be given in chapter 4. 

 
Surface channel FET 
Surface channel conduction is widely used for diamond MOSFET. In fact, only deple- 
tion mode is achievable when a diamond surface is H-terminated. As the diamond EA 
is negative, considering the band alignment, a barrier will be formed for holes and not 
for electrons. Many works on H-terminated MOSFET were reported [60, 61, 62]. Sur- 
face channel MOSFET are transistors that have exhibited higher current densities and 
lower on-resistances as compared to bulk channel conduction FETs. The maximum drain 
current density reached 1.3 A/mm [63]. Lastly, vertical-type 2DHG MOSFET was re- 
alized [64]. Figure 1.9 shows the on-state characteristics of a vertical 2DHG MOSFET. 
The current density exceeds the 200 mA/mm, and the corresponding breakdown voltage 
was about 350 V. Figure 1.9-(b) highlight the weakness of using an H-terminated surface. 
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Even if the oxide stabilizes, the thin H-layer formed, increasing the temperature degrades 
the transistor characteristics.  And hence, the H-terminated MOSFET cannot be used 
for  temperatures  higher  than  200◦C.  A  normally-off  behavior  was  reported  for  a  planar 
H-terminated diamond MOSFET by partially terminated the channel by oxygen [6]. The 
highest breakdown voltage realized for this structure was about 2 kV, but the maximum 
drain current density decreased by about two orders of magnitude as compared to the 
vertical-type. A trade-off on-resistance and breakdown voltage are here observable. 

 
 

 
Figure 1.9: (a) On-state characteristics of vertical-type 2DHG MOSFET and (b) temper- 
ature influence of the maximum drain current density [64]. 

 
 

1.3.3.2 Deep depletion mode transistor 
 

One of the last reported work on unipolar bulk conduction MOSFET, was realized by 
T. T. Pham et al. The first achieved and observed deep depletion mode of a transistor. 
Basically, the deep depletion is a regime observed just before a strong inversion occurs. 
However, as explained earlier, the inversion regime does not take place naturally because of 
the ultra-wide bandgap of diamond. The deep depletion allows higher channel doping (in 
the range of 1016 to 1017 cm−3) as compared to a bulk conduction MESFET. For the same 
doping level, a MESFET will see its gate leakage current importantly high with incapacity 
to close the channel. The high doping level improves (decreases) the on-resistance and 
(increase) the maximum drain current. A conceptual cross-sectional view and an SEM 
picture of the fabrication MOSFET are shown in figure 1.10-(a). As a counterpart, the 
breakdown voltage is low and reported to be about 200 V . This fabricated and reported 
device had a poor maximum drain current density because the Ohmic source and drain 
were directly deposited on the active layer. A heavily doped layer beneath the source and 
drain can further improve the characteristics. 

 
 

1.3.3.3 Inversion mode transistor 
 

To overcome the issue of inversion regime obtention in diamond MOSFETs,  Matsumoto  
et al. have developed a structure that provides the minority carrier to under the gate.  
Figure 1.11-(a) and (b) show the cross-section of the structure as well as a picture of 
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Figure 1.10: (a) Schematic cross view and SEM picture of the fabricated O-MOSFET. 
(b) Off-state characteristics. The transistor exhibited up to 200 V of breakdown voltage 
[65]. 

 

the fabricated MOSFET. An n-type channel was used, and a heavily doped boron p+ 
selectively grown layer under the source and drain electrodes were added. The heavily 
doped boron layers are hole tanks that bring the missing minority carriers needed to form 
the inversion layer. Device electrical characteristics at the on-state are given in figure 
1.11-(c). The transistor was normally-off, and a maximum drain current density of -1.6 
mA/mm was obtained. Nonetheless, the reported field effect mobility was 8 cm2/V.s which 
is very low as compared to diamond measured value by Hall effect [66]. The breakdown 
voltage was not discussed, but an extremely low breakdown is expected. 

 
 
1.4 Conclusion 

 
In this first chapter, the increasing demand for better device performances and the warn-  
ing of global warming brought the research to explore new semiconducting materials for 
high power applications.   Diamond one of the recognized ultra wide bandgap material    
had demonstrated its capacity to be used for the future next-generation of power devices 
after maturity. Its exceptional physical properties give opportunities in a wide range of 
applications.   Simple lateral and pseudo vertical Schottky barrier diodes have  exhibited     
a maximum electric field (7.7 MV/cm) close to the commonly known one (10 MV/cm). 
However, due to an critical amount of dislocations within the heavily doped boron sub- 
strate that induce leakages, it is difficult to achieve the same maximum electric field. 
Fortunately, the quality of the bulk, as well as the epitaxial layer, are now under investi- 
gation. 
Edge termination technique is essential for high power devices. Unfortunately, a few ex- 
perimental studies were reported, and it was using field plate structure. Further structures 
need to be explored to reach the ideal breakdown voltage. Important FETs were also re- 
ported as it was seen in this chapter; however, the breakdown field remains low as compared 
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Figure 1.11: (a) Cross-sectional view and (b) top view picture of the inversion mode 
MOSFET. (c) On-state state characteristics [9]. 

 

to the theoretical expectation of diamond. For a good understanding of the breakdown 
characteristics of a device, it is crucial to know the impact ionization coefficients as a 
function of the electric field. The extraction of accurate parameters requires a device with 
characteristics near the ideal ones. It was already shown for power devices using SiC or 
GaN that only edge termination technique can bring to that level. Chapter 5 is dedicated 
to the impact ionization coefficients from the background to the measurement. 
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Unipolar power devices are mainly used and preferred in power devices as compared to 
bipolar devices.   A unipolar device uses conduction of majority carrier (either  electrons   
or holes) which make it a suitable device for fast switching from the on-state to the off-state. 
Indeed, during the on-state operation of a bipolar power device, injection of mi- nority 
carriers occurs. These minority carriers must be removed when the device switches from 
the on-state to the off-state.   The processes to remove the  minority carriers (such     as 
electron-hole recombination process) induces significant power losses, and this makes 
unipolar devices more suitable for low power losses. 
In this chapter, the theory behind the unipolar devices and implemented simulation models 
will be presented. Two unipolar devices have attracted the attention, the rectifier Schottky 
diode and the switch metal-semiconductor field effect transistor (MESFET). Among the 
unipolar power transistors, metal-oxide-semiconductor field effect transistor (MOSFET) 
have gain popularity due to their normally-off behavior and the possibility to apply a 
forward bias on the gate to reach the accumulation without any leakage current.  However, 
a MESFET has the advantage of taking rid of problems due to the oxide/semiconductor 
interface (one of the critical issues in MOSFET) such as interface traps or reliability is- sues. 
The MESFET offers a better control in defining short channel lengths for high-speed 
applications [10, 67] and its low gate resistance and low voltage drop is of great impor- 
tance in microwave performance. The capacity of a MOSFET to use high doping channel 
layer to reach low on-state losses is also its weakness regarding off-state losses where the 
MESFET is more suitable for high breakdown and power capability. 

 
 
2.1 Schottky diode 

 
Compared to other diamond devices, Schottky diode is a promising power device since 
several groups have already reported high breakdown voltages [68, 29, 31, 30, 3]. Figure 
2.1-(a) represents the general transfer characteristics of the ideal power devices. Due to 
the power dissipation issue, power devices (Schottky rectifiers) are not used in a linear 
regime, and hence two states are used: 

• The off-state where I = 0 & V /= 0 

• The on-state where I /= 0 & V  = 0 
In a real diode, figure 2.1-(b), the power dissipation is critical in the on-state due to the 
presence of a voltage drop originated from a threshold VTH and  a series  resistance  Ron. 
But it is also critical in the off-state when the leakage current starts to increase for high 
voltages. In most cases, this off-sate power dissipation ends by a breakdown voltage. The 
maximum BV that a device can withstand is limited by  the material breakdown field     
[24]. 

 
 
2.1.1 Schottky contact 

 
An Ohmic contact distinguishes from a Schottky contact (rectifier) by the difference of 
work functions between the metal φm and the semiconductor φs. Figure 2.2 shows the band 
structure of a metal and a p-type semiconductor electrically isolated system. At thermal 
equilibrium, when the metal and semiconductor are in intimate contact, the Fermi levels 
forces to align giving rise to a built-in potential barrier V0 = Vbi and a semiconductor 
band bending. When the metal work function is lower than that of the semiconductor, 
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Figure 2.1: (a) Ideal characteristics of a diode. No current flowing in the off-state and 
no on-state voltage drop. (b) A typical representation of real characteristics of a diode. 
The device is limited by a breakdown voltage at the off-state and the voltage drop induces 
on-state losses in the forward region. 

 

the band will be downward bent blocking the free holes to reach the metal side. The  built-
in potential formed can be approximated as follow qVbi ≈ φSBH − Ea, where Ea is the 
acceptors’ ionization energy and φSBH is the Schottky barrier height in eV. The ideal 
Schottky barrier height (SBH) is defined by the Mott equation: 

 
φSBH = Eg/q − (φm − Xs) (2.1) 

where Xs  is the electron affinity (EA) of the semiconductor,  Eg  the band gap energy of  
the semiconductor and q the elementary charge. Under forward bias, V0 is lower, which 
promotes carrier injection from the semiconductor into metal.  However,  if a reverse bias  
is applied the barrier V0 increases further causing a band bending increase and pushing 
away  the free holes blocked by  the barrier.  A depletion region formed at equilibrium  
when no bias is applied due to Schottky-Mott theory, extend from the Schottky electrode. 
The depletion width W represents the depletion region. Within this depletion region (or 
space charge region - SCR) free holes do not exist, only fixed ionized acceptors are present 
(Figure 2.2). The depletion layer width WD which is bias dependent can be expressed,  
under the abrupt approximation by, 

 

W = 2E0Es V 
D qNA 

bi 

 
+ Va − kBT 

＼ 

(2.2) 
 

The metal/semiconductor contact is rarely ideal because of interface defects which reduce 
the contact quality. One effect known in Schottky diode is the barrier lowering effect or 
Schottky effect). When a reverse bias is applied, equipotentials are created parallel to 
the Schottky electrode. The presence of equipotentials give rise to electric field at the 
metal/semiconductor interface considering a Columbic interaction (force of attraction) 
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Figure 2.2:  Schematic band diagram of built-in potential creation on Schottky contact      
for (a) an isolated system and  (b)  intimately  connected  system  at  equilibrium.  (c)  A 
one dimensional model of the Schottky diode at 0 V applied bias (reverse state). SC, 
semiconductor. 

 
between a charge carrier located at a distance x in semiconductor and its mirror charge 
image charge at -x (an electron for a p-type semiconductor and vice versa) into metal  
[69]. This phenomenon affects the carrier injection by inducing a variation of the barrier 
∆φim near the interface. An expression of barrier lowering due to Schottky effect is given 
by: 

 
 

 

∆φim =  qEm 
4πE0Es 

(2.3) 

 

Taking into consideration the image force barrier lowering, the Schottky barrier becomes: 
 
 

 

φSBH = φSBH0 
  qEm 
4πE0Es 

(2.4) 

 
where φSBH0 is the SBH without taking into account the image force lowering. Em is the 
maximum electric field in the depletion region at the metal/semiconductor junction. The 
following equation can calculate it: 

 
 

 

E = 2qNA(Vbi + Va) 
m E0Es 

(2.5) 

 
with NA the acceptor doping concentration and Va the applied bias. Even at zero bias 
the SBH undergo the image force lowering and hence the SBH at zero-bias φ0 can be 
approximated by 

 
 

φ0 

 
= φSBH0 − ∆φ0 

 
 
≈ φSBH0 − 

 
   

2q3NA 

 
 
 
Vbi 

 1/4 

 
 
 

(2.6) 
SBH im (4π)2(E0Es)3 
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Andrews and Lepselter [70, 71] gave an empirical expression of the bias dependent SBH 
that includes the static dipoles [72] (a link between the electrode and the fixed ionized 
acceptors) under reverse bias Vr: 

 
 

φSBH (V r) = φ0 − ∆φim − αEm 
  

2q3N (V 
 

 
+ V )

 1/4   
2qN  (V  + V ) 

  1/2 (2.7) 
 

 
 
α is thought to be related to  the  density  and  depth  of  the  interface  state  [71].  This 
bias dependence of SBH allows an enhancement of the reverse leakage current increase by 
degrading the barrier height. 

The space charge region (SCR) formed beneath the Schottky junction depends strongly on 
the applied reverse bias. The capacitance C of a reverse-biased junction, when considering 
a uniform doping, can be expressed as follows: 

 

C = E0EsS 
WD 

 
(2.8) 

 

where E0, Es and S are the permittivity in vacuum, the  permittivity  in  diamond  and  the 
device area, respectively. From the depletion width as a function of applied reverse bias 
expression 2.2 combined to equation 2.8, one can derive the following equation, 

 
1 2 2kT 

C2 = 
qE A2[B] (Vbi − V − ) (2.9) 

q 
 

In equation 2.9, Vbi, q, k, T and [B]CV are the built-in potential, the elementary charge, the 
Planck constant, the temperature, and the non-compensated acceptors’ concentration (NA 
- ND), respectively. From C−2 vs V plotted curve, the slope of the linear part gives [B]CV 
and the extrapolation to C−2=0 gives Vbi. An expression of the acceptor concentration 
extracted by C(V) is used, 

 
 

[B]CV 
 
= NA − ND =   −2 1  

qEsA2 d(1/C2)/dV 

 
(2.10) 

 

2.1.2 Reverse current 
 

The reverse current of a Schottky diode can be explained by the thermionic emission (TE) 
mechanism. The Schottky effect induces a reverse current dependent on the bias following 
this equation: 

 

 
I(V ) = A∗ST 2exp

 

− 

 
0 
SBH − ∆φim(V ) − αEm(V )) 

kBT 

 

(2.11) 

 
where V = Vbi + Vr, S the diode section, kB is the Boltzmann constant, T the lattice 
temperature and A∗ the Richardson constant.  When a high electric field is applied,  TE 
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mechanism is not enough to explain the reverse current. The presence of the high electric 
field thermally excites the carriers close to the thinner part of the barrier potential and 
hence contributing in tunneling phenomena of the carriers referenced as thermionic field 
emission (TFE) mechanism. An estimation of the TFE reverse current is defined as 

 
 

I(V ) = 2SA∗(qπTV )1/2qE00 
3/2 
B 

exp

 

− 

 

0 
SBH 

 
− ∆φim − αEm) 

kBT 

 
q3V E2 

+ 
3(kBT )3 

 

(2.12) 

 
The tunneling parameter E00 depends on doping concentration NA and the carrier effective 
mass m∗, E00 = 18.5 × 10−5 (NA/(5.7m∗)). 

 
2.1.3 Forward current 

 
Current transport of a Schottky diode is based on a nonlinear regime. Most of the reported 
diamond rectifiers have exhibited a forward current described by a TE mechanism. In that 
aim, only that mechanism will be introduced. Drift and diffusion model will not be exposed 
here; more information can be found in A. Traore thesis [73]. 
The forward current explained by TE mechanism can be expressed as follow: 

I = I exp

  
q(V − R × I)

 「

1 − exp

  

− q(V − R × I) 
 l 

(2.13) 

where R is the bulk resistance, n the ideality factor that provides information on the 
metal/semiconductor interface quality (if n is close to unity, then the rectifier can be 
considered as ideal) and Is the saturation current: 

 

 
Is = A∗ST 2exp

 

− 

 

0 
SBH 

 

kBT 

 

(2.14) 
 
 

2.2 Metal-semiconductor field effect transistors 
 

Metal-semiconductor field effect transistor (MESFET) is a unipolar device that uses a 
majority carrier conducting channel positioned between a source and a drain contacts. 
Figure 2.3-a is a schematic structure of a p-type  channel  MESFET.  Both  source  and 
drain are Ohmic contacts.  When applying a negative bias VD  to the drain with respect      
to the source, holes flow from source to drain. The gate is a Schottky rectifier that 
modulates the thickness of the conducting channel (and hence the current between source 
and drain) thanks to the depletion region formed by the Schottky junction. If the depletion 
region allows a current flow when no bias on the gate is applied, then the MESFET is  
called normally-on transistor and works under the depletion mode process to turn off the 
device. 

Typical current-voltage I-V characteristics of a MESFET is shown in figure 2.3-b, where 
the drain current as a function of drain voltage for different fixed gate voltages is plotted. 
The drain I-V characteristics can be divided into three regions [69]: The linear region 
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Figure 2.3: (a) Schematic cross-sectional structure of a p-type channel MESFET where 
the net channel opening is controlled by the depletion width WD created by the gate 
Schottky junction. L is the channel (or gate) length, a is the channel depth, and b is the 
net channel opening. (b) General I-V characteristics of a p-type normally-on MESFET 
with the commonly observed three regions: Linear, Nonlinear and Saturation. 

 

at small drain bias where the drain current ID is proportional to the drain bias VD; The 
nonlinear region, which encloses the pinch-off of the channel; and the saturation region 
where the current remains constant independently of VD. 

 

2.2.1 Space charge region 
 

Additional to the space charge region (SCR) created by the gate Schottky contact, it also 
exists an SCR in the p-type diamond epilayer induced by the p-n junction at the sub- 
strate/epilayer interface. The substrate used to fabricate MESFETs is a semi-insulating 
diamond substrate with a high amount of nitrogen (N) assumed to be 3 × 1019 cm−3 [74]. 
The expected depletion width within the epilayer at the interface between the substrate 
and the epilayer can be calculated using: 

 

W = 2

ー
E0EskBT 1 ln NAND 

 

(2.15) 
 
 

where ND is the nitrogen donor concentration in the substrate, NA is the boron accep- 
tor concentration in the epilayer, ni is the intrinsic carriers concentration. Figure 2.4-a 
schematizes the two SCRs created in a MESFET. The SCR spreads in quasi-totality in the 
p-channel due to a high activation energy of nitrogen dopants.  Using equation 2.15 and 
an assumed nitrogen concentration of 3 × 1019 cm−3, under the condition that NA « ND, 
the extension of the SCR in the p-type diamond as a function of acceptors concentration 
is given in figure 2.4. It is expected that the SCR will influence the channel current due to 
a reduction of the net channel opening to an effective channel opening b’. The MESFET 
characteristics such as threshold voltage and on-resistance will also be influenced. 

One of the interests of the threshold voltage which is a cause of the Schottky gate elec- 
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Figure 2.4: (a) Cross-sectional structure of a MESFET showing the space charge region 
(SCR) induced by the p-n junction at the substrate/epilayer interface. (b) Extension of 
the SCR in p-channel diamond due to p-n junction between the substrate and the epilayer 
as a function of boron acceptors concentration. Nitrogen concentration was assumed to 

be 3 × 1019 cm−3 — courtesy to Chicot’s Ph.D. thesis [74]. 

trode depletion width is the acceptor concentration extracted. For MESFET, a simplified 
expression of current in saturation region can be written as [69]: 

 
 

IDsat 
  G 

= 
4Vp 

 
(VG − VT H 

 
)2 (2.16) 

 

where G, Vp, VG and VTH are the conductance, the pinch-off gate voltage and the gate 
threshold voltage around which the MESFET is turned ON and OFF, respectively. Ex- 
trapolation of IDsat

1/2 vs. VG by linear curve gives VTH, the value of VG at which pinch-off 
point is reached (VG = VTH). Then, from the gate threshold voltage expression VTH = 
Vbi - Vp with pinch-off voltage Vp expressed as follow, 

 

Vp = q[B]VTH a 
 

 
(2.17) 

2E0Es 
 

where a is the epilayer thickness and [B]VTH is the non-compensated acceptors’ concen- 
tration extracted by VTH technique. Acceptor concentration expression becomes: 

 
 

[B] 
 
VTH 

= 2Es(Vbi − VT H ) 
qa2 

 
(2.18) 

 

2.2.2 Channel current 
 

Under the assumptions of (1) a uniform channel doping, (2) a gradual-channel approxima- 
tion (electric field in the x-direction is negligible as compared to the one in the y-direction), 
(3) an abrupt depletion layer and (4) a negligible gate current, the charge density in the 
channel Qp at any distance x that permit the current conduction is proportional to the 
net channel opening b, and is given by 

 
24 

2 



CHAPTER 2. UNIPOLAR DEVICES THEORY AND SIMULATION’S MODEL 
 

ー 

 
 

Qp(x) = qNA(a − WD) (2.19) 

The depletion layer width at any distance x from the source can be approximated to: 
 
 

 

W  (x) = 2E0Es(Vbi − VD(x) − VG) 
D qNA (2.20) 

 
Then, the channel current is the channel charge density multiplied by the carrier velocity 
and the depth of the channel opening Z, which leads to: 

 

ID(x) = ZQp(x)ν(x) (2.21) 
 

The drain current is independent on the x position within the device. 
 
 

2.2.3 Saturation velocity/Field mobility 
 
 

 
Figure 2.5: Explanation of the drift velocity as a function of electric field. The empirical 
model of high-field mobility gets close to the experimental characteristics of semiconductors 
that do not have transferred-hole (or electron) effect [69]. 

 
Field effect transistors with short channels have shown discrepancies between basic theory 
and experiment [69]. The short channel is considered when the channel length is of the 
same order of magnitude as the depletion layer  width of the source and drain.   Hence,    
the devices that will be presented later are only long-channel devices for high voltage 
application. For long-channel transistors, at a low electric field, the carrier velocity is 
assumed to be proportional to the field. It is referenced as a constant mobility region  
(figure 2.5). In this region, the drift velocity increases linearly with increasing the field. 
However, at higher electric fields, the carrier velocity deviates from the linear dependence 
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and saturates to a saturation velocity νs, as presented in figure 2.5 [69]. Diamond drift ve- 
locity at saturation reaches 1.1 × 107 cm.s−1 and 2.7 × 107 cm.s−1 for holes and electrons, 
respectively. 

The field-dependent mobility to explain field effect transistor at high field (and also imple- 
mented in the simulation numerical models) follow an empirical formula that has a smooth 
transition between the constant-mobility regime to the saturation velocity regime. The 
equation is of the form, 

 
 

µn,p(E) = µn0,p0 
  1  

（  ＼ 

  

 

(2.22) 

 
where E is the parallel electric field, µn0,p0 is the low-field electron n0 or hole p0 mobility. 
The low-field mobility is explained in the next section with J. Pernot’s empirical model 
[66]. 

 
 
2.3 Simulation numerical models 

 
Simulation tools have played and continue to play an essential role in the research and 
development of power semiconductors. With simulation, straightforward devices, as well 
as newly designed devices, can be tested without wasting time and money with a new 
architecture test fabrication. The advantages of the simulation are the ability to automat- 
ically optimize the device parameters (architecture or material) and easily visualize the 
expected physical properties if the right physical models are implemented. This section 
will introduce the physical models implemented in Silvaco finite element simulation soft- 
ware. In any semiconductor, Poisson’s equation that relates the electrostatic potential to 
the space charge density and the carrier continuity equation can describe the main physics. 
Depending on the material, appropriate models need to be implemented. In this section, 
models dedicated to diamond such as incomplete ionization of dopants, temperature and 
concentration-dependent hole and electron mobility used in the simulation tools will be 
presented. 

 
 

2.3.1 Band gap temperature dependence 
 

The band gap formed by the energy difference between the bottom of the conduction band 
and the top of the valence band determine the electronic properties of a semiconductor. 
Varshni et al. [75] have reported an empirical expression (cf. equation 2.23) of the band 
gap as a function of the temperature: 

 
3002 T 2 

Eg(T ) = Eg(300K) + αβ + 300 − αβ + T (2.23) 

 
The band gap energy of semiconductors tends to decrease with increasing temperature. A 
temperature increase induces an increase of the atomic vibrations amplitude. A. Marechal  
et al. have fitted the experimental diamond data reported by C.D. Clark et al. [76] using 
the equation 2.23 and hence have extracted α and β coefficients for diamond as 1.01007 
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eV.K−1 and 3.951 98 × 106 K, respectively. The band gap of diamond at 300 K was set at 
5.46 eV. 

 
 

2.3.2 Incomplete ionization model of impurities 
 

One of the distinguishable characteristics of diamond semiconducting material is its in- 
complete ionization at room temperature as compared to Si, GaN or SiC due to the deep 
impurities activation energies as seen in figure 2.6. At 300K the ionization ratio is of one 
thousandth for boron (B) doping and one millionth for phosphorus (P) doping. These 
large activation energies of dopants in diamond have pushed the community in exploring 
specific architectures such as delta-doping [77] to overcome an extremely high series re- 
sistance or the use of a hydrogen-terminated surface for surface conduction to reach high 
current densities [78, 79]. These large ionization ratios are a problem for numerical sim- 
ulation at room temperature since they lead to convergence problems due to low carrier 
densities. 

 
 
 

 
Figure 2.6: Schematic diagram showing the ionization energies of the dopants for Si, 4H- 
SiC, GaN and Diamond for both donors (n-type) and acceptors (p-type). The ionization 
ratios are also presented — courtesy to A. Marechal’s Ph.D. thesis [80]. 

 
From the charge balance equations and the neutrality equation between the number of 
positive charges and the number of negative charges, the free hole concentration p and 
the free electron concentration n can be determined using the Fermi-Dirac distribution. 
Therefore, for a p-type material the free hole concentration p is expressed as: 

 

1 
ー 

4φa(NA − ND) 
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Similarly, for an n-type material, the free electron concentration is given by: 

 

1 
ー 

4φd(ND − NA) 
  

 
 

where φ 
 

a(d) 

 
= gh(e) 

 
.NV (C) 

exp 
Ea(d) (2.26) 
kBT 

 

with Ea = EA - EV for the acceptor thermal activation energy and gh = 1/gA = 1/4 the 
degeneracy factor for hole, and Ed = EC - ED for the donor thermal activation energy and 
ge=2 the degeneracy factor for electron [69]. 

NA and ND are the total densities of acceptors and donors, respectively. 
 
 

 
Figure 2.7: Activation energy as a function of the impurity concentration for p-type and 
n-type diamond. The experimental data for boron activation energies are reported in 
[81, 82, 83, 84, 85, 86, 87, 88, 89, 90]. The ones for phosphorus were reported by [91, 92, 
93, 94, 95, 96, 97]. Solid line for p-type is a fitting curve following Pearson and Bardeen 
expression [98]. For the n-type, a constant value was assumed — courtesy to A. Marechal 
[80] 

 
As seen in equation 2.24, the free hole concentration depends strongly on main dopant 
activation energy and concentration as well as on the compensation concentration. The 
main dopants in diamond which are boron, phosphorus, and nitrogen have exhibited acti- 
vation energies of 380 meV, 570 meV and 1.7 eV, respectively. It has been determined that 
the thermal activation energy of boron dopant decreases when the density of impurities 
(borons) increases as seen in figure 2.7. Based on an empirical law reported by Pearson 
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Figure 2.8: Hole density as a function of acceptor concentration (boron) and compensation 
concentration at 300 and 500 K. Experimental data from [99, 90, 100, 101, 102] were added 
[103]. 

 

and Bardeen [98], experimental reported data for p-type diamond have been fitted leading 
to the following expression for boron acceptor: 

 
Ea(eV ) = 0.38 − 4.7877 × 10−8 × N 1/3 (2.27) 

In figure 2.7, it is also observable that newly reported experimental data showed that the 
thermal activation of phosphorus dopant decreases when increasing impurities concentra- 
tion. It starts to be noticeable thanks to improvement in phosphorus incorporation within 
diamond enabling to n-type layers with good characteristics [97]. Nevertheless, a constant 
thermal activation energy of phosphorus donor Ed was set equal to 0.57 eV. 

Traore et al. [103] have highlighted the importance of compensation percentage in deter- 
mining the free hole concentration (figure 2.8). Indeed, depending on the compensation 
ratio, the mobility can be considerably reduced. The percentage of donor compensation is 
ranging from 1% to 10%. As 10% of donor compensation induces a mobility twice lower, 
it is crucial to control the impurities during the growth (especially foreign impurities) and  
to keep the compensation as low as 10%. For a fixed boron doping concentration and a 
fixed compensation, the hole density increases about one order of magnitude from 300 K  
to 500 K. 

 

2.3.3 Holes and electrons mobilities model 
 

Hole and electron mobility empirical model that take into consideration temperature and 
doping concentration was also implemented to the simulation tool. Volpe et al. and Pernot 
et al. have suggested an adapted empirical model for diamond that fits the experimental 
data. The model is for a low-field regime and covers a wide range of doping concentration, 

extending from 1014 cm−3 to 1021 cm−3. The transition to metallic of diamond boron 
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Figure 2.9: Hole Hall mobility as a function of doping level in homoepitaxial diamond at 
(a) 300 K and (b) 500 K. The model is in good agreement with reported data. Information 
on symbols experimental data can be found in [66]. 

 

doped is at 5  1020  cm−3  [104].  At  the lowest  doping concentration,  the mobility for   
hole and electron is 2016 cm2.V−1.s−1 and 1030 cm2.V−1.s−1, respectively. The proposed 
equation consider only phonon and dopants scattering [90]: 

 

µ(T, Nimp) = µ(300, Nimp) × 

 

  T 
300 

 −β(Nimp)  

(2.28) 

 
where Nimp = NA + ND represents the total concentrations of both acceptors and donors. 
β(Nimp) and µ(300, Nimp) were extracted independently. The expression for β(Nimp) is 
as follow: 

 
 

β(N 
 

imp 

 
) = β 

 

min + βmax − βmin 
imp β 
Nβ 

 
(2.29) 

 
where βmin = 0 for highly doped n-type or p-type diamond, βmax = 3.11 for hole and βmax 
= 2.17 for electron in a pure material, Nβ = 4.1 × 1018 and Nβ = 3.75 × 1017 for hole and 
electron, respectively. For boron-doped diamond, γβ = 0.617 and for phosphorus doped, 
γβ = 0.585. And finally, the concentration dependence of the mobility at 300 K: 

 
 

µ(300, N 
 

imp 

 
) = µ 

 

min + µmax − µmin 
imp µ 
Nµ 

 
(2.30) 

 

with µmin = 0 cm2.V−1.s−1 for highly doped diamond for both hole and electron. At this 
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high doping diamond, hopping phenomena occurs. The high-field mobility model for field 
effect transistors was described in the previous section. 

 
 
2.3.4 Avalanche mechanism 

 
The two main processes that limit the device operation at the off-state are a breakdown 
due to an important amount of leakage current and an avalanche breakdown phenomena. 
The leakage current can be induced by the presence of defects within the layer or due to 
process fabrication [105]. The breakdown by avalanche mechanism can be obtained if a 
specially designed structure is used to distribute the electric field within the semiconduct- 
ing material. When the leakage current increases, the power dissipation increases as well. 
It is then essential to use a designed structure that creates the high electric field inside 
the drift layer. Edge termination devices are one of the power devices that are designed to 
withstand high voltages within a depletion layer. In this depletion region, an electric field 
is produced due to the applied voltage. Any electrons or holes that penetrate the deple- 
tion layer are swept out. By increasing further the electric field, the carriers gain sufficient 
kinetic energy to interact with the lattice atom to create electron-hole pairs. The excited 
electrons will move from the valence band to the conduction band. The first electron-hole 
pair generated, is dissociated and accelerated under the electric field which ends with the 
creation of other electron-hole pairs. This impact ionization that created electron-hole 
pairs undergoes a multiplicative phenomenon which terminates in an avalanche event. 
The avalanche generation rate Gav is expressed as follow: 

 
1 

Gav = αn.n.νn + αp.p.νp = q (αnjn + αpjp) (2.31) 

 
νn and νp are the drift velocities at which travel electrons and holes,  respectively.   j is    
the drift current. At high electric field, only drift current is considered, the current from 
diffusion is neglected. In the simulation presented later, the implemented model uses the 
Chynoweth’s law [106]: 

 
 

αn,p 

 
= An,p exp

（ 
− Bn,p 

） 
(2.32) 

 
where αn,p  is the impact ionization coefficients for electron (n) and hole (p).   A and B    are 
material and temperature dependent constants. For diamond, no accurate impact ionization 
coefficients were reported at room temperature and none as temperature de- pendent. An 
analysis of diamond impact ionization is given in Chapter 5. Based on this study, impact 
ionization coefficients reported by Watanabe et al. [107] and extracted by Hiraiwa et al. 
[108] are used in simulation to characterize the reverse state of the devices. 
The parameters for the impact ionization coefficients are An = 4.62 × 105 cm−1 and Bn = 
7.59 × 106 V.cm−1 for electrons, and Ap = 1.93 × 105 cm−1 and Bp = 4.41 × 106 V.cm−1 
for holes. The constants are temperature independent. The choice of these coefficients 
gives a low limit of the device expected characteristics in reverse state since no accurate 
coefficients are reported. 
The number of electron-hole pairs generated in the depletion region due to one electron- 
hole pair initially created is given by [109, 110]: 
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with W the width of the depletion region. A solution to this equation is 
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W 
| J x 
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M(x) is the multiplication coefficient. One of the condition to consider avalanche break- 
down is when the multiplication coefficients tend to infinity, meaning that ionization in- 
tegral equal 1 as follow: 

 

W x 
αpexp 

0 0 
(αn − αp)dx

l
 
 
dx = 1 (2.35) 

 

Additionally to the numerical models that suit for diamond, diamond intrinsic parameters 
such as a positive electron affinity (EA) of 1.7 eV corresponding to an oxygen-terminated 
diamond surface was also set. 

 
 
2.4 conclusion 

 
In this chapter, the underlying physical theory behind the unipolar devices was described. 
The strength of unipolar devices is their ability for a fast switch and low power loss due    
to the only presence of majority carriers as compared to bipolar devices where minority 
carriers injection is required. The current transport in the forward and reverse state of a 
Schottky diode is now well established and explained by thermionic emission (TE) for the 
on-state. For the off-state, TE and in some cases TE plus thermionic field emission (TFE)  
is required to understand the leakage currents. Metal-semiconductor field effect transistor 
(MESFET) which is a complementary power switch also important for commutation cells, 
is modulated by a Schottky gate electrode that can explain the reverse current mechanism  
of the MESFET. 
To predict the device performances and to visualize the physics within the device, simula- 
tion tools are of great importance. But it is doable only with the appropriate models that 
fits diamond material. In that aim, non-negligible models such as bandgap temperature 
dependence, incomplete ionization of impurities, concentration and temperature depen- 
dence mobilities for electrons and holes as well as high-field mobility model for transistors 
and avalanche mechanism were implemented in numerical simulation. 
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CHAPTER 3. MICRO-FABRICATION PROCESS ENGINEERING AND 
CHARACTERIZATION TOOLS 

 

 

This chapter is the base of the next generation diamond device development. Devices must 
fulfill several requirements in order to reach the material limits. It has been shown in the 
previous chapter that being able to anticipate the architecture and electrical properties of 
a device are one of the requirements for a successful device. The obvious step following 
the simulation is the process fabrication that is complementary with the characterization 
tools. 
In the first part, all the steps lived by the devices from wafer growth to metal deposition  
will be presented. In the second part, facilities used in France and in Japan to characterize 
the samples are described. 

 
 
3.1 Diamond birth 

 
When we talk about diamond, the first words that come in mind are a gemstone, jewel, 
luxury, expansive and so on. But diamond is more than that. So, what is diamond? 
In the atomic scale, a diamond is a perfect organization of carbon (C) atoms, as seen in 
figure 3.1-b. It has a face-centered cubic (fcc) lattice with four carbon atoms as tetrahedral 
position (labeled in red in figure 3.1-c). Each atom is bonded covalently with four other 
carbon atoms organized as an sp3 hybridization - The lattice of diamond count 8 C atoms 
per unit cell. It is formed from two diamond fcc cells shifted by a quarter of its diagonal and 
have 0.357 nm for the lattice parameter.  The shortest distance between two consecutive 
atoms  (nearest  neighbors)  is  of  1.54  ̊A.   Owing  to  this  strong  bonding,  the  high  energy 
required to separate the strong covalent bonds make diamond one of the hardest material. 
Additionally to the strong covalent bonds, its low phonon scattering make diamond a 
perfect thermal dissipator material (high thermal conductivity). 

 

 

Figure 3.1: Diamond from macroscopic to nanoscopic scale. a) Picture of a polished dia- 
mond for jewelry from New Diamond Technology [111], b) atomic geometries organization 
of carbon atoms (extracted from [112]) formed by several c) face-centered cubic diamond 
lattices. 

 
 
3.1.1 Diamond in nature 

 
Before being artificially created, diamond was (and is still) created by nature. It is formed 
under Earth’s mantle and emerges at the surface through a volcano. It can also be formed 
when meteorites strike with the ground, referring to the detonation process. In both 
cases, severe conditions are needed and especially extreme pressure and temperature. As 
represented in the carbon phase diagram in figure 3.2, diamond is a metastable form of 
carbon. It can rapidly convert to graphite which is the most stable phase, i.e. following an 
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Figure 3.2: Carbon phase diagram. High pressure and high temperature are the key 
parameters of diamond fabrication [113]. 

 

sp2 hybridization. Diamond can be found with some impurities in within.  Nitrogen (N)  
and Boron (B) are the most common ones. A classification was established (figure 3.3) 
taking into account the type of impurities and their arrangement.  Such a classification  
exist only for minimum detectable impurities (using infrared IR technique).  Impurities   
can take an interstitial or substitutional position. This possible replacement of a carbon 
atom by a foreign atom makes diamond a semi-insulating material, that can be either 
insulating or conducting. 
We distinguish two main types: I and II. Type I contains nitrogens and type II, borons. 
Then, depending on the organization, these types are sub-differentiated. 

 

3.1.2 Diamond for electronic purpose 
 

At the end of 1954, Tracy Hall (from General Electric) reported the first synthesized 
diamond using the catalytic HPHT synthesis [115]. Since this year, synthetic diamond 
has known a significant improvement. We entered ”the age of Diamond”. Two ways are 
now offered to synthesize diamond: 

 

3.1.2.1 High-Pressure High-Temperature (HPHT) 
 

This technique, also known as temperature gradient process, reproduces the natural con- 
dition at which diamond is obtained. It uses a molten catalyst to dissolve the carbon 
source (such as a small diamond seed or graphite), then transforms this dissolved carbon 
to a diamond crystal by forcing the precipitation. The pressure ranges from 5 to 6.5 GPa 
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Figure 3.3: Conventional classification of the different discovered diamond. It exists two 
main types (I and II). Type I encloses N impurities and type II has no N impurities [114]. 
Type Ib and IIb are mainly used for power electronic device fabrication. 

 

and the temperature from 1300◦C to 1700◦C [116].  HPHT diamond production requires 
huge facilities which can turn to be rapidly restrictive and expansive. Generally, they are 
produced by companies such like Sumitomo Electric Industries, Ltd., Element Six Syn- 
thetic Industrial diamond, TISNCM, New Diamond Technology, etc. and preferentially  
used as a base substrate for diamond grown by chemical vapor deposition. 

In this study, synthesized HPHT type Ib (diamond substrates with isolated single N impu- 
rities) and type IIb (diamond substrates containing high boron impurities amount) were 
used.  All substrates provided by  Sumitomo Electric Industries Ltd.  and TISNCM had   
3x3 mm2 size and were sent polished using an abrasive process (Scaife polishing). 

 
 

3.1.2.2 Chemical Vapor Deposition (CVD) 
 

As it is said in its title, the desired film is grown by a reaction at the substrate surface of 
different gas precursors. Compared to HPHT synthesis, CVD growth occurs in principle at  
low  pressure  -  i.e.,  from  25  to  65  kPa  -  and  low  temperature  -  i.e.,  from  700◦C  to 
950◦C (figure 3.2) controlled by a plasma.  A wafer is needed to use the CVD technique. 
Generally, HPHT substrate wafers are the best base for high-quality film production. This 
technique is used to grow polycrystalline diamond film (such as for coating purpose) or to 
grow homoepitaxial single-crystal diamond films. Nowadays, it exists more than ten types 
of CVD technique. Here are the two main methods: 

• Microwave Plasma CVD (MPCVD) 

• Hot-Filament CVD (HFCVD) 
Doping concentration and thickness are well mastered in MPCVD and HFCVD. The ad- 
vantages of CVD systems is their low cost for solid film fabrication owing to affordable 
facilities. The main problem that is on the way to be solved is the high dislocation density 
obtained after CVD growth. Recently, DiamFab, a promising startup develops epitax- 
ial layers grown by MPCVD with good control of doping level and thickness as well as 
low dislocation densities. S. Ohmagari et al. reported a reduction of dislocation density 

 
36 



CHAPTER 3. MICRO-FABRICATION PROCESS ENGINEERING AND 
CHARACTERIZATION TOOLS 

 

 
 
 

 
 

Figure 3.4: Schematic cross-sectional growth of diamond epilayers by chemical vapor de- 
position.  Stacks p+/p− on Ib HPHT diamond were used for Schottky diodes, and p− on     
Ib HPHT diamond was used for field effect transistors. 

 

going from 106 cm−2 (for substrate) to 104 cm−2 (for epilayer) when using HFCVD tech- 
nique explained by incorporation of tungsten W atoms that may suppress the propagating 
dislocations [117]. 

 
 
3.1.3 Homoepitaxial layers growth 

 
Two main steps are required before the first layers growth by CVD: A re-polishing and 
a chemical acid cleaning of the diamond substrates. The HPHT substrates were sent to 
Syntek Co. Ltd. for the polishing process. Syntek Co. Ltd. is a Japanese company that 
provides an accurate polishing (roughness of about 0.3 nm) as compared to the received 
polished HPHT substrates (roughness of about 1.6 nm). The obtained atomically flat 
surface (close to the atomic size) reduces the defect formation at the epitaxial layer which 
generally starts at the epi-layer/substrate junction. Then, several steps of different acid 
mixtures were performed at different temperatures and waiting times. Sulfuric acid H2SO4, 
nitric acid HNO3, hydrochloric acid HCl, hydrogen peroxide H2O2 and hydrofluoric acid 
HF were the main manipulated acids.   The acid treatment process has the target to 
remove strong organic contamination, any residual metal contamination and graphitized 
formed a layer at the surface. All the substrates have a misoriented angle θ between 2◦ and  
2.5◦ along  with  (110)  determined  by  X-Ray  Diffraction  (XRD)  analysis.   The  high 
misorientation  angle  enhances  lateral  growth  and  permits  to  grow  a  hillocks-free  heavily 
doped diamond layers [118]. The diamond epi-layers used were grown using Seki-ASTeX 
type reactors MPCVD provided by Seki Diamond Systems (a unit of Cornes technologies 
Ltd.).  Some of the layers were grown by  Dr.  Yukako  Kato and Dr.  Masahiro Ogura   
from AIST Tsukuba (Japan) and others by Dr. Hitoshi Umezawa from AIST Kansai (Japan).  
Depending on the final design needed, it is possible to start either by a heavily 
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Figure 3.5: Picture of a reactor 
chamber during growth realized 
at AIST - Japan. The plasma is 
observable. 

 
 

layer CH4/H2 [%] B/C [%] O/C [%] Pressure [Torr] Power [W] Growth rate [µm/h] 

p− 2-4 0 0.4-0.6 120 3900 1.5 - 2.5 
p+ 4 1.6 0 25 700 0.14 

 

Table 3.1: Growth parameters of lightly (p−) and heavily (p+)  boron-doped  diamond layers. 
The layers were grown at AIST in Japan. 

 
 

doped boron layer (p+ layer) or by a lightly doped boron one (p− layer), as represented in 
figure 3.4. Basically, the stack p+/p− on Ib HPHT diamond is used for Schottky diodes 
fabrication and the p− layer directly on the semi-insulating Ib HPHT diamond is used for 
field effect transistors.  A picture showing the plasma in the reactor chamber was taken 
during growth (see figure 3.5). The diamond boron doping was achieved using trimethyl 
boron (B(CH3)3) precursor gas. 

 
Unfortunately, I had no opportunities to realize epilayers growth at DiamFab [119] (Start- 
up of Institut Neel/CNRS) due to a limiting time. DiamFab proposes excellent layers 
quality and good control of layer parameters. 

 
Table 3.1 encloses the typical epilayers growth parameters realized in Japan. A maximum 
thickness of 1 µm for the heavily doped boron layer was set to avoid dislocation propagation 
of the p+ towards the drift layer. 

 
 
 
3.2 Post-growth characterization 

 

In this section, an introduction of the apparatus used to characterize the samples, and 
some obtained results are presented. Only some typical results are shown since they are 
similar to the obtained one for the other samples. 
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3.2.1 Surface morphology 

• Optical microscope 
 

Figure 3.6: Surface images of two different samples after last layer growth showing a) 
eventual defects observed with i) Flat-topped hillocks, ii) Pyramidal hillocks, iii) Round 
hillocks and iv) Linear type substrate threading dislocation; and b) a flat surface with no 
noticeable dislocations. 

 
The first straightforward characterization realized after layers growth is the observation 
of the surface by an optical microscope. Figure 3.6 shows the top surface images of two 
substrates after growth exhibiting an eventual surface defect in some cases. Figure 3.6- 
b represents a well-controlled growth with no propagating hillocks and no visible surface 
defect. However, it happens, when the growth parameter is not controlled, or a substrate is 
not correctly prepared (polishing and/or acid washing) or even when the chamber growth is 
contaminated to notice surface defects. Figure 3.6-a is an example of an epilayer exhibiting 
different kinds of defects such as i) flat-topped hillocks, ii) pyramidal hillocks, iii) round 
hillocks or iv) linear type dislocation. Some of them are threading dislocations spreading 
from substrate to the surface of the homoepitaxial layer; others are generated during CVD 
growth and ones are originated from substrate surface due to polishing defects. To reduce 
or remove defects induced by the polishing process, oxygen plasma etching and(/or) H2/O2 
plasma etching prior to growth can be applicable [120, 121]. 

• Optical Profiler 
Optical profilometry is another way to characterize the surface morphology. Additional to 
surface information, such like defect type, an optical profiler gives information on surface 
roughness. Compared to atomic force microscopy (AFM), optical profiler surface charac- 
terization technique is a high-speed system. It is also possible to have large area roughness 
characterization which is less accessible in case of AFM. Figure 3.7 obtained using a Veeco 
3D ContourGT is a typical surface topography of post-grown p− layer. This optical pro- 
filer has a vertical resolution of about 0.1 nm and a lateral resolution of about 0.5 µm. 
The average roughness for this sample is 12.1 nm. 
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Figure 3.7: Typical surface image obtained by optical profilometry. Information on surface 
roughness and possible defect presence are given. The average roughness is of 12.1 nm. A 
growth sector is also observable at the diamond surface. 

 
 

3.2.2 Doping and thickness 
 
 

3.2.2.1 Secondary Ion Mass Spectroscopy (SIMS) 
 
 

Secondary ion mass spectroscopy (SIMS) is a technique that analyses physical impurities 
in solids. With the help of an ion beam as sputtering, materials are removed from the solid. 
The sputtered ionized atoms are analyzed by an energy filter and a mass spectrometer 
that can detect all kind of species. The method is a destructive process since a hole 
(crater) is created to count the total of impurities that are incorporated in the solid       
for a given surface and depth. Since then, the level of impurities extracted is the total 
concentration (in substitution and interstitial positions) and not the electrically active 
impurity concentration. Figure 3.8 is the atomic concentration of boron B, silicon Si, 
hydrogen H and nitrogen N impurities for 2 different samples labeled RB-MESFET#1b, 
2b as a function of depth. MST Co. Japan performed all the SIMS measurements. A 
CAMECA IMS-4f instrument and a Cs+ incident ion beam with an acceleration energy 
of 14 keV were used. The company provides the background level (B. L.) and detection 
limit (D. L.), and they depend on the ion used as a beam. When using a low energy 
beam measurement, especially a beam of O2

+ with an energy of 3 keV, the sensitivity is 
improved and can reach a dopant density detection as low as 1014 cm−3. SIMS method 
provides at the same time the atomic concentration and the thickness of the epilayers. 
The Ib HPHT substrate is well characterized by the presence of N atoms. Nitrogen 
concentration is about 2 × 1019  cm−3.  Also,  a boron peak at the junction substrate/p-  type 
homoepitaxially grown appears.  This rise of boron concentration at the beginning 
of the p-type layer may be due to the memory effect of the growing chamber. Sample 
RB-MESFET#1b have shown a high silicon doping level of 5 × 1015 cm−3. During the 
growth, the plasma was not centering and hence was touching the quartz tube which is 
why Si impurities were detected. The concentrations extracted from SIMS curves are 
mean values since relatively important fluctuation can be noticed. 
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Figure 3.8: Typical SIMS results obtained for 2 samples (RB-MESFET#1b, RB- 
MESFET#2b) used to fabricate field effect transistors. B. L. corresponds to the back- 
ground level, and D. L. is the detection limit. RB-MESFET refer to Reverse-Blocking  
metal semiconductor field effect transistor. More details will be given at the end of this 
section. SIMS, Secondary Ion Mass Spectroscopy. 

 
 

3.2.2.2 Cathodoluminescence (CL) 
 
 

A second method to extract doping concentration is the cathodoluminescence (CL) analy- 
sis. At the opposite of SIMS method, CL technique is a non-destructive and a contactless 
method.  The sample is excited by an electron beam, and a light is collected and analyzed.  
It is generally used to study defects and but also dopants in semiconductors. The light 
collected comes from electron-hole pairs or exciton created by the accelerated electron 
beam that undergo radiative recombination (photons). To extract the doping level, ex- 
citonic energy region (between 5 and 5.5 eV for diamond) is considered. Van der Waals 
interactions (Bound Exciton BE) of neutral impurities to the Free Exciton (FE) are  the  
keys to have information on doping level.  In general case, CL measurement is performed  
at a low temperature (5 K) to enhance the BE exciton radiation. Diamond has an indirect 
gap, hence FE and BE are assisted by phonon as seen in figure 3.9 [73]. 

 
TO stands for transverse optic, LO for longitudinal optic, TA for transverse acoustic and  
LA for longitudinal acoustic. They are the main phonons interactions involved in the 
diamond excitonic transitions [122]. The energies of the phonon involved in excitonic 
recombination BETO and FETO are 5.215 eV and 5.268 eV, respectively. F. Omnes et al. 
have proposed an empirical linear relationship between boron concentration [B] and CL 
intensities ratio IBETO /IFETO for a doping level ranging from 1016 cm−3 to 1018 cm−3 as 
follows [123]: 
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Figure 3.9: Diamond band diagram. It has an indirect gap as seen with the shift of the 
extrema of the conduction (CB) and valence (VB) bands. FE and BE transitions are  
assisted by phonon — courtesy to A. Traore’s Ph.D. thesis [73]. 

 
 
 [B] (cm−3) = 3.5 × 1016 × IBETO

 
 

 
 

 

 (3.1) 

CL 
FETO 

 

Mr. Sylvain Finot, an internship student, has realized CL spectroscopy on sample RB- 
MESFET#1b to confirm the boron doping level extracted by SIMS. Figure 3.10 shows 
a CL intensity for a wide range of energy and a zoomed window at the two main peaks 
(BETO & FETO in dashed lines) that are important to determine the doping concentration. 
Analyzing the sample at several areas and using equation 3.1, a boron doping level mapping 
was obtained. The minimum [B]min and maximum [B]max extracted doping levels were 
5 × 1015 cm−3 and 6.9 × 1015 cm−3,  respectively.  It concluded an average value  [B]mean 
of 6.2 × 1015 cm−3. The values have an estimated minimum error (on measurement, on 
acquisition time and on extracted coefficient in the formula given in equation 3.1) of 

6.9 × 1014 cm−3. 

 
3.2.2.3 Other methods 

 
Other methods to determine epilayers doping concentration and thicknesses are Capacitance- 
Voltage C(V) and threshold voltage measurement. They are post-fabrication device method 
characterization. Both of them relies on the dependence of the space-charge region (SCR) 
on the reverse bias and assume a uniform doping profile. Since the depletion region is 
solicited, and hence the presence of the electric field, only electrically active borons are 
extracted which we will call acceptors concentration (NA - ND). Donors compensate these 
acceptors with a concentration ND. The theory behind the two methods is given in chapter 
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Figure 3.10: 5K cathodoluminescence spectrum for sample RB-MESFET#1b with energy 
ranging from 4.5 eV to 6.3 eV . Dashed lines are reference energies for BET O and FET O. 
The top right window is a zoomed region near the main peaks. 

 

2. Other approaches to characterize doping concentration and epilayer thickness such like 
in-situ (or ex-situ) ellipsometry or infrared (IR) spectroscopy exist. 

As discussed below, SIMS method gives a boron atomic concentration of all impurities 
electrically active or inactive and can be summarized as [B]SIMS  =  [B]S + [BH] + 
[BV complex]. Since CL is based on phonon emission, it gives information on substi- 
tutional boron as well as electrically inactive passivated boron by hydrogen (BH pairs) 
because the energy to dissociate them is high enough and hence, [B]CL = [B]S + [BH]. 
Finally, the acceptor concentration extracted by C-V or threshold voltage measurement 
gives the concentration of only the electrically active impurities which are not compensated 

[B]CV = [B]S − ND = NA − ND. 
Table 3.2 summarize all the samples processed with parameters such as doping concentra- 
tions and thicknesses, as well as the technique used to characterize them. 

 
 
3.3 General process fabrication 

 
In this section, a standard process fabrication is described. As different types of devices 
were fabricated, only some steps will change among the various structures even if the 
general idea remains the same. The technological manipulation requires an extremely 
clean environment to avoid contamination and failure. 

 
 

3.3.1 Diamond device structures 
 

In this work, different types of structures were used depending on the purpose and the 
device we intended to fabricate. Figure 3.12 presents a schematic of these structures where 
A corresponds to a pseudo-vertical type, B the vertical type and C the lateral one. As seen 
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Figure 3.11: Boron doping level mapping of sample RB-MESFET#1b extracted by CL. 
[B]min was 5 × 1015 cm−3, [B]max was 6.9 × 1015 cm−3, an average value [B]mean was de- 
termined to be 6.2 × 1015 cm−3. 

in the figure, a pseudo-vertical structure uses a stack of homoepitaxially grown heavily 
boron doped (p+ layer) and lightly boron doped layers (p− layer) on an Ib HPHT semi- 
insulating diamond substrate. The vertical structure has only one grown active layer since 
the substrate is a heavily doped boron diamond.  As for the lateral structure, the active  
layer (p− layer) is directly grown on the Ib HPHT diamond substrate. A and B were used  to 
fabricate Schottky diodes, and C was used for MESFETs fabrication. 

A pv-SBD will induce an extra p+ resistance depending on the distance between the 
Schottky and the Ohmic contact and hence, SBDs will have a varying total on-resistance 
which depends on their location. However, the total resistance is equivalent for all SBDs 
fabricated on a vertical structure [124]. 

 
 

3.3.2 Ohmic contact formation 
 

Ohmic contacts were achieved by  forming a carbide at the Ti/p-type diamond junction.  
The titanium carbide (TiC) formed induces poor interface quality and increases tunneling  
of the carrier through the small barrier (about 0.63 eV) [125]. Prior to any fabrication 
process, the samples were cleaned by chemical solvent (acetone, ethanol, and isopropanol 
(IPA)) to remove any residual organic or dust particles. This part of fabrication  was 
realized at AIST - Tsukuba. 

• For pseudo-vertical structure 
Figure 3.13 summarizes the steps for Ohmic process fabrication in case of a pseudo- 
vertical structure. Using a photolithography process and a lift-off technique, a titanium 
(10 nm)/gold (200 nm) (Ti/Au) mask was deposited by electron beam (e-beam) evap- 
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Figure 3.12: Schematic cross-sectional views of the structures used to fabricate the devices. 
Structures obtained after diamond growth and before any metal deposition. Pseudo-  
vertical (A) and vertical (B) structures were used for Schottky diodes  fabrication and 
lateral structure (C) for MESFETs. 

 

orator leaving free access to diamond surface at the four corners of the sample. Then, 
unprotected diamond areas were etched by inductively coupled plasma (ICP) technique 
to reach the buried highly conductive layer. After the etching, Ti/Au mask was removed 
by hot acid mixture and 300 µm circular Ohmic contacts deposited at the etched regions 
using a hard metal mask. A stack of Ti(30 nm)/Pt(30 nm)/Au(100 nm) was deposited 
by an e-beam evaporator. To get the Ohmic characteristics, the substrates were annealed 
at  450◦C  for  60  minutes  under  argon  (Ar)  atmosphere  using  a  rapid  thermal  annealing 
(RTA) system working with an electrical lamp. The annealing promotes TiC formation at 
the interface Ti/p-type layer by strengthening the Ti-C covalent bonds and hence reducing 
the barrier height. 

• For vertical structure 
Ohmic contact formation for vertical structures needs fewer steps than the pseudo-vertical 
structure where access to the buried p+ layer is required. As shown in schematic figure 
3.14, the samples were fixed into a unique diamond holder and leaving access to the 
backside substrate. Then, same metal deposition and annealing system, as described 
above, were used. In Ti/Pt/Au, Ti is the main contact, Pt plays the role of a barrier to 
avoid Ti and Au migration. And finally, Au was added to prevent metal oxidization by 
the air. 

• For lateral (planar) structure 
Lateral (or planar) type devices have  the Ohmic contact at the top of the active layer.  
A 400 nm Ti mask was obtained by lift-off technique after the photolithography process. 
This metal mask was used for the selectively grown heavily doped boron layer. The growth 
conditions are summarized in table 3.1. Six samples were set simultaneously for the growth. 
To remove the Ti mask, a hot acid mixture (as described earlier) was used. Then, a second 
photolithography process was realized, and a Ti(30 nm)/Pt(30 nm)/Au(100 nm) layers 
were deposited on the previously selectively grown p+ layer. To get the Ohmic behavior, 
the samples were annealed with RTA system (similar process as above). For a long time 
growth, the usual Ti/Au mask does not suit anymore because of Ti atoms diffusion in Au 
film observed in our experiments [126, 127]. 
To confirm the absence of TiC at the surface after hot acid mixture treatment, X-ray 
photoelectron spectroscopy (XPS) was performed with the help of Dr. Yukako Kato from 
AIST - Tsukuba. XPS analysis had shown neither TiC (281.8 eV) nor Ti (454.7 eV) 
contamination at the surface [128], as presented in figure 3.16.  Only C1s and O1s peaks 
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Figure 3.13: Main process steps for Ohmic contact fabrication in case of pseudo-vertical 
structures. TiC (represented in red) is formed at the last step after RTA. 

 

were noticed at 284.5 eV and 531 eV, respectively [129, 130]. 
 
 

3.3.3 Schottky electrode design 
 

Schottky contact formation is equivalent for all kind of devices fabricated here since unipo- 
lar layers were prepared. The difference lies in designing the edge termination for the 
Schottky barrier diodes. In the following subsections, a description of each edge termi- 
nation architecture fabrication and the gate MESFETs will be given.   The general idea      
of Schottky formation was kept similar to all of them using the main steps such as an 
oxygenated diamond surface and a deposition of molybdenum (Mo) metal for Schottky 
barrier formation. O-terminated diamond can be obtained either by mixed hot acid treat- 
ment  (H2SO4  and  HNO3  at  200◦C)  [131],  or  by  ultraviolet  (UV)  ozone  treatment  using 
oxygen [132]. 

 
 

3.3.3.1 Floating Field Rings Edge termination 
 

The floating field rings (FFR) edge termination type for SBDs were developed at Institut 
NEEL - CNRS. Figure 3.17 shows the successive steps realized to form the FFR SBDs. 
Before the lithography process, diamond surface was terminated by oxygen using vacuum 
ultraviolet light (VUV) system for 120 min [133]. The VUV system uses an Excimer 172 
nm light source under 500 mbar O2 gas to form ozone (O3) atmosphere. The ozone surface 
treatment removes the surface conductive layer (hydrogen (H)-terminated surface) and 
replaces it by O atoms. Carbonyl (C = O), hydroxyl (C - OH), ether (C-O-C) and peroxy 
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Figure 3.14: Steps for Ohmic contact fabrication in case of vertical structures. TiC (rep- 
resented in red) is formed at the last step after RTA. Ohmic fabrication for the vertical 
structure is light as compared to the pseudo-vertical structure. 

 

(C-O-O-C) species are formed at the surface [129, 134]. E-beam lithography process was 
then done using a NanoBeam nB5 system which permits a delicate and complex design. Mr.  
Thierry Crozes from Nanofab - Institut NEEL (CNRS) realized this part.  Finally,  FFR 
SBDs and simple SBDs were obtained by evaporating Mo(30 nm)/Pt(20 nm)/Au(20 nm) 
layers using lift-off method and VUV/O3 used again to passivate the surface. Same steps 
are required for the pseudo-vertical structure to fabricated the devices. 

 

3.3.3.2 Field Plate Oxide Edge termination 
 

Similar to FFR-SBDs fabrication, diamond active layer surface was first exposed to a UV 
light (185 nm, 3.7 mW.cm−2) under ozone atmosphere for 18 hours. Using this system, 
Umezawa et al. reported an oxygen surface coverage of more than 90% verified by XPS 
[135]. The stable oxygen termination and contribute to uniform interface quality between 
metal/p-type diamond and aluminum oxide (Al2O3)/p-type diamond [136]. The next step 
was the field oxide deposition by the lift-off method. 5 nm Al2O3 deposited by atomic layer 
deposition (ALD) followed by 995 nm of lanthanum aluminum oxide (LaAlO3) deposited 
by physical vapor deposition (PVD) sputtering were realized at MANA (NIMS - Tsukuba) 
with Dr. Jiangwei Liu’s help. Then, a second photolithography process was done and, 
field plate (FP) SBDs, as well as simple SBDs, were obtained by lift-off technique after 
Mo(500 nm)/Pt(50 nm)/Au(100 nm) stack evaporation. Figure 3.18 exhibits the main 
steps realized to fabricate the FP SBDs with a final top view picture of the devices. 

 
 
 

3.3.3.3 Unterminated Schottky Gate electrode 
 

The term unterminated here signify that no particular architecture like edge termination 
was used. After Ohmic source and drain formation, the samples were exposed to UV/O3 
treatment during 18 hours (as described in the previous part). Second ozone treatment 
was realized after photholitography process following by Mo(30 nm)/Pt(30 nm)/Au(100 
nm) layers deposition and a lift-off of the resist. Finally, a third and final ozone treatment 
was performed. 
The ozone treatment was performed every time a reactive ion etching (RIE) was used to 
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Figure 3.15: Steps of top Ohmic contact fabrication for lateral structures achieved by 
selective growth of a heavily doped boron layer. 

 
 

remove the residual resist. The O2 plasma used in RIE may physically attack the diamond 
surface and hence change the passivation. To be sure of the O-terminated surface a UV/O3 
was used again. 

 
Device ID [B]p+ [cm−3] tp+ [µm] [B]p− [cm−3] tp− [µm] Technique Structure 

Schottky Barrier Diodes 
FFR #1 

#2 
2 × 1020 
2 × 1020 

1 
Subst 

1 × 1016 
1.58 × 1016 

0.95 
1.5 

SIMS 
C-V 

pv-SBD 
v-SVD 

FP #2 2 × 1020 Subst 1 × 1015 5.4 SIMS v-SBD 
Field  Effect Transistors 

MESFET #1a 
#2a 

1 × 1021 
1 × 1021 

0.2 
0.07 

8 × 1015 
7 × 1015 

1.5 
3.2 

SIMS 
SIMS 

Planar 
Planar 

RB-MESFET #1b 
#2b 

1 × 1021 
1 × 1021 

0.2 
0.07 

8 × 1015 
7 × 1015 

1.5 
3.2 

SIMS 
SIMS 

Planar 
Planar 

 

Table 3.2:  Device fabricated parameters summary for FFR-SBDs,  FP-SBD, MESFETs  
and RB-MESFETs. 

 
 
 
3.4 Experimental setup 

 
This last section deals with the characterization tools used to measure and analyze the 
fabricated devices. Facilities settled in France and Japan were complementary for this 
work. First, platforms for electrical characteristics are presented, then a powerful analy- 
sis technique to map the electric field and extract semiconductor material parameters is 
described. 
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Figure 3.16: Full range XPS analysis results showing no Ti (454.7 eV) or TiC (281.8 eV) 
peaks on RB-MESFET#1b and #2b 

 

 
Figure 3.17: Floating field rings edge termination Schottky barrier didoes fabrication steps. 
SBDs with various rings and no rings were designed. 

 

3.4.1 Electrical measurement facilities 
 

The samples fabricated and summarized in table 3.2 were characterized by several source 
measurements units (SMU) settled in different places (sometimes for the convenience of 
the equipment). Figure 3.20 contains the pictures of all probe stations used in Japan and 
France. A single channel Keithley SMU 2601A and a double channel Keithley SMU 2636A 
were used for current-voltage I(V) measurements for both Schottky diodes and FETs at 
AIST Tsukuba facility (3.20-a). The mobile probes (manually controlled) were set in a 
small chamber allowing a high vacuum level. The SMU 2601A in DC measurement mode 
has a bias ranging from -40 V to 40 V was used to characterize device forward state because 
of its 1 A maximum current capability and a current detection limit of 10−12 A. The bias 
range of the SMU 2636A is ± 200 V, and its current detection limit is 10−12. Reverse  
states of some devices were performed at AIST - Kansai (3.20-b). The Agilent B1505A was 
used selecting a high voltage SMU (HVSMU) with 10 nA current range (current resolution 
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Figure 3.18: Schematic cross-sectional field plate Schottky barrier diode process fabrication 
main steps and a picture of the final sample is represented. 

 
 

of 100 fA) and a high power SMU (HPSMU) with 1 nA current range (current resolution  
of 10 fA). The bias voltage range of the HVSMU is ± 3kV. The tips were moved manually 
and adjusted with the help of a camera. 
The electrical characterizations performed at Institut NEEL - France (Figure 3.20-c) were 
done in a home-made vacuum probe station using a Keithley SMU 2636A and a single 
channel SMU 2410 for I(V) measurements and a ModuLab XM MTS Solartron analytical 
system for capacitance - voltage C(V) characteristics. The SMU 2636A is similar to the 
one described earlier.  The SMU 2410 was used to investigate rectifiers in reverse state 
because of its 1100 V of maximum applied bias voltage and 10−9 of current detection limit. 
Regarding the Solartron, the typical AC signal frequency is ranging from 1 Hz to 1 MHz 
(with a possible DC bias ranging from -8 V to 8 V), and the AC signal voltage amplitude 
was 30 mV. The AC  signal frequency can go as lower as 10 µHz.  The probes station uses  
a binocular microscope and a piezoelectric micro-manipulators for accurate control of the 
tips when approaching the metal contact. The temperature of the samples was controlled 
by a Linkam cooling system (ranging from -196◦C to 600◦C) using liquid nitrogen flowing 
across the sample holder.  When devices exhibited reverse characteristics with blocking 
voltages more than 1100 V, CARAPACE platform at the G2Elab was used (Figure 3.20-  d). 
The vacuum probe station uses 6 manually movable tips, one of which is reserved for 
optical pulse excitation. An Agilent B1505A for high voltage electrical measurement is 
installed. All measures were realized under vacuum and dark to avoid electrical arcing 
and/or premature breakdown and effects due to optical excitation, respectively. 

 
 

3.4.2 Electron beam induced current technique 
 

Electron beam induced current (EBIC) is one of the most useful semiconductor analysis 
technique to investigate junctions, defects or even minority carrier properties. It is also  
used to study regions of high electric field in the material and device failure owing to its 
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Figure 3.19: Schematic representation of the process fabrication steps realized to obtained 
MESFETs. A picture of one final sample is shown. 

 

spatial resolution [137]. The EBIC system uses a scanning electron microscope (SEM) 
chamber and either a current pre-amplifier or a current collector apparatus. Similarly to 
cathodoluminescence (CL), EBIC is based and depends on the creation of electron-hole 
pairs (EHPs). Figure 3.21 shows a picture of the CL and EBIC system. CL and EBIC 
system use the same SEM chamber. The carriers, EHPs, are generated when the electron 
beam from the SEM hits the material. An energy EEHP of 13.1 eV is required to generate 
one EHP in diamond material [138]. The accelerated electrons impinge with the lattice 
electrons of the sample and create EHPs. The number of EHPs generated per second ∆N 
can be estimated from the following equation [40]: 

∆N = 
Ieb G (3.2) 

q 
 

with  Vacc 
G = 

EEHP 
(1 − β) (3.3) 

where Ieb, Vacc, q, EEHP and β are the electron beam current, the acceleration voltage, 
the elementary charge, the energy to generate one electron-hole pair, and average fraction 
of the primary electron energy beam leaving the sample by backscattering, respectively. 
Assuming a sphere-shaped carrier generation distribution, then the density of the excess 
minority carrier per second can be expressed as follows: 

∆N 
∆n = 

V 
(3.4) 

where V is the interaction volume. An estimation of the interaction volume is calculated 
from Kanaya-Okayama diameter DK−O defined as follow [139]: 

27.6 × A × (Vacc)1.67 
DK−O = Z0.89 × d [nm] (3.5) 
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Figure 3.20: Pictures of the different probe stations used for the forward characterization 
at a) AIST - Tsukuba & c) Institut NEEL and for reverse characterization at b) AIST - 
Kansai & d) G2Elab using CARAPACE platform. 

 
 
 

 
Figure 3.21: Pictures of CL and EBIC system used. CL, Cathodoluminescence; EBIC, 
Electron beam induced current 

 
 

52 



CHAPTER 3. MICRO-FABRICATION PROCESS ENGINEERING AND 
CHARACTERIZATION TOOLS 

 

 
where A is the mean atomic mass in g/mol, Z mean atomic number and d the material 
density in g/cm3. Finally, with the minority carrier (electron) lifetime τ e, the mean excess 
minority carrier density is derived: 

 

nex = ∆n × τe (3.6) 
 
 

 
 

Figure 3.22: Band diagrams of diamond with Schottky junction at equilibrium (left) and 
under reverse bias (right). Electron beam induced current is based on minority carrier 
collection and cathodoluminescence on radiative (photon) recombination. 

 
If the sample contains an internal electric field - generally located at the junctions, the 
EHPs will be separated and will drift at opposite directions. At equilibrium, in the case 
of a Schottky contact (metal/semiconductor junction) with a p-type semiconductor, the 
built-in potential created (due to Fermi level alignment and hence the downward band 
bending) will block the holes and electrons will be collected allowing a minority carrier 
electrons current flow. Basically, from the built-in potential, the electric field inside the 
depletion region is 30 - 100 kV/cm which is high enough to diffuse and drift them towards 
the Schottky contact. Under high reverse bias at the Schottky contact, a high electric 
field take place in the depletion layer, and the electrons within this layer are multiplied 
because of the increasing velocity of the carriers that generate other carriers and so on, as 
represented in figure 3.22. The collection of the minority carriers can be a direct process 
(”true EBIC”), and hence a Keithley 6485 picoammeter is used. A second method, much 
more visual, consists in amplifying the minority carrier current collected using a pre- 
amplifier Stanford Research System (Model SR570) and then through a computer monitor 
reproduce the EBIC image.  Figure 3.23 is a schematic of the EBIC experimental setup. 
The amplifier discretizes the current in a gray level (16 bits corresponding to 65536 gray 
levels) within ± 1 V range of the apparatus video card. With the amplifier, it is possible 
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to set the sensitivity and the offset to have a good EBIC image contrast. From the 
obtained EBIC image profile intensity, one can go back to the EBIC signal (”true EBIC”) 
by applying the following expression 

 

IEBIC = αsens ( 
2 × Intensity + 1) I 

65536 

 

offset 

 
(3.7) 

 

In equation 3.7, ((2 × Intensity)/65536) − 1 gives the voltage value  in  the  video  card 
range (± 1 V). The term αsens(((2 × Intensity)/65536) − 1) convert the voltage value in 
current (sensitivity in A/V). And finally, an offset current Ioffset (in A) set in the amplifier 
is subtracted to found the EBIC signal. 

 
 

 
 

Figure 3.23: Schematic of the experimental setup used for electron beam induced current 
analysis. The collection of minority carrier is done either with a Keithley 6485 picoammeter 
which provides a better resolution of the measured current or through a pre-amplifier which 
offers an image with the gray level. As an example, FFR SBD was represented for the 
device under test. FFR SBD, floating field ring Schottky barrier diode 

When carrier multiplication occurs at high reverse bias, the collected current IE
∗ 

BIC  can be 
described as [140] 

 

I∗ =  GIeb ≡  GIeb   (3.8) 
EBIC 

1 − 
J d α(x)dx 1 − aexp(− b ).d 

where d is the effective distance traveled by the electron and α the impact ionization 
parameter in Chinoweth’s equation form. 

 
 
3.5 Conclusion 

 
In this third chapter, we have seen the full road of the device from growth to character- 
ization going through fabrication. Precision, rigor and an extremely clean environment 
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are required for successful device fabrication. Characterization tools help to understand 
the failure step that can be solved. The limited size of diamond wafers makes device 
fabrication challenges. As compared to Si wafers were the size varies from 1 to 12 inches, 
diamond wafers to be used for power devices have a maximum size of 1x1 cm2. One of the 
powerful analysis technique was also described. Electron beam induced current method 
can be used to detect dislocations, for device failure, to visualize the surface electric field 
distribution and to extract material physical parameters. 
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Diamond is becoming an active research area with its potential to be used in high voltage 
and high thermal applications. The promising results obtained on unipolar devices [3, 11, 
31, 6, 65], make Schottky diodes (rectifiers) and metal-semiconductor field effect transistors 
(switches) the perfect candidates to be commercialized and integrated into commutation 
cells. 
This chapter is focusing on the results and discussions on floating field ring and field    
plate edge termination Schottky diodes as well as on the switch metal-semiconductor field 
effect transistor. Electrical characterizations together with electric field mapping will be 
discussed. 

 
 
4.1 Edge termination Schottky barrier diodes 

 
For high voltage devices, edge termination structures play an extremely crucial role in 
improving the device breakdown voltage. A device without edge termination will reduce 
the breakdown voltage and hence the breakdown field to below the ideal limit due to           
a premature breakdown at the main Schottky contact edges because of an electric field 
crowding [141, 46]. To be able to reach the best device performance, the electric field 
crowding at the edges has to be minimized. 

 

4.1.1 Limits of a non-optimized diode 
 
 

 
Figure 4.1: Schematic cross-sectional view of a simple Schottky diode under high reverse 
bias. Electric field crowding occurs at the edges. 

 
A surface architecture always limits a diode operation in reverse state. Figure 4.1 schema- 
tize the main phenomenon happening in the reverse condition. When applying a reverse 
bias (positive) at the diamond Schottky electrode, majority carriers (holes) are  pushed  
away from the cathode leaving a zone where only ionized acceptors remain. The area 
created is the depletion region. Under the cathode, parallel to the contact, equipotential  
lines are formed inside the drift layer. According to Poisson’s Equation, perpendicular to 
the equipotential lines, electric field lines (EFL) are also formed, and they link the cathode 
and the ionized acceptors. The created depletion region expands inside the drift layer in 
depth and laterally. 

Furthermore, EFL between the edge of the cathode and lateral ionized acceptors are also 
formed. Mainly because of the high density of EFL, an electric field crowding phenomena 
occurs at the electrode edge. Therefore, the electric field is uniform under the center of the 
main contact and higher at the border. The ratio between the edge electrode electric field 
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peak Epeak and the center electrode maximum electric field Emax generally varies between 
1.5 and 2.5. 

 
 
 
 

 
Figure 4.2: Leakage current densities for devices A, B and C with corresponding EBIC 
images. Hotspots induce leakages of the devices [105]. 

 
 

Simulation work showed  that the leakage current occurs at the edge where the electric   
field is maximal. Recently, Umezawa et al. showed that the electric field crowding does 
not degrade only the breakdown voltage but also contributes to the increase of the leakage 
current (Hotspots) [105]. In fact, for the first time, precise observation of the defects and 
field enhancement on leakage current enhancement was performed using EBIC method 
(figure 4.2). Defects and presence of hotspots affects a lot the leakage current and hence  
the device operation. The appearance of the spots could be related to processing fabrica- 
tion, especially the lift-off technique that induces roughness due to metal tearing. When 
observing the regions where hotspots were seen, a roughness of the electrode edge was also 
noticed for the most cases. The presence of the bright spot inside the Schottky electrode 
could be linked to killer defects that increase the leakage current [142]. 

 

A predictable phenomenon when the device reaches its limit is represented in a typical 
scanning electron microscope (SEM) image in figure 4.3. After a breakdown of the device, 
sometimes the electrode is damaged, and metal melting seems to occur in some located 
areas. In this case, we talk about a hard breakdown — Basically, the electrode damages 
when the temperature gets high enough to evaporate the metal (principally due to high 
current density flows in a tiny area). 
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Figure 4.3: Typical diode damaged after a hard breakdown 
 

4.1.2 Floating metal field rings structure 
 

In this part, we will discuss the first floating field rings (FFRs) edge termination SBDs 
fabricated using diamond material.  Edge termination FFRs are well known in Si,  GaN     
or SiC communities. Before developing buried p+ guard rings as edge termination using  
ion implantation technique [143, 51], devices were first studied using deposited surface 
floating metal rings [39, 52, 50, 144]. Two approaches are presented. For the first one,  
FFRs ET-SBDs were fabricated with different ring distances and rings numbers following 
Sarah Rugen’s simulation work.  Then, a second approach based on obtained first results,   
a newly designed structure was investigated and proposed.  FFR#1 was  fabricated based  
on Sarah Rugen’s work [49]. Details of the samples can be found in chapter 3. 

 
 

4.1.2.1 Principle work and design of floating field rings SBD 
 

Floating field rings structure reduces and can even suppress the electric field crowding at 
the edge of the main Schottky contact. In fact, as explained above when a reverse bias is 
applied the depletion expands laterally with a width w ∝ Vr/NA. 
For a floating ring positioned closest enough to the main junction, the laterally expanded 
depletion layer overlap the ring. The ionized acceptors at the mid-way between the main 
contact and the ring create an intimate EFL. This sharing of EFL between the edge of the 
main contact and the first ring diminishes the crowding of the electric field at the main 
contact edge and permits to apply an even high reverse bias on the diode cathode. Using 
the same principle to the second, the third and the nth ring, the highest reverse bias can 
be applied to the diode. This highest reverse bias will be now limited by the intrinsic 
material properties and not the architecture. 
Figure 4.4 is a 2D TCAD Sentaurus simulation study done by Sarah Rugen a Ph.D. 
student of Bremen University (German) [49]. It shows a comparison of simulated electric 
field distribution at the diamond/metal junction for both a vertical SBD with (w/) 8 rings 
and without (w/o) field rings. A simple SBD, without FFRs, has a peak electric field at 
the edge of the main contact of 9.5 MV/cm and a maximum electric field a the center  
of the cathode of about 5 MV/cm. While using FFRs, the peak electric field is reduced 
to about 6.3 MV/cm. An optimized structure is when the peak electric field of the main 
contact edge and the peak electric field at the edge of the last ring have a nearly equivalent 
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Figure 4.4:  Surface electric field as a function of position for an SBD w/o floating ring  
and w/ 8 floating rings. Electric field peak is reduced when FFR is used [49]. 

 
 

value. An investigation of the distance of field rings and number of rings has led to figure 
4.5.  When the gap between two  consecutive rings gets too large,  the rings do not relax   
the electric field at the edge of the main contact edge,  and hence the peak electric field      
is shifted. Conversely, when the gap gets too short, the peak electric field reduces at the 
main contact edge and increases at the edge of the last ring if the number of the ring is 
insufficient. A trade-off between the distance of field rings and number of rings exist. 

 
Based on this simulation work sample FFR#1 was fabricated with SBDs without rings 
and with different ring number and gap. Table 4.1 encloses the details of these devices. 
The width of the field rings was kept constant and equal to 2 µm. Experimental results 
on the effectiveness of FFR on SBDs will be discussed in the following paragraphs. 

 
 
 

 
Figure 4.5: Maximum electric field peak as a function of the distance of field rings for 
various ring numbers. For each fixed ring number it exists an optimized field ring distance 
[49]. 
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Schottky diodes FFR#1 
Device type A B C D E F 
Gap Ws [nm] None 800 600 500 400 300 
Ring number None 4 9 13 17 21 

Table 4.1: Information on the type of FFR Schottky diode fabricated 
 

4.1.2.2 Electric field mapping 
 
 

 
Figure 4.6:  Top  view of the fabricated sample FFR#1 and EBIC images of devices A,      C, 
D, E and F under 120 V applied reverse bias and corresponding SEM images. The contrast 
of the EBIC images was  enhanced for a better view.  The main contact diameter   is 30 µm. 

 
To correctly understand the introduction effect of ET FFR, EBIC analysis was undertaken. 
Reverse bias of 120 V was applied to the different devices listed in table 4.1. Figure 
4.6 is a picture of the sample fabricated and EBIC images of various devices with their 
corresponding SEM images. The main contact has a diameter of 30 µm.  These images  
give information on surface electric field distribution. Device A is a simple SBD without 
FFR and from device C to F are the SBDs with FFR reported in table 4.1.  For  device C,   
D and E, only the first ring is bright. Whereas, for device F, the two  first and a beginning  
of the third ring is observable.Therefore, we will focus on devices A (w/o FFR) and device 
F (FFR with 300 nm for the distance between the field rings and 21 rings). 
The EBIC profiles of device A and the device F are shown in figure 4.7. The profiles were 

obtained by analyzing EBIC images reported in figure 4.6. Device F exhibited the best 
EBIC profile compared to the others FFR-SBDs. As the EBIC technique is based on the 
collection of minority carrier induced by the presence of electric field, the observed EBIC 
signals give information on surface electric field position and distribution. The collected 
total EBIC signal is higher when the beam is located above the Schottky metal compared  
to a beam positioned on a free diamond surface. 
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Figure 4.7: EBIC signal as a function of the distance from the edge of the main Schottky 
contact extracted from EBIC images of device A and F shown in figure 4.6. The signal 
includes a dark current observed when the beam was  located far away  from the contact,    
in the neutral region. 

 

As a consequence of the Schottky metal thickness and the high electron beam energy (30 
keV), parts of injected electrons penetrate the diamond beneath the contact inducing an 
EBIC current in the diamond electric field. Other electrons are also backscattered or 
reflected.  The absorbed electrons by  the metal contribute to a current flow.  Additionally,  
a dark current was observed far away from the junction, in the neutral region. The effect of 
field rings is visible in figure 4.7. The EBIC intensity extends over long distances from the 
contact edge, suggesting that the electric field is distributed over a wider area. However, 
this field extension is only significant over the first 4 rings. The field vanishes at the 5th  
field ring which makes the 17 following rings unimportant. This weak improvement could 
be associated with a non-constant potential underneath each ring. This potential variation 
that reduces field extension might be related to the non-uniform interface as suggested by 
the variation of the ideality factor n [?]. A non-optimized ring spacing may also be the 
cause. For this doping concentration and active layer thickness, spacing less than 300 nm 
could further improve the surface electric field distribution of the device. Indeed, for the 
same applied reverse bias (120 V), FFR-SBDs with spaces greater than 300 nm exhibited 
a surface field distribution ≤ 2 rings as seen in figure 4.7.  Based on the EBIC analysis 
of sample FFR#1, ring spacing influences surface field distribution, but the ring number 
induces no influence. Indeed, two peaks should be observed for an optimized ring spacing: 
one at the main Schottky contact and the other at the last ring edge. It suggests that the 
structure is still non-optimized. Therefore, the lowest ring spacing (300 nm) needs to be 
reduced since the peak EBIC signal remains located at the main Schottky edge. 

A post-fabrication 2D simulation study was performed using TCAD Sentaurus finite el- 
ement software and implementing the FFR#1 sample details. Figure 4.8 presents the 
electric field distribution within the FFR SBD when using 500 nm and 300 nm gap Ws. 
Solid lines represent the equipotential distribution for a reverse bias applied of 220 V. 
The width of the rings is 2 µm,  similar to the fabricated one.  The FFR SBD with Ws  
of 500 nm (figure 4.8-a) exhibits a peak electric field concentration at the edge of the 
main contact edge as compared to the FFR SBD with Ws of 300 nm (figure 4.8-b) were 
the concentration of the electric field is located at the same time at the edge of the main 
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Figure 4.8: Comparison of 2D electric field distribution simulated by TCAD Sentaurus 
between (a) an FFR#1 SBD with a gap Ws of 500 nm and (b) a gap Ws of 300 nm. 
Simulation made with 4 rings of 2 µm width each. The applied reverse bias was 220 V. 

 

 
Figure 4.9: 2D surface electric field profile at the metal/p-type junction for SBD without 
FFR and FFR SBDs with 800 nm, 500 nm and 300 nm gap Ws. The applied reverse  
voltage was 220 V. The electric field peak reduces when decreasing the gap to 300 nm. 

 
 

contact and at the edge of the first FFR. Figure 4.9 encloses the maximum electric field 
profile at the metal/diamond junction as a function of the position for different devices. 
Position x = 15 µm represent the edge of the main contact. The electric field peak for an 
SBD without FFRs reaches 12 MV/cm and is located at the main contact edge. When 
using FFR with 300 nm gap between the field rings, two peaks appear, one at the edge of 
the main contact and the second one at the edge of the first field ring. The peak electric 
field at the edge of the main contact is reduced to 9.9 MV/cm, and the peak electric field 
at the first field ring reaches 9.8 MV/cm. For gap Ws in between no FFR and 300 nm 
gap, the peak of the electric field is greater than 10 MV/cm. The use of FFRs ET slightly 
improves the relaxation of the electric field crowding at the main contact edge when using 
300 nm gap between the field rings. However, only the first ring seems efficient enough. 
The same remark was made for the experimental part in figure 4.7. 

Implementing the doping concentration (1 × 1016 cm−3) and the thickness (1.5 µm) of 
sample FFR#2’s drift layer in TCAD simulation, new results have been obtained. Sample 
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Figure 4.10:  Simulated 2D electric field distribution at a reverse bias of 200 V for (a)  
a simple SBD and (b) an FFR-SBD with 1 ring of 2 µm width and 150 nm spacing for 
sample FFR#2. 

 
 

 
Figure 4.11: Diamond (a) surface potential and (b) electric field for FFR#2 device simu- 
lated for simple SBD and FFR-SBD with 150 nm, 300 nm, and 600 nm ring spacing. 

 
 

FFR#2 has almost the same doping concentration as sample FFR#1 and a slightly thicker 
layer (about 500 µm). Indeed, the change in sample parameters may change the depletion 
region distribution. However, it should not be massive changes. Since the effectiveness 
of the first ring was observed in figure 4.8, only one ring was designed with 2 µm width 
for a gap of 600 nm, 300 nm, and 150 nm. The device fabrication process becomes a 
real challenge for large devices and narrow gap such as 150 nm. Figure 4.10 shows the 
electric field distribution results obtained for simulated sample FFR#2 for simple SBD 
and FFR-SBD with 150 nm gap between the main contact and the ring. A device without 
FFR edge termination exhibited one peak electric field (labeled ”C” in figure 4.10-a) and 
as expected a device with one floating ring 2 peaks. Both simulated devices are presented 
for an applied reverse bias of 200 V. The observed steep decrease of the surface potential 
(figure 4.11-a) of a device without edge termination implies a high electric field of about 8 
MV/cm (figure 4.11-a). In figure 4.11-b, where a surface electric field plotted as a function 
of the position, we can see the importance of having a right gap. In fact, when the ring 
has a large gap (600 nm) the maximum peak electric field appears at the edge of the 
main Schottky contact (labeled ”A”) and when it has a short gap (150 nm) the maximum 
peak electric field appears at the outer edge the ring (labeled ”B”). An optimized gap 
(300 nm) has a maximum peak electric field less than 6 MV/cm appearing in ”A” and 
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”B” position. The simulation performed for both FFR#1 and FFR#2 did not take in 
consideration the surface potential or the fixed charge at the metal/diamond interface 
that can change the depletion region and hence the electric field distribution which may 
end by a non-optimized gap. In that, it is not straightforward to compare the simulation 
results and the obtained experimental results. 

 

 
Figure 4.12: EBIC intensity as a function of distance from the main Schottky edge for a 
simple diode and a diode with one ring. The effectiveness of edge termination is highlighted 
here. The EBIC intensity,  which is a consequence of the presence of electric field, drops  
by about 50% when using a ring spacing of 150 nm. 

 

Figure 4.12 shows the EBIC line scan of an SBD without edge termination and an SBD 
with 150 nm ring space and 2 µm ring width.   A 5 keV beam energy was  set so that        
the metal thickness (50 nm) of the Schottky electrode prevents the beam from passing 
through.  In that,  only qualitative information on the  edge electric field is  observable.   
The figure shows SEM images together with a corresponding EBIC images. The applied 
reverse bias is 60 V. The use of a floating field ring edge termination with a gap of 150   
nm reduces about 50% the EBIC intensity at the edge of the diode. The effectiveness of 
floating field rings is here pointed out. A closer view of the EBIC line scan exhibit a peak 
EBIC intensity slightly higher at the outer edge of the ring as compared to the peak at      
the main Schottky contact for the FFR-SBD with a spacing of 150 nm. It is in correlation 
with what was observed by simulation in figure 4.11-(b). 

 
 

4.1.2.3 I(V) characteristics 

• Forward state 
Figure 4.13 shows typicals obtained characteristics for the on-state. SBDs with and with- 
out FFRs having a main contact diameter of 30 µm and 50 µm were fabricated for FFR#1 
and 50 µm and 100 µm for FFR#2. Figure 4.13-a is a typical linear plot of the current- 
voltage obtained for SBDs without FFR and with 300 nm gap (Device type F) for both 
diodes with 30 µm and 50 µm main contact diameter.  An irregularity on the linear  
part (Ohmic regime) of all the devices was noticed. A change in the slope reflects the 
irregularity, and hence in the diode serial resistance since ∆I = ∆V/Rs. From figure 
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Figure 4.13: Forward characteristics are showing (a) a comparison between a 30 µm and 
a 50 µm device diameter for devices w/o FFR and w/ 300 nm gap and 21 rings. (b) 
Current density for all type of devices with main contact diameter of 30 µm for FFR#1. 
(c) Current density as a function of bias applied on Ohmic contact for FFR#2 for the 
different SBD fabricated. The main Schottky contact has a diameter of 100 µm 

 
 

4.13-b&c, a specific on-resistance RONS of 1.8 mΩ.cm2 and a maximum current density 
Jmax of 2830 A.cm−2 at -8 V were obtained for all the characterized devices for FFR#1. 
Diodes fabricated on FFR#2 exhibited a maximum current density Jmax of 300 A.cm−2 
at -10 V. Fitting the curves by thermionic emission model [145], the ideality factor and 
the saturation current were extracted. The ideality factor n varies from 1.5 to 2 for de- 
vices on FFR#1 and was about 2.5 for devices fabricated on FFR#2. This variation was 
independent of the device type (simple SBD or FFR-SBD). The interface quality at the 
metal/diamond junction is not homogenous and may affect the reverse state. From the 
saturation current, a Schottky barrier height (SBH) about 1.7 eV and 1.5 eV were found 
for FFR#1 and FFR#2, respectively. 

• Non-uniform doping profile 
 

 
Figure 4.14: (a) Doping concentration extracted by C(V) measurement for two devices 
positioned far away from each other. (b) Doping profile fitted by Lorentzian equation. A 
non-uniformity of the doping is noticed. 
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Although the doping concentration was firstly extracted by the SIMS method, the obtained 
results (boron doping concentration and profile) give information for only a localized region 
and not the whole sample. To investigate the noticed diodes serial resistance change, a C- 
V measurement was performed on several devices of the same architecture (device type A) 
to have an idea about the doping profile of the drift layer. Here, two simple SBDs labeled 
A1 and A2 and localized far away from each other are shown as an example. SBD A1 and 
A2 were situated at the sample center and close to the sample border, respectively. Non- 
uniform doping was noticed as seen in Figure 4.14-a. The boron doping concentration 
was varying between 7.6 × 1015 cm−3 and 1.7 × 1017 cm−3 using C(V) method. The 
doping concentration was not uniform in the xy plane (parallel to the diamond surface). 
A straightforward 1D calculation has allowed extracting the boron doping profile as a 
function of the depletion width and hence the depth of the drift layer.  Additional to   
the uniformity discovered in the xy plane, uniformity of the boron doping concentration 
was also noticed in the z -axis (depth of the p− layer). Figure 4.14-b is the boron doping 
concentration as a function of the depletion width for the A1 and A2 SBD. The boron 
doping concentration distribution on beneath the diodes is equivalent for both regions. 
The doping concentration is almost constant (3-7 1014 cm−3) for a certain depth, then 
it increases sharply up  to 1-2 1016  cm−3.  Then, a second increase occurs up to 2 1017 
cm−3.  The depth at which the doping concentration is constant is not uniform for the 
entire sample.  For example, it is more frofound for A2 region than for A1 region with 
about 80 nm difference. Both of the doping concentration profiles can be fitted by a 
Lorentzian distribution as represented in figure 4.14-b by LA1 and LA2. The equation 
used is of the form 

 

[B]CV = [B]surface + 
2A w 

π 4(x − x )2 + w2 (4.1)
 

 

where [B]surface, A, w and xc are boron doping concentration near the surface,  the area  
under the curve, the full width at half maximum (FWHM) and depth at which [B] is 
maximum, respectively. This non-uniformity of the doping concentration extracted by 
C(V) measurement could be related to the growth condition or to the surface interface 
charge which influences the depletion region. 

• Reverse state 
Figure 4.15-a exhibits the limit operation of the different FFR SBDs in the reverse state.    
A compliance on the current density of 10 A.cm−2 was set which corresponds to about 300 
for rectification ratio.  This decided limit was considered as the breakdown of the device 
since the leakage current will reach the current densities close to the forward state. All the 
Schottky diodes (w/ or w/o FFR) had high leakage current, and furthermore, avalanche 
breakdown was not observed.  At 250 V, all the presented SBDs have reached the com- 
pliance except the device F where its current density is about 0.3 A.cm−2. Based on the 
assumed limit for BV, device F seems to have a BV greater than 250 V (>2.6 MV.cm−1). 
Thereby,  300 nm spacing between the rings for FFR SBDs is the most optimized dis- 
tance among of the studied ring-to-ring distances in FFR#1. However, the obtained >2.6 
MV.cm−1 breakdown field remains lower compared to diamond breakdown field. It has 
been noticed that the curves have the same shapes following the thermionic field emission 
(TFE) mechanism but starting at different reverse bias values [146]. 
It has been noticed that the leakage current for small distances of the field rings was higher 
than the SBDs without FFR or with 800 nm gap. The lower the ring distance, the ear- 
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Figure 4.15:  Reverse characteristics obtained (a) experimentally and (b) by  simulation    
for all type of device fabricated on FFR#1. Leakage current increase and gap are linked. 
Simulation performed in Bremen University — acknowledgment to S. Rugen and Prof. N. 
Kaminski. 

 

lier the leakage current starts to increase. Figure 4.16 summarizes the voltages at which 
the leakage current start to increase as a function of the field rings distance. When the 
leakage current of the device reaches 10−6 A.cm−2 the bias is reported in figure 4.16. The 
reverse leakages and their differences in the starting points could be due to arcing that 
takes place between the rings at high bias. Even by performing the measurements under 
vacuum, the reduction of the gap between the rings promotes the formation of a possible 
electric arc. The leakage current increase as a function of the gap was also observed in the 
simulated device (figure 4.15-b). Indeed, a simple SBD without FFR exhibited a leakage 
current lower than an FFR SBD. Moreover, leakage current tends to increase when the 
gap is reduced (for a fixed bias). Nevertheless, the highest breakdown was obtained by the 
FFR SBD with 300 nm gap. Passivation layer with oxide could take rid of the arcing and 
might improve the stability of the reverse leakage current. However, care must be taken 
with fixed charges that could change the surface potential of diamond. In the simulation 
results presented above, no fixed charge or diamond surface potential was implemented. 
These phenomena may change the electric field distribution at the surface of diamond and 
hence shift the optimized distance of field rings. Reverse state for SBDs fabricated on 
sample FFR#2 is shown in figure 4.17 were a simple SBD and an FFR-SBD with 150 nm 
gap. The BV of an unterminated Schottky diode was 82 V and the one with one floating 
ring and with 150 nm spacing was 125 V (0.8 MV/cm). An improvement of about 50% 
was obtained. The leakage current of SBDs fabricated on sample FFR#2 was more stable 
than the ones fabricated on FFR#1. Nevertheless, leakage current for fabricated devices 
may be originated from surface contamination due to process fabrication or hotspots as 
we will see it in the following section. 

 
 

4.1.2.4 Device hard breakdown 
 

Bright spots have been observed for almost all the characterized devices on both samples 
FFR#1 and FFR#2, as seen in figure 4.18.  These hotspots are located at the edge of the 
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Figure 4.16: Influence of the leakage current increase by  the gap between the rings for  
FFR SBDs characterized. 

 

main Schottky contact and indicate regions with high electric field concentration. They 
are one of the causes of the high leakage current increase as discussed in 4.1.1, and hence 
are limiting the reverse operation of the device. A closer view of the metal edge indicated 
a high local roughness; indeed induced by the lift-off process used to fabricate the metallic 
contact, and that could produce a spike effect. Image 4.19 is a device that had shown 
extreme bright spot after the tip touched the edge of the main contact and changed the 
roughness. We can see in the zoomed SEM picture that there is metal removed from the 
electrode surface but still linked to the electrode (red dashed circle). The brightness starts 
from the apex of this metal formed. This apex is a discontinuity point where crowding 
of the EFL occurs and causes an extreme peak electric field, even more, higher than the 
main contact electrode edge. It is thought that similar phenomena happen with roughness 
≤ 1 µm at the edge of the main contact. The hotspots combined with the short distances 
between the rings enhance the arcing and hence imply a high leakage current increase that 
was observed in figure 4.15-a. 

To go deeper in the analysis, we went up to the hard breakdown and damaged a few 
devices. Figure 4.20 shows EBIC pictures with hotspots location and SEM pictures with 
the located damaged places for device type C and D. The melting metal at the damaged 
regions (normal arrow labeled X) occurred after 1 W power applied on the devices. A 
correlation between hotspots and damaged regions was already observed [147]. Static 
EBIC measurements allow the premature breakdown location within the device. However, 
some devices had not shown melting metal damage at all the hotspots location. The dashed 
arrows (labeled X’) shows one example of the undamaged region that exhibited hotspots. 
When applying a fixed reverse bias for a sufficiently long time, it has been noticed a 
change in spots location. Some bright regions were relaxed, and others created. It can be 
explained by the increase of the temperature at these located points that allow a change 
in the roughness at the edge. In fact, when the leakage current concentrates at a small 
region, the temperature becomes not negligible due to the high current density level. This 
rise of the temperature evaporate the metal at this precise point and hence smooth the 
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Figure 4.17: Leakage current density as a function of the applied reverse bias for FFR#2. 
The BV increased by about 50% when using a floating ring with a gap of 15, nm. 

 

edge and slightly relax the electric field. 

Further study is needed for a better understanding of this mechanism. Nevertheless, even 
if the hotspots limit the reverse operation of the SBDs, introducing FFR ET improve 
the surface field distribution. But, the process fabrication needs to be upgraded to avoid 
the roughness at the edge of the main electrode and hence a premature device break- 
down. 

 
 
4.1.3 Field Plate Schottky barrier diodes 

 
A second edge termination investigated is the field plate (FP) structure. The field plate 
architecture uses a metal overlapping an oxide at the edge of the main Schottky elec- 
trode. The purpose, like other edge termination, is to diminish or suppress the electric 
field crowding that occurs at the main Schottky contact under high reverse bias. When 
designing the field plate termination structure, care must be taken to avoid premature 
breakdown at the oxide side. For that, the choice of the oxide, as well as the length of 
overlapping metal/oxide (FP length), are crucial. 

 
 

4.1.3.1 Device design optimization 
 

Figure 4.21 shows the 2D electric field distribution difference between an unterminated 
SBD and a field plated (FP) SBD. Models implemented to simulate the devices are de- 
scribed in chapter 2. When no FP oxide is used, a peak electric field appears at the main 
Schottky contact. However, when using an FP oxide, the depletion region spreads out in  
the oxide (and in diamond) contributing in the creation of two  more electric field peaks     
(3 in total).  These two  additional electric field peak that appear relax the peak that is at   
the metal/diamond interface. Thus, for a fixed applied reverse bias the maximum electric 
field peak is decreased when using FP edge termination. Ikeda et al. [44] have  reported  
on the importance of using a high-k material such as aluminum oxide (Al2O3) insulator    
for FP SBDs. An oxide of 1 µm was set for the simulation due to a process fabrication 
limitation. As explained in chapter 3, the oxide film obtained by lift-off technique become 
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Figure 4.18: EBIC images of devices A to F and corresponding SEM images. Brighter 
localized regions (hotspots) observed in most of the characterized diodes. 

 
 
 
 
 
 
 
 
 

 

Figure 4.19: EBIC image of a simple Schottky diode with its SEM image. The hotspot 
region observed by EBIC is the place where an important roughness was noticed. 
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Figure 4.20: Typical EBIC images before and after hard breakdown voltage (HBV) of 
device C and D. After the HBV, regions where hotspots appeared were damaged. A 
significant leakage current flow may increase the temperature and evaporate the metal. 

 

difficult to realize when the oxide thickness is increased. Therefore, the simulations were 
done by varying the FP length and keeping a constant oxide film. 

 
 

4.1.3.2 Forward and reverse electrical characterization 
 

Figure 4.22-a presents a typical forward current density as a function of applied bias for 
an SBD without (w/o) FP and SBDs with different FP lengths. The diodes characteristics 
have almost reproducible characteristics independent of the presence or absence of edge 
termination. The maximum current density is of about 300 A.cm−2 at -8 V for all the 
diodes.  The current exhibited a TE mechanism current with ideality factors ranging n 
from 1.6 to 2. The specific-on resistance extracted was 30 mΩ.cm2. 

In figure 4.22-b, reverse states of the diodes are presented. The reverse characteristics using 
FP edge termination did not exhibite a huge improvement in the blocking capabilities. 
Only a maximum improvement of 34% was observed. The highest breakdown field was 
not exceeded 0.55 MV/cm. The leakage currents were too high leading to a premature 
breakdown. So far, no real improvement was observed depending on the FP length. 
Even though the leakage current acts like some TE and TFE leakage currents, a leakage 
current through the oxide remains possible. Additional to the mentioned process, the 
dislocations could induced by the leakage current originated from the heavily doped boron 
p+  substrate  used.   Temperature  dependence  up  to  300◦C  of  the  reverse  characteristics 
was also investigated, but no change was noticed. 

 
73 



CHAPTER 4. EDGE TERMINATION SCHOTTKY BARRIER DIODES AND 
METAL-SEMICONDUCTOR FETS EVALUATION 

 

 
 

 
 

Figure 4.21: Comparison of the 2D electric field distribution between (a) a surface unter- 
minated SBD and (b) a field plate SBD. Aluminum oxide (Al2O3) was used as field oxide. 
The circle shows the position of the electric field peaks. 

 

 
 

Figure 4.22: Typical (a) forward current density and (b) reverse leakage current as a 
function of the applied voltage for SBD w/o FP and SBDs w/ various FP lengths. The 
reverse characteristics exhibit only device w/o FP and w/ 10 µm FP length. 

 

The device’s hard breakdown was constantly taking place at the metal edge within the 
oxide film independently of the FP lengths. It is a damaging process. The reasons for 
these hard breakdowns at the oxide may be related to high leakage current through the 
oxide due to a poor oxide quality. 

 
 

4.1.3.3 Qualitative electric field distribution 
 

A qualitative surface electric field distribution is shown in figure 4.23. A reverse bias of 
200 V was applied. An accelerated beam voltage of 30 kV was set. EBIC images and 
corresponding SEM pictures are presented. The SBD without (w/o) field plate exhibited 
one extended lateral region. As for the SBD with FP in some cases one ring and in some 
cases two rings were observed.The inner circle corresponds to the place where diamond 
metal and oxide are in contact. The outer circle is the edge of metal over the oxide. This 
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Figure 4.23:  EBIC images obtained for a diode without field plate (FP) and diodes with   
FP edge termination. The field plates have 4 µm, 10 µm and 20 µm. The applied reverse 
bias was 200 V. Hotspots are observable also as well as a non-uniform inner circle. 

 

figure shows the field plate length LFP.  When LFP  is too long then the outer ring does     
not appear meaning that the electric field is not relaxed (e.g., for LFP=20 µm). Another 
unoptimized field plate length is presented when L=4 µm. We can see that the outer circle  
is brighter than the inner one. The maximum electric field peak is located in the oxide. 
However, a field plate length of 10 µm looks approaching the optimized length because  
two circles are present.  The inner was  brighter than the outer.  Charging effect on the  
oxide was noticed during the analysis. The oxide thickness is 1 µm, and hence the oxide 
traps the electrons. For these reasons, an in-depth analysis of the field plate SBD were not 
investigated. Nevertheless, we see that the inner circle shows important oxide/metal edge 
interface roughness. In fact, the oxide film was obtained via lift-off lithography process.  
An improvement of the process fabrication is required. 

 
 

4.1.3.4 Investigation of process optimization 
 

Optimization of the process fabrication was started to be investigated. Instead of a lift-off 
of the oxide that stresses the thick oxide film, wet etching was selected. Figure 4.24 shows 
results obtained when an optimized wet etching is performed. Buffer hydrofluoric acid 
(BHF) was used. 

 
 
4.2 Metal-semiconductor field effect transistors - MESFET 

 
Metal-semiconductor field effect transistors have demonstrated a good capacity for poten- 
tial radio frequency application [148] as well as for high voltage [11]. In this second section 
of the chapter, results on transistor fabricated will be presented and discussed. Transistors 
for high voltage application in order to get high BV were investigated. 
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Figure 4.24: (a) Oxide film results after the lift-off process. Important roughness was 
induced. (b) Oxide edge after wet etching explored.  The edge is smoother, and a gradient  
of color appeared corresponding to a gradual increase of the thickness. 

 
4.2.1 MESFET background 

 
 

 
 

Figure 4.25: Top view and cross-sectional view of the MESFETs fabricated and reported  
by H. Umezawa et al. [11] 

 
Diamond MESFETs were already investigated and reported for surface conduction through 
H-terminated diamond surface [149, 10, 58]. However, the first diamond MESFET properly 
bulk conduction was introduced by Umezawa et al. [11]. Figure 4.25 shows the top and the 
cross-sectional view of the reported diamond MESFETs. The ON-state current density 
obtained at room temperature (RT) was -0.06 mA/mm. Due to activation of acceptors at 
high temperature, the ON-state current density was multiplied by about 20.5 and reached 
-1,23 mA/mm at 300◦C. Similarly, the estimated intrinsic transconductance at 300◦C of 
143 µS/mm was 4.9 times higher than that at RT. The highly resistive contact resistance 
limited the on-state current. As represented in the cross-sectional view, the source and 
drain were directly deposited on the lightly boron doped layer. Matsumoto [40] have 
summarized the specific contact resistances reported in the literature as a function of 
boron concentration and outputted the figure 4.26. The data include samples with and 
without post-thermal annealing (carbide formation). The essential step in achieving a 
low specific contact resistance is a well-controlled boron concentration, that is to say, a 
heavily doped boron layer under the Ohmic source and drain contacts.  The dashed  line 
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Figure 4.26: Optimized specific contact resistance as a function of boron concentration. 
Experimental data [150, 151, 152, 153, 11] extracted by Matsumoto [40]. Experimental 
data for H. Umezawa et al. [11] were added. 

 

gives a trend of the curve evolution. The source and drain specific contact resistances 
(include parasitic resistance) estimated from the reported values of Umezawa et al. were 
added to compare them with the optimized one. The MESFET is limited by the contact 
resistance and a heavily doped boron layer under the source and drain contacts could 
improve the current densities. For the OFF-state, the transistor achieved �1.5 kV of 
breakdown voltage and has shown a gate to drain length dependency. 

In this study,  the fabricated MESFETs has the same Corbino-type geometry (circular)       
as the one mentioned above. The circular architecture was preferred to the squared one 
owing to the absence of angles. In the aim to reduce the contact resistance, a selectively 
grown heavily boron doped layer was added beneath the source and drain contacts as 
described in the previous chapter. MESFETs with gate length LG of 10, 15, 20, and 30 
µm, gate to drain LGD of 20, 30, 40 and 50 µm, and a fixed source to gate LSG of 3 
µm were successfully obtained.   Figure 4.27 is a picture of all the fabricated MESFET   
and RB-MESFET. LG varied in lines, widening from 1 to 4 in X position for a fixed Y 
position, and LGD ranges in a column, extending from 1 to 4 in Y position for a fixed X 
position. 

 
 

4.2.2 High-breakdown voltage MESFET 
 

4.2.2.1 ON-state characteristics 
 

Typical drain current-voltage density JDS-VDS is shown in figure 4.28 (a) for experimental 
data and (b) simulated one for MESFET#1a. The current is modulated by the gate biased 
in the reverse condition. We observe the linear, non-linear (knee) and saturation regime. 
In some cases, the saturation part is not a ”plateau”, this modification in the shape is 
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Figure 4.27: Microscopic top view image showing the design of the MESFETs fabricated. 
They were identified following a matrix Y and X axis; Y corresponds to lines and X to 
columns with the convention corner cut at the top left. 

 

attributed to short channel effect or to the potential difference drain-gate that becomes 
higher than gate-source and hence shifting the depletion layer pinch-off. A maximum 
current density of -0.067 mA/mm and -1.09 mA/mm were obtained at VGS = 0 V and 
VDS = -40 V for experimental and simulation part at room temperature, respectively. The 
highest current density was observed for the shortest LG (10 µm) and LGD (20 µm). A 
discrepancy between the experimental and simulated level of the drain current density was 
noticed. Indeed, current density obtained by simulation was about 18 times higher than the 
one measured experimentally. Several points that they were not taken into consideration 
in simulation tool such as the contact resistance of source and drain electrodes (it will be 
treated in the next subsection) that could be not negligible compared to sheet resistance, 
the space charge region (SCR) induced by the p-type/n-type diamond substrate that could 
reduce the channel thickness. Anyway, for both simulation and experiment, the maximum 
current density is dependent on the gate length and gate to drain distance. Indeed, by 
reducing the distance between the gate and the drain or the gate length, the resistance  
of the channel is also reduced. 30 V for the gate reverse bias is required to fully deplete 
the drift layer and close the channel for the simulated part as compare to eh experimental 
one where only 8 V are needed. This difference is due to some points that were not taken 
into consideration here, that is to say, the SCR extension in the p-type region (about 0.7 
µm) that reduces the channel thickness, a doping concentration with compensation and 
the contact resistances. 
From the linear part (Ohmic regime), when the drain bias is small, the linear on-resistance 

RONl can be extracted. For a uniform doping concentration and thickness of the active  layer, 
the linear ON-resistance is strongly dependent on gate length and gate to drain distance. 
The lowest extracted on-resistance was 4.2 kΩ.cm (corresponding to a specific ON-
resistance of 0.63 Ω.cm2) for LG = 10 µm and LGD = 20 µm.  The MESFET reported  by  
Umezawa et al.  with no selective p+  added on the source and drain contacts exhibited  a 
Schottky behaviour at low drain voltage and an estimated linear ON-resistance RONl       of 
150 kΩ.cm (corresponding to a RONS about 45 Ω.cm2) at room temperature which          is 
about 36 times higher than the linear ON-resistance determined for the characterized 
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Figure 4.28: On-state static characteristics showing the drain current density as a function 
of drain bias for different applied gate reverse biases obtained (a) experimentally and (b) 
by simulation. 

 
 
 
 

MESFET#1a. Umezawa et al. had also reported a linear ON-resistance of about 1.4 
kΩ.cm at 300◦C which was 107 times higher than the one at RT. The MESFET#1a was 
not characterized at high temperature, and hence we cannot make a comparison. However, 
based on the values reported by Umezawa et al. we can predict a linear ON-resistance of  
about  39  Ω.cm  at  300◦C.  The  integration  of  a  selectively  grown  heavily  doped  layer 
contributes in considerably improving the linear ON-resistance.   Figure 4.29 shows the 
evolution of the linear ON-resistance as a function of the gate length LG  for a different  
gate to drain distances LGD. 

 
 
 
 

 
Figure 4.29: Linear on-resistance extracted experimentally for MESFET#1a as a function  
of gate length for a different gate to drain lengths. 
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Figure 4.30: (a) Typical threshold voltage for the transistor with the lowest gate length 
and shortest gate to drain distance. From the extracted threshold of each transistor of 
MESFET#1a (b) a doping concentration mapping was realized. 

 

4.2.2.2 Threshold voltage and doping mapping 
 

Based on the threshold formula described in chapter 2, acceptor concentrations (NA - 
ND) were extracted for different transistor position on sample MESFET#1a surface. The 
square root of the drain current as a function of the gate bias data is presented in a 
typically obtained figure 4.30-a. The linear trends at small gate bias are extrapolated, and 
the threshold voltage VTH extracted from the intersection at the x-axis. The threshold 
voltage extracted through this method gives information on acceptor concentration near 
the surface. The small curvature that appears before closing the channel (between 6 and 
10 V) could be due to the influence of the space charge region induced by the pn junction. 
An acceptor concentration mapping of the sample was then obtained, as seen in figure 
4.30-b. Near the surface, the acceptor concentration extracted seems to be not uniform. 
The boron doping concentration measured by SIMS was 8 1015 cm−3, and the acceptors’ 
concentration obtained by threshold voltage VTH varies between 1.7  1013 and 2.2   1014 
cm−3 with considering the back depletion of the channel due to the donors’ semi-insulating 
substrate. So far, it is impossible to determine the compensation percentage based only on 
the difference between [B]SIMS and [B]TH, further analysis such as low-temperature C-V 
measurements are required. 

 
 

4.2.2.3 High current density MESFET 
 

For almost the same doping concentration (7 × 1015 cm−3) and a doubled thickness of 
the active layer (3.2 µm), the MESFET#2a exhibited current densities much higher than 
MESFET#1a at room temperature. Figure 4.31-a shows a comparison of  IDS-VDS  be- tween 
MESFET#1a and MESFET#2a exhibiting a high current density measured. The transistors 
have the same LGS, LG, and LGD. The maximum current density attained -2.3 mA/mm at a 
drain bias VDS of -20 V for a gate bias VGS of 0 V. The linear on-resistance RONl extracted 
from the linear part of the curve that gave  the maximum current density  was only 422 
Ω.cm. However, due to an increase of the gate leakage current (compliance on gate current 
of 10 µA) the channel remained open and hence, the transistor could not 
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be switched OFF as seen in figure 4.31-b. This is because of the thickness of the channel 
that is to thick to deplete the region under the Schottky gate. In fact, the current density 
obtained for MESFET#2a corresponds to a simulated transistor with no compensation.     
As for MESFET#1a, the low current density could be the results of high compensation 
level as well as a non-negligible p+/p− contact resistance. 
A positive bias on the back substrate was applied to close the channel but no concluding 
results was noticed. During the homoepitaxial growth of the drift layer, if the plasma  
covers the whole substrate, the p− layer also grows on the substrate sides with a growth 
speed much lower than that of the surface substrate.   This side growth hinds the back 
substrate polarization and hence to spread the space charge region from the pn junction    
in the p layer. 

 

 
Figure 4.31: (a) Comparison of drain current density as a function of drain bias for 
MESFET#1a and MESFET#2a for VG = 0 V. (b) Drain and gate current as a function  
of gate bias for MESFET#2a. Gate leakage increases and avoids the transistor to turn-off. 

 
 

4.2.2.4 Reverse state characteristics 
 

The certain and powerful feature of ultra wide bandgap semiconductors is their abilities 
to withstand high electric fields in the blocking state. In this part, we will discuss the 
high breakdown voltages (BVs) achieved. Since the active layer of MESFET#2a was 
too thick to close the channel without inducing an important gate leakage current, only 
MESFET#1a was characterized in blocking state. The highest obtained BV ever reported 
at this time for FETs is shown in figure 4.32-a. In this figure, both experimental and 
simulated data are enclosed. Experimentally, MESFET with the largest gate length (LG 
= 30 µm) and the longest drain to gate distance (LGD = 50 µm) exhibited the best BV 
of -2288 V. A high reverse bias of 30 V (about 5 times higher than the threshold voltage) 
was applied on the gate in order to reduce leakage current through the gate contact. 
Simulated OFF-state for the same LG and LGD values revealed a BV of -2483 V at VG 
= 40 V. Watanabe’s ionization coefficients were implemented for the breakdown.  Even     
if the parameters such as  the  depletion  region  induced  by  substrate  p-n  junction  and 
the amount of compensation that were not considered,  the simulated BV was  close to     
the experimentally obtained one. It is because when the channel is closed, the transistor 
behaves as a punch-through diode. A more detailed discussion will be given in the ”channel 
field distribution” part.   As for the high leakage current obtained for the simulated curve, it 
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Figure 4.32: (a) Drain leakage current as a function of drain reverse bias. The highest 
BV of 2288 V was obtained for the largest gate and longest drain to gate distance. (b) 
Summary of BV for transistors with different gate length LG and gate to drain length 
LGD. The BV has a linear trend with LGD. 

 
could be attributed to an insufficient gate reverse bias to close the channel and avoid drain 
leakage current through it. Figure 4.32-b summarizes the obtained BVs for the different 
MESFETs fabricated and characterized. The BV tends to increase linearly with increasing 
the gate length and the gate to drain length which was in agreement with the reported one. 
The estimated electric field is 0.6 MV/cm. It is an underestimated breakdown field since 
a 1D is considered, the border effects are neglected. From the simulation, the electric field 
distribution at BV was also extracted. In figure 4.33, the 2D electric field distribution, 
as well as the surface electric field and electrostatic potential distribution, are shown. As 
expected, the peak electric field was localized at the gate edge towards the drain side and 
reaches a maximum value of 2.9 MV.cm−1.  The second peak was at the drain edge towards 
the gate. Between these two main electric field peaks, we can observe a steep decrease of 
the surface potential. 

 
 

4.2.3 RB-MESFET 
 

In this study, a reverse blocking metal semiconductor field effect transistor (RB-MESFET) 
was also achieved by realizing a minor change to the standard MESFET structure. The 
RB-MESFET distinguishes from the usual MESFET by its drain which is a Schottky 
contact instead of Ohmic. The gate and the drain have the same Schottky metal (Mo metal 
deposition done at once). This small difference makes it able to withstand reverse voltages. 
Details on the RB-MESFETs fabricated could be found in the previous chapter. The 
RB transistor provides a bi-directional switch and is of high interest for power converter 
topologies such as matrix converters, two-stage direct power converters (DPC) and three- 
level voltage source rectifiers [154]. Originally, bi-directional switches are formed by two 
silicon insulated-gate bipolar transistors (IGBTs) and two diodes (that play the role of 
the reverse blocking characteristics) anti-serially connected. However, due to the high 
on-state power loss obtained which is determined by the sum of the on-state of the IGBT 

 
82 



CHAPTER 4. EDGE TERMINATION SCHOTTKY BARRIER DIODES AND 
METAL-SEMICONDUCTOR FETS EVALUATION 

 

 
 

 
 

Figure 4.33: Simulated electric field distribution within the transistor at BV. Correspond- 
ing surface electric field and potential distributions are also plotted. 

 

and the diode since the current flows through both of them, an RB-IGBT was  developed   
to reach a low on-state power loss [155]. Therefore, to form a bi-directional switch, only 
two RB-IGBTs are needed and are connected in an anti-parallel way. In the following 
section, we will discuss the first diamond RB-MESFET fabricated and characterized. The 
difference between the two bi-directional switches explained are represented in figure 4.34 
where the conventional IGBT was  replaced by the MESFET or RB-MESFET. Some of  
the following results were investigated by Leo CAMBOU, a first-year Master internship 
student. RB-MESFET#1b and RB-MESFET#2b will be discussed. 

 
 

4.2.3.1 ON-state temperature dependence electrical characterization 
 

Figure 4.34 shows a cross-sectional view of the RB-MESFET investigated. The tran- 
sistor characteristic of RB-MESFET#1b and #2b are presented in figure 4.35. Mea- 
surements were done at room temperature. Due to the Schottky contact of the drain 
instead of Ohmic, a built-in potential is observed for both fabricated and characterized 
RB-MESFET#1b and #2b. RB-MESFET#1b has LG = 20 µm, LGD = 20 µm and LGS 
= 3 µm and RB-MESFET#2b has LG = 10 µm, LGD = 30 µm and LGS = 3 µm. The 
maximum drain current density obtained for RB-MESFET#1b (figure 4.35-a) at a drain 
bias of -40 V is -1.8 µA/mm for a 0 V applied gate bias. The corresponding linear-on 
resistance RONl is of 207 kΩ.cm which is extremely high. The high resistance can be orig- 
inated from the p- layer or the p+/p- interface. The RB-MESFET#2b with an almost 
same doping concentration as RB-MESFET#1b and a thickness multiplied by about 2, 
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Figure 4.34: a) Cross-sectional view of Reverse Blocking (RB) MESFET as well as two 
configurations of bi-directional switches using b) two MESFETs and two diodes anti- 
serially connected and c) only two RB-MESFETs with an anti-parallel connection. 

 

 
Figure 4.35:  Current modulation of the reverse blocking MESFET (a) #1b and (b) #2b 

 

exhibited a maximum drain current density at a drain bias of -30 V of -2.3 mA/mm for a 
0 V applied gate bias (figure 4.35-b). The maximum current density is the highest bulk 
conduction value never reported so far. The lowest linear-on resistance extracted for the 
later is 708 Ω.cm (corresponds to 0.23 mΩ.cm2 considering the active layer thickness). 
However, compared to RB-MESFET#1b where the threshold voltage is 5.1 V, the thresh- 
old voltage extracted for RB-MESFET#2b is 148 V. At this high gate biases, there is a 
risk that the gate electrode starts to induce leakage current, but fortunately that was not 
the case here. Temperature dependence for the current modulation was investigated only 
for RB-MESFET#1b. Figure 4.36 shows the drain current density temperature influence 
from room temperature to 260◦C. Because of the incomplete ionization of boron impuri- 
ties at room temperature, the transistor exhibited improved electrical characteristics when 
increasing the temperature up to 260◦C. The maximum current density was multiplied by 
25 and reached -0.046 mA/mm at -40 V and the linear-on resistance was divided by 9 (23 
kΩ.cm). 

 
 

4.2.3.2 OFF-state 
 

One of the strengths of the reverse blocking MESFET is the possibility to apply a reverse 
bias (positive) on the drain side owing to the Schottky junction. As presented in figure 
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Figure 4.36: Temperature influence of the drain current density as a function of drain bias 
for a fixed gate bias of 0 V. The maximum current density was multiplied by 25 and the 
linear-on resistance divided by 9. 

 

4.37, the breakdown voltages obtained for both RB-MESFET#1b and #2b are the high- 
est obtained values for bulk conduction transistor and are comparable to an optimized 
reported SiC RB-MOSFET [156]. 
A reverse gate bias of 20 V and 200 V was applied to avoid any leakage current through 
the gate and to close the channel for RB-MESFET#1b and RB-MESFET#2b, respec- 
tively. RB-MESFET#1b has shown a drain forward BV of -1812 V and a reverse drain 
BV more than 3 kV (with a leakage current of 60 nA). The forward BV and reverse BV 
of RB-MESFET#2b were lower than that of RB-MESFET#1b with -1116 V and 2379 V, 
respectively. Even though, these obtained BV values have never been achieved so far for 
diamond bulk conduction transistor. The breakdown of the devices is due to an important 
increase of leakage current through the gate. Even if the breakdown voltage is the highest 
values ever reported so far for diamond transistors, they remain lower than the diamond 
potential. The estimated breakdown field is 0.6 MV/cm for the device that has shown 3 
kV. One reason for this premature breakdown voltage will be discussed in the following 
subsection. 

 
 

4.2.4 Channel field distribution 
 

When modulating the current conduction within the channel by the Schottky junction, a 
depletion region is formed. This depletion region can be divided into 3 regions explained 
below. 

Three-region model 

This part assumes a uniform doping profile for the potential distribution inside the channel. 
When a reverse bias is applied on the gate, and a drain to source bias is applied, a depletion 
region underneath the Schottky gate appears as discussed previously.  This zone can be 
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Figure 4.37: Blocking characteristics in forward and reverse voltage for (a) RB- 
MESFET#1b and (b) RB-MESFET#2b. RB-MESFET#1b has the highest reverse block- 
ing voltage of 3 kV. 

 
divided into 3 regions [157]: 

*Region I : Constant mobility region. Carriers move below the velocity saturation. This 
region extends from gate edge on the source side to Xa. Xa is the point where the velocity 
saturation occurs. Here we neglect the extension of the lateral depletion  towards  the 
source; it has no influence. 

*Region II : Saturation velocity region. This region extends from Xa to the gate edge near 
the drain. Drain potential dependence 

*Region III : Lateral extension of the depletion layer towards the drain side. A region 
where the maximum electric field is defined and hence responsible for the breakdown near 
or at the gate edge. This region is drain potential-dependent. 

Solving Poisson equation and applying boundary condition between region I and II, then 
solving Laplace equation and applying boundary condition between region II and III, the 
depletion region height at any x position underneath the Schottky gate can be expressed 
as follow : 

 
 

 

h(x) = 2εs(Vbi + VGS − V (x)) 
qNA (4.2) 

 

where V(x) is the bias at position x under the Schottky gate and is dependent on the drain 
bias. More details on the analytical model could be found in these references [157]. For 
x=LG, the potential V(x) can be approximated to be equal to VDS. Therefore, equation 
(4.2) becomes 

 
 

 

h = 2εs(Vbi + VGS − VDS ) 
qNA (4.3) 

 

In most of the cases, the depletion region is assumed to occur following a quarter circle, and 
hence lateral depletion and depletion height have the same expression. A more accurate 
expression for the lateral depletion expansion could be written as [158]: 
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Figure 4.38: Schematic view of a MESFET p-type channel under blocking state charac- 
terization. Due to a potential difference formed a dipole is created under the gate. 

 
 

Determination of lateral gate depletion expansion towards drain contact - 
MESFET 

 
 

 

Figure 4.39: Cross-sectional view and experimental setup of the characterized transistor 
[159]. 

 
In this section, experiments were done using a different sample than the ones discussed 
previously. The design is the same but with different boron doping concentration and 
thickness. The cross-sectional view of the fabricated and investigated diamond MESFET, 
as  well  as  the  measuring  circuit,  is  shown  in  figure  4.39.   The  p-  diamond layer  was 
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epitaxially grown by chemical vapor deposition (CVD) on an Ib (001) high-pressure high- 
temperature semi-insulating diamond substrate. Details  about  the  growth  condition  of 
the p- layer have been reported in our previous work [11]. Prior to the source and drain 
metal deposition, a p+ heavily doped layer was selectively grown using hot-filament CVD 
to reduce series contact resistance. A Ti/Au  metal  mask  was  used  to  restrict  the  p+ 
layer  growth to the source and drain regions.   Information on the p+ layer  growth and    
the metal mask used were reported in our last study [160].  The growth time was  set to       
1 hour in this case.  The thicknesses of the drift and the heavily doped layers determined   
by SIMS were 2.7 µm and 0.4 µm, respectively. The boron doping concentrations were 
4.7 × 1015 cm−3 for the drift layer and more than 2 × 1020 cm−3 for the heavily doped 
one. The doping concentration of the former was extracted using the usual threshold 
voltage formula. The sample surface was exposed by UV/O3 treatment to terminate the 
surface by oxygen atoms bonding to reduce surface leakage current, and hence to avoid 
surface drain leakage current through the gate. Ti/Au was used for Ohmic contact and 
Ru for Schottky contact. The gate length LG was 20 µm and the gate to drain length LGD 
was 30 µm. 

Determination of the laterally expended region was explored using electron beam induced 
current technique. The technique works in the same manner as described in chapter 3. 
Nevertheless, a three-probe system is needed here as compared to a Schottky diode to 
control the transistor. For that, two SMUs were used: One controlling the Schottky gate 
bias and another the drain-source bias, as shown in figure 4.39. 

The electron beam energy Ebeam was  set at 10 and 30 keV and the beam radius at 6 nm.  
The measured beam current by Faraday cage was 3.85 nA for 30 keV and 2.41 nA for 10 
keV. At this low beam current and with the extremely high diamond thermal conductivity 
(2200 W·m−1·K−1; 18 times higher than that of graphite), the temperature rise due to the 
electron beam is negligible [161].  Using Monte Carlo simulation, the penetration depth 
was determined. About 75% of the beam energy was  located inside the p- layer  when  
using a beam accelerating voltage of 30 keV. For a simplified study, the gate was fully 
depleted. Due to the system limitation, the full depletion under the gate was achieved by 
applying a negative bias on the source, resulting in a potential difference between the gate 
and the source.  This negative bias was taken into consideration when applying the bias    
on the drain side.  The total bias applied to the drain contact varies between -30 V and 
-170 V. The backside of the sample has a floating potential. 

 
Figure 4.40 shows the EBIC image (right) and the corresponding SEM image (left) with  
the located drain, source and gate of the analyzed transistor. The EBIC image  was  
captured when a drain-source bias difference of 150 V and a fixed gate bias of 50 V were 
applied. A bright region appeared at the edge of the gate towards the drain side.  This  
bright region provides information on lateral depletion expansion and the minority carrier 
diffusion length. 

A direct collection of EBIC has led to figure 4.41, where the EBIC intensity as a function  
of the distance from the gate edge is obtained for different drain-source biases for a closed 
channel (gate bias of 30 V). The peak intensity at the edge of the Schottky gate electrode   
at a drain bias of 0 V shifts away  from the edge when a bias is further applied on the    
drain electrode up to 200 V. The beam accelerated voltage was 10 kV. The observed shift  
is due to the attraction of the formed dipole under the gate Schottky, as seen in figure 
4.38 [162]. The maximum EBIC intensity changes and a plateau appears with increasing 
the drain bias because the pear shape of the created electron-hole pairs becomes more 
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Figure 4.40: SEM and corresponding EBIC image of a closed channel MESFET. The 
applied gate bias is 50 V, and the drain bias is 200 V. A lateral depletion is formed   
starting from the gate and expanding towards the drain. 

 
 

and more inside the lateral depletion region. By fitting the last part of the curves, far 
away from the gate edge, an effective diffusion length was obtained for each drain biases. 
The obtained value was independent of the drain bias and found to be 1.3 µm. Figure 
4.42 summarizes the extracted values of the lateral depletion width as a function of the 
applied drain bias. The obtained experimental results were well fitted by the theoretical 
expression 4.4. Based on the experimental data, the lateral depletion reaches the drain 
contact for a bias of 1.5 kV suggesting an eventual reason for the premature breakdown 
(lateral punch-through analogy). 1.5 kV was obtained for a MESFET with LGD = 30 µm. 
An extrapolation of the experimental data in figure 4.42 showed that at 1.5 kV applied 
drain bias, the lateral depletion layer expands up to 37 µm which is slightly more than 
the distance between gate to drain edge. 

 
 

Determination of lateral drain depletion expansion towards gate contact - RB- 
MESFET 

 
 

Same experience as reported previously was performed on an RB-MESFET in a reverse 
voltage.  Figure 4.43-(a) is an EBIC image of the RB-MESFET with a gate reverse bias     
of 30 V and a drain reverse bias of 140 V. In this configuration,  the lateral depletion  
region expands from the drain edge towards the gate side (direction represented by yellow 
arrows). It is because the drain electrode has a Schottky contact with 1.8 eV SBH that 
create a potential barrier.  Then, due to a potential difference increase between the gate   
and the source, and the gate and the drain, the depletion regions extend. Figure 4.43-(b) 
presents the EBIC line scan in the green rectangular region in EBIC image. The applied 
reverse drain bias ranges from 20 V to 200 V for a fixed reverse gate bias of 30 V. Increasing 
the drain reverse bias contributes in a formation of a ”plateau” in the shape of the EBIC 
curve intensity. The ”plateau” means that the pear shape is almost entirely inside the 
depletion region. 
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Figure 4.41:  EBIC collected for different applied drain bias with a fixed gate bias of 30     
V as a function of distance from the gate edge. The signal extends from the gate edge 
towards the drain side when the drain bias increases, this is the lateral depletion region. 

 

4.3 Conclusion 
 

In this chapter, an evaluation of the fabricated edge termination Schottky diodes, as well as 
field effect transistors, was presented. Both electrical characterizations and EBIC analysis 
to map the surface electric field were performed for all the devices. The edge termination 
architecture is of great importance for all devices to take full advantage of intrinsic material 
properties. An unterminated device will exhibit a premature breakdown voltage because 
of the device border effect that implies an electric field crowding. This electric field 
crowding at the edge induces leakage current and avoid the breakdown to occurs at the 
material. A well-designed device will show an avalanche breakdown that is induced by 
impact ionization. If the crowding effect remains at the edge, the impact ionization will be 
influenced by the border and hence will be larger. In that, it is crucial to develop an edge 
termination structure for diamond. As technologies such as ion implantation and well- 
controlled dry etching are not mastered for diamond material, simples edge termination 
were investigated. Floating field rings, as well as a field plate, were chosen. The FFR- 
SBDs and FP-SBDs have exhibited effectiveness in the electric field distribution, however, 
due to lack of process fabrication the edge termination SBDs reached only 0.8 MV/cm and 
0.55 MV/cm breakdown fields for FFR-SBDs  and FP-SBDs,  respectively.  Optimization 
of the process is under investigation for future work. 
On of the device that completes the Schottky diode is the field effect transistor. In fact, 
in any commutation cells, rectifiers and switches are essential. MESFET and a new 
version RB-MESFET were realized and have demonstrated excellent characteristics. The 
bulk conduction MESFET exhibited a low on-resistance by the introduction of a heavily 
doped layer selectively grown under the source and the drain. And the highest breakdown 
voltage reached nearly 2.3 kV by increasing the gate to drain distance. However, as the 
gate to drain cannot be increased indefinitely without damaging the on-resistance, a minor 
change in MESFET structure leads to an increase of the breakdown voltage up to 3 kV. 
The RB-MESFET that uses a drain Schottky contact was fabricated for the first time and 
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Figure 4.42: Lateral depletion expansion as a function of applied drain bias for a transistor 
that exhibited 1.5 kV for the BV. Experimental data were well fitted by the equation. 

 

exhibited the lowest on-resistance and the highest breakdown voltage. EBIC has allowed 
an understanding of the premature breakdown of the transistors. 
Based on this evaluation work, the Schottky diode that exhibits the lowest leakage current 
and the highest breakdown field is selected for an accurate extraction of the ionization 
coefficients. The next chapter will discuss the ionization coefficients extraction for diamond 
epilayers. 
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Figure 4.43: Drain lateral depletion expansion as a function of applied drain reverse bias  
for a fixed gate bias of 30 V. 
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To bring diamond to its highest level of technology, the route is still long. One has to  
master the process fabrication technology, the quality of diamond epilayers, and the op- 
timization of device structures.  G. Chicot et al.  [163] have  reported that an optimized  
drift layer regarding doping level and thickness can achieve its lowest specific ON state 
resistance compared to a non-optimized one for a given breakdown voltage. However, the 
process of determining the reverse operation limits of diamond devices is still both exper- 
imentally and theoretically imprecise but is at present under study. One of the crucial  
points in power devices is the high blocking voltage that a device can withstand. In this 
reverse operation, breakdown by avalanche phenomena is the main process that can be 
predicted if an accurate impact ionization coefficients are known. Several works for deter- 
mining these impact ionization coefficients have been performed by extracting them under 
high electric fields. However, if the breakdown voltage occurring in the devices is not only 
due to an avalanche process, can the fitted models lead to an extrapolation of the local 
analysis of avalanche phenomena?  Complementary works are necessary for the study of  
the breakdown phenomenon within diamond. It is feasible by theoretical approaches as  
well as experimental fits. Therefore, the best characteristics of diamond power electronic 
devices can emerge if both experimental and simulated approaches converge. 

 

In this last chapter, first a complementary work by analyzing the ionization coefficients 
reported is discussed. The effects of these coefficients on the breakdown voltage and electric 
field distribution while simulating the avalanche phenomena are examined. The reverse 
blocking characteristics of both fabricated and simulated diamond SBDs are investigated 
and compared using two-dimensional (2D) simulation and reported experimental data. Then, 
an attempt to extract the avalanche parameters will be explained. 

 
 
5.1 Impact ionization coefficients 

 
5.1.1 Literature review of ionization coefficients 

 
The techniques to obtain the avalanche parameters are well established since before dia- 
mond, it was realized for other semiconducting materials such as Si, GaAs, GaN or SiC. 
Several techniques exist to extract the impact ionization coefficients whether it is theoret- 
ically or experimentally. Here are some examples: 

 

• Ab initio calculations using a full band Monte Carlo (FBMC) simulation method. 
• Modeling of a device through 2D simulation with implementing numerical models 

such  as  activation  of  dopants,  concentration  and  temperature  dependent mobility 
and avalanche coefficients. 

• Theoretically by fitting experimentally reported breakdown voltages. 

• Analyzing the gate current behavior of a transistor. 
• Initiating the avalanche optically such as photomultiplication technique or optical 

beam induced current (OBIC) technique. 

• Initiating the avalanche electrically using electron beam induced current (EBIC) 
technique. 
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Ap [cm−1] Bp [ V.cm−1] An [cm−1] Bn [V.cm−1] c 
R.J. Trew [166] 1.935 × 108 

T. Watanabe [107] 1.93 × 105 
7.749 × 106 
4.41 × 106 

1.935 × 108 
4.62 × 105 

7.749 × 106 
7.59 × 106 

1 
1 

J. Isberg[167] 4.0 × 106 11 × 106 N/A N/A 1 
6.0 × 105 8 × 106 N/A N/A 1 

S.J. Rashid [168] 5.48 × 106 14.2 × 106 1.89 × 105 17.0 × 106 1 
A. Hiraiwa [164] 6.1 × 104 13.94 × 106 1.46 × 105 24 × 106 1 

Y. Kamakura [165] 4.2 × 106 21 × 106 3.7 × 106 58 × 106 1 
0.56 × 104 216 × 104 0.56 × 104 216 × 104 1 

N. Skukan [140] 
180 × 104 19.7 × 104 180 × 104 19.7 × 104 0.2 

Table 5.1: Avalanche multiplication parameters extracted from the literature. 
 
 

 
Figure 5.1: Hole impact ionization rates as a function of electric field at 300K for reported 
4H-SiC and diamond. 

 

Recently, Hiraiwa et al. and Kamakura et al. have studied the avalanche breakdown 
process by extracting impact ionization coefficients (IICs) in Chynoweth’s form from an 
arbitrary relationship between breakdown voltage and doping density [108, 164], and from 
the high-field carrier transport using a full-band Monte Carlo (FBMC) method based on ab 
initio calculations[165], respectively. All the avalanche coefficients reported for diamond 
are summarized in table 5.1. 

 
Figure 5.1 shows the impact ionization rates plotted as a function of the electric field 
following the Chynoweth expression given in equation 5.1 [106] and using the values sum- 
marized in Table II. The impact ionization rates for 4H-SiC reported by Nguyen et al. 
[169] were also added. From this figure, it is seen that the generation of carriers by impact 
ionization occurs at much larger electric fields for diamond using Skukan, Kamakura and 
Hiraiwa model, which is what it is expected for diamond as compared to 4H-SiC. Rashid 
model is close to Nguyen model, and Trew model overestimated the impact ionization 
rate. 
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αn,p 

 
= An,p exp
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− Bn,p 

） 
(5.1) 

 
5.1.2 Analysis of three different ionization coefficients 

 
5.1.2.1 Device description 

 
The two diamond SBDs used in this part were previously reported by Dr. H. Umezawa 
[170, 171]. The SBDs were fabricated on a p-/p+ homoepitaxially grown diamond lay- 
ers on Ib(001) high-pressure high-temperature (HPHT) diamond substrates. The SBDs 
have a pseudo-vertical structure. The concentrations of boron-doped layers [B] and the 
thicknesses for diode 1 were ≥ 2 × 1020 cm−3 and 1.1 µm for the heavily doped layer p+, 
and 2.8 × 1015 cm−3 and 0.96 µm for the drift layer p-, respectively. Diode 2 had a boron 
doping concentration ≥ 2 × 1020 cm−3 and a thickness of 5 µm for the heavily doped layer 
p+. The drift layer p- had an increasing gradient doping profile from the surface towards  
the heavily doped layer ranging from 5.6 × 1016 to 1 × 1017 cm−3 and a thickness of 1.2 
µm. The parameters were determined by SIMS. Titanium was used for Ohmic contact 
for both diodes 1 and 2. Platinum (Pt) and molybdenum (Mo) were utilized for diodes 1  
and 2, respectively. No junction termination or field engineering at the surface was  used  
on these pseudo-vertical SBDs (pvSBDs); thus, the electric field was not relaxed. Only 
oxygen was used to terminate the diamond surface to reduce the surface leakage and opti- 
mize the Schottky metal/diamond interface [?]. The devices were characterized using an 
Agilent 4156C parameter analyzer and a Keithley 237 source measurement unit. 

 
 

5.1.2.2 Implemented models 
 

The analysis of the ionization coefficients was realized by implementing the coefficients in 
the simulation tools and making a comparison between the results obtained experimentally 
and by simulation — nly the parameters reported by  T. Watanabe et al.,  A. Hiraiwa et  al. 
and Y. Kamakura et al. were selected. 

The devices described above were simulated using finite element TCAD Silvaco 2D sim- 
ulation software. To reduce the calculation time, we simulated half of the devices by 
considering the symmetry along the y-axis. Although a diode in a vertical SBD structure 
exhibits a low and uniform on-resistance regardless of its position on the wafer compared 
with a diode in a pvSBD structure [124], and, as we are interested in the reverse blocking 
operation, we used a vSBD structure to simplify the calculation. We assumed a perfect 
diamond material without bulk defects. Indeed, these defects could be one of the factors 
that lower the electric field breakdown and decrease the breakdown voltage compared with 
the ideal case [27], and, therefore, one of the reasons why the breakdown voltage depends 
on the electrode distance [172]. To reproduce as closely as possible the real conditions of 
the devices, a positive electron affinity of 1.7 eV corresponding to an oxygenated diamond 
surface [173], a Schottky barrier heights (SBHs) of 2.62 eV (for Pt Schottky contact) and 
1.92 eV (for Mo Schottky contact), as well as models specific to diamond - including the 
incomplete ionization model and the empirical model on the concentration and tempera- 
ture dependent mobility - have been implemented [90, 66].  The increasing gradient  doping 
profile was  also considered for diode 2.  A Shockley-Read-Hall (SRH) carrier lifetime of   
2 × 10−10s was set for both holes and electrons. The models mentioned above and others 
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applied to diamond that we used are clearly described by Marechal et al. [174]. In addi- 
tion to these models, the thermionic emission (TE) model was used following the equation 
[175], 
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kT 
 
 

and ∆φb 

kT 
 

=  q E 
4πEs 

 
where JTE, T, q, k, V, and φb are the thermionic emission current density, lattice temper- 
ature, elementary charge, Boltzmann’s constant, applied bias, and SBH, respectively. The 
effective Richardson constant A∗

p of 90 A. cm−2.K−2 was set. The barrier lowering phe- 
nomenon was also considered within the SBH, where φ0

b, ∆φb, Es, and E are the SBH at 
zero-bias without image force lowering, the barrier variation, the diamond dielectric con- 
stant, and the electric field, respectively. Also, a hole tunneling phenomenon through the 
barrier was considered. The hole tunneling current density Jtp is given by the Tsu-Esaki 
model [176], as seen in the equation 

4πqm∗
htm0kT 

r φbp 

 
 

with P (Ez) = exp 
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where m∗
ht, m0, h, P(Ez), and N(Ez) are the hole tunneling mass, electron mass, Planck’s 

constant, transmission probability, and supply function, respectively. In this study, the 
hole tunneling mass was  equal to the hole mass.  Supposing that the breakdown voltage     
is related to avalanche phenomena, Selberherr’s impact ionization model is implemented  
for electrons n and for holes p.   The ionization rate model proposed by  Selberherr is     
very similar to the classical Chynoweth model that depends on the electric field as shown  
in equation 5.1. The difference, however, is in the impact ionization coefficients,  which  
are temperature-dependent parameters.  In our case,  we  assumed that these coefficients  
are constant since at present no temperature-dependent ionization coefficients have been 
reported for diamond. Hence, we performed the simulations implementing either the 
coefficients reported by Watanabe et al., Hiraiwa et al. or Kamakura et al., as listed in 
table 5.1. 

Figure 5.2 exhibits the hole and electron ionization parameters αn,p  plotted as a function   
of the inverse of electric field following the expression given in equation 5.1 and values 
reported by Nguyen et al. for 4H-SiC and Watanabe et al., Hiraiwa et al. and Kamakura 
et al. for diamond material (cf. table 5.1). Similarly to SiC, the hole ionization rate αp 
reported for diamond is higher than the electron ionization rate αn, except for Watanabe’s 
and Hiraiwa’s parameters where the ionization rate for electrons increases after a certain 
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Figure 5.2: Impact ionization rates as a function of electric field at 300K for reported 4H-
SiC and diamond. 

 
electric field. The gap between the coefficients that have been published so far is not neg- 
ligible, and foremost, accurate predictions of the designed structure are impossible. 

 

5.1.2.3 Reverse electrical characteristics 
 

Diode 1 showed a maximum leakage current of 1 µA.cm−2 at room temperature for a 
reverse electrical field of 3 MV.cm−1. The diode exposed its highest operation limit for a 
bias of 296 V corresponding to a 1D reverse field of 3.1 MV.cm−1 as presented in figure 
5.3-a.   The electric field was calculated from the reverse bias using the 1D formula as 
follows [170]: 

 

 
 

E1D = 


 

2(V +Vbi) , if d ≥ W for NPT. 

 qNAd  + (V −qNAd2/2Es) , if d ≤ W for PT. 
 

 

 
 

(5.4) 

with W = 
 2Es (V + V 
qNA 

bi 

kBT 
− q ) 

 
 

where d is the thickness of diamond,  W the depletion width,  and NA  the density of  
the ionized acceptor. NPT stands for the non-punch through design and PT for the 
punch-through design. The curve exhibits a TE behavior ending by a sudden increase in 
leakage current, which is characteristic of the avalanche multiplication event. This sudden 
increase in leakage current is not due to the thermal runaway of the leakage current since 
the power density at the measured breakdown is low (about 0.28 mW.cm−2), but only 
due to the electrostatic runaway.  In the same manner, diode 2 in figure 5.3-b exhibits 
TE and thermionic field emission (TFE) characteristics. Albeit that the measurements 
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Figure 5.3: Reverse blocking conditions for experimental and simulated simple Schottky 
barrier diodes at 300 K using (a) Pt Schottky contact for diode 1 and (b) Mo Schottky 
contact for diode 2. 

 

were stopped at 200V to protect the diode, diode 2 had the highest 1D reverse field of 3.5 
MV.cm−1. After implementing the three ionization coefficients in the simulation platform 
and checking the static limits of the diodes, we observed a discrepancy in the operation 
limit compared with the experimentally obtained values for both diodes 1 and 2. When 
using Hiraiwa’s coefficients, the breakdown voltage is almost three times higher than the 
experimental value. The breakdown voltages obtained using Kamakura’s and Watanabe’s 
coefficients are closer to the experimental value but still two times higher for the former 
and two times lower for the latter. At this point, it is premature to say which one is  
more suitable for the simulation. However, it is clear that a change in impact ionization 
coefficient results in a notably different predicted breakdown voltage since the ionization 
integral depends on the choice of the coefficient. As indicated in the previous section, 
diamond is considered ideal: therefore, we did not include traps or defects, and this is 
why the leakage current density is very low in the simulation. In this work, we focused 
only on the breakdown characteristics; as a consequence, the leakage current cannot be 
interpreted and compared with the experimental result. 

 
 

5.1.2.4 Ionization coefficients influence on electric field 
 

Figure 5.4 shows the electric field distribution and the current flowlines at the operation 
limit of the diodes simulated using Watanabe IIC (a)-(a’), Kamakura IIC (b)-(b’), and 
Hiraiwa IIC (c)-(c’). As expected, the electric field accumulates at the edge of the electrode 
(labeled point B) and seems to be equally distributed under the electrode (labeled point 
A). The choice of impact ionization coefficients affects the leakage current location under 
the main contact. This is because the avalanche parameters play an important role in 
determining the carrier transport. The leakage current is located under the entire Schottky 
contact when using Watanabe IIC (a)-(a’) and, at the edge when using Hiraiwa IIC (c)- 
(c’) for both diodes, and depends on the diode characteristics when using Kamakura IIC 
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Figure 5.4: Electric field distribution and current flowlines for simulated diode 1  and  
diode 2 at corresponding breakdown voltages shown in figure 5.3 using (a) Watanabe’s, 
(b) Kamakura’s and (c) Hiraiwa’s coefficients at 300K. ”A” represents the center of the 
electrode and ”B” the point where the peak electric field appears. 

 
 

(b)-(b’). It is also shown in figure 5.4 that these coefficients change the depletion layer 
thickness at the predicted avalanche breakdown. Regarding the device parameters and 
ionization coefficients, the breakdown of the device does not happen in the same region 
when we consider a breakdown by avalanche phenomena. Indeed, in some cases, the 
leakage current is located at the edge of the contact, which characterizes a breakdown by 
avalanche  phenomena, and in other instances,  located under the entire contact,  which is    
a breakdown due to a current limitation set. 

 
From the structures obtained by simulation, we extracted the electric field as a function 
of the length represented by the x-axis in figure 5.4 at the metal/diamond interface (y 
= 0) for the two diodes. The obtained electric field gives a constant value at the center 
and a maximum value (peak) at the edge of the electrode. As shown in figure 5.5-(a), 
the peak electric field at 300 K for diode 1 was determined to be 13.5 MV.cm−1 for a BV  
of 832.5 V using Hiraiwa’s model, 8.73 MV.cm−1 for a BV of 490 V using Kamakura’s 
model, and 4.43 MV.cm−1 for a BV of 167 V using Watanabe’s model. Diode 2 gave 22 
MV.cm−1 for a BV of 902 V, 9.87 MV.cm−1 for a BV of 415 V, and 4.84 MV.cm−1 for 
a BV of 135 V using Hiraiwa’s,  Kamakura’s,  and Watanabe’s  models,  respectively.  The 
maximum electric field for the experimental diode was calculated using a 1D electric field 
as a function of reverse bias, as explained earlier.  We found 3.14 MV.cm−1 for diode 1 
and 3.5 MV.cm−1 for diode 2.  Constant short dashed lines in 5.5 represent these values 
since they were calculated from the 1D formula. These calculated values do not consider 
the effect of the edge.   An infinite contact is assumed to be formed between the metal    
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Figure 5.5: Surface electric field at a metal/diamond interface for simulated and exper- 
imental (a) diode 1 and (b) diode 2. The electric field is related to breakdown voltages 
given in figure 5.4 at y=0. The experimental curve was obtained using equation 5.4. 

 

and the semiconductor, and hence, one direction is considered. The distance between the 
ohmic contact and the Schottky contact is much larger than the depth of the drift layer. 
Therefore, no effect of the lateral electric field is observed owing to the pseudo-vertical 
structure. We also show in 5.5 the ratio Ri, which is the maximum electric  field at the  edge, 
Emax, over the electric field at the center of the electrode, Ece (i represents the impact 
ionization coefficient used). It allows us to see if the electric field is well relaxed or not. In 
our simulation, the ratio is extremely low compared with what it is usually reported [44]. 
Indeed, the electric field at the edge of the electrode reported by Ikeda et al. is more than  
3 times higher than that at the center of the electrode, especially for a simple structure 
without any edge termination to smoothly distribute the electric field.  This value  could    
be enhanced using a finer mesh in diamond and a complete mesh in vacuum region. 

 
 
5.2 Impact ionization extraction 

 
5.2.1 Device selection 

 
The Schottky diode with the lowest leakage current and the highest breakdown field is 
selected for impact ionization extraction.  Due to a lack in the process fabrication quality   
of FFR-SBDs and FP-SBDs, the important leakage current of the diodes,  as well as the  
low breakdown fields, obtained avoid to use them to extract the ionization coefficients. 
Indeed, a high leakage current will imply inaccuracy in the values. The highest breakdown 
field obtained for FFR-SBDs and FP-SBDs were only 0.8 MV/cm and 0.55 MV/cm, 
respectively. It is true that sample FFR#1 has exhibited breakdown field of about 2.5 
MV/cm but the leakage current was excessively high. 
Therefore, a Schottky diode reported in our previous work was then used [105]. A cross- 
sectional view is shown in figure 5.6. A pseudo-vertical structure was used with an active 
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Figure 5.6: Leakage current as a function of the applied bias. The diode exhibits low 
leakage current up to 150 V. A cross-sectional view is shown. 

 
layer thickness and doping concentration of 0.9 µm and 2 × 1016 cm−3, respectively. The 
heavily doped boron layer has 8 µm thickness. The Schottky electrode has 6 nm Mo 
thickness and a diameter of 100 µm. The SBD exhibited a low leakage current and a 
breakdown field of 1.5 MV/cm (figure 5.6). 

 

5.2.2 Methodology and measurement 
 
 
 
 
 
 
 

Figure 5.7: Typical EBIC 
image  of  the  diode  used  
to extract impact ionization 
coefficients. The electron 
beam energy was 30 keV. 
The applied bias was 100 V. 

 
One of the strength in using the electron beam excitation method is to allow extraction 
of the ionization rates in a defect-free region by selecting an isolating place of the EBIC 
image. Indeed, as it was discussed previously, a place where a peak electric field occurs, or 
a defect takes place, induce an enhanced impact ionization rates. It is then important to 
characterize a diode in a localized region. Thus, EBIC system was used, and analysis of 
several EBIC images was investigated to extract the mean value of the EBIC intensity at 
the center of the electrode far away from the edge where the peak electric field appears, as 
represented in figure 5.7 by the dashed blue square. Therefore, a uniform distribution of 
the electric field is assumed in the below the center of the electrode. In this representative 
EBIC image, the applied bias was 100 V and the electron beam energy of 30 keV. The 

beam current measured by  Faraday  cage was  1.6 × 10−7  A. The mean value  of the EBIC 
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intensity was obtained using equation 3.7 in chapter 3. Figure 5.8 presents the mean 

 

 

Figure 5.8: Mean EBIC intensities extracted from EBIC images as a function of the electric 
field under the center of the main Schottky electrode. The fitting was performed for ≥ 0.5 
MV/cm. 

 
EBIC intensity as a function of the electric field. The experimental data were fitted using 
equation 3.8 for an electric field ≥ 0.5 MV/cm because of the assumption of a uniform 
electric field.  At a low electric field, it can be seen that the EBIC intensity is increased 
when the electric field increases. This rise of the curve corresponds to the increase of the 
charge collection due to the depletion region expansion in depth. When the drift layer is 
completely depleted (for ≥ 0.5 MV/cm), an increase of the charge collection occurs due to 
an increase of the electric field. The impact ionization coefficient for electron extracted in 
the Chynoweth form for a uniform electric field ≥ 0.5 MV/cm are an = 971 cm−1 and bn 
= 2.39 × 106 V/cm and c=1. As the beam was located near the p-/p+ diamond interface, 
minority carrier will drift the active layer to reach the Schottky electrode, and hence, will 
create other electron-hole pairs. 
A comparison with the reported electron ionization coefficients in the literature is shown 

in figure 5.9. The measured ionization coefficient is different from the ones reported by 
Watanabe, Hiraiwa, and Kamakura. The ionization coefficient is lower  than that reported 
by Skukan. Skukan has extracted the ionization coefficients on an undoped (intrinsic)  
single crystal CVD diamond layer, and in our study, a boron doped active layer was used. 
This may induce a difference in the ionization coefficients. 

 
 
5.3 Conclusion 

 
The importance of the ionization coefficients for reverse state prediction led us to an 
investigation of accurate extraction of the coefficients. A review of the different ionization 
coefficients reported in the literature for diamond showed a dispersion of these values that 
highlight a lack of accuracy.  The extracted parameters for the electron impact ionization 

 
103 



CHAPTER 5. IMPACT IONIZATION COEFFICIENTS 
 

 
 

 
 

Figure 5.9: Ionization coefficients for electrons as a function of the inverse of the electric 
field. 

 
were an = 971 cm−1 and bn = 2.39 × 106 V/cm for an electric field ≥ 0.5 MV/cm. The 
ionization rate obtained from this study were lower than the one reported by Skukan 
[140]. The powerful EBIC analysis played an important role in selecting a defect-free 
region. Because if defects were present, the ionization would have been larger. 
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Conclusions and Perspectives 
 
 

This thesis was  dedicated to the accurate extraction of the impact ionization coefficients  
for diamond semiconductor. The ionization coefficients are important material parameters 
that give information of diamond physical limits. Thus, they contribute in predicting the 
device performance when implemented in simulation tools. 
The first chapter introduced the context and the place of power electronics in our current 
society. Among the wide bandgap or ultra wide bandgap materials, diamond is recognized 
as the ultimate power semiconductor owing to its exceptional properties. Power electron- 
ics require devices able to withstand high voltages in the off-state. Some of the reported 
Schottky barrier diodes (SBDs) have exhibited a breakdown field close to diamond critical 
field, but the majority know a premature BV and hence, have a low breakdown field. The 
lack of edge termination technique exploration avoids the development of devices with 
characteristics near ideality. And this is a big issue to extract the impact ionization coef- 
ficients accurately. 
Chapter 2 was dedicated to the physics behind SBDs and metal-semiconductor field effect 
transistors (MESFETs). The Schottky contact that rectifies the diode plays an important 
role in MESFET working since it controls the modulation of the channel. Equations used  
to analyze the experimental data in forward and reverse states were recalled. In the sec-  
ond part of this chapter, diamond proper numerical models such as incomplete ionization, 
temperature and concentration dependence mobility, and positive electron affinity were 
implemented. The simulation tool is an essential step to go through for device design and 
physics prediction. 
In the third chapter, the steps that led to the fabrication of each device were presented. 
Diamond device fabrication is a challenging process, especially when complex structures 
are required. The facilities for diamond device fabrication are limited due to the small size 
of diamond wafers. Understanding each step of the fabrication through intermediate char- 
acterizations contribute to successful device fabrication. The natural process that comes 
after the process engineering is the characterization. The facilities used to characterize 
electrically the devices were presented. A powerful system of analysis was also introduced, 
and its principle of work explained. The electron beam induced current (EBIC) technique 
was the principal system used to measure the diamond impact ionization coefficients. In 
fact, in addition to material parameters extraction, EBIC is well known for defect localiza- 
tion and device failure, but it has been shown also that it is a perfect system to investigate 
surface electric field distribution. 
Chapter 4 was focusing on the evaluation of the fabricated edge termination SBDs and 
MESFETs. Floating field rings (FFRs), as well as field plate (FP) edge termination struc- 
ture, were investigated to develop a Schottky diode with excellent characteristics. Using 
EBIC analysis, both of the edge termination structure had exhibited their effectiveness. 
FFR-SBDs saw its EBIC intensity dropped by 50% and at the same time, the BV was 
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improved by about 50% when using one ring and a spacing of 150 nm. FP-SBDs have 
exhibited an improvement of about 34% when using an FP oxide as compared to a simple 
Schottky diode.  However,  the highest maximum electric field obtained did not  exceed 
0.8 MV/cm (for FFR-SBDs) and that is low to extract the impact ionization coefficients 
accurately. The achieved breakdown field remains low as compared to diamond strength.  
In reality, the premature breakdown was initiated by the insufficiency of the process fab- 
rication. Even is the edge termination structure were successfully fabricated, still edge 
metal roughness and edge oxide roughness were notices for FFR-SBDs and FP-SBDs, re- 
spectively. The roughness of the edges enhances the electric field crowding which causes 
an increase of the leakage current and a premature BV. The MESFETs fabricated and 
characterized in parallel have presented remarkable results. The on-resistance of the bulk 
channel conduction MESFET was improved by adding a selectively grown heavily doped 
boron layer beneath the source and drain electrode. The highest BV obtained was nearly 
2.3 kV (0.6 MV/cm). To push even more the device off-state, a reverse blocking (RB) 
type MESFET was realized. The RB-MESFET demonstrated both a low on-resistance of 
708 Ω.cm and a high RB-BV of 2379 V. Another RB-MESFET with higher on-resistance 
(207 kΩ.cm) demonstrated 3 kV reverse blocking capability corresponding to 0.6 MV/cm. 
Chapter 5 was focusing on the impact ionization coefficients. In the first section, an anal- 
ysis of the reported ionization coefficients was performed. The reported coefficients have 
presented different results when implementing in the simulation tool. This presents the 
need in extracting accurate values for diamond to be able to predict and to understand the 
reverse characteristics. As said in the previous paragraph, the ET SBDs have important 
leakage currents and a low breakdown field, thus, cannot be used for coefficients extrac- 
tion. A Schottky diode, however, had exhibited a maximum electric field of 1.3 MV/cm 
and therefore was used to measure the ionization coefficients. EBIC system was used to 
localize the electron beam excitation far away from defect area.  The measured impact 
ionization coefficients for electrons are an = 971 cm−1 and bn = 2.39 × 106 V/cm for an 
electric field ≥ 0.5 MV/cm. These coefficients are lower than the ones reported by Skukan 
et al. but have the same behavior as compared to others. 
Indeed, the diamond impact ionization for electrons was successfully extracted however 
still confirmation need to be realized on a device with a higher maximum electric field. 

 

To obtain accurate impact ionization coefficients for diamond, three undeniable conditions 
are required: (1) Low (or no) leakage current device is needed; (2) a breakdown voltage 
near ideality (or as higher as possible since fabrication technologies is not yet mature for 
diamond); (3) and, a powerful characterization system. In this study, the high breakdown 
field condition was missing. Further edge termination techniques exploration are needed 
to find the most appropriate one for diamond. 
The field oxide roughness and stress observed because of the lift-off, is now under investi- 
gation for a wet etching using acid treatment. Efforts are also pursuing on FFR-SBDs by 
improving the lithography process.  A possibility to overcome metal edge roughness can  
be achieved by etching even the metal instead of lift-off. After an edge termination struc- 
ture demonstrates its effectiveness, it can be used for FETs to improve their capabilities. 
Only after reaching a high breakdown field for diamond that accuracy can be achieved for 
ionization coefficients. 
As a complementary work, hole ionization coefficients can also be extracted using an  
EBIC system. A different diode such as pin diode can be used to measure the ionization 
coefficients and compare them with the ones extracted using Schottky diode. 
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