
ABSTRACT 

HARMON, JEFFREY LEE.  4H-SiC Trench-Gate MOSFET: Practical Surface-Channel 

Mobility Extraction (Under the direction of Dr. B. Jayant Baliga). 

 

Silicon carbide (SiC) power MOSFET devices have the potential for a one-thousand 

times lower on-state resistance compared to silicon devices designed for the same blocking 

voltage, as defined by Baligaôs Figure of Merit.  Analytical analysis of the SiC power MOSFET 

device reveals that the finite specific on-resistance of the MOSFETôs channel region becomes 

appreciable and dominant in power devices designed for lower blocking voltage ratings (e.g. 

1200 V).  Reduction of the specific on-resistance of the MOSFETôs channel region can be 

accomplished by reducing the cell pitch, increasing the effective carrier mobility in the channel, 

and/or increasing the capacitance of the gate-dielectric.   

A trench-gate MOSFET design enables a substantially smaller cell pitch compared to the 

planar-gate MOSFET structure that currently dominates the commercial production market.  

Additionally, surface channel mobility on the alternative crystalline faces of a SiC trench-gate 

MOSFET is typically 2-3 times greater than channel mobility in planar-gate MOSFET structures.  

Combining the advantages of reduced pitch and increased channel mobility, the trench-gate 

MOSFET design provides a 44% reduction in on-state resistance from the historic planar-gate 

design. 

The purpose of the research effort was to experimentally evaluate surface channel 

mobility of practical SiC trench-gate MOSFET structures.  The experimental design included 

additional processing splits for evaluating higher permittivity gate-dielectrics as replacements for 

the traditional silicon dioxide in order to increase the gate-oxide capacitance and further reduce 

the MOSFETôs specific on-resistance. 



As detailed in this dissertation, execution of this research project required: 1) application 

of a specialized data extraction methodology for channel mobility in actual trench-gate MOSFET 

structures, 2) development of the fabrication process flow, tools, procedures, and process 

specifications for manufacturing practical SiC MOSFET devices utilizing Research Triangle 

Nanotechnology Network laboratories, 3) original design of the trench-gate MOSFET structures 

and corresponding test structures with features critical to on-state performance equivalent to 

those in commercial state-of-the-art SiC power MOSFET devices, 4) fabrication of the SiC 

MOSFET devices and test structures, and 5) electrical characterization of fabricated devices and 

test structures.   

No operational trench-gate MOSFETs were produced, attributed to capability limitations 

in available fabrication tools.  The suspected root cause for the zero yield of trench-gate 

MOSFET devices is a non-conformal aluminum gate metal deposition which is supported by the 

successful operation of the complementary planar-gate lateral MOSFET structures co-fabricated 

in this study.   The fabrication process splits for high permittivity gate-oxide MOSFET devices 

were incomplete attributed to capability limitations of available fabrication process tools.   

One hundred eighty eight inversion-mode planar-gate lateral MOSFET structures having 

a 40 nm thick gate-oxide (determined by C-V on co-fabricated N-MOS structures) grown by dry-

thermal oxidation without a nitridation anneal, demonstrated an average surface-channel 

effective mobility of 3.8 cm2/Vs.  Using linear transmission line measurements, the N+ 

source/drain contact resistance was determined to be 2.2E-6 ɋ-cm2 and the sheet resistance for 

the N+ SiC material was 1544 ɋ/Ã.  P+ contacts were found to be non-conductive at potentials 

up to 10 V.   



 Effective mobility demonstrated a strong positive linear temperature dependency at 

+0.045 cm2/Vs per K over the temperature range 300 to 400°C which is consistent with an 

expected high density of interface trapped charge (re: lack of nitridation capability).  Data 

obtained supports the theory that at elevated temperatures, trapped electrons are released 

producing a higher density of mobile channel electrons, proportional to the density of interface 

trapped charge.  Determination of interface-state density on the fabricated devices was not 

possible because co-fabricated P-MOS capacitor test structures were non-functional (root cause 

is likely associated with the non-conductive P+ contacts).   

A primary significance of this research is in providing a foundation from which future 

SiC power device experimental fabrication research efforts may be launched. 
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CHAPTER 1 

 

Background & Motivations  

 

1.1  Introduction 

Converting electricity for efficient transport and consumption has been an on-going 

engineering challenge throughout our history.  In 1886, the Westinghouse Electric Company 

demonstrated the advantages of power conversion by using transformers to step-up AC voltage 

for transmission and again to step down AC voltage for the end use in incandescent lighting.  

This AC power delivery system proved to have very little transmission power losses and formed 

the basis for todayôs U.S. electric power transmission system. 

Converting electric power using semiconductor power devices began following the 

invention of the transistor in 1947 by John Bardeen, Walter Brattain, and William Shockley.  In 

the 1950ôs, semiconductor thyristors began replacing vacuum tubes in power conversion systems 

and the power device evolution ensued.  In the 1960ôs, came development of gate-controlled 

switches such as the gate turn-off (GTO) thyristor.  In the 1970ôs, manufacturing of power 

silicon metal-oxide-semiconductor field-effect transistor (MOSFET) devices became possible 

with the evolution of the integrated circuit industry, including utilization of CMOS 

manufacturing expertise (e.g. double-diffusion for precisely controlling channel lengths) and 

established manufacturing facilities.  Development costs for silicon power devices were limited 

to device design and development of specialized process needs such as electron irradiation and 

fabrication of vertical structures.   
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1.2  Silicon Power MOSFET and the Fundamental Tradeoff  

A Si power MOSFET is 1) a voltage-controlled gated device with high input impedance 

enabling simple gate drive circuitry, 2) a unipolar or majority carrier device enabling very fast 

switching void of adverse reverse recovery issues found with bipolar designs, and 3) capable of 

bidirectional current flow by either using gated synchronous rectification or through the internal 

body diode which includes a ~0.7 V turn-on voltage drop.  

A schematic of a vertical power MOSFET in blocking mode with the electric field profile 

(assuming constant doping concentration) is shown in Figure 1.1.  The blocking voltage potential 

(BV) is equal to the integral of the electric field over the N- drift region (neglecting the small 

blocking potential supported inside P base region).  BV is dependent on the magnitude of the 

critical electric field, c (electric field at onset of the avalanche breakdown phenomenon) and the 

depletion width, Wd into the N- drift region.   

 

      
Figure 1.1:  Vertical power MOSFET schematic in blocking-mode with electric field profile. 

 

 

By integrating Poissonôs equation (Equation 1.1) over the drift region, and assuming the 

maximum magnitude of the electric field is equal to the critical electric field for avalanche 

breakdown and assuming complete ionization of dopants inside the depletion region, the 
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relationship between the drift regionôs doping concentration, Nd, and the drift regionôs depletion 

width can be determined (Equation 1.2).   

ᴊ
ὴ ὲ ὔ ὔ     Equ. 1.1 

ὡ
ᴊ

      Equ. 1.2 

Combining Equation 1.2 with the geometry in Figure 1.1, the relationship between the 

blocking potential and the drift regionôs doping concentration is determined (Equation 1.3). 

ὄὠ
ᴊ

      Equ. 1.3 

These relationships show that a designer can reduce the doping concentration of the N- 

drift region for a proportional increase blocking voltage potential at the cost of proportionally 

increasing the N- drift regionôs layer thickness (to account for the proportional increase in 

depletion width).  It needs to be noted that the critical electric field is also dependent on doping 

concentration.  However, this relationship is very weak as the critical electric field increases by 

about a factor of two for a three order of magnitude reduction in doping concentration.   

Ὑ ȟ
ᴊ

     Equ. 1.4 

The minimum or ideal specific on-resistance, Ron,ideal (in ɋ-cm2) for a power MOSFET is 

assumed to be equal to the drift regionôs specific resistance, Rd,ideal, which is determined by the 

depletion width over the conductivity for the N- drift region (Equation 1.4).   The combined 

effects from a reduction in the N- drift regionôs doping concentration results in a quadratic 

increase in Ron,ideal; thus, at larger blocking voltages, Ron,ideal quickly becomes prohibitively large 

for MOSFET devices.  This relationship between on-state resistance and blocking voltage 

potential defines a fundamental tradeoff limitation for power devices which restricts practical Si 
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power MOSFET devices to low voltage (< ~150V) applications (Figure 1.2).  With high-

frequency switching capability, Si MOSFETs are well suited for switch-mode power supplies. 

 

 
Figure 1.2:  Siliconôs fundamental tradeoff curve for power devices. 

 

 

The insulated gate bipolar transistor (IGBT) was commercially introduced in the early 

1980ôs and created new market opportunities for power devices in medium and high voltage 

applications.  In the IGBT structure, carrier injection provides conductivity modulation to the 

drift region decoupling the operational drift region resistance from its doping concentration.  

This design freedom enables lowing the drift regionôs doping concentration for much higher 

blocking potentials without severely compromising on-resistance.  However, conductivity 

modulation comes with the price of a slower switching speed capability and markedly increased 

reverse recovery energy losses during the switching off transient. 

The super-junction (SJ) MOSFET entered the semiconductor power device market in the 

early 2000ôs.  Charge-coupled power device designs, which include the SJ-MOSFET, 

circumvent the fundamental tradeoff limitation by decoupling the drift regionôs doping 

concentration from deviceôs blocking capability.  This allows the design freedom to drastically 

increase the drift regionôs doping for lowering on-state resistance.  Combining the high-
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frequency switching capability of unipolar devices with extremely low on-resistances, 

superjunction power MOSFETs offer sufficient benefits for market penetration into medium-

voltage, high-frequency applications.  However, wide-spread adoption of the SJ-MOSFETs have 

been hindered by the radically increased manufacturing complexity for this unique design. 

 

 

1.3  Wide Band Gap Materials for Power Devices  

By solving Equation 1.3 for Nd and substituting into Equation 1.4 produces Equation 1.5, 

an alternative form for Ron,ideal.  The denominator of Equation 1.5 depends only on the materialôs 

properties and is defined as Baligaôs figure of merit for semiconductor power devices 

(BFOM)[1].  Thus, the physics governing the tradeoff between blocking potential capability and 

on-state specific resistance in MOSFETs are constrained by siliconôs material properties.   

Ὑ ȟ ᴊ
     Equ. 1.5 

According to the BFOM, wide band gap materials such as silicon carbide (SiC) or 

gallium nitride (GaN) enable superior power devices compared to silicon materials, by 

drastically shifting the fundamental tradeoff curve (see Figure 1.3).  This performance 

improvement is obtained via the wide band gap materialôs ability to support higher critical 

electric fields that enables much higher blocking voltages for a given design.  Therefore, a device 

can be designed to achieve a desired blocking potential with a higher drift region doping and 

thus, a lower specific on-resistance.  For example as shown in Table 1.1, 4H-SiC supports a 10x 

higher critical electric field than in Si material which results in a 1000x lower specific on-

resistance in a 1200V device.  Exploiting 4H-SiCôs material properties allows fabrication of a 
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1200V 4H-SiC MOSFET device with an operational Ron equivalent to that in a 100V Si 

MOSFET (Figure 1.3).   

      Table 1.1:  Comparison of BFOM of Si 

      and 4H-SiC for 1200V Device. 

     
Figure 1.3:  Fundamental tradeoff curve for  

power devices. 

 

 

The first demonstration of power devices in silicon carbide material were Schottky 

barrier rectifiers in 1992 [2].  Commercially produced SiC power MOSFET devices were 

introduced into the market in 2011 [3].  GaN substrate material does not yet meet the quality 

necessary for producing cost-competitive, vertical power devices such as MOSFETs, thus power 

devices fabricated in GaN materials are currently limited to planar HEMT devices taking 

advantage of the two-dimensional electron gas formed by spontaneous polarization.  Today, 

there are several manufacturers around the world producing SiC power devices, two of which are 

located in the U.S.  One U.S. manufacturer is Wolfspeed/CREE, a fully integrated vertical 

company where control of production, quality and costs from the growth of substrate wafers to 

finished modules is unified under one management team.  The second U.S. manufacturer is X-

Fab, a silicon foundry where overhead costs are shared with silicon device production lines and 
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new tooling is reduced to only the advanced processes necessary for silicon carbide 

manufacturing (e.g. heated ion implantation and high-temperature activation annealing).  

Analytical physical modeling of the specific resistances in a 4H-SiC vertical planar-gate 

power MOSFET device was performed using Equations 1.6 through 1.19 developed following 

references [1] & [4].  The planar-gate structure is shown in Figure 1.4 noting that no P+ contacts 

are shown as these are contacted though Vias orthogonal to this cross section.  The analysis 

shows that resistance of the short, 0.6 µm channel dominates all other resistances accounting for 

43% of the total specific on-resistance (Table 1.2).  The second largest contributor, accounting 

for 35% of the total specific resistance, is the drift region which is set by the desired blocking 

voltage potential, as previously stated.  The substrate, which is assumed to be thinned to down to 

200 µm for minimizing this unavoidable contributor in all vertical SiC devices, is the third 

largest contributor accounting for 15% of the total. 

Ὑ ȟ Ὑ ȟ Ὑȟ Ὑ ȟ Ὑ ȟ Ὑ ȟ    Equ. 1.6 

Ὑ ȟ
ȟ

     Equ. 1.7 

ὅ       Equ. 1.8 

Ὑȟ Ὑ ȟ Ὑ ȟ      Equ. 1.9 

Ὑ ȟ ”ὴὰὲ
ȟ

     Equ. 1.10 

Ὑ ȟ ” ὸ ὴ ὡ ὡ ȟ ὼȟ ὡ ȟ    Equ. 1.11 

”
ȟ

     Equ. 1.12 

ὡ      Equ. 1.13 

ὠ ὰὲ      Equ. 1.14 
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Ὑ ȟ ὑ
ȟ

ȟὑ πȢφ   Equ. 1.15 

ὒ ὡ ὡ ȟ      Equ. 1.16 

Ὑ ȟ
ȟ

     Equ. 1.17 

”
ȟ ȟ

    Equ. 1.18 

Ὑ ȟ ” ὸ      Equ. 1.19 

 

      Table 1.2: Specific on-resistance of 4H-SiC vertical 

      1200V planar-channel power MOSFET 

         
Figure 1.4:  4H-SiC vertical power 

MOSFET with current path highlighted. 

 

 

 

1.4  4H-SiC Trench-Gate Power MOSFET 

As an alternative to the planar-oriented channel power MOSFET design currently in 

production, the trench-gate power MOSFET design has a vertical channel orientation and a 

reduced cell pitch yielding a higher channel density compared to the benchmark planar-channel 

MOSFET design (Figure 1.5).  This increase in channel density inherently reduces the area-
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based, specific on-resistance.  Additionally, the trench-gate MOSFET design eliminates the JFET 

region.   

 

 
Figure 1.5: Motivations for the trench-gate power MOSFET 

 

 

Analytical mathematical modeling of resistances in the 4H-SiC trench-gate power 

MOSFET design shown in Figure 1.6 was performed using Equations 1.20 through 1.23 

following references [1] & [4] with Equations 1.7, 1.8, 1.9, 1.12, 1.15, and 1.19.  In Tables 1.3 

and 1.4, this analysis shows that with the increased channel density and elimination of JFET 

region, the 1200V 4H-SiC trench-gate power MOSFET design has a 2.08 mɋ-cm2 total specific 

on-resistance, which is 24% smaller than the 2.75 mɋ-cm2 specific on-resistance for the planar-

channel MOSFET design.   

Ὑ ȟ Ὑ ȟ Ὑȟ Ὑ ȟ Ὑ ȟ    Equ. 1.20 

Ὑ ȟ ”ὴὰὲ      Equ. 1.21 

Ὑ ȟ ” ὸ ὴ ὸ     Equ. 1.22 
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ὒ ὸ ὼ      Equ. 1.23 

 

     Table 1.3: Specific on-resistance of 4H-SiC vertical 

1200V trench-gate power MOSFET. 

       
Figure 1.6:  4H-SiC vertical 

power trench-gate MOSFET 

with current path highlighted. 

 

 

 

Table 1.4:  Motivation for 4H-SiC trench-gate MOSFET - Reduced specific on-resistance. 

                
 

 

 

In todayôs state-of-the-art 4H-SiC power MOSFETs, the channel current flows in the 

planar orientation along the (0001) crystal plane in which demonstrated electron surface-channel 

mobility is well below bulk mobility values.  Through process improvement efforts, 4H-SiC 

planar-channel MOSFETôs surface channel mobility values have reached ~15cm2/Vs, 



  11 

 

sufficiently high for enabling market acceptance.  However, there is still great potential for 

improvement towards the bulk electron mobility of ~700 cm2/Vs (at 1E17/cm3 doping).  

Improving the 4H-SiC MOSFET surface channel mobility is an on-going effort [5]. 

 

 

1.5  Crystal Orientation Impact on Mobility  

4H-SiC Bulk Anisotropic Mobility.   

The SiC hexagonal crystalline structure has been shown to demonstrate anisotropic bulk 

carrier mobilities.  In traditional practical 4H-SiC MOSFET structures, the channel runs along 

the waferôs surface or the (0001) plane.  In 1994, Schaffer et al. demonstrated that along the Si-

face or (0001) plane, bulk carrier mobilities were isotropic[6].  Orthogonal to the (0001) plane, 

mobilities along the a-face and m-face planes are 20% higher compared to along the (0001) 

plane and this ratio is temperature independent. 

 

      
 

        a)             b) 

Figure 1.7: a) 4H-SiC (0001) wafer - crystal orientation,  

b) Cross-sectional view of basal (0001) plane in hexagonal crystal structure.  

Named planes are orientated parallel to the noted direction and orthogonal to the basal plane. 
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4H-SiC Crystalline Structure.   

For this research study, a (0001) orientation 4H-SiC wafer, cut off-axis 4° towards 

<1120> was used.  Orientation of 4H-SiCôs hexagonal crystalline structure to the process wafer 

is shown in Figure 1.7.  In this research study, crystal planes are denoted inside brackets with 

Bravais-Miller i ndices having the form of ( hkil ) where i = -h-k, and l = the c-plane, normal to 

plane of page.  Crystal directions are normal to planes and denoted with square-brackets with the 

equivalent family of crystal directions denoted inside angled brackets (i.e. < >). 

 

Published Anisotropic SiC Channel Mobility Research 

A study of 4H-SiC inversion-mode surface-channel mobilities comparing the Si-face 

(0001) and a-face (11-20) planes demonstrated a positive temperature dependency for peak 

mobility on the Si-face and a negative temperature dependency for peak mobility on the a-face 

indicating different scattering mechanisms were dominant[7].  Noteworthy is that the inversion-

mode, surface-channel mobility on the a-face peaked at 80 cm2/Vs, substantially greater than the 

33 cm2/Vs peak mobility for Si-face 4H-SiC.   However, practical devices are typically operated 

at gate biases ~15-20 V for ensuring stable device operation which is an order of magnitude 

greater than the 1 to 2 V gate bias where these peak-mobility values occurred.  Additionally, 

practical power MOSFETs typically have P Base doping concentrations in the upper 1016/cm3 to 

1017/cm3 range, which is about two orders of magnitude greater than the doping used for this 

study.  Given the devices in this study were planar-channel MOSFETs fabricated on wafers 

which were cut on the different crystal orientations, the practical impacts from the etched 

channel surfaces in fabricating trench-gate MOSFETs is not captured in these results.  



  13 

 

Ariyoshi et al. completed a study measuring surface-channel mobility in two directions 

on each of the three crystal planes relevant to the hexagonal crystal structure in order to evaluate 

the mobility anisotropy on each plane.  This study included both accumulation-mode and 

inversion-mode channel designs over a range of gate biases[8].  Along the 4H-SiC (0001) crystal 

surface, mobility was found to be isotropic.  The (0001) inversion-mode field-effect mobility 

was ~25 cm2/Vs at gate bias of 20V, a typical operational gate voltage on practical devices.  At a 

20V gate bias, the inversion-mode surface-channel mobility, orthogonal to the (0001) plane, was 

~75 cm2/Vs for both the a-face and m-face planes, which is triple the mobility value on the 

(0001) plane.  Slight inversion-mode surface-channel mobility anisotropy on the a-face and m-

face planes was present, exhibiting ~5 cm2/Vs difference with the [11-20] direction being greater 

than the [0001] direction on both crystal planes.  

Comparing the accumulation-mode and inversion-mode designs, it is noteworthy to state 

that for a wide range of biases surrounding the typical practical gate bias of 20V, the surface-

channel mobility is identical in both operational modes; this aspect is consistent with having one 

mobility degradation mechanism being commonly dominant and independent of the channel 

operational mode.  However, the profile of mobility versus gate bias is starkly different between 

accumulation-mode and inversion-mode at low gates biases which is likely attributed different 

physics governing development of the MOS channel carrier density with gate bias.  Typical of 

ñnormally-onò transistor behavior, profiles for the accumulation-mode devices at gate biases 

close to zero show a narrow and relatively large peak in mobility reaching ~270 cm2/Vs in this 

study for both directions on the (0001) plane, and in the [0001] direction on the other two planes.  

On the a-face and m-face planes in the [11-20] and [1-100] directions, orthogonal to [0001], the 

accumulation-mode peak mobility was ~225 cm2/Vs.  Unfortunately, the very narrow profile of 
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the accumulation-mode peak-mobility likely forbids exploiting its advantages in practical 

applications.   

The inversion-mode MOSFETôs P-base doping level in this study was an order of 

magnitude lower than in practical devices.  Like the previous reference, devices in this study 

were planar-channel MOSFETs fabricated on wafers cut on different crystal orientations, so 

practical impacts from etching during fabrication of trench-gate MOSFETs were not captured in 

the results.  It is noteworthy to include that the gate-oxide for this study was a deposited high-

temperature oxide (HTO) followed by NO post-oxidation anneal.  A set of additional samples 

were studied where the gate-oxide was thermally grown with pyrogenic steam followed by an H2 

post-oxidation anneal and the relative anisotropic behavior was identical (although absolute 

values differed). 

 

Impact of Interface Trapped Charge Density on Channel Mobility.   

One primary area of focus for practical SiC MOSFETs surrounds correlating mobility 

degradation with the interface trapped charge density (Qit in C/cm2, Dit in #/cm2/eV, or Nit in 

#/cm2) which in SiC is well known to be at least an order of magnitude greater than that in 

comparable silicon MOSFETs.  Nakazawa et al. developed an improved method for 

characterizing Nit during research evaluating the impact of interface trapped charge density on 

surface-channel mobility degradation.  They showed that effective mobility correlated well with 

interface trapped charge determined with their ñC-űò method, demonstrating a slope equal to -1.  

In their findings, the (0001) crystal plane has markedly higher Nit values and simultaneously 

much lower surface-channel effective mobilities.  In this work, field effect mobility values are 

shown to be 4.5 and 5 times greater for a-face and m-face, respectively, than the (0001) Si-face 
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plane.  An interesting discovery is that with the C-ű method, fast states are accurately captured 

enabling measurement of the nitrided interface trapped charge density.  ñThe high channel 

mobilities for (11¯20) and (1¯100) MOSFETs can be correlated with the lower density of fast 

interface states generated by nitridationò[9].  Devices in this study were also planar-channel 

MOSFETs fabricated on wafers cut on different crystal orientations; thus practical impacts from 

trench etching were not captured in the results.   Samples were prepared via dry-oxidation 

followed by NO post-oxidation anneal. 

 

Published Experiments with Practical Etching.   

Ariyoshi et al. measured the mobility anisotropy between the a-face and m-face planes on 

sidewalls of trenches etched into a (0001) 4H-SiC wafer with trenches orientated every 15° of 

rotation[10].  For the 4H-SiC hexagonal structure, the crystal becomes crystallographically 

identical every 60° of rotation; thus one would expect mobility data values to repeat at that 

interval.  Samples were prepared with a deposited high-temperature gate-oxide followed by one 

of three post-oxidation anneal (POA) process variations.  It was found that for samples with a 

wet-oxidation and H2 POA, data trended cyclically lower with rotation from 0° to 180° with 

local maximums corresponding to a-face planes and local minimums corresponding with m-face 

planes; a-face data trended from 40 cm2/Vs to 26 cm2/Vs.  For samples prepared using an 

ammonia and N2O POA, data trended lower linearly (no local maximums or minimums) from 28 

to 20 cm2/Vs.  For the N2O POA, data likewise linearly trended lower from 15 to 10 cm2/Vs.  It 

appears the POA processes that include nitridation reduce the a-face and m-face planeôs 

differences in mobility values.  From the data presented, it is obvious that the POA processing 

has a very strong influence on the surface-channel mobility.  
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Practical Angles from Off-cut Wafers and Etching.   

Work by Yano et al. found that the 8° off-axis cut wafer and a practical 5° slant from 

etching produced one sidewall with an estimated 3° off-plane in the [0001] direction with the 

opposite sidewall being 13° off-plane[11].  To confirm this aspect, a portion of this study was 

reproduced using an on-axis (zero offcut angle) wafer and an etching process more capable of 

producing vertical sidewalls; thus, the practical sidewalls were expected to be exactly on-plane in 

the [0001] direction[12].  Mobility improved to 71 and 66 cm2/Vs from 43 and 21 cm2/Vs for 

(11-20) and (-1-120) planes, respectively.  Note that these mobility values on practically etched 

wafers are very close to the mobility values produced by authors using wafers cut on alternative 

crystal axes.  Thus, the surface-channel mobility in practical trench-gate MOSFETs may be 

substantially higher than in planar-gate structures. 

In conclusion, crystal orientation has been shown to have a strong influence on surface-

channel mobility where the 4H-SiC a-face and m-face crystal planes have demonstrated superior 

mobilities values compared to the (0001) surface channel plane in traditional 4H-SiC MOSFETs.  

Combining the off-cutting of wafers which is necessary for epitaxial growth, and the non-

perfectly vertical sidewalls from practical trench etching, obtaining perfect crystal orientation of 

surface channels will likely be very difficult to consistently accomplish in practical 4H-SiC 

trench-gate MOSFETs.  For the mobility study, planar-gate and trench-gate MOSFET samples 

were orientated at 15° orientations from 0° to 90° from the 4H-SiC waferôs flat edge in order to 

capture orientation impacts. 

On a final note, knowing that the specific oxidation and POA processes, crystal direction, 

and degree to which the channel is off-plane have all been shown to have a strong influence on 

MOSFET channel mobility, further studies are needed to fully understand the individual and 
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interdependent impacts from the practical trench etching processes; it is reasonable to assume 

that practical trench etching would have some negative impacts on surface channel mobility. 

Assuming a practical the realization of 50 cm2/Vs for the surface channel mobility in a 

trench-gate MOSFET equates to a 70% reduction in the channel regionôs specific on-resistance 

(Table 1.5).  Combining the benefits of the trench-gate design with an increased mobility equates 

to a 44% reduction in specific on-state resistance compared to the benchmark, vertical planar-

channel MOSFET design (Table 1.6).  

 

Table 1.5:  Advantages of high channel          Table 1.6:  On-resistance of 4H-SiC 1200V 

mobility in 4H-SiC 1200V trench-gate         trench-gate MOSFET with higher channel 

MOSFET.             mobility vs a planar-gate design. 

      
 

 

This research effort is to experiementally evaluate channel mobility on the vertical 

channels of 4H-SiC trench-gate MOSFET structures with comparison to co-fabricated 4H-SiC 

planar-gate MOSFET designs. 

 

 

1.6  4H-SiC Trench-Gate MOSFET Specific On-Resistance & High-k Gate Dielectrics   

In Figure 1.8 and Table 1.7, a schematic with the specific on-resistance values for a 

typical 1200V 4H-SiC trench-gate MOSFET with an SiO2 gate-oxide is displayed (note, the 
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inversion channel mobility is assumed equal to that of state-of-the-art planar-gate MOSFET 

devices without consideration of the potential mobility advantages on the alternative crystal faces 

of the trench-gate MOSFET structure).  The channel resistance at 0.81 mɋ-cm2 accounts for 

38% of the total device specific on-resistance of 2.13 mɋ-cm2.  The other two major contributing 

resistances, the drift region and substrate, are essentially fixed and cannot easily be improved; 

thus, the channel region is the prime opportunity for improving the 1200V trench-gate 

MOSFETôs specific on-resistance.   

 

          Table 1.7: Specific on-resistance of 4H-SiC vertical 

     1200V trench-gate power MOSFET. 

  
Figure 1.8:  4H-SiC vertical power trench- 

gate MOSFET with current path highlighted. 

 

 

In review of Equation 1.24, options for reducing the channel regionôs specific on-

resistance include: 1) reducing the channel length, 2) reducing the pitch, 3) increasing the 

channel mobility, 4) increasing the oxide capacitance, and 5) reducing the threshold voltage, and 

6) increasing the gate bias.  According to Equation 1.25, the gate oxide capacitance can be 
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increased by increasing the permittivity and/or by reducing the thickness.  Therefore, replacing 

the silicon dioxide gate-oxide material with an equivalent thickness of dielectric material having 

a higher relative permittivity will directly result in a reduction of the MOSFETôs total specific 

on-resistance.  The high-k allows the gate dielectric to contribute a higher capacitance for a given 

thickness; thus, the channelôs carrier density (sheet charge density) increases for a given gate 

bias.  Assuming no impacts on the mobility, a higher relative permittivity gate dielectric results 

in a lower channel resistance by increasing the free electron density in the channel at a given gate 

bias.   

Ὑ ȟ
ȟ

     Equ. 1.24 

 

ὅ       Equ. 1.25 

An analytical analysis of alternative materials with higher dielectric constants (ñhigh-kò 

materials) for the trench-gate MOSFETôs gate-oxide was performed.  Shown in Figure 1.9, using 

the higher relative permittivity Al2O3 gate-oxide material in place of the SiO2 material would 

reduce the trench-gate MOSFET channel specific resistance by 58% from 0.81 mɋ-cm2 to 0.34 

mɋ-cm2 and using La2O3, reduces the channel specific on-resistance by 85% to 0.12 mɋ-cm2. 

Using the high-k gate dielectrics reduces the total trench-gate MOSFET deviceôs specific 

on-resistance by 22% and 33%, from 2.13 mɋ-cm2 to 1.66 mɋ-cm2 and 1.43 mɋ-cm2 for AL2O3 

and La2O3, respectively (Table 1.8).  Assuming a realization of the 50 cm2/Vs channel mobility 

on the alternative crystalline face in trench-gate MOSFSET, results in additional reductions in 

the total specific on-resistance (Table 1.9).  It is noteworthy to highlight that channel regionôs 

proportional contribution to the total specific on-resistance becomes only 7% and 3% for the 

high mobility Al2O3 and La2O3 cases, respectively; thus, potential returns for any other efforts to 
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reduce channel resistance become comparatively quite small for the 1200V trench-gate 

MOSFET design.   

 

 
Figure 1.9:  Gate-oxide relative permittivity impact on specific channel resistance on trench-gate 

MOSFET 

 

 

Table 1.8:  Impact of high-k dielectric on trench-gate MOSFET specific on-resistance 

  

 

 

 

 

1200V Trench 1200V Trench 1200V Trench 

MOSFET MOSFET MOSFET

Ǌ 3.85 SiO2 9.1 Al2O3 27 La2O3

p (µm) 2.50 2.50 2.50

channel Rch,sp (mҠπŎƳнύ0.81 38% 0.34 21% 0.12 8%

inversion Ra,sp (mҠπŎƳнύ0.07 3% 0.07 4% 0.07 5%

mobility RJFET,sp(mҠπŎƳнύ0.00 0% 0.00 0% 0.00 0%

µ_inv Rd,sp (mҠπŎƳнύ0.84 39% 0.84 51% 0.84 59%

(cm2/Vs) Rsub (mҠπŎƳнύ0.40 19% 0.40 24% 0.40 28%

15 Ron,sp (mҠπŎƳнύ2.13 1.66 1.43

  (Rcs,sp ; Rs,sp ; Rcd,sp are neglected)

   *tsub = 200 µm thickness
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Table 1.9:  Impacts of high mobility & high-k dielectric on trench-gate MOSFET specific on-

resistance. 

  
 

 

  

1200V Trench 1200V Trench 1200V Trench 

MOSFET MOSFET MOSFET

Ǌ 3.85 SiO2 9.1 Al2O3 27 La2O3

p (µm) 2.50 2.50 2.50

channel Rch,sp (mҠπŎƳнύ0.24 16% 0.10 7% 0.03 3%

inversion Ra,sp (mҠπŎƳнύ0.07 5% 0.07 5% 0.07 5%

mobility RJFET,sp(mҠπŎƳнύ0.00 0% 0.00 0% 0.00 0%

µ_inv Rd,sp (mҠπŎƳнύ0.84 54% 0.84 59% 0.84 62%

(cm2/Vs) Rsub (mҠπŎƳнύ0.40 26% 0.40 28% 0.40 30%

50 Ron,sp (mҠπŎƳнύ1.56 1.42 1.35

  (Rcs,sp ; Rs,sp ; Rcd,sp are neglected)

   *tsub = 200 µm thickness
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CHAPTER 2 

 

Physical Models for Mobility  
 

2.1  Introduction 

In this chapter, a review of the physics and the mathematical models derived for 

describing surface channel electron mobility behaviors in 4H-SiC MOSFETs is performed.  The 

scope of this review is for practical 4H-SiC MOSFET devices with n-type inversion channels 

along the (0001) crystal plane where electron mobility dominates conduction; thus, only electron 

mobilities are considered.  

Bulk electron mobilities for 4H-SiC are near 700 cm2/Vs at room temperature for 4H-SiC 

with 1E17/cm3 doping, while published surface channel mobility values for todayôs 4H-SiC 

MOSFET devices are typically around 15 cm2/V.  Given the practical surface-channel mobility is 

roughly ~2% of bulk mobility, determination of the dominant scattering mechanisms responsible 

for mobility degradation of the MOSFET surface channel is a primary focus of study for 

practical SiC MOSFETs.  It is noteworthy that prior to discovery of the nitridation process, 

surface-channel mobilities were typically limited to single digit values [1].  

In Chapter 2, the physics governing surface channel mobility in 4H-SiC, n-channel, 

inversion-mode MOSFETs are reviewed.  In Section 2.2, the fundamental physics of MOS 

capacitor structures including practical factors affecting the threshold voltage and MOS 

capacitance are reevaluated, and in Section 2.3, the physics of MOSFET device mobility 

including surface-channel scattering mechanisms are examined.  Throughout this dissertation, 

special consideration has been made for inclusion of, and proper treatment of the interface 

trapped charge according to this authorôs own physical interpretations using fundamental 
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physical principles.  Thus, the models presented here are believed to be collectively the most 

accurate and practically applicable set published to-date. 

Electron mobility on the (0001) plane in 4H-SiC, inversion-mode, surface n-channel 

MOSFETs has been consistently demonstrated as being anisotropic.  Electron mobility in SiC on 

other crystal planes has been shown to exhibit anisotropic mobility behaviors which are 

attributed to SiCôs asymmetric, hexagonal crystalline structure, which was reviewed in Section 

1.5 as this provides motivation for the trench-gate MOSFET design.   

 

4H-SiC Crystal Structure & Bulk Electron Mobility.   

Free carrier mobility inside crystalline structures is strongly correlated with the periodic 

uniformity of that crystalline structure.  Crystalline periodicity enables a carrierôs wave function 

to couple with the crystal and travel through it without resistance [2].  Since crystalline 

properties govern transport, bulk mobility is normally anisotropic in crystals with anisotropic 

structural periodicity.  For general simplification of mathematical physical analyses, the 

anisotropic transport properties based on crystal orientation are collectively captured and lumped 

into effective mass constants.  Within high-quality crystalline materials, the two predominant 

scattering mechanisms that reduce the bulk mobility in low electric field conditions are: 1) 

phonon scattering, resulting from thermal energy which causes vibration motions in the crystal 

lattice, and 2) coulombic scattering resulting from the fixed charges attached to ionized impurity 

atoms (i.e. dopants).   

The combined impacts of phonon and ionized impurity scattering on bulk SiC mobility 

has been empirically determined to follow the Caughey-Thomas Model which was originally 

developed for silicon [3], and is applicable to 4H-SiC with constants from references [4][5][6 ] 
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and using total dopant concentrations.  Throughout this work, the bulk mobility model chosen for 

4H-SiC, along the anisotropic (0001) plane is Equation 2.1.  Baliga separately derived an 

electron mobility model for 4H-SiC which produces nearly identical values (Equation 2.2)[7].  

Figure 2.1 displays both electron mobility models as a function of doping and the hole mobility 

values are shown for comparison (Equation 2.3)[8].  The temperature impacts on the 4H-SiC 

bulk electron mobility values are displayed in Figure 2.2 for the doping concentration of the p-

type base region used in the mobility study. 

 

 
Figure 2.1:  4H-SiC bulk electron mobilities (model details described in text) 

 

‘ȟ
ϳ Ȣ

Ȣϳ Ȣ         [4,5,6]Equ. 2.1 

‘ȟ σππὑ
Ȣ Ȣ

Ȣ  Ȣ      [7]Equ. 2.2 

‘ȟ σππὑ
Ȣ Ȣ

Ȣ  Ȣ      [8]Equ. 2.3 
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Figure 2.2:  Bulk electron mobility as a function of temperature for the 4H-SiC p-type base 

region of the mobility study. 

 

 

 

2.2  Physics of the MOS Capacitor 

For the mobility study, the n-channel of the inversion-mode MOSFET is formed by a 

MOS capacitor structure consisting of a gate metal on top of an oxide on top of a p-type doped 

4H-SiC region.  As previously noted, power MOSFETs in 4H-SiC are n-channel designs because 

of the much higher electron mobilities (Figure 2.1).   

In a MOS capacitor, the gate metal is separated from the p-type semiconductor by an 

electrically insulating dielectric material, creating a device that is capable of storing potential 

energy in the form of an electric field.  When a bias is applied to the gate metal in the MOS 

stack, an equal and opposite charge is reflected across the electrical insulator in the 

semiconductor material (Equation 2.4) altering the properties near the semiconductorôs surface 

compared to the properties deep inside the bulk semiconductor. 

ὗ ὗ       Equ. 2.4 
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2.2.1  MOS Biasing Modes 

Case 1:  

Accumulation occurs when a negative bias is applied to the gate metal inducing positive 

charges in the form of mobile holes, the dominant carriers in the p-type semiconductor, to 

accumulate at the semiconductor surface adjacent to the dielectric material.  The mobile hole 

charged carriers collected at the surface form a highly conductive sheet of ~20 nm thickness.  

This case scenario is termed accumulation (of majority carriers).   

 

Case 2:  

Depletion occurs when a positive bias is applied to the MOS gate metal and the majority-

carrier, mobile holes are repelled away from the surface revealing negatively charged, stationary, 

ionized, acceptor lattice atoms.  The semiconductor material near the surface is now depleted of 

any mobile charges and becomes highly resistive.  As a larger positive bias is applied to the gate 

metal, the semiconductorôs depletion region expands, extending further into the semiconductor 

as far as necessary to exactly balance the positive charges applied on the metal gate.  Assuming 

complete ionization of dopants (full-depletion approximation), the depleted region typically 

extends hundreds of nanometers into p-type silicon carbide.  The spatial density of the negative 

charges attached to ionized lattice atoms is equal to the acceptor dopantôs density.  This case 

scenario is termed depletion (of mobile carriers). 

 

Case 3:  

Inversion is achieved by further increasing the positive bias on the MOS gate metal to a 

point such that, at the surface of the semiconductor, the intrinsic carrier energy level is reduced 
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below the Fermi energy level (noting the Fermi energy level remains constant throughout the 

entire MOS structure since no current is flowing).  Mathematically, inversion occurs when the 

surface potential, ◖s, equals the semiconductorôs relative Fermi potential value, ◖f, which is 

determined at a location deep inside the bulk semiconductor (where incomplete ionization must 

be considered).  The semiconductorôs Fermi energy level (EF) is defined by the energy difference 

(q◖f) relative to the equilibrium intrinsic carrier energy level (Ei) and is dependent on the ionized 

p-type dopant concentration, Na
-, relative to the intrinsic carrier concentration, ni, as shown in 

Equations 2.5 & 2.6.   

‰ ὰὲ       Equ. 2.5 

ήה ɞ ɞ       Equ. 2.6 

At biases where ◖s Ó ◖f, negatively charged mobile electrons become attracted to the 

surface and assist the negatively charged, stationary, ionized acceptor atoms within the depletion 

region in balancing the positive charges in the metal.  With the mobile electrons present, the 

surface of the p-type semiconductor material has been inverted to be characteristically similar to 

an n-type material.  With presence of mobile electrons at the surface, conductivity increases 

markedly relative to the depleted region just below; however just at the point of inversion, this 

effect is extremely small because the density of mobile electrons is extremely small (~3x10-

3/cm2), but increases very rapidly with increasing surface potential following an exponential 

relationship on the surface potential.  As noted, upon inversion there are two forms of charges 

offsetting the positive MOS gate charges: 1) a sheet of mobile electrons located at the inverted 

semiconductor surface and 2) the negatively charged ionized acceptors spatially dispersed 

throughout the depletion region of the semiconductor (Equation 2.7).  This case scenario is 

termed (weak) inversion.   
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ὗ ὗ ὗ        Equ. 2.7 

Case 4:   

Strong-inversion occurs after continued increases in positive bias on the MOS gate metal 

well beyond inversion, at a point at which nearly all incremental increases in the MOS gate 

potential are offset by the exponentially increasing mobile electron density.  Strong-inversion is 

commonly defined at the point when the surface potential, ◖s, is equal to twice the 

semiconductorôs relative Fermi level, 2◖f (Equation 2.8).  Strong-inversion indicates the surface 

is more characteristically n-type than the semiconductor material deep within the bulk is p-type.   

‰ ὭὲὺȢḙς‰ ς ὰὲ      Equ. 2.8 

Since any additional bias applied to the MOS gate metal is balanced by increases mobile 

electrons on the surface, the total charge contributed by the depleted region becomes essentially 

constant and the depletion region width reaches a maximum.  In strong-inversion, the high 

concentration of electrons are formed into a sheet at the surface creating a highly conductive n-

channel region for MOSFET operation (equation 2.9 where Ns,inv is the areal electron density or 

sheet charges with an assumed zero thickness). 

ὗ Ȣ ήὔȟ       Equ. 2.9 

An example of a MOS capacitorôs energy band diagram in strong-inversion is provided in 

Figure 2.3 showing the energy band bending at the semiconductorôs surface.   
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Figure 2.3:  Energy band diagram of 4H-SiC MOS capacitor at strong-inversion 

 

 

2.2.2  The Ideal MOS Capacitor 

Exact Charge Theory.   

An ideal MOS capacitor is assumed for model development where all charges in the gate 

metal are exactly balanced by the induced charges within the semiconductor material and there 

are no other charges present in the system.  Later, practical aspects including impacts of a metal-

semiconductor work function difference and presence of undesirable impurities / charged states 

will be added to the ideal model. 

The relationship between the charges present inside the semiconductor to the surface 

potential at the semiconductor surface will now be derived.  Starting with Poissonôs Equation 

2.10 (where ɟ is charge density, ⱦsc is the permittivity of the semiconductor, and q the elemental 

charge), and substituting expressions for free carrier densities (Equations 2.11, 2.12, & 2.13).  

Note that in using Equation 2.11 for determining the free hole concentration, p, inside the 
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depletion region where full-ionization is assumed, the p-type doping density, Na, is substituted 

for the bulk equilibrium hole concentration p0.  This is assumed valid given the surface potential 

at strong-inversion creates an electric field in the semiconductor with magnitude greater than the 

ionization energy of the dopants (depletion approximation).  Likewise, Na is substituted for p0 in 

Equation 2.13. 

ὴ ὲ ὔ ὔ     Equ. 2.10 

ὴ ὴὩ ϳ        Equ. 2.11 

ὲ ὲὩ ϳ        Equ. 2.12 

ὲὴ ὲ        Equ. 2.13 

Applying the chain rule to Poissonôs Equation in 2.15 and then substituting in an 

alternative form of Poissonôs Equation 2.14, a derivative form of the electric field with respect to 

the potential is determined (Equation 2.15).   

ᴊ     Equ. 2.14 

ᴊ
ᴊ

ᴊ
     Equ. 2.15 

In combining relationships 2.10, 2.11, 2.12, 2.13, and 2.15, an integral form of Poissonôs 

equation is set-up (Equation 2.16).  Then, integrating (Equation 2.17), evaluating, and applying 

Gaussôs Law (Equation 2.18), the final relationship of semiconductor space charges as a function 

of the surface potential is produced (Equation 2.19). 

᷿ ᴊὨᴊ
ᴊ

᷿ ὔὩ ϳ Ὡ ϳ ὔ ὲ Ὠ‰  Equ. 2.16 

ᴊ Ὡ ϳ Ὡ ϳ   Equ. 2.17 

ὗ ᴊ ‭       Equ. 2.18 
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ὗ ς‭ὯὝὔ Ὡ ϳ ρ Ὡ ϳ ρ   Equ. 2.19 

 

 
Figure 2.4: Semiconductor charges as a function of surface potential. 

 

 

In Figure 2.4, the relationship between surface charges and surface potential (Equation 

2.19) is plotted for the 4H-SiC MOS structure in the mobility study with p-type doping of 

8x1016/cm3; also shown are the biasing modes with dominant ◖s dependencies.  Note that for 

surface potentials above zero volts, all the charges are actually negative with magnitudes plotted.  

One remarkable feature, seen at ~3.2V surface charge, is a very sharp transition point where total 

charges start to increase markedly for a very small increase in surface potential as a result of the 

mobile electron inversion charges.  Here, an additional increase of 0.2V in surface potential 

results in a 10x increase in total charges (from 2.7E-7C/cm2 to 2.7E-6C/cm2, above of the range 

displayed on the chart).  Since this increase is created completely within the sheet of mobile 

electrons at the inverted surface, surface conductivity increases proportionally.  Also noteworthy 
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is that at VT, the threshold point of strong-inversion, mobile electrons are few in number 

compared to the depletion charges which account for 98.6% of the total charges in the 

semiconductor.   

 

Ideal MOS Capacitor - Threshold Voltage.   

Threshold voltage is defined as the amount of MOS gate bias that establishes the strong-

inversion surface condition in the semiconductor material, and is conventionally chosen to be the 

bias at which the surface potential equals twice the relative Fermi potential (Equation 2.8).  

Achieving the surface potential of 2◖f for strong-inversion in the MOS structure requires a 

potential on the MOS gate metal of 2◖f plus additional potential to be reflected across the oxide 

to induce Qsc, the total negative charges in the semiconductor material.  The capacitance of a 

MOS capacitor is defined as the ratio of separated charge to the potential applied across it 

(Equation 2.20), valid assuming the capacitance of the dielectric material is voltage independent.  

Note that a negative sign is introduced in accordance with Equation 2.4 (reflecting the negative 

charges in the semiconductor across the oxide as positive charges and a positive potential on the 

gate metal).  The capacitance value for the dielectric insulator (oxide) can be determined from 

the ratio of its permittivity and thickness (Equation 2.21).  Combining the surface potential at 

strong inversion and additional potential for inducing the total semiconductor charges produces 

an ideal model for the MOS gate bias at the threshold voltage, VT,ideal (Equation 2.22). 

ὅ ḳ   Ą  ὠ      Equ. 2.20 

ὅ ȟ
      Equ. 2.21 

ὠȟ ὠȟ ‰ ς‰ ‰ ὠ ȟ  ‰   Equ. 2.22 
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In the mobility study, the MOS capacitor structures have p-type doping of 8x1016/cm3 

and a 500Å thick SiO2 layer.  Thus, the Fermi potential, ◖f is 1.53 V and the surface charge at 

inversion, ◖s(inv.) = 2◖f, is 3.06 V.  Using equation 2.19 determined an exact value of 2.58x10-7 

C/cm2 semiconductor charges.  The oxide voltage, Vox was determined to be 3.79 V and the ideal 

threshold voltage, VT,ideal, is 6.85 V. 

 

Ideal MOS Capacitor - Threshold Voltage with Approximate Theory.   

As was shown in Figure 2.4, depletion charges represent a good approximation of the 

total charges in the semiconductor material for surface potentials up to the point of strong-

inversion; thus, the ideal threshold voltage value may be approximated using Equation 2.23.  The 

depletion charges can be analytically determined at inversion using Equation 2.24 where the 

depletion width is determined as a one-sided, abrupt junction with a bias of ◖s, equal to 2◖f 

(Equation 2.25).  Note, for the 2◖f and W,max calculations, incomplete-ionization of acceptors is 

considered outside of the depletion regions in the neutral bulk regions.  Within the depletion 

region, complete-ionization is assumed and all Na dopants are counted.  Using these 

relationships, a simplified analytical model for the ideal threshold voltage is generated (Equation 

2.26). 

ὠȟ ὠ ‰ ς‰ ḙ ‰     Equ. 2.23 

ὗ Ȣ‰ ς‰ ήὔὡ ȟ     Equ. 2.24 

ὡ ȟ ς
ϳ

   Equ. 2.25 

ὠȟ ḙς ὰὲ
ϳ

   Equ. 2.26 
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Using the simplified approximate models, potential across the oxide is 3.79 V and ideal 

threshold voltage, VT,ideal, is 6.85 V.  These values are equal to the exact theory values, verifying 

the validity of using the approximate models at the threshold of strong-inversion. 

 

Mobile Channel Electron Concentration.   

A model for describing the density of mobile electrons in inversion (i.e. the electron 

density in the inverted n-channel MOSFET) is made by first expanding Equation 2.22 with 

Equation 2.7 to produce an accurate expression for Vg, the MOS gate bias (Equation 2.27).  

Then, inserting Equation 2.23 and solving for Qinv, gives the sheet charge model for determining 

the inversion charge density (Equation 2.28) [9].  Finally, using Equation 2.9 produces the areal 

channel sheet electron density, Ns,inv (Equation 2.29). 

ὠȟ ‰  ‰ Ȣ     Equ. 2.27 

ὠȟ ὠȟ   Ą  ὗ ὠ ὅ ὠ ὠȟ   Equ. 2.28 

ὔȟ ὠ ὅ ὠ ὠȟ ήϳ      Equ. 2.29 

 

 

2.2.3  Practical MOS Capacitor - Threshold Voltage 

As stated, an ideal MOS capacitor has been assumed for development of the ideal 

threshold models.  Real impacts to practical MOS devices will now be considered and added to 

the model including a metal-semiconductor work function difference, presence of undesirable 

impurities within the oxide, and interface trapped charge (which includes both charged states & 

neutral electron traps at the semiconductor-oxide interface).  The inversion charges, which were 

previously neglected, will now be included producing a model which is valid for determining the 
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practical MOS gate potential under all bias conditions at or above the threshold voltage, which 

includes biases utilized during MOSFET on-state operation.   

 

Work Function Difference.   

Each metal has a characteristic amount of energy needed for an electron bound to its 

surface (at the metalôs Fermi energy level) to become free and escape into a vacuum.  This 

characteristic energy is termed the work function, q◖m, where ◖m is the work function potential of 

the metal.  When a metal is placed in contact with another material (as in the MOS stack), 

individual Fermi levels for the materials align producing a contact potential between them.  The 

potential difference is calculated using Equation 2.30 where … is the semiconductorôs electron 

affinity, Ec the conduction band energy level, and Ei the equilibrium intrinsic energy level.  The 

work function difference, ◖ms, between the Al metal gate and the 8x1016/cm3 p-type 4H-SiC 

semiconductor in the n-channel MOS of the mobility study is -2.66 V.  This work function 

difference is interpreted as the semiconductorôs Fermi potential being 2.66 V below the Fermi 

potential of the metal, and which has the net equivalent effect of adding a 2.66 V positive gate 

bias to the MOS structure which assists formation of depletion and inversion layers in the 

semiconductor upon contact. 

‰ ‰ ‰ ‰ … ɞ ɞ Ⱦή ‰   Equ. 2.30 

 

Mobile Charges, Qm.  

Mobile charges (e.g. Na+) are assumed to be negligible and as a result of contemporary 

cleanroom practices, are thus not considered. 

 



  37 

 

Oxide Fixed Charges, Qf:   

Practical fabrication of oxide layers inherently creates defects (i.e. charged states) within 

the oxide material, and the defect concentration is strongly dependent on the fabrication method 

and processing parameters in forming the oxide layer.  Regardless of oxide formation method, a 

finite density of physically fixed, positive, charged states exist throughout all practical oxide 

layers (e.g. non-terminated silicon bonds, etc.).  In the MOS capacitor, the majority of the oxide 

charges are not in close enough proximity to the semiconductorôs surface to interact with 

fluctuating gate biases (i.e. non-communicating), and thus are static in charge state for all gate 

biases.  Thus, it is a common practice to represent these fixed charges throughout the oxide as a 

single, static sheet of positive charges located inside the oxide layer and near the interface 

(Equation 2.31, where Ns,f is the areal density of the sheet of oxide fixed charges).  Positive fixed 

oxide charges have a net relative impact like a positive potential placed on the MOS gate metal 

and thus, assist in forming depletion and inversion layers (Equation 2.32). 

ὗ ήὔȟ       Equ. 2.31 

ὠ ȟ       Equ. 2.32 

 

Interface Trapped Charge, Qit.   

In practical MOS devices, the surface layer of the SiC material and the transition region 

between the oxide and semiconductor are both known to have defects (e.g. charged states and 

trapping centers); given the proximity with the interface, these defects are collectively grouped 

together into the term interface trapped charge[10].  Since the MOS inversion surface channel is 

also located at the SiC/oxide interface, the interface trapped charge is able to directly interact 
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with the inversion channel (i.e. in communication), degrading channel performance and 

fluctuating with changing gate biases.   

As previously stated, practical fabrication of oxide layers inherently creates defects such 

as non-terminated Si bonds.  After thermal oxidation, unsatisfied Si bonds exist in the oxide bulk 

(the Qf as previously discussed), on SiC surface Si atoms (Qit), and on Si atoms within the 

transition layer region (also Qit)[11].  Unsatisfied Si bonds are positively charged states which 

become neutral after capturing a mobile electron.  The density of non-terminated Si bonds is 

strongly dependent on the oxidation process.  On silicon substrates, the measured magnitudes of 

Qit and Qf are typically of the same order and both are found to vary similarly with thermal 

oxidation process alterations[12], supporting the concept that they are of similar in origin (i.e. 

unsatisfied Si bonds).  

Consistent with that theory, it is reasonable to assume that in practical thermal oxidation 

of SiC MOS structures, unsatisfied carbon bonds would also generate Qit.  Unsatisfied bonds on 

carbon atoms located in the top layer of the SiC surface and in the transition region contribute to 

Qit in the same manner as silicon atoms.  However, it needs to be noted that carbon is not a 

building block in SiO2 and it has been shown that carbon atoms do not exist in the bulk SiO2 

material away from the interface, even as interstitials[13].  Thus, the unsatisfied carbon bonds 

contribute only to Qit while their contribution to Qf is negligible which well explains some of the 

differences between thermal oxides on Si and on SiC.   

In the fall of 2010 while touring CREEôs new 6ò SiC wafer manufacturing facility under 

construction, Jeff asks ñSo what happens to the excess carbon?ò  ñGood question.ò Anant 

Agarwal answers.  Carbon atoms are an undesired byproduct of thermal oxidation of SiC and 

most are removed from the interface region after being oxidized and forming a highly volatile 
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CO (or CO2) molecules.  Early investigations indicated excess carbon atoms which were not 

oxidized & volatilized, accumulate at the interface and agglomerate into carbon ñclustersò[14].  

Other research studies indicate excess carbon atoms are captured at the interface in a form of Six-

Cy-Oz[15].   In both cases, very high concentrations of carbon were measured at the interface 

which dictates a high density of unsatisfied carbon bonds and Qit. 

Unintentional carbon structures can markedly disrupt the physical uniformity of the 

interface by impeding oxidation underneath the area on which they reside by blocking the in-

diffusion of oxidation molecules; this further exacerbates the interface quality by creating 

disorder to the single atomic planar arrangement at the surface.  The combined impacts of the 

physical and chemical non-uniformities at the interface are directly deleterious to the periodicity 

of the electrical potential and thus, carrier wave function coupling and mobility.  It is noteworthy 

to consider that a majority of the unsatisfied bonds are likely located on the periphery of the 

agglomerates extending their influence well outside the structureôs physical dimensions. 

Another potential contributing source for the interface trapped charge are metal atoms.  

For instance, aluminum dopant atoms are freed at the surface as the top crystal layers of the p-

type SiC are consumed in forming the SiO2.  Although it is not clear whether the Al atoms will 

ultimately behave as positively charged interface states or as neutrally charged electron traps 

(similar to p-type dopants), these impurities, intrinsic to thermal oxidation of p-type SiC, will 

certainly contribute to the Qf, and Qit [16][17].  Aluminum readily oxidizes creating the very 

stable and non-volatile Al2O3 product which is captured within the growing SiO2 layer 

[18][19][20][21].  Undesired metal impurities (e.g. Fe, Cu, etc.) are likely present in practical 

devices, however as a result of effective cleaning procedures, these are assumed to be a minor 

contributor and negligible.   
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The interface trapped charge (both charged interface-states and neutral electron traps) are 

physically located on the semiconductorôs surface and thus, have a strong influence on the 

formation and performance (i.e. mobility) of the surface channel inversion layer.  In traditional 

analytical modeling of the MOS threshold voltage, it has been a common practice to lump the 

interface trapped charge with the fixed oxide charge together into one term since both are 

typically positive[22].  However, this author contends that the historic treatment of interface 

trapped charge is faulty by physical interpretation.  It is proper to physically consider the 

interface trapped charge as a thin sheet of a high-concentration of acceptors and/or positive 

charges as the top layer of the semiconductor, which is actually what and where these defect 

states are.   

The strong electric field to create inversion draws the mobile channel electrons up against 

the oxide where wavefunctions penetrate the oxide.  It is believed the mobile channel electrons 

travel very close to and partially inside of the oxide layer.  Therefore, the interface trapped 

charge is on the same side of the mobile channel electrons as the bulk SiC.  This treatment 

creates a scenario whose net impact on the surface channel is exactly opposite to that of fixed 

oxide charges.  Interface trapped charges work against the positive gate bias inhibiting depletion 

and inversion charge development.  Conceptually, adding a layer of positive charges and p-type 

like dopants 1) reduces the actual surface potential for any given gate bias, 2) increases the 

amount of surface potential required to form an inversion channel of mobile electrons, and 3) 

substantially reduces the concentration of mobile electrons once an inversion channel is formed 

(recalling the exponential dependency of mobile electron density with surface potential).  It is 

believed that the interface trapped charge with shallow energy levels may be depleted 

concurrently with the intentional dopant atoms that form the depletion region.  However, 
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interface trapped charge with large ionization energies are not likely ionized until high surface 

potentials are reached, possibly coinciding with creation of the inversion channel, or at even 

higher biases like those utilized during MOSFET on-state operation.  Thus, it is unclear at this 

time to speculate as to how the interface will respond with a given gate bias.  What is proposed 

as certain here, is the typically positive interface states and acceptor-like electron traps 

constituting the interface trapped charge oppose the effects of a positive MOS gate bias. 

 

Practical Threshold Model.   

Mathematically, the total semiconductor charges now include depletion charges, 

inversion charges, and interface trapped charge (Equation 2.33).  The interface trapped charge is 

considered to be a sheet of positive charges with zero thickness, having an areal density of Ns,it, 

that upon ionization, will carry a net negative charge in the system (Equation 2.34).  Effective 

potential impacts from the interface trapped charge is given by Equation 2.35. 

ὗ ὗ ὗ ὗ ȟ     Equ. 2.33 

ὗ ȟ ήὔȟ      Equ. 2.34 

ὠ ȟ       Equ. 2.35 

Adding the potential impacts of the work function difference, the fixed oxide charges, 

and the interface trapped charge to the ideal model, and no longer neglecting the inversion sheet 

charge density (Equation 2.9), produces a complete MOS gate bias model valid for all biases at 

threshold voltage and above (Equations 2.36 and 2.37), assuming changes in depletion charges 

(semiconductor and interface trapped charge) are negligible for ◖s, > 2◖f.  Equations 2.38 and 

2.39 are expressions for actual inversion charges in a practical MOS structure and explicitly 

highlight impacts from the three aforementioned practical aspects.  As an alternative form, these 
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practical aspects may be combined into the threshold potential (Equation 2.40) producing a 

simplified inversion charge model (Equation 2.41) which is often employed in practice. 

 

ὠȟ ὠ ‰ ς‰ ‰ ‰ ȟ
   Equ. 2-36 

ὠȟ ‰ ς‰  ‰ ὰὲ
ϳ ȟ ȟ ȟ 

 Equ. 2.37 

ὗ ȟ ὅ ὠ ὠȟ  ‰ ȟ
    Equ. 2.38 

ὔȟ  ὠ ὠȟ  ‰ ὔȟ ὔȟ    Equ. 2.39 

ὠȟ ḙ‰ ς‰ ȟ
     Equ. 2.40 

ὗ ȟ ὅ ὠ ὠȟ      Equ. 2.41 

 

 
Figure 2.5:  4H-SiC inversion-mode MOS threshold voltage for varying Qit  
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In Figure 2.5, the threshold voltage potential and constituents (Equation 2.40) are plotted 

for the mobility study MOS capacitor for varying Qit,depl levels.  A marker is set on the average 

threshold voltage obtained in mobility study MOSFETs which predicts ~1.65E12/cm2 Ns,it. 

Given the physical interpretation that the interface trapped charge is actually the surface 

layer of the semiconductor, Qit needs to be fully depleted before inversion takes place.  

Assuming Ns,it ~ 1.65E12/cm2, the magnitude of depletion charges for the interface trapped 

charge, Qit,depl, is 2.65E-7 C/cm2, which is slightly greater than the semiconductorôs depletion 

charges.  Mathematically, inclusion of Qit,depl is handled by adding another term to Poissonôs 

Equation (2.10) leading to an additional set of terms in the semiconductor charges in Equation 

2.19.  Assuming only one inversion channel layer will form within the MOS structure and it will 

be located over the interface trapped charge, the space charge density would develop as shown in 

Figure 2.6. 

 

 
Figure 2.6:  Semiconductor charges and interface trapped charge (Qit) as a function of surface 

potential.  
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MOS Effective Electric Field.   

The mobile channel electron spatial distributionôs x-direction profile has the physical 

form of an exponential decay as transitioning from the interface (x = 0) into the semiconductor 

bulk crystal.  This distribution profile makes computations of electric field impacts extremely 

difficult as the electric field on each electron is slightly different depending on the electronôs 

location within the distribution (i.e. screening effects).  It has been demonstrated that the 

channelôs electron profile is sufficiently thin to be mathematically modeled with a delta function 

profile, where the charges are a sheet having zero thickness [9].  Applying the charge sheet 

model enables using a simplified model to describe the pseudo-average or effective electric field.  

The effective electric field is calculated by assuming the point of reference for the ñaverageò 

electric field is located at the center of the mobile electron population (Equation 2.42), so that the 

effective electric field may be applied as having the identical impact on each channel electron.   

ᴊȟ ὗ      Equ. 2.42 

 

It must be noted that this commonly used model for effective electric field model is ideal 

and does not account for any interface trapped charges.  Assuming: 1) the interface trapped 

charge are either positively charged or acceptor-like, 2) are intimately connected to the top layer 

of the semiconductor (i.e. the semiconductorôs surface layer), and 3) the entire channel is located 

between the interface trapped charge and the oxide layer, then adding Qit to the model produces 

equation 2.43, a practical effective electric field model which includes interface trapped charge.   

ᴊȟ ὗ ὗ ȟ     Equ. 2.43 
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Figure 2.7:  Effective electric field versus gate bias (with and without Qit). 

 

As can be seen in Figure 2.7, the practical effective electric field model with 

~1.65E12/cm2 Nit, is consistently 0.3 MV/cm greater than ideal values.  Thus, for a gate bias of 

15 volts and oxide thickness of 500Å, the practical effective electric field is 50% greater than the 

ideal effective electric field. 

 

 

2.2.4  MOS Capacitor - Electric Field & Potential Distributions and Energy Band Diagram 

By integrating Poissonôs Equation 2.10 with the zero-potential reference point set deep in 

the semiconductorôs bulk, the electric field distribution over the MOS capacitor is produced 

(Figure 2.8).  Integrating the electric field distribution produces the potential distribution (Figure 

2.9).  An energy band diagram was generated for the mobility study MOS capacitor structures 

having p-type doping of 8x1016/cm3, a 500Å thick SiO2 layer, and aluminum metal gate (Figure 

2.10).   



  46 

 

 
Figure 2.8: MOS Electric Field Distribution 

 

 

 
Figure 2.9:  MOS Potential Distribution 
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Figure 2.10:  Energy band diagram of 4H-SiC MOS capacitor biased to threshold of strong-

inversion. 

 

 

 

2.2.5  MOS Capacitance 

By differentiating the semiconductor charges (Equation 2.19) with respect to surface 

potential, an expression for the semiconductorôs capacitance, Csc, can be determined (Equation 

2.44).   Capacitance of the composite MOS structure is determined as the series combination of 

the semiconductorôs capacitance and the oxideôs capacitance, Cox (Equation 2.45).  Using 

Equation 2.27 to determine the ideal MOS gate voltage, an ideal plot of MOS capacitance versus 

ideal MOS gate voltage may be generated and using Equation 2-36 for actual gate voltage and 

actual charges as shown in Figure 2.6, the actual MOS capacitance versus actual MOS gate bias 

plot can be produced (Figure 2.11).   
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ϳ ϳ ϳ ϳ ϳ
  Equ. 2.44 

ὅ      Equ. 2.45 

 

 
Figure 2.11:  Actual MOS capacitance as a function of actual MOS gate bias. 

 

 

 

2.3  Physics of MOSFET Device Mobility 

Transport properties in MOSFET devices (i.e. electron response to applied forces) are 

governed by the fundamental quantum physics pertaining to the wavefunction nature of electron 

in a crystalline lattice [2].  According to the correspondence principle, semi-classical 

mathematical treatment is possible using wave ñpacketsò where a group of electrons collectively 

behave as a classical particle.  Thus, Newtonian physics are applicable (e.g. Ohmôs Law) with a 

few stipulations, specifically replacing classical variables with quantum representations and 
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introducing a few unique proportionality constants that encompass sets of quantum principles 

(e.g. group velocity, effective mass).  Quantum level derivations are outside the scope of the 

research, however accurate description and analysis of the practical channel mobility behavior in 

MOSFETs requires a more fundamental understanding than is typically offered in most 

semiconductor device textbooks. 

 

 

2.3.1.  The Conductivity Mobility Constant .   

 In a semiconductor under low electric field conditions, average electron drift velocity is 

related to the in-direction electric field by a proportionality constant defined as conductivity 

mobility for electrons, µn,y (Equation 2.46).   

ộ‡ ȟỚ
ộ Ớ

ȟ ȟ
ᶻ ᴊ ‘ȟᴊ where ‘ȟḳ

ộ Ớ

ȟ ȟ
ᶻ    Equ. 2.46 

 

As shown in the equation, the conductivity mobility term includes:  

1) the electronôs effective mass parameter, m*
e,cond,y, which defines the equivalent mass of a 

conducting electron traveling within a specific crystalline lattice in a specific crystal 

direction (which is assigned here as the positive y-direction to discern orthogonality to 

the MOSôs electric field direction).  Here, the y-direction for a 4H-SiC (0001) cut wafer 

is any and all directions orthogonal to the [0001] direction (i.e. parallel to the plane of the 

waferôs surface), and  

2) the average momentum relaxation time proportionality constant, <Űm>, where Űm,i is 

unique for each different scattering mechanism that which typically follows a power law 

dependence on the electronôs energy (Equation 2.47, where i is the scattering mechanism 
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index, and Ű0,i and ri are constants for the particular scattering mechanism and 

independent of energy).  The individual scattering mechanisms constituting the set of 

scattering mechanisms may be unique to, and are strongly correlated with the fabrication 

method and processing specifications for forming the oxide layer. 

†ȟ †ȟ       Equ. 2.47 

 To reiterate, the conductivity mobility constant is unique for a specific crystal, crystal 

direction, and set of scattering mechanisms created from the particular fabrication process. 

 

MOSFET Current.   

By placing a gate bias on the MOS capacitor which is sufficiently greater than the 

threshold voltage, an inversion n-channel is created with an electron sheet density defined by 

Equation 2.9 with Equation 2.38 or 2.41.  The direction of the electric field created in the MOS 

structure is defined with the positive x-direction into the semiconductor crystal and the position 

at x = 0 is defined at the semiconductor-oxide interface.  Applying a small positive bias to the 

drain of the MOSFET creates a positive y-direction electric field and a positive y-direction drift 

current according to Equation 2.48 with the electrons traveling along the n-channel from the 

MOSFETôs source to drain in the negative y-direction.  With the gradual channel approximation, 

it is assumed the longitudinal electric field in the MOSFET, y, is much smaller than the 

transverse electric field, x, in the MOS capacitor. 

ὐ ήὲộ‡Ớ ήὲ‘ᴊ ήὲ‘     Equ. 2.48 

The MOSFET current-voltage relationship in the linear region of operation is shown in 

Equation 2.49 with practical aspects included (derivation found in most semiconductor device 

textbooks such as reference [22]), and can be well approximated for very small drain biases 
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(~100mV) with the simplified model shown in Equation 2.50 (using VT,actual from Equation 

2.40).  Note in these equations, full ionization of the interface trapped charge is assumed at the 

MOS gate bias of Vg. 

Ὅ ‘ȟὅ
ὠ ‰ ς‰ ȟ  ὠ

ὠ ς‰ ϳ   ς‰ ϳ
  Equ. 2.49 

Ὅḙ ‘ȟὅ ὠ ὠȟ ὠ ḙ ‘ὅ ὠ ὠȟ ὠ  Equ. 2.50 

 

 

2.3.2  Surface-Channel Mobility ï Unique Scattering Mechanisms 

Recall that in the bulk crystal, mobility is limited by the two mechanisms, phonon 

scattering by thermally induced vibration motions in the crystal lattice and coulombic scattering 

by charges on intentionally introduced ionized impurities (i.e. dopant atoms).  In MOSFETs 

devices, the conducting channels are theorized to be physically located on the surface of the 

periodic semiconductor crystal at the interface with the amorphous oxide.  The surface channel 

introduces additional scattering mechanisms that collectively result in channel mobility values 

being ~2% of bulk mobility values.  The following is a qualitative review of several physical 

sources of mobility degradation contributing to the 4H-SiC surface channel mobility values 

being far below bulk mobilities.  

 

Atomic steps.   

Given that bulk crystal mobility is physically governed by interaction of the electronôs 

wavefunction with the periodicity within the crystalline structure (Bloch Theorem), surface 

channel mobility is adversely influenced by locations exhibiting less than perfect periodicity.  
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Atomic level steps on the crystalline surface create disruptions in uniformity along the electronôs 

path of travel and for wafers cut off-axis to facilitate epitaxial growth of drift regions, there is a 

guaranteed finite linear density of atomic-level steps present along the surface.   

 

Non-periodicity.   

Termination of the crystalline structure with an amorphous the oxide layer inherently 

creates non-periodic bonds on the surface of the crystalline SiC at the interface with the oxide.  

The amorphous oxide layer itself, which constitutes one side of the interface/channel region, 

lacks periodicity.  It is generally accepted that the path location for mobile channel electron 

travel is at the interface between the semiconductor and the oxide.  However, this author contests 

that the strong electric field created by the MOS gate bias forces the channel electrons against the 

oxide interface, and thus, it is fundamentally plausible that the wavefunctions of conducting 

electrons penetrate into, and are affected by the non-crystalline, non-periodic oxide layer where 

wave function coupling is not possible.  

 

Perpendicular transport.   

The strong electric field, x, across the MOS capacitor accelerates channel electrons 

towards the oxide interface (i.e. in the ïx direction which is perpendicular to the MOSFET 

channelôs drift current) where the electrons are deflected by the potential barrier of the oxide (i.e. 

scattered) at a rate proportional to the magnitude of the MOSôs electric field.  Each of these MOS 

gate bias induced scattering events of an electron impacting the interface, also interrupts (i.e. 

scatters) the longitudinal, y-direction travel along the channel; thus, the MOSôs electric field 

provides an additional scattering mechanism that adversely affects MOSFET conduction. 
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Fixed oxide charges.   

A finite number of the intrinsic, spatially random, physically fixed charges present within 

the oxide layer which are near the interface, adversely impact surface channel mobility by 

coulombic charge scattering.  Oxide fixed charges are typically positively charged resulting from 

unterminated/unbalanced bonds inherent within the amorphous oxide structure, capture/trap 

mobile electrons, and are strongly dependent on the particulars of the oxide formation process.  

Additionally, neutral defects present in the oxide near the interface may behave as acceptor-like 

electron traps, becoming negatively charged when ionized and contributing to coulombic 

scattering.  Impacts from the physically fixed oxide defects are limited to those charged states 

and neutral trap defects within close proximity to the mobile channel electrons at the interface. 

 

Transition region.   

The semiconductor-oxide interface itself encompasses a region of finite thickness of 

transition from the fully crystalline silicon carbide material to the fully amorphous oxide layer 

which contains local structures that are unique and inherently randomly distributed (non-

periodic).  The construction and composition of the transition region in 4H-SiC is highly 

dependent on the specific oxide formation processing, with an estimated thickness determined to 

be ~7 Å or 2 to 3 atomic layers [15].  A transition layer of this thickness is not observed for 

oxides on silicon substrates and the characteristics have not yet been well studied.  Impacts from 

the transition region include: 1) charged or neutral states that may capture/trap electrons, become 

ionized/depleted offsetting gate charges, and cause coulombic scattering (i.e. Qit), and                      

2) physical disruptions & crystalline deformations which are local areas of non-periodicity 

adjacent to and/or overlapping the channel region increasing the surface roughness.  It is 
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interesting to consider the channel width is theorized to be ~5Å thick while the transition region 

is ~7 Å thick. 

 

Defects.   

In all practical systems, unintentional undesirable impurities and defects are present 

within the crystal, the oxide, and at the interface creating unique localized alterations and 

interruptions in uniformity.  For SiC and thermal oxidation, the interfacial and released carbon is 

well known to be a uniquely problematic issue for at the SiO2/SiC interface contributing to Qit.  

Interface trapped charge in SiC is typically positively charged states or neutral electron traps (i.e. 

acceptor dopant-like defects).   It has been shown the magnitude of the interface trapped charge 

in silicon carbide is often an order of magnitude or more above that for similarly formed oxides 

on silicon substrates, which results in interface trapped charge densities on the same order of 

magnitude as mobile electron channel density.  On a final note, given the large bandgap in 

silicon carbide is almost three times greater than siliconôs bandgap, defect states are able to lie 

much deeper inside the bandgap where trapped electrons are energetically more difficult to 

thermalize (i.e. a similar defect may have a much larger bonding energy in SiC).  Also, the wide 

bandgap of SiC provides a greater energy range for defects with energy levels outside siliconôs 

bandgap to fall inside 4H-SiCôs bandgap; this equates to a potentially larger defect state density 

for the same defect energy distribution. 
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2.3.3  Review of Empirical Sruface-Channel Scattering Models  

The following information is recreated from work in reference [6] for empirical models 

of common scattering mechanisms affecting the surface channel mobility characteristics on SiC 

MOSFETs.  In order to better understand the relative impact from sources of degradation, 

empirical models for predicting mobility are presented for the following types of scattering 

mechanisms, each with a dependence on the MOS effective electric field: 1) surface phonon 

scattering, 2) surface roughness scattering, and 3) surface coulombic charge scattering.  Recall, 

the maximum surface mobility is limited by the bulk mobility at a given temperature and 

impurity density (Figure 2.2) which for the (0001) 4H-SiC at 1e17/cm3 doping, the bulk crystal 

electron mobility is 721 cm2/Vs at 300K.  The cumulative degradation effect on electron 

mobility from multiple independent scattering mechanisms is determined using Matthiessenôs 

Rule (Equation 2.52), recalling that each mobility term is specific for a particular crystal and 

crystal direction. 

ȟ ȟ ȟ
      Equ. 2.52 

 

Coulombic Scattering.   

In Figure 2.12, surface coulombic scattering, determined from Equation 2.53, is plotted 

as a function of gate voltage for varying interface trapped charge.  Per this empirical model, 

surface coulombic scattering is strongly dependent on the total density of charged states in the 

MOS structure (including fixed oxide charges and interface trapped charge) and is inversely 

proportional to the effective electric field (gate bias).  Notable is that at a MOS operating gate 

bias of 20 V, impacts from Ns,it in the 1011/cm range are nearly negligible on mobility, while 
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impacts from Ns,it in the 1012/cm range are substantial, and for Ns,it above 1013/cm, mobility is 

poor (< 20 cm2/Vs).   

 
Figure 2.12:  6H-SiC electron surface mobility with surface coulombic scattering [6][23]. 
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   [6][23].Equ. 2.53 

 

Note that in the empirical coulombic scattering model (Equation 2.53), coulombic 

scattering is not explicitly dependent on the gate bias or electric field.  The actual relationship is 

as follows: increasing the MOS gate bias creates a larger electric field which induces an 

increased channel electron density which reduces coulombic scattering effects via screening and 

all these relationships are captured within the model and fitting constants.  In practice, this chain 

of relationships will vary for different situations (i.e. fabrication processes or procedures); thus, 

practical application of this model is limited and requires recalibration for any procedure 

changes. 
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All Scattering Mechanisms.   

The cumulative impacts and individual contributions of the aforementioned categories of 

scattering mechanisms are displayed in Figure 2.13.  As can be seen, surface roughness 

scattering dominates all other scattering effects.   

 

 
Figure 2.13:  4H-SiC surface electron mobility scattering components & cumulative impact [6]. 

  

 

Surface Roughness Scattering.   

The surface roughness scattering mechanism is likely a ñcatch-allò category, collectively 

representing several physical non-uniformities like the practical factors previously discussed in 

this manuscript including the atomic steps edges, termination of the periodic crystal, an adjacent 

amorphous oxide layer, transport perpendicular to the MOSFET drift current direction, and 

physical irregularities caused by defects and the large carbon concentration in the interfacial 

layer.  As can be seen in the empirical model, Equation 2.54 [6][24], the surface roughness 
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impacts are quadratically proportional to the effective electric field.  It needs to be noted that the 

effective electric field in this equation does not explicitly account for the actual effective electric 

field including the increases caused by interface trapped charge.  Although, the model is 

generally applicable in capturing the trend for a practical relationship, it is empirical and thus, 

the scope of the ref constant is limited to the data set from which it was derived, and needs to be 

reestablished for each specific manufacturing process. 

‘ȟ
ᴊ

ᴊȟ
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ᴊȟ
   [6][24].Equ. 2.54 

Given the inverse dependency of the coulombic scattering on the electric field and the 

direct dependency of surface scattering on the electric field, mobility degradation impacts from 

columbic scattering (Ns,it density) at higher gate biases, are quite small in comparison to impacts 

from the surface roughness scattering.  As seen in Figure 2.14 at a gate bias of 20 V, surface 

channel electron mobility values drop from 23 cm2/Vs for Ns,it  of 1E11/cm2 to 19 cm2/Vs for 

Ns,it of 2E12/cm2.   

Hypothetically, if it were possible to eliminate all the sources causing surface roughness 

scattering, electron mobility would soar fivefold to ~125 cm2/Vs as seen in Figure 2.15. This 

graph illustrates that currently for (0001) 4H-SiC surface channel mobility, the practical aspects 

creating physical non-uniformities on the surface are substantially more critical than charges 

located at the interface. 
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Figure 2.14:  4H-SiC surface electron mobility for varying interface trapped charge densities. 

 

 

 
Figure 2.15:  4H-SiC (0001) surface electron mobility for varying interface trapped charge 

densities with and without surface roughness scattering. 
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2.3.4  Channel Electron Quantum Confinement 

As a result of the MOSôs electric field, the mobile channel electrons are constrained 

against the potential barrier oxide layer.  The MOSôs electric field also establishes the 

semiconductorôs surface potential which is required for inversion and is seen in the energy band 

diagram (Figures 2.3 and 2.10) by the semiconductorôs energy bands bending downward (lower 

in energy) at the surface.  It has been theorized that the band bending is severe enough to create 

quantum confinement in the low potential at the surface, adjacent to the high potential oxide 

layer.  In this scenario, the channel electrons at the surface are confined in one-dimension (in the 

x-direction) to a triangular shaped quantum potential energy well.   

One-dimensional quantum confinement results in a reduction of the total density of 

available states in that direction which are distributed in constant energy subband ñstepsò at 

incrementally higher energy levels.  For 4H-SiC at 1.0E17/cm3, the first subband step has been 

determined to be ~0.1 eV higher than the conduction bandôs edge and increases for higher 

doping concentrations [25]; therefore, all mobile channel electrons at the interface are at energy 

levels higher than the conduction bandôs edge (i.e. at higher potentials).  The restriction to 

constant energy steps at higher energy levels equates to a lower concentration of mobile channel 

electrons than is predicted by the charge sheet models previously presented.   

The energy level for each subband may be determined using equation 2.55 [26] for the 

triangular well where mx
* is the effective mass of the electron in 4H-SiC in the x-direction, h is 

Planckôs constant, and n is the subband index.  The confined energy levels depend on slope of 

the potential (or conduction bandôs edge) at the surface which is equal to the effective electric 

field.  Using equation 2.42 for x,eff (and assuming Qdepl >> Qinv at VT, and thus, Qsc å Qdepl), the 

first confined mobile electron energy subband level, 0, is calculated to be at 0.11 eV above the 
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conduction bandôs edge at threshold voltage for the MOS structure in the mobility study.  

Considering the presence of interface trapped charge with a sheet density of 1.65E12/cm2 in the 

effective electric field Equation 2.43, the mobile electron energy level at the surface is 

determined to be considerably higher at 0.18 eV above the conduction bandôs edge at threshold 

voltage.  In Figure 2.16, a close-up of the energy band diagram near the interface is shown with 

the conduction band edge and the confined electron ground state (lowest subband) determined 

with and without interface trapped charge.  Note the spatial penetration into the semiconductor 

for the energy level increase is much larger than the theoretical thickness of the mobile electron 

inversion layer; therefore, it can be assumed that all channel electrons will be at a higher energy 

level than the conduction bandôs edge. 

ᴊ ḙ ᶻ ὲ ᴊ
ȟ
 ὲ πȟρȟςȟȣ   [26] Equ.  2.55 

 

 
Figure 2.16:  Quantum confinement effects - conduction band energy level increase at threshold 

voltage. 
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For MOSFET operation, the MOS gate is biased above threshold in order to generate a 

higher density of channel electrons; increasing Vg simultaneously increases the effective electric 

field which consequently increases the effects of quantum confinement.  In Figure 2.17, the 

increase in channel electron energy level at the interface is displayed as a function of gate bias; 

again, the scenario is worse when Qit are considered.  As previously stated, the increased energy 

level nets a lower concentration of mobile electrons than predicted by the charge sheet model.  

Assuming the energy level increase is equivalent to an increase in the surface potential necessary 

to achieve the same channel electron density, quantum confinement effects can be treated 

mathematically as an adjustment to threshold voltage and the channel electron density can be 

determined using the charge sheet model (Equation 2.41).  Applying this assumption, the 

absolute loss of channel electrons at the surface was determined to be ~8.0E10/cm2 at a gate 

biases just above threshold, 1.0E11/cm2 at a gate bias of 15 V, and 1.3E11/cm2 lost mobile 

electrons at gate bias of 25 V. 

 

 
Figure 2.17:  Quantum confinement effects for gate biases above threshold.  
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With confinement, the two-dimensional density of available states determined using 

Equation 2.56 is 1.75E14/cm2 which is more than an order of magnitude greater than the channel 

electron density (Ns,inv  is 3E12/cm2 at a Vg of 15 V).  Therefore, it is not likely the next higher 

energy subband, 1, will have more than negligible occupancy (note, 1- c with no Qit equals 

0.20 V, and with Qit is 0.32 V).  This assumption is supported by using Equation 2.57 to 

determine the Fermi energy level which is 0.12 eV below 0 at threshold, equal to 0 at a gate 

bias of 15 V, and just 36 meV above 0 at a 25 V gate bias. 

Ὣᴊ ὓ
ᶻ

      Equ. 2.56 

ᴊ ᴊ ὰὲὩ
ȟ
ᴊ ρ    Equ. 2.57 

Increased energy levels at the interface enable defect states with energy levels above the 

bandgap (i.e. in the conduction band) to become active defect states that fluctuate with changing 

gate biases (i.e. charged states and/or traps).  These newly activated defects may be located in the 

transition layer, within the oxide near the interface, and/or in the semiconductor at the surface.  

Recalling that charged states and acceptor-like traps adversely affect channel electron density 

and adversely affect channel mobility, quantum confinement creates additional loss mechanisms 

in addition to directly reducing the mobile channel electron density.  It is noteworthy to point out 

that traditional methods for determining Qit will likely not capture defect states at energy levels 

above the conduction bandôs edge.  Further investigation into the impacts of quantum 

confinement in the 4H-SiC MOSFET channel are warranted, but beyond the scope of this work 

and are mentioned here for completeness and assisting in interpreting experimental results.   
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2.3.5  Fowler-Nordheim Quantum Tunneling - Gate Oxide Leakage Current.   

As a result of the MOSôs electric field, the mobile channel electrons are constrained against the 

oxide which is a triangularly shaped potential barrier.  Gate oxide leakage currents may be 

created from Fowler-Nordheim tunneling.   Assuming a threshold voltage of 7.9 V and Ns,it of 

1.65 E12/cm2, the triangular tunneling barrier is 186 Å wide with a potential barrier maximum 

height of 2.8 V (not accounting for image force barrier height reduction) at threshold voltage 

(Figure 2.18).   

 

 
Figure 2.18:  4H-SiC energy band diagram showing triangular barrier at threshold voltage. 

 

At operational gate voltage of 15 volts, the triangle barrier width is reduced to just 96 Å 

(Figure 2.19).  It is well known that quantum tunneling current increases drastically with 

temperature through reducing bandgaps (i.e. the barrier height) and increasing the energy level & 

population density of conducting carriers.  A complete quantum tunneling analysis is beyond the 
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scope of this research effort.  However, this information is enclosed here to highlight that 

Fowler-Nordheim quantum tunneling current is an important consideration for evaluation of gate 

leakage current in 4H-SiC MOSFET devices, especially when corner features, which create areas 

with enhanced electric fields, are present as in the case of trench-gate MOSFET devices. 

 

 
Figure 2.19:  4H-SiC energy band diagram showing triangular barrier at a gate voltage of 15 V. 
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CHAPTER 3 

 

Mobility Study Experimental Design 
 

3.1  Trench-Gate MOSFET Surface Channel Mobility Extraction Methodology  

Measuring Planar-Gate MOSFET Channel Mobility.   

One common research method for determining channel mobility in a traditional 

MOSFET devices starts with constructing a long planar-channel MOSFET structure know as a 

ñFatFETò (Figure 3.1) where the channel, oriented along the waferôs surface, is 100 to 1000 

times longer than a practical deviceôs channel.  Thus, resistance of the ~100-1000 µm long 

FatFET channel becomes the dominant resistance of the total device.  Given all other resistances 

are negligible in comparison, the channel resistance equals the total resistance and an accurate 

effective channel mobility value can be determined directly using Equation 3.1.   

 

 
Figure 3.1:  Very long channel MOSFET or ñFatFETò for measuring channel mobility. 

 

 

Ὑ
ȟ

     Equ. 3.1 
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Lateral Structures for Extracting Trench-Gate MOSFET Channel Mobility.   

For vertical trench-gate MOSFET devices, the channelôs orientation is vertical, rendering 

100x to 1000x long channels not practically possible (Figure 3.2.a).  For extracting the trench-

gate MOSFETôs channel mobility in the mobility study, unique trench-gate MOSFET structures 

were created following the methodology presented in Tsengyou Syauôs Doctoral Dissertation[1] 

(Figure 3.2.b.) where the drain current passes through two channels lengths and terminates back 

at the surface on the source.  As shown, there a total of nine resistive components along the 

trench-gate MOSFETs currentôs path from drain to source.   

 

 
  (a)       (b) 

 

Figure 3.2:  (a) Trench-gate MOSFET schematic showing channel is vertically orientated. 

(b) Unique structure for extracting trench-gate MOSFET channel mobility. 

 

 

A set of trench-gate MOSFETs with varying trench widths of 3, 4, 5, 6, & 7 µm and a set 

of planar-gate MOSFETs with varying channel lengths of 3, 4, 5, 6, & 7 µm were simultaneously 
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constructed in the mobility study (Figure 3.3).  As can be seen, both types of MOSFETs have the 

source and drain contacts on the surface of the wafer and share the following four identical 

resistive elements:  drain contact resistance, drain region resistance, source region resistance, and 

source contact resistance.  

 

       
Figure 3.3:  Mobility study trench-gate and planar-gate MOSFET structures 

 

 

Channel Mobility Measurement Method for Lateral Trench-Gate MOSFET Structures   

The mobility study lateral trench-gate MOSFET structures were designed having the 

trench width (or trench bottom accumulation region length) equal to the channel lengths of 

complementary lateral planar-gate MOSFET structures and all other device features identical to 

those in the planar-gate MOSFETs.  In the lateral trench-gate MOSFET structure shown in 

Figure 3.4a, the total resistance path can be split into the three groupings of components.  The 

first group contains the two channel and two sidewall accumulation resistances; these resistances 

are unique to the trench-gate MOSFET structure.  In the second group are the source, drain, and 

contact resistances which are identical those in the complementary planar-gate MOSFET 
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structures.  The third is the trench bottom accumulation layer resistance.  By plotting the 

measured total resistance versus trench width for devices of varying widths (Figure 3.4b), the 

trench bottom accumulation regionôs resistance can be determined and its contribution can be 

removed from the total.  As shown, the total resistance minus the trench bottom accumulation 

layerôs resistance is expected to be 176 ɋ. 

 

 
  (a)      (b) 

Figure 3.4:  Mobility study trench-gate MOSFET data extraction method. 

 

 

The second group of resistances contains the source, drain, and contact resistances and is 

determined using the complementary set of lateral planar-gate MOSFET structures.  In the 

complementary lateral planar-gate MOSFET structure in Figure 3.5a, the five resistance 

components along the current thread path can be split into two groups.  The first group contains 

the N+ drain contact and series resistance and the N+ source series and contact resistance.   The 

second group is the inversion-mode channel resistance.  By plotting the measured total resistance 

versus channel length for devices of varying channel lengths (Figure 3.5b), the resistance of the 
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channel resistance can be removed and the resistance of the total of the N+ source & drain 

regions and contacts are determined by the intercept.  As shown, the total resistance of the two 

N+ source & drain regions and the two contacts is expected to be 18.4 ɋ.  

 

   
  (a)      (b) 

Figure 3.5:  Mobility study planar-gate MOSFET data extraction method. 

 

 

Referring again to the lateral trench-gate MOSFET in Figure 3.4a, the combined 

resistances of the first two groups equals 176 ɋ (Figure 3.4b) and the total resistance for the 

second group (from Figure 3.5b) is 18 ɋ.  Thus the resistance of the first group, the combined 

resistance of two channels and two small sidewall accumulation resistances, equals 158 ɋ.  

Using analytical models, the two sidewall accumulation resistances are estimated to total 10 ɋ 

which is roughly 6% of this groupôs total resistance.  Therefore, the channel resistance is 

concluded to be 74 ɋ in this example/prediction.  This methodology enables experimental 

determination of the effective channel mobility in trench-gate MOSFET structures, where long-

channel ñFatFETsò are not possible. 
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Of particular importance with this channel mobility extraction methodology is that the 

channel area is designed and fabricated identically to that for a practical vertical power trench-

gate MOSFET device, which captures all the practical aspects of etching the trench formation.  

Thus, data collected with this method is directly applicable to practical trench-gate power 

MOSFET devices.  It needs to be noted that the mobility values extracted with this methodology 

are ñeffective mobilitiesò indicating the values represent as-directly-measured values for 

practical devices.  Additional details on this topic are given in Section 5.3.5. 

 

 

 

3.2  Simulated Predictions for Mobility Trial  
 

For mathematical physical simulations, the Synopsys Sentauris T-CAD software was 

chosen for evaluating and predicating surface channel mobility on the 4H-SiC MOSFET 

mobility study devices since this software had been extensively utilized within our research 

group.  However, it was not possible to get convergence when using the correct material 

parameter values for the 4H-SiC bandgap and electron affinity in the simulations.  Several 

extremely detailed problem descriptions were generated for communications with Synopsys and 

passed on to the NCSU Office of Information Technology, the mandated communication channel 

to Synopsys, but no recommendations for a solution were provided.  Many, many, many man 

hours totaling months of time were spent trying to get convergence while using the correct 

material specifications.  After 343 sets of simulation trials (>5000 simulation runs), the final 

result was to give up trying to make this software work for predicting 4H-SiC MOSFET channel 

mobility.  This author recommends trying another software product (e.g. Silvaco Atlas) for 

simulating surface channel conditions in 4H-SiC MOSFET devices. 
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3.3  Fabrication Device Design 

For the mobility study, the following devices and structures were selected for inclusion 

and thus, were custom designed from scratch:  planar-gate MOSFET structures, trench-gate 

MOSFET structures, planar MOS capacitors, Transfer Length Method (TLM) structures, trench 

depth structures, and alignment markings.   

 

 
Figure 3.6:  Overhead view of trench-gate and planar-gate MOSFET structures. 

 

MOSFETs.   

MOSFET device dimensions were selected for satisfying three main goals.  First, the 

channel region width would be wide enough to support a current with magnitude large enough to 

be accurately measured.  The chosen width was 1000 µm.  Second, the probe pad regions would 

be large enough and adequately spaced for ease of probe access and to avoid any probing 

problems that might occur during the manual probing in electrical characterization knowing that 

there are  MOSFETs are oriented at all angles (Figure 3.6).  A minimum pad dimension of 150 
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µm was chosen.  Third, spacing between features was 1) large enough to minimize any potential 

fabrications issues recognizing that fabrication mask alignment is manual and 2) small enough as 

to not affect device operation nor extraction of accurate data (See Section 3.4.2).  Additional 

MOSFET device design details are presented throughout Chapter 4 ï Fabrication Process 

Design and Development.  Trench-gate (planar-gate) MOFETS with trench width (channel 

length) variations of 3, 4, 5, 6, and 7 µm were set side-by-side creating a set.  A set of trench-

gate (planar-gate) MOSFET s were placed at 0°, 15°, 30°, 45°, 60°, 75°, and 90° orientations to 

the 4H-SiC waferôs flat edge.   

 

Capacitors.   

Planar MOS capacitors were square designs with 500 µm x 500 µm gate metal 

dimensions.   

 

Transfer Line Method Structures.   

TLMs were a set of seven pads with spacing between the metal contact window openings 

of 25, 30, 35, 40, 45 and 50 µm.  Width of each pad is 200 µm with a contact window width of 

180 µm (metal contacts overhang the contact window by 5 µm).  

 

Planar MOS Hall Effect Structures.   

Planar MOS Hall Effect structures were created (entirely from scratch) and set at 0°, 15°, 

30°, 45°, 60°, 75°, and 90° orientations to the 4H-SiC waferôs flat edge. 
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Trench Depth Structures.   

Square etched trenches with 300 µm x 300 µm dimensions for stylus profiling were set at 

0°, 15°, 30°, 45°, 60°, and 75° orientation to the 4H-SiC waferôs flat edge. 

 

 

3.4  Fabrication Mask Design 

 

3.4.1  Photolithography 

Every fabrication step that imparts a pattern into the 4H-SiC wafer requires an initial 

photolithographic step for transferring the desired patterns onto the waferôs surface.  

Photolithography is where an impinging light source is passed through a glass mask on which 

some areas are covered with a very thin layer of metal to block the light and other areas allow 

light to pass through the glass unobstructed.  The unobstructed light imparts a chemical reaction 

in a light-sensitive resin material (previously coated over the wafer) that then becomes either 

soluble or insoluble.  A final development step washes away the soluble resin areas leaving 

behind a layer of protective resin patterned according to the design on the glass mask. 

 

 

3.4.2  Contact Photolithography 

The contact photolithography method is defined by the glass mask being pressed against 

the resin material during exposure and was chosen for the mobility study for several reasons.  

First, contact photolithographic tools using mercury lamps have a long and extensive history in 

semiconductor manufacturing and are known to be very robust and easily maintained when 
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compared to the more advanced, higher resolution, projection photolithographic tools which use 

smaller wavelength (laser) light sources.  It is noteworthy to state that in my previous research 

experiences, I had acquired expertise in operation and maintenance of a Karl Suss Contact 

Aligner for photolithography; so, any functional or quality surprises were highly unlikely during 

the mobility study.  Second, a Karl Suss MA-6 Contact Aligner was in-place and available at all 

three local university semiconductor fabrication facilities.  Knowing that in-house, 

photolithographic patterning capability would be available enabled flexibility when selecting 

specific fabrication process tools (i.e. etcher, metal deposition, etc.) for the mobility study.  The 

mask glass size for a Suss MA-contact aligner is 5ò x 5ò.   

The main disadvantage of using contact lithography is an inability to resolve the very fine 

features needed in todayôs state-of-the-art devices because of the longer wavelength of light.  For 

the mobility study device designs, great care was taken to overcome this limitation.  First, 

photolithographic resolution is strongly dependent on the resin (i.e. thickness, basic chemistry, 

product quality, etc.); so, resin products were selected for their specific set of characteristics 

throughout this mobility study (see Chapter 4 ï Fabrication Process Design and Development 

for details).  In preliminary experimental trials, a feature width resolution of 2 µm was obtained 

using the NCSU-NNF Karl Suss MA-6 Contact Aligner which is at the capability limit of the 

light source/tool.  Second, the scope of the mobility study was limited to evaluating the on-state 

performance of 4H-SiC power devices; thus, device blocking capability was discarded 

eliminating the fine features required for edge terminations.  Third, the mobility study mask 

layers were designed such that there were no critical alignments via using self-aligned features, 

large edge alignment margins, overlaps, and gaps; these modifications were analyzed to have 

negligible impact on device performance (Figure 3.7).  Therefore, the capability of contact 
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lithography was not expected to be a limiting factor nor able to adversely affect device yield or 

device performance.   

 

 
Figure 3.7:  Trench-gate MOSFET structure schematic with critical pattern edges itemized. 

 

 

3.4.3  Manual Alignment Markings  

Contact photolithography requires manual alignment of each successive patterned layer 

onto the previously patterned layers which introduces variations, and errors can easily become 

fatal (note, projection tools have automated alignment).  For performing manual alignments, an 

alignment marking set was needing designed.  I would like to acknowledge gratitude to Sizhen 

Wang for sharing a cross-type contact lithography alignment marking pattern which proved to be 

successful for this mobility study.  Two alignment marking implementation approach options 

exist: one, is to impart a new marking on each layer to which the next layer would be aligned 

(i.e. daisy chained), or two, is to impart one set of markings on the bare 4H-SiC wafer surface to 

which all subsequent layers would be aligned.  The later method was chosen in order to eliminate 

any possible ñdriftò in subsequent pattern alignments.  This method required designing the mask 

of each layer so the waferôs surface alignment markings would be visual at the time they were 
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needed (i.e. not etched, damaged, nor covered up during the processing of previously patterned 

layers or masking).  A complete set of identical alignment markings was placed in each of the 52 

die on the wafer in order to maximize the opportunities for alignment and verification of 

alignment, even after splitting the single 4H-SiC process trial wafer into quarters and regardless 

of defects.  Note, that having the extra alignment markings was found to be an absolutely 

necessity during the fabrication processing of the mobility study.  Engraving the bare 4H-SiC 

wafer with the alignment markings (and other notations) is the purpose of the first fabrication 

process step termed ñzero etch.ò 

 

 

3.4.4  Mask Levels 

After the process sequencing was established (details presented in Chapter 4 ï 

Fabrication Process Design and Development), the minimum number of design layers needed 

for simultaneously forming the planar-gate and trench-gate MOSFET structures and other 

structures was determined to be the following seven layers: 

Seven Mask Levels: 

1. ñZeroò etch - alignment marking 

2. P base ion implantation masking 

3. N+ source/drain ion implantation masking 

4. P+ contact ion implantation masking 

5. Trench etch masking  

6. Contact window etch masking  

7. Gate electrode and source/drain pad metal patterning 
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Table 3.1:  Layout design mask polarity selection. 

  

 

 

3.4.5  Mask Polarity 

For each mask layer, the type of processing which forms that set of features determines 

the mask polarity.  In a lightfield mask, designed features are blocked with metal on the mask 

and in a darkfield mask, the features are clear while non-features are blocked with metal.  In 

Table 3.1, the processing type and mask polarity are given for the seven mask levels.  Note that 

alternative fabrication processing methods (i.e. metal masking for ion implantation) were 

possible using the same mask set for mask levels #2, #3, and #4.  As a result of a fabrication 

processing change decision made after the mask set was produced, an inverted version of mask 

#6 was later made using the Heidelberg Instruments uPG-101 Direct Write Lithography tool 

inside the NCSU-NNF; for execution of the replacement mask, the alignment marking pattern 

had to be inverted relative to the device patterns. 

 

Mask #
Trench/Planar Transistors & 

Capacitors

Feature 

Polarity**

Resist 

type
Pattern Process Mask 

Polarity

Parity 

***
Polarity Glass Size

1 Zero Etch negative positive subtractive(etch)Darkfield RRB Black on plot = Clear5" x 5" x 0.90"

2 P Base Implant* negative positive subtractive(etch)Darkfield RRB Black on plot = Clear5" x 5" x 0.90"

3 N+ Source/Drain Implant* negative positive subtractive(etch)Darkfield RRB Black on plot = Clear5" x 5" x 0.90"

4 *P+ Contact Implant negative positive subtractive(etch)Darkfield RRB Black on plot = Clear5" x 5" x 0.90"

5 Trench Etch negative positive subtractive(etch)Darkfield RRB Black on plot = Clear5" x 5" x 0.90"

6A Contact Window Wet Etch &negative negative subtractive(etch)Lightfield RRB Black on plot = Dark5" x 5" x 0.90"

6B Silicide Metal Lift-Off postive negative additive (lift-off) Lightfield RRB Black on plot = Dark5" x 5" x 0.90"

7 Metal Lift Off (S,D,G) postive negative additive (lift-off) Lightfield RRB Black on plot = Dark5" x 5" x 0.90"

* For all implant processes, SiO2 Masking was used: A) +PR to etch oxide, and B) patterned oxide for implantation masking

**Feature polarity is positive if it is raised at the end of the process or negative if it is lower at the end of the process

*** Parity:  RRB = Right Reading when viewing with chrome side down.

Alternative Processing Designs

2-ALTP Base Implant negative negative additive (lift-off) Darkfield VAlternative process design will work with mask set

3-ALTN+ Source/Drain Implant negative negative additive (lift-off) Darkfield VAlternative process design will work with mask set

4-ALTP+ Contact Implant negative negative additive (lift-off) Darkfield VAlternative process design will work with mask set

6-ALTGate Oxide Etch negative positive subtractive(etch)Darkfield UProcess design for original mask #6 
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3.4.6  Mask Delineation 

Mask manufacturing delineation is defined by a dot matrix deposition of metal in rows 

and columns.  Thus, angled edges and rounded designs are truly step-like and not continuous.  

Having devices with critical features (i.e. the trench) set in partially rotated orientations in the 

mobility study, it was deemed necessary to utilize the finest dot matrix available from the mask 

manufacturer in order to ensure consistent quality, especially for the trench edges of the angled 

designs; the maximized precision increased the manufacturing cost & purchase price for the 

mobility study mask set. 

 

 

3.4.7  Computer Aided Layout Design (CAD)   

The mask pattern set was custom designed by me using the Virtuoso Layout Suite CAD 

software from Cadence Design Systems, Inc[2].  A total of 98 structures were included in each 

die including sets planar-gate /trench-gate MOSFETs with 5 channel lengths/trench widths 

oriented in 7 rotations, MOS capacitors, TLM structures, and a full set of alignment markings.  

The complete mask layout of a total of 52 die were grouped into four identical quarters such that 

after one centerline horizontal dicing saw cut and one centerline vertical dicing saw cut, each 

quarter-wafer would contain 13 identical die or sample sets (Figure 3.8) for the four fabrication 

gate-oxide formation Process Splits.  The 52 die positioned on the 100 mm wafer can be seen in 

Figure 3.9.  A nine page set of design ñrulesò checklist was custom made by me for manually 

verifying the CAD designs and included items such as dimension checks (e.g. ñGate metal to 

source metal (or drain metal) distance is 10 µm or more to ensure no issues from lift-offò). 
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Figure 3.8:  Complete mask layout.  Figure 3.9:  Die layout over a 100mm wafer. 
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CHAPTER 4 

 

Fabrication Process Design and Development 
 

4.1  Introduction 

Prior to the start of this research effort, fabrication processing for SiC devices had not yet 

been specified; nothing had been previously established.  Thus, all tools, processing methods, 

and specific procedural details were developed for this research project.  To the best of my 

knowledge, this work is the first demonstration of a SiC MOSFET fabricated at NCSU without 

processing assistance from a major SiC device manufacturer (note, that in this effort, the 

processes that were not available in-house, were contracted with outside venders and the 

specifications for which were generated by me).   

In Sections 4.3 through 4.13, the format for documenting details for each process step is 

divided into two topics headings:  1) Process Design or process specifications, and 2) Process 

Development where the efforts, decisions, and supporting details obtained in forming process 

specifications are provided.  Every effort was made to develop procedures, methods, and devices 

that could be readily repeatable in practical manufacturing; no ñshort cutsò were taken that would 

produce a ñone-offò unique, unrepeatable product.  The chosen fabrication processing sequence 

design is listed as follows with structural schematics shown in Figure 4.1. 

 

 

4.1.1  Fabrication Process Sequence 
1.  ñZeroò etch - alignment marking 

2. P base implantation masking 

3. P base ion implantation 

4. N+ source/drain implantation masking 

5. N+ source/drain ion implantation 



  85 

 

6. P+ contact implantation masking 

7. P+ contact ion implantation 

8. Activation anneal 

9. Trench etching  

10. Post-trench etching processing (sacrificial oxidation) 

11. Wafer quartering 

12. Gate oxide formation 

13. Contact window and gate oxide etch 

14. Source, drain, & backside Ni-salicide contact formation 

15. Gate electrode and source/drain pad metal formation 

16. Characterization 
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Figure 4.1:   Fabrication sequencing with structural schematics. 
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1. ñZeroò Etch - Alignment Mark   2. P Base Implantation Masking 

 

 

   
3. P Base, Al Ion Implantation   4. N+ Source/Drain Implantation Masking 

 

 

   
5. N+ Source/Drain, N Ion Implantation  6. P+ Contact Implantation Masking 

 

 

 

   
7 & 8. P+ Contact, Al Ion Implantation &  9 & 10. Trench Etch & Sacrificial Oxidation 

 Activation Anneal 
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12. Gate Oxide Formation    13. Contact Window Etch 

 

 

   
14. Source, Drain, and Backside Ni-Salicide  15. Gate electrode, and Source/Drain Pad 

Contact Formation     Metal Formation 
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4.1.2  Research Fabrication Process Development Effort Methodology[1]: 

The research efforts employed during the mobility study for developing processes and 

process specifications follows the methodology as listed below.   

1. Document research was performed to develop a state-of-the-art comprehension of the 

process theory, specific requirements in processing silicon carbide, and to survey process 

options for execution of each process step. 

2. A survey for availability of and physical access to tools & tool capabilities was made to 

determine the level of ñfitò to desired processing needs.  Considerations were made for 

any tool or capability not as specifically desired.  

3. On available tools, capability & functionality options were studied and compared to the 

process theory in order to fully utilize available capabilities. 

4. Trials were conducted to investigate/validate tools & process options for applicability to 

this research project. 

5. Metrics were identified for verifying process consistency of each step and evaluating the 

produced product was as expected/desired. 

6. Trials were conducted on Si wafers/samples for developing standardizing procedures. 

7. A final trial run was made on a Si wafer to confirm the established procedures produced 

the desired results; this provided a qualitative gauge of process repeatability/robustness. 

8. Where necessary, an additional confirmation run was made using a SiC sample.  

Typically, this SiC test run was made either back-to-back or side-by-side with a Si 

sample for an additional set of metrics on which a history had been established. 

9. Immediately preceding the critical process run for the single, 4H-SiC mobility study 

wafer encompassing all the devices for this research effort, a confirmation ñdry-runò 
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using a Si wafer was made using the complete set of standardized procedures and 

metrics. 

 

 

4.1.3  Unique Processing for Silicon Carbide   

There are several unique differences in the fabrication processing of silicon carbide 

devices compared to processing similar devices on silicon substrates.  One, chemical wet-etching 

of silicon carbide is negligible and thus, not a practical patterning method.  Thus to etch patterns 

into SiC, dry-etching processes are necessary.  Dry-etching includes the simultaneous application 

of physical bombardment energy and reactive plasma energy where the synergistic effect is far 

superior to either aspect individually.  Two, dopant diffusion in SiC is essentially zero, even at 

temperatures greater than the melting point of silicon.  Therefore, the double-diffusion process 

which has been critical for fabricating state-of-art silicon MOSFETs, cannot be applied on 

silicon carbide.  Instead, ion implantation at elevated temperatures is used to establish the exact 

dopant concentration and depth with patterning controlled strictly through photolithography.  

Three, in SiC, activation of ion implanted dopants and repair of crystal damages from the 

implantation process, requires a high-temperature activation anneal at temperatures greater than 

1600° C.  These two process steps, high-temperature ion implantation and high-temperature 

activation anneal, are unique to SiC and understandably not readily available in any known 

university lab.  Thus, these two processes had to be commissioned with outside venders.  Four, 

common optical metric methods which depend on reflected light are typically not applicable on 

SiC since the wide band gap of the material makes it transparent to light in the visible spectrum.  

To overcome this issue, silicon samples were typically co-processed with SiC so that process 
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control metrics could be performed on the Si samples and inferred to the SiC.  Five, the SiC 

crystal bonds are much stronger than the crystal bonds in Si, thus processes with chemical 

reactions require additional energy.  For example, the thermal oxidation rate for SiC is 

approximately one-tenth that of Si at a given temperature; thus, higher temperatures are 

necessary for practical process duration times.  It is noteworthy to add that nearly all fabrication 

processing tools have been optimized for Si materials, and thus, may not be capable to accurately 

and sustainably operate at the necessarily higher temperatures for SiC.  For example, electrical 

contact formation on SiC is also affected by the lack of dopant diffusion; so, procedures for 

quality contact formation require elevated temperatures which are near or above the tool 

capability limits for traditional Si rapid thermal annealing tools.   

 

 

4.1.4  Fabrication Process Unit Step Development Efforts 

For conducting this 4H-SiC mobility study research effort, an itemized list of the 

identified processes/tool capabilities needed for fabricating SiC devices was prepared, consisting 

of twenty-two Process Unit Steps.  Development efforts were employed during the mobility 

study which resulted in various stages of completion for standardizing these Process Unit Steps.  

At the end of the mobility study research effort, the status of development for each Process Unit 

Step was rated using the following four categories:  1) Completed by successful development of 

a standardized process, 2) Completed by custom developing standardized process specifications 

for utilizing vendorsô tools, 3) Completed with limited success by performing the process as 

necessary for the study and without developing a robust, standardized process, and 4) Not 

Completed and remaining for future work. 
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Fabrication Process Unit Step Development Completed ï Successful Standardized Process 

1. 4H-SiC Thermal oxidation process for 50 nm gate-oxide 

2. SiO2 deposition process for ~0.5-1.5 µm thick layers for ion implantation & etch masking 

(e.g. PECVD with heated chuck). 

3. SiO2 etching process for SiC trench etch masking and ion implantation masking (i.e. 

highly selective to etching SiO2 over SiC with sidewall angle 85º - 90º) 

4. SiC dry-etching process for ñzero etch,ò ~0.3 Õm deep. 

5. Wet-etch process to selectively etch Ni without etching Ni-silicide. 

 

Fabrication Process Unit Step Development Completed ï Standardized Specifications for 

Utilizing Vendorsô Tools 

6. Conformal SiO2 deposition process for 50 nm thick gate oxide in trench-gate MOSFET 

(e.g. ALD SiO2) ï Dr. Misraôs Group 

7. ALD High-k, (e.g. 50 nm Al2O3) ï Dr. Misraôs Group 

8. Heated ion implantation, (650º C and to 400 keV) 

9. High-temperature dopant activation anneal (1650º C, 10 min. in Ar) 

10. RTA on SiC substrate material for Ni silicidation, 950º C/min. with vacuum, N2, Forming 

gas. 

 

Fabrication Process Unit Step Development Completed ï Limited Success without Standardizing 

the Process 

11. SiC dry-etching process for ~0.7 µm deep trenches with vertical (85º) & smooth 

sidewalls and rounded trench bottom corners.  
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12. Dedicated, heated ñPiranhaò cleaning station. 

13. Al wet or dry etching process to pattern. 

14. Carbon capping process.  

15. Carbon cap removal process. 

 

Fabrication Process Unit Step Development Not Completed ï Remaining for Future Work 

16. NO post-oxidation anneal 

17. Conformal Si3N4 deposition process for 50 nm gate dielectric in trench-gate MOSFET 

(e.g. LPCVD) 

18. ALD 1 nm La2O3  

19. RTA for SiC substrate material post-oxidation anneal, 1200º C with vacuum, NO, N2, & 

Ar gases. 

20. Poly-silicon gate electrode deposition and subsequent doping. 

21. Conformal ~0.5 µm dielectric layers for passivation/interlayer dielectrics (e.g. LPCVD-

TEOS furnace with heated source delivery lines or PECVD-TEOS with heated chuck). 

22. Al blanket deposition process for 4 µm conformal with trench filling (e.g. sputtering 

and/or low temperature reflow at 450ºC - 550ºC) 

 

 

4.1.5  Justification for Utilizing the NCSU-NNF.   

It is this authorôs experience that the contact photolithography area at NCSU-NNF is 

superior in quality over other local fabrication laboratories (Duke-SMIF and UNC-CHANL).  

For this reason, photolithographic processing was nearly exclusively performed inside the 
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NCSU-NNF for the mobility study.  Additionally, the NCSU-NNF cleanroom is located in the 

same building as my office space enabling great flexibility for frequent and intermittent access.  

For comparison, processing in either the Duke-SMIF or UNC-CHANL labs requires a daily 

round trip commute of ~55 miles that consumes ~3 hours of my time.  Because of the extensive 

time typically spent inside the NCSU-NNF running experiments, the monthly cap for a studentôs 

lab fees was nearly always achieved; thus, the monthly experimental costs remained constant.  

Utilization of either the Duke-SMIF or UNC-CHANL lab requires paying additional lab usage 

fees plus daily parking which increases the total costs for the research project.  Most importantly, 

the NCSU-NNF and I are in the same university, in the same college, in the same department, 

and in the same building ï We are on the same Team!  For these reasons, an attempt was made to 

utilize the NCSU-NNF for all possible processing, unless there was a substantial benefit or 

absolute need for justifying travelling to another location. 

 

 

4.1.6  Four Gate-Oxide Formation Fabrication Process Splits 

Process Split #1: Thermal Oxidation of 4H-SiC 

 A dry-thermal oxidation process followed by an in-situ inert gas anneal was chosen for 

the mobility study as the benchmark gate-oxide formation process.  Thermally grown oxides on 

4H-SiC (0001) are well known to have interface trapped charge densities about an order of 

magnitude greater than oxides grown on Si substrates.  The most universally deployed method of 

mitigation is an in-situ, post-oxidation nitridation anneal.  However, furnace nitridation was not 

possible for the mobility study as a tool capable of nitric oxide annealing could not be located. 

 



  95 

 

Process Split #2: Atomic Layer Deposition of Silicon Dioxide 

 Atomic Layer Deposition (ALD) using Bis(DiEthylAmido)Silane (BDEAS) and O2-

plasma precursors was chosen as the silicon dioxide deposition process.  Deposition was to be 

followed by an inert gas post-deposition rapid-thermal anneal.  Interface trapped charge density 

was expected to be substantial because of the lack of nitric oxide nitridation capability and a 

poorer quality interface compared to the benchmark, thermally grown oxide. 

 

Motivation for High Permittivity Gate Dielectric 

 Increasing the dielectricôs permittivity directly increases its capacitance.  According to 

the analytical model, increasing the gate-dielectricôs capacitance linearly reduces the channel 

regionôs specific on-resistance (Figure 4.2).  Deposited aluminum oxide and silicon nitride were 

chosen as gate-dielectrics for Process Splits #3 and #4, respectively providing an expected 49% 

and 58% reduction in channel specific on-resistance, respectively. 

 
Figure 4.2:  Gate-oxide permittivity impact on specific channel resistance in the trench-gate 

MOSFET 
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Lanthanum Silicate Interface Engineering 

As can be seen in Figure 4.2, the high permittivity of a lanthanum oxide gate-dielectric is 

expected to reduce the channel specific on-resistance by a factor of seven compared to silicon 

dioxide.  A novel approach to improving the interface quality, demonstrated by Yang et al was to 

insert a 1 nm lanthanum oxide layer between the ALD silicon dioxide and 4H-SiC substrate 

[2][3].  Deposition is followed by a forming-gas (5%H2/N2) anneal forming a lanthanum silicate 

(LaSiOx) layer.  With this process, Peak Field-Effect mobilities greater than 120 cm2/Vs are 

achieved.  The Lanthanum oxide (La2O3) deposition process is via reactive evaporation using a 

Molecular Beam Epitaxy (MBE) system which is not conformal; thus, this process is not 

applicable for trench-gate MOSFETs.  A recommendation for future work is developing the 

conformal ALD process for depositing thin layers of lanthanum oxide. 

 

The Four Gate-Oxide Formation Fabrication Process Splits 

Å Process Split #1 is Dry-thermal oxidation with in-situ high-temperature inert anneal (no 

nitridation capability). 

Å Process Split #2 is ALD silicon dioxide with inert post-deposition anneal. 

Å Process Split #3 is ALD aluminum oxide with inert post-deposition anneal. 

Å Process Split #4 is LPCVD silicon nitride. 
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4.2  Fabrication Step #0: Wafer Material Design & Development    

Wafer Material Specification Process Design 

The starting material for the mobility study was chosen to be a practical starting material 

for commercial construction of 1200V 4H-SiC MOSFET devices.  Design for the epitaxial N- 

drift region is reviewed in Process Development section. 

 

Wafer specifications: 

A. Manufacturer:  Cree[4] 

B. Material:  4H-SiC 

C. Size:  100 mm (4ò)  

D. Orientation:  (0001), Si-face 

E. Wafer type:  N+-type with 0.015-0.028 Ý-cm resistivity 

F. Quality:  <15 micropipes/cm2 

G. Cut 4° off -axis towards the <1120> direction 

H. Surface:  double-sided polished 

I. Epitaxial growth: N- drift region:  10 µm thickness of 8e15/cm3 doping and with a 0.5µm 

N-type, 1e18/cm3 doping buffer layer underneath. 

 

Wafer Material Specifications Process Development 

For vertical power devices (e.g. MOSFETs), there is a basic trade-off between the 

blocking voltage capability and the on-resistance which is set by the doping and thickness of the 

N- drift region.   As is shown with Equations 1.2, 1.3 and 1.4, a drift region which is thicker and 

more lightly doped, will block a higher voltage and simultaneously have a higher on-resistance.  

Thus, it is prudent to set the doping of the drift region as high as possible and the thickness as 

thin as possible while achieving the desired blocking voltage capability. 
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4.2.1  Breakdown Optimization - Drift Region Design 

The targeted device breakdown voltage (BV) was 1714 V chosen in order to achieve an 

actual BV of 1200 V with margin for practical edge termination of ~0.7 or 70% (Equation 4.1). 

ὝὥὶὫὩὸ ὄὠ
Ȣ

 
    Equ. 4.1 

 

Breakdown was designed to be a ñpunch-throughò design (as opposed to a ñparallel-

planeò breakdown design).  The punch-through model (Equation 4.2)[5] was used to analyze 

breakdown voltage versus doping concentration (Figure 4.3) and on-resistance versus breakdown 

voltage (Figure 4.4), the drift region was chosen to be 10 µm thick with a doping concentration 

of 8E15/cm2. 

ὄὠ ᴊὡ     Equ.  4.2 

 

 
Figure 4.3:  Punch-through breakdown potential as a function of N- drift region doping. 
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Figure 4.4:  On-resistance as function of breakdown voltage.  N-drift region design chosen to be 

10 µm thickness and 8.E15/cm3 n-type doping. 
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4.3  Fabrication Step #1: ñZeroò Etch Process Design & Development   

The first processing step was to etch into the 4H-SiC substrate material markings to 

which all other process steps (i.e. all structures) would be aligned.  The process is typically 

termed ñzeroò etch as this is sets the zero reference points on the wafer. 

 

ñZeroò Etch Process Design 

The ñzeroò etch process consisted of etching ~0.3µm depth into the 4H-SiC material.  

The tool chosen was the NCSU-NNF Oxford NGP80 RIE using CHF3/O2 because these gasses 

are well known and a procedure had already been established for silicon carbide on this tool.  

This procedure included a chamber pre-cleaning run prior to processing and a light, one minute, 

pre-cleaning oxygen plasma etch step on the process wafer to remove any PR residues in the 

areas to be etched.  Process specifications: 110 W RF power, 40 mTorr pressure, 30 sccm CHF3, 

10 sccm O2, 3.6 sccm Ar, 20°C table temperature, and 28 minutes etching time.   

The masking material chosen was the JSR IX420H positive photoresist having a nominal 

~2.2 µm thickness.  The advantages of this dry-etching mask & procedure include: 1) any mask 

residue in etch areas would be quickly etched away and not cause major issues, 2) no possible 

micromasking, and 3) ease of mask development and mask removal.  The one main concern is 

that the pattern definition may be compromised as a result of a below-unity selectivity between 

the substrate material and the masking material; however, this issue would be mitigated by the 

vertical sidewall profile in the resin. 
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ñZeroò Etch Process Development 

Several etching procedures were investigated, some of which were developed by other 

researchers and a couple formed from scratch by me.  The process chosen and utilized in this 

experiment was one that had been previously developed by other NCSU-NNF lab users.  Several 

process evaluation runs were made on Si wafers for the following purposes: 1) to optimize the 

photolithography process and determine an estimate for etch process time vs etch depth),  2) to 

verify etch rate, depth, and quality of the complete process on SiC, two confirmation runs were 

made on a sample piece of SiC, and 3) to confirm all process details were as desired by 

processing one full 100mm Si wafer using the standardize procedures immediately prior to 

processing the critical, 4H-SiC mobility study device wafer.    

It was deemed imperative to align the ñzeroò etch in precise orientation with the process 

wafer flat and thus, the crystal orientation so that the designed mobility study devices would be 

properly aligned with the crystalline SiC faces.  Alignment between the wafer flat and the ñzeroò 

etch mask is established during the photolithographic pattering of the photoresist material.  Two 

aspects on the Karl Suss MA-6 contact aligner enable precise alignment: 1) the ówafer-to-chuckô 

alignment is made true using two set screws and 2) the óloaded chuck-to-maskô alignment is 

made with semi-automatic numeric dimensional adjustments in x, y, and theta (rotation angle) 

while simultaneously viewing both the wafer surface markings and the mask through the toolôs 

microscope.  Note, the values for numeric dimensional adjustments do not directly reflect the 

actual óloaded chuck-to-maskô relationship, but instead are nominal and relative.  Typically, this 

aspect is not an issue as the operator is able to simultaneously view the mask and wafer surface 

markings with the toolôs microscope and make any necessary adjustments.  However, since the 

microscope does not have sufficient spatial span capability to view the wafer flat and mask 
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simultaneously, alignment is ñblindò for the ñzeroò etch process case (note, there are no wafer 

surface markings).  In the ñzeroò etch process case, the actual óchuck-to-chuck holderô alignment 

is established using a visual alignment ótickô mark when loading the wafer into the MA-6.  The 

initial alignment between óloaded chuck-to-chuck holderô cannot be perfect because it is a 100% 

manual setting.  Although every effort was made to perfectly align the óchuck-to-chuck holderô 

portion of the tool, it is inherently impossible to achieve perfect human visual alignment.  

Confounding this issue further is that it is also impossible to ascertain the quality of the total 

alignment between the mask and the unmarked wafer with the wafer loaded in the MA-6 tool.  

Alignment assessment is only possible off-line using a microscope and after the photoresist is 

fully processed through exposure, post-exposure baking, and development.  Any adjustment to 

the alignment after this assessment, requires stripping the fully developed photoresist, RCA 

cleaning the wafer, and then repeating the spin-coating application with a fresh photoresist layer, 

prebaking, and reloading the MA-6 using the same completely manual and visual ñchuck-to-

chuck holderò alignment method that originally caused the necessity for reprocessing.  

Obviously, this reprocess effort is very time and labor intensive and comes without any 

guarantee the next results will be an improvement over the previous alignment.  In processing the 

mobility study device wafer, it was observed after photolithographic processing that there was a 

minor deviation from perfect alignment to the wafer flat.  The decision made was to go forward 

with processing and noting the exception from perfection. 
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4.4  Fabrication Step #2: Masking for P Base Implantation Process Design & Development 

For ion implantation, a masking material is necessary to block the impinging ions from 

penetrating into the SiC material outside the desired regions.  Prior to this research effort, no 

processes had been yet established for formation of the mask for ion implantation; the masking 

process presented here has been designed entirely from scratch or ñgreen lawnò approach.   

 

 
Figure 4.5:  Possible materials for masking the P base ion implantation process 

 

Mask Formation Process Design 

The first decision was to choose the ion implantation masking material.  In Figure 4.5, the 

aluminum ion implant junction depth (depth at which the implanted Al ion concentration would 

be equal to the background N- drift regionôs doping concentration of 8.E15/cm3) is plotted for a 

variation in implant energy (data acquired from [6], models from [7] & reviewed in Section 4.5).   

From this analysis, the absolute minimum thickness required for possible choices of implant 

masking materials is shown by their junction depths. 
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Since the ion implantation process for SiC is planned to be at elevated temperatures, near 

the melting point of aluminum, both the aluminum and Novolac resin are disqualified from 

consideration as melting of these materials would cause issues during the implantation process. 

Published documents indicated a preference in manufacturing for using silicon dioxide as 

a primary masking material in order to eliminate introduction of contaminant species not already 

found within the system.  One primary reason for not choosing to use a metal mask is the 

potential for sputtered metal to land on and contaminate unprotected surfaces which can 

adversely affect subsequent processes and/or fabricated device performance.  Thus, the masking 

material chosen for ion implantation in the mobility study was silicon dioxide.  A process to 

apply and pattern the silicon dioxide mask needed to be developed. 

Prior to designing & developing the silicon dioxide masking process, the P base ion 

implantation process ñscheduleò had to be designed.  Once the P base ion implantation process 

parameters were chosen (details & models provided in Section 4.5), an ion penetration prediction 

analysis was performed using data from [6] to determine the necessary thickness of the silicon 

dioxide masking layer to inhibit ions from penetrating through and into unintentional areas of the 

substrate.  For the P base ion implantation, a silicon dioxide thickness of 1.4 µm was chosen.  As 

seen in Figure 4.6, the density of aluminum ions expected to surpass 1.4 µm of silicon dioxide 

are ~6.E10/cm3, five orders of magnitude lower than the background doping of the epitaxial N-

drift region (8.E/15/cm3).  The following procedures were developed for processing the 1.4 µm 

thick silicon dioxide ion implantation mask. 
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Figure 4.6:  Al ion penetration into the SiO2 masking material 

 

 

4.4.1  1.4 µm SiO2 Mask Formation Process Design 

The ion implantation mask formation process has five major of stages, 1) deposition of 

the silicon dioxide, 2) densification of the oxide, 3) photolithographic patterning of a dry-etch 

resistant resin on the oxide layer, 4) patterning the oxide via dry & wet etching, and 5) removing 

the photoresist and cleaning.   

 

Stage 1:   

SiO2 deposition process design:  After tremendous developmental efforts (see Section 

4.4.2), plasma-enhanced chemical vapor deposition (PECVD) was chosen to deposit ~1.4 µm 

SiO2 using the Advanced Vacuum Vision 310 PECVD System tool located in UNC-CHANL.    
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Stage 2:   

Densification process design:  The deposited SiO2 was densified in the horizontal Tylan 

Furnace at NCSU-NNF in an N2 ambient at 1000° C for 30 min. 

 

Stage 3:   

Photolithography process design:  For patterning, the JSR PFR IX965G positive 

photoresist with ~0.8 µm nominal thicknesses was chosen.  Photolithography was performed 

inside the NCSU-NNF using a Headway spin-coater for photoresist application, hot plates for 

baking, Karl Suss MA-6 Contact Aligner for exposure, and a dedicated wet bench for 

development using MF-319.  

 

Stage 4:   

SiO2 etching design.  The designed etch plan is to dry-etch 90-95% of the thickness of the 

SiO2 followed by wet-etching the remaining 5-10% plus a wet over-etch of approximately 5% of 

original SiO2 thickness.  The expected advantages of this etching design plan include: 

1. A very uniform lateral etching profile with no corner issues for two reasons.  First, corner 

issues caused by diffusion in dry-etching are much less drastic than those in isotropic wet 

etching.  Secondly, finishing the etch process with a 5% over etch by wet-etching is 

expected to remove any corner residues remaining, if present.   

2. Negligible undercutting is expected as the specific dry-etching process developed for this 

research project is expected to be nearly perfectly anisotropic.  

3. Very smooth and undamaged SiC surfaces as wet-etching with buffered HF solutions are 

known to not damage nor etch crystalline SiC surface atoms (Buffered HF is theorized to 
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have a very high selectivity of etching SiO2 versus crystalline silicon carbide resulting in 

SiC being a nearly perfect etch stop).   

4. The specific dry-etching process developed for this research is expected to protect the 

sidewalls so no widening (nor narrowing) is expected to occur during the dry- and wet-

etching processes.   

5. Using isotropic wet-etching, the slight over-etching of 5% amounts to an expected ~700 

Å undercut with the vertical height of this undercut expected to be only ~700 Å up from 

the crystal surface (where sidewalls are not protected).   

 

Stage 5:   

Oxygen plasma removal of photoresist and cleaning.  

 

 

4.4.2  Mask Formation Process Development 

Since there were no established procedures available for patterning the silicon dioxide 

masking layers, a new procedure was developed completely from scratch.  The methodology 

utilized for process development is outlined in Section 4.1.2 and starts with a review of 

published literature.  Development efforts including the decisions made, experimental actions 

performed, and analyses made are presented below. 
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4.4.2.1  Stage 1: SiO2 deposition process development: (tool selection) 

The following investigations on silicon dioxide deposition methods and tools were made 

for developing the silicon dioxide deposition plan: 

 

1) LPCVD SiO2.   

LPCVD SiO2 is known to result in a high quality oxide layer with conformal and uniform 

deposition.  This option was scrapped after several months encompassing numerous unsuccessful 

attempts to resurrect operation of the NCSU-NNF LPCVD horizontal tube reactor tool and bring 

the standard NCSU-NNF process capability back on-line.  Note that LPCDV SiO2 (LTO) was 

listed as an available process on the NCSU-NNF website at the time of this research effort and at 

the time of this writing. 

 

2)  TEOS PECVD SiO2  

Deposited oxide quality was evaluated for several trials using the custom built, plasma 

enhanced CVD reactor inside the NCSU-NNF.  The results produced by this tool were all of 

unacceptable quality.  During the densification process, the deposited silicon dioxide cracked, 

shattered, and flaked (Figure 4.7) assumedly as a result of the drastic thickness shrinkage 

(measured to be 50.5%).  Upon theoretical review of the process technology by this author, the 

lack of substrate heating in the TEOS-PECVD reactor was deemed to be a fatal flaw in the 

systemôs design; thus, it was concluded this tool was not a viable option and removed from 

consideration for the mobility study.   
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Figure 4.7:  Cracking/flaking after densification for TEOS SiO2 PECVD from NCSU-NNF. 

 

 

3) PECVD SiO2 (Duke-SMIF).   

The Duke-SMIF Advanced Vacuum Vision 310 PECVD tool had standardized 

procedures already established.  However, during preliminary evaluation runs, two quality 

issues, which were deemed major issues, were identified.  The first issue was an obvious 

unevenness of SiO2 deposition (Figure 4.8).  The obviously uneven SiO2 deposition issue was 

resolved after a vendorôs overhaul of the tool and repair of vacuum pump issues.   

 

    
Figure 4.8:  Uneven SiO2 deposition from  Figure 4.9:  Metal coins that had  

Duke-SMIF PECVD tool; image taken prior  been previosuly used as wafer stops  

to unloading.        inside Duke-SMIF PECVD. 
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The second issue which was particularly disconcerting for the experimental MOSFET 

devices in this mobility study research project, and not satisfactorily resolved, is that historically 

within this tool, it had been an on-going and acceptable practice to use pennies and/or nickels as 

wafer stops for keeping the process wafer from sliding to the edge or off the chuck during 

deposition (Figure 4.9).  One major concern here is that both of these coins are alloys with 

copper metal which is known to be a contaminant at very low concentration levels in Si and SiO2 

materials, severely degrading MOSFET device operation as these atoms readily diffuse to the 

underneath the gate and readily migrate with applied gate fields (i.e. mobile charges) rendering 

device performance data inaccurate and inconsistently variable.  Although copper diffusion in 

silicon carbide was not studied by this author, copper diffusion in silicon material is well known 

to be extremely fast [8][9]; copper is known to diffuse through the entire thickness of a silicon 

wafer at room temperature in just a few hours.   

 

4) PECVD SiO2 (UNC-CHANL).   

Standard operational procedures were in-place.  However, the maximum PECVD SiO2 

thickness allowed on this tool was 1 µm.  After process review with UNC-CHANL staff, 

approval to jointly evaluate thicker silicon dioxide layers was granted.  Initial trial results were 

found to have exceptional quality in across-wafer thickness uniformity (std. dev. 21Å) and 

wafer-to-wafer deposition consistency.  As a result, the UNC-CHANL process was easily 

calibrated to the desired thickness after just a couple of process runs. 
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4.4.2.2  Stage 2: Densification process development of PECVD SiO2 (built from scratch)  

To avoid potential pin-hole or subsequent processing issues from thickness or etch rate 

variations, densification of the as-deposited oxides was investigated.  The densification anneal 

process was developed in a horizontal furnace with the holding temperature chosen to be 1000°C 

for 30 minutes in an N2 ambient.  Densification was also beneficial in confirming the material 

quality and identified the unacceptable quality of NCSU-NNFôs TEOS-PECVD SiO2. 

Densification of the PECVD oxides produced by UNC-CHANLôs and DUKE-SMIFôs 

tools, showed both to be of very high-quality with shrinkages of 2.1% and 3.2%, respectively.   

Given the previous issues with SMIFôs PECVD process of non-uniformity and potential 

contamination, the chosen SiO2 deposition process was UNC-CHANLôs PECVD having 

excellent uniformity and very low shrinkage during densification. 

 

 

4.4.2.3  Stage 3: Photolithography process development of etching mask: (Built from 

scratch) 

Selectivity of masking material.   

In all practical etching processes, both the substrate and the masking material are etched 

simultaneously.  It is desirable to have an etching process developed that has a high selectivity 

(i.e. ratio of SiO2 etch rate to the etching rate of mask material).  Thus, for a specific set of 

process conditions (e.g. etch gasses, RF power, chamber pressure, etc.), etching of the masking 

material needs consideration along with etching of the substrate. 
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Low selectivity (ratio < 1).   

For selectivity values below unity, the mask material is etched at a faster rate than the 

SiO2; this scenario has many inherent problems.  First, the thickness of the masking material 

must be made greater than the expected SiO2 etched depth with sufficient margins to ensure the 

masking material is never fully etched through accounting for any potential etching variabilities 

(i.e. from high loading effects or inside high aspect ratio trenches).  Thicker photoresist resins 

translate into higher photolithographic aspect ratios which reduce feature definition capability 

and widen pattern edges.   

Secondly, any tilt away from 90° in the sidewall of the photoresist results in an amplified 

transfer into the SiO2 by a factor equal to the inverse of the selectivity.  For example, given a 

selectivity of 0.33, the lateral distance of edge recession in the SiO2 will be the same as that of 

the photoresist, but occurring within one-third the depth.   

A third issue with a selectivity below unity is associated with ñloadingò the plasma.  

Since more photoresist is being consumed than SiO2 material, a predominance of plasma energy 

and feed gasses are being consumed by the non-value-added process of etching photoresist 

which directly lowers the productivity of the entire process.  Additionally, the effluent steam can 

become saturated with etching byproducts as the concentration is substantially increased.  Note, 

high byproduct densities reduce reaction rates, especially in the bottom of trenches, causing 

uncontrollable etching non-uniformities.   

 

Good selectivity (ratio > 1).   

With selectivity larger than unity, the thickness of the mask can be reduced, enabling 

substantial improvements in feature definition and reducing etching variations.  Secondly, any 
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slope to the photoresist sidewalls is reduced during transference to the SiO2, proportional to the 

inverse of the selectivity.  Also, any non-value-added loading effects are minimized enabling 

more consistent etching and higher productivity.  Therefore, a novel approach to etching silicon 

dioxide needed to be discovered with a primary criterion being a selectivity greater than unity. 

The photoresist product selected for use in the mobility study displays, when developed, 

nearly vertical sidewalls and square corners at the surface; this profile differs markedly from the 

slanted sidewall profiles and rounded corners of typical traditional positive photoresists.  The 

vertical sidewall and squared corners features were deemed critical for establishing vertical 

sidewall profiles in the dry-etched silicon dioxide.  Two nominal thicknesses of photoresist were 

evaluated; one at a ~0.8 µm nominal thickness and the other at ~2.2 µm.  After developing and 

optimizing the brand-new, robust, dry-etching process for silicon dioxide with greater than unity 

selectivity, the 0.8 µm nominal thickness photoresist was determined to be sufficiently thick and 

thus, utilized for the silicon dioxide etching in the mobility study.  

 

 

4.4.2.4  Stage 4a: Dry-etching silicon dioxide process development (Built from scratch) 

As previously stated, the silicon dioxide is patterned via two etching process steps; first, 

dry-etching followed by wet-etching.  The primary reason for the two step-etching process is 

because the dry-etching selectivity of SiO2 compared to SiC is not far above unity.  In dry-

etching SiO2, the chemistry for etching is quite similar to that for dry-etching SiC making it 

practically impossible to terminate the dry-etching process exactly at the surface of the SiC.   

One possible solution to this issue would be add an etch-stop layer between the SiO2 and 

the SiC substrate.  This approach would substantially increase the fabrication processing 
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complexity, introducing more potential sources of contamination and various other quality 

issues.  Another approach would be to use optical end-point detectors which detect the 

compositional changes that occur in the plasma once the etched material is altered which occurs 

as the ñend-pointò is being reached.  This approach is not acceptable for the low SiO2 to SiC 

selectivity as the SiC substrate would be severely damaged (etched) before halting the process.  

The approach taken for the mobility study was to interrupt the SiO2 dry-etching process prior to 

reaching the SiC substrate (i.e. ~90-95% depth), then using wet-etching to finish etching the 

SiO2, exploiting the fact that SiC is not etched in wet-chemistry by buffered-HF solutions 

(buffered-HF has an approximately infinite selectivity of SiO2 to SiC).  The main requirement 

for this approach is to accurately control the dry-etched depth by accurately determining the dry-

etching rate of the SiO2; this is one additional reason for adding the densification process step.   

 

 

4.4.2.4.1  Development of Unique Etch Process Metrology.   

For process monitoring, process improvement, process optimization, and product quality 

control throughout the entire process development effort of this new SiO2 patterning procedure, a 

customized measurement methodology needed developed prior to engaging into any SiO2 etch 

process development trials for accurately ascertaining the respective individual contributions 

from dry- and wet-etching.  The unique process evaluation methodology developed for 

conducting this mobility study research effort is as follows:  

  

Etching Process Metrology Method 

1. Measure baseline thickness of photoresist (PR) after developing using physical stylus profiler 

step-height tool (i.e. Dektak). 
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2. RIE dry-etching on Oxford NGP80 RIE ~90% of thickness. 

 

3. Measure step-height from top of remaining PR to bottom of etched oxide trench using stylus 

profiler. 

 

4. Inspect, qualitatively verifying the quality of etching (i.e. no oddities, contaminants, 

unevenness, bumps/micro-pillars, sloping of trench bottom, etc.). 

 

5. Measure thickness of oxide remaining in etched trenches using optical tools (i.e. 

Nanometrics).  Confirm thickness of oxide remaining in trenches is as expected. 

(note: optical methods applicable only on Si wafers processed immediately prior to the SiC 

mobility study device wafer). 

 

6. Wet-etch #1 with buffered oxide etchant (BOE) ~5-10% of thickness. 

 

7. Measure step-height from top of remaining PR to bottom of etched oxide trench using stylus 

profiler. 

 

8. Measure thickness of oxide remaining in etched trenches using optical tools (i.e. 

Nanometrics).  Confirm thickness of oxide etched & remaining in trenches is as-expected. 

 

9. Wet-etch #2 with buffered oxide etchant (BOE) ~5-10% of thickness, thus ~5-10% over-

etched. 

 

10. Measure step-height from top of remaining PR to bottom of etched oxide trench using stylus 

profiler. 

 

11. Inspect, qualitatively verifying the quality of wet-etching (i.e. no oddities, contaminants, 

unevenness, bumps/micro-pillars, sloping of trench bottom, etc.). 

 

12. Measure thickness of oxide remaining in etched trenches using optical tools (i.e. 

Nanometrics).  Confirm thickness of oxide remaining in trenches is < 100Å verifying the 

SiO2 etching process was to completion. 

 

13. Oxygen plasma PR and residue removal. 

 

14. Measure etched oxide step height using stylus profiler. 

 

15. Microscopic inspection ï Confirm sample is thoroughly cleaned of all residues. 

 

16. Analyze data - Calculate dry, wet#1, and wet#2 etch rates & review versus historic numbers. 

 

a. SiO2 dry-etched depth = oxide step height ï (wet#2 step height ï post dry-etch 

step height) 
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b. SiO2 dry-etching rate  = SiO2 dry-etched depth / dry-etching time 

 

c. PR dry-etched depth = PR baseline step height ï (wet#2 step ï oxide step height) 

 

d. PR dry-etching rate = PR dry-etched depth / PR dry-etch time  

(assumption: ~zero wet-etching rate for photoresist in BOE) 

 

e. Dry-etch selectivity (?:1) = SiO2 dry-etching rate / PR dry-etching rate 

 

f. SiO2 wet-etching (#1) depth = wet#1 step height ï post dry-etch step height 

 

g. SiO2 wet-etching (#1) rate = wet-etching (#1) depth / wet#1 etch time  

 

h. SiO2 wet-etching (#2) depth = wet#2 step height ï wet#1 step height 

 

i. Percent SiO2 by dry-etching = post dry-etch step height / oxide step height x100% 

 

j. Percent SiO2 by wet-etching (#1) = wet-etch (#1) step height / oxide step height 

x100% 

 

k. Actual percent SiO2 by wet-etching (#2) = wet-etch (#2) step height / oxide step 

height x100% 

 

l. Desired percent SiO2 by wet-etching (#2) = percent SiO2 by wet-etching (#1) * 

we#2 etch time / wet #1 etch time x100% 

 

17. Completion of SiO2 etching is confirmed and the amount of over-etching is determined by 

the difference between the desired percent SiO2 by wet etching #2 minus the actual percent 

SiO2 by wet etching #2. 

 

 

 

4.4.2.4.2  SiO2 Dry-Etching Process Fundamental Theory 

To ensure preservation of feature dimensions in etching the silicon dioxide, extensive 

document research was employed from which a fully customized, brand-new, dry-etching 

process was developed based upon dry-etching fundamentals and theory.  The development 

efforts follow the methodology shown in the Section 4.1.2.  First, selected fundamentals of dry-

etching are reviewed. 
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Synergistic effects of chemical reaction and ion bombardment.   

Throughout this work, dry-etching is the term used to describe the process of reactive ion 

etching (RIE).  In the RIE process, there are two synergistically contributing mechanisms.  First, 

is a chemical reaction where plasma-generated reactive species chemically react with atoms on 

the surface of the substrate material forming products which are volatile and thus, carried away 

in the exhaust stream (e.g. SiF4, CO, etc.).  Chemical reactions are naturally isotropic.  Secondly 

as a result of the RF charge bias, ions are propelled towards the surface of the substrate with 

sufficient energy so that the physical ion bombardment assists in severing atomic crystal bonds 

on the surface and dislodging surface atoms/molecules.  Ion bombardment is powered by the RF 

bias and thus, is naturally directional (anisotropic).  The energies of both processes, chemical 

reaction and ion bombardment,  positively interfere amplifying each other (i.e. ion bombardment 

helps break surface bonds enabling reactive species to react with the surface atoms, and chemical 

reactions create volatile compounds clearing the surface atoms and exposing new atoms to 

bombardment & reaction).   

 

RIE vs. ICP-RIE.   

Two predominant dry-etching tool designs, which differ in method for generating the 

plasma, populate todayôs market.  In many common RIE tools, the reactive species density (i.e. 

plasma) is generated by an RF generator which also produce the bias for ion bombardment; thus, 

plasma density and ion bombardment are inherently proportional to each other.  Alternatively, in 

some advanced RIE tools the reactive species density (i.e. plasma) is generated by an inductively 

coupled RF plasma (ICP) generator which does not produce a DC bias and thus, no ion 

bombardment.  To create the DC bias necessary for ion bombardment in ICP-RIE tools, a 
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separate RF power source is used to propel the already generated plasma ions towards the 

surface.  The ICP-RIE tool design allows plasma density (reactive ion density) and ion 

bombardment (DC bias) to be controlled independently allowing process engineers much greater 

flexibility in optimizing their dry-etching processes. 

 

Chemistry & plasma gasses.   

Dry-etching silicon dioxide material is chemically similar to dissolving silicon dioxide in 

HF solutions.  In general, the etching proceeds via plasma generated reactive fluorine species 

reacting with silicon atoms in the silicon dioxide; fluorine atoms displace the oxygen atoms that 

are bonded to silicon atoms, ultimately forming SiF4 which is highly volatile.  Typically, a small 

amount of oxygen is added to the plasma to increase the concentration of reactive fluorine 

species in the plasma; otherwise, the reaction rate (~etching rate) would be very slow (i.e. too 

slow to be practical).   

 

PR Masks and O2.   

Unfortunately, oxygen in the plasma also etches photoresist materials used as etching 

masks (via oxidizing carbon molecules forming highly volatile CO and CO2).  A small addition 

of oxygen to the system drastically increases the photoresist etch rate and markedly reduces the 

etching selectivity to values, often well below unity (e.g. ~0.3) leading to the adverse processing 

issues previously discussed.  In order to use a fluorine/oxygen etching process, the photoresist 

material would necessary be very thick (e.g. at least four times thicker than the desired etch 

depth plus a safety margin); thus, for a 1.4 µm thick silicon dioxide, the photoresist would need 

to be ~7 µm.  As previously stated, it is best to keep photoresist thickness near the minimum 
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acceptable thickness for improved feature definition.  It is well known that the thicker the 

photoresist, the more difficult small feature resolution becomes; and with the higher photoresist 

aspect ratios, other problems such as bottom corner residue become more probable.   

 

 

4.4.2.4.3  Phenomenon Discovery and Theoretical Development of the Robust Silicon 

Dioxide Etching Procedure  

Practical Fluorine Plasma Etching.   

The plasma-generated, reactive species, in addition to etching surface atoms, may also 

form non-volatile products which are deposited locally on surfaces creating a conformal film 

(which is the fundamental theory of PECVD).  Fluorine plasmas can react with carbon atoms and 

be a major source of non-volatile fluorocarbon species.  Under ion bombardment the non-volatile 

products may be sputtered, broken into smaller molecules, and/or react with the plasma, breaking 

down and forming volatile products (i.e. etched).  It is commonly believed that non-volatile 

species which are sputtered or deposited on feature sidewalls assist in the anisotropic nature of 

RIE by inhibiting reactive plasma species from reaching the sidewalls.  In summary, the RIE 

process effectiveness consists of an on-going balance between all these factors (plasma generated 

reactive species, chemical reactions, ion bombardment, non-volatile deposition, sputtering, and 

exhausting volatiles). 

An extensive literature review of published documents on etching theory and practical 

etching experiments was performed with the goal of finding alternative approaches for etching 

silicon dioxide.  During this process, a unique phenomenon was discovered by Heinecke[10][11] 

which propagated into many investigations advancing our scientific understanding [12]-[28].  
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Particularly notable is that Ephrath[29][30] demonstrated this phenomenon was controllable.  

Through interpretation & conceptual application of RIE theory, knowledge of etching 

fundamentals, theoretical extrapolation, and experimentation, the discovered phenomenon was 

exploited in this research project and resulted in the formation of a highly repeatable and robust 

silicon dioxide dry-etching procedure. 

 

Plasma Etching vs. Deposition:   

During dry-etching of silicon dioxide, two distinct and opposing processes are 

simultaneously occurring; one process is the reactive ion etching of the substrate and masking 

materials (RIE), and the second process is formation and deposition of non-volatile products 

(PECVD).  The effectiveness of etching versus deposition is a complex relationship depending 

on the substrate material, masking materials, etching gas composition, etching tool design, and 

specific operating conditions of the dry-etching tool. 

Concurrently to etching both the substrate and masking material as described previously, 

the plasma-generated fluorine reactive species, in the local absence of silicon atoms, may react 

with hydrocarbons forming a non-volatile (deposited) fluorocarbon conformal film (i.e. 

PECVD).  As is commonly deployed in dry-etching silicon dioxide in fluorine gas chemistry, a 

small amount of oxygen is added to the plasma to 1) help stabilize the reactive fluorine species 

increasing the reactive fluorine concentration in the plasma, 2) react with and volatize carbon via 

formation of CO or CO2, and 3) oxidize/breakdown non-volatile carbon based species (e.g. 

fluorocarbon molecules) into volatile products; thus, mitigating any deposition build-up.  

However as previously explained, adding oxygen also promotes decomposition (etching) of the 



  121 

 

photoresist masking material and results in severe reductions in selectivity to unacceptably low, 

below-unity values.   

Found during the literature review is an ability to produce the opposite effect of 

promoting fluorocarbon deposition by adding a small amount of hydrogen instead of the oxygen.  

Most importantly, it was demonstrated by Ephrath[30] that in using CF4 and H2 gasses, 

enhancement in the deposition of the plasma-generated fluorocarbon film is completely 

controllable by adjusting the relative hydrogen gas flow for a given set of process specifications.  

These findings also established that, at a high enough hydrogen concentration, all etching would 

cease and deposition rates would continue to increase with additional hydrogen flow.  From 

these published research efforts, the idea came to me that under the proper reactor operating 

conditions, it would be possible to establish both etching and deposition simultaneously, and to 

do so differentially throughout the reactor.   

 

Jeffôs Local Theory.   

My proposed theory is based upon the concept that local conditions strongly control 

chemical reactions (which are local by definition).  Thus, in the reactor in areas locally over the 

hydrocarbon photoresist material, where there is a local absence of silicon atoms and the 

presence of plasma-generated reactive fluorine, the dominant plasma reaction process would be 

towards growth and deposition of fluorocarbon films (i.e. PECVD).  Concurrently in the reactor 

in areas locally over bare silicon dioxide, without presence of hydrocarbon photoresist materials, 

the plasma-generated reactive fluorine predominately reacts with silicon atoms, simultaneously 

liberating oxygen atoms which are locally available to 1) help stabilize a higher concentration of 

reactive fluorine species in the plasma promoting the local reactive process, and 2) react with and 
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remove (i.e. volatilize) carbon, hydrogen, and any fluorocarbon molecules, if present.  Thus, in 

this single process in a single chamber, local deposition on photoresist would occur 

simultaneously with local dry-etching of silicon dioxide.  The challenge was to develop the 

proper balance in operating conditions and plasma chemistry to realize this potential opportunity. 

An additional benefit of the dual etching/deposition theory could be realized though 

exploiting the synergistic properties of RIE.  Provided these two simultaneously occurring 

processes are nearly perfectly balanced or slightly tilted towards etching in the areas locally over 

the photoresist, and given RIEôs anisotropic properties created by ion bombardmentôs 

enhancement to local etching, the etching process will dominate on exposed (horizontal) 

photoresist surfaces where the ion bombardment energy assists in breaking the chemical bonds 

of surface atoms.  However, since no ion bombardment occurs on vertical surfaces such as 

sidewalls, and the synergistic properties of reactive-ion dry-etching are not satisfied, etching 

essentially ceases (chemical reactions would proceed much, much more slowly and essentially 

no etching would occur).  Thus, the anisotropic nature of this silicon dioxide etching process 

would be nearly ideal.  The total result of this theoretical approach is that there are three 

simultaneously occurring local processes which all contribute positively towards the ideal 

specifications of the SiO2 dry-etching patterning process.  Additionally, all three are spatially 

controlled directly by the simple and well-known process of photolithography with a thin layer 

of vertically walled, positive photoresist. 

 

Implementation of theory.   

Implementation of this phenomenon in the mobility study was not straightforward 

however.  For safety reasons, it is was deemed unacceptable to add a hydrogen feed line to the 
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RIE tool along with an oxygen feed line feeding a plasma energy source.  So, an alternative 

chemistry was needed in order to achieve the same phenomenon.  After some study, it was 

determined that using CHF3 would be equivalent to feeding the CF4/H2 gas mixture at a ratio of 

~21% H2.  Via extrapolation from published experiments, it was predicted that this single gas 

source might result in an almost balanced combination of etching and deposition processes 

(ideally, some additional hydrogen would be needed).  And, through experimentation by 

adjusting the ICP-RIE reactor process conditions, separately varying ion bombardment energy 

and plasma density, the single gas species might prove adequate to achieve the three desired 

simultaneous, local process reactions in the one reactor chamber. 

Early experimental runs on the DUKE-SMIF Trion Technology Phantom II Reactive Ion 

Etcher tool (having the ICP capability), produced inconsistent etch rate results which did not 

correlate with the amounts of O2 gas added.  Numerous attempts to utilize this tool failed to 

produce any consistency.  Knowing that very small amounts of O2 produced drastically different 

etch rates, the inconsistency was suspected to a problem with adequate vacuum and/or proper lid 

sealing on SMIFôs tool, on which both had a history of being problematic.  This tool was deemed 

unacceptably inadequate for the brand-new process I was attempting to develop.   

The theory was then transferred to and applied on the new Oxford RIE tool at NCSU-

NNF.  From a toolôs theoretical operational capability, the NCSU-NNF tool is inferior to the 

SMIF RIE1 tool in that it does not have ICP capability.  Recall that in an ICP-RIE tool, the 

reactive species density (i.e. plasma density) is generated by an inductively coupled RF plasma 

generator which does not produce a DC bias (no ion bombardment).  To create the DC bias for 

ion bombardment, a separate RF power source is used to propel the already generated plasma 

ions towards the surface.  This ICP tool design allows plasma density (reactive ion density) and 
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ion bombardment (RF bias) to be controlled independently.  However, the newly purchased 

NCSU-NNF Oxford NGP-80 RIE tool does not have ICP capability.  In the NCSU-NNF Oxford 

NGP-80 RIE tool, the plasma density (i.e. reactive species density) is generated by an RF 

generator which also produces the DC bias for ion bombardment; thus, plasma density and ion 

bombardment cannot be controlled independently and are inherently proportional to each other.   

There was a real concern that the NNF Oxford RIE tool would be inadequate to achieve 

the three, desired, simultaneous, local, dry-etching conditions.  For development of the 

envisioned silicon dioxide dry-etching process using the limited capability of the Oxford RIE 

tool, numerous experimental process runs were made for producing a minimal amount of ion 

bombardment concurrently with maximizing the plasma density while not marginalizing the 

stability of the generated plasma.  My SiO2 dry-etching theory proved to be accurate and the dry-

etching proceeded as was expected.  This process was then optimized near the limits of 

capability for the tool and demonstrated excellence in quality, repeatability, and operational 

stability.  The etching rate for the silicon dioxide was consistent run-to-run at ~275 Å/min and 

the etch rate of the photoresist was consistent run-to-run at ~135 Å/min.  Thus, the selectivity 

was determined to be highly repeatable at ~2.0:1.  This greater than unity selectivity was 

sufficient to enable using a photoresist mask with a small thickness (~0.8 µm) enabling finer 

feature size and definition out of photolithography.   

 

 

Implementation Results:   

The etched trenches were flat bottomed (i.e. not rounded), smooth, and featureless; no 

micromasking was observed.  Although not directly measured (because of limited financial and 
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time resources), the sidewall features appeared nearly perfectly vertical; this was concluded from 

optical microscopy as the edge profile was visually seen as abrupt under magnification with focal 

depth adjustments (conversely, angled sidewalls have relatively wide visual profiles, typically 

easily seen by a trained eye and skilled microscope operator).  It was later determined that the 

fluorocarbon build up on the tool was proportional to the time of dry-etching operation (as 

determined during oxygen plasma cleaning of the tool and observing the plasma color during 

cleaning).  The consistent etching rate of the silicon dioxide enabled accurately predicting the 

final etched depth to often within 100 Å for the 1.4 µm layer thickness of SiO2.   

Especially noteworthy is that during the one and only process run on the single SiC 

device wafer containing all of the devices and structures for the entire mobility research study, 

the tool suddenly malfunctioned and ceased operation about halfway through the dry-etching 

process.  It is noteworthy to state that during the hundreds of runs made on this tool spanning the 

20 months dating to its first days in operation (note, I am the author of NCSU-NNFôs original 

operational procedures for this tool), the NCSU-NNF Oxford NGP80 tool had never failed for 

this software controlled error either prior to, nor after this critical process wafer run; this failure 

event was what is statistically deemed as ñspecial cause.ò  Assistance requested from the NCSU-

NNF staff member and official liaison with Oxford Instruments, failed to produce any 

explanation for the root cause of this operational failure.  Without making any alterations to the 

procedure, except for resetting the dry-etching time to be the remaining time needed to complete 

the etching, the process run was later completed and final results were as-expected for the total 

etching time (within 200Å actual measured versus predicted etch depth).  This process has 

proven to be very robust.  It is my opinion that the developed silicon dioxide etching process 

produces nearly ideal anisotropic features as demonstrated in the mobility study; because of 
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limited time and financial resources, quantifiable data supporting this conclusion was not 

collected during this research study. 

 

 

4.4.2.4.4 SiO2 Hard-Mask Dry-Etching Procedure 

 

Tool:  Oxford PlasmaPro NGP80 RIE (in NCSU-NNF). 

 

1. Pre-Etching Chamber Cleaning (empty chamber) 

a. Time: 5 min.  

i. (chamber is not clean if plasma color is not pale-yellow; rerun as necessary) 

b. Pressure: 50 mTorr; RF Power: 150 W; Table Temp.: 20º C; O2: 50 sccm 

 

2. Load Sample & Pump Down Chamber 

 

3. Oxford Dry-Etching Procedural Steps 

a. Pump-down Step 

i. Time: 1 min. 

b. O2 ñDescumò Step 

i. Time: 30 sec. 

ii.  Pressure: 80 mTorr; RF Power: 80 W; Table Temp.: 20º C; O2: 10 sccm 

c. Pump-down Step (to ensure removal of all oxygen from system) 

i. Time: 3 min. 

d. Dry-Etching Step 

i. Time: TBD based on desired etch-depth 

ii.  Pressure: 25 mTorr; RF Power: 200 W; Table Temp.: 20º C; CHF3: 40 sccm 

iii.  Record throttle angle:  (~26-27º historically) 

iv. Monitor DC Bias:  typically drifts from > 300 V at start of run to < ~200 V by 

end of run. 

e. Pump-down Step 

i. Time: 1 min. 
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4. Vent Chamber & Remove Sample 

 

5. Post-Etching Chamber Cleaning (empty chamber) 

a. Time: Until plasma color turns pale-yellow; clean time is proportional to dry-etching 

time. 

b. Pressure: 50 mTorr, RF Power: 150 W; Table Temp.: 20ºC; O2: 50 sccm 

 

6. Sample Cleaning & Photoresist Removal  

a. O2 plasma ashing (to remove the fluorocarbon residue layer, which is not soluble in 

any solvent, and to remove all remaining photoresist) 

 

Results: 

¶ 274 Å/min SiO2 (PECVD & densified) etch rate. 

¶ 135 Å/min. photoresist dry etch rate. 

¶ 2.0:1, SiO2:PR dry etch selectivity. 

 

 

4.4.2.5  Stage 4b: Wet-etching PECVD Silicon dioxide (Built from scratch) 

Literature review of wet-etching silicon dioxide revealed the standard method is using 

aqueous HF solutions.  Diluted HF solutions are known to have highly variable SiO2 etching 

rates; thus, buffered-HF solutions which provide highly consistent etch rates are preferred and 

were used in this mobility study.   

Document research noted that the silicon dioxide wet-etch rate was strongly dependent of 

the formation process of the silicon dioxide; as-deposited PECVD wet-etched much faster than 

densified PECVD, which wet-etched much faster than thermally grown SiO2[31].  Buffered-HF 

wet-etching of the SiO2 materials used in the mobility study were experimentally investigated 

and accurate etch rates were determined for these specific oxide layers.  Using a 10:1 buffered-

HF solution, the wet-etch rate for as-deposited PECVD silicon dioxide material was measured to 

be 1570 Å/min.  For the densified PECVD silicon dioxide, wet-etch rates were determined to be 
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~700 Å/min.  The slower and thus, more consistent (i.e. controllable) wet-etch rate for densified 

PECVD silicon dioxide was one primary reason for choosing to apply the densification process.   

 

 

4.4.2.6  Stage 5: Removal of photoresists and fluorocarbon residues (Built from scratch)  

In the early stages of process development of the dry-etching process, an unexpected & 

unknown problem emerged.  After dry-etching the silicon dioxide material, removal of the 

photoresist was surprisingly problematic.  After dry-etching the silicon dioxide, a mysterious 

contaminant was discovered during the solvent-based, wet-chemistry photoresist removal 

process (which is commonly deployed in semiconductor fabrication).  Some obvious floating 

residues were seen in the solvent and then upon inspection of the wafer, similar residues were 

seen deposited and randomly distributed across the surface the wafer.  Numerous attempts to 

spray rinse these surface residues off of the wafer reveled they were strongly adhered to the 

surface.  The contaminant was also found to be insoluble in all the commonly available 

fabrication liquid chemicals including solvents (acetone, IPA, methanol, and NMP), acids such 

as buffered-HF solutions, and bases such as MF-319 developer.  Extended time (>30 minutes) in 

a heated piranha solution, which was frequently recharged with fresh hydrogen peroxide, showed 

progress in reducing the insoluble contaminant (albeit very slowly).   

Another review of published research papers helped identify the product as potentially a 

fluorocarbon residue, typically created in a hydrogen rich fluorine plasma environment with 

carbon compounds present (e.g. photoresist).  Also learned from the published documentation 

which was supported by the limited piranha success, is that the fluorocarbon residue can be 

decomposed by oxidization.  Since oxygen plasmas have ample energy to accelerate the 
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oxidation and decomposition, these were expected to be more successful than piranha solution.  

After a couple of trials the fluorocarbon residues were successfully removed using oxygen 

plasmas.  For the mobility study, a directionless, barrel type asher was determined to be the ideal 

oxygen plasma cleaning tool because it minimized any potential surface damages caused by ion 

bombardment.  Additionally, an oxygen plasma cleaning procedure was developed to clean the 

Oxford dry-etching tool following each silicon dioxide dry-etching process run; this cleaning 

process proved to be consistent and predictable.  
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4.5  Fabrication Step #3: P Base Ion Implantation Process Design & Development 

 

4.5.1  Introduction  

Ion implantation is a semiconductor fabrication process for placing dopants in a substrate 

material.  The ion implantation method is accomplished via dopant atoms being ionized, 

accelerated, and impinged into the substrate material where the resultant profile (penetration 

depth and spread) of these implanted ions in the substrate is governed by bombardment 

probability physics of the ions being ionized, the acceleration energy of those ions, and the 

substrate material.   The aluminum ion (Al++) was chosen as the p-type dopant for the P Base 

region in the mobility study. 

 

SRIM.   

The physical mechanisms for the energy losses of implanted ions which set the depth 

profile have been captured in The Stopping Range of Ions in Matter (SRIM) software 

package[6]; SRIM also includes many physical constants for various ions and substrates (or 

targets).  With this software, tables can be generated containing the projected range (depth for 

the peak concentration), longitudinal straggling (statistical deviation or spread in depth), and 

lateral straggling (statistical deviation or spread orthogonal to the depth direction) in a chosen 

substrate target for various ion implantation acceleration energies of a chosen ion.   

 

Ion implantation models.   

Following deviation in [7] and assuming a random distribution of substrate atoms, the 

implanted ion profile can be modelled as a Gaussian distribution profile (Equation 4.3 where x is 
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the longitudinal distance, C is the concentration, RP is projected longitudinal range, rRP is the 

longitudinal straggle or standard deviation, and CP is the Gaussian peak concentration).  

ὅὼ ὅὩὼὴ
Ў

    Equ. 4.3 

Noting that mathematically, the integral of a Gaussian function is an error function, 

integrating the Gaussian concentration profile, C(x), produces the dose concentration, Q in 

Equation 4.4.  Solving for the Gaussian peak concentration gives Equation 4.5. 

ὗ Ѝς“ЎὙὅ     Equ. 4.4 

ὅ
Ѝ Ў

      Equ. 4.5 

Substituting Equation 4.5 into Equation 4.3 and then solving for the longitudinal depth, x, 

gives Equation 4.6. 

ὼ Ὑ ЎὙὛὗὙὝςὰὲ
Ѝ Ў

   Equ. 4.6 

The random distribution of substrate atoms may be nearly realized in practice by tilting 

the substrate; for 4H-SiC, the off-cut wafer of 4° is sufficient tilt to minimize tailing effects so 

that implantation can be done at 90° to the surface. 

 

 

4.5.2  P-Base Region Design 

In order to mimic practical trench-gate power MOSFET structures in the mobility study, 

an optimization of the P base region design was performed for a thickness and p-type doping 

concentration assuming unshielded trench-gate MOSFET structures.  The P base thickness must 

be made wide enough and the doping high enough such that the electric field does not reach 

through the P base region when operating in blocking mode; should reach-though occur, leakage 
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currents would increase exponentially and quickly become unacceptably excessive.  Increasing 

the P base thickness linearly increases the channel length and thus, the channelôs on-resistance.  

Increasing the P base doping concentration increases the threshold voltage for inversion and 

consequently the magnitude of the resultant MOS gate electric field during on-state operation.   

 

Mathematical physical simulations.   

Mathematical physical simulations were performed using the Synopsys Sentaurus T-

CAD software for various P base thicknesses and a doping concentration of 1.E17/cm3 in a 4H-

SiC trench-gate MOSFET structure in blocking mode.  In this design, the N+ source junction 

depth was chosen to be 0.2 µm.   

 

 
Figure 4.10:  Two-dimensional current density profile in 4H-SiC trench-gate MOSFET structure 

in blocking mode. 
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In Figure 4.10, the simulated current density profile in 4H-SiC trench-gate MOSFET 

structure in blocking mode is shown for three P base region junction depths; in this chart, 

breakdown is defined by only avalanche breakdown (i.e. when the 4H-SiC ionization integral 

equals unity).  For the thickest design shown with P base junction depth of 0.6 µm (channel 

length of 0.4 µm, recalling the N+ source junction depth of 0.2 µm), the leakage current density 

at avalanche breakdown is 15 mA/cm2.  However, for the narrower P base region cases of 0.5 

µm and 0.4 µm junction depths, the leakage current density jumps four and six orders of 

magnitude, respectively.  As can be seen, the current density for the narrower cases is flowing 

through the center of P base region exemplifying the reach-though condition.  Figure 4.11, shows 

the current density development while increasing the blocking voltage for four cases of P base 

junction depth.  As can be seen in the narrowest case of 0.3 µm, P base reach-through occurs at 

very low blocking voltages and for the widest case of 0.6 µm, the reach-though condition does 

not occur before avalanche breakdown.   

 

 
Figure 4.11:  Impact of P-base region thickness on reach-through condition in trench-gate 

MOSFET structure for 1E17/cm3 p-type doping.   
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Additional simulations were preformed to locate the minimum P base thickness necessary 

to prevent reach-through.  Adding the specification that the breakdown condition occurs at either 

avalanche breakdown or when the leakage current density reaches 100 mA/cm2, the results of 

these simulations can be summarized as seen in Figure 4.12.  It was determined that above a 0.53 

µm P base junction depth, the structures demonstrated avalanche breakdown and devices below 

0.53 µm junction depth reached the maximum 100 mA/cm2 current density prior to achieving the 

avalanche condition.  Note that in the non-avalanche cases, the breakdown voltage is specified to 

be the voltage at the point the current reaches 100 mA/cm2 which drops very rapidly with 

reduced P Base junction depth (or thickness).  Two-dimensional current density profiles for the 

additional simulations are shown in Figure 4.13.   

 

 
Figure 4.12:  P base reach-through caused breakdown. 

 


