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What is Silicon Carbide? • Group IV-IV
 semiconductor
 • Made up of tetrahedrally bonded silicon (Si) and carbon (C)
 • Sublimes at around 2700℃ , does not melt at any known pressure
 • Chemically inert
 Structure of SiC (Ref. iii)
 12/17/2012 Challenges of Silicon Carbide MOS Devices
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What is Silicon Carbide? • Exists in about 250
 crystalline forms (polytypes)
 • Forms are identical in 2 dimensions and differ in the 3rd
 • The most common polytypes of SiC presently being developed for electronics are 4H-SiC and 6H-SiC.
 Crystalline structure of 4H-SiC (Ref. vii)
 Crystalline structure of 6H-SiC (Ref. vii)
 12/17/2012 5
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Why Silicon Carbide?
 • Only compound semiconductor that undergoes a chemical reaction with oxygen to form a native oxide insulator (SiO2)
 • 4H-SiC and 6H-SiC are the superior forms of SiC available commercially in wafer form.
 • 4H-SiC is the polytype of choice – Higher carrier mobility
 – Shallower dopant ionization energies
 – Weak anisotropy in electron mobilities parallel and perpendicular to the c-axis
 – Hence, better for vertical power applications
 12/17/2012 7
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Comparison of properties Properties Silicon 4H-SiC 6H-SiC
 Bandgap (eV) 1.1 3.2 3.0
 Breakdown Field (in MV/cm @ ND=1017 cm-3)
 0.6 3.0 ( parallel to the c-axis)
 3.0 ( parallel to the c-axis)
 Thermal Conductivity (in W/cm-K)
 1.5 3-5 3-5
 Saturated Electron Velocity (107 cm/s)
 1 2 2
 Electron Mobility (in cm2/Vs @ ND=1017 cm-3 )
 1200 800 (both parallel and perpendicular to the
 c-axis)
 60 (parallel to the c-axis) 400 (perpendicular to
 the c-axis)
 12/17/2012 8
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Applications of SiC devices • High Temperature
 Applications – Has a wide band gap and low
 intrinsic carrier concentration
 – In silicon, intrinsic carrier concentrations exceed device doping at high temperatures
 – Undesired leakage currents flow at high temperatures
 – Restricts silicon device operation to junction temperatures below 300 ℃
 Intrinsic carrier concentration as a function of temperature. Silicon’s intrinsic concentration reaches typical doping concentrations at much lower temperatures.(Ref. xvii)
 12/17/2012 Challenges of Silicon Carbide MOS Devices
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Applications of SiC devices • High Power Applications
 – Silicon carbide devices could theoretically operate at junction temperatures exceeding 800 ℃
 – Has a high breakdown field and high thermal conductivity, along with high operational junction temperatures
 – High breakdown field allows shrinking of the drift-region and associated parasitic on-state resistance
 Simulated forward conduction characteristics of ideal Si and SiC 3000 V power MOSFETs and Schottky rectifiers. The high breakdown field of SiC relative to silicon permits a roughly 100-fold increase in on-state current density for the 3000-V SiC devices relative to 3000-V silicon devices. (Ref. v)
 12/17/2012 11
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Applications of SiC devices
 Cross-section of power MOSFET structure showing various internal resistances. The resistance RD of the N-drift region is the dominant resistance in high-voltage power devices. (Ref. v)
 12/17/2012 12
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Applications of SiC devices
 • High Frequency Applications – Semiconductor switching energy loss accounts for significant power
 loss in silicon high power system circuits. – Loss depends on turn-off time (time lapse between when a turn-off
 bias is applied and the time that most current flow is cut off). – SiC's high breakdown field and wide band gap enable high frequency
 switching with much less energy loss. – High frequency switching allows the use of smaller capacitors,
 inductors and transformers, bringing down overall system size and weight.
 – High thermal conductivity enables more efficient waste heat removal from the active device.
 12/17/2012 13
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Drawbacks of SiC MOS devices • During the oxidation of SiC, there is
 carbon excess at the interface which is a possible cause of high interfacial trap density (Dit).
 • Severe trapping of electrons at the SiC/SiO2 interface
 – Trapping causes reduced conductance
 – Electron channel mobility is also reduced
 • Various scattering mechanisms such as Coulomb scattering, phonon scattering and surface roughness scattering reduce electron channel mobility.
 12/17/2012 15
 Schematic of a SiC MOSFET (Ref. ix)
 1 2 3 4 5 6 7 8 9 10
 Challenges of Silicon Carbide MOS Devices
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Mobility measurements • Electron mobility (𝜇𝑛) characterizes how quickly
 an electron can move through a metal or semiconductor, when pulled by an electric field.
 • Methods for measuring : 1. Hall-Effect measurements- can be used even in the presence of
 considerable interface trapping
 𝜇𝐻𝑎𝑙𝑙 = 𝜎𝑛𝑉𝐻𝑛𝑡
 𝐼𝐵
 Here, VHn (Hall voltage), t (sample thickness), I (current) and B (magnetic field) can be measured directly, and the conductivity σn is either known or can be obtained from measuring the resistivity. (Ref. vii)
 12/17/2012 17
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Mobility measurements • Methods for measuring:
 2. Field Effect Mobility – measured using a Field Effect Transistor. Depends on the region in which the measurements are made(that is, saturation region or linear region)
 𝜇𝐹𝐸 =𝐿
 𝑊𝐶𝑜𝑥𝑉𝐷𝑆
 𝜕𝐼𝐷
 𝜕𝑉𝐺
 Here, L is the channel length, W is the channel width, Cox is the oxide capacitance, VDS is the drain source voltage and
 𝜕ID
 𝜕VG is the derivative of
 the drain current.
 Field-effect mobility versus gate voltage for the “high-mobility” Hall sample and MOSFET. Solid line: theory (Ref. xi)
 12/17/2012 18
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Comparison of Hall and field effect mobilities
 • Measuring mobility using field effect mobility in the saturation mode of the MOSFET may underestimate the true mobility since the channel width modulation (Early effect) is ignored.
 • Measuring field effect mobility in the linear region may overestimate the true value of mobility since if the drain source voltage is too large or the gate voltage is too small, then the device may not remain in the linear region.
 • The Hall mobility represents mobility in the bulk and the interface does not play a major role in its determination.
 12/17/2012 19 Challenges of Silicon Carbide MOS Devices
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Mobility measurements • Electron mobility is determined from the MOSFET
 conductance :
 𝜇𝑛 =𝐿𝑔
 𝑊𝑞𝑛𝑓𝑟𝑒𝑒
 Where g is 𝜕𝐼𝐷
 𝜕𝑉𝐺 and nfree is the density of free electrons in the inversion layer.
 • Total density of inversion layer electrons:
 𝑛𝑡𝑜𝑡𝑎𝑙 =(𝑉𝐺 − 𝑉𝑡ℎ)𝐶𝑜𝑥
 𝑞
 • Assuming that nfree=ntotal gives us:
 𝜇𝑛 =𝐿𝑔
 𝑊(𝑉𝐺
 −𝑉𝑡ℎ
 )𝐶𝑜𝑥
 =𝜇𝑒𝑓𝑓
 • This assumption is only true in the absence of electron trapping. If a substantial fraction of the electrons are trapped then 𝜇𝑒𝑓𝑓 is not equal to the actual mobility.
 12/17/2012 20 Challenges of Silicon Carbide MOS Devices
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Interface trap density • Interface trap densities at
 the SiO2/SiC interface are about 1 to 2 orders of magnitude higher than those found at the SiO2/Si interface.
 High Resolution Transmission Electron Microscope (HRTEM) image of the SiO2/4H-SiC interface revealing the transition layers A (4.8 nm) and B (3.3 nm) on the SiO2 and SiC sides of the interface, respectively. (Ref. x)
 12/17/2012 22
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 Low angle annular dark field Z-Contrast Scanning
 Transmission Electron Microscope (STEM) image of the SiO2
 /SiC interface. Note the nonuniform thickness of the brighter band at the top SiC surface that can be correlated with the nonuniformity of the excess carbon at these regions. (Ref. x)
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Interface trap density • Likely sources of interface
 traps:
 i. Excess carbon
 ii. Interface defects due to the presence of threefold coordinated O and C interstitial atoms
 iii. Point defects like Si vacancies that extend into the SiC below the SiO2/SiC interface
 Depiction of the charge balance in an SiC MOS system with Qox, Dit, and bulk traps under a positive gate bias. (Ref. xii)
 12/17/2012 23
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Mechanism for the formation of interface traps
 Contribution of interface and oxide defects to the observed Dit(E), based on the calculated electronic structure and the most likely routes of dry oxidation, as follows from the calculated energies of reactions. (Ref. xiii)
 12/17/2012 24
 1 2 3 4 5 6 7 8 9 10
 Challenges of Silicon Carbide MOS Devices
 • Electrically active defects : o Carbon split interstitial o Interface carbon dimer o Silicon interstitials in the oxide o Fixed carbon dimer in the
 oxide
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Effect of Dit on inversion layer carrier density
 • The mobile inversion charge density is reduced by interface traps
 • Dit is fitted to a two parameter function:
 𝐷𝑖𝑡 =𝑑𝑄𝑖𝑚𝑚𝑜𝑏(𝐸)
 𝑑𝐸= ∆exp [−(𝐸𝑐 − 𝐸)/𝜁]
 • The immobile charge is equal to the sum of the fixed oxide charge and trapped interface charge:
 𝑄𝑖𝑚𝑚𝑜𝑏 EF = Qf + Qt(EF) = VGideal − VGexperim Cox/q
 12/17/2012 26
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Effect of Dit on inversion layer carrier density
 Experimental points: inversion carrier density ninv from Hall effect measurements versus gate voltage V for samples (a) and (b). Dashed curve: ideal charge-sheet model (CSM) calculation (no carrier trapping). Solid curves: CSM calculation with VG shifted by -qQimmob/Cox.
 (Ref. xi)
 Change in nfree per volt change in VG as a function of temperature. The dashed line is the maximum theoretical value of Δnfree in the absence of electron trapping. Agreement between theory and experiment is much worse in 4H-SiC, indicating much higher electron trapping. (Ref. iv)
 12/17/2012 27
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Effect of Dit on inversion layer conductance and mobility
 • A fraction of the gate-induced charge is immobilized in the surface traps, so larger swings in VG are needed to change the inversion charge, decreasing the transconductance.
 • Drift mobility of inversion layer electrons is reduced by Coulomb scattering.
 12/17/2012 28 Challenges of Silicon Carbide MOS Devices
 1 2 3 4 5 6 7 8 9 10
 Comparison of Hall and effective mobilities in 4H-SiC and 6H-SiC. The large discrepancy between 𝜇𝐻𝑎𝑙𝑙and 𝜇𝑒𝑓𝑓 for
 4H-SiC arises because of the much higher electron trapping in 4H-SiC. (Ref. iv)
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12/17/2012 29
 n++ n++
 p-
 SiO2
 SiC
 e-
 e- e-
 Schematic depiction of the Coulomb scattering mechanism at the SiC/SiO2 interface.
 Effect of Dit on inversion layer conductance and mobility
 • Free channel electrons are
 deflected and scattered by the Coulomb potential
 • Animation displays the effect of a charged interface state on electrons travelling from the source to the drain
 1 2 3 4 5 6 7 8 9 10
 Challenges of Silicon Carbide MOS Devices
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Electron scattering mechanisms • Four main scattering
 mechanisms which reduce electron channel mobility:
 1. Coulomb scattering (𝜇𝑐𝑜𝑙)
 2. Phonon scattering (𝜇𝑎𝑐)
 3. Surface roughness scattering (𝜇𝑠𝑟)
 4. Bulk scattering (𝜇𝑏𝑢𝑙𝑘)
 Mobility due to the four main scattering mechanisms, along with the total inversion mobility plotted as a function of inversion charge density in a SiC MOSFET. (Ref. xiv)
 12/17/2012 31
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Electron scattering mechanisms • By Mathieson’s Rule:
 1
 𝜇𝑡𝑜𝑡𝑎𝑙
 =1
 𝜇𝑏𝑢𝑙𝑘
 +1
 𝜇𝑎𝑐
 +1
 𝜇𝑐𝑜𝑙
 +1
 𝜇𝑠𝑟
 • Calculated values for bulk
 mobility (540 cm2/Vs) and acoustic phonon scattering term (260 cm2/Vs) indicate these mechanisms are not significant since the measured mobility is 25cm2/V-s
 •1
 𝜇𝑠𝑟
 ,𝑐𝑜𝑙
 =𝐸2
 𝑒𝑓𝑓
 𝛿+
 1
 𝜇𝑐𝑜𝑙
 Here, 𝛿 is a parameter that has to be fitted.
 Inverse mobility due to surface-roughness scattering and Coulomb scattering as a function of electric field at several inversion charge densities. (Ref. xiv)
 12/17/2012 32
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Possibilities for the reduction of Dit
 • Some techniques exist to overcome these challenges:
 1. Carrying out oxidation in nitrogen containing atmospheres(Nitric Oxide (NO),Nitrous Oxide (N2O))
 2. Other elements such as sodium, potassium, hydrogen have also been used
 12/17/2012 34
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Oxidation in nitrogen containing atmospheres
 • Excess carbon at the SiC/SiO2 interface leads to a bonded Si-C-O interlayer with threefold coordinated atoms responsible for high Dit
 • The threefold coordinated atoms can be replaced by N.
 Measured Interface Trap densities in AS-oxidized 4H-SiC for various oxidation atmospheres. (Ref. xv)
 12/17/2012 35
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Using sodium and potassium to reduce Dit
 • Oxidized samples were contaminated by potassium by boiling them in potassium hydroxide (KOH)
 • Sodium is incorporated by using carrier boats made of sintered alumina during oxidation or by deliberate sodium contamination of the oxide. Interface state density as a function of energy for three
 different MOS capacitors (Ref. vii)
 12/17/2012 36
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12/17/2012 37 Challenges of Silicon Carbide MOS Devices
 Using sodium and potassium to reduce Dit
 Gated Hall measurements of 4H-SiC MOSFETS with gate oxides grown by sodium enhanced oxidation. (Ref. xix)
 Measured charge and expected charge in 4H-SiC MOSFET structures with thermal gate oxide treated with an NO anneal. (Ref. xix)
 1 2 3 4 5 6 7 8 9 10
 The addition of sodium to the gate oxide increases the inversion charge density and this may be one of the reasons for the reduction in the density of interface traps.
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Outlook
 • SiC has many advantages over Si for high power, temperature and frequency applications.
 • However, the high interface trap density reduces the utility of SiC.
 • Methods to reduce high interface trap density exist and so SiC MOSFETs could find widespread use in industry if these methods are developed further.
 • SiC based MOSFETs have recently begun to be sold in the market.
 12/17/2012 39
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