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A B S T R A C T 

Power conversion is what makes the modern world work. Switching devices that trade voltage, current, frequency, and heat are used in every data center rack, 

factory inverter, electric vehicle, and fast phone charger. The power MOSFET is the most important part of these systems. Silicon (Si) MOSFETs built the industry 

by being cheap and easy to scale. Then, silicon superjunction (SJ) structures took performance to the next level by breaking the old trade-off between on-resistance 

and breakdown. Wide-bandgap (WBG) semiconductors, like silicon carbide (SiC) and gallium nitride (GaN), were made possible by a change in materials. SiC has 

properties that let it handle much higher voltage, while GaN has properties that let it handle much higher frequency and power density, and sometimes both when 

packaging and magnetics allow it. An engineer-focused, pragmatic review is provided in this article. In order to explain why some devices are better at certain 

tasks, we start with the material fundamentals that establish the ultimate limits: bandgap, critical electric field, mobility, and thermal conductivity. We then go over 

traditional figures of merit. The evolution of device architectures is then covered, including the transition from planar to trench SiC, from vertical Si DMOS to 

superjunction, and from depletion-mode foundations to dependable enhancement-mode GaN with increasing monolithic integration. In order to move efficiency 

and EMI in the lab, we then compare representative 650 V devices based on features like charge, capacitance, reverse recovery, and ruggedness. In addition to a 

quick overview of market trends and research areas, we conclude with application-mapped guidance on EV traction, high-density server PSUs, consumer fast 

chargers, and renewable inverters. In addition to summarizing datasheets, the goal is to relate fundamental concepts to common design trade-offs so that practitioners 

can confidently select the best switch. 
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1. Introduction 

Silicon power MOSFETs remains the industry’s anchor because of economics: mature processing, tight yields and global volume [1]. Physics, however, 

imposes hard boundaries. Silicon’s bandgap (≈1.12 eV) and critical electric field (≈0.3 MV/cm) cap what a unipolar device can do at high voltage 

and frequency [2]. Pushing breakdown voltage requires a thicker, more lightly doped drift region, which raise R_(DS(on)) and increases energy stored in 

capacitances—penalizing both conduction and switching [1]. 

Two responses emerged. First, architectural innovation inside the Si ecosystem led to superjunction (SJ) MOSFETs: alternating p/n columns with charge 

balance flatten the electric field, allowing thinner, more heavily doped drift regions and step reduction in on-resistance at a given voltage [3] and [4]. 

Second, a materials shift delivered SiC and GaN, which bring higher E_crit and, in GaN’s case, a high-mobility 2DEG channel. In practice, SiC dominates 

where voltage and temperature are high; GaN dominates where speed and power density are paramount [5], [6], and [7]. 

2. Fundamental Material Properties and Figures of Merit 

Device choices make sense once the material landscape is clear. 

2.1 Bandgap and leakage 

 A wider bandgap reduces intrinsic carriers and leakage at temperature, supporting higher breakdown and harsher environments. Si sits near 1.12 eV; 

4H-SiC and GaN are ∼ 3.26 and ∼ 3.4 eV [1] and [8]. 
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2.2 Critical electric field (𝑬𝒄𝒓𝒊𝒕) 

 Breakdown strength scales strongly with 𝐸crit. Si’s ∼ 0.3 MV/cm is dwarfed by SiC/GaN near the 3 MV/cm class [2] and [9]. Thinner, more heavily 

doped drift regions become possible at the same rating, slashing 𝑅DS(on). 

2.3 Baliga’s lens 

 Baliga’s unipolar figure of merit frames why WBG helps: for a given breakdown voltage, the ideal specific on-resistance is orders of magnitude lower 

in high-𝐸crit materials, all else equal [2]. This is the intuition behind SiC’s traction in kV-class systems and GaN’s advantage in fast-switching converters. 

2.4 Thermal conductivity and mobility 

 Thermally, 4H-SiC conducts heat extremely well (≈ 3.7–4.9 W/cm⋅K), aiding compact, high-power modules. GaN is lower (≈ 1.3–2.0 W/cm⋅K), 

shifting the burden to packaging and system cooling [9] and [10]. GaN’s 2DEG offers high mobility (∼ 2000 cm 2/V⋅s), enabling very low charge and 

fast transitions when drivers and layout cooperate [6] and [7]. 

Table  1: Key material properties relevant to power devices [2], [9], and [10]. 

  Property   Unit   Silicon (Si)   4H-SiC   GaN  

 Bandgap (𝑬𝒈)   eV   1.12   3.26   3.4  

Critical Electric Field (𝑬𝐜𝐫𝐢𝐭)   MV/cm   ≈ 𝟎. 𝟑   ≈ 𝟐. 𝟓–𝟑. 𝟎   ≈ 𝟑. 𝟎–𝟑. 𝟓  

Thermal Conductivity (𝝀)   W/cm⋅K   ≈ 𝟏. 𝟓   ≈ 𝟑. 𝟕–𝟒. 𝟗   ≈ 𝟏. 𝟑–𝟐. 𝟎  

Electron Mobility (𝝁𝒆)   cm 𝟐/V⋅s   ≈ 𝟏𝟒𝟎𝟎   ≈ 𝟗𝟎𝟎   ≈ 𝟐𝟎𝟎𝟎 (2DEG)  

Saturation Velocity (𝒗𝐬𝐚𝐭)   × 𝟏𝟎𝟕 cm/s   ≈ 𝟏. 𝟎   ≈ 𝟐. 𝟎–𝟐. 𝟐   ≈ 𝟐. 𝟓  

3. The Silicon Workhorse: From Planar DMOS to Superjunction 

Vertical Si MOSFETs (VMOS/DMOS) defined modern power switching, but they carry the classic drift-region trade-off [8]. Superjunction devices 

sidestep it. Balanced p/n columns deplete laterally under reverse bias, creating an almost uniform field and allowing high doping and thin drift regions at 

a given voltage. Practically, that means much lower 𝑅DS(on) without exotic processes at the application level [3]. Current SJ families—CoolMOS and 

MDmesh—anchor 500–900 V PFC and primary switches in cost- and efficiency-sensitive supplies [4]. 

• Design implications 

 SJ parts reward tight dead-time control and careful 𝐶oss management in hard-switched stages. They also scale well economically, making them tough to 

beat in many AC–DC front-ends until thermal or frequency targets force a move to WBG. 

4. Silicon Carbide (SiC) Power MOSFETs 

SiC brings high 𝐸crit, wide bandgap, and superb thermal conductivity together [1] and [9]. The result is low specific on-resistance at kV ratings, robust 

high-temperature operation, and credible switching speeds at power. Commercially, both planar and trench channels are used, with die sizes trending 

down and channel mobility improving. Vendor portfolios and reference designs now cover traction, industrial drives, PV/storage inverters, and server 

power where bus voltages exceed ∼650 V [5], [11], and [12]. 

• Design implications 

 SiC likes fast, strong gate drive and tight loop inductances; Kelvin-source packaging helps. The intrinsic diode is much faster than Si’s, but still has 

nonzero 𝑄rr, so dead-time tuning and diode-free topologies (e.g., synchronous rectification) pay dividends. 

5. Gallium Nitride (GaN) Power Devices 

GaN’s calling card is speed. The AlGaN/GaN interface forms a high-density 2DEG with low charge, making multi-megahertz operation feasible [6] and 

[7]. The technology matured around enhancement-mode (normally-off) devices and growing monolithic integration (co-packaged or on-die drivers, logic, 

and protection) that minimize parasitics and ringing [13] and [14]. 

• Design implications 
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 With 𝑄𝑔 and 𝐶oss so low, layout and gate-drive fidelity become the limiting factors. Reverse conduction occurs without a pn body diode, so effective 

𝑄rr ≈ 0, enabling topologies like CCM totem-pole PFC with high efficiency—but short-circuit and avalanche margins are lower than Si/SiC, so fast 

protection is mandatory [9] and [14]. 

6. Quantitative Performance and Switching Behavior 

6.1.  Conduction and Switching Losses 

 At a fixed die area, SJ and WBG reduce R_(DS(on)) relative to conventional Si. Switching loss is where GaN often excels: very low Q_g and C_oss 

reduce turn-on/turn-off energy and ease EMI filtering [9]. SiC’s advantage grows with voltage and temperature, and modern trench devices continue  to 

push die size down. 

• Reverse recovery and EMI 

 Body-diode behavior dominates hard-switched bridge loss and noise. Si/SJ/SiC devices have nonzero Q_rr; GaN’s diode-free reverse conduction avoids 

it, which reduces shoot-through risk at short dead-times and improves light-load efficiency [9] and [14]. 

 Table  2: Representative 600–650 V device comparison (typical datasheet values) [4], [5], and [13]. 

  Parameter   Unit   Si Superjunction (ST 

MDmesh M6)  

 SiC MOSFET 

(Wolfspeed C3M)  

 GaN HEMT (EPC 

eGaN)  

 Part Number   -   STO67N60M6   C3M0060065K   EPC2022  

𝑽𝐃𝐒   V   600   650   650  

𝑹𝐃𝐒(𝐨𝐧) (typ)   m𝛀   48   60   50  

𝑰𝑫 (continuous)   A   34   37   32  

𝑸𝒈 (typ)   nC   72.5   46   13  

𝑸𝐫𝐫 (typ)   nC   5600   ≈ 𝟖𝟓   0  

𝑻𝒋,𝒎𝒂𝒙    ∘𝐂   150   175   150  

Reliability Physics and Failure Mechanisms 

7.1 SiC MOSFETs 

 Gate oxide integrity and 𝑉th stability under bias/temperature stress are the headline issues; successive generations have improved both through process 

and interface engineering [1]. 

7.2 GaN HEMTs 

 Dynamic 𝑅DS(on) (current collapse) is tied to trapping during high-𝑉DS off-state and must be mitigated in both device and control (e.g., snubbing, dv/dt 

management). Short-circuit and avalanche margins are comparatively limited, so protection and fast fault handling are part of every robust design [9] and 

[14]. 

 

7.3 Si/SJ MOSFETs 

 Beyond classic Si failure modes, SJ parts add sensitivity to p/n column charge balance: imbalance can concentrate field and reduce ruggedness, which 

is why manufacturing control is central to modern SJ lines [3]. 

8. Application-Specific System Integration 

8.1 EV traction and auxiliaries (400–800 V buses) 

SiC is the default for main inverters and DC–DC stages because it combines low 𝑅DS(on) at high voltage with thermal headroom. Module choices, Kelvin-

source leads, and gate-drive integrity dominate results [11].  
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8.2 High-density server/telecom PSUs 

GaN enables MHz-class PFC + LLC/CLLC with smaller magnetics and higher power density; integrated drivers shrink parasitics and improve 

repeatability across layouts [13] and [14].  

8.3 Consumer fast chargers/adapters 

GaN-based QR/ACF stages deliver compact, efficient designs from 45 W to beyond 140 W, with excellent light-load behavior and low standby power 

[13].  

8.4 Renewables and industrial inverters 

At higher power levels, SiC’s conduction and thermal benefits justify device cost; for lower-power or cost-sensitive tiers, modern SJ MOSFETs remain 

highly competitive [4] and [5].  

9. Market Landscape and Future Outlook 

Analysts project sustained growth for WBG devices, with SiC driven by automotive volumes and GaN expanding rapidly in sub-900 V, high-frequency 

applications [15]. Expect further progress in vertical GaN concepts, advanced packaging (double-sided cooling, low-inductance power loops), and tighter 

device–driver–magnetics co-design. As integration rises, many of today’s EMI and ringing challenges will be solved in-package, shifting optimization 

toward system architecture [3] and [15]. 

10. Conclusion 

Power MOSFETs now form a toolkit rather than a single winner. Silicon superjunction remains the cost-efficient choice for many 500–900 V stages; SiC 

excels when bus voltages and temperature are high and conduction loss dominates; GaN shines where switching speed and power density are the primary 

constraints below ∼900 V. In practice, device physics only becomes performance when paired with the right gate drive, layout, magnetics, and cooling. 

As a rule of thumb: (i) pick SiC for 650–800 V buses or harsh thermals, (ii) pick GaN when hard-switching loss/EMI and size drive the spec, (iii) pick 

advanced SJ Si when frequency is moderate and cost matters most. Looking ahead, tighter integration and low-inductance packaging will keep shifting 

limits but the best choice will still be the one that relieves the bottleneck—thermal, EMI, density, or cost. 
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