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1. SiC semiconductor  

1.1  Physical properties and features of SiC 

SiC (silicon carbide) is a compound semiconductor material composed of silicon (Si) and carbon (C). Table 1-1 shows the 

electrical characteristics of each semiconductor material. SiC has an excellent dielectric breakdown field intensity (breakdown 

field) and bandgap (energy gap), which are 10 times and 3 times greater than Si, respectively. Furthermore, control over the p- 

and n-types necessary for device manufacturing can be achieved in a wide range. Consequently, SiC is considered as a 

promising material for power devices that can exceed the limit of Si. SiC has various polytypes (crystal polymorphism), and 

each polytype shows different physical properties. For power devices, 4H-SiC is considered to be ideal and its monocrystalline 

wafers between 4 inches and 6 inches are currently mass produced. 

 

Table 1-1. Electrical characteristics of semiconductor materials 

 

1.2  Features as power devices 

Due to the high dielectric breakdown field intensity of SiC, which is approximately 10 times higher than that of Si, high 

breakdown voltage power devices from 600 V to several thousand V can be manufactured with a drift layer having a higher 

impurity concentration and a thinner thickness compared with Si devices. Most of the resistance component of high breakdown 

voltage power devices is the resistance of this drift layer. Therefore, SiC can realize high breakdown voltage devices with a very 

low on-resistance per unit area. Compared with Si, the drift layer resistance per area can theoretically be reduced to 1/300 at 

the same breakdown voltage. With Si, minority carrier devices (bipolar devices) including IGBTs (insulated gate bipolar 

transistors) have been mainly used to address the increase in the on-resistance associated with a higher breakdown voltage. 

However, they suffer from a large switching-loss and high frequency drive is limited due to the heat generated as a result of the 

switching-loss. In contrast, using SiC, a high breakdown voltage can be achieved with majority carrier devices (Schottky barrier 

diodes and MOSFET), which are high speed device structures. Therefore, all three features, namely ñhigh breakdown voltageò, 

ñlow on-resistanceò, and ñhigh speedò, can be simultaneously realized. 

Furthermore, its bandgap is approximately 3 times wider than that of Si, enabling power devices that can be operated at a 

higher temperature (although the guaranteed temperature is presently around 150°C to 175°C due to restriction from the heat 

resistance reliability of packages, a guaranteed temperature above 200°C can be realized with progress in the package 

technology in the future). 

 

 

 

 

 

 
Properties Si 4H-SiC GaAs GaN

Crystal Structure Diamond Hexagonal Zincblende Hexagonal

Energy Gap : EG (eV) 1.12 3.26 1.43 3.5

Electron Mobility : ȉn (cm2/Vs) 1400 900 8500 1250

Hole Mobility : ȉp (cm2/Vs) 600 100 400 200

Breakdown Field : EB (V/cm) X106 0.3 3 0.4 3

1.5 4.9 0.5 1.3

Saturation Drift Velocity : v s (cm/s) X107 1 2.7 2 2.7

Relative Dielectric Constamt : ŮS 11.8 9.7 12.8 9.5

p, n Control
Thermal Oxide
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2. Features of SiC SBD 

2.1  Device structure and features 

With SiC, high breakdown voltage diodes above 1,200 V can be realized using the Schottky barrier diode (SBD) structure (up 

to approximately 200 V with Si-based SBD). 

As a result, as shown in Figure 2-1, the recovery loss can be significantly reduced by replacing currently prevailing high speed 

PN junction diodes (FRD: fast recovery diode) with SBD. This contributes to improvement in the power supply efficiency, 

downsizing of passive components including coils by high frequency drive, and noise reduction. Their applications are mainly 

power factor correction (PFC) circuits and secondary side rectifying bridges, and extending to onboard chargers for EV, power 

conditioners for solar power generation, power supplies for servers, air conditioners, and so on. 

 Currently, SBD with breakdown voltages of 650 V, 1,200 V, and 1,700 V are listed in ROHMôs lineup. 

 

 

Figure 2-1. Rated voltage ranges for Si and SiC (diodes) 
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2.2  Forward characteristics of SiC SBD 

The rising voltage of SiC SBD is a little less than 1 V, similar to Si FRD. The rising voltage is determined by the height of the 

Schottky barrier and can usually be reduced by designing a lower barrier height. However, there is a trade-off relation between 

the rising voltage and the leakage current in a reverse bias condition, which increases as the barrier height decreases. In the 

second generation of ROHMôs SBD, innovations in processes successfully reduced the rising voltage by approximately 0.15 V 

while maintaining the leakage current and the recovery performance at the same level as conventional products. Furthermore, 

in the third generation SBD, VF and the leakage current are further reduced by combining the JBS (junction barrier Schottky) 

structure and the low VF process for the second generation SBD. In particular, VF is significantly reduced at high temperature. 

The temperature dependence differs from that of Si FRD, showing increase in VF due to increase in the operating resistance 

as temperature increases. They can be safely used in parallel connections because a thermal runaway is unlikely to occur. 

Figure 2-2 shows typical VF-IF characteristics. 

 

(a) Tj=25ϴ                  

 

(b) Tj=150ϴ 

Figure 2-2. Forward characteristics of SiC SBD (650 V, 10 A class) 

0

2

4

6

8

10

0.0 0.5 1.0 1.5 2.0

I F
[A

]

VF [V]

2nd

Generation

3 rd

Generation

0

2

4

6

8

10

0.0 0.5 1.0 1.5 2.0

I F
[A

]

VF [V]

2nd

Generation

3 rd

Generation



 

8/ 88  

© 2020 ROHM Co., Ltd. No. 63AN102E Rev.003 

2020.11 

Application Note SiC Power Devices and Modules  

2.3  Recovery characteristics of SiC SBD 

In Si-based high speed PN diodes (FRD: fast recovery diode), a large transient current flows momentarily when the direction 

switches from forward to backward, causing a large loss due to transition to the reverse bias state during this period. This is 

attributed to a contribution to electrical conduction by minority carriers that have been stored within the drift layer during a 

forward conduction until they disappear (storage time). The larger the forward current and the higher the temperature, the longer 

the recovery time and the larger the recovery current, resulting in a significant loss. 

  In contrast, since SiC SBD are majority carrier devices (unipolar devices), which do not use minority carriers for electrical 

conduction, no accumulation of minority carriers occurs in principle. Only a small current flows that is sufficient to discharge the 

junction capacitance, and the loss can be significantly reduced compared with Si FRD. Since this transient current is mostly 

independent of the temperature and the forward current, a stable and high speed recovery can be achieved in any environment. 

In addition, noise generated due to the recovery current is expected to be reduced. 

  Figure 2-3 shows the measurement results of the recovery characteristics of SiC SBD and Si FRD. It can be seen that the 

recovery current is significantly reduced with SiC, irrespective of the operating temperature and the flowing current. 

 

   Si FRD                                              SiC SBD 

 

(a) Temperature dependence 

 

Si FRD                                              SiC SBD 

  

(b) Forward current dependence 

 

Figure 2-3. Comparison of recovery characteristics (650 V, 10 A class) 
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2.4  Forward surge characteristics of SiC SBD 

In the second generation SBD, a simple structure has been employed where Schottky metal is only attached to the drift layer, 

referred to as the pure Schottky structure. However, since the resistance value of the drift layer increases at a higher 

temperature, self-heating limits the current when the forward surge current flows, resulting in a trend that makes the peak surge 

current IFSM smaller compared with Si FRD. In the PFC circuits without a bypass diode, the inrush current during startup and 

other situations may damage SBD. 

Therefore, the JBS structure is employed in the third generation SBD, improving the IFSM characteristics by approximately 2 

times from the second generation. Since micro PN junction diodes are fabricated on the Schottky interface in the JBS structure, 

holes are injected via the PN junctions when a large current flows, reducing the increase in the resistance of the drift layer. Due 

to their high tolerance against the inrush current, they can be safely used in the PFC circuits without a bypass diode. 

Figure 2-4 shows the structural difference between the second and third generations, and Table 2-1 shows the comparison of 

their typical electrical characteristics. 

 

 

Figure 2-4. Structural comparison between the second and third generation SiC SBD 

 

Table 2-1. Comparison of major electrical characteristics between the second and third generations 

Item 
Second generation 
SCS210AG 

Third generation 
SCS310AH 

VF@10A (25C) typ. 1.35V 1.35V 

VF@10A (150C) typ. 1.55V 1.44V 

IR (25C) typ. 2ɛA@600V 0.03ɛA@650V 

IFSM 50Hz, 1 pulse 38A 82A 
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2.5  Precautions for using SiC SBD in series or parallel 

When selecting power devices, there may not be a device with your desired rating depending on the voltage and current 

conditions. In such cases, multiple devices may be used. However, since there is always a variation in the characteristics 

among the devices, special care must be taken. 

2.5.1 Series connection 

If it is necessary to block voltage above the breakdown voltage of a device, multiple SBD might be connected in 

series. To equalize the voltage applied to each element, a balance resistor is generally connected in parallel between 

the anode and the cathode. However, for SBD, using a balance resistor as a countermeasure is not practical because 

the leak current IR in a reverse bias condition as well as its variation is large, as shown in Figure 2-5 (a). 

In addition, the terminal capacitance Ct shown in Figure 2-5 (b) varies significantly depending on the applied voltage. 

Therefore, in the transient state immediately after a reverse bias is applied, the voltage is unbalanced and may exceed 

the rating in some cases. 

Based on the above, we basically do not recommend using multiple SBD connected in series. 

2.5.2 Parallel connection 

If current to be passed through SBD exceeds the rating of a device, multiple SBD might be used in parallel. For SiC 

SBD, when the current increases, VF increases as the device temperature increases as shown in Figure 2-5 (c). 

Therefore, the current is equilibrated rather than concentrated in a certain device. 

Consequently, no additional circuit is required when multiple SBD are used in parallel. However, precautions must be 

taken, such as using devices from an identical lot and equalizing the wire inductance as much as possible. 

      

(a) VR-IR characteristics                              (b) VR-Ct characteristics 

 

(c) VF-IF characteristics 

Figure 2-5. Graphs of SCS306AM electrical characteristics (selected) 
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3. Features of SiC MOSFET 

3.1  Device structure and features 

With Si, the on-resistance per unit area increases with the breakdown voltage of a device (the on-resistance increases with 

the 2nd to 2.5th power of the breakdown voltage approximately). Therefore, IGBT (insulated gate bipolar transistors) are mainly 

used for a voltage of 600 V and higher. Compared with MOSFET, the on-resistance of the IGBT is reduced with conductivity 

modulation, in which holes (minority carriers) are injected into the drift layer. However, accumulation of the minority carriers 

generates a tail current at turn-off, resulting in a significant switching loss. 

Since the resistance of the drift layer is lower for SiC compared with the Si devices, it is unnecessary to utilize the conductivity 

modulation. Therefore, a high breakdown voltage and low resistance can be simultaneously achieved in the MOSFET, which 

has a high speed device structure. In principle, the tail current will not be generated in the MOSFET. Therefore, replacing the 

IGBT with the MOSFET can significantly reduce the switching loss and downsize cooling structures such as a heat sink. The 

high frequency drive by the MOSFET can also contribute to downsizing of passive components, which is impossible with the 

IGBT. Furthermore, the SiC MOSFET also have advantages over the Si MOSFET in the range between 600 V and 900 V, such 

as smaller chip area (enabling mounting on smaller packages) and a very small recovery loss of the body diode.  

Currently, the planar and trench type MOSFET with breakdown voltages of 650 V, 1,200 V, and 1,700 V are listed in ROHMôs 

lineup. Their applications extend to various uses, including onboard chargers, power supplies for industrial equipment, and 

inverter and converter sections of high efficiency power conditioners. 

Figure 3-1 shows a comparison between Si and SiC for the rated voltage ranges of the MOSFET and IGBT. 

 

 

Figure 3-1. Rated voltage range for Si and SiC (MOSFET and IGBT) 
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3.2  Standardized on-resistance (RonA) 

Since the dielectric breakdown field strength of SiC is approximately 10 times higher than that of Si, high breakdown voltage 

can be achieved with a drift layer having a low specific resistance and a thin film thickness. Therefore, compared at the same 

breakdown voltage, a device with a smaller standardized on-resistance (RonA: on-resistance per unit area) can be 

manufactured. As shown in Figure 3-2, when compared at the breakdown voltage of 900 V, for example, the SiC MOSFET can 

realize the same on-resistance with a chip size approximately 1/100 and 1/10 of that of the Si MOSFET and the super junction 

(SJ) MOSFET, respectively. This enables a reduction of the on-resistance with a smaller package as well as the gate charge Qg 

and the capacitance. 

For the super junction MOSFET, the breakdown voltage of existing products is only up to 900 V currently. For the SiC 

MOSFET, however, a breakdown voltage over 1,700 V can be achieved with a low on-resistance. Since the bipolar device 

structure (having a low on-resistance, but a slow switching) like the IGBT is unnecessary, a device that has a low on-resistance, 

high breakdown voltage, and high speed switching simultaneously can be realized with the SiC MOSFET. 

 

Figure 3-2. Comparison of RonA 
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3.3  VDS-ID characteristics 

Since there is no rising voltage like the IGBT, the SiC MOSFET can realize a low conduction loss in a wide current region from 

small to large current. 

Furthermore, although the on-resistance of the Si MOSFET is increased by two times or more at 150°C from room 

temperature, a relatively low increase rate makes thermal design easier with the SiC MOSFET, and a low on-resistance can be 

realized even at high temperature. Figure 3-3 shows the VDS-ID characteristics of each device at ordinary and high 

temperatures. 

 

(a) Ta=25ϴ   

 

(b) Ta=150ϴ 

Figure 3-3. VDS-ID characteristics 
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3.4  Driving gate voltage and on-resistance 

The drift layer resistance of the SiC MOSFET is lower than that of the Si MOSFET. However, since the mobility in the MOS 

channel part is limited by the current level of technology, the resistance in the channel part is higher compared with the Si 

devices. Therefore, a lower on-resistance can be obtained with a higher gate voltage (gradually saturated over VGS = 20 V).  

As can be seen from the VGS-RDS(on) characteristics in Figure 3-4, the SiC MOSFET cannot exhibit the original performance 

regarding the low on-resistance if the driving voltage VGS = 10 to 15 V, which is the range used for the general IGBT and Si 

MOSFET. Therefore, we recommend driving the SiC MOSFET around VGS = 18 V in order to obtain a sufficiently low on-

resistance. 

 In addition, the on-resistance tends to decrease at higher temperature if VGS = 13 V or less. When the SiC MOSFET are 

connected in parallel, it is possible that the current is concentrated in a single element and causes thermal runaway. Therefore, 

be careful not to drive the SiC MOSFET with VGS = 13 V or less. 

 

 

Figure 3-4. VGS-RDS(on) characteristics 
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3.5  Temperature coefficient of on-resistance 

The on-resistance of the general Si high breakdown voltage MOSFET significantly increases at high temperature. The reason 

for this increase is as follows: the resistance of the drift layer (REPI), which accounts for 90% or more of the on-resistance of a 

device, tends to increase by approximately two times when temperature is increased by 100°C. 

As with the trend for Si, the resistance of the drift layer for SiC also increases approximately two times when temperature is 

increased by 100°C. However, the increase rate of the on-resistance of a whole device is lower compared with the Si MOSFET 

(Figure 3-5). This is because the drift layer accounts for a small proportion of the on-resistance of the SiC device and many 

other resistance components are contained in the on-resistance. The channel resistance RCH slightly decreases at high 

temperature, while the resistance of the n+ board RSUB shows almost no temperature dependence. 

Furthermore, among the SiC MOSFET, the temperature coefficient of the on-resistance depends on the breakdown voltage 

and the device design. In the 650 V products, the temperature coefficient is very small because the resistance component of the 

drift layer is small. In the 1,200 V products, however, the temperature coefficient is larger because the drift layer is thick and its 

resistance component is large. Even among SiC products with the same breakdown voltage, the actual value of the breakdown 

voltage and the reliability is higher in the products with a thicker drift layer, while the temperature coefficient of the on-resistance 

is larger (Figure 3-6). 

  

Figure 3-5. Temperature characteristics of standardized RDS(on) of 650 V SiC MOSFET, Si MOSFET, and Si IGBT 

   

Figure 3-6. Temperature characteristics of standardized RDS(on) of 1,200 V SiC MOSFET (second and third generations) 
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3.6  VGS-ID characteristics 

Figure 3-7 shows the VGS-ID characteristics. The left and right graphs show the same data plotted with the vertical axes in the 

logarithmic and linear scales, respectively. When defined at a few mA, the threshold voltage for the SiC MOSFET is similar to 

that of the Si MOSFET, approximately 3 V at room temperature (normally OFF). However, since the gate voltage required to 

pass a few ampere is approximately 8 V or greater at room temperature, the tolerance against self-turn-on can be considered 

equivalent to that of the IGBT. The threshold voltage tends to decrease at higher temperature. As can be seen from the graphs, 

even at Ta = 150°C, a current of 5 A or greater will not flow until VGS = 6 V or higher. 

 

Figure 3-7. VGS-ID characteristics (SCT2080KE) 

Figure 3-8 shows a comparison of VGS(VGE)-ID(IC) characteristics of the SiC MOSFET and IGBT. It can be seen that although 

VGS(th) of the SiC MOSFET is lower at ID(IC) = 10 mA, it exceeds that of the IGBT at 5 A or greater. 

 

 

Figure 3-8. VGS(VGE)-ID(IC) characteristics (SiC MOSFET vs. IGBT) 
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3.7  Turn ON characteristics 

SCH2080KE, where the SiC-MOSFET and SiC-SBD are mounted on the same package, and a product where the Si-IGBT 

and Si-FRD of equivalent classes are mounted on the same package are used to configure each half bridge circuit. Then, the 

switching waveforms are compared using the inductive load double pulse test (DPT). Figure 3-9 shows the test circuit. 

 

 

Figure 3-9. Double pulse test circuit 

 

The turn ON speed of the SiC MOSFET is several tens of nanoseconds, similar to the Si IGBT and Si MOSFET. However, in 

the case of inductive load switching, a recovery current generated due to commutation to the diode of the upper arm penetrates 

and flows to the lower arm as well. Therefore, a significant loss is added depending on the performance of the diode. (Figure 3-

10) 

 The body diode of the Si FRD or the Si MOSFET generally has a very large recovery current and generates a significant loss. 

In addition, this loss tends to increase further at high temperature. In contrast, high speed recovery is possible with the SiC SBD 

independently of temperature. The body diode of the SiC MOSFET also shows a high speed performance similar to the SiC 

SBD, although VF is high. Such high speed recovery performance can reduce the turn ON loss (Eon) by several tens of percent. 

 The switching speed depends strongly on the external gate resistance RG_EXT. To achieve high speed operation, a low gate 

resistance around a few ohms is recommended. Select an appropriate gate resistance with consideration for the surge voltage. 

 

Figure 3-10. DPT turn ON waveforms 
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3.8  Turn OFF characteristics 

The most notable feature of the SiC MOSFET is that the tail current, which is observed in the IGBT, is not generated in 

principle. With SiC, the high speed MOSFET structure can be manufactured even at a breakdown voltage of 1,200 V or greater. 

Therefore, reduction in the turn OFF loss (Eoff) by approximately 90% compared with the IGBT (Figure 3-11) can be achieved, 

contributing to energy conservation of the circuit as well as simplification and downsizing of the cooling mechanism. While the 

tail current in the IGBT increases at higher temperature, almost no temperature dependence exists in the MOSFET. 

 Furthermore, the IGBT cannot usually be used at a high frequency region above 20 kHz because the junction temperature (Tj) 

exceeds the rating due to heat generated with a large switching loss. However, since Eoff is small, the SiC MOSFET can 

perform high speed switching operation at 50 kHz or higher. Operating at higher frequency enables downsizing of passive 

components including transformers and filters. (Figure 3-12) 

The switching speed depends strongly on the external gate resistance RG_EXT. To achieve high speed operation, a low gate 

resistance around a few ohms is recommended. Select an appropriate gate resistance with consideration for the surge voltage. 

 

Figure 3-11. DPT turn OFF waveform 

 

 

  

   (a) 20 kHz          (b) 160 kHz  

Figure 3-12. Example of downsizing of transformer with high frequency operation 
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3.9  Internal gate resistance 

 The chip internal gate resistance depends on the sheet resistance of the gate electrode material and the chip size. If the 

design is common, the gate resistance is inversely proportional to the chip size: the smaller the chip, the higher the gate 

resistance. The chip size of a SiC MOSFET is smaller compared with the Si devices. This makes the capacity smaller, while 

making the gate resistance higher. The internal gate resistance is 6.3ɋ and 12ɋ for the 1,200 V 80mɋ products in the second 

and third generations, respectively. 

 The switching time depends strongly on the external gate resistance. Figure 3-13 shows the relation between the external 

gate resistance and the switching loss. Since the loss increases if the gate resistance is increased, in order to achieve high 

speed switching, use an external gate resistance as low as possible around a few ohms while checking the surge condition. 

 

 

Figure 3-13. Dependence of switching loss on external gate resistance 
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3.10  Recovery characteristics of body diode 

Although the body diode of the SiC MOSFET is a pn diode, the storage effect of minority carriers is scarcely observed due to 

a short lifetime for the minority carriers, and a very high speed recovery performance (several tens of nanoseconds) similar to 

the SBD is obtained. As a result, the recovery loss can be reduced to a fraction or several tenths of that of the body diode of the 

Si MOSFET or the external FRD of the IGBT. 

As is the case with the SBD, the recovery time of the body diode is independent of the forward injection current IF. In addition, 

as shown in Figure 3-14, comparison between the body diode of the SiC MOSFET (SCT2080KE) and the SiC SBD 

(SCH2080KE) indicates no difference in the recovery current if dI/dt is constant. In bridge applications including inverters, a 

bridge circuit configured only with the MOSFET can achieve a very small recovery loss. At the same time, the risk of failure and 

noise generated due to the recovery current can be expected to be reduced. 

 

Figure 3-14. Reverse recovery characteristics 

(a) SCH2080KE: SiC SBD combined type, (b) SCT2080KE: SiC MOSFET only (body diode) 
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3.11  Temperature dependence of BV (breakdown voltage) 

BV of the SiC MOSFET also increases with temperature as in the case with the Si MOSFET. If the device is used at low 

temperature, the BV value decreases compared with room temperature. However, since ROHMôs SiC MOSFET are designed 

with a sufficient margin, the BV value will not fall below the rated voltage even at low temperature. 

Figure 3-15 shows general temperature dependent characteristics of BV. 

 

 

Figure 3-15. Temperature dependent characteristics of BV 
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3.12  1700 V SiC MOSFET for flyback 

As shown in Figure 3-16, the SiC MOSFET with the breakdown voltage of 1,700 V can gain a significant advantage in 

performance over the Si MOSFET: RonA is 1/200 of that of the Si MOSFET. Therefore, a low on-resistance 1/10 of that of the Si 

MOSFET can be achieved with a chip size of less than 1/10. By replacing the 1,500 V Si MOSFET (around 10ɋ) commonly 

used for auxiliary power supplies (flyback converters) for industrial equipment with the AC input of 200 to 400 V with a low on-

resistance SiC MOSFET (around 1ɋ), the heatsink can be eliminated with reduced heat generation and the mounting can be 

automated with surface mounting devices, realizing downsizing, reduced heat generation, and simplification of the mounting 

process without increasing the total cost. ROHM also proposes flyback controller IC dedicated for SiC as well as combined 

products of the SiC MOSFET and controller IC. 

 

Figure 3-16. Comparison of RonA at each breakdown voltage 
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3.13  Third generation trench gate SiC MOSFET 

 The third generation SiC MOSFET employ the trench gate structure (Figure 3-17). The cell pitch has been decreased to reduce 

the channel resistance. In addition, a resistance component due to narrowness of the current path between p-well (referred to 

as the JFET resistance) is also eliminated. These measures have successfully reduced RonA by half compared with the second 

generation. Table 3-1 shows a list of comparisons of the main characteristics between the second and third generation 

MOSFET. Since the same on-resistance is obtained with a smaller chip area, the cost can be reduced. 

 With a general SiC trench gate MOSFET structure, it is difficult to ensure the long term reliability because the gate oxide film at 

the bottom of the gate trench is exposed to a high electric field when the device is turned OFF. However, ROHM has solved this 

issue by employing a unique double-trench structure. By constructing another trench structure in the source part and forming 

the p-type layer at the bottom, the field strength applied to the gate oxide film when the device is turned OFF has been 

successfully reduced by 35% and the long term reliability can be achieved. 

Since the rating of the gate voltage is narrow in the third generation MOSFET, refer to countermeasures against gate surge in 

Chapter 5 and use the device within the rating. 

 

 

 

 

 

 

 

 

 

 

 

(a) Planar type (second generation)                          (b) Trench type (third generation) 

Figure 3-17. Structures of second and third generation devices 

 

 

Table 3-1. Comparison of various characteristics between second and third generation devices (selected from data sheet) 
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