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High Voltage
Power MOSFET

N-Channel Enhancement Mode

Features

 High Blocking Voltage
    High Voltage Packages

Advantages

 Easy to Mount
 Space Savings
 High Power Density

Applications

 High Voltage Power Supplies
 Capacitor Discharge Applications
 Pulse Circuits
 Laser and X-Ray Generation Systems

IXTT3N200P3HV
IXTH3N200P3HV

Symbol Test Conditions Maximum Ratings

VDSS TJ = 25C to 150C 2000 V

VDGR TJ = 25C to 150C, RGS = 1M 2000 V

VGSS Continuous 20 V

VGSM Transient 30 V

ID25 TC = 25C 3.0 A

ID110 TC = 110C 2.6 A

IDM TC = 25C, Pulse Width Limited by TJM 9.0 A

PD TC = 25C 520 W

TJ - 55 ... +150 C
TJM 150 C
Tstg - 55 ... +150 C

TL Maximum Lead Temperature for Soldering 300 °C
TSOLD Plastic Body for 10s 260 °C

Md Mounting Torque                                                       1.13/10 Nm/lb.in

Weight TO-268HV           4  g
TO-247HV          6                    g

VDSS        =  2000V
ID25          =  3A
RDS(on)         8

Symbol Test Conditions                                               Characteristic Values
(TJ = 25C, Unless Otherwise Specified)         Min.      Typ.     Max.

BVDSS VGS = 0V, ID = 250A          2000 V

VGS(th) VDS = VGS, ID = 250A          3.0                        5.0     V

IGSS VGS = 20V, VDS = 0V 100 nA

IDSS VDS = VDSS, VGS = 0V                       10 A
                                               TJ = 125C                                       250   μA

RDS(on) VGS = 10V, ID = 1.5A,  Note 1                     8     

TO-268HV (IXTT)

G

   D (Tab)

S

TO-247HV (IXTH)

    D (Tab)
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S

D

G  = Gate            D      =  Drain
S  = Source        Tab   =  Drain

Advance Technical Information



IXYS Reserves the Right to Change Limits, Test Conditions, and Dimensions.

IXTT3N200P3HV
IXTH3N200P3HV

IXYS MOSFETs  and IGBTs are covered 4,835,592 4,931,844 5,049,961 5,237,481 6,162,665 6,404,065 B1 6,683,344 6,727,585 7,005,734 B2    7,157,338B2
by one or moreof the following U.S. patents: 4,860,072 5,017,508 5,063,307 5,381,025 6,259,123 B1 6,534,343 6,710,405 B2 6,759,692 7,063,975 B2

4,881,106 5,034,796 5,187,117 5,486,715 6,306,728 B1 6,583,505 6,710,463 6,771,478 B2 7,071,537

Symbol Test Conditions                                           Characteristic Values
(TJ = 25C, Unless Otherwise Specified)     Min.       Typ.      Max.

gfs VDS = 50V, ID = 1.5A, Note 1                         2.3            3.8 S

Ciss           1860 pF

Coss VGS = 0V, VDS = 25V, f = 1MHz             133 pF

Crss               58 pF

RGi Gate Input Resistance                                           3.8  

td(on)               21 ns

tr               27 ns

td(off)               67 ns

tf               60 ns

Qg(on)               70 nC

Qgs VGS = 10V, VDS = 1kV, ID = 0.5 • ID25                 8 nC

Qgd               39 nC

RthJC                         0.24  °C/W

RthCS TO-247HV                                                                      0.21    °C/W

                                                                                                                                                                                                                                                                
Resistive Switching Times

VGS = 10V, VDS = 500V, ID = 0.5 • ID25

RG  = 5 (External)

Note:        1.  Pulse test, t  300s, duty cycle, d  2%.

TO-268HV Outline

TO-247HV Outline

          PINS:
         1 - Gate    2 - Source
         3, 4 - Drain
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Symbol Test Conditions Characteristic Values
(TJ = 25C, Unless Otherwise Specified)                           Min.        Typ.        Max.

IS VGS = 0V                3       A

ISM Repetitive, Pulse Width Limited by TJM         12    A

VSD IF = IS, VGS = 0V, Note 1               1.5 V

trr                   420                  ns

QRM                       380  nC

IRM                        1.8  A

IF = 1.5A, -di/dt = 100A/s

VR = 100V, VGS = 0V

ADVANCE TECHNICAL INFORMATION
The product presented herein is under development.  The Technical Specifications offered are
derived from a subjective evaluation of the design, based upon prior knowledge and experi-
ence, and constitute a "considered reflection" of the anticipated result.  IXYS reserves the right
to change limits, test conditions, and dimensions without notice.
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IXTT3N200P3HV
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Fig. 2. Output Characteristics @ TJ = 125ºC
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Fig. 12. Maximum Transient Thermal Impedance
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Fig. 12 Maximum Transient Thermal Impedance
aaaa0.4

IXYS REF: T_3N200P3HV (H7-AT653) 8-20-15

Fig. 11. Forward-Bias Safe Operating Area
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Disclaimer Notice - Information furnished is believed to be accurate and reliable. However, users should independently 
evaluate the suitability of and test each product selected for their own applications. Littelfuse products are not designed for, 
and may not be used in, all applications. Read complete Disclaimer Notice at www.littelfuse.com/disclaimer-electronics.
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Objectives 
This document explains the operating conditions that a power semiconductor is supposed to work in without being damaged. Focus is 

set on the Forward-Biased Safe Operating Area (FBSOA), the Reverse Biased, Safe Operating Area (RBSOA) and the Short-Circuit Safe 

Operating Area (SCSOA).  

 

 

 

 

Figure 1. To be prevented  an IGBT destroyed by RBSOA-exceedance  

 

Applications 
The information compiled in this document is relevant for the power semiconductor itself and thus for all its applications. 

Target Audience 
This document is intended for all developers, design- and test-engineers involved in building power semiconductor applications. 

Contact Information 
For more information on the topic of safely operating power devices, contact the Littelfuse Power Semiconductor team of product and 

applications experts: 

• PowerSemiSupport@Littelfuse.com 

  

Forward-Biased, Reverse-Biased, 

and Short-Circuit Safe Operating 

Area of MOSFETs and IGBTs 
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Introduction 
Power semiconductors like IGBTs, GTOs, thyristors, diodes, or bipolar junction transistors (BJT) have been developed into robust and 

reliable devices which can by now handle power levels into the MW-range and even beyond. 

Despite these developments, they all have physical limitations which need to be known and respected to prevent damage to these 

components and the system they are mounted in. Depending on the instantaneous mode of operation, different conditions are 

described by a varying set of parameters, often referred to as operating area. 

1. Safe Operating Area (SOA), also called Forward-Bias Safe Operating Area (FBSOA) 
When a power semiconductor like an IGBT is used to conduct current in the predestined direction, the physical limits of the device to 

be considered include:  

- the maximum collector current IC,  

- the saturation voltage VCEsat across the device,  

- the power generated by the product ICVCEsat, and  

- the maximum junction temperature TVJ allowed. 

In cases where the power semiconductor is a MOSFET, dedicated to be operated in linear mode, the current can be influenced by 

tuning the gate-source-voltage accordingly. As a consequence, the drain-source-voltage VDS of the devices changes which in turn 

impacts the losses. The device must dissipate these losses and the thermal impedance of the device poses the limits here. 

For these operating conditions, the FBSOA-diagram features the forward voltage, the current and limits imposed by thermal 

development. Looking at Figure 2, it becomes obvious that growing losses can only be tolerated for shorter periods of time. 

  

Figure 2. SOA Diagram for the IXTX46N50L 

Any combination of forward voltage and current that is found below the correlating lines within the diagram is a legal point of operation 

as long as the junction temperature remains below the maximum limit and the duration of the loading is properly chosen. De-rating 

must be considered if the case temperature is different from the 25°C the diagram in Figure 2 refers to. 
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2. Reverse Biased Safe Operating Area (RBSOA) 
Power semiconductors like IGBTs or MOSFETs can turn off a current rather quickly but not at infinite speed. As the switching 

procedure does take some time, transient phenomena happen that need to be considered.  

During this short period, when the device turns from conducting into blocking mode, the Reverse Biased Safe Operating Area needs to 

be respected at any time. 

The limits are given by the current which is turned off and the voltage that appears across the device. The plot in Figure 3 

schematically displays a turn-off event in detail. 

 

Figure 3. Voltage and current waveforms during a turn-off event 

In the graph, it can clearly be seen that the voltage across the device first reaches the DC-

declining. Because of the current change rate di/dt and the inherently contained stray inductances L, the voltage spike VCE is added 

on top of the DC-link voltage. If this spike exceeds the de BR  even for a very short period of time  the 

device will be destroyed.  

The square-shaped Reverse Biased Safe Operating Area therefore is given by maximum current IC,max and the breakdown voltage VBR, 

as depicted in Figure 4. Here too, the junction temperature poses a further limit. 

 

Figure 4. RBSOA-shape, limited by maximum current and breakdown voltage 
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3. Short-Circuit Safe Operating Area (SCSOA) 
Devices that feature desaturation, like most IGBTs, can withstand short-circuit events for a distinct duration. Corresponding datasheets 

highlight this information as Short Circuit Safe Operating Area or SCSOA Figure 5. 

 

Figure 5. SCSOA information taken from the MDMA280UB1600PTED datasheet 

The short circuit condition demands that the IGBT goes into desaturation. In this mode, no further charge carriers remain available 

which also limits the current. Typically, IGBTs limit the short-circuit current to about three to four times their rated current. In the 

example in Figure 5, the 160 A-device is expected to limit the short circuit current to 450 A. This situation is tolerable for 10 µs only 

and limited by thermal development. 

 

4. Resulting challenges for the designer 
Combining the two areas for Reverse Biased Safe Operation and Short Circuit Safe Operation into a single diagram reveals a gap 

between them, as pictured in Figure 6. 

 

Figure 6. RBSOA, SCSOA, and the undefined region in between 

Within the gap marked as forbidden area, located between twice and three times rated current, turning off the device is not allowed as 

it may lead to its destruction. The root cause of the destruction is found in very high local current densities, transiently forming during 

switching. The thermal limits in that case are reached already and additional burden due to switching losses leads to exceeding the 

limits. In turn, single cells on the chip fail and create a connection between collector and emitter. The current can no longer be turned 

off and the damage grows. 

To overcome this situation, techniques to ensure that the IGBT reaches desaturation mode and enters the SCSOA can be used. The 

simplest way is to wait, instead of reacting on an overcurrent too quickly. Implementing a certain dead-time and fully exploit the 

10 µs that the IGBT can withstand the conditions is a valid approach. 
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Further methods include the so-called 2-Level turn-off. The device is not turned off by immediately cancelling or even reversing the 

gate-emitter voltage. Instead, the gate-emitter voltage is first reduced to minimize the number of charge carriers available for current 

transport. This speeds up reaching the desaturation stage. A few microseconds later, when desaturation is reached, the gate-emitter 

voltage is set to zero or reversed. The device is then safely turned off within the SCSOA-specification. 

This fact becomes particularly important when handling overcurrent situations. 

From a given setup, measurements from a destructive turn-off event seen in Figure 7 were analyzed: 

 

Figure 7. Measurement results from a destructive turn-off event 

As the measurement reveals, the current turned off was well below the 450 A short-circuit limit. The gate-emitter-voltage was well-

controlled, the time it took to turn off was below the 10 µs-limit and the overvoltage spike did not exceed the 1200 V the device is 

rated for. Still, the IGBT was destroyed, and the question raised, why so? 

Entering the point of the turn-off into the diagram in Figure 6, the violation that happens becomes obvious in Figure 8: 

 

Figure 8. Locating the point of turn-off 

Clearly, the switching event was done within the no-go-area with the destructive effect previously predicted. 
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To clear the situation, the control strategy for short circuit was changed. Instead of reacting on the overcurrent signal instantly and turn 

off after just 2.5 µs, a blanking time of about 6 µs was added. 

Figure 9 represents the measurement done in the same setup. 

 

Figure 9. Properly turned off overcurrent or short-circuit event 

While the red dot marks the former turn-off point, the current is now allowed to grow further. At first sight, this seems to worsen the 

situation as the losses and, as such, the chip temperature grows. However, after about 6 µs the IGBT reaches desaturation, enters the 

SCSOA and the turn-off after 8 µs is safely done without damaging the component. 

 operation as depicted in 

the FBSOA-diagram, so short-circuit and overcurrent events are covered by diagrams as given in Figure 2. 

5. Conclusion 
Handling overcurrent events, especially short circuit events, is challenging but manageable. Doing so while remaining within the given 

specifications can successfully be achieved.  

Simply turning off a detected overcurrent as fast as possible may not be the best strategy as it may lead to damage caused by so-

called RBSOA-exceedance. Ensuring that the IGBT reaches desaturation is a key factor in handling short circuit events with this 

technology. 

Here - no 

switching !
SCSOA

<300A

RBSOA

Desaturation

Limiting to 3..4 IN

8µs

For additional information please visit www.Littelfuse.com/powersemi  
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Objectives
The primary objective of this application note is to enhance the comprehension and analysis of power MOSFET datasheet parameters 

and graphs. By breaking down the technical specification into digestible insights, designers can gain deeper insights into the 

functionality and performance characteristics of MOSFETs. This application note provides a general recommendation about how to 

read and understand a datasheet with all its parameters and diagrams. The information presented plays a pivotal role in determining 

the operational limits and thresholds of the device. 

Applications 
This application note is applicable to all scenarios where power MOSFETs are utilized. 

Target Audience 
This document is intended for designers and developers who are utilizing Power MOSFETs within their respective applications.  

Contact Information 
For more information, contact the Littelfuse Power Semiconductor team of product and applications experts: 

• PowerSemiSupport@Littelfuse.com 
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1. Introduction 
In the realm of modern electronics and power systems, an extensive understanding of semiconductor components, particularly the 
Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET), is crucial for achieving optimal system-performance and -efficiency. 
MOSFETs play a pivotal role in switching applications, offering versatile solutions. This document serves as a guide, delving into the 
detailed parameters presented in MOSFET datasheets. It aims to empower engineers and designers to make informed decisions and 
effectively leverage MOSFET capabilities in diverse applications. 

Littelfuse furnishes datasheets with parameters that are essential and useful for selecting the appropriate device as well as for 
predicting its performance in specific application. This facilitates designers in comparing products from various suppliers and gaining 
valuable insights into the operational constraints of the device. 

The outlined values in the datasheet describe the device’s behavior under varying virtual junction temperature and testing conditions. 
Additionally, the dynamic characterization tests undergo execution utilizing precise configurations aimed at precise measurement of 
switching losses. As a result, discrepancies in these metrics manifest between the intended user applications. 

The graphs included in the datasheet represent typical performance characteristics and can be used to extrapolate from one set of 
operating conditions to another. This application note explains parameters based on the IXTH120N20X4 datasheet which is an N-
channel enhancement mode, power MOSFET. All the parameters mentioned in a Littelfuse datasheet are measured according to IEC 
60747-8 standards.  

2. Essential Datasheet Insight 
This section serves as an overview of important information found on the first page of the datasheet, including the datasheet status.  

2.1. Key Information 
The first page of the datasheet includes details such as the part number, pinout diagram, features and benefits, applications, and key 
attributes of the product. 

• Part Number indicates the manufacturer, MOSFET type, package type, current rating, channel type, voltage class, 
technology series and a suffix for some special packages that gives extra information such as high voltage package, over 
molded package, and w/ 4 leads. Designation of MOSFET part number is drafted in Figure 1. The detailed information about 
this can be found as part number nomenclature - discrete Si MOSFET on Littelfuse website. 

 

Figure 1. Part Number Designation 
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• Pinout Diagram provides a visual representation of the device’s physical layout including circuit symbol as highlighted in 
Figure 2. 

 

Figure 2. Pinout Diagram of TO-247 and Circuit Symbol of an N-channel Enhancement Mode MOSFET 

• Features and Benefits encompasses a comprehensive list of features and their corresponding benefits offered by the 
MOSFET device, which helps user acquire a better understanding of how the MOSFET can meet their specific application 
requirements to deliver optimal performance and reliability. 

• Key Attributes / Product summary highlights the key specifications and performance characteristics of the MOSFET, 
including parameters such as maximum drain-source voltage (VDSS), maximum drain current (ID) at 25°C, and on-state 
resistance (RDS(on)) as pointed out in Table 1. 

Table 1. Key Attributes/Product Summary 

 

2.2. Datasheet Status 
There are three distinct types of datasheets, each corresponding to a different stage of the product development or documentation 
process, depending on the degree of completeness, correctness, or approval. 

• Target datasheet: During product development, the term target datasheet denotes a document laying out the desired 
product specifications, characteristics, and performance attributes. The development team uses this document to guide their 
efforts. 

• Preliminary datasheet: Created before reaching its final, approved format. It is an early or preliminary representation of a 
product's specifications, features, and characteristics. The difference between a preliminary datasheet and a final datasheet is 
that certain data values are still missing. The missing values in the preliminary data sheet are noted as to be defined (TBD). 
These datasheets are made using the engineering samples that are in early phase of development.  

• Final datasheet: Detailed and authoritative document that contains all the values that were missing in the preliminary 
datasheet. The parameters specified in the final datasheet are explained in this document. Any major change with respect to 
a MOSFET’s characteristics in the final datasheet is associated with a Product Change Notification (PCN). 
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3. MOSFET Datasheet Parameters 
This section serves as a thorough exploration of the various parameters detailed within a MOSFET’s datasheet. It describes the 
MOSFET’s performance and characteristics, from maximum ratings to static and dynamic parameters, thermal properties, and 
package-related factors. 

3.1. Maximum Ratings  
The maximum ratings at which the MOSFET can be operated are listed on the second page of the datasheet in a table that 
summarizes the electrical and thermal limits of the device. The maximum ratings provided in the data sheets are absolute in nature. 
If any of the maximum ratings are surpassed, it is to be expected that the semiconductor experiences fatal failure, regardless of 
whether the remaining maximum ratings are utilized to their full extent. Unless otherwise noted, the values are applicable at a virtual 
junction temperature (Tvj) of 25°C. Table 2 lists the maximum ratings designated for the IXTH120N20X4. 

Table 2. IXTH120N20X4 MOSFET Maximum Ratings 

 

Drain-source voltage (VDSS) is the crucial parameter in datasheets, representing the maximum voltage that can be applied across 
drain and source while the gate and source are being connected or VGS = 0 V. It sets the limit to prevent breakdown and maintain 
operational functionality. 
 
Gate-source voltage (VGSS) and Transient gate-source voltage (VGSM) are visually delineated in Figure 3, offering a clear 
understanding of their roles in MOSFET operation. The gate-source voltage (VGSS) denotes the maximum steady-state voltage that can 
be applied across gate and source without the gate oxide being damaged. Conversely, transient gate-source voltage (VGSM) refers to 
the peak voltage that the gate terminal of the MOSFET can endure within a specified transient period (ttransient) or temporary change in 
voltage.  

 

Figure 3. Gate-Source Voltage Definition 
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Drain current (ID) acts as a pivotal metric, outlining the maximum continuous current through the drain at a given case temperature 
Tc, of 25°C. Its calculation is based on several factors, including the maximum power dissipation Ptot, the temperature difference 
junction to case, the thermal resistance junction to case Rth(j-c), and the maximum on-resistance RDS(on). Additionally, the temperature 
dependence of the on-state resistance is considered, as detailed in Equation 1 and Equation 2. The drain current can be limited by 
the current handling capacity of leads or terminals. 

𝑷𝑷𝒕𝒕𝒕𝒕𝒕𝒕 =
𝑻𝑻𝒗𝒗𝒗𝒗(𝒎𝒎𝒎𝒎𝒎𝒎) − 𝑻𝑻𝒄𝒄
𝑹𝑹𝒕𝒕𝒕𝒕(𝒋𝒋−𝒄𝒄)

= 𝑰𝑰𝑫𝑫𝟐𝟐 ∙ 𝑹𝑹𝑫𝑫𝑫𝑫(𝒐𝒐𝒐𝒐)|𝑻𝑻𝒗𝒗𝒗𝒗=𝑻𝑻𝒗𝒗𝒗𝒗(𝐦𝐦𝐦𝐦𝐦𝐦) 
1  

Solving for ID as 

 

𝑰𝑰𝑫𝑫 = �
𝑻𝑻𝒗𝒗𝒗𝒗 −𝑻𝑻𝒄𝒄

𝑹𝑹𝒕𝒕𝒕𝒕(𝒋𝒋−𝒄𝒄) ∙ 𝑹𝑹𝑫𝑫𝑫𝑫(𝒐𝒐𝒐𝒐) |𝑻𝑻𝒗𝒗𝒗𝒗=𝑻𝑻𝒗𝒗𝒗𝒗(𝐦𝐦𝐦𝐦𝐦𝐦)

 
2 

Peak drain current (IDM) signifies the peak current that the device can handle above the ID specification under the maximum virtual 
junction temperature. It varies with the current pulse width and heat dissipation conditions. Figure 4 demonstrates the forward-bias 
safe operating area (FBSOA) of a MOSFET, which indicates the maximum pulse width at which the device can handle specific current 
without experiencing failure.  

 

Figure 4. Forward-Bias Safe Operating Curve 

Diode forward current (IS) relates to the maximum DC forward current the body diode can handle in the forward direction at 
particular case temperature, which is typically equivalent to the MOSFET’s continuous drain current ID. 

Diode peak current (ISM) is an indicative of the peak current the diode can handle above diode forward current specification under 
maximum virtual junction temperature, which is typically equivalent or higher than the MOSFET’s peak drain current IDM. 

Diode dv/dt capability corresponds to the maximum allowable rate of change of voltage across the body diode during the reverse 
recovery period without causing undesired effects. The power MOSFET structure contains a parasitic bipolar junction transistor (BJT), 
which could be activated by an excessive rise rate of the drain-source voltage (dv/dt), particularly after the recovery of the body diode.  

Total power dissipation (Ptot), as expressed in Equation 1 , encompasses the maximum calculated power that the device can dissipate, 
serving as a function influenced by both maximum virtual junction temperature Tvj(max), and the thermal resistance junction to case Rth(j-

c) at a case temperature of 25°C. 

Virtual junction temperature (Tvj) range is –55 to 150°C or –55 to 175°C in most cases and it is the permissible temperature range 
in which the MOSFET may be operated continuously. The maximum virtual junction temperature Tvj(max) is 150°C or 175°C depending 
on the technology. The negative temperature limit for Littelfuse discrete MOSFETs is typically –55 °C. The virtual junction 
temperature influences the electrical parameters of a MOSFET. For instance, at very high temperatures, the device’s threshold 
voltage is reduced, and the leakage current increases, which leads to thermal runaway within the device. 

IDM limit 
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Storage temperature (Tstg) range points to the range of temperatures where the device can be safely stored or transported without 
adversely affecting its performance or reliability. The range is usually between –55°C to 150°C. 

Soldering temperature (Tsld) enumerated in the datasheet implies the temperature at which the device can be safely soldered to the 
Printed Circuit Board (PCB) during the assembly process. The maximum soldering temperature is typically 300°C for devices with 
leads and 260°C for Surface Mount Devices (SMD). 

Mounting torque (Ms) for screws to heatsink is the recommended maximum torque that can be applied during the process of 
mounting the MOSFET to a heatsink or a PCB. Mounting torque (Mt) for screws to terminals is the suggested torque that shall be 
applied to screwed terminals. 

Mounting force (F) is the maximum force for pressure mounted devices, fixed by clips, that shall be applied to the isolated devices. 

Non-repetitive single pulse avalanche current (IAS) and Non-repetitive single pulse avalanche energy (EAS) are specified only for 
avalanche-rated devices. IAS denotes the maximum current that the MOSFET can endure during a single avalanche event without 
sustaining damage. Whereas EAS quantifies the total energy absorbed by the device during such an event, indicating its ability to 
withstand high-energy transient events without permanent damage. 

In Figure 5 (a), the Unclamped Inductive Switching (UIS) test circuit, used to test the avalanche capability of a power MOSFET is 
depicted. In Figure 5 (b), the waveforms during avalanche breakdown are presented. A gate pulse turns-on the MOSFET and allows 
the current (ID) to ramp up according to the inductor’s value (L) and the drain supply voltage (VDD). At the end of gate pulse, the 
MOSFET turns-off causing the voltage across the MOSFET to rise sharply. The over voltage is clamped at the breakdown voltage 
(VDSS) until the load current reaches zero and all the energy is dissipated. The green area shaded in Figure 5 (b) is the avalanche 
energy EAS. 

 

 
(a) Unclamped Inductive Switching (b) Waveforms during Avalanche Breakdown 

Figure 5. Typical Avalanche Test Circuit 

Non-repetitive single pulse avalanche energy is calculated from the Equation 3: 

𝑬𝑬𝑨𝑨𝑨𝑨 =  
𝟏𝟏
𝟐𝟐 ∙ 𝑳𝑳 ∙ 𝑰𝑰𝑨𝑨𝑨𝑨

𝟐𝟐 ∙
𝑽𝑽𝑫𝑫𝑫𝑫𝑫𝑫

(𝑽𝑽𝑫𝑫𝑫𝑫𝑫𝑫 − 𝑽𝑽𝑫𝑫𝑫𝑫) 3  

where VDSS is the drain-source avalanche voltage. 

Note : When VDD is set to a smaller value compared to VDSS, then EAS is calculated by using the approximation equation of 𝑬𝑬𝑨𝑨𝑨𝑨 = 𝟏𝟏
𝟐𝟐
∙ 𝑳𝑳 ∙ 𝑰𝑰𝑨𝑨𝑨𝑨𝟐𝟐  
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3.2. Static Electrical Characteristics - MOSFET 
Static electrical characteristics are the set of parameters and properties that describe the device behavior under steady-state 
condition. Most of the parameters included in the datasheet, along with their typical ranges of variance is listed in Table 3. In 
accordance with IEC 60747-8{ed3.1}, the characteristics of Power MOSFETs are provided at 25°C and, when necessary, at another 
higher operating temperature. 

Table 3. MOSFET Static Electrical Characteristics 

 

Breakdown voltage, drain-source (V(BR)DSS) corresponds to the minimal blocking voltage between drain and source, measured 
according to Figure 6, at a specified collector current while the gate and source are connected.  

 

Figure 6. Circuit Diagram to Measure Breakdown Voltage 

Gate-source threshold voltage (VGS(th)) is the voltage measured across gate to source at which the drain current begins to flow, and 
the device is at on-state. It has a negative temperature coefficient. The circuit diagram illustrating the measurement of VGS(th) is 
depicted in Figure 7. Initially, the drain pin and the gate pin are short, after which drain current is applied while observing the gate-
source voltage (VGS(th)) reading. 

 

Figure 7. Circuit Diagram to Measure Gate-Source Threshold Voltage 
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Drain-source leakage current (IDSS) value indicates the drain current measured at a given drain-source voltage and with the gate to 
source connected, as illustrated in Figure 8. The datasheets specify the value at 25°C and higher virtual junction temperature. 

 

Figure 8. Circuit Diagram to Measure MOSFET’s Leakage Current 

Gate leakage current (IGSS) refers to the small amount of current that flows between the gate and source when the MOSFET is in an 
off state. Figure 9 demonstrates the circuit used to measure the gate leakage current. Initially, the drain-to-source terminal is 
connected, and then a maximum allowable voltage is applied across the gate and source terminals to monitor the leakage current. 

 

Figure 9. Circuit Diagram to Measure Gate Leakage Current 

Drain-source on-state resistance (RDS(on)) describes the resistance across the drain and source when the MOSFET is in the on-state. 
Figure 10 presents the circuit diagram for measuring the drain-source on-state resistance (RDS(on)). Initially, the gate-source voltage 
(VGS) is set to a defined value, and then the voltage drop across the drain-source voltage VDS(on) is measured, using a given current 
source (ID). RDS(on) is calculated using the Equation 4: 

𝑹𝑹𝑫𝑫𝑫𝑫(𝒐𝒐𝒐𝒐)  =  
𝑽𝑽𝑫𝑫𝑫𝑫(𝒐𝒐𝒐𝒐)

𝑰𝑰𝑫𝑫
 4 

 

 

Figure 10. Circuit Diagram to Measure Gate Drain-Source On-State Resistance 
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3.3. Dynamic Characteristics 
This section of the datasheet provides information on the behavior of the device in dynamic conditions, as shown in Table 4. The 
intrinsic capacitances, gate charge and switching behavior of the MOSFET are pivotal factors influencing the dynamic performance of 
the device. 

Table 4. Dynamic Electrical Characteristics 

 

Internal gate resistance (Rg(int)) signifies the resistance that exists within the device gate structure. The internal gate resistance 
mentioned in Figure 11, constitutes a component of the parasitic elements within the MOSFET. Together with the MOSFET’s input 
capacitance, the gate resistance forms an RC network that determines the voltage change at the MOSFET gate and thus the 
switching time.  

 

Figure 11. Power MOSFET Parasitic Components 
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Capacitance Characteristics play a crucial role in switching characteristics of the MOSFET. 

• Input capacitance (Ciss) encompasses both gate-to-drain capacitance Cgd and gate-to-source capacitance Cgs, representing 
the total capacitance measured between the gate and source terminals with the drain connected to the source terminal. 

𝑪𝑪𝒊𝒊𝒊𝒊𝒊𝒊 = 𝑪𝑪𝒈𝒈𝒈𝒈 + 𝑪𝑪𝒈𝒈𝒈𝒈 5  

• Output capacitances (Coss) consists of the drain-to-source capacitance Cds and gate to drain capacitance Cgd, indicating the 
output capacitance which is measured between the drain and source with the gate connected to the source terminal.  

𝑪𝑪𝒐𝒐𝒐𝒐𝒐𝒐 = 𝑪𝑪𝒅𝒅𝒅𝒅 + 𝑪𝑪𝒈𝒈𝒈𝒈 6 

• Reverse transfer capacitance (Crss) primarily arises from Cgd, delineating the capacitance between the gate and drain with 
the source terminal connected to ground.  

𝑪𝑪𝒓𝒓𝒓𝒓𝒓𝒓 = 𝑪𝑪𝒈𝒈𝒈𝒈 7  

Effective output capacitance of the MOSFET includes both energy related and time related parameters, denoted as Coss(er) and Coss (tr) 

respectively.  Coss(er) represents a fixed capacitance that gives the same stored energy as Coss while VDS is rising from 0 V to specified 
voltage. Conversely, Coss(tr) signifies a fixed capacitance that gives the same charging time as a Coss while VDS is rising from 0 V to 
specified voltage and at a constant drain current ID. 

Total gate charge (QG) is the total amount of charge that is required during the MOSFET’s turn-on and turn-off transition.  The 
switching speed depends on the speed at which a gate driver can charge or discharge the input gate charge. Figure 12 presents a 
typical gate charge waveform for a power MOSFET in a resistive-load circuit. The fundamental equation for calculating the gate 
charge is formulated in Equation 8. 

         𝑸𝑸𝑮𝑮  =  � 𝒊𝒊𝑮𝑮𝑮𝑮
𝒕𝒕𝟒𝟒

𝒕𝒕𝟎𝟎
(𝒕𝒕)𝒅𝒅𝒅𝒅 8 

 

 

 

Figure 12. Gate Charge Waveform of Power MOSFET during Turn-on Transition with Resistive Load  

As depicted in the gate charge waveform, the total gate charge encloses the Gate-Source Charge (QGS), the Gate-Drain Charge 
(QGD), and the Gate Switch charge (QSW). QGS represents the amount of charge that is required to charge the gate-source 
capacitance (Cgs) from its initial voltage to the miller plateau level. QGD quantifies the charge that is needed to fully charge the gate-
drain capacitance (Cgd) during switching, ensuring full channel enhancement and sustaining the MOSFET in its conducting state. 
Lastly, QSW encapsulates charge stored in the gate capacitance from when the gate-source voltage has reached the gate-source 
threshold voltage, VGS(th) until the end of the miller plateau.  
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Transconductance (gfs) is described as the change in drain current divided by the change in gate voltage for a constant drain voltage. 
A large transconductance is desirable to obtain a high current handling capability with low gate drive voltage and for achieving high 
frequency response. The transconductance is mathematically expressed as: 

𝒈𝒈𝒇𝒇𝒇𝒇 =  
𝒅𝒅𝑰𝑰𝑫𝑫
𝒅𝒅𝑽𝑽𝑮𝑮𝑮𝑮

�
𝑽𝑽𝑫𝑫𝑫𝑫 = 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

 9 
 

 

MOSFETs, due their physical structure, can change their state from on to off much faster than IGBTs. The correlations of switching 
time measurement circuit and the switching time definitions are demonstrated Figure 13. 

 
 

 

(a) Switching Time Measurement Circuit Diagram (b) Switching Time Definition Waveform 

Figure 13. Correlation of Switching Time Measurement Circuit and Switching Time Definition 

• Turn-on delay time (td(on)) is the time interval when the gate-source voltage (VGS) has reached 10% of its end value, to the 
time when the drain-source voltage (VDS) has dropped to 90% of its initial value or rated value. 

• Rise time (tr) specifies the time interval between the drain-source voltage dropping from 90% to 10% of its initial value. The 
drain current starts to rise, and a major part of turn-on losses is generated during this period.  

• Turn-off delay time (td(off)) denotes the time interval between the moment when the gate-source voltage (VGS) has declined 
to 90% of its initial value and the drain-source voltage has risen to 10% of the supply voltage. 

• Fall time (tf) implies the time interval between the drain-source voltage rise from 10% to 90% of its end value. During this 
period, the drain current starts to fall, and a major part of turn-off losses is generated during this time. 

  



  Application Note 
  

 14 Littelfuse.com 
  © 2024 Littelfuse, Inc. 

Rev 24.03a 

3.4. Electrical Characteristics – Body Diode 
Power MOSFET generally contain a body diode, which provides freewheeling operation in the inductive load switching. Hence, the 
MOSFET datasheet from Littelfuse also contains the electrical parameters and graphs related to the body diode. Table 5 shows the 
electrical characteristics listed in IXTH120N20X4 datasheet. 

Table 5. Electrical Characteristics – Body Diode 

 

Diode forward voltage (VSD), measured under specified conditions including a given forward current (IS), zero gate-source voltage 
(VGS), and a virtual junction temperature of 25°C, symbolizes the maximum forward voltage drop across the intrinsic diode, as 
illustrated in Figure 14. 

 

Figure 14. Circuit Diagram to Measure Diode Forward Voltage 

Reverse recovery charge (Qrr) characterizes the charge that is built up in the diode during the transition from the conducting or 
forward bias state to the non-conducting or reverse-biased state. The time that is necessary to remove the charge that persists within 
the diode during the reverse recovery phase is called Diode Reverse Recovery Time (trr). Peak Reverse Recovery Current (Irrm) 
denotes the maximum current flowing in the reverse direction during this period. 

The circuit diagram and reverse recovery measurement waveforms are demonstrated in Figure 15. Mathematically, the reverse 
recovered charge, Qrr, is defined as the integral of the reverse recovery current, Irr, during the process of current commutation, with 
time as the variable. This relationship is expressed by Equation 10. The reverse recovery time, trr, is measured from the point of 
reverse bias initiation to the moment when the reverse current reaches 10% of its peak value. 

𝑸𝑸𝒓𝒓𝒓𝒓 = � 𝑰𝑰𝒓𝒓𝒓𝒓(𝒕𝒕)𝒅𝒅𝒅𝒅
𝒕𝒕𝒓𝒓𝒓𝒓

𝒕𝒕𝒓𝒓𝒓𝒓
 10 

 

 
 

(a) Measurement Circuit (b) Waveform 

Figure 15. Diode Reverse Recovery  
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3.5. Thermal Characteristics ─ Thermal Resistance (Rth) 
Rth signifies the thermal characteristics of the MOSFET at steady state, making it an essential parameter for thermal management of 
the MOSFET. Table 6 outlines the Rth values presented in the datasheet. The heat generated within the silicon chip needs to be 
dissipated by means of heat sink into the ambient. The thermal dissipation pathway for a power MOSFET in a conventional and 
isolated discrete package with a heat sink is visually outlined in Figure 16 (a) and (b).  

Table 6. Thermal Characteristics 

 
 

Thermal resistance junction to case (Rth(j-c)) is the thermal resistance from the junction of the die to the outside of the device’s 
case. It describes the passage of heat between the semiconductor chip and the case. Littelfuse specifies a maximum static Rth(j-c) at 
Tvj = 125°C.  

Thermal resistance case to heatsink (Rth(c-h)) characterizes the static heat dissipation of a MOSFET and depends on module size, 
heatsink, case surfaces, thickness parameters of thermal layers between module and heatsink. 

Thermal resistance junction to ambient (Rth(j-a))  is equal to sum of junction to case, Rth(j-c), case to heatsink Rth(c-h) and heatsink to 
ambient thermal resistance, Rth(h-a). The Rth(j-c) is specified in the datasheet whereas Rth(c-h) and Rth(c-a) is determined by the user’s board 
design and depends on the application. 

 

(a) Conventional Discrete Package 

 

(b) Isolated Discrete Package 

Figure 16. Lateral Thermal Resistance Chain within a Semiconductor Package 
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3.6. Package – Mechanical Rating 
This part of the datasheet covers physical characteristics of the device. 

Package weight (G) refers to the mass of the package or housing, including the MOSFET die and the required electrical and thermal 
connections. 

Isolation voltage (Visol) is specified only for isolated devices and represents the isolation voltage between all terminals connected 
against the cooling surface or base plate. The verification test circuit used to determine the isolation voltage rating between terminals 
and baseplate is visualized in Figure 17. 

 

Figure 17. Circuit Diagram for Isolation Withstand Voltage Test 

3.7. Characteristics Curves 
The essential curve in the datasheet provides graphical portrayal of key performance characteristics of MOSFET devices. In this 
application note, the graphs, and parameters from the IXTH120N20X4 datasheet are used as reference. 

Typical Output Characteristics of IXTH120N20X4, illustrating various modes of operation, are delineated in Figure 18. In the Cut-off 
region, the gate-source voltage (VGS) is less than the gate-threshold voltage (VGS(th)) and the device is an open circuit or off. In the 
Ohmic region, the device acts as a resistor with an almost constant on-resistance RDS(on) and which is equal to VDS /ID. In the linear-
mode of operation, the device operates in the Current-Saturated region where the drain current (ID) is a function of the gate-source 
voltage (VGS) and defined by the Equation 11: 

𝑰𝑰𝑫𝑫 = 𝑲𝑲 ∙ �𝑽𝑽𝑮𝑮𝑮𝑮 − 𝑽𝑽𝑮𝑮𝑮𝑮(𝒕𝒕𝒕𝒕)�
𝟐𝟐 = 𝒈𝒈𝒇𝒇𝒇𝒇 ∙ �𝑽𝑽𝑮𝑮𝑮𝑮 − 𝑽𝑽𝑮𝑮𝑮𝑮(𝒕𝒕𝒕𝒕)� 11 

In this equation, K is a parameter depending on temperature and device geometry and gfs is the current gain or transconductance. 
When the drain-source voltage (VDS) is increased, the positive drain potential opposes the gate voltage bias and reduces the surface 
potential in the channel. This reduction in surface potential continues as VDS increases until it reaches a critical point, known as the 
Channel Pinch-off Voltage, where the drain voltage equals �𝑉𝑉𝐺𝐺𝐺𝐺 − 𝑉𝑉𝐺𝐺𝐺𝐺(𝑡𝑡ℎ)�. At this point, the drain current becomes saturated.  

 
Figure 18. Typical Output Characteristics  
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Typical Transfer Characteristics depicted in Figure 19, illustrates the relationship between drain current and gate voltage across 
varying temperatures of –40, 25, and 150°C. The intercepts of these lines at ID = 0 A provides the threshold voltages for the 
respective temperature. It can be concluded that the transfer characteristic depends on both temperature and drain current and the 
threshold voltage decreases with increasing temperature.  
In certain scenarios, a cross-over point or zero temperature coefficient point may be present. Below this point, the gate-source 
voltage exhibits a negative temperature coefficient, implying a decrease in gate-source voltage at higher temperatures for a given 
drain current. Conversely, above this point, the temperature coefficient for the gate-source voltage becomes positive. 

 

Figure 19. Typical Transfer Characteristics  

Typical Drain-Source On-State Resistance (Normalized) vs. Virtual Junction Temperature - The value of RDS(on) is critical in 
power MOSFETS as it serves as an indicator of the device's capacity to handle current. An important characteristic is an increase in 
the on-resistance with increasing temperature, as evidenced in Figure 20, which portrays a positive temperature coefficient. The 
positive temperature coefficient of RDS(on) is a beneficial feature when paralleling power MOSFETs because it ensures thermal stability 
and balanced current sharing. 

 

Figure 20. Typical Drain-source On-State Resistance (Normalized to ID = 60 A) vs. Virtual junction temperature  

From Figure 20, RDS(on) vs. Tvj (normalized to ID = 60 A), it is found that RDS(on) is 1 at Tvj = 25°C, and it increases to 2.25 at Tvj = 150°C. In 
the IXTH120N20X4 datasheet, if the resistance RDS(on) at ID = 60 A (i.e., 0.5·ID25) is specified as 9.5 mΩ at Tvj = 25°C, then it is predicted 
that it will change to 21.375 mΩ when Tvj = 150°C is applied. The normalized value is obtained from RDS(on)|Tvj / RDS(on)|Tvj = 25°C. 

  

2.25 
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Typical Drain-Source On-State Resistance (Normalized) vs. Drain Current presented in Figure 21  provides information about the 
relative change in on-state resistance at different drain currents. The calculation of the on-state resistance, RDS(on) as a function of drain 
current ID and gate-source voltage VGS can be derived from the typical output characteristic diagram depicted in Figure 18, employing 
Ohm's Law. 

𝑹𝑹𝑫𝑫𝑫𝑫(𝒐𝒐𝒐𝒐)(𝑰𝑰𝑫𝑫)  =  
𝑽𝑽𝑫𝑫𝑫𝑫
𝑰𝑰𝑫𝑫

 12 

 

Figure 21. Typical Drain-source On-State Resistance (Normalized to ID = 60 A) vs. Drain Current  

From Figure 21, RDS(on) vs. ID (normalized to ID = 60 A), it is found that RDS(on) is 1 at ID = 60 A, and it changes to 1.2 at ID = 200 A. In the 
IXTH120N20X4 datasheet, if the resistance RDS(on) at ID = 60 A (i.e., 0.5·ID25) is specified as 9.5 mΩ, then it is predicted that the 
resistance RDS(on) will change to 11.4 mΩ when ID = 200 A is applied. The normalized value is obtained from RDS(on)|ID / RDS(on)|ID = 60 A. 

Typical Breakdown Voltage and Gate Threshold Voltage (Normalized) vs. Virtual Junction Temperature - The relationship 
between V(BR)DSS / VGS(th) and Tvj is expressed in Figure 22. The breakdown-voltage V(BR)DSS features a positive temperature coefficient, 
whereas gate-source threshold voltage VGS(th) has a negative temperature coefficient. At 25°C, the normalized breakdown-voltage V(BR)DSS 
is 1, growing to value of 1.14 at 150°C. This signs that breakdown-voltage V(BR)DSS at Tvj = 25°C is 200 V and is expected to be 228 V at 
Tvj = 150°C. The value of gate-source threshold voltage VGS(th) is 1 at 25°C and 0.643 at 150°C, respectively. Assuming the device's gate-
source threshold voltage VGS(th) is 3.5 V, then the VGS(th) remains at 3.5 V at Tvj = 25°C, but is anticipated to decrease to 2.24 V at 
Tvj = 150°C. 

 

Figure 22. Typical V(BR)DSS/VGS(th) (Normalized) vs. Virtual Junction Temperature  

1.2 

1.14 

0.643 
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Drain Current vs. Case temperature curve illustrated Figure 23 depicts the solution of Equation 2 across different case 
temperatures, demonstrating that at low case-temperature Tc, the maximum drain current ID remains constant, while at high case-
temperature Tc, it gradually decreases until reaching zero at Tc = Tvj(max). However, the actual drain current is restricted by additional 
factors, including bond wire diameter, chip design, and assembly. It is noteworthy that, in certain instances, the continuous current is 
constrained by the package leads, although the switched current could potentially be higher.  

 

Figure 23. Drain Current vs. Case Temperature  

Typical Transconductance - A large transconductance is desirable to obtain a high current handling capability with low gate drive 
voltage and for achieving high frequency response. Figure 24 displays a typical variation of the transconductance with respect to drain 
current. The reduction in the mobility with increasing temperature adversely affects the transconductance. 

 

Figure 24. Typical Transconductance Curve  
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Typical Gate Charge curve depicts the typical variation of the requisite gate charge to switch on the device at a specified VGS and 
VDD.  A typical gate charge waveform for a power MOSFET can be observed in Figure 25. The gate charge reflects the charge stored 
on the inter-terminal capacitances and is used in designing the gate drive circuit. 

 

Figure 25. Typical Gate Charge Characteristics  

In Figure 26, the parasitic Junction Capacitances Characteristics are represented as a function of drain-source voltage. Its 
components include input capacitance (Ciss), which consists of gate-source capacitance CGS in parallel with drain-gate capacitance CDG, 
output capacitance (Coss), which consists of drain-gate capacitance CDG in parallel with drain-source capacitance CDS and reverse 
transfer capacitance (Crss), which is the drain-gate capacitance CDG. 

 

Figure 26. Typical Junction Capacitance  
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Forward-Bias Safe Operating Area (FBSOA) is a datasheet figure of merit that defines the maximum allowed operating points. 
Figure 27 shows a typical FBSOA characteristic for an N-Channel Power MOSFET. It is bound by the maximum drain-to-source 
voltage VDSS, maximum conduction current IDM, maximum drain-source on-state resistance and constant power dissipation lines for 
various pulse durations.  

In Figure 27, there is a series of curves that include a DC line along with four single pulse operating lines, 10 ms, 1 ms, and 100 µs. 
The top of each line is limited by the maximum drain current and is bounded by a positive sloped line defined by the on-state 
resistance RDS(on) of the device. The right-hand side of each line is terminated at the rated drain-source voltage limit VDSS. Each line has 
a negative slope and is determined by the maximum power dissipation Ptot of the device: 

𝑷𝑷𝒕𝒕𝒕𝒕𝒕𝒕 =
�𝑻𝑻𝒗𝒗𝒗𝒗,𝒎𝒎𝒎𝒎𝒎𝒎 − 𝑻𝑻𝒄𝒄�

𝒁𝒁𝒕𝒕𝒕𝒕(𝒋𝒋−𝒄𝒄)
= 𝑽𝑽𝑫𝑫𝑫𝑫 ∙ 𝑰𝑰𝑫𝑫 13 

 

Figure 27. Forward Biased Safe Operating Area (FBSOA) Curve 

These theoretical constant power curves are derived from calculation with assumption of essentially uniform junction temperature 
across the Power MOSFET die. This assumption is not always valid, especially for a large die MOSFET. Firstly, the edge of a MOSFET 
die soldered to the mounting tab of a power package has generally lower temperature compared to the center of the die, as a result 
of lateral heat flow. Secondly, material imperfections like die attach voids and thermal grease cavities may cause local decrease of 
thermal conductivity. Additionally, fluctuations in dopant concentrations, gate oxide thickness and fixed charge will cause fluctuations 
of the local threshold voltage and the current gain (gfs) of individual MOSFE’s cells, which will also affect the local temperatures of the 
die. 

Die temperature variations are mostly harmless in case of switched mode operation; however, these can trigger catastrophic failure in 
linear mode operation with pulse duration longer than the time required for a heat transfer from the junction to the heat sink. Modern 
Power MOSFETs optimized for a switch-mode applications are known to have limited capability to operate in the right-side bottom 
corner of the FBSOA graph. 
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Typical Forward Characteristics of a Reverse Diode plotted against various temperatures are presented in Figure 28. This curve 
aids in comprehending the diode’s conduction behavior and its forward voltage drop characteristics. It clearly demonstrates the 
negative temperature coefficient of diode forward voltage VSD in the low-current region. As a result, it is anticipated that the diode 
forward voltage will decrease as the temperature increases. In the high-current region that is above the cross-over point (Q), the 
diode forward voltage will increase as the temperature increases. 

 

Figure 28. Typical Forward Characteristics of a Reverse Diode  

Typical Eoss vs. Drain-Source Voltage - Eoss refers to the output switching energy. Specifically, it represents the energy that is 
required to charge or discharge output capacitance of a MOSFET during the switching operation.  

𝑸𝑸𝒐𝒐𝒐𝒐𝒐𝒐 = � 𝑪𝑪(𝒗𝒗)
𝑽𝑽𝑫𝑫𝑫𝑫

𝟎𝟎
 𝒅𝒅𝒅𝒅 14 

  

𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 ∙ 𝑉𝑉𝐷𝐷𝐷𝐷 15 

Where in this equation, Qoss is the amount of charge required for charging the drain-source capacitance and C(v) is a function of the 
output capacitance Coss that is dependent on drain to source voltage VDS as shown in Figure 29. 

 

Figure 29. Typical Eoss vs. Drain-Source Voltage  
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Typical Transient Thermal Impedance - A Power MOSFET has a virtual junction temperature, Tvj limitation. It should be operated 
below the maximum virtual junction temperature, Tvj(max) specified in the datasheet to ensure reliability. The heat generated within the 
silicon chip needs to be dissipated by means of a heat sink into the ambient environment. The virtual junction temperature’s rise 
above the ambient temperature Ta and is directly proportional to this heat flow and the junction-to-ambient thermal resistance, Rth(j-a). 
The steady-state virtual junction temperature can be calculated by:  

𝑻𝑻𝒗𝒗𝒗𝒗 = 𝑷𝑷𝒕𝒕𝒕𝒕𝒕𝒕 ∙ 𝑹𝑹𝒕𝒕𝒕𝒕(𝒋𝒋−𝒂𝒂) + 𝑻𝑻𝒂𝒂|𝑻𝑻𝒗𝒗𝒗𝒗 ≤ 𝑻𝑻𝒗𝒗𝒗𝒗(𝒎𝒎𝒎𝒎𝒎𝒎) 16 

Here, Ptot is the maximum power dissipated in the junction. The total thermal resistance between junction and ambient is,  

𝑹𝑹𝒕𝒕𝒕𝒕(𝒋𝒋−𝒂𝒂) = 𝑹𝑹𝒕𝒕𝒕𝒕(𝒋𝒋−𝒄𝒄) + 𝑹𝑹𝒕𝒕𝒕𝒕(𝒄𝒄−𝒉𝒉) + 𝑹𝑹𝒕𝒕𝒕𝒕(𝒉𝒉−𝒂𝒂) 17 

The steady-state thermal resistance is not sufficient when calculating the peak virtual junction temperatures for pulsed applications. 
When a power pulse is applied to the device, the peak virtual junction temperature varies depending on peak power and pulse width. 
The temperature swing due to short pulses of power can be calculated using the thermal impedance Zth. 

𝒁𝒁𝒕𝒕𝒕𝒕(𝒋𝒋−𝒄𝒄)(𝒕𝒕) = 𝒓𝒓(𝒕𝒕) ∙ 𝑹𝑹𝒕𝒕𝒕𝒕(𝒋𝒋−𝒄𝒄) 18 

Here, r(t) is a time dependent factor that is defined by the thermal capacity of the device. For short pulses, the r(t)-value is small but 
for long pulse, it approaches 1, which means that the thermal impedance approaches the steady-state thermal resistance. A typical 
thermal impedance curve is shown in Figure 30, approaching the steady-state value for pulses exceeding a duration of about one 
second. The thermal impedance can be used to estimate the peak temperature rise for square wave power pulses, which is typical in 
power supply design circuits. 

 

Figure 30. Typical Thermal Impedance  
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Introduction

In electronics manufacturing, soldering is understood as a process used 
to join two or more metal components together by melting a fi ller metal, 
known as solder, into the joint. The solder typically is an alloy of different 
metals that melts at a lower temperature than the workpieces. This 
enables the solder to fl ow into the joint and create a strong, electrically, 
and thermally conductive bond as it cools and solidifi es. Depending on 
the temperatures and fi ller-materials in use, a classifi cation of soldering is 
done into one of the following processes: 

■ Brazing, a high-temperature process using brass-fi llers to form very 
strong bonds in mechanical applications

■ Hard soldering, with temperatures exceeding 450 °C, mostly using a 
blowtorch to melt the solder and widely found in metalwork

■ Soft soldering, taking place at < 450 °C, which is the process used in 
joining components on PCBs

The solder alloys used in the electronic industry are rapidly transitioning 
from tin/lead (Sn/Pb) to lead-free (Pb-free) solders to meet environmental 
regulations and the push for greener electronics manufacturing. Laws and 
regulations, which vary by country and application, control many of these 
requirements like REACH and RoHS. Over the past decades, there has 
also been a signifi cant shift from through-hole technology (THT) to surface 
mount technology (SMT). Although these transitions occurred for different 
reasons, their overlap has revealed challenges, particularly in integrating 
Pb-free soldering within SMT assemblies. This application note also 
addresses the optimization of Pb-free soldering conditions for Littelfuse 
surface mount devices (SMD). The information summarized in this 
document aligns with the international standards IPC-JEDEC J-STD-020, 
JEDEC J-STD-033D, and IEC 61760-1.

Objectives

This document deals with the overall process of soldering power 
electronic components onto printed circuit boards (PCBs). Soldering is a 
multidisciplinary science and includes metallurgy, process optimization, 
machine building, and thermal management. Industry has widely adopted 
refl ow-soldering for surface mount technology (SMT) and wave-soldering 
for through-hole components (THT) for mass production, while in lab-scale 
and maintenance, selective soldering remains an often-used technique.

Each of these processes, sketched in Figure 1, is described along with 
suggestions to achieve high-quality solder joints. A special focus is placed 
on solder alloy materials as the demand to get to a lead-free process brings 
along several challenges to consider.

Applications

This application note is relevant for any power electronics application 
involving power semiconductor devices on PCB.

Target Audience

This document is intended for engineers involved with and interested in the 
process of soldering semiconductor devices to PCB.

Contact Information

For more information on this topic, contact the Littelfuse Power 
Semiconductor team of product and applications experts at 
PowerSemiSupport@Littelfuse.com

 Figure 1. Solder processes covered in this application note

Refl ow Soldering Wave Soldering Selective Soldering
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Pb-free Solders and Resulting Challenges

Pb-free solders are usually tin/silver (Sn/Ag), or variations of Sn/Ag solder like 
Sn99-Cu0,7-Ag0,3. The primary difference affecting the soldering process 
is the higher melting point of Sn/Ag solder compared to Sn/Pb solder. In 
terms of quantifi cation, the nominal eutectic melting points are 220 °C for 
Sn/Ag solder and 183 °C for Sn/Pb (SN63-PB) solder. The off-eutectic Pb-free 
solders have even higher melting points. The combination 95 Sn/5 Ag solder 
melts at 240 °C, and there are tin/silver/copper (Sn/Ag/Cu) and other alloys 
that have melting points that range from 216 °C to 226 °C.

Even when eutectic Sn/Ag solders are used, dissolved plating materials 
like silver (Ag), tin (Sn), and gold (Au) can often increase the melting point 
to reach temperatures as high as 240 °C. Furthermore, solder can exist in 
multiple phases and one of these does not melt below 240 °C. As a result 
of these variations, the worst-case melting point of all the Sn/Ag Pb-free 
solders is considered to be 240 °C. This pushes the effective melting point 
of the Pb-free solders 57 °C higher than the Sn/Pb solders.

Challenges that arise from using lead-free solder alloys include:
■ Higher melting temperatures which require higher processing 

temperatures, which in turn leads to increased thermal stress for 
components and substrates.

■ Reduced wetting ability of lead-free solders, meaning they do not fl ow 
as easily or spread as well on the surfaces being joined. This can lead to 
weaker joints and increased defects.

■ Formation of Intermetallic Compounds (IMCs) is more often seen in 
lead-free solders and leads to forming of brittle intermetallic compounds 
at the solder joint interface. These IMCs can jeopardize the mechanical 
strength and reliability of the solder joints.

■ Increased oxidation is more prominent in lead-free solders during 
the soldering process, which can affect the quality of the solder joints. 
This often necessitates the use of more aggressive fl uxes or inert gas 
atmospheres.

■ Thermal fatigue and mechanical reliability can suffer as lead-free solder 
joints can be less reliable under thermal cycling and mechanical stress. 
The higher stiffness and lower ductility of lead-free solders can lead to 
increased susceptibility to cracking and failure under thermal stress.

■ Compatibility issues may arise as some lead-free solder alloys may 
not be compatible with certain components or PCB fi nishes, leading 
to potential reliability issues. For example, tin-silver-copper alloys can 
form brittle intermetallic compounds with certain surface fi nishes like 
nickel-gold.

These challenges require careful consideration and adaptation of soldering 
processes as well as choice of materials to ensure reliable and high-quality 
solder joints.

Component Considerations

Refl ow and wave soldering are suitable for a wide variety of components, 
both SMT and THT. The key considerations regarding the components to 
be soldered are:
■ Thermal sensitivity: Some components, especially certain types of 

ICs and electrolytic capacitors, may be sensitive to high temperatures. 
It is crucial to follow the manufacturers’ recommended profi les to avoid 
damage.

■ Moisture sensitivity: Non-hermetic packages, usually made of plastic 
mold compounds, may be sensitive to moisture. Over time, ambient air 
moisture can seep into the mold compound of the package. High levels 
of moisture inside the material can cause damage during soldering due to 
rapid heating and evaporation. Hence, components with higher Moisture 
Sensitivity Levels (MSL) need to be handled and stored appropriately 
to prevent moisture-induced damage during the solder process. For 
details, also refer to the JEDEC/J-STD-033 standard, which provides 
detailed guidelines for handling and storage of MSL–rated components, 
as summarized in Table 1. The MSL of a device can be found in the 
correlating material datasheet (MDS). 

 Table 1. Handling and storage guidelines for Moisture Sensitivity Levels (MSL) 
according to JEDEC standards

MSL 
Level

Floor Life
(Maximum Exposure 

Time)
Storage Conditions 

before Use Baking Requirements

MSL1 Unlimited at
≤ 30 °C / 85% RH

Store in a controlled
environment (dry storage) Not Required

MSL2 1 year at
≤ 30 °C / 60% RH

Store in a sealed moisture 
barrier bag (MBB)1 with 
desiccant2 and humidity 

indicator card (HIC)3

Bake if fl oor life4 exceeded 
(125 °C for 24 hours or

40 °C for 192 hours)

MSL2a 4 weeks at 
≤ 30 °C / 60% RH

Store in MBB with
desiccant and HIC

Bake if fl oor life exceeded 
(125 °C for 24 hours or

40 °C for 192 hours)

MSL3 168 hours (7 days) at 
≤ 30 °C / 60% RH

Store in MBB with
desiccant and HIC

Bake if fl oor life exceeded 
(125 °C for 24 hours or

40 °C for 192 hours)

MSL4 72 hours (3 days) at 
≤ 30 °C / 60% RH

Store in MBB with
desiccant and HIC

Bake if fl oor life exceeded 
(125 °C for 24 hours or

40 °C for 192 hours)

MSL5 48 hours (2 days) at 
≤ 30 °C / 60% RH

Store in MBB with
 desiccant and HIC

Bake if fl oor life exceeded 
(125 °C for 24 hours or

40 °C for 192 hours)

MSL5a 24 hours (1 day) at
≤ 30 °C / 60% RH

Store in MBB with
desiccant and HIC

Bake if fl oor life exceeded 
(125 °C for 24 hours or

40 °C for 192 hours)

MSL6 6 hours at
≤ 30 °C / 60% RH

Store in MBB with
desiccant and HIC

Mandatory bake before use 
(125 °C for 24 hours or

40 °C for 192 hours)

■ Package type: Surface mount components come in various package 
types such as SOIC, QFP, or D2PAK, each designed for compatibility with 
refl ow soldering. Ensure the package type is suitable for the specifi c 
refl ow process used.

■ Component placement: Proper alignment and placement of components 
are essential for successful refl ow soldering. Automated pick-and-place 
machines are typically used for precise component placement.

Notes:
(1)Moisture Barrier Bag (MBB): A sealed bag that prevents moisture ingress, typically used with desiccants 
to maintain low humidity levels inside the bag
(2)Desiccant: Material placed inside the MBB to absorb moisture and maintain low humidity
(3)Humidity Indicator Card (HIC): A card placed inside the MBB that changes color to indicate the level of 
humidity inside the bag
(4)Floor Life: The maximum time components can be exposed to the ambient environment, ≤ 30 °C / 60% RH, 
without requiring baking
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Refl ow Soldering

Refl ow soldering is a process used to attach SMT components to a PCB by 
melting solder paste that has been pre-applied to the pads and component 
leads. The process involves heating the assembly in a refl ow oven, following 
a controlled temperature profi le to achieve a reliable electrical and mechanical 
connection. The steps involved in refl ow soldering are: 
1. Solder paste application: The process begins with the application of 

solder paste onto the PCB. Solder paste is a mixture of powdered solder, 
usually lead-free alloys, and a fl ux that aids in the soldering process. The 
paste is typically applied using a stencil to ensure precise placement on 
the pads where components will be mounted.

2. Component placement: SMT components are then placed onto the PCB, 
aligning their leads or terminals with the solder paste deposits. This is 
usually done using automated pick-and-place machines, which ensure 
accurate and effi cient positioning of the components.

3. Refl ow soldering: Refl ow heating involves subjecting the PCB, now 
populated with components and solder paste, to a controlled heating 
process in a refl ow oven. The heating cycle typically includes several stages: 

i. Preheat, where the temperature is gradually raised to avoid thermal 
shock and activate the fl ux in the solder paste to remove oxides from 
the components’ leads and PCB pads. 

ii. Soak, where the temperature is maintained at a certain level to ensure 
uniform heating and further activate the fl ux. 

iii. Refl ow, where the temperature is increased to a peak level to melt the 
solder and form metallurgical bonds between the components’ leads 
and the PCB pads; and

iv. Cooling, where the assembly is gradually cooled to allow the solder to 
solidify and create strong, reliable joints. The temperature is regulated 
over time to follow the refl ow soldering profi le.

The process is briefl y pictured in Figure 2.

Figure 2. Refl ow soldering overview

The PCB industry has extensive experience with Sn/Pb solders, which 
typically have peak refl ow temperatures of 215–245 °C while exceeding 
183 °C for 20–60 seconds. If 57 K are added to these temperatures for 
ideal refl ow and wetting in case of Pb-free solders, the temperatures would 
be so high that they could damage components, burn, or harden fl uxes, 
and oxidize some solderable surfaces. The typical refl ow temperature 
range for Pb-free (Sn/Ag) solder is 240–250 °C, with 40–80 seconds over
220 °C. Although the duration above the melting point is longer for Pb-free 
solders, the higher temperatures and the narrower process window for 
safe operation make the refl ow process more critical and challenging to 
manage.
Due to these facts, the recommended Sn/Pb refl ow temperature range 
is less critical, and therefore, minor deviations in the temperature of 
equipment or components generally do not create soldering problems. In 
contrast, the Pb-free solder refl ow temperatures are considerably higher, 
which requires precise refl ow temperature limiting and monitoring to avoid 
failures. 

Although most SMD-style semiconductor components are suitable for
Pb-free solders, the maximum soldering temperatures or suitable 
assembly processes should be confi rmed. The solder profi le can also be 
infl uenced by high component density, heavy copper foils, and other unique 
conditions. The actual temperature of small or large components should be 
considered when defi ning the refl ow profi le. It is also important to check 
the maximum temperature ratings of components when using Pb-free 
soldering, especially for SMT components, where the entire component 
generally reaches the peak refl ow temperature.

It is not possible for a power semiconductor device manufacturer to provide 
a general refl ow profi le recommendation for a customer in charge of board 
assembly. Refl ow furnace settings depend on the number of heating and 
cooling zones, type of solder paste/fl ux used, board and component size 
as well as component density. The actual temperature setting needs to 
be above the liquidus temperature of the solder paste in order to form 
reliable solder joints. A standard surface-mount refl ow soldering process 
according to J-STD-020 [1] is recommended. Figure 3 depicts a typical 
Pb-free (Sn/Ag) refl ow profi le according to JEDEC-standard J-STD-020.

 Figure 3. Typical refl ow soldering profi le for lead-free solder based on J-STD-020

After refl ow soldering, visual inspection of the PCB is advised to verify solder 
joint quality and detect defects such as solder bridges, voids, or insuffi cient 
amount of solder. Automated optical inspection and X-ray inspection are 
commonly used. Functional testing may also be performed to ensure the 
assembled PCB works as intended.

Refl ow Soldering Temperature Profi le for Pb-free Solders

The higher melting point of the typical Pb-free (Sn/Ag) solders require 
soldering temperatures to safely reach 240 °C. The recommended 
soldering profi le must assure that 240 °C is reached for a minimum time, 
considering the temperature tolerances and varying component size and 
mass.
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Different temperatures and time durations for the Pb-free solder process, 
according to Figure 3, are explained, along with their values [1], in Table 3.

The preheat time and temperature are determined primarily by the fl ux 
system. The fl ux system must clean and remove oxidation from the surfaces 
to be soldered, which includes PCB and component leads. Solder pastes 
often include both fl ux and volatile organic fi ller materials. Preheating removes 
excess volatile materials while the fl uxes are doing their work. Typical preheat 
conditions are 60 to 120 seconds between 150 °C and 200 °C, but since the 
preheat cycle depends on the fl ux system, it is best to adhere to the preheat 
cycle recommended by the fl ux or solder paste manufacturer. The maximum 
heating rate is typically limited to 3.0 K/second, but most refl ow systems 
heat considerably slower because of the mass and preheat requirements.

The maximum cooling rate is typically 6.0 K/second and is limited to 
prevent damage to solder joints or components caused by mechanical 
stresses generated by differences in the coeffi cient of thermal expansion 
(CTE) and mismatch between the components and the PCB. In general, 
it is advantageous to cool down near the maximum rate. The maximum 
cooling rate keeps the solder from crystallizing, which improves the 
mechanical properties of the solder. The solder fi nish should be shiny 
after cooling, a dull fi nish being evidence of crystallization. Cooling rates 
can be more critical with Pb-free solder refl ow because the temperature 
difference between solidifi cation and room temperature is much larger 
than with Sn/Pb solders. The temperature difference for Pb-free solders is
(240–25) °C = 215 °C and for Sn/Pb solder is (183–25) °C = 158 °C. A gradual 
cooling rate change allows these soft solders to creep and release the 
mechanical stresses which are proportional to the product of the thermal 
expansion coeffi cient, temperature differential, and total component 
length. Therefore, larger components and components with CTE values 
signifi cantly different compared to the PCB’s CTE are more susceptible to 
damage due to cooling.

Important note:
The TO-263 and TO-268 surface mount packages from Littelfuse require 
special considerations due to their larger size, to ensure optimal solder 
bonding between the base and the substrate, which supports high power 
dissipation. 
■ Soldering technique: The recommended soldering techniques are either 

refl ow soldering with convection heating or vapor phase soldering, both 
of which require a preheating step. For convection heating, Littelfuse 
recommends a suitable cover gas fl ow with gas temperature as close as 
possible to the maximum allowed package temperature. The advantage 
is a very homogeneous heating of the whole substrate or board and less 
stress for all devices. The gas should  preferably be forming gas, but pure 
nitrogen is also possible. This enables the use of solder paste with a 
small amount of fl ux, which remains a requirement for good solder joints 
to power devices. Infrared heating is less suitable due to the size and 
thickness of the packages and the thickness of the copper bases, which 
absorb very little radiation.

■ Soldering profi le: The soldering profi le should consider:
• Heating and cooling ramps to not exceed 2 K/s and 1 K/s respectively
• Pre-heating at a maximum temperature of 160 °C for a time of 60 s 

is necessary.
• The allowable peak surface temperature of the device is 250 °C for

10 s maximum.
This is only a guideline. The appropriate temperature profi le has to be 
adjusted experimentally for each product.

 Table 2. Classifi cation temperature (Tc) for Pb-free solder process

Package Thickness Volume [mm3]
< 350

Volume [mm3]
350 – 2000

Volume [mm3]
> 2000

< 1.6 mm 260 °C 260 °C 260 °C

1.6 mm – 2.5 mm 260 °C 250 °C 245 °C

>2.5 mm 250 °C 245 °C 245 °C

The refl ow temperature during assembly should be such that the peak 
package body temperature, TP, does not exceed the JEDEC standard’s 
classifi cation temperature, Tc, of the Pb-free process given in Table 2. The 
reference refl ow profi les for soldering application are given by the solder 
paste manufacturer. They usually provide a suitable starting point for further 
optimization. The general requirements for electronic-grade solder alloys and 
fl uxes can be found in the IPC-7530 or IEC/ TR IEC 60068-3-12.

The maximum refl ow processing boundary of an SMD, the critical package 
body peak temperature, Tc, is determined by classifi cation profi les that 
must not be confused with the actual refl ow soldering profi le that has to 
be applied in the board assembly.

The component qualifi cation procedures conducted at Littelfuse are in 
accordance with the J-STD-020 standard. They follow the worst-case 
refl ow profi les a given device and its package must withstand, according 
to the standard’s classifi cation tables and temperature profi les mentioned 
in Table 2. These should not be construed as process refl ow profi le 
specifi cations for any specifi c application.

The classifi cation temperature, Tc, of the lead-free solder process depends 
on the package thickness and volume of the SMD package as listed in 
Table 2 [1].

 Table 3. Parameters for Pb-free solder process

Profi le Feature Pb-free Assembly

Preheat/Soak Zone
Temperature Min (Tsmin)
Temperature Max (Tsmax)

Time (ts) from (Tsmin to Tsmax)

150 °C
200 °C

60–120 seconds

Ramp-up rate (TL to TP) 3 K/second max.

Liquidous temperature (TL)
Time (tL) maintained above TL

217 °C

60–150 seconds

Peak package body temperature (TP)
1 Tp must not exceed the

classifi cation temperature Tc in Table 2

Time (tp)
2 within 5 °C of the specifi ed 

classifi cation temperature (Tc)
30 seconds

Ramp-down rate (TP to TL) 6 K/second max.

Time 25 °C to peak temperature 8 minutes max.

Notes:
(1) The tolerance for the peak profi le temperature (Tp) is defi ned as a supplier minimum and a user maximum.
(2)The tolerance for the time at peak profi le temperature (TP) is defi ned as a supplier minimum and user 
maximum.
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 Figure 4. Typical steps in a wave-soldering process

Figure 5. Generic wave soldering temperature profi le

The process is separated into three intervals that consist of:
1. A pre-heating time with a limited temperature gradient to get 

the component from ambient temperature close to the solder 
temperature without causing too high thermal stress

2. A time where the assembly gets in touch with the liquifi ed solder. 
This interval is typically considered to not exceed 10 seconds with a 
solder-bath temperature of 260 °C.

3. The phase of cooling down, again with a limited temperature gradient 
to keep thermal stress within tolerable limits.

The occurrence of two spikes in the diagram is a consequence of the wave 
soldering technology using two sequential waves. This is commonly used 
as it enhances the solder joint quality, particularly if the waves move in 
opposite directions.

As in refl ow soldering, several parameters need to be considered, which 
a power semiconductor manufacturer has no control over. Therefore, 
developing and verifying an individual temperature profi le remains the PCB 
manufacturer’s responsibility.

Wave Soldering

Wave soldering stands as a prominent solution, especially in high-volume 
production scenarios, facilitating the reliable assembly of through-hole (THT) 
electronic circuitry. This section provides an overview of the wave soldering 
processes, along with recommendations for successful soldering and 
maintaining consistent quality.

Wave soldering is an industrial soldering process primarily employed for 
the through-hole assembly of electronic circuit boards. In this process, the 
components on the circuit board pass a stationary wave of liquid solder alloy, 
creating solder joints to connect the components securely to the board. Wave 
soldering is also an option to mount SMD components or mixed assemblies. 
Here, SMD components are typically glued to the PCB to keep them in place 
during soldering.

The procedure unfolds in several steps: 
1. The electronic assembly is prepared before soldering. Through-hole 

components are placed on the circuit board, and they are securely held 
in place by fi xtures to ensure stability during the soldering process

Finally, visual inspection is recommended to verify that the solder joints 
meet the quality requirements. In some cases, cleaning may be necessary to 
remove excess fl ux, which can be done through methods such as spraying, 
dipping, or other cleaning techniques.

Wave Soldering Temperature Profi le for Pb-free Solders

As with the refl ow soldering process and for the same reasons, a 
temperature profi le for wave soldering needs to consider ramp-up and 
ramp-down temperature gradients, maximum temperatures, and intervals 
for the components to get in direct contact with the heat source. IEC 61760-
1 [3] gives an overview on how such a temperature profi le can be designed. 
The correlating diagram is sketched in Figure 5.

2. Next, the assembly is treated with fl ux. Flux serves to remove 
oxide layers from metal surfaces and facilitates wetting, ensuring 
high-quality solder connections. 

3. The assembly then passes through a preheating zone, raising its 
temperature to minimize thermal shock and facilitate wetting during 
the wave soldering process.

4. Afterwards, the design is conveyed over the solder wave, which 
contains molten solder – typically, a tin-lead alloy or a lead-free 
alternative. The solder wave creates a uniform solder layer on the 
metal component leads by fl ooding them with liquid solder. The 
assembly is positioned to only expose the bottom side of the circuit 
board to the solder wave. This way, through-hole components are 
reliably connected as the solder is applied to their leads and forms 
reliable solder joints by fi lling the PCB’s correlating holes.

After wave soldering, the assembly goes through a further thermal zone 
to ensure proper cooling and solidifi cation of the solder joints, minimizing 
stresses in the connections. The assembly then passes through a cooling 
zone to lower the overall temperature and ensure stable solder joints.
The process is schematically pictured in Figure 4.
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Selective Soldering

Selective soldering is a precise method used to solder specifi c components 
on a printed circuit board without affecting nearby components. This 
technique is particularly useful for complex PCBs with a high density of 
components or those that include both surface-mount and through-hole 
components.

In the case of automated selective soldering, the process represents a 
miniature version of wave soldering. In contrast, instead of moving the PCB 
to the wave, a nozzle that generates a solder wave in the shape of a small, 
pointed dome is brought to the solder-position, as depicted in Figure 6. The 
PCB assembly remains stationary while the nozzle is moved accordingly.

 Figure 6. Precise miniature wave-generating nozzle in selective soldering

Figure 7. Connecting pads to copper area

Due to the identic requirements, this process needs to be regarded as 
wave soldering with all the correlating features and precautions that need 
to be considered.

■ Tombstoning happens when an SMD component lifts off the pad 
on one side but gets soldered on the other side, resembling a tilt 
tombstone in appearance. This can be caused by uneven heat 
distribution or mechanical stress during soldering.

■ Solder voids occur due to poor wetting, insuffi cient fl ux, or improper 
soldering techniques.

■ Overheated joints are unreliable connections caused by too high 
temperatures that may cause fl uxes to not operate as they are 
supposed to.

■ Solder splashes consist of small droplets of solder, scattered on the 
PCB and potentially causing malfunction. Solder contamination can 
be one root-cause.

While some of these failures can be prevented by proper processes and 
process control, PCB layouts can also contribute to enhancing solder 
quality. Designers should take care to adhere to given design rules for 
PCB layout. 

Especially in power electronics where components carry higher currents 
and thus both width and thickness of copper traces grow accordingly, best 
practices in PCB design must consider the impact of these larger masses 
on thermal development and temperature distributions.

Best practices in design focus on the component’s pads and the connection 
to surrounding copper traces. Figure 7 is a representation of two pads 
connected to a larger copper area.

Design Hints to Support Successful Soldering

Soldering, in essence, is a thermal process that relies on accurately 
delivering liquifi ed metal to the dedicated position and ensuring proper 
coverage while preventing damage or unintended deposition of material.

Common failures in soldering include:

■ Cold joints that can cause weak electrical and mechanical connection, 
often caused by insuffi cient heat, contaminated surfaces, or moving 
the joint before the solder solidifi es.

■ Solder bridging is an unintended connection between adjacent pads 
which can cause malfunction or short circuits.

■ Insuffi cient solder amount to form a reliable joint can cause poor 
electrical and mechanical connections. This might be a consequence 
of too high a speed in wave soldering or contaminated stencils used 
to apply solder paste in refl ow processes.

■ Lifted pads that detached from the carrier-PCB, potentially because of 
excessive heat, too steep temperature gradients, mechanical stress 
during soldering, or process failures during PCB manufacturing.

While electrically both pads remain part of the same trace, the lower 
design uses thermal traps to connect the via to the surrounding polygon. 
During soldering, this prevents larger amount of thermal energy from being 
dissipated to the copper that effectively works as a heat sink. Thus, the heat 
remains with the pad and allows the solder to form a reliable joint.

As the thermal traps introduce gaps between the via and the surrounding 
area, care must be taken to remain with a suitable ring thickness, dr, to keep 
a mechanically stable via.

Using thermal traps to connect larger copper areas, especially with 
larger-mass power electronic components, remains the preferred solution. 
It is important to design the traps carefully as they have to cope with higher 
current densities compared to a solid connection.

dr
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When wave soldering is the targeted process, components should be placed 
in a way that prevents so-called shading.
Looking at the SMD component in Figure 8, the effect can be seen.

Summary

The soldering of semiconductor devices to PCB has historically involved 
Sn/Pb solders, but Pb-free solders are increasingly being used to eliminate 
Pb, as required by environmental regulations. Most Pb-free solders suitable 
for these applications are Sn/Ag alloys with higher melting points, with 
correspondingly higher solder temperatures. The higher temperatures 
are limited by the maximum allowable temperatures of components and 
fl uxes. This creates a narrow temperature window for Pb-free solder. The 
optimization of the Pb-free solder processes is therefore more critical 
compared to Sn/Pb soldering. Pb-free soldering can also be more critical 
for power components and other larger mass components, which take 
longer to heat. 

Although Pb-free solders often use the same fl ux systems as Sn/Pb 
solders, and thus have similar preheat cycles and heating rates, additional 
considerations are necessary for larger components, such as TO-268, TO-263, 
or power module packages. These components have higher thermal mass 
and require special treatment to ensure proper solder bonding between the 
base and substrate for effi cient power dissipation. Careful control of ramp 
rates and uniform heating is essential to prevent thermal stress and ensure 
reliable solder joints in automated systems.

Pb-free solders are more environmentally friendly and are suitable for 
soldering most semiconductor components with appropriate temperature 
profi les in place. For wave- and refl ow soldering, the temperature profi le 
is infl uenced by multiple factors, including the number and confi guration 
of heating and cooling zones, the type of solder, or fl ux used, the size 
of the board and components, and component density. Consequently, 
semiconductor device manufacturers are unable to provide a precise 
solder profi le recommendation. It is the responsibility of the PCB assembly 
supplier to establish the appropriate soldering profi le, considering these 
variables. Additionally, it is crucial to adhere to the Moisture Sensitivity 
Level (MSL) specifi cations during thermal processes. Components with 
higher MSL ratings must be properly handled, stored in moisture-controlled 
environments, and baked if necessary to prevent moisture-induced failures, 
ensuring the reliability and performance of sensitive semiconductor devices.

If these precautions, along with some attention to the PCB design are met, 
successful soldering of power electronic components can be achieved.

To allow for wave soldering, the SMD component is kept in place by 
glue. Being mounted in close proximity and in line with the through-hole 
component, the surface tension of the liquifi ed solder may prevent proper 
wetting of the area. Consequently, the fi rst pad may not be soldered properly, 
while the second pad receives the desired treatment. This may lead to poor 
connections but could also result in the tombstoning effect mentioned 
above.

In case short distances between two parts is a desired feature, arrangements 
should be considered that prevent pads from being aligned in a straight 
line. This is a recurring task when placing buffer capacitors for integrated
fast-switching circuits such as gate-drivers or power-supply components 
like DC-DC-converters.

 Figure 8. Shading of spots due to poor component placing
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