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6. Heat Sink Design 
 

6.1 Maximum Allowable Power Dissipation and Radiation Equivalent Circuits 

When the circuit has been designed for fully adequate thermal stability, the maximum allowable 
power dissipation (PDmax) for power MOSFETs can be determined based on the power MOSFET’s 
ambient (external) air temperature (Ta), the maximum temperature in the power MOSFET’s channel 
section (Tchmax), and the total thermal resistance (θch-a, sometimes denoted as Rth) from the channel 
to ambient air, that is determined by the radiating condition described below, as shown in the 
following equation (1). 
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With regard to the path by which thermal energy produced in the power MOSFET’s channel section 
is transferred to the outside, we can think of such thermal transfer as similar to the conduction of 
electrical current except that the thermal conditions are expressed in terms of thermal resistance and 
thermal capacitance.  

Figure 6.1 shows a radiation equivalent circuit under normal thermal conditions. 
 

Figure 6.1  Equivalent Circuit

θi: Internal thermal resistance (from channel to case) 

θb: External thermal resistance (from case direct to ambient air)

θs: Isolation plate’s thermal resistance 

θc: Contact thermal resistance (at point of contact with heat sink)

θf: Heat sink’s thermal resistance (from the heat sink to ambient)

Tc Tch 

 
The total thermal resistance (θch-a) from channel to ambient air can be determined for the 

equivalent circuit shown in Figure 6.1 via equation (2) below. 
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Because medium-output and low-output transistors generally do not use heat sinks, in such cases 
θch-a is expressed as shown in equation (3) below. 

θch-a = θi + θb ....................................................................................................... (3) 
In catalogs for medium-output and low-output transistors, the maximum allowable power 

dissipation is specified at Ta = 25°C. However, when this power dissipation value is not specified, we 
can calculate it using the θch-a value from equation (3) and the Tchmax value, as shown below. 
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The thermal resistance θb from the case to ambient air depends on the material and configuration 
of the case, but it is a considerably larger value than those of θi, θc, θs and θf. Therefore, expression 
(2) is simplified and the following expression can be used in practice. 

θch-a = θi + θc + θs + θf ......................................................................................... (4) 
In dealing with direct current dissipation, it is possible to realize a radiation design satisfying the 

maximum rating by finding expression (4). In using power MOSFETs in a pulse circuit or similarly 
fluctuating application, great care must be taken so that the peak value of Tch never exceeds Tchmax. 
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6.2 Pulse Response of Channel Temperature 

In general, the thermal impedance of a power MOSFET is given by a distributed constant circuit as 
shown in Figure 6.2. 
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Figure 6.2  Power MOSFET Thermal Impedance 

 

 

Figure 6.3 Temperature Change when Pulse 
Loss is Applied. 

If pulse loss Pch (t) shown in Figure 6.3 is added to the 
circuit shown in Figure 6.2, the thermal variation Tch (t) 
that occurs in the m-th CR parallel circuit under stable 
thermal conditions can be calculated as follows: 
(1) In areas where Pch (t) = P0,  
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(2) In areas where Pch (t) = 0,  
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For ordinary power MOSFETs, we can approximate the actual value of Tch (t) by assuming that n = 

approximately 4, but it is difficult to determine the Tch value if the C and R values are not clear. 
Therefore, we generally estimate the Tchpeak using transient thermal resistance as described below. 

In Figure 6.4, the characteristics of the 2SK2698 are shown as a typical example of transient 
thermal resistance characteristics. When a single rectangular pulse (with pulse width T1 and peak 
value P0) is added to this circuit, we can determine the Tch peak by using the transient thermal 
resistance rth (T1) for the pulse width T1. The Tchpeak is expressed according to equation (7) below. 

( ) TaPrT 01Tthchpeak +⋅= ................................................................................... (7) 

When continuous pulses of cycle T are added (as shown in Figure 6.3), the Tchpeak under stable 
thermal conditions can be determined as indicated in equation (8) below. 
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When carrying out radiation design for pulse circuits, we must be careful so that the Tchpeak value 
shown in equation (8) does not exceed the power MOSFET’s Tchmax value. 
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Figure 6.4  Transient Thermal Resistance (2SK2698) 

 
The above analysis assumes that a rectangular wave is being applied. When using power MOSFETs 

in real equipment, in most cases the Pch (t) is not a rectangular wave. 
Usually in such cases the dissipation waveform approaches to a rectangular wave as shown in 

Figure 6.5, so that the Tchpeak value can still be obtained by using equation (8). 
 

Figure 6.5  Approximate Power Loss Waveform 

 
≪Calculation Example≫ 

The data needed for the calculation are: the waveform of the voltage between the drain and 
source, the drain current waveform, the ambient temperature, the heat sink thermal resistance 
data, and the operating conditions. Based on the formula (8), this data can be used to calculate 
the channel temperature. 

If the calculated temperature is within the maximum rating (Tch (max) = 150°C), the device can 
be used. 

The following is a calculation example based on a typical waveform obtained under continuous 
operation for a switching power supply for example. 
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< Typical Waveform> Device Used: 2SK2837 (no heat sink) 

 
VDS waveform

ID waveform

Sw period
tsw 

ON period
tw 

Cycle T
Note 2: PD = ID × VDS

 
Using a rectangular approximation of the power loss (Note 2) of the above waveform, calculate 

the channel temperature by using formula (8). The loss waveform obtained from the above 
waveform and the rectangular approximation derived from the loss waveform are shown below. 

 
(loss waveform) 

PD = 22 W 
PD1 = 15.4 W

(rectangular approximation) PD2 = 184.8 W

T = 15 μs

T2 = 142 ns 
T1 = 320 ns

200 ns
450 ns 

PD = 264 W

 
Applying a regularly repeating rectangular wave like the one in Figure 6.3, the peak of the 

channel temperature rise can be calculated by using formula (8). However, as mentioned the 
above, if multiple rectangular waves are applied cyclically, the calculation formula must be used 
with a different model. 

In this model, repeating rectangular waves are treated as the sun of the average power 
dissipation and other two waves. Accordingly, in the case of the above rectangular wave, use the 
following type of approximation model to calculate the power loss. 
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Calculate as below; that is, consider that the repetitive waveforms for two cycles follow the 
average power loss Pav applied for an infinite period. 

 

−PD1 

−Pav. 

Pav. 

PD1 

PD2 

−PD2 

(8) 

(7)

(9) 
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(3) 

(2) 

(4)

(6)

(1) 

 
)
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 ( ) ( ) ( ) ( 2T1TTthD12T1TTthav.ach-thav.peakach- rPrPRPT ++++ ×+×−×=Δ

 (1) (2) (3) 
  ( ) ( ) ( ) ( 2T1TthD1TthD22TTthD22TTthD1 rPrPrPrP +++ ×+×−×+×−

 (4) (5) (6) (7) 
 ........................................................................................(9) ( ) ( )2TthD22TthD1 rPrP ×+×−

 (8) (9) 
To calculate the channel temperature, the Rth (ch-a), rth (t) thermal resistances are required, as 

in formula (9). 
rth (t) value: Use the value derived from the transient thermal resistance graph included in 

the individual technical datasheet. Use the following formula to calculate the 
short pulse whose value is not included in the individual technical datasheet. 

 ( ) ( ) t/1ms1msrr thtth ×=  

Read the values from datasheet 2SK2837 and calculate a rise in the channel temperature. 
( ) ( ) ( ) ( ) D12T1TTthD12T1TTthav.a-chthav.peaka-ch PrPrPRPT −×+×−×=Δ ++++  

  ( ) ( ) ( ) ( ) D12T1TthD1TthD22TTthD22TTth PrPrPrPr −×+×−×+× +++

 ( ) ( )2TthD22Tth rPr ×+× ∼ − 104°C 

Pav.  = 2.08 W 
PD1  = 15.4 W 
PD2  = 184.8 W 
Rth (ch-a)  = 50°C/W 

( 2T1TTthr ++ )

)

)

  = 0.0068°C/W 

( 2TTthr +   = 0.0067°C/W 

rth (T)  = 0.0066°C/W 
( 2T1Tthr +   = 0.0012°C/W 

( )2Tthr   = 0.0006°C/W 

At an ambient temperature of 25°C, the peak channel temperature is: 
Tch-a (peak) ∼ − 104 + 25 = 129°C 
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The thermal resistance in the radiation equivalent circuit shown in Figure 6.1 is explained as 
follows: 

(1) Thermal resistance between channel and case (internal resistance) θi 
Because the internal thermal resistance (θi) between the channel and case is directly 

determined by factors such as the power MOSFET’s structure and materials, methods of 
mounting the power MOSFET chip in its case, and kind of case filler materials, each power 
MOSFET has its own thermal resistance characteristics. 

To actually measure this value, the power MOSFET’s case must be force-cooled to maintain a 
constant temperature. 

Assuming that the case is force-cooled to a constant 25°C, the maximum allowable dissipation 
(PDmax) can be calculated as shown in equation (10) below. 

i
chmax

i
chmax

Dmax
25TcP

θ
−Τ

=
θ

−Τ
= .......................................................... (10) 

In catalogs for large-output power MOSFETs, the maximum allowable drain dissipation is 
given for a constant case temperature of 25°C on the assumption of using infinite heat sinks. As 
was clearly demonstrated in equation (10), this value can also be based on the power MOSFET’s 
internal thermal resistance value. 

(2) Contact thermal resistance (θc) 
The contact thermal resistance (θc) is determined by the condition of the contact surface 

between the power MOSFET case and the heat sink. This contact surface condition is greatly 
influenced by factors such as flatness, coarseness, contact area, and fastening method. For 
example, if silicon grease is applied to the contact surface, it can reduce the influence of factors 
such as surface flatness and coarseness. If the case is designed to be attached directly to the heat 
sink, such as in the TO-3 (L), TO-3P (N), and TO-220 types, to fasten a screw after applying 
silicon grease will reduce the contact thermal resistance to 0.5°C per W. However, 
medium-output and low-output power MOSFETs are not designed to be attached directly to heat 
sinks, due to their smaller size and the costs of their fabrication. Therefore even though heat 
sinks are used for these smaller power MOSFETs, they have a relatively high contact thermal 
resistance in case of poor attachment to the heat sink. 

 

6.3 Insulation Plate’s Thermal Resistance (θs) 

In cases in which the power MOSFET must be insulated from the heat sink, we must insert an 
isolation material between the two. 

The thermal resistance (θs) of this insulation barrier is determined by factors such as the type of 
insulation material and the material’s surface area and thickness. Sometimes the thermal resistance 
value (θs) can be appreciable, so it must not be ignored. 

Mica is the best type of insulation material in view of its high thermal transfer rate, and it can be 
used under high-temperature conditions. However, mica insulation material has disavantage in that 
it is fragile and difficult to fabricate in even thickness. Mylar is somewhat inferior to mica in terms of 
its thermal transfer rate, but it can be fabricated in thin plates of uniform thickness. 
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Table 6.1  Values of Thermal Resistance between Case and Heat Sink (θc + θs)  

θc + θs [°C/W] 

Silicon Grease Case Insulation Plate 

Greased Ungreased 

No insulation plate 0.3 to 0.5 1.5 to 2.0 
TO-220AB 

Mica (50 to 100 μ) 2.0 to 2.5 4.0 to 6.0 

TO-220 (IS) No insulation plate 0.4 to 0.6 1.0 to 1.5 

No insulation plate 0.1 to 0.2 0.5 to 0.9 (TO-3P) 
2-16C1B Mica (50 to 100 μ) 0.5 to 0.8 2.0 to 3.0 

No insulation plate 0.1 to 0.2 0.4 to 1.0 (TO-3P (L)) 
2-21F1B Mica (50 to 100 μ) 0.5 to 0.7 1.2 to 1.5 

 
 

Figure 6.6 Heat Sink Area and Thermal 
Resistance (θf) 

6.4 Heat Sink Thermal Resistance (θf) 

The thermal resistance of a heat sink can be 
thought of as the distributed constant thermal 
resistance along the path of thermal transfer 
from the surface of the heat sink to the 
ambient air. Although the thermal resistance 
is influenced by factors such as the ambient air 
conditions, the temperature difference between 
the sink and the ambient air, and the heat 
sink’s effective surface area, it is difficult to 
express these factors in a mathematical 
equation, and so the effects of these factors are 
currently determined by actual measurement. 

Figure 6.6 shows the thermal resistance 
values of a heat sink measured with one power 
MOSFET standing vertically at the center of 
the heat sink. 

Heat sink area  (cm2) 
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Recently, manufacturers of heat sinks have announced various new heat sink models, and the 
above data may prove useful when putting these new models to practical use. 

For descriptions of accessories required for mounting power MOSFETs on heat sinks, and of the 
correct mounting method, please refer to Section 6, “Accessories”. 
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6.5 Attaching the Heat Sink 

It is recommended to attach the heat sink in accordance with the following points. If these are 
ignored, for example if the heat sink has burrs, bumps or hollows, if its attachment profile is the 
wrong size, or if it is attached with the wrong torque, the device can be skewed, the pellet or resin  
can be damaged, or the adhesion between the resin and the frame can be weakened. 
(1) Heat sink 

The surface where the device is attached must be sufficiently smooth. Warps, large bumps or 
hollows in the surface, or foreign bodies such as punching burrs or chips lodged between the 
device and the attachment face can cause device failure in the worst case. To avoid these 
problems, the flatness of the surface where the device is attached should be within 50 μm.  

 

Within 50 μm 

 
 

(2) Attachment holes 
Intrusion resulting from punch processing around attachment holes should be no more than 50 

μm. The holes for attaching the device should be no larger than necessary. If intrusion does occur 
around a hole or if the diameter of the hole is larger than normal, be sure to fit a square washer. 

 

Heat sink 

Intrusion

Burr 
Protrusion 

○ × × 

 
 

(3) Screws 
The screws to attach the device are generally classified as machine screws and tapping screws. 

If tapping screws are used, note that it is easy to exceed the maximum tightening torque. Also, 
avoid using special screws such as countersunk screws and round countersunk screws as these 
may place excessive stress on the device. 

(4) Insulating spacers 
Use mica or mechanically strong insulating spacers. 

(5) Insulating washers 
Use insulating washers that snugly fit the devices. 

(6) Grease 
Use Toshiba’s silicon YG6260 grease as this does not easily separate from its base oil and will 

not adversely affect the interior of the devices. 
 



Power MOSFET in Detail 
 

9 

(7) Tightening torque 
Use torque values less than those shown in Table 6.2 to obtain good thermal resistance and to 

avoid applying stress to the device. 
 

Table 6.2  Package Mounting Torque Values 

Package 

JEDEC Toshiba Name 

Screw Tightening Torque 
(max, Unit: N • m) 

TO-220AB 2-10P1B 0.6 

TO-220 (IS) 
2-10L1B 

2-10R1B 
0.6 

TO-3P (N) 2-16C1B 0.8 

TO-3P (NIS) 2-16F1B 0.6 

TO-3P (L) 2-21F1B 0.8 

 
Screws, insulation spacers and insulation washers are also available from Toshiba as 

accessories. 
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