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1. Thermal Design and Attachment of a Thermal Fin
1.1. Maximum Allowable Power Dissipation and Radiation Equivalent Circuit
At thermal equilibrium, the maximum power dissipation PD(max) of a power MOSFET can be
expressed as follows in terms of the ambient temperature, Ta, the power MOSFET’s maximum
channel temperature Tch(max) and the channel-to-ambient thermal resistance Rth(ch-a) as
determined by heat dissipation conditions discussed in this section.
𝑇𝑇𝑐𝑐ℎ (𝑚𝑚𝑚𝑚𝑚𝑚) − 𝑇𝑇𝑎𝑎
𝑃𝑃𝐷𝐷 (max)(𝑇𝑇𝑎𝑎 ) =
… (1)
𝑅𝑅𝑡𝑡ℎ(𝑐𝑐ℎ−𝑎𝑎)

Heat flow can be modeled by analogy to an electrical circuit. Using this model, the heat flow
from the channel of a MOSFET to the ambient air is derived from thermal resistances and
thermal capacitances.
Figure 1.1 shows a radiation equivalent circuit in the thermal steady state.
Tch

Tc
θi

∆Tch

P

θi: Internal thermal resistance (channel-to-package)
θs

θc

θb

θf

θb: External thermal resistance (package-to-ambient air)
θs: Thermal resistance of an insulation shield
θc: Contact thermal resistance (at the interface with a thermal fin)
θf: Heat sink’s thermal resistance

Ta

Figure 1.1 Radiation Equivalent Circuit
From the equivalent circuit of Figure 1.1, the channel-to-ambient thermal resistance Rth(ch-a)
can be calculated as follows:
𝑅𝑅𝑡𝑡ℎ(𝑐𝑐ℎ−𝑎𝑎) = 𝜃𝜃𝑖𝑖 +

𝜃𝜃𝑏𝑏 (𝜃𝜃𝑠𝑠 + 𝜃𝜃𝑐𝑐 + 𝜃𝜃𝑓𝑓 )
𝜃𝜃𝑏𝑏 + 𝜃𝜃𝑠𝑠 + 𝜃𝜃𝑐𝑐 + 𝜃𝜃𝑓𝑓

… (2)

Since no heat sink is generally used for power MOSFETs in a thermally conductive package
Rth(ch-a) can be calculated as follows:
𝑅𝑅𝑡𝑡ℎ(𝑐𝑐ℎ−𝑎𝑎) = 𝜃𝜃𝑖𝑖 + 𝜃𝜃𝑏𝑏

… (3)

The catalog of power MOSFETs in thermally conductive packages shows their maximum
allowable power dissipation at an ambient temperature Ta of 25°C. When this power dissipation
value is not specified, the PD(max) value can be expressed in terms of Rth(ch-a) and Tch(max):
𝑇𝑇𝑐𝑐ℎ (𝑚𝑚𝑚𝑚𝑚𝑚) − 25
𝑃𝑃𝐷𝐷 (max)(𝑇𝑇𝑎𝑎 = 25℃) =
𝑅𝑅𝑡𝑡ℎ(𝑐𝑐ℎ−𝑎𝑎)

The case-to-ambient thermal resistance θb varies with the material and shape of the case.
Generally, θb is significantly larger than θi, θc, θs and θf. Therefore, in practice, Equation (2) can
be simplified as follows for packages to which a heat sink is attached:
𝑅𝑅𝑡𝑡ℎ(𝑐𝑐ℎ−𝑎𝑎) = 𝜃𝜃𝑖𝑖 + 𝜃𝜃𝑠𝑠 + 𝜃𝜃𝑐𝑐 + 𝜃𝜃𝑓𝑓
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In dealing with direct current dissipation, it is possible to realize a radiation design satisfying the
maximum given by Equation (4). When power MOSFETs are used in a pulse circuit, great care is
required to ensure that the peak value of Tch does not exceed Tch(max).

1.2. Pulse Response of Channel Temperature
Generally, the thermal impedance of a power MOSFET is modeled as a distributed constant
circuit as shown in Figure 1.2.
Tch (t)
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Figure 1.2 Thermal Impedance of a Power MOSFET
When a power loss Pch(t) shown in Figure 1.3 is applied to the circuit in Figure 1.2, the change
in temperature Tch(t) that appears at the m-th parallel RC circuit under stable thermal
conditions can be calculated as follows:
1.

In the region where Pch(t) = P0,
𝑚𝑚

2.

𝑇𝑇𝑐𝑐ℎ (𝑡𝑡) = �(𝑃𝑃0 𝑅𝑅𝑛𝑛 − 𝑇𝑇𝑛𝑛 (𝑚𝑚𝑚𝑚𝑚𝑚)) �1 − exp �−
𝑛𝑛=1

In the region where Pch(t) = 0
𝑚𝑚

𝑇𝑇𝑐𝑐ℎ (𝑡𝑡) = � 𝑇𝑇𝑛𝑛 (𝑚𝑚𝑚𝑚𝑚𝑚) ∙ exp �−
𝑛𝑛=1

Tch (t)

Pch (t)

𝑡𝑡
�� + 𝑇𝑇𝑛𝑛 (𝑚𝑚𝑚𝑚𝑚𝑚)
𝐶𝐶𝑛𝑛 𝑅𝑅𝑛𝑛
𝑡𝑡
�
𝐶𝐶𝑛𝑛 𝑅𝑅𝑛𝑛

Tch (max)

… (6)
#2

#1

P0

… (5)

Tch (av.)
Tch (min)

T1

0

Ta

T2

T

Time, t

T1

T

Time, t

Figure 1.3 Change in Temperature Caused by Applying Pulse
For typical power MOSFETs, the actual value of Tch(t) can be approximated by substituting n=4.
But if the C and R values are indefinite, it is difficult to calculate Tch. Therefore, Tchpeak is
generally estimated using transient thermal resistance as follows.
Figure 1.4 shows an example of typical transient thermal resistance characteristics. Suppose
that a single rectangular pulse (with a pulse width of T1 and a peak power loss of P0) is applied.
From the figure, we read the transient thermal resistance at a pulse width of T1, rth(T1), and
then use Equation (7) to calculate Tchpeak.
𝑇𝑇𝑐𝑐ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇1 ) ∙ 𝑃𝑃0 + 𝑇𝑇𝑎𝑎
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When a repetitive pulse train with a cyclic period of T is applied as shown in Figure 1.3, Tchpeak
in a thermally stable state is calculated as follows:
𝑇𝑇1
𝑇𝑇1
𝑇𝑇𝑐𝑐ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑃𝑃0 � 𝑅𝑅𝑡𝑡ℎ(𝑐𝑐ℎ−𝑎𝑎) + �1 − � ∙ 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇 + 𝑇𝑇1 ) − 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇) + 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇1 )� + 𝑇𝑇𝑎𝑎 … (8)
𝑇𝑇
𝑇𝑇
Great care should be exercised in the thermal design for a pulse circuit to ensure that Tchpeak
does not exceed Tch(max) of a power MOSFET.

Figure 1.4. Transient Thermal Resistance Curves
In practice, Pch (t) may not be a rectangular wave for applications of power MOSFETs.
In such cases, approximate the power loss waveform as a rectangular wave as shown in Figure
1.5 and use Equation (8) to estimate Tchpeak.
Actual
dissipation waveform
実際の損失波形

PD (t)

Approximation
waveform
近似波形

PD (t)

Pp

Pp
T

0

T1’

T1 T2’

T2

Time, t

0

Time, t

Figure 1.5 Approximation of a Power Loss Waveform
In order to accurately convert a power loss wave into a square wave, it is necessary to perform
integration. However, if the power loss waveform is nearly a sine-wave or triangular-wave Pch(t)
can be estimated as shown below.
In (a) and (b), a peak value of 0.7PD and a pulse width of either 0.91t or 0.71t are assumed (to
obtain a square pulse with the same area).
In (c) and (d), the peak value is the same before and after conversion, the pulse width is
approximated as 0.63t or t/2 (to obtain a square pulse with the same area).
PD

PD

PD

PD

0.7 PD

0.7PD
0.91t

0.63t

0.71t

t

t

(a)

t

(c)

(b)

t/2
t

(d)

Figure 1.6 Waveform Approximation
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Table 1.1 Basic Equations for Calculating Load Current

Power
Applying
Pattern

Junction Power
Loss Waveform

Junction
Temperature Rise
(TR: Reference
temperature)

(a)
Continuous
load

Junction Temperature and Power Loss
Rth＝ Steady-state Thermal Resistance
rth(t1) = Transient Thermal Impedance at Time t1
rth(t2–t1) = Transient Thermal Impedance at Time
(t2–t1)

Tj –TR=P0Rth

P0 = (Tj–TR) / Rth

Time

Time

Tt1–TR=P0rth(t1)

(b)
Single-shot
pulse

Tt2–TR=P0[rth(t2) –rth(t2–t1)]
P0 = (Tt1–TR) / rth(t1)

Tt1–TR=P0rth(t1)

Tt3–TR=P0[rth(t3) –rth(t3–t1)+rth(t3–t2)]

(c) Short
pulse train
with an equal
amplitude

Tt5–TR=P0[rth(t5) –rth(t5–t1)+rth(t5–t2) –rth(t5–
t3)
+rth(t5–t4)]

Tt1–TR=P0rth(t1)

(d) Pulse train
with an
unequal
amplitude

Tt3–TR=P0rth(t3) –P0rth(t3–t1)+P2rth(t3–t2)]
Tt5–TR=P0rth(t5) –P0rth(t5–t1)+P2rth(t5–t2)
–P2rth(t5–t3)+P4rth(t5–t4)]

(e) Long pulse
train with an
equal
amplitude
(approximate
solution)

Tj–TR=P0[(tPRth/τ)+(1–tP/τ)rth(τ+tP) –
rth(τ)+rth(tP)]

P0=(Tj–TR)/[(tPRth/τ)+(1–tP/τ)rth(τ+tP)
–rth(τ)+rth(tP)]

(f) Overload
with
continuous
load
(Non-pulsed)

TtOL–TR=PDCRth+(POL–PDC)rth(tOL)

POL=[(TtOL–TR–PDCRth)/rth(tOL)]+PDC

(g) Overload
with
continuous
load
(Pulsed)
(Approximate
solution)

© 2017 - 2018
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TOL–TR=PDCRth+P0[(tP/τ–PDC/P0)rth(tOL)

+(1–tP/τ)rth(τ+tP) –rth(τ)+ rth(tP)]

P0=[TtOL–TR–PDC{Rth–rth(tOL)}] /
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Calculation Example:
The data necessary for calculation are the waveforms of drain-source voltage and the drain
current, the ambient temperature, the thermal resistance data for the heat sink, and the
operating conditions. Channel temperature can be estimated with Equation (8) using these data.
If the result is less than the rated maximum channel temperature Tch(max), you can determine
that the device can be used.
Here is an example of calculation based on a typical waveform under continuous operation for
switching power supplies.
Typical waveform: Device without a heat sink
VDS Waveform

ID Waveform
On-Time
tw

Switching Time
tsw

*1 : PD = ID × VDS

Cycle T

Figure 1.7 Typical Waveform
First, approximate the power loss*1 from the above waveform as a square wave and then use
Equation (8) to calculate the channel temperature. Figure 1.8 shows the waveform for power
loss and the square waveform approximated from it.
(Power loss
waveform)

(Approximated
rectangular
waveform)

PD = 264 W

PD2 = 184.8W
T = 15 µs

PD1 = 15.4 W

PD = 22 W
200 ns

T1 = 320 ns

450 ns

T2 = 142 ns

Figure 1.8 Approximated Rectangular Waveform
If a regularly repetitive rectangular waveform as shown in Figure 1.3 is applied to a device,
Equation (8) can be used to calculate the peak of the channel temperature increase. If multiple
rectangular waveforms mentioned above are periodically applied, it is necessary to create a
separate model and apply the equation to that model.
Create a model by combining an average power loss with two or so cycles in which the power
loss exceeds the average. For the above rectangular waveform, use the following type of
approximate model shown in Figure 1.9 for calculation.
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T2
T1
PD2

Pav.
PD1

T

Figure 1.9 Power Loss Model

𝑃𝑃𝑎𝑎𝑎𝑎. =

1 𝑇𝑇
1
� (𝑃𝑃𝐷𝐷1 + 𝑃𝑃𝐷𝐷2 )𝑑𝑑𝑑𝑑 = (𝑇𝑇1 𝑃𝑃𝐷𝐷1 + 𝑇𝑇2 𝑃𝑃𝐷𝐷2 )
𝑇𝑇 0
𝑇𝑇

Calculate as given below; the average power loss is applied for an infinite period Pav. (#1) and
the repetitive waveform is applied for two cycles thereafter.

#9

#5

#7

#3

PD2

PD1

#1

Pav.
−Pav.

#2

−PD1

#4
#8

−PD2

#6

Figure 1.10 Relationship of Stacked Waveforms and Time
∆𝑇𝑇𝑐𝑐ℎ(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) = 𝑃𝑃𝑎𝑎𝑎𝑎. × 𝑅𝑅𝑡𝑡ℎ(𝑐𝑐ℎ−𝑎𝑎) − 𝑃𝑃𝑎𝑎𝑎𝑎 × 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇 + 𝑇𝑇1 + 𝑇𝑇2 ) + 𝑃𝑃𝐷𝐷1 × 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇 + 𝑇𝑇1 + 𝑇𝑇2 )
#1

#2

#3

−𝑃𝑃𝐷𝐷1 × 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇 + 𝑇𝑇2 ) + 𝑃𝑃𝐷𝐷2 × 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇 + 𝑇𝑇2 ) − 𝑃𝑃𝐷𝐷2 × 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇) + 𝑃𝑃𝐷𝐷1 × 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇1 + 𝑇𝑇2 )
#4

#5

−𝑃𝑃𝐷𝐷1 × 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇2) + 𝑃𝑃𝐷𝐷2 × 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇2 )
#8

#9

#6

#7

… (9)

To calculate channel temperature, the Rth(ch-a) and rth(t) values are necessary as shown in
Equation (9).
rth(t): Obtain from the transient thermal resistance curves provided in individual technical
datasheets.
If the pulse width is shorter than the range shown in the datasheet, calculate as follows:
𝑡𝑡
𝑟𝑟𝑡𝑡ℎ (𝑡𝑡) = 𝑟𝑟𝑡𝑡ℎ (𝑇𝑇) × �
𝑇𝑇

T: Shortest period of time shown in the transient thermal resistance curve
rth(T): transient thermal resistance at time T
© 2017 - 2018
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The thermal resistance values shown in the equivalent thermal circuit of Figure 1.1 can be
explained as follows:
(1) Channel-to-case thermal resistance (internal thermal resistance): θi
The internal thermal resistance θi from the channel of a power MOSFET to the case
depends on the structure and materials of the MOSFET, board assembly, case materials
and other factors. Each power MOSFET has its own thermal resistance characteristics.
To measure internal thermal resistance, the case of the power MOSFET must be cooled to
maintain a constant temperature.
When the case temperature Tc is held at 25°C, the maximum allowable power dissipation,
PD(max), of a power MOSFET can be calculated using Equation (10).
𝑃𝑃𝐷𝐷 (𝑚𝑚𝑚𝑚𝑚𝑚) =

𝑇𝑇𝑐𝑐ℎ (𝑚𝑚𝑚𝑚𝑚𝑚) − 𝑇𝑇𝑐𝑐 𝑇𝑇𝑐𝑐ℎ (𝑚𝑚𝑚𝑚𝑚𝑚) − 25
=
𝜃𝜃𝑖𝑖
𝜃𝜃𝑖𝑖

… (10)

In catalogs for power MOSFET, the maximum allowable drain dissipation is specified at a
temperature of 25°C with specific condition in datasheets.
Note: The symbol Rth(ch-c) may be used to represent channel-to-case thermal resistance.
(2) Contact thermal resistance: θc
Contact thermal resistance θc varies according to the condition of the contact surface
between the case of the power MOSFET and the heat sink. This condition is greatly
affected by factors such as the coarseness and the fastening method. For example, the
influence of factors such as coarseness and unevenness can be reduced by the
application of silicone grease. However, power MOSFETs (such as surface-mounted
devices) are not designed to be attached directly to heat sinks, and contact thermal
resistance can be considerably large in case of poor attachment to the heat sink.
(3) Insulation plate’s thermal resistance: θs
If it is necessary to provide electrical insulation between a power MOSFET and a heat sink,
an insulation plate must be inserted between them.
The thermal resistance of this insulation plate θs varies with the materials, thickness and
area of the plate. Sometimes the thermal resistance value of the insulation plate can be
significant, so it must not be ignored.
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(4) Heat sink thermal resistance: θf
The thermal resistance of a heat sink can be considered as the distributed thermal
resistance of the heat path from the surface of a heat sink to ambient air. The thermal
resistance of a heat sink is decided by its material, shape, condition of ambient, and the
effective area of the heat sink.
Figure 1.11 shows an example of thermal resistance data measured for a power MOSFET
standing vertically at the center of the heat sink.
In recent years, various thermal heat sinks have been available from many vendors.
These data are useful when using a heat sink.
30

2 mm steel sheet
1 mm steel sheet

Thermal Resistance (ºC/W)

10

5

2 mm aluminum sheet

3

1 mm copper sheet

1

1 mm aluminum sheet

0.5
5

10

30

50

100

300

500

1000

Area of Heat Sink (cm2)

Figure 1.11 Area of Heat Sink and Thermal Resistance θf
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1.3. Attaching to the Heat Sink
It is recommended to attach the heat sink in accordance with the following points. For example,
if the heat sink has burrs or hollows, if its attachment profile is the wrong size, or the tightening
torque of the MOSFET is not adequate, the MOSFET can be warped, causing the destruction of
a pallet or resin, or the degradation of adhesion between the resin and the frame.
(1) Flatness of heat sink
The surface on which a device is to be attached must be sufficiently smooth. If it is
warped or substantially uneven or if any foreign matter, such as pressing burrs or cutting
chips, are present, the device could be destroyed in the worst case. To prevent this
problem, the flatness of the surface where the device is attached should be 50 μm or
less.

≤50 µm

Figure 1.12 Warp of Heat Sink
(2) Mounting hole
Intrusion around the mounting holes resulting from machining should be 50 μm or less in
size, and the mounting holes should not be unnecessarily large. If such conditions are
unavoidable, be sure to insert a square washer.
Good

Bad

Bad

Intrusion

Protrusion

Heat sink

Burr

Figure 1.13 Burrs, Intrusion and Protrusion on Mounting Holes
(3) Screws
Screws used to attach MOSFETs to a heat sink are generally classified as machine screws
and tapping screws. When tapping screws are used, care should be exercised to ensure
that the tightening torque will not exceed the maximum allowable limit. Do not use
special screws such as flat-head and round-head screws because they apply excessive
stress on the device.
(4) Insulation spacers
Use insulation spacers with sufficient mechanical strength.
(5) Insulation washers
Use insulation washers suitable for the device.
(6) Grease
Use grease that is not prone to base oil separation so that the device is not adversely
affected internally.
(7) Tightening torques
The tightening torques should be less than the values shown in Table 1.2 so as not to
cause stress on the device and to achieve the desired thermal resistance.
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Table 1.2 Maximum Torques by Packages
Package

Screw Tightening Torque
(max)(in N∙m)

Name
TO-220

0.6

TO-220SIS

0.6

TO-3P(N)

0.8

TO-247

0.8

TO-3P(L)

0.8
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IMPACT ("UNINTENDED USE"). Except for specific applications as expressly stated in this document, Unintended Use includes,
without limitation, equipment used in nuclear facilities, equipment used in the aerospace industry, medical equipment, equipment
used for automobiles, trains, ships and other transportation, traffic signaling equipment, equipment used to control combustions
or explosions, safety devices, elevators and escalators, devices related to electric power, and equipment used in finance-related
fields. IF YOU USE PRODUCT FOR UNINTENDED USE, TOSHIBA ASSUMES NO LIABILITY FOR PRODUCT. For details, please
contact your TOSHIBA sales representative.
• Do not disassemble, analyze, reverse-engineer, alter, modify, translate or copy Product, whether in whole or in part.
• Product shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is prohibited under any
applicable laws or regulations.
• The information contained herein is presented only as guidance for Product use. No responsibility is assumed by TOSHIBA for any
infringement of patents or any other intellectual property rights of third parties that may result from the use of Product. No license
to any intellectual property right is granted by this document, whether express or implied, by estoppel or otherwise.
• ABSENT A WRITTEN SIGNED AGREEMENT, EXCEPT AS PROVIDED IN THE RELEVANT TERMS AND CONDITIONS OF SALE
FOR PRODUCT, AND TO THE MAXIMUM EXTENT ALLOWABLE BY LAW, TOSHIBA (1) ASSUMES NO LIABILITY
WHATSOEVER, INCLUDING WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL DAMAGES
OR LOSS, INCLUDING WITHOUT LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION
AND LOSS OF DATA, AND (2) DISCLAIMS ANY AND ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS
RELATED TO SALE, USE OF PRODUCT, OR INFORMATION, INCLUDING WARRANTIES OR CONDITIONS OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, ACCURACY OF INFORMATION, OR NONINFRINGEMENT.
• Do not use or otherwise make available Product or related software or technology for any military purposes, including without
limitation, for the design, development, use, stockpiling or manufacturing of nuclear, chemical, or biological weapons or missile
technology products (mass destruction weapons). Product and related software and technology may be controlled under the
applicable export laws and regulations including, without limitation, the Japanese Foreign Exchange and Foreign Trade Law and
the U.S. Export Administration Regulations. Export and re-export of Product or related software or technology are strictly
prohibited except in compliance with all applicable export laws and regulations.
• Please contact your TOSHIBA sales representative for details as to environmental matters such as the RoHS compatibility of
Product. Please use Product in compliance with all applicable laws and regulations that regulate the inclusion or use of controlled
substances, including without limitation, the EU RoHS Directive. TOSHIBA ASSUMES NO LIABILITY FOR DAMAGES OR
LOSSES OCCURRING AS A RESULT OF NONCOMPLIANCE WITH APPLICABLE LAWS AND REGULATIONS.
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