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Application Note PRD-07635

Impact of PCB Design on Wolfspeed DM Module Ampacity

Printed Circuit Board (PCB) design is an essential part of the thermal management of power electronic systems.
The Wolfspeed DM power modaule is a solder-pin power module where the PCB sinks heat away from the power
module terminals into the ambient air through heat conduction and convection. The number of PCB layers, the
copper weight, the dielectric thickness, and the size of the board all affect the thermal resistance of the PCB.
Thus, the power module terminal ampacity (current carrying capability) will be limited by the PCB design. This
application note demonstrates the effect of PCB design on the Wolfspeed DM module terminal ampacity and
provides guidance for PCB design to account for the module’s terminal ampacity limit in addition to other PCB
design parameters.
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1. Introduction

In power modules, the PCB acts as a heat spreader for the power module terminals. Figure 1 shows the heat
spreading mechanisms of a power module terminal (pin) mounted on to PCB. Most of the heat generated by
the power module terminal as current travels throughiitis dissipated laterally via the PCB copper layers through
heat conduction [1]. The PCB dielectric material (commonly FR4) has very poor thermal conductivity (0.25 W/m-
K) compared to copper (398 W/m-K), hence it contributes very little to lateral heat spreading. The heat
spreading for the dielectric layer is mainly vertical through heat conduction [2]. Heat is also dissipated from the
PCB surface into the ambient air through convection.

»w Convection heat

’ - - ’ % Conduction heat
- - .
g o= = g, mmmmm= Through hole pin
1 3

Figure 1: PCB heat spreading mechanisms

Increasing the copper weight and coverage area on the PCB structure improves the PCB thermal performance
by increasing the effective copper area for lateral heat spreading. As the copper area increases, the effective
thermal resistance of the PCB reduces but the heat spreading reaches saturation beyond a certain point [1], [3].
Therefore, further increases in PCB copper area will not provide substantial PCB thermal resistance reduction.
Reducing the thickness of the dielectric material also reduces the thermal resistance of the PCB; however, care
should be taken not to compromise the mechanical integrity of the PCB when doing so.

2. PCB Thermal Resistance Model

The distributed thermal resistance model of a typical PCB is shown in Figure 2 [1]. The thermal resistance of the
copper layer is modeled as a horizontal resistance branch (Rcu) since the heat spreading in the copper layer is
predominately lateral. On the other hand, the heat spreading in the FR4 layer is mainly vertical due to the poor
thermal conductivity of FR4 material, hence the FR4 thermal resistance to vertical heat spreading is modeled
as a vertical resistance branch (Res). The thermal resistance to the heat spreading from the PCB surface to the
ambient air is represented as thermal resistance of the ambient air (Rx).

The thermal resistance of the copper layer to lateral heat spreading can be modeled using equation (1).

ley
Rey = 1
= Ay (1)

where [y is the length of the copper layer; Acy is the cross-sectional area of the copper layer (product of the
copper layer thickness and copper layer width); and Acy is the thermal conductivity of copper.
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The thermal resistance of the FR4 layer to vertical heat spreading can be modeled using equation (2).

LrRra
Repy = 7—— (2)
ArraArra
where tqr4 is the thickness of the FR4 layer; Arrs is the cross-sectional area of the FR4 layer (product of the FR4

layer length and width); and Arr4 is thermal conductivity of the FR4 material.
The thermal resistance of the ambient air to convective heat spreading from the PCB surface to the ambient air
can be modeled using equation (3).

_ 1
hApcg

Ra (3)

Where his the convective heat transfer coefficient of air (0.001 W/ °C- cm?) and Apcs is the area of the PCB board.

%RA _ ?RA , %RA $RA
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Figure 2: Expanded PCB thermal resistance model

Calculating the thermal resistance of a PCB from its expanded thermal resistance modelis arduous. The process
can be simplified by considering a 1 square cm portion of the PCB and calculating its thermal resistance. The
thermal resistance of this PCB piece can then be used to compare the thermal performance of different PCB
designs in terms of copper thickness, FR4 thickness, and the number of layers.

To demonstrate this, consider two PCB design options: a two-layer, four-ounce copper PCB and a four-layer,
two-ounce copper PCB with the same overall board thickness. Because the PCBs have the same board thickness
and the same total copper layer thickness (eight ounces), they will have the same total FR4 layer thickness.
However, due to the difference in the PCB stack-up structure, they will have different thermal resistances.

Figure 3 shows the thermal resistance model of the two-layer, four-ounce copper PCB with 2.4 mm board
thickness over a 1 square cm area. Using equations (1) - ( 3 ), the thermal resistance of the copper layer (Rcu),
the thermal resistance of the FR4 layer (Rrr4), and the thermal resistance of the ambient air to the surface of the
PCB (Rx) can be calculated; the results of this analysis are shown in Table 1. Please note that a one-ounce
copper weight is equivalent to a copper thickness of 0.0035 cm.
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Tambient ¢ Ttermina\

Figure 3: Thermal resistance model of a two-layer 1 cm square PCB

Table 1: Thermal Resistances for a 2-layer, 4-oz Copper PCB with 1 cm Square Area and 2.4 mm Thickness

Thermal Resistance Rcu (°C/W) Rera (°C/W) Ra (°C/W)
Value 17.86 92.17 1000

Using the thermal resistance model in Figure 3 and the thermal resistance values in Table 1, the thermal
resistance of a two-layer, four-ounce PCB with 1 cm square area and 2.4 mm board thickness will be 526 °C/W.

Figure 4 shows the thermal resistance model of a four-layer, two-ounce copper PCB with 1 cm square area and
2.4 mm board thickness. The thermal resistance of the copper layer (Rcu), the thermal resistance of the FR4 layer
(Rers) and the thermal resistance of the ambient air to the surface of the PCB (Ra) for this piece of PCB again can
be calculated using equations (1) - ( 3); the results of this analysis are provided in Table 2.

AAAY,
RCu
QL Rera

RCu

:

Tambient ? Rera ¢ Tterminal

:

Reu
Rere

RCu

Figure 4: Thermal resistance model of a four-layer 1 cm square PCB

Table 2: Thermal Resistances for a 4-layer, 2-oz Copper PCB with 1 cm Square Area and 2.4 mm Thickness

Thermal Resistance Rcu (°C/W) Rera (°C/W) Ra (°C/W)
Value 35.71 30.72 1000

Using the thermal resistance model in Figure 4 and the thermal resistance values in Table 2, the thermal
resistance of a four-layer, two-ounce PCB with 1 cm square area and 2.4 mm board thickness will be 561 °C/W.

As can be seen from the thermal resistance of the two 1 cm square PCB pieces, the thermal resistance of a four-
layer, two-ounce copper PCB is slightly higher than the thermal resistance of a two-layer, four-ounce copper
PCB despite having the same board thickness, the same total FR4 layer thickness, and the same total copper
layer thickness.
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3. Package Ampacity Test setup

The effect of PCB design on the DM module terminal ampacity is verified by experimental test. The size and
layout of the PCB used for the test is shown in Figure 5. The finished thickness of the board is 0.093 inches. The
DC+, DC- and MID nets are assigned to all layers. Please note this layout is a simplified layout, as the purpose of
the PCB board is only for thermal testing of the DM module terminals. This should not be interpreted as a
general layout recommendation of DM module PCB design. For general layout recommendations of DM module
PCB design, please contact your regional sales representative or check the official product page on
www.wolfspeed.com.

»
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Figure 5: PCB layout used for the DM module terminal ampacity test
A modified version of the DM module is used to monitor the thermal behavior during operation. This module is
unlidded, unpotted, and is coated with a high-emissivity black paint. This allows for the temperature of each
die to be monitored with a thermal camera during testing, ensuring that the maximum operating temperature
of the die are not exceeded during the test. Wolfspeed offers black-painted thermal modules for customers
intending to do similar thermal testing. Please contact your regional sales representative to order these types
of modules.

Figure 6: Black-painted DM thermal module
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A FLIR® thermal camera (FLIR T1010) with 3X (51 um) close-up lens is used to monitor the temperature of the
die and the module terminals during the test. This thermal camera lens has a high temperature measurement
resolution and enables accurate measurement of temperature. Please make sure you properly adjust the
camera focus to the point where temperature measurement is intended to be made.

Figure 7: FLIR® thermal camera (FLIR T1010) with 3X (51um) close-up lens

FLIR Thermal Studio® software can be used to remotely access the thermal camera screen during the test and
take snapshots of the thermal images. This software can also be used to later process thermal images and
prepare test result presentations or reports.

Figure 8 shows the test setup for die temperature monitoring. The thermal camera is placed vertically above
the power module. The camera focus is adjusted carefully until good image resolution is achieved. The bottom
switch position is powered in this test, so the current source is connected between the mid-point and the
negative DC terminal of the power module. A positive 15V is applied to the bottom switch gate position.

black painted
module

current
supply

& B > e :

Figure 8. Setup for die temperature measurement

Figure 9 shows the side view of the test setup. The negative DC power terminal is painted black to avoid
reflection of infrared signals during thermal measurement. High-heat black spray is used as black paint for this
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terminal. It is recommended to apply the black paint to the module terminal after the module is soldered to the
PCB and allow the black paint to cure for at least one day before testing the module.

black painted
power terminal

B

|

gate signal
terminals

Figure 9: Side view of the thermal power module

Figure 10 shows the module terminal temperature measurement setup. The thermal camera is placed to the
side of the power module where the terminal temperature needs to be measured and its focus is carefully
adjusted until good image resolution is achieved. The current supply is increased slowly in discrete steps while
allowing enough time for the temperature to reach to steady state in between the current steps. Thermal
images of the module die and the module terminal are taken for each current step. The current is increased
until any die reaches its maximum allowable junction temperature.

black pained
module

e T

?""' umm‘

Thermal \
Camera . “

=

Figure 10: Setup for module terminal temperature measurement
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4. Package Ampacity Test Results

Figure 11 shows the terminal ampacity test results of the DM module for six different PCBs with the same
finished board thickness but different numbers of layers and different copper layer thickness. Two primary
conclusions can be drawn from the results.

For PCBs with the same number of layers, increasing the copper layer thickness (and decreasing the FR4 layer
thickness) causes a decrease in the terminal temperature of the module. This is because the thermal resistance
of the PCB decreases when the copper layer thickness increases (and the FR4 layer thickness is reduced).

For PCBs with the same total copper layer thickness and total FR4 layer thickness, increasing the number of
layers in the PCB stack-up increases the thermal resistance of the PCB. Therefore, a PCB with more layers
results in a higher module terminal temperature than a PCB with fewer layers when the board thickness and
the total copper layer (FR4 layer) thickness are the same.

140 —@— 2 Layer2 0z PCB 345, 135.1
—e— 2 Layer 4 0z PCB 345,122.9
345,110.9
125 —o— 2 Layer 8 0z PCB
R 325,114.4
© 4 Layer 1 0z PCB 325,103.1
o 110 | _e— 4Layer20zPcB 329,928
>
2 300, 94.9
g 95 —o— 4 Layer 40z PCB 300, 862
g_ 300, 79.0 345,102.5
@ 80 345,892
= 345, 75.0
T 325,86.9
£ 325,77.1
o 325, 65.0
2 50
35
20
90 140 190 240 290 340 390

Current (A)

Figure 11: Terminal temperature vs. current for different PCB designs

The thermal images of the module terminal (negative DC terminal) for the different PCB designs are shown in
Figure 12 - Figure 14.

PRD-07635 REV. 1, December 2023 Impact of PCB Design on Wolfspeed DM Module Ampacity

© 2023 Wolfspeed, Inc. All rights reserved. Wolfspeed® and the Wolfstreak logo are registered trademarks and the Wolfspeed logo is a trademark of g
Wolfspeed, Inc. Other trademarks, products, and company names are the property of their respective owners and do not imply specific product
and/or vendor endorsement, sponsorship, or association. The information in this document is subject to change without notice. This documentis
provided for informational purposes only and is not a warranty or a specification. For product specifications, please see the data sheets at
www.wolfspeed.com.


https://nam12.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.wolfspeed.com%2F&data=05%7C02%7CMichael.Shapiro%40wolfspeed.com%7C041ac3698b214610cdef08dbfa85f427%7Ca326555ee95e4f1b87f747eba52c598e%7C0%7C0%7C638379225493117621%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=VIeFgcC5WDBo2Nd2uWCh3%2BONkm0Vt%2Bh3VItQTJwgd3Q%3D&reserved=0

N
Wolfspeed.

250 $FUR 25.0

Figure 12: Thermal Images for 2-Layer, 2-oz Copper PCB at 350 A (left) and 2-Layer, 4-0z PCB at 350 A (rght)
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Figure 14: Thermal Images for 4-Layer, 2-0z PCB at 350 A (left) and 4-Layer, 4-0z PCB at 350 A (right
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5. Summary

The PCB is an essential part of the thermal management of power electronic systems. For solder-pin power
modules mounted to a PCB, the PCB is the main heat drain for the power module terminals. Therefore, the
thermal performance of the PCB is critical for the thermal performance of the module terminals.

If cost and assembly are not a constraint, increasing the PCB copper layer thickness helps to reduce the PCB
thermal resistance. Reducing the PCB dielectric (FR4) layer thickness also helps to reduce the thermal
resistance of the PCB, but care should be taken not to compromise the mechanical integrity of the board.
Minimizing the number of layers is also another way of reducing the thermal resistance of the PCB, but this
might compromise the signal integrity of the PCB design especially when the design consists of both power
signals and high-frequency signals. Therefore, it is important to consider the tradeoffs between cost, assembly,
and signal integrity of the PCB apart from its thermal performance.
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