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Miniaturization of electronic package leads to high heat density and heat accumulation in electronics device, resulting
in short life time and premature failure of the device. Junction temperature and thermal resistance are the critical parameters
that determine the thermal management and reliability in electronics cooling. Metal oxide field effect transistor (MOSFET)
is an important semiconductor device for light emitting diode-integrated circuit (LED IC) driver application, and thermal
management in MOSFET is a major challenge. In this study, investigations on thermal performance of MOSFET are
performed for evaluating the junction temperature and thermal resistance. Suitable modifications in FR4 substrates are
proposed by introducing thermal vias and copper layer coating to improve the thermal performance of MOSFET. Exper-
iments are conducted using thermal transient tester (T3ster) at 2.0 A input current and ambient temperature varying from
25 °Cto 75 °C. The thermal parameters are measured for three proposed designs: FR4 with circular thermal vias, FR4 with
single strip of copper layer and embedded vias, and FR4 with I-shaped copper layer, and compared with that of plain FR4
substrate. From the experimental results, FR4y_gpapeq shows promising results by 33.71% reduction in junction temperature
and 54.19% reduction in thermal resistance. For elevated temperature, the relative increases in junction temperature and
thermal resistance are lower for FR4y_gyapeq than those for other substrates considered. The introduction of thermal vias
and copper layer plays a significant role in thermal performance.
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1. Introduction

Thermal management in electronic systems has become
a major challenge since its inception in the 20th century. Ac-
cording to the Moore’s law in electronics, the number of tran-
sistors in an electronic circuit would be doubled every two
years and adversely leading to miniaturization of the electronic
components. Thermal management in high power density
electronic boards is absolutely necessary for efficient, reliable,
durable and perpetual operation. Metal oxide field effect tran-
sistor (MOSFET) is a semiconductor device which is widely
used in driver circuits and predominantly in light emitting
diode-integrated circuit (LED IC) driver circuits due to cer-
tain advantages.[!! There are various types of MOSFET pack-
ages such as surface mount, through hole and PQFN packages
which are classified according to its applications.!>3] Reduc-
tion in size and increase in power density of the MOSFET are
analogous resulting in high demand in terms of thermal man-
agement.

Good thermal management techniques are required to
achieve durable device without exceeding the recommended
junction temperature.*>! The miniaturization of the device
causes the difficulty of thermal management which emerges
as a major problem to sustain the device operation in different
environments and in rugged system.[*8 Hence, special atten-
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tion is paid by researchers around the world, to studying and
managing thermal problems in electronic systems as the de-
vices become smaller and smaller over time.

Junction temperature and thermal resistance of semicon-
ductor device are considered as the critical parameters for re-
liability, device performance and lifetime. In order to measure
the junction temperature and thermal resistance of MOSFET,
electrical test method is the common and standard measure-
ment method. By using the electrical test method, it is pos-
sible to evaluate internal heat flow path of any semiconductor
device. Therefore, the heat flow path enables us to detect any
internal defect in the device such as void and degradation of
thermal interface material.

There are a few methods to evaluate thermal transient
such as thermocouple technique, infrared camera and ther-

t.[9-11] Among these three methods,

mal transient measuremen
thermal transient measurement is a common tool in thermal
characterization of power semiconductor and internal structure
analysis.l'”) Many researchers and industries focus on ther-
mal transient method in order to characterize thermal perfor-
mance of any semiconductor device because it is a reliable and
non-destructive measurement. Thermal resistance is the quan-
tity measured to evaluate the heat dissipation capacity. Farkas
and Simon!'?! carried out the studies on the thermal properties

of the channel resistance and parasitic elements of insulated
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gate devices by using the thermal transient measurement. The
change in thermal resistance due to internal serial resistance
or in resistance due to individual material was reported. Varia-
tion in thermal resistance coefficients due to changes in power
dissipation and input current was reported by Lalith ez al.!!’!
Andras et al.!'¥ conducted the investigations on the simula-
tion based method to eliminate the effect of electrical tran-
sients from thermal transient measurements. They suggested
that using thermal simulations, the missing initial part of mea-
sured thermal transient can be accurately retrieved. Zoltan et
al. presented the temperature change induced degradation of
SiC MOSFET device. !

Printed circuit boards (PCBs) are integral part of any
electronic system where the components are mounted on
specific substrate in order to obtain the target functions.!!¢]
The choices of MCPCBs and insulated substrates are pre-
ferred by PCB manufacturers.!!”-'81 MCPCBs offer good ther-
mal performances at reasonable cost. In the case of insu-
lated substrates, FR4 and ceramics are widely used substrates
as its edges are higher than MCPCBs in terms of weight
and cost of the system without compromising the thermal
performance. '] In recent years, many researchers and elec-
tronic manufacturers have evolved the thermal vias and cop-
per coated thermal vias for better cooling electronics for small
chip packaging. Cho et al. carried out the experiment and sim-
ulation on thermal characteristics of glass interposed copper
layer through-package vias.!?’! From their study the compari-
son has been made between silicon and glass with vias drilled
on both. They found that by the fabrication of thermal vias
the thermal performance of interposers has improved. Copper-
core MCPCB with thermal vias was investigated by Eveliina
at al on high-power COB LED modules.?!! From their inves-
tigation, Cu MCPCB showed the outstanding performance on
thermal behavior of multichip module by introducing copper-
filled microvias. Though many studies were reported in terms
of increasing the thermal performance of substrate by suitable
coating, confined usage of coating material was not focused
due to manufacturing constraints.

In this study, the thermal performances of MOSFETs
mounted on FR4 substrate and modified FR4 substrate are dis-
cussed, respectively. Three design modifications in FR4 sub-
strates are proposed: FR4 with circular thermal vias, FR4 with
single strip of copper layer and embedded vias and FR4 with
I-shaped copper layer. The proposed substrates are manufac-
tured by screen-printing process. The thermal performances
of MOSFETs mounted on the proposed substrates are deter-
mined by thermal transient method by utilizing thermal tran-
sient tester (T3ster) system. The Junction temperature and
thermal resistance obtained from the experimental measure-
ment are discussed in detail. Heat dissipation capacity and
thermal performance for the modified FR4 substrates are com-

pared with those for plain FR4 substrates in order to draw con-
clusions.

2. Experimental methodology
2.1. Theoretical background

The thermal transient measurement is an electrical test
method widely used to characterize the thermal performances
of electronic components. The T3ster (Mentor Graphics Cor-
poration) is an instrument to measure the thermal transient
which conforms to the JEDEC standards.??! According to this
method, it is not required to remove encapsulation to evaluate
the thermal transient. Thermal transient measurement utilizes
step function evaluation to gain heating or cooling curve. The
heating or cooling curve is defined by temperature measured
against response time.

There are four steps in order to obtain thermal transient
curve for an electronic component. In the first step, the device
under test (DUT) must be calibrated in order to increase the
accuracy of the thermal measurement. In the calibration pro-
cess, a small constant sensor current (1 mA) is needed to cali-
brate the DUT. Every semiconductor device such as MOSFET,
diode, etc, has a temperature-sensitive parameter (TSP). Usu-
ally this TSP is responsible for sensing the temperature dur-
ing the thermal transient testing. For all the device categories,
thermal measurement is based on temperature dependence of

e.?3] The common temperature range for the calibra-

voltag
tion is from 25 °C to 75 °C and this graph slope is known as
K-factor. The voltage over the DUT is recorded in steps of
10 °C until it reaches a steady state with the ambient tempera-
ture. Theoretically, K-factor is the correlation of forward volt-
age (V) at constant forward current with junction temperature

(Ty), which is given by
K = AT /AV;, (H

where AT denotes the change of the temperature-controlled
calibration environment with the ambient temperature, AV; is
the difference in forward voltage. A line is fitted to the mea-
surement points using the least square method. In the second
step, powering the device is the most important to heat the de-
vice which enables the device to capture heating or cooling
curve. The third step and fourth step are to switch on/off and
record the temperature transient respectively.

Prior to thermal characterization of any device under-
standing the operation of thermal transient measurement is
mandatory. This equipment is compliant to JEDEC ther-
mal testing standard for electrical test method. According
to JEDEC 51 the current jump measurement is suitable for
the diode-based device. Current jump can be understood by
changing power level to fast switching ON to switching OFF.
Figure 1 shows the electrical test method where the total of
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Tarive and Lense (Imeasurement) Was considered as heating current
while Ieasurement Was considered as sensing current.
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Fig. 1. (color online) Practical measurements for (a) heating and (b)
cooling configuration of T3Ster.

From the thermal junction measurement response, the cu-
mulative structure function describing the thermal resistance
is extracted.**! The cumulative structure function is a one-
dimensional description of the thermal path from the heat
source to the ambience. Characteristic parts of the thermal re-
sistance curve can be used to identify thermal domains of the
measured device.[>>) In many cases the thermal domains are
difficult to distinguish because the heat flow path is comprised
of materials with similar thermal conductivity and good inter-
face quality between the domains. The differential structure
function is the derivative of the cumulative structure function
which shows even the small changes in thermal resistance as
peaks and valleys.

2.2. Thermal resistance and junction temperature

By definition, the thermal resistance from chip junction to
the specific environment, Ry,, is the temperature difference be-
tween the junction and the reference ambient, AT, divided by
the heating power, Pheat. 29 For integrated circuit (IC) driver
components, thermal resistance (Ry,) from the junction to sol-
der point is typically given by!?>7-28]

AT

Ry = ——, @)
Pheat

ATy =Ty —Th, 3)

where Ty and T4 are the junction temperature and ambient tem-
perature, respectively. The solder point is the thermal contact
between the component and the circuit board. The junction
temperature (77) is defined as the highest temperature of any
semiconductor in an electronic device under a maximum oper-
ating condition. The difference in temperatures is directly pro-
portional to product of amount of heat transferred from junc-
tion to case and the junction-to-case thermal resistance. Main-
taining the 7 value of semiconductor device below its limit is a
major challenge in most of the electronic packages.>*3% Gen-
erally, 7y value depends on three main factors such as power
dissipation that determines the amount of heat generated, ther-
mal resistance of substrate and assembly, and ambient condi-
tion which dictates how efficiently heat can be removed.

2.3. Description of testing samples

Prior to thermal measurement testing, the description of
MOSFET of 135 W
power is used in this study. The detailed specification of MOS-

each substrate is explained in detail.

FET is given in Table 1. The range of operating tempera-
ture, single pulse avalanched current and voltage are —55 to
150 °C, 65 A, and 30 V, respectively. The above-mentioned
values are at optimal operation of MOSFET and can handle

The MOSFET is at-
[31]

beyond for experimental evaluations.
tached to the substrates through surface mount technology.
The schematic layout of the testing samples which is referred
to device under test (DUT) as shown in Fig. 2.

Table 1. Specification of MOSFET.

Package geometry 5.1x6.2x1.1 mm

Thermal resistance (25 °C), Rin—a 335.15 KIW
Thermal resistance (25 °C), Ry 274.07 KIW
Technology DMOS

molded compound

die attached

solder pad

FR4

Fig. 2. (color online) Schematic layout of DUT-MOSFET mounted on
FR4 substrate.

In this study, the MOSFETSs are mounted respectively on
four substrates and their thermal performances are experimen-
tally evaluated. The specifications and geometric dimensions
of different FR4 substrate are given in Table 2. As shown in
Fig. 3, the substrates are plain FR4 (FR4,,), FR4 contain-
ing circular thermal vias (FR4,;,s), FR4 with thermal vias and
single strip of Cu layer (FR4g;_yias) and FR4 with I-shaped Cu
layer (FR4_ghaped). FR4plain is set as a benchmark substrate
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and used to analyze the superiority in thermal performance of
proposed substrates. The modified FR4 substrates are fabri-
cated by screen-printing process with Cu-layer and identical
electrical contacts on top. Circular thermal vias of 0.25 mm
in diameter are micro-drilled on FR4 substrates. The thermal
vias are directly located beneath the heat source of MOSFET.
The prototypes of the proposed FR4 substrates with MOSFET
are mounted as shown in Fig. 4.

Table 2. Geometrical parameters of different FR4 substrates.

FR4 size 25 mmx25 mmx0.8 mm
Diameter of thermal vias 0.25 mm
Thickness of Cu layer 35 um
Width of Cu layer in FR4gg_vias 3 mm
Width of Cu layer in FR4;_shaped 20 mm

I (a) . I (b)
- 4
L

Fig. 3. (color online) MOSFETSs mounted on (a) FR4 i, (b) FR4yiqs,
(¢) FR4s_vias, and (d) FR4y_ghaped, respectively.

Fig. 4. (color online) Developed prototypes of MOSFETs mounted on
proposed substrates of (a) FR4pj4in, (b) FR4yis, (¢) FR4_yias, and (d)
FR41_ghaped, respectively.

The prototypes of the proposed FR4 substrates mounted
with MOSFET are attached to the thermostat of T3ster system

by using thermal pad. The thickness and thermal conductiv-
ity of thermal pad are 0.35 mm and 0.67 W/mK, respectively.
In this study, MOSFET is driven at constant current of 2.0 A
and voltage of 4.5 V. The MOSFET is subjected to thermal
test with above-mentioned operating parameters for duration
of 30 s heating time and 120 s cooling time to attain thermal
equilibrium for the measurement. During the test, the ambient
temperature of the DUT varies from 25 °C to 75 °C by suitable
thermostat regulation. It is important to note that after 30 s of
heating time, the MOSFET is switched to sensing current of
1 mA during the cooling time. In this study, the superiority in
thermal performance of modified substrates and the influence
of ambient temperature on the substrates are reported.

3. Results and discussion
3.1. K-factor

As explained earlier, the MOSFET is calibrated to find
the K-factor of DUT. The sensitivity coefficient for the DUT
heat source is determined in a calibration measurement by us-
ing a temperature controlled thermostat cold plate. The DUT
is driven with a small sensor current (1 mA) in order to gen-
erate only a negligible amount of heat. The voltages over the
DUT are recorded at different temperatures, for example, from
25 °Cto 75 °Cin steps of 10 °C until it reaches a steady state
with the ambient temperature. All calibration curves obtained
for investigation on different designs of FR4 substrates are il-
lustrated in Fig. 5. From these curves, the k-factor values are
obtained and summarized as in Table 3.

0.50

0.45 1

0.401

0.351

0.30{ —o- FR4,
- FR4vias
0.254{ =+ FR4ss ivas
- FR4I,shaped

Forward voltage V;/V

0.20 T T T T r
20 30 40 50 60 70 80
Temperature/°C

Fig. 5. (color online) Calibration curves for different types of FR4 sub-
strates.

The values of K-factor for MOSFET mounted on FR4
with thermal vias, stacked substrate design and heat spreader
design are almost the same each with a minimum deviation of
0.33%. This is expected because the MOSFET packages used
are of the same type, and should exhibit similar characteristics.

Table 1. Values of K-factors for MOSFET mounted different substrate
designs.

MOSFET mounted on
Parameter
FR4plain FR4vias FR4ss_ vias FR4’I—shaped
K-factor/mV/°C  —2.4415 -2.723 2714 ~2.9138

098901-4



Chin. Phys. B Vol. 26, No. 9 (2017) 098901

3.2. Evaluation of thermal transient measurement

Thermal performances of MOSFETs mounted on
FR41ain, FR4yias5, FR4s vias, and FR4y gpapeq design for var-
ious ambient temperatures are measured using T3Ster. The
measured data are processed using T3ster Master Software.
Smoothed response curves, differential structure functions and
cumulative structure functions obtained for the DUTs are
given in Figs. 6 and 8 respectively. The prototypes are tested
at ambient temperatures varying from 25 °C to 75 °C in steps
of 10 °C as explained earlier.

3.2.1. Junction temperature

Figures 6(a)-6(d) illustrate the smoothed response curves
measured at different ambient temperatures for the MOSFETs
attached on FR4j5i, FR4yi55, FR4 s vias, and FR4Ay_ghapeq sub-
strates respectively. It is obviously seen from the figures that
all response curves deviate from each other at different times
even though the heating current and voltage are kept constant
at 2.0 A and 4.5 V, respectively. Also, the reduction in tem-
perature rise can be seen clearly for proposed FR4 substrates
(FR4ia5, FR4 g yias, and FR4;_gpapeq) in comparison with the
scenario for FR4pj,in. This is due to the enhancement of heat
transfer in the substrate by the introduction of thermal vias
and Cu layer. Higher thermal conductivity of copper reduces
the temperature rise from the MOSFET junction to the am-
bient temperature which indicates the superiority in thermal
performance. It is important to note that the temperature rise
decreases with increase in Ty in the order of 25 °C to 75 °C
for FR4p1,in and FR4,4,. On the contrary, variable observa-
tions are recorded for FR4g_viss and FR4[ ghapeq due to the
presence of Cu layer. As Ty increases, the heat conduction
by the Cu layer from the ambient contributes to such an in-
variable performance.?!! For FR4, i, the temperature rise
decreases from 25 °C to 65 °C due to efficient heat dissipation
from the junction. At higher T (75 °C), the heat conduction
by the Cu layer is dominated over the heat generated at the
junction and hence the temperature rise increases. In the case
of FR41_paped, the temperature rise increases for 75 changing
from 25 °C to 35 °C and decreases thereafter from 35 °C to
65 °C. This is due to non-linear variation in spreading resis-
tance within Cu layer for increased 75 where the heat conduc-
tion becomes primary and heat spreading is secondary.!33-34]
However, a similar elevated temperature rise is observed for
higher T due to higher heat generation at the junction. Con-
sequently, it changes the total thermal resistance as explained
later in this section.

The value of temperature rise (ATy) at the junction of the
MOSFET die can be obtained from smoothed response. By
using Eq. (3), the junction temperature (7;) can be calculated.
The initial junction temperature, Ty in Eq. (3) represents the
ambient temperature. The calculated values for junction tem-

perature are explained as shown in Fig. 7. It is found that the
junction temperature increases with increasing ambient tem-
perature at constant current of MOSFET. These results are ex-
pected from Eq. (3) as the 7y values are higher for higher Ty
since the lower limit of 7y value is anchored by Tj.
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Fig. 6. (color online) Plots of temperature rise AT versus time for sub-
strates of (a) FR4jain, (b) FR4yiss, (€) FR4s_yias, and (d) FR41_ghapeq at
various ambient temperatures.

As illustrated in Fig. 7, the T3 value is found to be lower
for FR41_gnaped and highest for FR4,,1,;, due to enhanced heat
transfer in the proposed substrates. The junction temperature
is found to be reduced in the order of FR41_ghaped, FR4s_vias,
FR4y;a5, and FR4,i,. In an attempt to enhance the heat trans-
fer in FRyjain, thermal vias are introduced directly beneath the
contact to thermal paddle of MOSFET. Evident reduction of
14.08% in Ty value in comparison with FR4 .5, occurs at an
ambient temperature of 25 °C. Ty rises up to 6.36% at an am-
bient temperature of 75 °C. As a matter of fact, it can be cor-
related to fundamental thermal physics where the heat flows
from higher temperature region to lower temperature region to
attain thermal equilibrium. The thermal vias acts as an effec-
tive medium for heat convection to the ambience which con-
tributes to reduction in 73.13% It is quite interesting to look
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at the thermal performance of FR4gs ;.5 Which comprises a
single strip Cu layer in addition to thermal vias. The single
strip of Cu layer is designed to be parallel to the heat flow path
from the junction of MOSFET. 3! The increased in-plane heat
conduction in addition to thermal vias that serve as convective
medium reduces the value of 7. The results mentioned above
are supported by the fact that at an ambient temperature of
25 °C, Tj value for FR4, i, is about 67.96 °C while FR4i,
and FR4,;,s are about 94.19 °C and 80.93 °C, respectively.
Additionally, it can be observed that 73 values of FR4 yias
and FR4y,s are reduced by 26.23 °C and 12.98 °C compared
with that of FR4plain-

140
O
~
S 1201
2
=}
ey
£ 100
9]
o
=
]
: 801 = FR4plain
9 +FR4vias
-S == FR4ss ivas
= 60] FR4; .
iy - R4I,shaped

20 30 40 50 60 70 80
Ambient temperature Th/°C

Fig. 7. (color online) Variations of 73 values of MOSFETs mounted on
different substrates with ambient temperature.

Lastly, the extension of Cu layer on FR4 is designed in
order to analyze the effect of higher in-plane conduction with-
out the thermal vias. Increased heat spreader surface area of
Cu layer is expected to reduce the 7y value drastically. From
Fig. 7, the Ty value of FR4; papeq is established to be good
among the other substrate designs considered. 7 is reported
to be 33.71% lower than that of FR4,,,;,. However, no signifi-
cant reduction in 7j between FR4g;_yias and FR4y_gpapeq which
indicates that the presence of thermal vias remains null and
void. The major reason for such an observation is that the heat
dissipation in thermal vias is dependent on its hole diameter as
the effective transport of heat is through the walls rather than

36,371 Hence, the heat transfer from thermal vias is

via holes.!
not so effective as expected at high ambient temperature. On
the contrary, the presence of conductive layer in FR41_spaped
increases heat dissipation. This is due to minimal increase
in surface area of Cu layer when a comparison is made be-
tween FR4 s and FR4A1_gpaped. It is important to note that
the variation in Tj is linear for all the substrates under study
except FR4 gpaped. The variation in spreading resistance for
axial heat conduction contributes to non-linear increase in 7

as explained earlier.*%!

3.2.2. Thermal resistance

To gain an insight into the thermal behaviors of the modi-
fied FR4 substrates, evaluations of differential and cumulative
structure functions are absolutely necessary to identify the dif-
ferent regions in thermal flow path of DUT. A peak-to-peak
region in a differential structure function refers to difference
in layer material within the DUT. The internal structure hav-
ing been analyzed as shown in Fig. 1, DUT comprises four
peaks which are first peak for die, second peak for die at-
tach (connection between the die and leadframe), third peak
for thermal paddle, fourth peak for FR4 substrate, and the rest
of the region contributes to partial thermal resistance of ther-
mal pad to the ambience. It should be noted that the first three
peaks are common in the entire study due to the representation
of similar MOSFET. The importance of analysis is focused
beyond the third peak where heat transfer enhancement fea-
tures are introduced. The differential structure functions for
different FR4 substrates at a constant input current of 2.0 A
and an ambient temperature of 25 °C are shown in Fig. 8(a).
Based on heat flow path, a number of regions can be divided
within the differential structure function. For the FR4,i, sub-
strate, three regions are identified: first region (Region 1) is
from origin to middle of third peak which represents the partial
thermal resistance of MOSFET (Ry;s ), second region (Region
2) is from middle of third peak to middle of fourth peak to-
wards right, which contributes to the partial thermal resistance
of FR4pj,in substrate (Rp_Fraplain), and third region (Region
3) is from middle of fifth peak to end of the curve represent-
ing the partial thermal resistance of thermal pad (Rytp) at-
tached to the thermostat of the T3ster system. Ry, from origin
to end of the curve is the total thermal resistance (Rthja) of
DUT from the component junction (heat source) to ambient
environment. The scope of this study lies in estimating the
Runjs and Ryyja to evaluate the performance of MOSFET with
respect to the thermal behaviours of modified FR4 substrates.
In the above explaination, the region 2 is expected to vary due
to the presence of heat transfer enhancement feature. The ther-
mal vias and Cu layer introduced in the proposed substrates in-
duce peaks in the differential structure funtions which affirms
the heat transfer behaviour of the DUT. Similar responses are
recorded in cumulative structure functions where the represen-
tations of peaks can be replaced by plateaus for new layers.
Figure 8(b) shows the existence of variation in Ryj, between
different FR4 substrates as proposed. For easier comparison
of Ryja between different substrate designs, ARpja—FR4—vias,
Athja—FR4—SSvias> Athja— FR4—Ishaped Tefer to relative differences
in thermal resistances of FR4yjs5, FR4 vias, and FR41_ghaped
in comparison to FR4,,;,, respectively. From Figs. 8(a) and
8(b), ARthja—FR4—viass ARthja—FR4—SSvias> a1d AR¢hjaFR4—Ishaped
are reduced by 24.47%, 48.85%, and 54.19%, respectively.
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These results can be correlated to the reduction in 7y value
as explained earlier.

Additionally, the partial thermal resistance of MOSFET
is found to express a similar reduction in accordance with the
performance of the respective DUT. The input current applied
to the DUT is not completely utilized by the component where
a small portion of input power is used for functional specifica-
tion while most of the remaining power is eliminated as heat
transfers through the junction. Increase in Ryjs refers to less
heat dissipation to ambience.

T3Ster Master. differential structures function (s)
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Fig. 8. (color online) (a) Differential and (b) cumulative structure func-
tions for different substrates at 25 °C ambient temperature.

From the results, it is evident that at a constant input
current of 2.0 A, Rypja—Fraplain 1S larger than the Rinja—Fravias,
Rihja—FR4SSviass and Rihja  FR4T-shaped- Furthermore, the de-
rived structure functions for the proposed substrates shift
from left to right in the order of Rynja—Fraplain, Rihja—FRavias
Rthja—FR4SSVias’ and Rthja—FR4I—shaped- The observation affirms
that the thermal conductivity and heat dissipation capacity of
the respective substrates contribute to reduction in Ryyj,. The
introduction of thermal vias drastically reduces the Ry, and
significant reduction is observed between the peak 3 and peak
5 which was contributed by the presence of thermal vias in
FR4 substrates. In the case of differential structure functions
of FR4s yias and FR4; gpaped, partial thermal resistance for
substrates decreases due to higher thermal conductivity of Cu.
Further observation shows that the FR4s_yi,s possesses higher
partial thermal resistance due to the presence of thermal vias
whereas lower thermal resistanceis reported for FR4y_gpaped.
Although the surface area of Cu layer in FR4_gppeq is higher
than in FR4 i, the presence of thermal vias in FR4gg yias

contributes to higher partial thermal resistance which is evi-
dent due to the presence of mild shift in peak and plateau to-
wards right in differential and cumulative structure function as
shown in Figs. 8(a) and 8(b), respectively.

Figure 9 shows the variations of total thermal resistance
obtained from structure functions with ambient temperature
for different proposed substrates as explained earlier. It can
be observed that Ry,j, values decrease with the increase of am-
bient temperature for all the proposed substrates. The time
taken to reach thermal equilibrium evaluates the efficiency of
the heat dissipation system.**] From the figure, it is evident
that the thermal behaviours of all substrates are almost uni-
form. This indicates that the thermal boundary at the sub-
strates contributes to relative decrease in Ry,ja. The decrease in
Rinja is predominantly by heat conduction from the ambience
to FR4 substrates. Further, the influence of ambient tempera-
ture on threshold voltage of MOSFET results in reducing Ryy;a
which leads to the conclusion that the increased ambient tem-
perature reduces the power step of MOSFET.?! Altogether,
the higher Ry, results in higher 7 and hence the heat dissipa-
tion capacity becomes lower as observed. However, the differ-
ences in Ry,j, when the ambient temperature rises from 25 °C
to 75 °C are 5.02%, 3.18%, 1.96%, and 8.46% for FR4,,in,
FR4yias, FR4gs_yias, and FR4q_gpaped, respectively. This indi-
cates that the FR4;_gpapeq shows higher thermal performance
at elevated ambient temperature with maximum heat dissipa-
tion up to 8.46% in comparison with the other substrates. As
observed earlier, the Ry, of FR41_gpapeq shows non-linear re-
duction unlike the other substrates under study. The variation
in thermal performance of FR4;_papeq is attributed to spread-
ing resistance in the Cu layer which is to be accounted in future

study.
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Fig. 9. (color online) Variation of total thermal resistance at different
ambient temperatures.

4. Conclusions

In this study, the thermal performances of MOSFETs
mounted on different FR4 substrates designed are reported.
Thermal behaviour of MOSFET mounted on plain FR4
(FR4plam) substrate is compared with those on modified

098901-7



Chin. Phys. B Vol. 26, No. 9 (2017) 098901

FR4 substrates such as FR4 with circular thermal vias
(FR4,i,s), FR4 with single strip Copper layer and thermal vias
(FR4;_yias) and FR4 with I-shaped copper heat spreader layer
(FR41_ghapea). Thermal performances of different substrates
are measured by The T3ster. The junction temperature (77)
and total thermal resistance (Rypja) are obtained by smoothed
response curve and by differential structure functions and cu-
mulative structure functions respectively. For constant input
current (2.0 A) and ambient temperature (25 °C), FR41_ghaped
shows lower Tj and Ry, of 62.44 °C and 21.52 K/W respec-
tively. The presence of thermal vias in FR4 i, limits its
superiority in thermal performance whereas the utilization of
high thermal conductivity material on the substrate proves to
reduce the partial thermal resistance within the DUT. Addi-
tionally, the influence of ambient temperature on thermal per-
formance of proposed substrate is reported. The Reyj, rela-
tively decreases with the increase of ambient temperature due
to predominant heat conduction in the substrate, thereby in-
creasing 7. This study provides an insight into the enhance-
ment in thermal performance of electronic component by in-
troducing thermal vias and high conductive copper layer in
substrates.
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