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Abstract — Integrated Circuits and Electronic Modules

experience concentrated thermal hot spots, which require

advanced thermal solutions for effective distribution and

dissipation of heat. The superior thermal properties of

diamonds are long known, and it is an ideal material for

heat-spreading applications. However, growing diamond

films to the electronic substrate require complex process-

ing at high temperatures. This research investigates a het-

erogeneous method of integrating diamond heat spread-

ers during the back-end packaging process. The semicon-

ductor substrate and the heat spreader thicknesses were

optimized based on simulations to realize a thermally en-

hanced Power Quad-Flat No-Lead package. The perfor-

mance of the thermally enhanced PQFN was assessed by

monitoring the temperature distribution across the active

device surface and compared to a standard PQFN (without

a heat spreader). Firstly, the thermally enhanced PQFN

indicated a ∼9.6% reduction in junction temperature for

an input power of 6.6W with a reduced thermal gradi-

ent on the active device surface. Furthermore, the dia-

mond heat spreader’s efficiency was observed to increase

with increasing power input. Besides, the reliability of

the thermally enhanced PQFN was tested by thermal cy-

cling from –55oC to 150oC, which resulted in less than

2% thermal degradation over two-hundred cycles. Such

choreographed thermal solutions are proven to enhance

the packaged device’s performance, and the superior ther-

mal properties of the diamond are beneficial to suffice the

increasing demand for high power.

Keywords — Advanced thermal solutions, Advanced

packaging, CVD Diamonds, Thermal Test Chips

I. INTRODUCTION

Advances in the semiconductor lithography process, het-

erogeneous integration, and advanced electronic packaging

is the driving factor for electrification [1; 2]. For instance,

the transportation sector has experienced a paradigm shift

due to carbon-neutral commitments. The percentage cost of

electronics in automobiles was less than 10% in 1980, which

surpassed ∼35% in 2010, and it is expected to reach 50% by

2030 [3]. The incremental growth also led to increased power

density, i.e., the chip heat flux in today’s modern devices is

around 300 times higher than the flux density in 1980 (0.5

W/cm2) [4; 5]. The increasing demand for high power in

electronics emphasizes the need for thermal management.

Device failure due to thermal breakdown is significantly

higher than vibrations, humidity, and dust [5; 6].

Device heating is an undesirable side-effect during opera-

tion, thereby limiting its performance. With miniaturization

and increasing chip density, the heat generation is concen-

trated within a small area, leading to thermal hot spots. For

instance, the gate-to-gate spacing in Gallium Nitride (GaN)

High Electron Mobility Transistors (HEMTs) is typically

less than 50μm, which creates concentrated thermal regions

[7]. Heat sinks alone are insufficient to dissipate highly

concentrated heat flux. Consequently, thermal barriers in

power electronics are becoming inevitable. An overview of

various materials and their thermal conductivity is shown

in figure 1 [8; 9]. Thermal conductivity is the ability of a

material to conduct heat, and diamonds are known for their

excellent thermal conductivity. Diamond also has a relatively

low thermal capacity, which makes it an ideal candidate

as a heat spreader. Several researchers have focused on

incorporating diamonds in power electronics as either active

semiconductors or passive heat spreaders [7; 10–12]. Despite

considerable research interests, incorporating diamonds in

power electronics suffers from complex processing, high

temperatures, and cost. Recent advancements in fabricating

diamonds through Chemical Vapor Deposition (CVD) process

have reduced the cost to ∼$1/mm2 [7].

118

2023 IEEE 73rd Electronic Components and Technology Conference (ECTC)

2377-5726/23/$31.00 ©2023 IEEE
DOI 10.1109/ECTC51909.2023.00029

20
23

 IE
EE

 7
3r

d 
El

ec
tr

on
ic

 C
om

po
ne

nt
s a

nd
 T

ec
hn

ol
og

y 
Co

nf
er

en
ce

 (E
CT

C)
 |

 9
79

-8
-3

50
3-

34
98

-2
/2

3/
$3

1.
00

 ©
20

23
 IE

EE
 |

 D
O

I: 
10

.1
10

9/
EC

TC
51

90
9.

20
23

.0
00

29

Authorized licensed use limited to: TU Delft Library. Downloaded on August 28,2023 at 12:27:46 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 1: The thermal conductivity of CVD diamond outperforms other

materials such as silver, copper, and gold [8; 9]. CVD diamonds

come in two grades; Grade 1 and 2 with thermal conductivity ranging

from 1800 to 1000W/mK

The most common method of creating passive heat spreaders

on active devices is growing synthetic diamond films on

silicon substrates. However, these processes typically yield

micro-crystalline structures resulting in higher thermal

resistance between the Diamond-Silicon interface [12].

Besides, implementing such a complex process on wafer-level

fabrication comes at a higher risk due to high processing

temperatures. This study investigates a heterogeneous inte-

gration process of incorporating diamond heat spreaders to

the backside of a thin silicon device during package assembly.

A double sintering process using pressureless nano-silver

sinter material was adapted for integration. Commercial

Thermal Test Chips (TTCs) [13] were used as a test vehicle to

characterize the heat spreading effect.

Firstly, the Silicon and Diamond layer thicknesses were

optimized based on parametric transient thermal simulations.

The heterogeneous integration process of realizing the ther-

mally enhanced packages is then discussed along with the

package integrity evaluation. Subsequently, the experimen-

tal evidence on the heat spreading effect is demonstrated by

comparing standard packages (without a heat spreader) with

thermally enhanced packages. Finally, the thermo-mechanical

reliability of a thermally enhanced package was assessed for

two-hundred thermal cycles from−55oC to 150oC. This paper

concludes by summarising the empirical results and emphasiz-

ing the need for advanced thermal solutions.

II. EXPERIMENTAL METHODS: OPTIMIZATION

AND ASSEMBLY

Multiple heating and temperature-sensing elements within a

single chip are needed to quantify the effect of heat spreading,

which makes Thermal Test Chips (TTC) best suited for this
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Fig. 2: (a) A schematic layout of the Thermal Test Chip (TTC) from

[13]. The TTC has 10 Resistors with a resistance of ∼165Ω and

a spiral resistor with a resistance of ∼3.4KΩ (typical at 25oC). (b)

Calibration of the device resistance from 0oC and 100oC. The de-

vice shows a perfectly linear response with temperature. (c) A test

board layout with double-side metallic tracks for electrical connec-

tion from the device to the equipment. (d) A test setup accommodat-

ing test boards inside thermal cycling (TMCL) oven for temperature-

dependent electrical measurements.

application. Several research activities focus primarily on de-

veloping test chips [14–16]. Application of TTC for package-

level reliability assessment have been previously investigated

[17; 18]. A commercial TTC [13] is used in this research, and

a schematic of the TTC is shown in figure 2a. The resistive

heating and sensing elements highlighted in figure 2a have a

linear temperature dependency. The resistance sensitivity of

Resistors 1-10 is 0.46Ω/oC, and the resistance sensitivity of

the spiral resistor is 7Ω/oC (figure 2b). The differences in the

resistance sensitivity of the various elements in the test chip

are due to their geometrical differences. Normalizing the re-

sistance sensitivity with the base resistance results in its mate-

rial’s Temperature Coefficient Resistance (TCR).

A Printed Circuit Board (PCB) was designed with 4-point

kelvin connections (figure 2c) to measure the resistance of the

elements in the test chip (figure 2a). The front side of the

PCB was patterned for connections to a Power Quad Flat No-

Lead (PQFN) surface mount package, and the backside has a

copper ground plane for Electromagnetic Interference reduc-

tion. A test setup for accommodating the test boards were built

inside a temperature-cycling (TMCL) industrial oven (figure

2d). The test boards were connected to a source unit and a

digital multi-meter via a switch matrix.

Material optimization is required to realize a thermally en-

hanced electronic package. Despite the diamond’s superior

thermal conductivity, the substrate thickness of the TTC (Sil-

119

Authorized licensed use limited to: TU Delft Library. Downloaded on August 28,2023 at 12:27:46 UTC from IEEE Xplore.  Restrictions apply. 



icon) also influences thermal dissipation. Hence, a paramet-

ric numerical simulation study was conducted using Finite

Element Methods (FEM) to identify optimal Silicon and Di-

amond layer thicknesses. The design of a complete PQFN

package with the test board (figure 2c) was simulated to rep-

resent the experimental conditions. A 3D Hexahedron mesh

of the PQFN package materials with the test board is shown

in figure 3. The Von-Neumann stability criterion for thermal

diffusivity needs to be satisfied to ensure a numerical con-

vergence of the transient thermal simulation. To briefly ex-

plain the stability criterion, let us assume that the heat trans-

fer through the system happens only through Conduction (i.e.,

ignoring the effect of Convection and Radiation). Accord-

ingly, a one-dimensional temperature distribution equation

can be expressed (equation 1), where x denotes the spatial

coordinates, T denotes the temperature, t denotes the time,

and α denotes the thermal diffusivity. Discretizing the one-

dimensional equation results in the critical mesh ratio rc = αΔt
Δx2 ,

which must be less than or equal to 0.5. More details on the

discretization and stability criterion are given in [18; 19].

∂ 2T

∂x2
=

(
1

α

)
·

∂T

∂ t
(1)

The geometrical inputs for the simulation are given in table

1, and the material properties at room temperature are pro-

vided in table 2. The thickness parameter of the die (Silicon)

a is varied from 50μm to 400μm, and the heat spreader (Di-

amond) b is varied from 0μm to 400μm. The contact resis-

tances between the Die-Heat spreader and the Heat spreader-

Leadframe were chosen based on the thermal conductivity

of Silver [23]. Likewise, the contact resistance between the

Leadframe-PCB was chosen based on the thermal conductiv-

ity of the SAC305 solder paste. Glued contacts were assumed

for all other contact points in the simulation.

Fig. 3: A finite element Hexahedron mesh for transient thermal simu-

lations with different layers (indicated in colors). The Von-Neumann

stability criterion for thermal diffusivity was satisfied by limiting the

mesh ratio of all layers to be less than the critical mesh ratio rc.

Table 1: Geometrical dimensions of different layers (figure 3) is pro-

vided. The thickness of the TTC and the heat spreader are kept para-

metric. The overall thickness of the molding compound remains the

same. However, the thickness of the molding compound above the

die varies according to the defined parameters (a and b).

Material
Width

[mm]

Length

[mm]

Thickness

[mm]

Die 3.2 3.2 a = [0.05 - 0.4]

Heat spreader 4 4 b = [0 - 0.4]

Leadframe 6 6 0.55

PCB laminate 40 63 1.65

Overmold 8 8 2

Table 2: Silicon and copper thermal properties at room tempera-

ture were obtained from [20–22]. The properties of CVD Diamond

were obtained from the supplier. The PCB design was simplified

by assuming the properties of Polyimide (PCB laminate core). The

Epoxy Molding Compound properties were taken from the datasheet

of Sumitomo EME-G700LA.

Material
Density

(ρ)[g/mm3]
Conductivity

(k) [W/mmK]

Specific heat

(cp) [J/gK]

Silicon 2.32e−3 0.148 0.7

Diamond 3.52e−3 1.8 0.5

Copper 8.96e−3 0.401 0.385

Polyimide 1.88e−3 0.00173 1.13

Epoxy 0.95e−3 0.00096 1.9

Fig. 4: Parametric transient thermal simulation results with input

power of 6.6W (∼10.5W/mm2) applied at Resistor 1 location (figure

2a) for a duration of 1 second. The Junction temperature recorded

from simulations is the ΔT caused due to the applied input power at

the end of 1 second. 50μm TTC thickness with 100μm Diamond

heat spreader was chosen as an optimal point for this experimental

study (highlighted in red).

An input power of 6.6W is applied at the Resistor 1 loca-

tion (figure 2a) for a duration of 1 second, which is equivalent

to the input heat flux of ∼10.5W/mm2. The input power and

heating time were chosen according to the experimental limi-

tations (max. 40V restriction with the source unit). The Junc-

tion temperature was chosen as a metric to compare the effect

of reducing the chip thickness (parameter a) and increasing
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the heat spreader thickness (parameter b). The simulation re-

sults shown in figure 4 highlights the influence of the silicon

and the heat spreader thicknesses on thermal dissipation. Re-

ducing silicon thickness is favorable for achieving improved

thermal performance, and adding a diamond heat spreader fur-

ther reduces the junction temperature (figure 4). However,

it can be observed that the junction temperature reduction

doesn’t scale linearly with the Diamond thickness for 50μm

Silicon. In other words, the maximum percentage difference

for 50μm Silicon is observed between 0μm and 100μm Di-

amond. Hence, 50μm TTC thickness with 100μm Diamond

heat spreader was chosen for this experimental study.

To realize a thermally enhanced packaged product (based

on simulation results) requires a series of assembly processes

to be carried out as depicted in schematics (figure 5). The

first step is to thin down the substrate thickness of the TTC.

Since the lithographically defined active layers are at the top

of the die, the back side of the TTC was polished to reduce

the substrate thickness from 400μm to 50μm. The polished

TTCs were cleaned with an ultra-sonic bath, and the chip

was electrically probed to test its functionality. The polishing

process removed the backside metallization, which is needed

to promote its adhesion with the interconnect material. Hence,

the polished backside of the test chips was sputter coated with

Ti/Pt/Au of 100/200/600nm. Subsequently, the CVD diamond

wafer of 110μm thickness was diced in the size of 4mm ×

4mm and sputter coated with Ti/Pt/Au of 100/200/600nm.

Nano-Silver sinter paste was dispensed on the metalized

diamond slab using a time/pressure-controlled dispensing

machine. The metalized thinned TTC was wet mounted to the

diamond substrate using a die-bonder. Post wet-mounting,

the die-diamond stack was sintered by a pressureless sintering

process under Nitrogen. The sintering process happens in

multiple stages; The first stage is the pre-sintering stage,

during which the solvent evaporates, leaving behind nano-Ag

particles. The second stage is the sintering stage, during

Fig. 5: (a) A Schematic of a TTC’s geometry and different layers. (b) The thickness of the TTCs were reduced from 400μm to 50μm by

back-side polishing process. (c) The backside of the test chip was metalized with Ti/Pt/Au of 100/200/600nm by sputtering. (d) Nano-Ag paste

was dispensed on the Diamond slabs (also coated with Ti/Pt/Au of 100/200/600nm), and the metalized TTCs were placed using a die-bonder.

(e) The wet-mounted TTC with the Diamond is sintered using a pressureless sintering process in a nitrogen-filled chamber of a sintering oven.

(f) The Sintered Die-Diamond stack is then assembled on a lead frame with a nano-Ag paste screen printed on it. (g) The complete stack is

sintered again by a pressureless sintering process. The sintered layer thicknesses are in the range of ∼35μm. (h) The sintered samples are then

wire-bonded with a 99.99% pure gold wire-bonds of 25μm thickness with a bond bump of 50μm. (i) The final stage of the assembly process

involves transfer molding with an epoxy molding compound.
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(a) (b)

Fig. 6: (a) An optical micrograph of the TTC with a Diamond heat

spreader sintered to the die-pad of the lead frame. Electrical connec-

tions to the chip are established by wire bonds connecting the chip

to the package bond pads. (b) Final optimized thermally enhanced

PQFN packages are over-molded and singluated.

which the particles agglomerate. The matching CTE of the

Die-Diamond favors sintering with lower thermo-mechanical

stresses on the interface. The subsequent step involves

screen printing of the nano-Ag paste to the die pad of the

copper lead frame, and the sintered die-diamond stack is wet

mounted. The complete stack is sintered again with a similar

pressureless sintering process under Nitrogen. The sintered

interface thicknesses are in the range of ∼35μm, which is

based on the dispensed volume, the stencil thickness, and the

material shrinkage.

After sintering, the electrical connections to the test chips

are established using 99.99% pure gold wire bonds with 25μm

bond wire and 50μm bond bump. An optical micrograph of

the complete stack with wire bonds is shown in figure 6a. Due

to the limitation of the bond pads of the lead frame (20 pads),

only resistors (1-3, 5-6, 8-10) and the spiral resistor (figure

2a) are electrically connected. The resistors 2, 9, and the spi-

ral resistor are connected with 4-point connections up to the

TTC. The resistors 1, 3-8, and 10 are connected with 4-point

Kelvin contacts until the bond pad of the lead frame. Once

wire-bonded, the complete stack with the wire bonds is trans-

fer molded with an epoxy molding compound and singulated

into separate PQFN packages as shown in figure 6b. The sin-

gulated packages are then soldered to a test board (figure 2c)

using a SAC305 solder paste.

To quantitatively analyze the heat spreading effects, stan-

dard PQFN packages (chip thickness 400μm without heat

spreader) were also made in a similar processing condition.

Confocal Scanning Acoustic Microscopy (CSAM) analysis

was conducted on standard PQFN and thermally enhanced

PQFN to evaluate the package integrity (figure 7). Comparing

the CSAM results of the standard PQFN (figure 7a) and ther-

mally enhanced PQFN (figure 7b), it can be observed that the

latter has voids (highlighted in red) in the interface material,

i.e., in the nano-Ag sinter layer. From CSAM analysis, the

location of voids was found to be in the Diamond-Leadframe

interface. The presence of voids can be avoided by improv-

(a) CSAM - Standard PQFN (b) CSAM - Thermally Enhanced

PQFN

Fig. 7: (a) CSAM imaging of the standard PQFN (400μm TTC

without heat spreader) indicates a homogeneous interface. (b) CSAM

imaging of the thermally enhanced PQFN (50μm TTC with 110μm

heat spreader) highlights the presence of voids in the Diamond-Lead

frame interface (highlighted in red).

ing the sintering process. Nevertheless, the performance of

the thermally enhanced PQFN can be assessed and compared

against the standard PQFN despite the inhomogeneity in the

interface layer.

III. EXPERIMENTAL RESULTS

The standard PQFN and the thermally enhanced PQFN pack-

ages were tested inside the temperature-cycling oven, and the

testing conditions are the same as explained in the simulations.

An input power of 6.6W is applied at Resistor 1 (figure 2a) for

a duration of 1 second, which corresponds to ∼10.5W/mm2

heat flux, and the device temperature was measured at 9 loca-

tions for a duration of 10 seconds. Multiple sourcing units are

−+

V

165Ω @ 25oC

0.3mA

∼33V

−+

200mA

Resistor 1

t = 6s

t = 1s

(a)

−+

V

165Ω @ 25oC

0.3mA

∼49.5mV

Resistor 2-3, 5-6, 8-10

−+

V

3.4KΩ @ 25oC

0.3mA

∼1V

Spiral Resistor

t = 6s

t = 6s

(b)

Fig. 8: (a) The electrical circuit of Resistor 1 is connected to two

source units for simultaneous heating and sensing. (b) The electrical

circuit of Resistor 2-3, 5-6, 8-10 (top), and spiral resistor (bottom)

is connected to a single source unit for sensing application only. (a)

and (b) The measurement current (0.3mA) was chosen accordingly

to avoid self-heating effects.
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connected to Resistor 1 for simultaneous heating and measur-

ing as depicted in figure 8a, whereas the Resistors 2-3, 5-6,

8-10, and the spiral resistor are connected with a single source

for sensing application (figure 8b). The electrical resistance

measurements were translated into thermal readings based on

the temperature dependency shown in figure 2b.

The heat spreading effect is demonstrated by measuring the

device temperature at ambient room conditions (25oC), and

the experimental results are shown in figure 9. The results

(figure 9) shown is an average of two devices per package type.

The maximum device junction temperature and the minimum

temperature are highlighted in figures 9a & 9c. Comparing

the standard PQFN against the thermally enhanced PQFN, the

following are the significant differences observed:

• The maximum device junction temperature (figure 9a

& 9c) shows a ∼9.6% reduction with the thermally

enhanced PQFN samples as compared to the standard

PQFN.

• Likewise, the minimum device temperature (figure 9a &

9c) indicates that the heat spreader redistributes the heat

along the device surface, resulting in a lower thermal gra-

dient. The same can be visually seen in figure 9b & 9d.

Subsequently, the thermal performance of the regular

PQFN and the thermally enhanced PQFN were measured at

different input power from 1.65W to 6.6W. The percentage

reduction in the device junction temperature was chosen as a

metric to compare the heat-spreading effect as a function of

the input power (figure 10a). The experimental measurements

highlight that the percentage reduction in the junction temper-

ature has a strong dependence on the applied heat input. An

increase in the percentage from 3.57% to 9.6% was observed

for the input power range from 1.65W to 6.6W (figure 10a).

Similar dependence was also observed from simulations.

However, the semiconductor materials such as Silicon and

Diamond have non-negligible temperature-dependent ther-

mal properties, which need to be taken into consideration.

Hence, the dependence of the percentage reduction in the

junction temperature to its input power was simulated by

considering the temperature-dependent properties of Silicon

and Diamond. The effect of convective heat transfer to the

environment was also included for the Overmold and the

PCB. The simulation results are shown in figure 10b with a

tabulation of the temperature-dependent properties and the

convective heat transfer coefficient used in the simulation.

The transient thermal simulation results (figure 10b) indi-

cate an increasing trend in the percentage reduction of the

junction temperature as a function of input power (1.65W to

10W) as observed from the experiments. However, simula-

tion results depict a much higher percentage reduction in junc-

tion temperatures (figure 10b) than the experimental measure-

ments (especially at a low power range). The primary reason
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(d) Thermally Enhanced PQFN

Fig. 9: (a) & (c) The device temperature ΔT measured (@25oC)

at nine locations are shown (left axis) along with the power input

(right axis). A maximum junction temperature (Max. ΔT) of 43.28oC

is recorded for the standard PQFN, which is reduced to 39.13oC

(∼9.6% lower) for the thermally enhanced PQFN. Likewise, the stan-

dard PQFN records a minimum temperature (Min. ΔT @t = 2s)

of 29.29oC, as compared to 30.34oC with the thermally enhanced

PQFN. This shows that the standard PQFN concentrates the heat and

the thermally enhanced PQFN redistributes the heat. (b) & (d) The

device temperature measured at t = 2s is mapped along the surface of

the device for visual representation.

for the mismatch between the simulation and experimental re-

sults is the overestimation of the contact thermal resistances

in the simulation. CSAM imaging of the thermally enhanced

PQFN (figure 7b) indicated the presence of voids, which re-

sults in higher thermal resistance. To evaluate the influence of

the contact thermal resistance, the junction temperature of the

thermally enhanced PQFN was simulated as a function of Die-

Diamond and Diamond-Leadframe interface thermal conduc-

tivity. The simulation results are shown in figure 10c and it is

evident that there is a significant influence of the contact heat

transfer coefficient parameter, especially for conductivity val-

ues lower than 100W/mK. Poor interface contacts decreases

the efficiency of the heat spreader, which emphasizes the need

for more research on interface materials in power packaging

applications.

Furthermore, the thermally enhanced package reliability

was assessed by thermal cycling from −55oC to 150oC for

two-hundred cycles. During every cycle, the Junction tem-

perature of the thermally enhanced PQFN was in-situ mea-

sured at 25oC (figure 11). The experimental measurements are

plotted with a 5-cycle Simple Moving Average and signs of
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(a) Percentage reduction in Junction tempera-

ture as a function of applied heat input was ex-

perimentally measured for four different power

inputs from 1W to 7W range. The efficiency of

the heat spreader is observed to increase with in-

creasing power input. Hence, the cost of devel-

oping thermally enhanced packages is truly ben-

eficial for high-power applications.

(b) Percentage reduction in Junction tempera-

ture as a function of applied heat input was

simulated from 1W to 10W power range. The

transient thermal results were simulated with

temperature-dependent material properties of

Silicon and Diamond. The effect of convec-

tive heat transfer to the environment was also

included in the simulation. The simulation re-

sults validate the claim from the experimental

measurements on the effect of heat spreader ef-

ficiency increases with increasing power.

(c) The influence of the interface contact re-

sistance was simulated by varying the con-

tact heat transfer coefficient between the Die-

Diamond and the Diamond-Leadframe inter-

face. It can be observed that there is a signif-

icant difference in the device junction tem-

perature for interface thermal conductivity

less than 100W/mK. The simulation included

the temperature-dependent properties and the

convective heat transfer coefficient shown in

(b).

Fig. 10: (a)-experimental and (b)-simulation explains the influence of the applied power input on the heat spreading effect. (c) highlights the

influence of interface resistance as a barrier to transport heat. It is evident that simulated results depict similar responses to the experimental

results. However, the absolute values in the simulations don’t match the experiments due to the overestimation of the interface resistance in the

simulation and the mismatch in the thermal properties between the simulation and experiments.

degradation due to continuous stress testing can be observed.

The junction temperature has increased by ∼1.95% after two-

hundred thermal cycles as compared to its initial state. Yet

the Junction temperature of the thermally enhanced package

after two-hundred cycles is ∼7.25% lower than the junction

temperature of the standard package at 0-cycle (figure 9a).

Fig. 11: The reliability of a thermally enhanced PQFN was tested by

thermal cycling from−55oC to 150oC. The resolution of the measur-

ing equipment is 10μV for measurements ranging from 10V to 100V.

The measurement accuracy was calculated to be ΔV = ±12mV. The

repeatability of the measurements stays within the accuracy of the

measuring equipment, which translates to ±0.1oC as observed from

the experimental data. Regardless, the devices were first calibrated

to the measurement conditions, and the experimental data is averaged

using Simple Moving Average ’μ’. The percentage of thermal degra-

dation after two hundred cycles is observed to be less than 2%.

IV. CONCLUSION

The effect of the diamond heat spreader in high-power appli-

cations and the importance of tuning the semiconductor sub-

strate and the heat spreader thicknesses are empirically ana-

lyzed in this research. A thermal test chip was substituted to

characterize the heat-spreading effect. A heterogeneous in-

tegration approach was adapted for developing passive heat

spreaders on thinned-down active devices. Accordingly, a

thermally enhanced PQFN package was realized, and its per-

formance was experimentally measured and compared against

a standard PQFN package (without a heat spreader).

• For an applied input power of 6.6W, the thermally en-

hanced PQFN provides ∼9.6% reduction in Junction

temperature as compared to a standard PQFN.

• More uniform distribution of heat is observed with the

thermally enhanced PQFN due to the presence of a heat

spreader. Whereas, the standard PQFN has concentrated

heat sources.

• The percentage reduction in the junction temperature has

a strong dependence on the applied heat input. Hence,

the efficiency of a diamond heat spreader scales with the

input power.

• Package degradation is inevitable. The thermally en-

hanced PQFN shows around 2% thermal degradation due

to temperature cycling from −55oC to 150oC over two-

hundred cycles. Yet, the Junction temperature measured

after two hundred cycles is ∼7.25% lower than the junc-

tion temperature of the standard package at 0-cycle.
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Advanced thermal solutions are needed to enhance the pack-

aged device’s performance, and the superior properties of the

diamond are proven to be beneficial. Besides, the cost of man-

ufacturing CVD diamonds is decreasing due to technological

advancements, whereas the thermal issues in high-power elec-

tronics are increasing especially in harsh applications. Hence,

the benefits of incorporating diamonds in high-power elec-

tronics are evident despite its cost. Furthermore, the beneficial

properties of diamonds attract future research toward multi-

chip high-power packaging applications.
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