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Abstract 
This paper presents thermal and electrical characterizations of an ultra-thin flexible 3YSZ  

(3 mol% Yttria Stabilized Zirconia) ceramic substrate to explore its potential for electronic packaging 

applications. The thicknesses of the ultra-thin 3YSZ substrates were 20 µm and 40 µm. The flexible thin 

ceramic substrate can provide not only better modulus for higher robustness in manufacturing, especially in 

Z-axis direction of modules, but also low thermal resistance for high density 2D (two dimensional) / 3D 

(three dimensional) power module packaging applications. To better understand the thermal and electrical 

properties of the ultra-thin flexible ceramic, different measurements were employed. Thermal conductivity 

was measured at different temperatures by 3-omega method, the results were verified by thermo-reflectance 

measurement at room temperature. Relative permittivity was measured from 100 Hz to 10 MHz, with 

dielectric losses determined by dielectric spectroscopy. The dielectric breakdown of the ultra-thin flexible 

3YSZ was measured, from room temperature to 150 oC. Weibull analysis was performed on 20 

measurements for each temperature. The test results showed that the thermal conductivity of 3YSZ 

decreased from 3.3 W/mK at 235 K to 2.2 W/Mk at 600 K. The relative permittivity decreased from 30.9 to 

27.3 for higher frequencies for both substrates with different thickness. The temperature-dependence of 

relative permittivity and dielectric loss was studied. The results showed that these two parameters increased 

slowly from -65 oC to 150 oC, but more repidly from 175 oC to 250 oC. The dielectric breakdown decreased 

at higher temperature, from 5.76 kV to 2.64 kV for thickness of 20 µm, 7.84 kV to 3.36 kV for thickness of 

40 µm. SEM (Scanning Electron Microscopy), EDS (Energy-dispersive X-ray Spectroscopy) and XRD (X-

ray Powder Diffraction) analysis was performed to compare the microstructure of 3YSZ ultra-thin substrate 

and that of AlN (Aluminum Nitride) substrate. The microstructure of 3YSZ consisted of smaller round 

particles and that of AlN contained larger columnar particles. FEA (Finite Element Analysis) simulations 

were also applied to demonstrate the thermal properties of 3YSZ in simplified model of power modules. 

Though the measurement results showed that it did not meet expectations for high temperature power 

modules, the present work showed potential applications of the ultra-thin 3YSZ substrates in low voltage 

power modules, LED modules. 

 

Key words 
ultra-thin 3YSZ, flexible substrate, electronic packaging, thermal conductivity, dielectric breakdown, 

relative permittivity 

 

 
 

 

I. Introduction 
The dielectric substrate and interposer are important 

components in electronic packaging for different 

applications, such as power modules, LED modules or 3D 

Integrated Circuits packaging. The substrate and interposer 

provide not only an assembly and interconnections platform 

for heterogeneous integration of electrical components, 

circuits and structures, but also mechanical, thermal and 

electrical interfaces between different parts of the systems 

[1] - [3]. Though the state of art packaging on rigid 
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substrates is favored for various applications, the demand 

for packaging with ultra-thin flexible substrates is growing 

for better mechanical and thermal management in 

engineering areas such as optoelectronics [4] – [5]. A thin 

flexible substrate offers s an additional advantage to 

improve power density in power modules by smaller size. 

Hence, the potential application of thin flexible substrates to 

power electronics are being explored [6] – [8]. 

With good chemical and structural stability, high 

mechanical strength and compatibility with other materials, 

YSZ has also been studied, and applied for micro-tubular 

solid oxide fuel cells (MT-SOFCs) [9] – [10]. Studies also 

indicated that 8YSZ has with higher electrical conductivity 

at intermediate temperature, while 3YSZ offers superior 

mechanical properties with ~ 1200 MPa bending strength (~ 

230 MPa for 8YSZ) [11]. Though the thermal conductivity 

of 3YSZ is low compared with that of aluminum nitride 

(AlN) or aluminum oxide [12], the recent commercialized 

ultra-thin (20 µm, 40 µm) flexible 3YSZ substrates, 

provided by ENrG Inc., showed its comparable low thermal 

mass for electronic packaging applications. 

In this paper, SEM and EDS analysis was applied to 

compare the microstructure of the ultra-thin flexible 3YSZ 

substrate and that of conventional AlN substrate. The 

relevant properties of the ultra-thin flexible 3YSZ 

substrates, such as thermal conductivity, relative 

permittivity, dielectric loss, and dielectric breakdown were 

measured to emphasize its potential applications to 

electronic packaging. Simulations were employed to 

demonstrate its comparable thermal resistance in power 

modules.  

 

II. Microstructural Analysis 

A. Microstructure of ultra-thin flexible substrate 

SEM and EDS were used to analyze the microstructure of 

the materials, and compared with that of AlN. The sample 

area is 10mm × 10mm cut by diamond saw. The SEM 

images of 3YSZ and AlN substrates are as shown in Fig. 1.  

It can be seen that the ultra-thin 3YSZ has more uniform 

and dense microstructure than that of AlN. The shape of 

3YSZ grains are round with smaller size, while the shape of 

AlN grains are columnar with different sizes. The image 

also indicated that AlN is porous while 3YSZ is dense with 

very little pores. 

  

 
Fig. 1 Microstructure of ceramic substrates: (a) ultra-thin 3YSZ, (b) AlN. 

 

The composition of the ultra-thin flexible 3YSZ substrate 

was confirmed to contain zirconium, oxygen, yttrium and 

hafnium by EDS analysis, as shown in Fig. 2. 

 
Fig. 2 Image and X-ray maps of ultra-thin 3YSZ substrate by EDS. 

B. XRD analysis of the ultra-thin flexible substrate 

 
Fig. 3 XRD analysis of ultra-thin flexible 3YSZ substrate. 

As shown in Fig. 3, the XRD spectrum of the ultra-thin 

substrate coincided with the standard spectrum of 3YSZ 

(O0.984 Y0.065 Zr0.935), according to the PDF card 00-

901-5117. The mass fraction of hafnium in the samples was 

within the natural amount (2% by weight) contained in 

zirconia [13]. 
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III. Thermal Conductivity Measurements 

A. By 3-omega method at different temperatures 

The 3-omega method is an AC thermal conductivity 

technique, with limited errors from back-body radiations 

even at 1000 K [14] - [15]. A gold heater line was deposited 

by laser physical vapor deposition (LPVD) on the 40 µm 

flexible 3YSZ substrate. A Nd-YAG laser beam with 

wavelength 266 nm, 10 Hz repetition, and variable pulse 

duration was applied. The deposited pattern on the 

substrates is shown in Fig. 4. The rectangular pads are for 

current input and voltage output leads. The heater line width 

was 100 µm, with effective length 8 mm. Au wires of 0.1 

mm was used to connect the heater line on the 3YSZ 

substrate to the gold pads in a MMR Technology Dewar, 

with temperature maintained between 80 and 700 K.  

 
Fig. 4 Schematic of metal pattern deposited by LPVD for golder heater 

line with electrical terminals. 

 

In the measurement, input ac current, with frequency ω, was 

loaded through the leads, temperature oscillations of the 

heater line are generated at 2ω. The temperature change of 

the heater line is determined by the voltage drop across the 

heater at 3ω. The heater works as both a source and 

thermometer. The resistance of the heater line, R, and the 

temperature coefficient of the resistance, dR/dT, were 

measured using the four-point probe method. The results 

showed that the resistance of the heater line at room 

temperature was 115.18 Ω, and the temperature coefficient 

of resistance was 0.20734 Ω/K. The temperature increase of 

the heater at any frequency was calculated by  

3 12 / V (dR/ dT)dT V                        (1) 

where V3 is the in-phase value of the third harmonic (3ω) 

voltage and V1 is the amplitude of the sinusoidal first 

harmonic voltage at ω. 

The thermal conductivity is calculated by 
3 2

1 / / (4 )K V dR DT lR                     (2) 

where l is the length of heater line, α is the slope of V3 

against ln( f ) graph which should be linear [14] – [17]. 

The values of temperature increase of the heater line per 

unit power input were simulated using FORTRAN 

simulations [18]. The numerical values of thermal 

conductivity and heat capacity of the 3YSZ substrate were 

determined from the best fit with curves from both 

experiments and simulations. The experimental and 

simulated results of increase in temperature of heater line 

per unit power as function of ln(f) at 300 K are shown in 

Fig. 5. The thermal conductivity of the 3YSZ substrate was 

found to be 2.7 W/mK. 

 
Fig. 5 Curve fitting of increase in temperature of heater line per unit power 

at room temperature. 

 

Similarly, thermal conductivities of the flexible 3YSZ at 

temperatures from 235 K to 600 K was measured, It 

decreased from 3.3 W/mK to 2.2 W/mK, as shown in Fig. 6. 

 
 

Fig. 6 Thermal conductivity of ultra-thin flexible 3YSZ substrate at 

different temperatures. 

B. By transient thermo-reflectance (TTR) method at room 

temperature 

To corroborate the thermal conductivity measurements by 

three omega method, nanosecond transient thermo-

reflectance (TTR) measurement was applied at room 

temperature. A thin Au tranducerlayer was deposited on the 

40 µm 3YSZ substrate by LPVD using the same laser 

source as used for 3-omega measurements. The variation of 

the temperature on the Au film surface with time is 

measurements of reflectance from a probe laser shortly after 

incidence of a pump laser.  

Two laser systems were employed in the measurement. A 

Nd-YAG laser beam (A) with 532 nm wavelength and 

frequency of 10 Hz, was applied to heat the sample surface. 

Another continuous laser beam (B) with 650 nm wavelength 

was applied to measure the transient thermal reflectance 

(TTR) signal. Both laser beams were focused so that they 

are incident on the same spot on the surface by passing 

through a 10× objective. A Si photodiode was employed to 

collect the reflected laser beam B only with pump laser 

beam. An oscilloscope was used to record the reflected laser 

beam B collected by laser beam B after amplification. The 

variation of TTR signal with time was extracted by the 

oscilloscope signal triggered by output from another Si 
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detector which also detected the laser beam A before it is 

incident on the sample surface [19] – [21]. A schematic of 

TTR equipment setup is as shown in Fig. 7. 

 

 
Fig. 7 Schematic of TTR measurement setup. 

 

The normalized variation in TTR signal with time for the 

Au film, along with curve fitted results from simulations is 

shown in Fig. 8. The simulation parameters and curve fitting 

process determined the measured thermal conductivity of 

the 3YSZ substrate at room temperature, which was 2.85 

W/mK. The value agreed with that measured by 3-Omega 

method well.  

 
Fig. 8 Curve fitting of Normalized TTR Variation with Time of 

experimental and simulation results. 

C. Thermal performance of Ultra-thin flexible 3YSZ 

substrate by simulations 

According to these measurements, the thermal conductivity 

of the ultra-thin flexible 3YSZ substrate was much lower 

than that of other substrate used for packaging applications, 

such as Al2O3 and AlN, etc [22] – [24]. Most often, 0.5 mm 

~ 0.65 mm thick ceramic plate is used in Cu-clad (e.g. 

DBC) substrates in power electronic applications. The 

thicker ceramics are needed for mechanical robustness 

during circuit assembly, and for stress management during 

electrical circuits applications. 

However, the thickness of 3YSZ substrate was lower, the 

thermal resistance can be comparable with other materials, 

especially for power electronics applications. Simulations 

were performed to compare thermal performance of 3YSZ 

with Al2O3 and AlN for 2 kV packaging. 

The simplified model contains a DBC substrate and a SiC 

diode attached through Sn-based solder. The parameters and 

dimension of each part are given in Table. 1.  

In the simulation, the power density that the device 

generated was defined as 1000W / cm2. The bottom 

temperature of model was set as a constant at 20 oC. The 

temperature distributions in the models for different ceramic 

substrates were simulated, and results shown in Fig. 9. 

The results showed that the junction temperature of the 

device on 40 µm 3YSZ was the highest, the results for 20 

µm substrate exhibited an advantage compared to Al2O3 

with about 10 oC lower junction temperature. The AlN 

model showed the lowest junction temperature of all. 
Table. 1. Parameters of different parts in Models for Simulations. 

Parts 
Dimension / 

mm3 

Heat 

Capacity/ 

J/KgK 

Density / 

Kg/m3 

Thermal 

Conductivity 

/ W/m·K 

SiC 

Diode 
4×4×0.4 690 3210 250 

Solder 4×4×0.05 230 8400 50.9 

Cu plate 12×12×0.127 385 89200 383.8 

3YSZ 
12×12×0.02 

(0.04) 
157 6090 2.3 

Al2O3 12×12×0.254 880 3690 23 

AlN 12×12×0.254 780 3260 170 

 

             

                     
Fig. 9 Thermal Performance of Flexible 3YSZ substrates, compared with 

AlN and Al2O3. 

IV. Dielectric Properties 

A. Relative Permittivity and Dielectric Loss 

The relative permittivity and dielectric loss was measured as 

a function of frequency (100 Hz to 1 MHz) and temperature 

(-65 oC to 250 oC). The measurement was setup with a 

Hewlett Packard 4284 LCR meter and a Delta Design oven 

model 2300. The oven was equipped with liquid nitrogen so 

that it can provide both high temperature and low 

temperature environment in the tests. The bias in the 

measurements was set as 2Vdc. Platinum electrodes were 

deposited on both sides of the substrate. The measured 

dielectric loss and relative permittivity of 20 µm and 40 µm 

3YSZ with temperature and frequency are shown in Fig. 10. 

The results indicate that the dielectric loss increased slowly 

with temperature below 100 oC but rapidly for higher 

temperature. The dielectric loss decreased for higher 

frequency. Fluctuations on the dielectric loss curve 

happened after 150 oC at 100 Hz and 1 kHz. Dielectric loss 

curve of 40 µm 3YSZ substrate coincided with that of the 

20 µm substrate well.  

The relative permittivity of 3YSZ also increased slowly 

with temperature below 100 oC but rapidly for higher 
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temperature. Also, it decreased with increasing frequency. 

A drift between results of relative permittivity for 20 µm 

and 40 µm 3YSZ substrates was observed at specific 

temperature and frequency, as shown in Fig. 10(b). 

 

 
Fig. 10. Dielectric loss (a) and relative permittivity (b) of 20 µm and 40 

µm ultra-thin flexible 3YSZ with temperature and frequency. 

B. Dielectric Breakdown 

The dielectric breakdown of ultra-thin 3YSZ substrate at 

different temperatures was measured using a Sawyer-Tower 

circuit with a Trek high voltage amplifier system. High 

temperature insulation fluid was employed. During the tests, 

a DC voltage with ramp rate of 500 V/s was applied until 

breakdown. The temperature was controlled by a digital hot 

plate with a thermal couple. The characteristic breakdown 

strength was determined by the Weibull analysis on 20 

sample points in each measurement group. The dielectric 

strength at measured points for 20 µm and 40 µm is shown 

in Fig. 11. 

       
Fig. 11 Measured dielectric strength of different samples points at room 

temperature: (a) 20 µm, (b) 40 µm. 

 

It is seen from Fig. 11 that a larger variation was found in 

the dielectric strength of measured points on 20 µm 

substrate than that on 40 µm. To determine the breakdown 

of samples [25], the Weibull plot of each dataset in Fig. 11 

was determined and is shown in Fig. 12.  

      
 

Fig. 12. Weibull Plots of measured data points for dielectric breakdown: 

(a) 20 µm, (b) 40 µm. 

The solid black lines represent the 95% confidence bounds, 

and the red lines represent ideal breakdown strength 

distributions. The dielectric breakdown at room temperature 

was determined, and the results are 288 MV /m for 20 µm 

substrate and 196 MV /m for 40 µm substrate. Using the 

same analytical approach, the dielectric strength and 

breakdown voltage of substrates at 100 oC, 125 oC and 150 
oC were determined and summarized in Fig. 13 for the two 

substrates. 

        
 

Fig. 13. Dielectric Strength and Breakdown Voltage of ultra-thin 3YSZ. 

The dielectric strength decreased at higher temperature. A 

higher electric strength is exhibited at any specific 

temperature by the YSZ with 20 µm thickness than the YSZ 

with 40 µm thichness. The 40 µm 3YSZ substrate exhibited 

higher breakdown voltage as its thickness was twice of the 

thiner 3YSZ substrate. Subsequent testing, not reported 

here, indicated excessive leakage current for > 100 oC and 

warrants further investigation.  

V. Discussion 

Through the thermal and electrical characterizations, the 

properties of the ultra-thin flexible 3YSZ substrate were 

examined to evaluate its potential for electronic packaging 

applications. The thermal measurements indicated that 

thermal conductivity was much lower than the conventional 

AlN and Al2O3 substrates. However, the thermal resistance 

was still comparable, especially for power electronics 

applications, with advantages, such as higher power density 

and better mechanical toughness, to achieve higher power 

density in 3D packaging structures. 

Dielectric loss and relative permittivity measurements 

indicated that by applying the 3YSZ substrates in the 

packaging, more losses and more parasitic capacitance 

would be induced, especially for low frequency and high 

temperature applications. By applying specific design 
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layouts in packaging modules, the parasitic capacitance can 

be utilized as decoupling component.  

Dielectric breakdown measurements were achieved by a 

combination of experimental results and statistical analysis. 

Though the measured breakdown was acceptable, but the 

leakage current was questionable.  

 VI. Conclusion 

This work is part of an explorations into novel materials that 

can be applied for flexible packaging technologies, 

especially for flexible power electronics packaging. 

The thermal and electrical characterizations of the ultra-thin 

flexible 3YSZ substrates are reported, including thermal 

conductivity, dielectric strength, dielectric losses, relative 

permittivity and composition. Various methods were 

applied for different measurements and illustrated briefly. 

And the suitability of the substrates for power electronics 

devices was discussed based on the measured properties. 
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