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T
he power-semiconductor industry is experiencing 
growth exceeding 7% per year, driven by new appli-
cations such as electric cars and new technologies 
like silicon-carbide (SiC) and gallium-nitride devic-

es. These new applications and technologies put increasing 
demands on power-semiconductor package performance. 
Specifically, power-semiconductor packaging technology 
must address key requirements:
• Ability to conduct the large electrical currents that flow 
through the device and package.
• Need to provide an effective thermal path between the de-
vice and heat sink to keep the device junction temperature 
within specification.
• Ability to withstand temperature and power cycling (and the 
resulting CTE stress) without mechanical damage, including 
dielectric cracking or metal delamination.

The requirement to channel very high electrical current 
narrows the potential metallization systems down to the best 
conductors: silver (Ag), copper (Cu), or aluminum (Al). Of 
these, thick Cu and Al are more favorable due to higher resis-
tance to electromigration compared to Ag. 

The thermal requirements, which will be the major focus 
of this article, requires metallization with high thermal con-
ductivity, dielectric materials with high thermal conductivity, 
and low interfacial thermal impedance at the metal/dielectric 
interface. For this reason, the dielectrics of choice have been 

AlN (thermal conductivity > 170 W/m-K), Al2O3 (thermal 
conductivity = 25 W/m-K), and Si3N4 (thermal conductivity 
of 67 W/m-K). 

The ability to withstand temperature or power cycling has 
been one of the largest challenges for power-semiconductor 
packaging technology. The combination of metals that have 
very high thermal expansion (Cu CTE = 17 ppm/°C) with 
dielectrics that have very low thermal expansion (AlN = 4.5 
ppm/°C) leads to very large thermal expansion stress during 
temperature cycling. This is particularly the case at low tem-
peratures, where a large tensile stress develops at the edges of 
the metallization.  

Such high tensile stress can result in dielectric cracking. For 
this reason, very high flexural strength ceramics like Si3N4 are 
increasingly being utilized for the highest power applications 

Use Laser-Flash 
Thermal Conduction 
Measurements to 
Evaluate Power-Semi 
Packaging Materials
This article delves into laser-flash evaluation of the thermal impedance of critical 
interfaces for power-semiconductor packaging. The critical impact of impurity 
diffusion during package fabrication is illustrated for Cu bonded to ABA Cu.

1. Shown is a schematic of a packaged power semiconductor illus-

trating the heat path from the die, through the package to the heat 

sink.
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where the temperature cycling stresses are the largest. 
The focus of this article will be to provide a quantitative 

evaluation of the thermal resistance between the metallization 
system and the dielectric by utilizing a laser-flash technique. 
The thermal resistance of this interface will directly impact 
heat conduction through the package since this interface is 
located between the die and the heat sink. A schematic of the 
thermal path for a packaged power semiconductor is shown 
in Figure 1. 

Laser-Flash Thermal Conduction Measurements— 
Applied to Layered Structures

The laser flash technique described here follows ASTM E 
1461. In this measurement, a short laser pulse illuminates the 
front surface of the sample, creating a heat pulse. The subse-
quent temperature rise is measured on the back surface of the 
ceramic using a sensitive infrared detector. The overall tem-
perature rise is typically only a few degrees centigrade. The 
temperature rise on the back surface as a function of time is 
fitted to a one-dimensional heat flow model and the thermal 
diffusivity of the sample is determined. 

Thermal conductivity is the product 
of the sample density, heat capacity, 
and the measured thermal diffusiv-
ity. A typical temperature rise profile 
measured on the sample backside as a 
function of time is shown in Figure 2.

The time = 0 for this profile begins 
when the laser pulse is incident on the 
sample. Figure 3 depicts a schematic of 
the laser-flash system used for these 
measurements. 

In our laser-flash system, a pulsed CO2 laser with a wave-
length of 10 µm and 5-µs pulse duration was used to illumi-
nate the front side of the sample. A liquid-nitrogen-cooled 
HgCdTe IR detector was used to measure the temperature on 
the backside of the sample. 

For a monolithic sample, this temperature rise is fitted to 
a 1D heat flow model; the thermal diffusivity of the sample is 
determined from this fit. The time-dependent temperature of 
the backside of the sample T(t) in the 1D heat from the model 
is described by:

where t is time after the laser pulse, T(0) is the initial back-
side temperature at t=0, Tm is the maximum backside tem-
perature after the laser pulse, L is the sample thickness, and a 
is the thermal diffusivity. 

If we input the experimentally measured time required for 
the sample backside to reach 0.5 Tm, t1/2, then from the equa-
tion above, calculate the thermal diffusivity:

The thermal conductivity is the product of the thermal dif-
fusivity a, sample density (r), and heat capacity cp. 

The discussion above is relevant for monolithic samples. 
However, the laser-flash technique can also be applied to lay-

TABLE 1: INPUTS TO LAYERED STRUCTURE 
THERMAL CONDUCTIVITY MODEL

Structure Model Input Requirements

Known layer Heat capacity, thermal diffusivity, 
density, thickness

Known layer Heat capacity, thermal diffusivity, 
density, thickness

Unknown layer Heat capacity, density, thickness. Model 
solves for the thermal diffusivity,  calculates 

thermal conductivity

Three-layer structure t1/2 as defined above for whole stack

TABLE 2: DESCRIPTION OF POWER-SEMICONDUCTOR 
PACKAGING SYSTEM ANALYZED IN THIS ARTICLE

Power-Semiconductor 
Package System

Structure Evaluated Interfaces Evaluated

Direct-bond Cu on Al2O3 Cu/Al2O3/Cu Cu/Al2O3 with DBC bond

Active-metal Cu on AlN AlN/ABA Cu/AlN Cu/AlN with active Cu bond

Active-metal Cu on Si3N4 Si3N4/ABA Cu/Si3N4 Cu/Si3N4 with active Cu bond

Cu on active-metal
 Cu on Si3N4

Si3N4/ABA Cu/Cu foil Cu/Si3N4 with a ctive Cu bond 
and ABA Cu with Cu Foil

2. The temperature rise on the backside of a thermal conductivity 

sample is shown as a function of time in the laser-flash measurement 

system.
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ered structures. In this case, a model is utilized which con-
siders one dimensional heat flow through a layered structure. 
Application of the diffusion equation to layered structures is 
discussed in Reference 1 and references therein. The input re-
quirements for a three-layer model are shown in Table 1.

This measurement is very useful for evaluating thermal re-
sistance in “real-world” situations since the “unknown layer” 
comprises the layer itself and the interfaces between the “un-
known” and known layers.

Here, we will utilize this approach to quantify the thermal 
resistance between the metallization systems relevant to pow-
er-semiconductor packaging and the ceramic dielectric layers. 
We will consider the three cases described in Table 2.

Samples Evaluated
The DBC sample that was measured came from a commer-

cial DBC vendor. The active Cu samples were prepared from 
commercial ABA Cu alloy foils that were brazed in an argon 
atmosphere at 1025°C to AlN, Si3N4 substrates and to OFC Cu 
foil. In addition to the sandwich structure samples (with ABA 
in the middle layer), a sample was constructed with Si3N4 di-
electric bonded to ABA Cu, which was bonded to Cu foil.  

Argon was chosen to avoid any interaction between the Ti, 
Al, and Si in the ABA Cu foil and the furnace atmosphere. 
All samples were x-rayed to ensure that 
there were no voids at the braze joints. 

Laser-Flash Measurement Results
The thermal conductivity of the ABA 

foil as a 50-µm-thick free-standing foil 
was also measured. The thermal con-
ductivity was found to be 35 W/m-K.

The results of the laser-flash thermal 
conductivity measurement and layered 
structure model for the packaging sys-
tems outlined in Table 2 are summarized 
in Table 3. 

Key observations from 
these measurements in-
clude:

• For both the DBC 
samples and the ABA 
Si3N4 samples, the inter-
facial thermal impedance 
was negligible. This indi-
cates an intimate, chemi-
cally bonded interface 
between the Al2O3 and 
Cu in DBC, and between 
the ABA Cu and Si3N4 in 
the ABA copper samples. 

The microstructure of these interfaces will be explored in the 
next section.

• The interfacial thermal impedance of the ABA Cu/AlN 
interfaces decreased the effective thermal conductivity of the 
layer from 35 W/m-K to 26 W/m-K. 

• When ABA Cu is used to bond Cu foil to Si3N4, the con-
ductivity of the Cu layer is greatly reduced, from close to 380 
W/m-K for OFC Cu to only 138 W/m-K. The reason for this 
reduction is discussed below.

TABLE 3: LASER-FLASH THERMAL CONDUCTIVITY, LAYERED 
STRUCTURE MODEL MEASUREMENT RESULTS

Unknown Layer in 
Model (Bulk Phase + 

Interfaces)

Unknown-Layer Thermal 
Conductivity Results

Unknown-Layer Bulk 
Phase TC

Al2O3 + two Cu/Al2O3 D BC 
interfaces

26 W/m-K Al2O3 = 25 W/m-K

ABA Cu + two ABA Cu/AlN 
interfaces 

26 W/m-K ABA Cu = 35 W/m-K

ABA Cu + two ABA Cu/Si3N4 
interfaces 

36 W/m-K ABA Cu = 35 W/m-K

ABA/Cu interface + Cu 
(diffused impurities from ABA)

138 W/m-K OFC Cu = 370 W/m-K

3. Schematic of the Laser Flash Thermal Conductivity 

Measurement System.

4. This is an SEM image of the Cu/Al2O3 interface in the DBC sample.
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Microstructures
All of the samples discussed above were cross-sectioned 

with an ion mill and then imaged on a high-resolution SEM. 
In Figure 4, the interface between the Al2O3 and Cu with 

the DBC bond is shown at 10,000x and in Figure 5 shows a 
high-resolution image at 160,000X. It’s clear from this figure 
that the Cu/CuO interfacial layer in DBC is extremely thin, less 
than 90 A.

Figure 6 shows an ion-mill cross-section for ABA Cu on 
Si3N4. In this case, the interfacial phases are much thicker, on 
the order of 1 µm. 

Figure 7 shows the phase composition of the interfacial 
layer taken from EDS mapping through the interface. This el-
emental mapping shows the presence of two interfacial layers: 
Ti-Al-Cu-N phase and a Ti-Si phase. Even with the presence 
of these intermetallic layers, the laser-flash measurement indi-
cates minimal impact on heat flow. 

Figure 8 illustrates an EDS analysis in the SEM of the in-

5. This is a high-resolution SEM image of the Al2O3/Cu interface in 

DBC.

7. This elemental map was 

taken in an SEM with EDS of 

the ABA Cu/Si3N4 interfa-

cial phases.

6. Ion-mill SEM cross-section of ABA Cu on Si3N4.
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terface between the ABA Cu layer and the AlN ceramic. In 
this case, a distinct Cu-Ti-N layer that’s about 2 µm thick has 
formed. The laser-flash measurements indicate that this inter-
facial layer has a measurable impact on the overall thermal 
impedance of the structure, decreasing the effective thermal 
conductivity from 35 to 26 W/m-K. 

For the Si3N4/ABA Cu/Cu sample, the composition of the 
Cu layer was analyzed with EDS as a function of the distance 
from the ABA interface (Fig. 9). The ABA layer was 50 µm 
thick and the Cu was 250 µm. As can be seen in Figure 9, Al 
had diffused more than 200 microns into the Cu layer during 
the fabrication process, and Si had diffused more than 150 mi-
crons into the Cu (the “0” point in this figure is the ABA/Cu 

interface). 
The presence of the Si and Al impurities in the Cu layer 

greatly decreases the layer’s thermal conductivity. The Cu 
thermal conductivity drops from 380 W/m-K, typical of pure 
Cu, to only 138 W/m-K. 

The significant impact of the thermal conductivity of Cu on 
impurities, as observed here, is due to electron-impurity scat-
tering, since heat is carried in metals by conduction electrons. 
This impact can also be seen in electrical conductivity (Fig. 
10). In this case, the change in Cu resistivity for additions of 
various impurities (including Al and Si) is shown. Note that 
both heat and electrical current in metals is carried by elec-
trons; therefore, both properties are impacted by electron-
impurity scattering.

Conclusions
Laser-flash thermal conductivity evaluations of ABA Cu on 

Si3N4 as well as ALN ceramics has been performed, in addition 
to evaluation of DBC Cu on Al2O3. Bulk thermal conductivi-
ties of the ABA Cu, alumina, ALN, and Si3N4 were measured. 
In addition, the thermal diffusion time through the layered 
structures were also determined and a model was utilized to 
determine the interfacial thermal resistances in each system. 
The following findings resulted from this study:

• For the Si3N4/ABA Cu and Al2O3/DBC Cu, no significant 
thermal impedances were measured. In other words, there 
was no hindrance of heat flow through the interface structures 
even though intermetallic layers formed. 

• The AlN/ABA Cu interface did have a modest impact on 
the overall thermal impedance of the layer, lowering the ef-

8. An elemental analysis was taken in an SEM with EDS of the ABA Cu/

AlN interface.

☞LEARN MORE @ electronicdesign.com | 5

http://?Code=UM_EDPDF
http://www.electronicdesign.com?code=UM_EDPDF


fective thermal conductivity from 35 W/m-K to 26 W/m-K.
• The thermal conductivity of the ABA Cu was about 1 or-

der of magnitude lower than pure Cu with a thermal conduc-
tivity of 35 W/m-K. This layer does represent a hindrance to 
heat flow compared to a pure Cu layer. Consequently, making 
the ABA bonding layer as thin as possible would be advanta-
geous. 

• For DBC, there’s no significant thermal impedance. The 
interfacial layer between the DBC Cu and alumina was ex-
tremely thin, only about 8 nm. 

• For both ABA Cu on AlN and Si3N4, intermetallic nitride 
layers were observed between the ABA Cu and the ceramic. 
For the Si3N4 sample, this intermetallic had no impact on heat 
flow. For the AlN sample, there was a measurable, but modest, 
impact.

• When ABA Cu is used to bond a pure Cu layer to Si3N4, 
diffusion of Al and Si into the pure Cu greatly reduces the Cu 
thermal conductivity, from above 380 W/m-K to 138 W/m-
K. Consequently, a significant amount of the advantage that’s 

gained by using Cu in this application is lost 
due to impurity diffusion. Note that this effect 
is due to the impurity diffusion from the ABA 
into the Cu and isn’t related to the Si3N4.
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ment at CMC Laboratories, Inc. He’s a graduate 10. This figure (taken from Reference 2) shows Cu electrical conductivity with various 

impurity additions. 

9. Al and Si impurity concentration is plotted as a function of distance 

from the ABA Cu/Cu interface into the Cu layer.
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