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Abstract

Electronic devices capable of operation at 500°C are required for long term Venus surface missions, as well as
for in situ monitoring and control of next generation aeronautical engines. High temperature sensors and electronics
can also find many applications in military, and energy and automobile industries. Various silicon carbide (SiC)
sensors and electronic devices have been developed for operation at 500 °C, and a compatible packaging system is
needed for long term test and deployment of these high temperature devices. High temperature co-fired ceramics
(HTCC) alumina with platinum (Pt) conductor was proposed for high temperature electronic packaging. A prototype
Pt/HTCC alumina packaging system including chip-level package and circuit board has been briefly reported
previously for long-term electrical testing of SiC integrated circuits at 500 °C, and brief testing at much higher
temperatures. HTCC alumina is an excellent dielectric material with acceptable dielectric constant and low dielectric
loss over wide temperature and frequency ranges. Pt is chemically noble and can be co-fired with HTCC alumina in
air ambient producing a viable electronic packaging material system for high temperature applications. This paper
presents a more detailed description of this packaging system including prototype low power packages and circuit
boards based on HTCC alumina and Pt metallization for 500°C and other harsh environment applications. The key
technical considerations for chip-level packaging and circuit board assembly, including materials and processes for
500 °C durable wire-bonding and SiC die attach, and integration of multi-chip circuit boards, are presented.
Experimental test results of this packaging approach applied to SiC integrated circuits at 500 °C and 700°C are
discussed as well.

Keywords: High temperature, electronic packaging, HTCC, Venus, SiC, harsh environment.

1. Introduction dielectric performance of a selected HTCC alumina
was tested and compared with pre-fired 96% alumina
Different kinds of ceramic substrates and Au as well as other selected cofired alumina [5]. HTCC
thick-film metallization based electronic packages and alumina was selected due to its dielectric performance
circuit boards were previously developed for testing for further 500 °C packaging testing. A prototype
silicon carbide (SiC) high temperature electronics for PYHTCC alumina chip -level package with 32-1/0 was
NASA space and aeronautical applications [1, 2a, 2b, fabrlcateq and dlelectrlgally characterized at low
3a, 3b]. These ceramic materials have different frequencies up to 1 MHz in a temperature range up to
mechanical and electrical advantages for different 550 °C indicating its applicability for many envisioned
packaging needs, including 90% alumina with SiC ICs [6]. Various SiC JFET based analog and
relatively lower hardness and fabrication cost, and digital 1Cs have successfully been packaged and long
aluminum nitride with closer thermal expansion term tested at 500 °C with this package, and short term
coefficient to SiC, and 96% alumina with better tested above 800 °C, all in oxidizing air ambient [7a,
dielectric performance at high temperatures. A 7b, 7c]. An experimental PYHTCC alumina package
prototype 96% alumina packaging system successfully also facilitated 60 earth days test of a SiC JFET IC in
facilitated 500°C electrical test of SiC electronics at high-fidelity simulated Venus surface environment
500 °C for over 10,000 hours in air ambient. However, (8]. _ _
the fabrication process for these pre-fired ceramic _The PYHTCC alumina packaging system that
substrates based ceramic packages is not compatible facilitated these SiC IC tests includes a chip-level
with current co-fired technology based packaging package on a circuit board, as well as a compatible
industry process [4]. In order to solve this issue, the integration process steps including die-attach, wire-
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bonding, component attachment, and 1/O wire
attachments to the circuit board [6]. This paper
provides detailed information on chip-level packaging
and circuit board assembly steps not disclosed in our
previous publications.

2. Chip-level Package

A commercially fabricated 32-pin Pt/HTCC alumina
package with an attached and wire-bonded prototype
SiC chip is shown in the center of Figure 1. Figure 1
also shows the package attached to a ceramic circuit
board with gold wire attachments (that is detailed in
Section 3). Ptis used for both surface (and interlayer)
metallization, and the hermetically sealed conductive
via of the package [9]. The package is fabricated using
a commercial HTCC process, except firing in air
instead of noble environment necessary for co-firing
reflective metal-based conductors [9]. This package is
designed for low power and low frequency SiC JFET
based high temperature durable ICs intended for
prolonged operation around 500 °C. It is a surface-
mount package with 32 Input/Outputs (1/Os) and it
measures about 27.3 mm x 27.3 mm x 2.5 mm (1.07
in. x 1.07 in. x 0.1 in.).

The Pt surface metallization of the package floor
is composed of a central square and four surrounding
L-shaped patterns (not apparent in Fig. 1). This allows
a multi-chip mixture with individual substrate bias of
up to five separate IC dies in a single package. Pt pads
for wire-bonding (visible in Fig. 1) are electrically
connected to the Pt pads on the bottom side of the
package through hermetic Pt via. The pads on the
bottom of the package for surface mount measure 1.27
mm x 2 mm, and the spacing between two neighboring
pads along the same edge is 1.27 mm. This spacing
between two neighboring pads are relatively large
compared to conventional packages towards
accommodating the increasing dielectric loss of the
ceramic matrix with temperature [5]. The package can

Figure 1: The picture of top view of 32-pin co-fired
Pt/92% alumina package measured 27.3 mm x 27.3
mm x 2.54 mm (1.07 in x 1.07 in x 0.1) with a SiC IC,
the circuit board measured 5.1 cm x 5.1 cm x 0.64 mm
(2 in. x 2 in. x 25 mil). 32 1/O wires attached to the
circuit board.

be capped/sealed with a compatible lid (not shown in
Fig. 1) that is 1.02 mm (40 mil) thick. The first pad
clockwise from the notch, shown in Figure 1, is
connected to the pad or ring (two different designs) for
connection to possible lid metallization for electrically
surrounding/shielding the IC chip with conductor if
desired.

The electrically measured parasitic parameters
between two sets of neighboring 1/0Os are shown in
Tables 1 and 2 [6]. The parasitic capacitance (upper
number) in unit of pF and parallel AC conductance
(lower number) in unit of uS between 1/01 and
neighboring 1/02 with 1/01 connected to all of five
metallization pads on the package floor using wire-
bonding. 1/01 is the first pad clockwise from the notch

Table 1: Parasitic capacitance (upper) in unit of pF and AC conductance (lower) in unit of puS between 1/01 and 1/02
without a lid on. 1/01 is connected to ground pads. Contributions of gold wires have been subtracted [6].

0,

f(HZ)T(C) Tr | 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550
120 10 | 07 | 06 | 04 | 03 | 05 | 04 | 06 | 07 | 14 | 14
<0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | 0.001 | <0.001

K 04 | 02 | 05 | 05 | 03 | 04 | 05 | 05 | 05 | 05 | 04
<0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001

10K 05 | 04 | 05 | 05 | 04 | 04 | 04 | 05 | 05 | 04 | 04
<0.001 | 0.0013 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | 0.003 | <0.003 | <0.003 | <0.003

100k |08 [ 03 [ 05 [ 04 [ 08 [[04 [ 04 [ 05 | 05 | 04 | 04
0.01 | 0.016 | 0.014 | 0.016 | 0.016 | 0.011 | 0.014 | 0.029 | 0.035 | 0.026 | 0.045

™ 05 | 04 | 05 | 04 | 03 | 04 | 04 | 05 | 05 | 04 | 05
<0.010 | <0.010 | 0.013 | 0.012 | 0.011 | 0.006 | 0.009 | 0.018 | 0.021 | 0.022 | 0.026
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Table 2: Parasitic capacitance (upper) in unit of pF and AC conductance (lower) in unit of uS between 1/02 and 1/03
without a lid on. Contributions of gold wires have been subtracted [6].

0,

! (HZ)T O 1o | 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550
oo |07 | 06 | 05 | 04 | 03 | 04 | 04 | 06 | 05 | 06 | 06
<0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001

P 03 | 03 | 04 | 04 | 02 | 04 | 03 | 05 | 03 | 05 | 05
<0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | 0.0013 | 0.001 | <0.001

ok |04 | 03 [ 04 [ 04 [ 03 | 03 [ 04 [ 04 | 04 | 04 | 03
<0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001

ook |03 | 03 [ 04 | 04 [ 02 | 03 [ 03 | 04 | 04 | 04 | 03
0.005 | 0.005 | <0.005 | <0.005 | <0.005 | 0.005 | 0.013 | <0.010 | 0.014 | 0.012 | <0.010

o |03 | 04 [ 04 [ 04 [ 02 | 03 [ 03 [ 04 | 04 | 04 | 03
<0.010 | <0.020 | <0.020 | <0.020 | <0.020 | <0.020 | <0.020 | <0.020 | <0.020 | <0.020 | <0.020

(upper right conner of the package). The measured
parasitic capacitance is between 0.3pF and 1.4pF,
generally trending higher at lower frequencies and
higher temperatures with the peak capacitance
measured at 120 Hz and 500 °C and 550 °C. The
measured parasitic conductance is 0.035 pS (at
100kHz 450 °C) or less, between room temperature
and 500 °C, generally trending higher at higher
frequencies and higher temperatures with the peak
capacitance at 100 kHz and 450°C. The parasitic
parameters between other neighboring 1/0Os (e.g., 1/02
to 1/03 parameters shown in Table 2) are generally
lower than those for 1/01-1/02 since 1/01 is connected
to a much larger metallization area. These data
indicate that this package provides satisfactory
electrical ~ functionality and performance for
deployment of low-power and low-frequency SiC ICs
for 500 °C applications.

Figure 2 shows the I-V curves measured between
1/027 and 1/028 (counting clockwise from the
package notch shown in Figure 1) initially at 500 °C
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Figure 2: 1-V curves measure between 1/027 —1/028
of the co-fired package at initially at 500°C (blue) and
69.4 hours after (red). The noise was attributed to
interference from the running oven. The dash lines are
the linear fits [6].
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(blue) and then at 69.4 hours (red) after the initial
measurement. The slopes of linear fits of these 1-V
curves measure the DC resistances of the pair
neighboring 1/0s. The insulation resistance initially at
500 °C is approximately 7.6 GQ, increasing to 9.7 GQ
after 69.4 hours at 500 °C. Since 1/027 was connected
to a SiC chip and the package and 1/028 was
connected to the circuit board only, and the package
was mounted on a ceramic circuit board, these DC
resistance measurements can be expected to slightly
overestimate the package DC resistance between two
neighboring 1/0s due to the leakages through other
package pads, circuit board, and wiring.

3. Circuit Board Assembly / Packaging

The single side metallized PYHTCC alumina
circuit board, shown in Figure 1, interconnects the
chip package with a SiC IC to the testing instruments
outside the oven. The board measures 5.1 cm x 5.1 cm
X 0.64 mm (2 in. x 2 in. x 25 mil). The board has 32
Pt pads matching those of the package for electrical
connections. The pads on the board may be Au coated,
but that is not generally assumed below. For reasons
discussed in Section 5, the overall packaging /
assembly process is hon-conventional in the sense that
it starts with 1/0 wire attachments to the circuit board
(Section 3.1), followed by package attachment
(Section 3.2), then die attachment (Section 3.3), and
finally wire bonding (Section 3.4). This is described
below.

3.1 1/O Wire Attachment

A glass-binder(s) free thick-film Au paste,
DuPont 5063D [10], is used for brazing. DuPont
5063D doesn’t contain glass-based binder(s), so
additional Au paste material won’t generate excessive
binder which can detrimentally become mobile at high
temperature and electric bias [11].
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The approach is to braze Au wires on Au coated
Pt metallization pads along four edges of the ceramic
circuit board. Pt pads of co-fired ceramic board are
first manually coated with DuPont 5063D layer, then
dried in an oven at 150 °C for 10-15 minutes (min.) in
air. Both the metallization pad and Au wire are then
coated with DuPont 5063D paste. For this special
step, the viscosity of commercial DuPont 5063D needs
to be increased by reducing the amount of organic
carrier component in the paste. This can be
accomplished by draining 10% to 15% of the carrier
(fluid), after the solid particles in the paste precipitated
(settled to the bottom of the container) after storage, or
by using a centrifuge. While the Au paste on both the
pad and wire are still wet, the Au wire is placed flat
onto the pad with Au paste covering both Au wire and
vicinity pad surfaces. The assembly is heated at 150
°C for about 15 min. to dry the Au paste, then
immediately heated up to 850 °C for a 20 min. bake to
solidify the Au paste. The baking can be done in a belt
oven or a box oven in air ambient. If a belt oven is
used, the temperature profile suggested by the thick-
film manufacturer datasheet [10] should be used.
Figure 1 shows 32 Au wires with diameter of 10 mil
attached to the pads at four edges of the Pt/HTCC
alumina board using this procedure.

3.2 Package Attachment

Package attachment process is very similar as that
used for attaching Au wires. This involves the Pt pads
on the package, and those on the circuit board that
provide for package mechanical attachment and
electrical connections. The Pt pads of both the package
and the circuit board are separately coated with
DuPont 5063D first. Both parts are heated to 150 °C
for 10-15 min. to dry the paste followed by heat
treatment at 850 °C for 15 min. in air. In order to
improve mechanical strength of the attachment,
sometimes additional matching mounting pads (not
part of the electrical circuits) on both package and
circuit board are used to increase attachment area.

The package pads then mate with the circuit board
pads for attachment and interconnection. The Au
thick-film coated pads on circuit board are coated with
DuPont 5063D again. While this 2nd paste is still wet,
the package is placed onto the board with horizontal
alignment to match pads. The assembly is then dried
at 150 °C first for 10-15 min. followed by 20 min. final
heat treatment at 850 °C in air ambient. The oven is
naturally cooled.

3.3 SiC Chip Die-attachment

It is important to note that the SiC chip backside
in our work is a wafer-manufacturer polished carbon-
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face surface blanket coated with “IrIS” bond pad metal
stack [7d] and 1 um thick electron-beam evaporated
gold layer. The wafer is annealed at 720 °C in nitrogen
tube furnace as the last step in the SiC IC wafer
fabrication process prior to diamond-saw dicing of the
wafer [7b].

The Pt die-attach pad of co-fired Pt/HTCC
package is coated with a layer of Au thick-film paste
of DuPont 5063D using either stamping or micro-
dispensing using a die bonder (die bonding machine).
The coating area is about or slightly bigger than the
SiC IC die footprint as shown in Fig. 3. An Au coat
layer thickness, after firing, of ~10 microns is
appropriate [10]. After the printing, the assembly is
settled in air for 15 min., then dried at 150 °C followed
by firing at 850 °C in air with temperature profiles
dependent on the heating method. If a belt oven is
used for drying and firing, the standard temperature
profile recommended on the manufacturer data sheet
for the paste material should be used [10]. If a box
oven is used to heat the die-attach assembly, the oven
temperature is raised to 150°C at a rate of 40
°C/minute and dwelled at 150 °C for 20 minutes to dry
the paste layer, then the temperature immediately is
raised to 850 °C with a ramp rate of 40°C/min and
dwell at 850 °C for 20 min, in air. The box oven
cooling process can thereafter be natural. Electrolysis
Au coating on Pt surface can also be used to replace
the first step of Au thick-film process above; our
newly made packages are electroplated with Au.

Figure 3: A 4.65 mm x 4.65 mm SiC JFET IC die
attached to Pt/HTTC alumina package with Au thick-
film paste- DuPont 5063D.

After the first gold coating and firing of the die
attach region is finished, a second layer of DuPont
5063D is applied using stamping or micro-dispensing
(through a die-bonder again). For this second
application, DuPont 5063D needs to have above
normal viscosity as described in Section 3.1. The
coating area is again about or slightly larger than the
SiC IC die foot- print. While the Au paste is wet, the
SiC IC die is picked up and placed onto the wet Au
paste pad. The distance between the backside IC die
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from the solid surface of Au/Pt/HTCC alumina surface
(after the first Au layer coating) determines both the
thickness of wet 5063D within the area covered by the
IC die, and the final thickness of (second) 5063D layer
between the IC die and the Au coated substrate
(Au/Pt/alumina). The thickness of 5063 layer between
IC die and Au thick-film (5062D) coated package
substrate ~ 30 microns after firing is appropriate. The
assembly is dried in a box oven in air at 150 °C for 20
min with ramping temperature rate from room
temperature of 3°C/min. After this drying, the
temperature is immediately raised to 600 °C with rate
of 3°C/min and dwell at the temperature for 3 hours at
600 °C in air. After the curing process the oven with
the die-attach assembly is cooled naturally taking
several hours.

This IC die-attach technology is designated for
small size high temperature harsh environment ICs
packaging, especially for SiC ICs with Au thin-film
backside metallization. The assemblies, including SiC
ICs attached to a co-fired Pt/HTCC alumina electronic
packages, have been long term tested for operation at
500°C in oxidizing environment [7c], and short term
tested at temperature above 800°C [12].

3.4 Wire-bonding

Bond pad surfaces on SiC IC die are usually thin-
film Pt [7b,7d] with a cap layer of thin film Au, and
the bond pads on the alumina package are Pt with or
without thin- or thick-film Au [6, 8]. Thermo-sonic
gold wire bonding is used for interconnecting the 1C
die to the package. One of the challenges of high
temperature packaging is electromigration of
conductors under electrical bias at high temperature.
In order to reduce and control electromigration in thin
Au wire, 1 mil diameter 98% (2% impurity) Au wire
[13a], is used with commercial ball-wedge thermal
sonic wire-bonder [12a]. The ball-bond is applied on
Pt pad surface on SiC IC die as the first bond, and
wedge bond is applied on the package bond-pad.
Typical wire-bonder settings for 1 mil Au wire were
used [13b]. When the packaged ICs were tested in
high temperature (500 °C) air, the impurities in the
wire material migrated to the surface and quickly
formed a low-reflective oxides surface layer
passivating the wire surface, beneficially slowing
down the electromigration process along wire surfaces
(This topic will be explored more in the future to
optimize Au wire formula for high temperature
applications). This surface oxide is stable in 500°C
air.

4. Test Results of Packaged SiC ICs
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Figure 4: SiC JFET +2/+4 Clock IC waveforms
recorded at 437.5 days of 500 °C testing. [144].
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Figure 5: The inputs and output waveforms of a
packaged two-inputs NOR logic gate based on SiC
JFETs developed at NASA GRC. The data was
recorded at 700 °C after 143.5 hours test [14b]. The
waveform of Input B is shifted -1 V to avoid
overlapping with Input A.

This Pt/HTCC alumina packaging system has
been used to facilitate long term tests of multiple
analog and digital SiC JFET integrated circuits at 500
°C and above. Figure 4 plots test data of +2/+4 Clock
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Figure 6: A double sided four-layer Pt/HTCC alumina circuit board with ten SiC JFET IC chips in nine PtYHTCC
packages. The picture also shows 17 attached Au 1/0 wires, and 12 jumpers. The circuit board has been examined
at room temperature, is currently in queue for NASA relevant environment test in near future.

#2 chip, (4a) shows output waveforms of base clock
output, frequency +2, and frequency +4 recorded at
437.5 days of 500 °C testing [14a]. It is important to
note that the waveforms are non-square to varying
degree due to capacitive and resistive loading effects
arising from the combination of the setup cabling,
oven wiring and oscilloscope probes. As expected, the
lower-frequency +4 measured waveform more closely
approximates square-wave output shape. Figure 4b
plots the measured base clock frequency (fcik) and
output low (Vou) and high (Von) signal voltage levels
of the +4 output signal as a function of 500 °C testing
time for multiple +2/+4 clock chips that were oven-
tested [14a].

In order to assess short term survivability of both
SiC ICs and the packaging system at higher
temperatures, packaged SiC ICs were electrically
tested at temperatures up to 700 °C [14b]. Figure 5
shows the input and output waveforms of a packaged
2-input NOR gate (4-input NOR gate with inputs tied
together in order to test using fewer pulse generators)
based on SiC JFETs recorded after 143.5 hours of
continuous test at 700 °C. The logic “0”is -10.5V, and
logic “1” is OV for inputs. This SiC logic gate lasted
1435 hours at 700 °C [13b]. No catastrophic
packaging failure was visually observed or electrically
detected during and after the test.

Figure 6 shows a picture [15] of both sides of a
double sided HTCC circuit board with nine packages,
ten packaged SiC JFET ICs (one package
accommodates two IC chips), 17 1/O wires, and 12
jumpers. The circuit board has been examined at room

000088

temperature, and currently in queue for test in NASA
relevant environment in near future.

5. Discussion and Conclusions

Based on the dielectric properties of a commercial
HTCC alumina material at high temperatures, a
prototype high temperature co-fired Pt/92% HTCC
alumina packaging system including chip-level
packages and multilayer capable circuit boards, for
low power high temperature ICs was developed,
fabricated, and electrically tested. Both AC and DC
parasitic parameters of a 32-1/0 package have been
characterized at the frequencies up to 1 MHz between
room temperature to 550 °C indicating its feasibility
for packaging SiC ICs. This packaging system was
developed with high temperature durable conductive
die-attach, wire-bonding, 1/0 wire attachment to
circuit board, and component (package) attachment to
circuit board as a system. This packaging system has
been long term tested with SiC integrated circuits at
500 °C, and briefly at much higher temperatures. This
package/PCB system is fabricated using standard
packaging materials and processes currently available
in industry, so it can be implemented for mass
production when needed in the future.

Since currently Au thick-film paste is used to
attach chip-level packages to a circuit board, firing at
850 °C is needed. To avoid damaging chips intended
for 500 °C operation, the chip-level packaging steps
such die-attach and wire-bonding were accomplished
after attachment of the packages. In order to adapt a
more conventional packaging sequence, in which
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chip-level packaging is accomplished first followed by
board level integration of packages containing chips,
the material and process to attach packages to circuit
board needs to be improved. Basically, the process
temperature needs to be lowered to avoid unnecessary
exposure of ICs for 500 °C operation to extremely high
temperature (even though the SiC JFET ICs have been
demonstrated operation at temperatures above 800°C).
More long term and thermal cycling tests of this
packaging system with SiC ICs is needed to further
evaluate the performance and reliability of this
packaging system for pronged and repeated operations
at application temperatures of 500 °C and higher.
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