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Abstract

Recent experiments with die-level silicon carbide (SiC) transistors are
described. The objective of these experiments was to determine the
behavior of SiC field effect transistors (FET) in a high-g environment
typical of conventional guns, missiles, or electric launchers. The results of
the experiments have shown for the first time that die-level SiC FETs can
survive mechanical forces as much as 12,000 times the force of gravity
(12,000 g’s) without the mechanical support and protection of
microelectronics encapsulation materials (e.g., plastic encapsulation
material or PEM). A second series of experiments was performed with
commercial off-the-shelf (COTS) sensors that rely upon standard sensor
technology, including silicon (Si) semiconductors. These experiments
provided details of several COTS sensors previously qualified for high-g
environements, which are characterized here under harsh electromagnetic
interference (EMI) conditions. The sensors tested included an Si optical
solar cell, an accelerometer, and a magnetometer. The output response of
the sensors was recorded during the EMI event to ascertain the effect of
coupled electromagnetic radiation on the sensors.

ii



21
22

TABLE OF CONTENTS

Listof Figures ... ......... .. ... ... ... ......
Introduction. . .......... ... ... .. L.

Experimental Results ........................

High-g Testing of SiC Field Effect Transitors. ..........
Testing of COTS Components in a Pulsed EM Environment

ConclUSioNnS . . o . o ot e e e e e e e
References . . . ..o o e e e e e e e e e e e e e e e
Distribution List . ... ... ... .. ...

Report Documentation Page. .. ................

iii

11

15




INTENTIONALLY LEFT BLANK

iv




LIST OF FIGURES

Figure

1.

Mechanical Shock Testing Apparatus in ARL’s High-g
Electronics Laboratory Showing the Mechanical Shock Table
With Mounted SiC CMOS FET Substrate . . ...........

Electrical Measurements of SiC FET Bond Pad to Substrate
Back Side Resistance and Substrate Capacitance as a Function
of Mechanical Shock Loading . ....................

The EM Simulator Testing Apparatus for EMI Qualification
and Characterization of COTS Sensors and Devices in ARL’s
High-g Electronics Lab .. ........ ... ... ... ...

Response of an Analog Devices Accelerometer as Exposed
to the ElectromagneticField Environment of a Discharging
Pulse-Forming Network. . . ..... ... ...

Response of an Endevco Accelerometer as Exposed to the
Electromagnetic Field Environment of a Discharging Pulse-
Forming Network . . ......... ... ..

Response of an Optical Solar Cell as Exposed to the Electro-
magnetic Field Environment of a Discharging Pulse-Forming
Network ................... e e ie e

Electrical Response of a Sensor Applications Magnetometer
During Exposure to the Electromagnetic Field Environment
Generated From the Pulsed Power Supply . ...........




INTENTIONALLY LEFT BLANK

vi




CHARACTERIZATION OF SILICON CARBIDE AND COMMERCIAL
OFF-THE-SHELF (COTS) COMPONENTS FOR HIGH-G LAUNCH
AND ELECTROMAGNETIC (EM) APPLICATIONS

1. Introduction

High-g electronic sensors in military munitions as well as high power
semiconductor switches in electric weapons stand to benefit greatly from the use
of wide band gap semiconductor materials such as silicon carbide (SiC)
(Neudeck 1995; Cooper 1997). Electronic sensors for smart munitions could
realize great benefits from fabrication designs that include the use of SiC either
as active electronic components and sensors (e.g., transistors or microelectro-
mechanical systems [MEMS] devices) or as electronic substrates for advanced
electronic packaging technologies. One of the main advantages of electronic
devices and sensors made from SiC is their ability to tolerate high temperature
environments much better than those made from silicon (Si), which is
attributable to the higher thermal conductivity (4.9 W/cm-K) and melting
temperature (3000° C) of SiC. SiC also has a large Young’s modulus (>250 GPa,
depending on crystal polytype), which yields improved mechanical strength for
devices made from the material. Additionally, SiC electronic devices generally
display improved electrical performance compared to Si or gallium arsenide
(GaAs) because of its high saturated drift velocity (2 x 10’ cm/sec) and wide
band gap (3.2 eV), which provide better carrier mobility and high voltage
operation.

Previous experimental investigations with SiC prototype devices at the U.S.
Army Research Laboratory (ARL) indicated very stable electronic operation
during extremely high temperature conditions considered commensurate with
environments anticipated for electric weapon technology (Katulka, Kolodzey, &
Olowolawafe 1999). Additional benefits of SiC could also be attributed to its
potential for high frequency operation, which could allow for electronic device
cut-off frequencies at as much as 10 GHz if suitable hetero-structures such as
SiC/SiCGe can be alloyed from the material (Katulka et al. 1999). The current
experiments detailed here are conducted for the first time with SiC die-level
devices in high-g environments typical of gun-launched projectiles. These
experiments have been conducted at ARL with SiC field effect transistors (FETs).
The experimental results indicate that SiC transistors and the SiC substrate
material are capable of withstanding high-g environments without the use of
mechanically supporting encapsulant materials.

With regard to present-day sensor technology, the use of commercial off-the-
shelf (COTS) components is a critical and economical aspect of munitions and
weapons development. During development and diagnostic experiments of
military munitions and weapons systems, a significant need exists for projectile




aerodynamic characterization, evaluation of guidance and maneuver systems,
and measures of truth for inertial measurement units (IMUs). Much
experimentation has been performed with COTS electronics for high-g munition
environments. Traditional sensors, signal conditioning, acquisition, and
telemetry devices that survive this mechanical loading have had a significant
impact on a wide range of military systems. The Hardened Subminiature
Telemetry and Sensor System (HSTSS) program is predicated on such a purpose
where the focus has predominantly been on high-g survivability (D’Amico,
Burke, Faulstich, & Hooper 1996). Similar studies of the effect of electromagnetic
interference (EMI) on state-of-the-art components could also lead to extremely
reliable built-in diagnostics not only for high g but also for electric launcher
technology.

Experiments with several COTS electronic components, which are typically used
as conventional ballistic sensors, have been conducted to determine the effects of
electromagnetic radiation on system performance. In these experiments,
accelerometers, an optical sensor, and a magnetic sensor (magnetometer) are
characterized under the influence of an electromagnetic field environment. The
peak magnetic field incident to the devices undergoing test is approximately 0.3
Tesla, and although some rail guns can produce 18 to 20 Tesla during launch, the
tests described here represent a preliminary evaluation of COTS devices in
modest EMI conditions.

2. Experimental Results

2.1 High-G Testing of SiC Field Effect Transistors

A SiC substrate containing an array of complementary metal-oxide-
semiconductor (CMOS) FETs, obtained from Cornell University’s School of
Electrical Engineering, was shock tested in ARL’s smart weapons integration
laboratory. Specific details about the experimental procedures involved with
shock testing for munitions development applications are given in other
published literature (Garner 1993). The SiC FET substrate was fabricated so that
it contained numerous transistors across the surface of the entire wafer, and
again, the specific design features are described in greater detail elsewhere (Lam
& Kornegay 1999).

The wafer was mounted onto metallic supporting members with standard
semiconductor die-attaching techniques, and it was loaded onto the mechanical
shock table at ARL where it was subjected to multiple shock impulses. The test
setup is shown in the photograph taken of the shock table and the mounted SiC
FET wafer (see Figure 1). Shock testing was performed at increasing levels,
beginning at 600 g’s and finishing at 18,600 g’s where the entire SiC substrate




shattered under the forces exerted by the shock table. The substrate was shocked
a total of six times before it finally failed at 18,600 g’s. The series resistance of
several of the FETs was monitored periodically during the shock testing. This
was done by measuring the resistance of the input (FET source and drain) pads
relative to the SiC substrate, and capacitance measurements were made on
several of the SiC wafer bond pads as well. Any damage, material adhesion
failures, or material fracturing would easily have been detected in the
characteristic resistance and capacitance of the SiC CMOS transistors.

SiC CMOS FET Wafer
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Figure 1. Mechanical Shock Testing Apparatus in ARL’s High-g Electronics
Laboratory Showing the Mechanical Shock Table With Mounted SiC
CMOS FET Substrate.

The resulting measurements are given in the plots of Figure 2 where bond pads 1
through 4 represent the resistance of four different SiC FETs, and pads 5 and 6
represent the capacitance from top-side bond pads to the SiC substrate back side.
The results of the electrical measurements indicate insignificant changes in the
values measured for the SiC devices and substrate after the occurrence of the
shock testing, thus indicating that the SiC devices and substrate successfully
survived the mechanical shock loading.

2.2 Testing of COTS Components in a Pulsed EM Environment

The source of electromagnetic radiation in the COTS-EM experiments is a
capacitor-based pulsed power supply (see Figure 3) designed by Science
Applications International Corporation (SAIC) under contract with the Institute
for Advanced Technology (IAT) and delivered to ARL at Aberdeen Proving
Ground, Maryland, in 1998. The power supply contains an energy storage
capacitor (6 kV maximum), a pulse-shaping inductor, a triggered vacuum switch
(TVS), and numerous other high power electrical components. The ballistic




sensors selected for exposure to the EM field environment of the pulsed power
supply included two accelerometers (Analog Devices ADXL150 and Endevco
7270A), an optical sensor, and a magnetometer made by Sensor Applications.
Accelerometers similar to those tested here have been used recently by the Army
for determining the flight characteristics of modified M831 tank munitions at
Yuma Proving Ground, Arizona (Muller et al. 1999). The optical sensor was
developed at ARL' for munitions development. The sensor has been used with
- MEMS sensors within a NATO*compatible fuze to determine the aerodynamic
performance of munitions (Davis & Hepner 1998). The sensor is compact,
lightweight, and requires no power. The magnetometer tested in this series of
experiments was made by Sensor Applications. The typical application of this
device is for determining projectile position, and it is used for providing data
about projectile position in relation to the earth’s magnetic field.
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Figure 2. Electrical Measurements of SiC FET Bond Pad to Substrate Back Side
Resistance and Substrate Capacitance as a Function of Mechanical
Shock Loading.

The responses of the devices exposed to the power supply EM fields are given in
Figures 4 through 7. Figures 4 and 5 are the responses of the Analog Devices and
Endevco accelerometers, respectively, while Figures 6 and 7 give the waveforms
for the optical sensor and magnetometer. In all test cases, each sensor is exposed
to the same EM field environment. The behavior of the accelerometers is greatly
different, as shown by the output responses in Figures 4 and 5 for the Analog
Devices and Endevco accelerometers exposed to EMI radiation.

Note that the two accelerometers represent different device and electronic
packaging technologies, which may play a significant role in the different
responses to the source EM radiation. For example, the Endevco accelerometer is

"Patent no. 5,909,275 issued in June 1999 to D. Hepner and M. Hollis.
*North Atlantic Treaty Organization




enclosed in a metal package, which may be responsible for some EMI protection,
whereas the Analog Devices accelerometer is enclosed in plastic encapsulation,
which will not significantly attenuate electromagnetic radiation. The Analog
Devices accelerometer is much more sensitive to the EM pulse in comparison to
the Endevco accelerometer. The signal-to-noise (S/N) ratio for the Endevco
accelerometer is about a factor of 7 better than that of the Analog Devices
accelerometer.

X High energy pulsed
power supply

{6kV, 70kA max.)
Dashlana

Power supply controller

Device undergoing test

Figure 3. The EM Simulator Testing Apparatus for EMI Qualification and
Characteriza-tion of COTS Sensors and Devices in ARL’s High-g
Electronics Lab. (The power supply is a compact, 6kV, capacitor-based
pulsed power system.)
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Figure 4. Response of Analog Devices Accelerometer as Exposed to Electro-
magnetic Field Environment of a Discharging Pulse-Forming Network.
(The acceleration profile is representative of a stationary accelerometer with some
noise coupled to the device during the pulse-forming network discharge event.)




EMC Test 7, Endevco Accelerometer
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Figure 5. Response of an Endevco Accelerometer as Exposed to the
Electromagnetic Field Environment of a Discharging Pulse-Forming
Network. (The acceleration profile is representative of a stationary
accelerometer with some noise coupled to the device during the pulse-forming
network discharge event. The coupled noise is greatly reduced compared to
that of the Analog Devices accelerometer for the same external noise source.)
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Figure 6. Response of an Optical Solar Cell as Exposed to the Electromagnetic
Field Environment of a Discharging Pulse-Forming Network. (The
output current waveform from the power supply is shown as the solid red
curve. The solar cell output voltage response is given by the dotted curve [red

line] for the test with twisted leads, while the standard dual wire configuration
is given by the dashed blue curve.)
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Figure 7. Electrical Response of a Sensor Applications Magnetometer During
Exposure to the Electromagnetic Field Environment Generated From
the Pulsed Power Supply. (The response of the magnetometer [dotted
curve] is very large during the discharge event; however, the device remains

electrically biased for more than 20 ms beyond the completion of the
discharge.)

The electrical response of the optical sensor as given by Figure 6 indicates that
the sensor is quite sensitive to the source radiation when directly exposed to its
field as done in the accelerometer tests. A significant electrical disturbance is
noted on the optical sensor output waveform as the EM source radiation is
activated. The second trace in the figure is the response of the same optical
sensor after exposure to the EM source pulse but this time with the use of twisted
pair cables. These results indicate that the Si crystal cell can remain electrically
isolated and undisturbed with proper engineering and design of the electrical
input and output traces of the detector.

Finally, a magnetometer was tested during exposure to the EM radiation source.
The output response of the magnetometer during the EM pulse is given in
Figure 7, which shows a dramatic shift in the device output to a level equivalent
to about one half of the original magnetometer output before the EM pulse.

For the magnetometer test case, it is noted that the device does not recover after
the transient EM pulse has ended, but instead, the magnetometer output remains
altered for as much as 20 ms beyond the cessation of the pulse. This behavior is
believed to be associated with changing the polarization of the magnetometer or
inducing electric charge within the magnetometer circuitry. Bench testing
conducted with the magnetometer after the EM exposure tests revealed that the
magnetometer was properly functioning and that it was not permanently




damaged by the transient EMI, however. While these results indicate sensitivity
to EMI, they may also warrant the use of such a device for the experimental
characterization and mapping of the EM field characteristics associated with an
electric gun. This, of course, would require that it be proved that the
magnetometer can provide accurate and reliable measurements during the
anticipated EM field conditions.

3. Conclusions

Recent experiments conducted at ARL with bare, SiC die-level FETs have
successfully demonstrated the ability of the FETs to survive multiple mechanical
shock impulses as great as 12,000 g’s, which is the amplitude typically
experienced in conventional Army artillery weaponry. The study was conducted
jointly with the School of Electrical Engineering, Cornell University, where the
SiC transitors were designed and fabricated. It has been shown that the SiC
transistors and substrate material remain intact and they can survive multiple
shock impulses as great as 12,000 g’s without the use of microelectronic
encapsulant materials for physical protection. It has also been shown that the
physical construction and engineering design of sensors such as COTS
accelerometers and optical sensors play a critical role in determining their
performance and reliability in electric gun-like EM environments. Additionally,
the study of the behavior of a COTS magnetometer operating in an intense EM
environment (0.3 Tesla, peak) has indicated that the device is sensitive to EM
fields and it does not recover within 20 ms after exposure to the EM field.
However, the device was shown to survive the effects from an EM pulse since it
was not permanently damaged by the absorbed EM energy.
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semiconductors. These experiments provided details of several COTS sensors previously qualified for high-g environements,
which are characterized here under harsh electromagnetic interference (EMI) conditions. The sensors tested included an Si
optical solar cell, an accelerometer, and a magnetometer. The output response of the sensors was recorded during the EMI event

to ascertain the effect of coupled electromagnetic radiation on the sensors.
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