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Overview

This document is the final technical report for the SIC MEM S for Harsh Environmentsin-house
research program jointly coordinated between AFRL/MNMF and AFRL/MLPS.

This document addresses the benefits of silicon carbide (SiC) asamaterial of choicefor harsh
environment applications, specifically at the scale of microelectromechanical systems (MEMS).
Although all of the objectives of this research were not fully met, due to fabrication issues
associated with this relatively new technology, the main objective of establishing the benefit of
SiC for harsh environment applications was a successful accomplishment of this program.

Objective

The objective of this 6.1 effort wasto investigate the survivability limits of SC MEMS and
electronicsfor harsh environments, in order to gain afundamental understanding of the failure
modes and temperature limits for SiC structural and electronic components. Devices wereto be
fabricated and evaluated under high g loads to determine failure mechanisms and operation
limits.

Accomplishments

Due to unforeseeabl e fabrication issues associated with the SIC MEM S foundry, the desired
devices were not fabricated. Consequently, high g shock loading of the SIC MEM S deviceswas
not accomplished. However, high temperature material characterization was accomplished on
two distinct polytypes of SiC (3C poly-SiC and 6H), and this was compared to similar
characterization of polysilicon. Theresults of this characterization, as presented in this
document, give clear evidence of the benefit of SiC for high temperature environments. A
subsequent program has allowed for high g shock loading of afunctioning SC MEMS
accelerometer, with published results[1].
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HIGH TEMPERATURE TESTING OF SIC

Measuring Y oung’s modulus of various SiC polymorphs over awide temperature range (100 to
600 °C) has been accomplished using a Bohlin rheometer in the torsion mode. With Young's
modulus as afunction of temperature, and using software such as MemCad, by Coventor, Inc.,
one can simulate the resonance frequencies of agiven MEM S microaccel erometer design. These
frequencies are related to natural vibrations of the system and vary when a constant or sinusoidal
forceisapplied to the system. Correlations of predicted resonances with experimental datafrom
high impact are presented.

Introduction

In many industrial and military applicationsthereisaneed to have MEMSS sensors that can
withstand high shock, 80,000g’ s and temperatures close to 1000 °C. A materid of choiceis
silicon carbide (SIC). Astechnology pushes toward space and harsh environment applications,
the need for high power, high temperature, radiation resistant, and high mechanical performance
materials has become amotivation in materials research for electronic and mechanical
performance of nano/microel ectromechanical systems. High thermal conductivity and excellent
durability makes silicon carbide an excellent choice for these applications. Since SIC hasa
bandgap that is dependant upon its polytype, it is considered a versatile and competitive material
[2-8] for applications where other conventional semiconductorsfail. Its high electron mobility
alowsfor increase current within the semiconductor and high energy pulsed applications|[9].
Polytypes range from purely wurtzite (cubic) to hexagonal with over 200 variations[ 10]. The
bandgap ranges from 2.3 to 3.3 €V depending on the polytype with the most common types
being 3C-SIC (2.3 eV) and 6H-SIC (2.9 eV). SiC hasamelting temperature of approximately
2800 °C, thus capabl e of being operated in the temperature range of 600-1000 °C[4,5].

The need for the mechanical properties (modulus) of these SiC polytypes at a series of
temperatures (room temperature to 600 °C) led usto consider the torsion solid fixturing device
found in rheometers such as a Bohlin Rheometer. Equipped with a high temperature oven, and
operating at either afixed frequency, thisinstrument yielded to he shear modulus, G', which for
elastic materials and small rectangular cross-sections G' = 3E, where E is the elastic modulus, or
Young's modulus. For low modulus materials such as rubber, the problem of twisting of abar of
rectangular cross section is complicated due to the warping of the cross section during twisting
[11]. When thereislongitudinal tension and the material is soft, thereis still another correction
needed [12]. However, for very rigid materials such as silicon or silicon carbide, these
conditions do not cause significant deviations from the true modul us.

Once the modul us versus temperature for various SiC polytypes, silicon, and polysilicon were
obtained, single values of modulus and the corresponding temperatures were used asinput to
Coventor, Inc.’s software for MEM S simulation, MemCad version 4.0. This software was used
to simulate the performance of a capacitive microaccel erometer design fabricated from poly (3C-
SiC) by Case-Western Reserve University [13] (see Fig. 1). The modulus and temperature were
stored in the MemCad material property datafiles. Simulationsto obtain natural frequencies,
resonance frequencies whileimpinging a 1 MPaload on the upper parallel plate applying a 10V
potential acrossthe plates were then performed [ 14].
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2.3

Once these resonance frequency results were obtained for silicon, polysilicon, 6H-SiC and poly
(3C-SiC) at various temperatures and under different external forces, they were compared with
our experimental impact test resulted in an effort to better understand the performance of
microaccelerometers under real life applications.

M easurements and Computations

The Bohlin VOR-MELT rheometers used for mechanical modulus measurements had a solids
fixture, which held both ends of avertically oriented rectangular cross section bar
(5.23x0.58x8.6 cm). The 8.6 cm was the length of the specimen between the top and bottom
clamps. Thetorque element was 51 g-cm, temperature ranged from 30 to 350 °C, at a 0.5 °C per
minute heating rate, measurement interval was 60 sec, sensitivity was 1x, and the amplitude of
oscillation was 10%. The measurements were made in the oscillation test mode. Typical results
areshown in Fig. 2. The modulus, E, was determined by using the equation G' = 3E.

The software used in these simulations was MemCad v 4.0, by Microcosm Inc., now Coventor,
Inc. A *.cif file of the CWRU capacitive microaccelerometer shown in Figure 1 was designed
with L-Edit software by Tanner Associates. Thiswas used asinput to the MemCad process
modeler or KIC layout editor. The results were transferred to the IDEAS solid modeler package
in MemCad. This provided the solid model on which finite element modeling could be
performed. Modal and harmonic analyses were performed on the unperturbed model and when a
1 MPaload or a10 V potential were independently applied to the system. For asteady state
linear dynamic analysis, the equation of motion for the ath modeis:

& +c, &t+w’x= = f e™
m,

where, x, istheamplitude of themode a, c, isthe damping coefficient associated with this
mode, w, isthe undamped frequency of thismode, m, isthe generalized mass associated with
themode, f, isthe amplitude of forcing associated with the mode, and W isaforcing

frequency. Steady state responseis given as afrequency sweep through a user-specified range of
frequencies.

Results of Computation

The natural frequency modes of polysilicon at room temperature (30 °C) and 200 °C are about
the same (see Table 1). Thisis because the modulus of polysilicon at these two temperaturesis
nearly equal. However, poly (3C-SiC) has amuch higher modulus than polysilicon and asa
result, even at 300 °C, the resonance frequencies are higher than those of polysilicon.

During red life usage, there will be external forces on the device, so weimposed a1 MPaforce
on thetop plate to see what effect thiswould have on the resonance frequencies. Ascan be seen
in Table 2, applying a1 MPaforce to the top plate reduces the resonance frequencies by a factor
of 10”. Thiswastruein spite of theincreased modulus of the poly (3C-SiC). Asarough



estimate, since force equal's the product of mass and acceleration (g = 9.8 m/sec?), a1 MPaforce

corresponds to about 100,000g's. High speed impact testing has resulted decelerations of up to
80,000g's.

Finally, in Table 3 we show the reaction forces at the ends of the tethers, where the upper plateis
fastened to the device frame (see Fig. 3). In al cases, the application of a10 V potentia across
the parallel plate capacitor and the application of 1 MPato the upper plate resulted in roughly the
same in-plane forces (~0.4 mN) and avertical force of 301 m.

Table 1. Natural resonance frequencies for the capacitive microaccelerometer.

Semiconductor Temperature Frequency (Hz)
© 1 3 5
Poly silicon 30 5,310 9.590 9,670 29,300 42,400
200 5,300 9,560 9,640 29,300 42,300
Poly(3C-SIC) 300 10,100 18,300 18,500 57,400 79,100

Table 2. Resonance frequencies for capacitive microaccelerometer with 1 MPaapplied

to thetop plate.
Semiconductor Temperature Frequency (Hz)
© 1 3 4 5
Poly(3C-SiC) 500 0.00024 0.00037 0.00039 0.00053 0.00053
1000 0.00017 _ 0.00030 _ 0.00030 _ 0.00092 _ 0.00133

Table 3. Reaction forces at end of tether when external forces are applied.

Semiconductor Temperature  External Forces (M)
© Force Fx Y 2
Poly silicon 30 10 Volt 0.427 -0.493 301.41
Poly(3C-SiC) 500 1MPa 0.349 -3.46 301.80
1000 1 MPa 0.352 -3.45 301.79




Figurel. Capacitive microaccelerometer used for thisstudy. Four tethersexist, one on each side of
thefloating plate.
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Figure2. Typical dataobtained with the Bohlin Rheometer. Theseresultsare for poly(3C-SiC). The
heavy solid curveistheleast squaresfit to the experimental data.



Attachment Point

Figure3. Solid model of device used in the simulations. The top plate thickness has been increased
to show the attachment tethers. Thereaction forces are at the attachments as indicated.
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METALLIZATION OF SiC

Quantum mechanical CASTEP software cal cul ations were performed using nickel and rhenium
atom deposition onto cleaved surfaces (active, hydrogenated, and oxygenated). These
calculations were performed without metal atoms and with metal atoms at selected positions
(origin, a-axis, b-axis) in the unit cell. Binding energies for each of the metal atoms (nickel and
rhenium) were calculated. Additionally, calculated energy bands with associated density-of -
states and partial density-of-states were examined regarding the population of s, p, and d bonding
characteristics. Nickel atom deposition onto silicon rich surfacestended to bond to the silicon
atoms aswell asthe underlying carbon atoms. However, rhenium atom deposition showed
bonding only to the silicon atoms. Thiswas observed experimentally and isreported herein.
Experimentally, the rhenium deposition surface is extremely smooth and has only ohmic
characteristics with near zero resistance.

Introduction

Many strides are being madein the areas of growth, doping and contamination reduction of SiC
[15]. With advancesin thesefields, the mgjor limiting factor in SIC device technology is
reproducible metallization. Resistivitiesaslow as 1 x 10°® O/cm? have been achieved, however
several problems remain unsolved [16]. Particularly at elevated temperatures, metal atom inter-
diffusion, formation of silicates and carbides, degradation of the interface due to lattice mismatch
and surface reconstruction are afew areas of research requiring more study. The most notable
problem in formation of stable ohmic contactsis Schottky barrier control. Understanding what
affects barrier height, how to manipulate it, and finding an appropriate metal that minimizes the
barrier height while remaining harsh environment resistant will provide invaluable information
for advancement in SiC device technology [ 17].

The encouraging experimental findings as described in the dissertation by G. Y. McDaniel [ 18]
led usto perform the present computation. His results showed that rhenium is an excellent metal
for electrical contactsto SIC. Initially he did an extensive study of the influence of thin layers of
Ni on SiC to gain an understanding of contact formation. Variables affecting the work function
of the SiC surface were varied and the resultstabulated. Calibration during this phase of his
research was unable to verify areproducible procedure for application to the Ni/SiC contact.
The Re/6H-SiC contact was demonstrated on three surfaces. Each was characterized with Dektak
stylus profilometry, XRD, AES and |-V electrical measurementsin the as-deposited condition.
They were then exposed to a 120 minute anneal at 1000 °C in vacuum at less than 1 x 10°® Torr
total pressure. Each sample was again characterized and the results compared to the pre-anneal
condition.

Thefirst surface was stoichiometric clean SiC. Contacts on this surface proved to be wide
ranging in resistivity depending on whether or not the contact was annealed. The pre-annealed
average resistance was 3700 ohms and the average post-anneal ed resistance was 50 ohms. Itis
important to note that one sampleincluded in this average had contact regions that were annealed
at roughly 200 °C lower than other samples dueto poor mounting. Removing thissample
reduces the post-anneal average from 50 to only 6 ohms. The contacts were rectifying prior to
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annealing. After annealing, most were till slightly rectifying, however their I-V curves
indicated they were transitioning to Ohmic character. There was no detectable reactionin either
XRD or AES data, however, the film was shown to relax into the (103) crystallographic plane for
Re with heat treatment.

The second surface was graphitized SiC. Contacts on this surface were successful, however,
their properties were undesirable for this study. In all cases, the depositionsresulted in dull gray
or flaky contacts and the Re did not wet with the SIC. Theresistivity was lesswide ranging than
the stoichiometric condition. The pre-annealed average was 72 ohms and the post-anneal ed
average was 21 ohms. All contacts were rectifying prior to annealing. After annealing again, a
few contacts were near ohmic, but most still exhibited some rectifying character. Therewasno
detectable reaction from XRD data, however, the film was shown to relax into the (002)
crystallographic plane for Re with heat treatment. The AES dataindicated an unusual
phenomenon with this surface chemistry. While reaction was not evident, the ordering of the Re
into the (002) crystallization incorporated a“ self-cleaning” of thefilm. Filmsthat were
unintentionally contaminated with carbon throughout showed strong signs of graphite clumping
and being forced to the surface of the contact with heat treatment.

Thethird surface was asilicon layer deposited on astoichiometric SiC surface. This contact was
the most promising of all conditions. Filmswere highly ordered in both the as deposited and the
post-annealed conditions. XRD confirmed preferential crystallization along the Re (101) plane.
AES confirmed migration of Reinto the interface and possible reaction with the S film at
elevated temperatures. |-V curves prior to annealing were mostly rectifying. While annealing
every contact was found to be 100% ohmic with R-squared values of 0.99 to 1.00 when
subjected to alinear regression fit. The pre-anneal average resistance was 212 ohmswhilethe
post-anneal average was 3 ohms. Thisrhenium study was not optimized for low resistivity.
Rather, it focused on material aspects; for example, the substrates used in the experimental effort
did not have a heavily doped contact region.

It isthisthird surface condition that we chose to simulate using CASTEP software by Accelrys
Inc. The modeling procedure and results of this computation follow.

Details of the Calculation

Thetheoretical basis of CASTEP isthe density functional theory (DFT) in the local density
approximation (LDA) or gradient-corrected LDA version as devel oped by Perdew and Wang

[19] (CGA). Thedefault settingin CASTEPisCGA. The electron-ion interaction is described
using a pseudopotential concept. Potentials have been generated using the optimization scheme
of Lin[20], et. al. Pseudopotentials may be either local or nonlocal, the | atter in a separable
Kleinman-Bylander [21] form. The action of anonlocal potential on awave function can be
calculated in either reciprocal or real space, the real space implementation offering better
scalability with size. CASTEP isbased on asupercell method, whereby all studies must be
performed on a specific periodic system, even when the periodicity is superficial. For example, a
crystal surface must be represented by afinite-length slab. Study of moleculesisalso possible
by assuming amoleculeis put in abox and treated as a periodic system. Thereisno limitation on



the shape of the supercell. If the crystal possesses high point-group symmetry, this can be used
to speed the calculations.

Electronic relaxation is achieved by minimization of the total energy. The electronic
wavefunctions are expanded using a plane-wave basis set, and the expansion coefficients are
varied so asto minimizethetotal energy. Thisminimization isimplemented within CSTEP by a
modern all-bands method that allows simultaneous update of al wavelengths[22]. CASTEP
uses special k-points sampling for integration over the Brillouin zone, fast Fourier transforms
(FFT) to evaluate matrix elements, and wavelength symmetrization for crystalswith point —
group symmetry higher that P1. For metallic systems CASTEP intrudes partial occupanciesfor
levels close to the Fermi energy [23].

The procedure used was to create a 6H-SiC single crystal, minimize the structure, and cleave the
crystal along adesired crystallographic plane. The distance between the cleaved surface and the
bottom of the upper crystal unit cell which isin the adjacent cell, is separated to a distance
sufficiently large so the surface atomsfeel no interaction with the upper cell atoms, typically
50A. Once the separation is performed, the system is again geometrically minimized. The
cleave plane can be moved so asto pass through silicon atoms resulting in asilicon rich surface.
This system can then be hydrogenated, oxygenated, or |eft stoichiometric and then again
minimized. Once thisminimized cleaved surface structureis achieved, all atom positions below
thetop layer were fixed. Any minimizations hereafter will only move the surface and deposited
atoms.

The standard pseudopotentials used were in Kleinman-Bylander [ 21] separable form and are
norm conserving. This guaranteesthe transferability of the pseudopotential. That is, the same
potential correctly reproduces the valence electron scattering by theionic corein different
chemical environments. Potential for the first-row elements (C, O, N, etc.) and for transition
metal s are optimized to achieve the best possible convergence with respect to the number of
plane wavesin the basis set. For rhenium we used the CASTEP in pseudopotential,

cst_Re 00.usp. We used the GGS-RPBE pseudopotentials as provided in CASTEP. Thisisthe
spin-polarized version of the Generalized Gradient approximation using the revised Perdew-
Burke-Ernzerhof potentials[24-27].

Thek-point selection in CASTEP uses the Monkhorst-Pack scheme|[ 28], which produces a
uniform mesh in reciprocal space. For al calculations, we specified the energy convergence
criterionto be 0.1 eV/atom.

Once the unit cell atom configuration was minimized, arhenium atom was added at selected
positions (typicaly at the origin, the end of the a-axis and the end of the b-axis). It was placed at
roughly 2.0A above the surface of the silicon atoms. A single-point energy minimization was
performed. The global energy minimum was chosen as the best attachment position. Using the
Cerius2 software, bonds to the neighboring atoms were formed. Then a2 x 2 superlattice was
formed by combining four basic unit cells and a single rhenium atom was added at specific
locations and the system minimized. After thisa 3 x 3 superlattice was formed using nine unit
cellsand at selected points on the surface arhenium atom was inserted for minimization. This

10



3.3

34

procedure allows the investigator to extrapolate the binding energy of rhenium to that of an
infinite silicon rich surface.

Computational Results

As mentioned above, the metallization of asilicon rich 6H-SiC surface with nickel led to a
surface with poor current carrying characteristics and which clustered when annealed at elevated
temperatures, about 1000 °C. Computationally, nickel atoms deposited onto asilicon rich
cleaved (001) 6H-SiC surface bonded to the silicon atoms and to the underlying layer of carbon
atoms, Figure 4. The partial density-of-statesisshownin Figure 5. In this plot the Fermi level is
located at zero V. One can seethat nickel deposited onto silicon acts as a semiconductor. The
top of the valence band is dominated by d-type wave functions. Thereis some p-type character.
The bottom of the conduction band is dominated by d-type bonding but also has an almost
equally strong p-type and s-type bonding character. For nickel with three bondsto silicon and
oneto carbon, the average bond energy is 427 kJ/mole (102 kcal/mole). The binding energy of
nickel to the cleaved silicon rich surface is 1,868 kJ/mole (446.26 kcal/mole).

Experimentally, rhenium atoms deposited onto a silicon rich 6H-SiC surface and annealed for
120 minutes at 1000 °C yielded a smooth, very low resistance, purely ohmic electrical contact.
Asabovefor nickel atoms, rhenium was placed over selected positionsin the unit cell, e.g., over
theorigin (O), at the end of the b-axis (B), and at the end of the a-axis (A), see Figure 6. Here
we report the results of placing the atom over the origin. Thetotal energy of the system varied
only by about one percent between using an active surface, asilicon rich, or ahydrogenated
silicon surface. Sincethe experimentsdealt with silicon rich surfaces and small variations
existed between various surface conditions, we will report only on silicon rich surface
conditions. Rhenium bonded only to the silicon atoms. Even when we created acarbon rich
surface, the rhenium atoms bonded to the underlying silicon atoms. For the silicon rich surface,
the average bond energy was 846 kJ/mole (202 kcal/mole). The binding energy of rhenium to the
silicon rich surface was 991 KJmole (236.6 kcal/mole). The width of the unit cell surface was
increased fromalx 1celltoa2x 2toa3 x 3 cell size. The average bond energy remained
about the same. The partial density-of-states for rhenium atoms deposited onto a silicon rich 6H-
SiC surfaceis presented in Figure 7. Here the Fermi energy islocated at 0 €V. The s-type wave
function extends above the Fermi level. There appearsto be no d-type bonding. Whenwe
deposited a second layer of rhenium atoms onto thefirst layer, Figure 8, we now observed atotal
metal material (Figure 9). Thes-, p-, and d-type wave functions all extend through the Fermi
level into the conduction band. Thereis no bandgap; the material isametal.

Conclusions

Calculations show that the bond energy of rhenium to a silicon rich surface is about twice that of
nickel to the same surface. Thishelps explain the better stability of rhenium over nickel on a
silicon rich surface of 6H-SiC after annealing at 1000 °C for 120 minutes. This selected bonding
of rhenium atomsto only silicon atoms was independently determined computationally. It was
only after we presented the computational results that we heard about the experimental findings.

1
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Figure4. Singlecell showingfirst layer deposition nickel atoms bonding to silicon and underlying
carbon atoms.
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Figure8. Single cell showing second layer deposition rhenium atoms onto the first layer of rhenium
atoms, which bonded only to silicon atoms. The second layer bonds only to the existing
layer of rhenium atoms.
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Figure9. Partial density-of-states of second layer bonding of rhenium on rhenium, whichison a
silicon rich surface. Curves are designated, A, total s-type bonding; B, total p-type bonding,
C, d-type bonding and D, total sum bonding.
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CONCLUSIONS

The results from this program provide clear evidence of the benefit of SIC asaharsh
environment (specifically high temperature) material for both structural and electronic devices.
Although shock testing of SIC MEM S devices under this program was not accomplished,
subsequent work allowed for thistesting to occur, with positive results. Furthermore, one of the
key concerns with respect to SiC electronics was the need for good contact metallization for
ohmic contacts. Rhenium was found to be an excellent material for providing ohmic contact
metallization on SiC. These results provide agood foundation for the benefits of SiC for harsh
environment (high temperature and high shock) applications.
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