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Colby A. Foss, Jr.
Trex Enterprises Corporation Advanced Materials Group, 3038 Aukele Street Lihue, HI 96766

ABSTRACT

The chermical vapor composites (CVC) process provides for the rapid manufacture of near net shape,
reduced residual stress silicon carbide (SiC) suitable for high performance optics. The reduction. of
elimination of residual stress provides several key advantages: 1) increased growth rate, 2) high yields, and
'3) near net shape deposition of complex geometries. Near net shape deposition allows for fabrication of
spherical and aspherical optics without machining of the optical surface. Final surface. figures of optical
flats are typically better than. 1/10A (P-V) and 2-5A surface roughness. A comparison of ultraviclet
spectruni reflectance of CVC SiC and that of single crystal SiC is discussed. The complex optical constants
of CVC SiC in the mid-infrared spectrum are also presented. '

Keyvirofds: silicon carbide, chernical vapor composites, net shape deposition, optical properties.

1. INTRODUCTION

The chemical vapor composites process involves the addition of solid particulates into the chemical vapor deposition
stream.! The addition of these particulates leads to an enbantement of deposit giowth rate, and also an equiaxing of
the grain structure. Conventional chemical vapor deposition (CVD) typically involves low growth rates, anid an
anisotropic grain structure which can be associated with high levels of residual stress.® Tn this paper we review the
mechanical and thermal properties of silicon carbide derived from the chemical vapor composites process (CVC SiC),
with emphasis on the consequences of these propertiés on lightweight mirror-applications, We also discuss the optical
propertics of CVC 8iC in the ultraviolet and mid-infrared spectral ranges. ‘

2. MECHANICAL AND THERMAL PROPERTIES OF TREX CVC SiC

Table 1 summarizes the room temperature thechanical and thermal properties of CVC SiC. The density (p) is
effectively theoretical,’ and the Young modulus (E) higher than many other materials used in mirror structures,

including non-CVD SiC.*

The room temperature coefficient of thermal expansion (o) of CVC SiC is also’ low amongst common mirror
materials, though at 2.3 ppm/K higher than ultra low expansion glass (ULE).* The thermal conductivity (K) of CVC
SiC is lower than that of beryllium (Be, 216 W/m/K),* and also CVD SiC (300 W/m/K).® The high thermal
- conductivity of CVD SiC is likely due to larger grain dimensions along the direction of growth. We have found that

chemical vapor deposited SiC (grown without solid particulate addition) shows anisotropic conductivity; thermal
conductivity is higher along the direction of grain orientation.
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Table 1. Room Temperature Properties of CVC SiC

Property at 298,15 K Current Data with Statistics
Density (gfcm?) 3.18 1 0.04

Porosity - nil

Grain Size {microns) 5-20

Flexural Strength (MPa) | 4338
Young's Modulus (GPa) 456 + 22

Poisson Ratio | 0.21

Hardness (HV, kg/mm?) 2850

Fracture Toughness 3.39

(MPa m"2) :

Electrical Resistivity (Q cm) i_ess than 1.5
)

greater than 1000

Thermal Conductivity (W | 1403 »
/Ky >. 200 achievable  via post

deposition heat’
‘ . treatment.
Coefficient of Thermal 2.33 £0.04
Expahsion (ppm/K

differential value at 300 K)

Heat Capacity (J/kg/K) | 680.8 £0.2

For lightweight mirror applications, which require as low 2 mass as possible while still maintaining precise optical
form, high Young modulus and low mass density are desirable.” The relevant material propeity thus cited is often the
specific stiffness E/p. For mirror applications that involve significant changes in temperature, a low coefficiént of
thermal expansion is desirable. Also, to minimize distortion due to temiperature gradients a high thermal conductivity’
is desirable. The ratio K/o. defines the thermal stability factor. Candidate mirror materials can be organized in a map

defined by the plot of B/p versus K/o. This is shown in Figure 1.
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Figure 1. Comparison of selected mirror materjals according to thermal stability and specific stiffness.
Adapted from Ealey, et al., reference 4. :




Figure 1 demonstrates that CVC, SiC possesses a very favorable combination of mechanical and thermal properties.
While its specific stiffness is not as high as that of Be, it is superior to Be in terms of thermal stability.

Tigure 2 shows the coefficient of thermal expansion of CVC SiC for the temperature range 20 K — 300 K. The CTE
irops to very low values under cryogenic conditions. This is consistent with the diminishing contribution from
nharmonie potential terms as the temperature decreases.’ ' :

2.50

o CTE Experimental
——Poly. (CTE Experimenta)

2.00 1

1.50 4

CTE ppm/K

1.00 S

0.50 4

0 50 100 150 200 250 300
Temperature (K) '

~ Figure 2. The coefficient of thermal cxpansioh for CVC SiC as a function of temperature,
The curve in Figure 2 can be fit to the following polynomial equation:
CTE=-1.791 x 100 T4+ 1,234 x 10° T> +4.977 x 10° T2-3.60x 103 T+0.0663 (1)

where T is in Kelvin units. Equation 1 yields CTE values at 300 K and 20 X of 2.34 ppm/K. and 0.014 ppm/K,
Tespectively. : ' ‘ -

3. OPTICAL PROPERTIES OF TREX CVC SiC

Figure 3 shows the ultraviolet range reflectance of single crystal SiC (solid curve) calculated from literature optical
constants ” and experimental reflectance values for CVC SiC obtained by France and MeCandliss.® In spite of the fact
that CVC SiC is polycrystalline, the reflectance data agree within error. These data pertain to normal incidence. In the
ultraviolet region, the reflectance is generally less than 50%. Thus, for UV applications, CVC SiC must either be
coated, or perhaps the reflecting ¢lement designed for grazing incidence. -
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Figure 3. Ultraviolet region reflectance data for CVC SiC (open circles with error bars) and single crystal SiC.

We récently obtained the complex optical constants for CVC 8iC in, the mid-infrared spectral range. These data were
measiired vsing spectroscopic ellipsometry. Figure 4 shows the real refractive index » and absorption coefficient k as

a fanction of wavelength.
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Figure 4. Infrared optical constants for CVC SiC. The solid curve shows the real index of refraction, n. The dashed
eurve corresponds to the absorption coefficient, k.

The major feature in these data is the absorption band centered at A = 12.6 pm (or in wavenumber convention, 796.8
identified with the transverse optical phonon

cm™). This absorption band is seen in other types of SiC, and has been

mode 0o,




T'he real refractive index and absorption coefficient constitute the complex index of refraction fi, via
o= n + ik )

where 1=-1. The complex index of refraction is related to the complex dielectric fumction via £=fi. Thenandk
turves in Figure 4 can be restated in terms of the real and imaginary components of £, and fit with complex function

2 2 2
t‘f'm(mf.o —wTo) _ fa)p

wl, — ' -iCw olw +i/7)

§ = &, + (3)

where in flie first and second terms on the right hand side the infinite frequency diclectric constant €, = 6.774, the
transverse optical phonon frequency ®ro = 796.8 cm’”, the longitudinal optical phonon frequency wro =~ 972 cm”’, and
the oscillator damping facter I'=5.5 cmil. The frequency of the incident light is given by ©.

The third term on the right hand side of the equation is necessary to account for metal like character, most likely
imparted by free electrons introduced by nitrogen atoms that contaminate our process. The plasma frequency ay is
nultiplied by a factor f; which addresses the effective mass of the free electron. The best fit of the data required that
jbapz =1.13 x 10% sec?, and the mean lifstime t =1 x 10" see. The term T corresponds to the average time betweeh
tonsecutive collisions of the electrons with lattice atoms. o

One interesting result of the ellipsometric study is that the complex index of refraction data could be fit by a single:
squation, This is consistent with a material that is structurally jsotropic. Studies on other SiC samples required two
equations, one for the incident light component parallel, and one for the component perpendicular to the sample
arface’ Thus, in addition to optical microscope images of CVC SiC material, we have both thermal conductivity and
infrared ellipsometry data that confirm an equiaxial grain structure. ‘

From the real refractive index and absorption coefficient fnctions and the well-known Fresnel equations, we can
calculate the reflectance specira of CVC SiC. At normal incidence, the maxinmm reflectance (96.2%) occurs at A =
11.84. pm. The range over which the normal inciderice reflectance exceeds 90% is rather Limited (10.78 pm < A <
12.49 pm). Even at high inciderce angle (8 = 75°), the reflectarice over most of the mid-infrared spectrum doeg not
exceed 80%, and this increase is limited to the s-polarized component of the incident light (see Figure 5). Thus, for
most infrared applications, reflective coatings will be necessary. '
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Figure 5. Infrared reflectance calculated with Fresnel’s relations and experimental # and k from Figure 4.




4  MIRROR FABRICATION AND PERFORMANCE

Figure 6 shows the peak to valley (P-V) surface figure as a function of aspect ratio (AR, mirror diameter divided by.
thickness) for various flat CVC SiC mirrors. The fabrication of these mirrors involved deposition of a rough dise
- geometry, machining to the appropriate thickness and diameter, and diamond slurry polishing. For these mirors, the
surface roughness after polishing was typical less than 10 A ms.
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Figure 6. P-V surface figure as a function of mirror aspect ratio. For aspect ratios below ca. 25, mirrors maintain a
surface figure better than 0.1 & (where A = 632.8 nm helium-neon inferrogation wavelength). All dimensjons are given.
" As diamster x thickness in centirheter units, ‘ ' Co :

The surface figure is at or below 0.1 X for mirrors whose AR value is ca. 25 or less. As AR increases above 25, the
struchire becomes too flimsy and the surface figure increases rapidly. The areal density (AD) for any flat monolithic
mirror is given by AD = p t (where r i$ the material density in kg/ra® and t is the mirror thickness). Assuming that an
aspect ratio of 25 is the upper limit that ¢an maintain tenth wave figure, we can define a limiting areal density furiction
ADy, for solid disc CVC SiC mirors '
: - 3210
AD, (g m*)=—L—d = 22 d = 1284 d(m 4
01 ( g ) AR 25 ( ) 4)

0.1

where ARy is the highest aspect ratio that achieves sufficient structural stiffness to maintain tenth wave figure, Since
the density of SiC is 3210 kg m™, the 1fmiting areal density is a function linear in the mitror diameter with slope 128.4
kg nr®. Thus, for solid disc mirrors made of CVC SiC, the aréal density may be expected to increase rapidly with
diameter,” A one meter diameter mirror thick encugh to hold tenth wave would weigh at least 100 kg. A two meter
diameter mirror would be over 400 kg. If spite of the high specific stiffness of CVC SiC, solid disc structures would
- be restrictively heavy, at least for aitborne and space applications. ) ‘ . _

Tn order to reduce areal density, CVC SiC material can be removed via machining, even if for designs where the
facesheet and rib walls are very thin. Figure 7 shows a 15.2 cm diameter, 0.60 em thick CVC SiC disc that has had
aterial removed via machining, The facesheet and 1ib thickness are 0.15 cm. The 12 full triangular rib elefnents have
effective aspect ratics of 19. THe partial triangle elements at the perimeter have aspect ratios of 16. The total mass and




areal density are 0.163 kg and 8.98 kg/m’, respectively. The machining of the b backing structure removed
approximately 53% of the total mass. : ‘

Figure-'?. C'VC SiC mirror blank with macl;ined ib backi'ng striscture. d = 15.2 em t= 0.6 cm Areﬁl Density
8.74 kg/m® Element aspect ratios 18.8, 15.7

Lighﬁveight mirrors machined from solid discs of CVC 8ic are technically fcasible, buit may not be cost effective in
the case of large aperture structures. Attaching a thin facesheet to a preformed ribbing structure is an alternative
strategy, assuming that issues of bonding and CTE differences are effectively addressed, Figure 8 shows an image of

2 20.3 cm diameter 0.051 cm thick mirror facésheet that was machined from CVC SiC. While such a high aspect ratio
structure (AR'= 398) cannot be expected to hold tenth wave surface figure pon polishing (it did not), it provides a

.good exarnple of the amenability of CVC SiC io machining, Also, it shotild be poted that the surface roughness after

polishing was found to be 1.85'A mms.’

Figure 8. Ultra-thin facesheet d = 20.3 em, ¢ = 0.051 cm. Roughness 1.85 A mms (12.21 AP-V)

Finally, the CVC process can be employed to produce mear net shape siructures such as powered mirrors. Figure 9
shows a 25.4 cm diameter one meter radius of curvature spherical concave mirror structure, before and after polishing.
The part was grown on a precisely machined convex graphite substrate. After deposition, the back surface was




machined to bring the total thickness to 0.3 cm. The areal density is ca. 8.5 kg/m?, After polishing, the surface figure
was 0.202 A (P-V). This surface figure is surprisingly good given the high aspect ratio the structure (AR = 85).

Figure 9. Thin curved mirror fabricated via near net shape deposition d =25.4 cm t=3 mm Radius of Curvature 1.0 m. Left:
Post deposition, prior to backside machining and polishing. Right: after polishing. Surface Figure 0.202A P-V,

5. CONCLUSIONS

Silicon carbide prepared via the chemical vapor composites process has mechanical and thermal properties that are
highly favorable for lightweight mirror technology.Low residual stress is associated with isoiropic grain structure,
which is achieved via addition of solid particulates into the chemical vapor stream, Isotropic grain structure leads to
isotropic thermal and optical properties. CVC SiC mirrots show uliraviolet region reflectance in agreement with R
talculated from single crystal optical constants. The intrinsic infrared reflectivity of CVC SiC high only over 2 limited
wavelength region, namely the transverse optical phonon band centered at 13 mm. Low residual siress allows for net
shape deposition and machining of very delicate structures, including ulirathin facesheets and all-CVC SiC ribbed
MITTOIS.
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