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. CHEMICAL vnpon DEPOSITION-PRODUCED SILICON CARBIDE
HAVING IMPROVED PROPERTIES

The present_inventibn is directed to silicon carbide produced
by chemical vapor deposition processes having improved optical
properties, including improved optical transmission, purity, and

electrical resistivity, and to a dsposition proccsa for producing
such -ilicon carbidc.

aukmumuhs_:mn:m '

" While single. crystal a-8iC exhibits some dagree of optical
transmission, polycrystalline 8-6iC is substantially opaque. It
would be desirable to prcvido B-SiC which optically transmits,
particularly in the visible and infrared range. Optically.
tranemitting SiC would have applications for lsnses and-domes,
light detection and ranging (LIDAR) mirrors, solar collectors and
coricentrators, cathode covers (in the reactive ion etching
systems), and astronomical mirrors. Single crystal a=-SiC is
unsuitable for such bulk applications due to its size iimitation;
thus, it would be desirable to produce optically tranemitting 8-sic
which can be produced in builk. ' '

‘'Known. bulk silicon carbide is almost invariably opaquc,
absorbing and scattering light in the visible and infrared regions
of the spectrum. Methods of producing bulk SiC include sintering
and hot pressing, slip casting and reaction bonding. These methods
are unlikely candidates for producing optically transmitting sicC as
they suffer from one or nmore of the following drawbacks: 1) they
produce a multi-phase material, e.g., include a Si phase, 2) the

- paterial is not theoretically dense, and/or 3) the material is not
cf high purity and may contain metallic impuritias that degrade
optical transmission. -

' A bettqr candidate for producing optically transmitting sic,
either free-standing bulk Sic or thin films on a substrate surface,
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 is SiC produced by chemical vapor deposition (CVD). However, most
- of the 8iC previously produced by CVD is cpaque, exhibiting
considerable scattering and absorption in the visible and infrared.
Applicants are aware of efforts by the U.S. Air Force and General
' Electric to improve the infrared transmission of SiC by improving
process parameters, such as substrats temperature, flow rates,
furnace pras-ﬁrc etc. These efforts met with linlted success.
Although SiC transmitted in the 2-5 ym (infrared spectrun range),
the material exhibited considerable scattering which made it
" unsuitable for use in imaging applications. '

It is a general cobject of the presant invention to produce 8-
5iC in bulk or thin film form having improved optical transmission.
Other cbjscts include providing CVD-SiC having heretofore
unachieved purity;—snd electrical resistivity.

' 'Bulk, free-standing, silicon carbide, fabricated by chemical
vapor deposition (CVD), is optically transmitting in the visible
and infrared range. Specific deposition paramaters are required tc

' produce the optically transmitting silicon carbide. This silicon
. carbide is highly pure, theoretically dense and has electrical
resistivity in excess of SiC’s previously known.

Fig. 1 is a schematic of CVD apparatus used to fabricate
optically transmitting B8-8icC.

rig. 2 is a graph comparing the transmission of CVD=-8~SiC witi
the transmission of a~SiC. .

' Figs 3a, 3b and 3¢ illustrate aifferdnt battle/mandrel
arrangements used within the deposition chamber of a furnace for
. the fabrication of CVD-8-SiC. '
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Fig. 4 is-a transmission spectrum of a hlghly optically
transmlttlng CVD-B-SLC.

Detaj Description of Certai referred Embodiment

. Herein, unless otherwise noted, optical properties of silicen
carbide produced in accordance with the present invention are
defined in terms of Attenuation Coefficients (cm’ ) at 0.6328 um
(visible-laser measured) and 3 pm (infrared-spectrophotometer
measured). Attenuation coeffxcient is intended herein to xnclude
all optical losses, including both scattering and absorption.
Attenuation'coefficient is calculated as follows. If T, R, X are
the transmLttance, reflectance and material thickness, then the
attenuation coefficient, 8 is calculated from the following
equation '

T = 2 _
1-R" exp(-28%)

The reflectance is calculated from the refractive index (n).

R
(n+1)®

The refractive index (n) is assumed to be 2.635 at 0.6328 uﬁ and
2.555 at 3 um.

Unless otherwise stated, properties of SiC produced in
‘accordance with the invention are room temperature values, i.e.,
‘measured at 20-28°C 1293-391°K). Although it is believed that
thermal conductivity measurements are generally independent of the
measuring technique, thermal coﬁductivity'ﬁalues reported herein
are those measured by flash-lemp techniques. Deposition chamber .
temperatures are measured by thermal probes within the deposition
chamber placed closely ‘adjacent the deposition site, e.g., a
mandrel on which bulk free-standing SiC is to be deposited or a
surface on which a film of SiC is to be deposited. Although the
deposition site temperature may not be exactly that of the probe-
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measured location, experience has found that probes closely
adjacent, but differently located relative to a deposition site are
almost always within 10°C of each other and generally within 5°C of
each other. Thus, the deposition site is precumed to be within 5-
10°C of the probed deposition chamber temperature.

The SiC to which the invention pertains is bulk or free-
standing, i.e., capable of ‘being self-supported. This is to be
distinguished from thin sic films which are deposited upon a
surface with the ‘intent that the SiC remain permanently bonded
thereto. To be free-standing, the SiC must generally be deposited
‘to a thickness of upward of abocut 0.1 mm. -

Silicon carbide produced in accordance with the present
invention has an attenuation coefficient at .6328 um of about 20
cn”' or less, preferably about 10 or less, and.more preferably
about 8 or less. The silicon carbide has an attenuation
‘coefficient at 3 pm of about 20 em™ or less, preferably about 10
or less, more preferably about 8 or less and‘mcst preferably about.
5. or less. It is believed that silicon carbide produced in
accordance with the present invention is more optlcally
transmitting at .6328 and 3 um than any polycrystalllne silicon
carbide of the prior art. The silicon carbide in accordance with '
the invention is stoichlometric (1:1 Si:C ratio), 100% theoretical
dense, and highly pure, i.e., about 5.ppm metallic impurlties or
less and preferably about 3.5 ppm metallic impurities or less. It
is found that the higher is-the purity, the greater is the optical
transmittance of the SicC produced.lzélso high purity. is very
1mportant for semiconductor furniture manufactured of CVD-ch..
High purity is achieved using high purxty reaction materials,”
particularly oz-free H, and contamination free grahite deposition
set up. It has been demonstrated that distilling MTS from its as-
purchased condition results in more cpticaily_transmitting CVD-
:.deposited sic. ' '

Another feature of the SiC of the present invention is its
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very high bulk resistivity. ResistiVity'is an important attribute
of material for electronic packaging. The upper limit of most non-
doped SiC to date is about,ldo ohm-cm, and CVD-SiC is not believed
to have been consistently produced having resistivity of more than
100 ohm?cm. The resistivity of cvD-sic according to the present
invention has reached 4.53x10° ohm-cm. When Sic of such high
electrical resistance is achievable, values lower than this value,
yet still above that known in the prior art, is achievable, by
introduction of impurities, e.g., through doping. Accordingly,
novel CVD SiC is produced in accordance with the present invention .
having resistivity of S00 ohm-cm or greater, preferably 1000 ohm-cn
or greeter, and more preferably 10,000 ohm-cm or greater. .

- Furthermore, the SiC produced in accordance with the invention is

of the n-type, whereas most CVD-SiC is of the p-type. n-type is
preferred as its resistivity tends to be constant over a broader
temperature range.

Tllustrated in Fig. 1 is ‘an apparatus useful for fabricating
cvD-8-SicC. Deposition is carried out within a furnace 10. A
stainless steel wall provides a ¢éylindrical deposition chamber 12.
Heating is prOVided;by a graphite heating element 14 which is
connected to an external power supply by an electrode 16. Graphite
deposition,mandrels are arranged within a graphite isolation tube

. 20 and gas is introduced by means of an injector 22 through the

upper end of the isolation tube so that the reaction gases sweep
along the mandrels 18. One or more baffle(s) 24 is used to control
the aerodynamics of gas flow through the furnace.

The line 26 which supplies the injector is fed by an argon
cylinder 28, a hydrogen cylinder 30, and a MTS bubbler 32. The
argon is fed by lines 34 and 36 both directly to inlet line 26 and
through the bubbler 32. The hydrogen cylinder is connected by a
line 38 to the inlet line 26. Argon flow through lines 32 and 36
and hydrogen flow through line 38 are controlled by mass flow
controllers 40, 42 and 44. The MTS cylinder 32 is ma;ntezned at a
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constant temperature by a constant temperature bath 46. A pressure

'_gauge 48 is connected to a feed back loop which controls the gas
pressure of the bubbler 32. i .

-An outlet line 50 is connected to a bottom cutlet port 51.
Pressure within the deposition chamber 12 is controlled by a vacuum
pump Sz_whieh_pulls gases through the chamber and a furnace
pressure control velve_54 operably connected to the vacuum_pump.'
The temperature and pressure within the deposition chamber 12 are
measured by a thermal probe 58 and a pressure indicator S6.

Exhaust gases are - passed throngh a filter 60 to remover partzculate
material upstream of the pressure control valve and through a
- scrubber 62 downstream of the vacuum pump to remove HCl.

As discussed below in the examples, partlcularly with respect
to Figs. 3a, 3b and 3¢, the arrangement of baffles may be varied to
produce desired results. The results discussed below with respect
to Figs 3a, 3b and 3c are particular to the furnace in which the
sic was deposited and may vary from furnace to furnace and also the

: confzgurat;on of the mandrel or substrate on which Sic of desired
configuration is to be deposited.

‘To obtain optically transmitting CVD-deposited B8-SiC, a
depoeition chamber teﬁperature of between about 1400 and about
1500°C, preferabiy between about 1400 and about 1450°é is employed.
The deposition chamber pressure is about So'torr or lower,

- preferably about 10 torr or 1ower and most preferably about 5 torr
or lower. The HZ/MTS ratio J.S from about 4 to about 30, preferably
from -about 10 to about 20. The depos;tion rate is about 1 micron
per minute or less; it is believed that this very low deposition
rate is critical to obtain B8-SiC with good optical transmittance.
the rate at which the deposition surface is swept by the reactant
gases also appears to affect the optical transmittance of the
deposited SiC. Although optically transmitting SiC has been
produced with average flow velocities of about Io'cm/sec} it is
‘preferred that flow velocities be at least about 300 cm/sec, and
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more preferably at least about 1000 cm/sec., Sweép velocity, which
is the gas velocity at the depbéition surface, is a function not
only of the flow rate of gases into the furnace, but of the furnace
design and orientation of the deposition surface(s) within the
deposition chamber of the furnace.
HCl is a reaction product of the deposition of sicC using MTS
and H, as the reaction gases. It is found that adding gaseous HCl

 to the gas stream that is introduced into the reaction chamber

further improves the optical trdnsmission of the CVD-8-SiC which is
produced. To have a significant effect on transmission of the Sic,
the HC1l/MTS molar ratio is generally at least about 0.2.

The invention will now be described in greater detail by way
of specific examples in the experiménts_described below.

Several depositions of SiC were performed in a CVD reactor to
fabricate CVD-SiC with improved transmission. In.these
depositions, the CVD process conditions and the depos1t10n set-up -

'were varied to optlmxze the vis-IR transmission of CVD-SiC. The

process conditions used were: -substrate temperature: 1400-1470°C,
furnace pressure: 3-200 torr, flow rates - MTS: 0.1-2.8 slpm
(standard liters per mxnute), H,: 0.5-5. 8 slpm. H,/MTS molar

‘ratio: 4-30, and average flow velocity = 14-1260 cm/sec.

The CVD-SiC was characterized for vis-IR transmission. The
Sic transmission was determined to be dependent upon MTS purity,
CVD process conditions and CVD deposition geometry. The
commercially available MTS off99%'purity contains metallic
impurities which end up in the CVD-SicC and degrade its near-IR
transmissidn. Distillation of MTS in a narrow temperature range

_around its boiling point has resulted in fabricating SiC which

exhibits good transmission in the infrared region.
Table 1 below shows the attenuation coefficient values for

‘CVD-SiC at 0.6328 um and 3 um as a function of furnace pressure.

—_—
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transmtting [err] Fig. 2 is a graph conparing the transmissi on REPL
C/Bb-B-Si C-with the transmi ssion of [err] Figs 3a, 3b and Ustrate

different baffl e/ mandrel arrangenents used within the depositfon chanber of
a furnace for ) ‘ ' _8-

PATENT
2228-33-00

It is seen that as the pressure decreases from 200 torr to 10 torr,
both visible and infrared attenuation coefficients decrease, i.e.,
transmittance in both visible and infrared regions increase.
Although Run #11 (furnace pressure = 3 torr), material showed an
increase in attenuation coefficient in comparison to Run: #7
(furnace pressure = 10 torr), this increase may be due to the
deposition set-up which was changed.

The effects of varyinq other CVD process parameters on
transmission were less clear. - Qptimum results were obtained for
the following process conditions. ~ Substrate temperature: 1425°C,
Furnace pressure. 10 torr, Flew rate: MTS = 0.19 slpm, H, = 2.8
slpm, Ar = 1.0 slpm, H,/MTS molar ratio = 15 and av_erage flow
velocity = 365 cm/sec. : |
. ' Three deposition set-ups were tried in an effort to maximize
the transmission of CVD-SiC. These set—ups are shown in Figure 3a,’
"3b and 3c. . All these set-ups yielded CVD-8-SiC with improved
transmission at different parts of the deposition region. Two set-
ups (Figs. 3a b) used four rectangular mandrel plates, 3.5 in.-wide
x 12 in.-~-long, arranged in the form of an open square box.

The deposition set-up of Figure 3a consisted of a mandrel ‘box
100 at the end of which was placed a graphite baffle 102. In this
case, porous material was deposited on the mandrel while dense and
good quality S-SiC was cbtained on the baffle. It is believed that
the porous material was deposited because-(i) the reagents were
“cold," i.e., there was considerable temperature difference between
the mandrel and the gaseous reagents and (ii) the reagent sweep
speed on the mandrel walls was small. 'Thisrexplenation is
consistent with the observation that the material on the upper half
of the mandrel was more porous than on the lower half.

In Flgure 3b two baffles were used, one 104 before and the
other 106 after the mandrel box. The function of the first baffle
104-15 to preheat the reagents and direct the gas close to the
mandrel walls to increase"reagents sweep speed along the mandrel
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box 108. Thls dep051t10n set—up produced CVD B-ch with good vis-
IR transm1531on. The "best" material was produced on the upper
half of the the mandre} box. The deposited material on other areas
had better transmission than that produced at other CVD conditions.
In the deposition set-up of Figure 3c, the two walls of the
mandrel box 110 were tapéered. The cross—-section of the mandrel box
was a square 3.5 in. x 3.5 in. on the top end and a rectangle 3.5
in. x 1.05 in. at the bottom end. The aim of using this tapered
box was to continucusly reduce the cross-section and thus increase
the flaw velocity to study 'its effect on the quality of the
material. This set-up also employed a baffle 112 before and a
baffle 114 after the mandrel box. Although this configuration also
produced good optical quality CVD-SiC, considerable stress in the
material was observed and the deposited material exhihited

substantial bowzng.

Table 1

' Attenuation Coefficient of CVD-8SiC as
Function -of Furnace Pressure

. . Attenuation Avg
Run furnace Furnace Pressure Coefficient (cm') ' Veloci
No. Set-Up : (Tore) @ 0.6328 a a3um ty
. . . co/sec
2 3a 200 .30 40 49
3 k™) . 200 ' 68 ' 2% : 21
‘ B w0 9 21 197
5 3¢ : o 20 16 “w 2Te-
761
7 > . ' 10 , 7.3 3.5 365
11 3B 1K 3 ' - 7.6 | 1260
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Detai |l ed Description of Certain Preferred Enbodi nents Herein, unless
ot herwi se noted, optical properties af silicon carbide produced=in
accordance with the present invention are defined in terng
Coéfficients (cm) at 0.6328 Am (visible-1aser neasured) §

(i nfrared-spectrophot onet er neasured). Attenuation coeffi @ies
herei'n to include all optical |osses, FHAOFuding both scattering and _
absorptiond. Attenuation coefficient is calculated as follows. If T, R x

are
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Exgmpls;z

Addition of HCl to the reaction mixture is found to suppress
formation of Si-rich SiC. The CVD process conditions were:
substrate temperature = 1413~1423°C, qunace'pressure; 3-7 tprr,
flow rates - H,: 2.8 slpm, MTS: 0.19 slpm, Ar: 1.0 slpm, HCl:

0.15-6.0 slpm, H,/MTS molar ratio: 15, HCl/H, molar ratio = 0.054
- ' 1

"= 0.21 and an average flow velocity: 540-1260 cms . The

deposition set-up used was the two-baffle configuration of Figure
3b. Table 2 below lists the atténuation'qufficient values that
were obtained when HCl was added to the reagent mixture. A
comparison of attenuation coefficient for Run #10 and #11 (Table 1)
clearly shows improved optical transmission values when HCl is
added. . Further, similar to Example 1, the vis-IR transmittance of
CVD-SiC increased as thie furnace pressure decreased.

Table 2

Attenuation Coefficient of éVD-BSiC when HCl -
is Added to the Reaction Mixture

L asmams
- _ . Average
Run | Furnace | Furnace Attenuation _ Velocity
No. Setup . | Pressure | Coefficient (cm) - cn/sec
J (Torr)
@ 0.6328 um @ 3um
9 s3b | 7 | 7.4 . 2.8 540
.10 .3b 3 6.9 2.1 1260

Figure 2 showé_a comparison.of transmission of B-sicC with that of
commercially available a-SiC single crystal sample. Both samples

_are 0.012-inch thick. It is seen that CVD-§ siC performs

considerably better than single crystal a-SiC in the near-IR region
while the latter material performs better in the visible region.
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Figure 4 shows infrared transmission of CVD-SiC when.HCl is
added to the reaction mixture (Run #10). The thickness of the
sample was about 0.022-inch. 60% transmission is seen in the .near
IR region which corresponds to an attenuation coefficient of
2.1 cem’ at 3 sm. This_is believed to be the lowest value of
specular attenuation coegficieﬁt that has ever been achieved for
polycrystalline CVD-8SiC free-standing sample. This material was
~also characterized for hardness and fracture toughness and yielded
”values of Vickers hardness (Kg mm ) = 2700 t£58.8 with 1 Kg load
3'2) = 2.23 #0.043. These values are
typical of CVD-SiC. Thus, an improvement in optical propérties ha:
been obtained without degrading other properties such as hardness

and fracture toughness (MN m

and fracture toughness.

’
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U ess ot herwi se_stated,. properties of sic produced in accordance with the
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reported herein are"tHosé mBasbiretd by flahg | anp techni qués. Depositron
chanmber tenperatures are neasured by thérnkl™ probes within the deposition
chanber pfaced closely adjacent the deposition site, e.g., a
] CLAIMS ' ' :
1. Free-standing chemical vapor deposited B-Sic
having an attenuation coefficient at .6328 um of 20 cm’! or
less. ' .

2. sic aécordlng to claim 1 having an attenuation
coeffic1ent at .6328 um of 10 cm“-or less, preferably
8 cm! or less.

3. Free-standing chemical vapor deposited B-sic
having an attenuation coefficient at 3 um of 20 cm! or
less. ‘ '

4. Sic.éccorﬁing to claim 3 having an attenuation
coefficient at 3 um of 10 cm! or less, preferably 8 cm! or
less and more preférably-Stxwlor less.

5. A method of producing optically transmitting
free-standing B-SiC in a chemical vapor deposition '
apparatus (10) having a deposition;chamber (12) with a
surface therein for deposition-of sic, by ihtroducing
methyltrichlorosilane and Higas into said reaction chamber
under conditions which pyrolytically deposit silicon
carbide on said surface, characterised in that said
conditions comprise a deposition chamber temperature of
between 1400°C and 1500°C, a deposition chamber pressure of
6.67kPa (50 torr) or less, a H,/methyltrichlorosilane molar
ratio of between 4:1 and 30:1 and a deposition rate of
1 pum per minute or less. ' |

6. A method according to claim 5 wherein said
pressure is 1.33kPa (10 torr) or'less,'preferably 667Pa
(S torr) or less.
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on M|cmbm4euee4Land+ngS|c is to be deposited or a surface_on.
which a filmof SiCis to be deﬁ05|ted Al-t.hough the depost BT

terperatare ey |1 R O

unt of the probe- REPL
- 13 -
7. A method according to claim 5 or claim 6

wherein said temperature is between 1400°C and 1450°C.

8. A method according to -any one of claims 5 to 7
wherein sald.t&/methyltrichlor0511ane ratio is between 10:1
and 20:1.

9. A method according to any one of claims 5 to 8
wherein HC1l is supplied to said deposition chamber at a
HCl/methyltrichlorosilane molar ratio of at least 0.2:1.

©10. Free-standing chemical vapor depositedlﬁ-SiC
having an electrical resistivity of 500 ohm-cm or above,
preferably 1000 ohm-cm or above and more prefeérably 10,000
ohm-cm or -above. ' '
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measured | ocation, experience has found that probes closely adj acent, but
differently Iocated rel'ative to a deposition site are al nbs , )
[err] of each other and generally within [err] of each othefl. THB HEETH¥AS BEEN
‘deposition site is presuned to be.within 5- [err] of the prbed JBEBASERN
chanber tenperature. The SIC to which theg,invention pertains TS bulrk or

free- standing, i.e., capable of being self-supported. This is to be

di“sti ngui shed fromthin:SiC films which are deposited upon a
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ABSTRACT
CHEMICAL VAPOR DEPOSITION-PRODUCED SILICON. CARBIDE

HAVING IMPROVED PROPERTIES .

f-silicon carbide which is optically transmitting
in the visible and infrared regions is produced by chemlcal
vapor d_epos:.tlon. Deposition conditions are temperatures
within a 1400-1500°C range, preseure 6.7kPa or less,
. Hy/methyltrichlorosilane molar ratios of 4:-30: 1 and a
deposition rate of 1 um orxr less.

(Figure 1)
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surf.ace W|th the intent that the SiC remain permanently bnndpd thereto To .
be .free-standing, the SiC nust generally be deposited to & FRisCREISHAS BEEN |
upward of about 0.1 nm Silicon carbide produced’in accor ance WebhatED ;
present irfvention has an attenuation coefficient at .6328 =)
cm or less, preferably about 10 or |esgyg4and nore preferably about 8 or

| ess. The silicon carbide has an attenuatlon coefficient at 3 [err] of

about 20 [err] or less, preferably about . 10
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oL less, nore preferably about 8 or |ess and nost preferably
less. It is believed that silicon carbide produced in acc‘|

present invention is nore optically transmtting at .6328 gﬂfﬂ
‘ay polyerystalline silicon carbide of the prior art. The '

“in accordance with the invention is stqgichionetric (1:1 Si:Cratio), 100%
theoretical dense, and highly pure, i. €/4 apout 5 ppmnetallic inmpurities
6r less and preferably about 3.5 ppmnetallic inpurities or |ess. o
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i safound that the higher is-the purity,

transmttance of the Sic produced.

the greater

[Also high purity is ver

is t he Spbieat—

sem conduct or furniture nmanufactured of CVD SiC. H gh puritly is &EMU@GHD

wsing high purity reaction materials,

free grahite deposition set.up.

CVD- depoSited SiC.
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particularly
It has been denonstrated that distilling
MIS fromits as- purchased condition résfM ts in nore optically transmtting
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to have . .been consistently pfoduced having resistivity of nore than 100

ohmcm The resistivity of CVD-Si C according to the p'e§§€#%%§%§@*bggE?a

reached [err] ohmcm Wen Sic of such high electrical
val ues lower than this value, yet still aljo etﬂaq g@pv;gmn he

achlevable

priog art, is achievable, by introduction of inpuriti O P A YT o U Ta | M
dopi ng.” Accordingly, novel CVD Sic is produced in accordance with the

present invention having resistivity of 500 ohmcm or gr 3
1000 ohm cm

SHEET HAS BEEN
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CH_EHICAL VAPOR DEPOSI'I.‘ION-?RODUdED SILICON CARBIDE
HAVING IMPROVED PROPERTLES

The present invéntion is directed to silicon carbide produced
" by chemical wvapor deposition processes having improved optical
properties, including improved optical transmission, purity, and

electrical resistivity, and‘td a deposition process for producing
such silicon carbidae.

Background of the Invention

While single. crystal a«-8iC exhibits some degree of optical
transmission, polycrystallina 8=-81C is substantially opaque. It
would be desirable to providn f#=-84C vhich optically transnits,
particularly in the viszible and infrared range. Optically.
transmitting 8iC would have applications for lenses and-dones,
light detection and ranging (LIDAR) miriors, solar collectors and
concentrators, cathode covers (in the reactive ion atching
systems), and astronomical mirrors. Single crystal «-SiC is
unsuitable for such bulk applications due to its size limitation;
thus, it would be desirable to produce optically transmitting g-sic
which can be produced in bulk,

Known. bulk silicon carbide ig almost invariably opaque,
absorbing and scattering.light in the visible and infrared regions
-0f the spectrunm. Methods of p:oducing bulk sic include sintering
and hot pressing, slip casting and reaction bonding. These metheds
are unlikely candidates for producing optically. transmitting SiC as
they suffer from one or more of the following drawbacks: 1).they
prodﬁéc a multi-phase material, e.g., include a S{ phace, 2) the
naterial iz not theoretically dense, and/or 3) the material is not
of high purity and may contain matallic iwpurities that degrade -
optical transmissiocn.

A better candidate for producing optically transmitting sic,

- either frea-standing bulk §ic or thin films on a substrate surface,

i
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or greater, and nore preferably 10,000 ohmcmor greater. Furthermore. the

Si C produced in accordance with the invention is of the fF ET
nost CVD-SiCis of the p-type. n-type is preferred as it ’%&%‘Eeﬁ@lty gnds
to be constant over a broader tenperature range. |llustr ﬁ
an apparatus useful for fabricating [err] Deposition is |éﬁ‘" ‘ﬂiiiiiL
a furnace 10. A stainless steel wall prOV|des a cylindrical deDOQ|g£gn;_____
chanber 12. THIS SHEET HAS BEEN
REPLACED
-2~

is 81C'§roduced by chemical vapor deposition'(cvn). However, most
af the 8iC previocusly produced by CVD ig opaque, exhibiting
considerable scattering and absorption in the visible and infrared.’
Applicants are aware of efforts by the U.S5. Air Force and General
Electric to improve the infrared transmission of SiC by improving
process parameters, such as substrate temperature, flow ratesx,
furnace prccsinro atc. These efforts met with limited success.
Although S5iC transmitted in the 2~5 pm (infrared spectrum range),
the material exhibited considerable scattering which mads it
unisuitable for use in imaging applications.

It {s a general object of the present invention to produce 8-
S4C in bulk or thin £ilm form having improved optical transmission.
other objects include providing CVD-SiC having heretofore
unachieved purityr—snd electrical resistivity.

Summary of the Invention .

"Bulk, tree-standiné, silicon carbide, fabricated by chemical
vapor deposition (CVD), is optically transmitting in the visible
and infrared range. Specific deposition parameters are required tc

" produce the optically transmitting silicon'carbidc. This silicon

carbide ig highly pure, theoretically dense and has electrical
resisttv;ty in excess of §iC’s previously known.

Brief Descrivtion .of tle Drawings
Fig. 1 is a schematic of CVD apparatus used to fabricate
ocptically transmitting 8-sic. -

rig. 2 is a graph comparinq the transmission of CVD-8-8iC wit:
the transmission of ¢~-SiC. . _
Figs 3a, 3b and 3¢ illustrate differént baffle/mandrel

arrangements used within the deposition chamber of a furnace for
the fabrication of CVD-g-SiC.

This Sheet Has Been Reilaced
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Fbatlng is provided by a graphite heating el enent 14 which is connected to
an external power supply by an electrode 16. G aphite
are arranged within a graphite isolation tube 20 and ¢
means of an injector 22 through the upper end of the

; il dng gr o thyat
the reaction gases sweep along the mandrels 18. One or 1 - .

nqor e ha
used to control the aerodynam cs of gas flow through the furnace. The TTne

26 which supplies the injector is fed by an argon

RS |

THIS SHEET HAS BEEN
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Fig. 4 is a transmission spectrum of a hlghly optically
transmlttlnq CVD-8-SicC.

etajled Descri on _of Certain Preferred Embodiments
- Herein, unless otherwise noted, optical properties of silicon
carbide produced in accordance with the present invention are
defined in terms of Attenuation Coefficients (cm’') at 0.6328 um
(visible~laser measured) and 3 um (infrared-spectrophotometer
measured). Attenuation coefficient is intended herein to include
all optical losses, including both scattering and absorption.

Attenuation coefficient is calculated as follows. If T, R, x are

the transmlttance, reflectance and material thickness, then the
_attenuatzon coefficient, 8 is calculated from the following
equation

: =R}’ exp(-B

T = 2

1-R" exp(-28x%)
The reflectance is calculated from the refractive index (n)

_ . .
{n=1)

(n+1)?

R - =

The refractive index (n) is assumed to be 2.635 at 0.6328 um and
2.555 at 3 unm,

Unless otherwise stated, properties of SiC produced in
accordance with the invention are room tenperature values, i e.,
measured at 20-28°C (293~301°K). Although it is believed that
thermal conductivity meaéu:ements are generally independent of the
ﬁeasurinq technique, thermal conductivity vVvalues reported herein
are those measured by flash—limp techniques. Deposition chamber
-témperatures are measured by thermal probes within the deposition
chanber placed closely ‘adjacent the deposition .site, e.g., a
mandrel on which bulk free-standing SiC is to be deposited or a
surface on which a £ilm of SiC is to be deposited. Although the
deposition site temperature may not be exactly that of the probe-

Thllsllslliietllilailrern Rﬁlacw




cylinder 28, a hydrogen cylinder 30, and a MIS bubbler 32. The argon is fed
by lines 34 and 36 both directly to inlet line 26 and t

ougn—t e oupt
32. The hydrogen cylinder is connected by a line 38 to {ﬁp MﬁNﬂéﬁgéy
Argoen flow through lines 32 and 36 and hydrogen flow thjjou

? q |]n§ }8%6
controlled by mass flow controllers 40, 42 and. 44. The &y er 3271
mai-ntai'ned at a

THIS SHEET HAS BEEN
REPLACED

measured location, experience has found that probes closely
adjacent, but differently located relative to a deposition site are
almost always within 10°C of each other and generally within S°C of
each other. Thus, the deposition.site is presumed to be within 5~
10°c of the probed deposition chamber temperature.

The SiC to which the invention pertains is bulk or free-
standing, i.e., capable of being self-supported. This is to be
distinguished from thin SiC films which are deposited upon a
surface with the intent that the SiC remain permanently bonded
thereto. To be free-standing, the SiC must generally be deposited
to a thickness of_ubward of about 0.1 mnm.

Silicon carbide produced in accordance with the present
invention has an attenuation coefficient at .6328 pm of about 20
en' or less, preferably about 10 or less, and.more preferably
about 8 or less. The silicon carbide has an attenuation
coefficient at 3 gm of about 20 em’! or less, preferably about 10
or less, more preferably about 8 or less and most preferably about
5 or less. It is believed that silicon carbide produced in
'accordarice with the present invention is more optically
transmitting at .6328 and 3 um than any polycrystaliine silicon
carbide of the prior art. The siliéon'carbide in accordance with
the invention is stoichiometric (1:1 si:C ratio), 100% theoretical
dense, and highly pure, i.e., about 5.ppm metallic impurities or
less and preferably about 3.5 ppm metallic impurities or less. It
is found that the higher is-the purity, the greater is the optical
transmittance of the SicC produced.l:élso high purity is very
important for semiconductor furniture manufactured of cvn—szc..
High purity is achieved using high purity reaction materials,”
particularly O,~free H, and contanination free grahite deposition
set up. It has been demonstrated that distilling MTS from its as-
purchased condition results in more opticaily transmitting CVD-
deposited SsicC. '

Another feature of the SiC of the present invention is its

is Sheet Has Been Rep! laced .
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-6- constant tenperature by a constant tenperature bath 4

gauge 48 is connected to a feed back | oop which controls
of the bubbler 32. An outl et

line 50 is connected to a bofit om ot |
51. ‘Pressure within the deposition chanber 12 is controll quy;gnij@gﬁﬁggﬁm ‘
punmp .52. whi ch pulls gases through the chanber and a furna =

THIS SHEET HAS BEEN
REPLACED
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:
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very high bulk resistivity. Resistivity is an important attribute
of material for electronic packaging. The upper. limit of most non-
doped SiC to date is about 100 chm-cm, and CVD-SiC is not believed
to have been consistently produced having resistivity of more than

100 ohm-cm. The resistivity of CVD-SiC according to the present

invention has reached 4.53x10° ohm-cm. When SiC of such high

electrical resistance is achievable, values lower than this value,
yet still above that known in the prior art, is achievable, by
introduction of impurities, e.g., through doping. Accordingly,
novel CVD SiC is produced in accordance with the present invention
having registivity of 500 ohm-cm or greater, breferably 1000 ohm-cm
or greater, and more preferably 10,000 ohm-cm or greater.
Furthermore, the sic produced in accordance with the invention is
of the n-type, whereas most CVD-SiC is of the p-type. n-type is
preferred as its resistivity tends to be constant over a broader
temperature range.

Illustrated in Fig. 1 is ‘an apparatus useful for fabricating
CVD-8-SiC. Deposition is carried out within a furnace 10. A
stainless steel wall provides a ¢ylindrical deposition chamber 12.
Heating is provided by a graphite heating element 14 which is
connected to an external power supply by an electrode 16. Grdphite
depositibﬁ_mandrels are arraniged within a graphite isolation tube
20 and gas is introduced by means of an injector 22 through the
upper end of the isolation tube so that the reaction gases sweep
along the mandrels 18. One or more baffle(s) 24 is used to control
the aerodynamics of gas flow through the furnace.

The line 26 which supplies the injector is fed by an argon
cylinder 28, a hydrogen cylinder 30, and a MTS bubbler 32. The
argon is fed by lines 34 and 36 both directly to inlet line 26 and
through the bubbler 32. The hydrogen cylinder is connected by a
line 38 to the inlet line 26. Argon flow through lines 32 and 36
and hydrogen flow through line 38 are controlled by mass flow
controllers 40, 42 and 44. The_fgfﬂsx}igggr 32 is maintained at a

e
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pressure control valve 54 operably connected to the vacuun1punp. The
tenperature and pressure within the deposition chanber 1§
t hermal probe 58 and a pressure indicator 56. Exhaust gap
through a filter 60 to renover particulate materi‘al upstjeam o

pressure control valve and through a scrubber 62 downstrfdhatef: tLgﬁue&Hﬁn
punp to renove HCl. As discussed below in the exanples, Pz

respect to Figs. 3a, 3b and 3c, the arrangenent of baffles may be varled to

THIS SHEET HAS BEEN
REPLACED

constant temperature by a constant temperature bath 46. A pressure
gauge 48 is connected to a feed back loop which controls the gas
pressure of the bubbler 32.

An outlet line S0 is connected to a bottom outlet port~51.-
Pressure within the deposition chamber 12 is controlled by a vacuum
pump S$2 which pulls gases through the chamber and a furnace
pressure control valve 54 operably connected to the vacuum pump.
The temperature and pressure-within the deposition chamber 12 are
measured by a thermal probe 58 and a pressure indicator. 56.

Exhaust gases are passed through a filter 60 to remover particulate
material upstream of the pressure control valve and through a
scrubber 62 downstream of the vacuum pump to remove HCl.

As discussed below in the examples, pafticularly with respect
to Figs. 3a, 3b and 3¢, the: arrangement of baffles mey be varied to
produce desired results. The results discussed below with respect
to Figs 3a, 3b and 3c are particular to the furnace in which the
sic ‘was deposited and may vary from furnace to furnace end'also the
configuration of the mandrel or substrate on which Sic of .desired
configquration is to be deposited.

To obtain optically transmitting CvD-deposited g8-sic, a
deposition chamber temperature of between about 1400 and about
1500°C, preferably between about 1400 and about 1450°C is empioyed.
The deposition chamber pressure is about 50 torr or lower,
preferably about 10 torr or lower and most preferably about S5 torr
or lower. The HEIHTS ratio is from about 4 to about 30, preferably
from-about 10 to about 20. The deposition rate is about 1 micron
per minute or less; it is believed that this very low deposition
rate is critical to obtain 8-SiC with good optical transmittance.
The rate at which the deposition surface is swept by the reactant
gases also appears to affect the optical transnittance of the
deposited SiC. Although optically transmitting 'Sic has been
produced with average flow velocities of about 10 cm/sec, it is
preferred that flow velocities be at least about 300 cm/sec, and

This Sheet Has Been Replaced
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produce desired results. The results discussed below wth r

espect _to Figs
3a, 3b and 3c are particular to the furnace in which the Sﬁ§;§§§g | dieET
t e

PR

IS to 3 .
deposited. To obtain optically transmtting CVD deposited g "nﬂ)ﬂ“ﬂu.--m

and may vary fromfurnace to furnace and also the confi gur}
mandrel” or substrate on which Si C of desired configurationfi

deposition chanber tenperature of between about 1400 and about [err]

pref erably between about 1400 and about [err] is enployed.”??‘

HIS SHEET HAS BEEN
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more preferably at least about 1000 cm/sec.

is the gas velocity at the deposition surface, is a function not

only of the flow rate of qaées into the furnace, but of the furnace

design and orientation of the depcsition surface(s) within the
deposition chamber of the furnace. '

HCl is a reaction product of the deposition of SiC using MTS
and H, as the reaction gases.

to the gas stream that is introduced into the reaction chamber

further improves the optical trdnsmission of the CVD-B-sic which is
To have a significant effect on transmission of the sic,

produced.

the HC1/MTS molar ratioc is generally at least about 0.2.

The invention will now be described in greater detail by way

of specific examples in the experiments described below.

Example 1

Several depositions of SiC were performed in a CVD réactor to

fabricate CVD-SiC with improved transmission. In.these

depositions, the CVD process conditions and the deposition set-up

were varied to optimize the vis-IR transmission of CVD-SiC. The
process conditions used were:

furnace -pressure: 3-200 torrj flow rates - MTS: 0.1-2.8 slipn

(standard liters per minute), H,: 0.5~5.8 sipm. H,/MTS molar
‘ratio: 4-30, and average flow velocity = 14-1260 cm/sec.

The CVD-SiC was characterized for vis-IR transmission. The
Ssic transmission was determined to be dependent upon MTS purity,
CVD process conditions and CVD deposition geometry. The
commercially available MTS of 99% purity contains metallic
impurities which end up in the CVD-SiC and degrade its near-IR '
transmission. Distillation of MTS in a narrow temperature range
.around its boiling point has resulted in fabricating sic which
exhibits good transmission in the infrared region.

Taﬁle 1 below shows the attenuation coefficient values for
CVD-Sic at 0.6328 um and 3 um as a function of furnace pressure.

This Sheet Has Been RTlaced

Sweep velocity, which

It is found that adding gaseous HCl

substrate temperature: 1400-1470°C,



The deposition chanber pressure is about 50 torr or |ower,
10 torr or lower and nost preferably about 5 torr or lo

I
is fromabout 4 to about 30, preferably fromabout 10 t Qﬁ?

deposition rate is about 1 micron per mnute or less; it} is b i}egﬁ'&;'_._mt
this very |low deposition rate is critical to obtain [er D%F Hoyood

transmttance. The rate at which the deposition surface

react ant gases al so appears to affect the optical transm FﬁHC% gﬂig BEEN
’ i

It is seen that as the pressure decreases from 200 torr to 10 torr,
both visible and infrared attenuation coefficients decrease,
transmittance in both visible and infrared regions increase.
Although Run #£11 (furnacé-pressure = 3 torr), material showed an
increase in attenuation coefficient in comparison to Run- #£7

(furnace pressure = 10 torr), this increase may be due to the
deposition set-up which was changed.

i.e.,

The effects of varying other CVD process parameters on
transmission were less clear. Qptimum results were obtained for
the following process conditions. Substrate temperature: 1425°C,
Furnace pressure: 10 torr, Flbw rate: MTS = 0.19 slpm, H, = 2.8
slpm, Ar = 1.0 slpm, H,/MTS molar ratio = 15 and average flow
vélocity‘= 365 cm/sec. )

' Three deposition set-ups were tried in an effort to maximize .
the transmission of CVD-sicC.

These set;ups are shown in Figure 3a,’
3b and 3c.

. All these set-ups yielded CVD-§-SiC with improved .
transmission at different parts of the deposition region. Two set-
ups (Figs. 3a,b) used four rectangular mandrel plates, 3.5 in.-wide
X 12 in.~-iong, arringed in the form of an open square box. '

The deposition set-up of Figure 3a consisted of a mandrel box
100 at the end of which was placed a graphite baffle 102. In this
case, porous material was deposited on the mandrel while dense and
good quality f-SiC was obtained on the baffle. It is believed that
the porous material was deposited because (i) the reagents were
*cold," i.e., there-was considerable temperature difference betwéen
the mandrel and the gaseous reagents and (ii) the reagent sweep
speed on the mandrel walls was small. This explanation is
consistent with the observation that the material on the upper half
of the mandrel was more porous than on the lower half.

In Figure 3b two baffles were used, one 104 before and the
other 106 after the mandrel box. The function of the first baffle
104'15 to preheat the reagents'and direct the gas close to the
nandrel walls to increase'reagentS'sweep speed along the mandrel

This Sheet Has Been. Replaced .




dep05|ted SiC. Although optically transmtting Si C has been produced W th

average flow velocities of about 10 cnisec, it is preferrg ~Hat—+ow

vel ocities be at |east about 300 cnl sec, and -7- nor d| PERLACEMENT SHEET
| east about 1000 cnfsec. Sweep velocity, whi ch

-----------------------------
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box 108. This deposition set-up produced CVD f-SiC with good vis-
IR transmission. The "best" material was produced on the upper

half of the the mandrel box. The deposited material on other areas
had better transmission than that produced at other CVD conditions.

In the deposition set-up of Figure 3c, the two walls of the

mandrel box 110 were tapered. The cross-section of the mandrel box

was a square 3.5 in. x 3.5 in. on the top end and a rectangle 3.5
in. x 1.05 in. at the bottom end. The aim of using this tapered
box was to continuously reduce the cross-section and thus increase
the flaw velocity to study 'its effect on the quality of the
material. This set-up also employed a baffle 112 before and a
baffle 114 after the mandrel box. Although this configuration also.
produced good optical quality cVD-sicC, considerable stress in the

material was observed and the deposited material exhibited
substantial bowing.

?able 1

Attenuation Coefficient of CVvD-8SiC as
Function -of Furnace Pressure

Atterwation Avg
Run Furnace Farnace Pressure . Coefficient (cm*) Veloct
Ko, Set-Up (Yore) a8 0.6328 3 3..- ty
’ ca/sec
2 3a 200 .30 &0 &9
3 3b 200 &4 r3 21
s B .. 0 19 2 9t
5 3 20 % % | 272-
761
? 3 . 10 7.3 3.5 345
1" 3b ' 3 - 7.6 1260

T /N




Is the gas velocity at the deposition surface, is a functf"ﬁ Oy
the'flow rate of gases into the furnace, but of the furna EE BMENT SHEET
orientation of the deposition surface(s) within the deposi

: _ _ ) cgiaﬁh@EJvﬁggs
the furnace. HC is a reaction product of the deposition usi-ag- il
and [err] as the reaction gases. It is found that adding gaseous

the gas'streamthat is introduced into the reaction chanbe Hf-hay
i nproves the optical transm ssion of the [err] which is 1 TH
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Example 2

‘Addition of HCl to the reaction mixture is found to suppress
formation of Si-rich SiC. The CVD process conditions were:
substrate temperature = 1413+-1423°C, I-‘u_rnace pressure: 3-7 torr,
flow rates - H,: 2.8 slpm, MTS: 0.19 slpm, Ar: 1.0 slpm, HCl:
0.15-6.0 slpm, H,/MTS molar ratio: 1S5, HCl/H, molar ratio = 0.054
- 0.21 and an average flow velocity: 540-1260 cms’'. The
deposition set-up used was the two-baffle configuration of Figure
3b. Table 2 below lists the attenuation coefficient values that
were obtained when HCl was added to the reagent mixture. A
comparison of attenuation coefficient for Run #10 and #11 (Table 1)
clearly shows improved optical transmission values when HCl is
added. Further, similar to Example 1, the vis-IR transmittance of
CVD-SiC increased as the furnace pressure decreased. “

Table 2

Attenuation Coefficient of CVD-§SiC when HCl
is Added to the Reaction Mixture

: ) : . Average
Run | Furnace | Furnace Attenuation Velocity
No. Setup | Pressure | Coefficient (cm) . cm/sec

: ) (Torr)
@ 0.6328 pm € 3um
9 3b 7. 7.4 - 2.8 540
10 | 3 3 6.9 2.1 1260

Figure 2 shows a comparison of transmission of B-sic with that of
commercially available a-SiC single crystal sample. Both samples
are 0.012-inch thick. It is seen that CvD-f siC performs
considerably better than single crystal a-SiC in the near-IR region
wh}le the. latter material performs better in the visible region.
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produced. To have a significant effect on transm ssion of the SiC, the ]
[err] nolar ratio is generally at |east about 0.2. The inverti-6Fr] T ”8¥" |
be ‘described in greater detail by way of specific exanpl eBEPKAGHMENT SHE
expefiments described bel ow Exanple 1 Several depositigns of (?lg'mrgg
performed in a CVD reactor to fabricate CVD-SiC with i » £ R
In these depositions, the CVD process conditions and th TtTon set-up

o pmometumetepens
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Figure 4 shows infrared transmission of CVD-SiC when HCl is
added to the reaction mixture (Run 1105. The thickness of the
sample was about 0.022-inch. 60% transmission is seen in the .near
IR region which corresponds to an attenuation coefficient of
2.1 cm” at 3 gm. This is believed to be the lowest value of
specular attenuation coégficient that has ever been achieved for
polycrystalliﬁe CVD-fSiC free-standing sample. This material was
also characterized for hardness ‘and fracture toughness and yielded
values of Vickers hardness (Kg mm'2) = 2700 #58.8 with 1 Kg load
and fracture toughness (MN m ‘%) = 2.23 +0.043. These values are
typical of CVD-SicC. . Thus, an improvement in optical properties ha

been obtained without degrading other properties such as hardness
and fracture toughness.

\
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were varied to optim ze the vis-1R transm ssion of CVD Si
conditions used were: substrate tenperature: [err] fur
3-200 torr, flowrates - MIS: 0.1-2.8 slpm (standard |it
[err] 0.5-5.8 slpm [err] nolar ratio: 4-30, and average f|0m1xf§
14- 1260 cmi sec. The OVD- Si-C-was—characteri zed for vis- i RjjtPans
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CLAIMS

1. Free-standing chemical vapor deposited B-SiC
having an attenunation coefficient at .6328 um of 20 cm’or
less.

2. SiC according to claim 1 having an attenuation
coefficient at .6328 um of 10 cm’! oxr less, preferably
8 cm! or less.

3. Free-standing chemical vapor deposited p-SiC

having an attenuation coefficient at 3 um of 20 cm! or
less. '

4. sic éccording to claim 3 having an attenuation
coefficient at 3 um of 10 cm!or less, preferably 8 cm™! or
less and more preferably 5 cm™ or less.

S. A method of producing optically tramsmitting
free~standing B-SiC in a chemical vapor deposition .
apparatus (10) having a deposition’ chamber (12) with a
surface therein for deposition of SiC, by ihtroducing
methyltrichlorosilane and H, gas into said reaction chamber
under conditions which pyrolytically deposit silicon
carbide on said surface, chdracterised'in that said
conditions comprise a deposition chamber temperature of
between 1400°C and 1500°C, a deposition chamber pressure of
6.67xPa (50 torr) or less, a H,/methyltrichlorosilane molar
ratio of between 4:1 and 30:1 and a deposition rate of
1 ym-per minute or less.

6. A method according to claim S wherein said
pressure is 1.33kPa (10 torr) or less, preferably 667Pa
(5 torr) or less.

This Sheet Has Been Reﬂlaced

L




comercially available MI'S of 99% purity contains metallic inpurities which
end up in the CVD-Si C and degrade its near-1R transm ssian. Distillation of

MIS in a narrow tenperature_range around its boiling po
fabricating Si C which exhi mﬁ%on in th wﬁkJrT?\WWgSHEET
Tabl e, 1 bel ow shows the attf n coe t val ues.
0.6328 [err] and 3 [err] Mm ﬁl”//}/”/ ”Jrnace presdhrg, O+ Vbl WD

THIS SHEET HAS BEE
REPLACED
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7. A method according to claim 5 or claim 6
wherein said temperature is between 1400°C and 1450°C..

8. A method according to .any one of claims 5 to 7
wherein said H,/methyltrichlorosilane ratio is between 10:1
and 20:1.

9. A method according to any one of claims 5 to 8
wherein HCl is supplied to said deposition chamber at a
HCl/methyltrichlorosilane molar ratioc of at least 0.2:1.

10. Free-~standing chemiéal vapor'deposited B-sic
having an electrical resistivity of 500 ohm-cm or above,
preferably 1000 ohm-cm or above and more preferably 10,000
ohm-cm or above. .

.

"



-8- "It is seen that as the pressure decreases from 200 torr
both visible and infrared attenuation coefficients decrea QQE#L/&:EMENT ET
transmttance in both visible and infrared regions increage. Alkh E&&B
#11 (furnace pressure = 3 torr), material showed an incre sﬂaté.n..a
coeffjcient in conparison to Run 7 '

THIS SHEET HAS BEEN
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ABSTRACT
CHEMICAL VAPOR DEPOSITION-PRODUCED SILICON CARBIDE

HAVING IMPROVED PROPERTIES

f-silicon carbide which is optically transmitting
in the visible and infrared regions is produced by chemical
vapdr deposition. Deposition conditions are temperatures
- within a 1400-1500°C range, preséure 6.7kPa or less,
H,/methyltrichlorosilane molar ratios of 4:-30: 1 and a
deposition rate of 1 um or less. '

(Figure 1)

/
eet Has Been R laced

\\ll\l\\ MO



(furnace pressure = 10 torr), this increase nmay be due tq,.t e liii!l_

set-up which was changed. The effects of varying other —
paraneters. on transm ssion were less clear. Optinumresu
for the follow ng process conditions. Substrate tenperat
pressure: 10 torr, Flowrate: MIS = 0.19 slpm Hz = 2.8
slpm’ [err] nolar ratio = 15 and ‘average flow velocity = 365 cni sec.

174 THIS SHEET HAS BEEN
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Three deposition set-ups were tried in an effort to maxi mze the
transmi ssion of CVD-SiC. These set-ups are shown in Figurpe=3a— 3h-and 3c
Al these set-ups yielded [err] with inproved transm ssi QrRERLADEMENESHEET
parts of the deposition region. Two set- ups (Figs. 3ab) usedd ugpcCT !
rectangul ar nandrel plates, 3.5 in.-wide x 12 in.-long, Rrbang&d.in.the
f orm of- an open square box. The deposition set-up of Fig

a mandrel box 100 at the end of which was placed a graphjfFe=Fae= o=+
this . THIS SHEET HAS BEEN
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——_c_a—seT por ous mat eri al was deposited on the mandrel whi e

i b

quality [err] was obtained on the baffle. It is believg
mat eri al was deposited because (i) the reagents were " :
was consi derabl e tenperature difference between the na Lahd.the. gdsegus
reagents and (ii) the reagent sweep speed on the mandre SR |

This explanation is consistent wwth the observation tha '

t e upper half of the mandrel was nore porous than on t e%ﬁgvgﬂeghak,&SBEEN
REPLACED
3/4 '
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Schemoiics ofdeposition set-ups used 10 fob
improved transmissionB-SuC.




In Figure 3b two baffles were used, one 104 before and the other 106 after
the mandrel box. The function of the first baffle 104 is '

reagents and direct the gas close to the mandrel walls tofi IACFMENTBSHBET |
sweep speed al ong the mandrel - O-
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box -108. This deposition set-up produced CVD [err]-SiC with good \ﬂ'gmﬁ)ﬁop—ﬂ
transm ssion. The "best" material was produced on the upper half of the the
mandrel box. The deposited material on other areas had be L L S SISSHO

t han that produced at other CVD conditions. In the deposi{l IRBPLACEMENTSHEET
Figure 3c, the two walls of the mandrel box 110 were tape

ed. The ‘%97
cross-section of the mandrel box was a square 3.5 in. X 3y Dater.10. E@e 0.

e —— RSS-S0

end and a rectangle 3.5 in. x 1.05 in. at the bottom end. =
this tapered

W . T B e " A . SO O O 7=
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CHEMICAL VAPOR DEPOSITION-PRODUCED SILICON CARBIDE
HAVING IMPROVED PROPERTIES

The present invdntion is directed to silicon carbide produced
" by chemical wvapor deposition processes having improved optical
properties, including'imprpved aptical transnission, purity, and

electrical resigtivity, and to a deposition process for producing
such silicon carbide. '

Background of the Invention

While mingle crystal a-8iC exhibits some dagree of optical
transnission, polycrystalline 8-6iC is substantially cpaque. It
would be desirable to provide 8-Sic which optically transmits,
particularly in the vigible and infrared range. Optically.
transnitting §iC would have applications for lenses and-dones,
light detection and ranging (LIDAR] miriors, solar collectors and
concentrators, cathode covers (in the resctive ion etching
systems), and astronomical mirrors. Single crystal a-SiC is
unsuitable for such bulk applications due to its size limitation;
thus, it would be desirable to produce apﬁica:.l_ly tranemitting g-sic
vhich can be produced in bulk,

Known. bulk silicon carbide is almost invarisbly cpaque,
absorbing and scattering. light in the visible and infrared regions
of the spectrum. NMethods of producing bulk siC include sintering
and hot pressing, slip casting and reaction honding. These methods
are unlikely candidates for producing optically. transmitting Sic ae
they suffer from one or more of the following dravbacks: 1) 'they
produée & multi-phase material, e.g., include a Si phase, 2) the
pnaterial is not theoretically dense, and/or 3) the material is not
of high purity and may contain metallic impurities that degrade
optical transmission. .

A better candidate for producing optically transmitting sic,
either frea-standing bulk §iC or thin films on a substrate surface,



box was to continuously reduce the cross-section and t}
velocity to study its effect on the quality of the mat

al sozenpl oyed a baffle 112 before and a baffle 114 aft
Al t hough this configuration also produced good opti cal
considerable stress in the material was observed and t

rREFLACEMENTSSHEED
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exhi bited substantial bow ng. Table 1

is siC produced by chemical vzpor deposition (CVD). However, most
of the B8iC previously produced by CVD ig opaque, exhibiting
considerable scattering and absorption in the visible and infrared.
Applicants are aware of efforts by the U.S. Air Force and General
Electric to improve the infrared transmission of SiC by improving
process parameters, such as substrate temperature, flow rates,
furnace pressure stc. These efforts met with limited success.
Although SiC transmitted in the 2-5 um (infrared spectrum range),
the material exhibited consicderable scattering which made it
unsuitable for use in imaging applications.

It is a general cbject of the prssent invention toc produce 8-
S$iC in bulk or thin film form having improved optical transmission.
Other objects includg'providinq CVD=-54C having heretofore
unachieved purityz—pad electrical resistivity.

N

Summary of the Invention
‘Bulk, tree-st;andiné, silicon carbide, fabricated by chemical
vapor deposition (CVD), is optically transmitting in the visible
and infrared range. Specific deposition parameters are required tc
" produce the optically transmitting sizicon.carbidc. This silicon

carbide ig highly purs, theoretically dense and has electrical
resistivity in excesz of 8iC’s previously known.

Brief Description of the Drawings
Fig. 1 ix a schematic of CVD apparatus used to fabricate
optically transmitting s-sic.

rig. 2 is a graph comparing the tranemission of CVD-B~SiC wit:
the transmission of a-SiC. - _ '

Fige 3a, 3b and 3¢ illustrate differdnt baffle/mandrel
arrangenents used within the deposition chamber of a furnace for
the fabrication of CVD-8-§iC.



Attenuation Coefficient of [err] as Function of Furnace Pre
-10- Exanple 2
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Fig. 4 is a transmission spectrum of a highly optically
transmitting CVD-B8-SicC.

etajled Description of Certaij eferred bodiments

. Herein, unless otherwise noted, optical properties of silicon
carbide produced in accordance with the present invention are
defined in terms of Attenuation Coefficients (cmq) at 0.6328 um
(visible-laser measured) and 3 um (infréred-spectrophotometer
measured). Attenuation coefficient is intended herein to incluﬁe
all optical losses, including both scattering and absorption.

Attenuation coefficient is calculated as follows. If T, R, x are

the transmittance, reflectance and material thickness, then the
attenuation coefficient, B8 is calculated from the following
equation
- .ze -
T = 2
1-R" exp(~=28x)
The reflectance is calculated from the refractive index {n).
. .
n=1)_

(n+1)?

R =

The refractive index (n) is assumed to be 2.635 at 0.6328 um and
2.555 at 3 um.

Unless otherwise stated, properties of SiC produced in
accordance with the invention are room tenperature values, i.e.,
‘measured at 20-28¢C (293-3@1'K§. Although it is believed that
thérnal conductivity measurements are generally independent of the
measuring technique, thermal conductivity Vvalues reported herein
are those measured by flash-lamp techniques. Deposition chamber
temperatures .are measured by thermal probes within the deposition
chamber placed closely ‘adjacent the deposition site, e.qg., a
mandrel on which bulk free~standing SiC is to be deposited or a
surface on which a £ilm of SiC is to be deposited. Although the
deposition site temperature may not be exactly that of the probe-



Addi.tion of HC to the reaction mxture is found to suppress formation of

Si-rich Sic. The CVD process conditions were: substrate t =1

Furnace pressure: 3-7 torr, flowrates - [err] 2.8 slpm BEPLHCEMEgT
[err] gg
Da{ee;. ........ PINERS

Ar:- 1.0 slpm [err] 0.15-6.0 slpm [err] nolar ratio: 15,
ratio = 0.054 - 0.21 and an average flow velocity: 540-1
deposition set-up used was the two-baffle configuration of
2 below lists the attenuation coefficient values that

measured location, experience has found that probes closely
adjacent, but differently located relative to a deposition site are
almost always within 10°C of each other and generally within 5°C of
each other. Thus, the deposition site is presumed to be within S-
10°C of the probed deposition chamber temperature.

The Sic to which the invention pertains is bulk or free-
standing, i.e., capable of being self-supported. This is to be
distingquished from thin SiCc films which are deposited upon a
surface with the intent that the SiC remain permanently bonded
thereto. To be free-standing, the SiC must generally be deposited
to a thickness of upward of about 0.1 mm. '

Silicon carbide produced in accordance with the present
invention has an attenuation coefficient at .6328 um of about 20
cn! or less, preferably about 10 or less, and.more preferably
about 8 or less. The silicon carbide has an attenuation
coefficient at 3 gm of about 20 en’t or less, prefer;ﬁly about 10
or less, more preferably about 8 or less and most preferably about
S or less. It is believed that silicon carbide produced in
'accordance with the present invention is ﬁcre opticilly
transmitting at .6328 and 3 gm than any polycrystalline silicon
carbide of the prior art. The silicon carbide in accordance with
the invention is stoichiometric (1:1 si:C ratio), 100% theoretical
dense, and highly pure, i.e., about S.ppm metallic impurities or
less and preferably about 3.5 ppm metallic impurities or less. It
is found that the higher is-the purity, the greater is the optical
transmittance of the sic produced.[Zélso high purity is very .
important for semiconductor furniture manufactured of cvn-sic.
High purity is achieved using high purity reaction materials,”
particularly 0,~free H, and contamination free grahite deposition
set up. It has been demonstrated that distilling MTS from its as-
purchased condition results in more opticaily transmitting CVD-
deposited Ssic. ’

Another feature of the SiC of the present invention is its



wer e obtai ned when HO was added to the reagent m xture. A conparison of

attenuation coefficient for Run #10 and #11 (Table 1) clparty=sHow
i nproved optical transm ssion values when HO is added. EmthAGEM§NM$H§Eﬁ.
Exanple 1, the vis-IR transmttance of CVD-Si C increasedjas the f

pressure decreased. Table 2 Attenuation Coefficient of [lemajevh ?ﬁ&aﬁl
Added to the Reaction M xture

very high bulk resistivity. Resistivity is an important attribute
of material for electronic packaging. The upper. limit of most non-
doped SiC to date is about 100 ohm-cm, and CVD-SiC is not believed
to have been consistently produced having resistivity of more than
100 ohm~cm. The resistivity of CVD-SiC according to the present
invention has reached 4.53x10° ohm-cm. When SiC of such high
electrical resistance is achievable, values lower than this value,
yet still above that known in the prior art, is achievable, by
introduction of impurities, e.g., through doping. Accordingly,
novel CVD SiC is produced in accordance with the present invention
having resistivity of 500 ohm-cm or greater, preferably 1000 chm-cm
or greater, and more preferably 10,000 ohm-cm or greater.
Furthermore, the SiC produced in accordance with the invention is
of the n-type, whereas most CVD-SiC is of the p-type. n-~type is
preferred as its resistivity tends to be constant over a broader
temperature range.

Illustrated in Fig. 1 is ‘an apparatus useful for fabricating
CVD-B8~SiC. Deposition is carried out within a furnace 10. A
stainless steel wall provides a ¢éylindrical deposition chamber 12.
Heating is provided by a graphite heating element 14 which is
connected to an external power supply by an electrode 16. Graphite
depositién,mandrels are arrariged within a graphite isolation tube
20 and gas is introduced by wmeans of an injector 22 through the
upper end of the isolation tube so that the reaction gases sweep
along the mandrels 18. One or more baffle(s) 24 is used to control
the aerodynamics of gas flow through the furnace.

~ The line 26 which supplies the injector is fed by an argon
cylinder 28, a hydrogen cylinder 30, and a MTS bubbler 32. The
argon is fed by lines 34 and 36 both directly to inlet line 26 and
through the bubbler 32. The hydrogen cylinder is connected by a
line 38 to the inlet line 26. Argon flow through lines 32 and 36
and hydrogen flow through line 38 are controlled by mass flow
controllers 40, 42 and 44. The MTS cylinder 32 is maintained at a



[err] Figure 2 shows a conparison of transm ssion of [err] with

comrercially available [err] single crystal sanple. Bothk=S@am Bl SHEET
0.012-inch thick. It is seen that [err] Sic perforns co g@v R SHEE
Lt g e

thah single crystal [err] in the near-IR region while t
perfornms better in the visible region.

constant temperature by a constant temperature bath 46. A pressure
gauge 48 is connected to a feed back loop which controls the gas
pressure of the bubbler 32.

An outlet line 50 is connected to a bottom outlet port_ Si.
Pressure within the deposition chamber 12 is controlled by a vacuum
pump 52 which pulls gases through the chamber and a furnace
pressure control valve 54 operably connected to the vacuum pump.
The temperature and pressure within the deposition chamber 12 are
measured by a thermal probe 58 and a pressure indicator S6.

Exhaust gases afe-passed through a filter 60 to remover particulate
material upstream of the pressure control valve and through a
scrubber 62 downstream of the vacuum pump to remove HCl.

As discussed below in the examples, particularly with respect
to Figs. 3a, 3b and 3¢, the arrangement of baffles mﬁy be varied to
produce desired results. The results discussed below with respect
to Figs 3a, 3b and 3¢ are particular to the furnace in which the
sic was deposited and may vary from furnace to furnace and alsoc the
configuration of the~mandrel or substrate on which SicC of. desired
configuration is to be depcsited.

To obtain optically transmitting CVD-deposited B8-8iC, a
deposition chamber temperature of between about 1400 and about
1500°C, preferably between about 1400 and about 1450°C is enployed.
The deposition chamber pressure is about 50 torr or lower,
preferably about 10 torr or lower and most preferably about S5 torr
or lower. The Hz/u'rs ratio is from about 4 to about 30, prefera.bly
from-about 10 to about 20. The deposition rate is about 1 micron
per minute or less; it is believed that this very low deposition
rate is critical to obtain 8-5iC with good optical transmittance.
The rate at which the deposition surface is swept by the reactant
gases also apéeats to affect the optical transmittance of the
deposited Si¢. Although optically transmittinq'sic'has heen
produced with average flow velocities of about 10 cm/sec, it is
preferred that flow velocities be at least about 300 cm/sec, and



-11- Figure 4 shows infrared transm ssion of CVD-Si C when HC is added to

the reaction mxture (Run #10). The thickness of the samye==#as abol

0. 022-inch. 60%transm ssion is seen in the.near IR regi nﬂﬁﬂ¥%ﬁgMEN*SHEET

corresponds to an attenuation coefficient of 2.1 cmat 3i|ferr]. th EBi 997
believed to be the | owest val ue of specular attenuation §$F|C|eﬂt thar """

has ever been achi eved for

more preferably at least about 1000 cm/sec. Sweep velocity, which
is the gas velocity at the deposition surface, is a function not
only of the flow rate of gases into the furnace, but of the furnace
design and orientation of the deposition surface(s) within the
deposition chamber of the furnace.

HCl is a reaction product of the deposition of SiC using MTS
and H, as the reaction gases. It is found that adding gaseous HCl
to the gas stream that is introduced into the reaction chamber
further improves the optical transmission of the CVvD-g8-SiC which is
produced. To have a significant effect on transmission of the sic,
the HC1/MTS molar ratio is generally at least about 0.2.

The invention will now be described in greater detail by way
of specific examples in the experiments described below.

. Example 1 :

Several depositions of SiC were performed in a CVD réactor to
fabricate CVD-SiC with improved transmission. In.these
depositions, the CVD process conditions and the deposition set-up
were varied to optimize the vis~IR transmission of CVD-SiC. The
process conditions used were: -substrate temperature: 1400-1470°C,
furnace pressure: 3~200 torr, flow rates - MTS: 0.1-2.8 slpm
(standard liters per mipute), Hy: 0.5-5.8 slpm. H,/MTS molar
ratio: 4-30, and average flow velocity = 14~1260 cm/sec.

The CVD-SiC was characterized for vis-IR transmission. The
Sic transmission was determined to be dependent upon MTS purity,
CVD process conditions and CVD deposition geometry. The
commercially available MTS of 99% purity contains metallic
impurities which end up in the CVD-SiC and degrade its near-IR
transnission. Distillation of MTS in a narrow temperature range
.around its boiling point has resulted in fabtip§ting sic which
exhibits good transmission in the infrared reqion;

Table 1 below shows the attenuation coefficient values for
CVD-SiC at 0.6328 pm and 3 um as a function of furnace pressure.



polycrystalline [err] free-standi ng sanple. This material was al so

characterized for hardness and fracture toughness and vyi el ded_val ues_of

Vi ckers hardness_( Kg [err] ) = 2700 +58.8 with 1 Kg | oad iqi'%l% WIENT SHEET
toughness [err] = 2.23 0.043. These values are typical ofi I'C. Thus,

an inprovenent in optical properties ha been obtained with eyrp® 1991
ot her properties such as hardness and fracture toughness. lLBatéi__ll.P_ Eh

It is seen that as the pressure decreases from 200 torr to 10 torr,
both visible and infrared attenuation coefficients decrease, i.e.,
transmittance in both visible and infrared regions increase.
Although Run #11 (furnace pressure = 3 torr), material showed an
increase in attenuation coefficient in comparison to Run:#7
(furnace pressure = 10 torr), this increase may be due to the
deposition set-up which was changed.

The effects of v;rying other CVD process parameters on
transmission were less clear. Qptimum results were obtained for
the following process conditions. Substrate temperature: 1425°cC,
Furnace pressure: 10 torr, Flbw rate: MTS = 0.19 slpm, H, = 2.8
slpm, Ar = 1.0 slpm, H,/MTS molar ratio = I5 and average flow
vélocity‘= 365 cm/sec. )

' Three deposition set-ups were tried in an effort to maximize

the transmission of CVD-SiC. These set;ups are shown in Figure 3a,’

3b and 3c. . 2all tﬁésg set-ups yielded CVD-f-SiC with improved ]
transmission at different parts of the deposition region. Two set-
ups (Figs. 3a,b) used four rectangqular mandrel plates, 3.5 in.-wide
X 12 in.-long, arrﬁnqed in the form of an open square box.

The deposition set-up of Figure 3a consisted of a mandrel box
100 at the end of which was placed a graphite baffle 102. In this
case, porous material was deposited on the mandrel while dense and
good quality f-SiC was obtained on the baffle. It is believed that
the porous material was deposited because (i) the reagents were
®cold,” i.e., there-was considerable temperature difference betwéen
the mandrel and the gaseous reagents and (ii) the reagent sweep
speed on the mandrel walls was small. This explanation is
consistent with the observation that the material on the upper half
of the mandrel was more porous than on the lower half.

In Figure 3b two baffles were used, ene. 104 before and the
other 106 after the mandrel box. The function of the first baffle
104 is to preheat the reagents and direct the gas close to the
mandrel walls to increase'reagents sweep speed along the mandrel



-12-. CLAI M5 1. Free-standing chem cal vapor deposited [err] having an
attenuation coefficient at .6328 [err] of 20 [err] or less. 2. S C

according to claim1 having an attenuation - —
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box 108. This deposition set-up produced CVD f-§iC with good vis-
IR transmission. The "best" material was produced on the upper

half of the the mandrel box. The deposited material on other areas

had better transmission than that produced at other CVD conditions.

In the deposition set-up of Figure 3¢, the two walls of the
mandrel box 110 were tapered. The cross-section of the mandrel box
was a équare 3.5 in. x 3.5 in. on the top end and a rectangle 3.5
in. x 1.05 in. at the bottom end. The aim of using this tapered
box was to continuously reduce the cross-section and thus increase
the flaw velocity to study 'its effect on the quality of the
material. This set-up also employed a baffle 112 before and a
baffle 114 after the mandrel box.~ Although this configuration also
produced good optical quality CVD-SiC, considerable stress in the

material was observed and the deposited material exhibited
substantial bowinq.

Table 1

Attenuation Coefficient of CVD-#SiC as
Function -of Furnace Pressure

. Attersation Avg
fun Furnace farnace Pressure . Coefficient (ca®) Velocl
o, Set-Up (Yore) 20.6328 n 83 ty
. 3a - 200 .30 [ 49
3b 200 64 26 pAl
3 3 0 19 2 w7
5 e - 20 16 “ 272-
761
7 3b . ] R A 3.5 385
1 3b 3 - 7.6 1260




coefficient -at .6328 [err] of 10 [err] or less, preferably 8 [err] or |ess.
3. Free-standi ng chem cal vapor deposited [err] havi ng af—at: et
coefficient at 3 [err] of 20 [err] or less. 4. Si C accojf HErgACEMENT SHEET
having an attenuation coefficient at 3 [err] of 10 [err] |pr |ess,

preferably 8 [err] or less and nore preferably 5 [err] orf Ibess.1.1.FEB.1997. .
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ample

Addition of HCl to the reaction mixture is found to suppress
formation of Si-rich SiC. The CVD process conditions were:
substrate temperature = 1413-1423°C, Furnace pressure: 3-7 torr,
flow rates - H,: 2.8 slpm, MTS: 0.19 sipm, Ar: 1.0 slpm, HCl:
0.15-6.0 slpm, H,/MTS molar ratio: 1S5, HC1/H, molar ratioc = 0.054
- 0.21 and an average flow velocity: 540-1260 cms'. The
deposition set-up used was the two-baffle configuration of Figure
3b. Table 2 below lists the attenuation coefficient values that
were obtained when HCl was added to the reagent mixture. A
comparison of attenuation coefficient for Run £10 and #11 (Table 1)
clearly shows improved optical transmission values when HCl is
added. Further, similar to Example 1, the vis~IR transmittance of
CVD-SiC increased as tlie furnace pressure decreased.

Table 2

Attenuation Coefficient of CVD-8SiC when HCL
is Added to the Reaction Mixture

. 1. . Average
Run | Furnace | Furnace Attenuation ' Velocity
No. Setup | Pressure | Coefficient (cm) - cm/sec
- ’ (Torr)
€ 0.6328 um @& 3um
9 b 7 7.4 - . 2.8 540
- 10 3b 3 6.9 2.1 | 1260

Figure 2 shows a comparison of transmission of f-sic with that of
commercially available a-SiC single crystal sample. Both samples
are 0.012-inch thick. It is seen thdat CVD-8 SiC performs
considerably better than single crystal a-SiC in the near-IR region
while the latter material performs better in the visible region.



5. - A method of producing optically transmtting free-standing [err] in a
chem cal vapor deposition apparatus (10) having a depositijenchanrber=

.wWth a surface therein for deposition of SiC, by introduci ESEPLACEMENTSHEET
met iyl tri chlorosilane and [err] gas into said reaction ch

er u n
condi ti ons which pyrolytically deposit silicon carbide on |[sRat sﬂgf&fgw
characterised in that said conditions conprise-a depositi ] B .
t enper at ure of

-11-

Figure 4 shows infrared transmission of CVD-SiC when HCl is
added to the reaction mixture (Run flos. The thickness of the
sample was about 0.022-inch. 60% transmission is seen in the .near
IR region which corresponds to an attenuation coefficient of
2.1 cm’' at 3 gm. This is belijeved to be the lowest value of
specular attenuation coefficient that has ever been achieved for
polycrystalline CVD-ﬁsic.free-standinq sample. This material was
also characterized for hardness and fracture toughness and yielded
values of Vickers hardness (Kg mmq) = 2700 +58.8 with 1 Kg load
and fracture toughness (MN mdn) = 2.23 %#0.043. These values are
typical of CVD-SiC. Thus, an improvement in optical properties ha
been obtained without degrading other properties such as hardness
and fracture toughness.



between [err] and [err] a deposition chanber pressure of 6.67kPa (50 torr)
or less, a [err]/nmethyltrichlorosilane nolar ratio of betm&eﬂ.4 L-and. 301
and..a dep05|t|on rate of 1 [err] per mnute or |ess. 6. ﬁs;_pEA(t@qENT&,HtET
according to claimb5 wherein-sai-d—pressure is 1.33kPa (1T( torr) 0{#

preferably 667Pa (5 torr) O”!"iljml!_“"ﬂ""sluI!Il |
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CLAIMS

1. Free-standing chemical vapor deposi'te'd. B-SicC
having an attenuation coefficient at .6328 um of 20 cm’! or
less.

2. SiC according to claim 1 having an attenuation
coefficient at .6328 um of 10 cm! or less, preferably
8 cm! or less.

3. Free-standing chemical vapor deposited f-SiC
having an attenuation coefficient at 3 um of 20 cm! or
less.

4. sic éccording to claim 3 having an attenuation
coefficient at 3 um of 10 cm™ or less, preferably 8 cm! or
less and more preferably S cm! or less.

5. A method of producing optically transmitting
free-standing f$-SiC in a chemical vapor deposition '
apparatus (10) having a deposition’chamber (12) with a
surface therein for deposition of SiC, by intrbducing
methyltrichlorosilane and H, gas into said reaction chamber
under conditions which pyrolytically deposit silicon
carbide on said surface, characterised in that said
conditions comprise a deposition chamber temperature of
between 1400°C and 1500°C, a deposition chamber pressure of
6.67kPa (S0 torr) or less, a H,/methyltrichlorosilane molar
ratio of between 4:1 and 30:1 and a deposition rate of
1l ym per minute or less.

6. A method according to claim 5 wherein said
pressure is 1.33kPa (10 torr) or less, preferably 667Pa
(5 torr) or less.



7 wherein said [err]/methyltrichleresitanme Tario is bety

A O ouo 1.1 FER9GT..
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_ 7. A nethod according to claim5 or claim6 wherein said tenperature
I's between [err] and [err] 8. A nethod according to any gne..of clalns. 5 to

B CRpLRCEMERYT SHRET
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1. A method according to claim S or claim 6
wherein said temperature is between 1400°C and 1450°C.

8. A method according to -any one of claims 5 to 7
wherein said H,/methyltrichlorosilane ratio is between 10:1
and 20:1.

9. A method according to any one of claims 5 to 8
wherein HCl is supplied to said deposition chamber at a
HCl/methyltrichlorosilane molar ratio of at least 0.2:1. -

10. Free-standing chemical vapor deposited B-SiC
having an electrical resistivity of 500 ohm-cm or above,
preferably 1000 ohm-cm or above and more preferably 10,000
ohm-cm or -above.



9. A-nethod according to any one of clains 5 to 8 wherein HC is supplied
to said deposition chanber at a HO/nmethyltrichl orosil ane._nol-ar rati-o-6f-—at
| east 0.2:1. 10. Free-standing chemi cal vapor deposited [|eREPLAGEMEBTEHIET
el ectrical resistivity of 500 ohmcm or above, preferably 1000 ‘otirrrggwgg-,

above and nore preferably 10,000 ohm cm or-above. Date ..., B et

- 14 -

ABSTRACT
CHEMICAL VAPOR DEPOSITION-PRODUCED SILICON CARBIDE

HAVING IMPROVED PROPERTIES

B-silicon carbide which is optically transmitting
in the visible and infrared regibns is produced by chemical
vapdr deposition. Deposition conditions are temperatures
within a 1400-1500°C range, preséure 6.7kPa or less,

- Hy/methyltrichlorosilane molar ratios of 4:-30: 1 and a
deposition rate of 1 um or less. '

(Figqure 1)
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Schematics ofdeposition set-ups used to fabricate
Improved transmission B-sic. '
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