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BACKGROUND OF THE INVENTION 1. Field of the Invention.
The present invention relates to compositions for use
in refrigeration and air conditioning systems
comprising at least one haloketone or combinations
thereof. Further, the present invention relates to
compositions for use in refrigeration and
air-conditioning systems employing a centrifugal
compressor comprising at least one haloketone or
combinations thereof. The compositions of the present
invention are useful in processes for producing
refrigeration or heat or as heat transfer fluids. 2.
Description of Related Art. The refrigeration industry
has been working for the past few decades to find
replacement refrigerants for the ozone depleting
chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs) being phased out as a
result of the Montreal Protocol. The solution for most
refrigerant producers has been the commercialization
of hydrofluorocarbon (HFC) refrigerants. The new HFC
refrigerants, HFC- 134a being the most widely used at
this time, have zero ozone depletion potential and
thus are not affected by the current regulatory phase
out as a result of the Montreal Protocol. Further
environmental regulations may ultimately cause global
phase out of certain HFC refrigerants. Currently, the
automobile industry is facing regulations relating to
global warming potential for refrigerants used in
mobile air-conditioning. Therefore, there is a great
current need to identify new refrigerants with reduced
global warming potential for the automobile
air-conditioning market. Should the regulations be
more broadly applied in the future, an even greater
need will be felt forrefrigerants that can be used in
all areas of the refrigeration and airconditioning
industry. Currently proposed replacement refrigerants
for HFC-134a include HFC-152a, pure hydrocarbons such
as butane or propane, or 5 "natural" refrigerants such
as CO2 or ammonia. Many of these suggested
replacements are toxic, flammable, and/or have low
energy efficiency. Therefore, new alternatives are
constantly being sought. The object of the present
invention is to provide novel refrigerant compositions
and heat transfer fluids that provide unique 0
characteristics to meet the demands of low or zero
ozone depletion potential and lower global warming
potential as compared to current refrigerants. BRIEF
SUMMARY OF THE INVENTION 5 The present invention
relates to a haloketone refrigerant or heat transfer
fluid selected from the group consisting of: 1,1 ,1
,2,2,4,5,d.d-nonafluoro-^trifluoromethyO-S-pentanone;
1, 1 ,1
,2,4,5,5,5-octafluoro-2,4-bis(trifluoromethyl)-3
pentanone; 1,1 ,1
,2,4,4,5,5-octafluoro-2-(trifluoromethyl)-3-pentanone;



0 1,1 ,1 d d d e
-undecafluoro^-CtrifiuoromethyO-S-hexanone; i i d d
d-octafluoro-i-^rifluoromethoxyH-CtrifluoromethyO-Spen
tanone; 1,1 ,1
,3,4,4,4-heptafluoro-3-(trifluoromethyl)-2-butanone;
1, 1 , 1 ,2,2,d,d
,d-octafluoro-4-(trifluoromethyl)-3-pentanone; d
2-chloro-1 ,1 ,1
,4,4,d,d,d-octafluoro-2-(trifluoromethyl)-3-pentanone;
CF3CBrFC(O)CF2CF2CF3; CF3CF2C(O)CBrFCF2CF3;
CF3CF2C(O)CF2CF2CBrF2; d CF3C(O)CBr(CF3)CF2CF3;
CF3C(O)CF(CF3)CBrFCF3; CF3C(O)CBrFCF2CF2CF2CF3;
CF3C(O)CF2CF2CF2CF2CBrF2; CF3CBrFC(O)CF 2CF2CF2CF3;
CF3CF2C(O)CBrFCF 2CF2CF3; CF3CF2C(O)CF2CF2CF2CBrF2;
CF3CF2CBrFC(O)CF 2CF2CF3; CBrF2CF2C(O)CF(CF 3)CF2CF3;
CF3CBrFC(O)CF(CF 3)CF2CF3; CF3CF2C(O)CBr(CF 3)CF2CF3;
CF3CF2C(O)CF(CBrF 2)CF2CF3; CBrF2CF2CF2C(O)CF(CF 3)2;
CF3CF2CBrFC(O)CF(CFs) 2; CF3CF2CF2C(O)CBr(CFs)2;
(CFs)2CBrC(O)CF(CFs) 2; CF3CBrFCF2C(O)CF(CFs)2;
CHF2CF2C(O)CBr(CFs) 2; (CFa)2CHC(O)CBr(CFs) 2;
CBrF2CF2C(O)CH(CFs) 2; CBrF2C(O)CF(CF 3)OCF3;
CBrF2CF2C(O)CF(CF 3)OCF3; CBrF2CF2CF2C(O)CF(CF 3)OCF3;
CBrF2C(O)CF(CF 3)OC2F5; CBrF2CF2C(O)CF(CF 3)OC2F5;
CBrF2C(O)CF(CF 3)OCF2C2F5; CBrF2CF2C(O)CF(CF
3)OCF2C2F5; CBrF2C(O)CF(CF 3)OCF(CFs)2;
CBrF2CF2C(O)CF(CF 3)OCF(CF3)2; CF3CBrFC(O)CF(CF
3)OCF(CFs)2; CF3CBrFC(O)CF(CF 3)OCF3; CF3CBrFC(O)CF(CF
3)OC2F5; CF3CBrFC(O)CF(CF 3)OCF3; (CFs)2CBrC(O)CF(CF
3)OCF3; CF3CBrFC(O)CF(CF 3)OC2F5; (CFs)2CBrC(O)CF(CF
3)OC2F5; CF3CBrFC(O)CF(CF 3)OCF2C2F5;CF3CBrFC(O)CF(CF
3)OCF(CF3)2; CBrF2C(O)CF(OCF 2CHF2)CF3;
CBrF2C(O)CH(OCF 2CHF2)CF3; CBrF2C(O)CF(OCH 3)CF3;
CBrF2C(O)CF(CF 2OCH3)CF3; CCIF2CFBrC(O)CF(CFs) 2;
CBrF2CFCIC(O)CF(CFs)2; CCIF2CFBrC(O)CF(CF 3)(C2F5); 



CBrF2CFCIC(O)CF(CF 3)(C2F5); CCIF2CF2C(O)CBr(CFs)2;
CF3CCIFC(O)CBr(CFs)2; CF3CCIFC(O)CBrFCF 3;
CBrF2CF2C(O)CCI(CFs)2; CBrF2CF2C(O)CCIFCF3; and
combinations thereof. Disclosed herein also are the
above listed compounds for use in refrigeration or air
conditioning systems employing a centrifugal
compressor, refrigeration or air conditioning systems
employing a multistage centrifugal compressor, and/or
employing a single slab/single pass heat exchanger, or
refrigeration or air conditioning systems employing a
2-stage centrifugal compressor. Also disclosed herein
are processes for producing refrigeration, heat, and
transfer of heat from a heat source to a heat sink
using the present inventive compositions. DETAILED
DESCRIPTION OF THE INVENTION The haloketone
refrigerant compositions of the present invention
comprise a single compound or a combination comprising
more than one haloketone compound. Compositions of the
present invention have no ozone depletion potential
and low global warming potential . For example,
haloketones,alone or in mixtures will have global
warming potentials lower than many HFC refrigerants
currently in use. The haloketones of the present
invention are compounds containing fluorine, carbon,
at least one ketone group oxygen, and optionally
hydrogen, chlorine or bromine. Haloketones may be
represented by the formula R3COR4, wherein R3 and R4
are independently selected from straight or branched
chain, saturated or unsaturated, aliphatic or
alicyclic fluorinated carbon radicals that may
optionally contain hydrogen, chlorine, or bromine. R3
and R4 may be joined to form a cyclic haloketone ring.
The haloketones may contain from about 2 to 10 carbon
atoms. Preferred haloketones contain 4 to 8 carbon
atoms. The haloketones of the present invention may
further contain heteroatoms, such as oxygen thus
forming additional ketone groups, ether groups,
aldehyde groups, or ester groups. Representative
haloketones are listed in Table 1. The
bromofluoroketones of the present invention comprise
at least one selected from the group consisting of:
monobromoperfluoroketones,
monohydromonobromoperfluoroketones,
(perfluoroalkoxy)monobromoperfluoroketones,
(fluoroalkoxy)monobromoperfluoroketones, and
monochloromonobromoperfluoroketones. The following
compounds are representative of the
monobromoperfluoroketones,
monohydromonobromoperfluoroketones,
(perfluoroalkoxy)monobromoperfluoroketones,
(fluoroalkoxy)monobromoperfluoroketones, and
monochloromonobromoperfluoroketones of the present
invention: CF3C(O)CBrFCF2CF3, CF3C(O)CF2CF2CBrF2,
CBrF2C(O)CF(CF3)2 > CF3C(O)CBr(CFs)2,
CBrF2CF2C(O)CF2CF3,CF3CBrFC(O)CF2CF3,
CF3CBrFC(O)CF2CF2CF3 CF3CF2C(O)CBrFCF2CF3,
CF3CF2C(O)CF2CF2CBrF2,CF3C(O)CBr(CF3)CF2CF3,
CF3C(O)CF(CF3)CBrFCF3 CF3C(O)CBrFCF2CF2CF2CF3, 



CF3C(O)CF2CF2CF2CF2CBrF2 CF3CBrFC(O)CF2CF2CF2CF3,
CF3CF2C(O)CBrFCF2CF2CF3 CF3CF2C(O)CF2CF2CF2CBrF2,
CF3CF2CBrFC(O)CF2CF2CF3 CBrF2CF2C(O)CF(CF3)CF2CF3,
CF3CBrFC(O)CF(CF3)CF2CF3, CF3CF2C(O)CBr(CF 3)CF2CF3,
CF3CF2C(O)CF(CBrF2)CF2CF3, CBrF2CF2CF2C(O)CF(CF3)2,
CF3CF2CBrFC(O)CF(CF3)2,
CF3CF2CF2C(O)CBr(CFs)2,(CF3)2CBrC(O)CF(CF 3)2,
CF3CBrFCF2C(O)CF(CFs) 2, CHF2CF2C(O)CBr(CFs) 2,
(CF3)2CHC(O)CBr(CF 3)2, CHF2CF2C(O)CBrFCF 3,
(CF3)2CHC(O)CBrFCF 3, (CF3)2CHC(O)CBrF 2,
CBrF2CF2C(O)CH(CFs) 2 CBrF2C(O)CF(CF 3)OCF3,
CBrF2CF2C(O)CF(CF 3)OCF3 1 CBrF2CF2CF2C(O)CF(CF
3)OCF3, CBrF2C(O)CF(CF 3)OC2F5 CBrF2CF2C(O)CF(CF
3)OC2F5, CBrF2C(O)CF(CF 3)OCF2C2F5 1 CBrF2CF2C(O)CF(CF
3)OCF2C2F5, CBrF2C(O)CF(CF 3)OCF(CFs)2,
CBrF2CF2C(O)CF(CF 3)OCF(CF 3)2, CF3CBrFC(O)CF(CF
3)OCF(CF3)2, CF3CBrFC(O)CF(CF 3)OCF3, CF3CBrFC(O)CF(CF
3)OC2F5 1 CF3CBrFC(O)CF(CF 3)OCF3, (CFa)2CBrC(O)CF(CF
3)OCF3 CF3CBrFC(O)CF(CF 3)OC2F5, (CF3)2CBrC(O)CF(CF
3)OC2F5, CFsCBrFC(O)CF(CF 3)OCF2C2F5, CF3CBrFC(O)CF(CF
3)OCF(CF3)2, CBrF2C(O)CF(OCF 2CHF2)CF3,
CBrF2C(O)CH(OCF 2CHF2)CF3 CBrF2C(O)CF(OCH 3)CF3,
CBrF2C(O)CF(CF 2OCH3)CF3 1 CCIF2CFBrC(O)CF 2CF3,
CBrF2CFCIC(O)CF 2CF3 1 CCIF2CFBrC(O)CF(CFs) 2,
CBrF2CFCIC(O)CF(CF 3)2 CCIF2CFBrC(O)CF(CF 3)(C2F5) ,
CBrF2CFCIC(O)CF(CF 3)(C2F5) , CCIF2C(O)CBr(CFs) 2,
CCIF2CF2C(O)CBr(CF 3)2 CF3CCIFC(O)CBr(CF 3)2,
CCIF2C(O)CBrFCF 3, CCIF2CF2(O)CCBrFCF 3 1
CF3CCIFC(O)CBrFCF 3 1 CBrF2C(O)CCI(CFs)2,
CBrF2CF2C(O)CCI(CFs) 2, CBrF2C(O)CCIFCF 3 and TABLE
11, 1 ,1 A d S
d-nonafluoro^trifluoromethyO-S-pentanone (PEIK) is
commercially available from 3M(tm) (St. Paul,
Minnesota). 1,1 ,1
,3,4,4,4-heptafluoro-3-(trifluoromethyl)-2-butanone
(PMIK); 1,1 ,1
,2,4,5,5,5-octafluoro-2,4-bis(trifluoromethyl)-3
pentanone; 1,1 ,1
,2,4,4,5,5-octafluoro-2-(trifluoromethyl)-3-pentanone;
1, 1 , 1 ,2,4,4,5,5,6,6,
6-undecafluoro-2-(trifluoromethyl)-3-hexanone; 1,1
,2,2,4,5,5,5-octafluoro-i
-(trifluoromethoxy)-4-(trifluoromethyl)-3- pentanone;
and 1,1 ,1
,3,4,4,4-heptafluoro-3-(trifluoromethyI)-2-butanone
may be prepared as described in US 6,478,979
incorporated herein by reference. 1, 1 ,1 ,2,2,5,5,
5-octafluoro-4-(trifluoromethyl)-3-pentanone may be
prepared from "HFP dimer" as described by England in
Journal of Organic Chemistry, volume 49(no. 21), pages
4007 to 4008 (1984). 2- chloro-1 , 1 ,1
,4,4,5,5,5-octafluoro-2-(trifluoromethyl)-3-pentanone
may be prepared as described by Saloutina, et al. in
Izvestiya Adademii Nauk SSSR, Seriya Khimicheskaya,
pages 1893 to 1896 ( 1982). The bromofluoroketones of
the present invention described previously including
monobromoperfluoroketones,
monohydromonobromoperfluoroketones,
(perfluoroalkoxy)monobromoperfluoroketones,
(fluoroalkoxy)monobromoperfluoroketones, and
monochloromonobromoperfluoroketones can be prepared as
described in the following. Monobromoperfluoroketones
CF3C(O)CF2CF2CBrF2, CF3CF2C(O)CF2CF2CBrF2 and
CF3C(O)CF2CF2CF2CF2CBrF2 of the present invention may
be prepared by bromination of the corresponding 



monohydroperfluoroketones by the technique of Kolenko
and Plashkin in Izvestiya Akademii Nauk SSSR, Seriya
Khimicheskaya, pages 1648 to 1650 (1977), and by
Zapevalov, et al. in Zhurnal Organicheskoi Khimii,
Vol. 26, pages 265 to 272 (1990). CF3C(O)CF2CF2CBrF2
may be prepared by bromination of
monohydroperfluoroketone CF3C(O)CF2CF2CHF2, which may
be prepared by isomerization of an epoxide as
described by Zapelov et al. in Zhurnal Vsesoyuznogo
Khimicheskogo Obshchestva im. D. I. Mendeleeva, Vol.
18, pages 591 to 593 (1973). CF3CF2C(O)CF 2CF2CBrF 2
and CF3C(O)CF 2CF2CF2CF2CBrF 2may be prepared by
bromination of monohydroperfluoroketones
CF3CF2C(O)CF2CF2CHF2 and CF3C(O)CF 2CF2CF2CF2CHF 2,
respectively, by the technique of Saloutina, et al. in
Zhurnal Organicheskoi Khimii, Vol. 29, pages 1325 to
1336 (1993). Preparation of monobromoperfluoroketones
CF3C(O)CF2CF2CBrF2, CF3CF2C(O)CF2CF2CBrF2 and
CF3C(O)CF2CF2CF2CF2CBrF2 of the present invention by
conversion of the monohydroperfluoroketone terminal
C-H bond to a terminal C-Br may be carried out using
brominating agents such as elemental bromine,
phosphorous pentabromide, or a mixture of bromine and
phosphorous tribromide. The preferred brominating
agent is a mixture of bromine and phosphorous
tribromide. Reaction of a monohydroperfluoroketone and
a brominating agent may be carried out under
substantially anhydrous conditions in the vapor phase
or liquid phase in a container fabricated from
materials of construction suitable for contact with
bromine and hydrogen bromide at temperatures of about
300C to 600C. Examples of such materials of
construction include metallic alloys containing a
nickel such as, for example, Hastelloy(tm) C and
Hastelloy(tm) B. The reaction takes place under the
autogenous pressures of the reactants at the reaction
temperature. The ratio of the brominating agent to the
monohydroperfluoroketones is at least about 1 mole of
brominating agent per mole of monohydroperfluoroketone
and preferably about 1.3 moles of brominating agent
per mole of monohydroperfluoroketone. More than 1.7
moles of brominating agent per mole of
monohydroperfluoroketone provides little benefit.
Brominating the monohydroperfluoroketone may be
conducted at temperatures of from about 300C to about
600C. Using the preferred brominating agent, the
temperature is preferably conducted from about 300C to
350C. Contact times between the brominating agent and
the monohydroperfluoroketone may be from about one
hour to about twenty hours. At the end of the contact
period the reaction mixture is cooled and then treated
with a reagent to decompose the brominating agent such
as sodium sulfite. The monobromoperfluoroketone may be
isolated by collecting the organic phase followed by
distillation.Monobromoperfluoroketones
CF3CF2C(O)CBrFCFaCF 3, CF3CF2CBrFC(O)CF(CFs) 2,
(CF3)2CBrC(O)CF(CF 3)2, CF3CF2C(O)CBr(CF 3)CF2CF3 and
CF3CBrFC(O)CF(CF 3)CF2CF3, as well as mixtures of
monobromoperfluoroketones of the present invention
CF3C(O)CBrFCF 2CF3 and CF3CBrFC(O)CF 2CF3, or
CF3C(O)CBrFCF 2CF2CF2CF3 and CF3CBrFC(O)CF 2CF2CF2CF3,
or CF3CF2C(O)CBrFCF 2CF2CF3 and CF3CF2CBrFC(O)CF
2CF2CF3, may be 



prepared by contacting perfluoroolefin epoxides, such
as the epoxide of perfluoro-2-pentene,
perfluoro-2-heptene, or perfluoro-3-heptene, with an
alkali metal bromide as described by Saloutina et al.
in Izvestiya Akademii Nauk SSSR, Seriya Khimicheskaya,
pages 1893 to 1896 (1982). The perfluoroolefin
epoxides may be prepared by contacting perfluoroolefin
with an alkali metal hypohalite as described by
Kolenko, et al. in Izvestiya Akademii Nauk SSSR,
Seriya Khimicheskaya, pages 2509-2512 (1979). The
contact of perfluoroolefin epoxides with alkali metal
bromides may be carried out in a polar non-protic
solvent such as glycol ethers such as ethylene glycol
dimethyl ether, diethylene glycol dimethyl ether,
triethylene glycol dimethyl ether, and tetraethylene
glycol dimethyl ether, N,N-dimethyl formamide,
N.N-dimethyl acetamide, dimethyl sulfolane,
dimethylsulfoxide, N-methylpyrrolidinone, and alkane
nitriles such as acetonitrile, propionitrile, and
butyronitrile. Preferred solvents for contacting
perfluoroolefin epoxides with alkali metal bromides
are glycol ethers such as ethylene glycol dimethyl
ether, diethylene glycol dimethyl ether, triethylene
glycol dimethyl ether, and tetraethylene glycol
dimethyl ether, and alkane nitriles such as
acetonitrile, propionitrile, and butyronitrile. Alkali
metal bromides suitable for opening the
perfluoroolefin epoxide ring and formation of a C-Br
bond include lithium bromide, sodium bromide,
potassium bromide, and cesium bromide; sodium and
lithium bromide are preferred. The mole ratio of the
alkali metal bromide to the perfluoroolefin epoxide is
at least about 2:1 , preferably about 10:1 . Reaction
of alkali metal bromides and perfluoolefin epoxide may
be conducted in the liquid phase under substantially
anhydrous conditions at temperatures of from about 10C
to about 150C, with contact times of from about 0.5
hour to about thirty-six hours. Specific pressure
conditions are not critical.At the end of the contact
period the reaction mixture may be distilled to
isolate the monobromoperfluoroketone.
Monobromoperfluoroketones of the present invention
CBrF2C(O)CF(CFs)2, CBrF2CF2C(O)CF2CF3,
CF3CBrFCF2C(O)CF(CF3)2, CF3CF2C(O)CF2CF2CF2CBrF2,
CBrF2CF2CF2C(O)CF(CFs)2, and CBrF2CF2C(O)CF(CF
3)CF2CF3 may be prepared by reacting a
monobromoperfluoroacyl fluoride with a
perfluoroolefin. CBrF2C(O)CF(CF3)2 may be prepared by
reacting CBrF2C(O)F with CF3CF=CF2; CBrF2CF2C(O)CF2CF3
may be prepared by reacting CBrF2CF2C(O)F with
CF2=CF2; CF3CF2C(O)CF2CF2CF2CBrF2 may be prepared by
reacting CBrF2CF2CF2CF2C(O)F with CF2=CF2;
CBrF2CF2CF2C(O)CF(CFs)2 may be prepared by reacting
CBrF2CF2CF2C(O)F with CF3CF=CF2;
CBrF2CF2C(O)CF(CF3)CF2CF3 may be prepared by reacting
CBrF2CF2C(O)F with CF3CF=CFCF3; and
CF3CBrFCF2C(O)CF(CFs)2 may be prepared by reacting
CF3CBrFCF2C(O)F with CF3CF=CF2.
Monobromoperfluoroketones of the present invention
CF3C(O)CBr(CFs)2, CF3CBrFC(O)CF2CF2CF3,
CF3C(O)CBr(CF3)CF2CF3, CF3C(O)CF(CF 3)CBrFCF3,
CF3CF2CF2C(O)CBr(CFs)2, may be prepared by reacting a
perfluoroacyl fluoride with a
monobromoperfluoroolefin. CF3C(O)CBr(CF3)2 may be
prepared by reacting CF3C(O)F with CF3CBr=CF2;
CF3CBrFC(O)CF2CF2CF3 may be prepared by reacting 



CBrF=CF2 with CF3CF2CF2C(O)F; a mixture of
CF3C(O)CBr(CF3)CF2CF3 and CF3C(O)CF(CF 3)CBrFCF3 may
be prepared by reacting CF3CBr=CFCF 3 with CF3C(O)F;
and CF3CF2CF2C(O)CBr(CFs)2 may be prepared by reacting
CF3CF2CF2C(O)F with CF3CBr=CF2.
(Perfluoroalkoxy)monobromoperfluoroketones of the
present invention are of the formula R1C(O)CF(CF3)ORF,
wherein R1 is a Ci to C3 monobromoperfluoroalkyl
radical, and RF is a Ci to C3 perfluoroalkyl radical,
may be obtained by reacting monobromoperfluoroacyl
fluorides of the formula R1C(O)F with perfluorovinyl
ethers of the formula CF2=CFORF. Representative
(perfluoroalkoxy)monobromoperfluoroketones of the
present invention include CBrF2C(O)CF(CF 3)OCF3,
CBrF2CF2C(O)CF(CF3)OCF3, CBrF2CF2CF2C(O)CF(CF 3)OCF3,
CBrF2C(O)CF(CF3)OC2F5, CBrF2CF2C(O)CF(CF 3)OC2F5
CBrF2C(O)CF(CF 3)OCF2C2F5,CBrF2CF2C(O)CF(CF
3)OCF2C2F5, CBrF2C(O)CF(CF3)OCF(CF 3)2,
CBrF2CF2C(O)CF(CF 3)OCF(CF 3)2, CF3CBrFC(O)CF(CF
3)OCF(CF3)2, CF3CBrFC(O)CF(CF 3)OCF3, and
CF3CBrFC(O)CF(CF 3)OC2F5. CBrF2C(O)CF(CF 3)OCF3 may be
prepared by reacting CBrF2C(O)F with CF2=CFOCF 3;
CBrF2CF2C(O)CF(CF 3)OCF3 may be prepared by reacting
CBrF2CF2C(O)F with CF2=CFOCF3; CBrF2CF2CF2C(O)CF(CF
3)OCF3 may be prepared by reacting CBrF2CF2CF2C(O)F
with CF2=CFOCF3; CBrF2C(O)CF(CF 3)OC2F5 may be
prepared by reacting CBrF2C(O)F with CF2=CFOC2F5;
CBrF2CF2C(O)CF(CF 3)OC2F5 may be prepared by reacting
CBrF2CF2C(O)F with CF2=CFOC2F5; CBrF2C(O)CF(CF
3)OCF2C2F5 may be prepared by reacting CBrF2C(O)F with
CF2=CFOCF2C2F5; CBrF2CF2C(O)CF(CF 3)OCF2C2F5 may be
prepared by reacting CBrF2CF2C(O)F with
CF2=CFOCF2C2F5; CBrF2C(O)CF(CF 3)OCF(CFs)2 may be
prepared by reacting CBrF2C(O)F with CF2=CFOCF(CF 3)2;
CBrF2CF2C(O)CF(CF 3)OCF(CF 3)2 may be prepared by
reacting CBrF2CF2C(O)F with CF2=CFOCF(CFs)2;
CF3CBrFC(O)CF(CF 3)OCF3 may be prepared by reacting
CF3CBrFC(O)F with CF2=CFOCF3; and CF3CBrFC(O)CF(CF
3)OC2F5 may be prepared by reacting CF3CBrFC(O)F
(Perfluoroalkoxy)monobromoperfluoroketones of the
formula R1C(O)CF(CF3)ORF may also be obtained by
reacting perfluoroalkoxyperfluoroacyl fluorides of the
formula RFOCF(CF 3)C(O)F with a
monobromoperfluoroolefin. Representative
(perfluoroalkoxy)monobromoperfluoroketones of the
present invention include CF3CBrFC(O)CF(CF 3)OCF3,
(CFs)2CBrC(O)CF(CF 3)OCF3, CF3CBrFC(O)CF(CF 3)OC2F5,
(CFs)2CBrC(O)CF(CF 3)OC2F5, CF3CBrFC(O)CF(CF
3)OCF2C2F5, and CF3CBrFC(O)CF(CF 3)OCF(CF 3)2.
CF3CBrFC(O)CF(CF 3)OCF3 may be prepared by reacting
CF3OC(CF3)FC(O)F with CF2=CBrF; (CFs)2CBrC(O)CF(CF
3)OCF3 may be prepared by reacting CF3OC(CF3)FC(O)F
with CF3CBr=CF2; CF3CBrFC(O)CF(CF 3)OC2F5 may be
prepared by reacting C2F5OC(CF3)FC(O)F with CF2=CBrF;
(CFs)2CBrC(O)CF(CF 3)OC2F5 may be prepared by reacting
C2F5OC(CF3)FC(O)F with CF3CBr=CF2; CF3CBrFC(O)CF(CF
3)OCF2C2F5 may be prepared by reacting
C2F5CF2OC(CF3)FC(O)F with CF2=CBrF;
andCF3CBrFC(O)CF(CF3)OCF(CFs)2 may be prepared by
reacting (CFS)2CFOC(CF 3)FC(O)F with CF2=CBrF.
(Fluoroalkoxy)monobromoperfluoroketones of the present
invention are of the formula R1C(O)CX(CF3)OR2, wherein
X is H or F, R1 is 



a Ci , C2, or C3 bromoperfluoroalkyl radical, and R2
is a Ci to C3 alkyl or fluoroalkyl radical, may be
prepared by reacting monobromoperfluoroacyl fluorides
of the formula R1C(O)F with hydrofluorovinyl ethers of
the formula CF2=CXOR2. Representative
(fluoroalkoxy)monobromoperfluoroketones include
CBrF2C(O)CF(OCF2CHF2)CF3, CBrF2C(O)CH(OCF2CHF2)CF3,
CBrF2C(O)CF(OCH3)CF3, and CBrF2C(O)CF(CF2OCH3)CF3.
CBrF2C(O)CF(OCF2CHF2)CF3 may be prepared by reacting
CBrF2C(O)F with CF2=CFOCF2CHF2;
CBrF2C(O)CH(OCF2CHF2)CF3 may be prepared by reacting
CBrF2C(O)F with CF2=CHOCF2CHF2; and
CBrF2C(O)CF(OCH3)CF3 may be prepared by reacting
CBrF2C(O)F with Another
(fluoroalkoxy)monobromoperfluoroketone of the present
invention includes CBrF2C(O)CF(CF2OCH3)CF3, prepared
by reacting CBrF2C(O)F with CF3CF=CFOCH3. The reaction
of fluoroacyl fluorides with fluoroolefins is
described by Fawcett, et al. in U. S. Patent No.
3,185,734 and Journal of the American Chemical
Society, Vol. 84, pages 4285 to 4288 (1962). The
teachings of these references may be applied to the
aforementioned preparation of
monobromoperfluoroketones by the reaction of
monobromoperfluoroacyl fluorides with perfluoroolefins
as well as the aforementioned preparation of
monobromoperfluoroketones by the reaction of
perfluoroacyl fluorides with
monobromoperfluoroolefins. These references may also
be applied to the preparation of
(perfluoroalkoxy)monobromoperfluoroketones by the
reaction of monobromoperfluoroacyl fluorides with
perfluorovinyl ethers, or by the reaction of
perfluoroalkoxyperfluoroacyl fluorides with
monobromoperfluoroolefins. These references may also
be applied to the preparation of
(fluoroalkoxy)monobromoperfluoroketones by the
reaction of monobromoperfluoroacyl fluorides with
hydrofluorovinyl ethers. Though not essential for
preparing the ketones of the present invention,
reaction of a fluoroacyl fluoride (such as a
perfluoroacyl fluoride or monobromoperfluoroacyl
fluoride) with a fluoroolefin (such as
aperfluoroolefin, monobromoperfluoroolefin,
perfluorovinyl ether or hydrofluorovinyl ether) may be
performed in a polar non-protic solvent such as
N.N-dimethyl formamide, N,N-dimethyl acetamide,
dimethyl sulfolane, dimethylsulfoxide,
N-methylpyrrolidinone, and glycol ethers such as
ethylene glycol dimethyl ether, diethylene glycol
dimethyl ether, triethylene glycol dimethyl ether, and
tetraethylene glycol dimethyl ether. Preferred
solvents for reacting fluoroacyl fluorides with
fluoroolefin are glycol ethers. The reaction may be
run under substantially anhydrous conditions. The mole
ratio of the fluoroolefin to fluoroacyl fluoride
during the reaction may be at least about 1:1 to about
2:1, and preferably is about 1. 1 . The reaction of
fluoroacyl fluoride with fluoroolefin is preferably
conducted in the presence of a fluoride ion source
such as an alkali metal fluoride, alkali metal
hydrogen difluoride (i.e., a bifluoride), alkali-earth
metal fluoride, tetraalkylammonium fluoride,
tetraalkylammonium hydrogen fluoride, trialkylammonium
fluoride, or non-oxidizing transition metal fluorides.
Preferred fluoride ion sources are potassium fluoride,
cesium fluoride, and potassium bifluoride. The
fluoride ion source may be present 



at a level of 5 mole percent to 20 mole percent,
preferably about 10 mole percent, based on the
quantity of fluoroolefin present. Temperatures of from
about 50C to about 250C, preferably from about 100C to
about 15O0C are effective to produce any of the
fluorinated ketones of the present invention by
reaction of a fluoroacyl fluoride with a fluoroolefin.
The reaction of fluoroacyl fluoride with fluoroolefin
may take place in batch mode or in semi-batch mode
with the fluoroacyl fluoride added gradually to the
mixture of the fluoroolefin, solvent, and fluoride ion
source. Contact times suitable for the reaction may be
from about 0.5 hour to about 24 hours. The reaction
typically takes place under autogenous pressure
provided by the reactants at the reaction temperature.
Though not added intentionally to the reactions,
hydrogen fluoride may be present in small amounts
during the reactions of fluoroacyl fluorides due to
the presence of traces of water. Reaction of
fluoroacyl fluorides with fluoroolefins may be
conducted in a vessel formed of materials compatible
with hydrogen fluoride at elevated temperatures
andpressures. Examples of such materials include
stainless steels, in particular of the austenitic
type, the well-known high nickel alloys, such as TM TM
Monel nickel-copper alloys, Hastelloy nickel-based
alloys and, TM lnconel nickel-chromium alloys, and
copper-clad steel. The haloketone products may be
isolated from the reaction mixture as a lower liquid
layer or by distillation. After removing traces of
fluoride salts by washing with water, such products
may be purified by distillation. The present invention
further includes monohydromonobromoperfluoroketones in
which one of the C-F bonds in a perfluoroketone has
been replaced by a C-Br bond, and in addition, another
of the C-F bonds in said perfluoroketone has been
replaced by a C-H bond.
Monohydromonobromoperfluoroketones of the present
invention comprise CHF2CF2C(O)CBrFCF3,
(CFs)2CHC(O)CBrFCF 3, CHF2CF2C(O)CBr(CFs) 2,
(CF3)2CHC(O)CBr(CF 3)2, (CFs)2CHC(O)CBrF 2 and
CBrF2CF2C(O)CH(CFs)2. CHF2CF2C(O)CBrFCF 3 may be
prepared by reacting CHF2CF2C(O)F with CBrF=CF2;
(CF3)2CHC(O)CBrFCF 3 may be prepared by reacting
(CF3)2CHC(O)F with CBrF=CF2; CHF2CF2C(O)CBr(CFs)2 may
be prepared by reacting CHF2CF2C(O)F with CF3CBr=CF2;
(CF3)2CHC(O)CBr(CF 3)2 may be prepared by reacting
(CF3)2CHC(O)F with CF3CBr=CF2; and CBrF2CF2C(O)CH(CF
3)2 may be prepared by reacting CBrF2CF2C(O)F with
CF3CH=CF2. The monohydromonobromoperfluoroketone
(CFs)2CHC(O)CBrF 2 may be prepared by the reaction of
the bromofluoroacyl fluoride CBrF2C(O)F with the
monohydroperfluoroolefin CF3CH=CF2. The production of
monohydromonobromoperfluoroketones by the reaction of
monohydroperfluoroacyl fluorides with
monobromoperfluoroolefins, as well as by the reaction
of monobromoperfluoroacyl fluorides with
monohydroperfluoroolefins, may use reaction conditions
and procedure similar to those discussed hereinabove
for the reaction of a fluoroacyl fluoride with a
fluoroolefin. 



The present invention further comprises
monochloromonobromoperfluoroketones in which one of
the C-F bonds in a perfluoroketone has been replaced
by a C-Br bond, and in addition, another one of the
C-F bonds in said perfluoroketone has been replaced by
a C-Cl bond. Monochloromonobromoperfluoroketones of
the presentinvention comprise compounds of the formula
CXF 2CFYC(O)CFRCF 3, wherein X is Cl and Y is Br, or
wherein X is Br and Y is Cl, and wherein R is F, a CF3
radical, or a C2F radical. These compounds may be
prepared by contacting an acid fluoride of the formula
CXF2CFYC(O)F, prepared as disclosed by Darst, et al.
in U. S. Patent No. 5,557,010, with a perfluoroolefin
of the formula CFR=CFR. Representative
monochloromonobromoperfluoroketones include
CCIF2CFBrC(O)CF 2CF3, prepared by reacting
CCIF2CFBrC(O)F with CF2=CF2; CBrF2CCIFC(O)CF2CF3,
prepared by reacting CBrF2CCIFC(O)F with CF2=CF2;
CCIF2CFBrC(O)CF(CF 3)2, prepared by reacting
CCIF2CFBrC(O)F with CF2=CFCF3; and
CBrF2CCIFC(O)CF(CFs)2, prepared by reacting
CBrF2CCIFC(O)F with CF2=CFCF3.
Monochloromonobromoperfluoroketones of the present
invention further comprise CCIF2C(O)CBr(CF 3)2,
CCIF2CF2C(O)CBr(CF 3)2, CF3CCIFC(O)CBr(CFs)2,
CCIF2C(O)CBrFCF 3, CCIF2CF2C(O)CBrFCF 3, and
CF3CCIFC(O)CBrFCF 3 which may be prepared by reacting
a monochloroperfluoroacyl fluoride with a
monobromoperfluoroolefin. CCIF2C(O)CBr(CF 3)2 may be
prepared by reacting CCIF2C(O)F with CF3CBr=CF2;
CCIF2CF2C(O)CBr(CF 3)2 may be prepared by reacting
CCIF2CF2C(O)F with CF3CBr=CF2; CF3CCIFC(O)CBr(CF 3)2
may be prepared by reacting CF3CCIFC(O)F with
CF3CBr=CF2; CCIF2C(O)CBrFCF3 may be prepared by
reacting CCIF2C(O)F with CF2=CBrF; CCIF2CF2C(O)CBrFCF
3 may be prepared by reacting CCIF2CF2(O)F with
CF2=CBrF; CF3CCIFC(O)CBrFCF 3 may be prepared by
reacting CF3CCIFC(O)F with CF2=CBrF.
Monochloromonobromoperfluoroketones of the present
invention further include CBrF2C(O)CCI(CFs)2,
CBrF2CF2C(O)CCI(CFs)2, CBrF2C(O)CCIFCF3, and
CBrF2CF2C(O)CCIFCF3 which may be prepared by reacting
a monobromoperfluoroacyl fluoride with a
monochloroperfluoroolefin. CBrF2C(O)CCI(CFs)2 may be
prepared by reacting CBrF2C(O)F with CF3CCI=CF2;
CBrF2CF2C(O)CCI(CF3)2 may be prepared by reacting
CBrF2CF2C(O)F with CF3CCI=CF2; CBrF2C(O)CCIFCF3 may be
prepared by reacting CBrF2C(O)F with CF2=CCIF; and
CBrF2CF2C(O)CCIFCF 3 may be prepared by reacting
CBrF2CF2C(O)F with CF2=CCIF. The formation of
monohydromonobromoperfluoroketones by the reaction of
fluoroacyl fluorides of the formula CXF2CFYC(O)F
withperfluoroolefins, or by the reaction of
monochloroperfluoroacyl fluorides with
monobromoperfluoroolefins, or by the reaction of
monobromoperfluoroacyl fluorides with
monochloroperfluoroolefins, may use reaction
conditions and procedure similar to those discussed
hereinabove for the reaction of a fluoroacyl fluoride
with a fluoroolefin. The compositions may be prepared
by any convenient method to combine the desired
amounts of the individual components. A preferred
method is to weigh the desired component amounts and
thereafter combine the components in an appropriate
vessel. Agitation may be used, if desired. The
refrigerant or heat transfer compositions of the
present 



invention include: 1, 1 , 1
,2,2,4,5,5,5-nonafluoro-4-(trifluoromethyl)-3-pentanon
e; 1, 1, 1
,3,4,4,4-heptafluoro-3-(trifluoromethyl)-2-butanone;
1, 1 ,1
,2,4,5,5,5-octafluoro-2,4-bis(trifluoromethyl)-3
pentanone; 1,1 , 1 A d
d-octafluoro^trifluoromethyO-S-pentanone; 1, 1 ,1
,2,4,4,5,5,6,6,6-undecafluoro-2-(trifluoromethyl)-3-he
xanone; 1, 1 ,2,2,4,d
d.S-octafluoro-i-CtrifluoromethoxyH-^rifluoromethyO-Sp
entanone; 1, 1 ,1
,2,2,5,5,5-octafluoro-4-(trifluoromethyl)-3-pentanone;
2-chloro-1 ,1 , 1
,4,4,5,5,5-octafluoro-2-(trifluoromethyl)-3-pentanone;
CF3CBrFC(O)CF2CF2CF3; CF3CF2C(O)CBrFCF2CF3;
CF3CF2C(O)CF2CF2CBrF2; CF3C(O)CBr(CF3)CF2CF3;
CF3C(O)CF(CF3)CBrFCF3; CF3C(O)CBrFCF2CF2CF2CF3;
CF3C(O)CF2CF2CF2CF2CBrF2; CF3CBrFC(O)CF2CF2CF2CF3;
CF3CF2C(O)CBrFCF2CF2CF3; CF3CF2C(O)CF2CF2CF2CBrF2;
CF3CF2CBrFC(O)CF 2CF2CF3; CBrF2CF2C(O)CF(CF 3)CF2CF3;
CF3CBrFC(O)CF(CF 3)CF2CF3; CF3CF2C(O)CBr(CF 3)CF2CF3;
CF3CF2C(O)CF(CBrF 2)CF2CF3; CBrF2CF2CF2C(O)CF(CFs)2;
CF3CF2CBrFC(O)CF(CF 3)2; CF3CF2CF2C(O)CBr(CFs)2;
(CF3)2CBrC(O)CF(CF 3)2; CF3CBrFCF2C(O)CF(CFs)2;
CHF2CF2C(O)CBr(CFs)2; (CFs)2CHC(O)CBr(CFs) 2;
CBrF2CF2C(O)CH(CFs)2; CBrF2C(O)CF(CF 3)OCF3;
CBrF2CF2C(O)CF(CF 3)OCF3; CBrF2CF2CF2C(O)CF(CF3)OCF3;
CBrF2C(O)CF(CF 3)OC2F5; CBrF2CF2C(O)CF(CF 3)OC2F5;
CBrF2C(O)CF(CF 3)OCF2C2F5; CBrF2CF2C(O)CF(CF
3)OCF2C2F5; CBrF2C(O)CF(CF 3)OCF(CF3)2;
CBrF2CF2C(O)CF(CF 3)OCF(CFs)2; CF3CBrFC(O)CF(CF
3)OCF(CF3)2; CF3CBrFC(O)CF(CF 3)OCF3; CF3CBrFC(O)CF(CF
3)OC2F5; CF3CBrFC(O)CF(CF 3)OCF3; (CFs)2CBrC(O)CF(CF
3)OCF3; CF3CBrFC(O)CF(CF 3)OC2F5; (CFs)2CBrC(O)CF(CF
3)OC2F5; CF3CBrFC(O)CF(CF 3)OCF2C2F5; CF3CBrFC(O)CF(CF
3)OCF(CFs)2; CBrF2C(O)CF(OCF 2CHF2)CF3;
CBrF2C(O)CH(OCF 2CHF2)CF3; 



CBrF2C(O)CF(OCH 3)CF3;CBrF2C(O)CF(CF 2OCH3)CF3;
CCIF2CFBrC(O)CF(CFs) 2; CBrF2CFCIC(O)CF(CFs) 2;
CCIF2CFBrC(O)CF(CF 3)(C2F5); CBrF2CFCIC(O)CF(CF
3)(C2F5) ; CCIF2CF2C(O)CBr(CFs) 2; CF3CCIFC(O)CBr(CFs)
2; CBrF2CF2C(O)CCI(CF 3)2; CBrF2CF2C(O)CCIFCF 3; and
combinations thereof. The compositions of the present
invention may further comprise about 0.01 weight
percent to about 5 weight percent of a thermal
stabilizer such as nitromethane. The compositions of
the present invention may further comprise an
ultra-violet (UV) dye and optionally a solubilizing
agent. The UV dye is a useful component for detecting
leaks of the refrigerant composition by permitting one
to observe the fluorescence of the dye under an
ultra-violet light at the point of a leak within a
refrigeration or airconditioning system. Solubilizing
agents may be needed due to poor solubility of such UV
dyes in some refrigerants. By "ultra-violet" dye is
meant a UV fluorescent composition that absorbs light
in the ultra-violet or "near" ultra-violet region of
the electromagnetic spectrum. The fluorescence
produced by the UV fluorescent dye under illumination
by a UV light that emits radiation with wavelength
anywhere from 10 nanometer to 750 nanometer may be
detected. Therefore, if refrigerant containing such a
UV fluorescent dye is leaking from a given point in a
refrigeration or air conditioning apparatus, the
fluorescence can be detected at the leak point. Such
UV fluorescent dyes include but are not limited to
naphthalimides, perylenes, coumarins, anthracenes,
phenanthracenes, xanthenes,
thioxanthenes,naphthoxanthenes, fluoresceins, and
derivatives or mixtures thereof. Solubilizing agents
of the present invention comprise at least one
compound selected from the group consisting of
hydrocarbons, hydrocarbon ethers, polyoxyalkylene
glycol ethers, amides, nitriles, ketones,
chlorocarbons, esters, lactones, aryl ethers,
fluoroethers and 1,1 ,1-trifluoroalkanes. Hydrocarbon
solubilizing agents of the present invention comprise
hydrocarbons including straight chained, branched
chain or cyclic alkanes or alkenes containing 5 or
fewer carbon atoms and only hydrogen with no other
functional groups. Representative hydrocarbon
solubilizing agents comprise propane, propylene,
cyclopropane, n-butane, isobutane, and n-pentane. It
should be noted that if the refrigerant is a
hydrocarbon, then the solubilizing agent may not be
the same hydrocarbon. Hydrocarbon ether solubilizing
agents of the present invention comprise ethers
containing only carbon, hydrogen and oxygen, such as
dimethyl ether (DME). Polyoxyalkylene glycol ether
solubilizing agents of the present invention are
represented by the formula R1[(OR2)xOR3]y, wherein: x
is an integer from 1-3; y is an integer from 1-4; R1
is selected from hydrogen and aliphatic hydrocarbon
radicals having 1 to 6 carbon atoms and y bonding
sites; R2 is selected from aliphatic hydrocarbylene
radicals having from 2 to 4 carbon atoms; R3 is
selected from hydrogen and aliphatic and 



alicyclic hydrocarbon radicals having from 1 to 6
carbon atoms; at least one of R1 and R3 is said
hydrocarbon radical; and wherein said polyoxyalkylene
glycol ethers have a molecular weight of from about
100 to about 300 atomic mass units. In the present
polyoxyalkylene glycol ether solubilizing agents
represented by R1[(OR2)xOR3jy: x is preferably 1- 2; y
is preferably 1; R1 and R3 are preferably
independently selected from hydrogen and aliphatic
hydrocarbon radicals having 1 to 4 carbon atoms; R2 is
preferably selected from aliphatic hydrocarbylene
radicals having from 2 or 3 carbon atoms, most
preferably 3 carbon atoms; the polyoxyalkylene glycol
ether molecular weight is preferably from about 100 to
about 250 atomic mass units, most preferably from
about 125 to about 250 atomic mass units. The R1 and
R3 hydrocarbon radicals having 1 to 6 carbon atoms may
be linear, branched or cyclic. Representative R1 and
R3 hydrocarbon radicals include methyl, ethyl, propyl,
isopropyl, butyl,isobutyl, sec-butyl, terf-butyl,
pentyl, isopentyl, neopentyl, cyclopentyl, and
cyclohexyl. Where free hydroxyl radicals on the
present polyoxyalkylene glycol ether solubilizing
agents may be incompatible with certain compression
refrigeration apparatus materials of construction
(e.g. Mylar(r)), R1 and R3 are preferably aliphatic
hydrocarbon radicals having 1 to 4 carbon atoms, most
preferably 1 carbon atom. The R2 aliphatic
hydrocarbylene radicals having from 2 to 4 carbon
atoms form repeating oxyalkylene radicals - (OR2)X -
that include oxyethylene radicals, oxypropylene
radicals, and oxybutylene radicals. The oxyalkylene
radical comprising R2 in one polyoxyalkylene glycol
ether solubilizing agent molecule may be the same, or
one molecule may contain different R2 oxyalkylene
groups. The present polyoxyalkylene glycol ether
solubilizing agents preferably comprise at least one
oxypropylene radical. Where R1 is an aliphatic or
alicyclic hydrocarbon radical having 1 to 6 carbon
atoms and y bonding sites, the radical may be linear,
branched or cyclic. Representative R1 aliphatic
hydrocarbon radicals having two bonding sites include,
for example, an ethylene radical, a propylene radical,
a butylene radical, a pentylene radical, a hexylene
radical, a cyclopentylene radical and a cyclohexylene
radical. Representative R1 aliphatic hydrocarbon
radicals having three or four bonding sites include
residues derived from polyalcohols, such as
trimethylolpropane, glycerin, pentaerythritol, 1,2,3-
trihydroxycyclohexane and 1,3,5-trihydroxycyclohexane,
by removing their hydroxyl radicals. Representative
polyoxyalkylene glycol ether solubilizing agents
include but are not limited to: CH3OCH2CH(CH3)O(H or
CH3) (propylene glycol methyl (or dimethyl) ether),
CH3O[CH2CH(CH3)O]2(H or CH3) (dipropylene glycol
methyl (or dimethyl) ether), CH3O[CH2CH(CH3)O]3(H or
CH3) (tripropylene glycol methyl (or dimethyl) ether),
C2H5OCH2CH(CH3)O(H or C2H5) (propylene glycol ethyl
(or diethyl) ether), C2H5O[CH2CH(CH3)O]2(H or C2H5)
(dipropylene glycol ethyl (or diethyl) ether),
C2H5O[CH2CH(CH3)O]3(H or C2H5) (tripropylene glycol
ethyl (or diethyl) ether), C3H7OCH2CH(CH3)O(H or C3H7)
(propylene glycol n-propyl (or di-n-propyl) ether),
C3H7O[CH2CH(CH3)O]2(H or C3H7) (dipropylene glycol
n-propyl (or di-n-propyl) ether) ,
C3H7O[CH2CH(CH3)O]3(H or C3H7) (tripropylene glycol
n-propyl (or di-n-propyl) ether), C HgOCH2CH(CH3)OH
(propylene glycol n-butyl ether),
C4H9O[CH2CH(CH3)O]2(H or C4H9) (dipropylene glycol
n-butyl (or di-n-butyl) ether),
C4H9O[CH2CH(CH3)O]3(Hor C4H9) (tripropylene glycol
n-butyl (or di-n-butyl) ether), (CH S)3COCH 2CH(CH
3)OH (propylene glycol t-butyl ether), 



(CHs)3CO[CH2CH(CH3)O]2(H or (CH3)3) (dipropylene
glycol t-butyl (or di-tbutyl) ether),
(CHs)3CO[CH2CH(CH3)O]3(H or (CH3)3) (tripropylene
glycol tbutyl (or di-t-butyl) ether),
C5H11OCH2CH(CH3)OH (propylene glycol npentyl ether),
C4H9OCH2CH(C2H5)OH (butylene glycol n-butyl ether),
C4H9O[CH2CH(C2H5)O]2H (dibutylene glycol n-butyl
ether), trimethylolpropane tri-n-butyl ether
(C2H5C(CH2O(CH2)3CH3)3) and trimethylolpropane
di-n-butyl ether (C2H5C(CH2OC(CH2)3CH3)2CH2OH). Amide
solubilizing agents of the present invention comprise
those represented by the formulae R1CONR2R3 and
cyclo-[R4CON(R5)-], wherein R1, R2, R3 and R5 are
independently selected from aliphatic and alicyclic
hydrocarbon radicals having from 1 to 12 carbon atoms;
R4 is selected from aliphatic hydrocarbylene radicals
having from 3 to 12 carbon atoms; and wherein said
amides have a molecular weight of from about 100 to
about 300 atomic mass units. The molecular weight of
said amides is preferably from about 160 to about 250
atomic mass units. R1, R2, R3 and R5 may optionally
include substituted hydrocarbon radicals, that is,
radicals containing non-hydrocarbon substituents
selected from halogens (e.g., fluorine, chlorine) and
alkoxides (e.g. methoxy). R1, R2, R3 and R5 may
optionally include heteroatom-substituted hydrocarbon
radicals, that is, radicals, which contain the atoms
nitrogen (aza-), oxygen (oxa-) or sulfur (thia-) in a
radical chain otherwise composed of carbon atoms. In
general, no more than three non-hydrocarbon
substituents and heteroatoms, and preferably no more
than one, will be present for each 10 carbon atoms in
R1 3, and the presence of any such non-hydrocarbon
substituents and heteroatoms must be considered in
applying the aforementioned molecular weight
limitations. Preferred amide solubilizing agents
consist of carbon, hydrogen, nitrogen and oxygen.
Representative R1, R2, R3 and R5 aliphatic and
alicyclic hydrocarbon radicals include methyl, ethyl,
propyl, isopropyl, butyl, isobutyl, sec-butyl,
terf-butyl, pentyl, isopentyl, neopentyl, terf-pentyl,
cyclopentyl, cyclohexyl, heptyl, octyl, nonyl, decyl,
undecyl, dodecyl and their configu rational isomers. A
preferred embodiment of amide solubilizing agents are
those wherein R4 in the aforementioned formula
cyclo-[R4CON(R5)-] may be represented by the
hydrocarbylene radical (CR6R7 n, in other words, the
formula: cyclo- [(CR6R7 nCON(R5)-] wherein: the
previously-stated values for molecularweight apply; n
is an integer from 3 to 5; R5 is a saturated
hydrocarbon radical containing 1 to 12 carbon atoms;
R6 and R7 are independently selected (for each n) by
the rules previously offered defining R1 3. In the
lactams represented by the formula: cyclo-[(CR
6R7)nCON(R5)-], all R6 and R7 are preferably hydrogen,
or contain a single saturated hydrocarbon radical
among the n methylene units, and R5 is a saturated
hydrocarbon radical containing 3 to 12 carbon atoms.
For example, 1-(saturated hydrocarbon
radical)-5-methylpyrrolidin-2-ones. Representative
amide solubilizing agents include but are not limited
to: 1-octylpyrrolidin-2-one, 1-decylpyrrolidin-2-one,
1-octyl-5- methylpyrrolidin-2-one, 1-butylcaprolactam,
1-cyclohexylpyrrolidin-2-one,
1-butyl-5-methylpiperid-2-one,
1-pentyl-5-methylpiperid-2-one, 1- hexylcaprolactam,
1-hexyl-5-methylpyrrolidin-2-one, 5-methyl-1-
pentylpiperid-2-one, 1,3-dimethylpiperid-2-one,
1-methylcaprolactam, 1- butyl-pyrrolidin-2-one,
1,5-dimethylpiperid-2-one, 1-decyl-5- 



methylpyrrolidin-2-one, 1-dodecylpyrrolid-2-one,
N,N-dibutylformamide and N,N-diisopropylacetamide.
Ketone solubilizing agents of the present invention
comprise ketones represented by the formula R1COR2,
wherein R1 and R2 are independently selected from
aliphatic, alicyclic and aryl hydrocarbon radicals
having from 1 to 12 carbon atoms, and wherein said
ketones have a molecular weight of from about 70 to
about 300 atomic mass units. R1 and R2 in said ketones
are preferably independently selected from aliphatic
and alicyclic hydrocarbon radicals having 1 to 9
carbon atoms. The molecular weight of said ketones is
preferably from about 100 to 200 atomic mass units. R1
and R2 may together form a hydrocarbylene radical
connected and forming a five, six, or seven-membered
ring cyclic ketone, for example, cyclopentanone,
cyclohexanone, and cycloheptanone. R1 and R2 may
optionally include substituted hydrocarbon radicals,
that is, radicals containing non-hydrocarbon
substituents selected from halogens (e.g., fluorine,
chlorine) and alkoxides (e.g. methoxy). R1 and R2 may
optionally include heteroatom-substituted hydrocarbon
radicals, that is, radicals, which contain the atoms
nitrogen (aza-), oxygen (keto-, oxa-) or sulfur
(thia-) in a radical chain otherwise composed of
carbon atoms. In general, no more than three
non-hydrocarbon substituents and heteroatoms, and
preferably no more than one, will be present for each
10 carbon atoms in R1 and R2, and the presence of any
such nonhydrocarbon substituents and heteroatoms must
be considered in applying the aforementioned molecular
weight limitations. Representative R1 and R2
aliphatic, alicyclic and aryl hydrocarbon radicals in
the general formula R1COR2 include methyl, ethyl,
propyl, isopropyl, butyl, isobutyl, sec-butyl,
terf-butyl, pentyl, isopentyl, neopentyl, terf-pentyl,
cyclopentyl, cyclohexyl, heptyl, octyl, nonyl, decyl,
undecyl, dodecyl and their configu rational isomers,
as well as phenyl, benzyl, cumenyl, mesityl, tolyl,
xylyl and phenethyl. Representative ketone
solubilizing agents include but are not limited to:
2-butanone, 2-pentanone, acetophenone, butyrophenone,
hexanophenone, cyclohexanone, cycloheptanone,
2-heptanone, 3- heptanone, 5-methyl-2-hexanone,
2-octanone, 3-octanone, diisobutyl ketone,
4-ethylcyclohexanone, 2-nonanone, 5-nonanone,
2-decanone, 4- decanone, 2-decalone, 2-tridecanone,
dihexyl ketone and dicyclohexyl ketone. Nitrile
solubilizing agents of the present invention comprise
nitriles represented by the formula R1CN, wherein R1
is selected from aliphatic, alicyclic or aryl
hydrocarbon radicals having from 5 to 12 carbon atoms,
and wherein said nitriles have a molecular weight of
from about 90 to about 200 atomic mass units. R1 in
said nitrile solubilizing agents is preferably
selected from aliphatic and alicyclic hydrocarbon
radicals having 8 to 10 carbon atoms. The molecular
weight of said nitrile solubilizing agents is
preferably from about 120 to about 140 atomic mass
units. R1 may optionally include substituted
hydrocarbon radicals, that is, radicals containing
non-hydrocarbon substituents selected from halogens
(e.g., fluorine, chlorine) and alkoxides (e.g.
methoxy). R1 may optionally include
heteroatom-substituted hydrocarbon radicals, that is,
radicals, which contain the atoms nitrogen (aza-),
oxygen (keto-, oxa-) or sulfur (thia-) in a radical
chain otherwise composed of carbon atoms. In general,
no more than three non-hydrocarbon substituents and
heteroatoms, and 



preferably no more than one, will be present for each
10 carbon atoms in R1, and the presence of any such
non-hydrocarbon substituents and heteroatoms must be
considered in applying the aforementioned molecular
weight limitations. Representative R1 aliphatic,
alicyclic and aryl hydrocarbon radicals in the general
formula R1CN include pentyl, isopentyl, neopentyl,
terf-pentyl, cyclopentyl, cyclohexyl, heptyl,
octyl,nonyl, decyl, undecyl, dodecyl and their configu
rational isomers, as well as phenyl, benzyl, cumenyl,
mesityl, tolyl, xylyl and phenethyl. Representative
nitrile solubilizing agents include but are not
limited to: 1- cyanopentane,
2,2-dimethyl-4-cyanopentane, 1-cyanohexane, 1-
cyanoheptane, 1-cyanooctane, 2-cyanooctane,
1-cyanononane, 1- cyanodecane, 2-cyanodecane,
1-cyanoundecane and 1-cyanododecane. Chlorocarbon
solubilizing agents of the present invention comprise
chlorocarbons represented by the formula RCIx,
wherein; x is selected from the integers 1 or 2; R is
selected from aliphatic and alicyclic hydrocarbon
radicals having 1 to 12 carbon atoms; and wherein said
chlorocarbons have a molecular weight of from about
100 to about 200 atomic mass units. The molecular
weight of said chlorocarbon solubilizing agents is
preferably from about 120 to 150 atomic mass units.
Representative R aliphatic and alicyclic hydrocarbon
radicals in the general formula RCIx include methyl,
ethyl, propyl, isopropyl, butyl, isobutyl, sec-butyl,
terf-butyl, pentyl, isopentyl, neopentyl, ferf-pentyl,
cyclopentyl, cyclohexyl, heptyl, octyl, nonyl, decyl,
undecyl, dodecyl and their configurational isomers.
Representative chlorocarbon solubilizing agents
include but are not limited to:
3-(chloromethyl)pentane, 3-chloro-3-methylpentane, 1-
chlorohexane, 1,6-dichlorohexane, 1-chloroheptane,
1-chlorooctane, 1- chlorononane, 1-chlorodecane, and
1,1 ,1-trichlorodecane. Ester solubilizing agents of
the present invention comprise esters represented by
the general formula R1CO2R2, wherein R1 and R2 are
independently selected from linear and cyclic,
saturated and unsaturated, alkyl and aryl radicals.
Preferred esters consist essentially of the elements
C, H and O, have a molecular weight of from about 80
to about 550 atomic mass units. Representative esters
include but are not limited to:
(CH3)2CHCH2OOC(CH2)2-4OCOCH2CH(CH3)2 (diisobutyl
dibasic ester), ethyl hexanoate, ethyl heptanoate,
n-butyl propionate, n-propyl propionate, ethyl
benzoate, di-n-propyl phthalate, benzoic acid
ethoxyethyl ester, dipropyl carbonate, "Exxate 700" (a
commercial C7 alkyl acetate), "Exxate 800" (a
commercial C8 alkyl acetate), dibutyl phthalate, and
tert-butyl acetate. Lactone solubilizing agents of the
present invention comprise lactones represented by
structures [A], [B], and [C]:[A] [B] [C] These
lactones contain the functional group -CO2- in a ring
of six (A), or preferably five atoms (B), wherein for
structures [A] and [B], Ri through R8 are
independently selected from hydrogen or linear,
branched, cyclic, bicyclic, saturated and unsaturated
hydrocarbyl radicals. Each Ri though R8 may be
connected forming a ring with another Ri through R8.
The lactone may have an exocyclic alkylidene group as
in structure [C], wherein Ri through R6 are
independently selected from hydrogen or linear,
branched, cyclic, bicyclic, saturated and unsaturated
hydrocarbyl radicals. Each R1 though Re may be
connected forming a ring with another Ri 



through R . The lactone solubilizing agents have a
molecular weight range of from about 80 to about 300
atomic mass units, preferred from about 80 to about
200 atomic mass units. Representative lactone
solubilizing agents include but are not limited to the
compounds listed in Table 2. TABLE
2METHODANDAPPARATUSFOR POLARIZATIONINSENSITIVEPHASE
SHIFTING OF AN OPTICALBEAMIN AN OPTICALDEVICE
BACKGROUNDOF THE INVENTION Field of the Invention The
present invention relates generally to optics and,
more specifically, the present invention relates to
phase shifting optical beams. Background Information
The need for fast and efficient optical-based
technologies is increasing as Internet data traffic
growth rate is overtaking voice traffic pushing the
need for optical communications. Transmission of
multiple optical channels over the same fiber in the
dense wavelength-division multiplexing (DWDM)systems
and Gigabit (GB) Ethernet systems provide a simple way
to use the unprecedented capacity (signal bandwidth)
offered by fiber optics. Commonly used optical
components in the system include wavelength division
multiplexed (WDM)transmitters and receivers, optical
filter such as diffraction gratings, thin-film
filters, fiber Bragg gratings, arrayed-waveguide
gratings, optical add/drop multiplexers, lasers and
optical switches. Optical switches may be used to
modulate optical beams. Two commonly found types of
optical switches are mechanical switching devices and
electro-optic switching devices. Mechanical switching
devices generally involve physical components that are
placed in the optical paths between optical fibers.
These components are moved to cause switching action.
Micro-electronic mechanical systems (MEMS)have
recently been used for miniaturemechanical switches.
MEMS are popular because they are silicon based and
are processed using somewhat conventional silicon
processing technologies. However, since MEMStechnology
generally relies upon the actual mechanical movement
of physical parts or components, MEMSare generally
limited to slower speed optical applications, such as
for example applications having response times on the
order of milliseconds. In electro-optic switching
devices, voltages are applied to selected parts of a
device to create electric fields within the device.
The electric fields change the optical properties of
selected materials within the device and the
electro-optic effect results in switching action.
Electro-optic devices typically utilize
electro-optical materials that combine optical
transparency with voltage-variable optical behavior.
One typical type of single crystal electro-optical
material used in electro-optic switching devices is
lithium niobate (LiNbOa). Lithium niobate is a
transparent material from ultraviolet to midinfrared
frequency range that exhibits electro-optic properties
such as the Pockels effect. The Pockels effect is the
optical phenomenon in which the refractive index of a
medium, such as lithium niobate, varies with an
applied electric field. The varied refractive index of
the lithium niobate may be used to provide switching.
The applied electrical field is provided to present
day electro-optical switches by external control
circuitry. Although the switching speeds of these
types of devices are very 



fast, for example on the order of nanoseconds, one
disadvantage with present day electro-optic switching
devices is that these devices generally require
relatively high voltages in order to switch optical
beams.Consequently, the external circuits utilized to
control present day electrooptical switches are
usually specially fabricated to generate the high
voltages and suffer from large amounts of power
consumption. In addition, integration of these
external high voltage control circuits with present
day electro-optical switches is becoming an
increasingly challenging task as device dimensions
continue to scale down and circuit densities continue
to increase. BRIEF DESCRIPTIONOF THE DRAWINGS The
present invention is illustrated by way of example and
not limitation in the accompanying figures. Figure 1
is a cross-section illustration of an optical device
including a charge modulated region proximate to a
planar shaped insulating region in an optical
waveguide, wherein the optical device exhibits a
strong polarization dependence. Figure 2 is a
cross-section illustration of one embodiment of an
optical device including a charge modulated region
proximate to a substantially V shaped insulating
region in an optical waveguide, wherein the optical
device exhibits polarization independence in
accordance with the teachings of the present
invention. Figure 3 is a diagram illustrating
vectorial modeling of the transverse electric field
(TE)mode of optical beam directed through one
embodiment of an optical device including a charge
modulated region proximate to a substantially V shaped
insulating region in an optical waveguide in
accordance with the teachings of the present
invention.Figure 4 is a diagram illustrating vectorial
modeling of the transverse magnetic field (TM)mode of
optical beam directed through one embodiment of an
optical device including a charge modulated region
proximate to a substantially V shaped insulating
region in an optical waveguide in accordance with the
teachings of the present invention. Figure 5 is a
block diagram illustration of one embodiment of a
system including an optical transmitter and an optical
receiver with an optical device including a one
embodiment of a polarization insensitive optical phase
shifter according to embodiments of the present
invention. Figure 6 is a block diagram illustration of
one embodiment of an optical modulator including a
Mach Zehnder Interferometer (MZI) configuration having
one embodiment of a polarization insensitive optical
phase shifter according to embodiments of the present
invention. Figure 7 is a block diagram illustration of
one embodiment of an optical modulator including a
Fabry-Perot cavity configuration having one embodiment
of a polarization insensitive optical phase shifter
according to embodiments of the present invention.
DETAILEDDESCRIPTION Methods and apparatuses for
polarization insensitive phase shifting an optical
beam with an optical device are disclosed. In the
following description numerous specific details are
set forth in order to provide a thorough understanding
of the present invention. It will be apparent,
however, to one having ordinary skill in the art that
the specific detail need not be employed to practice
the present invention. In otherinstances, well-known
materials or methods have not been described in detail
in order to avoid obscuring the present invention.
Reference throughout this specification to "one
embodiment" or "an 



embodiment" means that a particular feature, structure
or characteristic described in connection with the
embodiment is included in at least one embodiment of
the present invention. Thus, appearances of the
phrases "in one embodiment" or "in an embodiment" in
various places throughout this specification are not
necessarily all referring to the same embodiment.
Furthermore, the particular features, structures or
characteristics may be combined in any suitable manner
in one or more embodiments. In addition, it is
appreciated that the figures provided herewith are for
explanation purposes to persons ordinarily skilled in
the art and that the drawings are not necessarily
drawn to scale. In one embodiment of the present
invention, a semiconductor-based optical device is
provided in a fully integrated solution on a single
integrated circuit chip. One embodiment of the
presently described optical device includes a
semiconductor-based waveguide having a complementary
metal oxide semiconductor (CMOS)capacitor type
structure adapted to phase shift an optical beam in
response to a signal. Embodiments of the disclosed
optical devices can be used in a variety of high
bandwidth applications including multi-processor,
telecommunications, networking as well as other high
speed optical applications such as optical delay
lines, switches, modulators, add/ drops, or the
like.In one embodiment, trie CMOS capacitor type
structure is adapted to modulate a charged region
proximate to a substantially V shaped insulating
region in the waveguide. An optical beam is to be
directed through the waveguide and through the charge
modulated region proximate to the substantially V
shaped insulating region to phase shift the optical
beam. Polarization independent phase efficiency is
realized according to embodiments of the present
invention with the utilization of the substantially V
shaped insulating region through the optical
waveguide. As will be discussed, the substantially
orthogonal relationship between the planes of the
substantially V shaped insulating region according to
embodiments of the present invention result in
substantially polarization insensitive phase shifting
of an arbitrarily polarized optical beam because the
transverse electric field (TE)and transverse magnetic
field (TM)mode components of the optical beam
propagate at right angles with respect to each other
tlirough the optical waveguide. To illustrate, Figure
1 i s a cross-section illustrating generally an
optical device including a charge modulated region
proximate to a planar shaped insulating region in a n
optical waveguide. As shown in Figure 1, optical
device 101 includes a first region of semiconductor
material 103 having a first conductivity type and a
second region of semiconductor material 105 having a
second conductivity type. A planar insulating region
111 is disposed between semiconductor material regions
103 and 105. As illustrated in Figure 1, optical
device 101 is fabricated on a silicon-on-insulator
(SOI)wafer and therefore includes a buried insulating
layer 107 and a layer of semiconductor material 109.
An opticalwaveguide 127 is included in optical device
101, through which an optical beam 121 is directed
along an optical path. The optical path along which
optical beam 121 is directed is along an axis that is
parallel to the axis of the optical waveguide of
optical device 101. Thus, the optical path and
therefore optical beam 121 are shown to propagate
along a direction going through, or coming in and out
of, the page. As shown in Figure 1, semiconductor
material region 1 05 is grounded and semiconductor 



material region 103 is coupled to receive VSIGNAL
through contacts 113 and 115. In operation, optical
beam 121 is directed through optical waveguide 127
along an optical path through charge modulated region
133. VSIGNAL is applied to optical waveguide 127 to
modulate the free charge carrier concentration in
charge modulated region 133 proximate to planar
insulating region 111, or at the interfaces between
insulating region 111 and regions of semiconductor
material 103 and 105. The applied voltage from VSIGNAL
changes the free charge carrier density in charge
modulated region 133, which results in a change in the
refractive index of the semiconductor material in
optical waveguide 127. In operation, optical beam 121
is directed through optical waveguide 127 along an
optical path through charge modulated region 133.
VSIGNAL is applied to optical waveguide 127 to
modulate the free charge carrier concentration in
charge modulated region 133 at the interfaces between
insulating region 111 and regions of semiconductor
material 103 and 105. The applied voltage from VSIGNAL
changes the free charge carrier density in charge
modulated region 133, which results in achange in the
refractive index of the semiconductor material in
optical waveguide 127. Optical device 101 of Figure 1
exhibits a strong polarization dependence of phase
efficiency. For instance, when a polarization of
optical beam 121 is parallel to planar insulating
region 111, or the interfaces between insulating
region 111 and semiconductor material regions 103 and
105, the phase efficiency is substantially larger,
such as for example approximately seven times
(7x)larger, than that for a polarization of optical
beam 121 that is perpendicular to planar insulating
region 111. As a consequence, the efficiency of
optical device 101 on phase shifting optical beam 101
is dependent on the polarization of the optical beam
121 that is directed through the optical waveguide
127. Figure 2 is a cross-section illustration of one
embodiment of an optical device including a charge
modulated region proximate to a substantially V shaped
insulating region in an optical waveguide. The optical
device of Figure 2 exhibits polarization independence
according to embodiments of the present invention. As
shown in Figure 2, optical device 201 includes a first
region of semiconductor material 203 having a first
conductivity type and a second region of semiconductor
material 205 having a second conductivity type. In one
embodiment, semiconductor material 203 includes
silicon with p-type dopants and semiconductor material
205 includes silicon with n-type dopants. It is
appreciated that the polarities of the dopants are
provided for explanation purposes and that the
polarities of the dopants and corresponding voltages
may be reversed in accordance with the teachings of
the present invention. Inone embodiment, a
substantially V shaped insulating region 2 11 is
disposed between semiconductor material regions 203
and 205. As illustrated in Figure 2, one embodiment of
optical device 201 is fabricated on a
silicon-on-insulator (SOI)wafer and therefore includes
a buried insulating layer 207 and a layer of
semiconductor material 209. In one embodiment, an
optical waveguide 227 is included in optical device
201, through which an optical beam 221 is directed
along an optical path. In the embodiment illustrated
in Figure 2, waveguide 227 is a rib waveguide
including a rib region 229 and a slab region 231. In
one embodiment, optical beam 22 1 includes infrared or
near infrared light. 



For example, in one embodiment, optical beam 221 has a
wavelength near approximately 1.3 mm or 1.55 mm. In
the embodiment illustrated in Figure 2, the optical
path along which optical beam 221 is directed is along
an axis that is parallel to the axis of the optical
waveguide of optical device 201. In the example shown
in Figure 2 , the optical path and therefore optical
beam 22 1 are shown to propagate along a direction
going through, or coming in and out of, the page. In
the embodiment of Figure 2, the vertex of the "V"of
the substantially V shaped insulating region 221 forms
an intersecting line that is also substantially
parallel to the optical path along which optical beam
22 1 is directed through the optical waveguide 227. As
shown in the embodiment of Figure 2, semiconductor
material region 205 is grounded and semiconductor
material region 203 is coupled to receive
VSIGNALthrough contacts 213 and 215. In one
embodiment, contacts 213 and 215 are metal contacts
that are coupled tosemiconductor material region 205
at locations outside the optical path of optical beam
22 1. The application ofVSIGNAL to optical waveguide,
as shown in Figure 2, results in the modulation of
free charge carriers in charge modulated region 233,
which is proximate to substantially V shaped
insulating region 211 and through which optical beam
22 1 is directed. As can be appreciated to a person
skilled in the art having the benefit of this
disclosure, a CMOScapacitor type structure is
therefore provided according to embodiments of the
present invention where the highly charged regions on
opposite sides of substantially V shaped insulating
region 211 represent the plates of the CMOS
capacitor-type structure. In one embodiment, a buffer
of insulating material 223 and a buffer of insulating
material 225 are also included in an optical device
201 in accordance with the teachings of the present
invention. As shown in Figure 2, buffer 223 is
disposed between contact 213 and the optical path of
optical beam 221. Buffer 225 is disposed between
contact 215 and the optical path of optical beam 221.
In one embodiment, buffers 223 and 225 are made of
materials having lower refractive indexes than the
refractive index of the core of waveguide 227. As a
result, buffers 223 and 225 serve as cladding so as to
help confine optical beam 221 to remain within
waveguide 227. In the embodiment illustrated in Figure
2, buried insulating layer 207 also serves as cladding
so as to help confine optical beam 221 to remain
within waveguide 227. In one embodiment, buffers 223
and 225 also serve as electrical isolators so as to
electrically isolatethe contacts coupled to waveguide
227 from the optical electric field guided from
optical beam 221. In operation, optical beam 22 1 is
directed through optical waveguide 227 along an
optical path through charge modulated region 233.
VSIGNALis applied to optical waveguide 227 to modulate
the free charge carrier concentration in charge
modulated region 233 a t the interfaces between
substantially V shaped insulating region 211 and
regions of semiconductor material 203 and 205. The
applied voltage from VSIGNALchanges the free charge
carrier density in charge modulated region 233, which
results in a change in the refractive index of the
semiconductor material in optical waveguide 227. In
one embodiment, the free charge carriers in charge
modulated region 233 may include for example
electrons, holes or a combination thereof. In one
embodiment, the phase of optical beam 221 that passes 



through charge modulated region 233 is modulated in
response to VSIGNAL. In one embodiment, the phase of
optical beam 22 1 passing through free charge carriers
in charge modulated region 233, or trie absence of
free charge carriers, in optical waveguide 227 is
modulated due to the plasma optical effect. The plasma
optical effect arises due to a n interaction between
the optical electric field vector and free charge
carriers that may be present along the optical path of
the optical beam 2 2 1 in optical waveguide 227. The
electric field of the optical beam 221 polarizes the
free charge carriers and this effectively perturbs the
local dielectric constant of the medium. This in turn
leads to a perturbation of the propagation velocity of
the optical wave and hence the index of refractionfor
the light, since the index of refraction is simply the
ratio of the speed of the light in vacuum to that in
the medium. Therefore, the index of refraction in
optical waveguide 227 of optical device 201 is
modulated in response to the modulation of free charge
carriers charge modulated region 233. The modulated
index of refraction in the waveguide of optical device
201 correspondingly modulates the phase of optical
beam 221 propagating through optical waveguide 227 of
optical device 201 . In addition, the free charge
carriers in charge modulated region 233 are
accelerated by the field and lead to absorption of the
optical field as optical energy is used up. Generally
the refractive index perturbation is a complex number
with the real part being that part which causes the
velocity change and the imaginary part being related
to the free charge carrier absorption. The amount of
phase shift f is given approximately by f = (2p /
l)DnL (Equation 1) with the optical wavelength l, the
refractive index change Dn and the interaction length
L. In the case of the plasma optical effect in
silicon, the refractive index change Dn due to the
electron (DNe) and hole (DNh) concentration change is
given by: where n0 is the nominal index of refraction
for silicon, e is the electronic charge, c is the
speed of light, e0 is the permittivity of free space,
me * and mh* are the electron and hole
effectivemasses, respectively, be and bh are fitting
parameters.As can be observed in Figure 2, one
embodiment of substantially V shaped insulating region
211 can be characterized as being formed with two
planar regions of insulating material 217 and 219,
which are angled with respect to each other, forming
the "V"shape. For purposes of this disclosure, it is
appreciated that the precise shape of the "V"of
substantially V shaped insulating region 211 may
deviate from exact "V" shape embodiment illustrated in
Figure 2 for explanation purposes. For example, the
bottom tip or vertex of the "V"may flattened, blunted
or rounded, or the "V"shape may be included in a
zigzagged "W"or "M" shaped structure, etc. However,in
all of these various embodiments, the substantially V
shaped insulating region 211 includes a least the two
regions of insulating material, which are angled with
respect to each other in accordance with the teachings
of the present invention. In one embodiment, regions
217 and 219 of insulating material may be
substantially orthogonal relationship to each other.
In another embodiment, regions 217 and 219 of
insulating material may be angled with respect to one
another at angles other than 90 degrees. Similar to
the discussion above, in one embodiment, when a
polarization of optical beam 221 is parallel to one of
the regions 217 or 219 of insulating 



material, the phase efficiencyis substantially larger,
such as for example approximately seven times
(7x)larger, than that for a polarization of optical
beam 221 that is perpendicular to the same region 217
or 219 of insulating material. For explanation
purposes, assume for example that a polarization of
optical beam 221 is parallel to region 217 of
substantially V shapedinsulating region 211. The phase
efficiencywould be for example seven times (7x)larger
than that for a polarization of optical beam 221 ttiat
is perpendicular to region 217 of substantially V
shaped insulating region 211. However,since regions
217 and 219 are substantially orthogonal to each
other, the polarization of optical beam 221 that is
substantially perpendicular to region 217 is parallel
to region 219. Similarly, a polarization of optical
beam 22 1 that is perpendicular to region 2L9 is
substantially parallel to region 217. Therefore, with
charge modulated region 233 proximate to substantially
V shaped insulating region 211, optical device 201
exhibits polarization independence when modulating the
phase of optical beam 211 in accordance with the
teachings of the present invention. To further
illustrate, assume that regions 217 and 219 of
substantially V shaped insulating region 211 are each
aligned witti an angle q relative to the horizontal
line 218 illustrated in the embodiment shown in Figure
2. In one embodiment, assume that angle q is close to
45 degrees or that regions 217 and 219 of
substantially V shaped ins ilating region 211 are
formed with an approximate 90 degree angle relative to
each other. Continuing with this example, let the
waveguide effective index change for region 217 or 219
of substantially Vshaped insulating region 211 with
the electric field component parallel to the region
217 or 2 19 be equal to Dn. Thus, for the electric
field component that is perpendicular to the region
217 or 219, the induced waveguide effectiveindex
change is substantially less, or for example Dn/7, due
to the smaller phase efficiencyas discussed above. In
an embodiment with semiconductor material regions 203
and 205 including silicon, and with substantially
Vshaped insulating region 211 including regions 217
and 219 being oxide layers having thicknesses of
approximately 5-12 nanometers, a single mode waveguide
is realized for optical waveguide 227. The optical
waveguide 227 has one optical mode for the TE mode
polarization component and one optical mode for the TM
mode polarization component of optical beam 221. In
one embodiment, for the TE mode polarization
component, the total waveguide effective index change
is for example 2[Dncos q + (Dn/7) -sinq], (Equation 3)
while the total waveguide effectiveindex change the
TMmode polarization component is for example 2[(Dn/7)
cosq +Dnsin q]. (Equation 4) Therefore, when the angle
q in the embodiment illustrated in Figure 2 is
substantially equal to 45 degrees, the total induced
index change is substantially the same for both TE and
TMmode polarization components of optical beam 221.
Thus, substantially polarization independent phase
efficiencyis obtained with an optical phase shifter of
optical device 201 in accordance with the teachings of
the present invention. To illustrate the polarization
independence of optical device 2O1, Figure 3 is a
diagram illustrating vectorial modeling of the TE mode
polarization component of optical beam 221 and Figure
4 is a diagramillustrating vectorial modeling of the
transverse magnetic field TMmode 



polarization component of optical beam 22 1 directed
through one embodiment of optical waveguide 227 of
optical an optical device 201 in accordance with the
teachings of the present invention. In the example
embodiments illustrated in Figures 3 and 4, the
substantially V shaped insulating region 211 is an
oxide with a thickness of approximately 12 nanometers.
As can be observed in the embodiment in Figures 3 and
4, optical waveguide 227 is a rib waveguide with rib
region 229 having a width of approximately 3 mm and a
height of approximately 1.0 mm. The slab region of
optical waveguide 227 in the embodiment in Figures 3
and 4 is approximately 1.5 mm in height. As can be
appreciated from the vectorial modelings of Figures 3
and 4, the distribution of the TE and TMmodes of
optical beam 221 is symmetric along the horizontal
direction across the substantially V shaped insulating
region 211. Thus, the overlap of both the TE and TM
modes of optical beam 221 over the charge modulated
regions 233 is substantially equal for a given
position of substantially V shaped insulating region
211 in the vertical direction. Since both of TE and TM
mode polarization components of optical beam 22 1 are
not symmetric in the vertical direction, the
effectiveindex change will be slightly dependent on
the position of substantially V shaped insulating
region 211 relative to the optical modes for the TE
and TMmode polarization components. In one embodiment,
the vertical position of substantially V shaped
insulating region 211 can be adjusted to achieve
polarization independent operationin accordance with
the teachings of the present invention. In so doing,
it is possible to have a polarization insensitive
phase shift, even when the relative angle between the
regions 217 and 219 of substantially Vshaped
insulating region 211 is not precisely 90 degrees in
accordance with the teachings of the present
invention. Figure 5 illustrates generally a block
diagram of one embodiment of a system including an
optical transmitter and an optical receiver with an
optical device according to embodiments of the present
invention. In particular, Figure 5 shows optical
system 50 1 including an optical transmitter 503 and
an optical receiver 507. In one embodiment, optical
system 501 also includes an optical device 505
optically coupled between optical transmitter 503 and
optical receiver 507. As shown in Figure 5, optical
transmitter 503 transmits an optical beam 52 1 that is
received by optical device 505. In one embodiment,
optical device 505 may include for example a device
such as optical device 201 described above in
connection with Figures 2-4 to phase shift optical
beam 521 in response to signal VSIGNAL. AS such,
optical device 505 is independent of the polarization
of optical beam 52 1. In such an embodiment, optical
device 505 may serve as an optical delay. In another
embodiment, optical device 505 may be employed in an
optical amplitude modulator or the like. In various
embodiments according to the teachings of the present
invention, it is appreciated that optical device 505
can operate at speeds as fast as 10 GHzand beyond. As
a result, an embodiment of optical device 505 in may
be fabricated in for example a high-speed silicon
modulator for datacommunication and chip-to-chip
interconnect applications in accordance with the
teachings of the present invention. For instance, in
one embodiment of the present invention, a
semiconductor-based optical amplitude modulator is
provided in a fully integrated solution on a single
integrated circuit chip. In particular, Figure 6
illustrates generally one embodiment of an optical
modulator 601 



that can be employed in place optical device 505 of
Figure 5. As shown in the depicted embodiment, optical
modulator 60 1 includes an optical phase shifter 603
in at least one of the two arms optically coupled
between cascaded Y-branch couplers of a Mach-Zehnder
Interferometer (MZI)configuration 605 disposed in
semiconductor material. In one embodiment, optical
phase shifter 603 is similar to an embodiment of
optical device 201 described above in connection with
Figures 2-4. In operation, an optical beam 62 1 is
directed into an input of MZI configuration 605.
Optical beam 621 is split such that a first portion of
the optical beam 62 1 is directed through one of the
arms of the MZI configuration 605 and a second portion
of optical beam 621 is directed through the other one
of the arms of the MZIconfiguration 605. As shown in
the depicted embodiment, one of the arms of the MZI
configuration 605 includes optical phase shifter 603,
which adjusts a relative phase difference between the
first and second portions of optical beam 62 1 in
response to signal VSIGNAL In one embodiment, the
first and second portions of optical beam 62 1 are
then merged in the semiconductor substrate such that
optical beam 62 1 is modulated at the output of
MZIconfiguration 605 as a result of constructive or
destructiveinterference. In one embodiment, as shown,
one of the arms of the MZI configuration 605 includes
an optical phase shifter 603. In another embodiment,
both of the arms of the MZI configuration 605 may
include an optical phase shifter 603. Figure 7 is a
block diagram illustrating generally an embodiment of
an optical modulator including a Fabry-Perot cavity
configuration having one embodiment of a polarization
insensitive optical phase shifter according to
embodiments of the present invention. In particular,
Figure 7 shows generally one embodiment of an optical
modulator 70 1 that can b e employed for optical
device 505 of Figure 5. As shown in the depicted
embodiment, optical modulator 701 includes Fabry-Perot
cavity configuration 709 defined between optical
reflectors 703 and 707. In the illustrated embodiment,
an optical phase shifter 705 is included in the
Fabry-Perot cavity configuration 709 optically coupled
between optical reflectors 703 and 707. In one
embodiment, optical phase shifter 705 is similar to an
embodiment of optical device 201 described above in
connection with Figures 2-4. In one embodiment,
optical reflectors 703 and 707 may be realized with
Bragg gratings or the like, which are integrated in a
semiconductor based optical waveguide to define Fabry-
Perot cavity configuration 709. In operation, optical
beam 72 1 is input into Fabry-Perot cavity
configuration 709 of optical phase shifter 70 1
through optical reflector 703. VSIGNALis applied to
optical phase shifter 705 to modulate the phase of
optical beam 72 1 a s optical beam 72 1 resonates
within Fabry-Perot cavity configuration 709. By
modulating the phase of optical beam 721with optical
phase shifter 705, optical beam 721 output from
optical reflector 707 is modulated independent of
polarization in accordance with the teachings of the
present invention. In the foregoing detailed
description, the method and apparatus of the present
invention have been described with reference to
specific exemplary embodiments thereof. It will,
however, be evident that various modifications and
changes may be made thereto without departing from the
broader spirit and scope of the present invention. The
present specification and figures are accordingly to
be regarded as illustrative 



rather than restrictive.CLAIMS What is claimed is: 1.
An apparatus, comprising: a first region of an optical
waveguide disposed in semiconductor material, the
first region having a first conductivity type; a
second region of the optical waveguide disposed in the
semiconductor material, the second region having a
second conductivity type opposite to the first
conductivity type; and a substantially V shaped
insulating region disposed between the first and
second regions of the optical waveguide, wherein a
vertex of the substantially V shaped insulating region
forms an intersecting line that is substantially
parallel to an optical path of an optical beam to be
directed through the optical waveguide. 2. The
apparatus of claim 1 wherein the substantially V
shaped insulating region is formed with at least two
regions of insulating material having an intersection
at the vertex of the substantially V shaped insulating
region. 3. The apparatus of claim 2 wherein the two
regions of insulating material are formed with a
substantially orthogonal relationship between the
first and second regions of the optical waveguide.4.
The apparatus of claim 1 wherein the optical waveguide
comprises a rib waveguide, wherein the first region in
included in a rib portion of the optical waveguide and
the second region is included in a slab portion of the
optical waveguide. 5. The apparatus of claim 1 further
comprising a charge modulated region to be modulated
along the optical path of the optical beam and
proximate to the substantially V shaped insulating
region between the first and second regions of the
optical waveguide, the charge modulated region to
modulate a phase of the optical beam to be directed
through the optical waveguide. 6. The apparatus of
claim 5 wherein the optical beam is an arbitrarily
polarized optical beam including first and second
polarization components, wherein a phase modulation of
the first polarization component in response to the
charge modulated region is substantially equal to a
phase modulation of the second polarization component
in response to the charge modulated region. 7. The
apparatus of claim 6 wherein the first polarization
component is a transverse magnetic field (TM)mode
polarization component of the arbitrarily polarized
optical beam and the second polarization component is
a transverse electric field (TE)mode polarization
component of the arbitrarily polarized optical beam.8.
The apparatus of claim 5 wherein the charge modulated
region to be modulated in response to a signal coupled
to be received by one of the first and second regions
of the optical waveguide. 9. The apparatus of claim 8
further comprising a first contact coupled to the
first region of the optical waveguide and a second
contact coupled to the second region of the optical
waveguide, the first and second contacts coupled to
the optical waveguide at locations outside the optical
path of the optical beam to be directed through the
optical waveguide, wherein the signal is coupled to be
received by a corresponding one of the first and
second contacts. 10. The apparatus of claim 9 further
comprising a buffer region 



disposed between the optical path of the optical beam
and at least one of the locations outside the optical
path of the optical beam to which the first and second
contacts are coupled to the first and second regions,
respectively, of the optical waveguide. 11. Amethod,
comprising: directing an optical beam along an optical
path through an optical waveguide disposed in
semiconductor material; modulating a charge modulated
region along the optical path proximate to a
substantially Vshaped insulating region disposed
between first and second regions of the optical
waveguide; andmodulating a phase of the optical beam
in response to the charge modulated region, wherein
the optical beam is an arbitrarily polarized optical
beam including first and second polarization
components, wherein a phase modulation of the first
polarization component in response to the charge
modulated region is substantially equal to a phase
modulation of the second polarization component in
response to the charge modulated region. 12. The
method of claim 11 wherein directing the optical beam
along the optical path through the optical waveguide
comprises directing the optical beam though the
optical waveguide substantially parallel to an
intersecting line formed at a vertex of the
substantially Vshaped insulating region through the
optical waveguide. 13. The method of claim 11 wherein
modulating the charge modulated region along the
optical path proximate to the substantially V shaped
insulating region disposed between first and second
regions of the optical waveguide comprises applying an
electrical signal to at least one of the first and
regions the optical waveguide, wherein the first
region of the optical waveguidehas a first
conductivity type and the second region having a
second conductivity type opposite to the first
conductivity type. 14. The method of claim 11 wherein
the optical beam is an arbitrarily polarized optical
beam including first and second polarization
components, wherein modulating the phase of the
optical beam includesmodulating substantially equally
a phase of the first polarization component of the
optical beam and a phase of the second polarization
component of the optical beam in response to
modulating the charge modulated region proximate to
the substantially Vshaped insulating region disposed
between first and second regions of the optical
waveguide. 15. The method of claim 14 wherein the
first polarization component is a transverse magnetic
field (TM)mode polarization component of the
arbitrarily polarized optical beam and the second
polarization component is a transverse electric field
(TE)mode polarization component of the arbitrarily
polarized optical beam. 16. The method of claim 14
wherein the substantially V shaped insulating region
is formed with at least two regions of insulating
material having an intersection at a vertex of the
substantially V shaped insulating region, wherein the
charge modulated region proximate to the first region
of the insulating material is adapted to modulate the
phase of the first polarization component an amount
substantially equal to an amount that the charge
modulated region proximate to the second region of the
insulating material is adapted to modulate the phase
of the second polarization component. 17. Asystem,
comprising: an optical transmitter to generate an
optical beam, wherein the 



optical beam is an arbitrarily polarized optical beam;
an optical receiver optically coupled to receive the
optical beam; and an optical device optically coupled
between the optical transmitter and the optical
receiver, the optical device including an optical
phase shifter to modulate a phase of the optical beam,
the optical phase shifter including: a first region of
an optical waveguide disposed in semiconductor
material, the first region having a first conductivity
type; a second region of the optical waveguide
disposed in the semiconductor material, the second
region having a second conductivity type opposite to
the first conductivity type; and a substantially V
shaped insulating region disposed between the first
and second regions of the optical waveguide, wherein a
vertex of the substantially V shaped insulating region
forms an intersecting line that is substantially
parallel to an optical path of the optical beam to be
directed through the optical waveguide. 18. The system
of claim 17 wherein the substantially Vshaped
insulating region is formed with at least two regions
of insulating material having an intersection at the
vertex of the substantially V shaped insulating
region. 19. The system of claim 17 wherein the two
regions of insulating material are formed with a
substantially orthogonal relationship between the
first and second regions of the optical waveguide.20.
The system of claim 17 further comprising a charge
modulated region to be modulated along the optical
path of the optical beam and proximate to the
substantially V shaped insulating region between the
first and second regions of the optical waveguide, the
charge modulated region to modulate a phase of the
optical beam to be directed through the optical
waveguide. 2 1. The system of claim 20 wherein a phase
modulation of the first polarization component in
response to the charge modulated region is
substantially equal to a phase modulation of the
second polarization component in response to the
charge modulated region. 22. The system of claim 17
wherein the optical phase shifter is included in an
optical modulator included in the optical device, the
optical modulator to modulate an amplitude of the
optical beam directed from the optical transmitter to
the optical receiver. 23. The system of claim 22
wherein the optical modulator includes a Mach-Zehnder
interferometer (MZI)configuration having first and
second arms, wherein the optical phase shifter is
included in at least one of the first and second arms
to modulate the optical beam directed through the MZI
configuration.24. The system of claim 22 wherein the
optical modulator includes a Fabry-Perot cavity
configuration, wherein the optical phase shifter is
included in Fabry-Perot cavity configuration to
modulate the optical beam directed through the
Fabry-Perot cavity configuration. 


