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Met hod for the- deposition of a Ruthenium containing
film Background 5 Ruthenium (Ru) is expected to be
introduced in the industrial sem conductor
manuf act uri ng process for many applications in the
comng years. This nove towarlds the use of new
materials for chip manufacturing is necessary to

sol ve i ssues generated by the continuous scaling trend
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applications. Ru has the reqU|red properties, such as
h'ﬂﬁcﬂ@kﬁfﬁg point, low resistivity, high oxidation
resi stance and adequate work function, nmaking it a
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A large variety of Ru CVD precursors are available and many have
been studied. However, the currently available precursors have a very low
vapor pressure (i.e. 0.1 Torr at 73°C for Ru(EtCp),). The Ru films obtained
with these known precursors contain significant amouﬁts of carbon and
"oxygen impurities. The C impurities are suspected to come from the precursor
material. The O impurity comes from the co-reactant gas (O;). It is known from
T. Shibutami et al, Tosoh R&D Review, 47, 2003, that Ru films have poor
adherence, uniformity and also have a characteristically long incubation time.

It is known from e.g. US-B-6,897,160, to use Ru precursors such as




It is known frome.g. US-B-6,897,160, to use Ru
precursors such as 2 tricarbonyl (1, 3-cycl ohexadi ene)

Ru precursor to deposit rough ruthenium oxide |ayers,
wherein said particular precursor (see exanple 4 of

said patent) is held in a bulzbler reservoir at room
tenperature (about 25C) and heliumis bubbled through
it. s However, as explained in US-A-6,517,616 to the
safffagyhietcydeharadirne Q) Pracussas ye Heprsitardiigin e)thenium oxide
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ofinfluence on the deposition process due to the intrusion of the solvent particles
in the reactor and the incorporation of undesired indpurities in the deposited
films. Moreover, the solvents used are usually toxic and/or flammable and their
usage brings many constraints (safety aspects, environmental issues). Besides,
the use of precursors with melting points higher than 20°C (and even for those
having a melting point above 0°C) implies many additional constraints during
the process deposition (heating of the delivery lines to avoid condensation of
the precursor at undesired locations) and during the transportation.

The reactivity of the known CO containing precursors does not enable
today to reach an ALD deposition regime. Ruthenium films are only deposited
by CVD and some articles even outline that ALD mode is not pdssible with the
Ru(CO)s(1,3-cyclohexadiene) precursor.



the precursor at undesired | ocations) and during the
transportation. The reactivity of the known CO

cont ai ni ng precursors does not enable today to reach
an ALD deposition reginme. Rutheniumfilnms are only
deposited 30 by CVD and sone3articles even outline
that ALD node is not possible with the

Ru( CO) 3( 1, 3-cycl ohexadi ene) precursor. 3 Detailed
Description It is an object to provide ruthenium
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b) introducing into the said reactor at least one ruthenium containing

_precursor having the formula:

(Rn-chd) Ru(CO);,

wherein,

(Rr-chd) represents one cyclohexadiene (chd) ligand,
substituted with n substituents R, any R being in any position on
the chd ligand;

n is an integer comprised between 1 and 8 (1 < n < 8) and
represents the number of substituents on the chd ligand;

R is selected from the group consisting of C1-C4 linear or
branched alkyl, alkylamides, alkoxides, alkylsilyamides,
amidinates, carbonyl and/or fluoroalkyl for R being located in
any of the eight available positions on the chd ligand, while R
can also be oxygen O for substitution on the C positions in the

chd cycle which are not involved in a double bond:
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25 represents the nunber of substituents on the chd
ligand; - Ris selected fromthe group consisting of
Cl-C4 linear or branched al kyl, al kyl am des,

al koxi des, al kyl silyam des, am di nates, carbonyl

and/or fluoroalkyl for R being located in any of the

ei ght avail abl e positions on the chd ligand, while R

30 can al so be oxygen O for substitution on the C
positions i.n 3 cy.ds i ' I N

a doubl e bondq@bsﬁﬁggb%%ﬁt%ﬂg@cﬁ %10‘92,%?? gﬁén%%\l?ﬁ\ég%%@ by H
| i gand are odeelpiwes;by H nol ecul es; - c) deconposing
said at | east one ruthenium containing precursor 5

under tenperature conditions above 100C, - d)

deposi t i-nge)sddcdnipaling Néaidnat daushidheNeitHdnkdmh QBhRirSAg %ré’éursor
| east one substrate. 10 Preferably, at |east one

subst i t uertdler temreratERIcitons abeYs 1806 of  t he

ligand invol ved a double bond, nore preferably in a

doubl e bond with another carbon atom According to a

pr ef er r ed Brdspasitien saidnruthdniamdoRtairsng fildl o6 sdill \dt leakd one
group, pre{uggtiﬁly Ris a nmethyl or ethyl group.

According 10 St her enmbodi ment, the ruthenium

precursor formula is Ru(CO 3(1-Me 1,4-chd)

i.e.(1- [ﬁetpyl cycl ohexa 1,4 diene)tricarbonyl ruthenium

Pr ef er apbl"§iefabl% atlpash one &hsdestitiaits ist lnestedion acatbegstom of
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in a doubl e bond. Preferably ature
ccigther gagoaradosel ected into a range from 100C to
500C, nore preferably from 150C to 350C. The pressure

into the reactor shall be preferably naintained
bet ween Accomdingaieda pogipred raplndimente nab | Tyame Risea 5H04 alkyl

2;@(;”%%?5&%%@8%2%61 g{e%%ﬁ%? eﬁwfyl {J'l?ﬁp! nventi on may further

According to another embodiment, the ruthenium precursor formula is
Ru(CO)s(1-Me 1,4-chd) i.e.(1 -methylcyclohexa 1,4 diene)tricarbony! ruthenium

Preferably to a further embodiment, there is at least one R on a carbon
of the chd ligand not involved in a double bond.

Preferably, the temperature conditions are selected into a range from
100°C to 500°C, more preferably from 150°C to 350°C.

* The pressure into the reactor shall be preferably maintained between 1
Pa and 10°Pa, more preferably between 25Pa and 10°Pa.

The process of the invention may further comprise the step of
providing at least one reducing fluid into the reactor, said reducing fluid being
preferably selected from the group consisting of Hz, NHa, SiHs, SisHs, SisHs,
hydrogen containing fluids and mixtures thereof.

The process of the invention may also further comprise the step of
providing at least one oxygen containing fluid into the reactor, preferably

selected from the group consisting of O,, Os, H.0, H,0,, oxygen containing



providing at |east one reducing fluid into the
reactor, said reducing fluid being preferably
selected fromthe group consisting of H2, N -13, SiH4,
Si 2H6, Si 3H8, hydrogen containing fluids and m xtures
t hereof. The process of the |gvention may al so further
conprise the step of 30 providing at |east one oxygen
containing fluid into the reactor, preferably
sel o f 02, 03, H2Q
&%§§agﬁ£%%hﬁégn|%&j %?%%?gosuch as 00 or OH
and n1xtures t hereof. The present i nvention al so
rel ates &ﬁ%the u e, of the ruthenjum containing
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filmonto aiky&mbsalkﬂaeude%o Rrledxirtesh | yalkyisalylalmaesi Ramﬁ:lgnates
Cl-4 al kyl et e )
subst | ?uencta t:[)rﬁ]ryf 9/1%53}38'1"? &yﬁﬁqrﬁﬁﬁegt%lﬁpgtp 'Hea’]yl antha eight
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the rut heni um precursor formula 1s Ru(CO 3(1

51, 4- chd) |0es‘ela.sﬂﬁe510ﬁyq>rtytq Ehessitionsaindhe st wateammyare not

rut heni UMjpyolved in a double bond
for the deposition of a Ru containing film onto a substrate.

Preferably, n = 1 and R is C1-C4 alky!, preferably methyl or ethyl, while
the R substituent is located on a carbon atom of the ligand having a double C
bond.

According to one embodiment, the ruthenium precursor formula is
Ru(CO)s(1-Me 1,4-chd) i.e.(1-methyicyclohexa 1,4 diene)tricarbonyl ruthenium,
for which the distribution of the ligand, together with the configuration of the
cyclohexadiene optimizes the steric hindrance and the reduction of the
electronic interaction and then reduces the melting point.

According to another embodiment, n is greater than 1 and R is a C1-C4
alkyl, preferably a methyl and/or ethyl, while there is at least one R on a carbon
of the ¢hd ligand having no double-bond.

The molecular structure of the cyclohexadiene ligand is freely chosen
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Accordmgly, the ruthenium containing precursors defined in step b)

(%, ]

here above shall be usually liquids, in other words having a melting point below
20°C, and more preferably shall have a melting point below 0°C.
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According to an other embodiment, the metal containing precursor is
selected from the group consisting of: Ru(CO)s(1-Methyl-1,3-cyclohexadiene),
Ru(CO)s(2-Methyi-1,3-cyclohexadiene), Ru(CO)s(5-Methyl,1,3-cyciohexadiene),
Ru(CO)s(1-Ethyl-1,3-cyclohexadiene), Ru(CO)s(2-Ethyl-1,3-cyclohexadiene),
Ru(CO)a(5-Ethyl, 1,3-cyclohexadiene), Ru(CO)s(1-Propyl-1,3-cyclohexadiene),
Ru(CO)s(2-Propyl-1,3-cyciohexadiene), Ru(CO)s(5-Propyl,1,3-cyclohexadiene),
Ru(CO)s(1-Butyl-1,3-cyclohexadiene), Ru(CO)a(2-Butyi-1,3-cyclohexadiene),
Ru(CO)s(5-Butyl, 1,3-cyclohexadiene), Ru(CO)s(1-Methyl-1,4-cyclohexadiene),
Ru(CO)s(3-Methyl-1,4-cyclohexadiene), Ru(CO)s(1-Ethyl-1,4-cyclohexadiene),
Ru(CO),(3-Ethyl-1,4-cyclohexadiene), Ru(CO)(1-Propyl-1,4-cyclohexadiene),
'Ru(CQ)s(S-Propyl-1 ,4-cyclohexadiene), Ru(CO);(1-Propyi-1,4-cyclohexadiene),



According to an other enbodi nent, the netal containing
precursor is selected fromthe group consisting of:
Ru( CO) 3( 1- Met hyl - 1, 3-cycl ohexadi ene),
Ru( CO) 3(2- Met hyl - 1, 3- cycl ohexadi ene),
Ru( CO) 3(5- Met hyl, 1, 3-cycl ohexadi ene),
Ru(CO) 3( 1-Et hyl -1, 3-cycl ohexadi ene),
Ru( CO) 3(2- Et hyl -1, 3-cycl ohexadi ene), 25

-BEdpyl-1
ROy S0 Pr iy TP A AR bures thereof
Ru( CO) 3(2- Propyl -1, 3-cycl ohexadi ene),
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ur he c al structure of
Ru(com?@ 5 h&' qi -dgp @ﬂ%xa i {uheniamy filw gleppsied by
deRgE)i(oMétayie] mfcyélaﬁé}@atem) Bhlmslozrs:%\@sﬁmeasvmeasured by
deposition tenperature; Figure 4, a ruthentumfilm

u €hs a gate el ectrode; 15 Fi gure 5 the I n- depth

Ru( cO) 3 ‘Euﬂ?e?h'w ayer deRPHRN A ASH ft"%tﬁ Y riag aspy.dpvention);
subst r aFiguess7 ribaslepesitidn/timéwvgestimated thickness of SiO, and TaN:;

Examples:

The precursors disclosed herein are usually liquid at room temperature,
Which means that their melting point is below 20°C, (the temperature set at
manufacturing fabs). They are more preferably liquid at temperatures below
0°C.

Ru(CO)s(1-Methyl-1,4-cyclohexadiene) is a light yellow precursor which
is liquid at 20°C. .

This precursor was then placed in a refrigerator set at 10°C and stored
during a few weeks under these conditions:
Ru(CO)s(1-Methyl-1,4-cyclohexadiene) was still liquid in this low temperature
environment. |

This precursor was then placed in a bath maintained at -50°C for



Figure 6, multi layer deposition on a substrate (prior
art v. invention); Figure 7, the deposition tine v.
estimated thickness of Si2 and TaN, 20 Exanpl es:

The precursors disclosed herein are usually liquid at
roomtenperature, which nmeans that their nelting
point is below 20C, (the tenpérature set at

manuf acturing fabs). They are nore preferably |iquid
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copdi ti gons. The precursors described in this invention
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co-reactant.

15 shown on Figure 3. With a pressure of 0,5 Torr into the reactor, films were

deposited at a temperature starting from 250°C, and the deposition rate
reached a plateau at 350°C. Figure 3 shows the deposition rate values of
ruthenium films on silicon oxide substrates as a function of the deposition

temperature. Silicon oxide was selected as a state of the art oxide materials

20 (gate dielectrics, capacitors...) in order to validate the use of the ruthenium

25

30

precursors disclosed herein for the deposition of ruthenium films to be used as
a metal electrode (MIM, DRAM, gate electrode,...).

Figure 4 represents the futhenium film deposited in such conditions to
build a gate electrode on a high k gate material deposited on a Si wafer. (Drain
and Source are not represented on Figure 4).

The results obtained are disclosed on Figure 5 where two regimes
clearly appear: the reaction rate limited regime (from 250 to 350°C) and the
transportation limited regime (above 350°C), which characterize the CVD mode
depositions.

The concentration of various elements into the ruthenium films were

anal_yzed by an Auger spectrometer. As can be seen on Figure 5, pure



The deposition characteristics of films deposited in
CVD regine are 15 shown on Figure 3. Wth a pressure
of 0,5 Torr into the reactor, filnms were deposited at
a tenperature starting from 250C, and the deposition
rate reached a plateau at 350C. Figure 3 shows the
deposition rate values of rutheniumfilns. on silicon
oxide substrates as a function of the deposition
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cl ea{l y appear: the reaction rate limted reginme (from
o 350C) and the transportation limted regine
(above 350C), which characterize the CVD node
deposi tions. 30 The concentration of various el enents
10§ ninsubption §iMEni um fil ms were anal yzed by an Auger
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15 Rﬁ'EWY@R@?a%@“@f}{Dﬁ“'('Q:Ppﬁlﬂcaﬁ*ﬁés aﬁgm@plﬁmﬁ@m 6, or as
f'émélee{i’&@é f&ﬁgr &Y ni ﬁo%%&t%hbr%g method and our

echni que: & carbon content was found to be |ess
t han 0. % shbw guligure &fTaNmalibendeposited om e lsiwrk inaterial, on

\M\%lgﬂh %9 ia%%??s c'lespolél.f?eeod tien thréoctopp%ro Ialyg cubation time:
The Ru layer avoids deposition of two different layers, one of Ta, the
20 other which is Cu seed layer.

As depicted on Figure 7, a linear behavior with a y-intercept and
x-intercept equal to 0 is observed whatever the substrate. From' these
experiments, it can be concluded that no or no significant incubation time is
observed.

25
Atomic Layer Deposition:

This precursor Ru(CO)s(1-Methyl-1,4-cyclohexadiene) and the likes are
suitable for the atomic layer deposition of ruthenium and ruthenium oxide films
at low temperatures (150-250°C) using the appropriate co-reactant. It has been

30 found that ALD is possible when the co-reactant is molecular and atomic

hydrogen, as well as with ammonia and related radicals NH;, NH, and oxidants.



Depositions done in the experinmental conditions
descri bed above have been perfornmed at durations up
to 60 minutes on different substrates such as SiQ2
and TaN. Filns were deposited on silicon oxide
substrates for the same reas n t han expl ai ned above.
Rut heniumis used as a sinmultaneous barrier and 15

glue | ayer in back-end of the line applications as
exenplified on Figure 6, or as an electrode |ayer on
nitride materials. . As shown on Figure 6, TaN may be
deﬂepb*s&nbnmfrtxtfmﬁ:mwdxmtmfn&ns’ al, on which the Ru

| ayer cl Qsi ted, Elen t he copper | ayer. The Ru

| ayer aﬁ?ﬂﬁ NIy, G¥ide; BMsoivargodenastied cby makiag stheopghenium
of pFé%uréoP%nd%Q &Jyasﬁ cﬁmaﬁ'hng fuites G 4 zt:oﬁ‘sfurnace. In this
depi cted on Figure 7, ['1 near behaV|or 1 th

5y- patievigepaseathe owsemp@mta@pw faddiewas osydRn. S obser ved

what ever the substrate. Fromthese experinents, it

can be concluded that no or no significant i ncubat i on
time is observed. 25 Atom c Layer Deposition: This
precursor Ru(CO) 3(1-Methyl-1,4-cycl ohexadi ene) and the
likes are suitable for the atom c |ayer deposition of
rut heni um and rut henium oxide filnms at |ow

tenperatures (150-250C) using the appropriate
co-reactant. It has been 30 found that ALD is possible
when the co-reactant is nolecular and atomc

hydrogen, as well as with amonia and rel ated radicals
NH2, NH, and oxidants. 10 Deposition of ruthenium

oxide films: Rutheniumoxide filnms were deposited by

maki ng the ruthenium precursor and an oxygen

containing fluid react in a deposition furnace. In

this 5 particular case, the oxygen containing fluid

was oxygen. 11 CLAI M



s 1 - A process for the deposition of a ruthenium
containing filmon a substrate, conprising the steps
of : a) providing at | east one substrate into a
reactor; b) introducing into the said reactor at | east
one rutheni um containing pregursor having the
formula: 10 (R, chd)Ru(CO 3 , wherein - (R chd)
represents one cycl ohexadi ene (chd) |igand,
substituted wth n substituents R, any R being in any
position on the chd ligand; - n is an integer
conpri sed between 1 and 8 (QLAIMS& < 8) and 15
represents the nunber of substituents on the chd
ligand; - Ris selected fromthe group consisting of
Cl-C4 linear or branched alkyl, alkylam des,
al koxj des, al kyl si | yam des, am di nates, carbonyl

5 and/-dh PrIcEs? &4ithg depesition ofea Agherjua cantaining djm on a pebstrate,

el Q%Pﬁ%ﬁ%h%bit sositions on the chd ligand, while R

can al so be oxygen O for 20 substitution on the C
posi t i onsa) proviging htleestaine snbsiriiednte averctor;nvol ved i n

a doubl e nd. -, Unsuhsti t ut.ed sitions on the chd ..
ligand ar g)orggl(':ﬂgﬁfilélgl gtﬂw Sﬂﬁr%%g?fe%f;'e o_ne&lthenlum containing
Deconposi ng pejutkorthalifg e @ARUEKLL heni um cont ai ni ng

precur sor nder tenperature conditions above 100C -
104) Depositi z%n-g%ﬂ)au Jak WOBFRIRi ning fil monto said
substrate. 2 - A process according to claim1 wherein

n=1and Ris a C1-C4 alkyl, 30 preferably Ris
met hyl or (Ewiehil) rgesehts onepeysickexadies r(didjgligamdc Isabstituted

1 or 2, e] . S eLR substituents is . .
Fooat 2a o b BuBileRpEk, VR RS ik tRAbBRG™ dherstbligane
C bond. -4 n iA g Otews esmprigdidngetwdedne aid @ i s nl<t @) and
3, wherein the rutheniu 5 precursor fornula is

15 1. et hyl Cy’@pl@ﬁg&tﬁ ﬂl(? gfurag]%rncg_substituents on the chd ligand;

R is selected from the group consisting of C1-C4 linear or branched

alkyi, alkylamides, alkoxides, alkylsilyamides, amidinates, carbonyl

and/or fluoroalkyl for R being located in any of the eight available

positions on the chd ligand, while R can also be oxygen O for

20 substitution on the C positions in the chd cycle which are not
involved in a double bond

- Unsubstituted positions on the chd ligand are occupied by H

molecules;

25 - ¢) Decomposing said at least one ruthenium containing precursor
under temperature conditions above 100°C.

- d) Depositing said metal containing film onto said substrate.

2 - A process according to claim 1 wherein n = 1 and R is a C1-C4 alkyi,
30 preferably R is methyl or ethyl;



5 - A process according to claiml wherein nis

greater than 1'and Ris a C1-C4 alkyl, preferably a

met hyl and/or ethyl. 10 6 - A process according to
clains 5, wherein there is at |east one R on a carbon
of the chd |igand having no dqouble bond. 7 - A process
according to one of the clai 1 to 6, wherein the
tenperature conditions are selected into a range from
10QC f,r b0 - .
or 0ces B SRen PRI AT Bk 116, i AN e BRORR gty i
t hiecpted xewa earbon atonu bethedigatdhavisy amjonbiei G edndet ween 1
Pa and 105Pa, preferably between 25Pa and 103Pa. 20 9

- A process according to one of the clains | to 8,

fug ther peRBBs istbodidg ® DhePof Shinks qv'tc?'@“gm?éreﬂneﬁ‘r%t rLRPiléﬁ"uum
redu0|ng fluid into the reactor, said redu0|ng

5 bePiegUsPEiosmlsl iy 19Betbricydoliaxerh 4-Hiengr oup consi st | ng of

10

H2, NH3, SiH4, Si2H6, Si3H8, hydrogen contai ni ng
£1 ui ds, hydrogen radi cal s and m xtures thereof. 25 10
- 5\- prwcesss acouirdl togldim fowkerefn ¢ sajraatet tHam Pand Rrig BeT1-C4

r| Si t he st of, providing at |east one oxygen
1?(’9%3 bly lﬁ'lrﬁetﬁﬁt%‘d(‘ﬂe@tqéact or, preferably
sel ected fromthe group consisting of 02, 03, H2Q

oxygen containing radicals such as 0 or OH and
m@rlﬂﬁ%%ér%ﬁprd"m)tqgla"m& 5, whaseiof therre is at irast e R on a

b B RO R SoblE BT 2 (R ~end

~ cycl ohexadi ene (chd) I i gand substituted with n
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F%Z%\hé%ggéssﬂcqogg a& to Hpg @2?“% lﬁtaﬂrﬂl%/ ggtgst%é{/%gﬁn@te g%pgrature
( keorditions” aré )seRitted ‘rﬂ@raveerﬂW@% 500°C, preferably from

substituents on the chd |igand,
150°C to 350°C.

8 - A process according to one of the claims 1 to 7, wherein the pressure into
the reactor is maintained between 1 Pa and 10°Pa, preferably between 25Pa
and 10°Pa.

9 - A process according to one of the claims 1 to 8, further comprising the step
of providing at least one reducing fluid into the reactor, said reducing fluid
being preferably selected from the group consisting of H,, NHs, SiHs, SizHs,
SizHs, hydrogen containing fluids, hydrogen radicals and mixtures thereof.

10 - A process according to one of claims 1 to 9, further comprising the step of
providing at least one oxygen containing fluid into the reactor, preferably
selected from the group consisting of O,, O3, H,0, H.02, oxygen containing

radicals such as O° or OH® and mixtures thereof.



- Ris selected fromthe group consisting of Cl-C4
i near or branched alkyls, alkylam des, al koxi des,

- al kyl silylam des, am di nates, carbonyl and/or

fluoroal kyl for R being |located in any of the eight 10
avai | abl e positions on the chd ligand, while R can

al so be oxygen O for substitution on the C positions
in the chd cycle which are not involved in a double

unt oo M HEBAM boftinkla Pals SN R oy e

n =1 and R is Cl-CA(R|-&hd) RuiCehgmmearain met hyl V\ﬁr
ethyl; 13 - e according to clains 11 to 12, erein, .
ot st offer RO (R TAN AL CYPloNoSATERs: I ganch StantBtspe with

atom of t hﬁ‘shﬂ)@ﬁf&té‘ﬂvéﬂgR%eﬂ%E'a‘i’lggogi‘ﬂﬂﬁonjtﬁe -ﬁg&ﬁgeand;

according to one of clains 11t wherein t

5r ut heni um Prigcan dotegerf cemnfised detweant Hybngd & |(dhexa < 8) and

10
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1, 4-di ene. - N claim . wherein
s or eareprahiy 4o BB Uty bl SR fd g
pr ef er abl yR#s sabdtgt frandthe rgreiphydnsisting of U3eCatiaeardirnganched

L2 o 1 S ShE e oS3l eSS “amntes,
doubl e- bonghrb@ and/or fluoroalkyi for R being located in any of the eight
available positions on the chd ligand, while R can also be oxygen O
for substitution on the C positions in the chd cycle which are not

involved in a double bond,
for the deposition of a Ru containing film on a substrate.

"12 - Use according to claim 11, wherein n = 1 and R is C1-C4 alkyl, preferably
‘methyi or ethyi;

13 - Use according to claims 11 to 12, wherein at least one R substituent is

located on a carbon atom of the ligand having a double C bond.

14 - Use according to one of claims 11 to 13, wherein the ruthenium precursor

formula is 1-methyi cyclohexa 1,4-diene.

15 - Use according to claim 11, wherein n is greater than 1 and R in a C1-C4

alkyl, preferably a methyl and/or ethyl.

16 - Use according to claim 15, wherein there is at least one R on a carbon of

the chd ligand not involved in a double-bond.



