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WO 2006/136584 PCT/EP2006/063414 1 Method of forming a high
dielectric constant film and method of forming a semiconductor device 5
Technical Field The present invention relates to a method of forming a
high dielectric constant film by atomic layer deposition and to a method of
Wéraihag3a5&emiconductor device. Background Art 10 IncreaBrppiaia4i4
gate dielectric films are required as,large-scale integrated circuits shrink
in size. Due to increases in the leakage current, the heretofore used
silicon oxide films and silicon nitride films are subject to limits on the
extent to which their thickness can be reduced, and the requirement by

the sub-0. C eneration, of.an Si02 equjvalent film thickness <
R G T A
been proposedirtiedofdaramiroasamidsadueipideviseusing high
dielectric constant films (high-k films) in the form of metal oxide films,
T&ﬁmﬁilﬁ%ﬁ films, or metal aluminate films, which have higher relative

ermittivities than silicon oxide films or silicon nitride films, and by
TefrsARg TR salpiesdr AIMsted Afimunauaitieh dielegidesdnstant film
byerenityBrepeasesitun atiemepisaineing maing sikeaiedhmmtwyiishdave
excellent electrical properties, as these high dielectric constant films.
Chemical vapor deposition and sputtering are typically used to form metal
BafiaresmiAr25 However, in the case of chemical vapor deposition, metal
InsiégaiegiinifogatatinaidatrRafines P6 reyLBde WstRIRRESaHE Sriker REadieling
d a s.a.result large amounts. of impurities (>
SRS P Ibealse A R U SRR RS el ale

opsiler archsligraciEsmBrogiRre qUBiRGt Wlmdtsven, the extent to which their
thickness can be reduced, and the requirement by the sub-0.1 um CMOS

generation of an SiO2 equivalent film thickness < 1.5 nm has been exiremely

challenging. As a consequence, it has been proposed that the leakage current be
inhibited by using high dielectric constant films (high-k films) in the form of metal
oxide films, metal silicate fiirns, or metal aluminate films, which have higher relative
permittivities than silicon oxide films or silicon nitride films, and by employing
physically thick films.

A large number of reports have recently appeared on atiempts at using metal
silicate films, which have excellent electrical properties, as these high dielectric
constant films. Chemical vapor deposition and sputtering are typically used fo form
metal silicate films.

However, in the case of chemical vapor deposition, metal silicate film formation is
carried out by a low-temperature film production procedure at around 300°C, and

as a result large amounts of impurities (> ‘1021 cm'3) such as carbon and hydrogen

remain in the film, creating the problem of an unacceptable film quality. Moreover,
since the film composition is determined by the starting materials used, the
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30 since the film composition is determined by the starting materials used,
the WO 2006/136584 PCT/EP2006/063414 2 problem arises that the film
composition cannot be altered without changing the starting materials
used. In the case of sputtering, on the other hand, damage is produced in
W2Yfidéniss substrate by radical species from, for examFeTargorsodsuing
the initial stage of forming the metal silicate film. This results in the
formation of a thick interfacial layer (> about 1 nm) at the metal silicate
film/silicon substrate interface, which makes it difficult to reduce the film

piibim esielQrtomiciiay eoRPPSIEHiD B4 ARkt ouiaieshhelamas &\dﬁéﬁr\%mﬁ@
, Nas

<5 AP QLS %ﬁf '-_g gate dielectric films on an atomic Iayer b_asi_s
recen@y een %%%kcrllbed. The use of ALD to form gate dielectric films

makes it possible to change the film composition without changing the
Irstasticgsanetespatterisg doMipia ctteminaie f&imlg@s@ ;h@&ﬁbé‘n\/\!i?ﬁ% 4fREn
fahric j ic fi r example, Patent 15 Reference |
s belp Uy BB RO U M ol B0, SRR, 08 L sk
forrisg $hpymetst ctilrate fime tHe @sHisr s heafarmation ofnanthich iateifasal
lagubgtrateois dxidinest Myeametzo Bfic0a taMBBicoxidiHBeEn s arERe0Nshich

maleR i{%gﬁﬁ@;fﬁ}ﬁ%ﬁ)&gﬂ{ﬁgqﬁggg%ﬁﬁe%f?the silicon substrate is 20

hydroxylate wed by t sorption thereon of a first reactant, such
as trimethylaluminum (TMA); and a third step, in which a second reactant,
Aguoh ey 28pasiiivtqabibetiaed issioeaateanmiihwhrkasiduesorf Breoinshg
o RPGABLAOAR B et s tace pRalent Belsience Zdespliesiie,
formation of an amorphous metal aluminate film Wit the compasition
ofa Rt RIih. B8t LigiecticGimsrigakesn hrressiriudoarhangantsxifien
compesitdrantrou etengiidethio serangpitaRfiziEcossdMtAL Mumisarsiatge
hﬁglﬁggﬁca widely used ALD-fabricated gate dielectric film. For example, Patent

Reference 1 describes the formation of a high dielectric constant fim of, for
example, Al2O3, by a production method comprising

a first step, In which a silicon substrate is oxidized by an ozone-containing
oxidizing gas;

a second step, in which the oxidized surface of the silicon substrate is
hydroxylated, followed by the adsorption thereon of a first reactant, such
as frimethylatuminum (TMA); and

a third step, in which a second reactant, such as H20, is introduced and is

reacted with the residues of the first reactant on the oxidized surface.

Patent Reference 2 describes the formation of an amorphous metal aluminate fitm
with the composition AlxM(1-x)Oy (0.05 < x < 0.3) comprising an amorphous

aluminum oxide material and a metal oxide, for example, of zirconium, that is a
crystalline dielectric,
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WO 2006/136584 PCT/EP2006/063414 3 Metal aluminate films such as
these have been widely used as ALD-fabricated gate dielectric films. This
is due to the long-known fact that film formation by ALD using TMA
(aluminum source) as a source material is relatively easy. 5 There have
WisePpeBmattempts at fabricating metal silicate films, whictCharesisneaiient
electrical characteristics, by ALD. If;ALD-fabricated metal silicate films
could be used in semiconductor devices, this would enable greater
suppression of leakage current generation than for the use of metal
mlumir_uatmé;imsmmmab?s ﬁwﬁ’?%@ @@é}pf Qﬁlﬁw ne&ataﬁmmg&ml X dYBee
. ation | interfacial Jayer at.the metal sjlicate
L St R e S o B Al
THih @I BETHPOEES) a5 RRIUTE thidieEghisreftivaiit #asference 3 describes
a method for forming metal silicate films by atomic layer deposition. This

h S |- [ und in, 15 the form of .
T R (RO EMIATC CBRNE i s Tk wien v
SXSEIRT IieEiing sharastesptics) 2oy PiiBhtRAkE delcated apatee sitatil fdpen
cflld &eamsinei eewemmdk)daatimpd&gmmfgad&u@g%gtw %@E%éé&jzﬂ-
i . al en n ne I al or

R R B AT A ete s ersby
IMPIBYAE SLOMRR b sRiiEDyx AfRisevesr Koratrra )P acefarmpiii aficnthick
inbéefindieetr 1980 4¢ 166 GH@Disuiesa rirmisiiconyepiiand abiins RERiIRPIRI

th@{(ﬁ@@s' BYﬁ\@tjﬁ%in?’(%t\é/ﬁ%g‘?ﬂﬁ%detgntggsry?ﬁ[a gri!icate films formed by the

prior-art method as cited

In this regard, Patent Reference 3 describes a method for forming metal silicate
films by atomic tayer deposition. This method uses a metal-containing compound in

the form of Hi((C2H5)(CH3)N)4 and a silicon-containing compound in the form of

O(Si{CH3)2H)2 or ((CH3)3Si)2.

{Patent Reference 1]

Japanese Laid Open (Unexamined or Kokai or A) Patent Application Number
2003-188171

[Patent Referernice 2]

Japanese Laid Open (Unexamined or Kokai or A) Patent Application Number
2004-214304

iPatent Reference 3]

Japanese Laid Open (Unexamined or Kokal or A) Patent Application Number
2004-185668

Disclosure of the Invention

Problems to Be Solved by the Invention

With regard to the metal silicate films formed by the prior-art method as cited
above, film formation on the substrate has not been adequate and the film
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above, film formation on the substrate has not been adequate and the film
4 formability requires improvement. Moreover, when these films have
been used in semiconductor devices, the component reliability, for
example, leakage current generation, has not necessarily been
satisfactory. 5 Means Solving the Problems In one aspect, there is
provided a method for forming a high dielectric constant film, wherein a
high dielectric constant film comprising metal silicate is formed on a
forr%ggﬁ‘ittrate bg. atomic Iazsgr deiosition using the gas of a metal-containing

compdURd 4ra (TP FAEEY iIMBFﬁ@BﬁfaWWc%ﬁ%GﬁB%éﬁé@&ﬁ@ﬂ bged in
senfmgeneia fevicds, RieRoRPAnSItNJIRRRRSONNSISIRIRL, B2k B rent

[ receding general formula are.each independently selected from
gen@r&%@rﬁégﬁ %E(S%ﬁ?%fﬁ@lgﬁ?gﬁ& ﬁ%‘)%(wherein each of the plurality
of R6 groups is independently selected from the hydrogen 15 atom, C1.3

Meé;%@lé |(tlﬁg)§'gm§!;ﬁg1 each of the plurality of R7 groups is

independently selecte m the hydrogen atom and C1-3 alkyl)); R4 and
In ons gepeskniese jerrieniteder tnsdhednichdonydngge rhighndjdldeBiatohstant

- i i ' is. | dentl
e e o scan e R A R RS e on =

SubgEate BMREHINE ARNEbERIPGHMRID & %na dep 660ty reetakratfainigheompound
andhirerggsnmicsmicsid dohtaiaiky Do e he YaH e e B MBekear ﬁcﬂr’ﬂn ula
e

atoms in the preceding general formula)/(number . of silicon atoms in
preceding general formula) is no more fﬁan 7 and wherein said
silicon-containing compound is ﬁeﬁ;tedr?i

R® RS
wherein

R1, R2, and R3 in the preceding general formula are each independently
selected from the hydrogen atom, Cq.3 alkyl, and N(Rs)g (wherein each
of the plurality of Ra groups is independently selected from the hydrogen
atom, C1.3 alkyl, and Si(RT)g (wherein each of the piurality of F{T groups
is independently selected from the hydrogen atom and C1-3 alkyl));

R4 and R5 are each independently selected from the hydrogen atom, Ci.3
alkyl, and Si(R8)3 (wherein each of the plurality of RB groups is
independently selected from the hydrogen atom, Cq.3 alkyl, and
NHSi(R9)3 (wherein each of the plurality of Rg groups is independently
selected from the hydrogen atom and C4.3 alkyl)); and

the value of (the number of carbon atoms in the preceding general
formula)/(number of silicon atoms in the preceding general formula) is no
more than 7 and wherein said silicon-containing compound is selected
from the group of consisting of (SiHa)sN, SiH2(N(CH3)2)2 and
SiH2(NHSI(CH3)3)2.
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25 from the group of consisting of (SiH3)3N, SiH2(N(CH3)2)2 and
SIH2(NHSI(CH3)3)2. 5 A high dielectric constant film is formed in this film
formation method using a silicon-containing compound, as represented
by the aforementioned general formula, that contains the Si-N bond. This
results in an improved film formability on the substrate and an improved
component reliability. 5 In another agpect, there is also provided a method
for fabricating a semiconductor device comprises the steps of forming a
high dielectric constant film comprising metal silicate on a silicon _

A h&?bsqdfa%@ﬁfﬁ foPRRHh Woly &y IQamEE idBIs fllofPiRRlR B&R PRy Hsing a
szlicdietamtkzmngsta@mgﬁidmm@,nchéormm@@fgleé@ et(!i@cr:tﬁdelé%@im”_ h@{lf:igi general
remoying the high dielectyic constant film and the polycrystalline silicon
forma, VR I dTena BRof v AR oA MEIBERE O armiRiiy on

the sabsérdteuantisbyirtipedilesfoomppgnandtheithdiiscribed above. This method
for fabricating semiconductor devices, because it employs a silicon-
containing compound with the general formula given above to form a high

In anhkatespemisthatdiin anovidedds dealneth cdrfoe fataitatiog inpentiesnductor

devﬁ@ccﬁﬁﬂ?%@s%@gtggmh dielectric constant film. This, in turn, can

provide a semiconductor device with a lower leakage current. Moreover,
tHermingornhaeiigisdepiieotensiantdiiimnermeriring aelettrictastanafisiicon
using g giligQecontaining compound that contains the Si-N bond. These
features make it possible to provide semiconductor devices with an

iff5reiRsua dtlirystatingradicos: e pRdRagroresaid high dielectric constant

film; and
forming a gate electrode by selectively removing the high dielectric constant
film and the polycrystalline silicon film,
wherein the aforesaid step of forming a high dielectric constant film is carried out

by the film-forming method described above.

This method for fabricating semiconductor devices, because it employs a silicon-
containing compound with the general formula given above to form a high dielectric
constant film, provides a reduced concentration of impurities, e.g., carbon, in the
high dielectric constant film. This, in turn, can provide a semiconductor device with
a lower leakage current. Moreover, the film formability is improved by forming the
high dielectric constant film using a silicon-containing compound that contains the
Si-N bond. These features make it possible to provide semiconductor devices with

an improved reliability.

Effects of the Invention

The present invention provides a method for forming high dielectric constant films
that exhibits an improved film formability and an improved component reliability.
The present invention also provides a method for fabricating a semiconductor

device that is provided
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The present invention provides a method for forming high dielectric
constant films that exhibits an improved film formability and an improved
component reliability. The present invention also provides a method for
fabricating a semiconductor 30 device that is provided WO 2006/136584
VOB RPEH0E6/063414 6 with a high dielectric constant filractihvarmoexides: a
reduced leakage current and an improved film formability. Best Mode for
Carrying Out the Invention 5 An embodiment of the present invention is
described herebelow with reference to the drawings. A structural element
wihed idheisnmadiaikian drRwiBgshasdestednsigneskias samaet and an
i rge;g\;ggﬁﬁ s%mb%l. li%all the drawings, and the description thereof has
een omied a appropriate. 10 Figure 1 is a cross-sectional diagram that
shows an example of the structure of an MOS transistor as the

RosINiseathictardRY cRIcoaIiREIN the instant embodiment. Figures 2

thro 4 are crpss-sectignal process diagr, that show a method for
A B O e R PR EeR I abr N o o
theftRwingsad sleustuah lemanklimidstheseimrin 18 Aweshiewings tize been

aSsyAsONRY dameerredncEigyrtbdl A AWl 1aiRRE isAUnaed Hedrpdyie

.. silicon substrate 1. and g-chann | MOS transistor-forming regions are
theredf has Déen omiiled a rﬁgrolpna F .
partitioned out by an element-isolating trench structure 4 known as

shallow trench isolation or STI. The STI 4 is a structure in which a silicon
Figuide: fida @r&emaelﬁm ﬁgrmnaﬁae@ﬁhmrmﬁ&b mﬁ@s &pﬁa%%@étmﬁs#lé@gn
trate 1. A gate electrode.is constructe tacking an oxide fjlm 16,
M B ST R P ST R A o grpoment
F@étﬁ?e?] dan Qgef Gietiseossrectiond tbroetissotiagiams dtal shothe pethad el

fabVHoSiHk RRIS QI nhsRNG IR GeNcd henBighashilteinicrze sl AL iaReL/ s the
efca)rrrrﬁ%dopg ;s}_tca}g:kingi gﬁ%t{gi h dielectric constant film 18 and a second
19

ann IS0,

As shown in the semiconductor device in Figure 1, an n-well region 2 is formed in a
p-type silicon substrate 4, and p-channel MOS transistor-forming regions are
pariitioned out by an element-isolating trench structure 4 known as shallow trench
isolation or STI. The STl 4 is a structure in which a silicon oxide film 6 is embedded
in a trench formed in the surface of the silicon substrate 1. A gate electrode is
constructed by stacking an oxide film 16, a high dielectric constant film 47, and a
potysilicon film 22 in the sequence given on the surface of the silicon subsirate 1 in
the p-channel MOS transistor-forming region. The high dielectric constant film 17 is
formed by stacking a first high dielectric constant film 18 and a second high
dielectric constant film 20 in the sequence given. Side walls 26, with an
approximately fan-shaped cross section, are formed on the sides of the gate
electrode. In addition, extension regions 24 (regions in which p-type impurity has
been infroduced at low concentrations) and source - drain regions 28 (regions in
which p-fype impurity has been introduced at high concentrations) are formed in
the silicon substrate 1 in the p-channel MOS transistor-forming region, thereby
forming a p-channel MOS fransistor. An interlayer dielectric film 30 is formed as a
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25 dielectric constant film 20 in the sequence given. Side walls 26, with an
approximately fan-shaped cross section, are formed on the sides of the
gate electrode. In addition, extension regions 24 (regions in which p-type
impurity has been introduced at low concentrations) and source drain
Wegiad I regions in which p-type impurity has been infr68EEW@skgh
concentrations) are formed in 30 the silicon substrate 1 in the p-channel
MOS transistor-forming region, thereby forming a p-channel MOS
transistor. An interlayer dielectric film 30 is formed as a WO 2006/136584

cﬁ&@&%z@%mwél HOSakags @mtfmmagctbymlf&ﬁ@§mntact layer 32
rming ptact or. ntact

W@o%m%ﬁl%hhggﬁﬁayer eect'rr?c |ﬁg (? engogr{lpac lay r%‘imgm
‘aﬁ?ééﬁlW@G?ﬁt@&@ﬂ‘@tﬂ@%ﬁlﬁééwmaﬂﬁé‘gmww& The following

method for formlng a high dielectric constant film is used in the method of

e nstant em forfabrl atin |conduct evice. The
T R e e R e AR L g n the
mém%@fr‘iﬁ‘én'ﬂsf@'ﬂhm‘?ﬁ@ﬁﬁd#é@éﬁbﬂ%mamdﬂﬂmm@m@amhglmetal silicate

on the substrate by 10 atomic layer deposition using the gas of a

T Ico and the gas .of a_silico inin ound
R SRR e R
foms Rizlgarfaqiwtrw w@m&mwggfmﬁmarm@achhawpemmw
ata&@et@ammmamf@@gammn@@?oaﬂ%na@wﬁé@%@Haetr@@as

o e B R e B o v

rogen a the plurality of
R7 groups is mdependently select‘éd ﬂ‘bm the hydrogen atom and C1.3
alkyl)); RZ=Si—N
Ll
wherein

R1, Rz, and R3 in the preceding general formula are each independently
selected from the hydrogen atom, C1.3 alkyl, and N(Rﬁ)g {(wherein each
of the plurality of RS- groups is independently selected from the hydrogen
atom, C4.3 alkyl, and Si(RT)3 (wherein each of the plurality of RT groups
is independently selected from the hydrogen atom and C+.3 atkyl));

R4 and R5 are each independently selected from the hydrogen atom, Ci.3
alkyl, and Si(Ra)g (wherein each of the plurality of R8 groups is
independently selected from the hydrogen atom, C1.3 alkyl, and
NHSi(Rg)3 {wherein each of the plurality of RQ groups is independently

selected from the hydrogen atom and C1.3 alkyl)); and

the value of (the number of carbon atoms in the preceding general
formula)/(number of silicon atoms in the preceding general formula) is no
more than 7.
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R4 and R5 are each independently selected from the hydrogen atom,
C1-3 20 alkyl, and Si(R8)3 (wherein each of the plurality of R8 groups is
independently selected from the hydrogen atom, C1.3 alkyl, and
NHSI(R9)3 (wherein each of the plurality of R9 groups is independently
RS m the hydrogen atom and C1.3 alkyl)); and theCT&tBzstoihes
number of carbon atoms in the pregeding general 25 formula)/(number of
silicon atoms in the preceding general formula) is no more than 7. WO
2006/136584 PCT/EP2006/063414 8 This film-forming method provides
an improved film formability and an improved component reliability due to

ining. |I| mpoun ith the general
T@rrﬂ%ﬁlf gglvien%bovet Jg%hgehhl % (%lgeg?ﬂ—'c 85'32%’1}%&% ggrhen ved

ComeensTtIeiRRts tist @d%é@ﬁféﬁ?%ﬁﬁﬁﬁ@&ﬂr@@@@ﬁﬁc@mrb@@mw&

witisihg gereerakitirodifogipenditeing ta figh tichagiritaersamintanisidescribed
herebelow with reference to Figures 2 to 4. 10 The method of the instant
embodiment for fabricating a semiconductor device can be carried out by

Thge"msiRmieg e destantLapdinamidarfangeaing ce sereisasestan device
usiogn pirisimgpthedalsilipaddudinfprnedhiondib aic oo AuRAY Flien| 1ESiBEsEMBed

;-éHéBJ@WQ metbod, Q)ef/crysta in,the preceding (Figures 2(b) to 3(c)); 15

(2) a step in which a ine silicon film 14 is formed on the high
dielectric constant film 17 (Figure 3(d)); and (3) a step in which a gate
Tieeutihde i fazrimsthbyssabediiveht fematrogtifiea Righichalagide eonstasin

béi@rﬁgd%gbtpﬁlg@&mmﬁwg&ﬁlicon film 14 (Figures 4(e) to (h)). 20

(1) astep in which a high dielectric constant film 17 comprising metal silicate
is formed on the silicon substrate 1 using the film-forming method
described in the preceding (Figures 2(b) to 3(c)};

(2) a step in which a polycrystalline silicon fiim 14 is formed on the high
dielectric constant film 17 (Figure 3(d)); and

(3) a step in which a gate electrode is formed by selectively removing the
high dielectric constant film 17 and the polycrystaliine silicon film 44
(Figures 4{e) to (h)).

A step in which a silicon oxide film is formed on the surface of the silicon substrate
(Figures 2(a) to (b)) can alsc be carried out prior to the step in which the high
dielectric constant film 47 is formed.

First, as shown in Figure 2(a), an n-well region 2 is formed in the p-type silicon
substrate 1 and shallow trenches are also formed in the eiement-isolating regions
of the p-type silicon substrate 1. A sificon oxide film 6 is then embedded within the
trenches to form the ST1 4. This silicon oxide fiim & can be embedded, for exampie,
by the following procedure: a silicon oxide film 6 is formed on the surface of the
silicon substrate 1 in such a manner that it fills into the trench and the silicon oxide

film 6 is then etched back, for example, by chemical mechanical polishing (CMP),
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A step in which a silicon oxide film is formed on the surface of the silicon
substrate (Figures 2(a) to (b)) can also be carried out prior to the step in
which the high dielectric constant film 17 is formed. 25 First, as shown in
Figure 2(a), an n-well region 2 is formed in the p-type silicon substrate |
VAacekElfow trenches are also formed in the element-isolatingeregigns s of
the p-type silicon substrate 1. A siligon oxide film 6 is then embedded
within the trenches to form the STI' 4. This silicon oxide film 6 can be
embedded, for example, by the following procedure: a silicon oxide film 6

tosfpometORRa S uraeesatte 30slon RS Al LIRS YA mﬁlﬁ%ﬁ
or

w%’érﬂr'a'%hinﬁ?et%% trench and the silicon oxide film 6 is then etched back,
example, Hy ¢chemical mechanical polishing (CMP), WO 2006/136554
PCT/EP2006/063414 9 to expose the surface of the silicon substrate |

Thédaraaying the sifisen sodeatbms GsWitbin e tenchdThe: R faRs ke
h)?élnlgcﬁn ﬁub%tlcrla@t_l_ﬁrth%grc‘!” aned and treated with dilute 5 hydrofluoric
acl l('BI&F"}' ater which an approXint IR G 8t - SritcRreiiish sizar qififes
firg @ iméuroedtios duefsoefasktiob Siticeiiconbathatieate A. fitsfitsighighetiedtiitric
conisianinilm 10 s esdranading ey iace of G RTisRI SiHe f{l-’[zt;ﬁre
5 ‘Lg%e f’if!%g‘_kr)%%ﬁmeo;%rgat&%g of thﬁe Sé'JicoH oxide film 8 makes it possible to
_ R'yen?t 6 aitusion 6f Mo hSFe LM A TAIRS fi-SORRIHeRIScavent the
difiysiatuat Hm metahlament & dhie Srss bigitrdimlettithisfisstrigin diolattrithe
siliaistapéddme 40 is provided by forming a high dielectric constant film
comprising metal silicate on the silicon substrate | by atomic layer
deposition. More specifically, operating within an ALD device, metal oxide
This 154 & s Risdpsiiieneositabinfibm bt igeprdyjdfat tinfpavyas afigh dielectric
conetit aAtaiRasPRMRAENSIRAIS sherlienRababalss ang IRIea Rl er
d %S&é}{%g a, gréldsl’zm%g%? onto rthe sﬂm;&r,h;substrate | (first step?. Silicon
xide Is then de885|fe n SRR BN b @PatBL by RYESIn e oS is
deppetpdcentiiniriiieompubsitionto biye felidiop a gas of a metal-containing
compound onto the silicon substrate 1 and thereafter feeding an oxidizing gas onto
the silicon substrate 1 (first step). Silicon oxide is then deposited on the silicon
substrate 1 by feeding a gas of a silicon-containing compound onfo the silicon
substrate and thereafter feeding an oxidizing gas onto the silicon subsirate {second
step). Repetition of these first and second steps results in the formation on the
surface of the silicon substrate 1 of the first high dielectric constant film 10
comprising metal silicate composed of metal, oxygen, and silicon. That is, the first
high dielectric constant fiim 10 is formed by the sequential deposition of metal
oxide and silicon oxide. The thickness of the first high dielectric constant film 10
can be from 0.5 nm to 3 nm. The oxidizing gas can be, for example, ozone or an

oxygen-containing gas.

The metal element in the metal-containing compound used to form the first high
dielectric constant film 10 can be exemplified by hafnium (Hf), zirconium {Zn),
tantalum (Ta), scandium (Sc), yirium (Y), lanthanum (La), cerium {Ce),
praseodymium (Pr), neodymium (Nd), samarium (8m), auropium (Eu), gadolinium
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substrate and thereafter feeding an oxidizing gas onto the silicon
substrate (second 20 step). Repetition of these first and second steps
results in the formation on the surface of the silicon substrate | of the first
high dielectric constant film 10 comprising metal silicate composed of

YREMPBR§-en, and silicon. That is, the first high dielectriBGXRARNG0AIN410
is formed by the sequential depositjpn of metal oxide and silicon oxide.
The thickness of the first high dielectric constant film 10 25 can be from
0.5 nm to 3 nm. The oxidizing gas can be, for example, ozone or an

(GaRy gebhoan(Bi Ny gessilhe(DIgaldneme HE) thepnet e aswNen (Yb),

d f mth first hi h iel ctrlc onstantfllm 10 gan be
aﬁf—:‘[}r%gpfq' &ngda@ ﬁ%‘rﬁ H zfgrcsoer%um?iim'? rﬁaﬁ f'?a scanﬂlum
H%&@yﬂyfﬁmm Birsorivih iR reLeéi?r%@nw@o@}hsﬂag&amymmwm as the
membdiamienniiNid meEnatua(By¢oRPaRiNTHE WhegRdolitinmg¥enpound

+.2006/136584 P ( ), iy Si
094398 PERA IRl 57, I T DR
(HifNE O 3} Ordis i ctiontefradinétbyteddutiatpioan be UsgN({CHafium (Harmr
zirconium (Zr) is preferably used in the instant embodiment as the metal
teErdiginamgrhafdva EaikraRg)empound. The metal-containing

compound 5 itself can be specifically exemplified by

tetr meth lethylamidohafnium (Hf(N(CH3)(C2H5))4),
TR GRS TAGRERRUN (HIORTERFHRS by g gencral formuia
tetradiethylamidohafnium (Hf(N(CBH5)2)4). The silicon-containing

compound is represented by th@'ﬁg& | formula R1R4 211 R-Si-N 10
R3 R5 wherein R1, R2, and R3 inkthelpreceding general formula are each

wmgﬁgendently

RT, R2, and R3 in the preceding general formula are each independently
selected from the hydrogen atom, C4.3 alky!, and N(R6)2 {wherein each
of the plurality of RG groups is independently selected from the hydrogen
;atom, C1.3 alkyl, and Si(R?):g (;vherein each of the plurality of R’ groups
is independently setected from the hydrogen atom and C1.3 alkyl));

R4 and R® are each independently selecied from the hydrogen atom, C1.3
alkyl, and SiR%)s (wherein each of the pluraity of R® groups is
independently selected from the hydrogen atom, C4.3 alkyl, and
NHSE(R9)3 {wherein each of the plurality of RQ groups is independently

selected from the hydrogen atom and C1.3 alkyl)); and

the value of (the number of carbon atoms in the preceding general
formula)/(number of silicon atoms in the preceding general formuta) is no
more than 7.
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selected from the hydrogen atom, C1.3 alkyl, and N(R6)2 (wherein each
of the plurality of R6 groups is independently selected from the hydrogen
15 atom, C1-3 alkyl, and Si(R7)3 (wherein each of the plurality of R7
groups is independently selected from the hydrogen atom and C1-3
VERANYS/1RA84nd R5 are each independently selected from HGa/Ep2NG g6k 14
atom, C1-3 alkyl, and Si(R8)3 (whgrein each of the plurality of R8 groups
is independently selected from the hydrogen atom, C1-3 alkyl, and 20
NHSI(R9)3 (wherein each of the plurality of R9 groups is independently

Aseisg tsitkc o tianing eaaiahar &ithédl by By Dleaihthgamiig erilhr,
number of carbon atoms in the preceding general formula)/ghumber-of

the; G S RRR TR AE SRRt erRiR I FOMB RIS Wit hid refthafin?, RV @re

0 T/EP2006/063414 11 A ilicon-contaipi
e S e e Dt S B T T ol A . and
NRefersy ahaiicbarneortainingcompasdiadniyich e Rimand @Hﬁé%n

each independently selected from the hydrogen atom, methyl, N
atamd ndh | (BIH3)Sid@itts R daad NRSigheigach independently selected from
the hydrogen 5 atom, methyl, SiH3, Si(CH3)3, and NHSi(CH3)3. The
concentration of impurities, such as carbon, in the high dielectric constant
Thgrgonceptatioe et ties caghasrakonentiatiohdicdaddacmonstant film

1R S (FdRer RicalisaterRshissset AlUMbErRARI A LGN (number of Si

atsirlvi‘c ncen ai ing con%po%ﬂds vyitp the.tlo receding general formula.
FURheTmore: the film Tormanility of the Righ aISaciit COSRIURTsingtE e

PiRRpfing aaver fsemia. diicherouneitindgitoimpoabitithaf thestigbtdieatisic

coHREANGIE BidN iRpRsleASHR SARC BYE RIS BERSIFRIIRBREGRKARE a

current js inhibited in the semiconductor device provided with the high
AR A e AR
leakage current is inhibited in the semiconductor device provided with the high

dielectric constant film 17 and the device reliability is improved.

The silicon-containing compound can be specifically exemplified by (SiHz)aN
(trisilylamine or TSA, melting point = -106°C, boiling point = 52°C),
SiH2(N(CHz)2)2 (bisdimethylaminosilane or BDMAS, melting point = —-104°C,
bolling point = 83°C), SIH(N(CH3)2)3 (tridimethylaminosilane or TDMAS, melting
point = -80°C, boiling point = 148°C), and SiH2(NHSI{CHz)}3)2
(bis(trimethyisilyl)aminosilane or BITS, melting point = 28°C, boiling point = 40°C),
and one or more selections from the preceding can be used. The use of these

silicon-containing compounds provides even betier outcomes and can efficiently
inhibit leakage current generation and can yield additional improvements in

reliabiiity. (SiHz)3N, SiH2(N(CHa)2)2, and SiIH(N(CH3)2)3 are more preferred as the
sflicon-containing compound, and (SiHz)3N is particularly preferred for the silicon-

containing compound. Since (SiHz)3N lacks carbon, it provides a particularly good

reduction in the concentration of impurities such as carbon in the high dielectric
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The silicon-containing compound can be specifically exemplified by
(SIH3)3N (trisilylamine or TSA, melting point = -106C, boiling point =
52C), SiH2(N(CH3)2)2 (bisdimethylaminosilane or BDMAS, melting point
=-104C, boiling point = 93C), SiH(N(CH3)2)3 (tridimethylaminosilane or
WAL SFelting 20 point = -90C, boiling point = 145C), d{/EP2006/063414
SIH2(NHSI(CH3)3)2 (bis(trimethylgilyl)aminosilane or BITS, melting point
= 28C, boiling point = 40C), and one or more selections from the
preceding can be used. The use of these silicon-containing compounds

cqsimidefiray eashititgr dutsopaetcaladycasrofiiciemibitisaibit leakage cumant
I n 2 lit .
o e B O e R R A e e X o

alsiliqoovisestsmisgoetenp dim dioame By 3)BN nsspar:trdulaaﬂx}ae,ire@rr(@ii—f@@me

|I cont ompoun Slnce NIa s carbo vrdes
RO S B e e e AR e i

inpigfshardthetiardinifereeritino 2006/136584 PCT/EP2006/063414 12
constant film, resulting ina particularly strong inhibition of Ieakage current

ratio, grmor because | S ctur fi des the
F%m g £§h§ rowd%s aﬁleexcr:'glf:er?ts ?-oi?rnm{ad; \?/ﬁ%%gg ki) may
fott%et*rave (’sﬂﬂlﬁ%wf(ifﬁﬁtmaﬁﬁiﬁfé”tﬁ firgiAyah @@tﬂ@vmefﬁeéﬁmﬁ Ba‘i’awce

déaeﬁmeﬂmlaa&memtﬁr@ﬁd&mbawtmam Q&Herpfﬂmri%g@rbiéaé EPHTEHEDH
fH‘n %\hrgd fgrteo r|c consta t film 1 described ab ve

nsrfrca I rea?memt ?ngﬁng%aaleq {Pg %%?aﬁ?d
Cﬁﬂrﬁ%@%%@%ﬁqéﬁﬁ@rﬁﬁ@dfﬁ@ﬁ?ﬁié&%ﬂﬂe aancatieg firheah teaément

nmiggog@na gas00B@ gesohlsafinidrsbbyrhitrasidlitiompianiery roalraoeun
itrogen as and can be car ied out as id heat

ra
B R e e e R R i £ e
h%?éctrﬁawﬁb Reafapbafieent annpAlingu s hesth tre@mat TyeeC frome 0.3
milRsHieptioTnt eatmeiingsocedure may also be carried out as a rapid heat

treatment by flash ramp annealing at heat treatment times from 0.3

A second high dielectric constant film 42 is then formed on the surface of the first
high dielectric constant film 10 (Figure 3(c)). More specifically, a second high
dielectric constant film 12, comprising metal silicate composed of metal, oxygen,
and silicon, is formed by atomic layer deposition. The metal element in the second
high dielectric constant film 12 is the same as that constituting the first high
dielectric constant film 10, and the use of hafnium (Hf) or zirconium (Zr) is
particularly preferred. The second high dielectric constant film 42 is formed in such
a manner that the (metal element)/(metal element + Si) ratio is no greater than 0.6.
It is believed that reaction between the second high dielectric constant film 12 and
the polycrystalline sliicon film 14, vide infra, can be inhibited by this measure and
the generation of leakage current can thereby be inhibited. The second high
dielectric constant film 12 can be formed in a thickness of about 0.5 nm.

The second high dielectric constant film 12 may also be a metal silicate composed
of metal, oxygen, silicon, and nitrogen. In this case, the nitrogen peak
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15 millisecond to 100 milliseconds. A second high dielectric constant film
12 is then formed on the surface of the first high dielectric constant film
10 (Figure 3(c)). More specifically, a second high dielectric constant film
12, comprising metal silicate composed of metal, oxygen, 20 and silicon,
W@ F8ieHétitsy atomic layer deposition. The metal element i THESeebd4
high dielectric constant film 12 is thee same as that constituting the first
high dielectric constant film 10, and the use of hafnium (Hf) or zirconium
(Zr) is particularly preferred. The second high dielectric constant film 12 is
cofarmidtitm Stche aeoamh afgthatelbelrio etakaienfentytneetabe lpone n0+SH0
TeY S f is:.believ, r o] . n.th
S A baac vl R Al SR, Behees e,
segand, pjgh Mpleddn et iiBL By binadenwaimandibeydffesipnontethe
firsé highgiietentrentaratath drelbil e impibited, Jive aeqdoddhighs dicteetic that
t. fi r 40 a thickne f : ;
e i ece o iR [ SR O T datfot
becafsgHalel sreveaiadsenteIRdiYaine RRAS JesrimentisBgsdhengacond
hightoeecirpecdn¥ikD TNA612 3GS BedHToH 2,00 (sl 005 4di4d 13 sireemtabon

BN SEECAN I S HiRIaHCREg IR flm 1 2.can, be from 10 to 30

atomic%. When the nitrogen peak value Is less than this value,

densification of the second high dielectric constant film 12 will be
Theddecgiate ahthéheeddhuSinph ndieltutridinsdrizgintdiite cizidscipistesd yntdd
fofffdfRR|BHESpaEh) AmROSREAN -0 RO wib A i SR IR e

_into the polysilicon during gate electrode formation cannot be adequately
O T T e A e A R
14d{Eleatei SEh SEwntdil(B)1i2 esitpenital inctheatdgsnfiie ciethtonsideration

: forthe. fi : elociic. : 0

s R A o G PG
PRI FRIGE T ERTBIRDT a polycrystalline silicon film 14 on the surface of the

second high dielectric constant film 12 and by ion implantation into the

A BRYGYS R NS GREL Whned by forming a photoresist film (not shown) on the
surface -of the polycrystalline silican film 44, exposing the gate electrode pattemn,
and development. Etching using the photoresist mask as the mask then gives a
gate elsctrode in which the silicon oxide film 18, first high dielectric constant film
18, second high dielectric constant film 20, and polysilicon film 22 are stacked in
the sequence given (Figure 4(e)). This efch is followed by removal of the
photoresist mask. Then, using the gate electrode as the mask, low-concentration
ion implantation is carried out on the surface of the silicon substrate 1 to form self-
aligned extension regions 24. Boron (B} is ion-implanted in the n-well region 2 in
the embodiment under consideration. Arsenic (As) is ion-implanted in the case of a
p-well region.

A silicon nitride film is then formed in a desired thickness so as to cover the surface
of the silicon subsirate 1, and this silicon nitride film is etched back by anisotropic
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14 (Figure 3(d)). Boron (B) is ion-implanted in the example under
consideration due to the formation of the n-well region 2. Phosphorus (P)
is ion-implanted when a 15 p-well region is formed. A photoresist mask is
then formed by forming a photoresist film (not shown) on the surface -of
WReener§stalline silicon film 14, exposing the gate electPSAEEprtens414
and development. Etching using thg photoresist mask as the mask then
gives a 20 gate electrode in which the silicon oxide film 16, first high
dielectric constant film 18, second high dielectric constant film 20, and

etpeihsilieos @500 narsiRiackatiin ie sea NG OiY en (SiaLsartsd). e

ch is, followed by removal of hotoresist mask. Then, using the gate
gagﬁge%ﬁ%tre &5 %ﬁeﬁaﬁﬁ, g?v%%‘r?é%hﬁ%lt’fgnﬁl n implantation is carried out

on the surface of the silicon substrate 1 to form self 25 aligned extension

uomgépr@@ﬂoﬁwmﬁaaaﬁi@mmpﬁrrﬁaﬂdrgmi éxéwﬂd@aiﬂi;s?d@glﬁl% 26 as
embogdiment.under consigeration. Arsenic S) IS 10N-I| anted in the
g e P SR SRR Ao VAL Raiors, et A, Saira e’

casé of a region.
thenrikensssubstzaiad chvinetiembodineat 30dtsersikitoaisnbbomte (B) dmdbthis

impliFRenirids Alwels iehied haskdy @RIFRRRIMMERAAE/ 36584 of 4 p-
W&CEE/%E EOL(?r/O 4 14 etching. As a result, the silicon nitride film
remains rﬁy &t side surfaces of the gate electrode, forming the side

wall 26 (Figure 4(f)). lon implantation is then carried out using the gate

ARIPRSFRERG ¢ BldaRls 2hA5 reyibi BaskaBRISR IRuRiRY Fe/aliangd

soyrce drain regions 28 in the surface of the silicon substrate 1. In the
toghIBBU B ARS8 SRS Bide) oI SRR e el
paiggiimoer? . ilms @2ic ¢Alshsmiomdgiartedandhsocase ofdzapr Welioiegien The
i j ce,. drai ions 28, .th
e ele el gt i B A 163 e 4% e
teqpgEallirg e danpifisatitairaginent dhakfoiewsiframtian obthexisssiigh
dietegioio 24hstamtt Sionindeandredaompingh2@eibbRic constant film 12. A p-channel

MOS transistor is formed by the preceding steps. An interlayer dielectric film 30 is
then formed covering the silicon substrate 1 and electrically conductive material is
embedded in contact holes opened in the iﬁterlayer dielectric film 30 to form a
contact layer 32 for electrical connection to the source region and drain region,
thereby producing a semiconductor device that has the MOS transistor structure
shown in Figure 1.

The advantageous effects of this embodiment are described below.

improvement in the film formability on the subsfrate has been desired of the metal
silicate fiims afforded by prior-art ALD, for exampie, the metal silicate film formed

by the silicon-containing compound described in Patent Reference 3. Problems
with film formability on the substrate surface have existed even with SiHs

{monosiiane).
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temperature in this activating heat treatment is at least 10C lower than the
temperature of the densification treatment that follows formation of the first
high 15 dielectric constant film 10 and second high dielectric constant film
12. A p-channel MOS transistor is formed by the preceding steps. An
Wieterayssgielectric film 30 is then formed covering the skcomrotisaie: |
and electrically conductive materigl.is embedded in contact holes opened
in the interlayer dielectric film 30 to form a contact layer 32 for electrical
connection to the source region and drain region, 20 thereby producing a

T@@m@aﬁﬁmﬁwmﬁ%aﬁmﬁmﬁ@éﬁymﬁaﬁﬂegé%ﬁcaﬁhgeé{ﬁh% in
re e n ects 0 mpodiment are describe
o et e TR R TR SIAS ITh oot e e
anfediveeiecthesmariukitied @i fosrafiditd oo Byemidskatenddidbe ettriepty,
snia@u@@tgysumgeéllmnwfmﬂ@wee@m@rah IBHR0 SRFRBOUAS has a
Specgcrlgtedc% %gnteRseg%t; Ie3 Pr%k‘?’le S W‘IS fllm8§ Eﬁgmt on th 5
Strate el ore, SRRl D8 IUVEA @ﬁ-l il O'Wd’
siiTgoa1a3858Y PCAVEPYED6/@68ning 1 5ikhe Mntbm@am aerbfdiised
sdmesigRtinNg oy eMaoEiRese @ﬁ%&ét@ﬂ@%ﬁd%ﬁ?&%ﬂ@ BRRFRVEURS

abilit 't fil the substrat d di d
o R Bt L B ST A0S STRPRD S nayorate
anghpradsitioy thei rﬂj)@vgrni@@ﬂﬂb@ﬂtmwmg%bqﬁ peaitagésiiittansganesyivatims
t M ent th L the
T S e R SRR SRR e
a eeawg%eaqm@ewmm ibitg anyexegiant film formab'“ty

on the substrate and an improved reliability. This improvement in film
formability on the substrate and in addition the above-described inhibition

A ebleiakageceiidevbg e erpigiears Ibmanitasiaddaivrahiheosmet high
dué%&ﬁé%’é‘n&é%lﬁ%%ﬁ'@éﬂ%aﬂ rsﬁmc&ag)g ’sﬁYQci)lﬁcontaining compound
with the general formula given above. A semiconductor device is therefore
provided that exhibits reduced levels of impurities, such as carbon, in the high
dielectric constant film and thus a reduced leakage current and an improved
reliability.

The Si(OCoHs)4 (tetraethoxysilane or TEQOS) heretofore generally used as the

silicon-containing compound has a value for (number of carbon atoms)/(number of
silicon atoms) of 8. This results in a high concentration of impurity (carbon) in the
high dielectric constant film and hence in the generation of leakage current.

In confrast to this, the silicon-containing compounds used in the instant
embodiment have a value for (number of carbon atoms)/(number of silicon atoms)
of no greater than 7. This can efficiently lower the impurity (carbon) conceniration
in the high dielectric constant film and as a consequence can inhibit the generation
of leakage current. Among the silicon-containing compounds specified above,
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a good balance is manifested in particular by the use of (SiH3)3N. A
semiconductor device is fabricated in the instant embodiment by forming a
high dielectric constant film on a silicon substrate using a
silicon-containing compound 15 with the general formula given above. A
Ve MtedAdtctor device is therefore provided that exhibits REURRSH0RRAGISOf
impurities, such as carbon, in the high dielectric constant film and thus a
reduced leakage current and an improved reliability. 20 The Si(OC2H5)4
(tetraethoxysilane or TEOS) heretofore generally used as the
- C \Y/ 0, r .
ey o o e B el 08 GLEBR (St
{trisityapinRy (B&Mbon) in the high dielectric constant film and hence in the
generation of leakage current. 25 in contrast to this, the silicon-containing
ounds used in the instant, . embodiment hgve a value for (hnumber of
R R L AR} Y ROt PP L i
refeReien iR RavERwiBde, Busily aceelamplsopidbetridesntinvestion Brdiotatie
steRnsERMHENRNIRE 8:0RAREQHRRAR TALIpPIBkHe generation of leakage
current. Among the silicon-containing compounds specified above, WO
2006/136584 PCT/EP2006/063414 16 these effects are manifested in
Fasaptremaleh i chighe dicteririsatssstante iSiHE)IN dessiiprimimdh@ Swegant
erﬁﬂbﬂmjl?%iﬁr%ﬁ@ﬂiﬁgfém%%ﬂ%@ith URe Mﬁﬁ?@b@%ﬂ@%@@%ﬁ%ﬁﬁf one
ribed wi reference to rawings, this is an example of the
o A T AR S e & B RS RYGR cmn also
be employed. For example, the high dielectric constant film 17 is

InGRIBAGPSChiNHIGR ISk cIBRASHETRAT 17 LIS abAMOnAYRE RIHFUY Garlut

it.need merely be form fonel.r,oré ts,and thus may be
o e A R R R oot £ B o iy e e e
is ggraseagriiar%ban be formed by one layer as long as the (metal

element)/(metal element + Si) ratio of the high dielectric constant film

Moreover, the preceding example concerns the formation of a high dielectric
constant film 17 on the surface of the silicon substrate 1 with a silicon oxide film 18
therebetween, but the high dielectric constant film 17 may also be formed directly
on the surface of the silicon substrate 1.

Examples
The following siiicon-containing compounds were used in the examples provided

beiow.

Silicon-containing compounds

. (SiH3)3N (trisilylamine or TSA, melting point = —106°C, boiling point = 52°C)

o SiH2(N(CH3)2)2 (bisdimethylaminosilane or BDMAS, melting point = -104°C,
bailing point = 83°C)

*  BIH(N(CHz)2)3 (tridimethylaminosilane or TDMAS, melting point = -80°C,
boiling point = 145°C)
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is no greater than 0.6. 15 Moreover, the preceding example concerns the
formation of a high dielectric constant film 17 on the surface of the silicon
substrate | with a silicon oxide film 16 therebetween, but the high
dielectric constant film 17 may also be formed directly on the surface of
W siligoRguUbstrate 1. 20 Examples The following silicon copiainings 14
compounds were used in the examples provided below. 25
Silicon-containing compounds (SiH3)3N (trisilylamine or TSA, melting
point = -106C, boiling point = 52C) SiH2(N(CH3)2)2
(bisdimethylaminosilane or BDMAS, melting point = -104C, boiling point =
93C) SiH(N(CH3)2)3 (tridimethylaminosilane or TDMAS, melting point =
V@OCP!’@@SB@HM@@@rior:tm%;m@%@@m%&mnﬁ@%@m@@@%a&

17V or these SI|I nta nlng campounds are
Filgéj e ;?0 % gﬂ %?gﬁy gte%% ? ?tetrra yswik ﬁe i lfaE% WEdERi€in
silidorecsstaining cmhc;mmmnrimmmgremﬂpouad reseaésoerepigttadgmh@iereme.

TS EBIRAE WG THNIRS PhYe BRI Sa ) (RACTRESANPRRL are
pressures than TEOS and thus are eas andle. TSA in particular
AR B SAT RV EG 8L R qyﬁégrapo@w@a%psv BlEsareang

higaséped dresauam andigasyfegtiriden isrpostialey anthidds inlsasfibe ahaathon.

ad@ festdxasgple | The relationship between Si02 film thickness and
number of cycles was verified using TDMAS, BDMAS, and TSA as the
silicon-containing compounds. The results

Test Example 1

The relationship between SiO2 film thickness and number of cycles was verified

using TDMAS, BDMAS, and TSA as the silicon-containing compounds. The results
are reported in Figure 6. Specifically, a silicon oxide film was formed by depositing

8i02 on the surface of a silicon substrate 1 by admitting the silicon-containing

compound into the chamber and feeding it onto the silicon substrate 1 and by
thereafter introducing ozone gas into the chamber. This was carried out at a
substrate temperature of 275°C. The process of forming silicon oxide film with a

thickness of about 0.08 nm was set up as one cycle.

When TDMAS was used as the silicon source, the interior chamber pressure was
held at 5.0 torr in order to secure a film formation rate of about 0.08 nm/cycle. It is
thought that this was due to a greater difficulty in adsorption to the silicon substrate
due to the lower vapor pressure as compared to the other silicon sources. When,
on the other hand, BDMAS was used as the silicon source, the interior chamber
pressure was held at 2.0 torr to obfain a film formation rate that was about the
same as for TDMAS. The interior chamber pressure was held at 0.5 torr with TSA
to obtain about the same film formation rate. Thus, pressure control for the
individual silicon sources is necessary in order fo bring the film formation rate to
0.08 nm/cycle.
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are reported in Figure 6. Specifically, a silicon oxide film was formed by
depositing Si02 on the surface of a silicon substrate | by admitting the
silicon-containing 15 compound into the chamber and feeding it onto the
silicon substrate | and by thereafter introducing ozone gas into the

whambelssdhis was carried out at a substrate temperaturg Qf Zhafsnd26
process of forming silicon oxide film with a thickness of about 0.08 nm

was set up as one cycle. 20 When"*DMAS was used as the silicon
source, the interior chamber pressure was held at 5.0 torr in order to

secure a film form e of ab It is_thought that this

T8 ERRL 5 S0 R e B L A o ] S e W

cqh@lqumrpremmmerwm finenaliiity silitenssdacess. sittuen,
sz other hand, BDMAS was used as the silicon source, the interior
chamber 25 pressure was held at 2.0 torr to obtain a film formation rate

that was about the same as for TDMAS. The interior chamber pressure
TopdSmpla 8.5 torr with TSA to obtain about the same film formation rate.

zah@s@&@@%&@s@mm&ﬁm;w@mﬁlﬁa@&%&la&%'ﬁdﬁ@ﬁ?%%ﬁa@fﬂed

o e R R AT TS TS AR

(wsqmﬁwmﬁwwémm J&p@m&mlm TOMARI DRSPS TS A
growded an excellent film formability on the surface of silicon substrate. 5

the EUSRARTEAIIER GRS Jrdish: FilFRRofS: trc it srmpostientsatited
(%Uﬁrdlﬁg)tmtmméthﬂ)(htefﬁm herzifmotore destifdéd eSijbodinestyrtising

migEAN Y (RibéreHdRRR s&#éf(%@céﬂ%)@%%'é@wxﬂ&m?dm@ktamng

ound and using TDMAS, BDMAS, or TSA as the silicon- contalnlng
ORISR ARG BT RRORE (78 1P horBoioR RV (P D &9 o
TEAART Silobstdiricanpariinetioh L6 145 idd$ ¥s8d). in the starting

Figure 7 shows that the composition of the Hf silicate film could be very well
controlled through the Hf/(Hf + Si) ratio of the starting material, and it was also
confirmed that the Hf/(Hf + Si) composition ratio of the Hf silicate film couid be
controlled over a broad range from 0 to 100%. In addition, it was confirmed that the
Hi/(Hf + Si) ratio for the individual silicon sources and the Hff(Hf + Si) composition

ratio were controlled at the same level due to having made the SiO» film formation

rate about the same for the individual silicon sources.

Example 1

A semiconductor device was fabricated according to the method of the
hereinabove described embodiment using tetramethyiethylamidohafnium as the
metal compound and TDMAS as the silicon-containing compound. The first high
dielectric constant film 10 was about 2 nm thick and the second high dielectric
constant film 12 was about 0.5 nm thick. The carbon {C) and hydrogen (H)
concentrations in the high dielectric constant film (Hf silicate film) 17 were
measured by secondary lon-microprobe spectrometric (SIMS) analysis. Figure 8(a)
reports the concentration profile into the silicon substrate 1 from the surface of the
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material. The interior chamber pressure was changed as a function of the
starting material used, and was 0.5 torr for TSA, 2.0 torr for BDMAS, and
5.0 torr for TDMAS. A substrate temperature of 275C was used. 15
Figure 7 shows that the composition of the Hf silicate film could be very

%gﬂﬁ%ggggglled through the Hf/(Hf + Si) ratio of the startingcr?%?ég&}as [1194 it

was also confirmed that the Hf/(Hf + Si) composition ratio 0 llicate
film could be controlled over a bro&# range from 0 to 100%. In addition, it
was confirmed that the Hf/(Hf + Si) ratio for the individual silicon sources

and the Hf/(Hf + Si) composition 20 ratio were controlled at the same level

HE slicgie S §igtaSRLseys diatiHieneaiban cracsstiaiondrs e diorlipate
filRddE UBb il FOWGESIIR HARIS J ASRRECnAHCIRL e Mgy as

fabricated according to the method of the 25 hereinabove described
embodiment using tetramethylethylamidohafnium as the metal compound
EfaGIDIIAS as the silicon-containing compound. The first high dielectric

i nm. thick and th d high dielectric _, .
AL e A B SRR FRRro et
this resauBHMSIMRE KiGH @i IEwrislicanstanelng HPBIRCHAS fillig Uy Ridve

52t PR S B DR A

filgiligaseafitnt Figwe08(ra)3§b0iNs tisatcdfBD0AASON concentration in the Hf

silicate film was about 3 x 1020 cm -3 for the use of TDMAS as the silicon
source. Example 2 5 A semiconductor device was fabricated as described
Exampldole 1, except that in this case BDMAS was used as the

ASEELSAMRINIRYI66 RS HlichIBN k8 HDcABRP S ERGNB ce ixatianofile
f:hlnto theﬁg}gon subggate tlhfror.p the surface of the Hf i§ili£_ate filé’n. FieqpurgS
55 ows thar LD 8P OIEREPIBIRTY FRMAPYR:rigure 8(c) repo

the concentration profile into the silicon substrate 1 from the surface of the Hf
silicate film. Figure 8(c) shows that the carbon concentration in the Hf silicate film

was about 3 x 102 e for the use of TSA.

These results demonstrated that the use of TDMAS, BDMAS, or TSA as the
silicon-containing compound provides a significant reduction in the impurity (e.g.,
carbon) concentration in a high dielectric constant film (Hf silicate film) from that for
TEQS. The use of these silicon-containing compounds to form high dielectric
constant films on a silicon substrate therefore enables a reduction in leakage
current in the semiconductor device. In addition, it was shown that the carbon
concentration in high dielectric constant films can be controlled by the selection of

these silicon-containing compounds.

Brief Description of the Drawings
Figure 1 is a schematic cross-sectional diagram of a semiconductor device
fabricated by the method of fabrication in the herein described embodiment.
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film was about | x 1020 cm-3 for the use of BDMAS. 10 Example 3 A
semiconductor device was fabricated as described in Example 1, except
that in this case TSA was used as the silicon-containing compound.
Figure 8(c) reports the concentration profile into the silicon substrate |
wWiom.thesyyface of th(_a Hf 15 silip_ate fiIr_n. Figure 8(c) shom%&@&mm
carbon concentration in the Hf silicate film was about 3 x 1019 cm3 for
the use of TSA. These results den¥nstrated that the use of TDMAS,
BDMAS, or TSA as the silicon-containing compound provides a
Ssignificant reduction in the impurity (e.g., .20 carbon) concentration in a
FIgilR dicfeBrRIEHEARIRN (0r SHEaESHIRT BAL iy cessmeiod,af
fabfithtse simoivataomideycermibardseio festrbmhethbletitnintconstant
films on a silicon substrate therefore enables a reduction in leakage
current in the semiconductor device. In addition, it was shown that the
FigHihoh 'S ohLRRPSR o MR AT HNLieReRrRe AR it rlfHENRLGS B SRRIBAE by
Tatinisatisig etrmafodfithe s it ontteo hesanintp seibed emdedBrest. Description
of the Drawings Figure 1 is a schematic cross-sectional diagram of a
F_semiconductor device fabricated %the method of fabrication in the
gt REABRFEDBRRAT SEWTLI6B/ R -84BS P2 Joe RS 414
faplcAiggra seigicopdocies sleliing rarthinnereisdesctivadkattitidisteate s the
method of fabricating a semiconductor device in the herein described
r:,emb diment. Fig{ugg %is a process diagram in cross section that illustrates
et @B b AAARYS YBRYICBIASLIR FHRR &5 rersfyniaining
cogepsuriisiscueer o thmexambigsire 4 is a process diagram in cross section
that illustrates the method of fabricating a semiconductor device in the
Figgrree I(-[; ig %Sgcrggﬁctjhg{nstﬂgwsrqgg tr'elationsl'aip between film thickness and number
of cycles for the case in which the process of forming a silicon oxide film with a film

thickness of about 0.08 nm was set up as one cycle.

Figure 7 is a graph showing the relationship between the H/(Hf + Si) ratio of the

starting material and the H/(Hf + Si) composition ratic of the Hf silicate film.

Figure 8 is a graph that shows the carbon (C) and hydrogen (H) concentration
profiles in Hf silicate film.

Reference symbols

1 silicon substrate
2 n-well region
4 e STI
6 silicon oxide film
8 silicon oxide film
10 first high dielectric constant film
12 e second high dielectric constant film

14 L polycrystalline silicon film



10

10 Figure 5 is a graph that shows the vapor pressure curves of the
silicon-containing compounds used in the examples. Figure 6 is a graph
that shows the relationship between film thickness and number of cycles
for the case in which the process of forming a silicon oxide film with a film
wé thigkness of about 0.08 nm was set up as one cycle. Rigyh& Ade@zi14
graph showing the relationship between the Hf/(Hf + Si) ratio of the
starting material and the Hf/(Hf + S composition ratio of the Hf silicate
film. 20 Figure 8 is a graph that shows the carbon (C) and hydrogen (H)
concentr{aélon profiles in Hf SLIILcate fllg] ﬁeference symbols 1 .........

silicon substrate '2572'.......... n-well'region Y4 ... STI6 .......... silicon
oxide filrh7 8 .......: -silicon oxftlahfiieladrirsengggntifétectric constant film 30
12 ... sggond hl_gh_ _d_l_e|eCtrIﬁr§pﬁ§§aﬂﬁ3ngﬂné.ﬂnnstaﬁt fmglycrystalllne
silicon filtp WO 2006/136584 PCT/. %0(96( 3414 .......... silicon
oxide film 17 ......7.."high diefECine (:o%stane hy rlfsrsp rH dielectric
constanflim 20 .::::::-secon@igiicgie@etric constant film 522 .........
polysiliceq film 24 ........... extesiioreaigian2t -......... sidewall 28 ..........
source . ggain region g6 wa

28 source - drain region

3¢ interlayer dielectric film

32 contact layer



30 ... interlayer dielectric film 10 32 .......... contact layer 22 CLAIMS
Claim 1. A method of forming a high.dielectric constant film, wherein a
high dielectric 5 constant film comprising metal silicate is formed on a
substrate by atomic layer deposition using the gas of a metal-containing
compound and the gas of a silicon- containing compound represented by
the general formula RiR4 RZ 1 Si-N R3 RS 10 wherein 1,23 ,and R
R R in the preceding general fornfthtMBeach independently selected
from the hydrogen atom, C1_3 alkyl, and N(R6)2 (wherein each of the
_plurality of R6 groups is independently selected from the hydrogen 15
Claigidm C1-3 alkyl, and Si(R7)3 (wherein each of the plurality of R7 groups
A mistiReeRgnfaningeteateshiramisher by demagaratamandeksirallyhigR4dielectric
and I? are each independently selected from the hydrogen atom, C1.3
consiarl URd SRR HERIR SHERIS IR BINEftyA5y BeSgRiiRiGsby atomic layer
depdsitiepensiantihaeiecied faonetae diyeagriy aomp6iingd a2 of a silicon-
NHSi(RQPF? wherein each éf“-g\gt e %Jrality of R? groups is independently
CONtAUOG SL PBIRAUR § F‘c?&é}f SPERCRLIRITHSENd the value of (the

number of carbon atoms in the preceding general

[
RZ—SI—N
RI RS

wherein

R1, RZ, and R3 in the preceding general formula are each independently
selected from the hydrogen atom, Cq.3 alkyl, and N(Re)z (wherein each
of the plurality of R6 groups is independently selected from the hydrogen
atom, C4.3 alkyl, and Si(R7)3 (wherein each of the plurality of R7 groups
is independently selected from the hydrogen atom and C1.3 alky!));

R4 and R5 are each independently selected from the hydrogen atom, Cq_3
alkyl, and Si(R8)3 (wherein each of the plurality of R8 groups is
independently selected from the hydrogen atom, Cq.3 alkyl, and
NHSi(R9)3 (wherein each of the plurality of Rg groups is independently

selected from the hydrogen atom and C1_3 alkyl)); and

the value of (the number of carbon atoms in the preceding general
formula)/(number of silicon atoms in the preceding general formula) is no

more than 7 and wherein said silicon-containing compound is selected

from - the group of consisting of (SiH3)3N, SiH2(N(CH3)2)> and

SiH2(NHSI(CH3)3)2.
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formula)/(number of silicon atoms in the preceding general formula) is no
more than 7 and wherein said silicon-containing compound is selected 25
from the group of consisting of (SIH3)3N, SiH2(N(CH3)2)2 and
SiIH2(NHSI(CH3)3)2. 23 Claim 2. A method of fabricating a
semiconductor device, comprising the steps of forming a high dielectric
_constant film comprising metal silicate on a silicon substrate; 5 forming a
Cla’rﬁ(ﬁycrystalline silicon film on the aforesaid high dielectric constant film;

A maRedUMEKtaAME 8lsaHndeby:SRIeqEvRlY repepngihariohdlielegtric

constant film and the polycrystalline silicon film, wherein the aforesaid
P B Anii dRIPCHEI RN B Bh diEnt SR s ig daSiat sflicaignen a silicon
film-fajgpegarethod according to claim 1. Claim 3. The method according

to claim 2 of fabricatinﬁ a semiconductor device, wherein 12 3, and RR

FOIYRE G umyRiBrRsrRRIE B OB 4R iRfsSRifb g dislgsdria sonstant
from tehgeepgen atom, methyl, N(CH3)2, and NHSi(CH3)3, and R4 and
R5 are each inde endentlﬁ selected from the hydrogen atom, methyl,

. . , Y
9IBING: @143)8, IRTTRASRESSIRCB R aMRY ke R G AliElseiiig ronstant

claim frarah 8 ftfRbpefiigstagiBisniaavudian device, wherein the compound
wijth the aforementioned %ene_ral formula is at least one selection from the

whergiB B aIuSHAl FeainRiRIT ISR IR ASISEre pRRFIEARYETSIS SAgried out by
the fiit(iMiR (GEBISIZaccording to claim 1.

Claim 3.

The method according to claim 2 of fabricating a semiconductor device, wherein

R1, Rz, and R3 in the preceding general formula are each independently selected
from the hydrogen atom, methyl, N(CH3)2, and NHSi(CH3)3, and R4 and R5 are
each independently selected from the hydrogen atom, methyi, SiH3, Si(CH3)3, and

NHSI(CHz)3.

Claim 4.
The method according to claim 2 or 3 of fabricating a semiconductor device,

wherein the compound with the aforementioned general formula is at least one

selection from the group consisting of (SiH3z)aN, SiH2(N{CH3)2)2, SiH{N{(CH3)2)3,

and SiHo(NHSI(CH3)3)s.



10

15

20

25

30

25 30 24 Claim S. The method according to claim 2 or 3 of fabricating a
semiconductor device, wherein the ggmpound with the aforementioned
general formula is SIH(N(CH3)2)3. laim 6. The method according to
any of claims 2-5 of fabricating a semiconductor device, wherein the
metal/(metal + Si) composition ratio of the high dielectric constant film is
_no.greater than 0.6 in at least the upper region of the high dielectric
Clairgahstant film. 10 Claim 7. The method according to any of claims 2 to 6 of

The falwipatinacceadeondustandevies, vhereip thamioramestianedaienPfdevice,
forming the high dielectric constant film comprises a step of forming, by
whergiorthe lagemdapesitish tasfiafo reghegiitoct geonselforaBifiris SinWEte)2) 3.
metal silicate on the aforementioned silicon substrate; and a step of
layering, on the surface of the first high dielectric constant film, a second
Clairhigh dielectric constant film that has a metal/(metal + Si) composition ratio

no greater than.0.6, 20 Claim 8. The meth ccording to any of claims 2
The oAb P A I v 8, RRGREIT 2 Rl ARG device.
wherdfrothd r2éstabrastaClaigiS%composition ratio of the high dielectric constant film

is no greater than 0.6 in at least the upper region of the high dielectric constant film.

Claim 7.
The method according to any of claims 2 to 6 of fabricating a semiconductor device,
wherein the aforementioned step of forming the high dielectric constant film
comprises
a step of forming, by atomic layer deposition, a first high dielectric constant
film comprising metal silicate on the aforementioned silicon substrate;
and
a step of layering, on the surface of the first high dielectric constant film, a
second high dielectric constant film that has a metal/{metal + Si)

composition ratio no greater than 0.6.

Claim 8.
The method according to any of claims 2 to 7 of fabricating a semiconductor device,

wherein the metal comprises Hf or Zr.
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The method according to any of claims 2 to 8 of fabricating a
semiconductor device, wherein a st%%of forming a silicon oxide film on
the surface of the silicon substrate is™5 carried out before the
aforementioned step of forming the high dielectric constant film, and the
step of forming the high dielectric constant film is a step of forming, by
_atomic layer deposition, a high dielectric constant film comprising metal
Claigiate on the aforesaid silicon oxide film on the surface of the silicon 10

The sicataceddmd Qo B Bredhamaccaiding tamiyaahelaibsmitd feictor device,

fabricating a semiconductor device, wherein the step of forming the high
WheHillectric constant film by atomic layer 15 deposition is a step of forming a

higkislietaaisierrepdasiiitbn exfaerminoone silieate of the silieeR substrate is

substrate by repetitively carrying out the steps of depositing a metal oxide _
on thé°@liitedh LbSF R FeBtRFRREGHS I RidRaR doRtaIRh E Eoftigh shalectric
onto therRitgenfisubsinate and subsequently feeding an oxidizing gas onto

ttbe silicon supstrate; and 20 depositing silicon oxide on the silicon

BsffaR BY 1REDIRG 4 §a8igPadiRIEHICSRRFHAM S ioihdR@iHorming, by
silicomafsrhiiraigsrngbpdanashientyigteeinachncosishaRg AR PBENBasIng metal

silicon substrate. S ) . -
siicate on the aforesaid silicon oxide film on the surface of the silicon

substrate.

Claim 10.
The method according to any of claims 2 to 8 of fabricating a semiconductor device,
wherein the step of forming the high dielectric constant film by atomic layer
depoéition is a step of forming a high dielectric constant film comprising metal
silicate on the silicon substrate by repetitively carrying out the steps of
depositing a metal oxide on the silicon substrate by feeding a gas of a metal-
containing compound onto the silicon substrate and subsequently
feeding an oxidizing gas onto the silicon substrate; and
depositing silicon oxide on the silicon substrate by feeding a gas of a silicon-
containing compound onto the silicon substrate and subsequentiy

feeding an oxidizing gas onto the silicon substrate.



