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(57) ABSTRACT 

High dielectric constant (high-k) materials are formed 
directly over oxidation-susceptible conductors such as sili 
con. A discontinuous layer is formed, with gaps between 
grains of the high-k material. Exposed conductor underneath 
the grain boundaries is oxidized or nitridiZed to form, e.g., 
silicon dioxide or silicon nitride, when exposed to oxygen or 
nitrogen source gases at elevated temperatures. This dielec 
tric growth is preferential underneath the grain boundaries 
such that any oxidation or nitridation at the interface 
between the high-k material grains and covered conductor is 
not as extensive. The overall dielectric constant of the 
composite ?lm is high, while leakage current paths between 
grains is reduced. Ultrathin high-k materials with low leak 
age current are thereby enabled. 
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DIELECTRIC LAYERS AND METHODS OF 
FORMING THE SAME 

REFERENCE TO RELATED APPLICATION 

[0001] The present application is a divisional of US. 
application Ser. No. 10/379,516, ?led Mar. 4, 2003 and 
claims the priority bene?t under 35 U.S.C. §119(e) to US. 
provisional application No. 60/362,249, ?led Mar. 5, 2002. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to the 
manufacturing of integrated circuits, and more particularly 
to the preparation of high-k dielectric layers in integrated 
circuits. 

BACKGROUND OF THE INVENTION 

[0003] Process control is very important in the fabrication 
of ultra-large scale integrated circuits. Through a series of 
deposition, doping, photolithography and etch steps, the 
starting substrate and subsequent layers are converted into 
integrated circuits, With a single substrate producing from 
tens to thousands or even millions of integrated devices, 
depending on the siZe of the Wafer and the complexity of the 
circuits. 

[0004] One area in Which process control is particularly 
critical is the fabrication of transistor gate dielectrics. In the 
pursuit of ever faster and more e?icient circuits, semicon 
ductor designs are continually scaled doWn With each prod 
uct generation. Transistor sWitching time plays a large role 
in the pursuit of faster circuit operation. SWitching time, in 
turn, can be reduced by reducing the channel length of the 
transistors. In order to realiZe maximum improvements in 
transistor performance, vertical dimensions should be scaled 
along With horizontal dimensions. Accordingly, effective 
gate dielectric thickness, junction depth, etc. Will all 
decrease With future generation integrated circuits. 

[0005] High quality, thin dielectric layers are also desir 
able for memory cell capacitors. Integrated capacitors in 
memory arrays must exhibit a certain minimum capacitance 
for proper data storage and retrieval. As the chip area or 
“footprint” available per memory cell shrinks With each 
progressive generation of integrated circuits, the required 
capacitance per unit of footprint has increased. Many com 
plex folding structures have been proposed for increasing 
capacitance through increased capacitor electrode surface 
area for a given cell footprint. Often, these structures require 
extremely complex fabrication steps, increasing the cost of 
processing signi?cantly. Accordingly, other efforts to 
increase capacitance for a given memory cell space have 
focused on the capacitor dielectric, since reducing the thick 
ness of the dielectric also increases overall capacitance. 

[0006] Conventional thin dielectrics are formed of high 
quality silicon dioxide, also referred to herein as “silicon 
oxide.” Ultra-thin silicon oxide layers (e.g., less than 5 nm), 
hoWever, have been found to exhibit high defect densities, 
including pinholes, charge trapping states and, in transistor 
applications, susceptibility to hot carrier injection effects. 
Such high defect densities lead to leakage currents through 
the dielectric and rapid device breakdoWn unacceptable for 
circuit designs With less than 0.25 um gate spacing, i.e., 
sub-quarter-micron technology. Moreover, even if the integ 

Apr. 24, 2008 

rity of the silicon oxide is perfectly maintained, quantum 
mechanical effects set fundamental limits on the scaling of 
silicon oxide. At high ?elds, direct tunneling dominates over 
FoWler-Nordheim tunneling and largely determines silicon 
oxide scaling limits. For example, in transistor gate dielec 
trics, these scaling limits have been estimated at about 2 nm 
for logic circuits, and about 3 nm for more leakage-sensitive 
memory arrays in dynamic random access memory (DRAM) 
circuits. See, e.g., Hu et al., “Thin Gate Oxides Promise 
High Reliability,” SEMICONDUCTOR INTERNATIONAL 
(July 1998), pp. 215-222. 

[0007] Theoretically, incorporating materials of higher 
dielectric constant into the dielectric opens the door to 
further device scaling. Higher dielectric constants (k) alloW 
materials currently under investigation to exhibit the same 
capacitance as a thinner silicon dioxide layer, such that a 
loWer equivalent oxide thickness (EOT) can be achieved 
Without tunnel-limited behavior. 

[0008] Silicon nitride has been investigated for its higher 
k value and diffusion barrier properties. HoWever, silicon 
nitride has been found to exhibit a higher density of defects, 
such as interface trapping states, as compared to oxides. One 
solution to the individual shortcomings of oxides and 
nitrides is to produce a hybrid layer. Incorporating nitrogen 
into silicon oxide, to form silicon oxynitride, provides 
improved gate dielectrics. See, e.g., LeonarduZZi & KWong, 
“Improving Performance With Oxynitride Gate Dielectrics,” 
SEMICONDUCTOR INTERNATIONAL (July 1998), pp. 
225-230. Similarly, forming silicon nitride over thin silicon 
oxide layers, has been found to reduce defect densities While 
considerably loWering overall gate dielectric equivalent 
oxide thickness. See, e.g., Kim et al., “Ultra Thin (<3 um) 
High Quality Nitride/Oxide Stack Gate Dielectrics Fabri 
cated by In-Situ Rapid Thermal Processing,” IEDM 97 
(1997), pp. 463-466. The bene?ts of gate dielectrics made 
from silicon nitride are limited, hoWever, because of the 
marginal increase in dielectric constant afforded by silicon 
nitride, particularly When used in conjunction With silicon 
oxide. 

[0009] Accordingly, other efforts to increase capacitance 
have focused on materials With signi?cantly higher dielec 
tric constants (high-k materials). Certain metal oxides, such 
as barium strontium titanate (BST), strontium bismuth tan 
talate (SBT), hafnium oxide (HfO2), Zirconium oxide (ZrO2) 
tantalum oxide (Ta2O5), etc., exhibit high relative permit 
tivity (dielectric constant or k values) and are thus promising 
for fabricating gate dielectrics With increased capacitances. 
Several factors have limited the integration of such materials 
into current process ?oWs, including the relative instability 
of high-k materials, a tendency to exhibit high defect den 
sities, leakage currents, and the dif?culty of avoiding oxi 
dation of surrounding materials during high-k dielectric 
deposition and annealing. 

[0010] To avoid problems With oxidation of surrounding 
materials, knoWn techniques have focused on extremely 
complex integration techniques, the use of noble, non 
oxidiZing, or conductive oxide materials for electrodes and 
diffusion barriers in the process sequence. For example, such 
techniques are disclosed in US. Pat. No. 5,392,189; No. 
5,619,393; No. 5,633,781; and No. 6,265,740 B1. Amor 
phous dielectric materials can decrease the leakage current, 
but the effective thickness of the insulating layer increases 
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due to lower dielectric constants amorphous materials. Other 
references disclose the use of amorphous materials betWeen 
grains of higher dielectric constant crystals. See, e.g., US. 
Pat. No. 4,464,701; No. 6,014,610; and No. 5,617,290. 
Relatively complex process ?oWs, hoWever, are required to 
achieve such structures, and the overall dielectric constant of 
multiple-layer dielectric structures dilutes the effect of the 
high-k materials. 

[0011] A need exists, therefore, for more effective methods 
of forming high quality dielectric layers. 

SUMMARY OF THE INVENTION 

[0012] In accordance With one aspect of the invention, a 
process is provided for forming a thin dielectric ?lm in an 
integrated circuit. The process includes forming a discon 
tinuous layer of high dielectric constant material directly 
over a conductor. The discontinuous layer is formed With 
gaps. The conductor and discontinuous layer are then 
annealed in the presence of a reactive source chemical, 
thereby preferentially converting portions of the conductor 
exposed in the gaps to a second insulating material. 

[0013] In accordance With another aspect of the invention, 
a method is provided for forming a high-k dielectric thin ?lm 
over a conductor in an integrated circuit. The method 
includes depositing a high-k dielectric ?lm directly over a 
conductive structure, the high-k dielectric ?lm having a bulk 
dielectric constant k and a thickness of no more than about 
1.5><(k/4) nm. The high-k dielectric ?lm is annealed in a 
reactive atmosphere to form a layer of second dielectric 
material beloW the high-k dielectric ?lm. The layer of 
second dielectric material has a nonuniform thickness. 

[0014] In accordance With another aspect of the invention, 
an ultrathin, continuous and uniform dielectric is formed to 
a thickness of less than about 2 nm. A discontinuous layer of 
high-k dielectric material is formed on top of the continuous 
dielectric. The overall dielectric structure has a reduced areal 
average of the leakage current. In a preferred embodiment, 
the underlying dielectric is silicon oxide of less than about 
0.5 nm thickness. 

[0015] In accordance With another aspect of the invention, 
a method of forming an integrated circuit includes providing 
a conductive surface and forming a discontinuous, high 
dielectric constant layer on the conductive surface. Potential 
current leakage paths in physical gaps of the discontinuous, 
high dielectric constant layer are blocked With a second 
insulating material. 

[0016] In accordance With another aspect of the invention, 
an integrated circuit is provided. The circuit includes a 
conductive structure With a discontinuous high-k dielectric 
layer directly overlying the conductive structure. The high-k 
dielectric layer includes a plurality of crystalline grains and 
a plurality of gaps among the grains. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] These and further aspects of the invention Will be 
readily apparent to the skilled artisan from the folloWing 
description and the attached draWings, Wherein: 

[0018] FIG. 1 is a ?owchart generally illustrating a pro 
cess in accordance With the preferred embodiments. 
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[0019] FIGS. 2A and 2B are schematic sectional vieWs of 
a metal oxide over a semiconductor substrate, constructed in 
accordance With a preferred embodiment of the invention. 

[0020] FIGS. 3A and 3B are schematic sectional vieWs of 
the structure of FIGS. 2A and 2B after an annealing step in 
accordance With a preferred embodiment. 

[0021] FIGS. 4A and 4B are schematic sectional vieWs of 
the structure of FIGS. 2A and 2B after depositing a second 
dielectric layer over the metal oxide, in accordance With 
another embodiment. 

[0022] FIGS. 5A and 5B are schematic sectional vieWs of 
a discontinuous metal oxide over a semiconductor substrate, 
in accordance With another embodiment. 

[0023] FIG. 6 illustrates experimental results of subjecting 
a dielectric stack of 4 nm Al2O3 over 0.5 nm silicon oxide 
to annealing, shoWing equivalent oxide thickness versus 
anneal temperature after annealing under various conditions. 

[0024] FIG. 7 illustrates experimental results of subjecting 
a dielectric stack of 4 nm HfO2 over 0.5 nm silicon oxide to 
annealing, shoWing equivalent oxide thickness versus anneal 
temperature after annealing under various conditions. 

[0025] FIG. 8 is a capacitance-voltage curve shoWing 
electrical behavior (and consequently calculated equivalent 
oxide thickness) after annealing a dielectric stack of 4 nm 
HfO2 over 0.5 nm silicon oxide With tWo different concen 
trations of O2. 

[0026] FIG. 9 is a capacitance-voltage curve shoWing 
electrical behavior (and consequently calculated equivalent 
oxide thickness) after annealing a dielectric stack of 4 nm 
HfO2 over 0.5 nm silicon oxide in NH3 at tWo different 
temperatures. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0027] While illustrated in the context of forming a dielec 
tric material over a silicon conductive structure, the skilled 
artisan Will readily appreciate the application of the prin 
ciples and advantages disclosed herein to deposition over 
other conductors that are subject to oxidation. For example, 
and Without limitation, the dielectric layer formation pro 
cesses and structures disclosed herein are applicable to 

deposition over tantalum, tungsten, titanium, aluminum, etc. 
The conductor preferably oxidiZes to form an amorphous 
dielectric. The skilled artisan Will readily appreciate that the 
processes and structures disclosed herein are applicable to 
various contexts in Which high dielectric constant materials 
are useful, including transistor gate stacks as Well as 
memory cell capacitors for random access memory arrays. 

[0028] As is knoWn in the art, high dielectric constant 
materials (high-k materials) are typically annealed at high 
temperatures to crystalliZe the materials and to increase their 
dielectric constants. Typically, the anneal is conducted in a 
highly oxidiZing environment to avoid reduction of oxygen 
content from the high-k layer. The highly oxidiZing envi 
ronment and high temperatures typically employed in such 
oxidation anneal steps tend to cause a high degree of oxygen 
diffusion through the layer. Conventional processes for 
integrating high-k materials, therefore, tend to focus on 
choices of surrounding materials and process sequences that 
avoid oxidation of underlying materials during the anneal. 
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[0029] While the higher dielectric constants of crystalline 
materials are advantageous, the formation of grain bound 
aries in the dielectric may increase the leakage current 
during device operation since charge carriers tend to migrate 
through the dielectric along grain-boundary surfaces When a 
voltage is applied over the dielectric. Using amorphous 
materials instead of crystalline can reduce leakage currents, 
but at the cost of a loWer dielectric constant. 

[0030] In accordance With the preferred embodiments, the 
advantages of crystalline high-k materials are balanced With 
the advantages of amorphous materials With loWer dielectric 
constants, but With decreased leakage currents. The electri 
cal conductivity through grain boundaries is advantageously 
reduced by forming insulating areas on an underlying con 
ductor (e.g., silicon) that is located beneath the high-k thin 
?lm. Exposed portions of the conductor under the grain 
boundaries are preferably oxidized or nitridiZed in the 
presence of an oxygen-containing or nitrogen-containing 
source at elevated temperatures. Thus, oxidation or nitrida 
tion of the underlying conductor preferentially occurs 
betWeen grains of the high-k material. The interface betWeen 
high-k material grains and the underlying conductor, par 
ticularly silicon, is not as greatly affected by the oxidation 
process, Which is carefully selected to avoid excessive 
oxidation beneath the grain boundaries. Overall, the dielec 
tric constant of the high-k ?lm remains relatively high, While 
leakage current through the dielectric is reduced by “plug 
ging” the leakage paths betWeen the grains. 

[0031] The high-k dielectric material can be formed by 
any suitable process including physical vapor deposition 
(PVD), chemical vapor deposition (CVD), or atomic layer 
deposition (ALD). The high-k dielectric material is initially 
an ultrathin layer. The relative thickness of a high-k layer, 
insofar as its effect on device performance, depends upon the 
relative permittivity or dielectric constant (k) of the material, 
such that the thickness can be de?ned in terms of k. 
Preferably, the high-k dielectric has a thickness (in nm) less 
than about 2><(k/4) in thickness, more preferably less than 
about l.5><(k/4), and most preferably betWeen about 0.2><(k/ 
4) and about l.0><(k/4) in thickness. For example, because 
ZrO2 has a k value of about 20, ZrO2 layers in accordance 
With certain embodiments are most preferably betWeen 
about 1 nm and about 5 nm thick. More generally, the 
absolute thickness of the high-k ?lm is preferably less than 
100 A (10 nm), more preferably, less than about 50 A. 

[0032] In the preferred range of thicknesses, the dielectric 
layer Will tend to have gaps betWeen grains of the high 
dielectric material. Such gaps may result during thin ?lm 
deposition, due to islanding effects, or can also form after 
deposition during a high temperature treatment or annealing. 
Such treatments can improve the crystallinity of the ?lm, but 
can also cause shrinkage or otherWise cause separation of 
grains. Accordingly, in accordance With certain aspects of 
the invention, the high-k material is initially a discontinuous 
?lm. 

[0033] Preferably, the high-k material is deposited by 
atomic layer deposition (ALD), Which advantageously 
enables formation of extremely thin layers in the preferred 
thickness ranges With excellent conformality. ALD involves 
alternating surface reactions of vapor phase reactants or 
precursors. Deposition temperatures are preferably main 
tained Within a WindoW above the condensation tempera 
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tures of the vapor phase reactants but beloW the temperature 
at Which thermal decomposition of the reactants Will occur. 
Accordingly, a ?rst vapor phase reactant pulse chemically 
adsorbs upon the substrate, folloWed by removal of excess 
?rst reactant, such as by evacuation and/ or purging. The ?rst 
reactant self-limitingly forms no more than about one mono 

layer on the substrate. Preferably, the reactant precursor 
includes ligands that remain on the adsorbed monolayer, 
preventing further reaction. The ?rst reactant thus saturates 
available surface sites. After removal of excess ?rst reactant, 
a second vapor phase reactant is brought into contact With 
and reacts With the adsorbed species of the ?rst reactant. For 
example, the second reactant may strip ligands from the 
adsorbed species of the ?rst reactant, or may replace them in 
a ligand-exchange reaction. After a saturative pulse, excess 
second reactant and any by-product is removed from the 
chamber, such as by evacuation and/or purging. This cycle 
of ?rst reactant pulse, removal, second reactant pulse, 
removal can be repeated as many times as desired, depend 
ing upon the desired thickness of the ALD deposited layer. 
Each cycle can also include one or more additional reactant 

pulse(s) and corresponding removal steps, depending upon 
the complexity of the material being deposited. 
[0034] General principles of ALD and its manner of 
operation are described more thoroughly in T. Suntola, 
Handbook of Crystal Growth HI, Thin Films and Epitaxy, 
“Part B: GroWth Mechanisms and Dynamics, Ch. 14, 
Atomic Layer Epitaxy,” pp. 601-663, Elsevier Science B.V. 
(1994), the disclosure of Which is expressly incorporated 
herein by reference. 

[0035] Even With the excellent conformality afforded by 
ALD, a high-k material can still form in a discontinuous 
fashion. Such discontinuity may be due to post-deposition 
shrinkage during a crystallization step. Moreover, because 
of the thinness of the preferred high-k layers, even ALD Will 
not afford perfect coverage With each cycle. This phenom 
enon arises from the inherent steric interactions betWeen 
molecules adhering to the substrate in each pulse. For 
example, large organic ligands can physically prevent occu 
pation of every available site during each pulse. Accord 
ingly, rather than a full monolayer per cycle, tWo, three, ?ve 
or even more cycles may be required, on average, to 
complete a full monolayer. This steric hindrance effect can 
also contribute to discontinuities in the thickness of the 
deposited layer in certain preferred embodiments. 
[0036] The high-k dielectric materials employed in the 
preferred embodiments preferably comprise a metal oxide 
including at least one element from groups HA, IIIB, and 
IVB of the periodic table. The high-k dielectric layer can be 
a multilayered metal oxide, solid metal oxide solution, 
ternary compound, doped metal oxide, etc. Preferably, the 
metal oxide does not react With the underlying conductor, 
Which comprises silicon in the exemplary embodiments 
described beloW. 

[0037] Oxides of group HA include Well-knoWn high-k 
oxides such as barium strontium titanate (BST), strontium 
titanate (ST), strontium bismuth tantalate (SBT), lead stron 
tium titanate (PST), etc. 

[0038] Oxides of group IVB suitable for use as a high-k 
material in accordance With the preferred embodiments 
include Zirconium oxide (ZrO2) and hafnium oxide (HfO2). 
[0039] Group IHB elements are also knoWn as rare earth 
elements. Within this group, rare earth oxides are preferably 
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selected from a group of oxides for Which the (III) oxidation 
state is the single most stable, namely scandium oxide 
(Sc2O3), yttrium oxide (Y 2O3), lanthanum oxide (La2O3), 
gadolinium oxide (Gd2O3), holmium oxide (H0203), erbium 
oxide (Er2O3), and lutetium oxide (Lu2O3). Oxides of the 
rare earth elements Ce, Pr, and Tb have tWo oxidative states 
(III and IV). Among oxides of these elements, the higher 
oxidation state (IV) oxides CeO2, PrO2 and TbO2 are pref 
erably not employed in contact With silicon. Oxides of 
metals from this group in the loWer oxidation state (III), 
namely Ce2O3, Pr2O3 and Tb2O3, can be employed in direct 
contact With silicon in certain preferred embodiments. 
Oxides of the rare earth elements Nd, Sm, Eu, Dy, Tm, and 
Yb are not preferred their binary oxides are more stable in 
the (II) oxidation state than the (III) oxidation state. Oxides 
of the higher oxidation state (III) of these elements has the 
form X203, While oxides of the loWer oxidation state (II) has 
the form XO, Where X represents a rare earth element. 

[0040] Referring noW to FIG. 1, a general process 
sequence in accordance With the preferred embodiments is 
shoWn. Initially, a conductor is provided 100. The conductor 
can comprise any suitable material that is subject to oxida 
tion. For example, the conductor can comprise tantalum, 
tungsten, aluminum, titanium, etc. 

[0041] Preferably, the conductor comprises a conductively 
doped silicon. More preferably, the silicon comprises a 
single crystal structure, such as an epitaxial silicon layer or 
the top surface of a monolithic silicon Wafer. In a preferred 
embodiment, the structure to be formed is a transistor gate 
stack. In another preferred embodiment, the silicon conduc 
tor is the bottom electrode for a memory cell capacitor. 
Advantageously, because the preferred embodiments enable 
forming high-k materials over silicon surfaces, the electrode 
can assume any con?guration knoWn in the art for maxi 
miZing the surface area of the capacitor bottom electrode, 
including hemispherical grained silicon (HSG-Si). Forming 
high-k materials in contact With silicon substrates has been 
avoided in the past because of the high risk of oxidiZing the 
silicon substrate using conventional high-k dielectric forma 
tion processes. 

[0042] Next, the surface of the conductor is preferably 
cleaned 110 of any native oxides, if necessary. Such cleaning 
may be conducted, for example, for silicon conductors by an 
ex situ cleaning involving a standard clean 1 (SCl)/HF Wet 
etch bath. Alternatively, an integrated HF and acetic acid 
vapor cleaning can be conducted in a neighboring module 
Within a cluster tool, reducing transport time and opportu 
nities for recontamination or oxidation. In a preferred 
embodiment, the cleaning oxide left by the SCl step is not 
removed, but is instead used as an initial, protective oxide 
layer to be removed inside the reaction chamber. Preferably, 
the cleaning oxide is removed in a hydrogen bake step 
Within the same reaction chamber in Which deposition of the 
high-k dielectric is to be performed. As is knoWn in the art, 
the hydrogen bake step involves elevated temperatures in the 
presence of a reducing agent (typically hydrogen) to subli 
mate native oxide or an intentional protective oxide. Small 
amounts of HCl vapor can be added to the hydrogen bake 
step for cleaning metal contaminants and the like. In another 
embodiment, plasma products can assist or conduct in situ 
cleaning, such as by substituting H radicals from a remote 
microWave generator for hydrogen gas. 
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[0043] Either after ex situ cleaning or prior to in situ 
cleaning, the Workpiece bearing the conductor is loaded into 
a process chamber for high-k dielectric material deposition 
120. As noted above, any suitable process may be used to 
deposit the high-k material. Preferably, the deposition is by 
atomic layer deposition (ALD), more preferably, for a 
suf?cient number of cycles to deposit a layer With the 
preferred thicknesses described hereinabove. The preferred 
thin layers of high-k material are typically deposited as 
discontinuous layers on the conductor. In the event that a 
continuous layer is formed, a non-uniform thickness can 
result in the preferential conversion of the underlying con 
ductor under the thinnest portions of the high-k dielectric 
during the subsequent process, described in detail beloW. 

[0044] After deposition 120, the high-k layer can option 
ally be subjected to an independent anneal step to help 
crystalliZe the high-k layer. Such independent crystalliza 
tion, if conducted, may cause gap formation even if the 
high-k dielectric Was deposited as a continuous layer. Pref 
erably, hoWever, this independent crystallization step is 
omitted in favor of crystallization during the subsequent 
process, described beloW. 

[0045] FolloWing deposition 120, the layer is subjected to 
a “light” oxidation or nitridation 130 to convert the portions 
of the conductor exposed by the gaps in the discontinuous 
high-k layer to a ?ller dielectric. As used herein, the term 
“oxidation” may refer to reactions that form oxide, or 
reactions that form oxide or nitride. The particular meaning 
in each case may be ascertained by context. Conditions are 
carefully selected to ensure oxide or nitride formation on the 
conductor through the gaps in the high-k material, Without 
excessive oxidation under the high-k material grains. 
Advantageously, the ?ller dielectric formed on the conduc 
tor surface plugs leakage paths along the gaps and Will also 
tend to expand into the gaps in the high-k dielectric them 
selves. Preferably, for dielectrics on silicon, temperatures 
during the oxidation are maintained betWeen about 300° C. 
and about 900° C. for betWeen about 1 second and about 
3600 seconds, depending upon the oxygen source employed, 
Which can be selected from the compounds described beloW. 
An exemplary oxidant is dry and dilute O2, for Which more 
preferred temperatures for a light oxidation are betWeen 
about 650° C. and about 850° C., preferably for betWeen 
about 60 seconds and about 600 seconds. In the case of dry 
O2, the O2 partial pressure is preferably less than about 10'2 
Torr 

[0046] It Will be understood that for dielectrics on metal 
electrodes the preferred temperatures may be loWer than 
those described above for dielectrics on silicon. For 
example, for a TiN/Ta2O5/TiN capacitor, the oxidation can 
be performed at less than about 600° C. and even at 
temperatures as loW as about 450° C. Under plasma condi 
tions, or When remotely generated radicals are provided to 
the chamber during the light oxidation step, the temperatures 
may even be in the range of from about 200° C. to about 
300° C. 

[0047] FIGS. 2 and 3 illustrate a preferred embodiment in 
Which a high-k material is formed over a silicon conductor 
10. As noted, the conductor can comprise other materials in 
other embodiments. Silicon, hoWever, has particular advan 
tages as a channel material for a MOSFET, and as a high 
surface-area electrode for a memory cell capacitor. 
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[0048] In FIG. 2A, a high-k metal oxide ?lm 12 has been 
formed over the conductor 10. As illustrated in FIG. 2B, the 
high-k ?lm 12 is a discontinuous ?lm comprising a plurality 
of crystal grains 14 having gaps 16 therebetWeen. As noted 
above, the gaps 16 may have formed during the thin ?lm 
deposition, due to an islanding effect, or after deposition 
during a high temperature treatment, Which is often con 
ducted to improve the crystallinity of the ?lm and increase 
the dielectric constant. 

[0049] FIGS. 3A and 3B illustrate the structure illustrated 
in FIGS. 2A and 2B after an exemplary oxygen anneal step. 
During the anneal, oxygen preferentially di?fuses through 
the gaps 16 illustrated in FIG. 3B and oxidiZes the under 
lying silicon surface of the illustrated conductor 10. Silicon 
oxide (SiO2) ?ller 18 thus preferentially forms underneath 
and expands into the gaps 16. The silicon oxide 18 effec 
tively reduces the leakage currents along the grain bound 
aries. The surface area covered by these ?ller spots 18 is 
preferably less than about 20% of the total conductor surface 
area, more preferably less than about 5%, and most prefer 
ably less than about I%. It Will be understood that these 
percentages represent the surface area occupied by the 
preferentially formed ?ller spots 18. While absence of the 
groWn ?ller dielectric 18 underneath grains is preferred, in 
some embodiments an identi?ably thinner dielectric Will 
form under the grains 14. In such embodiments, the per 
centage of surface covered by the thicker ?ller spots 18 Will 
still preferably fall Within the preferred ranges set forth 
above. Accordingly, Whether discontinuously (as preferred) 
or continuously formed, these ?ller spots 18 have a small 
effect on the overall dielectric constant of the dielectric layer 
12. 

[0050] Thus, the overall dielectric structure illustrated in 
FIGS. 2A and 3B comprises a discontinuous high-k dielec 
tric layer 12 in registration With a discontinuous, underlying, 
and partially overlapping silicon oxide layer formed by a 
plurality of ?ller spots 18. Preferably, the ?ller spots 18 
comprise an amorphous dielectric. The dielectric spots 18 
have a loWer dielectric constant than the grains 14 of the 
high-k layer 12, but account for only a small amount of the 
material, and so, do not signi?cantly reduce the dielectric 
constant of the overall dielectric structure. HoWever, the 
overlap of these ?ller spots 18 With the gaps 16 in the high-k 
layer 12 blocks leakage paths through the high-k dielectric 
layer 12. 

[0051] Note that, While the ?ller 18 is illustrated as dis 
continuously formed only underneath the gaps 16, it Will be 
understood that a small amount of oxidation at the interface 
betWeen high-k grains 14 and the conductor 10 can also 
occur under some conditions. HoWever, such oxidation is 
small in the preferred embodiments, compared to oxidation 
through the gaps 16. Accordingly, any oxidation underneath 
the grains 14 preferably averages at most about 30% of the 
thickness of the oxidation in the ?ller spots 18 underneath 
the gaps 16. More preferably, oxidation under the grains 14 
averages less than 10% of the thickness of the oxidation 
under the gaps 16. 

[0052] In the exemplary embodiment, Wherein silicon 
dioxide is formed underneath the gaps and Within the gaps 
betWeen the high-k material grains, further reactions can 
also occur betWeen the resultant silicon dioxide and the 
high-k material. Such further reactions Will produce metal 

Apr. 24, 2008 

silicates, Which have a higher dielectric constant than silicon 
dioxide and can similarly reduce the leakage current ?oWing 
along the grain boundaries. 

[0053] Alternatively or additionally, a discontinuous 
high-k layer, as illustrated in FIGS. 2A and 2B, can be 
formed, folloWed by deposition of a ?ller dielectric ?lm, 
preferably amorphous, thereover. Referring to FIGS. 4A and 
4B, a deposited silicon oxide ?lm 22 can ?ll gaps 16 
betWeen grains 14 of the discontinuous high-k material 12. 
Such a composite ?lm Would have silicon oxide 22 blocking 
current leakage paths through the gaps 16 betWeen grains 14 
and, unlike the embodiment illustrated in FIGS. 3A and 3B, 
also includes silicon oxide 22 overlying the grains 14 of the 
high-k material. Deposition by ALD of silicon oxide or 
another amorphous dielectric can even deposit material into 
the very small gaps 16 betWeen grains 14 suf?cient to block 
potential current leakage paths. 

[0054] Another embodiment of the invention is illustrated 
in FIGS. 5A and 5B. In contrast to the embodiments 
described above, this embodiment comprises ?rst forming a 
continuous, loW-k dielectric layer 24 over the conductor 10. 
Layer 24 is also referred to herein as an interfacial dielectric 
layer. A discontinuous layer of a high-k material 12 is 
deposited over the oxide interlayer 24. For example, a 
silicon oxide layer can be formed over a silicon substrate 
prior to depositing the high-k material. The continuous layer 
is ultrathin, preferably, less than about 2 nm thick, more 
preferably, less than about 1 nm thick, and most preferably, 
no more than about 0.5 nm thick. In a preferred embodiment, 
the interfacial dielectric layer 24 is a 0.5 nm silicon oxide 
layer formed over a silicon Wafer by rapid thermal oxidation 
(RTO). The silicon oxide layer can be formed by 02 thermal 
oxidation, but is more preferably formed by NO thermal 
oxidation. 

[0055] Following the deposition of the discontinuous 
high-k dielectric material 12, the structure is preferably 
subjected to an anneal, preferably, an oxidation or a nitri 
dation anneal. Conditions for the anneal are preferably 
selected to minimiZe, and more preferably, to avoid further 
groWth of the underlying interfacial, loW-k dielectric layer 
24. 

Oxygen Source Chemicals 

[0056] In certain of the illustrated embodiments described 
above, oxidation is conducted through gaps betWeen high-k 
material grains. The oxygen source gas is preferably a 
volatile or gaseous compound that contains reactive oxygen 
and is capable of reacting With the conductor exposed in the 
gaps under the preferred annealing conditions, resulting in 
the formation of an oxide of the conductor. Typically, this 
oxide in the gaps Will be different from the oxide of the 
high-k material. 

[0057] Exemplary oxygen source gases include, but are 
not limited to, oxygen (02), oZone (03), oxygen With 
unpaired electrons (i.e., atomic oxygen), oxygen ions, 
hydrogen peroxide (HZOZ), organic peroxides, organic OZO 
nides, peracids, Water (H2O), alcohols, and N20. Mixtures 
of such source chemicals, optionally diluted With inert gases, 
can also be used. See, for example, PCT publication No. WO 
99/35311, published Jul. 15, 1999, the disclosure of Which 
is incorporated by reference herein, Which discloses that an 
oxygen source gas, optionally diluted With an inert gas. As 
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disclosed in this reference at, e.g., p. 7, lines 12-27, the 
oxygen is preferably stored diluted to less than the explosive 
limit for the given reaction chamber conditions. Preferably, 
such dilute oxygen source containers contain less than about 
6% oxygen diluted With an inert gas, more preferably 
betWeen about 1% and about 5% oxygen diluted in an inert 
gas. 

Nitrogen Source Chemicals 

[0058] As an alternative to oxidation, it is contemplated 
that the ?ller material in the gaps can be formed by nitri 
dation after forming the high-k dielectric layer 12. A nitro 
gen source gas is preferably a volatile or gaseous compound 
that contains reactive nitrogen and is capable of reacting 
With the exposed conductor underneath the gaps among 
grains under the annealing process conditions. A nitride, 
such as silicon nitride, thereby forms on the conductor 
surface and expands into the gaps betWeen grains of the 
high-k dielectric material. 

[0059] Exemplary nitrogen source chemicals include, but 
are not limited to, nitrogen With unpaired electrons (i.e., 
atomic nitrogen), excited nitrogen, ammonia (NH3), hydra 
Zine (N2H4), hydroxylamine, and hydrogen aZide. Mixtures 
of such chemicals, optionally diluted With inert gases, can 
also be used. 

Example 1 

[0060] In this example, a high-k dielectric layer is formed 
on a silicon substrate by ALD. The skilled artisan Will 
appreciate, hoWever, that the high-k dielectric material can 
be formed by any suitable method (e.g., MOCVD). 

[0061] Zirconium dioxide (ZrO2) Was deposited by ALD 
onto a silicon substrate as folloWs. In pulse A, ZrCl4 vapor 
Was introduced to the reaction chamber, exposing the Wafer 
surface for 1.5 s. In purge A, the reaction chamber Was 
purged With nitrogen gas for 3.0 s to remove excess ZrCl4 
and reaction byproducts. Pulse A and purge A are together 
referred to as the “metal phase.” In pulse B, Water vapor Was 
introduced to the reaction chamber, exposing the Wafer 
surface for 3.0 s. In purge B, residual H20 and reaction 
byproducts Were removed by purging the reaction chamber 
With nitrogen gas for 4.0 s. Pulse B and purge B are together 
also referred to as the “oxygen phase.” During each of the 
reaction phases, the reactants Were supplied in suf?cient 
quantities to saturate the surface of the substrate. 

[0062] This exemplary high-k deposition cycle is summa 
riZed in Table I. 

TABLE I 

Phase Reactant Temperature (° C.) Pressure (mbar) Time (sec) 

Pulse A ZrCl4 300 5-10 1.5 
Purge A N2 300 5-10 3.0 
Pulse B H20 300 5-10 3.0 
Purge B N2 300 5-10 4.0 

[0063] The ALD cycle described in Table I Was repeated 
betWeen 34 times and 170 times. The average deposition rate 
Was about 0.59 A/cycle at 300° C., providing a layer of ZrO2 
from about 20 A to about 100 A thick. 

[0064] Generally, ALD is performed at from about 200° C. 
to about 5000 C. For an amorphous ZrO2 layer, the tem 
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perature is preferably at the loWer end of this range, betWeen 
about 200° C. and about 250° C., more preferably, about 
225° C. For a crystalline ZrO2 layer, the temperature is 
preferably at the higher end of this range, betWeen about 
250° C. and about 500° C., more preferably, about 300° C. 
As Will be appreciated by the skilled artisan, hoWever, 
mixtures of amorphous and crystalline material are depos 
ited at temperatures around the boundary of these tWo 
temperature regimes. The illustrated process produces a 
largely crystalline ZrO2 ?lm. 

[0065] In the present example, the metal monolayer 
formed in the metal phase is self-terminated With chloride, 
Which does not readily react With excess ZrCl4 under the 
preferred conditions. The preferred oxygen source gas, 
hoWever, reacts With the chloride-terminated surface during 
the oxygen phase in a ligand-exchange reaction, Which is 
limited by the number of previously adsorbed of Zirconium 
chloride complexes. Moreover, the reaction betWeen ZrO2 
and Water results in hydroxyl and oxygen bridge termination 
that does not further react With excess oxidant in the 
saturative phase. 

[0066] Preferably, suf?cient cycles are conducted to groW 
a layer of ZrO2 from about 20 A to about 100 A thick, more 
preferably, from about 20 A to about 40 A thick, to maxi 
miZe the likelihood that the deposited high-k layer is dis 
continuous. The dielectric constants of the preferred layers 
are from about 18 to about 24. In the illustrated example, 30 
A of ZrO2 Was deposited. 

[0067] Following ALD deposition of ZrO2, a light oxida 
tion Was performed to convert exposed silicon in the gaps of 
the high-k layer to silicon oxide, thereby blocking potential 
current leakage paths. Advantageously, conditions are 
selected under Which oxidation preferentially occurs at the 
gaps, With little or no oxidation occurring at the silicon-ZrO2 
interface. In a preferred embodiment, NZO is the oxygen 
source chemical. In another preferred embodiment, dilute O2 
in an inert gas is the oxygen source chemical. Preferably, the 
temperature of the oxidation reaction is not greater than 
about 900° C., more preferably, betWeen about 600° C. and 
about 800° C. The oxidation is preferably performed for 
betWeen about 30 seconds and about 60 seconds. The skilled 
artisan Will appreciate that the reaction time and temperature 
are interrelated. In another preferred embodiment, a light 
nitridation of silicon exposed by the gaps is performed using 
dilute NH3 at from about 600° C. to about 800° C. 

[0068] One skilled in the art Will realiZe that HfO2 may be 
deposited by ALD under conditions analogous to those 
described for ZrO2 in the present example using a hafnium 
source, for example, HfCl4, as the metal phase rather than 
ZrCl4. The skilled artisan Would further understand that a 
light oxidation of the underlying silicon substrate in a 
post-deposition anneal Would proceed analogously. 

Example 2 

[0069] FIGS. 6-9 illustrate experimental results of oxida 
tion and nitridation anneals of 4.0 nm ALD A1203 or HfO2 
layers on 0.5 nm RTO (rapid thermal oxide) SiO2, an 
interfacial layer (24 in FIG. 5A). Anneals Were performed at 
from 600° C. to 1000° C. for 60 s. The Wafers Were then 
annealed at 400° C. under forming gas before measurement 
of an EOT parameter. This second anneal does not affect the 
interface oxide. In these examples, an EOT parameter Was 
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measured using a Corona-Oxide-Si (COS) method on a COS 
Quantox system (KLA-Tencor Corp.). The EOT parameter 
(GateToxTM) is the accumulation capacitance, expressed in 

[0070] FIG. 6 illustrates the EOT of A1203 dielectric layers 
under a series of oxidation annealing conditions. The EOT 
increased under higher oxygen concentrations (40 Torr and 
3x10“2 Torr) at higher temperatures. The A1203 high-k layer 
Was stable up to from about 900° C. to about 1000° C. under 
sufficient oxygen concentrations. EOT decreased in lean 
oxygen anneals. The EOT from the leanest oxygen anneal 
Was the similar to that for an N2 anneal. 

[0071] FIG. 7 illustrates a series of similar experiments for 
HfO2 dielectric layers. In these experiments, annealing 
under N2 increased EOT compared to an unannealed layer. 
Oxidative annealing, hoWever, increased the EOT to an even 
greater extent, With higher annealing temperatures and oxy 
gen concentrations providing higher EOT values. In no case 
did the EOT decrease, as Was observed for A1203 in FIG. 6. 

[0072] FIG. 8 illustrates capacitance-voltage curves for 4 
nm HfO2 layers deposited on 0.5 nm RTO after oxidative 
annealing. The upper trace shoWs the capacitance of the 
HfO2 layer as deposited. The EOT parameter for this material 
Was 1.9 nm. The second trace shoWs the capacitance after an 
800° C., 60 s anneal under 7><10_3 Torr 02. The EOT 
parameter increased to 2.3 nm. The third trace shoWs the 
capacitance after an 800° C., 60 s anneal under 3x10“2 Torr 
02. The EOT parameter increased to 2.6 nm. In these 
experiments, increasing oxygen concentration correlated 
With increased EOT. 

[0073] Capacitance-voltage curves for post-deposition 
anneals of 4 nm HfO2 layers deposited on 0.5 nm RTO under 
NH3 are illustrated in FIG. 9. In this experiment, the EOT 
parameter for the HfO2 layer as deposited Was 2.0 nm. 
Annealing under NH3 at 600° C. for 60 s reduced the EOT 
parameter slightly to 1.9 nm. Annealing under NH3 at 800° 
C. for 60 s resulted in an HfO2 layer With an EOT parameter 
that Was unmeasurable by the instrumentation used in these 
experiments. 

[0074] In vieW of the present disclosure, annealing con 
ditions under Which preferential oxide regroWth of the 
interfacial dielectric 24 occurs may be readily ascertained by 
one skilled in the art Without undue experimentation. More 
preferably, conditions for the high-k anneal are selected 
under Which the thickness of the interfacial dielectric 24 
does not increase. 

[0075] One skilled in the art Will further appreciate that 
post-deposition anneal conditions that do not increase the 
thickness of the interfacial dielectric layer 24 in FIG. 5 may 
also advantageously be used to lightly oxidiZe or nitridiZe 
structures such as those illustrated in FIG. 2 to provide the 
structures illustrated in FIG. 3. 

[0076] In vieW of the present disclosure, the skilled artisan 
could select, Without undue experimentation, annealing con 
ditions comprising an oxygen or nitrogen source chemical, 
temperature, and time that Will result in the preferential 
oxidation of the substrate in the gaps betWeen the grain 
boundaries for any given high-k layer deposited thereon, 
resulting in a non-uniform and preferably discontinuous 
silicon oxide, silicon nitride, or silicon oxynitride layer. 
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[0077] It Will be appreciated by those skilled in the art that 
various modi?cations and changes may be made Without 
departing from the scope of the invention. Such modi?ca 
tions and changes are intended to fall Within the scope of the 
invention, as de?ned by the appended claims. 

We claim: 
1. An integrated circuit, comprising: 

a conductive structure; and 

a discontinuous high-k dielectric layer directly overlying 
the conductive structure, the high-k dielectric layer 
comprising a plurality of crystalline grains and a plu 
rality of gaps among the grains. 

2. The integrated circuit of claim 1, further comprising a 
second dielectric material over the conductive structure in 
the gaps of the high-k dielectric layer. 

3. The integrated circuit of claim 2, Wherein the gaps 
among the grains ?lled by the second dielectric material 
cover less than about 20% of the conductive structure 
surface area. 

4. The integrated circuit of claim 2, Wherein the gaps 
among the grains ?lled by the second dielectric material 
cover less than about 5% of the conductive structure surface 
area. 

5. The integrated circuit of claim 2, Wherein the gaps 
among the grains ?lled by the second dielectric material 
cover less than about 1% of the conductive structure surface 
area. 

6. The method of claim 2, Wherein the second dielectric 
material comprises a discontinuous layer. 

7. The integrated circuit of claim 2, Wherein the second 
dielectric material comprises a layer of non-uniform thick 
ness, having greater thickness in the gaps. 

8. The integrated circuit of claim 2, Wherein the second 
dielectric material comprises an oxide of the conductive 
structure. 

9. The method of claim 8, Wherein the conductive material 
comprises silicon and the second dielectric material com 
prises silicon dioxide. 

10. The method of claim 2, Wherein the second dielectric 
material comprises a nitride of the conductive structure. 

11. The integrated circuit of claim 10, Wherein the con 
ductive structure comprises silicon and the second insulating 
material comprises silicon nitride. 

12. The integrated circuit of claim 1, further comprising 
an amorphous insulating material plugging conductive paths 
through the gaps. 

13. The integrated circuit of claim 12, Wherein the amor 
phous insulating material comprises a continuous insulating 
layer ?lling the gaps and overlying the grains of the discon 
tinuous high-k dielectric layer. 

14. The integrated circuit of claim 1, Wherein the con 
ductive structure comprises a channel region of a transistor 
and the high-k dielectric layer comprises a gate dielectric. 

15. The integrated circuit of claim 1, Wherein the con 
ductive structure comprises a storage electrode of an inte 
grated capacitor in a memory cell. 

16. The integrated circuit of claim 15, Wherein the con 
ductive structure comprises hemispherical grained silicon. 

17. The integrated circuit of claim 1, Wherein the con 
ductive structure comprises a high surface area electrode. 

18. The integrated circuit of claim 1, Wherein the gaps 
among the grains are de?ned by crystal shrinkage during 
crystallization of the high-k dielectric layer. 
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19. The integrated circuit of claim 1, Wherein the gaps 
among the grains are de?ned by islanding during deposition 
of the high-k dielectric layer. 

20. The integrated circuit of claim 1, Wherein the con 
ductiVe structure comprises a metal selected from the group 
consisting of tantalum, tungsten, aluminum and titanium. 

21. The integrated circuit of claim 1, Wherein the high-k 
dielectric layer is selected from the group consisting of 
barium strontium titanate (BST), strontium titanate (ST), 
strontium bismuth tantalate (SBT) and lead strontium titan 
ate (PST). 
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22. The integrated circuit of claim 1, Wherein the high-k 
dielectric layer is selected from the group consisting of 
Zirconium oxide (ZrO2) and hafnium oxide (HfOZ). 

23. The integrated circuit of claim 1, Wherein the high-k 
dielectric layer is Zirconium oxide. 

24. The integrated circuit of claim 23, Wherein the high-k 
dielectric layer has a thickness betWeen about 1 nm and 5 
nm. 


