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METHOD OF MAKING DENSE,
CONFORMAL, ULTRA-THIN CAP LAYERS
FOR NANOPOROUS LOW-K ILLD BY PLASMA
ASSISTED ATOMIC LAYER DEPOSITION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional application of U.S.
patent application Ser. No. 11/673,190 filed on Feb. 9, 2007,
which claims priority to U.S. Provisional Patent Application
Ser. No. 60/772,572 filed on Feb. 13, 2006, the disclosure of

which 1s incorporated herein 1n 1ts entirety.

DESCRIPTION OF THE INVENTION

[0002] 1. Field of the Invention

[0003] Thepresentinventionrelates to barrier layers for use
in semiconductor devices and methods for their manufacture
and, more particularly, relates to barrier layers for porous
materials used as interlevel dielectrics.

[0004] 2. Background of the Invention

[0005] As device dimensions 1n semiconductor integrated
circuits (ICs) continue to shrink, low dielectric constant (low-
k) materials are needed as interlevel dielectrics (ILD) to mati-
gate 1ssues caused by reduced line width and line-to-line
distances such as increasing RC-delay. To satisty the techni-
cal requirements imposed by, for example, the microelectron-
ics roadmap (where ultra-low k values <2 are specified),
tuture generation 1LDs will likely incorporate porous mate-
rials for use as low-k materials. However, the pores of these
materials, typically on the order of angstroms to a few nanom-
eters and connected to each other at elevated porosities, can
trap moisture, gas precursors, and other contaminants in sub-
sequent processes, making practical pore-sealing technmiques
essential to ultra low-k implementation.

[0006] To be useful for semiconductor integrated circuit
applications, a pore-sealing coating should be conformal to
the 3D topology of patterned ILD films. In addition, at the 65
nm or smaller technology node, 1t should be less than several
nm thick so that 1ts impact on the overall ILD k value 1s
negligible. These requirements exclude many thin film tech-
niques including, for example, PVD and CVD. One exception
1s atomic layer deposition (ALD), for which the coatings are
inherently conformal and precisely controlled at sub-nm
thicknesses.

[0007] Generally, ALD processes form a monolayer of pre-
cursor molecules chemically adsorbed on a surface to be
coated. Then, other molecules, for example, in gaseous form,
are mntroduced to react with that monolayer so that one atomic
layer of the material desired 1s deposited. Normally there are
several layers of molecules adsorbed on the surface. The first
layer 1s a chemically adsorbed layer and has a strong bond
with the surface. The next layers are physically adsorbed
layers and are weakly bonded with each other. ALD makes
use of this difference between chemical adsorption and physi-
cal adsorption. At elevated temperatures or reduced partial
pressures, over broad ranges, the weakly bonded physically
adsorbed molecules are removed leaving only the saturated
chemisorbed monolayer on the surface. For example, the
chamber can be purged by inert gas or evacuated to a low
pressure, to form a saturated conformal monolayer on the
sample surface. Then, the second gas 1s mtroduced to react
with the precursor molecules and form an atomic layer of thin

film.
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[0008] Problems arise using conventional AL D on a porous
substrate because conventional methods allow molecules to
penetrate mto the mnternal porosity of the ILD matenial, filling,
pores and drastically increasing the effective k value. Because
ALD 1s a surface adsorption-based deposition process, thin
f1lm formation can take place wherever gas precursor adsorp-
tion occurs, icluding throughout the network of connected
internal porosity. FIG. 1 depicts a cross section of a portion of
a porous material 110 that includes a plurality of pores 120.
Conventional ALD forms a barrier layer 130 on the surface of
porous material 110, but also forms film 135 within the inter-
nal pores thereby increasing the effective k value of porous
material 110. At small ILD feature dimensions, even short
precursor exposure times that reduce the ALD penetration
depth to, for example, 10 nm, {ills a large percentage of the
ILD pores.

[0009] Thus, there 1s a need to overcome these and other
problems of the prior art to provide barrier layers and methods
of forming barrier layers that are conformal and localized to
the surface of a porous material.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 depicts a barrier layer formed on a porous
material by conventional ALD methods 1n which the internal
pores are coated with film or portions of film.

[0011] FIG. 2 depicts a barnier layer formed 1n accordance
with the present teachings.

[0012] FIGS. 3A-F depict steps 1n a method for forming a
barrier layer in accordance with the present teachings.
[0013] FIG. 4A 1s cross-sectional transmission electron
microscope (I'EM) tmage showing a conformal 5 nm thick
pore-sealing coating of S10,, prepared on a patterned meso-
porous low-k silica film 1n accordance with the present teach-
ngs.

[0014] FIG. 48 1s an enlarged cross-sectional TEM image
showing the interface between a barrier layer and the meso-
porous film 1n accordance with the present teachings.

[0015] FIG. 5A 1s a cross-sectional TEM image showing
the mesoporous sample treated by a plasma-assisted ALD

(PA-ALD) pore-sealing process and then exposed to Ti0,
ALD conditions in accordance with the present teachings.
[0016] FIG. 5B 1s a Ti-mapping image in the same area as
that of FIG. SA acquired with an electron-energy-loss image
filtering mode.

[0017] FIG. 6 1s a cross sectional view of a method for

reducing the diameter and/or the chemistry of pores in a
porous material 1n accordance with the present teachings.

DESCRIPTION OF THE EMBODIMENTS

[0018] In the following description, reference 1s made to
the accompanying drawings that form a part thereot, and in
which 1s shown by way of illustration specific exemplary
embodiments 1n which the invention may be practiced. These
embodiments are described 1n suificient detail to enable those
skilled 1n the art to practice the mvention and 1t 1s to be
understood that other embodiments may be utilized and that
changes may be made without departing from the scope of the
invention. The following description 1s, therefore, not to be
taken 1n a limited sense.

[0019] Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the invention are
approximations, the numerical values set forth in the specific
examples are reported as precisely as possible. Any numerical
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value, however, inherently contains certain errors necessarily
resulting from the standard deviation found in their respective
testing measurements. Moreover, all ranges disclosed herein
are to be understood to encompass any and all sub-ranges
subsumed therein. For example, a range of “less than 10” can
include any and all sub-ranges between (and including) the
minimum value of zero and the maximum value o1 10, that 1s,
any and all sub-ranges having a minimum value of equal to or
greater than zero and a maximum value of equal to or less than
10, e.g., 110 5.

[0020] According to various embodiments of the present
teachings depicted 1n FIGS. 2-5B, methods for forming an
ALD barrier layer localized to the immediate surface of a
porous material are provided. In particular, a plasma-assisted
ALD (PA-ALD) process 1s provided that can form a barrier
layer on a porous, low-k material and seal the pores at mini-
mal ILD thickness. As used herein, the term “barrier layer” 1s
used imterchangeably with the term “cap layer”” A barrier
layer formed according to the present teachings can seal the
pores on a porous ILD material, function as a diffusion bar-
rier, be conformal, localized, and/or have a negligible impact
on the overall ILD k value.

[0021] Referring to the cross sectional view of FIG. 2, an
exemplary barrier layer 230 1s shown. Barrier layer 230 can
be disposed on a porous layer 210 that can include a plurality
of pores 220. In an exemplary embodiment, porous layer 210
can be a low-k ILD formed of, for example, xero-gel silica or
self-assembled surfactant-templated S10,. Porous layer 210
can also be Al,O;, a metal, or other porous materials know to
one of ordinary skill 1n the art. In various embodiments, the
pores can be about several angstroms to tens of nanometers in
diameter and can be arranged in regular lattice like a crystal.
At elevated porosities, the pores 220 can be connected to each
other. Porous layer 210 can further include 3D topology, for
example, of patterned ILD layers. Barrier layer 230 can be a
conformal layer that 1s confined to the surface of porous layer
210, seals the interior pores 220, and serves as a diffusion
barrier. Because ALD processes can form one monolayer of
the barrer layer at a time, the total thickness of barrier layer
can be controlled so that 1ts impact on the overall ILD k value
1s negligible.

[0022] Turning now to exemplary methods for forming the
barrier layers, FIGS. 3A-F schematically depict a plasma-
assisted ALD process for forming a barrier layer on a porous
material according to the present teachings. A portion of a
porous material 310 including pores 320 and a surface 311
can be cleaned by methods known to one of ordinary skill 1n
the art, rendering a surface as shown in FIG. 3A. Referring to
FIG. 3B, porous material 310 can be placed 1n a reaction
chamber 312 and precursor molecules 340 can be introduced.
In various embodiments, precursor molecules can be gas
molecules of AX. AX can be, for example, a gaseous or
volatile (e.g., a volatile liquid) chemical including two or
more elements or molecules that can provide one or more of
the components 1n the objective barrier layer material. Pre-
cursor molecules 340 can adsorb onto surface 311 of porous
material 310. A first layer of precursor molecules 345 can be
chemically adsorbed and have a strong bond with surface 311.
Subsequent precursor molecules can be physically adsorbed
to first layer of precursor molecules 343, as well as weakly
bonded to other precursor molecules 340.

[0023] As shown in FIG. 3C, precursor molecules 340 can
be removed and substantially a first monolayer 345 of pre-
cursor molecules chemically adsorbed to porous surface 311
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can remain. Precursor molecules 340 can be removed by
purging the chamber 312 with an inert gas, such as, for
example, Ar or N, or by evacuating the chamber 312. Refer-
ring to FIG. 3D, a plurality of reactant molecules 350 can be
introduced into the chamber 312. Reactant molecules 350, for
example, 1n a gaseous form BY can be selected to be non-
reactive with precursor molecules 345 unless activated by a
plasma. BY can be, for example, a gaseous or volatile (e.g., a
volatile liquid) chemical including two or more elements or
molecules that can react with AX under the influence of a
plasma to form AB. One of ordinary skill in the art wall
understand that reactant molecules BY and precursor mol-
ecules AX are used for illustration purposes and that the
reactant molecules and precursor molecules can be of other
forms. For example, for a S10, barrier layer, the precursor
molecules can be HMDS+02, or TEOS+QO2, or other volatile
organic Si-precursors that are not pyrophoric in air at room
temperatures. For a T1iO, barrier layer, the precursors can be
T1 1sopropoxide+0O2, or other volatile organic Ti-precursors
that are not pyrophoric 1n air at room temperatures. One of
skill in the art will understand that other molecules for AX and
BY that form a barrier layer by plasma assisted-ALD are
contemplated.

[0024] In plasma-assisted ALD, 1ons, electrons, and radi-
cals generally move along straight lines. Once they hit a wall,
they will be neutralized and are thus no longer active. As such,
plasma does not enter the nanopores and plasma-assisted
ALD does not result i film deposition within the pores.
Moreover, plasma-assisted ALD can be operated at room
temperature further reducing film deposition within the
pores. Plasma with low 10n energies and a plasma source with
controllable 1on energy can be used to minimize sputtering of
chemisorbed layers by 1on bombardment.

[0025] FIG. 3E shows that under the influence of a plasma
360, an ALD reaction can occur 1n which a barrier layer 370
can be formed of AB molecules. Molecules XY 3735 can also
form. Barrier layer 370 can be formed of substantially a
monolayer of AB molecules, span the surface pores, be con-
formal to surface 311, be confined to the surface 311 of
porous material 310, and/or seal the pores of porous material
310. While precursor molecules 340 can be present within the
internal pores of porous material 310, they will not react with
reactant molecules 350 because the plasma cannot penetrate
(and ALD cannot occur) within the internal porosity. There-
fore, no film or portion of film will be formed 1n the nternal
pores 320. For purposes of illustration, precursor molecules
are not shown within the pores. The chamber 312 can then be
purged with an imert gas or evacuated to remove the XY
molecules 375 as shown in FIG. 3F. The steps depicted in
FIGS. 3B to 3F can be repeated to form the desired thickness
of barrier layer 370.

[0026] Exemplary methods for fabricating the barrier lay-
ers are provided below as Examples 1 and 2 and further
explain use of and TEOS and HMDS.

Example 1

[0027] An exemplary plasma-assisted process in which
ALD 1s confined to the immediate surface, allowing pore
sealing at minimal ILD thickness 1s provided. The purpose of
the plasma can be to define the location of ALD. If ALD
precursors are chosen to be non-reactive unless activated by
plasma, then, ALD can be spatially defined by the supply of
plasma irradiation. In this regard one can recognize that the
Debye length and the molecule mean free path 1n a typical
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plasma greatly exceed the pore dimension of a porous low-k
material, thus plasma cannot penetrate (and ALD cannot
occur) within the internal porosity.

[0028] Theexemplary method was carried out 1n a modified
plasma-assisted ALD (PA-ALD) system. The deposition
chamber was a 25 mm diameter Pyrex tube, evacuated by a
turbomolecular pump to a base vacuum of 5x10~7 Torr. An RF
coll surrounded the Pyrex tube for plasma generation.
Samples were mounted 1n a remote plasma zone for reduced
ion bombardment and plasma-heating effects. Oxygen and
TEOS (tetraethylorthosilicate S1(OCH,CH,),) were used as
the precursors for S10,. In the absence of plasma, they remain
unreactive at room temperature. These precursors were
admitted into the reactor alternately via pneumatic timing
valves. A constant Ar flow of 15 sccm was used as the carrier
gas as well as the purging gas.

[0029] The mesoporous silica thin film samples were pre-
pared on silicon substrates by evaporation-induced seli-as-
sembly using Br1j-56 as the surfactant to direct the formation
ol a cubic mesostructure characterized by a continuous 3D
network of connected pores with diameters ~2 nm. These
films exhibited excellent mechanical strength and thermal
stability, along with an 1sotropic k and low surface roughness,
which 1s important for etching or chemical mechanical pol-
1shing. At 50 volume % porosity, thek value can be 2.5 or less.
Prior to PA-ALD, the samples were patterned by interfero-
metric lithography and etched with a CHF,/Ar plasma to
create 400x400-nm trenches as shown 1n FIG. 4A. Then the
photoresist and any residual organics were removed by oxy-
gen-plasma treatment.

[0030] Plasma-assisted ALD was performed by first intro-
ducing TEOS vapor into the reactor, followed by Ar purging
to obtain monolayer (or sub-monolayer) adsorption on the
sample surface. RF power was then delivered to the coil,
creating an O, and Ar plasma to produce active radicals that
convert surface-adsorbed TEOS into reactive silanols and
may promote further conversion to siloxane. After that, the
deposition chamber was purged again to remove the residual
gaseous products. The above steps were repeated 150 times,
with each step lasting 5 seconds.

[0031] FIGS. 4A and 4B show cross-sectional TEM 1mages
of the sample. A 5 nm thick S10, coating 1s observed as the
smooth dark rim bordering the patterned mesoporous silica
teature. The coating was conformal to the patterned morphol-
ogy and uniform 1n thickness. No penetration of the S10,, into
the porous matrix was observed, and the interface between the
coating and the mesoporous silica film remained sharp.

[0032] To venly the pore-sealing effectiveness of PA-ALD,
the PA-ALD coated sample was put into a traditional thermal
ALD reactor, where T10, ALD was performed. It was shown
that standard T10, ALD will infiltrate surfactant-templated
mesoporous silica, so this experiment was conducted to dem-
onstrate the effectiveness of PA-ALD pore sealing. At 180°
C., the PA-ALD coated sample was treated with 100 thermal
ALD cycles using TiCl, and H,O as the precursors. FIGS. 5A
and 5-B show the corresponding TEM 1mages. FIG. 5A 15 a
regular cross-sectional TEM 1mage, where two ALD layers
were observed. The 1nner, lighter layer was the PA-ALD S10,
coating, and the outer, darker layer was the T10, thermal ALD
coating. The mesoporous low-k silica appeared completely
unaffected, suggesting that Ti1Cl, and H,O cannot penetrate
through the PA-ALD 510, coating to form T10, 1n the under-
lying porous silica matrix. This was further supported by the
Ti1-mapping image in FI1G. 5B. The bright border 1n this image
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represented the location of Ti, and corresponded to the Ti0,
overlayer shown i FIG. SA. Comparing the Ti-mapping
image (FIG. 5B) to the original regular TEM image (FIG.
5A), no detectable T10, was found beyond the PA-ALD S10,
coating. Therefore, the PA-ALD S10, coating, although only
5 nm thick, was pinhole-free and sutificiently dense to seal the
pores and protect the underlying porous low-k silica from
exposure to gaseous chemicals.

[0033] Concerning the mechanism of room temperature
PA-ALD of S10,, 1t 1s first noted that the deposition rate 1s
quite low, 0.03-nm/cycle, compared to 0.07-0.08-nm/cycle
for conventional NH; catalyzed S10, ALD. Conventional
ALD uses multiple water/ TEOS cycles, where a water expo-
sure serves to hydrolyze ethoxysilane bonds to form silanols,
and alkoxide exposure results in condensation reactions to
form siloxane bonds. As for the related solution-based ‘sol-
gel” reactions, hydrolysis and condensation are bimolecular
nucleophilic substitution reactions catalyzed by acid or base.
In PA-ALD, plasma exposure can take the place of hydroly-
s1s, activating the alkoxide surface toward TEOS adsorption.
Silanols can form during PA-ALD. However due to the mono-
layer (or sub-monolayer) =81—0OH coverage, the extent of
surface hydrolysis can be difficult to quantify. Additionally,
the plasma can serve a catalytic role by generating nucleo-
philic oxo radicals, =S1—OH?+ that promote siloxane bond
formation. At room temperature the extent of these plasma
assisted hydrolysis and condensation reactions can be less
than for conventional ammonia catalyzed hydrolysis and con-
densation reactions, explaining the lower deposition rates.
Consistent with a low rate of siloxane bond formation 1s the
highly conformal and dense PA-ALD layer indicative of a
reaction-limited monomer-cluster growth process-confined,
as disclosed herein, exclusively to the plasma-activated sur-
face.

Example 2

[0034] Higher PA-ALD deposition rates can be obtained by

using precursors with stronger surface adsorptions, for
example, using HMDS (Hexymethyldislazane, (CH,)
SINHS1(CH,),) compared of TEOS. HMDS has stronger
chemisorption on a sample surface than TEOS due to its more
reactive nature to —OH groups on the sample surface as

further described below.

[0035] In this example, PA-ALD was carried out with the
same apparatus as depicted in Example 1, but the precursors
were HMDS and oxygen. The deposition procedures were
also the same as the procedures 1n Example 1: first introduc-
ing HMDS vapor into the reactor, followed by Ar purging to
obtain monolayer (or sub-monolayer) adsorption on the
sample surface. RF power was then delivered to the coil,
creating an O, and Ar plasma to produce active radicals that
convert surface-adsorbed HMDS 1nto reactive silanols and
may promote further conversion to siloxane. After that, the
deposition chamber was purged again to remove the residual
gaseous products. Those steps were repeated for 60 cycles. To
further enhance the step of precursor adsorption, the sample
stage can be moderately heated up to 120° C. In addition, at
the end of each PA-ALD cycle, the sample surface can be
treated with H,O vapor to provide more —OH species for
surface adsorption in the following cycle. The same cap layer
as the one achieved in Example 1 was obtained in Example 2,
but the deposition rate in Example 2 was about 0.106
nm/cycle, much faster than using TEOS.
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[0036] Using HMDS has several advantages, including the
following non-limiting examples: 1) it is easy to obtain mono-
layer adsorption because of its passivating —CH, final sur-
face, thus a good PA-ALD cap layer can be attained over a
broad experiment conditions; 2) HMDS 1s a common primer
used before coating photoresist 1n semiconductor processing,
and 1s therefore a friendly chemical to microelectronics; and
3) HMDS has been used to cure the damaged low-k (e.g.
damaged by intensive plasma during stripping photoresist).
Thus, HMDS can automatically cure the damaged low-k at
the same time when sealing the pores.

[0037] As described herein, PA-ALD can seal pores. Addi-
tionally with the demonstrated very high degree of thickness
control, 1t 1s also contemplated that, prior to complete pore
sealing, the pore size of the mesoporous silica can be progres-
sively reduced in a sub-A/cycle fashion. This combined with
the thin PA-ALD layer thickness can have very important
implications for membrane formation, where extremely thin
inorganic films with precisely controlled pore size could
enable the synthesis of robust mimics of natural 10n or water
channels of interest for sensors and water purification.
[0038] In another exemplary embodiment, a pore size
reducing layer can be formed on a porous material to reduce
the s1ze of the pores and/or change the chemistry of the pores.
FIG. 6 1s a cross sectional schematic drawing of a portion of
a porous material 610 that includes a plurality of pores 620
having a diameter of about D, or larger. A first pore reducing
layer 631 can be formed using PA-ALD as disclosed herein.
Thefirst pore reducing layer 631 can reduce the pore diameter
from D, to D,, where D,>D,. In various embodiments, a
second pore reducing layer 632 can be formed using PA-ALD
over lirst porereducing layer 631. Second pore reducing layer
632 can further reduce the pore diameter from D, to D,
where D,>D,. According to various embodiments, first pore
reducing layer 631 and/or second pore reducing layer 632 can
turther change chemistry in the pores. Further pore reducing
layers are contemplated to reduce the pore size as desired.
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[0039] Other embodiments of the mnvention will be appar-
ent to those skilled 1n the art from consideration of the speci-
fication and practice of the invention disclosed herein. It 1s
intended that the specification and examples be considered as
exemplary only, with a true scope and spirit of the invention
being indicated by the following claims.

What 1s claimed 1s:

1. A semiconductor device comprising:

an interlevel dielectric (ILD) layer comprising a plurality

of pores; and

a conformal barrier layer disposed at a surface of the ILD

layer and not within the internal pores of the ILD.

2. The semiconductor device of claim 1, wherein the con-
formal barrier layer seals a portion of the plurality of pores
disposed at the surface of the ILD.

3. A method for adjusting a pore size on a porous material
comprising:

providing a porous material, wherein the porous material

comprises a plurality of pores having a diameter equal to
or great than a first diameter;

chemically adsorbing a plurality of first molecules on a

surface of the porous material 1n a chamber;

forming a first layer of the first molecules on the surface of

the porous material; and

using a plasma to react a plurality of second molecules with

the first layer of first molecules to form a first pore size
reducing layer on the porous material, wherein the first
pore size reducing layer reduces the diameter of the
plurality of pores to less than the first diameter.

4. The method of claim 3, further comprising forming a
second pore si1ze reducing layer on the first pore size reducing
layer to further reduce the diameter of the plurality of pores.

5. The method of claim 3, wherein the first layer changes a
chemaistry 1n the pores.
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