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ABSTRACT

To identify the processing tolerance for the selective Cu chemical vapor deposition (Cu CVD) the processing windows
were constructed with respect to deposition pressure and substrate temperature over thermally grown SiO, vs. various
conducting substrates of W, CoSi,, TiN, TiW, and Al. It is found that the width of selective deposition window decreases as
the deposition pressure is increased, and no selective Cu deposition can be obtained as the deposition pressure exceeds
120 mTorr. The lowest temperatures for Cu CVD on various SiO, substrates including thermally grown, BPSG, TEOS, and
PECVD SiO, were determined so that processing windows for selective Cu deposition on variously patterned wafers can
be constructed. The selective Cu deposition was also conducted on patterned substrates with submicrometer feature sizes
using the PECVD SiO, as the interlayer dielectric. The nucleation of Cu on the SiO, surface obviously acts as the major
limitation for achieving selective Cu CVD. We postulate that the Cu containing adspecies, Cu(hfac), on the insulating Si0,
surface may combine by surface diffusion, and these assembled adspecies then disproportionate by exchanging electrons

with each other rather than transferring electrons through the substrate.

Selective copper chemical vapor deposition (Cu CVD)
has been regarded as a potential metallization process in
deep submicrometer integrated circuit applications, not
only because it deposits Cu films with low resistivity and
high electromigration resistance but also because it offers a
superior ability for via hole filling of high aspect ratio.’* In
addition, the selective Cu deposition does not need a subse-
quent etching process, which is a major processing obstacle
for applying Cu as interconnection material.** Most of the
selective Cu CVD was conducted by using the Cu(R),, ab-
breviated as Cu(Il), and Cu(R)L, abbreviated as Cu(l), se-
ries precursors, where R is a B-diketonate ligand and L is a
Lewis base.”™ The Cu(R)L precursor has attracted much
attention in recent years because of its relatively low depo-
sition temperature and H, is not required as a reducing gas.
The Cu(I) precursor is usually available in liquid form and
delivered by the carrier gas, allowing accurate control of
the gas flux. Many Cu(I) precursors have proved to be capa-
ble of depositing Cu film with low resistivity and some of
these precursors have also exhibited the selective deposi-
tion behavior.®" It has been reported that Cu(l) series
compounds deposit Cu by a disproportionation reaction
that needs electron transfer between two Cu(R) adspecies.™
Therefore, the selectivity on conducting vs. insulating sur-
faces should be existent according to the electron transfer
process.

The selective Cu chemical vapor deposition, however,
was found to be a complex process. The conductivity of the
substrate is just one of the parameters that determines se-
lective deposition. Substrate temperature, reaction pres-
sure, and surface treatment of the substrate all have pro-
found effects on achieving the selective deposition.'” As the
selective deposition is achieved by controlling the relative
growth rate of Cu on the conductor and insulator substrate
surfaces, any factor that influences the growth behavior of
Cu needs to be carefully examined and well controlled;
then, the selective Cu CVD can be possibly successful.

This work gives a detailed study on selective Cu CVD
using Cu(hfac)TMVS as the precursor, where hfac repre-
sents 1,1,1,5,5,5-hexafluoroacetylacetonate and TMVS is
trimethylvinylsilane. As one of the most promising pre-
cursors for selective Cu CVD, Cu(hfac)TMVS has been ex-
tensively studied and verified to be capable of conducting
selective Cu film deposition at relatively low tempera-
tures.'®!* There are many reports of selective Cu CVD from
Cu(hfac)TMVS;'*17?*2 however, selectivity loss was fre-
quently observed. The controversy may result from the dis-
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crepancy of the processing apparatus, the widely chosen
experimental parameters, and the varieties of sample
preparation. In addition, the chemical species and the pho-
toresist that remains on the SiO, surface after the processes
for pattern generation were also considered to be responsi-
ble for the selective loss.'”® A detailed investigation on the
selective windows as a function of processing parameters
will be helpful in finding the optimum processing condi-
tions for selective deposition of copper.

Because selective Cu CVD is sensitive to the impurities
on the substrate surface, selective Cu deposition was first
performed on the unpatterned substrates to determine the
possible selective processing windows for temperature and
pressure. Next, the deposition was carried out on patterned
substrates to further investigate the effects of patterning on
the selectivity window and to determine process imple-
mentation for Cu film deposition. The activation energies
of Cu CVD on various substrates were calculated from the
Arrhenius plot of deposition rate vs. temperature. The im-
purity and resistivity of the Cu films were measured and
analyzed. The effects of processing parameters on selective
Cu CVD were investigated. Finally, discussion was made on
mechanism of selective Cu deposition.

Experimental Procedure

Selective Cu deposition from Cu(hfac)TMVS was per-
formed on conducting and insulating as well as patterned
and unpatterned substrates. The insulating substrates in-
cluded the thermally grown SiO,, borophosphosilicate
glass (BPSG), tetraethyl orthosilicate (TEOS) deposited
Si0,, and the plasma enhanced chemical vapor deposited
(PECVD) SiO,, while the conducting substrates included W,
TiN, TiW, and Al layers deposited on thermally oxidized Si
wafers, and a CoSi, layer grown on Si substrate. The layers
of W and Al were deposited using an E-beam evaporation
system, while the layer of TiW was sputter deposited from
a TiW target [Ti 10 weight percent (w/0)]. The TiN film was
formed by reactively sputtering a Ti target (99.99%) using
a mixed gas of Ar + N, (5:1). The CoSi, substrate was con-
structed by thermally annealing an aSi(50 A)/Co(200 A)/Si
structure at 550°C for 90 min.?

The patterned substrates contain via holes and fine lines
with submicrometer feature sizes. The patterned samples
were fabricated on 6 in. diam Si wafers as follows. After an
Si0, layer was thermally grown, the conducting layer, such
as Al, was deposited. This was followed by a deposition of
5000 A of PECVD SiO,. Finally, patterns were defined
on the PECVD SiO, layer by standard photolithographic
techniques.
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The apparatus employed for the Cu chemical vapor dep-
osition was described in a previous report.”® The CVD sys-
tem is capable of handling a 4 in. diam substrate. Prior to
the Cu deposition, all substrates were rinsed in deionized
(DI) water but did not go through any chemical cleaning
process except the unpatterned substrates of Si0O,. The Si0O,
substrates were cleaned in H,SO, + H,0, (3:1) solution for
20 min followed by DI water rinse and then blown dry in N,
gas. The samples were loaded into a load-lock and then
pumped down to a pressure of 10”7 Torr before the samples
were transferred to the reaction chamber for Cu deposition.
It usually took about 1 h for the substrate samples to reach
the set temperature before the Cu deposition could be
started. When the deposition was finished, the samples
were cooled in Ar ambient at a pressure of 10 Torr.

A scanning electron microscope (SEM) was used to ob-
serve the surface morphology of the Cu films. The sheet
resistance of the Cu films was measured by a four-point
probe, and the film thickness was measured by a Dek-Tek
surface profiler and also double checked by SEM cross-sec-
tional measurement. Auger electron spectroscopy (AES)
and secondary ion mass spectrometry (SIMS) were em-
ployed for impurity analysis of the Cu films.

Results and Discussion

Copper deposition on the unpatterned substrates.—The
CVD Cu films were deposited on the unpatterned conduect-
ing substrates of W, CoSi,, and Al at various deposition
temperatures and pressures for a source temperature of
40°C with an Ar carrier gas flow of 20 scem and also for a
source temperature of 60°C with an Ar carrier gas flow of
40 sccm. Figure 1 shows the Arrhenius plots (deposition
rate vs. temperature) for Cu CVD on the W substrate at a
constant pressure of 10 mTorr for two different conditions
of source temperature and Ar carrier gas flow rate. Activa-
tion energy E, of the Cu CVD can be determined from the
slope of the linear segments of these Arrhenius plots by the
equation K = A exp (—E,/RT), where K is the deposition
rate, R is the gas constant, and A is known as the Arrhenius
pre-exponential constant. The activation energy E, is de-
termined to be 3.11 and 3.56 keal/mol, respectively, at tem-~
peratures above 200°C for the CVD condition of 60°C source
temperature and 40 sccm Ar carrier gas flow and the CVD
condition of 40°C source temperature and 20 sccm Ar car-
rier gas flow; the corresponding E, values at temperatures
below 200°C are determined to be 20.0 and 13.4 kcal/mol.
The lower activation energy at temperatures above 200°C
indicates that the CVD proeess becomes mass-transfer lim-
ited at high temperature.’* The Arrhenius plots for the Cu
deposition on CoSi, and Al substrates are illustrated in
Fig. 2 and Fig. 3, respectively. The activation energies for
Cu deposition on CoSi, and Al substrates are determined to
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Fig. 1. Deposition rate vs. substrate femperature (Arrhenius plot)
for Cu CVD on W substrate at a constant pressure of 10 mTorr. The
values of activation energy in units of kcur/mol are indicated in the
illustration.
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Fig. 2. Depositon rate vs. substrate temperature {Arrhenius plot) for
Cu CVD on CoSi, substrate af a constant pressure of 10 mTorr.

be 11.5 and 9.7 kecal/mol, respectively, for the CVD condi-
tion of 40°C source temperature and 20 sccm Ar carrier gas
flow. It was found that the Cu film on the CoSi, and Al
substrates tended to peel off when the substrate tempera-
ture exceeded 220°C. The peel-off of Cu film from the CoSi,
and Al substrates may result from the discrepancy of ther-
mal expansion coefficient between the Cu film and the
CoSi, and Al layers. Figure 4 shows the surface morphology
of Cu films deposited at a pressure of 10 mTorr for 20 min,
on Al substrate at various temperatures. For the 20 min
deposition run, copper is still at the nucleation stage on the
160°C Al substrate, while it has become a continuous Cu
film on the 170°C substrate. Substantial grain growth can
be observed on the Cu film deposited on the 200°C sub-
strate. Apparently, the CVD Cu film is formed by the nucle-
ation and grain growth processes. Thus, once the Cu is nu-
cleated on the substrate surface, it becomes Cu grown on
Cu. The surface morphology of CVD Cu film (Fig. 4) also
revealed that the compact Cu grains formed a rough sur-
face, and the surface roughness increases with the increase
of film thickness and grain size. In addition, the surface
often gets scratched during the Dek-Tak measurements.
Thus, the Dek-Tak measurements were carried out under
the conditions of lightest pressure to avoid scratching. The
low density and the rough surface made the thickness
measurement difficult and might produce some error in de-
termining the growth rate. To reduce this possible error, a
SEM cross-sectional view was employed to check the result
of the thickness measurement, and an average value of the
thickness was taken as the film thickness for a film with a
rough surface. Therefore, the activation energy derived
from the Arrhenius plot may be only an approximate value.
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Fig. 3. Deposition rafe vs. substrate temperature {Arrhenius plot)
for Cu CVD on Al substrate at a constant pressure of 10 mTorr.
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The Cu CVD on the SiO, substrate is very different from
that on the conducting substrate. The most marked differ-
ence is the higher low-limit-temperature on the SiO, sub-
strate. The low-limit-temperature is defined as the deposi-
tion temperature below which no Cu nuclei can be
discovered by SEM observation (less than 50 A) at a certain
specified deposition condition. For example, the low-limit-
temperatures at a pressure of 10 mTorr are 160 and 140°C,
respectively, for W and TiW substrates, while the low-
limit-temperature for the thermally grown SiO, substrate
is 200°C at the same deposition conditions. The processing
window of selective Cu CVD is based on the difference of
low-limit-temperatures between the conducting and SiO,
substrates.

The selectivity windows for the thermally grown SiO, vs.
various conducting substrates with respect to the deposi-
tion pressure and temperature are summarized in Table L.
The processing regions for the Cu CVD on Al and TiW sub-
strates, as shown in Fig. 5, are constructed from the data
listed in the table. From Table I and Fig. 5, it is clear that as
the deposition pressure is increased, low-limit-tempera-
ture for both conducting and SiO, substrates decreases,
and also does the low-limit-temperature gap between the
conducting and SiO, substrates. As a result, a triangular
region for selective Cu CVD is constructed for each conduc-
tor-SiO, pair. As shown in Fig. 5, blanket Cu CVD can be
carried out at high temperature and high pressure condi-

Table 1. The processing windows for selective Cu CVD on
thermally grown SiO, vs. various conductive substrates.

10 mTorr 50 mTorr 100 mTorr
W (°C) 160-200 140-160 130-140
CoSi, (°C) 160-200 150-160 No selectivity
TiN (°C) 150-200 140-160 130-140
TiW (°C) 140-200 130-160 130-140
Al (°C) 150-200 140-160 No selectivity

7 (-]
(o 0"c Fig. 4. Surface morphology of
Cu films deposited, at a pressure
of 10 mTorr for 20 min, on Al sub-
strate at various substrate tem-
peratures of {a) 160, (b) 170, {c)
180, and {d) 200°C.

tion, while selective Cu CVD can be conducted with the
condition within the triangle region. For selective Cu CVD
in our system, the highest deposition pressure should be
limited to 100 and 120 mTorr, respectively, for the Al and
TiW substrates, and the corresponding lowest temperature
should be limited to 140 and 130°C, respectively.

In multilevel metallization system, CVD SiO, layers are
employed as the insulating dielectric; low-limit-tempera-
ture of the CVD SiO, is lower than that of the thermally
grown SiO, at a given deposition pressure. Table IT lists the
low-limit-temperatures for various SiO, at three different
deposition pressures. Thermally grown SiO, apparently has
the highest low-limit-temperature among the various ox-
ides. Figure 6 shows the processing windows of selective Cu
CVD on Al vs. thermally grown SiO, and PECVD SiO,.
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Fig. 5. The processing windows of selective Cu CVD on thermally
grown SiO, vs. Al and TiW substrates with respect to deposition
temperature and pressure for a 20 min deposition.
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Table II. The lowest temperatures for Cu CVD on various
SiO, substrates at three different deposition pressures.

10 mTorr 50 mTorr 100 mTorr
Thermal SiO, (°C) 200 160 140
BPSG (°C) 180 155 140
TEOS SiO, (°C) 190 160 145
PECVD SiO, (°C) 170 150 140

The deposition rate of Cu has been found to be linearly
proportional to the deposition pressure.”® However, the in-
crease of deposition rate by increasing pressure was
achieved at the expense of narrowing the selective window.
Nonetheless, the Cu film deposition rate can be increased
alternatively by raising the source temperature and the
carrier gas flowing rate, as shown in Fig. 1 and Fig. 2. In
addition, it is found that the deposition rate of Cu increased
by increasing the source temperature (from 40 to 60°C) and
the carrier gas flow rate has little influence on the selective
window.

The measured resistivity of the Cu film deposited in this
work lies in the range of 3-10 pQ-cm, which is a little
higher than that of the bulk material (1.67 pQ)-cm}) and that
reported elsewhere.'™® The impurities in the Cu film are
below the Auger detection limit; that is, the impurity levels
are below 1 atomic percent (a/o) in the Cu film. Figure 7
shows the results of impurity analysis by SIMS for the Cu
film deposited on the W substrate at 200°C. Several hun-
dred Angstroms of the Cu surface layer were sputtered for
removing the surface contamination before the SIMS anal-
ysis. The F, O, and C were found to be the major impurities
within the Cu film. These impurities may result from in-
complete desorption of the hfac ligand. It has been found
that the resistivity of the Cu film can be correlated with the
surface morphology of the Cu film.?® As shown in Fig. 4, the
CVD Cu film is composed of the compact single grains and
thus has a rough surface. Poor connection between the Cu
grains will lead to higher resistivity. Furthermore, meas-
urement by four-point probe on a rough surface tends to
result in a higher value of sheet resistance.

Copper deposition on the patterned substrates.—The
CVD Cu films were deposited on the patterned substrates
with submicrometer feature size to further investigate the
selective deposition behavior. Figure 8(a) and (b) show the
selective Cu CVD on the Al/oxide patterned substrates
with 20 scem Ar carrier gas flow and source temperatures
of 40 and 60°C, respectively. Both depositions were con-
ducted for 20 min. The higher source temperature shows a
slightly increased Cu nucleation, but the source tempera-
ture between 40 and 60°C apparently has little influence on
the selective behavior of Cu CVD. Different combinations
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Fig. 6. The processing windows of selective Cu CVD on Al vs.
thermally grown SiO, and PECVD SiO, substrates with respect fo
deposition temperature and pressure for a 20 min deposition.
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Fig. 7. The mass spectra of SIMS analysis for the Cu film deposited
on W substrate at a temperature of 200°C and a pressure 10 mTorr.
Cesium (Cs) was used as primary ion beam for the SIMS analysis.

of deposition parameters within the selective deposition
window would produce different results of the selective Cu
deposition. The SEM micrographs shown in Fig. 9 compare
the result of selective Cu deposition conducted at 10 mTorr
and 170°C for 20 min with that conducted at 10 mTorr and
150°C for 100 min. Although the deposition conducted at
150°C for 100 min resulted in larger Cu grains, it suffered
from selectivity loss. This is because the selective deposi-
tion window shown in Fig. 6 is constructed based on the
data of the 20 min deposition run. The selective loss [Fig.
9(c) and 9(d)] obviously came from the nucleation of Cu on
the Si0, surface. Thus, it is preferable to conduct selective
Cu CVD at a higher temperature within the tolerance of the
selective window so as to shorten the deposition time and
avoid the possible selectivity loss.

Mechanism of selectivity loss due to Cu nucleation on
Si0,—The selective Cu CVD from Cu(hfac)TMVS depends
on a number of deposition parameters as well as substrate
properties. The substrate temperature, deposition pressure,
and surface properties of substrate all have profound ef-
fects on the selective deposition.'**** The selective Cu CVD
on metal/SiQ, substrate can be achieved by controlling the
deposition parameters to produce different Cu nucleation
and grain growth behavior on the surface of conducting
and SiO, substrates. Since the Cu CVD proceeds with Cu
nucleation and grain growth procedures, successful selec-
tive Cu deposition depends on the appropriate control of
Cunucleation and grain growth behavior. It is believed that
Cu CVD starts by breaking the Cu(hfac)-TMVS bond (=13
kecal/mol) and leaves a Cu containing species, Cu(hfac), on
the substrate surface to proceed with further dispropor-
tionation reaction.'*** For the cold-wall reaction system
employed in this work, the source bath, delivery line, and
the gas injector were all kept at a temperature below 60°C
to prevent the Cu precursor from decomposing before the
precursor reached the substrate surface. The energy for
breaking the Cu(hfac)-TMVS bond is supplied from the
substrate heating. The molecular flux density condensing
on the substrate surface J, (adsorption rate of molecular)
can be expressed as™

J, = nv, [1]

where n = Py/kT is the number of molecules per unit vol-
ume, P, is the molecule pressure, and v, is the root mean
square velocity of molecule in the vapor.

The adsorbed molecule may either proceed with further
reaction or desorb from the substrate surface. The desorp-
tion rate of molecule J; from the substrate surface can be
expressed as

Jy = Nyv, exp (—-AE,FS) {21
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where N, is the number of adsorbed molecules per unit
area, v, is the surface vibration frequency, and AGy,, is the
energy needed for the desorption.

If no nucleation occurs, the rate of desorption must equal
the rate of adsorption, and we have

- & E (AGdes>
No = v, &P & [3]

Equation 3 gives the molecular density adsorbed on the
substrate surface at the equilibrium state. This indicates
that the number of adspecies per unit area increases lin-
early with increasing molecular pressure but would de-
crease with increasing substrate temperature due to des-
orption enhancement.

Once the Cu(hfac)-TMVS bond is broken, the adspecies
of Cu(hfac) proceeds with the disproportionation reaction
in which electron transfer is needed. However, it has been
found, in this work, that the substrate conductivity is not
such a dominant factor in controlling the behavior of Cu
deposition as predicted from the disproportionation reac-
tion. Since the selectivity loss {Cu nucleated on SiO,) can
occur at increased deposition pressure, which in turn in-
creases the adspecies density, the disproportionation reac-
tion on the insulating substrate may proceed through some

Q. 3,00

0°C, 100 min, X10k

(c)15

"(d) 150°C, 100 min,

Fig. 8. SEM micrographs show-
ing the surface morphology of
CVD Cu deposited on Al/PECVD
$i0, fine line patterned substrate
at a pressure of 10 mTorr, sub-
strate temperature of 170°C, and
Ar carrier gas flow of 20 sccm.
The deposition was performed
for 20 min with source tempera-
ture of [a) 40 and (b} 60°C.

| . BB sm

(b) 60°C Source

other mechanism. Instead of transferring an electron
through the substrate that must be conducting, the nearby
Cu(hfac) adspecies can exchange an electron to proceed
with the disproportionation reaction. In this scheme, the
Cu(hfac) adspecies combine by surface diffusion. The sur-
face diffusivity can be expressed as

) g

where \ is the distance between two neighboring surface
sites, v, is the surface vibration frequency, and AG;, is the
energy required for an adspecies to move to a neighboring
site. Although the increase of temperature reduces the sur-
face density of adspecies, it increases the surface diffusiv-
ity. Thus, a higher substrate temperature may enhance the
selectivity loss.

We have now postulated a consistent mechanism regard-
ing the effects of the processing parameters during the
stage of Cu nucleation. The increase of pressure increases
the adspecies density on the substrate surface. The increase
of substrate temperature prompts the bond breaking of
Cu(hfac)-TMVS and enhances the desorption and surface
diffusion of the Cu(hfac) adspecies. Although different sub-
strate surfaces provide different bonding energies between

D, = Mo, exp (—

Fig. 9. SEM micrographs show-
ing surface morphology of CVD
Cu deposited on Al/PECVD SiO,
fine line patterned substrate at o
pressure of 10 mTorr and with a
source temperature of 60°C and
Ar carrier gas flow of 20 sccm.
The deposition was performed at
{a) and (b) 170°C for 20 min, and
{c) and (d) 150°C for 100 min.

-

Downloaded on 2014-04-28 to IP 140.113.38.11 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

182 J. Electrochem. Soc., Vol. 142, No. 1, January 1895 © The Electrochemical Society, Inc.

adspecies and the substrate surfaces, and the conductivity
of the substrate may also be helpful for disproportionation
reaction, none of them plays a sole dominant role in deter-
mining the behavior of Cu nucleation. Thus, a selective
window exists on the conducting vs. SiO, substrates, but
the window is narrow.
Conclusion

The chemical vapor deposition process has been studied
for selective Cu deposition from a liquid metallorganic
compound of Cu(hfac)TMVS using an LPCVD system with
a cold-wall vertical reactor. The activation energies of Cu
CVD on various substrates of W, CoSi,, and Al at tempera-
tures below 200°C were determined to be within the range
of 10-20 kecal/mol. The resistivity of deposited Cu film was
found to lie in the range of 3-10 p.Q~cm; the higher resistiv-
ity presumably results from the poorly connected grain
structure. The processing window of selective Cu CVD on
various conductors vs. oxides can be constructed with re-
spect to the deposition pressure and substrate temperature
based on the data of low-limit-temperature for various
conductors and oxides. Thus, selective Cu CVD can be per-
formed on patterned substrates using the deposition
parameters within the processing window. Since the adspe-
cies Cu(hfac) can proceed with disproportionation reaction
to nucleate Cu on the SiO, surface, the selectivity window
of conductor vs. SiO, substrate is narrow. To widen the
processing windows for the Cu CVD, it is necessary to de-
velop either a new precursor that is more sensitive o the
surface properties of conductor vs. Si0O; substrate or suit-
able surface pretreatment procedures that can prevent Cu
nucleation on the insulating substrate surface.
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