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Properties of sputtered Cr—O and reactively sputtered C r-N-O
as passivation layers against copper oxidation
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Hsinchu 300, Taiwan, Republic of China
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Passivation layers of 200 A sputtered Cr—0 as well as reactive sputterd-©were studied with
respect to the passivation capability against thermal oxidation of Cu in flowing nitrogen and flowing
oxygen ambients. In a flowing Nambient, both Cr—O andréN-0O passivation layers were able

to prohibit oxidation of Cu at temperatures up to 700 °C. In andmnbient, the passivation
capability of @—N-0O layer was found to be 500 °C, which is 150 °C higher than that of Cr—-O
layer. The superiority of the passivation capability of the-B—O layer is presumably due to
decoration of the surface defects and grain boundaries with nitrogen, which provide fast paths for
oxygen and copper diffusion. @998 American Vacuum Sociefg0734-211X98)11706-7

[. INTRODUCTION Il. EXPERIMENTAL PROCEDURE

Copper(Cu) has been studied extensively as a potential The starting materials used for sample preparation were
substitute for aluminuntAl) and Al alloys in multilevel met-  p-type, boron doped, 3-in.-diam Si wafers with a nominal
allizations of semiconductor devicd.Cu has beneficial resistivity of 17—55Q cm. After an initial RCA cleaning;
factors compared with Al and Al alloys, such as low bulk the Si wafers were thermally oxidized at 1050 °C in steam to
resistivityl'e’ (17 vs 2.7 and>4.0 /""Q Cm), hlgh melting grow 5000 A of SIQ A ZOOO-A-thICk Cu film was sputter -
point>* high electromigration resistanéand low reactivity deposited on the oxide layer. This was followed by deposi-

with commonly used diffusion barrier materials. How- t'r?: g;riezg,o ft\tecr:nor grs?e):%m\'/[\::tdheommbroegli?r? iﬁ;aﬁ;lﬂm
ever, there are unfavorable factors compared with Al and A P g sy g '

i ) . , he Cr film was sputter deposited using a pure Cr target
glloys, .for examplg, goor adhespn tg dlgllectrlc Ia)ﬂeds_sf,- (99.999% purity in an Ar ambient, while the Cr oxynitride
ficulty in dry etching; fast diffusion in silicon and Sig)

films were deposited by reactive sputtering using the same
deep level trap in silicon, and formation of Cu silicides at, target in a gas mixture of Ar and,Nvith various flow
low temperatures. All of these drawbacks have detrimentajaies. All the gases used were electronic grade. The base
effects on devices reliabilitf.*2In addition, copper oxidizes pressure of the deposition chamber was<110~¢ Torr, and
easily and forms nonconductive compounds at temperatureg| films were deposited at a pressure of 7.8 mTorr without
below 150 °C'3-1® passivation layers against Cu oxidation intentional substrate heating. Since Cr is an inherent oxygen
have been studied, for example, self-aligned passivation bgbsorbet?” and the base pressure of the deposition chamber
(Al, Mg),*"*8 (Ti, Cr),'° and Nb?° sidewall passivatioi?>  was only modestly low, oxygen was inevitably incorporated
by Mo and TiN, formation of surface silicid€, and B- into the deposited layers, leading to either Cr—O o#lg-O
implanted oxidation resistant Cu lay#. films. Table | summarizes the sample identification, sputter-
Chromium (Cr) and its nitride films have been widely ing condition, and some specific parameters for the sputtered
used as a scratch and corrosion passivation layer in fiel@" @and Cr oxynitride films. The atomic concentrations of
application€32® Thermodynamic daf#’ show that it is nitrogen and oxygen were determined by Auger. electron
easier to form GO, than copper oxides. Moreover, it has spectroscopy(AES) analysis. Wafers were d|(?,ed into 1.5
been shown that G, which is the oxidation product of X 1.5 cnt pieces for further treatment. The diced samples

CrN and CsN, is thermally stable at temperatures abovewe.re thermglly annealgd n aflowmgzlamment for 30 min,
or in a flowing G ambient for 50 min at temperatures rang-

700 OC'ZS_ Hoyvever, no_ _study has been_ reporte_d conc_ern_lngng from 100 to 700 °C for the passivation studies. Electrical
the passivation capability of Cr-based films against Ox'dat'or}neasurements and material analysis were used to character-
of Cu layers for integrated circuit applications. ize the passivation capability. Sheet resistanBg) (was

In this work, sputtered Cr—O and reactively sputtered Cr-measured using a four-point probe. Film thicknesses were
N-O films were deposited on Cu surfaces. Themeasured using an-step profiler and scanning electron mi-
Cr-0O/Cu/SiQ and Cr—N-O/Cu/SiG structures were ther- croscopgSEM). A SEM was also used to investigate surface
mally annealed in Bland G ambients to investigate the morphology. X-ray photoelectron spectrosco¥PS and

passivation capability against Cu oxidation. x-ray diffraction (XRD) analysis were used for phase identi-
fication. Secondary ion mass spectroscépiMS) was used
dElectronic mail: mcchen@ce.nctu.edu.tw for depth profile analysis.
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TasLe |. Deposition conditions and specific parameters of as-deposited 107 ~

Cr—0 and Cr—N-dilms.

A B
Sample identification (Cr-O (Cr=N-0O
Partial pressure of Nin sputtering 0 0.195

gas(mTorn

Deposition powerfW) 100 150
Deposition ratgA/s) 0.3 0.4
Resistivity (u{) cm) 8.7 7.5
Nitrogen atomic concentratiof®o) (0 0?
Oxygen atomic concentratiof¥o) 35 35

@Below detection limit.

[ll. RESULTS AND DISCUSSION
A. As-deposited Cr—O and C r—N-O films

Figure 1 shows the surface morphology of the as-
deposited Cr—0O andreN-O films. Cracks can be seen on
the surface of sample BFig. 1(a)] and sample BFig

(@)

(b)

(©)

Fic. 1. SEM micrographs showing surface morphology of as-depo&ided

sample A,(b) sample B, andc) sample C.
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Fic. 2. SIMS depth profiles for sample &) as-deposited ani) 500 °C N,
annealed.

which were, respectively, not doped and lightly doped with
nitrogen. For the nitrogen doped sample C, a smooth surface
was observedFig. 1(c)]. The surface morphology of the
Cr-0 film can be improved by nitrogen incorporation.

XPS® analysis indicated that oxygen was present
throughout the Cr—O andrEN-0O films, but not in the un-
derlying Cu layer.(The XPS instrument used in this study
was the model: ESCA PHI 1600 of Perkin Elmer. All the
XPS bhinding energies were calibrated using the binding en-
ergy of surface absorbed carbon €photoelectrons, which
is 284.5 eV®% The nitrogen of both samples B and C was
determined to be in the Cr nitride (4£)f) phase based on the
binding energy of N & photoelectrons measured to be 397.4
eV. On the top surface, Cip3, and O 5 photoelectrons
were utilized to determine that oxygen was present only in
the CpO; phase, whose binding energies were determined to
be 576.8 and 531.4 eV, respectively, presumably resulting
from the air exposure. However, inside the Cr—O and Cr—
N-O layers for all samples, only unreacted oxygen was
present based on Cpg, and O k photoelectron binding
energies of 574.4 and 531.0 eV, respectively.

The oxygen and nitrogen contents, as determined by AES
analysis, along with the resistivity, as determined from the
sheet resistance and thickness measurements, are tabulated in
Table | for the as-deposited films. It can be seen that nitrogen
incorporation resulted in reduced resistivity.

B. Thermal annealing in N , ambient

Figures 2 and 3 show the SIMS depth profiles for the
as-deposited as well as the 500 °C annealed samples A and
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Fic. 3. SIMS depth profiles for sample @) as-deposited ani) 500 °C N,
annealed.

C, respectively(The penetration of Cu into SiOis com-
monly observed because there is no barrier layer separating
the sputter deposition of Cu on the SiGubstrate. For
sample A, the Cu profile remained nearly unchanged after
annealind Fig. 2(b)] as compared with the as-deposited pro-
file [Fig. 2@], while the N and Cr profiles revealed signifi-

cant change. The N signal in the passivation layer of the ) _
G. 4. SEM micrographs showing surface morphology for sample B an-

annealed_sample increased twp orders of magnlt_ude over ﬂi%aled ata) and (b) 500 °C, and(c) 700 °C. The micrographéb) and (c)
as-deposited film. The Cr profile reveals a Cr pileup at theyave a 20 times magnification of micrograg.

Cu/SiG, interface. For sample (Fig. 3), N, annealing did
not change the Cu or N profile, while a similar pileup of Cr
was found at the Cu/SiQOnterface.

The 500 and 700 °C annealed samples of B as well as @llowing a 700 °C N anneal. Similar cluster and void for-
were analyzed by XP%® Similar results were obtained for mation was observed on the annealed samples of A and B.
the B and C samples. Based on the measured binding endfer sample B annealed at 700 °C, clusters were no longer
gies of Cr D3, N 1s, and O E photoelectrons, we deter- visible, as shown in Fig. @). Figure 5 shows the surface
mined that the Cr in the IGN-O layer was a mixture of morphology of sample C annealed in a &inbient at various
elemental and nitride (GN) states, and only unreacted oxy- temperatures; voids are clearly observed on the surface, but
gen was present throughout the entire passivation layer. Belusters did not appear.
cause no copper signal was found in the passivation layers, Voids were observed for all samples thermally annealed
thermal annealing in Nonly nitrided the passivation layer of in a N, ambient at elevated temperatures. Vaigs. 4 and
sample B, and presumably only sintered that of sample C%) could arise from the agglomeration of the film due to the
these nitrided and/or sintered passivation layers protected thmismatch of the thermal expansion coefficient between Cr—
underlying Cu layer from being oxidized by the oxygen in-N-O and Cu as well as the volume difference of Cr and
corporated in the passivation layer and the residual oxygen i€r,N. Another possibility is the Kirkendall effettresulting
the annealing ambient. from the higher diffusivity of Cr as compared with Ga’

Figure 4 shows the surface morphology of sample B fol-This could result in the movement of more Cr than Cu, lead-
lowing annealing in a PMlambient. Figures @) and 4b) are  ing to a coalescence of vacancies into voids. The movement
following a 500 °C anneal with Fig.() a 20 magnifica- of Cr could explain the Cr pileup at the Cu/Sitnterface
tion of Fig. 4a). Figure 4c) shows the surface morphology observed in the SIMS profiles.

JVST B - Microelectronics and Nanometer Structures
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Fic. 5. SEM micrographs showing surface morphology for sample C an-

nealed afa) 400 °C,(b) 500 °C, and(c) 700 °C in N, ambient. N N Ji J\M_V ~ Wy-\/‘ C500°C
30 35 40 45 50 55 60 65

For samples A and B, which were nitrogen deficient in the 20 (degree)
as—depo_sn_ed _passwatlon layers, th.e mtmg(.an for .dOpmglG. 6. XRD spectra fori@ sample A,(b) sample B, andc) sample C
and/or nitridation came from the flowing,Nambient during thermally annealed in Dambient at temperatures below as well as above
the thermal N annealing. It was easier to form Cr nitride on their respective temperatures of Cu oxide appearance.
the film surface than inside the film because there were many
more nucleation sites on the surface. Thus, the clusters that
were observed in low temperature annealed samples A and B is very likely overestimated using this approach. Since
[Figs. 4a) and 4b)] were presumed to be @¥. As the 1% (atomic concentrationan increase of Cr in Cu would
annealing temperature was raised high enough, th& Cr result in about a 4u() cm resistivity increas&*32we esti-
clusters nucleated into a continuous layer, thus no clustemate that less than 1% of the Cr diffused into the Cu after N
was observedFig. 4(c)]. For sample Cs, whoserEN-O  annealing at 700 °C.
passivation layers contained plenty of nitrogen, thermal N No Cu oxide was detected for any of the sampl&sB,
annealing resulted in little change in the N profiléig. 3 and Q annealed in a N ambient at temperatures up to
and no clusters were observéig. 5); this is because the 700 °C by the analytical instruments used in this study. In-
nucleation of Cr nitride occurred mostly inside the nitrogenstead, the thermal Nannealing results in nitridation and sin-
sufficient G—N-O layer. tering.

The electrical resistivity of all samples annealed in a N
ambient reached a low value of approximatelyu8 cm, o .
which was determined simply by taking the product of mea—c' Thermal annealing in O, ambient
sured sheet resistance and the layer thickness measured fromFigure 6 shows the XRD spectra for the samples ther-
the outermost surface to the Cu/Sildterface. The resistiv- mally annealed in an Dambient at temperatures below as
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Fic. 8. Chemical states and binding energies of thesipHotoelectrons for
sample C annealed in,@&mbient at 500 °C.

(b)

depth profilé® of the 500 °C annealed sample B. On the
outermost surface, the Cypz,, Cr 2pg,, and O 5 photo-
electrons, with binding energies at 934.0, 578.0, and 531.6
eV, respectively, were detected. As the surface region was
sputter removed, the Cip3, photoelectrons disappeared,
while the binding energies of Cip3,, and O & photoelec-
trons shifted to 576.8 and 531.4 eV, respectively, which be-
long to the CyO; state. The results indicated that a thin oxide
(CuCr0,) layer was present on the outermost surface fol-
lowed by a much thicker underlying layer of r;. No N 1s
photoelectron signal was detected. Moreover, the &2
photoelectrons underneath the,Gj layer remained in the
elemental state, indicating no oxidation of the underlying Cu
layer.

The results of XPS analysis with sequential ion milling
for the 500 °C annealed sample C showed that the nitrogen
Fic. 7. SEM micrographs showing surface morpholo%y for the samples,5g present in both the elemental angNCphases based on
ZEEZZ:ZS ;r: 4%8218,Ie:r;((ie)l)Sz?nn;?;eCAa2222$§dataé0205c())c.(Eb) sample B the N 1s ph(_)toelectron binding e_nergies of 398.2 and 397.4

eV, respectively, as shown in Fig. 8. The surface was cov-

ered with a CyjO; outerlayer. A Cu signal was detected only
well as above the temperature of copper oxide phase appearnderneath the @D; layer, and the Cuj2;;, photoelectrons
ance. For sample A, which is a Cr—0O layer without nitrogenunderneath the GD; layer remained in the elemental state,
doping, the effective range of passivation against Cu oxidaindicating no oxidation of the Cu layer.
tion was found to be below 400 °Eig. 6(a)]. For sample B, The surface defects provided easy diffusion patHs*?
which is a @—N-0O layer with very low level nitrogen dop- for oxygen and copper through the Cr-0 layer, such as was
ing, the effective range of passivation against Cu oxidatiorthe case for sample A shown in Fig(al With nitrogen
was raised to 500 °CFig. 6(b)]. For sample C, which is a incorporation into the passivation layer, the diffusion paths
Cr—N-Olayer with a high level of nitrogen doping, the ef- along the grain boundaries and the defects in samples B and
fective range of passivation against Cu oxidation was als&€ were decorated due to the nitrogen stuffiig® Moreover,
found to be up to 500 °CFig. 6(c)]. thermal annealing in an £ambient resulted in formation of

Figure 7 shows the surface morphology for the sample€r oxide**?"?as well as healing of the defects and thus
annealed in an Qambient. Low temperatur&50 °Q an-  obstructing the diffusion of copper and oxygen. For sample
nealing of sample A resulted in clusters and vqigig. 7(a)]. B, however, because of the deficiency of nitrogen, Cu dif-
For sample B, clusters were not observed after annealing dtised to the surface through defects and reacted with Cr and
temperatures below 450 °C, but appeared when the annealixygen to form CuGO, on the outermost surface at the
temperature was raised to 450 PElg. 7(b)]. For sample C, beginning of thermal annealing. As the diffusion paths of Cu
no clusters were found after annealing at temperatures up wwere blocked by the formation of Cug, or impeded by
500 °C[Fig. 7(c)]. the defect healing, oxidation of Cu ceased but oxidation of

XPS analysis with sequential ion milling provided an in- Cr continued*2"?8For sample C, which has a much higher
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