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Carbonate formation during post-deposition ambient exposure
of high- k dielectrics
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~Received 1 July 2003; accepted 9 September 2003!

When thick films of group-III~La, Y!- and group-IV~Hf, Zr!-based high-k dielectrics are exposed
to ambient for several months, Fourier transform infrared spectroscopy shows formation of
carbonate species in the film bulk, likely due to reaction with atmospheric CO2. Group-III-based
films show signs of carbonate feature growth within 10 min of air exposure, especially in films
processed at relatively low temperatures (,600 °C). Carbonate formation is verified also for
group-IV-based films, but at a significantly reduced concentration. Post-exposure annealing can
reduce the carbonate observed in the IR spectra. However, post-exposure annealing likely does not
remove carbon contamination, and it results in interface silicon oxide growth. The observed
reactions of high-k films with the ambient may impose significant constraints on the post-deposition
handling of high-k films. © 2003 American Institute of Physics.@DOI: 10.1063/1.1623316#
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Among the leading candidates to replace SiO2 in ad-
vanced transistors1 are oxides and silicates of Hf2–5 and Zr.6,7

La- and Y-based materials8–10 have also been reported to b
thermodynamically stable11 in contact with Si and have bee
given some attention. For most of these materials, little
derstanding has been gained regarding the effect of the
cessing conditions on the final material properties as wel
post-deposition modifications as a result of reactions with
ambient. In this letter, we use Fourier transform infrar
spectroscopy~FTIR! to study the propensity of Hf-, Zr-, Y-
and La-based high-k dielectrics to react with atmospher
CO2 to form carbonates. The effect of the processing te
perature~oxidation or post-deposition inert anneal! on the
reactivity, as well as the effect of post-exposure anneals
also reported.

For this study, thick metal films (.300 Å, M5La, Y,
Hf, and Zr! are deposited using dc sputtering on hig
resistivity, H-terminated Si~100! substrates and oxidizedex
situ at 600 or 900 °C by rapid thermal anneal in dry air, or
a tube furnace in N2O ~1 atm! as described by Chambe
et al.12 Thick Y2O3 films are deposited using plasma e
hanced chemical vapor deposition~PECVD!.13 Some Y2O3

films are annealed in the furnace at 900 °C in N2 . The films
are permitted to react with the ambient laboratory air, a
FTIR spectra are collected over regular time intervals fo
period of more than one year. A ThermoNicolet IR ben
equipped with a deuterated tri-glycine sulfate detector~KBr
beamsplitter! is used in the transmission mode, and for
typical spectrum we collect 256 scans at 4 or 8 cm21 reso-
lution. The instrument is purged using purified air with lo
concentrations of moisture and CO2. A background spectrum
is collected after each measurement using a substrate
ment that originates from the same wafer as the depos
substrate. All FTIR spectra presented are plotted at the s
absorbance units to allow direct comparison of the peak
tensities. Interference oscillations are removed in some of

a!Electronic mail: tgougou@unity.ncsu.edu
3540003-6951/2003/83(17)/3543/3/$20.00
Downloaded 28 Oct 2003 to 152.1.53.120. Redistribution subject to AI
-
ro-
s
e

-

re

-

d
a

g-
ed

e
-
e

spectra using a smoothing subroutine. The area for the p
of interest is calculated with the instrument control softwa
Metal film thickness before oxidation is calculated on t
basis of step-height measurements performed with a Te
profilometer.

Carbon dioxide is known to react with metal oxid
systems,14 forming either linearly coordinated CO2 com-
plexes or carbonate-like components that include unident
bidentate, and more complicated polydentate bridg
structures.15 The linear coordination of CO2 produces strong
IR absorption bands in the 2300– 2400 cm21 range, while
the various carbonate species produce IR active feature
the 1000– 1800 cm21 spectral range.14,15 Species identifica-
tion is difficult because of the natural breadth of lines, t
large variety of species, and the presence for each carbo
species of band pairs corresponding to the symmetric
antisymmetric stretching of theO–C–O groups and the
stretching mode of the C–O groups. In this letter, we foc
on the formation of carbonate species, and for simplicity
will refer to all the observed modes as CO.

Figure 1 shows the 1100– 2000 cm21 range of FTIR ab-
sorption spectra of PVD La- and PECVD Y-based highk
dielectrics after short and long exposure to ambient air. T
La PVD samples are known to be of bulk silica
composition.9 Both PVD and PECVD Y samples are know
to have a layered Y2O3 /YSiO/SiO2 structure.12,16 The spec-
trum of the as-deposited Y PECVD sample@spectrum~vi!#
taken after 4 h exposure exhibits the larger absorption pea
in the 1200– 1700 cm21 range that are assigned to seve
unidentately and bidentately bound carbonate species14,15

When a similarly deposited sample is annealed in N2 at
900 °C immediately after deposition and then exposed to
for 4 h, much less carbonate formation is observed@spectrum
~v!# compared to the sample that was not annealed. Y-silic
films formed at 600 and 900 °C by oxidizing PVD Y o
silicon show clear CO-related features after three days of
exposure~data not shown!. LaSiO samples also show rea
tivity that depends strongly on the thermal history of t
film. During the first 10 min of air exposure, the film ox
3 © 2003 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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dized at 600 °C@spectrum~iii !# exhibits significant carbonat
content, while the film oxidized at 900 °C@spectrum~i!#
shows only minimal concentrations of carbonates.

Figure 2 is a plot of the area of the CO peaks ver
exposure showing the effect of long-term ambient expos
on the FTIR spectra for the group-III-based samples. T
intensity of the carbonate peaks grows for all samples.
900 °C PECVD Y film and the 900 °C La film show signs
extended carbonate formation after a ten day exposure.

Figure 3 shows the 1100– 2000 cm21 range of FTIR
spectra of PVD Hf-based films oxidized at 900 and 600
after short~10 min! and long-term~153 days! ambient expo-
sure. Spectra~vii ! and~viii ! are for films oxidized at 900 °C
after short and long exposure, respectively, and spectra~ix!
and ~x! are for films oxidized at 600 °C. Zr-based film
formed at 900 and 600 °C and exposed to air for 185 d
are also shown@spectra~xi! and~xii !, respectively#. Based on
previous profiling experiments by x-ray photoelectron sp
troscopy, both the Hf- and Zr-based films have a laye
MO2 /MSiO/SiO2 structure (M5Hf or Zr!. The spectra of
the Hf film includes weak absorption peaks in t
1200– 1700 cm21 range, with the most prominent peak lo

FIG. 1. FTIR spectra for ambient exposure of group-III-based high-k dielec-
trics ~i! 300 Å of La metal oxidized in N2O at 900 °C and exposed for 1
min in ambient.~ii ! Same as~i!, but exposed for 414 days.~iii ! 300 Å of La
metal oxidized in N2O at 600 °C and exposed for 10 min.~iv! Same as~iii !,
but exposed for 398 days.~v! 300 Å of PECVD Y2O3 deposited at 400 °C,
annealed at 900 °C in N2 and exposed for 4 h.~vi! 300 Å of PECVD Y2O3

as-deposited at 400 °C and exposed for 4 h~scaled by 0.2!. All samples
form carbonate species as witnessed by the absorption peak
1200– 1700 cm21.

FIG. 2. Integrated carbonate peak area vs exposure for the group-III-b
samples:j PVD La film oxidized at 900 °C,h PVD La film oxidized at
600 °C, m PECVD Y2O3 annealed at 900 °C in N2 , n as-deposited at
400 °C PECVD Y2O3 , . PVD Y film oxidized at 900 °C, and, PVD Y
film oxidized at 600 °C. Exposure results in growth of the carbonate pe
for all samples, but the films subjected to thermal treatment at 900 °C
relatively more stable. The lines are intended as a guide to the eye an
not represent a modeling attempt.
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cated at;1550 cm21, compatible with the formation of
mainly bidentate and some unidentate carbonate species
the Zr-based films, the most prominent feature is located
;1440 cm21, and well-resolved peaks can be seen
;1720, 1550, and 1300 cm21. Figure 4 shows the effect o
exposure on the CO peak area for the Hf and Zr samp
The carbonate peak area/intensity increases with expo
time, but the rate is significantly lower than that observed
the group-III-based films~note difference in scale of Figs.
and 4!.

Several of the films that received extended ambient
posure were subsequently annealed in Ar at 600– 900
and IR spectra were collected after annealing. For exam
when the LaSiO sample originally oxidized at 600 °C a
exposed.400 days was annealed in Ar at 600 °C for 1
min, partial removal of the carbonate species IR signatur
observed. An additional 10 min Ar anneal at 900 °C resu
in almost complete removal of the IR signal. However,
distinct increase in the IR absorbance is observed
;1100 cm21, indicating significant growth of interfacia
SiO2 . When the Zr oxide samples formed at 600 and 900
are exposed to air for.185 days and annealed at 900 °C, t
carbonate concentrations do not change significantly,
again the IR spectrum indicates substantial increase in
thickness of the interfacial SiO2 layer.
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FIG. 3. FTIR spectra for group-IV-based high-k dielectrics.~vii ! 300 Å of
Hf metal oxidized in N2O at 900 °C and exposed for 10 min in ambien
~viii ! same as~vii !, but exposed for 153 days.~ix! 300 Å of Hf metal
oxidized in N2O at 600 °C and exposed for 10 min.~x! same as~ix!, but
exposed for 153 days.~xi! 450 Å of Zr metal oxidized in N2O at 900 °C and
exposed for 185 days.~xii ! 450 Å of Zr metal oxidized in N2O at 600 °C
and exposed for 185 days. Some carbonate formation is observed fo
samples.

FIG. 4. Integrated carbonate peak area vs exposure for the group-IV-b
samples:d PVD Hf film oxidized at 900 °C,s PVD Hf film oxidized at
600 °C, l PVD Zr film oxidized at 900 °C, andL PVD Zr film oxidized
at 600 °C. Exposure results in growth of the carbonate peaks for the
samples. Both Hf and Zr films oxidized at 900 °C exhibit smaller carbon
concentrations than the films oxidized at 600 °C. The lines are intended
guide to the eye and do not represent a modeling attempt.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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The stability of high-k dielectrics during air exposur
may be an important issue for device integration. The
effect of the carbonate on the electrical properties of
films is not clear. However, it is well established that carb
doping of SiO2 leads to the reduction of the dielectric co
stant of the film.17 For group-III-based materials pos
deposition high temperature anneals (900 °C) can impr
stability and remove the carbonate IR signature, but i
likely that C may remain as impurity even after the therm
treatment, affecting the insulating properties of the mater
Additionally, high-temperature treatments result in the
crease in the thickness of the interfacial silicon oxide la
and reduction in the overall capacitance of the gate sta
The CO absorbed from the ambient likely acts as a sourc
oxygen in the observed Si oxidation reactions and the v
thin films (,5 nm) required for gate stack applications a
expected to be particularly susceptible to interface oxidat
The reactivity of the group-IV-based films under ambie
exposure is significantly lower than that of the group-
films. However, some reaction is detectable after a 10
exposure, and post-deposition anneals do not remove the
bonate signature from the IR spectra.

Financial support from SRC and NSF 00-72784 is gra
fully acknowledged.
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