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In this article, we report the effect of nitrogen plasma, during and after deposition, on nitrogen
incorporation into yttrium oxide dielectric films. Films are deposited using a yttriumb-diketonate
precursor (Y~tmhd)3) introduced downstream from a O2 or N2 plasma. The precursor acted as a
significant source of oxygen, and only small amounts of N~,10 at. %! were incorporated in the
films. Chemical bonding, concentration, and distribution of N in Y-oxide films after deposition and
after high-temperature anneal were characterized using x-ray photoelectron spectroscopy, Fourier
transform infrared spectroscopy, and Auger electron spectroscopy. C—N is the primary form of
nitrogen bonding in the as-deposited films, and IR results indicate the exchange of N with O to form
C—O bonds occurs during prolonged exposure to air. High-temperature annealing releases N from
the surface of as-deposited films, and results in a film structure that is resistant to further N
incorporation. Results suggest that yttrium oxynitride is likely inherently unstable, especially in
contact with ambient moisture. ©2004 American Vacuum Society.@DOI: 10.1116/1.1666880#
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I. INTRODUCTION

Intense research has been focused on high-dielectric
stant ~high-k! materials as replacements for SiO2 .1 Metal
oxides, including Al2O3 , Y2O3, HfO2 , ZrO2 , and La2O3,
which are thermodynamically stable with silicon,2 have been
investigated.3–8 However, the formation of interfacial layer
and reaction with ambient air is commonly observed w
these metal oxides.9,10 Dopant penetration is an importan
issue when using polycrystalline silicon~poly-Si! as the gate
electrode. Parket al.11 have shown that boron can diffus
through 50–80 Å Al2O3 to the channel causing large fla
band shifts~;1.54 V!. Boron diffusion in HfO2 has also
been observed.12 The need to control boron penetration h
recently inspired the study of nitridation of metal oxides
silicates as gate dielectrics. Nitridation of the top layer
HfO2 can effectively block boron diffusion12 and bulk N can
help prevent phase separation in Hf and Zr silicates.13,14 N
incorporation into high-k metal oxides may also provide
way to control the flat-band shifts by modifying the defe
structures in the bulk and/or at the interface. It should
noted that pure yttrium nitride is unstable in ambient and w
react with water vapor to produce ammonia and yttriu
oxide;15 zirconium nitride undergoes a similar reaction wi
water, but zirconium oxynitride films created by anneali
ZrO2 in NH3 have been shown to be more stable.16

In SiO2 , nitrogen at the dielectric/poly-Si gate interfac
and a small amount of nitrogen~less than 1 at. %! close to
the substrate/SiO2 interface is commonly used to block dop
ant penetration and improve the reliability.17 The N concen-
tration distribution in high-k dielectrics will also likely be

a!Present address: Novellus Systems, Inc., Tualatin, OR 97062; elect
mail: dong.niu@novellus.com
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important to achieve optimal electrical performance.
In this article, we report the chemical vapor deposition

Y-oxide and Y-oxynitride using a Y-diketonate downstrea
from plasma excited N2 . We find that the use of N2 in place
of O2 in the plasma reduces the oxygen concentration in
deposition ambient and minimizes the substrate oxidat
The chemical bonding, concentration, and distribution of
in Y-oxide films after deposition and after a high-temperatu
anneal were studied using x-ray photoelectron spectrosc
~XPS!, Fourier transform infrared spectroscopy~FTIR!, and
Auger electron spectroscopy~AES!. Methods to increase N
incorporation, including diluting N2 plasma with helium and
postdeposition N2 plasma nitridation, were also investigate

II. EXPERIMENT

Y2O3 films with 60–500 Å thicknesses were deposited
a remote plasma chemical vapor deposition~CVD! system.18

A b-diketonate precursor, tris~2,2,6,6-tetramethyl-3,5-
heptanedionato!yttrium (Y~tmhd)3), was used as the Y pre
cursor, which was introduced into the reactor downstre
from a N2 or O2 plasma. To change the N incorporation ra
N2 plasma diluted with helium~He! was also used.19 The
flow rate of N2 , N21He, or O2 was always maintained a
100 standard cubic centimeters per minute, and the subs
temperature was fixed at 400 °C during deposition. The s
strates were cleaned with a JTB-100 baker clean solution
5 min, followed by a 5 min deionized~DI! water rinse and a
30 s dip in 10:1 buffered HF solution before being tran
ferred to the loadlock chamber without a final DI water rins
After deposition, the films were annealedex situ in N2 am-
bient ~with some background O2;1024 Torr) in a quartz
tube.

nic
4454Õ22„3…Õ445Õ7Õ$19.00 ©2004 American Vacuum Society
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Thin ~,150 Å! films were analyzed using XPS and AE
Relative thick films~;500 Å! were analyzed using FTIR
XPS was conducted on a Riber LAS 3000 with a MAC
analyzer using nonmonochromatic MgKa x rays ~1253.6
eV!. For all films, the adventitious carbon peak near 285
was used as a reference to adjust the spectra to compe
for small amounts of charging. For thin films, the silico
substrate signal at 99.3 eV was used as an additional r
ence peak position. Using two peaks for simultaneous re
ence confirmed the linearity of the analyzer response. A
surface scans were conducted using a Scanning Auger
croprobe ~Physical Electronics 11-010! with the incident
electron energy set at 3 keV. AES depth profile was measu
using a Scanning Auger Microprobe~Physical Electronics
660! with a 5 keV incident electron beam and a 3 keV
Ar1-ion beam at Evans East. Mid-IR spectra between 4
and 400 cm21 were collected on double-side polished su
strates with resistivities.15 V cm using a scan resolutio
set at 4 cm21.

III. RESULTS

A. Comparison of yttrium oxide deposited with O 2
and N2 plasma

Figure 1 shows the IR spectra in the 4000–1000 cm21

range for CVD Y-oxide films deposited downstream from~1!
an O2 plasma or~2! a N2 plasma. After deposition, films
were exposed to the atmosphere for various times. Cons
ing first the region between 4000 and 2500 cm21, the spectra
for the O2 and N2 plasma films show several similaritie
including: The broad O—H stretching mode~3700–2700
cm21! and the methyl group C—H stretching modes at 296
and 2877 cm21.20 The film deposited with N2 plasma also
shows additional features at;3450 and;3340 cm21, which
are assigned to primary amine N—H asymmetric and sym
metric stretching modes. In both sets of spectra, the O—H
stretching mode peak increases as the film is exposed to
bient for longer times. This suggests that water vapor pre

FIG. 1. FTIR spectra of CVD Y2O3 thick films deposited with~1! O2 plasma
and ~2! N2 plasma and exposed to ambient for various times. The arr
indicate the trend in spectral changes over time.
J. Vac. Sci. Technol. A, Vol. 22, No. 3, May ÕJun 2004
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in the ambient is being absorbed into the films, regardles
whether N2 or O2 is used as the deposition plasma. In Fig.
it is interesting to note the behavior of the array of peaks
1700–1200 cm21 and the C—N peaks~2250–1950 cm21!.
The C—O peaks for the film deposited with O2 plasma do
not change with exposure time in ambient. However, for
film deposited with N2 plasma, as exposure time in ambie
increases, the C—N peaks decrease with time and the C—O
peaks ~1700–1200 cm21! increase. This suggests that th
C—N bonds within the N2 plasma film are unstable whe
exposed to H2O or O2 present in ambient at room temper
ture.

Figure 2 shows the O—H peak area between 3750–270
cm21 from the IR spectra in Fig. 1 plotted versus exposu
time in ambient for films deposited with O2 and N2 plasma.
The integrated area of the peaks between 3750 and 2
cm21 includes the peaks associated with C—H ~in both
films! and N—H stretching modes~observed in the N2
plasma film only!. These additional overlapping peaks m
have a small effect on the total peak area. The rates of
crease in OH concentration for films deposited with N2 and
O2 plasma are quite similar, with a slightly smaller rate
increase for the N2 plasma film.

Figure 3 shows XPS Si 2p spectra for Y2O3 thin films
deposited using O2 and N2 plasma. The film thicknesses ar
;60 Å for both O2 and N2 plasma films. The spectra show
are for as-deposited films and films annealed at 600, 7
800, and 900 °C in N2 for 1 min. In both sets of spectra, tw
distinct features are observed at 102.4–102.6 and 99.3
which correspond to Si—O ~in Y—O—Si! and silicon sub-
strate signals, respectively.21 For the as-deposited film, th
Si—O peak intensity for the O2 plasma film is significantly
greater than the same peak for the N2 plasma film, consisten
with much less substrate oxidation when using N2 plasma
deposition. For the annealed films, the Si—O peak intensity
increases and the silicon substrate peak intensity decreas
the anneal temperature increases.

The XPS spectra from Fig. 3 were used in the creation

s

FIG. 2. O—H peak area~3700–2700 cm21! versus exposure time in ambien
for CVD Y2O3 films: ~1! Film deposited with N2 plasma and~2! film de-
posited with O2 plasma. Peak areas were determined from the IR spectr
Fig. 1.
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FIG. 3. XPS Si 2p spectra of CVD Y2O3 thin films deposited with O2 and N2 plasma:~1! As deposited,~2! annealed at 600 °C,~3! annealed at 700 °C,~4!
annealed at 800 °C, and~5! annealed at 900 °C.
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the Arrhenius plot shown in Fig. 4. Figure 4 plots the ratio
the change in intensity of the Si—O peak~;102.5 eV! to
that of the substrate peak~99.3 eV! versus the inverse o
anneal temperature. The slope of the line gives an appa
activation energy for the Si—O bond formation process. Th
apparent activation energies of 0.33 eV for films deposi
with O2 plasma and 0.37 eV for films deposited with N2

plasma are extracted from the fits. Note that apparent ac
tion energies likely result from a set of reaction steps and
from one elementary step in the oxidation process.

B. Chemical structure and properties of Y-oxide films
deposited with N 2 plasma

Figure 5 shows the IR absorbance spectra for films~;500
Å thick! deposited at 400 °C with N2 plasma. Spectra for an
as-deposited film, a film annealed at 900 °C in N2 for 1 min,
and an as-deposited film with anin situ amorphous-silicon
(a-Si) capping layer are shown. Spectrum~1! of Fig. 5, for
an as-deposited film that had been exposed to ambient f
h before the measurement, shows a large group of peak

FIG. 4. Arrhenius plot of Si—O/Si peak area ratio versus inverse ann
temperature for films deposited using N2 plasma~top! and O2 plasma~bot-
tom! as determined from XPS spectra. The extracted activation energie
each film are displayed.
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the 3700–2700 cm21 range. These peaks are similar to t
N2 plasma film in Fig. 1, including the O—H stretching and
the symmetric and asymmetric C—H and N—H stretching
modes. Additionally, three peaks are observed at 2187, 2
and 2035 cm21 which correspond to the nitrile CwN stretch-
ing mode and isocyanate NvCvO stretching modes.20 An-
other broad set of peaks is observed in the range of 17
1200 cm21, with individual peaks occurring at 1660, 154
1490, 1420, 1380, and 1230 cm21. These peaks are assoc
ated with overlapping peaks from the H2O bending modes,
asymmetric and symmetric C(vO)2 stretching modes in
carboxylate groups, C—H bending modes in methyl groups
and the carbonyl CvO stretching mode. Another peak in th
range of 1650–1600 cm21 appears as a shoulder and is a
sociated with the N—H bending of an amine. These pea
assignments account for all readily visible peaks and sh
ders in this range, although the complexity of the group
could allow for the presence of other peaks that are not ea
discernable. Curve fitting and deconvolution attempts fai
to produce reliable results of peak positions and intensit
The large negative feature at 1107 cm21 is a result of the
subtraction of the substrate spectrum from the sample s

l

for

FIG. 5. FTIR spectra of CVD Y-oxynitride films deposited with N2 plasma:
~1! As-deposited film exposed to ambient for 4 h,~2! film annealed at
900 °C and exposed to ambient for 21 days, and~3! film with an a-Si
capping layer and exposed to ambient for 6 days.
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trum. Spectrum~2! in Fig. 5 shows the IR data from a film
deposited under the same conditions as~1!, but which was
also annealedex situin N2 at 900 °C for 1 min. The spectrum
was taken after the film had been exposed to ambient fo
days. In contrast to the as-deposited film, the annealed
shows no distinct features in the 4000–1650 cm21 range. A
grouping of peaks of weak intensity is observed in the 170
1200 cm21 range. Similar to the as-deposited film, the
peaks can be correlated to the stretching modes of carb
late and carbonyl groups. The broad feature that is obse
in the 1050–775 cm21 range can be attributed to the Si—O
stretching mode in yttrium silicate~Si–O–Y! and SiO2 . This
peak is due mainly to silicate bonding because the Si—O
stretching mode in silicon dioxide exhibits a strong peak
1077 cm21, which is not seen in this spectrum. Spectrum~3!
in Fig. 5 is data taken from an yttrium-oxide film deposit
under the same conditions as~1!, but the film also underwen
an in situ a-Si capping process before exposure to the
which resulted in an yttrium-oxide film with;500 Å of a-Si
on top. Thea-Si deposition was conducted for 1 h at 500 °C
using 2% silane diluted with helium. The capped film sho
no distinct features above 2200 cm21. The large peak tha
occurs at;2017 cm21 is the Si—H stretching mode tha
arises from thea-Si capping layer. A small shoulder i
present on the Si—H peak at;2200 cm21, consistent with a
CwN stretching mode. It is presumed that small peaks

FIG. 6. Peak area versus exposure time in ambient for a CVD Y2O3 film
deposited with N2 plasma: ~1! C—O peaks~1700–1250 cm21! and ~2!
C—N peaks~2250–1950 cm21!. Peak areas were determined from the
spectra in Fig. 1.
J. Vac. Sci. Technol. A, Vol. 22, No. 3, May ÕJun 2004
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also present at;2130 cm21 and;2035 cm21, due to C—N
bonding at a smaller concentration than that observed in
as-deposited film, spectrum~1! of Fig. 5. The large Si—H
peak masks the less intense C—N peaks in the same range
Another set of peaks between 1700 and 1200 cm21 creates a
complex feature that is similar to the annealed film. This
again correlated to various C—O bonds of the carbonyl and
carboxylate groups. Similar to the annealed film, the cap
film shows a large broad feature between 1050 and 775 c21

that can be attributed to Si—O stretching in yttrium silicate.
The yttrium silicate is formed at the Y2O3 /Si and
Y2O3 /a-Si interfaces.10

Figure 6 shows a plot of the areas of several peaks
groups of peaks, as taken from the IR spectra of
N2-plasma film in Fig. 1, plotted as a function of exposu
time to the ambient. The wave number ranges over which
peak areas were measured were 2275–1925 cm21 for the
C—N peaks and 1730–1250 cm21 for the C—O peaks. It
should be noted that the C—O peak area also includes th
peak areas of the amine N—H bending and the methyl grou
C—H bending modes. The slopes corresponding to the p
area increase/decrease of the C—O and C—N peaks for the
N2-plasma film are approximately equal with opposite sig
Assuming similar oscillator strengths for the C—O and
C—N bonds, the peak area suggests that for each C—N bond
that is broken, one C—O bond is formed.

Figure 7 shows the XPS O 1s @Fig. 7~a!#, N 1s/Y 3s @Fig.
7~b!#, and Y 3d @Fig. 7~c!# spectra for thick films~;500 Å!
deposited with N2 plasma. Spectrum~1! of Fig. 7 corre-
sponds to an as-deposited film and spectrum~2! corresponds
to a film annealedex situ for 1 min at 900 °C in N2 . The
annealed film shows a structure consistent with Y2O3. There
is a peak at 529.8 eV in the O 1s spectrum, a peak at 394.
eV in the Y 3s spectra, and a doublet corresponding to t
3d5/2 and 3d3/2 features of Y2O3 at 156.9 and 158.8 eV in
the Y 3d spectrum. The as-deposited film, however, show
very different structure. The data shows two features at 53
and 530.2 eV in the O 1s spectrum, peaks at;399.6 and
;395.2 eV in the N 1s and Y 3s spectra, and peaks at 158
and 160.1 eV in the Y 3d spectrum. For the as-deposite
film, the observed O 1s and Y 3d spectra are consistent wit
OH groups present in the film, and the N 1s is consistent
with C—N ~and/or N—O! bonding. The shift of the Y 3d
may also result from a small amount of fluorine~;1%–3%!
FIG. 7. XPS~a! O 1s, ~b! N 1s/Y 3s, and~c! Y 3d spectra of CVD Y2O3 thick films deposited with N2 plasma:~1! As deposited and~2! annealed at 900 °C
for 1 min in N2 .
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observed in the XPS survey scan, which is residual in
deposition chamber from previous experiments with fluo
nated precursors.

Figure 8 shows the AES spectra for a thin film~;100 Å!
deposited with N2 plasma for 6.5 min. After deposition, th
film was transferred in air, and the AES spectrum was tak
as shown by the bottom curve. This film was then transfer
in a vacuum to a nitridation chamber, and underwent a p
deposition nitridation process at 300 °C for 60 min in N2

plasma. The resulting spectrum is the middle curve in Fig
Finally, the film was annealedin situ at 900 °C in N2 for 1
min and the spectrum is shown by the top curve in Fig. 8.
three spectra in Fig. 8 show the characteristic oxygen~509
eV! and yttrium~122 eV! with small overlapped signals of Y
and Si in the range of 70–110 eV. The bottom and mid
spectra show small features at 272 and 379 eV, which co
spond to carbon and nitrogen signals, respectively. The n
gen signal after postdeposition nitridation is slightly larg
~;8%! than after deposition~;6%!, indicating a small in-
crease in the nitrogen content for the postdeposition nitri
film. The N concentrations were estimated using the follo
ing equation:22

@N#5
I N /SN

I N /SN1I O/SO1I Y /SY1I C/SC
, ~1!

whereI i andSi are the peak-to-peak intensity and sensitiv
factor for speciesi. Upon annealing, the films in N2 at
900 °C for 1 min, the nitrogen signal decreases below
detection limit ~0.1%–1%!. The small carbon peak may b
due to adventitious hydrocarbon from the atmosphere.

Figure 9 shows the concentration profiles obtained fr
sputter depth profiling for yttrium, oxygen, nitrogen, and s
con for a film deposited for 6.5 min~;100 Å thick! using N2

plasma and annealed at 900 °C for 1 min in N2 . The numeri-
cal values for the sputter depth are calculated using the s
tering rate of SiO2 (Y2O3 standards not available!. Figure 9

FIG. 8. AES surface survey spectra of CVD Y2O3 films deposited with N2
plasma; the bottom spectrum is of an as-deposited film; the middle spec
is of an as-deposited film that was exposed to ambient and then unde
a postdeposition nitridation process in N2 plasma at 300 °C for 60 min; the
top spectrum is taken after the nitrided film was annealedex situfor 1 min
at 900 °C in an N2 .
JVST A - Vacuum, Surfaces, and Films
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shows that the annealed films are devoid of nitrogen at
surface, which is consistent with the AES surface survey,
still contain a small amount of nitrogen near the silico
dielectric interface. The concentrations for yttrium and ox
gen indicate an oxygen-rich structure, but the values w
obtained using the sensitivity factors for elemental spec
and not species present in Y2O3.

Figure 10 shows capacitance–voltage (C–V) measure-
ments taken on films deposited with N2 and O2 plasma. Be-
fore measurement, both films underwent annealing at 900
for 1 min in N2 but neither film underwent a postmetalliza
tion forming gas anneal. The flat-band voltages for both fil
determined by fitting theC–V curves using a program tha
includes the quantum mechanical effect23 are shifted to the
negative direction, indicative of a positive fixed charge, w
a slightly more negative shift~40 mV! for the film deposited
with N2 plasma. A hysteresis of;0.1 V is also observed for
both films. These results show that the small percentag
nitrogen found at the interface~as shown by AES depth pro
file in Fig. 9! of annealed films deposited with N2 plasma
does not significantly affect theC–V characteristics of the
Y2O3 films.

m
ent

FIG. 9. AES depth profile of a CVD Y2O3 film deposited with N2 plasma
and annealedex situat 900 °C for 1 min in N2 . Sputter depth is based on th
sputtering rate of SiO2 .

FIG. 10. C–V characteristics of CVD Y2O3 films deposited with N2 plasma
~solid line! and O2 plasma~dotted line!.
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C. Effects of diluted N 2 plasma

Based on previous work on plasma CVD of silico
oxynitride,19 the N2 plasma was diluted with He to poten
tially increase N incorporation in the Y-oxide films. Figu
11 shows the IR spectra for~1! a film deposited in a helium
diluted N2 plasma (He/N253/1) and ~2! a film deposited
with 100% N2 plasma. Both films were deposited at 400
for 30 min and then exposed to ambient for;15 min prior to
analysis. The deposition rate for the diluted N2 plasma was
less than that for 100% N2 plasma, and the resulting samp
thicknesses were;300 Å and 500 Å for the 3:1 He:N2 and
the 100% N sample, respectively. Both films show simi
groups of peaks including OH, C—H, and N—H stretching
modes between 3700 and 2700 cm21, C—N bonding in the
range of 2300–1900 cm21, and another set of peaks~mainly
C—O bonding! between 1700–1200 cm21. The spectra indi-
cate that both films show predominant C—N bonding envi-
ronments for nitrogen. However, there are several dist
differences between the two spectra. The O—H peak and the
C—O peaks for the film deposited with diluted N2 plasma
are slightly smaller than the same peaks for the film dep
ited with N2 plasma, consistent with the sample thickne
difference. However, the C—N peaks are larger for the thin
ner film deposited with diluted N2 plasma, suggesting tha
the helium-diluted N2 plasma results in greater nitrogen i
corporation into the film. Another interesting feature is th
peak ratios in the 2300–2000 cm21 range are different for
the two films. The isocyanate NvCvO stretching modes
~2130 and 2035 cm21! are stronger than the nitrile CwN
stretching mode~2187 cm21! for the film deposited using
diluted N2 plasma, while the opposite trend is seen for pu
N2-plasma film.

Figure 12 shows the AES spectra for films deposited w
helium-diluted N2 plasma. The spectra in Fig. 12 are for
film annealed at 900 °C for 1 min in N2 ~bottom! and for an
annealed film that underwent a postanneal nitridation proc
at 400 °C in N2 plasma for 30 min~top!. Both films exhibit
only the characteristic C, Y, Si, and O signals. Annealing
the film deposited using diluted N2 plasma removed the ni
trogen from the surface region of the film and left a sm
carbon signal, similar to the observations for the films dep
ited with N2 plasma. No change is observed in the annea
film after the postanneal nitridation process, which indica

FIG. 11. FTIR spectra of CVD Y2O3 films deposited with:~1! Helium-
diluted N2 plasma(3:1 He:N2 ratio! and ~2! N2 plasma.
J. Vac. Sci. Technol. A, Vol. 22, No. 3, May ÕJun 2004
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preanneal of the films before N2-plasma exposure signifi
cantly decreased the amount of N that was incorporated,
sumably because of densification upon anneal. Upon ann
ing, the XPS results are consistent with release of OH,
and F from the film. The presence of Y—N bonds, which
occur below the range characteristic of Y—O bonding~400–
300 cm21!, cannot be confirmed by the XPS or mid-IR da

IV. DISCUSSION AND CONCLUSIONS

Several observations can be made from the data prese
above. Using methods described here, some nitrogen ca
incorporated into Y-oxide films, but the films are unstab
after deposition. The data presented above indicate tha
trium oxynitride films with small amounts of nitrogen inco
poration~,10 at. %! can be formed using a N2 plasma with
a Y-diketonate precursor. However, nitrogen is present in
form of carbon—nitrogen bonds, and it is readily release
upon anneal, as shown in Figs. 1 and 5. Nitrogen can als
released spontaneously upon exposure to ambient at r
temperature. For the room-temperature reaction, it is p
sumed that water vapor present in the ambient is abso
into the film and a reaction results in the removal of t
nitrogen from the film. Since the IR spectra suggest that
nitrogen is bound in primary amines~N—H stretching mode
peaks at;3450 and;3340 cm21!, it is quite possible that
the nitrogen is evolved in the form of ammonia, although2
and NOx may also be possibilities. The decrease of the C—N
grouping and the simultaneous increase of the C—O group-
ing, suggests that C—N bonds are being converted to C—O
bonds through the reaction with water vapor. C—O bond
density does not increase with exposure time for the fil
deposited with O2-plasma, suggesting that C—O formation
is coupled with N elimination in the films deposited from N2

plasma.
IR analysis of films deposited using N2- or O2-plasma

exposure show an increase in the O—H peak area upon ex
posure to the ambient, with possibly a slightly slower rate
O—H bond formation in the film deposited from N2 plasma.
This suggests that a few atomic percent of nitrogen in
film does not have a significant effect on the water abso

FIG. 12. AES surface survey spectra of CVD Y2O3 films deposited in He-
diluted N2 plasma; the bottom spectrum is for a film annealed at 900 °C
1 min; the top spectrum is for a film that a underwent postannealed nitr
tion at 400 °C in N2 plasma for 30 min.
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tion properties. However, the apparent activation energy
tracted from XPS data for oxidation of the N2-plasma film is
slightly larger, indicating that the rate of substrate oxidat
does appear to be slowed by the small amount of nitroge
the film. Note that the background O2 (1024 Torr) in the N2

anneal ambient could also contribute to the substrate ox
tion. A control experiment where a bare silicon was annea
in the same N2 ambient for 10 min indicates the contributio
from the background O2 is minimal compared to water ab
sorbed from the air.24

The instability of Y-oxynitride may limit nitrogen incor
poration into Y-oxide. Nitrogen incorporation into the film
is likely limited in part because the Y precursor (Y~tmhd))3)
serves as an oxygen source during deposition, and films
higher nitrogen content may be possible using other pre
sors that contain less available oxygen. However, the ann
ing results presented above suggest that the instability
Y-oxynitride will persist for other metal precursors. For e
ample, upon postdeposition N2-plasma exposure, the nitro
gen content in the Y-oxynitride was seen to increase fr
;6% to;8%, but the nitrogen readily evolves upon anne
consistent with nitrogen bound in an unstable form. Diluti
the N2 with He increased in the amount of C—N bonding
within the film, but the incorporated N is also very unstab
upon anneal. These results indicate that yttrium oxynitr
~O–Y–N! may be inherently unstable, especially in the pr
ence of water. Previous studies ofY–O–N materials formed
through high-temperature routes,15,25 indicate that pure
Y3O3N phases are difficult to achieve. Stable zirconium o
ynitride ~with N concentration of 3–5 at. %! has been pro-
duced by annealing zirconium oxide in ammonia ambien14

suggesting that using ammonia as the nitridation gas, ei
as a reactant during deposition, or as the anneal gas, ma
more effective means to produce stable incorporated N
metal oxide dielectrics.
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