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Postdeposition reactivity of sputter-deposited high-dielectric-constant films
with ambient H ,O and carbon-containing species
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The room temperature reactivity of group Il and IV based high-dielectric-constant films during
long-term(>1 yea) exposure to ambient atmosphere,(H and C-containing species such as,£O

has been studied in order to assess the stability of the materials. We prepare the films by physical
vapor deposition of metal on $100 surfaces which is followed by oxidation in,® (1 atm), and
monitor the formation of carbonate/alkoxylate and hydroxide species using Fourier transform
infrared spectroscopy. For La-based films we find that the oxidation temperature has a strong effect
on the reactivity with the ambient. For Hf- and Zr-based films, formation of various carbonate or
alkoxylate species is confirmed within minutes of exposure, while substantial reaction y@tisH

not detected. Hf-based films, in general exhibit superior stability upon long-term exposure.
© 2004 American Institute of Physic§DOI: 10.1063/1.163651]3

I. INTRODUCTION monobridged OH groups, and at3670 cm * for tribridged
_ . . OH groups>®
The search for an alternative material to the Sifate Carbon dioxide can interact in a variety of configurations

dielectric in complimentary metal-oxide-semiconductorwith metal oxide systenfSFormation of linearly coordinated
(CMOS) devices has led to the investigation of the properties(“end-on") CO, complexes results in the appearance of
of several candidate materidis?ostdeposition stability to strong IR absorption bands in the 2400—2200 tmrange’
ambient exposure is one of the key issues that need to behe “side-on” coordination of CQ on pairs of coordinately
examined as reactions with ambient gases lIk®OHCO,,  unsaturated ©® —M"" ions leads to the formation of
and vapors of organic solvents present in the laboratory aktarbonate-like components, such as free surface carbonate
mosphere may lead to significant degradation of the electripns, and coordinatedchemisorbe including unidentate,
cal properties of the film as well as initiation of undesirablepjdentate, and bridged species that produce IR active features
interface reactions at either the dielectric/semiconductor ofn the 2000—1000 cimt spectral rangé’ An estimate of the
dielectric/gate metal interface. In this case,situ capping  relative population for each species is difficult because of the
techniques will have to be utilized to prevent the undesirechatyral breadth of lines, the large variety of species, and the
reactions, adding significant challenges to successful integrgresence for each carbonate species of band pairs corre-
tion. In a prEViOUS publication, we demonstrated that the responding to the Symmetric and antisymmetric Stretching of
action of H,O with La-based films, as detected by the presthe 0—C-Ogroups and the stretch mode of the C—O group.
ence of OH groups, leads to oxidation of a 25 A layeaeBi  For simplicity, we will refer to all these modes as CO. For-
during a 10 s inert anneal at 1050 Guch an occurrence mation of bicarbonate speciésydrocarbonatefrom the re-
may result in significant degradation of the capacitance ofction of CQ with surface OH groups contributes to the
the gate stack. In this article we investigate and compare thgpectral variety. However, since the formation of these spe-
Stablllty of Hf-, Zr-, and La-based films during extended €X-cies is accompanied by the appearance of the bulk OH
posure to ambient. stretching mode at-3610 cm* and the bending mode at
Infrared spectroscopy is a powerful technique for the—1230 cm® it is easier to distinguish their existenté:®
identification of bulk material reactions with atmospheric In this work we only report on the carbonate product
H,O- and C-containing species such as atmospherig@@  from the reaction of the higk-film with atmospheric CQ.
SOlVent VaporS. Hydration Of a th|n f||m iS eVidenced by theThe Spectra for the end_on range Coordination Of the
appearance of a broad absorption band at 3600-3000 cm co, (2400— 2200 cm') were complicated by difficulties in
due to the O—H stretching modes of both undissociatgd H hackground subtraction of the gas phase,@®ntribution,
molecules and surface H-bonded OH spetidie O-H 5o we did not make a detailed analysis of the spectra in that
stretch mode of bulk hydroxide gives rise to a sharp peak qtange.
~3600 cm *.* Additional features due to the OH bending Other C-containing organic molecules such as methanol,
mode for tlhe undissociated ,8 molecules is located at pexanes, formic acid, etc. whose vapor is usually present in
~1630 cm*, respectively. Free surface lOH groups are de- the |aboratory ambient are also known to react with metal
tected by sharp features at3775 cm~ for terminal or  yides and also produce IR active features in the 1100—1700
cm ! range’*2 Discrimination between the IR features due
¥Electronic mail: tgougou@unity.ncsu.edu to reactions with CQ and those due to the other organic
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species is very difficult. However, we stress that during the 0x1 0-3

course of this work the films were not exposed deliberately = 1he
to organic species. Additionally, the concentration of the at- 3 ; jf Lesioer’c 4
mospheric CQ is substantially higher than the traces of < 20 : 1F 3
these contaminants present in the air, so even though we § : 3 %
cannot rule out that some of the observed CO features are & F ] f11days ]
due to reactions of the films with organic species, we believe £ 10 : 1 f15h F
that the bulk of the CO features are carbonates formed by 2 F — oo 1
reaction of the films with the atmospheric €O © b, . 0mind
4000 3000 2000 . 1500
Il. EXPERIMENT wavenumber (cm’)

We prepare the dielectric films using the methods defiG. 1. (a) 4000-2500 andb) 2000—1100 crm’ range of the FTIR spectra
scribed in earlier publication’s:* Briefly, we deposit thin  at various exposure times for a thi¢200 A La metal LaSiO sample oxi-

: ivhoracictivi _ ; _ dized for 10 min in NO at 600 °C. The broad peak at 3600—3000 &iis
metal films on hlgh resistivity H terminated %100 sur due to H-bonded OH. The peaks at 3450 and 3610'are attributed to the

faces using dc sputt(-_znng and oxidize situin a tube furnac_e OH stretching mode of La@H)/LaCO,0H and L4OH);, respectively.

in N,O (1 atm at either 600° or 900 °C. The metal film The peaks in the 1650—1250 chrange are assigned to the CO stretching
thickness estimate is based on step-height measurements p@pde in several carbonate species. Both the OH and CO peaks grow with
formed with a Tencor profilometer. Since the metal films&*Posure time.

may react when exposed to air the metal fiIm' thickness €600 and 900 °C, respectively. For the film oxidized at 600 °C

ported here should be regarded as an upper limit to the tuge ohserve that the spectrum taken 10 min after removal
metal film thickness deposited. Following oxidation, theqm the furnace already exhibits a broad peak between 3600
Fourier transform infrared spectroscopyTIR) absorption and 3200 cm? with a strong component at3450 cm* and

spectrum iS_ recorded using a Th_ermo-NicoIet benchy shoulder at-3570 cn? due to the OH stretching mode.
equipped W'th a Deuterated Trl_-Gchme Sulire%te deu:“CtorExposure to air for 1.5 h increases the intensity of the feature
(KBr beamsplittey at 256 scans with a 4 or 8 cmresolu- oyt changing its qualitative characteristics. Long-term
tion. The spectrum of a corresponding clean Si substrate 'éxposure for 11 days, however, leads to the appearance of a
also recorded for use as a background spectrum for the CONYrong feature at-3610 cnit while the intensity of the
putation of the apsprption spectrum of the fillm. This “back- broad peak appears marginally reduced. Exposure for 400
ground” piece originates from the same 4 in. wafer as they,ys does not result in any further significant spectral varia-
deposited sample and this same background sample is maif; s For the same sample the 2000—1100 tnegion of
tained throughout the collection of each IR versus time selihe spectrum exhibits a small peak between 1550 and 1250
V\/_e_ find that_ maintaining the_ same back_g_r(_)und sample i3m-1 characteristic of the CO stretching mode immediately
critical for reliable data analysis. After the initial FTIR spec- following oxidation® Further exposure intensifies the feature

trum is taken the sample is exposed to the laboratory ambly,q o, the eleventh day, two distinct broad peaks centered at
ent, and the spectrum of both the sample and the backgroung1480 and 1380 ciit are resolved. Additionally, a new

is recorded periodically. well-resolved peak at-1570 cmi ! appears in the spectrum.

The control software supplied by the bench manufacg,,qre of the sample in air for over a year intensifies the
turer is used for the computation of the absorption spectray 570 oyl peak.

baseline correction, smoothingising a Savitsky—Golay 5

. _1 . . .
point, ~10 cm ~ algorithm and integration of the peaks. ghocira even for yearly exposure to air. In the spectrum taken
Smoothing is performed only on spectra exhibiting S'gn'f"after oxidation we see that there is a small peak-8700
cant substrate interference oscillations and results in small

degradation in the resolution. All the FTIR spectra presented 0x10>

The film oxidized at 900 °C exhibits much simpler IR

in this article are plotted in the same absorption units so that —~ ~  f@ 1 t®
a direct comparison of the peak intensity and area is feasible. 3 8 | 414 days] LaSi0 900°C
The reported peak areas were obtained by integration of the 2 M
peaks in the fully processed spectra, corrected for baseline 3 6 : A 63 days
and smoothed to remove interference oscillations. However, & 4 . 12 days ]
we also performed the integration separately on the raw, anc 'g s S

i | 2 o 10min 2
baseline corrected absorption spectra, and all three results ar 2 i y
within 10% variation ensuring that processing of the spectra ® (L Dot
does not result in the introduction of artifacts. 4000 3000 2000 1500

1
wavenumber (cm )
IIl. RESULTS

. FIG. 2. (a) 4000-2500 andb) 2000—1100 cm! range of the FTIR spectra
A. La-based films at various exposure times for a thi€g00 A La metal LaSiO sample oxi-

. _ - . dized for 10 min in NO at 900 °C. For exposure up to 12 days the spectra
Figures 1 and 2 show the 40002500 éTTﬁFIgS. 1a do not show any appreciable reaction of the film withkCHand CQ. For

and 2a)] and 20001100 ct [Figs. Ib) and Zb)] sections longer exposure time the formation of hydroxide and carbonate is
of the FTIR spectra for 300 A of La metal on Si oxidized at confirmed.
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FIG. 3. OH(squaresand CO(circles peak areas as a function of exposure 4000 3000 2000 1500
for LaSiO films oxidized at 600 °Gopen symbols and 900 °C(closed wavenumber (cm'1)
symbols. The film prepared at 900 °C exhibits superior stability to air ex-
posure. FIG. 4. (a) 4000—2500 andb) 2000—1100 cm! range of the FTIR spectra

at various exposure times for a thi€k00 A Hf meta) HfO, /HfSiO sample
oxidized for 10 min in NO at 600 °C. The film does not react significantly

Cmfl indicative of free surface OH and a very small broadWith H,O but it reacts with CQ to form various carbonate species during

_ 1 - and after oxidation. For longer exposure times we begin to observe CH
feature centered at 3500 ¢ The peak at 3500 cht is bonding in the film.

better resolved on the twelfth day and intensifies on the 63rd
day. Additionally, a sharp feature at3610 cm ! similar to

that observed for the 600 °C film appears. Exposure for ovegimilarities and are significantly less complicated than that
a year intensifies the broad OH peak at 3600—3000"cm for the 600 °C La-based films. For both the 600 and 900 °C
The 2000-1100 cnt portions of the IR spectrum taken Hf.pased films the region between 3650 and 3000 tia
within 10 min from removal from the oxidation furnace is fairly flat; for long air exposurg>100 day$ we may be
practically flat and remains unaffected on the twelfth daystarting to detect an OH signal. We can also see the forma-
mark. On the 63rd day we observe the appearance of a shafign of carbonate species as evidenced by the well defined
feature at 1570 cm' along with a broad and less intense peak at~1570 cm * and the broader peak between 1450 and
feature between 1550 and 1250 CmExposure for over a 1250 cni? for both Hf-based samples immediately follow-
year does not affect significantly the intensity of these peaksmg removal from the oxidation furnace. There is a clear
Figure 3 presents the evolution of the peak area withncrease in the peak intensity from the spectrum obtained at
ex;zcisurg time for the OH stretchl'ng reg'|0§670—3000 10 min and the 14 or 21 day mark. Longer ambient exposure
Cm_l) [F|_g. 3a)] and the CO stretching regidii670-1250  goes not appear to affect the peak intensity significantly.
cm ) [Fig. 3(b)]. Integration of each peak component wasowever, after approximately two weeks of exposure a new
not feasible due to peak overlap because of the limited resGaatyre between 3000 and 2800 Thappears in the spectra
lution of the measurement, the natural width of the lines angg, poth samples. This feature is compatible with the CH
the large variety of formed species. The squares represent t'@?retching mode in both CHand CH. The intensity of this
total OH stretching mode peak area and the circles the totgbatyre is comparable for both samples and increases with
CO stretching mode peak area. Open symbols refer to th@xposure time.
film oxidized at 600°C and solid symbols to the film oxi- In Fig. 6 we present the integrated intensities for the CO
dized at 900 °C. The lines are used only as guides to the €)fig. 6(a)] and CH regionFig. 6(b)] for the Hf films oxi-
and do not represent any attempt to model the reactions. {ized at 600 °Qopen symbolsand 900 °C(solid symbols.

Confirming the observation based on the spectra the filmhe Jines are intended as a guide for the eye. The peak area
oxidized at 600 °C exhibits significantly larger reactivity, as

the peak area is proportional to the concentration of the spe-
cies. Both the OH and the CO areas increase with exposure 3
time and double within a year. The 900 °C film initially ex- 5x
hibits resistance to reactions with,& and C-containing spe-

cies as evidenced by the minute OH and CO peak areas
Prolonged exposure in excess of ten days begins to degrad
the material and sizable amounts of OH and CO are then

a
[en)

F@ 0, 900°C

E 153 days ]

E 105 days Ay ]

absorbance (a.u.)
HO =2 N W A

detected. However, for 900 °C the amount of OH and CO f 21da
detected within a year is only-20% and~30%, respec- M
tively, that for the 600 °C film at the same time period. AT B R
000 3000 2000 1500
-
B. Hf-based films wavenumber (cm )

Figures 4a) and Fa) present the OH stretching mode FIG. 5. (a) 4000-2500 andb) 2000—1100 crit* range of the FTIR spectra
region and in Figs. &) and 5b) the CO stretching mode at various exposure times for a thitk00 A Hf meta} HfO, /HfSIO sample
region of the FTIR spectra for 300 A of Hf metal films oxi- o>_<|d|zed for 19 min in I\gC_) at 900 °C. The fl_lm does not react S|gn|f|can_tly

. L o . o . with H,O but it reacts with C@to form various carbonate species during
dized for 10 min in NO at 600 °C(Fig. 4) and 900 °C(Fig.  ang after oxidation. For longer exposure times we begin to observe CH
5), respectively. The spectra for both films share qualitativebonding in the film.
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FIG. 6. CO(circles and CH(diamond$ peak areas as a function of expo- a

sure for HfGQ /HfSIO films oxidized at 600 °Gopen symbolsand 900 °C wavenumber (cm )

(closed symbols The concentration of the carbonates is higher for the film

prepared at 600 °C while the CH concentration is similar for both samplesFIG. 8. (a) 4000—2500 andb) 2000—1100 cm' range of the long-term
exposure FTIR spectra for a thigd50 A Zr meta) ZrO,/ZrSiO sample
oxidized for 20 min in NO at 900 °C. Film does not react significantly with

units are the same as for Fig. 3. These plots confirm theél,O but it reacts with C@to form various carbonate species during and

qualitative remarks made above. It appears that there is ter oxidation.

small but distinguishable change in the CO peak area after

exposure to the ambient for a day. Further exposure leaves

the signal practically unaffected and the amount of carbonatg] time. The area of this peak is larger than the corresponding

o : -1
is larger for the film oxidized at 600 °C. The CH peak ap- drea for the 600 °C film. By contrast the peak-d300 cm

. : . appears more intense in the 600 °C film spectrum. On the
pears after ten day air exposure, its area is comparable f .
both samples and increases with exposure time. 3rd day the peak at-1550 cm " is ba}rely resolved. Ex-
tended exposure leads to growth of this feature.

Figure 9 presents the total peak area in the CO stretching
region as a function of exposure time. Six measurements
Figures 7 and 8 present the long-term air exposure efwere performed within the span 6f130 days. The peak area
fects on the composition of Zr-based films produced by oxi-for the 600 °C film appears to increase with exposure and is
dation of 450 A of Zr metal in DO (1 atm) for 20 min at  ~50% larger than that for the 900 °C film that remains prac-
600 °C (Fig. 7) and 900 °C(Fig. 8), respectively. In Figs. tically unchanged during the study period.
7(a) and 8a) we present the OH stretching mode region and
in Figs. 1b) and 8b) the CO stretching mode region. Apart |y piSCUSSION
from the detection of some isolated surface OH at 3740'cm )
for both samples the 3600-3000 chspectral region is A La-based films

fairly simple and does not indicate any reaction of the films  The oxidation temperature appears to have a significant

with air moisture. The 1800-1100 crhregion features a effect on the stability of these films. Films oxidized at 600 °C
number of well-resolved peaks at1720, 1550, 1440, and exhibit very rich IR spectra, and the time evolution of the

1300 cmi* and shoulders at1495 and 1370 ci'. For the  features provides some interesting information regarding the
film prepared at 600 °C the two spectra taken at 53 and 158ydration mechanisms. For short exposure times the pres-
days of exposure appear very similar and only the broaénce of OH in the film is evidenced by the broad peak be-

feature at~1550 cni* appears to increase in intensity and (ween 3600 and 3000 ¢, indicative of adsorbed undisso-
width with time. For the film prepared at 900 °C the major

spectral feature is located at1440 cm ! and appears stable

C. Zr-based films

0.5" T i BB | T T T T
5x10° ey e . 5:04 co
-~ @ {1 [® ] 5
S 4 F zro, 600°C 1F 3 0.3
%3;..,, 185 days | | 185 days §02
325 53 days ] _ :
S © fonfSammisrin | 01
a2 1F 1F : o
.go: TP PRI BT IR B 00 M g 1 aaal " Rescabemsd I 1
4000 3000 2000 1500 10 2 4 6 §|00 2 4 618000

wavenumber (cm 1)
exposure (days)
FIG. 7. (a) 4000-2500 andb) 2000—1100 cm' range of the long-term
exposure FTIR spectra for a thigk50 A Zr meta) ZrO,/ZrSiO sample  FIG. 9. CO(circles peak areas as a function of exposure for ZH¥SiO
oxidized for 20 min in NO at 600 °C. The film does not react significantly films oxidized at 600 °Gopen symbolsand 900 °C(closed symbols The
with H,O but it reacts with C@to form various carbonate species during concentration of the carbonates is higher for the film prepared at 600 °C
and after oxidation. similar to observations for the Hf-based films.
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ciated HO- and H-bonded surface OH. The peak at 34505pheric species occurs. As a result, the extent of the bulk
cm ! and shoulder at 3570 cmcan be assigned to hydroxyl reaction is significantly reduced. Reactions of,0g pow-
groups in LaCQOH and |_aCQOH).15 Longer exposure leads ders with CQ and H,0 have also been characterized as bulk
to some loss of intensity from this broad feature and theprocesses’
appearance of the sharp peak-a8610 cm® that can be Our results are consistent with observation made on
assigned to the OH stretching in @4)3_4'16 atomic layer epitaxy LgD; films.'® Formation of La@OH)

Further evidence for the formation of the carbonateand carbonates was detected by FTIR and XRD for stored
phase is provided by the IR peaks detected at the 1600—12%0ms. Inert anneals at 800 °C resulted in desorption of both
cm ! range. The peaks at1480 and~1370 cm® can be the OH and carbonate containing entities but subsequent ex-
traced to the formation of the unidentate £Centity, while ~ posure to air led to regeneration of the contaminants. Com-
the feature at the-1570 cm ! is representative of the biden- pared with this result, the stability exhibited by the 900 °C
tate CG~ specied. Alternatively, this peak can be assigned film is quite noteworthy.
to bidentate formate species COO2H.

This peak assignment is only a partial identification of .
the species that may be responsible for the spectral variet§: Hf-based fims
There are many different types of lanthanum hydroxicarbon-  Carbon dioxide is known to interact with the surface of
ates[ Lay(OH)g - 2x(CO;3),] and more detailed analysis is be- metal oxides to form carbonate species that resist desorption
yond the scope of this article. However, these species argven upon high temperature annédisor the Hf-based
characterized in detail in studies that involved,0a pow-  films we observe formation of carbonates immediately fol-
ders exposure to CO and HO in well-controlled |owing oxidation, their concentration almost doubles within
environment$:*>*° Bernal et al'® exposed three different the first day and remains practically stable thereafter. There
samples of LgO; in air for several months to years and js a difference in the amount of carbonate formed between
found that air exposure transformed them to partially carbonthe 600 and 900 °C films; the higher temperature results in
ated lanthanum hydroxide. The thermal decomposition of th@ower carbonate concentration. We will explain this differ-
air stabilized Samples was studied using thermogravimetri@nce as due to surface reactions of Hf@ysta”ites with
analysis, temperature programmed desorption, IR spectrogQ, .
copy and x-ray diffraction’XRD) and a schematic reaction Spectroscopic ellipsometry measurements on both the
mechanism for the thermal decomposition of the lanthanungoo and the 900 °C films indicated high surface roughness,
hydroxicarbonate was proposed. By reversing the steps @fuggesting that both films are crystalline in bulk. XPS analy-
this mechanism we can describe the reaction ofdsdfilms  sis showed that both films have a graded composition of
with H,O and CQ through the scheme: HfO, /HfSIO/SIO, with the bulk of the film being HfG.
XRD and FTIR studies performed by Neumayer and
Cartiett’ concluded that Hf@ crystallizes at temperatures as
low as 500 °C. Based on these findings we believe that the

first step

La203+ COZ E— La202C03

second step bulk of both the 600 and the 900 °C films are crystalline.
La,0,C0O3+2H,0 ——— Lay(OH)g_5,(CO3), HfO, crystallites are known to react with G@n avail-
able surface sites to form carbonatdsis expected that the
first step higher temperature anneal will result in larger size crystal-
L8053+ H,0 —— LaOOH lites. For two films equal in thickness, the available surface
, area is larger for the film with the smaller graifi®wer
third step . .
LaOOH+ 2H,0 2La(OH)s. oxidation temperatuje Based on that, we expect that the

film prepared at 900 °C, will exhibit lower concentration of

This mechanism strictly refers to reactions of,08. XPS  carbonate species in agreement with the experimental obser-
analysis of thick>300 A) La films oxidized at both 600 and vations. It is worth noting that the dominant carbonate bond-
900 °C reveals that the composition is compatible with La-ing appears to be that of bidentate for both the 600 and the
silicate bonding The existence of significant bulk Si con- 900 °C film as the peak area representing this feature cen-
centration adds to the number of possible species formed. tered at 1570 cm' is larger than the broad peak between

There is a difference in the intensity distribution of the 1500 and 1250 cit ascribed to unidentate spec?e(sThe
carbonate peaks for the films oxidized at 600 and 900 °C. Fopeak at~1570 cni* can also be assigned to bidentate for-
the 900 °C film the area of peak at1570 cm * assigned to  mate specie®. We must note the similar trend for the 900 °C
bidentate C@‘ is significantly larger than that of the broad La-based film that exhibited high stability during air expo-
peak at 1500—1250 cm which mainly contains contribu- sure.
tions due to the unidentate GO. For both films OH is barely detectable even after 100

The overall difference in the reactivity between the 600days of exposure. The absence of the sharp OH feature at
and 900 °C films is quite remarkable. Both films have silicate3610 cm ! indicates that the formation of bicarbonate spe-
composition, which are known to retain their amorphouscies is not favored. FTIR spectra of Hf@Ims prepared with
state even at high temperature annéals.is possible that chemical solution depositidhshow appreciable amounts of
oxidation at 900 °C leads to a more dense film, reducingd-bonded OH and adsorbed,® in the as-deposited films
significantly the voids through which diffusion of atmo- that is removed during anneals. Mortereaal® also ob-

Downloaded 21 Jan 2004 to 152.1.53.120. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



1396 J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 T. Gougousi and G. N. Parsons

served significant amount of H bonded as well as free surfacquently they also show formation of hydroxicarbonate but at
OH on HfG, crystallites. In our case we believe that the a much lower concentration. We attribute this difference in
adsorbed HO and OH on the metal film are removed during reactivity to densification of the 900 °C film that inhibits dif-
the oxidation step. Reaction of the surface sites with, CO fusion of atmospheric components through the bulk of the
during oxidation then stabilizes the surface with the forma-film.
tion of carbonate species. For the HfGQ films we observe minimal reaction with
While no significant amount of OH is detected in the H,O while the reaction with C-containing species results in
films we observe that for long exposures both films showthe formation of both unidentate and bidentate carbonates
signs of CH bonding. This observation is particularly pecu-and possibly alkoxylates. Additionally, for long exposures
liar since the CH signal is comparable for both films and thewe observe significant CH bonding a rather puzzling obser-
growth of the signal is not accompanied by a reduction in thevation. We explain the larger concentration of carbonates ob-
carbonate species or the appearance of OH in the film. Corserved for the 600 °C films in terms of surface area available
tamination cannot be ruled out as a possible source but for reaction in predominantly crystalline films. Our observa-
appears improbable as all the samples were kept in the santiens for the long-term effects of air exposure on the ZrO
container and the CH peaks appears only in the IR spectra dilms mirror those for the Hf@films. In addition to the usual

the Hf-based films. carbonate species in those films we also observe the forma-
tion of bridged carbonates but we do not observe any signifi-
C. Zr-based films cant amount of CH bonding.

The observations for the Zr-based films share similarities O™ the three materials examined in the course of this

with those for the Hf-based films. We can observe only trace _qu the _Hf based mate_n_als exh|b|t_ the bQSt long-term sta-
mainly of free surface OHat ~3700 cm %) for long expo- llity to air EXpOSUre, minimal rea.ct.|ons wnthD and the .
sure times. The intensity of the peaks assigned to unidentag{‘a”er concintraggg oon Ch—contar\]mlng SPecies. me LaSIo
carbonates appears unchanged with exposure while the pe s prepared at Show s! or_t-term air sta |.|ty com-
area of the bidentate species grows with tirflene peak at parable 'to that O.f the Hf films, a prmg rather surprising for
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