Effect of N , plasma on yttrium oxide and yttrium—oxynitride dielectrics
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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 yttygadiketonate
precursor (Ytmhd);) introduced downstream from a,@r N, plasma. The precursor acted as a
significant source of oxygen, and only small amounts of<\LO 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 spectroscepl @& 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. @004 American Vacuum SocietyDOI: 10.1116/1.1666880

[. INTRODUCTION important to achieve optimal electrical performance.

In this article, we report the chemical vapor deposition of
oxide and Y-oxynitride using a Y-diketonate downstream
from plasma excited N We find that the use of Nin place

Svﬁiisésgiwg;%ﬁggﬁzg% ,stggloez ;/vﬁrrloszillic%?ld \,Lft?é’én of O, in the plasma reduces the oxygen concentration in the
y y A deposition ambient and minimizes the substrate oxidation.

investigated® However, the formation of interfacial layers The chemical bonding, concentration, and distribution of N

and reaction W'.th alr(Pblent ar1s comr_nonl_y obs_erved Wlthin Y-oxide films after deposition and after a high-temperature
these metal oxide$!® Dopant penetration is an important

issue when using polycrystalline silicgpoly-S) as the gate anneal were studied using x-ray photoelectron spectroscopy
electrode. Parlet all! have shown that boron can difiuse (<> Fourier transform infrared spectroscoffyTIR), and
through 50-80 A AJO; to the channel causing large flat- _Auger elegtron_ spec_trosc_op(y\ES). Methods_to increase N
band shifts(~1.54 V). Boron diffusion in HfG has also mcorporatl_o_n, including dll_ut!ng _blplasma with hehum and
been observe The need to control boron penetration haspostdeposmon M plasma nitridation, were also investigated.

recently inspired the study of nitridation of metal oxides or

silicates as gat.e dielectrics. Nitrio'latio.n of the top layer of;| ExPERIMENT

HfO, can effectively block boron diffusidAand bulk N can

help prevent phase separation in Hf and Zr silicAtéé.N Y05 films with 60-500 A thicknesses were deposited in
incorporation into highk metal oxides may also provide a @ remote plasma chemical vapor depositiGivD) system:®
way to control the flat-band shifts by modifying the defectA B-diketonate precursor, t(@,2,6,6-tetramethyl-3,5-
structures in the bulk and/or at the interface. It should béeptanedionadgttrium (Y(tmhd);), was used as the Y pre-
noted that pure yttrium nitride is unstable in ambient and willcursor, which was introduced into the reactor downstream
react with water vapor to produce ammonia and yttriumfrom a N, or O, plasma. To change the N incorporation rate,
oxideS zirconium nitride undergoes a similar reaction with N2 plasma diluted with heliun{He) was also used The
water, but zirconium oxynitride films created by annealingflow rate of No, N,+He, or G, was always maintained at
ZrO, in NH5 have been shown to be more stalfle. 100 standard cubic centimeters per minute, and the substrate

In SiO,, nitrogen at the dielectric/poly-Si gate interface temperature was fixed at 400 °C during deposition. The sub-
and a small amount of nitrogeftess than 1 at. %close to  Strates were cleaned with a JTB-100 baker clean solution for
the substrate/SiQinterface is commonly used to block dop- 5 min, followed ly a 5 min deionizedDI) water rinse and a

ant penetration and improve the reliabiftyThe N concen- 30 s dip in 10:1 buffered HF solution before being trans-
tration distribution in highk dielectrics will also likely be ferred to the loadlock chamber without a final DI water rinse.

After deposition, the films were annealed situin N, am-

. - 74 -
apresent address: Novellus Systems, Inc., Tualatin, OR 97062; electronfieNt (with some background £-10""Torr) in a quartz
mail: dong.niu@novellus.com tube.

Intense research has been focused on high-dielectric con;.
stant (highk) materials as replacements for $i® Metal
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Fic. 2. O—H peak are43700—-2700 cm') versus exposure time in ambient

Fic. 1. FTIR spectra of CVD YO; thick films deposited witlf1) O, plasma  for CVD Y,0s films: (1) Film deposited with N plasma and?2) film de-
and (2) N, plasma and exposed to ambient for various times. The arrowgosited with Q plasma. Peak areas were determined from the IR spectra in
indicate the trend in spectral changes over time. Fig. 1.

Thin (<150 A) films were analyzed using XPS and AES. ;1\ iha ambient i being absorbed into the films, regardless of

Relative thick films(~500 A) were analyzed u§ing FTIR. \yvhether N or O, is used as the deposition plasma. In Fig. 1,
XPS was conducted on a Riber LAS 3000 with a MAC2j; is interesting to note the behavior of the array of peaks at

analyzer using nonmonochromatic Mg x rays (1253.6 1700-1200 cm! and the G-N peaks(2250—~1950 cm?).
eV). For all films, the adventitious carbon peak near 285 eVThe G—O peaks for the film deposited with,plasma do
was used as a reference (o .adjust the §peptra to CO”_‘PG”SﬂEﬁ change with exposure time in ambient. However, for the
for small amounts of charging. For thin films, the silicon g, deposited with N plasma, as exposure time in ambient

substrate signql_at 99.3_ eV was used as an additional refelrﬁcreases, the -GN peaks decrease with time and the-O
ence peak position. Using two peaks for simultaneous refer—eaks(1700_120O cmY) increase. This suggests that the
ence confirmed the linearity of the analyzer response. AE N bonds within the N plasma film are unstable when

surface scans were conducted using a Scanning Auger ME’xposed to KO or O, present in ambient at room tempera-
croprobe (Physical Electronics 11-010with the incident

electron energy set at 3 keV. AES depth profile was measured F}gure 2 shows the O-H peak area between 3750—2700
using a Scanning Auger Microprob@hysical Electronics \~I"from the IR spectra in Fig. 1 plotted versus exposure
660 with a 5 keV incident electron beam @ 3 keV  {ime in ambient for films deposited with,Gand N, plasma.

g )
Ar-ion bea_rln at Evans East. Mid-IR spectra between 400G jntegrated area of the peaks between 3750 and 2700
and 400 cm*~ were collected on double-side polished sub-. -1 ircludes the peaks associated with—@ (in both

strates with resistivities>15 () cm using a scan resolution films) and N—H stretching modesobserved in the M

setat 4 cm. plasma film only. These additional overlapping peaks may
have a small effect on the total peak area. The rates of in-

IIl. RESULTS crease in OH concentration for films deposited with ahd
O, plasma are quite similar, with a slightly smaller rate of
increase for the Nplasma film.

Figure 3 shows XPS Si@ spectra for %03 thin films

Figure 1 shows the IR spectra in the 4000-1000 tm deposited using ©and N, plasma. The film thicknesses are
range for CVD Y-oxide films deposited downstream fréth ~ ~60 A for both Q, and N, plasma films. The spectra shown
an O, plasma or(2) a N, plasma. After deposition, films are for as-deposited films and films annealed at 600, 700,
were exposed to the atmosphere for various times. Conside800, and 900 °C in hifor 1 min. In both sets of spectra, two
ing first the region between 4000 and 2500 ¢irthe spectra  distinct features are observed at 102.4—102.6 and 99.3 eV,
for the O, and N, plasma films show several similarities, which correspond to Si-O (in Y—O—Si) and silicon sub-
including: The broad ©-H stretching mode(3700—2700 strate signals, respectivély.For the as-deposited film, the
cm 1) and the methyl group-GH stretching modes at 2966 Si—O peak intensity for the Oplasma film is significantly
and 2877 cm®.?° The film deposited with B plasma also greater than the same peak for thepasma film, consistent
shows additional features at3450 and~3340 cm'%, which  with much less substrate oxidation when using plasma
are assigned to primary amine-NH asymmetric and sym- deposition. For the annealed films, the-SD peak intensity
metric stretching modes. In both sets of spectra, theHD increases and the silicon substrate peak intensity decreases as
stretching mode peak increases as the film is exposed to artiie anneal temperature increases.
bient for longer times. This suggests that water vapor present The XPS spectra from Fig. 3 were used in the creation of

A. Comparison of yttrium oxide deposited with O 2
and N, plasma
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Fic. 3. XPS Si D spectra of CVD Y0O; thin films deposited with @and N, plasma:(1) As deposited(2) annealed at 600 °G3) annealed at 700 °G4)

annealed at 800 °C, an@) annealed at 900 °C.

the Arrhenius plot shown in Fig. 4. Figure 4 plots the ratio ofthe 3700—2700 cm' range. These peaks are similar to the

the change in intensity of the -SiO peak(~102.5 eV to
that of the substrate pedl®9.3 eV} versus the inverse of

N, plasma film in Fig. 1, including the -©-H stretching and
the symmetric and asymmetric-&H and N—H stretching

anneal temperature. The slope of the line gives an apparentodes. Additionally, three peaks are observed at 2187, 2130,

activation energy for the SO bond formation process. The

and 2035 cm? which correspond to the nitrile=&N stretch-

apparent activation energies of 0.33 eV for films depositedng mode and isocyanate=NC=O0 stretching mode? An-

with O, plasma and 0.37 eV for films deposited with, N

other broad set of peaks is observed in the range of 1700—

plasma are extracted from the fits. Note that apparent activa200 cm *, with individual peaks occurring at 1660, 1545,
tion energies likely result from a set of reaction steps and not490, 1420, 1380, and 1230 ¢ These peaks are associ-

from one elementary step in the oxidation process.

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

Figure 5 shows the IR absorbance spectra for filrnS00
A thick) deposited at 400 °C with Nplasma. Spectra for an
as-deposited film, a film annealed at 900 °C infir 1 min,
and an as-deposited film with an situ amorphous-silicon
(a-Si) capping layer are shown. Spectryin of Fig. 5, for
an as-deposited film that had been exposed to ambient for

h before the measurement, shows a large group of peaks H
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Fic. 4. Arrhenius plot of Si-O/Si peak area ratio versus inverse anneal
temperature for films deposited using Nasma(top) and G plasma(bot-

ated with overlapping peaks from the,® bending modes,
asymmetric and symmetric €£0), stretching modes in
carboxylate groups,-GH bending modes in methyl groups,
and the carbonyl £-0 stretching mode. Another peak in the
range of 1650—1600 cnt appears as a shoulder and is as-
sociated with the N-H bending of an amine. These peak
assignments account for all readily visible peaks and shoul-
ders in this range, although the complexity of the grouping
could allow for the presence of other peaks that are not easily
discernable. Curve fitting and deconvolution attempts failed
t% produce reliable results of peak positions and intensities.
e large negative feature at 1107 ¢chis a result of the
subtraction of the substrate spectrum from the sample spec-
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Fic. 5. FTIR spectra of CVD Y-oxynitride films deposited with, llasma:
(1) As-deposited film exposed to ambient for 4 () film annealed at

tom) as determined from XPS spectra. The extracted activation energies f@00 °C and exposed to ambient for 21 days, &Bdfiim with an a-Si

each film are displayed.
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capping layer and exposed to ambient for 6 days.
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1.6 also present at-2130 cm ! and~2035 cm %, due to G—N
e bonding at a smaller concentration than that observed in the
3 141 _2ev 1y T as-deposited film, spectrufl) of Fig. 5. The large Si-H
) peak masks the less intense-8l peaks in the same range.
g 1.2 Another set of peaks between 1700 and 1200 taneates a
< 1.0- complex feature that is similar to the annealed film. This is
x again correlated to various-€O bonds of the carbonyl and
e 0.8F carboxylate groups. Similar to the annealed film, the capped
film shows a large broad feature between 1050 and 775 cm
06 . that can be attributed to -SiO stretching in yttrium silicate.
sl —d vl e The yttrium silicate is formed at the ,0;/Si and
0.1 1 10 100 1000 Y,0;/a-Si interfaces?

Exposure Time (hr) Figure 6 shows a plot of the areas of several peaks, or

Fic. 6. Peak area versus exposure time in ambient for a CyDoYfilm ~ groups of peaks, as taken from the IR spectra of the
deposited with N plasma: (1) C—O peaks(1700-1250 cm?) and (2) N,-plasma film in Fig. 1, plotted as a function of exposure
C—N pgak§(2250—1950 cm?). Peak areas were determined from the IR time to the ambient. The wave number ranges over which the
spectra in Fig. 1. peak areas were measured were 2275-1925'dar the
C—N peaks and 1730-1250 crhfor the G—O peaks. It
should be noted that the-€O peak area also includes the

deposited under the same conditions(&s but which was ~P&ak areas of the amine-NH bending and the methy! group
also annealedx situin N, at 900 °C for 1 min. The spectrum C— bending modes. The slopes corresponding to the peak
was taken after the film had been exposed to ambient for 2§7€@ increase/decrease of the-O and C—N peaks for the
days. In contrast to the as-deposited film, the annealed fild\2"Plasma film are approximately equal with opposite signs.
shows no distinct features in the 40001650 &mange. A Assuming similar oscillator strengths for the—© and
grouping of peaks of weak intensity is observed in the 1700-C—N bonds, the peak area suggests that for eaciN®dond
1200 cm! range. Similar to the as-deposited film, thesethat is broken, one -0 bond is formed. _
peaks can be correlated to the stretching modes of carboxy- Figure 7 shows the XPS GsJFig. 7(a)], N 1s/Y 3s [Fig.

late and carbony! groups. The broad feature that is observe@iP)], and Y & [Fig. 7(c)] spectra for thick filmg~500 A

in the 1050—775 ¢t range can be attributed to the-sp  deposited with N plasma. Spectruntl) of Fig. 7 corre-
stretching mode in yttrium silicatSi—O-Y) and SiQ. This  SPonds to an as-deposited film and spectt@ncorresponds
peak is due mainly to silicate bonding because the-@i t0 a film annealedex situfor 1 min at 900°C in N. The
stretching mode in silicon dioxide exhibits a strong peak a@nnealed film shows a structure consistent witldy. There
1077 cm%, which is not seen in this spectrum. Spectr(@n  is @ peak at 529.8 eV in the Glspectrum, a peak at 394.8
in Fig. 5 is data taken from an yttrium-oxide film deposited €V in the Y 3s spectra, and a doublet corresponding to the
under the same conditions &9, but the film also underwent 3ds, and 33, features of ¥O; at 156.9 and 158.8 eV in
an in situ a-Si capping process before exposure to the aithe Y 3d spectrum. The as-deposited film, however, shows a
which resulted in an yttrium-oxide film with-500 A ofa-Si  very different structure. The data shows two features at 532.6
on top. Thea-Si deposition was conductedrf h at 500°C  and 530.2 eV in the Od spectrum, peaks at399.6 and
using 2% silane diluted with helium. The capped film shows~395.2 eV in the N % and Y 3s spectra, and peaks at 158.1
no distinct features above 2200 ¢f The large peak that and 160.1 eV in the Y8 spectrum. For the as-deposited
occurs at~2017 cm?! is the Si—H stretching mode that film, the observed Od.and Y 3d spectra are consistent with
arises from thea-Si capping layer. A small shoulder is OH groups present in the film, and the N is consistent
present on the SiH peak at~2200 cm %, consistent with a  with C—N (and/or N—O) bonding. The shift of the Y&
C=N stretching mode. It is presumed that small peaks arenay also result from a small amount of fluoricte1%—3%

trum. Spectrum(2) in Fig. 5 shows the IR data from a film

sio, Y,0, CN Y,0, Y,0,
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Fic. 7. XPS(a) O 1s, (b) N 1s/Y 3s, and(c) Y 3d spectra of CVD Y0; thick films deposited with Mplasma:(1) As deposited an¢?) annealed at 900 °C
for 1 minin N,.
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Fic. 9. AES depth profile of a CVD YO, film deposited with N plasma
Fic. 8. AES surface survey spectra of CVDQQ; films deposited with B and annealedx situat 900 °C for 1 min in N. Sputter depth is based on the
plasma; the bottom spectrum is of an as-deposited film; the middle spectrumsputtering rate of SiQ
is of an as-deposited film that was exposed to ambient and then underwent
a postdeposition nitridation process i plasma at 300 °C for 60 min; the
top spectrum is taken after the nitrided film was anneabegditufor 1 min
at 900 °C in an M.
shows that the annealed films are devoid of nitrogen at the

surface, which is consistent with the AES surface survey, but

observed in the XPS survey scan, which is residual in théti” contain a small amount of nitrogen near the silicon/

deposition chamber from previous, experiments with fluori_dielectric interface. The concentrations for yttrium and oxy-

nated precursors gen indicate an oxygen-rich structure, but the values were
Figure 8 showé the AES spectra for a thin film100 A) obtained using the sensitivity factors for elemental species,

deposited with N plasma for 6.5 min. After deposition, the an(Ij:.not sple(;:lef] present 'Q%' it

film was transferred in air, and the AES spectrum was taken, Itgutrek s ?.\INS (zjapam.;ar:jceftvolaagé—(\/)l meaSl:Bre—

as shown by the bottom curve. This film was then transferre ents taken on Wms deposited wi Rplnd G p asma. be- R

in a vacuum to a nitridation chamber, and underwent a post—'© measurement, both films underwent annealing at 900 °C

deposition nitridation process at 300°C for 60 min i N or 1 min in N, but neither film underwent a postmetalliza-

plasma. The resulting spectrum is the middle curve in Fig. 8'F|on forming gas anneal. The flat-band voltages for both films

Finally, the film was annealeih situ at 900 °C in N for 1 fjetermined by fitting th&—V curves using a program that
min and the spectrum is shown by the top curve in Fig. 8. AII'nCIUd_‘:}S the ql_Jantl_Jm_me_chanlcaI effémre_ shifted to the_
three spectra in Fig. 8 show the characteristic oxy(89 neglatlve direction, |nQ|cat|ye of a positive f|>§ed chargg, with
eV) and yttrium(122 eV) with small overlapped signals of Y a.shghtly more negative Sh'.mo mv) for the film deposited
and Si in the range of 70—-110 eV. The bottom and middl with N.2 plasma. A hysteresis of0.1 V is also observed for
spectra show small features at 272 and 379 eV, which corrztz.Oth films. These resplts show that the small percentage of
spond to carbon and nitrogen signals, respectively. The nitro?l'trqge:. fomgnd ?t the |n|tec;f?c|(as Zhown'tb)éAE.tSh depl)th pro-
gen signal after postdeposition nitridation is slightly larger ne in F1g. ) o annealed Tims deposited wit Z.I\D asma
(~8%) than after depositiori~6%), indicating a small in- does not significantly affect th€—V characteristics of the
crease in the nitrogen content for the postdeposition nitrideg 20; films.

film. The N concentrations were estimated using the follow-

ing equatior??

In/Sy ST L BRI ILELELELE IR UL
[N]: ’ (1) Foml 120 ~~~~ h‘"’-. -
In/Snyt+1o/So+ 1y /Sy+1c/Se "'5_ «© 0, Plasma
wherel; andS; are the peak-to-peak intensity and sensitivity @ 1001 : —— N,Plasma |
factor for species. Upon annealing, the films in Nat g 80 \ -1
900 °C for 1 min, the nitrogen signal decreases below the 8 601 4
detection limit(0.1%-1%. The small carbon peak may be g
due to adventitious hydrocarbon from the atmosphere. g— 401 1
Figure 9 shows the concentration profiles obtained from © 20 T ——— ]
sputter depth profiling for yttrium, oxygen, nitrogen, and sili- 30 25 20 -15 -1.0 -05 0.0

con for a film deposited for 6.5 mig~100 A thick) using N, V_(V)
plasma and annealed at 900 °C for 1 min iy Nhe numeri- 9

cal values for the sputter depth are calculated using the SpuUs. 10. c—V characteristics of CVD YO, films deposited with bl plasma
tering rate of SiQ (Y,05; standards not availableFigure 9  (solid line) and G plasma(dotted ling.

JVST A - Vacuum, Surfaces, and Films
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Fic. 11. FTIR spectra of CVD YO, films deposited with:(1) Helium- Kinetic Energy (eV)

diluted N, plasma(3:1 He:N ratio) and(2) N, plasma.
Fic. 12. AES surface survey spectra of CVQO; films deposited in He-

diluted N, plasma; the bottom spectrum is for a film annealed at 900 °C for
1 min; the top spectrum is for a film that a underwent postannealed nitrida-

C. Effects of diluted N , plasma tion at 400 °C in N plasma for 30 min.

Based on previous work on plasma CVD of silicon

oxynitride;' the N, plasma was diluted with He to poten- preanneal of the films before ;\plasma exposure signifi-
tially increase N incorporation in the Y-oxide films. Figure cantly decreased the amount of N that was incorporated, pre-
11 shows the IR spectra fét) a film deposited in a helium-  symably because of densification upon anneal. Upon anneal-
diluted N, plasma (He/N=3/1) and(2) a film deposited jyg the XPS results are consistent with release of OH, N,
with 100% N, plasma. Both films were deposited at 400 °C 31d F from the film. The presence of-YN bonds, which

for 30 min and then exposed to ambient fet5 min priorto  gccur below the range characteristic 60 bonding(400—

analysis. The deposition rate for the diluted plasma was 300 cni'?), cannot be confirmed by the XPS or mid-IR data.
less than that for 100% \plasma, and the resulting sample

thicknesses were-300 A and 500 A for the 3:1 He:Nand
the 100% N sample, respectively. Both films show similar'V- DISCUSSION AND CONCLUSIONS
groups of peaks including OH,-€H, and N—H stretching Several observations can be made from the data presented
modes between 3700 and 2700 émC—N bonding in the  above. Using methods described here, some nitrogen can be
range of 2300—1900 cri, and another set of peaksiainly  incorporated into Y-oxide films, but the films are unstable
C—O bonding between 1700-1200 cm. The spectra indi- after deposition. The data presented above indicate that yt-
cate that both films show predominant-@l bonding envi-  trium oxynitride films with small amounts of nitrogen incor-
ronments for nitrogen. However, there are several distincporation(<10 at. % can be formed using aJ\pblasma with
differences between the two spectra. The-B peak and the a Y-diketonate precursor. However, nitrogen is present in the
C—O peaks for the film deposited with diluted, lasma form of carbor—nitrogen bonds, and it is readily released
are slightly smaller than the same peaks for the film deposdpon anneal, as shown in Figs. 1 and 5. Nitrogen can also be
ited with N, plasma, consistent with the sample thicknessreleased spontaneously upon exposure to ambient at room
difference. However, the-&N peaks are larger for the thin- temperature. For the room-temperature reaction, it is pre-
ner film deposited with diluted Nplasma, suggesting that sumed that water vapor present in the ambient is absorbed
the helium-diluted N plasma results in greater nitrogen in- into the film and a reaction results in the removal of the
corporation into the film. Another interesting feature is thatnitrogen from the film. Since the IR spectra suggest that the
peak ratios in the 2300—2000 cirange are different for nitrogen is bound in primary aminésl—H stretching mode
the two films. The isocyanate-NC—O0 stretching modes peaks at~3450 and~3340 cm}), it is quite possible that
(2130 and 2035 cit) are stronger than the nitrile=EN  the nitrogen is evolved in the form of ammonia, although N
stretching modeg2187 cm'?) for the film deposited using and NQ, may also be possibilities. The decrease of thelC
diluted N, plasma, while the opposite trend is seen for puregrouping and the simultaneous increase of the@ group-
N,-plasma film. ing, suggests that-©N bonds are being converted te-O
Figure 12 shows the AES spectra for films deposited withbonds through the reaction with water vapor—O bond
helium-diluted N plasma. The spectra in Fig. 12 are for a density does not increase with exposure time for the films
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